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INTRODUCTION

Among the most important elementary particle physics topics of the last two
decades has been the study of the production and decays of the strange, charm, and beauty
quarks, both as they appear in quark-antiquark states in the light meson, charmonium, and
bottomonium systems and in their bare quark incarnations in strange, charm, and beauty
hadrons. Much of the data on the various quark states has been obtained in fixed target
experiments. Accordingly, a series of conferences devoted specifically to discussions of
results, ongoing experiments, and future plans for heavy quark fixed target experiments
was intitiated in 1993 by the Laboratori Nazionali di Frascati (LNF).

The inaugural conference in this series was held at the Laboratori Nazionali di
Frascati from May 31 to June 2, 1993. The second meeting, the subject matter of which is
included in this volume, was held at the University of Virginia on October 7-10, 1994.

The richness and breath of the physics addressed by fixed target experiments can be
sensed by inspection of the table of contents of this volume. Deep insights into the inter-
actions of quarks and gluons with one another can be obtained by the study of charmonium
and bottomonium systems and bare charm and beauty mesons spectroscopy. The experi-
ments in these areas were covered in Sessions I, I, IV and V of the conference. Likewise,
the study of the production mechanisms of charm and beauty as discussed by speakers in
these sessions and in Session VIII gives insight into the fusion of gluons and quarks to
form the meson states. The sensitivity of fixed target experiments to CP violation in
electroweak decays of strange, charm, and beauty mesons and hyperons was discussed in
Sessions III, VII, IX and X.

Finally, in Sessions XI and XII, two panels discussed the future of fixed target
physics in charm and beauty physics as compared to hadron and e*e- collider options. The
potential for fixed target experiments remains excellent in the area of heavy quark physics
with the advent of new fixed charm experiments at Fermilab and the new HERA-B beauty
experiment at DESY.

I would like to acknowledge the sponsorship of the University of Virginia, the
Istituto Nazionale di Fisica Nucleare of Italy, the U.S. Department of Energy, and the
Fermi National Accelerator Laboratory. In particular, I cite the support of the University
of Virginia Center for Advanced Studies, the University of Virginia Dean of the Faculty of
Arts and Sciences, the University of Virginia Vice-Provost for Research, and the manage-
ment and staff of the Laboratori Nazionali di Frascati dell' INFN who have made this
conference possible. I would like to especially acknowledge the help of Diana Stokely of
the University of Virginia HEP group and Stefano Bianco of Frascati in every aspect of the
preparations for and the execution of HQ94.

Brad Cox
University of Virginia
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HEAVY QUARK THEORY

Mark B. Wise
California Institute of Technology, Theoretical Physics
Pasadena, California 91125 USA

ABSTRACT

Recent progress in the theory of hadrons containing a single heavy quark is reviewed.
Particular attention is paid to those aspects that bear on the determination of the
magnitudes of the Cabibbo-Kobayashi-Maskawa matrix elements V3 and V.

1 - Introduction

Over the past year there have been several important developments in the theory
of hadrons containing a single heavy quark. At the same time there have been
significant improvements from experiment in our understanding of the properties of
hadrons containing a charm or bottom quark.

The minimal standard model has six quarks that couple to the charged
W-bosons through the term

‘ d
Loz = 2%(&,5, Dyu(l —75)V ( ; ) W + h.c. (1)

in the Lagrange density. Here g, is the weak SU(2) coupling, W* is the charged
W-boson field and V is the Cabibbo—Kobayashi-Maskawa matrix. V arises from
the diagonalization of the quark mass matrices. It can be written in terms of three
Euler like angles and a complex phase €. In the minimal standard model it is
this phase that is responsible for the CP violation observed in kaon decay and CP
violation in B decay. Extensions of the standard model with extended Higgs sectors

usually have additional sources of CP violation. It is hoped to test the correctness
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of the minimal standard model for CP violation in future B decay experiments and
elsewhere.

In the minimal standard model the elements of the Cabibbo—Kobayashi-
Maskawa matrix are fundamental parameters that must be determined from exper-
iment. In this talk I will concentrate on those issues in heavy quark theory that
are related to a determination of |V,;| and |V| from B decays. Other interesting
areas where progress has occurred will, for the most part, be omitted. Even within
the area of those elements of heavy quark physics related to determining the weak
mixing angles I will not be able to give a complete review. For example, I will not
have time to discuss the implications of sum rules in semileptonic decay and lattice
QCD results.

In order to present the new developments in the theory of heavy quarks in
their proper context and to fully appreciate their significance I will briefly review

some of the key early work on heavy quark theory.

2 — Heavy Quark Effective Theory

The part of the QCD Lagrange density that contains a heavy quark @ is
L=Qp —mq)Q - (2)

For situations where the heavy quark @ is interacting with light degrees of freedom
(i.e., light quarks and gluons) carrying momentum much less than its mass, mq, it is
appropriate to take the limit mg — oo with the heavy quark four-velocity, v#, held
fixed. V) In this limit the interactions of the heavy quark become independent of its
mass and spin resulting in the approximate heavy quark spin-flavor symmetries of
QCD.

To take this limit write

Q(z) = e7mav=h{I(z) (3)
where
O = O (@
Putting eq. (3) into (2) gives
Lo = KO +mo( ~ A . (5)

Using the constraint (4) this can be simplified to >

Lo = k@iv . DR . (6)
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Note that the Lagrange density in eq. (6) is independent of the heavy quark’s
mass and it’s spin. Consequently the heavy quark effective theory has a spin flavor
symmetry. ) For charm and bottom quarks moving with the same velocity this is an
SU(4) symmetry. Much of the predictive power of the heavy quark effective theory
arises because of this symmetry.

The heavy quark field h{?) destroys a quark @ but it does not create the
corresponding antiquark. Pair creation does not occur in the heavy quark effective
theory.

3 — 1/mqg Corrections

The heavy quark effective theory in (6) represents the mg — co limit of QCD.
At finite mq there are corrections suppressed by powers of 1/mg. These can be
included in a systematic fashion. In general

Qz) = e ™ [1{D(z) + x{?(z)] (")

where
#h{? =h{? and gy, = —x{I (8)

The equation of motion for the heavy quark field @

(P —mq)Q =0 (9)

can be used to express x{?)(z) in terms of h(9)(z) order by order in 1/mq. Putting
(7) into (9) and using (8) gives

1
Q) =~ _ip[p(Q) @)
| X 2mQ110[hv il (10)
which implies that
1.
XD = i + O(1/m}) (1)

Using this in eq. (7) and then plugging (7) into the Lagrange density (2) gives the
heavy quark effective theory including 1/mg corrections.

with £, given by eq. (6) and *°)
=y (3D)? o Gagd™P
£2 = HOCEEO oy by S @ (13)

with ay(p) = 1. In eq. (13) g is the strong gauge coupling and G,p is the gluon
field strength tensor. The procedure we have outlined above amounts to match-
ing tree graphs in QCD with those in the heavy quark effective theory. When

3
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loops are included a; develops subtraction point dependence because the operator
R gGap0*Ph{?) requires renormalization. In the leading logarithmic approxima-
tion

a2(1) = [es(mig) e )}/ (14)
where ny is the number of light quark flavors.

The first term in eq. (13) is the heavy quark kinetic energy. It breaks the
heavy quark flavor symmetry but not the spin symmetry. The second term in eq.
(13) is the energy from the interaction of the heavy quark’s color magnetic moment
with the chromomagnetic field. It breaks both the spin and flavor symmetries.

4 - Spectroscopy of Heavy Hadrons

In the mg — oo limit hadrons containing a single heavy quark @ are classified not
only by their total spin § but also by the spin of their light degrees of freedom 6)

gl A (15)

Since sg = 1/2, in this limit hadrons containing a single heavy quark occur in
degenerate doublets labelled by the spin of the light degrees of freedom s, and with
total spins

s=s8+1/2 (16)
An exception occurs for s, = 0 where there is only one state with s = 1/2. For
mesons with Qg (¢ = u or d) flavor quantum numbers the ground state doublet has
negative parity and s, = 1/2 giving a doublet of spin-zero and spin-one mesons. For
@ = c they are the D and D* mesons and for ) = b they are the B and B* mesons.
In the @ = c case an excited doublet of positive parity mesons with s, = 3/2 has
been observed. The hadrons in this doublet are sometimes called D** mesons and
have total spins one and two.

Baryons with Qgq flavor quantum numbers have also been observed. The
ground state isospin zero baryons have positive parity and s; = 0 and are called Aq
baryons. The ground state I = 1 baryons have positive parity and s, = 1 and come
in a doublet with s = 1/2 and 3/2. They are called X and %7 baryons. For @ = ¢
the A, and X, baryons have been observed and for @ = b the A baryon has been
observed. In the charm case two excited baryons have also been observed. Their
properties are consistent with being a negative parity doublet of I = 0 baryons with
s, = 1 giving total spins 1/2 and 3/2.

The mass of a hadron Hg containing a single heavy quark ¢ can be ex-
panded in powers of 1/mq. Up to order 1/mq it has the form
my, = mg+A- (qugQ)%Q)—zth>|HQ> /2my

mQ

6
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+ aap)(Ho R K| Hg) /2msr + O(1/m}) . (17)

).‘]Gaﬂ"aﬂ
4171Q
The first term on the rhs of equation (17), mg, is the heavy quark pole mass. The
second A is the mass of the light degrees of freedom in the hadron. It does not
depend on the heavy quark mass but does depend on the quantum numbers of the
light degrees of freedom. The third term is the heavy quark’s kinetic energy and
the final term is its chromomagnetic energy. Only the last term depends on the spin
of the heavy quark and it causes the splittings in the hadron doublets mentioned

earlier. For example
4 7 «
mpe —mp = ———ag(p,)(Blh,(,b)giea"’ﬂhg’)lB)ﬂmB : (18)
3 4my,

The heavy quark pole mass mq is not a physical quantity and its perturba-
tive expansion has an infrared renormalon ambiguity of order Agcp. 7.8) Nonetheless,
it is very convenient to introduce it. As long as final expressions that are compared
with experiment express physical quantities in terms of other physical quantities the
fact that the pole mass itself is not really well defined is of no consequence. %10)

5 — Exclusive B — D(®ep, Decay

The rates for B — Dep, and B — D*ei, are determined by the value of |Vj| and the
hadronic matrix element of the weak current &y,(1—1s)b between B and D(*) states.
The application of heavy quark effective theory involves a two step process. First is
matching the current &y,(1 —s)b onto operators in the heavy quark effective theory.
In the leading logarithmic approximation this matching takes the simple form %)

1oy =[] [a(m)] ™
Sl — 75)b = [a’(mc)] [ ol ] B —wh®  (19)
where asl ¢ i[v 'r(v- v') =9 (20)
Y
and

r(v-v') = ln(v v 4 /(v-v)2 - 1), (21)
@v)
Note that for v-v’ # 1 the coefficient of the current in the effective theory hu,)'y,,(
45)h{®) depends on the subtraction point p. In the effective theory where the charm
and bottom quarks are both treated as heavy the operator 715:,:)7,,(1 —75)h,(,b) requires
renormalization. It’s matrix elements have a g dependence that cancels that of its
coefficient. However, at zero recoil v - v = 1 the coefficient is independent of p.
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At this kinematic point the operator is the conserved current associated with the
spin-flavor symmetries of the heavy quark effective theory and consequently it is not
renormalized.

Matrix elements of i-z,(;')I‘ A in the heavy quark effective theory between
B and D* states are related by heavy quark spin symmetry to a single universal

function of v - v’,}!

(PEEITHOEE) _ ., . yrs {w +1) @+ 1)} o

mpmp 2 2
(D" (v, ) AFTA® | B(v)) _ ) A1) (F+1)
e = E(DZv)Tris 5 1y P i (23)
For v - v # 1 the Isgur-Wise function ¢(v - v') depends on the subtraction point p.
1,12,13)

However, at zero recoil heavy quark flavor symmetry fixes the normalization
of ¢,
€1) = 1. (24)

Equations (22) and (23) hold in the m, — oo limit. In general there are Agcp /ey
corrections. However, at zero recoil it has been shown that corrections first arise
at order A%qp/m?2,. ') This important result opens an avenue for the precise
determination of |V,;| from exclusive B — D*ep, decay.

Neglecting nonperturbative corrections, suppressed by powers of (Agep

/ms,), the zero recoil, the matrix elements of the axial, and vector currents are

(D(v)[e7ubl B(v))

mpmp

= 2nvv, (25)

(D", NenadlBE) _, . i

\/memp- e
where 7y and 74 are QCD correction factors from matching currents in the full
theory onto those in the effective theory. In the leading logarithmic approxima-
tion where In(m;/m,) is treated as large and all terms of order [a, In(my/m.)]" are

summed 1%16)

&"_)] e (27)

W= [a,(mc)
However, since my/m, is not that large a better approximation is to keep the full
dependence on m./ms. The coefficients 7y and 74 have been calculated including
two loop terms that come from vacuum polarization insertions and are proportional

to

B =11— -§—n,. (28)
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The result is 1317:18)

w = 14 ST o ) 4 (i:—"‘)) [ 9(me/m)p® +.] 4.
(29)

and
= 14 32 ) (/)
- [(%qﬁ(mc/mb) a %—) 8O 4 ] i § (30)
where
¢(z)=—3(ifz)lnz—6 , (31)

m, and m; are heavy quark pole masses and &, is the M5 strong coupling. The
ellipses in the square brackets are terms independent of n;. There are reasons to
believe that the order &2 piece proportional to 3(°) provides a good approximation to
the full order &2 term. That is true for R(e*e~ — hadrons), I'(r — v,+ hadrons)
and the relation between the heavy quark pole mass mq and the running heavy
quark M5 mass mg(mq):

R(ete™ — hadrons) = 3 (; Q?) [1 + %\/3)

+(0.178© +0.08) (@)2 + } (32)

I'(r — v, + hadrons) a,(m.) 0 a,(m,) c
o CIE 1+ +(0.578® + 0.08) (T‘) .o (33)
mq/mq(mg) =1+ %%"9—)“156/3(0) — 1.05) (i%’i@) o (7))

Evaluating eqs. (29) and (30) with m./m, = 0.30 and &,(ms) = 0.20 gives

av = 1+0.02+0.004
74 = 1-0.03—0.005 , (35)

In egs. (35) the second and third terms are the ones of order &, and a?A(%) respec-
tively. Also we have taken n; = 2 which gives 8(©) = 9. Note that the two loop
term is much smaller than the one loop term indicating that the perturbation series
is well behaved.

Nonperturbative corrections to (25) and (26) are of order (Agep/mecp)"?,
n = 0,1,... . For n = 0 these have been characterized in terms of matrix ele-

ments of various operators in the heavy quark effective theory and estimated using

9
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phenomenological models. ¥ In addition the corrections to egs. (25) and (26)
that are enhanced by Inm, or factors of 1/m, have been computed using chiral
perturbation theory. These have an interesting form. 200 The correction of order
(Agep/mecp)? is enhanced by lnm, but corrections suppressed by higher powers
(Agep/mep)™t?,n = 1,2,... are enhanced by (Agep/m«)". Consequently, power
suppressed terms are important for all n. These corrections are calculable in terms
of the D* D7 coupling. Unfortunately the value of this coupling is not known. This
gives one of the major uncertainties in the size of the power correction to eqgs. (25)

and (26).

6 - Inclusive B — X_,ev, Decay

Over the past few years there has been great progress in our understanding of inclu-
sive semileptonic B meson decay. 21222324 The strong interaction physics relevant

for this process is parametrized by the hadronic tensor

W = (2x)* Y 6*(ps — q — px)(B|JEL | X)(X|JZ, | B) (36)
X
and
JU =ey"(1—-75)b (37)
I = ayH(1 — vs)b (38)

W* can be expanded in terms of scalar form factors W,,n = 1,2,...,5 that are

functions of g% and v - q.
W = —g" W, + v"v* W — ie"*Pu,qsWs

+ g" "Wy + (¢"v” + ¢"v*)Ws . (39)

The form factors W are the imaginary parts of form factors that occur in the matrix

element of the time ordered product of weak currents.
T2 = —i [ d'ze~7=(B|T(JL}(2)J2.(0)|B) (40)
can be expanded in terms of scalar form factors
T = —g"T) + v*0" Ty — ie""*Pu,qsTs

+ ¢"q"Ty + (¢"v" + ¢"v")Ts (41)

and

ImT,, = —vW,,. (42)
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Predictions for the form factors 7 can be made by performing an operator product
expansion and making a transition to the heavy quark effective theory. The leading
operator encountered is by,b and its matrix element is known since it is the con-
served b-quark number current. Here there is no need to make the transition to
the heavy quark effective theory to understand the m; dependence. There are no
dimension four operators and the dimension 5 operators that occur are the b-quark
kinetic energy and the chromomagnetic dipole term that occur in £L; of eq. (13).
Consequently at leading order in 1/m; the differential decay rate dI'/d¢’dE, for
inclusive semileptonic B-decay is given by free b-quark decay. There are no non-
perturbative corrections of order (Agcp/ms). Nonperturbative corrections of order
(Agcp/my)? are characterized by the two dimensionless parameters

- 2
K = —(BIROE2Y 101 3) /2ms (43)
2my
= a(p)(BVLSb)iGT";U""hS,b)LB) Joms . (44)
b

Including perturbative corrections and nonperturbative corrections suppressed by

(Agep/ms)? the B — X ev, semileptonic decay rate is
(B — X.ev.) = To[(1 — 8p + 80° — p* — 129" In p)inc

+Ky(—1+8p — 8p° + p* + 12p*In p) + Gy(3 — 8p + 24p” — 24p°
+ 5p* 4+ 12p% In p)] (45)

where

p =m}/my, (46)
L o _ VaPGmi

°~ T 192#3

In Ty my is the b-quark pole mass and 7ina gives the effects of perturbative QCD
corrections. Results for B — X,ev, are obtained by taking p = 0 and V3 — Vi
Tina depends on m./m, so the perturbative QCD corrections are different for B —
X.ev, and B — X,eb, decay. The nonperturbative corrections are quite small.
Furthermore, Gy is known from the B* — B mass splitting so the only uncertainty
in the nonperturbative corrections comes from the size of K. In eqs. (45)-(47) m.

and my, are the charm and bottom quark pole masses. If m, is eliminated by

(47)

mp — mp = Mp — M + mbe = mcKc + mbi - mch, (48)

then the decay rate is not too sensitive to the value of my. For example, as m; varies

between 5GeV and 4.5GeV the rate I(B — X.ei.) changes by only 20%.

11
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Neglecting the nonperturbative corrections the B decay rate equals the
b-quark decay rate. The perturbative QCD corrections of order &,(ms) have been
computed and those of order &,(m;)? proportional to B(%) are also known. We write

Tinad = 1-— (&’(:”‘)) g (vrz - 24—5 + 5x(mc/mb))

- (B) (Ot + )+ (#9)

The function &(z) is known analytically. 25 It takes into account the effect of
the charm quark mass on the order &, QCD corrections; 6;(0) = 0. Numerically
61(0.3) = —1.11. The function xg(z) has been determined numerically yielding
x5(0) = 3.2 and x(0.3) = 1.7. Using &,(ms) = 0.20 and m,/m; = 0.30 gives *°

B 1= 01 = (100 (50)
for B — X_,ev, decay and (using m/m; = 0)
T 0B I (51)

for B — X,eb. decay. The second and third terms in eqs. (50) and (51) are the
pieces of order &,(m;) and &,(ms)?B© respectively. In the “two loop” term we
have taken ny = 2 which gives B = 9. For B — X,eb, the perturbative series
is not well behaved and the situation for B — X_.e, is somewhat marginal. For
inclusive semileptonic D — X,év, decay similar formulas hold. The perturbative
QCD corrections can be deduced from eq. (49) with &,(m;) — &,(m.) and m./my —
m,/m. =~ 0. Here the QCD corrections are also not under control.

The methods outlined above for inclusive semileptonic B decay can also be
applied to nonleptonic B-decay. Here one runs into a potential conflict between the
measured semileptonic branching ratio and the measured charm multiplicity. 2"2®)
For the decays that come from b — c¢s the charm quark masses take up most of the
available energy. Therefore, it is not clear that local duality can be used to relate
the quark level decay to the hadron decay. Furthermore, the perturbative QCD
corrections in the quark level decay may not be under control. To accommodate the
measured semileptonic branching ratio %) Bgy, = (10.4 +0.4)% requires about 40%
of the nonleptonic B decays to come from the b — cZs mechanism. This implies
a charm multiplicity (n.) ~ 1.3. However, the measured charm multiplicity 30) ig

only (nc)exp = 1.04 £ 0.07. It will take more data to resolve this issue.



M.B. Wise

7 — The End Point Region of the Electron Spectrum

The maximum electron energy in the exclusive decay B — Xeb, is

2 2
Emax — mp — My
. B

(52)

2m5

Therefore, semileptonic B decays with electron energies greater than (m%—m?%)/2mp
must have come from a b — u transition. This endpoint region of the electron energy
spectrum is very important. Understanding it in a model independent way may lead
to a precise determination of V.

For inclusive B — X,ei, decay the electron energy spectrum, including
nonperturbative effects of order (Agcp/my)?, has been found using the operator
product expansion methods outlined in the previous section. Neglecting perturbative
QCD corrections 2223

1dr 20 20 ,
e 23 -2 2—-——3K—(8 —)’G o(1 —
T (3—2y)y 53 ¥ Ko + 3Y)Y b] (1-v)
2 2
+ 3K+ 11GE(1 — y) + 3Kof(1-) (53)
where
Y= (2E¢/mb) y (54)

and K, and G, are given in eqgs. (43) and (44). These matrix elements are of order

€* where,
E= AQCD/mb . (55)

The maximum electron energy for b-quark decay is y = 1 (i.e., E, = m;/2). How-
ever, nonperturbative effects (e.g., motion of the b-quark in the B-meson) extend
the maximum electron energy for B-meson decay beyond this point. Since we are
treating such effects as a power series in € they are represented by singular terms at
y = 1. To all orders in ¢ the decay spectrum obtained from the operator product

expansion has the structure V) (at zero’th order in a,(ms))

1 4T
= O] — 040 2.,
To 2y (1—y)(®+0e+€*+...)

+6(1 —y)(0e + €2 +..) + V(L —y)(® + ¥+ ...) + ...
+6M1 — ) + e+ L)+, (56)
where " denotes a term of that order, which may include a smooth function of y.
In eq. (56) §(M(1 —y) denotes the n’th derivative of §(1 — y) with respect to y. The

contribution to the total decay rate of a term in dI'/dy of order e"§(")(1 — y) is of
order ", -

13
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The semileptonic decay width for b — u is difficult to measure because
of background contamination from the dominant b — ¢ semileptonic decays. It is
therefore, important to be able to compute the rate in the endpoint region near
y = 1. One way to calculate the endpoint spectrum is to weight the differential
decay distribution dI'/dy in eq. (56) by a normalized function of width o around
y = 1. We refer to this process as smearing. Most of the details of the smearing
procedure are unimportant; the only quantity of relevance is the width o of the
smearing region.

The singular distribution ¢™§(")(1 — y) (where m > n) smeared over a
region of width o gives a contribution of order €”/c™*! to dT'/dy. If the width
o of the smearing region is of order e” the generic term e™§((1 — y) yields a
contribution of order €™~ ("t Since m > n this shows that the 1/m; expansion
for the spectrum breaks down unless p < 1, i.e., the smearing region cannot be
narrower than ¢. The divergence for p > 1 is not associated with the failure of the
operator product expansion due to resonances with masses of order the QCD scale.
The region of the electron energy spectrum for which such resonances dominate the
final hadronic states is of width €2, while the expansion breaks down upon smearing -
over any region of size !*®, where § > 0.

If the smearing region is chosen of order ¢ the form of the expansion in
eq. (56) shows that the leading terms of the form 8(1 — y) and "t1§(")(1 — y)
all contribute at order unity to the smeared spectrum. Thus one can obtain the
decay spectrum smeared over a width ¢ if the leading singularities can be summed.
The sum of the leading singularities produces a distribution dI'/dy of width € and
height of order unity (i.e., of the same order as the free quark distribution). Neubert
and Bigi, et al., have shown how to sum the leading singularities. 3**¥ They are

characterized by the matrix elements

5;—(B|Bf,”’iD‘”... iD*h(®)|B) = Apvpy ety + v (57)
% :

The ellipsis on the right side of eq. (57) denote other Lorentz structures. For

example, with n = 2 the matrix element is,
1

2mp <Bmc(:b)iDmiDmh£b)lB) = AZ(”m Vpy — gm#z) ’ (58)

since v - DA{) = 0. Contracting on p, and p, gives
2
A2 = é-mbe . (59)

Heavy quark symmetry implies that Ao = 1 and the equation of motion v- DA(Y) =0
implies that A; = 0. The quantities A, have dimensions of mass to the power n.

14
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In terms of them the sum of the leading singularities in the electron spectrum is

characterized by a shape function S(y)

-Pl—% = 25%(3 - 24)5(3) (60)
sw =3 & ( ) o(1-1) . (61)

Perturbative QCD corrections are also singular in the endpoint region. Summing
the leading perturbative QCD singularities (i.e., the Sudakov double logarithms)

changes the shape function to 3!
[(RICRH An) 4
s =5, 8 (22) 400 (62)
where 9
R(y) = exp [—3—1‘_01, In®(1 — y)] : (63)

Recently Korchemsky and Sterman have shown how to sum the next to leading
logarithms. 34)

Unfortunately the quantities A, are not known. However, the same quan-
tities characterize the endpoint photon spectrum in B — X,7v. So there is hope that
a detailed study of the photon spectrum in B — X, will determine the endpoint
region of the electron spectrum in B decays. 33343%)

The methods outlined in this section for describing the endpoint region
of the electron spectrum apply when this region is dominated by many states with
masses of order {/mpAgcp. In the ISGW 36) model the endpoint region where b — ¢
transitions are forbidden is dominated by the single decay mode B — pei,.. If p
dominance is found to hold experimentally then the sum of the leading singularities
is not a valid description of a region of electron energy which is as small as the
difference between the B — X,e?, and B — X_ e, end points.

If the endpoint region is dominated by the rho meson there are other
avenues available to determine V,;. For example, exclusive B and D decays can be
used. For D — pév, the weak mixing angles are known and the form factors for this
decay mode to determine them for B — pei,. Using heavy quark symmetry and

isospin symmetry 7

—-6/25
(p(k)la7,(1~75)8|B) /v 2ms -(“’(Z")) (p (k)| dru(1~7s)e| D) /v/2mp . (64)

In the above perturbative QCD effects have been included in the leading logarithmic
approximation. If light quark SU(3) symmetry is applied instead of isospin sym-
metry then the decay D — K*év, can be used (instead of the Cabibbo suppressed

15
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decay D — pév,). The form factors for this decay have already been measured.

Some problems with this approach are the presence of 1/m.y corrections and possi-

bly large higher order perturbative QCD corrections.

38)
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ABSTRACT

We present a review of results from E760, a resonant charmonium formation exper-
iment in the Fermilab Antiproton Accumulator. The latest results of the resonance
parameters of 7, as measured in the reaction pp — 7. — 77, and the results of a
search for the 7/ are described. Experiment E835, a continuation of E760, and its
physics goals are also presented.

1 - Introduction

Since the discovery of the J/1 20 years ago, a large number of experiments have
taken data to study the charmonium spectrum. Most of these experiments were

done at ete™ colliders, where the electron-positron annihilation proceeds through
an intermediate virtual photon. This limits the quantum numbers of the final states
to be those of the photon (J¥¢ = 177). Thus only ®S; and ®D; states, like the
J/1 and 9/, can be produced directly. A major advantage of studying these states
in ete™ collisions is the high yield relative to the underlying hadronic continuum.
Other states, like the 'Sy and the triple P, were observed in ete™ collisions through
the cascade decays of 1s. In this case, precision measurements of the resonance
parameters have been limited by the resolution of the detectors.

A different technique to study charmonium states through proton-antiproton
annihilations was first applied by experiment R704 2 at CERN’s ISR and later by
experiment E760 ® at Fermilab. In pp annihilations the charmonium states are
formed directly through two or three gluon intermediate states and thus, they are

not limited to those with quantum numbers of 17~. However, the cross sections
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for pp — cC are very small (< 1 pb) and they have to be extracted from a large
non-resonant hadronic background (opp—hadrons = 70 mb). This background can be
reduced significantly if charmonium decays into electromagnetic final states are se-
lected. A large-acceptance electromagnetic calorimeter and a Cerenkov counter are
necessary for the rejection of the hadronic background. The success of this technique
relies heavily on knowledge of the initial energy. A precise and direct measurement
of the mass and width of charmonium resonances is allowed by the precisely defined
momentum and the narrow momentum spread of the antiproton beam.

E760 used a beam of antiprotons (typically 3 x 10'!) circulating in the
Fermilab Antiproton Accumulator ring and an internal hydrogen gas-jet target of
0.8 cm thickness. The intensity of the jet was adjusted to compensate for the beam
loss (beam lifetime ~ 90 hours) keeping the instantaneous luminosity to ~ 7 x
10%° em~2sec™!. The resonances were scanned by decelerating the  beam from
the accumulation energy of 8.9 GeV to an energy just above the resonance, and
then taking data in steps of 200 to 500 keV (center-of-mass energy) depending
on the resonance. The beam was stochastically cooled to (Ap/p)rms & 2 x 1074,
corresponding to a spread in the center-of-mass energy of 250-350 keV. Data were
collected up to an integrated luminosity of ~ 1.3 pb~! for every beam fill (stack). In
the case of a resonance with very small expected cross section (like the ! P;) a whole

stack was taken for each energy point.

2 — The E760 detector

The E760 detector ¥), shown in fig.1, was a non-magnetic, large acceptance, cylin-
drical spectrometer, covering the complete azimuth (¢) and from 2° to 70° in polar
angle (6). It consisted of a set of proportional and drift chambers, which identified
and measured the direction of charged tracks, and two electromagnetic calorime-
ters, which measured the energies and directions of electrons and photons. It also
included, three scintillation-counter hodoscopes for triggering and a multicell thresh-
old Cerenkov counter for electron identification.

The Central CALorimeter (CCAL) consisted of 1280 lead-glass blocks ar-
ranged in 64 wedges and 20 rings. Its energy resolution was o/ E = 6%/1/E(GeV)+
1% and its position resolution oy ~ 6 mrad and o4 ~ 12 mrad. The position reso-
lution from the tracking was 0y ~ 4 mrad and o4 ~ 7 mrad.

Fig.1 also shows the acceptance of the detector for single photons (vertically
hatched area), single electrons (horizontally hatched area) and two photons (shaded
area) as a function of the production angle and the energy in the center-of-mass.
The photon and electron coverage differ due to the aperture of the Cerenkov counter.

In addition to the large acceptance, the detector had a very good separation
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of electrons from hadrons. The probability for a hadron to be interpreted as an
electron was less than 5 x 107%. The CCAL could distinguish between the photons
of charmonium decays and those from symmetric as well as highly asymmetric decays
of % and 7s due to its granularity and ability to measure photons with energy as
low as 20 MeV.

The integrated luminosity for each energy setting was obtained by counting
the number of recoil protons from pp elastic scattering in a silicon detector located
at 6 = 86.5° from the beam direction. The error in the luminosity measurement was
due to the error in the fit to the measured pp total cross section and the uncertainty
in the detector solid angle. It was estimated to be about +4%.

3 — Event selection

The experimental trigger ® was designed to select events in which a high mass state
decays to an ete™ or 7y pair. This was implemented by requiring two electron
“tracks” as defined by the hodoscopes, the Cerenkov counters and two high-energy
clusters in the CCAL for the “charged” trigger, or two high-energy clusters in the
CCAL and nothing in the hodoscopes for the “neutral” trigger.

For resonances decaying to J/ + X, with the J/1 decaying into ete™, the
event selection was based on the discrimination of isolated electron tracks from elec-
tron pairs using the pulse height information from the hodoscope and the Cerenkov
counter, the dE/dz information from the radial projection chamber, and the trans-
verse shape of the energy deposition in the CCAL. For resonances decaying to v,
neutral events with any pair of CCAL clusters having an invariant mass m.., >
2.5 GeV/c* were selected. Events with more than two clusters were rejected if the
invariant mass of any pair of one of the 2 most energetic clusters with any other
cluster was in the 7° (80-200 MeV/c?) or the 7 (410-690 MeV/c?) mass window.

4 — Results

E760 collected data for an integrated luminosity of ~ 30 pb~! during the 1990-91
Fermilab Fixed Target Run. During this period the experiment took data at the
J/p(1381), ¥'(2351), xa(3P1), x2(*P,) and 5.(1'S,) resonances. It also searched for
the h.('P) and the 7/(2'S,) resonances.

4,1 135, and 235, States

The study of the 135, (J/%) and 235; (') states was done using antiprotons from
single stack. The resonance parameters (shown in tab.1) were extracted by fitting the

excitation curve to a convolution of the Breit-Wigner cross section, with the energy

o
N
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Table 1: J/4 and v’ resonance masses, widths and branching ratios.

| Parameters | J/ ] P’ o
Mp (MeV/c?) | 3096.87 + .03 + .03 input
Tr (keV) 99+12+6 306 + 36 + 16
BiB (L4205 4 010) 1071 (L1753 £108) <10
B(R - pp)® | (182425 +.16) x 10-3 | (2.61:37 + .17) x 10~*

Table 2: x; and x, resonance masses, widths and branching ratios.

I Parameters l X1 ; [ X2 ’
Mp (MeV/c?) 3510.53 .04 £ .12 | 3556.15 4+ .07 4 .12
T'r (MeV) 0.88 + .11 £+ .08 1.98 +£.17 £ .07
TrppBr3jpyBijp—ete- (€V) 1.29 £ .09 £ .13 1.67 £ .09 .12
(R — pp)® (eV) 69 +£9+10 180 + 16 + 26
B(R — pp)® (0.78 £ .15).x 1074 | {091 £ .15) x 10"

2B(J/4 — pp)B(J /¥ — ete™) for J/4 and B(¢' — pp)B(¢' — ete™) for 3.
The errors, in the order shown, are statistical and systematic.

b Using B(J/¢ — ete™), B(¢' — ete™), B(y' — J/¥ + X) from PDG.

distribution function of the beam. For resonances such as the J/¢ and 7', whose
widths are smaller than the width of the center-of-mass energy distribution, the
double scan method ® was used to determine the beam energy profile. The widths
of these resonances were measured, for the first time, directly from an analysis of
the line shape. The mass of the 9’ was used as an input in the energy calibration
of the Accumulator. Fig.2 shows a comparison of the J/1 mass and width and the
7" width as measured by E760 and by other experiments reported in the Review of
Particle Properties of the Particle Data Group 7 .

4.2 3P, and 3P, States

E760 studied ) the x; and y; of the triplet P states in a way similar to the one used
in the study of the ¢ and 1’ resonances. For each state, a scan across the resonance
was performed and the events were selected according to the reaction:

p—ox12— Y+ (efe ). (1)

A fit to the excitation curves results in the values of the resonance parameters shown
in tab.2. A comparison of the E760 results for the mass and width of x; and x»
with the results of other experiments is shown in fig.3 and fig.4.

In addition to the mass and total width of the x,, the decay rate for
X2 — 77 was also measured ®). The yield of fip — v events collected in the range
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3520 < E.. < 3690 MeV is shown in fig.5. A 40 excess over the background is
evident at 3556 MeV, the energy formation for the x,. A fit of these events to a
Breit-Wigner with fixed mass and width results in the product of branching ratios
B(xz — #p) X B(x2 — 77) = (1.60£.39+.16) x 107, Using the values for I'y, and
B(x2 — pp) measured by E760, we obtain B(x, — 77v) = (1.60+0.39£0.23) x 10~
and T(x2 — v7) = 321 £ 78 £ 54 eV. A comparison of the E760 results with other
experiments is shown in fig.6. The dashed * and dotted 19) lines are the theoretical
predictions of pQCD.

4.3 'P; State

One of the primary goals of E760 was to find the missing singlet P state of the
charmonium (k) and measure its mass and total width. We searched the area

around the center-of-gravity mass (1) of the three *P states by focusing on the

decays:
pp— he =+ = (1) + 7 (2)
pp— he = P +7° = (e¥e”) + (1), (3)
pp— he = P+ 21 — (ete”) + 2m. (4)

Fig.7 shows an example of our sensitivity to final states that contain high mass ete”
pairs. In fig.7a, the invariant mass m.. is plotted for events at the 9’ formation
energy. The large peak at lower masses arises from the decay " — ¢ + X —
(ete”) + X, while the small peak is due to the exclusive decay " — ete”. The
shaded area represents the residual background estimated by normalizing to equal
luminosity events taken outside the 3’ resonance region. In fig.7b, m,. is plotted
for events taken during the h. search. These events were fitted to the reactions
pp — J/+7° fp — J/Y + 2w, pp — J/¢ + v and pp — eTe” whenever the
event topology was compatible with the final state hypothesis. Most of the events
could be unambiguously defined as either J/4 +~ (cross hatched area) or J/9 + n°
(shaded area). No events were found that could fit the final state J/3 + 27. The
J/® + v events can be explained as background from the tails of the nearby x;
and y, resonances. A few events were identified as pp — e*e” (vertically striped
area) and can be attributed to the continuum 1), The cross section as a function of
center-of-mass energy for the J/v +n° events is shown in fig.8. The data are binned
in intervals of 150 keV and clearly show an enhancement around 3526 MeV atop
a ~ 2 pb continuum background. The probability that this structure arose from a
statistical fluctuation is less than 1 in 400. This structure has been attributed to
the h, resonance %) and it was fitted to a mass of 3526.240.15+0.20 MeV/c?. The
upper limit to the width is I' < 1.1 MeV at the 90% confidence level. The branching
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ratio product B(h. — pp) X B(h. — J/97°) can range from (1.7 4 0.4) x 1077 to
(2.340.6) x 1077, No structure was observed in the reaction (2).

44 1'S, State

The 1' S, state (.) was observed ' in the reaction:
PP = M — 1Y (5)

The cross section for this process is shown in fig.9 as a function of the center-of-
mass energy. The events were selected for |cos 6| < 0.25 to optimize the signal-
to-background ratio. The data were fitted with the maximum likelihood method
to a Breit-Wigner shape plus a power law background of the form gp,r = A x
(2988/E.,,)®. This background is due to misidentified 7°7° and 7%y events. The
values for the resonance parameters that resulted from the fit are M, = 2987.5 +
2.9 MeV/c?, total width T' = 23.7H1%! MeV and B(5. — v7) x B(g. — §p) =
(35.4 + 7.6) x 1078, Using the PDG value for B(n. — pp) we obtain B(n. — vy) =
(3.0£0.7£1.0) x 10~ and partial width T'(n, — vy) = 7.0¥23+2.3keV. The values
of the mass, total width and partial width to v are compared to those measured by
other experiments in fig.10. The dotted lines show the theoretical QCD predictions
9) for ‘o, = 0.276.

To understand the background to vy, E760 has studied the exclusive w7
and 7%y productions in fp annihilations !*). The feed-down background to vy was
calculated by using these cross sections in a Monte Carlo simulation of the detector.
The angular distributions for v are shown in fig.11 for three energies 2.95, 2.99 and
3.1 GeV. The background predictions (dashed lines) are very close to the measured
77 distributions. The difference at 2.99 GeV is attributed to the 7. resonance. A
comparison between the measured cross sections for |cos@;| < 0.4 (filled circles)
and the feed-down background (open circles) is shown in fig.12; the data points
around the 7. resonance have been suppressed. The dashed line represents a fit of

the feed-down cross section to a power law:

Tback = A X (/30//3)°. (6)
The energy dependence of the non-resonant y7 cross section was also parametrized
with a power law:

Tpp—syy = C X (\/‘%/\/E)D- (7
A maximum likelihood fit of the data to the superposition of oyaer and opp—qy for
/30 = 2.988 GeV and various values of exponent D (0 to 10) resulted in an upper
limit (90% C.L.) for C ranging from 32 to 43 pb. This is in disagreement with the
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result obtained from the CLEO Collaboration ¥ for the reaction 4y — pp. By
averaging their data from 2.8 to 3.2 GeV, using their angular distribution to scale
down to | cos 8*| < 0.4 and applying detailed balance, we estimated the cross section
to be about 100pb, which is 2-3 times our upper limit. Recently, T. Hyer 16) has given
an estimate for the ratio op_y/0pp—ee, claiming that the prediction for the ratio is
less affected by theoretical uncertainties than the predictions for the two separate
cross sections. Using the predicted ratio and our measurement 1) for oppiice, We

find 0pp-yy to be 5 — 17 pb, in very good agreement with our upper limit.

4.5 215, State

The 2!, state (n.) was observed by the Crystal Ball experiment 17) in 1982. They
saw a structure in the inclusive 4 spectrum from the 1’ decay which corresponded
to a mass of 3594 + 5 MeV/c?. Since then, no other experiment has confirmed the
7. E760 took data in the energy region where Crystal Ball observed the 7;, but as
it is shown in fig.13, no evidence of a signal was seen. The open circles show the
Monte Carlo predictions of the feed-down background from 7°7° and 7%y events;
the dotted line is a power law fit of this background.

Since no signal was observed, the data were fitted with a maximum likeli-
hood and upper limits (90% C.L.) for the product of the branching ratios, B(n. —
Pp) X B(n. — v7), as a function of the center-of-mass energy and the total width of
the resonance. The results are shown in fig.14 for three values of the total width 5, 10
~ and 15 MeV. Assuming that R, /R, = Ry/Rjy, where Rz = I'(éc — pp)/I'(éc —
gluons) and assuming that B(n, — vy) ~ B(n. — 77), then the product of the
branching ratios is estimated to be B(n. — fp) x B(n. — vv) = (201}3) x 1078,
This should be compared to our upper limit of 3.4 x 107 at /s ='3594 MeV, for
I' =5 MeV. Given the uncertainty of this estimate we cannot claim any compeling

evidence against the Crystal Ball measurement.

5 — Experiment E835

Experiment E835 '® is the approved successor of E760. It was proposed to continue
the successful study of the charmonium in the pp annihilations that E760 started
a few years ago. Its primary goals are to do a precise measurement of the h. and
7. resonance parameters; to search for the 7/ and measure its mass and width;
to precisely measure the mass and total width of the xo and the products of the
branching ratios B(xo — pp) X B(xo — 7v7) and B(xo — pp) X B(xo — J/v7); and
search for the spin 2 charmonium D states.

To perform its ambitious program, E835 will take advantage of the recent

29



G. Zioulas

upgrades in the Fermilab Antiproton Accumulator which will triple the p beam
current. The hydrogen gas jet target has also been upgraded to increase the density
by a factor of 3-5. These upgrades will increase the instantaneous luminosity to
~ T x 10% ¢cm~257! and result in a total integrated luminosity of at least 200 pb~*
during the next fixed target period. To handle the higher interaction rate, upgrades
in the E760 detector and data acquisition are necessary. The inner tracking will
be replaced by 2 double layers of straw tubes, a Silicon barrel detector of high
segmentation and a Scintillating Fiber tracker. This upgrade will allow E835 to also
study the decay 7. — ¢¢. The read-out of the central and forward calorimeters will
also be upgraded and time information will be recorded for every pulse. The event
building, filtering and logging will be Unix based with a sustained throughput rate
of about 10 M B/s.
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Figure 1: The E760 detector and its acceptance coverage in cos 6~ versus the energy
in the center-of-mass for single photons (vertically hatched area), single electrons
(horizontally hatched area) and two photons (shaded area).
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Figure 3: Comparison of the x; and x, masses as measured by E760 and by other
experiments.
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Figure 4: Comparison of the x.; and x., widths as measured by E760 and by other
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Abstract
A review of Charmonium physics results primarily from fixed target experiments
with an emphasis on new results from FNAL experiments E672/E706, E705 and E771
using published papers and other sources. The data is found to be consistent with the

latest calculations of the color singlet model

1 Introduction
Since the discovery of charmonium with the J/¥ resonance at 3.1 GeV/c2 a number of

fixed target experiments have been attempting to fit the experimental data to a model of
charmonium production. With the collider experiments using the J/¥ cross section to
calculate the B cross section using J/¥ and ¥(2S) decays there has been considerable
interest in having a definitive model of charmonium production. It has long been
known! that J/¥ production has large contributions from higher charmonium mass
states that can decay into J/ but the exact nature of the model is not well understood.

Figure 1: Early models of charmonium production.
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In a short review of charmonium models2»3 several production models can be
immediately discarded by experimental evidence or the violation of conservation rules
(Figure 1). A Drell Yan process (Figure 1a) can be discounted since the J/'¥' production
from a T~ beam would be 4 times the production from a + beam This is not the case as
can be seen in Figure 2 where the production from 7~ and nt beams are nearly
identical45,6. The idea that the J/%¥ is produced via cc quarks from the sea (Figure 1b)
is not viable since then charmonium would be produced in conjunction with DD pairs
which is also not observed. The interaction of valance quarks and antiquarks (Figure 1c)
is a possible process but can not dominate since as can be seen in Figure 3 the
production of charmonium from p or p beam is nearly identical after threshold. The
direct production of J/¥ from gluons (Figure 1d) is not allowed because it violates

yang's theorem and charge conjugation.
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Figure 2: J/¥ 6BR vs. V1 for ©* beam and 7~ beam.
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The production mechanisms shown in Figure 4 represent 2 possible production
models with predictions that can be tested. The so-called color évaporation model as
represented in Figure 4a assumes that the J/¥ is produced via gluon interactions and
that the violated quantum numbers are balanced by a radiated gluon. This model would
predict that the charmonium states would be produced roughly equally possibly with the
production going as 2J+1. The color singlet model (Figure 4b) assumes that J/\P is

produced primarily via the decay of % and X3 states which could be produced via glue-
glue interactions at the lowest level. This model predicts that direct J/¥ and X

production would be suppressed. Unfortunately since valance quark-antiquark (Figure
4c) interactions may make measurements with pion beams difficult to interpret it would
be of great interest to use experiments with different beam types to separate the models.
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Figure 4: Feynman diagrams for gluon fusion and color singlet models.

2 J/¥Y and V' Production

New preliminary results on various aspects of J/¥ and ‘¥ production have now become
available from FNAL experiment E771 in the last year which in conjunction with recent
results from E705 will shed some experimental light on production mechanisms. Both
E705 and E771 were open geometry experiments with good muon identification
performed in the high intensity laboratory at FNAL with various beam types. The E705
experiment accumulated data with proton, antiproton and nt beams at 300 GeV/c while

E771 used a primary 800 GeV proton beam.
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The wide range of beam types available to the E705 experiment allows one to
look at differences in production for different beam types. Going back to the data in
figures 2 and 3, well above threshold the proton and anti-proton cross sections are
similar to each other but slightly lower than the nt cross sections which may imply a
harder xF distribution for the gluons in the pion. Near threshold the anti-proton cross
section is larger than the proton cross section which could be a contribution from quark-
antiquark annihilation made easier by the presence of valance antiquarks in the anti-
protons but the cross section become similar at E705 energies so that is not the main

process.
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Figure 5: E705 J/'Y xF distributions for proton, anti-proton, and pion beams.
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Both E771 and E705 reconstructed about 15,000 J/'¥—pp events which yields a
sample of events sufficient to study the xF and Py distributions of the J/'¥ and " (in the
case of E771). The xF distributions for four beam types from E705 are shown in figure
5. The main difference in beam types from the E705 data is that the slope of the xF is
somewhat larger in protons which may indicate that the patron distribution function in
pions are harder. The xF distributions for J/¥ and ¥' from E771 are shown in figure 6
and are fit to a function of the form (1-xF)C. The distributions are not much different for
J/¥ and ¥' which could indicate that they are produced in a similar process. The
variation of XF with respect to CMS energy as represented by the exponent ¢ is shown
in figure 7. The ¢ exponent is getting larger (xF getting harder) nearly linearly with
increasing energy. The Py distributions for J/¥ and \P" are shown in figure 8 where again
the average Pt for J/¥ and ' is nearly identical with the average Pt of the J/¥ and is
rising with CMS energy (figure 9). The cross section times branching ratio (J/'¥—up)
for a proton beam near threshold is parameterized by lyons as proportional to (1-\)n

which agrees well with the data as seen in figure 10.
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Figure 10: /'Y 6BR vs. Vs near threshold for proton beam.

3 X Production
Experiment E705 broke their J/¥ data up into two sets based on the beam types. The

E705 J/¥y mass spectra for proton and pion beams are shown in Figure 1. The X and

%2 peaks are statistically separated for the two beam types. With a pion beam the ratio
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of X1/X2 (figure 12) is near 1/2 but in the proton beam sample the ratio is 0.08 which
would imply that the color singlet model would be preferred since the gluon fusion
model would predict the ratio to be near one for all beam types. As can be seen in
Figure 12 the ratio of X1/X2 for E705 and E6727 for pion beams agree very well.
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Figure 11: J/'P'y mass spectra for pion and proton beam.

For a more complete picture using data from E705, E771 and E672 for both pion
and proton beams the fraction of J/¥ from the decays of X's and W(2S) is shown in
figure 13 with some theoretical predictions using one choice of structure functions from
a recent paper8 on the color singlet model (or charmonium model) . In broad details the
theory and experiment seem to agree fairly well but further confirmation of the proton
beam data would be of great help. One notable disagreement between this theory paper
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and experiment is that the production with pion of X'2 is predicted to be larger than X'|

while experimental evidence indicates that the X'j is larger.
4 New charmonium States

Experiment E7059 found evidence for two new states of charmonium via their decay
into J/¥ plus pions. These new states were tentatively identified as the 1P{ and the 3D2
states. The 1P] state which decays into 1/¥10 was first observed by E760 and
confirmed by E705 while the 3Dy state which decays into J/¥tn— was first seen by
E705. Experiment E771 is currently searching for both these states but has no firm
evidence for either state at this time. In figure 14 is shown the J/¥(UTp~) ntn— mass
spectra for E705 with the W (2S) and (tentative) 3Dy states visible. The E705
observation of the 1P{ is shown in figure 15. From the E705 data the cross section time
branching ratio for the 1P} is 5.3 # 2.5 nb per nucleon and is 5.3 + 1.9 + 1.3 nb per
nucleon for the 3D2.
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Figure 12:X /X7 ratio vs. Vs for pion and proton beam.
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5 Conclusions

While more experimental evidence would be extremely helpful it does appear that
experiment and theory in the form of the color singlet model are beginning to converge.
The experimental evidence to date is reasonably consistent and finds that the total J/'¥
cross section is composed of several components with decays of X's comprising about
40% of the J/¥ cross section for pion beams and 30% for proton beams. In addition,
about 8% of the cross section for all beam types come from ¥(2S) decays. If the E705
measurements of the lP] and 3D2 branching fraction times cross section into J/\¥ is
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correct then each would contribute about 5% to the J/\¥ total cross section. All told the
direct production of J/\¥ seems to represent only about 40% of the total for pion beams

and 50% for proton beams and the story may not be complete.

E771 should is currently analyzing their J/\Vy, 1/¥70s and J/¥mtn— data to

measure the 1P and 3Dp branching ratio time cross section and the 7 fractions for 800

GeV proton beam and may help confirm some of the E705 measurements.
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RARE CHARM DECAYS IN E789, E771, AND WA92

Kwong Lau
Physics Department, University of Houston, Houston, Tezas 77204-5506

ABSTRACT

This talk reviews the current experimental status on searches for the rare charm
decays D° — ptp~ and D*¥ — ptp~7*. Experiment E789 at FNAL has recently
published an upper limit of 3.1 x 10~° at 90% confidence level on the branching ratio
for D° — ptpu~ based on its 1990 commissioning run data. This limit is consistent
with the Particle Data Group (PDG) limit of 1.1 X 107, obtained by E615 at FNAL.
Experiments E771 and WA92, two dedicated heavy quark fixed-target experiments
at FNAL and CERN, respectively, have also searched for the decay D® — u*u~ in
part of their 1991-1992 data, and found no evidence for the decay. Their preliminary
upper limits are comparable to the PDG limit. The limits from E771, WA92, and
E789 are expected to be improved with the use of the full data and more refined
analyses. Based on the same data sample, E771 has also searched and found no
evidence for the decay D* — ptpu~ 7%, setting a preliminary upper limit of 7.6 x
10~* on the branching ratio. This limit has surpassed the existing PDG limit of 2.9
x 1073 by about a factor of four.

1 Introduction

The rare charm decays, D° — p*p~ (1) and D — u*p~n# (2), are sensitive probes
to the charm sector of flavor changing neutral currents (FCNCs). Decays (1) and
(2) are forbidden at the tree-level by the GIM mechanism V) in the standard model
(SM). Due to the zero spin of the D°, the decay rate for (1) is further suppressed by
angular momentum conservation. At the quark level the decay rate for (1) is given
by ?

GF'"( PP aVaC (3)

I(D° = w*™) = {gors
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where G is the Fermi coupling constant, fp is the D° decay constant, and V is
the CKM matrix. mp,m,, and m, are the D°, muon, and charm quark masses,
respectively. The function C(z;) has been evaluated by summing all contributing
Feynman diagrams ¥, and was found to be proportional to z; = (m;/mw)? m; is the
quark mass and myy is the mass of the charged weak boson. Several examples of the
contributing Feynman diagrams are shown in Fig. 1. The sum in Eq. (3) is carried
over the three down-type quarks (i = d, s, and b), and is dominated by contribution
from the s quark. Unlike analogous FCNC decays for strange and beauty hadrons,
i.e. K; — pu and B® — pp, which have either been observed 4) or are expected to
have a branching ratio (BR) of about 10~° %, the predicted short-distance BR for
(1) is extremely small, of the order of 10~ 2), Even though long-distance effects
are expected to enhance the decay rate by several orders of magnitude, decay (1)
has no chance of being detected in the near future unless there are other FCNC
sources. The best published upper limit for (1) is 1.1 x 10~° %), obtained almost a
decade ago in a fixed-target experiment at FNAL, E615. %) As a result, there is a
huge search window for new physics offered by decay (1). Most extensions of the SM
possess FCNC 7). Even though non-standard strange and beauty changing neutral
currents are constrained phenomenologically by K, — pu and the recently observed
B® — yK* decay rates to be insignificant, the charm sector of the FCNC is still

wide open.

<l
®
«l
=
®

=

s\

c pt c - W pt
d, s, b \
D° d;sb D°
- Zy o Zy
u n "] n

Figure 1: Feynman diagrams contributing to the decay D° — putpu~.

Decay (2) is also mediated by charm-changing neutral current (CCNC).
The SM prediction of the BR for (2) is considerably larger, of the order of 107",
as a result of the dominance of the photon propagator in the decay process and
the absence of helicity suppression ®. However, the final state is contaminated by

radiative processes and resonance decays. The main long-distance process, bt —
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¢+7m* — pur, has a composite BR of 1.7 x 1078, several orders of magnitude above
the non-resonant short-distance rate. A clean search for (2) has to be restricted to
kinematic regions with large muon-pair mass which is far away from the ¢ mass.
The present upper limit for D* — p*pu~7% (2.9 x1073 ) was obtained by the CLEO
Collaboration in ete~ interactions ).

This talk reviews the published (E789 and E615) and preliminary results
from E771 and WA92 on searches for D° — pup. Preliminary results from E771 on
searches for D — wpp and D — Kpp are also included. A more sensitive search
for D — wup was reported by M. Sokoloff from the FNAL experiment E791 in this
workshop 9. In section 2 the experiments are reviewed. The methods used to arrive
at an upper limit for the BR are described in section 3. The results are summarized

and briefly compared in section 4.

2 Experiments E771, WA92, and E789

21 E71

E771 is a fixed-target experiment at FNAL, designed primarily to study beauty
hadron production in 800 GeV proton-silicon interactions by detecting J/s from
decay of beauty hadrons. The detector is a large aperture magnetic spectrometer
equipped with a 12-plane precision silicon microstrip vertex detector. The pitch of
the silicon strips ranges from 25 to 100 gm, providing impact parameter resolution of
about 25 pm. The experiment was conducted with a specialized trigger of requiring
either two muons in the final state, or one muon with high transverse momentum, p,.
During the 1992 runs, the experiment recorded about 127 million dimuon triggers
and 62 million single muon triggers, corresponding to about 6.6 x 10! interactions.
The results described here are based on about 50% of the dimuon triggers.

The candidates for decay (1) were selected by requiring a fully-reconstructed
muon pair in the spectrometer. The information from the silicon detector was not
used in this analysis. To reduce K/m decay background, one muon was required to
have a p; > 1 GeV, and the other muon has to have a p; > 0.4 GeV. The invariant
mass spectra for opposite-sign (solid histogram) and same-sign (dotted histogram)
dimuons are shown in Fig. 2a. The resonances for the well-known vector mesons:
J/,d, and w/p are clearly visible in the opposite-sign spectrum.

The mass spectrum in the search region for a D° signal is shown in Fig.
2b, where no obvious enhancement is seen at the D° mass. The mass spectrum in
the search region is well described by a 4th-order polynomial. In order to arrive
at an upper limit for the BR, the spectrum is fitted to a Gaussian function at the
D° mass, superimposed on the 4th-order polynomial. The width of the Gaussian
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Figure 2: (a) Dimuon mass spectra for opposite (solid) and same (dotted) sign
dimuons in E771. (b) The mass spectrum in the search region. The solid line is the
90% confidence level limit for D° in the search region as described in the text.

is the mass resolution at D°, which was determined by interpolating the observed
resolutions at ¢ and J/i. The fit (soild line) which determines the upper limit
on D% in the data at 90% confidence level (CL) was obtained by increasing the
assumed D° signal until the fit reaches a 10% probability. The upper limit on the
BR was obtained by normalizing the upper limit on the number of D° events (95.4)
to the number of J/1 muon pairs (6258 + 91). The J/1 muon pairs were selected
by the same criteria. Based on about 50% of the full data, a preliminary upper limit
of 1.7 x 1075 at 90% CL on the BR was obtained ). More details of the upper limit
calculation are given in Section 3.

The next step in the E771 analysis, which is in progress, is to use the
vertex information from the silicon detector. A preliminary study, based on the
impact parameter of the muons, revealed that the continuum background is reduced
by a factor of about six if a 50 um cut is applied to the impact parameter of the
muon tracks. Since this reduction in background is accompanied by inefliciencies
associated with the silicon detector, there is no immediate improvement in the upper
limit. The efficiency of the impact parameter cut has been estimated to be about 0.4
which includes silicon tracking inefficiencies and losses due to early decays of the D°.
(The lifetime of D° = 0.42 x 107'%s.) The full exploitation of the vertex information
involves reconstructing the vertex of the two muons and requiring a minimum decay

distance between the primary interaction point and the muon vertex. This vertex
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isolation requirement for the muon pairs should remove most of the prompt muon
background. A factor of two to five improvement in the upper limit is expected.
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Figure 3: Three-body invariant mass distribution for mpp (a) and Kpup (b) hy-
potheses for D* — upun/K search in E771. For both searches, one of the muons
was required to have an impact parameter > 50 pm. The solid lines are fits described

in the text.

E771 has also used about 40% of the the dimuon sample with large impact
parameter to search for (2). Due to the lack of particle identification in E771,
each non-muon charged track was tried as a pion or a kaon. The combinatorial
background in the search region for the pion (kaon) assumption is shown in Fig.
3a(b). No obvious signal is seen at the D* mass in both spectra. The mass spectra
were fitted to a polynomial plus a Gaussian function; the polynomial describes the
continuum background and the Gaussian function represents the D* signal, as in
the case of the D°. The 90% CL upper limit for D — pum events is 97.5. The upper
limit for the BR was also determined by normalizing to the J/+ yield. The D — mup
acceptance times efficiency relative to that of J/¢ muon pairs was determined by a
Monte Carlo simulation to be about 0.14. The small acceptance times efficiency for
the charged D decays stems from the geometric acceptance for the pion or kaon as
well as the effect of the p; cut on the muons; the p; of muons from the three-body
charged D decay is lower on the average than that of the two-body neutral D decay.
Taking these factors into account, the 90% CL upper limit on the BR for D — pur
was determined to be 7.6 x 10~*. The corresponding limit for upK is 1.0 x 1073,
These preliminary limits are already three to ten times better than the PDG limit -
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of 2.9 x 1073 for pur and 9.2 x 1073 for ppK. Again, the vertex constraint on
the muons and the companion kaon or pion track has not been fully applied in this
analysis. It is expected that this limit will be improved with the use of the entire

data and the inclusion of the complete vertex information.
22 WA92

WA92 is a fixed-target heavy quark experiment based on the OMEGA spectrometer
at CERN. The incident beam is 350 GeV 7~s. The heart of the experiment is a
vertex detector which consists of 17 planes of 10 um pitch silicon detectors with
analog readout. The analog readout allows the rejection of secondary interactions
in the silicon detector. The experiment has collected 2.6 x 107 interactions in 1992,
equally distributed in Cu and W targets, and about the same number of interactions
in 1993 in a Cu target. The analysis reported here includes only the 1992 data.
From this analysis, the total number of opposite-sign muon pairs reconstructed in
the spectrometer is 125,154. The mass spectra for the same- and opposite-sign
dimuons are shown in Fig. 4a. As one can see, the low-mass vector mesons are
clearly visible in the opposite-sign dimuon sample. The number of events in the
search region (1.78 to 1.92 GeV) was reduced to 143 by applying additional cuts
to the muon vertex kinematics based on information from the silicon detector. The
mass spectrum for the 143 events is shown in Fig. 4b, where no enhancement at
the D° mass is discernible. The 143 events were scanned visually. None of the 143
candidates met the criteria for decay (1). The same scanning criteria, when applied
to Monte Carlo events, recovered about 60 % of the decays. Using an upper limit
of 2.3 events for zero candidate (at 90% CL) and normalizing to the J/1 yield, an
upper limit of 0.8 x 10~5 was obtained for the BR 2.

23 E789

A search for the CCNC decay (1) was also performed by E789 '%). E789 is a special-
purpose heavy quark fixed-target experiment at FNAL using 800 GeV protons 1),
The 60 meter long detector is a double-magnet spectrometer equipped with a silicon
vertex detector. The spectrometer consists of three tracking stations each with
six planes of drift or proportional chambers, followed by a ring-imaging Cherenkov
counter, an electromagnetic calorimeter, and a muon identifier. The bending field in
the two magnets can be tuned to enhance specific two-body mass in the trigger. The
target is a 0.2 mm high x 1.2 mm long X 5 cm wide platinum block encapsulated in
vacuum. This target geometry provides a precise position for primary interactions
along the beam direction and the vertical coordinate. The vertical coordinates of

the charged tracks are precisely measured by the silicon microstrip detector which is
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Figure 4: (a) Invariant mass distributions for opposite-sign (solid histogram) and
same-sign (dotted histogram) dimuons in WA92. (b) Mass distribution for events
after applying the vertex cuts.

composed of eight 5 cm X 5 cm x 300 pgm silicon planes with 50 pm pitch, covering
the angular regions 20 to 60 and -20 to -60 mrad. There is no silicon tracking in the
horizontal direction. The 40 mrad gap along the beamline allows a large number of
protons to go through without causing damage to the silicon detector. The data for
the search consisted of about 5 x 10! interactions, taken during the commissioning of
the experiment in 1990. For the off-line analysis, dimuon events were reconstructed
using muon identification and tracking information from the wire chambers and the
silicon strip detector. The mass spectrum with loose vertex requirement is shown
in Fig. 5a, which contains 1088 + 36 J/i events in the rapidity range 0.1 < y
< 0.4 where the acceptance is concentrated. To further suppress background, D°
candidates were required to satisfy additional vertex requirements, consisting of
impact parameter cuts and a minimum decay distance (Az) of 2 mm in the vertex
position of the two muons. The mass spectrum for the residual events is shown in
Fig. 5b. No signal is seen at the D° mass. The number of background-subtracted
candidates in the search region (1852-1885 MeV) after applying a tighter vertex
isolation cut of Az > 3.25 mm is -4.1 + 4.8 events. The resulting upper limit on the
branching ratio was calculated to be 3.1 x 10~% at 90% CL '®. ET789 is currently
conducting a more thorough search for (1) using the full data.
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Figure 5: Dimuon invariant mass distribution for E789 D° — uu search before (a)
and after (b) applying the muon vertex isolation requirement.

3 Upper Limit Calculation

Since none of the experiments has found evidence for the decay D° — pu, they all
reported an upper limit on the BR. E771 and WA92 have normalized their results
to the J/v yield according to the following formula.

BR(D® — ) = BRI — o) 2L p=p S22 2D @)
AD € N_]/,p

The BR(J/¥ — pp) = 0.0597 + 0.0025 ¥) is common to all experiments. oy
and op are the production cross sections per nucleon for J/1 and D°, respectively.
The A—dependence of the J/1» and D° cross sections is parametrized as A%, where
A is the atomic weight of the target. The upper limit depends weakly on the
target via A7P, where 3 is the difference of the as for J/¢ and D° productions.
Ajsy/Ap is the relative acceptance times efficiency of J/¥ to D° dimuons. The
upper limit on D° events is Np, and the number of reconstructed J/+s is Ny/y.
For WA92 and E789, additional cuts were applied to the D° candidates, which were
not applied to the J/¢ muons; the efficiency of these cuts is e. E789 has used a
different formula to calculate the upper limit, namely by using the differential J/+
production cross section in pp collisions, do/dy (y is the rapidity), measured at
the ISR !%). The quoted relative acceptance times efficiency takes into account the
losses in the forward region as well as the silicon efficiency €, and is therefore not
directly comparable to other experiments. The results for E771, E891, and WA92
are shown in Table 1. The results for E615 are also listed for comparison. Several
observations are worth pointing out. The ratio of J/v cross section to that of D° is
fairly constant, in spite of the differences in beam energy and beam particle type.
The four experiments have used slightly different values for 8, but the target factor
varies only from 0.59 to 0.85, under 20% variation from the mean. E615 did not
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Table 1: Results from E615, E771, WA92, and E789 on D° — upu Search

Expt. Nint NJ/|/, UJN,/O'D AP 44J/¢,/AD e| Np BR
(10”) (10_5)
E615 9 0.93 | 5584 + 200 0.0177 | 1.00 1.19 [ 1.00 | 48.6 | <1.1
E771 1 3.30 | 6258 4+ 91 0.0150 | 0.77 1.58 | 1.00 | 95.4 | <1.7
WA92 12) 0.01 | 623 £ 25 0.0167 | 0.85 1.39 { 0.60 | 2.3 | <0.8
E789 13) 5.00 | 1088 + 36 0.0030 | 0.59 48.40 | 1.00 | 6.4 | <3.1

taken into account the difference in the A-dependence of the J/1 and D° production
cross sections, corresponding to B = 0. The relative J/1 and D acceptance is also
fairly constant, of the order of 1.2 to 1.6, except that of E789 which is not directly
comparable. The upper limits on the BR for the four experiments are listed in Table
1. They are all consistent with the PDG limit of 1.1 x 107°.

4 Summary and Future Prospects

In summary, most of the current heavy quark fixed-target experiments have the ca-
pability to examine decay vertex kinematics of hadrons composed of heavy quarks.
This allows them to perform sensitive searches for rare decays of heavy hadrons,
in particular FCNC dimuon decays of D° and D*. Experiments E771, E789, and
WA92 have searched for such decays in part of their data. No evidence was found.
The results are summarized in Table 1 where the PDG limit (E615) is also included
for comparision. The preliminary upper limit on the BR is about 1 x 1075. By
extrapolating the analyses to full data, and speculating on the rejection power of
vertex isolation, these limits are expected to be improved, probably by about one or-
der of magnitude in the near future. This, unfortunately, does not provide stringent
constraint on the SM, even though some models with FCNC are excluded. On the
experimental side, it appears that three-dimensional vertex information is essential
in controlling the ultimate background due to double semimuonic decays in these
searches. The low level of residual background seen in WA92 and E789 suggests
that the limit may be scaled linearly with integrated luminosity by at least another
factor of ten. A dedicated fixed-target experiment with a sensitivity of 10~7 to 107%

on the BR seems therefore feasible.
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Abstract

Fermilab experiments E791 and E687 have been searching for flavor-
changing neutral-current charm decays whose observation at the current level
of experimental sensitivity would indicate physics beyond the Standard Model.
The sensitivity for these new experiments is about an order of magnitude better
than previous generations of experiments. Were a signal to be observed in these
experiments, it would indicate new physics at the TeV/c? mass scale.

1 - Introduction

Flavor-changing neutral-current (FCNC) charm decays are forbidden at the
tree level in the Standard Model. Higher-order short-distance amplitudes which
mimic FCNC processes give branching ratios between 10~! and 1072 1), The
sequential decay D* — ¢nt; ¢ — £+£ has a branching ratio ~ 2 x 1076 for
either electrons or muons, as was pointed out by one of the participants at this
conference. The 1994 Particle Data Group (PDG) compilation of branching
ratios ?) reports limits between 1.1 x 1073 (for D® — p*p~) and 9.20 x 1073
(for D* — Kt*ptp~) for decay modes being studied by these experiments.
This leaves a large window for new physics ).

E791 and E687 are similar fixed-target experiments which finished
taking data at the beginning of 1992. Both use open geometry spectrometers
with silicon microstrip detectors, two magnets for momentum analysis, and
threshold Cerenkov detectors for particlé’identiﬁcation. E687 used a wide-band
photon beam incident on an extended beryllium target. E791 used a 500 GeV/c
7~ beam incident on five thin foils (one platinum, four diamond) separated by
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1.5 cm gaps. Both experiments search for rare decays and normalize branching

ratios (or limits) to clean charm signals such as D¥ — K- n*rt.

2 — Physics Overview

One can argue on dimensional grounds that the matrix element for new physics
which leads to FCNC charm decays can be calculated from Feynman diagrams
similar to those shown in Figures 1 and 2. The dashed lines represent new
heavy exchange bosons with mass my. The decay rates for such processes
are proportional to the fourth power of my. If we assume that the coupling
strength of the new interaction is similar to that of the electroweak interac-
tion, then a D* branching ratio of 10~® corresponds to an exchange boson
mass around 850 GeV/c? V). If the new interaction is a combination of vector
and axial vector currents, then the approximate conservation of helicity will
suppress two-body decays such as that shown in Figure 2. Three-body FCNC
decays will not suffer from such helicity suppression, so may be more sensitive

to new physics.

-
HO/ /< e-}-
7

c uw Cc HO < £+
d d 1 > [
Figure 1: This is the Feynman di-  Figure 2: This is the Feynman di-

agram for a FCNC D+ decay medi-  agram for a FCNC D° decay medi-
ated by a heavy boson H°. ated by a heavy boson H°.

3 — Results from E791

E791 is searching for the decay Dt — w+p*p~ using the decay D* — K~ ntnt
for normalization. Because the D* — K~w*rt signal is so large, the exper-
iment has tuned its track and vertex quality cuts on that data. To separate
charm candidates from background, the experiment requires that the secondary
vertex be well-separated from the primary vertex, that the secondary vertex
be located outside the target foils or other solid material, and that the momen-
tum vector of the D candidate point back to the primary vertex. To identify
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Events per 5 MeV

muons, E791 uses a plane of 16 scintillation counters located behind 15 inter-

M.D. Sokoloff

action lengths of shielding. The w*p*p~ invariant mass distribution for the
first half of the data from E791 is shown in Figure 3.

205 2.1

1.85 1.9
Mass(GeV)

1.95 2

Figure 3: The solid histogram is
the wtp*p~ invariant mass spec-
trum after all cuts. The shaded en-
tries are the events in the search
window. The dashed histogram
is the K~m*nt normaliztion spec-
trum scaled by a factor of 600.
The small diamonds are the esti-
mated background using the shape
of the wtp*p~ spectrum before
muon identification normalized to
the final sample outside the search
window.

Events per 5 Mev

1.85 1.9 1.95 2 2.05 21
Mass(GeV)

Figure 4: The three shaded en-
tries are the only wTete™ events
after vertexing and electron iden-
tification cuts. The dashed his-
togram is the K~ n*7w* normal-
iztion spectrum scaled by a fac-
tor of 600. The small diamonds
are an estimated background using
the shape of the mtete™ spectrum
before muon identification normal-
ized to the final sample outside the
search window.

The background in the signal region is estimated by assuming the

shape of the background is the same as that of the sample passing all cuts
except the muon identification cuts and that the normalization is provided by

events outside the signal region. This interpolation algorithm predicts 9.5+1.0
events with mass between 1.85 GeV/c? and 1.89 GeV/c? where five events are
observed. The 90% confidence level upper limit is 3.9 signal events. An upper
limit on the branching ratio is determined by comparing this number with the
20,000 D* — K~w*x*t events observed in the same data sample. At the time
of this conference E791 believed the efficiency for detecting D* — wtptpu-
relative to that for detecting D*¥ — K~n™n* was approximately 85%. The
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upper limit for the branching ratio was reported to be 2 x 107%. More detailed
studies since then indicate that the relative efficiency, given the cuts used at
that time, is lower, and the correct upper limit based on the data shown in
Figure 3 probably lies between 4.5 x 10~° and 6.0 x 107°.

E791 is also searching for the decay DT — mtete™ using essentially
the same technique. Electrons are identified by the energy they deposit in
the electromagnetic calorimeter and the shape of the shower. Electron iden-
tification is cleaner than muon identification in this experiment, but also less
efficient. The wtete~ invariant mass distribution shown in Figure 4 shows
no evidence of a D% signal. In addition to considering the geometric accep-
tance of the spectrometer for electrons from the searched decay mode and the
efficiency of the electron identification algorithm, the final calculation of ac-
ceptance times efficiency relative to D™ — K ~n*n" must also account for the
distortion of the shape of the mass peak due to electron bremsstrahlung in the
spectrometer. Altogether, E791 expects the sensitivity in the Dt — 7wtete”
channel to be about a factor of two worse than in the D* — 7wt p*p~ channel.

4 — Results from E687

E687 searches for FCNC decays and sets upper limits using a relative branching
ratios method:

BR(D — Xronc) _ Nows(Xronc) €(XNorm)
BR(D — XNorm) e(Xrene)  Nobs(XnNorm)

similar to that used by E791. The “inner” muon system consists of three
planes of scintillator paddles used for triggering and an additional four planes
of proportional tubes used for muon identification. The granularity of the
proportional tubes was 5 cm, and the hadron misidentification rate was about
1% per track when requiring five of the seven muon system planes to have
hits within a 3¢ multiple scattering circle. For comparison, the E791 hadron

misidentification rate was closer to 5% per track at high momentum.
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Upper limit results for several dimuon channels were presented at the
CHARM2000 conference in June ¥ and are summarized in Table I below. After
vertexing and muon identification cuts, E687 has 0 - 3 events in the signal re-
gion (1.85 GeV/c* - 1.89 GeV/c?) for each of these decay modes where 1.5 - 2.5
background events are expected. These results should be considered prelimi-
nary only — the experimenters hope to optimize cuts and improve sensitivity

before publishing a final result.

Mode E687 Limit PDG limit
D — ptp~ 2.7 x 107° 1:1:%:107°
Dt - wtpty~ 9.7 x 107° 290 x 107°
D s Kby o8B xA0~8 920 x 10~
DY - pptpt 17-x1073 680 x 1073
D* — K-ptut 20 x 10~ 430 x 10°5

Table I: These are the preliminary upper lim-
its on FCNC decays with dimuons in the final
state reported by E687 at the CHARM2000 con-
ference ). The limits reported by the Particle
Data Group in the 1994 compilation ?) are shown
for comparison.

5 — Plans for E831

The wide-band photon collaboration plans to run again in 1996 as E831. They
expect to increase their luminosity by a factor of ten relative to E687 by improv-
ing the beam, by improving the target configuration, and by running longer.
Their sensitivity for decays with muons in the final state will be further en-
hanced by replacing the “outer” muon system which did not work in E687 and
by running with an improved “inner” muon system for the full experiment.
The inner muon system was not working for the first part of the 1990 run and
was operated with a hole in the middle to accomodate another experiment for
the whole run. The net result should be a factor of 30 improvement in statistics
for decay channels with a single muon and a factor of 50 - 60 improvement for
those with two muons. In addition, the experiment will run with more shielding
and better tracking which will produce less matching confusion. Altogether,

the FCNC sensitivity is expected to improve by a factor of ten.
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6 — Summary

E687 and E791 are setting branching ratio limits on FCNC charm decays such
as Dt — wrptpu~ at the n x 1075 level. These searches are probing physics
near the TeV/c? mass scale. E831 should be able to push these limits down
to the n x 107° level, and a fixed target experiment reconstructing 108 charm
cleanly might push the branching ratio limits to 7 x 10~7. Such an experiment
would be competitive with the LHC, the planned beauty factories, and the

proposed 7-charm factories.
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ABSTRACT

In this talk we review the status of the theoretical estimates for CP violating asym-
metries in non-leptonic hyperon decays.

1 — The Decay A° — pr~

The reaction A° — pr~ will be used as an example to set up the model independent
formulation of the CP odd observables in non-leptonic hyperon decays of the form
B; — Byw. In the A° rest frame, @; ; will denote unit vectors in the directions of the
A and p polarizations, and ¢ the proton momentum. The isospin of the final state is
I'=1/2 or 3/2, and each of these two states can be reached via a AT = 1/2 or 3/2
weak transition respectively. There are also two possibilities for the parity of the
final state. They are the s-wave, [ = 0, parity odd state (thus reached via a parity
violating amplitude); and the p-wave, [ = 1, parity even state reached via a parity
conserving amplitude.

We first perform a model independent analysis of the decay by writing the
most general matrix element consistent with Lorentz invariance: 1% 3)

M = G'Fm:ﬁp(A el B75)UA. (1)
This matrix element reduces to
A(B; — Byw)=s+pd-q (2)

In terms of these quantities one can compute the decay distribution, and
the total decay rate. One finds that the decay is characterized by three independent
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observables: the total decay rate and two parameters that determine the angular
distribution. The total decay rate is given by:
lgl(Ep + MP) 2
aoar Crma (1ol + 1pl%) &)
The angular distribution is proportional to:

=

dr’ £t S e s
0 ~ 14 qa; - dp + (1 — )q-w;q-wf+aq-(w,-+wf)+,3q-(w;xw;), (4)
where we have introduced the notation:
2Res*p 2Ims*p |s|2 — |p|?
= B= = . 5
=T pE P TE e T T o P ®)

However, only two of these parameters are independent, since a® +8%? +7° = 1. We
will treat o and J as the independent ones, although sometimes the parameters o
and ¢, with 8 = V1=a’sing and v = v/1 = a2 cos ¢ are used instead.

The parameter a governs the T-even correlation between the proton mo-
mentum and the A polarization, whereas 3 governs the T-odd correlation involving
the two polarization vectors and the proton momentum. I use T to indicate the
operation that reverses the sign of all momenta and spins in the reaction, and not
the time reversal operation. The significance of this discrete symmetry is that oper-
ators that are even under it can only be used to construct CP odd observables that
require final state interactions, whereas those that are odd can be used to construct
CP odd observables that do not vanish in the absence of final state interactions.

One way to interpret the parameter a follows from considering the angular

distribution in the case when the final baryon polarization is not observed:

ar _ 1 14 22 silas
5 = T g, Crma(Bp + Mp) (jof + pl") (1 + g G). (6)
The polarization of the decay proton in the A° rest frame is given by:
~ 1
P ————-—[ + 7P + B (Pa xq)+ X (Pa x ] 7
g 1+a'PAq(a Aq)q ﬁ(A q) ‘7(q (A q)) (7)

From this expression we can relate 3 to the proton polarization in the direction
perpendicular to the plane formed by the A polarization and the proton momentum.
If the initial hyperon is unpolarized, a gives us the polarization of the proton:

Pp = arg (8)
Since the proton polarization is not measured, the parameter 3 is not useful

for the reaction A — pr~. It is, however, useful for other hyperon decays, such as

the chain:
Gl i = o Ar s prT” (9)

where the second decay analyzes the polarization of the A and allows one to observe

the parameter f=.
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2 — CP-odd Observables

To construct CP-odd observables we compare the reactions A° — pr~ and y prt
in terms of the three independent observables. One can show that CP symmetry
predicts that:

1 =t
a —a
B = -8 (10)
and, therefore, one can construct the following CP-odd observables: 4
r-T
A= ——
r+r
ol +al _a+a
A = =~ A
ol'—al' a-a g
pr+Br B+P
B = =~ =+ A 11
AT—pT "~ p=B &

One can show that in the low energy reaction pp — AA — Py Pyt it is
possible to construct counting asymmetries that measure 4 and B. ) If we label
each particle’s momentum by the particle name, and denote by N; the number of
events with (5; x py) - py greater or less than zero then: %)

N} — Ny + Nf - NS

A= B — A
A N PropAp (12)

Similarly, in the reaction pp — EZ — Axr~An* — pyr~w p;mtnt, we can define
N:: to be the number of events with Pz - (py X pa) greater or less than zero and

construct the counting asymmetry: 5)

- NN+ N -
I Bl 2 = ZpoanBs(An + Bz) (13)
Ntotal 8
3 - Isospin Decomposition

To discuss the final state interaction phases it is convenient to analyze the final
pion-nucleon system in terms of isospin and parity eigenstates. In that way we can

have in mind the simple picture:

A — (p?r) —_ (p';r) : (14)
H, togl t
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At t = 0 the weak Hamiltonian induces the decay of the A° into a pion-nucleon
system with isospin and parity given by I, £. If there is CP violation in this decay
there will be a CP-odd phase ¢. This pion-nucleon system is an eigenstate of the
strong interaction. Furthermore, at an energy equal to the A mass, it is the only
state with these quantum numbers. The pion-nucleon system will then rescatter due
to the strong interactions into itself, and in the process pick up a phase 6}. This is
an example of what is known as Watson’s theorem.
If we parameterize the amplitudes in non-leptonic hyperon decays as:

ek Esle.‘w.’w{) p= Eple-'(a;w{.), (15)
I I

then CP7T invariance of the weak Hamiltonian predicts:

5= Z __313"('55—'#{) P= Zple"(ﬁ,l,—‘ﬁ{,), (15)
I I
whereas CP invariance of the weak interactions predicts:
=Y —seiEi+el) 3= Eplei(s,{w{,)_ (17)
I I

From this we see that the ¢} phases violate CP. We want to extract #} from the
CP-odd observables discussed in the previous section.
Introducing the notation used in the literature:

S(A%) = —1/2/3811e™rF91) 1 1/1/3 55" (0+43)
P(A(_).) = —\/2/3P118i(5u+4’f) 4t /1/3P335"(5==+¢$’)

S(E7) = Spae®rtéta) 4 %gszef(sms;,)

6)

P(ED) = P12€i(6“+¢{’) 7 %Pil?ei(6“+¢g’) (18)

where A° refers to the reaction A° — pr~ and Z- refers to the reaction 2~ — A%r~.
The notation for the isospin amplitudes is S;; = Saarzr, Pij = Paarar, the s-wave
phases are denoted by §;; and the p-wave phases by 8a7,1.

It is useful to construct approximate expressions based on the fact that

there are three small parameters in the problem:

e The strong rescattering phases are measured or estimated to be small. Exper-
imentally we know that 7

8 ~6.0°, 83~ —3.8°, §;; ~—1.1°% &3~ —0.7° (19)

with all the e-rors on the order of 1°. For the = decays there are no experi-

mental results. An early calculation within a model predicted §; = —2.7° and
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8, = —18.7°. 8 A recent calculation using chiral perturbation theory predicts
instead 853 = —1.7° and &, = 0. 9 Clearly the resulting asymmetries will be
completely different depending on which of these results is closer to the true
scattering phases.

o The AI = 3/2 amplitudes are much smaller than the AI = 1/2 amplitudes.

Experimentally we know that: 1°)

S33/S11 = 0.027 £ 0.008, Ps3/P; = 0.03 3 0.037
Saz/S12 = —0.046 £ 0.014, Psy/Py; = —0.01+0.04 (20)

¢ The CP violating phases are presumed to be small.

To leading order in all the small quantities one finds: 4
S :
A(A°) = \/55—33 sin (83 — &) sin (¢5 — ¢7)
1
A(A‘i) = — ta.n (511 . 51)sin (¢’; T ¢;)
B(A®) = cot (& — &)sin (¢} — ¢?) (21)
and

NS ) =20

A(ED) = —tan(by1 — &2)sin (4], — ¢1,)

B(ZZ) = cot (s — &) sin (¢, — ¢12) (22)

We can see in these expressions that A arises mainly from an interference
between a Al = 1/2 and a AI = 3/2 s-waves, and that it is suppressed by three
small quantities. On the other hand, A arises as an interference of s and p-waves of
the same isospin and, therefore, it is not suppressed by the AI = 1/2 rule. Finally,
we can see that B is not suppressed by the small rescattering phases. This is as
we expected for a CP odd observable that is also (naive)-T' odd. The hierarchy
B >> A >> A emerges. *) The quantity A(Z2) vanishes because there is only one
isospin final state in this decay.

This is as far as we can go in a model independent manner. If we want
to predict the value of these observables within a model for CP violation we take
the value for the ratio of amplitudes and for the strong rescattering phases from

experiment and we try to compute the weak phases from theory.

4 — Standard model calculation

In the case of the minimal standard model, the CP violating phase resides in the
CKM matrix. For low energy transitions, this phase shows up as the imaginary
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part of the Wilson coefficients in the effective weak Hamiltonian. In the notation of

Buras 1),

S = \/_ udeZc, p) + hermitian conjugate (23)

Qi(p) are four quark operators, and c;(pz) are the Wilson coefficients that are usually
written as:

ci(p) = zi(p)+Tyi(p)

ViV
= 24
T V ‘/ua ( )

with the CP violating phase being the phase of 7. Numerical values for these coef-
ficients can be found, for example, in Buchalla et. al. %

The calculation would proceed as usual, by evaluating the hadronic matrix
elements of the four-quark operators in Eq. 23 to obtain real and imaginary parts

for the amplitudes, schematically:
(pr| HE! [A%) |} = ReM] + iTm M, (25)

and to the extent that the CP violating phases are small, they can be approximated

b
¥ ImM[

Tee

b & ReM}’
At present, however, we do not know how to compute the matrix elements so we
cannot actually implement this calculation. If we try to follow what is done for
kaon decays, we would compute the matrix elements using factorization and vacuum
saturation as a reference point, then define some parameters analogous to Bk that
would measure the deviation of the matrix elements from their vacuum saturation
value. A reliable calculation of the “B” parameters would probably have to come
from lattice QCD.

For a simple estimate, we can take the real part of the matrix elements

(26)

from experiment (assuming that the measured amplitudes are real, that is, that CP
violation is small), and compute the imaginary parts in vacuum saturation. This
approach provides a conservative estimate for the weak phases because the model
calculation of the real part of the amplitudes is much smaller than the experimental
value. Of course, if we cannot predict the real part of the amplitude at all, we might
question the reliability of the imaginary part as well.

There are many models in the literature that claim to fit the experimentally
measured amplitudes. Without entering into the details of these models, it is obvious

that to fit the data, the models must enhance some or all of the matrix elements with

76



G. Valencia

respect to vacuum saturation. Clearly, one would get completely different phases
depending on which matrix elements are enhanced. It is not surprising, therefore,
that a survey of these models yields weak ¢P phases that differ by an order of
magnitude 19,

The approximate weak phases estimated in vacuum saturation are: !3)

¢ ~ —3yelmr
¢; ~ —0.3yeImr

2
3 ~ 5 ; L
&, 3.56(y1 +y2) + 4.1(yr + 2y8)m,(mu = Im7 (27)

To get some numerical estimates we use the values for the Wilson coefficients of
Buchalla et. al. ' with p =1 GeV, Agep = 200 MeV. Although quantities such
as the quark masses that appear in Eq. 27 are not physical %, we will use for
an estimate the value m2/(m,(m, + mq)) ~ 10. For the quantity Im7 we use the
current upper bound Imr < 0.0014. Putting all the numbers together yields:

—1.4 x107¢ for m; = 150 GeV
A AO - { t
(42) —9.1 x 107 for m; = 200 GeV
AA’) = 3.7x107°
B(A? )= 2462078 (28)

A poor man approach to the problem of the hadronic matrix elements consists of
surveying several models. Combining this with a careful analysis of the allowed range
for the short distance parameters that enter the calculation yields results similar to
that of Eq. 28: that A is in the range of “a few” x 107° and that A is almost two
orders of magnitude smaller. The rate asymmetry exhibits a strong dependence on
the top-quark mass: for a certain value of m,, the two terms in Eq. 27 cancel against
each other. The angular correlation asymmetries, on the other hand, depend mildly
on the top-quark mass. This is understood from the point of view that the most
important effect of a large top-quark mass is to enhance electroweak corrections to
the effective weak Hamiltonian. This is important for the AT = 3/2 amplitudes but
not for the AI = 1/2 amplitudes.

5 — Other Models of CP Violation

Other models of CP violation contain additional short distance operators with CP
violating phases. '%16) Some of these have been analyzed in the literature fixing
the strength of the CP violating couplings from the parameter ¢ in kaon decays. *
A summary of those results is shown in Table 1, taken from a recent talk by He. 7
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Table 1. Sample of models of CP violation in hy

peron decays.

A decay KM model Weinberg Model | Left-Right Model
A(A?) <10°¢ —0.8 x 1075 0

A(A%) | —(1~5)x 1075 —2.5 x 1075 -1.1x10°°
B(A%) | (0.6~3)x10-* | 1.6x 10 7.0 x 10~

= decay

A(EC 0 0 0

AED) | (1~ 10)x 1072 | —8.2x 107 2.5 x 107
B(&z) | (1~10)x 107° 3.8x 1073 -3.1x10

An important point is that the numbers for the = — Ax~ decay were
obtained using the early model calculation. ® With the chiral perturbation theory
numbers ?) A(2Z) would be smaller by a factor of 10.
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Abstract

The status and prospect of studying CP invariance by determining the
difference in the decay angular distributions between the hyperon and the
antihyperon are presented. Current experimental limits are at least two orders
of magnitude away from theoretical predictions that range from 102 t0 107,
There is no dedicated experiment except one recently approved fixed target
experiment at Fermilab, E871, that will search for CP violation in charged-Z
and A hyperon decays down to the 10 level.

1. Introduction

Shortly after parity nonconservation in weak interactions was questioned, possible
violation of time reversal T -- or CP symmetry assuming CPT invariance holds -- as well as
charge conjugation C was also suggested.!”  Okubo pointed out that CP violation would lead
to a difference in the branching ratio of a given decay mode for the > and T hyperons.®) In
1959, Pais noted that when the decay angular distributions of the A% and A° are compared,
any inequality would signal breaking of CP invariance.® These conjectures triggered
experimental searches for discrete symmetry breaking which is still actively pursued today.
The early tests of CP conservation in hyperon decay were performed by determining the time
reversal parameter, f3, in the decay of polarized A% which were produced in exclusive
reactions.” These experiments suffered from limited statistics and could only reach a level of
the order of a few percents.

*Invited talk presented at The Second International Workshop on Heavy Quark Physics in
Fixed Target Experiments, Charlottesville, Virginia, October 7, 1994.
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Recently there is renewal of interest in testing CP invariance in hyperon decay. This is
motivated by the fact that with new accelerator facilities and better instrumentation, it is
experimentally feasible to check the validity of some theoretical estimations of the CP-odd
effect with good sensitivity. In this talk, the experimental status of such tests is briefly
reviewed and the prospect of performing dedicated experiments is presented.

2 Theoretical Motivation

For the parity violating nonleptonic decay of a J¥ = { hyperon into a J¥ = { baryon
and a J¥ = 0" meson, the final state can be in orbital angular momentum states of 0 and 1 with
the corresponding S- and P-waves. It can be shown that the decay rate is given by:(s)

r=Gims 2elfa M) 2., pp) 0
4nm,

where G is the Fermi constant, m, is the mass of the charged pion, m,, is the mass of the

hyperon, my is the mass of the baryon, p; and E; are the magnitude of the momentum and

energy of the baryon in the rest frame of the hyperon respectively. In the hyperon rest frame,

the angular distribution the daughter baryon is:

dNy 1 =
==(1+a,P,- 2
d cosby 2( o pd) @

where 6, is the angle between the polarization of the hyperon, ﬁp, and the momentum unit

vector of the decay baryon, ;. Furthermore, the polarization of the baryon, P;, is related to
the polarization of the hyperon by:

I )[(ap+ﬁp'ﬁd)ﬁd+ﬂpﬁpxﬁd+7pi’dx(ppxﬁd)] (3)

where the decay asymmetry parametersa,, f,, and ¥, are defined in terms of the parity-
violating S-wave and the parity-conserving P-wave:

2Im(S* P) ' |51 |P|

R A

_2Re(S'P)

: 2 VI
with ap+[5p+yp_

B, = @)
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For a given two-body nonleptonic hyperon decay and that of its antiparticle, in terms
of ', & and f3, some observables that are sensitive to CP violation in the decay can be
defined as:

L SPICW W 0.1
r+r a-o a—-o

B=gf ; )

™I

where the overlined quantities refer to the antihyperon. If CP is conserved in the decay, I' =
T, a=-aand f=-P.

To date, reliable calculations of CP violation in hyperon decays are not available. This
is because exact evaluation of the hadronic matrix elements cannot be implemented.
Estimations of A, A, B and B have been obtained by using different models to calculate
the hadronic matrix elements.®) Some predictions of the CP violation in the A% - pr and =
— A%t decays in the standard model, the multi-Higgs model and the isoconjugate Left-Right
symmetric model are shown in Table 1.7 1t should note that superweak models® do not
have AS = 1 CP-odd effects (direct CP violation) and thus all observables in equation (5) are
expected to be very small or zero.

Table 1. Some estimations of CP violation in A° — pn” and &~ — A% decays™

A, A, B,
-6 -5 -4
Standard Model <10 -(5~1)x 10 (3~0.6) x 10
T -5 -5 -3
Multi-Higgs -0.8x10 -25x 10 1.6x 10
Left-Right 0 L1x107 70x 107
Az Az Bz
-5 -3
Standard Model 0 -(10~1) x 10 (10~1)x 10
S -4 -3
Multi-Higgs 0 -32x10 38x10
: -5 - -4
Left-Right 0 -2.5x 10 -3.1x10
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3. Experimental activities

From Table 1, it is obvious that in general A is too small to measure. Determination of
the other observables requires hyperon samples with precisely known polarization. Although
it is the most sensitive to CP violation, the polarization of the daughter baryons must also be
measured in order to determine B. In addition, to reach a sensitivity of 10*in B, at least
108 to 10° polarized hyperon and antihyperon decays are needed because the statistical error
in B is inversely proportional to  which is usually a small number. Therefore, A is the
most promising observable for searching for CP violation in hyperon decays.

3.1 Past searches

There were three tests of CP conservation in the hyperon sector from experiments
R608 at ISR, DM2 at Orsey, and PS185 at LEAR. These studies focussed on the
determination of A, by detecting A% - pr” and A% - pr* decays. Limited by statistics, the
average of their results compiled by the Particle Data Group is A, = -0.03+0.06.) We are
going to briefly describe the technique of these three experiments.

3.1.1 R608 at ISR1®

Polarized A° and A® were produced in the forward beam fragmentation region in the
following inclusive reactions:

ppo> A +X (6)
pp > A%+ X. Q)

Assuming charged-conjugation conservation in strong interactions, polarization of Alinp -
A® is identical to that of A% in p — A®. This assumption was checked by comparing the
momentum distributions of the charged particles, and of the A and A between these
reactions. Excellent agreement was observed from the central region to x of 0.8. Based on
17,028 A® — pn” and 9,553 A° — pr* events, the ratio a,/@, was found to be -1.04+0.29
which is equivalent to A, = -0.0210.14.

3.1.2 DM2 at Orsey?

A total of 1,847 A°A° pairs coming from the decays of J/y’ s produced in unpolarized
e*e” collisions was used to study the differential cross section:
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do
99 |- -
d cos, dQ ,dQ ;5 (1 E? 4sin 9/\)[ 0\, (p-0)(P - n)
®)
IZ;A sin 9/\{1 aAaA[p p-2(p -x)(p- x)]}
A

where 6, is the emission angle of the A% with respect to the e* beam direction, pp and E,
are the momentum and energy of the A” in the JAy decay, p and p are the p and P momentum
in the A® and A° rest frame respectively, x is normal to the A°A° direction and to the beam
axis, and n is defined as unit vector that suppresses the O spin projection in the JAy decay
and is degenerated with the beam axis at 6, = 0° and 90°. By fixing the parity asymmetry
parameter a, at the canonical value of 0.642,%) the observed distribution for p-p was
fitted to the theoretical expectation by varing @,. The least squares minimization yielded
@, =-0.63£0.13. This determination gives A, = 0.0140.10.

3.1.3 PS185 at LEAR

In this experiment, polarized A®A° pairs were produced in low energy pp exclusive
reactions at threshold. Again, conservation of charge-conjugation in the production process
guarantees that the polarizations of A° and A be the same. From the products o, P, for
A® > pr and @, P, for A — prc* decays, the observable A, can be determined. By
combining 4,063 events taken at 1.546 GeV/c incident p momentum™? and 11,362 events at
1.695 GeV/c, a result of -0.024+0.057 for A, was obtained.!?

32  Prospects

There has been considerable interest at CERN, at Fermilab, and at a future tau-charm
factory in pursuing scarches for CP violation in non-leptonic hyperon decay to better precision,
on the order of 10™in A and 10™ in B. Most of these proposed experiments require either
upgrade of the existing facilities or construction of new storage rings in order to accumulate
enough events in a finite amount of time to reach the goal. Presently, none of these new
programs is approved.

An alternative approach is to exploit hyperon beams. Strange baryons are known to
be copiously produced in high energy fixed target experiments. It is rclatively easy to obtain
large samples of longitudinal polarized A and A° from unpolarized = and =" decays. Since
P, =az A in this case, the polarizations of A% and A° are identical up to the level of CP
symmetry breaking in the charged = decay. This is the technique used by the recently
approved experiment, E871, at Fermilab. We now turn to the details of these new initiatives.
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3.2.1 Low energy pp experiments

The promising results of PS185 at LEAR have prompted an investigation of the
feasibility of measuring A, with better precision.(”) The new experiment requires an
upgrade of LEAR to LEAR-2 so that the number of p’s in a stack will be increased by ten fold
to more than 2 x 10'". A hydrogen jet target with a surface density of 10" atoms/cm? is used
to intercept the 1.642 GeV/c p beam. This energy is chosen to suppressed the production of
A%5%+ A%FC which is an important background to the measurement. At this beam energy, a
peak luminosity of greater than 6.6 x 10® cm2s! can be achieved. With a production cross
section for the reaction pp — A%A® of 65 pb, the maximum production rate of ARY pairs is =
4,250 s"'. But only events with the A in the range of -0.75 < cos6cm < 0.3 will be accepted
because, in this kinematic region, the average polarization of the A is the highest, about 46%.
Furthermore, in the region of interest, the momentum distributions in the laboratory frame of
the decay protons and antiprotons are quite similar. Assuming an overall efficiency of 35%,
similar to what has been achieved in PS185, the production rate of pp — A"A? - prtpr
events is dropped to 154 s™'. In order to obtain an error of 10%in A, 12 10" s of running
time at the peak luminosity is needed.

In principle, the cleanest signal of CP violation in hyperon decays is given by the
observables B and B’, which are independent of the poorly known final state phase shift
difference. The most accessible process to do this is the charged = decay which can be
considered as a double self analyzer (A” decay is a single self analyzer). Due to the required
beam momentum is about 3.5 GeV/c, the pp — =~ = process is beyond the capability of
LEAR. Thus, determination of Bz and B’z can only be done at SuperLEAR.

It is important to realize that in the exclusive production of hyperon-antihyperon pairs,*
all the decay particles are unambiguously identified. The key of the measurement is counting
the number of decay protons and antiprotons above and below the production plane which is
defined by the vertices of the hyperon decays and the interaction point. Any asymmetry or
inefficiency in the apparatus could then lead to (1) moving protons and antiprotons to the
wrong side of the production plane, (2) misconstructing the production plane. Some examples
of the systematic problems are residual magnetic field near the production point, different
chamber inefficiency in different part of the spectrometer, interactions with matter in the
apparatus. Worst of all, due to the nature of the process, for instance pp — A°A% in fixed
target mode, the leading particle effect will give rise to asymmetric momentum distributions
between particles and antiparticles that tend to probe different part of the apparatus. This is
one of the reasons why the region of interest is chosen in such a way to reduce this bias.

A similar low energy Pp experiment to measure A, has-also been considered at
Fermilab.!>) With the commission of the Main Injector, a total of about 4.7 x 10 p’s/sec will
be available. By colliding the stored P beam at 1.641 GeV/c with an internal hydrogen gas jet
target of 10" atoms/cm?, about 7,500 AA° pairs/sec can be produced. Only the charged decay
mode of both ALY and A is detected. By choosing the same kinematic region of interest as the
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LEAR-2 experiment and with some assumptions about the overall efficiency, it is claimed
that in sixteen days of data taking, observable A, can be measured to a precision of 10*. To
reach the 10 level, a dedicated p storage ring will be needed.

322 Jhy decays at tau-charm factory®

It has been argued that the tau-charm factory can provide very clean and systematic
free conditions for investigating CP violation in A® and =™ decays. When a tau-charm factory
is operated at the J/y peak, the production cross section of JAy strongly depends on the beam
energy spread. By using monochromators the beam energy spread can be reduced from 1.3
MeV to 0.1 MeV and the expected luminosity is about 4 x 10*2 cm™2s™!. In a year of running
(1 year = 10’s), as shown in Table 2, the number of A’A°and = =" pairs coming from Jjy
decays is estimated to be 1.1 x 10® and 1.4 x 10 respectively.

Since the rate of good J/\y decays is about 500 times higher than that for CP violation
studies, an efficent trigger scheme must be employed. It has be proposed that the proton and
antiproton from the decays will be identified by TOF in the first level trigger. Then the decay
of the hyperons will be selected in the second level by searching for multiplicity jump in the
number of tracks in the drift chamber which has very low mass. The trigger rate should be
decreased to about 100 Hz. Online reconstruction will then be used as a third level trigger to
identify the presence of hyperon pairs. The spectrometer will have excellent momentum
resolution which is crucial in determining angles and planes used in the measurements of the
decay parameters.

What CP observables that the tau-charm factory can measure depends on the
polarization of the beam which is defined by:

o

e % 9
1+ PLPE O

beam

where P;L and P* are the longitudinal polarization of the e* and ¢” respectively. The hyperon
polarization is related to the beam polarization by

o (Proa® )P - B, (" P)e x?)- 0ty Pream(E* X P)x ¥

Py = 3

(10

Ay

é(1+ coszey)+ sin®6y

-

where ¥ is the momentum unit vector of the hyperon in the laboratory frame, @y is the
emission angle of the hyperon with respect to the e* beam direction, A,, and A, _ are the
helicity decay amplitudes of the JAy. The parameters, ¢, and ﬁw, are defined as:
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_V2Re{4,4,)

a, =
v |A+_|2

i) 5
14 lA+_|2 :
If the beams are not polarized and ﬁ‘v is zero, only the product ¢, @) can be measured in
the A decay. This will require input of ¢, from other experiments. This drawback does not
exist when the beams are polarized. In the case of = decay, independent of the beam
polarization, the angular distributions and correlations of the daughter baryons, A and p, in
the decay sequence are sufficient for extracting values for the decay asymmetry parameters
without replying on another experiments.
However, as shown in Table 2, the precision in determining the CP observables at the
tau-charm factory is poorer than those at low energy pp experiments.

Table 2. Sensitivities of ‘CP observables in 1 year of running with monochromators
at tau-charm factory. Beam polarization is assumed to be 40%.

Jhy decay Beam Measured CP Sensitivity
mode polarization parameters observables | atT-charm fac.
A%R? No AT A 5x10°*
AOI—\O Yes aA , Op < 10.3

aA 4 &A AA = 10—3
gE No o Os Ag =107
B=> B= B =5x107
aA ’ HA AA S 10—3
g Yes oz Oz Az <10’
B=> B: B’ =5x107

T requires input value of a, from other experiments
* gsensitivity is limited by the precision of the input o,

32.3 Experiment 871 at Fermilab('”

The goal of E871 is to search for CP violation in charged = and A hyperon decays by

measuring A, and Az to better than 10™. In this experiment, both " and = hyperons will
be produced with no polarization by 800 GeV protons hitting the target at zero degree (parity
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conservation in strong interactions demands the polarization be zero). The A from the weak
decay of an unpolarized Z is in a pure helicity state which is related to the decay parameter of
the parent =: P, = =z A. The angular distributions of the proton and antiproton in the A® and
A helicity frames are thus given by:

dN __No
d(cos@) 2

A+ 0p Py C059)=—N2£(1+(ZA(ZECOSO)=%(1+C_ZA_Q_-_:'COSQ). (12)

If CP invariance is good in both A and = decays, then o, =- ¢, and @z = - @z, and the
proton and antiproton distributions are identical, as is every other kinematic parameters in
the decay process. It is evident from Equation (12) that differences between the slopes of the
two cos6 distributions can be due to CP violation in either the = or A decay:

_ a0z — OOz

A'= ———
A0z + O \0=

=Apt+ Az 13)

that is, the experiment is sensitive to CP violation in both hyperon decays.

This experiment is scheduled to run in the 1996 fixed target period. The plan and
elevation views of the E871 apparatus are shown in Figure 1. The apparatus has been kept
simple in order to facilitate its understanding at the level of the expected asymmetry. The
apparatus consists of two targets of different interaction lengths,* followed by a curved
collimator embedded in a 6 m long dipole magnet. Behind a vacuum decay region is a
conventional magnetic spectrometer employing high-rate, narrow pitch multiwire proportional
chambers. The spectrometer momentum analyzing magnets have sufficient strength to ensure
that the proton from the A decay is always bent to one side of the spectrometer and that the
two pions from the = and A decays are always bent to the opposite side, and both are well
separated from the charged beam exiting the collimator. A simple, yet selective trigger for
collecting =" decays is formed by requiring the coincidence of signals from a scintillator
hodoscope on the pion side, from the hodoscope on the proton side and from the hadronic
calorimeter. The calorimeter is used to make the trigger “blind” to muons which are one of the
dominant background. The requirement of certain amount of energy deposited in the
calorimeter also reduces the trigger rate due to secondary interactions of the charged beam
with material in the spectrometer. When the polarities of the magnets in the apparatus are
reversed and the target is switched, identical trigger, thus a CP invariant trigger, can be used
to collect =" decays. In addition, p and P (n and n") always sample the same region of the
spectrometer, thus minimizing systematic bias. With 10" protons/sec on target, the trigger
rates for both the negative and positive running, tabulated in Table 3, have been estimated

* These targets are chosen in such a way that the spectrometer will always see similar
. — =+ . . - . . .
singles rate between = and = runs without changing the incident proton intensity.
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E871: Elevation View
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Figure 1. Plan and elevation views of E871 spectrometer
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with Monte Carlo simulations. In 200 days of running, with a duty factor of 50%, a total of 2.9
= = e =t == e

x 10° each of the =~ — A% - p'n and = — A" — prn'n’ events, after reconstruction

and event selection requirements, will be obtained.

Table 3. Trigger rate per 10 protons/sec on target

Negative Running PositiveRunnig
Background 22,000 Hz 22,200 Hz
E — An — pnrnt 11,000 Hz 2,300 Hz
K—-3n 2,400 Hz 2,000 Hz
Total 35,400 Hz 26,500 Hz

The data acquisition system, based on multiple VME crates, is designed to handle a
maximum trigger rate of 100,000 Hz. The event size is expected to be about 600 bytes,
resulting in a sustained data logging rate of about 20 Mbyte/sec. This is high rate, but is only
a factor of two larger than has been previously logged at Fermilab fixed target experiments.

Systematic effects which have the potential to cause false asymmetries are of great
concern. Sources of biases fall into three classes: (1) differences in acceptance between the
Z and = decays, (2) nonzero polarization of the = and Z_':+, and (3) differential differences
between the p and P, ©* and 7', cross sections. While every effort will be made to minimize
the former two classes of biases, class (3) is intrinic and the only way to reduce its effect is
to minimize the mount of material in the spectrometer. In the momentum range accepted by
the experiment, the differential change in the particle and antiparticle cross section is less
than 5%. Because the experiment will have approximately 1.5% of an interaction length of
material, this bias will give a false asymmetry A’ of about 7 x 107,

In order to get a quantitative estimate of the effects of the first two classes of biases
on the CP asymmetry measurement, pairs of = data sets from a previous experiment, E756,
with large acceptance differences in the laboratory and polarization differences are used to
compare their proton distributions in the A® rest frame. Since all of the events are = ', any
difference between the proton distributions is solely due to acceptance differences between
the two samples and not due to CP violation. No attempt was made to correct for acceptance
before the comparison of the data sets. Approximately 14 millions of = — A%t” — pr'n”
events were analyzed. Down to the 107 level, none of the biases due to acceptance
differences in the laboratory or polarization differences caused any difference in the proton
distributions. The biases have such a small impact on the CP observable measurement is
due to the fact that the proton and antiproton angular distributions are in the parent helicity
frames which are changing from event to event. Any fixed asymmetry in the apparatus does
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not uniquely map into a particular region of the cos@ distributions of interest. By
extrapolation from the studies of the E756 data, these two kinds of biases will contribute less
than 10™ to the measurement of A’ in E871.

4, Conclusion

Searching for CP violation outside Kg decays is a very important and challenging
issue in particle physics. Nonleptonic decays of hyperons and their antiparticles provide us
an opportunity to address this outstanding problem. Current limits in testing CP invariance in
hyperon decay are poor, only at the 10 level. There is no dedicated experiment with better
precision in the near future except experiment E871 at Fermilab. The results from E871 will
certainly play an important role in defining the future program in the study of CP non-
conservation in hyperon decay.
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ABSTRACT

Prehmmary results from Fermilab experiment E791 are presented. Results are available
on D° -D° mixing, on the Doubly Cabibbo Suppressed Decays (DCSD) Dt — K+rtn—
and D — K*+*K*K~, on a search for the Flavor Changing Neutral Current (FCNC) decay
Dt — rtputy~ and on asymmetries in charm production. We comment on upcoming
results.

1. Introduction

ET91, a ﬁxed—ta.rget pion-production charm experiment used a 10.5 Mbytes/s
data acquisition system! and logged over 20,000,000,000 events to tape in our 1991-92
run. The experiment used a segmented target w1th ﬁve thin foils (each about 1.2 mm
thick) with about 1.5 cm center-to-center separation. This target configuration allowed
us to select charm decays outside the target with high efficiency thereby suppressing
the large background due to secondary interactions. Six 25-um pitch silicon micro-
strip planes in the beam and 17 silicon micro-strip planes downstream of the target
comprised our vertex detector.

Reconstruction of the large data sample collected is now complete and stripping
of the reconstructed data into smaller subsets suitable for data analysis will be complete
by Dec. 1994. Most analyses available at the present time use between 1/3 to 2/3 of
the data set.

The high statistics of our sample allow us to study new branching modes and de-
termine branching ratios. However, present interest focuses on searches for rare decays
which have eluded us in the past. In this context our most mterestlng results are the
searches for FCNC in the D¥ — n*u*u~ channel, for D°— D° mixing and for DCSD in
the Dt — K*r*n~ and Dt — K+K+K' modes. We have also used our high statistics
to examine antiparticle / particle asymmetries in charm production. These results are
summarized below.

*Representing the E791 Collaboration: Centro Brasileiro de Pesquisas Fisicas, Brazil, University of
California, Santa Cruz, University of Cincinnati, CINVESTAV, Mexico, Fermilab, Illinois Institute of
Technology, Kansas State University, University of Mississippi, Princeton University, Universidad Au-
tonoma de Puebla, Mexico, Tel Aviv University, Israel, University of South Carolina, Tufts University,
University of Wisconsin, Yale University.
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2. Search for FCNC in the D* = ntutu~ mode

Evidence for flavor changing neutral currents would, of course, present an exciting
window into physics beyond the standard model. Such decays have been extensively
searched for in rare kaon decays where experiments have continually improved the limits
thereby ruling out exchange bosons up to masses of around 100 TeV/ c?. However, it
is possible that different bosons mediate the exchange in charm FCNC decays. The
present PDG limit? for the Dt — wtu*pu~, for instance, is 2.9 x 107°.

In searching for this decay we used the Cabibbo-favored decay D* — K —ntgnt for
normalization. All cuts are identical on the search sample as well as this normalization
sample except for muon identification cuts. We require the secondary vertex to be well
separated from the primary vertex and from target foils. Decay tracks must have a
significant impact parameter to the primary and the momentum transverse to the D*
line of flight must be less than 250 MeV/c.

Muons are identified by a set of scintillation hodoscopes downstream of shielding
equivalent to 2.5 metres of steel. Muon candidates are required to have a minimum
momentum of 7 GeV/c and are tagged by a scintillation counter hit. The hit counter
must have an edge within 1.64 multiple-scattering o of the predicted position. The two
oppositely charged muon candidates are not allowed to be tagged by the same counter.

The mass-dependence of the background is assumed to be the same as the nor-
malizing signal prior to muon identification cuts and the background rate is estimated
by the effect of the muon requirements on the wings of the D* — K~n*n* signal. By
this procedure we determine the upper limit on B(D* — 7tu*p~) to be 2 x 1075,
Since this conference however, we have revised this estimate upwards by a factor of
about 2 — 3. For figures and other details the reader is referred to a talk on this topic
by M. Sokoloff® in these proceedings.

3. D°—D° mixing

p°-D° mixing is expected to be very small in the standard model which predicts
mixing rates in the range 107'° to 10~". This provides us with a large window to
study effects beyond the standard model. For instance, recently Lawrence Hall and
Steven Weinberg? have explored the consequences of an extension of the standard
model involving charged Higgs bosons. They predict an extremely small amount of
direct CP violation in neutral kaon decays and also very small CP violating effects in
decays of B mesons. Interestingly however, they predict a large amount (~ 0.2%) of
p°-D° mixing. Other models also predict large D° —-D mixing relative to the standard
model. These include supersymmetric models, models involving a fourth generation and
models with left-right symmetry,’.®

Recently CLEO II” published evidence for a wrong-sign signal in the decays of a
D° to a charged Kaon and a charged pion. The expected sign (“right-sign”) is tagged
by choosing decays of the D° from D** mesons and using the charge of the D* as a
tag. These wrong sign decays could be due to the Doubly Cabibbo Suppressed decays

D° — K*+r~ or due to mixing in which the D° mixes to a D° before decay. CLEO II
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Fig. 1. The g-value distribution for D%’s combined with random pions from other events, for
both right and wrong signs.

cannot distinguish between these possibilities but find that

I'(D°® — K*rn~)
(D0 5 K-n¥) — (0.77 £ 0.25 £ 0.25)%

E791, like the other fixed-target experiments E687, E691 etc. can distinguish
between DCSD and mixed decays by using the different time-dependence of the two
decays. DCSD decays should have the usual exponential time decay while mixed decays,
in a simple approximation, should behave like t? exp(—t/7) which peaks at 27 = 0.83ps.
For comparison, our resolution in lifetime is around 0.04 ps.

We examine our D° decays to Kn in both the right- and wrong-sign by using
the D* (or, equivalently, the pion from the D*) as a tag as described above. We fit
simultaneously to the D° mass, the g-value in the D* decay and the proper time
of the D° decay. The fit includes various terms. For instance, there is a term which
describes the Cabibbo-favored right sign decays. This term has the exponential decay
time distribution and Gaussians which describe the D° mass and D* g-value. The main
background in wrong-sign decays comes from combining D%’s with wrong-sign pions.
This background can be studied using D’s from one event and pions from other events
using our data. The resultant shape is shown in figure 1 and provides a good fit to our
actual background. We do a 3-dimensional maximum likelihood fit and the resultant
fit quality can be judged by the plots in figure 2 which show the fit overlayed on time
distributions of the wrong-sign data.

Very preliminary results of this fit using 1/3 of our data in the Km mode and
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Fig. 2. Projections of the fit to the wrong sign time distributions in the signal and background
regions. Both histograms show the proper time in units of picoseconds.

1/4 of our data in the Kmmm mode (being carried out by Guy Blaylock at UC, Santa
Cruz) are listed below.

In the K7 mode when we do not allow interference between DCSD decays and
mixing, we get a limit of 0.5% for rp;, which is defined as the ratio

_TI(D° =D’ 57
Tmix = T(D° — f)

When we allow DCSD and mixing terms to interfere, we get a limit of 1.0%. Similarly,
in the Kmnm mode, we get limits of 0.3% and 3.0% with and without interference
allowed. In the K7 mode, the limit on DCSD decays is rpgsp < 2.7% at the 90%
CL. (The fit gives rpagp = (1.979:8)% which is consistent with the CLEO result

4. DCSD decays

DCSD decays of D mesons are naively expected to occur at a rate of tan* 6,
relative to the Cabibbo-favored decays, but can be enhanced in the decays of the Dt.
This is because the usual hadronic decays of the D+ are suppressed due to interference
of the color-allowed and color-suppressed spectator diagrams. This interference does
not occur for DCSD decays.

We can now report on a preliminary analysis of ~40% of E791’s data set which
has now been completed.® Since the DCSD signal is expected (and known) to be small
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compared to the Cabibbo-favored signal, the analysis requires much tighter cuts than
those used for the Cabibbo-favored decay D* — K~r+n*. The tighter cuts ensure
lower backgrounds. The analysis is further complicated by reflections due to particle
misidentification from decays such as D* —+ K~n*r* and D}, D* — K- K+n+.

In searching for the DCSD signal, we tuned our analysis cuts using the Cabibbo-

favored signal by maximizing the quantity 5 x tan?fc x S/\/S x tan*fc x S + B,
(where S and B are the signal and background in the Cabibbo-favored mode) since we
naively expected the DCSD signal to be a few times tan® 6 of the Cabibbo-favored
signal. After this optimization, exactly the same cuts are applied (with one exception
discussed below) to the Cabibbo-favored and DCSD samples.

The main cuts are as follows. All decay tracks are required to travel through at
least one magnet, to have a x*/DOF less than 5 and a contribution of greater than 25
to the x? if they are forcibly included in the primary vertex fit. The decay vertex is
required to be at least 200 downstream of the production vertex, the pr-balance around
the D flight direction is required to be less than 250 MeV/c, the impact parameter of
the D-meson is required to be less than 30 microns at the production vertex, no more
than one additional track is allowed within 50 microns of the D decay vertex and the
decay vertex is required to be at least 20 outside any target. Further, the product of the
ratios of each decay track’s impact parameter to the secondary and primary vertices is
required to be less than 0.001.

In the Cabibbo-favored decays, the kaon was identified by charge alone as the
particle with charge opposite to that of the D-meson. In the DCSD decays, of the two
particles with the same charge as the D-meson the kaon was taken to be the one with
larger Cerenkov probability to be a kaon. In both cases however, tracks considered
pions are required to have a pion Cerenkov probability greater than 0.55 and similarly
the kaon is required to have a kaon probability greater than 0.30. In Figure 3 we show
the invariant mass distribution for the Cabibbo-favored decays Dt — K—n+x+,

Using Monte Carlo we showed that the background contributions from the decays
D° = Ktnta—n=,D° = K+r=,D° = K*+n—7°, D* — mtr~nt, DY - K-ntntno,
DY — ¢etv, and A} — pK~n* were all negligible. However, the 3-body decays
D* — K~ntrt and D}, D* — K~K*n* contribute significantly to the background.
Therefore, we explicitly cut out such decays by discarding events which have a candidate
K K or Cabibbo-favored Knm mass in the signal region. Figures 4a and 4b show the
candidate DCSD events with the alternate 3-body mass hypotheses just described. It is
clear that there is significant contamination. Events that fall in the shaded regions are
removed. However, these cuts remove not only the true K*n*7~ and K+ K7+ decays
from D-mesons but also background under those peaks. Hence parts of the “true” (or
combinatoric) background under the candidate DCSD signal are also removed.

We have simulated the resulting background shape in three different ways: (1)
by mixing D decay tracks from different data events, (2) from Monte Carlo and (3)
by fitting the background away from peaks in two-dimensional plots with the DCSD
mass on one axis and the reflected mass on the other. All three methods give identical
results within errors and we choose the fitting technique to obtain our central values.
Figure 5a shows the DCSD invariant mass with the shaded region showing the expected
background shape. It is clear that there is a 40 signal.
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Fig. 3. Invariant mass distribution for the Cabibbo-favored decay Dt - K-rtat from ~40%
of the E791 data sample. This is used as normalization for the doubly Cabibbo-suppressed
signal.
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Fig. 4. The DCSD candidate events with a) a K~ K*n* mass hypothesis and b) a K-ntrt
mass hypothesis. Clear reflected signals can be seen in both cases. Events in the shaded
regions are explicitly removed from the DCSD sample.
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Fig. 5. Invariant mass distributions for a) the doubly Cabibbo-suppressed decay D+ —
K*rtx~ and b) for the doubly Cabibbo-suppressed decay D* — K+rtz~ with the K
mass required to lie in the interval 840 - 945 MeV/c? and the cosine of the angle the Kaon
makes with the D-direction in the K rest frame required to be greater than 0.5. Both figures
are for data from ~40% of the E791 sample.

From fits to data displayed in the figures above, we obtain the ratio®

P Ly Kozt (

= (3. . .5) x tan'4,
(DF = K-ntn?) (3.9£0.9£0.5) x tan*§

This is already a much better limit/signal than the Particle Data booklet? limit of

20 x tan*4..
A preliminary examination of the resonant subcomponents has been done and we

find that
(Dt - K*°xt)
(Dt —» K-wtnt)
If this is considered to be a signal, we obtain

< 2.9 x tan'4,

L(D* — K*°r+)
T(D* = K-n*n+)

= (1.9 +0.6) x tan*0,

(statistical error only). Figure 5b shows the DCSD signal after the K* selection.
Similarly, an examination of decays to three charged kaons has revealed that

I(D* — K+K-K*)

.7 % tan' 6,
(D = K-ntat) <17 X tan
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and the resonant decay can be compared to the ¢m+ decay mode giving

[(D* — ¢K+)
[(D¥ — ¢rt)

These limits are lower than and inconsistent with the level at which WA82 has claimed
a signal (in the K+ K~ K* mode, see®) and a little lower than but consistent with a
signal observed by E691 (see!?).

Systematic errors in the above quantities have also been studied. The shift in
the central values due to the different background shapes indicates that the systematic
error due to the background shape uncertainty is ~10% in the D* — K*ntn~ study
and is ~11% in the D¥ — K+*K*K~ study. The relative efficiency of the Cerenkov
cuts in the DCSD and Cabibbo-favored Dt — K analyses is 99.0 &= 0.2% and we
attribute a systematic error of no more than 4% to this source. We have checked that
the lifetime of the Dt — K*tw*tr~ sample is consistent with the Cabibbo-favored
sample and that the acceptance is uniform across the Dalitz plot.

In the case of the Dt — K+tK*K~ sample, there is some uncertainty in the
width of the candidate signal, which contributes an uncertainty of around 3%. Finally,
also for the Dt — K*K* K~ study, the uncertainty in the relative acceptance to the
D+ — K-ntnt decays contributes ~5% systematic error and there is a ~5% statistical
error due to Monte Carlo statistics.

< 20.3 x tan® 4,

5. Other analyses and future results

Using about 1/2 of our data set, we have examined the Dt production asymmetry,
i.e., the ratio
Np- — Np+
Np- + Np+
With our incoming 7~ (@ d) beam, we expect an excess of D~ (€ d) which shares a
quark with the incoming particle over D* (cd ), at least in the forward direction. This
effect can also be explained by next-to-leading order calculations and by the presence
of intrinsic ¢t pairs in the target nucleon. Using over 20,000 D* decays, we see a
definite indication of a rise of A with incresing zz, but do not obtain good agreement
with either PYTHIA!! (string fragmentation gxplanation) or with the intrinsic charm
model of Vogt and Brodsky.!? Figure 6 below shows the D' mass plot and the A
measurement compared to predictions by PYTHIA and by Vogt and Brodsky.

We continue our studies of charm production, charm semileptonic decays, rare de-
cays, charm baryon decays etc. We are interested in measuring charm baryon lifetimes,
particularly those of the =2, the =} and the 2. We are encouraged by the observation
of over a million =~ and about 16,000 0~ in our full data sample.

A=
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Abstract
Recent experimental results on several hadronic decay modes of D and Dy from
the E687 collaboration at Fermilab are presented and compared with data from other
experiments. In addition to the decay modes, branching ratios and resonance
substructure analyses will be presented.

1 - Introduction

The E687 collaboration has collected approximately 10° charmed particles in the
wide band photon beam at Fermilab. The mean photon beam energy was: ~220: GeV. The
E687 detector’ is a large aperture spectrometer, having excellent charged particle
identification and vertexing capabilities. The vertexing is done using a high resolution
silicon microstrip detector. Further details concerning the E687 spectrometer can be
found in Reference [1]. The E687 experiment is characterized by its goad statistics and
a good understanding of the systematics of its detector. In addition to. the topics,
presented in this talk, other results on semi-leptonic decays. lifetimes, baryonic states and
photoproduction dynamics from E687 are available.

2 - Hadronic Decays of D and D,

The importance of final state interactions and non-spectator contributions:ta the
decay of D mesons can be addressed through the hadronic decays of the D mesons.

“ Co-authors are: P. L. Frabetti, Bologna; H. W. K.Cheung, J. P. Cumalat, C. Dallapiccola, L. F.
Ginkel, S. V. Greene, W. E. Johns, M. S. Nehring, Colorado; J. N. Butler, S. Cihangir; I.. Gaines, P. H.
Garbincius, L. Garren, S. A. Gourlay, D. J. Harding, P. Kasper, A. Kreymer, P. Lebrun, S. Shukla,
M.Vittone, Fermilab; S. Bianco, F. L. Fabbri, S. Sarwar, A. Zallo, Frascati; R. Culbertson, R. W.,
Gardner, R. Greene, J.. Wiss, Ilinois; G. Alimonti, G. Bellini, B. Caccianiga, L. Cinquini, M. Di
Corato, M.Giammarchi, P. Inzani, F. Leveraro, D. Menasce, E. Meroni, L. Moroni, D. Pedrini, L.
Perasso, A. Sala, S. Sala, D. Torretta, Milano; D. Buchholz, D. Claes, B. Gobbi, B. O'Reilly,
Northwestern; J. M. Bishop, N. M. Cason, C. J. Kennedy, G. N. Kim, T. F. Lin, D. L. Puseljic, R. C.
Ruchti, W. D. Shephard, J. A. Swiatek, Z. Y. Wu, Notre Dame; V. Arena, G. Boca, C. Castoldi, G.
Gianini, S. Malvezzi, S. P. Ratti, C. Riccardi, P. Vitulo, Pavia; A. Lopez, Puerto Rico; G. P. Grim, V.
S. Paolone, P. M: Yager, U. C. Davis; I. R. Wilson, South Carolina; P. D. Sheldon, Vanderbilt; F.
Davenport, North Carolina; G. R. Blackett, K. A. Danyo, M. Pisharody, Tennessee; B. G. Cheon, J. S.
Kang, K. Y. Kim, Korea
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2.1-D% > K'K andn'n™

The data sample® for these two decays consists of 580+ 39 events for the decay
D® — K*K™ and 179+ 31 events for the decay D’ - n*n” yielding a ratio of

0 +yr-
53 0oz 0.15.
I'D" » n'n")

This result is consistent with other experimental results which are presented in Table L.
Table I

Mark IT* 34+ 18

Mark 1 37+ 14

ARGUS’ 2.5+ 0.7

CLEQ® 235+ 037+ 0.28
E691’ 1.95+ 034+ 0.22

WAS82® 2.23+ 0.81+ 0.46

What is expected for this decay ratio? Theoretical models® with SU(3) breaking
predict a value of approximately 1.4. This is clearly in disagreement with the measured
results. Several theoretical approaches have been tried to more closely approx1mate the
measured value for this relative branching ratio. Theoretical calculations'® using final
state interactions which shift the relative rates into the various two body channels
dlﬁ'erently for om and KK final states have been tried. Other theoretical calculations'"
use penguin diagrams which interfere destructively for nr but constructively for KK

2.2 - pU i Uiand KOOk

Simple spectator diagrams do not contribute to these two decay modes and
therefore provide information about the importance of other decay processes'”. The

decay D=y KEKSKS is Cabibbo allowed and could possibly be due to W exchange.
The decay DY =5 KK probably occurs through final state interactions as the two
possible W exchange diagrams for this decay almost cancel due to the Glashow-

Iliopoulos-Maiani mechanism.
E687 has measured the rates for the these two decay processes relative to

D® - K r*n~. The results are presented in Table II along with the results from other
experiments. As can be seen they are all in relative agreement.
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Table II
r(’ - Kk r(D° > KIKIKI)
T(D° > K%*n7) ro° - Kn*n")
ARGUS’ <0.16 0.017+ 0.007+ 0.005
CLEO" 0.021+0011+0002 0.016:+ 0.005
E687" 0.039+ 0.013+ 0.013 0.035+ 0.012+ 0.006

2.3 - DEDE = KIKE KIKZ, and KInt

The decay D¥ - K°K* has a Cabibbo suppressed diagram while the decay
D* — K2z* has two Cabibbo allowed diagrams which can interfere destructively with

each other. As a result of this destructive interference, final state interactions and
differences in phase space, the branching ratio of the Cabibbo suppressed to Cabibbo

allowed can be larger than naively expected. For the decay D* > KSK'*, the

K** decays into Kgni. The branching ratios relative to the decay mode Kgnfc are given
in Table III.

Table III
D* DE

KIK* 0.25+ 0.04+ 0,02

0_=+
Kn world averge" : 0.28 + 0.06
K0nt 0.18+ 0.21
o <0.53 (90% C.L.)

O £
KK existing limit":

<0.21 (90% C.L.)

KR 11+ 03+ 0.4 <03(@0%CL)
Roxt

How do these results compare with theoretical predictions? The quark
factorization model of BSW' predicts a value of 0.33 for the ratio of
D* - K°%K* to D* — K", while Kamal and Verma'” (KV), in the frame of SU(3),
taking into account final state interactions plus SU(3) breaking in the final state
interactions obtain a value of 0.26. As for the D, ratio, these two theoretical methods
yield values of 0.19 and 0.068, respectively. The experimental results from E687 agree
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favorably with these theoretical calculations for the D*. However there seems to be
some disagreement with regards to the value for the D:st These comparisons are
summarized in Table IV.

Table IV
_ BSW KV E687
pF - Kk
e Koni 0.33 0.26 0.25+0.04
D K%* : - :
+ 0t .19 0.0 0.33+0.14
D; - K'K

24-D° - 4n, K'K'n*n™, KK'Knt

The 4 and K*K'n*n~ decay modes of the D° are both Cabibbo suppressed,
while the K’K*K " decay mode is Cabibbo allowed but phase space suppressed. This

is the first observation of K'K*'K'n* decay mode for the D°. The various mass spectra
are presented in Figure 1. We find for the relative width for the 3Kr to K3 to be

I KKKr")

o ———"2 =0.0028 + 0.0007  0.002.
IO —-»Kn'nn)

For our measured relative width of the 4% to K37 and its comparison to other
experimental values, see Table V. For the measured relative width of 2K27 to K3r and
its cdmparison to other measured values see Table VL.

Previously we showed a comparison of the experimental data for the relative rate

of D - K'K" to D° — =n*n~ which was found to be 2.53+ 0.46+ 0.19. This was
above the theoretical predictions which were in the range 1.4 - 2.0. To this we can add a
comparison of the rate of D% 5 K'K n*n to DY - n'n n*n . The value that we
obtain is 0.35+ 0.05 + 0.02. Whereas the first one, with only two particles in the decay
mode, was higher, the addition of a pion pair to the initial particles brings the ratio lower
than the prediction. The implication of the fact that the two relative rates are not the
same is that simple spectator diagrams do not dominate the decay process.
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Figure 1: Four body invariant mass distributions for the D°.

Table V

ro’ > wr'rnt)
ro’ -»Kn*tnn")

E687 0.097+ 0.006 + 0.002
E691'% 0.096+0.018 +0.007
CLEO! 0.102+0.013

Table VI
ro® -»K'Kn*n")
ro’ »Kn'nnh)

E687 0.034+0.004 +0.002

18 0.008

E691 0.028 *5007

CLEO!? 0.0314+0.010

ARGUSY

0.04140.007+0.005
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25 D5 D =5 Sk

The decay of both the D and D, decaying into 57 was first seen by E687. Strong
. signals are seen, Figure 2, for events wherein the decay vertex lies both within the target
and external to the target.
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Figure 2: St Mass plot.
3 - Dalitz Plot Analyses

We have carried out Dalitz plot analyses on several three body decay modes of
the D and D, charmed mesons. The decay modes for which the analysis has been

completed are: 1B e Kgn*n", D? - Kn*n?, and DY — K'n*n". Analysis is still
in progress on the decays DD KFK*n? . The decay amplitude function used
was of the form
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A(D) =a,exp(idg) + Ja;exp(id;)B(abe|r)

with
B(abclr) = BW(ab|r)L(a,c)
and
BW(ablr) = FpFy

M2 - M2, —il'M,
and L(a,c) a spin dependent function

3.1 - General Observations on D to Ko

D’ - Kgn+1t'
This decay mode is dominated by intermediate two-body resonances of which the
K*(890) is the most prominent.

D? —» K'n*n’
This decay mode is also dominated by intermediate two-body resonances with the
p being predominate. This decay mode has consdierable non-resonant behavior.

D" - Kr*rn*
This decay mode for the D* is dominated by the non-resonant behavior.
The E687 results™ agree with E691 as far as the branching ratios are concerned

but not with the phases. For a complete list of the fitted decay fractions, the relative
phases and the branching ratios please see Reference [20].

32- D*DI » K*K*n?

Strong signals are seen for both the D* and D¥ in the KK invariant mass plots,

Figure 3. Preliminary Dalitz plot fits indicate that the presence of ¢, K™ and non-
resonant behavior. To get a satisfactory fit to the Dalitz plot it is necessary to include the

f5(975). The non-resonant contribution is small for the D while for the D¥ it is
comparable to the ¢, K™.
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Mik

Figure 4: Invariant mass plot for 3w and Dalitz plot for D.
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33-D*Df 5 37t

Clean D* and D signals can be observed in the 37 invariant mass plot, Figure
4. A Dalitz plot analysis is under way with preliminary results indicating that £,(975)
dominates as can be seen in the D, Dalitz plot.

4 - CP Violation

It has been suggested” that CP violation would be significantly enhanced in the
decays of charmed particles. This violation would show itself as an asymmetry in the
decay rates of CP conjugate states. It is also required that two independent weak decay

amplitudes contribute to same final state and that final state interactions should induce a
strong phase shift between the two weak amplitudes.

It is necessary to account for the differing D and D production rates in this
experiment. To do this, the decay rate asymmetry can be written as

P nO)+n®d)’

with n being the decay channel yield normalized to a Cabibbo allowed channel.

The E687* measured limits are given in Table VII

Table VII
Decay Limit at 90% C.L.
D S KKY -11% < A, < 16%
DY 5> KK*'n" -14% < Ay < 8.1%
DT - KOkt -33% <A, <9.4%
DY > ¢n* <7.5% < Ap <21%
References
1. P. L. Frabetti et al.,, Nucl. Instrum. Methods A320, 519 (1992).
2 . P. L. Frabetti et al., Phys. Lett. B321, 295 (1994).
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ABSTRACT

We report on the associated production of charmed hadrons in 7~ nucleon
interactions at /s ~ 26 GeV at the CERN §) spectrometer. Results are presented
on the azimuthal correlation of charm particle pairs and are compared to Next-to-
Leading-Order QCD calculations.

1 - Introduction

Hadronic interactions at high energy are commonly described by the so called “QCD
improved parton model” V). In this model the scattering process is the result of
elementary interactions between quarks and gluons in the hadrons. At Leading
Order (LO) the processes contributing to the production of heavy quark pairs are
quark-antiquark annihilation and gluon-gluon fusion, the latter being dominant at

Vs = 26 GeV.
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Such LO processes produce c€ pairs where the ¢ and the ¢ quarks are
emitted back-to-back in the parton-parton centre-of-mass system. As a result the D
and D particles tend to be emitted in opposite directions in the plane perpendicular
to the beam. The distribution of their opening angle A¢ in this plane should then
be sharply peaked at 180°. However, because of the relatively small mass of the
charmed quark, the LO approximation may not describe adequately the production
process. It may, in particular, happen that effects normally suppressed by powers
of the heavy quark mass contribute in a significant way in the case of charm. Thus
large contributions from Next-to-Leading-Order (NLO) corrections are likely.

Recently, detailed calculations at order O(as®) of charm production in
hadronic interactions have been carried out » %% 5). These calculations have com-
pared the predictions at the LO and at the NLO varying the renormalisation scale
KR, the charm mass m. , the parton distribution functions and Agep. The re-
sults show that relatively large uncertainties remain in the predictions of the charm
production cross-section, when going from LO to NLO approximation. Smaller un-
certainties affect the A¢ distribution, which should be widened by higher than NLO
processes. However, other effects such as the parton transverse momentum, the ra-
diation of soft gluons and the parton fragmentation may lead to similar broadening.

We report in this letter on a measurement of the azimuthal angle correla-

tion of charm particle pairs produced in the reaction :

7~ 4+ N—D + D + anything

at an incident momentum of 350 GeV/c.
The results are discussed in the framework of perturbative QCD and compared with

other measurements done in hadroproduction and photoproduction experiments.

2 — The experimental setup

The WA92 experiment was performed at the (' magnetic spectrometer at CERN.
The main motivation of the experiment was the study of hadroproduction of beauty
particles. For this purpose the experiment was equipped with a high resolution
imaging detector and a selective trigger to detect secondary vertices, charged par-
ticles emitted at large transverse momentum and leptons. The acceptance of the
trigger and the capability of the detector to reconstruct decay vertices allow the

selection of a large sample of fully reconstructed charmed particles.
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Beam tracks were measured by 10 planes of 20 zm pitch silicon microstrip
detectors (SMDs) before hitting a 2 mm thick copper target. Tracks emerging from
the interaction were measured using a vertex detector, which consisted of 12 planes
of 25 pm pitch and 5 planes of 50 gm pitch SMDs. The region between the target
and the vertex detector, where most of the beauty and charm decays occur, was
equipped with 17 10 zm pitch analogue readout SMDs closely packed so as to give
a high resolution picture of the event. This device, named decay detector (DkD) ©),
allows the detailed reconstruction of beauty and charm decays. The target and the
SMDs were located upstream of the )’ spectrometer in a region of very low magnetic
field.

The ' spectrometer consists of several drift and multiwire proportional
chambers placed in a 1.8 T dipolar magnetic field giving a Ap/p? resolution of 1.6
107* (GeV/c)™. A lead-glass electromagnetic calorimeter and a muon filter 7) fol-
low the magnetic spectrometer, as shown schematically in figure 1. Between the
spectrometer and the calorimeter a finely segmented butterfly-shaped scintillator
hodoscope ) is used to select charged particles emitted at large transverse momen-

tum.
0.0 40 & e 160 m
L 1 L 1 ]
WA92 z
A

-]

[ ]
target & Q butterfly OLGA em.  fron 1stRPC 2nd RPC
Sidetectors  spectrometer hodoscopes calorimeter  filter plane  plane

Figure 1: Schematic view of the WA92 setup.

We used a multilevel trigger; events are recorded if at least two of the

following conditions are verified simultaneously:
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o At least one secondary vertex is present in the DkD region. The search for
secondary vertices is done by a fast processor that selects tracks with large
impact parameter with respect to the interaction vertex ° 19,

o There is at least one charged particle with a pr > 0.6 GeV/c with respect to

the beam direction.
o There is at least one muon pointing to the interaction region.

The rejection factor of the trigger for minimum bias event is about 30, the acceptance
for charm events is about 10%.

The experiment has collected data during two periods, in 1992 and in 1993,
when 90 million and 60 million triggers where recorded on tape respectively. Results
presented here refer only to half of the 1992 data sample.

The data were processed in two steps. In the first step events are passed
through a filter, which verifies the trigger conditions by means of a fast reconstruc-
tion program which is able to reject some trivial background that escaped the online
processors. This step reduces the data sample by a factor of three. In the second step
charged particle trajectories are reconstructed in space and primary and secondary
vertices are reconstructed using the SMDs information.

3 - Analysis and results on correlated charm production

Events are selected if at least one secondary decay vertex ( not consistent with an
interaction in the DkD planes! ) found in the SMDs region is consistent with the
decay D = K 4+ nm, n=1,2,3 hypothesis. This is done calculating the invariant mass
of charged particles associated to the secondary vertex. The events are kept for the
following analysis if the invariant mass of particles associated to the secondary vertex
is within +2¢ from the mass of the D meson peak. Invariant mass distributions are
shown in figure 2.

Summing all channels we select approximately 2000 hadronic charm decays
over a background of about 25%. Out of this sample, 140 events have another
secondary vertex reconstructed in the SMDs region. It is first checked that these
secondary vertices identified only topologically are not due to an interaction in the
DkD planes or to a decay of a strange hadron. In addition a cut has been applied

! An interaction is recognized because of the high energy release in the silicon detector due to a
nuclear break-up.

120



C. Lazzeroni

180 F Yo E Y20 F

160 O 300 £ (b) SR E ()

3140 £ 2975 £ ° £

o120 E n 150 E o 80 F

\100 3 ~ 125 F ~ 60 E

w 80 E o 100 E ” E

2 gg K gg - 2 40 |

:3285'...1” S28'..,1....328:...1.”1.

1.6 1.8 2 1.6 1.8 2 1.6 1.8 2

GeV/c? GeV/c? GeV/c?

Figure 2: Invariant mass distributions: D° — K~7* (a), D* — K-ntrt (b),
D° — K-w~rntnt (c) and charge conjugate hypothesis: a clean peak corresponding
to D mesons is visible over a combinatorial background.

on the distance R between the two secondary vertices in the plane perpendicular
to the beam direction. The rejection of events with R < 100 zm has been chosen
on the basis of the distribution of errors on vertex coordinates in this plane. As a
result of this cut the error on the azimuthal angle difference has a mean value of 1
degree and is always much smaller than 10 degrees.

These cuts reduce the sample to 113 events. A further reduction has been
performed through a visual scanning of the events in the SMDs, looking for possible
tracking or vertex finding errors. After this step the sample reduces to 102 events
compatible with the DD hypothesis. This will be referred to in the following as the
signal sample.

The background left after these selections has been evaluated as follows.
Two-secondary-vertex events have been selected requiring one of the two vertices to
have 2, 3 or 4 prongs and a K nm (n=1,2,3 as appropriate) effective mass in the D
side band (1.75 < M < 1.80 GeV/c? or 1.94 < M < 2.1 GeV/c?) and subsequently
applying the same cuts used for the signal sample. All distributions relative to the
control sample have been normalised to 25% of the signal sample.

The azimuthal angle difference A¢ between the two charm hadrons is eval-
uated using the position of the two secondary decay vertices with respect to the
primary interaction vertex, in the plane transverse to the beamn direction.

The raw data distribution for the azimuthal angle between charmed pairs
is shown in figure 3(a). Figure 3(b) shows the same distributions after subtraction
of background computed as explained above.

We have performed a detailed simulation to evaluate the acceptances for

charm events. We have generated cc events using a combination of Pythia 5.4 1)
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Figure 3: Charm pair azimuthal correlation : WA92 data before background sub-
traction and background distribution (a), data after background subtraction (b)

and Fluka 2. The simulation predicts a constant acceptance of associated charm
particle production as a function of the azimuthal angle difference. It can be noticed
that NLO calculations predict ¢ and € quarks to be produced more back-to-back than
what is observed in the experimental data for charmed hadrons, as shown in figure
4(a).

Higher order corrections, as well as nonperturbative effects, such as the
transverse momenta of the incoming partons or the fragmentation, can cause a
broadening of the A¢ distribution. The effect of fragmentation of charm quarks
has been evaluated with the simulation chain described above. The comparison of
the A¢ distributions of ¢t generated pairs and of hadron pairs that result from the
hadronization of the quarks (fig 5) shows that this effect cannot account for the
difference between the data and the NLO calculation.

To quantify the size of the effects which widened the azimuthal angle dis-
tribution the experimental data are compared with a model 5) where a transverse
component pr, distributed as dN/dp} e~Pr/<rt> is added to the incoming par-
ton momentum and then the NLO perturbative QCD calculations are performed.
This comparison is shown in figure 4(b) for two different values of < p% >. A value
< p& > of 0.3 (GeV/c)? can account for non perturbative and perturbative (beyond
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NLO) effects which boost the c€ system in the transverse plane?®.

Data from other charm hadroproduction experiments ' 1 19) (figure 6 a-c)
seem to favour rather broad correlations, which, assuming the validity of the model
described above, can be fitted with a < p% > > 1 (GeV/c)?. Such a large effect is
not observed in charm photoproduction '® (figure 6 d) neither is it confirmed by

our result.

4 - Conclusions

The WA92 collaboration has performed an analysis on the correlated charm pro-
duction on a low background. The results are in good agreement with NLO QCD
calculations provided we include a mean transverse component of the parton mo-
mentum of about 0.5 GeV/c.
Acknowledgements
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Presented by V. Kekelidze

ABSTRACT

Preliminary results on the decays of charmed baryons A} and =} observed in two
different runs of the EXCHARM experiment at the Serpukhov accelerator are re-
ported. These baryons were produced by neutrons with mean momenta of 37 GeV/c
and 45 GeV/c on a carbon target. The decay mode = — K°pK =t was observed
for the first time. The ratios of branching ratios were estimated for several observed

decay modes.
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Although two decades have passed since the discovery of particles with
charmed quarks, charmed baryon decays have been observed only via some modes
which are rather far from the completeness. New experimental data in this study
are necessary to test and develop models of heavy quark physics.

Some of the charmed baryon decays have been observed in Y~ ' and
indications for these decays have been presented in %) 14,

Preliminary results on the decays of A} and =%, inclusively produced by
neutrons on carbon, are presented in this paper.

The experiment is performed in the neutral beam 5N of the Serpukhov ac-
celerator using the magnetic spectrometer EXCHARM. The beam particles, mainly
neutrons, are produced by protons on the internal beryllium target at 0°. The mean

values of the neutron momenta are respectively s 37 GeV/c and ~ 45 GeV/c for
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50 GeV/c and 70 GeV/c incident protons !%). The corresponding energy spectra of
the beam are presented in fig.1.

N/1 GeV N/2 GeV
S - 7 1 1 1 s00 K |(b)| T 1
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Figure 1: The energy spectra of neutrons produced by protons of: (a) P, = 50 Gev/c
and (b) P, = 70 Gev/c.

A layout of the main elements of the EXCHARM spectrometer is presented

in fig.2.
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Figure 2: Arrangement of the EXCHARM spectrometer elements at the 5N channel
of the Serpukhov accelerator: n ~ neutron beam; A - anticoincidence counter; T -
target; M — magnet; PC — multiwire proportional chambers; H1,H2 - scintillation
hodoscopes; C1,02 — Cherenkov threshold counters; Mn — neutron monitor; HC -
hadron calorimeter
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The neutron beam (n) with an intensity of about 10" neutrons/burst inter-
acts with a carbon target (T) of 1.3 g/cm?. The anticoincidence counter (A) reject
charged particles from the initial neutron beam. The beam flux is controlled by the
neutron monitor (MN). The hadron calorimeter (HC) is used for measurements of
the neutron beam energy spectrum. The analyzing magnet (M) has an aperture of
(100x50) cm? with the maximum value of the magnetic field - 0.75 T. The mag-
netic field in M causes = 0.5 GeV/c change of the transverse momentum of charged
particles passed through the field region. The charged particles are detected by pro-
portional chambers (PC) '® with 0.2 cm wire spacing, disposed upstream (PC2-9)
and downstream (PC10,A-C) the magnet. Two multicell threshold gas Cherenkov
counters C1 (14—cell) and C2 (34-cell) are used to identify with some probability
charged hadrons in multiparticle events. The identification system allows one to:
a) separate 7% from K* and p(p) in the momentum region of 3<P<11 GeV/c;

b) separate 7*, K* and p(f) in the momentum region of 11<P<20 GeV/c;
c) separate p(7) from x* and K* in the momentum region of 20<P<40 GeV/c.

Two hodoscope planes of scintillation counters (H1 and H2) with dimen-
sions (600x320x10) mm? and (3000x1200x10) mm?, consisting of 15 and 60 counters,
respectively, are used in the trigger system. The trigger condition requires at least
four charged particles passed through the spectrometer. The trigger signal is formed
by the hodoscopes of PCé and the planes of scintillation counters H1 and H2.

The decays of A} and = containing in the final state a neutral strange
particle (A or K°) accompanied by three charged particles have been searched for:

AL - Axtata, (1)
AL - KprtxT, (2)
St — AK " ntx?t, ' (3)
=k — K%K " n*. (4)

These decay modes are chosen due to reliable identification of the decays

K} - xtn” (5)

and
A — pr” (6)
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using only geometric and effective mass criteria, and to the appropriate multiplicity
of charged particles in the final states.

The effective mass resolution for the states (1)~(4), estimated by Monte—
Carlo simulation is around 12 MeV/c?. Such a resolution and the relatively low mean
multiplicity of the charged particles produced at the Serpukhov energies, make the
combinatorial background in the studied spectra of the final states (1)-(4) insignif-
icant. Therefore, it is possible to search for charmed particles without usage of a
vertex detector, i.e. not distinguishing their production and decay vertices.

The presented results are based on = 4-107 nC interactions recorded during
two runs of the experiment. & 107 recorded events are produced by neutrons from
50 GeV/c protons (run#1) and 3 - 10 events — by neutrons from 70 Gev/c protons
(run#2)'. The other experimental conditions such as magnetic field, Cherenkov
counter ussage, etc., for run#1 and run#2 were slightly different.

To identify A and K§ decays, (5) and (6), neutral Vee’s (V°) have been
selected with the effective mass of (px~)/(x*n~) system differed from the A/K°
mass less than 7/10 MeV/c? respectively. The experimental resolutions for these
masses are: ~ 1.6 MeV/c? for A and = 4.0 MeV/c? for K.

In total, 4.6-10°/7.7-10° events with A/K? candidates have been selected
respectively.

To select the final states (1)-(4), A / K2 and charged hadrons h* are re-
quired to have a common interaction vertex in the target region. The mean quadratic
distance between the reconstructed particle trajectories in this vertex must not ex-
ceed the fourfold space resolution which is about 0.1 cm. After these conditions
1.8:10°/3.1-10° events containing, respectively, A/K9 and three or more charged
particles have been chosen.

It was also required that the reconstructed vertices of Vee’s were placed
not less than 5cm downstream the target.

To distinguish the #* and p in (2), identify p in (4), and reject #~ among
K~ candidates in (3) and (4), the information from Cherenkov counter have been
analyzed.

Combinations where either the negative particles — candidates to K, could
be identified with #~, or 7=, K~ and p are not distinguished, were excluded. Almost
85% of 7~’s among K~ candidates have been excluded from the final states (3) and
about 40% from (4). The efficiency of K~ identification in the final states (3) and
(4) was 0.70, and 0.80, respectively 7). The x*’s were identified only in the state
(2). This allowed to exclude about 25% of K+ and p and select real x*+ with an
efficiency of about 0.85. The p’s were identified in (2) and (4) and as a result about

1The results, obtained for the final state (1) in run #2, are based only on = 107 nC interactions
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50% of 7*’s and K*’s were rejected. Real p’s have been selected with an efficiency
of about 0.70.

The obtained invariant mass spectra of the final states (1) and (2) are
presented in fig.3, (a) and (b), and in fig.4, (a) and (b), for run#1 and run#2,
respectively. Peaks at the A} mass region are observed. These peaks have been
identified with the Cabibbo favored A% decays (1) and (2). The spectra have been
approximated by Gauss distribution for the signals and smooth function for the
background representation.

The invariant mass spectra of the final states (3) and (4) are presented in
fig.5, (a) and (b), and in fig.6, (a) and (b), for run#1 and runz2 respectively. These
spectra were approximated like ones described above. Significant peaks are seen at
the =% mass in all spectra. These peaks indicate the Cabibbo favored decays (3)
and (4) of £%. The £} decay mode into K°pK~n* has been observed for the first
time. :

The characteristics of these signals, obtained in run#1 and run#2, are
shown in table 1 and 2 respectively. The systematic error of invariant mass is
estimated to be around 15 MeV/c?. This error is caused mainly by both: uniform
approximation of the magnetic field and the limited accuracy of detector alignments.

The combinatorial background in all the presented spectra is insignificant
and does not exceed 1.01 in the mass region of the signals.

The observation of different decay channels allows to evaluate some ratios
of branching ratios (Br). The ratio of branching ratios of the decays (2) to (1) has
been calculated according to the expression

Ry = —/ =7 "1y (7)

where N; and N, are the numbers of observed decays of (1) and (2) modes respec-
tively; Bry(V°) and Bry(V°) - the branching ratios of Vs decays (Br(A — pr) =
0.641 and (Br(K°® — x*x~) = 0.343); 712 — ratio of the acceptances (1) to (2).

It has been obtained that:

o RO =
B Br(A} — K%=tx™) _{ 2.4+ 1.0, for run#l, (8)

Br(A} - Artxta—) " | 2.0£0.9, for run#2.

The combined value of R,+ is equal to 2.2+0.7.
The same expression (7) has been used to calculate the ratio of branching

ratios of the decays (4) to (3):
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Table 1:
Final Number of Signals
Mean mass, MeV/c? Number of Stat.
states comb. + stat &+ syst comb./background | significance
Axtxte- 1485 2310£7+£15 (414£11)/75 LN
Klprtn- 656 228717415 (35+ 9)/48 50
AK-xtrt 317 2465-+4-+£15 (27 6)/14 ~Teo
KYpK-xt 436 247247415 (274 7)/16 ~To
Table 2:
Final Number of Signals
Mean mass, MeV/c? Number of Stat.
states comb. + stat + syst comb./background | significance
Artate- 1449 2275+6+15 (30+£13)/92 ~3.1.0
Klprtn~ 2413 2265+6+15 (75117)/186 ~b5.5-0
AK-xtgxt 747 2460+8+15 (43+11)/ 60 ~5.6-0
K)pK-=n* 713 24704+9+£15 (39+10)/ 63 ~5.0-0
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R = Br(Ef - AK-xtxt) &

Br(Zf - K°pK~x*) [ 2.3+1.1, for run#l, )
2.6 £ 1.0, for run#2.

The combined value of R4 is equal to 2.4:+0.7.

Possible cascade decay of = via K*(892)° has been searched for among
the final states (3).

The fractions of the cascade decays:

Br(Z} — AK*°xt — AK 7tx?)
Br(E} - AK-xtxt)
has been evaluated in accordance with (7).

The obtained value R4 (K*°) for run#1, run#2 and the combined results
is presented in table 3.

Ray(K™) = (10)

Table 3:

g Run#1 Run#2 Combined
R=+(K*°) 0.4+0.2 0.4+0.2 0.4010.14

Conclusion

The charmed baryon A} and E¢ decays (1-4) have been observed. Among
those the decay mode Zf — K°pK~x* is a new one. The decays of both A} and
E& via p are more favorable then the ones via A. An appreciable fraction of A} and
=% decays via intermediate resonant states have been observed.

The authors are greatly indebted to A.A.Logunov, Yu.D.Prokoshkin, I.A.Savin,
A.N.Sissakyan and N.E.Tyurin for their support and permanent interest in the study.
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ABSTRACT

The WA89 experiment studies charmed particles produced in the forward direction
by a 330GeV/c hyperon beam. Various decays of charmed-strange baryons =, and 02
have been observed. The lifetime of =} baryons has been measured. Measurements
of the A} X, and =, inclusive z and pr distributions indicate a leading particle
effect.

1 - Introduction

The experiment WA89 uses a £~ beam with an energy of 330GeV and the upgraded
§ facility at CERN. The goal of the experiment in the charm sector is to study the
hadroproduction mechanisms of charmed particles with and without strangeness at
zr>0.2, where the charmed particle may share a spectator quark with the beam
particle. If such a leading effect is strong the hyperon beam may provide an advan-
tage for the study of the charmed-strange particles, especially the charmed-strange

baryons.

2 — Experiment WA89

Hyperons were produced by 450 GeV /c protons impinging on a 40 cm long beryllium
target with a diameter of 0.2 cm. A magnetic channel consisting of 3 magnets with an
integrated field of 8.4 Tm selected negative particles with a momentum of 330 GeV/c
and a momentum spread of o(p)/p = 7% which hit the experimental target about
16 m downstream. The size of the beam at the target was 3.6 cm horizontally
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and 1.5 cm vertically, and its dispersion was 0.6 mrad in the horizontal plane and
1.0 mrad in the vertical plane. An average beam spill of 2.1 s contained about 1.8-10°
¥~ hyperons and about 4.5 - 10° 7~ at the experimental target for an incoming
intensity of 3.0 - 101 protons per spill. A transition radiation detector was used to
discriminate online between 7~ and hyperons. The remaining high-momentum pion
contamination was less than 10% of the hyperon sample, which contained mainly
¥~ and about 2% of == hyperons. The experimental target consisted of copper and
carbon plates and had a thickness of about 4% of an interaction length.

The experiment had three major runs of data taking. In 1991, about 120
million events were recorded. In 1993, about 180 million events were recorded with
a considerably upgraded setup, and about 320 million events were recorded in 1994.
The results presented are based on the full 1991 data sample and on a part of the

1993 data sample.
WAS89
Hyperon beam
1993 layout

- oz o
TRD
DCMWPC MWPC [ Hod 1 Hod 2
Target area Decay area Omega spectrometer RICH Calorimeters
Beam SI TRD oam SI Targets Vortex SI
20cm
’ g
somicron SOmIcrvn Sain
Scin 12 x 26mlcron 6.5x6.5cm

12 x 25micron 5.0x5.0cm
6 x 50micron 5.0x5.0cm
Target area Angles: 0,90,-46,+45

Figure 1: WAS89 experimental set-up in 1993

Fig. 1 shows a sketch of the experimental setup used in the 1993 run.
The secondary particles were detected by 24 silicon micro-strip planes with 25um
and 5 planes with 50um pitch. Positioning the target about 14 m upstream of the
center of the -spectrometer provided a 10 m long decay area for short living strange
particles. The products of these decays along with the particles coming directly from
the target were detected by 36 planes of drift chambers with a spatial resolution of
about 300 pm and 20 planes of MWPC with a pitch of 1 mm. The particle momenta
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were measured by the Q-spectrometer !) consisting of a super-conducting magnet
with a field integral of 7.5 Tm and a tracking detector consisting of 45 MWPC
planes inside the field area and 8 drift chamber planes at the exit of the magnet.
The momentum resolution was o(p)/p? & 10~* (GeV/c)~!. Charged particles were
identified using a ring imaging Cherenkov (RICH) detector ?). It had a threshold
of v = 42 and provided K/7 separation up to about 100 GeV/c. Downstream of
the RICH a lead glass electromagnetic calorimeter was positioned for photon and
electron measurement ). The electromagnetic calorimeter was followed by a hadron
calorimeter.

The trigger was relatively open. It selected about 20% of all £~ induced
interactions using multiplicities measured in scintillator hodoscopes and proportional
chambers downstream of the magnet and correlations of hits in these detectors to
select particles with high momenta. More than 2 particles at the exit of the magnet
were required.

In the 1991 run the microvertex detector consisted of 4 silicon micro-strip
planes with 25pm and 8 planes with 50pm pitch. The decay area contained only
the drift chambers.

3 — Event reconstruction

The charged tracks were reconstructed in the 2-spectrometer and matched to the
tracks reconstructed in the decay region and in the vertex detector. For the charm
search a candidate-driven approach was applied. Charm decays were selected using
cuts on the separation of the charm vertex from the primary vertex (typically 6a,
o =~ 550pm) and on the impact parameter of the charm particle relative to the
primary vertex (< 60pm), also the unambiguous association of tracks to the ver-

tices was required. For charged kaons and protons the RICH identification was used.

4 — Charmed baryon spectroscopy

All 1/2* ground state charmed baryons (Fig. 2) but for the two states =/, have been
discovered. Our goal is to observe all established ground states and to search for

still undiscovered states.

4.1 Non-strange charmed baryons

Using the 1991 data we have observed signals of D-mesons, A} and ¥?
baryons . Using about 25% of the 1993 data we also observe signals of £+ and
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Figure 2: SU(4) baryon multiplet

¥} (fig.3). The mass difference of £7* and I} to A} is measured to be 168.1+ 2.0
and 166.8+ 3.0 Mev/c?.
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Figure 3: Mass differences (in MeV/c?) for a) M(K~pr* #+) - M(K~p7*) and b)
M(K~prt %) - M(K~prt), for K~prtcombinations taken from the A} mass peak.
About 25% of the 1993 data were used.

4.2 Single-strange charmed baryons

Figure 4 (upper row) depicts signals for the =} decaying into AK -7tz
and =~ 7 *t7rt from the 1991 data set. The lower row of the same figure presents sig-
nals for = decaying into AK 7% and Z~7*. The masses measured are 2454+ 3.0+ 7.0
and 2451+ 4.0+ 7.0 MeV/c? for =} and 2465+ 3.0+ 7.0 and 2455+ 4.0+ 7.0 MeV/c?
for Z0 , which is about 20 lower than the PDG masses *). These mass shifts are
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not in the 1993 data which is illustrated by the =} signals (Fig.5). The measured
masses are 2462+ 3.0 and 2465+ 3.0 MeV/c?. The systematic error has not yet

been evaluated.
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Figure 4: Decay modes of = and =° observed in 1991.

4.3 Search for =/

Single-strange charmed baryons have so far only been observed as members of a
SU(3) triplet with antisymmetric spin and flavor wavefunctions in the two lighter
quarks. The flavor sextet states =, with symmetric wavefunction are expected to -
have a mass larger by about the size of the A° -£° mass splitting. Most calculations
predict a mass difference only allowing radiative decay into the antisymmetric triplet
state * 78910 In order to search for those states we have selected =} candidates
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Figure 5: Two decay modes of =} observed with about 12% and 70% of 1993 data.

in the two different decays modes described above (Fig.4) and searched for associated

photons. The mass differences of the two systems are shown in Fig.6 for two observed
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Figure 6: Mass difference Z}7-ZF in two decay modes for =} and summed signal
decays of =} . A small signal can be observed in both spectra at the same energy
difference. The summed spectrum is also shown in Fig.6. Although statistically still
weak we interpret this signal as first evidence for the observation of a Zf' state. It
should be noticed, however, that no evidence could yet be observed for the neutral

charge state.
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Table 1: Parameters of the Q2 peaks observed. The errors are statistical only

decay mode part of used statistics | signal/background | mass MeV/c?
Q- rt 40% 10/3 2723+4
Q r-xtgt ' 40% 16/8 271443
Er Kt 60% 14/7 270143
= KOntrtr- 60% 18/8 2706+3
= K-rtxt 80% 60/60 2703+3
A°KOK—n+ 40% 22/34 270544
AK-K-m¥rta- 40% 22/17 2704+3

4.4 Observation of Q9

Almost ten years after its first evidence from the WA62 hyperon beam experiment
15), which observed a cluster of 3 events at 2740420 MeV/c?, the Q0 remains a
poorly known object of which only several dozen decays have been observed in 4
different decay modes by three different experiments. The observation was later con-
firmed by the ARGUS collaboration which observed 12.244.5 events in the channel
=-K-ntxt 19 and presented evidence for 6.543.2 events in the Q~x~#*+r+ final
state 7). More recently, the tagged photon beam experiment E687 has published ev-
idence for the decay Q2 to Q=7+ (10.34 3.9 events) !®). The best mass measurement
so far has been performed by the E687 using about 40 decays 2 to B+ K~ K7+ 19)
obtaining a mass of 2700+1.54:2.5 MeV/c% No relative branching ratios for the
different decay modes observed have so far been determined, neither has the life-
time been measured. No particular decay mode has yet been seen by at least two
experiments. " o _
The preliminary WAS9 results on the 0 search are pfesented in the Fig.7.
We observe mass peaks of different statistical significance for various decay modes
containing 2~ , =~ and A° , obtained using from 40% to 80% of the 1993 data for
different modes. The results are summarized in Tab.1. Systematic errors of the
mass measurement have not been evaluated yet. L
In summary, we have observed 2° signals in 7 different decay modes. - Three
of them (Q~7% Q-7 n*x+ and Z-K~nFxt ) had been observed by other experi-

ments.

5 — Decays of charmed baryons

We have measured the lifetime of =7 , estimated the ratio of two observed branching

ratios and searched for possible resonance components of the observed decays.
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obtained a preliminary value of 7o+ = 0.3215:%8 + 0.05 ps in good agreement with

existing measurements (Fig.8) 15 1112 13),

WA62 04857

NA32 - 190350 s o

E400 0435 . .

E687 o041y

WAS9 o3l

(this measurement)

average 0347358 >

| | H | |
o 02 04 06 08 1
T(E¢) [ps]

Figure 8: Comparison of all existing life time measurements for =}

The present status of the analysis has not yet allowed a similar study for

the neutral =2 partner.

5.2 Decays of =}

Using the =7 lifetime measured we have estimated the relative branching ratios of
two decay modes observed in the data from 1993. From this still preliminary anal-

ysis we infer that

ZF - AK - ntrt

BR(m) ~4 (1)
with large systematic uncertainties. This value could be interpreted such that the
association of the resulting two strange quarks to different hadrons is preferred and
could be understood from a large recoil transferred to the strange quark in the

c-quark decay process. ‘
In D-meson decays two body final states are largely enhanced over many-
body decays. Observed multihadronic final states very often stem from the decay

of intermediate resonances. Simple considerations predict that in the case of the
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=} baryon resonances should largely be suppressed and can only come from short
range spin-spin interactions or from a mixing of the =} wavefunction (which is
mainly antisymmetric in the two lighter quarks) with the one from its multiplet
partner =} (which is mainly symmetric) 20)  Qur present analysis has shown no
sign for a £** resonance in the A°’K~7*xt final state:

= — T (1385)K~nt
ZF o AK-ntrt

BR( ) = 0.0 £ .53 (stat) T %(sys), < 0.33(90%c.l.)  (2)

However there is room for a small resonant mesonic component in

=F - AK*0(892)7t
B = - AK-mtnt

) = 0.38 £ 0.38(stat) £ 0.15(sys), < 0.9(90%c.l.) (3)

6 — Production of charmed particles

The leading particle effect is expected to manifest itself in zr distributions of par-
ticles with different quark contents with respect to the quark content of the beam.
Indeed, such an effect has been observed in D-meson production in pion beams 22),
At zp~0.5 the asymmetry between productions of ”leading” and "non-leading” par-
ticles was measured to be about 10%. At lower zp the asymmetry is considerably
lower.

In order to look for the leading particle effect we have studied zp distribu-
tions for D-mesons, A} and I using the 1991 data set, and also made a comparison
with preliminary results for for =} obtained with the 1993 data set. The correspond-
ing mass distributions and acceptance corrected zr distributions are presented in
the Fig.9. The usual parametrization of the differential cross-section was used:

do

T A =) (4

The measured values of the parameters are presented in Tab.2. Within the still

Table 2: Fitted values for the slope parameters n and b. Quark contents of particles
may be compared with the quark content of the beam - sdd

particle | quarks n b

D) ed |51+ 19+ 04114+ 03% 0.2
A} cud [49+ 1.2+ 04|11+ 03£ 0.1
7 cdd |46+ 23+ 06|18+ 0.3+ 0.2
i csu |47+ 1.6+ 0.6

large errors for the slope n no influence of the quark content seems visible. However
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Figure 9: Mass distributions and zp spectra for A}, £F and =F. The solid
lines represent the results of a fit, the dotted histograms are the predictions of the
PYTHIA-LUND model with arbitrary normalization.

the simple parametrization used might be not sensitive to possible differences of zp
distributions in the high zr range. The low statistics available does not allow us to
make an asymmetry measurement as it has been done elsewhere 21+ 22),

In NLO-QCD calculations charm quark production is described via the
"dominant’ QCD processes ¢7 annihilation and gg-fusion which lead to a general
value for n=6.9 2. The PYTHIA-Lund model describing the hadronization of
charm quarks predicts a very strong ”double-leading” effect via a color flow mecha-
nism if the charmed particle may share two quarks with the beam particle. Assum-
ing a "hard” interaction of 2 partons only, the spectator quarks (diquarks) remain
undisturbed keeping their initial colour. This way a colour correlation between the
produced c-quarks and the spectator quarks can be kept which leads to an efficient
recombination of the c-quark with the beam remnant. This process, although not
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important at low | 2 |, leads to a large increase of the cross sections in the forward
(or backward) region. The predictions of this model are also shown in Fig.9 (lower
row) as the dotted histograms. The enhancement of inclusive A} distributions at
high z is caused by decays of "double-leading” £? . Our data do not confirm this
"double-leading” effect.

Nevertheless, our data indicates a considerable leading effect in relative

yields of leading to non-leading particles (Tab.3).

Table 3: Measured relative particle yields compared to the predicted values from
PYTHIA generated ¥~ p interactions.

ratio | zr range | measured value | PYTHIA prediction
D*/D~ >0.1 <0.28 (90% CL) 0.84
oH/Z2 | >02 | <0.68 (90% CL) 31072
BT >0.2 0.51+0.27 £ 0.1 0.32
A} /D~ >0.2 12.4£5.5 0.58

We observe a strong asymmetry in the yields of observed D* (dc) with
respect to D~ (d¢) and of observed T}* (uuc) with respect to X (ddc). The zp
distributions of produced c and € quarks are expected to be symmetric. If, however,
the fragmentation of ¢ quarks is almost saturated by baryons (as our measured
A} /D~ ratio seems to indicate) and if we assume that AF production is negligible
in the kinematic range accessible in this experiment, we expect a large asymmetry
of D*¥/D~ in forward direction.

7 - Conclusion

We have measured relative particle rates and relative inclusive differential cross sec-
tions in zr and p? for £~ N interactions at 330 GeV/c. Our results indicate a
leading particle effect in hadroproduction, which is a pronounced influence of the
quark structure of the beam particle on the yield of charm final states. We observe
a significant enhancement of D~ mesons relative to D* in the range zr > 0.1, and
an enhancement of L0 relative to Z}* in the range zr > 0.2. The data indicate that
in our acceptance (zr >0.2) most of the charm quarks are bound in charm baryons
with the ¢ quarks hadronizing to a charm meson. Such an effect may be expected
for a baryon beam in forward direction.

A big sample of charmed-strange baryons has been detected. Five new decay chan-
nels of Q0 have been observed. :
The lifetime of = has been measured which is in good agreement with other mea-

surements.
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Charm From Hyperons in the Future: Fermilab Experiment 781

Michael Procario
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ABSTRACT

Recent results from CERN experiment WA89 have shown that charmed baryons and
particularly charmed-strange baryons have a significant cross section in ¥~ beams.
Fermilab experiment 781, which is currently under construction, will utilize this fact
to pursue a broad program of high statistics studies of charmed baryons in the next
Fermilab fixed target run.

1 — Introduction

As the previous speaker has clearly shown, charmed baryons and partic-
ularly charmed-strange baryons are copiously produced in ¥~ beams at zz > 0.2.
CERN experiment WA89 already has a sample of reconstructed charmed-strange
baryons that is is as good as any in the world, despite having a relatively small
sample of charmed mesons. Fermilab experiment 781 ¥ will pursue this technique
for studying charmed baryons with higher beam fluxes, larger acceptance, and a
better vertex detector. This will make E781 a second generation charmed baryon
experiment, and allow the systematic, in-depth study of charmed baryon production
and decay physics.

The are a variety of physics goals in charmed baryon studies. The first
is a complete understanding of the weak decays. Charmed baryons like charmed
mesons have large QCD effects in their weak decays, and to understand these effects
will require a broad program of measurements. The first measurements should be
precision lifetimes of all weakly decaying charmed baryons. Today, only the A}
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is measured to better than 10%. Bigi has called for all weakly decaying charmed
baryon lifetimes to be measured to better than 10%. 3

A very important complement to lifetimes are the semileptonic decays.
Currently, CLEO and ARGUS have evidence for A} — XAfv and E — XE"lv
decays and CLEO also has observed Z
evidence of a semileptonic decay where the final state baryon is not a ground state

+ — XE% decays. *) There is currently no
hyperon.

Non-leptonic decays will be needed to sort out all of the nonfactorizing
effects that are expected in charmed baryons. Only in the case of the A} have
significant non-leptonic decays been observed. Many of these are multibody decays
which may have resonance structure, but very little is known about that now.

The second major area of physics that can be addressed with charmed
baryons is spectroscopy. Heavy Quark Effective Theory (HQET) has made a variety
of predictions about the spectrum of charmed mesons, and similar predictions about
baryons should be possible. There are extra degrees of freedom in the baryon sector
which can be used to more stringently test the potential models, lattice calculations,
and HQET predictions. Experimentally, most of the spectrum is unknown. Three of
the four the ground state baryons are firmly established, as are the isospin 1 triplet
of ¥.’s. New results on the . 4), excited A.’s 5), and the = are statistically limited
and will need to followed up. The rest of the spectrum is unknown.

The simple predictions of charm production from perturbative QCD do not
agree with the data, although these predictions have been successfully corrected by
modeling the non-perturbative effects. Most of this work has been done for mesons
where the hadronization of the quark into the meson has been accounted for with
fragmentation models. Currently, the production of charmed baryons seems to pose
many more puzzles than have been seen in the mesons. NA32 has reported observing
equal rates of A, and A, at large zp from a 7~ beam, which is hard to understand
in terms of perturbative QCD. WAB89 has seen strong leading particle effects in a
%~ beam. They observe a much larger £2(cdd) signal than Bt + (cuu). ® Both
particles decay to A} and a charged 7 so their acceptances are similar. One thing
that is different is that £(cdd) has the same light diquark (dd) as the &~.

2 — The Detector

E781 is a three-stage forward charge-particle spectrometer with particle identifica-
tion and electromagnetic calorimetry. The detector has acceptance of 0.1 < zr <
1.0. The overall layout of the detector is shown in figure 1. The are a variety of

reasons for choosing this geometry.
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Figure 1: The layout of E781

o At high zF the tracks have higher momentum and lower multiple scattering.
This improves the vertex resolution, and allows us to trigger on large miss

distance tracks.

o For the high momentum tracks we have a small solid angle to cover. This allows
the use of a RICH with phototubes as the photon detector. Phototubes are
easier to use and build than to TAMI or Csl photocathodes.

e It has been previously measured that the ratio of baryons to mesons increases
with x for strange particles, and the recent WA89 results have shown the same
effect for charmed particles.

The philosophy of the detector’s design could be stated as: We know that
there is charm there and we should optimize on signal/background not signal.

The beam is predominantly mixture of 7~ and ¥~ with a small admixture
of £~ and Q™. The ratio, n(£~)/n(7~) can be adjusted by varying the momentum
that is accepted as shown in figure 2. We plan to run with a ratio n(2~)/n(7~) > 1.
The ¥ flux will be 10° MHz.

The first stage of the spectrometer has large acceptance with a 2.5 GeV/c
momentum cutoff. This stage measures soft pions from D*’s, £.’s and other decays
of excited charm states. It also can measure the tracks from the other charm particle
which is produced at lower 25 than the trigger charm particle, so that we can study
charm pairs.

The second stage of the spectrometer has a 15 GeV/c momentum cutoff.
This stage is used for the trigger, which will be fully discussed in the next section.
There is a RICH detector with useful p/K separation from 20 GeV/c to 225 GeV/c
and K/p separation from 40 GeV/c to 480 GeV/c. There is a transition radiation
detector for electron identification.
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Figure 2: Particle fractions in Fermilab proton center hyperon beam

The last stage measures the decay products of A’s that decay very far
downstream. Charmed strange baryon decays can decay =~ and Q~ which produce
A’s very far downstream. This last stage is needed to achieve high efficiency for
these decays.

The beam is measured with a silicon strip system to provide high accuracy
predictions of z —y position the primary vertex. The vertex region also has a silicon
strip detector. This detector has 20 planes in 4 views to provide highly redundant
tracking information to simplify track-finding and track-matching both in the online
software filter and offline reconstruction. The performance of an eight plane system
using an earlier generation of VLSI readout was run in a test beam. It achieved
excellent hit resolution of 4um for planes with 20pum pitch by interpolating the
charge deposited in adjacent strips.

There are three lead glass photon detectors for the reconstruction of 7% and
photons. One array of lead glass is associated with each stage of the spectrometer.
The most downstream array will detect the radiative decay photons like £° — Ay

or the not yet confirmed Z! — Z.y.

3 — Charm Trigger

The heart of E781 is the hardware trigger and online software filter. Both of these
processes rely on the fact that the multiplicity is low in the second stage spectrometer
and that these tracks are high enough momentum that they are well measured. The
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typical multiplicity of non-charm events is 15 at the primary vertex but only 5 in
our second stage spectrometer.

Two scintillator hodoscopes combined with matrix logic can count the
number, measure the charge, and roughly estimate the momentum of tracks in the
second spectrometer. By requiring 3 positive tracks in the second spectrometer, the
hardware trigger rejects non-charm by a factor of 8-10. Typically the charmed bary-
on will contribute 2 of these positive tracks and the underlying event will contribute
the other. Events passing this trigger are fully read out and passed on the online
software filter.

The software filter runs in real time and only those event passing the filter
are written to tape. This greatly reduces the offline analysis load after the experi-
ment finishes its run, but it is critical that the quality of data is closely monitored
to insure that data is not lost.

The software filter is topological looking for evidence of a secondary vertex.
The filter searches for tracks after the second magnet. Those that are found are
projected back into the vertex detector. Since the multiplicity is low after the
second magnet the track finding is simplified there, and by looking only along the
projected tracks in the vertex detector the track finding is also simplified in the
vertex detector. These tracks are compared with the intersection of the beam track
and the target foils. If any of the tracks miss this intersection by a significant amount
then there is evidence of a secondary vertex. ,

The angular acceptance of the second stage of the spectrometer is 30 mrad
and the targets are at most 1.5 mm thick, so the worst case geometric effect is
22pm. Multiple scattering errors are minimized by using only high momentum
tracks. Simulations studies have shown that a 30um cut on the miss distance keeps
the non-charm background trigger rate below 1%, if there are no tracking error. The
fake trigger rate will be dominated by tracking errors not measurement errors.

A test was performed with an eight plane silicon vertex detector and single
magnet spectrometer of similar angular acceptance as the full experiment. Data
was taken with a 400 GeV pion beam striking a thick target (6% Aine of Al). Figure
3 shows the maximum miss distance per event from the test run. The measured
rejection was good, and the E781 trigger should do better. A number of the events
in the tail of the distribution had hit confusion that will be helped by the stereo
planes and the extra planes in the full vertex detector.

The miss distance filter is fully efficient for charmed baryon decays with
lifetimes than 100 fs. It will also be very efficient for charmed meson decays, since
the filter requirement is just a secondary vertex. The sample of charmed mesons
should be comparable to the sample of charmed baryons. It should be very good for
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Figure 3: Test run results for maximum miss distance from primary of high momen-
tum tracks using an 8 plane silicon strip detector

calibrating our detector, and we may be able to some small amount of physics with
it.

Events which pass the miss distance filter are very useful for physics anal-
ysis. The filter indirectly requires requires a secondary vertex. In most analyses
of charmed produced in fixed target experiments, the most powerful rejection of
background is achieved by requiring that the secondary vertex be separated from
primary vertex. This is usually expressed as the distance from the primary vertex
to the secondary divided by the resolution on the vertices (/o). A simulation of
A — pK~n+ with zr = 0.3 shows the effect of the miss distance trigger. Figure
4 shows that events with low L/o have been removed, so they events that pass our
trigger are easier to analyze.

Some charmed baryons such as the {2 may have shorter lifetimes. We can
also use other software filters designed around different event characteristics. In Q.
and =, decays there is multiple strangeness. Using the RICH to identify protons
and kaons and select events having both, and have sufficient rejection of background
to not need the miss distance requirement.
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Figure 4: Monte Carlo results for the significance of A} vertices that pass the trigger

4 - Yields

E781 plans to accumulate more than 10° reconstructed charmed hadrons, with over
100,000 in the large charmed baryon decay modes. Using NA32 7~ production cross
sections ”) we can predict what E781 can expect from running with a 7~ beam.
We scale up the cross section by 2 to account for our higher energy beam. The
zp distribution is different. The power is 4.2 instead of 3.5. We use the same P
spectrum.

The assumptions about the run are 1000 hours of data with 1000 seconds
of livetime per hour; 4% interaction probability; and that charmed production scales
like A'/3, The average A of the E781 target is 32.8. The trigger and reconstruction
efficiencies have been calculated. The trigger efficiency weighted by the cross section

o = oy

dzp

The reconstruction efficiencies were calculated using all necessary effects, such as
detector resolution, multiple Coulomb scattering, primary and secondary vertex
assignment, but not pattern recognition mistakes. The results for 7~ data are
shown in table 1.

The calculation of expected yields from the £~ beam is more difficult
than for the 7~ beam because the WA89 cross section analysis is not complete. We
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Decay Mode | NA32 0B | E781 efficiency Expected E781 yield
Af - pK-nt | 180 £ 36 0.09 75,000
=t - E-xtxt | 13095 0.06 40,000

D° —» K—nt | 230 +40 0.08 86,000

Table 1: E781 anticipated charm yields from 7~ beam

Decay Mode | WAB89 (1991) | WAS9 (1993) | E781

AT S pK-nt 65 650 ~ 50,000
T+ o AK-rtxt 42 400 ~ 30,000

=0 AK-7* 32 600 ~ 50,000

Table 2: Estimates of expected charmed baryon yields in E781 scaled from WAS89
yields

attempt to scale their yields by taking into account the relative acceptances, rejection
factors and number of triggered events. The assumptions used are itemized below.

o The WAB89 efficiency for A, — pK =t is 1% in 1991, 2.5% in 1993 and 1994
for zp > 0.2.

o WAS89 trigger rejected inelastic events five times the rate it rejected charm

events.
o WAS9 uses a L/o cut of 5, which is similar to the E781 online filter.
o E781 will have 15 times more interactions.
o E781 average efficiency per mode is 8%.
e The cross section at 600 GeV is 1.5 times greater than at 330 GeV.

Using these assumptions we arrive at the estimates in table 4. These
estimates are only good to a factor of 2-3.

E781 will be able to take data with both beams simultaneously. This will
allow for systematic comparisons of the production from both beams. Since the
software filter gives us the ability to find charm while still running, we will able to
choose the beam that best optimizes our charmed baryon yields.
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5 — Conclusions

Charmed baryon physics is maturing. Results are now coming in from a variety
of experiments on weak decays, spectroscopy and production mechanisms, which is
stimulating theoretical work in the is area. However, most of the current results
still have poor statistics compared to charmed mesons. The interesting questions
like the differences in charmed baryon lifetimes,sthe possible leading particle effects,
and many others will need higher statistics to be answered.

An experiment optimized for the study of charmed baryons can significant-
ly improve this situation. E781 has set out to optimize the observation of charmed
baryons through the use of a £~ beam, a very forward geometery, excellent par-
ticle identification, and a topological trigger. The yields expected in E781 will by
on the order of 100,000 reconstructed charmed hadrons in the large decay modes.
This sample will have similar numbers of charmed mesons and baryons and the
charmed-strange baryons will be similar in number as the charmed baryons.
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ABSTRACT

We review recent data on semileptonic decays of charmed mesons and baryons.
These data provide tests of lattice guage theories, HQET and unique estimates of
absolute branching fractions for several baryon and meson states.

1 - Introduction

There have been a huge number of new and interesting results on charm semileptonic
physics even since the CHARM2000 conference earlier this summer.

et ft| D°— K-tv A v
tt | D*—> K | Ai0),Vi(0),V5(0)

et ft] D -ty B, Ai(0),V4(0),Va(0) |/
e* DY — mly Vea/Ves (f4(e%)) [ X
et ft| D} wn&y tv Vec/PS Vv
et A — My B , HQET V4
et =, — =y B V4

Above is a highly schematic table which summarizes the states which have
been studied; how they have been studied, and either the realized or future () physics
potential of such measurements. Results from fixed target experiments (ft) continue
to complement those from e*e™ annihilation (e*). Charm semileptonic studies pro-
vide a wealth of information including: important probes of quark dynamics through
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measurements of form factors (f4(g?)) and (A1(0), V1(0), V2(0)), model dependent
information on the absolute branching ratios (B) for the D}, A} and =, informa-
tion on CKM matrix elements (V,4/V.,), and tests of HQET. Determination of CKM
matrix elements (V,,) and more stringent tests of HQET will be possible through
the interplay of studies of both charm and beauty semileptonic decay results.

At present there is a long standing theoretical problem with the observed
ratio of vector to pseudoscalar decay widths for Dt — K™lv relative to Dt — Klv
1) which has recently been confirmed through comparisons of the width for D} —
éuv to DY — (n +n')uv (Vec/PS). Because of the undetected v, one only partially
reconstructs the final state leaving the important experimental challenge of proving
exclusivity of the final state; ie one must establish that one is observing the claimed
final state without additional, undetected neutrals. A variety of experimental tech-
niques can be brought to bear on the problem of isolating semileptonic decays from
both non-charm and charm backgrounds. Frequent use is made of D* tagging. One
often has the ability to exploit the charge correlations between leptons and kaons or
D* decay pions and thus eliminate backgrounds through a wrong sign subtraction.
Often, in fixed target experiments, Cabibbo forbidden decays (X) are subject to par-
ticle mis-identification backgrounds from the much more copious Cabbibo allowed

decays (/).

2 D — pseudoscalar (tv

These decays are particularly interesting to stuay Since they can provide detailed
information on the ¢? dependence of the charm semileptonic form factors, fr(d%).
The decay rate expression for PS v is:

a0 GRIVi [P

T = g U@ ik L)) (1)

where P is the D frame momentum of the pseudoscalar particle and one of the two
possible form factors f_(g?) becomes unimportant in the limit of zero lepton mass.

'Two parameterizations are used for f1(¢?):

2 f+(0) 2 ag?
q)=——=—-——5—5 . jor q*) = f+(0)e 2
f+( ) (I_qg/mzole) f+( ) f+( ) ( )
The first form is motivated by the belief that the coupling of the ¢7 quarks to the
virtual W#* should be dominated by bound states ! of the g system; the second

form is motivated 2 by the ISGW model. Figure 1(a) illustrates the difference

1Hence for the case of D — K¢ decay, one expects that mp,. should be set to the mass of the
vector D?(2110) since it has the same spin-parity as the ¢3 current of the form factor.
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between f}(¢?) for a pole form, an exponential form, and a linear form. Over the
restricted ¢* range available for the presently studied D° — K¢ty decay, one is
primarily measuring just the slope ratio, (dfy/dg*(0))/f(0). To go futher, we will
probably have to wait for the future for measurements of D — me*v so that the ¢
domain can extend much closer to the location of the anticipated D** (rather than

D}*) pole. Figure 1(b) illustrates that f2(q?) has a rather subtle, asymmetric, and
' TEFE e g T Gy

1.%(q®)

" dr/aq®

2
q® (Gev?)

Figure 1: (a) Various parameterizations of f(¢?) over the kinematic range for D° —
Ke*v (vertical solid) and D — me*v (vertical dashed). The pole form (solid),
exponential form (dashed) and a linear form (dotted) are displayed. (b) dI'/dg? for
Mpote = 2.1 GeV (solid), mpote = oo (dashed) , mpo, = 1.8 GeV (dotted)

difficult to measure influence on dI'/d¢®. Most of one’s ability to measure beyond
f+(0) and df; /dq*(0) occurs at large ¢* where the rate is low.

One can measure the product of f2(0) and the appropriate CKM matrix
element by integrating the dI'/dg® expression given by Eqn. (1) using the measured
f+(4%)/ f+(0) shape and setting the integrated width to the measured total width
for I'(PS £v). Experiments generally measure a given final state semileptonic width
I'(f tv) by first determining the absolute branching fraction of the decay B(f ¢v)
from the yield of the X¢v state relative to the yield of a decay with a known absolute
branching ratio. T' then follows from B and the lifetime of the particular charm
species (C'):

I'(C — ftv) =hB(f &v) [ 7¢ (3)

21 D— Kbty

Much of the information on the detailed decay shapes originally came from fixed
target experiments which exploit their generally excellent vertexing capability in
order to “close” the decay kinematics and measure ¢?. The momentum of the un-
observed neutrino can be measured to within a two fold ambiquity by balancing p,
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about the line between the primary and secondary vertex. The kinematics is most
easily done by boosting along the D direction until the sum of the longitudinal kaon
and lepton momentum vanishes. The CLEO Collaboration 2) devised a way of ob-
taining ¢* information without relying on knowlege of the D momentum direction
for events from D*t — #+(K~€*tv) decay. Figure 2 contrasts these two methods
for obtaining information about the missing neutrino. In both cases ¢* smearing
is considerable which creates considerable complications in the fitting procedure.
Traditionally ® 9 2 one exploits the reaction D* — (K{v) as a method to elimi-

favorite solution

v from Mp &pt

................ -

2 fold ambiguity

A
D= A > D
N A\
1
G, FTH
KR v
P,
D¥—>nD
cone ambiguity
v fromMp
Oﬁ'omMD*
K B

Figure 2: In the upper figure, the kaon and lepton are boosted along the D direction
into a frame where their momentum sum lies transverse to the D direction. The
neutrino P, balances the P, of the kaon + lepton and its energy can be computed
from the P, and mass of the D. The neutrino momentum is then known to a
2-fold ambiguity corresponding to the intersection of the P; line and the energy
circle. The favorite solutions used by most groups is marked. For the case of eg
D*t — #*+(K~€tv) decay (lower figure) boosts the 7 to the K~ u* rest frame. The
v momentum can be computed from the D° mass; and the angle § between the &
and the v can then be computed from the D*® mass. ¢* is bounded by minimum q?
on the neutrino cone closest to y and a maximum ¢* furthest from .

nate backgrounds from other charm semileptonic sources. The most recent results
employing a D* tag come from CLEO ? (Fig. 3) and E687 ) (Fig. 4).
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500 ————r

Figure 3: The uncorrected ¢* dependence from CLEO’s 2700 event sample D* tagged
sample where the modes D> — K~ ¢*v and D* — K ¢ty are combined.
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Events/0.19 (GeV/c)!
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q - (Cev/c) D*-D*Muss difference Gev/c*

Figure 4: Left: The uncorrected ¢? distribution for K~ pu*v events from the E687,

~ 500 event, D* tagged sample. Right: The D** — D° mass difference for right sign
(solid) and wrong sign (dashed) events.

Recently E687 ®) greatly increased their statistics for this mode by includ-
ing a sample of ~ 1850 inclusive D° — K ~utv events where a D* tag was not re-
quired. Of course without the cleansing power of a D* tag there will be an inevitable
increase in backgrounds from both misidentified muons and other semileptonic decay
processes such as D — (K~n*)utv , D° — (K~7n°)u*v and D} — dpitu.
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Background was somewhat reduced by a series of kinematic cuts. The
Dalitz plot for the surviving sample was fit to a combination of signal, and semilep-
tonic and misidentification backgrounds. The Dalitz projections are shown in Fig.

5.

§ Display of fit highlighting background under fit 1390
E wf

3

!..

Figure 5: Left: Projection of the E, (muon energy in the D rest frame) Dalitz
variable. The fit shown by the histogram includes background contributions shown
by the shaded histogram. Right: Projection of the Ex Dalitz variable.

The below table summarizes information on the fy(¢?) form factor which
describes D° — K~ ¢*v decay.

Exp. Mode Myole | f+(0) |
E691 Y | K-etv.| 2.1%04+0.2 0.79 = 0.05 % 0.06
CLEO(91) ¥ | K~e*v. 2.1404+0:3 0.81 £0.03 £ 0.06
CLEO(93) @ | K~¢*1 [2.00 +£0.12 £ 0.18 0.77 +0.01 £ 0.04
MKIII® | K~etv, 1.8+0s+03 ||V, | (0.72 £ 0.05 % 0.04)
E687 (prelim)' | K~ ptw, 2,01 tosskr 0.73 £0.04+£?
E687 (prelim)* | K~ utv, 1:9)48d348 0.75 £ 0.02+7?

t D** tagged sample (450 events) * Inclusive sample (1850 events)

All results appear consistent with the expected D;* pole mass of 2.1
GeV, however this is little more than a measurement of the slope of f+(¢*) near
¢® = 0. CLEO obtains an exponential fit to the alternative form: fi(¢?) «
exp (0.29 = 0.04 £ 0.06) ¢* , which, as illustrated in Figure 1 (a) , is nearly indis-
tinquishable from the pole form but has more symmetrical error bars. The £+(0)

values are also consistent with theoretical estimates: f,(0) =~ 0.7 —0.9.
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22 Do mlty

CLEO ™ has recently made a measurement of D* — 7°0y/ K°¢v which is substan-
tially free of the usual misidentification background expected for a 7% . Their signal
(Fig. 6) is brought out through tagging via D** — w°D* decay. They summarize
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Figure 6: Upper: D*t — D' mass difference for CLEO tagged m¢v candidates.
Lower:D** — D* mass difference for the normalizing mode K,{v

T
18 019 02

their measurement as: |fr/fx|® |Vea/Ves|? = .085 & .027 4 0.014 since present the-
oretical uncertainties in the form factors exceed uncertainties in the CKM matrix
ratio. Using |Vz4/Ves|* = 0.051 £ .002 obtained from neutrino produced charm data
8) , CLEO obtains a form factor ratio consistent with unity as expected theoretically.
A big increase in statistics for a 7fv mode could potentially settle the issue of the
¢* dependence of semileptonic form factors.

2.3 Df - quv, n'uw

This work by the CLEO II Collaboration 9 represents a real tour de force for their
electromagnetic calorimeter. The D} signal ( Fig. 7) is tagged through D+ — 4D
and both the 7 and 7’ are reconstructed through decays involving final state photons.
The width for the n and 5’ semileptonic decays is reported relative to the width for
D} — ¢ptv in terms of the variables R, and R,p:

_ I(Df = quv) _D(Df —n'pv)
= T(D} — ¢uv) ’ e I'(D} — duv) (4)

The values of R, and R; are compared to previous values obtained by E653 and two
theoretical estimates in the below table:
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Figure 7: Left: 4y mass distribution showing the 7 signal. Center: n7+7~ mass
distribution showing the 7’. Right: D% — D} mass difference.

R, Ry R, + Ry
E653 <1.6 3.9+ 1.6
CLEO 9 |1.74 4+ 0.34 £'0.240.71 &+ 0.19 £ 0.09 2.46 £+ 0.39 + 0.26

ISWG 19 0.39 0.34 0.73
Kamal 1V |1.85 & 0.41 £ 0.37|2.22 £ 0.57 + 0.44 | 4.07 & 0.70 £ 0.57

Both R, , R} and their sum are substantially lower than the predictions of
the modified ISWG model as calculated by D. Scorna. We note that this discrepancy -
is in the same direction as the well known ) problem that the width ratio for
D — K pv compared K £v is larger than expected theoretically.

3 D — Vector {v Decays

The vector v decay process involves a hadronic current describing the overlap of
the D and vector meson wave functions which (in the limit of zero lepton mass) can
be described by two axial and one vector form factor.

A variety of theoretical methods including QCD sum rules 12) - quark
models 13 1) 15) and lattice gauge theory '© !7) have been brought to bear on the
prediction of these three form factors. Although the full expression for the decay
width is rather lengthy, a clear exposition can be found in the seminal reference
18) It has become customary to assume that ¢ dependence of the form factors
is dominated by the poles of the cq system with the same spin-parity as the form
factor. Hence for D — K*fv decays one expects the D:*) spectrum of poles (2.1
GeV for the vector and 2.5 GeV for the axial). Given the narrow ¢* domain, this

is tantamount to assuming values for the form factor ¢* slope near 0. This leaves
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one with three measurements A;(0) , A;(0), and V(0). It has become traditional
to factor out A}(0) from the decay width, leaving two ratios: Ry = V(0)/A,(0)
and Ry = A3(0)/A1(0) which serve to describe the shape of the decay distribution.
The R, and R values can be used to obtain I'¢/T'; which is the ratio of the ¢

Figure 8: Illustration of the three decay angles used in describing the decay of eg
D — K{y. The form factors determine a q? dependent spin of the virtual W+ which
then dictates the decay distribution in terms of 0, — the polar angle describing the
vector — two pseudo-scalar decay, 0, - the polar angle describing the decay of the
virtual W — £fv, and x — the azimuthal acoplanarity angle between the vector meson
and virtual W decay planes.

integrated widths for the W* to be longitudinally polarized ( |1,0 > ) as opposed
to transversely polarized ( |1,41 > ) with respect to its D frame momentum axis.

The value of A;(0) then follows from the decay width which can be esti-
mated by measuring the branching ratio of the semileptonic decay with respect to a
reference state and then using the absolute branching fraction of the reference state
and D lifetime to compute a total decay width (eq. 3).

Form factor measurements have been made for both D* — K**{y de-
cay 18 19 20) a5 well as for the Df — ¢ty decay 2V) 22 25). Figure 9 shows two

representative vector utv signals from E687.

31 Dt 5 K¢ty

At present, information on the form factors comes primarily from: E691 18 | E653
19) and E687 ). These fixed target experiments use vertexing methods to estimate
the » momentum and thus measure considerably smeared values of ¢? and the three
decay angles. All three published measurements are consistent. The below table
compares the average 8 along with a recent, representative Lattice Gauge Theory

calculation 16).
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Figure 9: Two vector p v signals from E687 where the vector daughters and a p
are in a common detached vertex. Left: Wrong sign subtracted K~ n* mass distri-
bution showing a prominent K~ (896). Right: K+ K~ mass distribution showing a

prominent ¢ (1020).

R, R, I/T
< E687/E691/E653 >| 0.74 + .14 1.86 + 0.20 1.21 +0.10
BES 1©) 0,704 .16 2220 11.99 4+ .22;# 034 11,21 .12 £315

When these shape parameters are fed back into the decay rate expression

to obtain values for A,(0), the agreement with theory is not good.

Exp A1(0) A,(0) V(0)
E691 0.49 + .07 0.0 + 0.2 1.2 +£ 0.3
E653 0.57 + 0.08 0.47 + 0.16 12403
E687 0.59 + 0.05 0.46 +0.11 1.0 4 0.30
Average 0.56 + 0.04 0.40 £ 0.08 1.1 +£0.2
LGT (BES) [0.83 + .14 + 0.28 | 0.59 £ 0.14 $333 [ 1.43 + 0.45 333

Other theoretical estimates for A;(0) tend to cluster around 0.8. This indi-
cation of a K™*fv shortfall is borne out by directly comparing the ratio of K*¢v/K{v

which experimentally ranges from 0.4 — 0.6 where it is expected to be much closer

to & 1. Recall that there is fair agreement between theory and experiment for the
value of the f,(0) form factor which controls the rate for D — K{fv decay.
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3.2 D¥ — ¢lty

The rate for decay D} — ¢€*v decay is frequently used to obtain estimates of
B(D}). A model is used to relate I'(DF — ¢€*v) to the width of a reference state
with a well measured absolute branching fraction and eq. 3 is used to compute the
unknown branching ratio.

Experiment B(D, — ¢m) (%)
CLEO 5.1+044+0.440.7
E6871 2.90 £ .5+ 0.45 4+ 0.39
E687 3.1+094+05+0.4

ARGUS 2441.0
E691 > 3.4 at 90% CL
World average ® 3.5+ 0.4

t Neglecting possible OZI suppressed backgrounds
E687 2 assumes that T'(¢fv) = (0.9 + 0.12) x I'(K*utv) based on a

composite ® of theoretical estimates.

The difference between the recent E687 and CLEO values partially reflect
differences in their assumptions and normalization. CLEQ 2% references their duv
width to I'(D° — K* ¢*tv) and uses a ¢utv/K*~p*v ratio of 1.0 which is the
prediction of the modified ISGW model. They obtain B(D} — ¢rt) = (5.14+0.4 +
0.4 £ 0.7)% assuming a negligible level for OZI suppressed backgrounds.

A recent, unresolved experimental controversy has arisen concerning the
relationship between the form factors for Df — ¢u*v and D* — K*uty decay
which are expected !¢ 26) to be very close.

Below are three recent measurements:

R, R, Iy/T,
E6532) | 23+ 404 | 21196402 |54+ .214.10
E687 %Y |1.840.94+0.2]1.14+08+0.1| 1.0+£.5+.1
CLEO % [0.9+0.6+0.3[1.4+05+0.3]1.1+0.340.2

<informal > 1.43 +0.5 1.63 +£0.37 0.74 £0.18

PDG D+ ® | 1.80+0.25 0.73+0.15 1.23 +.13

To my mind the situation remains rather murky. Given the large size

of the errors, the measurements from all three experiments are consistent but the
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form factors measured for DY — @utv are inconsistent with those measured for
Dt — K°ptv at about the 20 level. The new CLEO numbers have brought the R,
average for ¢fv below the value for K °lv; while E653 has brought the R, average
for ¢fv above the value for K.

4 A} — Afty-and E; - Etty

The data on A* comes from both CLEO ?” and ARGUS *®) while the data on
=, comes exclusively from CLEQO ?). Evidence for these baryonic semileptonic de-
cays is an observed excess shown in Fig. 10 of the right sign compared to wrong
sign baryon-lepton correlations after the imposition of kinematic cuts designed to
eliminate possible charmed backgrounds with additional neutrals. As is the case

' (a) g ; (b) ; - (0)
“o 100 2 "{ 25
O " .
3 T
=
} U
T o = o prttta Lo Lamiles s : !
£ W (% 2 (®) @
[ S 20} ]
Woyoof s} i o st 4
10k | 3
bttt ot TV NN M&u&:&d
o Desre : $26 130 1% 138 S26 1m0 13+ 138
1.100 1110 1.120 1.130 1.100 1110 1.120 1130 - - B
m, (Gev/c?) M(A) (GeV/c?)

Figure 10: The illustrated data is from CLEO. Left: Excess A signal for right sign
Aly candidates (a) + (b) compared to wrong sign (c) + (d). Plots (a) and (c)
show signals for A ’s produced with electrons; Plots (b) and (d) show signals for A’s
produced with muons. Right: Excess Z signal for right sign Ze*v candidates (a) +
(c) compared to wrong sign (b) + (d). Plots (a) and (b) show signals for 7 — A7 ™.
Plots (c) and (d) show signals for =2 — An°.

with the DF, the rate for baryonic semileptonic decay provides information on
the baryon absolute branching fractions using an assumption of a universal charm
semileptonic width , [(C' — X¢v). This width can be estimated as the average
of the (consistent) inclusive widths for the D* and D°. Eq. 3 allows one to mea-
sure the inclusive semileptonic B(X£v) in terms of the the universal I'(C' — X/{v)
and baryon lifetime. The B for a given hadronic decay can be estimated from
measured yield of these decays relative to an observed semileptonic mode if one
knows the fraction of total inclusive X¢v decays which decay via the observed
semileptonic mode. Using this technique CLEO ) measures B(A, — Altv) =
(6.67 % .35 £ 1.35)% x [(Alv)/T(X€v) where the last width ratio is the unknown
fraction of inclusive X v which are exclusively Aftv. Similarly they ) measure
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B(Z2 — Z7nt) = (0.52 £ 0.16 £ 0.13)% I'(Zév)/T(X¢v) . The ratio of exclusive
over inclusive semileptonic decay widths for these modes might be near unity in light
of the analogous ratio for D decay: I'(D — (K + K*)lv)/D — Xv) = 0.89 4 0.12.

4.1 A polarization in Alyv decays

An even more interesting result concerns the polarization of the final state A which
is predicted *) to be large in HQET. Use of HQET for the heavy charmed quark
reduces the four possible helicity form factors to just two, and allows one to predict
the polarization as a function of ¢? in terms of the unknown ratio of the remaining
form factors R = f,/fi. As ¢* — 0 the longitudinal helicity dominates and o — —1
irrespective of the value of R as shown in Figure 11. In the limit of infinite product
baryon mass f(¢*) — 0, while fi(¢q*) remains finite and thus one expects |R| < 1.
At the average probed ¢* range of ~ .7 GeV? , one would expect o &~ —0.9 in

agreement with the measurements.

Polarization

+1

Figure 11: A sketch of the expected ¢ dependence of the A polarization for various
possible ratios of B = f3(0)/f1(0). The shaded region shows the typical ¢*> domain
probed by the experiments.

Both CLEO and ARGUS measure the decay asymmetry for Alv by fitting
their data to the the form: dI'/dcos @ o< 1+ a ay cos 6 where 8 is the angle between
7 (the A decay proton) and —(¢ + #) evaluated in the A rest frame; and ay = .64
is the well known self-analyzing asymmetry of the A . The A, momentum can be
estimated both from the thrust axis and visible decay products. CLEO (Fig. 12
Jobtains a = —0.891317+3:9%; while ARGUS obtains —0.91 = 0.49.
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Figure 12: Acceptance corrected, background subtracted dN/d cos 0 distribution for
CLEO Afv candidates indicating a large (-89 %) longitudinal polarization for the
A.

5 Summary

The recent data on D — K£v agrees reasonably well among experiments and with
theory. Over the ¢> domain probed by experiments, the data are consistent with a
form factor dominated by poles of the D* spectrum, but the ¢*> domain is insufficient
to establish a pole rather than exponential form. Data on D — K fv are consistent
among experiments and the R, and R, are in good agreement with theoretical
expection. However the experimental I'(K"tv)/T(K tv) ratio continues to be nearly
a factor of two lower than theoretical expectation. The ratio of D} — ¢¢v compared
to Df — nlv or D} — 7'ty is also lower than expected in theories such as ISWG
which tends to confirm the problem between semileptonic decays into vector relative
to pseudoscalar final states.

At present, the situation on the R; and R, form factors for D} — ¢lv is
rather murky. The results are consistent between experiments, but are inconsistent
by about 20 with the form factor ratios measured for D¥ — K*fv which runs
counter to theoretical expectations. There is interesting new data on A. and =,
which provides new information on charmed baryon absolute branching fractions.
The A from A, — Alv decay is very highly polarized against its helicity axis which
confirms the expectations of HQET.
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ABSTRACT

Characteristics of mass spectra and decays of orbitally excited charm mesons and
baryons, expected on the basis of quark models and Heavy Quark Symmetry, are briefly
described. The difficulties associated with measurements on these excited states are
discussed. The accuracy and reliability of currently available experimental information is
examined. The reasons, for the widely accepted spin-parity assignments to the observed
excited mesons and baryons, are stated. Finally, the experimental data, with the accepted
spin-parity assignments, is compared with expectations based on quark models and
Heavy Quark Syminetry.

1 - Introduction

The first orbitally excited charm meson was observed by ARGUSD in 1986. Since
then, five more excited charmed mesons have been observed. We are beginning to see
excited charm baryons. Two excited baryon states have been observed so far.
1.1 Motivation

The motivation for studying excited charm states is two-fold. A study of these
states helps the understanding of strong interactions via quark models or via more model
independent calculations using Heavy Quark Symmetry. Recent examples of the former
are calculations of Godfrey and Kokoski?), and, Capstick and Isgur3). Some recent
examples using Heavy Quark Symmetry are the work by Eichten, Hill and Quigg®), and
Isgur and Wised). The other reason for studying charm hadrons is that they help the study
of beauty hadrons. The charm and beauty quarks are both considerably heavier than the
u,d and s quarks and are also heavy on the QCD scale, which is determined by Agcp. As
a resﬁlt, the charm system, with much more experimental data available, turns out to be
especially useful in getting a reasonably good idea of the properties of beauty hadrons.
An understanding of the charm hadrons is also needed because the beauty hadrons decay
to charm hadrons and, for making measurements on beauty hadrons, a good knowledge
of the decay products is essential.
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1.2 Lowest Excitations of Mesons and Baryons

Excited charm mesons have a charm quark and a lighter quark (u, d or s) in a bound
state with relative orbital angular momentum, L>0. For a given quark pair with a radial
excitation number, n, and an orbital angular momentum, L, there are four possible total
angular momentum states. There is one state corresponding to the case when the sum of
quark spins, S= s_<’;+s_’q A s‘é and S_Zl being the spin of the charm quark and the lighter
quark respectively, has the value S=0. The total angular momentum T=L+ S has the
value J=L in this case. There are three states, with J=L-1, L, and L+1, corresponding to
S=1.

There are experimental measurements on six of the twelve excited charm mesons
with L=1. None of the higher excited charm mesons have been observed as yet. The
excited charm baryons discussed here have three quarks with flavors ¢, u and d. The
light-quark pair has an orbital angular momentum L>0, relative to the charm quark. For
the lowest orbital excitation, L=1, the three quark spins and the orbital angular
momentum combine to give seven states with isospin, I=0 (excited states of A{) and
seven states with isospin, I=1 (excited states of X). The two new baryon states observed
recently are identified as the L=1 excitations®) above the A¢.

1.3 Heavy Quark Approximation

The system containing one heavy quark and one or more lighter quarks simplifies
considerably? if the mass, ‘mg, of the heavy quark is large on the QCD mass scale,
which is determined by Agcp. In this case, which we will henceforth refer to as the
heavy quark approximation, the motion of the heavy quark can be ignored. The spin of
the heavy quark, S_é, and the total angular momentum of the light quarks, T, are
separately conserved. The energy spectrum is determined by j. There are two degenerate

states for each value of j, corresponding to the two values, J=ji'1§ of the total angular

momentum, J = _j)+S—a Since the energy spectrum is determined by the dynamics of the
light quark, the spectra of systems, where the heavy-quark approximation is valid, are
expected to be identical except for a constant mass shift due to the difference in the mass
of the heavy quark. For a finite mass of the heavy quark, corrections of order
O(Aqcp/mg) result in a mass-splitting between the two states. Again the splitting in
systems with different varieties of the heavy quark is related. It is inversely proportional
to the mass of the heavy quark. The existing experimental data suggests that the heavy-
quark approximation is valid for calculations involving B and D mesons and perhaps for

the K mesons.
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2 - Challenges faced in Observation

The lowest excited charm hadrons decay strongly to a ground state charmed hadron
and lighter mesons. The factors that make excited states more difficult to observe than the
weakly decaying ground state are, 1) Larger Combinatoric background, 2) peaks due to
other excited states overlapping with, or being in the vicinity of, the peak of interest, and
3) lower reconstruction efficiency. We dwell on these three factors in the remainder of
this section.

2.1 Combinatoric Background

The higher combinatoric background results from more numerous decay products
and larger intrinsic widths of the states. In fixed target experiments, there is an additional
source contributing to the combinatoric background - one that perhaps dominates the
other two sources in some cases. The additional background arises from the fact that
there is no observable separation between the locations of production and decay of the
state being studied. In case of a weakly decaying hadron, the production and decay
vertices are visibly separated. Only tracks from the decay are used to construct candidates
for the charm state. In case of the decay of an excited state, tracks from the decay of the
excited state as well as those from fragmentation following charm production, can be
used to construct candidates for the state. The background increases with primary vertex
multiplicity. Consequently, it is expected to be worse in charm from hadroproduction
than that from photoproduction.

2.2 Other Structures

When observing a peak due to an excited state in a mass distribution, structures in
the vicinity due to other excited states, partially or fully reconstructed, can make it
difficult to estimate the background shape under the peak. At times they can actually
overlap with the state under study. An example is the two peaks in the D**+x- mass
distribution arising from the decay of the members of the jP =%+ doublet (see section

3.3.2). When ARGUSD observed the first signal due to an excited charm state, it was

interpreted as being due to the decay of a broad state of width ~40 MeV. As we know
now, the broad peak is due to the two overlapping jP-:;J' states.

Determination of the background under the peak requires a region of smoothly
varying background around the peak. If there are structures in the vicinity of the peak of
interest, they can hamper this determination. An example is the bumps close to the D5t
peak in the D°n* mass plot (see section 3.2.1).
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2.3 Reconstruction Efficiency

The excited states, in general, have a lower reconstruction efficiency. It is partly
due to the larger number of decay products and partly, in case of current experiments,
because the apparatus was probably not designed with much attention to the acceptance
for these states.

3 - The Lowest Excited (L=1) Mesons

Popularly known as D**(ct and cd) or Dg*(cs), these mesons consist of a charm
quark and a lighter quark with relative orbital angular momentum, L=1.
Phenomenological models usually parameterize the spin-independent part of the inter-
quark interaction with a Coulomb-type potential due to a single-gluon vector exchange
and a linear confining potential arising from a multi-gluon scaler exchange. One of the
quarks being light, the two quarks venture farther from each other than those in a similar
charmonium. Consequently, the L=1 charmed mesons probe the inter-quark potential at
larger distances than charmonium.

In the heavy-quark approximation, the energy levels are characterized by the two
values, % and -;-, of the total angular momentum of the light quark, T = f+s_a, where S'a

is the spin of the light quark. For each value of j, there are two degenerate states
corresponding to the two values, J=ji*21-, of the total angular momentum, ?=?+§5, S—c)

being the spin of the charm quark. The finite mass of the charm quark leads to a splitting,
of order O(Aqcp/myg), between the the two levels. The two members of the jP=%+ doublet

have been observed for all three flavors of the light meson. The J=2 members are referred
to as D3°, D3*, and Dg," for the light quark flavors u, d and s respectively. The
corresponding J=1 members are named DY, D}, and Dg,. The measured masses and
widths are listed in Tables II and III. Members of the jp=%+ doublet, being wide, are

difficult to observe and none has been observed so far.

3.1 Decays

The L=1 charmed mesons decay strongly, mostly through 2-body decays. The
allowed 2-body decays are listed in Table L. Strong decays of Di**to Dim or D§* 7 are
prohibited by conservation of isospin in strong interactions. Other 2-body decays are
prohibited due to conservation of parity in strong interactions and conservation of angular
momentum. It should be noted that the D** is only ~450 MeV more massive than the D*.
So the decays to Dp and D*p are possible only due to the large width of the p.
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The J=2 state decays to Dz or D*r through a D-wave and is fairly narrow. The

=0 state decays to Dx through an S-wave and is expected to be wide (several hundreds
of MeV according to Godfrey and Koksoki?). The J=1 states can decay to D*rt through
an S-wave or a D-wave. However, the J=1 state belonging to the j1’=-23-+ doublet decays

predominantly through a D-wave (only through a D-wave in the heavy-quark
approximation) and is narrow, while that belonging to the j1’=%+ doublet decays
predominantly through an S-wave (only through an S-wave in the heavy-quark
approximation) and its width is expected to be large (several hundreds of MeV according
to Godfrey and Koksoki?).

Table I. Allowed 2-body strong decays of L=1 charmed mesons

P D% Dy
ot gk Dr,D*x,Dp,D*p D*K, DK
A D*r, Dp, D*p D*K
o D*r, Dp, D*p D*K
3ot Dr, D*p DK

3.2 Spin-parity Assignment
3.2.1 TheJP=2+* States (D3°, D5* and D} )

The state D3° was observed in the D*n- mass spcctrum7"“)

_ , while its isospin
partner, D3", was observed in the DO+ spectrum!®1213), The following is a statement
of the reasons for the assignment L=1, J=2 to the observed state, D4°. The lowest excited
states that can decay to D+x- are the two L=1 states with J=0 and J=2. These states are
expected to be separated by ~100 MeV. The J=0 states are expected to be several
hundreds of MeV wide, while the J=2 state is expected to be narrow (a few tens of
MeV). The mass and width of the observed state are consistent with the expected values
for the J=2 state and inconsistent with those for the J=0 state. The higher excited states
are expected to be ~300 MeV heavier than the observed state®).

Now, if the observed state is indeed an L=1, J=2 state, it should also decay to
D*+x-. A shoulder observed in the D*+xt- mass spectrum next to the peak due to another
state (D ), is consistent with arising from the decay of the D3° to D**x-. There is
additional information available from an angular distribution of events in the shoulder
(see section 3.3.2). The information is consistent with the decay of an L=1, J=2 state.
However, its quality is not good enough to help significantly in the identification of the
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state. Considering all the available evidence, the state D5° is accepted as the lowest L=1,
J=2 state. Similar arguments lead to the assignment L=1, J=2 to the D5".

The state Dy; was observed recently!® in a decay to D°K*. The possible spin
assignments for the D§j corresponding to the lowest orbital excitation are J=0 and J=2,
since it is observed to decay to DK. The narrow width supports a J=2 assignment. The
decay of the state to D*K has not been observed. This, however, does not conflict with
the J=2 assignment, since the decay to D*K is expected to be highly supressed due to a
limited available phase space.

3.2.2 TheJP=1+ States (D, D} and D},;)

The state D} was observed” 1119 in the decay to D*+x-. Apart from the D3°, the
lowest excited states that can decay to D**7- are the two L=1 states with J=1. Owing to
its narrow observed width and some decay angular distributions (see section 3.3.2), the
observed state is identified as the J=1 member of the jP=%+ doublet. The state is not
observed in the D*n- mass spectrum. This agrees with the expectation for a J=1 state.
The state D] observed recently!®) in the decay to D*On* is, based on similar
considerations, identified as the charged isospin partner of the D.

The Df; has been observed®10:16) in the decay to D*K but not to DK. Since it is
observed to decay to D*K, its possible spin assignments corresponding to the lowest
orbital excitation are J=1 and J=2. The fact that it has not been observed to decay to DK,
indicates that it has J=1. The narrow measured width indcates that it is a member of the
jp—%+ doublet decaying through a D-wave. Thus the state is identified as the J=1 member

of the jP=3" doublet.

3.3 Measurement of Masses and Widths

3.3.1 D5°and D3*

Fig. 1 shows distributions, from CLEO and E687, in the difference,
AM=M(D°rt+)-M(D°), between the measured masses, M(Dr+) and M(D°), of the D3+
candidate and the D° from its decay. The peak due to the D4" is seen at AM=600 MeV.
There is no known state with a mass very close to that of the D5" mass that can decay to
DOx*. The J=0 state, which has not been observed as yet, is expected to be only ~100
MeV lighter. But it is expected to be very broad (several 100 MeV) and should not
interfere with the observation of D5".

Unfortunately, the mass spectrum is marred by structures due to partially
reconstructed states on the low-mass side of the peak of interest. These structures
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hamper accurate background determination. The enhancement at AM~450 MeV is due to
the decay of the state being investigated, D4*, and the other member of the jP=2§+ doublet,
the DY, to D*O*. The D*0 decays to DOn®, the n° escaping detection in the apparatus.
Owing to the small g-value of the n° from the D*© decay, the enhancement in the DO+
mass spectrum has the same shape as it would have had, were the decay to D*Ox+ fully
reconstructed, but is shifted down in mass by approximately one pion mass. The gap,
between the structure at ~450 MeV and the D5, is not large enough to allow a reliable
background determination. It is necessary to use the mass range beyond this structure.

Events / 15 (MeV/c?)

320
240

160

N/ (10 MeVv/c?)

80

| EEP NV MU VRINR N (R0 RS CN (O NN L0 e

o b i
0.30 0.40 0.50 0.60 0.70 0.80
M(D°n*)~M(D°)  (GeV/c)

Fig.1 Distributions in the mass difference AM=M(D°r*)-M(D°), from E687 and CLEO,
showing the peak due to D" along with another structure due to partially recon-

structed states.
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However, there might be other structures that prevent extension of the mass range
on the low mass side. One source that may lead to such a structure, is the decay of the D]
to D%, or, of the D to D°pO. Partial reconstruction of the state, using the D° and one
of the pions from the p-decay, causes a broad enhancement at lower masses. The
significance of the enhancement in the observed mass distribution depends on the fashion
in which the charm is produced, and the acceptance of the apparatus. The study of the
D%° using the D*nt- mass spectrum entails tackling problems similar to those faced in the
study of D3". Table II shows the experimental results on the masses and widths of the
J=2 states. The problems in background determination are probably responsible for the
large spread in the measured values of the masses of these states.
3.3.2 D¢ and D}

The J=1 state, D§, of the jP=%+ doublet, was observed in its decay to D*+x~. The
J=2 state and both the J=1 states can decay to D**7-. In the heavy-quark approximation,
the J=1 state belonging to the jP——;' doublet is much wider (several 100 MeV) than the
j1’=2—+ states. But the two jP=%+ states (J=1 and J=2) are very close to each other and
have comparable widths. As a result they might be difficult to resolve. Indeed, a display
of the appropriate mass range of the D**1- mass spectrum, shows a broad structure at a
mass of ~2420 MeV. We expect the structure to have contributions from the two
members of the jP-——;+ doublet, the J=2 member decaying through a D-wave and the J=1
member decaying mainly through a D-wave (only through a D-wave in the heavy-quark
approximation).

Due to the polarization of the D*+, the distribution of these states in cos, 6 being
the angle, measured in the D*+ rest frame, between the pion from the decay of the D{ and
that from the subsequent decay of the D**, is as follows.

o< sin20 for the J=2 state (D-wave decay),
dcos6
(143cos20)  for the D-wave decay of the J=1 state, and, ¢))
constant for the S-wave decay of the J=1.

A cut on cosf, for example Icos@1>0.8, virtually eliminates the J=2 state, while

preserving a large part of the contribution from the J=1 state, thus enabling the
measurement of the mass and width of the latter. Measurement on the isospin partner,
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Di, of the DY is made in a similar fashion. Results of measurement of the masses and
widths of these states by ARGUS, CLEO and E687 are listed in Table III. The recent
measurements by CLEO and E687 are in fairly good agreemment.

3.3.3 The Strange States

There is no perceivable problem due to partially reconstructed states in the
observation of the D§**. The fundamental reason is that the states are very close to the
edge of phase space, causing the J=1 state to be very narrow and the decay of the J=2
state to D*K to be highly supressed relative to that to DK. There is no reflection in the
DK spectrum due to a partially reconstructed J=2 state. The reflection due to a partially
reconstructed J=1 state is extremely narrow and easily identified. The results of
measurements on the J=2 and J=1 states are listed in Tables I and I respectively. There
is excellent agreement among the measurements on the J=1 state. The J=2 state has been
observed only by CLEO!4) so far, '
Table II. Masses and widths in (MeV/c2) of the JP = 2+ mesons, along with the decay

modes used for measurement.
Dy° D3' Dl
(D'~ D*r) (D5'— Do) (D5 — DOK*)

Experiment Mass Width Mass Width Mass Width
ARGUS 2455£3+5 153 2469t4t6  27+12
CLEOLS5 24614311 2033,
CLEO T 24654343 28%8rS 246333 27+H#5 2573.2+1730 16134
E687 2453+3+2  25+10+5 24534342 234945
E691 24594342 201045

Table III. Masses and widths in (MeV/c?) of the JP=1" states, along with the decay
modes used for measurement.

D Di D
(D} — D*+m) (D} - D*oxt) (Dg; = D*0K+, D*+K-)
Experiment  Mass Width Mass  Width Mass Width(90%CL)
ARGUS 24144245 13+6+10 2535.5£0.4+1.3 <3.9
CLEOLS5 2428+3+2 23+8+10 2536.610.7+0.4 <5.4
CLEOIl 242112 20%¢% 24254242 268+ 2535.140.2+0.5 <2.3
E687 24224242 154844 2535.0+0.6%1.0 <3.2
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3.4 Branching Ratios

The statistical uncertainties in the number of events for the observed states in any
decay mode are of the order of 25%. In addition, there are comparable systematic
uncertainties. Consequently, with the currently available statistics, the ratio of rates for
any two decays is not known to better than ~50%. The statistics and the understanding of
the background will have to improve considerably before the data on ratios of decay rates
can be used effectvely for developing theoretical models or making theoretical
predictions.

4 - Charmed Baryons

A narrow (width<3.2 MeV at 90% CL) excited charmed baryon of mass
~2626 MeV was observed by ARGUS!? in a decay to Afntn. The state has since been
confirmed by CLEO!3) and E68719. The decay allows its identification as one of the
excited states of A or £, or the ground state, P=2* of L. Were it ¢ or one of its
excited states, it would have favored the decay through Afm©, rather than A{mtn-, since
its mass is only slightly above the Ainn threshold. On the other hand, if it is an L=1
excitation of the Ag, it is prohibited from decaying to AZmO due to conservation of
isospin. Then it should decay to Afnr ( Agmtn- or A{nOnO). Thus the observed state is
likely to be an excited A¢. The observed mass is close to the value expected for the lighter
L=1 excited states of Ag.

Recently, another state was observed by CLEO20) and then by E6872D, in the
Afr*r mass distribution at a mass of ~2593 MeV. This state, like the one at
2626 MeV, has not been observed to decay to AZn®. It is found to decay preferentially to
%7, with the 3 subsequently decaying to AJm. The two states, A¢*(2593) and

A:*(2626), have been interpreted as the two members with, JP—‘; and JP=%- , of the
doublet with L=1, j=1. The state with JP=%- decays prcfemnti@y to X.x. Were X¢ light
enough, the state with JP--—g- would have favored the decay to Z;n. However, Z¢ is too

heavy?22) for the decay to be possible. Consequently the state is expected to decay to
A}nm. Table IV summarizes the results of measurements on the two states.
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Table IV. Measured Mass in (MeV/c2) for A;*(2626) and A}*(2593)

A*(2626) AZ(2593)
Experiment Decay Mode  Mass Decay Mode Mass
ARGUS Ajmtn- 2626.640.5+1.5
CLEOII Aimtre 2627.240.4+1.1 e, 2Ot 2593.140.442.6
CLEO II ATOmO  2625.8+0.942.0
E687 Admtn 2625.540.6+0.9 Amtr- 2593.240.8+0.9

5 -Conclusions
nts with Theoreti

The isospin splitting between the charged and neutral states is consistent with zero
as expected. Table V shows the measured masses and widths averaged over the various
experiments, compared with the predictions from Godfrey and Kokoski2) and Eichten,
Hill and Quigg®. Godfrey and Kokoski use a QCD-inspired model. Their two predicted
values in the table for the width of each state correspond to two different models used for
the decay - the pseudo-scaler emission model and the flux tube breaking model. Eichten,
Hill and Quigg use Heavy Quark Symmetry and the experimental data on the excited K
and D mesons to predict the properties of the excited Dg, B and Bg mesons.

Table V. Comparison of the measured masses and widths (MeV/c2) with Recent
Theoretical Predictions

Di2H)  DiH  DjeH Dy (1)
Mass Width Mass Width Mass Width Mass Width
Experiment 246045 24%5 242313 1846 247343 1646 2435.3+4 <2.3
Godfrey&Kokoski> 2500 63,37 2460 26,38 2590 21,16 2555 0.4,1.9
Eichten,Hill&Quigg* 2561 11 2526 <1

5.2 Measurements desirable and probably feasible in the near future

None of the higher excited mesons (28, 3D e.t.c.) has been observed as yet. They
are expected to be wider than the L=1 states observed so far¥). Some of them might be
observable in the near future.

It is important to have better measurements of branching ratios for several of the
observed decays, and some decays like D**—Dp, that have not been observed as yet. A
large part of the background in the mass distributions used to study the L=1 mesons
arises from decays of other excited charmed mesons. As new excited states are observed
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and their decays understood, the background in these distributions will be known better,
making more accurate measurements on the L=1 states possible.

The dominant problem with measurements on excited charm baryons so far, is low
statistics. As we accumulate higher statistics in charm experiments we will observe more
excited baryon states.
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ABSTRACT
A review of the charm state lifetimes and of the charm baryon masses is presented.
The 1(0—*1 poj are now known with an accuracy of 1.7% and 3.6%, respectively,

and the batyon Lfetlme hierarchy seems well established. The measurements of the
(¥, mass converge to a value in the range 2700 — 2710 MeV/c?.

1 Introduction

In the last two years a large improvement has been achieved in the charm particle
lifetime. The E687 data gave a very important contribution.

In this paper I am trying to give an up to date picture of the status of the art in
this field.

The paper consists of four sections. In the first I discuss the methods adopted to
measure the times of life and to fit the mean lifetime value of the charm states. In the
sections 2. and 3. I discuss the lifetime measurements of the charmed mesons and
baryons and the mass values of the charged and neutral cascades and Q. Finally

in the fourth section I will present some conclusions.

2 Lifetime measurement

The distance £ = Byct = A—P,ct has to be measured for each charm state. Due to
the short 7, [107'2 — 107"%s], the measurements depend crucially upon the spatial
resolution. Then a high precision vertex detector is needed. Just as an example the
resolution of the E687 microvertex detector is oy ~ few hundreds of microns and

o, ~ few tens of microns.
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2.1 Vertexing

As it is well known two different approaches can be used to reconstruct the vertices:
the “stand alone” and the “candidate driven” approach.

The “stand alone” method starts with an hypothesis for the primary vertex, then
removes worst tracks and looks for a secondary vertex with the rejected tracks.

In the “candidate-driven” method, first the charm candidate forms a “seed” track,
then tracks around the “seed” are nucleated to find the primary vertex.

A comparison between the two methods shows that the “stand alone” vertexing is
inefficient for short lifetimes, but allows the reconstruction of decays with missing
neutrals (v,7°, etc..) and does not require specific decay modes for the skims.
On the other hand the candidate driven method has the advantage to allow the
identification of primary vertices with even only one track belonging to them. In

addition its efficiency at short lifetime is definitively better.

2.2 Vertex cutting tools

Various cuts are used to reconstruct and select the primary and secondary vertices.

I will discuss them here briefly:

o a. The detachment cut £/a, > N. € is the distance in the space between the
primary and the secondary vertex. This cut is very usefull in enhancing the

signal with respect to the background. Its effectiveness is weakened of course

if the lifetime is very short.

o b. Pointing back to primary. We impose a cut on d/a4, where dis the distance

in the space between the primary vertex and the direction of the momentum

vector of the reconstructed charmed state.

e c¢,d. Secondary vertez confidence level and primary vertez confidence level.

They concern cuts on the confidence level of the vertex fits.

e e¢. No charm daugther in primary vertez. We require a very low probability

that tracks, produced in the charm decay, belong to the primary vertex.

o f. No eztra tracks near the secondary vertez. In this case we impose a lower

cut on the distance between the secondary vertex and extra tracks.

These last two requirements, which are usually called “isolation cuts”, are particu-

larly important to select charmed particles with short lifetime.
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2.3 The reduced proper time

The detachment cut distorts heavily the proper time ¢t = £/Bvc. Then to extract
the lifetime a strong correction function f(t) is needed. f(t) is evaluated by means
of MC simulations, which in any case involve some uncertainties on the assumed
parameters and corrections, and produces systematic biases. As a consequence it is
suitable to reduce as much as possible the weight of the corrections.
An important improvement can be achieved by replacing the proper time with the
reduced proper time

t’:t—t,n,-,,zg—_& (1)

Brye

where N is the significance of the detachment‘cut, which has been adopted. If o/ is
independent of £ [as it can be assumed in a restricted range, at least] we succeed, to
restore the exponential dependence e~*'/7, using t’.
f(t’) is very weakly dependent on t’. Then the systematic errors connected to it are
drastically reduced.
Two t’ distributions are used to measure the lifetime; they concern the signal region
and the background events, respectively. The signal region is typically chosen as a
region *20,, wide around the mass mean value M of the charm signal.
The t’ distribution from the background is obtained from the sidebands, chosen not
too far away from the signal region, because the background time evolution can
depend on the invariant mass. Typical sidebands are two regions, 20,, wide, 40,,

far from the signal peak.

2.4 The Maximum Likelihood Functions

The Maximum Likelihood Functions usually used to fit the lifetime are: the binned
M.L.F. and the continuous M.L.F.

2.4.1 Binned Maximum Likelihood

The Binned M.L.F. is based upon the Poisson probability of observing s, signal
events in a bin i centered around ¢;, when n, events are predicted, in presence of B;
background events.
The number of events in the bin 7 of the ¢, signal distribution can be written in the
following way:

n; = 8§ x P'(t.) + B x P¥(t)) (2)
5= total signal events in the signal region; B= total background events in the signal
region; P*, PY= probabilities for an event, of signal and background, respectively,

to have a decay time between ¢; and ¢; + At;.
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P*(t;) can be parametrized as e“:/r; P"9(t;) is obtained by the sidebands.
Then: ]

el bi

— Y —— + B

Tf(t:)-etlT b;

b;=number of events in the bin iof‘ the sideband hystogram; 7 and B are the fit
parameters; 5 is constrained to be § = Nt — B, where N2k is the total number of
events in the signal region.

Assuming a Poisson distribution of the entries in the signal distribution:

(3)

fbins 3

Laignal = H ;_l."'e_"'. (4)
i=1 Lis

s;= number of events in the bin z of the signal hystogram.
For the background:

Ly = )L _ )
where
ko, = B/R (6)
and ; :
o signal width (1)

" sideband width
Finally the total M.L.F. is:
L= Lsignal X ng i (8)

The advantage of the Binned M.L. is that it does not need a parametrization for

the background.

2.4.2 Continuous Maximum Likelihood

In this case the contribution to the likelihood is calculated for each event in the
signal region.
The probability for the event 1 is:
: . Aezp[—(m; — M)?/20,,]
P m,-,tl» =
( ) V2T o

e m;,t; are referred to the event 4

f(£)e 7 + C(m)Ti(t) )

e M is the mean value of the invariant mass;

o Ty(t:) is the t' distribution for the background events as obtained from a fit to
the sidebands.
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The values of A, M, 7,,, C(m,) are fixed from a fit to the invariant mass plot and
the probability P(m;,t;) is normalized to that:

M+20m )
P(mi,t:-)dm,-dt:- =1 (10)

M=2am
Finally the M.L.F. is:
L:HP(m.-,t.-) (11)

3 Measurement of the lifetime of D(’f,D,,Ac

A big improvement in the precision of the lifetime measurements has been achieved
with the E687 data. In Figs. 1,2,3,4 the lifetime measurements are presented with
the statistical errors and, when available, the systematic errors. The decay channels
and the number of events in the yields for the more accurate measurements are also
mentioned. The world mean values of the Particle Data Group ’92 and Particle Data
Group 94 are quoted; the difference between these two quotations is due only to
the E687 (’94) results with full statistics. The accuracy of our present experimental
knowledge of the lifetimes is: ~ 1.4% for D* ,~ 1% for D", ~ 3.6% for D,, ~5% for
A..
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E687 PL B323 (94) A 9200 K™ 2mt
PDG (94) -
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In the E687 analysis a special accuracy has been devoted to the study of the system-
atic uncertainty. Possible contributions to the systematic errors concern the proper
time distribution and the fitting procedure. The factors, which can affect the proper

time distributions, are:
e the transverse profile of the photon beam;
e the momentum spectrum of the charmed states;

(both these sources are connected to possible inaccuracies of the acceptance calcu-
lations);

e the hadronic absorption of the charmed particles and their secondaries. In
this case the uncertainties are due to the fact that the absorption cross section
for the charmed states are unknown and, for what concern the secondaries,
to the difficulty to understand to what extent the elastic scattering causes

mismeasurements;
e acceptance of the detector;

e analysis cuts.
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The correction function f(t') is designed to account for all these factors.

Further factors affect the measured lifetime in the fitting procedure:

e the background parametrization;

e uncertainties in the calculation of f(t').

In the E687 analysis the contribution of these sources to the systematic errors is
very small. The best evidence of that is obtained by analyzing as f(t") changes with
t' and how the fitted lifetime is influenced by the choice of the detachment cut.

In Figs. 5a,b and 6a,b f(t') vs t' and T vs £/o. are presented for the D, and A,

analyses.
"\\c
f(f)
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1.2 i + r
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We can observe that f(t’) is always a very smooth function of t’ and that the fitted

values of the lifetime are not influenced by the detachment cut.
The systematic effects have been studied by the E687 collaboration also doing the

same lifetime analyses for subsamples, defined in various ways. In Figs. 7a and 7b
the results of these systematic studies are shown, as an example, for D, and A.: the

lifetimes obtained by the subsamples are fully compatible with the values quoted for

the full samples.

e Vale
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In Table I a compilation of the Z! mass values measured up to now, are presented.
The mass quoted by PDG’94 is also shown; it does not take into account. the recent

WAS89 data.
Table I

EXPERIMENT MODE YIELD: | MASS

(events) (MeV/c?)
CLEO =t 14 2471 +£3+4
CLEO =t 19 2472 +£3 44
NA32 pK-K* 4 2473.3 £1.9+1.2
ARGUS =t 54 - 24721 +£2.741.6

="rtrtr

E687 =Ewt 42 + 10 2462.1 £3.1 1.4
PDG’94 2470 + 1.8
WAS89 =t 22/25 2455 +4 £+ 7
WAS89 AK-7t 32/37 2465 +£3 £ 7
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The =" lifetime has been measured recently by E687. This is the first determination
with good statistics (a previous measurement from NA32 was based on 4 events).
In Fig. 8 the mass distribution for the channel studied by E687 is presented. The
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Fig-8

decay is ) — Z~7+, where 2~ — Ayr~ and Ay — pr~. In this analysis only =
decays downstream of the vertex detector are taken into account to have a high
resolution track for the charmed state!). The yield consists of 42+10 events.

The distribution of the times of life, the correction function f(t’) and 7 vs £/a; are
shown in Fig. 9. The correction function is very smooth and the fitted lifetime value
is very stable as £/o; cut changes. This is a good demonstration that the systematic
effects are small.

The =0 lifetime quoted by E687 is: 1.017(013 + 0.05ps.

5 =%

c

The charged cascade has been measured more extensively than the neutral cascade,
due to its longer lifetime.

In Table IT the mass measurements are presented. The PDG’94 quotation does not
take into account yet the Excharm and the WA89 data. In Table IIT the lifetime
measurements are summarized, together with the decay channel, which has been

analyzed, and the statistics of signal events used to measure the lifetime.

INA
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Table II
EXPERIMENT MASS
(MeV/c?)
CLEO 2467 £3+4
ARGUS 2465.1 £3.6 1.9
WA62 2460 =+ 25
E400 2459 £ 5 £+ 30
NA32 2466.5 £ 2.7+ 1.2
E687 2464.4 +£2.0+ 1.4
PDG’94 2465.1 £ 1.6
Excharm 2465 + 4
Excharm 2472 + 4
WAS9 2462 + 3
WAS89 2465 + 3
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Table III

EXPERIMENT | Channel YIELD (ps)

(events) (MeV/c?)
WA62 AK ntnt 53 048
E400 A(Z)K-mtrt 5.7 + 15.1(A") oA

6.7 + 15.7(2°)

NA32 T 6 0.2%)e
PDG’92 01301008
E687 = rtxt 29.7+ 7 0.41%0)05 + 0.02
PDG’94 0:355
WAB89 ANK-rtnt 21/18 0.3244c £0.05

The difference between the values quoted in PDG’92 and PDG’94 is due to the E687

data.

The E687 results concern the analysis of the channel Z-w*n+ with - — A"z~ and

A® — pr~. Also in this case only £~ decaying downstream of the vertex detector

are considered.

In Fig. 10 the hystogram of the invariant masses, the plot of the times of life and
of 7(Z7) vs £/oy are shown. I would like to stress that once again the fitted lifetime

values are not influenced by the detachment cut?.
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6

After the first evidence provided by WA62 (with only 3 events), in 1992 ARGUS
and E687 obtained a peak having ~2.7 s.d. of statistical significance in the channels
ETK~w*r* (1247 events) and Q™ x with @~ — AYK~ (1044 events), respectively.
But later the decay channel Z-K~n*rn* was studied by CLEO and E687, and the
channel Q™7 7*x* by E687; in all three cases no evidence has been found.

More recently E687 reached a good statistical significance for the presence of Q" in
the channel X" K~ K-« with £+ decaying both to pr* and nrt. The total yield
consists of ~ 42.5+8.8 events.

A further preliminary evidence has been obtained by E687 in the channel &+ K~ K",
with 21.3448.3 events in the yield.

Up to this moment 4 independent evidences of 2 were obtained, but no one channel
was observed by two different experiments.

Very recently WA89) found good evidence for Q¥ in the following channels: Q~n*,
Qrrtet B K ntnt E- K7t E- K7~ ntnt  AK- K~ ntnt AK'K-n+.

Then now we have two channels showing an Y peak from the analysis of two different
experiments: Q™ 7" by E687 and WA89; =~ K~ntx* by ARGUS and WAS89.

In Fig. 11 the Q invariant mass, as reconstructed in the various channels, are

shown.
Eos7 ZV K™K} —o—
WA A’ KKt o o2
INVARIANT MASS
M1 NK K7 0t
11 Kt —o— © preliminary
1 =K At —o—
1= Kt o
P O gtate —o—t
" gt —o—
Eos7 L K Kt e
ARGUS N ntaa* ——t
E687 7 i i
ARGUS I K a*n* ———t
WAs2 &Kt 2t [ — -
Fig. 11 S " . . .
730 2750 paen (MoV/

L 1 L
2690 2710
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The values quoted fluctuate in a large range, but if we take into account only the
more recent values, included the preliminary ones, we can observe that the mass

values range within the interval 2700-2710 MeV/c?.

6.0.1 ) lifetime

The E687 collaboration studied the QU lifetime analyzing the channel: ,

Q" — $+K~K~n" in both the %+ decay modes: ¥ — pr’ and & — nrt.

Inb Fig. 12 the two subsamples, obtained selecting the & — pr® and the & — nr™
decay modes, are shown together with the full sample. The Q0 mass is: M(Q)) =
2698.8 + 2.5MeV/c? (width=6.4+1.9 MeV/c?) for the sample with & — pr”, and
M(Q") = 2700.0 £2.0 (width=5.6+1.3 MeV/c?) for the sample considering the nrt
decay mode. Finally the full sample gives: M(£) = 2699 £ 1.5+ 2.5MeV/c*. The

consistency is very good. The mass widths have to be compared with the resolution

alone, which is 8.0£2. MeV/c*.

—
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Fig. 12

In this analysis we taken into account only ¥ decays downstream of the vertex
detector and upstream of the first magnet. In this way we can reconstruct the
intersection between a high resolution ¥ track (microvertex) and a p or m track

(MWPC). Constraining the £% mass, p(£*) can be calculated.
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The confidence level helps in solving the two-fold ambiguity, which remains at 35%
for the (pr") sample and at 10% for the (n7*) one. This difference between the two
subsamples is due to the larger 7+ decay angle, if compared to the p one, and to
the use of the calorimeters in checking the n direction.

Various methods are used to account for possible double candidates; the results are
quite equivalent and introduce a systematic uncertainty of ~ 0.1MeV/c*. Possible
contamination from other channels, as Z) — " K7~ n*, has been studied and it
has been found to be negligible.

The measurement of the Q! lifetime presents many difficulties because, from the
preliminary results, it appears to be very close to the resolution of the E687 exper-
imental set up, which is ~ 0.05 ps for the lifetime reconstruction.

As a consequence the cut on £/o; cannot be used or can be used very weakly
(¢/o¢ > 0) and the simple correction function f(t’) is not valid anymore. In fact
the corrections obtained via MC simulations are heavily influenced by the lifetime
and the resolution in t’ (or t;t’=t without detachment cuts), which have been as-
sumed for the generation.

Various approaches are used to solve these problems. An iterative method makes
use of several f(t’), calculated with different 7y.,. An other approach adopts a two-
dimension simultaneous parametrization of f(t',7se,). In addition both the Binned
and the Continuous Maximum Likelihood methods are used.

The E687 collaboration has not yet given a final quotation. But what is possible
to adfirm already is that the ) lifetime ranges between 0.05 and 0.1 ps, with a

statistical error of ~0.02 ps. The systematic error is still under study.

7 Conclusion

In Table IV I summarize the lifetime results obtained by E687, which up to now are

the most accurate and in Table V their accuracy.

Table IV

E687 PDG94

A(psec) A(psec)
D* 1.048 + .015 + .011 1.057 £.015
D" 413 £ .004 +.003 415 £ .004
D¢ AT5 +.020 + .007 467 £ .017
AT 215 £ .076 +.008 200% 50
=4 A410%08 £+ .02 By
=0 101F0% + 005 098THE
0L .05 — .1
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Table V

Accuracy Accuracy

(E687) (PDGY4)

D* 1.8% 1.4%
DY 1.2% 1.0%
D% 4.5% 3.6%
AL 8.3% 5.2%
= 27.2% 15.7%
=6 25.2% 19.4%

The quotations of PDG’94, which include the E687 measurements, are also shown.
From these results we can extract the best quotations of the ratios between D* and

DY, D, and D" lifetimes:

r(D¥)
=2. 5 12
=D) 2.547 £ 0.043 (12)
and (Di)
L
s/ —1. { 1
(D) 1.12 £ 0.04 (13)

Taking into account that the semileptonic widths, still from PDG’ 94, give:

I(D° - eX) _ T(D" - eX)/Tuu(D")  Tut(D*) _ o
T(D* — eX) T(D* — eX)/Tit(D*)  Ceat(D¥)

=1.14 £0.22

_ BR(D' — eX) L r(D%)
" BR(D* — eX) 1(D")
it is clear that the extra rate of the charged D’s with respect to the neutral ones is

not due to the semileptonic process.
In addition the baryon lifetime hierarchy can be considered settled enough in the

following way: 7(Q) < 7(2!) < r(A}) < 7(EF)
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ABSTRACT

The production of heavy quarks at large pr (pr >> m) in hadronic collisions is consid-
ered in the framework of perturbative fragmentation functions, allowing a resumma-
tion at the NLO level of final state large mass logarithms of the kind log(pr/m). The
resulting theoretical uncertainty from factorization/renormalization scales at large
pr is shown to be much smaller than that shown by the full O(a?) perturbative
calculation. Then the production of heavy quarkonia at large tranverse momenta
is discussed by including the mechanism of fragmentation, in particular the direct
fragmentation to JA) and the fragmentation to x states followed by radiative decay
to J/p. The overall theoretical estimate is shown to be nearly consistent with the ex-
perimental observation for JA). On the contrary the situation is quite unsatisfactory
for the 7', demanding for a new mechanism dominating the production process.

The hadroproduction of heavy quarks has recently been a subject of intense
studies both experimentally and theoretically, in particular as an important testing
ground for QCD. Also the study of the production properties of bound states of
heavy quarks plays a central role in our understanding of the theory on the very
border between the perturbative and non perturbative domains. A large amount of
experimental data on the hadroproduction of b and ¢ quarks and their bound states
has been accumulated so far, to be compared with next-to-leading order (NLO)
calculations recently available on the market. In this talk I will not attempt to
review the full range of theoretical predictions on the production processes, the
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general properties having been already discussed nicely by Berger 1), Rather I will
concentrate on some new results on the production of heavy quarks and quarkonia
at collider energies and large transverse momenta, which go beyond the strict realm
of fixed order perturbation theory, giving more precise predictions and also some
new ideas for the production mechanisms.

We consider first the production of heavy quarks in hadronic collisions.
On the theoretical side the calculation in perturbative QCD of the differential and
total cross sections to order a® has been performed 26) providing a firm basis for
a detailed study of the properties of the bottom and charm quarks, and leading to
reliable predictions for the production rate of the top quark 89

These results do however present a non-negligible residual factorization/
renormalization (f/r) scale dependence, particularly at large pr. Furthermore, the
validity of this NLO O(a?) calculation is limited when pr > m, m being the large
quark mass, by the appearance of potentially large logarithms of the type log(pr/m),
which have to be resummed to all orders. The physical reason for that is quite clear.
For example, terms of order (a?)log(pr/m) or (a})log(pr/m)? are simply related
to the mass singularities originating from collinear configurations when m — 0
for fixed pr. The theoretical uncertainty associated to those corrections has been
roughly estimated in 2. Whereas for top quark production this uncertainty is
irrelevant, this is not the case for the production of bottom and charm quarks at
large pr, leading to relevant phenomenological consequences.

A solution to this problem has recently been considered 7, following an
approach based on the properties of fragmentation of a generic parton p (r=99Q)
in the heavy quark @, after the parton has been produced inclusively in the hard
collision of the two initial hadrons. The basic formula is represented by eq. (1),
where the partonic cross sections j_.kx at O(c?) have been given in ref. 1) in
the massless quark limit. &;;_kx introduces an explicit dependence on pr and on
factorization/renormalization mass scales. The dependence on the heavy quark
mass is then obtained through the fragmentation function of the parton p — Q@ +X,
evolved at NLO accuracy from an initial scale po ~ m (see below) to p ~ pr.
This approach explicitly resums potentially large terms ot the kind [a, log(pr/m)|",
giving a better description of the theoretical predictions at large pr. Indeed the
corresponding uncertainty is quite reduced in this region with respect to the fixed
order result, due to a significantly smaller sensitivity to the relevant scales. On the

other hand, because of the massless limit used for the O(a?) kernel cross sections
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Gij—kx, this approach does not allow to recover in a simple way the limit pr <m of
the perturbative calculation.

I will briefly review the main ideas of this analysis. According to factor-
ization theorems '?) the cross section for the inclusive hadroproduction of a hadron

at high transverse momentum, i.e. for the process
Hi+H,— H;+X
can be written as

do =) / dz; dz,dzs F}'}l(:1:1,pF)ng(zz,pF)d&;j_.kx(zl, 3,3, LR, o7 ) DiP (23, 1)

ij ke
1)
As usual, the F’s are the distribution functions of the partons in the colliding
hadrons, & is the kernel cross section and D is the fragmentation function of the ob-
served hadron. The factorization mass scales pp of the structure and fragmentation
functions are assumed to be equal for the sake of simplicity. up is the renormaliza-
tion scale.

Due to the presence of collinear singularities both in the initial and final
state this process is not fully predictable by QCD itself. We can actually calculate
the kernel cross section and the evolution of the structure and fragmentation func-
tions, but we have to rely on some phenomenological input to obtain the latter at
some given initial scale.

This situation changes drastically when we come to consider the inclusive
production of a heavy quark. In this case its mass, being finite and considerably
greater than A, makes the perturbative expansion feasible and prevents collinear
singularities from appearing in the splitting vertices which involve the heavy quark.
Having this in mind two approaches can be pursued in the calculation of heavy
quark production.

The first one is to directly calculate in perturbation theory the process
déijmox, Q being the heavy quark and 7,7 the initial state light partons (i.e. light
quarks and gluons). This kernel cross section will then be convoluted with initial
state structure functions only, the final state showing no singularities of any kind.
This approach has been followed in the past 2°%), providing a full perturbative O(a?)
calculation. In the following we shall use for comparisons the results of Nason,
Dawson and Ellis, and refer to them as NDE. In this fixed order approach, as stated
earlier, terms of the kind a, log(pr/m) will appear. They are remnant of the collinear
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singularity screened by the finite quark mass. As noted in ref. ®) they can grow
quite large at high tranverse momenta, thereby spoiling the validity of the expansion
in a,. Therefore they have to be summed to all orders.

The alternative way is to consider that when a quark, of whichever flavour,
is produced at very high transverse momentum pr > m its mass plays almost no
role at all in the scattering process. This is to say that mass effects in the kernel
cross section are suppressed as power ratios of mass over the scale of the process. We
can therefore devise a picture in which all quarks are produced in a massless fashion
at the high scale pr ~ pr > m and only successively, as their virtuality decreases,
they can fragment into a massive heavy quark. The cross section can therefore be
described by a formula analogous to eq. (1), with H3 = Q. The key difference to
the hadron production case considered in eq. (1) is that initial state conditions for
the heavy quark fragmentation functions are now calculable from first principles in
QCD (hence the definition of “perturbative” fragmentation functions, PFF) and do
not have to be taken from experiment.

Actually, the following set of next-to-leading initial state conditions can
be obtained !* in the M3 scheme for the fragmentation function of a heavy quark,
gluon and light quark respectively, in the heavy quark Q

D3(z, po) = §(1 — z) + a.(g;)cp [1;1“:: <1og 7_’;52 —2log(l —z) — 1)]+ (2)

D (o) = L 4 (1 - =) log :T‘z’z (3)

D], 4z p0) = 0 (4)

where po must be taken of the order of the heavy quark mass.

Then using the usual Altarelli-Parisi evolution equations at NLO accuracy
one finds the fragmentation functions set at any desired factorization scale pr. An
important feature of this approach can now be appreciated. The “almost-singular”
logarithmic term log (pr/m) splits into two, as follows. A log (pr/pr) will be found
in the kernel cross section & which has no dependence on the heavy quark mass,
according to the assumption that it is produced in a massless way). Moreover, by
choosing gy ~ pr it will not contain large logarithms and its perturbative expansion
will behave correctly. The remaining part of the log will instead be lurked into the
fragmentation function D(z3,ur). The large log(pr/ o) is resummed to all orders by
the evolution equations, and only the small log(po/m) provided by the initial state
condition is treated at fixed order in perturbation theory. Therefore one expects
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a better control of the theoretical uncertainty at large pr. On the other hand, for
pr $ m the fragmentation approach does not allow to recover easily the O(a?) result,
which, of course, holds exactly.

In order to implement the “perturbative fragmentation function (PFF)
approach” at a numerical level we need three ingredients, which are all available at
the next-to-leading level:

i) the distribution functions of any parton (including the heavy flavour in ques-
tion) in the hadrons (proton or antiproton), evolved at NLO accuracy. All
modern sets satisfy this requirement. An important point must however be
made clear. A heavy quark present in the initial state can be directly brought
to the final state where it is fragmented to the detected heavy flavour through
the Dg, and therefore with high probability. This means that the resulting
cross section is particularly sensitive to the overall heavy flavour content of
the colliding hadrons. In the Parton Distribution Functions (PDF) sets avail-
able this content is generated through perturbative gluon splitting above a
given threshold. The total yield will therefore depend on the choice made.
For instance, the HMRS-B set 14 (Af‘W_S = 123) takes Fy(z,2m;) = 0 as ini-
tial condition, whereas the MT-B2 ' (AMS = 124) and the CTEQIM ®
(AMS = 152) ones choose, according to ref. 17, Fy(z,ms) = 0.

i) the kernel cross section for the scattering of any two massless partons into
another massless parton. This calculation is provided at the NLO in various
renormalization/factorization schemes in ref. 1),

113) the fragmentation functions of any parton into the heavy flavour. They are
obtained by evolving the initial conditions given above (egs. 2,3,4) with NLO
accuracy '®). This is done through numerical inversion of the Mellin moments
of the evolved distributions.

With these ingredients at our disposal we ean now evaluate the cross section
for the high pr inclusive hadroproduction of a bottom quark. Figure 1 shows, from
ref. 7) and for the b-quark production, the comparison of the result of ref. 3 with our
calculations for two different PDF sets, for pp collisions at the Cern and Fermilab
colliders energies of 630 Gev and 1800 GeV respectively, for p = /m? + p2. We
can see that in the high pr region the fixed order cross section is quite sensitive to

the structure function set choice, the MT one giving a markedly lower result. The
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Figure 1: Results from the PFF approach com%ared to the
fixed order prediction of NDE, with the MT-B2 and the
HMRS-B sets, at 1800 and 630 GeV for pp collisions.

opposite happens in the PFF approach, which becomes very sensitive in the low pr
region to the neglect of the heavy quark mass terms in the partonic cross sections
and to the threashold behaviour of the PDF sets in the heavy quark content. Our
calculation, on the other hand, leads to substantially identical predictions obtained
in the high pr region with the two PDF sets.

Next we consider the dependence on the choice of the f/r mass scale p.
Figure 2 shows, for pp collisions at 1800 GeV and with the MT-B2 and HMRS-
B sets, the theoretical uncertainty resulting from the variation of the factorization
and renormalization mass scales between p,.s/2 and 2.5, where fi,.s is defined as
\/m? + p% and we have taken p = pr = pp. As expected the band of the NDE
calculation is sensibly larger than ours, showing the improvement brought by the
resummation of the large logarithms of pr/mj;. These features can be better appreci-
ated in figure 3, where the cross section at 1800 GeV with the MT-B2 set is plotted,
at fixed y and pr, as a function of g = €p,ey, for € varying between 0.25 and 4. This
figure also shows a comparison with the factorized calculation with a Born (i.e. LO)
cross section kernel (but with two-loop @, and NLO structure and fragmentation
functions). As expected, the lack of the next-to-leading terms strongly enhances the

scale dependence. The similarity between the NDE result and the fragmentation
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Figure 2: Scale dependence at 1800 GeV, with MT-B2 and
HMRS-B structure functions sets.

function approach with Born kernel cross section is striking. The small scale sensi-
tivity of our full NLO calculation shows that the factorization/renormalization scale
dependence is a real O(a?) effect, whereas in the fixed order approach (e.g. NDE)
the presence of large log(pr/m) results in an effective O(a?) dependence.

We can now turn to quantities of more direct experimental interest and
see how the advantages of our approach are reflected onto them. Namely, we will
consider the total cross section for one particle inclusive heavy quark production,
integrated above a given p*** and within a rapidity region |y| < Ymqe. Only the varia-
tion of the theoretical prediction due to changes in the factorization/renormalization
scale and in the PDF set used will be studied. Other possible sources of uncertain-
ties, aside the change of po which has been shown to be almost neglibible, are the
value of the QCD scale A and of the bottom mass m;. They should however be
common to both the fixed order and the fragmentation function approach, and have
been studied in detail in ref. ).

The overall smaller theoretical uncertainty of the PFF result can be ap-
preciated in fig. 4, where the highest and lowest predictions of the two approaches,
out of the six curves previously considered, have been plotted. Note that we have
not considered in detail the uncertainties for pr <10 GeV. The CDF experimental
data '®) are also shown. Similarly in fig. 5 the comparison is shown with UA1 data

(8]
v
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Figure 3: Scale dependence of the cross section as a function
of g = €p,es, at y = 0 and pp = 80 GeV. “NDE” and “PFF”
refer to the full NLO calculations, whereas “PFF born” is
the result of the fragmentation function approach with LO
kernel cross section.

20) at 630 GeV.

The same kind of result is obtained for charm production. Figure 6 com-
pares compares our predictions to NDE and also in this case we find a sizeable
reduction in the uncertainty of the theoretical prediction. An independent analy-
sis has been carried out 2! for the hadronic production of the charmed mesons
D and D*, using phenomenological inputs for the fragmentation functions in e*e”
annihilation and NLO evolution equations. The predicted tranverse momentum
distributions behave similarly to the open charm results.

We consider now the production of the bound states of heavy quarks which
plays a central role in our understanding of QCD on the very border between the
perturbative and non-perturbative domain. In particular it is of key importance to
have accurate estimates of the production cross sections at large tranverse momenta
for precisibn tests of the theory and possible evidence of new phenomena.

So far there has been an intensive experimental study of the c¢ 15 vector
bound state, namely JA) and %', both at UA1 ?») and CDF ). The results have

[8%)
[3S]
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heavy quark production at 1800 GeV in heavy quark production at 630 GeV in the
the PFF and fixed order approaches. CDF PFF and fixed order :rtsaproaches. UAL1 ex-
experimental data are also shown. perimental data are also shown.

been compared with theoretical calculations 242:25) which take into account two
different mechanisms for JA) production: direct charmonium production, including
the contribution from the yx states, i.e.

99,99 — X9 Q952 4:X9
L Jp L gp

and the production resulting from B mesons decay

99— Jh g (5)

P — bX
Lpoiwx

These calculations are in disagreement with the results from CDF, the Jj)

rate observed being actually higher, by a factor of two or more, than the predicted
e 23.25,26)

(6)

on

It has however recently been pointed out by E. Braaten and T.C. Yuan 27
that at large pr an additional production mechanism comes into play, namely the
fragmentation of a gluon or a charm quark into a charmonium state. While being
of higher order with respect to direct production by a power of the running cou-
pling constant a,, this mechanism becomes dominant at large pr because of a factor
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Figure 6: Results from the PFF approach to ¢ quark pro-
duction compared to the fixed order prediction of NDE, with
the MT-B2 set, at 1800 GeV for pjp collisions.

O(p%/m?) which overcomes the extra power of a,. The fragmentation functions de-
scribing these processes can be calculated perturbatively. Indeed it has been argued
in 27 and subsequently shown at LO in ?*) that J/ production via fragmentation
will overcome the direct one (i.e. gg — Jpg) at pr ~ 6-8 GeV. A similar exercise for
the x production, when the total fragmentation probability [ DX (see below) times
the gg — gg cross sections is compared to the direct production gg — x g, reveals
that fragmentation should dominate for pr already at ~ 2 GeV. Since this result is
at the limit of validity of the fragmentation function approach, we can however still
expect that the fragmentation mechanism will dominate over the direct one at pr
values as low as 5-6 GeV.

These ideas have been recently applied 3%37:%) to a more quantitative de-
termination of the J/) production rate in hadron collisions, taking also into account
the production via fragmentation processes of the x states and subsequent radiative
decays to Jfp.

To this aim the following fragmentation functions play a major role: the
gluon fragmentation to Jj 27, D;W (see fig. 7); the charm (or anticharm) fragmen-
tation to Jip ), DJ¥ (see fig. 8); the charm fragmentation to x states 0,30 5D

o
o
IS
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Figure 7: One of the diagrams for
the gluon fragmentation function at
the scale g = 2m,.
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Figure 8: One of the diagrams for
the charm fragmentation function,
at the scale u = 3m,.

Iy

060000000

Figure 9: One of the diagrams for
the gluon fragmentation function to
the x states, at the scale u = 2m,.

Figure 10: One of the “perturba-
tive” contributions to the induced
gluon fragmentation function, at the
scale u =4m,.

and finally the gluon fragmentation to y states 32), DX (see fig. 9).

They have been all calculated by perturbative techniques at an initial scale
of the order of the mass of the J). Of course in the evaluation of the actual cross
sections they must be evolved to the appropriate scale, and one gets to the usual
expression

do(pp — Jfp(pr) + X) = E/l dz do(pp — i(pr/z) + X, 1)D{? (z,u) (1)

i Zmin

for the J/) production, the sum running over g, ¢ and & A similar formula does
hold for x production. The cross section on the right hand side corresponds to
the inclusive production of the parton i, convoluted with the appropriate structure
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Figure 11: Leading order differential Figure 12: Leading vs. next-to-leading

cross sections due to various fragmenta- cross section for producing a Jfi via frag-
tion processes: ¢, g, induced gluon frag- mentation. Only the dominant x; and X3
mentation to J/A) and gluon fragmentation contributions are included.

to x followed by radiative decay to J/i are

shown.

functions and summed over all relevant parton-parton scattering processes. p is the
factorization scale, which is taken of order po = \/pF + M3,

The evolution of the fragmentation functions given above obeys the usual
Altarelli-Parisi (AP) equations

1

g D) = 3 [ Pinseln) Do ©®
Furthermore it has been pointed out in ref. 3% that when one considers the whole set
of the AP equations, with the appropriate mixings taken into account, the evolution
of the D/¥ will induce a gluon fragmentation function through the splitting g — c¢
and subsequent fragmentation of one of the quarks into a Jf (see fig. 10). This
process is of order a® but, being enhanced by a factor log(p/M. 1), Will dominate
over the the contribution from D:/’J’ at large pr.

We present first the leading order (LO) results using the Born partonic
cross sections and then, to reduce the theoretical uncertainty, by taking into account
the full NLO 1) information on the partonic scattering processes.

From ref. 3 we plot in fig. 11 the LO cross sections, differential in pr and
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integrated over the 7 < [0.5] range, for producing a Jj) via fragmentation, either
directly or after radiative decay of a x state. The values of the various parameters
entering into the calculation are reported in ref. 3%, and we are using g = po for the
factorization/renormalization (f/r) scales. We also use the MRS-DO0 set of structure
functions. The curves labeled by y are due to gluon fragmentation only. We have
not included ¢ — x fragmentation contributions since, from the total fragmentation
probabilities listed in 3%), they can be predicted to lie two orders of magnitude below
the ¢ — Jf) curve and be therefore surely negligible.

From inspection of fig. 11 the contributions from y; and y, states can be
clearly seen to dominate all over the pr range considered.

Next we compare, in fig. 12, the results obtained for the dominant y; + X2
contribution in the LO approach with those obtained by inserting also the next-to-
leading (NLO) partonic cross sections, to order a3, with a, evaluated to two loop
accuracy. Figure 12 clearly shows that the higher order terms enhance the cross
section by a factor about 1.5. This is consistent with previous studies of higher
order corrections in heavy quark 2% and inclusive jets 3% production in hadron
collisions. The effect of variations of the f/r scales u between 0.6 p and 2p0 is also
shown. As expected, the inclusion of the NLO terms reduces the sensitivity to scale
variations.

Finally we show, in fig. 13 and from ref. *® prediction for J) production
by adding the mechanism of fragmentation to the direct one 3*) and to the produc-
tion from B decays as taken from ref. 2%), together with the reported theoretical
uncertainty. The bands are made by choosing the highest and lowest curve which
could be obtained by varying some of the parameters. The total result is obtained
by adding togheter the two highest and the two lowest curves respectively. The size
of the the fragmentation contribution is seen to be comparable with the previous
estimate for the sum of the two mechanisms considered up to now, leading therefore
to a sizeable enhancement of the predicted overall production rate, which we also
show in the figure. Similar results have been obtained in ref. 37).

When we compare with CDF data points 2*) we see that they are now
more compatible with the theoretical band. This improves sensitivly the previous
situation, where only by making very extreme choices of the parameters one could
get close to the experimental findings. In addition the new set of CDF data 39,
which selects out via a microvertex detector the fraction of Jfp coming from B
decays, also agrees better with the theoretical predictions after fragmentation has
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Figure 14: Fractional contribution to the
J/p production cross section from B de-
cays and prompt sources.

old result (dotted line) from ref. ** %) (up-
per curve: u = mp/4, A = 275 MeV;
lower curve g = mgp, A = 215 MeV)
and the new fragmentation (dashed line)
contribution (upper curve: p = 0.6uo,
ul; = 4 GeV; lower curve: p = 2o,
i = 2 GeV) are included.

been taken into account, as shown in fig. 14.

Whereas the fragmentation mechanism discussed above seems to give a
better description of the Ji) production, the situation concerning the 9’ on the
contrary is still far from our present understanding. Indeed the the production rate
of prompt 3’ at the Tevatron is larger than the theoretical prediction at large pr by
about a factor of thirty. This large discrepancy clearly demands for a new mechanism
dominating the production process. Indeed very recently new proposals have been
put forward as, for example, the existence of higher P-wave or D-wave states which
decay into the 3, similarly to the y states decaying into the Jhp 3249, Also the
existence of new metastable charmonium states or hybrid charmonium states &1,
and, more recently, the contribution of colour octet states 42) which subsequently
evolve non perturbatevely into a 9’ or J/) plus light hadrons, have been advocated

as possible candidates for solving this 9’ anomaly. A more accurate analysis of ¢’
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production data could certainly shade some light on the relative importance ot the
above mentioned mechanisms in the production of S-wave states of heavy quarkonia.

To conclude, we have discussed the production of heavy quarks at large
pr (pr > m) in hadronic collisions. In order to make the theoretical predictions
more reliable, we have studied this problem in the framework of the perturbative
fragmentation functions, which allow a NLO evaluation of the potentially large log-
arithms of the kind log(pr/m), which are resummed to all orders. Our analysis for
the b and ¢ quarks leads to much more stable results with respect to changes of
the factorization/renormalization scales compared to what is obtained in the O(a®)
calculation. Also the theoretical uncertainty related to different choices of PDF sets
is reduced. Other possible sources of uncertainties, like the scale po of the initial
state condition in the fragmentation functions evolutions, are negligible.

We have also considered the inclusive production of J/) in hadron collisions
in the framework of fragmentation functions. We have shown explicitly that the
production and successive radiative decays of the x states plays a dominant role.
The overall theoretical estimate, including the contribution from B decays, is nearly
consistent with the experimental observations. The situation for 9', on the contrary,
clearly demands for new mechanisms of production which might explain the large
discrepancy with the experimental observation.

I'm grateful to Matteo Cacciari for comments and his valuable help in
preparing the written version of this talk.
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Abstract
The general CP phenomenology for beauty and charm decays is sketched and the
KM expectations of large CP asymmetries in B decays are reviewed. I describe
some observable signatures for the intervention of New Physics and list benchmarks
defining the ‘ultimate’ measurements in beauty physics. I also stress the need for
dedicated searches for CP asymmetries in D decays; attaining a sensitivity level of
107 could well reveal New Physics and thus lead to a new paradigm.

1 — Imntroduction

The three basic messages I want to convey in this talk are contained in the title:

® We can confidently ezpect large CP asymmetries to occur in B decays.

o I feel almost justified to promise that New Physics (NP) will reveal itself there.
o It is quite conceivable that CP asymmetries will become observable in charm
decays — in particular if an intervention of NP will enhance their size above the
levels expected within the KM ansatz.

The talk will be organized as follows: the general phenomenology is sketched in
Sect. 2-and the KM expectations for B decays are stated in Sect. 3; signatures for
NP are listed in Sect. 4; Sect. 5 contains the ‘HERA-B menu’ while the ‘ultimate’
measurements are defined in Sect. 6; after describing the most promising ways to
search for CP violation in charm decays in Sect. 7, I give an outlook in Sect. 8.

235



LI Bigi

2 — General Phenomenology of CP Violation

There are five different classes of CP asymmetries that can emerge in meson decays,
and they fall into two groups.

The first group involves comparing partial rates. The decay rate for two CP
conjugate channels as a function of proper time ¢ can be written as

T(BID] — ft) = e™201'Gy(t), T(B[D] - fit) = ™ M0 G (t) (2.1)

If G7(t)/Gs # 1 is observed, CP violation has been discovered. Three classes can

be distinguished:
. 0 0
7(t d 7t
o] f
——=£1, —|="% 2.2
ol Gk =
This represents ‘CP violation involving B® — B°[D° — D°] oscillations and it can
manifest itself in non-leptonic decays: e.g., By — ¥ Kg or D° —» KT K, n*x~ [1].

(b): : 5
G(t) d (Gt) _ 4
Eﬁ lepioc (@) =0, 2Gy(t) #0 (2.3)

It constitutes ‘CP violation in B® — B°[D° — D°] oscillations’ which can most clearly
be studied in semileptonic decays, in particular to ‘wrong-sign’ leptons: B° = (b3) —
ItX or D° — " X.

(c):

1l

G7(t) d (G d
oy *t () =% won0 =0 k.

This case is called ‘direct’ CP violation and it can also arise in charged meson and
baryon decays: e.g., B— Km, D" K or D — Kgr.

The second group involves observables other than a ratio of partial widths.
(d): CP violation can reveal itself in final-state distributions: there can be telling
asymmetries in the Dalitz plot, or T odd correlations can arise.
(e): CP violation can be established also through the observation of a special tran-
sition rather than an asymmetry. Consider

ete” — BOBO[DODOHJcpzl—— — fif (2.5)

with f, and f, being CP eigenstates of the same CP parity. Reaction (2.5) can
proceed only through CP violation since the initial and final state CP parities differ.

The prospects for observing such phenomena vary considerably from case to
case: class (e) will presumably remain academic since its rate depends on the prod-
uct of two small branching ratios like for fi, = ¥ Kg — (I*I7)Ks or DtD~ —
(K-wtnt)(K+n~n~). Class (d) represents a very wide and promising field; some
interesting theoretical studies have been made [2], but it is still too early to draw
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Table 1:

Class Advantages Drawbacks

CP violation | e reliable theoretical predictions | e flavour tagging required
involving e large effects e asymmetric B factory
oscillations o striking experimental signature | needed

e access to all three angles of the

KM triangle

direct CP o self-tagging o less clean theoretical
violation e can be done at a symmetric interpretation
B factory o smaller effects
e less striking experimental
signature

e access to only one angle
in the KM triangle

firm conclusions, and I will not pursue it any further here. As far as class () is
concerned, existing predictions are not very precise, but it is very hard to see how
CP asymmetries in semileptonic B” decays could exceed 0.1 %.

In the following I will focus on classes (a) and (c), which have complementary
advantages and drawbacks, as sketched in Table 1.

3 — KM Expectations in B Decays

3.1 Generalities

Within the KM ansatz the CP asymmetries are described in terms of relative phases
of various KM parameters. Weak universality imposes unitarity constraints on them
that are expressed by triangle relations(3]:

0 = V*(ud)V (ub)+V*(cd)V(cb)+V*(td)V (tb) = V (ub)—AV(cb)+V*(td), A ~ sin f¢
(3.1)
Since the three sides of this triangle are all ~ O(A%), its angles are naturally large,

see Fig. 1.
This is in marked contrast to the situation in charm decays where the relevant

triangle is given by

0 = V™(ud)V (cd) + V*(us)V(cs) + V*(ub)V(cb) =~ O(X) + O(A) + O(X°)  (3.2)

5 B b 4
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KM suppressed g B;— B, oscill
B decays

V (ub) V*(td)

AV(cb)

KM favoured B decays

Figure 1: The KM triangle relevant for B transitions

which represents a very ‘squashed’ triangle with one angle necessarily tiny and the
other two accessible only through highly suppressed transitions with an amplitude
of relative strength O(A*) ~ 31072,

The foremost goal is of course to find CP violation. Yet one can define a more
specific and detailed program of inquiry, namely to first determine and then probe
the KM triangle with utmost sensitivity. For that purpose one aims at extracting
the values of the KM parameters |V(cb)|, |V (ub)| and |V (¢d)| from various sets of
data[4]. For these quantities determine the lengths of the three sides of the relevant
KM triangle and thus allow to infer the values of the angles. Next one undertakes
to measure the angles ¢, and ¢, (also known as 8 and «). If their measured values
differed significantly from their infered values, one would have established the inter-
vention of New Physics (NP). There is a clear prescription of how to measure these
angles through CP asymmetries. Consider for simplicity only final states f that are
CP self-conjugate; one then obtains

T(B% — f)
(B> f)
(3.3)
For f = 9K one finds that the asymmetry parameter can be expressed — to a high
degree of accuracy — as a combination of KM parameters only: (q/p) - (T(B° —

Y Ks)/T(B® — ¢ Ks)) = (V*(td)/V(td)) - (V*(cb)V(cs)/V (cb)V*(cs)); therefore
T(B4[Ba) — ¥ Ks;t) = Kie™"2 (1 — [+] sin 24 sin Ampt) (3.5)

I(B°[B°] — f;t) = K;[Kf)e "2 (1 - [+]Im%ﬁf - sin Am3t> , P =

- Similarly
T(B4[B4) = wtr75t) = K,[Ky)e "8t (1 — [+]” sin 24" sin Ampt) (3.6)

As far as By — wn~ is concerned there arise two complications. On the one hand
the quantity ”sin 2¢,” measured in By — 77~ is not identical to the genuine
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KM parameter sin 2¢,. The difference between the two can be ascribed to Cabibbo
suppressed Penguin transitions b — d or to rescattering By — "DD” — ntg~
While I do not expect this difference to be big, it exists and provides a limiting factor
in the theoretical interpretation. This added complexity will typically (though not
necessarily) also lead to direct CP violation in By — 7r+7r decays as allowed in
eq. (3.6) through K, # K. Measuring BR(By — w°x°) and BR(B~ — =~x°)
will however enable us to extract sin 2¢, reliably from the CP asymmetry in By —
7tx~[5]. In addition to this theoretical complication there exists an experimental
one as well: it is obviously important to have particle identification that can reliably
distinguish B — Km and B — wm modes. :

There is also some good news which I will only state: there exists a host of
additional exclusive channels that can be employed here: By — %Ky, ¥'Ks, ¥'K,
P(Ksm0) k-, DV DC) etc. for sin 24, and By — 7p, 7w, wa, ete. for sin 2¢,.

3.2 - Determining the KM Trian€le

The baseline of the triangle can conveniently be normalized to unity without affect-
ing the angles. The other two sides are then given by V(ub)/V(cb) and V*(¢d)/AV (cb);
those ratios are more directly observable than V(ub) and V(¢d) themselves.

Our present information on the normalized KM triangle is as follows:
e Present data on charmless semileptonic B decays suggest |V (ub)/V (cb)| ~ 0.08 +
0.03. I am somewhat skeptical that the stated error properly reflects the present
experimental and theoretical uncertainties; yet I am confident that the situation
will be clarified in the next few years due to considerably more sensitive data and a
judicious application of heavy quark expansions[4].
e The quantity sin 2¢; controling the CP asymmetry in By — % Kg can in principle
be extracted from the observed value of ex/Am(By) with little sensitivity to the
(heavy) top quark mass. Yet this procedure at present suffers from grave theoretical
uncertainties in the size of the hadronic matrix element:

d
0.04 \* 70.72\ (1520 [ 0.62 (233) ] A
1 i 7b
s <|V(cb)|) ( ) ( 0.55 ) \ 0, ) \3Bx ) \ 160 MeV 218

Nevertheless two things should be noted here:
— sin 2¢, is large for reasonable values of fp; for fg = 220 MeV one actually obtains
sin 2¢; ~ 0.8!
— Once sin2¢; has been measured, one can infer the value required for fp from
eqs.(3.7) with good accuracy.

The present information on the KM triangle is summarized in Fig. 2: the top of
the triangle has to lie in the shaded area.
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VB fy = 240 MeV

m, = 130 GeV
VB fz = 140 MeV

m, = 190 GeV

V(ub)|_ \ %
Ve =008 A

o

Figure 2: Shape of the KM triangle inferred from present phem')menology

VB fy = 240 MeV

VB fy =200 MeV
150 GeV = m, = 170 GeV

VB fg = 140 MeV

V(ub

09 =‘ V(cb)

C A

Figure 3: Shape of the KM triangle after future measurements of V' (ub)/V(cb) and m,

I anticipate that over the next few years |V/(ub)/V/(cb)| will be extracted with a
realistic error of 10% or less. It is hoped that the top quark mass will be known to
within +10 GeV. The resulting KM landscape is illustrated in Fig. 3. The allowed
area for the top of the triangle is now greatly reduced, and consists of two disjoint
subdomains; one requires fp ~ 210 + 240 MeV and the other fp ~ 140 + 170 MeV.

Knowing |V (¢td)/V(cb)| and thus the third side would provide another power-
ful constraint; yet that information will not come easily. There are three avenues
towards this goal: (i) It has been suggested [6] to extract it from the observed
ratio R, = BR(B — vp/w)/BR(B — vK~). This is based on the assumption
that both radiative transitions are driven mainly by a Penguin operator reflecting
short distance dynamics; in that case one would have R, = |V (td)/V(ts)|* x SU(3)
breaking. Unfortunately it has not been established that in particular the mode
B — qp/w is Penguin dominated. One can actually advance various arguments why
long distance dynamics make quite significant contributions that do not depend on
V(td). 1 am skeptical that such contributions can reliably be computed from first
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principles in the near future; on the other hand one can gauge their weight once
BR(D — yK*, vp/w) and BR(B — yD*) have been measured since these modes
cannot be driven by Penguin operators[7]. (ii) Determining the B, — B, oscillation
rate would allow a fairly reliable extraction:

Am(Ba) | Bfpls, |V(td)]
Am(B,) — Bfpls, |V(ts)

(3.8)

where it is understood that the ratio of the By and B, matrix elements can be
calculated more reliably than the matrix elements themselves. (ii1) My own favourite
is to employ a measurement of BR(K* — m+vi) once that becomes available. For
the width of that rare transition can reliably be expressed as a function of Myop and
|V (td)| with the remaining uncertainty mainly due to the size of muarm 8, 9].

4 — Signatures for New Physics

The best way in which searches for NP are to be conducted will depend on how
much is known at the time about which KM parameter. I will describe here two
typical scenarios to illustrate the basic features on which any search would be based.

4.1 Typical Search Scenarios

(1) With [V(ub)/V(cb)| and |V (td)/V(cb)| known the KM triangle has been deter-
mined. Actually it would already have been overconstrained without data on CP
violation in B decays: for with eqs.(3.7) one can infer the necessary size of fz from
the resulting angle ¢;. With it and the measured top mass one computes Am(By)
and confronts it with the experimental value. Measuring the CP asymmetry in
By — 9 Kg then yields a second sensitive constraint: if it is found to differ from
sin 2¢, as infered from the triangle, one has established the intervention of NP.

(2) If V(td)/V(cb) were remain to be largely undetermined, one had to use the
measured CP asymmetry in By — %K to fix sin2¢; and thus the triangle. As
before it would then actually have been overdetermined: inferring the size of fg
from sin 2¢; one can compute Am(By) and compare it with the data. Measuring
sin 2¢, to obtain a second constraint would then become even more mandatory.

4.2 The ¢3 (or v) Saga

The third angle ¢ can be measured via CP violation involving B® — B° oscillations
or via direct CP violation. The first method searches for a CP asymmetry in, e.g.,
B, — Kgp° decays. However it does not strike me as particularly promising. For
by then the other two angles ¢, and ¢, will have been determined with a higher
accuracy than can realistically be expected for ¢3 measured in this way; ¢3 will then
be known as m — ¢; — ¢, — unless there is NP lurking below the surface! Yet then
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it makes more sense to analyze a channel with (a) a higher branching ratio, (b) a
more striking experimental signature and (c) a cleaner theoretical interpretation.
The mode B, — ¢ (or B, — 1) fits this bill[10]. For the KM ansatz predicts a

small asymmetry here

Im%p(B, — Yé)|xar ~ 2% (4.1)

as is easily understood: for on the leading KM level only quarks of the second
and third family contribute in the transitions B, — 3¢ and B, — B, — ¥¢;
a CP asymmetry then has to be Cabibbo suppressed. New Physics on the other
hand could quite naturally produce an asymmetry well in excess of 10%! A note of
caution: if B, mesons oscillated too rapidly, the asymmetry in B, — 3¢ would get
washed out — yet this would also happen in B, — Kgp°.

The angle ¢3 can be measured also via a direct CP asymmetry in B 5 D K=
modes[11]. This represents a sounder approach, in particular since it can be under-
taken already at a symmetric B factory. Furthermore it is at least intellectually
‘cute’. For it makes use of the fact that for neutral mesons flavour eigenstates and
mass eigenstates are in general distinct (although they can be expressed as linear
combinations of each other) with the former defined by the flavour-specific decays
D° — K-t and D° — K*tr~ ! and the latter by decays into CP eigenstates:
D, — Kgn° D; — K;n° KtK~. A comparison of B~ — D, K~ [D,K~] with
B* — D, K*[D,K*] can then reveal a CP asymmetry for these channels reflecting
the coherent interplay of B¥ — D°K* and B* — D°K# transitions. It should
be noted as a point of general interest that the quantum mechanical realization of
particle-antiparticle identity for B®, D° and K° mesons plays an essential role in CP
asymmetries of B decays: (i) Applied to B states it constitutes a pre-requisite for
B° — B oscillations. (ii) It leads to distinct states K and K, to provide the second
pre-requisite for the observability of a CP asymmetry in By — ¥ Ks. (iii) Applied
to D° mesons it is essential for the emergence of direct CP violation in By — DK
decays, as dicussed above.

The latter is proportional to sin ¢ ?; it also depends on the phaseshift Agy,.
Yet it is a gratifying feature [12] of these reactions that they allow the experimental
isolation of sin ¢3 from the hadronic matrix elements. Due to CPT invariance one
has four independant amplitudes, namely for B~ — D°K~, B~ — D°K-, B~ —
D, ;K™ and Bt — D;,K*. Measuring them allows one to extract sin ¢3, A@str,
|T(B~ — D°K~)| and |T(B~ — D°K~)| (up to a discrete ambiguity)!

4.3 New Physics Scenarios

One can easily give explicit dynamical scenarios of NP that would have an observable
impact on the CP phenomenology in B decays.

1Due to doubly Cabibbo suppressed decays these channels do not provide a perfect filter, yet one of
sufficient quality.
214 is also amusing to note that sin s = 1, sin 2¢3 = 0 for ¢3 = 90° as implied by the ‘Stech’ matrix.
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As usual, the Minimal Supersymmetric Standard Model (MSSM) plays the role
of the standard extension of the Standard Model. Since it does not introduce any
appreciable new phase, there is still no sizeable CP asymmetry in B, — . Yet
MSSM can have an indirect impact [13]. For it can provide a significant contribution
to Am(Bgy) and Am(B,), though not to their ratio. With Am(By)/Am(B,) and thus
]V(td)/V(ts)| measured in addition to |V (ub)/V(cb)| one would observe the following
in the MSSM scenario: the angles ¢; and ¢, as infered from the KM trigonometry
would agree with the observed CP asymmetries in By — YKs and By — ntr; yet
with the value infered for fp from sin 24, one would fail to reproduce Am(By)! The
discrepancy would be due to SUSY contributions.

A non-minimal implementation of SUSY on the other hand would open the
floodgates for additional CP phases[13] — as would horizontal interactions etc. etc.
In general NP is most likely to make its presence felt first in the highly forbidden
AB = 2 transitions driving B® — B° oscillations. In that case it would affect all
By decays in a uniform manner; likewise for B, decays. It would thus represent a
dynamical realization of the ‘Superweak Scenario’.

5 — The HERA-B Menu

Contrary to widely held beliefs good food can be found at DESY. I am actually
referring to food for the mind that is being offered on the HERA-B menu. It consists
of three main courses:

(i) B, — B, oscillations,

(ll) Bd —* ’l[)Ks VS. Bd - 1/)K5,

(iil) B, — ¥¢ vs. B, — g,

and one side dish:

(iv) 7(Bs — D)) vs. 7(B, — ¥¢).

Observing a positive signal in all three cases (i) - (iii) would represent a ‘Beyond
your wildest dreams’ scenario: as discussed before, the results from (i) would yield
the final element for the KM triangle together with one constraint from Am(By);
course (ii) would provide a second constraint. Taken together (i) and (ii) represent
probes for NP in Am(B°) and ImAm(B,). Course (iii) constitutes a clean and di-
rect probe for NP in ImAm(B,). Concerning the side dish (iv): B, — B, oscillations
generate two states differing also in their lifetimes: B{(**") and B{!°"9), The B{shert)
lifetime reveals itself, to a good approximation, in By, — ¢, whereas the semilep-
tonic channels B, — lvD{") reflect the lifetime averaged over B{*"*") and B{len9), A
state of the art calculation yields [14]

(B, — luDg")) —7(Bs = ¥¢) ~0.1- st 7 (5.1)
(B, — luDu(.*)) T 200 MeV ‘

Such a small difference in lifetimes would escape detection. Yet it is conceivable that
the real diffetence is considerably larger since the computation yielding eq.(5.1) is
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Table 2: Possible scenarios for the KM matrix for my,, = 180 GeV.

& LA i | B i [0 il Dt v [ ssnanslLaabei s
[V(ub)/V(cb)| | 0.06 | 0.062 | 0.068 | 0.059 | 0.089 | 0.046 [0.059 [0.071

WY 25 Dbrong (122 11 2 26181) |35

sin 26 052 |054 |058 |051 [071 |0.39 |0.49 [0.59

sin 26, —0.15 | —0.11 | 0.30 | —0.40 | —0.62 | —0.32 | —0.46 | —0.14
sin 25 065 071 |030 |08l |0.99 |0.66 |0.84 |0.70

sin ¢s 094 [094 009 [0.89 |05 |0.93 |0.88 [0.93

not gold-pla.téd. Searching for the lifetime difference in Blehort) v, BUon9) thus
represents a probe not for NP, but of our computational control over hadronization
effects.

6 — The Ultimate Challenge in B Physics

There is good reason for the hope that the asymmetric B factories at KEK and
SLAC will establish CP violation in B decays. Nevertheless it is unlikely that they
will provide also the ultimate measurements. Those are defined by the following
considerations:

(i) Some of the theoretical predictions — like the asymmetry parameter in Bg —
1 K being sin 2¢; — enjoy a high parametric accuracy. Furthermore there exists the
expectation that an increasingly detailed database coupled with refined theoretical
tools will allow us to translate this parametric accuracy into a numerical one of a
few per cent[4]. This opens up the possibility to search for NP contributing as little
as 10% in amplitude.

(i) It is quite possible that no CP violation were found in B decays, with an
upper bound of, say, a very few per cent. In that case we would have established
that K, — wr transitions are predominantly driven by a source (or sources) other
than the KM mechanism, i.e NP!

(iii) Even finding the CP phenomenology in B decays to be fully consistent
with the KM framework could provide us with seeds of more profound knowl-
edge: analyses of SUSY GUT scenarios lead to an apparently rather limited set
of allowed KM matrices. Prominent examples [15, 16] are listed in Table 2 for
Mip = 180 GeV in a way that is convenient for my discussion, where I have as-
sumed [B,f*(B,)]/[Baf*(Ba4)] = 1.1 to translate |V(ts)/V(td)|* into z,/z4. The
symbols A — E and I — II1T refer to different classes of mass matrices analysed in ref.
[15] and [16]. The details are not important here 3 and I anticipate considerable
theoretical evolution to take place over the next few years; but I want to use these
numbers to illustrate important benchmarks for the ultimate measurements:

314 takes, of course, the trained eye of a theorist to discern the simple pattern underlying these values
for the KM parameters.
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e B, — B, oscillations might be extremely rapid!
e The business at hand remains unfinished in an essential way until also sin 2¢, has
been measured with good accuracy.
o To differentiate completely among these scenarios requires the experimental un-
certainties to lie below a few per cent.

Obviously only dedicated experiments performed at the LHC have the statistical
muscle to achieve such goals. The question is: can they develop the systematic brain
that is up to this task?

7 — CP Violation in Charm Decays
It has been stated quite often that without NP D® — D° oscillations proceed very

slowly and CP asymmetries in D decays are small. Yet: How small is small? This
has to be addressed on a case-by-case basis.

7.1 CP Violation Involving D° — D° Oscillations

The rate for D° decays into CP eigenstates like K* K~ or 7*7~ as a function of
proper time ¢ is given by

I‘(Do — f;t) o e~ Int <1 + sin AthImgﬁ(D iy f)) ~
P

A t
~ ¢~lnt (1 + [ -—Imgﬁ(D — f)) (7.1)
D ™ P
In the Standard Model one expects Amp/T'p ~ 0.01 and Imp(D — f) ~ O(X*) <
0.01; i.e. such a CP asymmetry will not exceed the 10~ level, and it is so tiny since
it represents the product of two small effects, namely D° — D° oscillations and CP

violation.

7.2 Direct CP Violation

Direct CP violation can become observable only if two different amplitudes con-
tribute coherently to a certain decay. This can happen for once Cabibbo suppressed
modes, but neither for Cabibbo allowed nor twice forbidden channels. Rough es-
timates tell us that direct CP asymmetries can be as ‘large’ as O(A*) ~ O(1073)
in D — [S =0] and Dy — [S = +1] channels. It will be possible to refine these
predictions in the future through ‘theoretical engineering’ [17], i.e. one matches the-
oretical predictions for two-body modes against a host of well-measured branching
ratios to extract the size of transition amplitudes (including absorption) and strong
phase shifts. Present data limit direct CP asymmetries to roughly the 10% level, as
shown in Table 3.

NA -
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Table 3: Present bounds on CP asymmetries in D decays

| Decay mode | Measured asymmetry [ 90% C.L. limit |
D° - KK~ 0.024 £0.084 [18] [ —11% < Acp < 16%
0.071 4 0.065 [19] —3.6% < Acp < 17.8%

Dt - K- K*nt | —0.031 £ 0.068 [18] —14% < Acp < 8.1%

Dt KK+ —0.12 £ 0.13 [18] —33% < Acp < 9.4%

Dt - ¢t 0.066 + 0.086 [18] —7.5% < Acp < 21%

D° - Ks¢ —0.005 £ 0.067 [19 —11.5% < Acp < 10.5%
D° - Kgn® —0.011 £ 0.030 [19 —6% < Acp < 3.8%

7.3 Possible Impact of NP

The intervention of NP could have a two-fold impact on CP violation involving
D° — D oscillations: it could quite conceivably increase Amp/T'p to around 0.1, its
present upper bound; secondly, it could generate Im(D° — K*K~, mtr~) ~ 0.1
Taken together, it would produce a CP asymmetry ~ O(1%) in reaction (7.1).

A new element overlooked so far emerges for direct CP asymmetries in D —
Kg + 7's transitions[20]. I will describe it here specifically for D* — Kgn* decays.
There are two different amplitudes contributing to this mode, namely the Cabibbo
allowed channel D* — K°rt and the doubly Cabibbo suppressed one (DCSD)
Dt — K°rt:

I(D* — Ksnt) ~

T(D* — K"fr*)) (7.2)

T(D* — K°r*) (1 - 2ReT

1
2 (D+ — K°r+)
Four consequences arise from the coherent contribution of the DCSD amplitude:

e T(Dt — Kgnt) # I(Dt — Kpw') even ignoring CP violation in the KO= KO
system.

e The difference is linear in the DCSD amplitude and thus of order 2tan® ¢ = 0.1.
o With the isospin structure differing for D* — K°r* and Dt — K°r™" one can
expect different strong phase shifts to occur in the two amplitudes. Those can
actually be determined experimentally. Thus a CP asymmetry can emerge:

(Dt — Kgn™) #T(D™ — Ks7n™) (7.3)

o An asymmetry of equal size, but opposite sign occurs for the final state where K,
replaces Kg:

I(D* — Kyn*) —T(D~ - Kyr~) = —[[(D* — Ksn*) ~T(D™ — Ksn™)] (7.4)

Such an asymmetry arises already within the KM ansatz. Yet it is tiny, namely
< 107, again reflecting the product of two small quantities ~ A2 . A1, Yet if NP
contributes a mere 10% to the DCSD amplitude, one would have an asymmetry of
around 1%!
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8 — Outlook

It is quite evident that the insights to be gained from a comprehensive and dedicated
study of CP violation

e are of fundamental importance;

e cannot be obtained any other way, and

e cannot become obsolete.

The phenomenon of CP violation can be put also into a wider context. There
are two central mysteries in the Standard model. One concerns the origin of masses:
while the generation of mass can be implemented by the Higgs mechanism in a gauge
invariant way, there is no direct experimental evidence for it; furthermore it is also
quite unsatisfactory from a theoretical point of view. The second central mystery —
not unrelated to the first one — concerns the family replication, the pattern of the
fermion masses and the origin of CP non-invariance. There we are even more at a
loss for a real understanding; we can only state that since there are three families,
CP violation can be implemented via the KM mechanism. In short our answer to
the question of why there are families and why there is CP violation is — ‘why not?’

There are certainly enough mysteries to ponder. It would be wonderful if they
could be solved by pure thinking — and preferably all of them in one fell swoop!
Indeed, it would be miraculous. For the history of our discipline teaches us that
progress occurs through a succession of paradigms with each new one encompass-
ing the previous one and the shifts most of the time being caused by unexpected
empirical input.

It is actually the motivation for the LHC to gain new insights into the problem of
mass generation by directly probing physics at the 1 TeV scale. Likewise a thorough
analysis of CP violation in heavy flavour decays will provide new perspectives onto
the family problem in general and CP violation in particular. I for myself have little
doubt that these studies will lead to a new paradigm - in particular if we commit
ourselves to a truly comprehensive analysis, i.e. one that includes detailed studies
of the charm system (and the 7 lepton and top quark for that matter).
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ABSTRACT

We report on a sample of twelve thousand reconstructed J/¢ — p*pu~ events pro-
duced in m~-nucleon collisions at 515 GeV/c. Bottom-quark states are identified by
J/s originating from secondary vertices. Based upon 8 signal events in which the
J/1 vertex occurs in an air-gap region, we obtain an inclusive bottom cross section
of (75 £ 31 + 26) nb/nucleon. This result is compared to recent QCD predictions.
We have also observed several events in the exclusive decay modes B* — J/v + K*
and B® — J/¢ + K*

1 - Introduction

Next-to-leading-order calculations for the production of heavy quarks have
become available during the past few years ). Recent collider data have shown that
these predictions underestimate bottom production 2. The calculations require the
convolution of hard-scattering cross sections with parton distribution functions, and
uncertainties result from the choice of gluon distribution functions, scale factors,
and b-quark mass. Calculations by Berger ® and by Mangano, Nason, and Ridolfi
(MNR) 4 also provide predictions at fixed-target energies. Consequently, our mea-
surement of the bottom cross section for 515 GeV/c incident pions provides another
opportunity to test these calculations.

In this paper, we report on a measurement of the cross section for 7= + Be
— b+ X, with b = J/¥ + X and J/ — putp~. These events are uniquely tagged
by a J/1 emerging from a secondary vertex. Although the branching ratio into J/1

“Representing the E672 and E706 collaborations. Work supported by the NSF and DOE.
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is small (1.3%) ), this decay is advantageous since the resulting dimuons provide a
clean trigger and signal. A significant background to secondary-vertex J /s from
b-decays is, however, produced by events in which a high-momentum particle from
the primary collision interacts further downstream in the target and produces a J/Y

(secondary interactions).

2 - Experiment E672/E706

The experiment was carried out in the Fermilab Meson West beamline
using a large-aperture, open-geometry spectrometer with the capability of studying
high-mass muon pairs. The muon detector, located 20 m downstream of the target,
consisted of two muon PWC stations, a beam dump, a toroid magnet with an
average pr impulse of 1.3 GeV/c, four more muon PWC stations separated by

6). The upstream part of

iron and concrete shielding, and two muon hodoscopes
the spectrometer consisted of 16-planes of silicon-strip detectors (SSDs), a dipole
magnet with a pr impulse of 0.45 GeV/c, 16 planes of PWCs and 16 planes of straw
drift tubes, a liquid-argon calorimeter with electromagnetic and hadronic sections,
and a forward calorimeter 7). Dimuon pretriggers required coincidences between
interaction counter and muon hodoscope signals. A fast (10 us) processor was used
to trigger on the effective mass of track combinations in the muon PWCs. Data
were collected during the 1990 Fermilab fixed-target run with a 515 GeV/c -
beam incident on beryllium and copper targets. Approximately 10" dimuon triggers
were recorded (corresponding to a luminosity of 8 pb~! per nucleon), yielding 10°
events with a reconstructed dimuon combination originating from the target region.

10
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Figure 1: Opposite-sign dimuon invariant mass.
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A fit was performed to link muon tracks through the entire detector. This
fit included multiple-scattering considerations and a consistency requirement for the
track momentum as measured via the dipole magnet and by the toroid. Only events
with at least two fully-linked muons were kept. The remaining segments in the
SSDs and upstream PWCs were used to find the hadronic tracks and event vertices.
Figure 1 shows the reconstructed opposite-sign dimuon invariant-mass distribution
in the J/9 region. A fit to this data yields 12,640 4 50 J/s with a mass resolution
of 68 MeV/c?, and 387 + 79 1(2S)s. - The measured J/¢ mass is (3.097 + 0.001)
GeV/c?, and that of the 1(2S) is (3.67 4 0.01) GeV/c2.

3 - J/ys from secondary vertices

To increase the efficiency and precision for finding a secondary vertex,
the origin of the J/¢ was found by a muon-oriented vertex refitting procedure.
Opposite-sign muon pairs in the reconstructed mass range 2.85 GeV/c? < M, <
3.35 GeV/c? with consistent intersections in the x-z and y-z planes were fit with
simultaneous vertex and J/1 mass constraints. The resulting vertex served as a
seed for an iterative vertex-fitting procedure which associated other tracks to this
vertex. Only SSD-PWC linked tracks with transverse impact parameter within
1.5 standard deviations of the J/i vertex seed position were used in the fit. This
procedure increased the secondary J/1 vertex finding efficiency by 26% over the
initial vertex finding. The average vertex resolution was 14 ym and 350 pm in the
transverse and longitudinal directions, respectively. Figure 2 shows the difference,
in the longitudinal direction, between the reconstructed primary and J/v vertices.
The shaded area represents the expected vertex resolution for direct J/v production.
As is shown, most of our J/4s are produced in the primary interaction, there is,
however, a clear excess of events in which the J/1 vertex is well downstream of the
primary. This signal is not, unfortunately, all due to b-decays; secondary interactions
are responsible for a significant number of these events. Several cuts were applied to
clean this sample. Only events with at least three fully reconstructed tracks from the
primary were kept, yielding 631 events. Fiducial volume cuts for both primary and
secondary vertices passed 577 events. A significance greater than 3 was required for
both the longitudinal and transverse separation between the primary and secondary
vertices, with significance defined as the separation divided by the combined vertex
uncertainty. An absolute longitudinal separation of 2.5 mm was required, leaving
121 events. Secondary J/ vertices with more than four associated hadrons were
discarded to reduce the background from secondary interactions; 73 events passed
this cut. The primary- and secondary-vertex z-position distributions for these events
are shown in Figs. 3b and 3c, respectively.
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Figure 3: Vertex z coordinate distributions: (a) all refit J/¢s; (b) primary vertex
for the 73 events passing the cuts; (c) secondary J/1 vertex for these events.
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Figure 4: J/v secondary vertex positions in the y-z plane showing events in the
air-gap regions

In several events, the secondary J/4 vertex occurs in an air gap region; the
background from secondary interactions is negligible for such events. The positions
in the y-z plane of the J/v vertices in these gaps are shown in Fig. 4 (with z error
bars). In ten of these events, the J/3 vertex is at least three standard deviations
away from the Be target elements. The background to this signal from false vertex
reconstruction was estimated using GEANT-based, full-detector, Monte Carlos that
included detector noise as observed in the data. The Monte Carlo events agree with
our direct J/v events in terms of hit and track multiplicities, as well as position
and momentum resolutions. The resulting background to the secondary-vertex J/
sample was found to be 11 +2 events, with 2+ 1 events occurring in the gap regions.
Additional background contributions were checked for by searching the data, itself,
for dimuons with invariant mass in the J/1 side bands from secondary vertices
in the air-gap region (no events were found), and for reconstructed J/¢ vertices
upstream of the primary vertex (one event was found, consistent with Monte Carlo
expectations). From these considerations, we obtain a background subtracted signal
(attributed to b-decays) of 8 + 3.3 events in which the J/4 vertex occurs in a region
where only air is present.
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The total number of J/¢s from b-decays in the fiducial volume can be
estimated from the number observed in the gaps. Monte Carlo studies indicate
that (37 & 5)% of the reconstructed vertices from bs produced in Be occur in the
gap regions. Thus, 22 £10 b — J/# + X events are expected from Be, with an
additional 4 events expected from Cu. Although the requirement of low secondary
multiplicity certainly improves the likelihood of the J/v coming from a b-decay,
secondary-interaction events remain in the non-gap sample. A simulation using the
forward hadron momentum spectrum (measured in our interacting beam events)
convoluted with the J/9 cross section as a function of interaction energy indicates
that 80 secondary-interaction events pass the J/1 vertex quality cuts, and 33 also
pass the multiplicity cut. This number added to the estimate of b-events (22'+ 4)
and false vertex reconstructions (11) gives a total of 70 events, consistent with the
73 events observed.

4 - Exclusive B-decays

We searched this sample of secondary J/us for the exclusive channels
Bt — J/y + K% and B® — J/¢ + K°. Events with three-prong secondaries
(2 muons plus another track) were selected as candidate B¥ — J/¢ + K* decays.
To reduce background, only combinations with a secondary hadron having pr > 0.5
GeV/c were considered. This track was assumed to be a kaon, and its momentum
was added to that of the J/% to form a candidate B momentum vector. The vector
was projected back from the secondary to the primary vertex, and a transverse im-
pact parameter, d,, was calculated; only events with &, < 80 pum were kept. Since
tracks from the underlying event can be coincidentally associated with a secondary
vertex, 4-prong secondary vertices were also included in the selection. None of the
4-prong vertex events in the sample had both secondary hadron tracks pass the
pr > 0.5 GeV/c cut. The secondary vertices for these events were refit omitting the
low pr track, and the events were analyzed under the hypothesis of 3-prong B de-
cays. Four events survived the above cuts (three having 3-prong secondary vertices,
and one with a 4-prong secondary). Two events fell in the B-mass region, one in
each charged K mode.

In the search for neutral B-decays, K%s were observed by their decays
into K*n¥ pairs. Kaon mass was assigned only to tracks with momentum greater
than half that of the other track, and pairs having mass consistent with the K 5
were combined with the J/% in the same manner as in the B# analysis. Momentum
vectors of B® candidates were required to satisfy d, < 100 pm. Five events passed
these cuts (none had double K combinations), and three have reconstructed masses

in the B-mass region. One of these 3 events occurred in an air gap region.
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Figure 5: Combined J/¢ + K* and J/t + K% invariant mass; the shaded entries
are J/¥K* combinations.

The combined J/¢ + K* and J/1 + K°* invariant-mass distribution is
shown in Fig. 5. The expected B mass resolution is 35 MeV/c?. There are 5 events
near the nominal B-meson mass. A background analysis using primary-vertex events
subject to the same cuts as the B-candidate sample shows no evidence for arbitrary
enhancement in the B-mass region due to the imposed cuts. Because of the small
number of events in each decay mode, the exclusive decays are not used to determine
the cross section. This measurement was done, instead, using the air-gap signal.

5 — Bottom cross section

Based upon the background subtracted signal of 8 b — J/4 + X air gap
events (and using J/1 production as normalization), the bottom cross section is -
given by

Nyy oyBr(y = pp) eyay
€by @by 2Br(b = ¢ = pp) A Ny’

Oy =

(1)

where €, and ¢, are reconstruction efficiencies, a, and a,, are detector acceptances,
and A is the target atomic mass. The factor of 2 arises since either the b or the b
in an event can result in a J/%. The branching ratios Br(b — J/4 + X)=13%9,
and Br(J/¢Y — pp) = 5.9% ® give a combined branching ratio of Br(b— J/p —
pp) = 7.7 x 10, averaged over all b-hadron species, including baryons.
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There are Ny, = 9800 = 130 reconstructed J/+s from the Be target having
2p > 0.1 in the data sample. The reconstruction efficiency and acceptance for these
J/bs are ¢, = 64% and ay = 43%, respectively. A J/¥ cross section (on Be) of
oy Br(J/Y = pp)/A = (9.2 £ 1.2) nb/nucleon for zr > 0.1 was measured by this
experiment.

The acceptance and reconstruction efficiency for b — J /¥ + X events were
calculated using Monte Carlo simulations. Bottom hadron pairs were generated
according to the NLO calculations of MNR 4), with hadron momentum taken to be
equal to that of the parent quark!, as is observed for charm meson production o
One of the b-hadrons in each event was randomly chosen to decay into J/¢ + X.
Our apparatus was found to accept only events in which the parent b-quark had
2 > 0 (see Fig. 6). We, therefore, measure only the forward part of the bottom
cross section; the overall acceptance in this region is a, = 19%. The reconstruction
efficiency for b — J/v + X events is 39%, this combined with a 27% probability of
a decay occurring in an air gap region, yields an effective efficiency €, = 15%.

i

R O B SR B A = A C
-1 -0.8 -0.6 -0.4 -0.2 0 02 04 06

Xg

Figure 6: Monte Carlo generated b-quark zr distribution, shaded histogram is for
events accepted by our apparatus.

Inclusion of a Peterson type fragmentation to the quarks momentum reduces the detection
acceptance by 9%, this variation is included in the reported cross section’s systematic uncertainty.



R. Jesik

Using these values, and Ny—sy =8 £ 3.3, we obtain a bottom cross section
in the forward direction (25 > 0) of oy = (47 £ 19 £ 14) nb/nucleon (assuming
A'-dependence) for 77-N collisions at 515 GeV/c, where the first uncertainty is
statistical and the second is systematic. The main sources of systematic uncertainty
are in the normalization (13%), branching ratios (13%), b production, hadronization,
decay properties (16%), and reconstruction efficiencies (18%). For comparison with
theory and other experiments, this measurement is extrapolated from zp > 0 to
all values. Based on z distribution predictions by MNR %, a multiplicative factor
of 1.58 is required. Thus, we obtain a total cross section of o = (75 £ 31 + 26)
nb/nucleon. Extrapolations based on Berger’s predictions ¥, and a measurement
by Fermilab experiment E653 19 are reflected in the quoted systematic uncertainty.
With this cross section, we expect a total of 3 or 4 events in the exclusive decay
modes, which is consistent with the observed excess in Fig. 5.

A comparison of our measurement to predictions for bottom cross sec-
tions in m-N collisions made by MNR 4 and Berger %), and to those of previous
experiments '* ) is shown in Fig. 7. Our measurement is on the high side of the
theoretical predictions, favoring predictions with smaller b-quark mass values, and
renormalization scales that are a smaller fraction of the mass scale. This is consistent
with recent analysis of collider bottom-quark data 12),

100 L ® E672/E706 (Fermilab)
O E653 (Fermilab) [10]
O WA78,NAIO (CERN) [11]

(a) B
® 7.
©

G (nb/nucleon)
S

(a) MNR (p= mbfz. m, = 4.5 GeV) [4]
(®) MNR (p=m,, m, =45 GeV) [4]

(@ (¢) Berger (u=m,, m =5.0GeV) [3]
(@ MNR (p=2m ,m =5.0GeV) [4]

1 1 1 1 Il

150 250 350 450 550 650 750
P, (GeVrc)

Figure 7: Total bottom cross sections in 7N collisions, compared with several the-
oretical predictions.
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ABSTRACT

Beauty production in #~-copper interactions has been observed at 350 GeV beam
energy looking at multivertex events with and without high transverse momentum
muon. The measured cross section for all zp, assuming linear A-dependence, is
oy = 6.6 £ 1.8 £ 2.0 nb per nucleon.

1 Introduction

Since the discovery of the T resonance ), several experiments have studied open
beauty production in hadronic interactions. After the first controversial observations
at the CERN Intersecting Storage Rings (ISR) ?, a few positive results have been
reported * * %), In fixed target experiments at the CERN Super Proton Syncrotron
(SPS) and at the FNAL Tevatron, hadroproduction of BB pairs has been observed
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in nuclear emulsions targets ® and indirect measurements of the beauty production
cross section at beam momenta in the range 140-800 GeV /c the current fixed target
energies, have been published. At these energies measurements of the B production
are made difficult by the tiny cross section which entails a very small signal-to-
noise ratio (0y5/0tt =~ 107 at /s = 26 GeV) and by the restrained acceptance
that ranges from some 1072 to 107° for exclusive decay channels. Two factors are
important for finding a beauty signal in a fixed-target environment: the selectivity
of the trigger and the reconstruction efficiency for decay vertices. The experiment
WA92 has been designed to have a large acceptance for beauty particles and a high
background rejection : the acceptance of the trigger for beauty events was of the
order of 33% and the capability of the detector to reconstruct decay vertices allowed
the selection of a large fraction of the beauty signal and an important and clean
sample of fully reconstructed charmed particles.

2 The experimental setup

Experiment WA92, designed to study the hadroproduction and the decay of parti-
cles containing b quarks, took data at the {2’ magnetic spectrometer facility in the
CERN West Area. The measuring apparatus, described in detail elsewhere 7, was
characterized by two peculiar devices: a high resolution imaging detector to study
secondary vertices and a selective trigger to collect events with a secondary activity
downstream of the primary interaction and with leptons and charged particles emit-
ted at large transverse momentum. In this paper we simply recall the description
of these two devices and of the detectors relevant for this analysis based on events
produced by a 350 GeV/c 7~ beam in a 2 mm thick copper target. Beam tracks
were measured by 10 planes of 20 pm pitch silicon microstrip detectors (SMDs).
The energy released by interactions in the target and escaping it was detected by
a silicon 300 pm thick detector (IT) glued to the downstream face of the target.
Tracks emerging from the interaction were measured using a vertex detector, which
consisted of 12 planes of 25 um pitch and 5 planes of 50 ym pitch SMDs. The
region between the target and the vertex detector, where most of the beauty and
charm decays occur, was equipped with the Decay Detector (DD) 8), which is a sort
of electronic bubble chamber able to visualize the complex topologies (i-e. chained
decays, kinks) typical of beauty decays, otherwise difficult to be detected. DD al-
lows therefore the observation of decay channels other than B = J/¥. The DD is
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made of 17 10 um pitch detectors covering an area of 5 x 5 mm?. The spacing along
the beam direction is 1.2 mm for the first 14 planes and 5 mm for the following
ones; the first 6 detectors are 150 um thick and the others 300 um thick. Thirteen
planes measure the 7 (vertical) coordinate, two the Y (horizontal) coordinate and
two are inclined for projection matching. All strips are individually read out into
8-bit ADC’s; with thresholds set for each strip at 4 times the pedestal RMS we
obtain efficiencies of 93% and 97% for the thin and the thick planes respectively
with a noise level of 102 per strip. The measured single-point resolution is between
2 and 3 pm and the two-track resolution is of the order of 30 um .
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Figure 1: Schematic view of the WA92 setup.

The target and the SMDs were located upstream of the Q' spectrometer
in a region of very low magnetic field. The Q' spectrometer consisted of 8 drift
and 44 multiwire proportional chambers placed in a 1.8 T dipolar magnetic field
(directed along the Z coordinate) giving a Ap/p? resolution of 1.6 10~* (GeV/c)~!.
A lead-glass electromagnetic calorimeter and a muon filter ® followed the magnetic
spectrometer, as shown schematically in figure 1. Between the spectrometer and the
calorimeter a finely segmented butterfly-shaped scintillator hodoscope 1 was used
to select charged particles emitted at large transverse momentum.
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3 The trigger

To counter the unfavorable signal-to-noise ratio we used of a combination of several

indépendent trigger components:

o High transverse momentum Trigger:
This trigger selects, in less than 250 ns, events having particles with pr 2>
0.6 GeV /c with respect to the beam direction, which can be produced in decays -
of high-mass particles. The trigger uses two so-called butterfly hodoscopes 1%;
as a result of the deflection in the magnetic field of the { spectrometer, a
charged particle that originates in or close to the target can cross the butterfly
hodoscopes, and thus give a trigger, only if it has pr larger than the set

threshold (0.6 GeV/c).

e Muon trigger:
This trigger takes advantage of the large semi-leptonic branching ratio of B
mesons. The p-trigger ® is based on two hodoscopes built with resistive-
plate chambers, each hodoscope having two chambers to measure the vertical
coordinate and one chamber to measure the horizontal coordinate. Using only
information for the Z view, a coincidence matrix logic ) selects in 250 ns
muon tracks coming from the target region.

e Secondary-vertez trigger:
The secondary-vertex trigger or beauty contiguity trigger (BCT) exploits the
long B lifetime (c7 = 450 pm) which allows decay vertices to be well separated
from the primary interaction point. The BCT hardware and the implemented
algorithm have been extensively described elsewhere 12,13, 14, 15) 4nd only their

performance will be discussed here.

A multilevel trigger selected events only if at least two of the above conditions were
verified simultaneously. The rejection factor of the trigger for minimum bias event
was about 30 and the acceptance for charm events about 10%.

The experiment has collected data during two periods, in 1992 and in 1993,
when 90 million and 60 million triggers where recorded on tape respectively. Results
presented here refer only to half of the 1992 data sample.
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Trigger Type | Data  Min.Bias cc bb

INT [0 65 % 67 % R 5%
1u/INT 2.7 % 2.5% 80% 183 %
2u/INT 008% 006% 01% 16%

I1HPr/INT |41.0% 410% 450% 62.7%
2HPp/INT | 12% 112% 104% 28.1%
BCT/INT |54% 54% 135% 49.3%
1992 Trifow | 256% 22% 82% 31.6%

Table 1: Trigger rates for 1992. The first column is for real data, the others are
from simulation. For the definition of the trigger components see the text.

3.1 Trigger Performance

In triggering on secondary vertices there is a trade-off between beauty acceptance
and background reduction, and some attention is needed to avoid (or at least reduce)
possible trigger biases. The BCT track reconstruction algorithm is carefully designed
to minimize the effects of detector inefficiencies and noise and to correctly count and
classify tracks according to their impact parameter(IP). The BCT trigger provided
an IP selection that is uniformly efficient between 100 pm and 1 mm.

To understand the trigger behaviour we have fully simulated minimum-
bias, c¢ and bb events. Minimum-bias events were generated using Fluka 19 as
interfaced with Geant 3.21 ). This reproduced well the experimentally measured
charged particle multiplicities and kinematics, and also the production of heavily ion-
izing particles. We generated ¢ and bb events using a combination of Pythia 5.4 18)
and Fluka. In the generation process up to 98.5% of the centre-of-mass energy
was available for the simulation of hard processes by Pythia; the remaining energy
was used to simulate soft processes with Fluka. The passage of generated particles
through the experimental apparatus was simulated in detail using Geant 3.21. Non-
interacting beam particles, detector inefficiencies and random noise were added in
accordance with experimental measurements.

In Table 1 we present the trigger rates obtained for background and signal
with the different triggers and in Fig. 2 we represent the beauty acceptance of the
trigger. The interaction pretrigger (INT) required the presence of an incoming beam
particle, incident on the target, and outgoing interaction products, together with a
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signal of more than 5 m.i.p. in the IT; the 1y (2y) trigger required the presence
of at least one (two) muon(s); the LH Pr (2H Pr) trigger required that there should
be at least one (two) particle(s) having a transverse momentum with respect to the
beam > 0.6 GeV/c; the BCT required at least three primary and two secondary
tracks. The trigger was the logical ‘OR’ of the ‘AND’ of any two of the 1, 1H Pr,
BCT triggers; all events satisfying the 2 trigger were accepted. As the acceptance
of INT is 75% the global acceptance corresponds to about 1/3 of o(B).

TRIGGER
1-MU TYPE

INCLUSIVE
18:3 1.6 ) ACCEPTANCE

EXCLUSIVE
ACCEPTANCE

Figure 2: The grey regions represent the trigger acceptances for beauty events with
respect to the INT trigger, which had an efficiency of 75% for events occurring in
the target.

4 Rejection of secondary interactions

As shown in Fig. 3.a, most secondary vertices reconstructed in the decay detector
region are hadronic interactions in the silicon planes. The DD represents 0.6% of
a 7 interaction length and 4.5% of a radiation length. Given the small beauty
production cross section, the ratio between the number of secondary vertices due
to beauty cascade decays and those due to secondary interactions in minimum bias
events is of the order of 1075, A simple cut on the vertex position cannot be
used because of the small spacing between the DD planes. Thanks to the DD

O
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analogue read-out we could develop a method based on the large energy release due
to nuclear fragments and slow tracks which accompany most of the interactions in
the Si planes. Cuts based on the distance between the reconstructed vertex position
and the centroid of the large energy deposits reject 91% of the vertices due to
secondary interactions while loosing only 3% of K? and A° and 8% of D°* decays
(Fig. 3.b). Some secondary vertices are due to coherent or low-multiplicity hadronic
interactions surviving the pulse height cuts and others are fake vertices due to high
hit densities (mostly interactions).

108 Position of sscondary vertioss 700 Areroge loss 8%
400 |-
000 [
104} 380 |-
500 |-
300 [
103 ° vertices
2%0 [- 400 |-
A vertioes 200 |-
300
|°l_
150
D vertices .
100
10 b 100
100
80 5
1 s ll 1 1 1 1 1 0 0
=360.5 =300 ~340.5 ~340 ~3485 ~348 ~347.5 -347 ~3485 ~348 -345.5 18,518, 15 15 2 18 18 2
X (em) Kot mass (CoV/c') Ko’ rmces (CH/c') Koo' moss (CaV/e")

Figure 3: a) Position of reconstructed secondary vertices in the DD region. The
vertices between the two upper curves are rejected as due to secondary interactions
in the Si planes. b) D° and D* invariant mass distributions showing the effect of
the algorithm rejecting secondary interactions.

5 Search for beauty decays

This analysis is based on 40 x 10® events corresponding to about 1.6 x 10°
inelastic interactions and equivalent to about 20% of the global statistic on tape.
Assuming a cross section of 5 nb/nucleon and a linear dependence on the atomic
number, 1200 B events were produced in the target: the estimated sensitivity is 80
ev/nb after the trigger. The data were filtered by a fast reconstruction program
which verified the trigger conditions in order to reject some trivial background that
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Figure 4: Display of a beauty multivertez candidate event, 1992 data, Cu target.
Both B — D decay chains are clearly visible.

escaped the online processors. This step reduces the data sample by a factor of three.
Then charged particle trajectories were reconstructed in space and primary and
secondary vertices were defined using the SMDs information. Among these events
the Trident reconstruction program '® found 6 x 10° events with a well reconstructed
secondary vertex, containing an estimated sample of 350 beauty events . The cut on
hadronic interactions reduced the data sample to 1 x 10° events. The events were
then separated into 2 streams to be analyzed with a graphical display program, in
order to exploit the visualizing capabilities of the DD:

o events with at least 3 secondary vertices in the DD region (multivertez events);

e events with at least 2 secondary vertices and a high transverse momentum
muon associated to one of them(y — events).

These strict selection criteria gave about 2000 events amongst which we were ex-
pecting to observe 10 beauty decays. Then the graphical analysis allowed us to
search for additional secondary activity and kinks and to check the reconstruction
of the tracks and vertices in the DD region, and thus to achieve a larger background

reduction. We were eventually left with 25 multivertez events and 31 p — events.
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As above-mentioned, one of the major sources of background were produced by the
secondary interactions which have a probability of be reconstructed P.; ~ 10~2 and
a probability to survive the cut on the pulse height Py, ~ 9- 1072, In the selected
samples the number of background events produced by secondary interactions is:

Nisec = Niot % (Prt X Pph)N"

where Ny, is the total number of interactions and N, is the number of requested
secondary vertices per event. Thus for the multivertez selection we remained with
1072 background events and 13 for the 1 —events. Moreover for this last category we
should also consider the probability to have a collinear u identified and reconstructed
back to the DD. They come mostly from the w(K)=> 1 decays whose probability is
estimated to be of the order of 10~2 and thus the in the y selection the background
events are less than 1. We could conclude that secondary interactions are not an
important background source. Asa confirmation we observed in the selected samples
the same number of charged and neutral secondary vertices whereas for secondary
interactions the population of charged vertices is 10 times that of the neutral ones.
The second and, as indicated by the simulation, the main background source are
the charm decays. Using a sample of 1.5 x 10° simulated charm events we got
a value of 4 - 1073 for the probability P(p;,) that at least one secondary track
satisfies the requirement p;, > 1.0 GeV/c, where py, is the transverse momentum of
a secondary particle relative to the line of flight of the secondary vertex to which it
is associated. Taking into account that the data correspond to 3 x 10® charm events,
this background entails a 90% CL limit of 0.5 background events in the multivertez
sample and 0.4 in the y one.

The cut p;, > 1.0 GeV/c reduced our samples to 5 multivertez and 9
u—events. Once correcting for the acceptances which are 0.28+0.02% for multivertez
and 0.62 £ 0.02% for p — events, we obtained:

0(Bmutz) = 7.6 £3.4nb  (multivertez sample)
o(B,) =6.3+2.1nb (# sample)

and, combining the results which are compatible with each other, we finally obtain:

o(B) = 6.6 & 1.8(stat) & 2.0(syst)nb
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Figure 5: Experimental results versus NLO QCD theoretical predictions for the B
production in wN collisions as a function of the beam momentum.

which is in good agreement with the next-to-leading order perturbative QCD cal-
culations 20 as shown in Fig. 5. As a check we have also measured the production
cross section for D°, D* and J/i. From a estimated population of 3 X 106 D
events and 7.4 x 10*J/¥ produced in target we obtained : o(D°) = 9.6 £ 2.4ub and
o(D*) = 4.8 & 1.3ub both for zr > 0; while o(J/3) =300 £ 20 nb for all z. The
above results are all in good agreement with other experiments.

6 Conclusions

A trigger looking for secondary vertices has been used for the first time in an ex-
periment to search for beauty particles. The trigger was able to reject 94.2% of the
background keeping ~ 30% of the beauty signal. A high precision (10 um pitch)
Si telescope has been operated and used to observe directly the cascade decays of
beauty particles. Secondary hadronic interactions have been rejected efficiently with
cuts correlating the vertex position to the large energy deposits.

The topological trigger, together with the high resolution of the decay
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detector, enabled us to see beauty events with the help of interactive graphics.
More sophisticated code is being developed to improve the event selection and allow
us to relax some cuts, thus gaining in acceptance and efficiency. The measurement
of the beauty cross section based on two independent samples of events yielded
values compatible with each other and in good agreement with other experiments
and with QCD calculations. The result presented, which is still preliminary, has
been extracted using 20% of the WA92 statistics. The full analysis of WA92 data
should give an error on o(B) < 10%.
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B CROSS SECTION FROM E789

Daniel M. Kaplan
Nllinois Institute of Technology

for the Fermilab E789 Collaboration*

ABSTRACT

Using an 800 GeV proton beam, Fermilab E789 has observed a signal of J/i —
pt ™ decays occurring in vacuum downstream of a gold-wire target. We obtain a
doubly-differential cross section for J/+’s originating from B decays d%c/dzp dp? =
94 +25+19 pb/GeV? /nucleon at zr = 0.05 and p; = 1 GeV. This is compared with
QCD predictions and the results of other experiments. Extrapolating over all zp
and py, our result implies o(pN — bb+ X) = 5.0 4 1.3 + 1.2nb/nucleon.

1 — Introduction

Using the upgraded E605 spectrometer ) (Fig. 1), Fermilab E789 has made the first
measurement of the B cross section in proton interactions at fixed-target energies.
We observe B production via the process p+ Au— B+ X, B — J/¢p+ X, J/ip —
ptp~. (B here denotes any hadron containing a beauty quark or antiquark.) The
B cross section is of interest both as a test of QCD and as an “engineering” number
for use e.g. in planning the HERA-B experiment 2. A more detailed discussion of
the data analysis than presented here may be found in Ref. 3.

*C. N. Brown, T. A. Carey, Y. C. Chen, R. Childers, W. E. Cooper, C. W. Darden, G. Gidal,
K. N. Gounder, P. M. Ho, L. D. Isenhower, D. M. Jansen, R. G. Jeppesen, D. M. Kaplan, J. S. Ka-
pustinsky, G. C. Kiang, M. S. Kowitt, D. W. Lane, L. M. Lederman, M. J. Leitch, J. W. Lillberg,
W. R. Luebke, K. B. Luk, P. L. McGaughey, C. S. Mishra, J. M. Moss, J. C. Peng, R. S. Pres-
ton, D. Pripstein, J. Sa, M. E. Sadler, R. Schnathorst, M. H. Schub, V. Tanikella, P. K. Teng,
J. R. Wilson; Abilene Christian University, Academia Sinica (Taiwan), University of California
at Berkeley, University of Chicago, Fermi National Accelerator Laboratory, Lawrence Berkeley
Laboratory, National Cheng Kung University, Northern Illinois University, University of South
Carolina.
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Figure 1: E789 apparatus (plan view).

2 — Apparatus

The spectrometer upgrade included installation of an array of sixteen silicon-
microstrip detectors (SMDs) downstream of the target, replacement of the multiwire
proportional chambers with small-cell drift chambers, and an order-of-magnitude in-
crease in the data-acquisition capacity. The SMDs were arrayed from 37 — 94cm
downstream of the target in two arms covering the angular ranges (20 — 60) mr
above and below the beam axis; they thus instrumented the clear apertures above
and below the beam dump suspended within the SM12 analyzing magnet. The
detectors, type “B” from Micron Semiconductor, were of 5 X 5cm? area, 300 pm
thickness, and 50 um pitch. To minimize multiple-scattering and radiation-damage
effects, they were immersed in helium gas cooled to 10° C. In each arm, planes mea-
suring the bend (y-z) view alternated with planes at £5° stereo angles. Signals from
8,544 strips were individually read out via Fermilab 128-channel amplifier cards 4
and LBL discriminators ® synchronized to the accelerator RF. The discriminated
signals were transmitted through ~ 400ns of multiconductor cable to coincidence
registers. The system provided decay-distance resolution of ~ 0.7mm rms, com-

pared to the typical 1.3cm B decay distance.

3 - Data sample

Data were taken separately in charm and beauty spectrometer settings. Results
from the charm running have already been published & 7). In the beauty running,
800 GeV primary proton beam of intensity ~ 6 x 10'® protons per 20s spill was
incident on a gold-wire target 0.2mm high and 3mm thick. Since & 60% of the
beam was focussed onto the target, the typical interaction rate was ~ 50 MHz. The
SM12 current was set to 1500 amperes, optimizing acceptance for J/3 decays. Some
9 x 108 events were recorded on 770 8 mm tapes.
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4 - Results

Fig. 2 shows the dimuon invariant-mass spectrum before decay-vertex cuts. To
enhance the B — J/1 signal/background we cut on the reconstructed-vertex z
coordinate (z,) of the muon pair and on the vertical impact parameters (§;) of the
two muon tracks. The impact-parameter requirements ensure that neither the pt
nor the u~ track points to the target. Fig. 3 shows the dimuon mass spectra for
successively tighter 2, and impact parameter cuts. We attribute the net excess
of J/% events with downstream vertices to the B — J/4 process!. In addition,

a significant downstream excess is evident in the continuum, presumably due to

double-semileptonic BB decays.
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Figure 2: Dimuon invariant-mass distribution.

To convert these event yields to cross sections, we simulate geometrical
acceptance using the following model of b-quark production, hadronization, and
decay to J/9 + X: 1) we generate b-quark zr and p; distributions according to the
next-to-leading-order calculation by Mangano, Nason, and Ridolfi ®); 2) the b-quark
momentum vector is smeared? with Gaussian parton intrinsic-transverse-momentum
distributions of < k% >= 0.5 GeV?; 3) b-quark fragmentation is modeled using the
Peterson function %, with € = 0.006-:0.002 as determined from e*e™ annihilation 19);
4) we use 1.53740.021 ps ') as the average B lifetime; 5) since a b quark fragments
dominantly into a By or a B, we use a distribution from the CLEO collaboration 12)
to simulate the momentum of J/4’s originating from B decays; 6) a decay-angle
distribution 1 — Acos®d, with A = 0.436 + 0.115 '), is used to simulate the J/4

polarization.?

!Monte Carlo studies show that the relative lack of upstream events is not due to analysis
bias 3).
2 As suggested to us by E. Berger. This increases our cross section by only a few percent, given

the substantial smearing due to fragmentation and decay.
3We have also checked that b-quark production and fragmentation according to the PYTHIA
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Figure 3: Dimuon invariant-mass distributions for successively tighter cuts on z,
and on the absolute values of the impact parameters of the two muon tracks |61,2]-

By basing our cross section on the sample of Fig. 3c we avoid any un-
certainties in the subtraction of upstream background, and we also obtain optimal
statistical significance. We assume linear target-atomic-weight dependence for B
production since recent experiments have shown no nuclear suppression of D pro-
duction . We obtain < d2¢|s/y from B/dTF dp} >="T1 =19+ 14 pb/GeV?/nucleon
averaged over the J/4-zr and p; bin 0 < zr < 0.1, p¢ < 2 GeV. The cross section is
stable as we vary our vertex cuts. A separate analysis using a different SMD track

reconstruction program also yields a consistent result.
5 — Discussion and Conclusions

To compare with theory it is convenient to interpolate the cross section to the point
zr = 0.05 and p; = 1 GeV. Using our model we find that the interpolated cross sec-
tion is 1.32 times the average cross section, i.e. 94 25 £+ 19 pb/GeV?/nucleon, and
that the interpolation has negligible systematic uncertainty. Fig. 4 compares the
interpolated cross section with representative predictions of the model. The predic-
tions contain substantial uncertainties due to choices for the b mass (37% decrease at
our zr and p; as my, varies from 4.75 to 5.00 GeV), the QCD scale (456% decrease as p
varies from \/m? + p? to 2y/m? + p}), and the parton distribution functions (£30%

Monte Carlo gives results consistent with our model.
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Figure 4: d?0/dzp dp} for J/4’s originating from B decays compared to predictions
of the model described in the text for various values of the b mass and QCD scale.

variation with respect to the MRSDO ) set). The solid curve in Fig. 4 is based on
the same assumptions as used recently by the CDF collaboration ¥). Compared to
this prediction, our measurement is a factor of two low, while theirs is high by a
similar factor. While the sensitivities of the predictions to the model assumptions
differ between /s = 1.8 TeV and fixed-target energies, within the model no set of
assumptions appears to be consistent with both our measurement and CDF’s.

Despite the wide range of predictions for the size of the differential cross
section at our zr and py, the shapes vs. these variables are relatively insensitive to
the input assumptions. We can thus use the model to extrapolate over all zz and
pe with only a slight increase in systematic uncertainty. Using B (bb — J/4 + X) =
(2.60 + 0.34)% (twice the inclusive branching ratio for B — J/4 + X 1), we thus
obtain o(pN — bb+ X) = 5.0 & 1.3 & 1.2 nb/nucleon.

The B cross sections measured by various groups (using a variety of tech-
niques, beams, and energies) suggest a developing puzzle: while many groups observe
a cross section higher than predicted (NA10 %), CDF 4 16), E653 17), E672 !8), oth-
ers find values at (WA75 %), WA78 %), UAL ), WA92 ?) or below (E789) QCD
expectations. The large uncertainties of many of the results may mean that there
is no substantial discrepancy among comparable measurements. However, there is
some indication of a need for modification of the gluon structure function in the
proton, as suggested by Berger and Meng ), to steepen the energy dependence of

the proton-induced cross section.

~



D.

Kaplan

References

1

10.

11:

12.

13.

14.

15.

16.

17

. A detailed description of the E605 spectrometer may be found in J. A. Crittenden

et al., Phys. Rev. D 34, 2584 (1986).

. W. Hofmann and W. Schmidt-Parzefall, spokespersons, “HERA-B: An Exper-

iment to Study CP Violation in the B System Using an Internal Target at the
HERA Proton Ring,” DESY-PRC 94/02 (1994).

. D. M. Jansen et al., “Measurement of the Beauty Production Cross Section in
800 GeV/c Proton-Nucleon Collisions,” FERMILAB-Pub-94/403 (1994), sub-
mitted to Phys. Rev. Lett.

. R. J. Yarema and T. Zimmerman, IEEE Trans. Nucl. Sci. 37, 430 (1990); T.

Zimmerman, IEEE Trans. Nucl. Sci. 37, 439 (1990).

. B. T. Turko et al., IEEE Trans. Nucl. Sci. 39, 758 (1992).

. M. J. Leitch et al., Phys. Rev. Lett. 72, 2542 (1994).

. C. S. Mishra et al., Phys. Rev. D 50, 9 (1994).

. P. Nason, S. Dawson, and R. K. Ellis, Nucl. Phys. B303, 607 (1988); M.

Mangano, P. Nason, and G. Ridolfi, Nucl. Phys. B405, 507 (1993).

. C. Peterson et al., Phys. Rev. D 27, 105 (1983).

J. Chrin, Z. Phys. C 36, 165 (1987); D. Decamp et al., Phys. Lett. B 244, 551
(1990). This is also the value of € used in Reference **).

Particle Data Group, L. Montanet et al., Phys. Rev. D 50, Part 1 (1994).

D. Besson, CLEO collaboration, private communication.

A.D. Martin, W. J. Stirling, and R. G. Roberts, Phys. Lett. B 306, 145 (1993).
F. Abe et al., FERMILAB-Conf-94/136-E (1994).

P. Bordalo et al., Z. Phys. C 39, 7 (1988).

F. Abe et al., Phys. Rev. Lett. 69, 3704 (1992); M. Mangano et al, Nucl. Instr.
Meth. 331, 57 (1993).

. K. Kodama et al., Phys. Lett. B 303, 359 (1993).



D. Kaplan

18. R. Jesik et al., this Conference and FERMILAB-Pub-94/095-E (1994).
19. J. P. Albanese et al., Phys. Lett. 158B, 186 (1985).

20. M. G. Catanesi et al., Phys. Lett. B 231, 328 (1989).
21. C. Albajar et al., Phys. Lett. B 256, 121 (1991).
22. M. Dameri, this Conference.

23. E. L. Berger and R. Meng, “The Gluon Density,” in The Fermilab Meeting:
DPF ’92, C. H. Albright et al., eds., World Scientific, Singapore (1992), p. 954;
Phys. Lett. B 304, 318 (1993).



RESULTS FROM E-731 / PROSPECTS
FOR CP MEASUREMENTS IN KTEV

D. Jensen

Fermilab National Accelerator Laboratory
MS-231, P.O. Box 500, Batavia, Illinois 60510 (U.S.A.)

No written contribution received



Frascati Physics Series, Vol. I (1994)
HEAVY QUARKS AT FIXED TARGET
University of Virginia, October 7-10, 1994
(pp. 287-300)

CP VIOLATION IN K DECAYS : RESULTS FROM NA31,
PROSPECTS IN NA48.
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ABSTRACT

The origin of direct CP violation and its precise magnitude are still open questions
in the standard model. At the CERN Super Proton Synchroton (SPS), the NA31
collaboration! has performed a first measurement of direct CP violation. Another
collaboration, NA48?, is preparing a future experiment to measure direct CP viola-
tion in the kaon system with a precision of Re(¢'/€) of about 2 x 10~%. The results
obtained by NA31 and the status of NA48 are presented here.

1 - CP violation in the neutral K system

CP violation was discovered by J.H.Christenson, V.Fitch, J.Cronin and R.Turlay
in 1964 V). Since then, both experimental and theoretical aspects of CP violation
have been studied continously. The mass and lifetime eigenstates Ks and Kj, are
mixtures of the CP eigenstates K; and K, which are themselves mixtures of the

strong interaction eigenstates K° and KO .
Ks o Ki + €Kz o 1/v/2[K® + KO + ¢K° — K9)] 1)
Ki o Kz + €Ki o 1/v2[K® — K0 + ¢(K° + K9)] 2)
CP violation can occur in two ways, indirect (via the decay of the admix-

ture of the opposite CP eigenstate (¢)) and direct (via the direct decay of a CP
eigenstate into a final state of opposite CP (¢')). Unfortunately, the study of direct

LCERN, Edinburgh, Mainz, Orsay, Pisa, Siegen
2Cagliari, Cambridge, CERN, Dubna, Edinburgh, Ferrara, Mainz, Orsay, Perugia, Pisa, Saclay, -
Siegen, Torino and Vienna
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CP violation has turned out to be difficult (both experimentally and theoretically),
and the understanding of its magnitude and origin still is far from satisfactory. Ex-
perimentally the double ratio :

R = Nowomow) [Nworte) g gRe(ee) (3)
N(Ks-m'o‘lro) N(Ks—o1r+1\'"')

is measured.

Different experiments determine the double ratio R (3) in different ways.
The NA31 collaboration at CERN chose to use separate K;, and Ks beams and to
measure the charged and neutral decays concurrently. The E731 collaboration at
FNAL measured charged and neutral decays separately but in concurrent beams.
The last twenty percent of the data was taken measuring all four decay modes con-
currently. Both next generation experiments, NA48 at CERN and KTEV at FNAL,
will also use this approach.

Due to the different approaches, the systematic error sources are very differ-
ent. The method adopted by the NA31 collaboration keeps Monte Carlo corrections
to a minimum and there are no tagging ambiguities, but it puts severe requirements
on detector stability and the understanding of accidental events. In contrast to
NAS31, the E731 approach keeps the sensitivity to detector and beam variations to
a minimum but involves a-priori large Monte Carlo corrections and requires an ex-
cellent understanding of the regenerator background and tagging ambiguities. For
the new generation of experiments (NA48 and KTEV) the largest single difference
is the way in which the Ks beam is produced. The NA48 collaboration uses a bent
crystal and a separate target, whereas KTEV will use a regenerator.

2 — The NA31 experiment

The NA31 proposal dates from the end of 1981. After a first run in 1985 data for
the double ratio measurement was taken in 1986 and data for the measurement of
the phases ®,_ and &gy 2 was taken in 1987. The detector was upgraded in 1988
and the “first evidence for direct CP violation” ® was published. A new round of
data taking for the double ratio measurement with the improved detector followed
in 1989 and 1990. In addition to the ¢//¢ and phase measurements, the collaboration
published many results concerning rare K decays % including the first observations
of Ks = 79 9, Ky, = 7%7 © and Ki, — eece 7). There are more results to be
published in the near future ®.
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The NA3I detector

The main features of the NA31 apparatus ¥ are :

the concurrent detection of charged K — n*7~ and neutral K — 7%7° decay
modes running alternately in Ky, and Ks beams,

a long fiducial region of 50 m to maximize the Ky, — r+r—, 7%7° statistics,
no regenerator to keep the background low,

a movable K target to cover the Ky, decay region to keep acceptance correc-
tions minimal,

a highly efficient and stable detector,

¢ no magnet, two wire chambers with a position resolution of about 0.5 mm per

projection,

a good electromagnetic liquid argon/lead calorimeter with an energy resolution
of o(E)/E =15 %/\/E [GeV] ® 140 MeV/E [GeV]® 0.5 %,

a scintillator/iron hadron calorimeter with an energy resolution for pions of
a(E)/E =65 %/\/E [GeV],

a transition radiation detector ' to obtain additional e 7 separation (added
in 1988).

Figure 1 shows the NA31 detector arrangement.
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Figure 1: NA31 detector arrangement.

Figure 2 shows a schematic overview of the NA31 experiment with the

movable Kg target.
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Figure 2: Schematic overview of experiment NA3L.

The decay vertex distributions of Ky, and Kg decays are made similar by
moving the train, on which the Kg target and collimator are mounted, to 41 sta-
tions, separated by 1.2 m and covering the whole 50 m fiducial region for Ky, decays.
Figures 3 a and b show the measured energy spectra and vertex distributions for
all four decay modes. The Ks energy spectrum is somewhat harder than the Ki
spectrum due to Ks decaying before the collimator and the probability for Ky, de-
caying in the fiducial region. A lower proton beam energy and larger production
angle for the Ks beam partially compensates this difference. Ks events have been
weighted according to the target position to equalize the Ks and K, decay vertex

distributions.

2.2 The NA31 data

The final statistical error of the NA31 result is dominated by the number of mea-
sured K, — 7°7° events. Table 1 lists the final number of events for all four decay

modes and the total backgrounds in percent.

The largest background originates from Ki, — 77070 events in the
Ki — 7°7° sample. Figures 4 a and b show the distributions of (a) Ks — 7%°

events and (b) Ky, — 7°7° events as a function of the x? of the two 7° masses.
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Figure 3: Measured energy spectra (a) and vertex distributions (b).

Table 1: Final NA31 event statistics.

decay mode | number of events | total background (%)
Ky, — n%0 319 000 2.67
Ky — ntn~ 847 000 0.63
Kg — 7%x° 1 322 000 0.07
Ks — ntr— 3241 000 0.03

Table 2 lists the different backgrounds for the Ki, — 7~ sample. It is
dominated by the K3 background. All systematic uncertainties and magnitudes of

corrections are given in table 3.

Table 2: Ky, — nt7~ background.

source contribution (%)
atr—r0 0.04
L% 0.40
TRV 0.10
neutron interactions 0.09

A crucial point of the experiment is a good understanding of the correction
for changes in the measured double ratio R introduced by accidental activity in the
detector. Figures 5 a and b show the amount of accidental losses and the corrected
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Figure 4: Distributions of (a) Ks — 7°7° and (b) Ky, — n°7° events as a function
of the x? of the two 7° masses.

double ratio R as a function of the beam intensity. The losses increase with the
beam intensity as expected and are nearly identical for charged and neutral decays.
No intensity dependence of the double ratio R remains after correction for accidental

losses.

2.3 The final NA31 results

The final result obtained from the 1988 and 1989 data samples ") s :
R =0.9878 + 0.0026 + 0.0030, (4)
Re(e'/€) = (2.0 % 0.7) x 10~°. (5)

Table 3: Summary of sources and magnitudes of corrections and systematic uncer-
tainties in the double ratio R.

source correction (%) | systematic uncertainty (%)
background to Ky, — 7%r° 2.67 0.13
background to Ky, — nt7~ 0.63 0.10
accidental activity 0.16 0.14
energy scale calibration and stability 0.13
trigger and Kg anticounter inefficiencies 0.51 0.09
Monte Carlo acceptance 0.14 0.10
wire chamber inefficiency 0.10
total systematic uncertainty on R 0.30
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Figure 5: Accidental losses (a) and the double ratio R (b) as a function of the beam
intensity.

Combining this result with the previous result from the 1986 data 9 leads to :
R =0.9862 £ 0.0039, (6)
Re(€'/e) = (2.3 £0.65) x 1072, (7

A common systematic uncertainty of 0.0028 in R has been taken into account.

2.4 Summary of experimental and theoretical results

The latest and most precise measurements are

Re(¢//c) = (230 + 0.65)x10-°  CERN NA31 ™D,
Re(e'/e) = (0.74 £ 0.59) x 10®  FNAL E731 12,

Theoretical predictions 3 4 15:16) jpyolve the calculation of penguin dia-
grams (electroweak and QCD) and of hadronic matrix elements. The accuracy of
the result depends mainly on the uncertainties of my, Azrs, ms, Bélm, Bé3/2)’ By,
[Ves| and Vi /Vip| *¥). Two groups, Rome ™ and Munich 1), have done next to
leading order (NLO) calculations, whereas the Dortmund group 19 argues that the
uncertainties of the hadronic matrix elements are too large to go to NLO calcula-
tions.
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The approximate ranges for the predictions of Re(€'/€) are :

Dortmund ( 19, figure 2) : (0.8 —4.6)x 107 m, = 175 GeV,
Ay = 200 MeV,
Rome (149, figure 2) : (01-0.7) x 107 m; = 140 GeV,

Agep = 340 MeV,
Munich ( !9, tables 16 and 21) : (0.1 —0.5) x 107° m, = 170 GeV,
Agrs = 300 MeV,
BY? = BPM = 1.0,
(0.5 —2.0) x 107 m, = 170 GeV,
Asrs = 300 MeV,
B%® = 20, B = 1.0.

3 — The NA48 experiment

The NA48 collaboration is constructing a detector for a new precision measurement
of direct CP violation at the CERN SPS 1. The main aim of the experiment is'to
measure Re(¢'/€) to better than 2 X 10~%. This precision requires more than 2 X 108
Ky, — 7°r° decays which will be obtained by running the experiment with ten times
the intensity and event rates as compared to NA31 9), Therefore, again compared
to NA31, all systematic uncertainties will be decreased by a factor of three. The
NA48 collaboration intends to achieve these improvements by :

o the concurrent detection of all four decay modes (K,s — 7%7%, wtw~) in the
same detector,

e using nearly collinear Ky, and Ks beams,

o tagging the proton which produces the Ks,

e using a magnet spectrometer to reduce the background for the charged decays
(Kps — 7t7~) to the per mille level,

e using a fast liquid krypton calorimeter to detect the gammas from the 7°
decays with an excellent energy and space resolution,

o using a fully pipelined 40 MHz FADC readout and trigger,

e weighting the Ky, decays to obtain a similar vertex distribution in z as for the
Ks .

Figure 6 shows a schematic overview of the NA48 experiment.

3.1 The NA48 proton tagging counter

The proton tagging counter 17,18) ypgtream of the Kg target will measure the time
of passage of the proton producing the Ks . The corresponding event seen in the
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Figure 6: Schematic overview of experiment NA48.

detector will be identified by requiring the difference of the proton’s time of passage
and the event time in the detector to be equal to the time of flight between the
tagging counter and the detector (about 250 m). The performance requirements

are :

* a high rate capability (3 x 107 protons per 2.5 s pulse) with deadtime-less
readout,

e a time resolution of better than 500 ps,

e resolving overlapping pulses down to 5 ns,

¢ using light material to preserve the proton beam quality,

¢ radiation hardness (1 SPS burst corresponds to 1 Gy),

high efficiency.

In order to fulfill these requirements a design was chosen which consists of two sets
of twelve staggered scintillation counters arranged alternately in horizontal and ver-
tical orientation. Figure 7 shows the arrangement of the scintillation counters in the

tagging counter.

A prototype of the tagging counter system was tested successfully 18, A
geometrical alignment of better than 0.5 mrad, a light yield of more than 300 photo-
electrons and a time resolution of better than 100 ps were achieved. In addition a
6 bit 4560 MHz FADC system was tested. It showed an intrinsic time resolution of
50 ps and overlapping pulses could be separated down to 7 ns. This figure will be
improved by using 8 bit 1 GHz FADC's of which a prototype was tested successfully.
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Figure 7: The proton tagging counter.

3.2 The NA48 magnetic spectrometer

The magnetic spectrometer 17) consists of a large aperture (2.4 m) dipole magnet and
four high precision, high rate drift chambers. The magnetic field (corresponding to
about 250 MeV transverse momentum) was measured. The field map agrees with the
TOSCA simulation everywhere in the fiducial area to within 3 parts per thousand.
All four drift chambers consist of four double planes. The orientations of the planes
are : xx (0°), yy (90°), uu (-45°) and vv (45°). Each plane has a central hole for the
neutral-beam pipe. A small prototype of the chamber gave a resolution of better
than 100 pm and a full scale mechanical model of the central ring showed that the
wires can be positioned on the ring with the same precision as in the small prototype.
The production of the large chambers has started and the spectrometer should be

completed during 1995.

3.3 The NA48 electromagnetic liquid krypton calorimeter

The proposed electromagnetic calorimeter ™ % 20) has an active volume of liquid
krypton with an octagonal fiducial area 2.4 m across (diameter of an inscribed cir-
cle). The depth is 27 radiation lengths corresponding to 1.25 m of liquid krypton.
The singles rate is expected to be about 1 MHz. The photon energy range is 2
to 100 GeV with an average of about 25 GeV. The energy resolution is required
to be significantly better than 7.5 %/1/E[GeV] as achieved in NA31 9. The pulse
height response must be calibrated and stable to better than one per mille. The
space resolution should be better than 1 mm and it should be possible to resolve

two photons separated by more than about 4 cm. The time resolution should be
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better than 1 ns for photon energies above 10 GeV.

To achieve these design goals, a liquid krypton calorimeter of high gran-
ularity with a 2 em x 2 cm readout tower structure is being built. Altogether
there will be about 13500 towers. This segmentation ensures the high rate capabil-
ity, good space resolution and photon separation. The use of liquid krypton in a
quasi-homogeneous structure (the only other materials are thin readout electrodes)
minimizes sampling fluctuations as needed to achieve the excellent energy resolu-
tion required. The total volume of liquid krypton will be about 10 m?3 (24 tons).
Low detector capacitance of about 80 pF per cell and the use of cold preamplifiers
with short connections result in a high speed readout. The initial current readout
technique 2" #2) is used with a pulse shaping of 40 ns peaking time and total width
of about 160 ns (the total drift time across the gap has been measured to be 3.0 us
at 3000 V 2),

The design adopted for the full-size calorimeter consists of tower cells
formed by single full-metal strips tensioned in beam direction with a slight zig-
zag of 50 mrad. Figure 8 shows the prototype which was tested in an electron beam.

Endplate
(Stesalit 4411W) A

5 Spacers
(Stesalit 4411W)

(Cu with 2% Be

Frontplate with steel sleeve)

(Stesalit 4411 W)

Ground ribbons
(Cu with 2%Be)

HV ribbons
(Cu with 2%Be)

Figure 8: Liquid krypton calorimeter prototype.
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The main results obtained with the prototype calorimeter are :

energy resolution :  o(E)/E =3.5 %/\/E [GeV] @ 40 MeV/E [GeV] ® 0.4 %,
space resolution : 0z(E) = 4.1 mm/,/E [GeV]® 0.5 mm,

oy(E) = 4.5 mm/\/E [GeV] ® 0.5 mm,

time resolution : o(E) < 300 ps for E > 10GeV .

The energy resolution achieved with a prototype is shown in figure 9 as a function of
energy. It isin good agreement with the results of a detailed Monte Carlo simulation.
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Figure 9: Energy resolution of the liquid krypton calorimeter prototype.

The resolutions achieved are adequate for the experiment. Since the pro-
totype design is “scalable” and the test setup has been realistic (e.g. concerning
the amount of material in front of the calorimeter) the collaboration is confident of
achieving the same good performance with the full-size calorimeter.

2.4 The NA48 schedule

The NA48 collaboration has started to install the experiment at the CERN SPS. The
beam line, part of the photon anticounters, the spectrometer magnet, the scintillator
hodoscope, the hadron calorimeter and the muon anticounters are already in place.
All detector prototype tests are finished. Next year, 1995, will see the launch of
the spectrometer. In parallel the final LKr calorimeter readout electronics will be
tested. In 1996 the LKr calorimeter will be installed and the first physics data will
be taken. In order to achieve a precision of Re(¢/€) of about 2 x 107* a minimum

of three years of data taking is required.



3.5 Prospects for rare K decay physics in NA48
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Table 4 lists the main properties of the K;, and Kg beams. The beams are not

optimised for rare K decay physics. The strength of the experiment will be the

background rejection due to the excellent photon energy and position resolutions

and the good two photon separation.

Table 4: Characteristics of the NA48 K, and Ks beams.

Ky, Ks
protons per pulse 1.5 x 102 3 x 107
spill length ~ 2.5s
cycle time 14.4s
accepted K° momentum range 70 - 170 GeV/c
fiducial region 27, ~ 12m
number of K° per pulse ~ 2 x 107 ~ 300
number of K° in accepted momentum range per pulse | = 6.4 x 10° ~ 220
number of K° decaying in fiducial region per pulse ~ 2.2 x 10* ~ 190
number of K® — 7%7° per pulse ~ 20 ~ 60
detector acceptance for K® — 7%7® decays ~ 20%
number of accepted K°® — x%7° per pulse 4 ~ 12
number of accepted K — 7%7® per hour = 1000 ~ 3000
number of accepted K® — 7%° per year ~ 1.5 x 10% | ~ 4.5 x 108
(assuming 120 days with 50 % efficiency)

The detector acceptances and trigger efficiencies for different rare decay

modes are being studied. The main goals are :

a precise measurement of I'kg—,y) /T (Ky—yv)»

about 1000 Ky, — 7%y~ events,
the observation of Ky, — 7%7% ,

a large sample of K, — eey and Ky, — ppy events,
a limit on the branching ratio for Ky, — n%e in the order of 10710,
limits on or measurements of Ky, — n%up , Ky, — 7% , Ky, — eeee ,

a limit on the branching ratio for Ky, — ¥ in the order of 10~°,

Ky, — eepp , K, — wmee , Ky, — wrpp , K, — mevy and K, — wpuvy decays,

¢ limits on Kg decays.
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OVERVIEW OF RARE K DECAYS

Laurence Littenberg
Physics Department, Brookhaven National Laboratory
Upton, NY 11978

ABSTRACT

The status and future prospects of searches for and studies of forbidden and highly
suppressed K decays are reviewed.

1 — Introduction

In this review I discuss three areas of recent activity in rare K decay. These are
lepton-flavor violating decays, which are entirely forbidden in the Standard Model,
Kg — wFn~n°, which is of interest from the point of view of CP-violation, and “one
loop” decays of the form K%* — (7%%)¢¢, that can throw light on Standard Model
CP-violation and determine parameters such as V4.

2 — Lepton flavor violation

Although the violation of separate lepton flavor (LF'V) is not allowed in the Standard

Model, we know of no fundamental reason why such processes should not exist ) and

most proposed extensions 2 of the Standard Model predict LFV at some level. The

- search for LF'V in the decays of muons and kaons has a long history and has been

pursued to remarkable sensitivities. [ig. 1 depicts K7, — ge via the exchange of a

hypothetical horizontal gauge boson, X, compared to K* — pv via W exchange.
Assuming a V-A interaction:

X X 2,
e G3d9pe ) MW) TKLB K+
Bz — pe) = (gzsinﬂa (MX Ti+ (K" =~ p*v)
11 (91 TeV\*rg20m\?
= 33x10 “( e ) ( ;2“) (1)
(a) (b)
s 7 s
..... . M
\ W - XO e
Vg G e 9% gl e,
u ”s ~v d Mo - o

Figure 1: (a) K+ — ptv decay, (b) K — pe via the exchange of a boson, X.
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Since the latest limit 2 on B(Ky, — pe) is 3.3 x 107!*, assuming that g% ~ g¥ ~ g,
one is already probing scales of order 100 TeV for a LFV interaction. Sensitivity to
B(Kp — pe) is expected to reach ~ 107'*/event in the next couple of years. The
corresponding exercise on B — pe yields:

91 TeV)4(gg§g;fe>2

B 0 = ——14(
(B” — pe) 10 e e

(2)

This comparison can also be expressed as ¥:

BB el 2@(@)2 (3)
B(KL — pe) 7k, mi \g¥

3 x 1074 (“’—'ﬁl)2 (4)
X
Ysd

Q

Therefore one would need B(B° — pe) < 107!* to compete with B(K; — pe) <
3.3 x 1071, unless g is significantly larger than g%,

In three-body decays, where the helicity suppression that penalizes heavy
parent mass is absent, a similar comparison yields a result more favorable to B’s 9:

B(B —.Kue) , ;. ili/58 (@)5(9_55)2 ~ (5)

B(K — pe) 10 7&, \mg ) \gX

E)

X
9sd

X

The factor %5 reflects the B’s preference for decaying to heavy hadronic systems. Thus
for the three-body decays, equal branching ratios have about equal reach for LFV.
The comparative experimental situation is illustrated by Fig. 2 which shows the most
recent data on B~ — K~ep from CLEO %) and on K+ — mtep from AGS-777 9.
Each plot is a distribution of the final state effective mass versus a second variable that
also distinguishes signal from background. In each case background events approach
or even enter the signal region. The difference is that the K sensitivity is roughly five
orders of magnitude better than that of the B result (it will soon almost seven orders
of magnitude, if AGS-865 meets its goal). This is primarily due to the current relative
abundance of Ks and Bs. However, even if one had the requisite 50, 000-fold increase
in B-statistics, the signal box would contain 10° background events. This illustrates
the advantages of a dedicated detector, where particle identification factors of > 107
are available.

Table 1 is a summary of searches for lepton flavor violation. One should note
that the sensitivity to LFV achieved in muon decay experiments is quite comparable
to that reached in K decay, and that this field is still very active.
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Figure 2: Search for lepton flavor violation in Bs and K's. The left hand plot shows the
result of the CLEO search for B~ — K “ep. The ordinate is the difference between
the energy of the beam and that of the final state particles and the abscissa is the
Kep effective mass. The right hand plot shows the result of the AGS-777 search for
K* — 7%epu. The ordinate is the rms distance of closest approach of the three tracks
to a common vertex and the abscissa is the three body effective mass.

3 ](S — 3

One should keep in mind how little we actually know about CP-violation if we don’t
beg the question by assuming that the Standard Model is right. All confirmed ob-
servations are consistent with the superweak model 17, i.e. they can be explained
by state-mixing alone. A number of modern theoretical approaches ' have conse-
quences very similar to superweak, at least for the K and B systems. Moreover,
even if the superweak model is disproved and the KM mechanism ' turns out to
successfully describe the CP-violation we observe, it probably can’t account for the
baryon asymmetry of the universe 2. This motivates the search for CP violation in
areas where the KM mechanism predicts undetectably small effects.

Two experiments, CPLEAR and FNAL-621 have recently reported results
on K5 — mtn~n°% The 37 state is to K5 more or less what the 2r state is to K, but
there has been far less work on on the former relative to the latter. The reasons are
not hard to find. For K one must work close to the production target, usually a poor
environment. In the case of K — 27, one can easily remove Ks “background” by
moving a few 75 downstream, whereas even in the first Ts, Ks — 3r is overwhelmed

305



L. Littenberg

Table 1: Status of searches for lepton flavor violation

Mode Current u.l. Experiment _ ref. Date (Near-)future aim
KT o qite, pr  Zlocl0=" AGSTT7 6 1990 3 x 10~'*(AGS865)
i 33x 10"  AGS791 3 1993 2 x 107*(AGS8T71)
Kp — m°ue 3.5 %1072 FNALT799 7T 1994 1071

70 — pe 8.6 x 107° FNALT799 8 1994

B — Kue Loeelg= CLEO II 5 1994

B — K*pe 2710 CLEO I 5 1994

B — pe 5.9 x 107¢ CLEO 1I 9 1994

B—rTe 5.35¢105" CLEO II 9 1994

B—rp 8.3 x 107¢ CLEO I 9 1994

ut — ety 4910~ Xtal Box 10 1988 7 x 10713 (MEGA)

it — e¥emet ©°1.0x10712  SINDRUM 11 1988
p~Ti—eTi 43x1072 SINDRUMII 12 1993 few x 1071

wte- — p—et  33x10~7 PSIR-89-06 13 1994 3 x 10~°
7% — pe 3:9: %1075 L3 14 1994
7% — et 8.6 x 107¢ L3 14 1994
70 — ur 1id ex <070 L3 14 1994
T — py 419 %210-° CLEO 1I 15 1993
T — PLL 4,3 %1078 CLEO 1I 16 1994
T — Jpe 359107 CLEO II 16 1994
T — pee 3.4 10°° CLEO II 16 1994
T — eee 33X 10=° CLEO II 16 1994

by K; — 3. Moreover, only the 370 state is pure CP —. The J = 0 rtr—x®
system is quite complicated. There is a CP+ component which, although suppressed

by angular momentum (since £r+,- = 1,3,..) and the Al = 1 rule (since I = 2),
still dominates the CP-violating (£ = 0, I = 1) component. From state-mixing alone,
one predicts a CP-violating branching ratio, B(Ks — atan0). = le|2%B(KL —

rtr~7°) ~ 107, while theoretical estimates 21) of the CP-conserving branching ratio
are in the few x 1077 range. In practice, one measures the interference between the
K and K, so that the CP-conserving component can be removed by integrating over
the Dalitz Plot (assuming that the acceptance is well enough understood). Then, by
analyzing separately the proper time distribution of the halves of the Dalitz Plot with
Eq+ — Er- > 0 and < 0, the CP-conserving branching ratio can be extracted. Figs. 3
and 4 show the results of this procedure for the two experiments. In each case evidence
for a signal can be seen at early proper time. The branching ratios calculated from the
observed interference amplitudes are: B(Ks — 7t 1% cPeons. = (3.9f§:g fg:g) x1077
(FNAL 621 ) and B(Ks — 717~ 7°)cPeons. = (8.2189173) x 107" (CPLEAR )
where in each case the first error is statistical and the second systematic. Thus,
Ks — ntn~7° has been seen for the first time.

However, the primary objective of these experiments is to search for the
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CP-violating component of this decay. The Standard Model predicts ) the direct
CP-violation to be at least as large as in K — 2w, with €/, _ o ranging up to
> 10¢,.. Prior to the present experiments, the limit on CP-violation in this chan-
nel could be characterized by |n4_o> < 0.12 @ 90%c.l., where n,_o =. A(Ks —
7~ 10) opviol. JA(K, — w7~ x°). This has now been substantially improved, as can
be seen in Fig.5, where both the old and new results are displayed. Each experiment
promises further improvement. However, as indicated by Table 2, there is quite a
long way to go before reaching even ¢, much less €

Table 2: CP-violation in Kg — ntr—x°

Experiment  Re(n4—o) Im(74-0) ref.
FNAL 621 0.019 £0.027 0.019 £0.061 25
2 = Re(e) —0.015 £ 0.0175¢0s, £ 0.025,5y5:. 25
CPLEAR  0.005 % 0.022,10¢. & 0.0075y5¢.  0.016 £ 0.024 ;1. £ 0.0184y5¢. 23
€ 0.0016 0.0017 26
0.3 prr—rrrrr
Im(n,_o) [ a Metcalfelgal.
):)02 _ = Barmin etgal. 1
0.1 f _
0. ._......N...........%_.‘.. ...................... .:
e CPLEAR|
" [ o E621
02 |I||
-02 -0.1 0. 0.1 0.2 0.3
Re(n,_q)
Figure 5: Results of searches for CP-violation in Kg — wtn~n°

4 - One-loop decays

Much of the current interest in rare K decays is directed toward the study of one-
loop effects. Mechanisms such as those of Fig. 6 are expected to dominate, or at
least contribute significantly to decays of the form K%% — (x%%)¢Z. In the SM the
calculation of these diagrams is very clean; QCD corrections are small or moderate,
and hadronic matrix elements can be reliably obtained from the rates of common K
decay modes. The t-quarks in the loops make the | .ocesses sensitive to parameters
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like m; and Vig. Kp — 7%/ is CP-violating to first order, and provides potentially
very useful probes of this phenomenon. In addition, numerous non-SM contributions
to K%% — (7%%)¢ have been predicted over the years. Since experiments have not
yet reached the Standard Model level for most of these modes, the potential for the
discovery of new physics remains.

The exploration of these modes motivates the study of a number of other
decays. In some cases these constitute experimental backgrounds to the one-loop
processes (e.g. K — {*{~yy as background to K; — 7%*t{~ or K+ — 7tyy as
background to K* — w*vi). Others can be used to establish the size of possible
long-distance competition to the one-loop effects (e.g. Ki — 7%+, which scales the
CP-conserving contribution to K, — w%¢+¢-),

W - o
s vl s vl
_ 2
Qa3 Iy W il
d 7 d W R 7N
w
w

Figure 6: One-loop contributions to K%* — (7%%)¢7

4.1 Kt - rxtup

In K* — 7*v7, long-distance ‘background’ is negligible 27 so that the short-distance
contributions (SM or non-SM) are completely unobscured. The QCD corrections are
relatively small and well determined. Recent calculations by Buchalla and Buras 28
beyond leading logarithms indicate theoretical uncertainties < 7% for typical SM
parameters. The branching ratio is particularly sensitive to the value of |Vidl, and
offers perhaps the cleanest way of determining this parameter.
The branching ratio is given by:
a?B(K* — n%ty

B(K* —xtu) = SO e );IK:WkaL+K:WdX(rt)I2 ™)

where z; = (m;/mw)?. For m; ~ 174GeV, X(z,) ~ 1.6. Note that Vjy occurs in the
product V;;V;4. If one assumes a unitary CKM matrix, Eq. 7 can be rewritten:

. it | jgamiib Bl Ty
B(E* = rtup) = 1.2x107°A? + 3(hs =) + 307 = p)?] (8)
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Xl
where pf =1+ AKX (=) and X§; ~ 1072 :
In leading order in Wolfenstein parameters, B(K + — xtyi) determines
a circle in the p, n plane with center (p,,0); po = 2p¢ + 3py ~ 1.4 and radius
1 /B(Kt—ntvp) .

Az 1.2x10-10

PRELIMINARY
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Figure 7: Results of ’89-91 search for K+ — ntui(left). Ordinate is 7% range and
abscissa is 7+ energy. A cut has also been placed on the 7t momentum. Signal region
is outlined. Peak at lower left is K+ — r+70. Events at upper right are from tail of
K* — u*v and Kt — ptvy. The right hand plot shows a Monte Carlo simulation
of the signal. The falloff of events with range < 30cm is due to the trigger.

Detecting this decay at the 1071° level is rather challenging. The only de-
tectable particle, the 7+, is a very common decay product of the K*. The other
two final state particles are undetectable, so there is no kinematic constraint (other
than p%, < 227 M eV/c). The major backgrounds are the common two-body decay
modes K+ — m+r® (21.2%) and K+ — ptv (63.5%). To eliminate the former one
needs a v veto capable of suppressing 7% by a factor of ~ 108. To eliminate the
latter one needs particle identification capability to reject wt by > 108, AGS-787 has
been pursuing this decay mode for several years now. This experiment, currently a
collaboration of BNL, INS/Tokyo, KEK, Osaka, Princeton, and TRIUMF, searches
for Kt — mtvi and related decays with a solenoidal spectrometer 29) in a stopping
K+ beam. Preliminary results from three years’ running are now available. Fig. 7
shows a plot of 7+ kinetic energy versus range for K+ — ntup candidates passing
particle ID, photon veto and event quality cuts. No candidates survive, resulting in
a 90% c.l. upper limit of 3.6 x 1077, Combining this with the limit 39 1.8 x 1078
previously obtained by E787 for a different kinematic region (pr+ < PKn2), yields
B(K* — ntvi) < 3.0 x 107° (@ 90% c.l.). A limit on the process Kt — 7+ + X°,
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where X° is a single massless unseen neutral, can also be extracted. The new limit
on this SM-violating process is B(Kt — 7+ X°%) < 6.1 x 1071° (@ 90% c.l.). These
limits represent 50-fold improvements in the sensitivity to KX+ — 7+ ‘nothing’ with
respect to previous experiments. However, an additional factor 10 in sensitivity will
be required to reach the prediction of the Standard Model for K+ — ntui. There-
fore an upgraded beam and detector were built to continue this search. The aim is to
reach a sensitivity of at least 4 x 107'* /event. The first run in the new configuration
was completed in July 1994.

4.2 Kp — 7%w

In the Standard Model K, — 7°vv is virtually 100% direct CP-violating 3!). There
are no significant long distance contributions or indirect CP-violating “background”,
and only tiny QCD corrections. The branching ratio is given by:

T, @ B(K*T — n%*tv)
T+ VA2m%sinfw
= 5x107104%? (10)

B(I(L — 7FOVI7) =

Yo HmVViaX ()2 (9)
¥4

where Eq. 10 assumes CKM unitarity and the CDF value for m;. Thus a measurement
of this branching ratio directly determines 5 (modulo A?). However, the experimental
difficulty of this extremely desirable measurement is even greater than in the charged
analog. The initial state energy is difficult or impossible to measure, there is no
visible vertex, two of the final state particles cannot be detected so that there are
no kinematic constraints, and many backgrounds produce apparently unaccompanied
7%s. Yet one needs to get to the 107'2 level. The latest limit is from FNAL 799, in
which a search was made for the Dalitz converted version, Ky, — 7% — ete~yui.
This allows a vertex to be obtained at the cost of a factor 80 in statistics. Fig. 8
shows a plot of eey pr vs mass for candidates from this experiment. The signal box is
centered on the 7% mass and on a pr beyond that possible for 7#%’s from most potential
backgrounds. The events just below the signal box come from A — n7° Ke3 events
populate the region above and to the right of the signal region. It’s clear that future
progress will depend on detector improvements as well as on increased X flux. With
no events in the signal box, a 90% c.l. limit of B(K; — 7%#») < 5.8 x 10~° was
obtained 3%. Thus there are still 7 orders of magnitude needed to reach the SM level.
Many clever schemes for measuring this process have been discussed, but thus far the
only proposal for a dedicated experiment has been one at KEK 3. I believe that
this process presents a great opportunity for a relatively small group to do a very
important experiment.
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Figure 8: Results of K;, — w°v# search (from FNAL-799). (a) Monte Carlo, (b)
candidates

4.3 K — 7%t

Since K — w0 is so hard to detect, how about replacing the elusive neutrinos
with charged leptons? Unfortunately, the same interaction that renders the charged
leptons detectable complicates the theory considerably. This is not so serious in the
case of the direct CP-violating component, since techniques for handling this have
been developed over the past few years 3% 3. Recently there has been a calculation
of the rate in which QCD effects are taken into account consistently in the next-to-
leading order 3. Thus, if B(Kz — 7%%e™)ar could be isolated, it would indeed be
similarly useful to K, — n°v7. However this proves to be very challenging. Assuming
CKM unitarity and the CDF value for m;:

B(Kp — 7r°e+e_)d_,-, ~ Tx1071A'Y? (11)

Comparing Egs. 10 and 11, one sees B(KL — mete™)a, is several times smaller
than B(K — 7% 1), This makes it difficult to separate from certain competing
contributions to K; — n%ete~. These also arise because the final state leptons can
couple to photons, as in Fig. 9.

First there is an indirect CP-violating term, eA(Ks — 7%%e™). Unfortu-
nately the approach used to calculate the direct contribution breaks down here be-
cause the real parts of the Wilson coefficients get large contributions from regions be-
low me, where perturbative QCD can’t be trusted. This contribution could be unam-
biguously determined by a measurement of the CP-conserving decay K5 — m%ete,
but the current upper limit on this branching ratio 3, 1.1 x 107, falls at least
three orders of magnitude short of the required sensitivity. A rough idea of the ex-
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Figure 9: Photon-mediated contributions to K — w%*e~ (a) CP-violating, (b)
CP-conserving.

pected size of this component can be obtained from the well-determined 3% value
of I'(K* — m*ete). This yields B(K — n%*e™). ~ 6 x 10712, a number very
close to the magnitude of B(Kz — n%*e™)y;, implied by Eq. 11. However the pre-
cise size of this contribution is currently very uncertain. Attempts 3% 40 to relate
['(Ks — m%%*e”) to T(K* — wtete™) via chiral perturbation theory (xPT) have
run into problems *'*2). To further complicate the situation, there is also a CP-
conserving two photon contribution of roughly the same order as the CP-violating,
that arises from the intermediate state K — 7%yy (see Fig. 9 (b)). In principle the
size of this contribution can be predicted from data on the latter process. There were
a number of contradictory theoretical predictions for Kj — 7%y (see Ref. 43 for
a summary). The observations by NA31 4 and FNAL-731 %) have been a mixed
success for Y PT. The Dalitz Plot distribution is pretty well predicted by yPT 40,
but the observed branching ratio, ~ 1.7 x 108, is about three times higher than that
originally predicted. Refinements to the theory *6) have reduced this discrepancy, but
this born-again agreement is not as convincing as an initially correct prediction would
have been. What is more, even the refined theory’s implications for K; — 7%*e™ are
not unambiguous. Ref. 46 predicts B(K;, — m%%e™)cpeons = 1.8 x 10712, while Ref.
42, which includes dispersive effects, obtains B(Ky, — 7%%e™)cpeons = 4.9 x 10712,
In addition to the above, the intrinsic background K — ete vy is ex-
tremely difficult to overcome. The impact of this background, which was discov-
ered %) in the course of the first dedicated search for K — n%te~, was studied
in detail by Greenlee *%). Tt is basically a radiative correction to Kj — e*e™n.
However, in spite of the give-away tendency of the radiated photon to line up with
its parent electron, and the necessity of its pairing with the other photon to make
a spurious 7°, this background appears very hard to beat at the 10~'! level. Fig
10 shows the yy mass from a recent study of this process *®). Quite an apprecia-
ble fraction of the events have m., near m.o. Since the observed branching ratio,
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B(Kp — ete vy, B > 5MeV) = (6.5 & 1.2510¢ £ 0.64y,) X 1077 (consistent with the
theoretical expectation of 5.8 x1077) is ~ 10° times larger than the direct CP-violating
component of K; — w%*e, this is clearly a major challenge.
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Figure 10: The ete™ and yy mass distributions for K — ete™yy (from Nakaya,et
al.). About 25% of the events are actually K7, — ete .

Results on K — 7%t¢~ have also been reported by FNAL-799 recently.
The 2-d plots of Fig. 11 show p versus invariant mass of candidates for K — n%*e~
and K — 7°u*p~. No events are observed in either signal box, allowing 90% c.1.
upper limits of B(K;, — 7%%e”) < 4.3 x 107° °9 and B(Kp — =°%utp”) <
51 x 107 ) to be obtained. The former limit is only a small advance over
previous work, but the latter represents nearly a 250-fold advance in sensitivity. The
K — 7°utu~ signal region seems quite clean and very significant further progress
can be anticipated 2. The projected single event sensitivity for both processes at
KTeV is 10~1° —10-1!, This will not be sufficient for an observation at the S.M. level,
but it should clarify the future prospects for these modes in the study of CP-violation.

44 Kp —ptp

The theoretical connection between the short distance contribution to this branching
ratio (B(Ky — ptp~)sp) and SM parameters was reviewed by Buras and Harlan-
der 5 and subsequently by Buchalla and Buras 2%). Although the short-distance
contribution is dominated by long-distance effects roughly an order of magnitude
larger, a measurement of sufficient precision to overcome this difficulty seems possi-
ble. In principle, the CKM parameter p could be extracted from such a measurement.
Both Ky — ptp~ and its close relative K, — ete™ are also sensitive to new physics
beyond the Standard Model.

314



L. Littenberg

100
€ F . F -
E e F .
> _— -
v gol K N
27k - ®
5 - z
L i 5
¥ o g X
9 40F - oy
% [ [ o
i 3
20f b s
i C
0.0 Y S I .0
475 500 525 475 500 525 0.44 (3.48 0.52 0.56 \
Mo (MEV/CY) Moo (MeV/c?) n°up Mass (Gev/c?)

Figure 11: Results of K7, — 7%*{~ searches (from FNAL-799).

The short distance contribution to this process comes from the box and
electro-weak penguin diagrams of Fig. 6. The hadronic matrix element is given by
that occurring in Kt — ptv . Assuming three-generation unitarity, an approximate
expression for the complete result can be written %

B(IX’L — ;u+/‘_)SD = 1.7x 10-10$}'56A4(p0 - p)2
1.9 x 1072 A%(po — p)* (for m, = 170) (12)

Il

where po — 1 measures the charmed quark contribution (including QCD corrections).
For typical values of the parameters involved, po ~ 1.27. Then, for example, if
A = 0.85 and p = 0.27, B(K — p*p~)sp = 107°. (For the case of K, — ete,
this BR is reduced by a factor ~ (m./m,)?.) After taking the calculation to the
next to leading logarithmic order, Buchalla and Buras 2® estimate the residual
theoretical uncertainty in B(Kf — ptp~)sp to be ~ 8.5%, once the values of the
parameters have been fixed. This suggests a target for the precision of possible future
measurements.

Unlike most of the processes discussed in this paper, high statistics data
are available for K;, — ptp~. Fig. 12 shows the result of a single year’s run of
AGS-791 %9, in which hundreds of signal events are evident. There are now ~ 1000
events in the world sample of K7, — p*p~, and about ten times this number are ex-
pected within a few years from AGS-871. In the absence of long-distance effects, this
sensitivity would be more than adequate to satisfy the criterion of Ref 28. Unfortu-
nately, the long-distance contribution dominates this decay, and determines whether
Ky — ptp~ can be exploited to determine p. By far the largest part of the long dis-
tance contribution is given by the two photon intermediate state of Fig. 13. Therefore
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Figure 12: Square of the collinearity angle vs. my, for K — p*p~ candidates from
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Figure 13: Long distance contribution to Kz — ptpu~

the absorptive part of the amplitude is related to the experimental rate for Kz — vy
by 59):

2
g i A s %azr?% %—J_f—g

where B = /1 — 4r} and r? = m}/m%.This can be compared to the latest measure-
ments:

In B(KL — v7) (13)

7.940.7) x 107 KEK-137 %9
6.86 & 0.37) x 10=° AGS-791 59

{ (3.04£0.1) x 10712 absorptive (14)
<1101 AGS-791 °7

where the absorptive contribution is derived by using B(Ky, — yv) = (5.70£0.27) X’
10~* 28), Were this the sole long-distance effect, the prospects for a measurement

(6.81 £0.32) x 10~° absorptive
B(Kp — ptp7) = {(
(

B(Kp —ete™) =
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of p via this process would be easy to evaluate. However, there is also a long dis-
tance dispersive contribution that adds in amplitude with the weak contribution.
Unfortunately the relative size and even the relative sign of the two contributions is
controversial.

Temporarily ignoring this problem, we can evaluate the potential of a preci-
sion measurement of B(K — p* ™) under the most favorable possible assumptions.
Table 3 compares the precision on B(KL — p*p™ )4, available a decade ago, that
available at present (the two latest experiments are averaged), and that which could
be available after AGS-871, if a very precise measurement of B(Kj, — v7) were also
made. In Table 3, the 1997 value of B(Kj — 77) is assumed to be the same as the
present PDG value. Also, B(Kp, — u*p™ )4y is assumed to be 107°. The precision
assumed for the 1997 B(Kp — p*u~) measurement is slightly worse than that given
by the anticipated statistics alone. Finally, the assumption is made that the preci-
sion on B(K — 7v7) can be improved to < 1% °®. Applying Eq. 12 to the 1997
value of Table 3 gives a precision on p of about +.06 on the assumption that A is
well-known. This precision is a function of the actual value of the dispersive BR,
e.g. for B(Ky — ptp™)asp = 0.23 x 107° the precision worsens to +0.12, while for
B(Kp — p*p™)asp = 2 x 107° it improves to £0.04. A precision on p of ~ +0.06
would be very welcome in the anticipated time frame. Thus, were the long-distance

Table 3: Precision with which dispersive part of B(Kz — p*u~) can be extracted

Date | B(Kp — ppu) B(Kr — vy) [ B(KL = ppt)abs | BIKL = i) asp
1084 | (01 £ LO)I0° | (49 4107 | (5IE5)10° | 32 £2.0)10-°
1094 | (7.09 £ .33)10=7 | (5.70 £ .27)10~" | (6.85 % .32)10~7 | (.23 & .46)10°"
1997 | (7.85 % .10)10-" | (5.70 £ .05)10~" | (6.85 £ .06)10=° | (L.00 & .12)10-°

dispersive contribution negligible, for B(Ky — p*pu~)4,, ~ 107°, the ongoing exper-
iments could approach the criterion of Ref. 28.

Unfortunately our knowledge of the long-distance dispersive contribution is
very poor. The difficulties in calculating it are outlined in Ref. 41. There have been a
number of model calculations %% 6% 61 and these disagree with one another. However
the same models also make predictions about other decays, such as K; — ¢+¢~+,
K1 — 4 leptons, Kt — 7t¢*{~ etc. These decays are being studied experimentally
and can possibly serve to distinguish among the models. In any case one can hope
that further experimental and theoretical work will refine the prediction of the long-
distance dispersive contribution. To estimate the experimental progress that might
be necessary, let us focus on the model calculation of Ref. 60. In this model, a
parameter ay characterizes the relative strength of K*-mediated diagrams. This
parameter %% was measured to be —0.28 + 0.08312:9% 63 and —0.28 £0.13 4
in two studies of K, — e*te™y. At the recent DPF meeting, FNAL-799 reported
a new measurement %9 of K, — pu*pu~7, based on 200 events (see Fig. 14). Their
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result, B(K — ptp=7y) = (3.55£0.25510¢ £0.235y5) X 1077, implies ax = —O.l5fg:i;,
consistent with the K, — eey results.

N
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Figure 14: Kp, — ptp~y candidates from FNAL-799. Signal events can be seen near
My = mg and small pf

The model of Ref. 60 gives a tiny long distance contribution to the real

part, but this is essentially a numerical accident due to the precise value ag = —0.28
(B(Kp — pp)lid = 0.76 x 107°(1 4+ ax/0.27)*). If one attributes an error of £0.09

to ag, the corresponding error in the dispersive amplitude is £1.0 X 10~% (about 1/3
the size of the short distance amplitude if B(Kf, — pp)sa = 107°). It corresponds
to about +0.32 in p. To reduce it to +0.06, ax would need to be determined to
4+0.017. Scaling from AGS-845 %, this would require about 30,000 Ky — ete y
events, which is possible for the upcoming round of CP-violation experiments. Much
larger samples of K7, — ptp~7 should also be available.

There has also been significant progress on the related decays mentioned
above. FNAL-799 recently published results ) on K; — ete"ete™. Based on
98 events, they measured B(K; — ete"ete™) = (3.96 £ 0.78ta¢ £ 0.325y5) X 1078
(¢f. a theoretical expectation of (3.55 & 0.17) x 10~%). This sample was sufficient
to verify that the final state is mainly CP = —1, but it is too small to distinguish
among theoretical approaches to off-mass shell behavior of the photons in K7, — v7.
However much larger samples will be available in the near future. If a well-motivated
theoretical approach can give a good account of high statistics samples of this process
as well as Ky — 6+0~v, K — ete~p*tp~, K — YL 7y, etc., a basis will exist for
extracting very valuable information on p from Ky — e

45 Kt wtitis

It was originally believed that K+ — n*£+¢~ would be short-distance dominated ©7.
However it is now understood to be very difficult to distinguish one-loop effects in
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this decay, because of long distance photon exchange contributions that are known
to be large but which are very difficult to calculate precisely 8. AGS-777/851
collected more than 1000 K+ — nTete™ events; results based on ~ 500 have been
published 3®). These results are consistent with the predictions of YPT 39, but are
not sufficiently precise to constitute a real challenge. A successor experiment, AGS-
865, now running, anticipates collecting tens of thousands of both K+ — ntete™ and
K* — ntutpu~. The latter decay is particularly interesting because measurements
of the parity-violating polarization asymmetry of the u* are sensitive to the short-
distance contribution ®9. In particular, such measurements are potentially sensitive
to p, thus affording an alternative to K — p*p~ for determining p with kaon decays.
Recently Buchalla and Buras " have extended the previous analyses beyond the
leading logarithmic approximation. For —0.25 < p < 0.25, V,; = 0.040 + 0.004, and
my = (170 + 20) GeV, they found 3.0 x 107° < [Ag| < 9.6 X 1072 (ALg = ER;EL,
where I'p and I'z, are the rates to produce right and left-handed pt). To attain this
precision with B(Kt — ntutu~) ~ a few x1078 is very challenging indeed. If one
could measure the polarization of the u~ as well as that of the u*, it is also possible
in principle to measure 7 in this process ™). However a measurement sufficient to
do this is far beyond current experimental capabilities. In any case the first step in
exploiting K+ — 7tu*tpu~ is to observe it. This step has recently been taken by
AGS-787. Fig. 15 shows a plot of p% vs three-body effective mass for K+ — =t ptp~
candidates. A clear accumulation of events is visible in the signal region near p} = 0
and My, = mg.

4.6 One-loop decays and the Standard Model parameters

It’s evident from the above discussion that one-loop K decays can be very useful
in constraining the unitarity triangle. With the addition of a single measurement
from the B system (e.g. of |V| or of |Vis/Vis|), they can actually over-determine
the triangle. This is graphically illustrated in Fig. 16. For a given value of m;, the
various dimensions indicated are proportional to the square root of the K branching
ratio divided by A% Clearly any two of them can determine the apex of the triangle.

The information from K decays can be used in a number of different ways;
several have been suggested in the literature. For example, Buchalla and Buras 7
estimate that sin(24) could be determined to £0.11, given 10% accuracy on B(K*+ —
ntvv) and B(KL — 7°w). The most advantageous strategy will depend on when
results of various levels of precision become available.

5 — B’sand K’s

At the recent DPF meeting two bounds on |¥,:‘f| from B-decays were presented. The
first is a limit of B(B — p(w)y)/B(B — K*y) < 0.34 from CLEO ™). If these
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Figure 15: Kt — wtu*pu~ candidates from AGS-787. Smaller box is signal region.
Region between smaller and larger boxes is used to estimate background.

decays are mediated purely by short-distance penguin diagrams like that of Fig. 17,
one can extract a limit [%’,{ﬂ < %2—‘, where ¢ is an SU(3)-breaking parameter between

0.58 and 0.81. Using ¢ = 0.58 gives |¥,:‘;‘| < 0.76. However Atwood, et al. ™),
point out that the interpretation of this measurement may be afflicted by possible
long distance effects in B — V. This is a problem at present, but it is believed
that the long distance contributions, although not negligible, are smaller than the
short distance contributions, and that further experimental and theoretical work will
eventually make this a viable method of determining [%’,ﬁﬂ

The second bound comes from recent work on B, — B, mixing at LEP
By — By mixing is proportional to |Vi4|?, but the presence of an’a priori unknown
hadronic matrix element makes extracting |V;4| problematical (this is to be contrasted
to the case of K* — w*vi where the hadronic matrix element is accurately known
from Ke3 decay). A measurement of B, — B, mixing can reduce the theoretical
problem to that of determining the ratio of By and B, matrix elements. This ratio .
is claimed to be known to about 10%, and one has ™ 2:‘ = (l—ﬁim X |¥,{f|2
The numerator here has been known pretty well for a while via time-averaged mea-
surements, and more recently there have been LEP results exploiting the time de-

75)
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Figure 16: Rare K decays and the unitarity triangle.

W 2.
b T o U s, d
d d

Figure 17: Penguin diagram for B — V4.

pendence. These have now developed to the point where meaningful limits on Am,
can be extracted. The ALEPH result discussed by Sharma at the DPF Meeting is
Amgy > 6ps~!. For tg; = (1.56 £ 0.14)ps, they obtain I%fﬂ < 0.33. More conserva-

1 .1V fB, Y Bg, . .
tively: [74] < 0.36 Too/Boy” Progress beyond this at LEP is expected to be slow.

By making perhaps invidious assumptions about |V,|, one can beat the
K* — v result discussed above into a comparable form: [%f‘.‘l < 1.38. This is not
yet good as the B measurements, but it is very clean theoretically and is limited only
by the experiment. Rapid progress is expected if AGS running time is adequate, and
the K sensitivity should be comparable to that of the B’s within a couple of years.

It’s also important to keep in mind that the B and K experiments are not
quite measuring the same thing, and that it’s possible that non-SM effects will show
up as discrepancies between the two.

Buras and his collaborators 2 7 ) have explored how complementary in-
formation from B’s and K’s can be combined. One perhaps surprising example is the
proposal to extract a precise value for |V from B(Ky — 7°v7) plus measurements
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of CP-asymmetries in B decays. Since, as shown in Eq. 10, B(KL — n°v7) is propor-
tional to An?, if 7 eventually becomes well-determined from B-decay experiments,
one can choose to assume its value is the same in the K decay and get a precision on A
that’s ~ 4x better than that of the B(Kf, — 7°v¥) measurement itself. One can also
take a different point of view and use the comparison of K and B-determinations of -
quantities that ought to be the same to check the consistency of the Standard Model.
Basically one can check for consistency or assume consistency and gain precision.

6 — Conclusions

Within a few years, the lepton flavor-violating decays K — pe, K* — ntpte”, and
probably K — n°ue will have been pushed down to the level of ~ 10~2. Although
this probes a scale of some 200 TeV, unless there is a positive result, there may not be
sufficient motivation to launch another of these increasingly difficult experiments in
the near future. This is because of the lack of a currently compelling theoretical target,
and the fact that according to Eq. 1, one progresses only as o (BR)"%. However the
motivation to pursue one-loop K decays is very strong even in the era of B-factories,
and should be pushed vigorously. They present the irresistible opportunity of an
alternative, theoretically very clean, method of determining the unitarity triangle that
is complementary to studies in the B-system. Such experiments almost inevitably also
offer opportunities to pursue the search for forbidden decays, so that progress in that
area is also likely to continue.
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Abstract

E777 has set 90% C.L. branching ratio upper limits of 2.1 x 10~1° for the
decays K™ — #%pte” and 4.5 x 1077 for K* — #+A°, where A° is any
particle of mass less than 100 MeV /c? decaying into e*e~ with lifetime less
than 107" sec. E851 measured the BR(K* — ntete™) = (2.974232) x 10-7
and BR(7° — e*e™) = (8.0 £2.6 +0.6) x 10~8. E865 is preparing to take data
in 1995 which should greatly improve these results.

1 -Introduction

Over the past two decades, a number of extensions to The Standard Model have
been proposed which attempt to ameliorate if not cure some of its well known ills.
Most of these attempts such as technicolor [1] extended technicolor [2] which connect
quark and lepton sectors via horizontal gauge boson exchange, supersymmetry (3],
leptoquarks [4] and additional Higgs scalars [4] allow lepton flavor violation as shown
in Fig.1.

W

(@) (b) (c)

Figure 1. Diagrams for lepton flavor violation. (a) horizontal gauge bosons, (b)
supersymmetry, (c) leptoquarks.

Muon decay studies have provided the most sensitive tests for lepton flavor vio-
lation with measured branching ratios BR(x~ — e™v) < 4.9 x 10~ [5], BR(p~ —
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e"ete”) < 1.0 x 1072 [7] and BR(p~ — e72y) < 7.2 x 107" [6] all at the
90% confidence limit. In contrast, the only credible search for lepton flavor vio-
lation in kaon decays prior to the present AGS program yielded a branching ratio
K+ — ntpte” < 4.8 x 107° [8] . In the event that generation number conserva-
tion [9], i.e., G= +1 for the first generation of fermions, u, d, e” and v, G=+2
for s, ¢, p~ and v, etc. and -1, -2, etc. for their antiparticles, is a more restrictive
constraint than lepton flavor, then K+ — n*p*e™ in which AG = 0 may prove more
sensitive to lepton flavor violation than the muon decay modes in which AG = 1.

The search for K+ — atpte™, (Knu), is also complimentary to Kf — p*e¥.
Although the latter can conserve generation number, it can only proceed via an in-
teraction that transforms as an axial vector or pseudoscalar whereas K* — wtpu*e”
proceeds via scalar or vector currents.

2 -E777/E851 Apparatus
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Figure 2. E777/E851 Apparatus

Figure 2 shows the basic experimental apparatus used in E777 and E851. A 6
GeV/c unseparated beam containing approximately 107 positive kaons per AGS pulse
traversed a 5 meter vacuum decay region immediately upstream of the detectors in
which some 10% of the beam kaons decayed. These were accompanied by about
2 x 108 positive pions and protons per cycle. The decay region ended inside a 48D48
(M1 in the figure) spectrometer magnet with a gap of 40 inches which deflected
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decay products away from the beam region with positive particles to beam right
and negatives to the left. This enabled us to specialize the two sides of the particle
identification system to trigger on an electron on the left with a pion and a muon on
the right . Four multiwire proportional chambers, P1-P4, each with three views and
two mm wire spacing, and a second spectrometer magnet M2, a 72D18, with a 30 inch
gap and magnetic field integral producing a deflection of 164 MeV/c which was equal
and opposite to that of M1 provided particle tracking and momentum measurement.
The measured resolution was op = 0.01P2 GeV/c, where P, the momentum of the
decay products ranged from 0.6 to 4.0 GeV/c. Particle identification was obtained
from three systems, two atmospheric pressure gas Cerenkov counters for pion(muon)-
electron identification, a lead-scintillator calorimeter, 11.4 radiation lengths thick,
and finally a muon identifier consisting of eight two- view proportional tube packages,
interspersed with 9 cm thick steel plates. The Cerenkov counters contained hydrogen
gas on the left (C1L and C?L)

The identification of an electron on the left side of the detector is of crucial
importance to the K,,. trigger since the most prolific K* decay mode to yield an
electron is K* — x*7° followed by the Dalitz decay 7° — ete™y which has a
combined branching ratio of 2.5 x 10~3 (10]. On the right side, C1R and C2R were
filled with CO, yielding an average of six photoelectrons for an electron with the
muon threshold at 3.7 GeV/c, corresponding to the upper limit of the decay muon
spectrum. The efficiency for rejecting triggers with a positron signal in either C1R
or C2R was 99.9%.

The lead-scintillator shower calorimeter was located behind the last proportional
chamber, P4, and was segmented into 24 horizontal sections and 2 vertical ones.
Requiring the energy deposited to be consistent with an electron increased the pion
rejection efficiency of the left side of the detector by a factor of six averaged over all
momenta with a loss of 5% in electron detection efficiency. By rejecting particles on
the right side with energy deposition greater than 75% of their measured momentum,
the overall positron rejection factor was raised to 99.97% with an insignificant loss
for detecting pions. The wire chambers were deadened to prevent gas multiplication
in the region traversed by the beam. Opaque baffles contained the beam region
in the Cerenkov counters so that light produced by the beam did not reach the
photomultplier tubes. The shower calorimeter was configured with a hole through
which the beam could pass without interacting.

D, F, S and Q in Figure 2 indicate scintillation counter hodoscopes that were
used to trigger the data acquisition system. A single F' counter firing on the left
in coincidence with 2 appropriately correlated (F - S) coincidences on the right was
required for all triggers. The K, trigger then had the additional requirement of a
(ClL-C?L) coincidence with a threshold of 0.4 photoelectron in each counter, no veto
from CIR or C2R and a potential muon track. A r trigger resulted from the F and
S coincidences with no Cerenkov counters firing and no candidate muon track. Since
the 7 trigger occurred at a rate of 10° per spill, it was prescaled by 8192. Finally, a

329



D.M. Lazarus

K ree trigger was formed by requiring (CIL-C2L)-(C1R-CZR). The high sensitivity of
this trigger to Dalitz decays resulted in it being prescaled by a factor of 8.

3 -A° s ete” -

The first results from E777 were prompted by reports of correlated electron-
positron pairs produced in heavy ion collisions which suggested the possible existence
of a short lived, 1.8 MeV/c? particle that decays to e*e” [11]. At the time axions
and light Higgs bosons were very much in fashion and a search for such a particle,
A, resulting from the decay K* — x+A°, A® — ete” was undertaken ([12].

A scatter plot of Me. vs. Mree with the requirements that S, the rms distance of
closest approach of the three tracks to a common vertex, was less than 1.4 cm and
the reconstructed K* momentum vector can be projected back through the beam to
the production target is given in Figure 3(a).
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Figure 3. (2) Invariant mass distribution of Myee for Mee < 15MeV/c% (b) Mree
distribution for 492.5 MeV/c? < Mg < 520 MeV/c?. The dashed line indicates
the signal expected from the decay of a 1.8 MeV/c? A° with a branching ratio
BR(A® — e*e™)= 107°. The high mass tail on this distribution results from elec-
tron bremsstrahlung and multiple Coulomb scattering.

The background from Dalitz decays for M. < 15 MeV /c? is apparent from Figure
3(a). Dalitz decays are prominent below the kaon mass and a single event appears
on the high mass side. Figure 3(b) gives the low mass M.. distribution for Mree in
region of the kaon mass. A 1.8 MeV/c? signal would be spread to 10 MeV/c? by

our resolution. The events observed show no significant structure and are consistent
with the Monte Carlo simulation of Dalitz decays. From the known branching ratio
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we estimate less than one background event from this decay in this region.

Since the particle detection identification efficiencies for this decay are the same
as those for Dalitz decays, the normalization is derived from the known branching
ratio for Dalitz decay, the observed number of Dalitz decays and the Monte Carlo
calculation of the acceptances for the two decays. The resulting upper limit branching
ratios for Mo = 1.8 MeV/c? and 100 MeV /c? are plotted vs. A° lifetime in Figure
4 along with previous results (13], [14]. For lifetimes longer than 10~ second, the
probability of the A° passing through the apparatus before decaying reduces the
sensitivity. For lifetimes shorter than 107!3, a 90% confidence limit of 4.5 x 10~7 for
the branching ratio for K* — A° was obtained.
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Figure 4. BR(A® — e*e™) for A° mass equal to 1.8 MeV/c? and 100 MeV/c? (this
experiment) and 1.8 MeV/c? for the data of Refs 13 and 14.

4 -Kt > rtpte” (Myue)

The primary backgrounds to the search for Krue arise from 7 and K, followed
by Dalitz decays. In the former, K* — n+r*7r~ where a 7+ decays to ptv with
the v emitted backwards and the =~ misidentified as an e~. Kinematics reduces
this background to the 1075 level implying the necessity of maintaining the =~ /e~
misidentification probability below 10~7. In the second case, the combined branch-
ing ratio for K* — 7% followed by #° — etey is 2.5 x 103, If the =+ decays
to ptv with the v going backwards and the et is misidentified as a =" kinematic
rejection is good but insufficient to reduce this background to a tolerable level. An
e’ /" misidentification probability of less than 10~* is necessary. Initial results on
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K were published by Campagnari et al. [15]. Figure 5(a) is a scatter plot of S vs.
Krpe invariant mass for events with three charged pions in the final state. A clear
T signal is present at the K* mass for small values of S. The box around the signal
region represents the boundaries of three standard deviations in invariant mass and
95% of events in S. The distributions are consistent with Monte Carlo simulations
with the anticipated mass resolution. Events with the kaon invariant mass but large
values of S are mainly due to events in which one of the pions decayed to pv in while
traversing the apparatus. The final results of the search for K., are displayed in
Figure 5(b).
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Figure 5. S vs. invariant mass for (a) T decays and (b) Kryue candidates. The boxes
represent the signal regions as described in the text.

The box enclosing the signal region was increased to allow for the increased
kinetic energy released in wpe decay relative to 7 decay as determined by Monte
Carlo simulation. The two events nearest the signal region with acceptable S have
invariant masses of 474.9 and 512.2 MeV/c?, 3.8 and 3.7 standard deviations from
the kaon mass, respectively. Events below 450 MeV /c? result from 7 decays in which
the = was misidentified as an electron and a 7 as a muon. The events in the
high mass region are likely due to Dalitz decays in which the et was taken for a n*.
The distribution of backgrounds is a minimum in the signal region as expected from
Monte Carlo calculation which predicts ~0.1 event in the region.

Since (C1L)-(C2L) triggers were used for both Ky and Dalitz modes, the latter
events with invariant mass greater than 350 MeV/c? were again used for normal-
ization with appropriate corrections for relative acceptance as determined by Monte
Carlo calculation. Other corrections included’ differences in efficiencies for various
cuts in the two modes and differences in particle identification efficiency between
positrons and muons whose ratio we estimate as C = 1.26 +0.10. An uncertainty of
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7% was assigned to the calculated ratio of acceptances. The final upper limit on the
branching ratio for K* — #*ute— is 2.1 x 10-1° at the 90% confidence level (16].
Generic models [17] incorporating horizontal gauge bosons to mediate lepton flavor
violating transitions can be used to predict a mass scale for such a boson from the
ratio of the limit for Ky,. to the branching ratio for K* — 7°utv. For a purely
vector coupling of strength equal to that of the weak interaction, our result implies
a mass, Mugg, greater than 39 TeV/c2.

Calculating the acceptance for the decay sequence, K* — x*7z0 followed by
x° — pte~, it was also possible to set a limit for BR(r? — pte”) < 1.6 x 1078 (90%
C.L.).

5 -K — 7rete™ (Kree)

Kree, is a strangeness changing neutral current decay and is highly suppressed
in the Standard Model by the GIM mechanism [18]. The branching ratio and ete
invariant mass spectrum have been calculated by a number of authors [19] but until
the advent of E777 , the world sample of K. has been 41 events yielding a branching
ratio of (2.7 x 107" [20]. Such highly suppressed processes are always attractive
in that they might have enhanced sensitivity to new physics. With some model
dependent assumptions a measurement of Kree parameters can be related to those
for K§ — n%*e™ [21].

Data for Ky, were obtained in two runs. In E777, C1R and C2R were filled with
CO; and Ky, triggers were prescaled to reduce dead time due to Dalitz decays that
would detract from the search for Krpe- E851 was a dedicated to study K .. and
to search for 7% — e*e™ (m..). The prescale was eliminated and both sides of the
Cerenkov counters were filled with hydrogen gas at atmospheric pressure in order to
purify the trigger and data sample at the cost of a reduction in efficiency. A high
e*e” mass trigger based on vertical separation of the ete~ tracks was implemented
to enhance trigger sensitivity to Kyee and ., relative to Dalitz decays.

A scatter plot of the e*e™ invariant mass vs. the r+te*e~ invariant mass is dis-
played in Figure 6(a). A band of K} _ events with little background is prominent
at the kaon mass for M. greater than 150 MeV/c2. Below M, = 150 MeV/c?
a band of Dalitz decays dominates the region below the kaon mass. The excel-
lent fit of Monte Carlo simulations using the detector acceptance and the known
properties of Dalitz decays to the data lends confidence to the validity of the con-
clusions for the analysis of K. and for the measurement of the branching ratio
for # — ete™ which will be discussed in the next section. Figures 6(b) and 6(c)
are the background subtracted M., and M., distributions, respectively, for events
with M., greater than 150 MeV/c? and in the latter for high mass events with
470 < Mree < 512MeV/c®. The solid histograms are based on the known properties
of the detector system. In addition the M.e distribution in Figure 6(b) was fitted
with the spectrum dI'/dM,.. = CM.p3(1.0 + AM?,/M2) anticipated from a vector
interaction. In this expression, p, is the pion momentum in the kaon rest frame, C is
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an overall normalization constant which depends on the branching ratio, the normal-
ization to Dalitz decays and acceptance and efficiency corrections and A is a constant
which determines the form factor for the decay. Figure 7(a) gives the results of this
fit for the branching ratio and A in contours of constant x2+4n from E851. The results
for the branching ratio and ) obtained in E777, BR(Kree) = (2.7540.23+0.13)x 1077
and A = 0.105 & 0.035 & 0.015 have been published [22] and are compared with the
E851 results: BR(Kyee) = (2.87£0.32 £ 0.13) x 10-7 and A = 0.187 £ 0.36 £ 0.124.
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Figure 6. (a) Scatter plot of Mee vS. Mree, (b) Background subtracted M, invariant
mass distribution with a fit to the spectrum calculated from a vector interaction
indicated by the histogram, (c) Background subtracted Mree invariant mass spec-
trum, (d) angular correlation between the 7+ and the positron with the correlation
calculated from a vector interaction(histogram).
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Ecker, Pich and de Raphael have parameterized kaon decays using an effective
chiral Lagrangian [23] which relates the decay rates and invariant mass spectra of
different decay modes. In their forrpulation, the invariant mass spectrum M., can be
written as dI'/dMee = 16Mc.I'p2 | ¢4 (q?) | /M where T is an overall normalization
factor and ¢, = —(¢x(¢*) + ¢«(¢*) + w4). The kinematic dependence of the kaon
form factor, ¢k, is given by

aMZ 5 1 [4M2 Pl 4M2 L4
2 = — K LA - _K —_ K —_
#x(q’) 32 + 8 + 3 [ & IJ arctan[ " 1]

The pion form factor is the same with My replaced by M,. The constant wy is
related to a theoretically undetermined coupling constant which contributes to other
rare kaon decays, most notably Kq,,, K — m°e*e™ and K2 — rlte.
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Figure 7. (a)Kre. branching ratio vs. A for constant values of Xin + 0. (b) Kipee
branching ratio vs. wy for contours of constant x2, + n.

The results of the fits to the spectra are given in Figure 7(b) where the quadratic
dependence of the branching ratio on w, in chiral perturbation theory is indicated
by the dashed curve. The two solutions obtained from the data of Bloch et al. (20]
whose 41 events yielded only a branching ratio are indicated along with the E777
result of Alliegro et al [22] and the E851 determination which is presented with
constant contours of xZ. + m. The results of the fits to the E777 and the E851
data in this parameterization are BR(Kpiee) = (2.99 + 0.22) x 10~7, w,, = 0.89+024
and BR(Kree) = (2.971033) x 1077, wy = 0.641325 respectively. Since the theory
specifies the kinematic dependence of the form factor up to the constant w for all
Ky decays, these results enable us to predict BR(Kii) < (525%043) % 107® and
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(4.8610:33) x 1078 for the two values of w,. AGS E787 recently reported 200 K,
events which will lead to the first branching ratio determination for this decay [24].
The determination of w, also leads to a prediction for BR(KJ — w%ete™), with
the relation $s(q2) = 2¢k(q®) + ws where ws = wy + %log%ff(—. The resulting
branching ratios, BR(K — m%ete™) = 4.5 x 107'* and BR(KY — m%te™) = 2.7 x
1010 are extremely sensitive to the error in w,, where one standard deviation in
w+ leads to an order of magnitude increase in the upper limit in branching ratio.
The one standard deviation upper bounds are close to the most recent experimental
attempt to detect this decay which obtained a 90% C.L. upper limit of 4.3 107° [25].
These results imply one standard deviation upper limits for the branching ratio
BR(K? — n%*e”) < 1.2 x 107!! and BR(K{ — m0ete”) < 5.5 x 107'% if this decay
were to proceed only through the CP violating part of the K° — K° mass matrix.

6 -m° — ete™ (mee) :

The decay 7° — e*e™ has attracted considerable interest since the publication
of its first observations and branching ratio measurements by Fischer et al. [26] who
obtained BR = (22.3%%!) x 10~® and Frank et al [27] with a branching ratio of
(17£7) x 1072 which were considerably above theoretical expectations. The unitar-
ity lower bound obtained from lowest order QED, where the decay occurs through
an intermediate state of two virtual photons is 4.75 x 107%. Other diagrams can
contribute raising the theoretical expectation to a the range of 6.2 x 1078 [28] to
6.9 x 1078 [29]. More recently an upper bound of 13 x 10~® was obtained by the
SINDRUM Collaboration [30] which was consistent with previous results.
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Figure 8. (a) Scatter plot of Mee vs. Mree. (b)Mee and (c) M. distributions with
Monte Carlo simulations (histograms).

E851 carried out a search for this decay simultaneously with the measurement of

K.ce with both the left and right sides of the Cerenkov counters filled with hydro-
gen. The analysis and normalization procedures were similar to those for the direct
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K ee decay but the backgerunds in the low M, region were somewhat different with
contributions from Kp.. itself, double Dalitz decay, i.e. 7% — ete~ete ™y as well as
Dalitz decays which were also used for normalization.
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Figure 9. M, distributions in the vicinity of the #° for Myee < 0.504 GeV/c? and
(2) Myee > 0.483 GeV/c?, (b) Myee > 0.487 GeV/c?, () Myee > 0.490 GeV/c? and
(d) Myree > 0.492 GeV/c?. The solid histogram is the Monte Carlo simulation with
no 7 — e*e”. The dashed histogram indicates the fit of the peak finding program.

Figure 8(a) is a scatter plot of the Movs.Mye. distribution for events in which the
origin of the reconstructed kaon momentum vector is consistent with the position of
the production target. Figures 8(a) and 8(b) give the projections of this distribu-
tion on the Mre. and M., axes, respectively. The histograms are the Monte Carlo
simulations of our detector response to these background decays. The region below
M. = .15MeV/c? is dominated by Dalitz and double Dalitz decays. These events
have My less than the kaon mass because of the energy carried by the undetected
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4 or ete” pair. As the momentum of these particles approaches zero the measured
invariant mass, K. — Mg where they are the primary background in the search for
7 — ete~. Figure 9 represents the M. spectrum as a successively higher cuts on
the minimum M. accepted are applied. An upper limit of Kree < 0.504MeV/c? is
used throughout. As the lower limit on M, is raised, the backgrounds are reduced
at a greater rate than the potential signal which should be centered at the kaon mass.
It is apparent from the figure that excess events over the Monte Carlo simulation
of the background appear as the Kre. minimum mass cut is raised into the Mg
region. A peak finding program incorporating the data and Monte Carlo background
spectrum of Figure 9(c) and a Monte Carlo spectrum for a neutral particle X°
decaying to e*e” with a width consistent with our measured resolution and with
the mass, M%, and number of events, N%, as free parameters. The results of this
search were N% = 21 £ 7 events at MY = 0.134 + 0.001GeV/c? which is consistent
with the 7° mass. This analysis was repeated for the other spectra in Figure 9
with consistent results. Including estimated systematic error and a bremsstrahlung
radiative correction [28], the final result for the branching ratio is BR(x..) = (8.0 <L
2.6 + 0.6) x 10~ at the 90% confidence level. The first error is statistical and the
second includes systematic errors. This result is consistent with the unitarity lower
bound, the SINDRUM result of BR(mree) < 13 x 10~8 and the recent result from E731
at FNAL which obtained BR(e.) = (7.6733 £ 0.5) x 107® based on 9 events (32].

7 -E865

E865 is a second generation experiment motivated by experience in E777 and
E851 to attempt to search for Ky, with sensitivity to a branching ratio of 3 x 1072,
to obtain tens of thousands of Kpiee, greatly improve our measurement of e, and
in a subsequent experiment search for CP violation in the charged kaon sector by
looking for asymmetries in the Dalitz distributions in r+ and 7~ decays. A new beam
line has been for constructed which was designed to provide seven times the kaon
flux that was available in E777 and E865 with better collimation so that the beam
halo is reduced leading to a net reduction in accidental rate despite the increased
beam intensity. The E865 apparatus is shown schematically in Figure 10. Major
improvements include a factor of three larger acceptance using a 120D36 spectrom-
eter magnet which also provides a p; kick of 240 MeV/c compared to 165 MeV/c in
the earlier experiments which will significantly improve our resolution. The major
limitation experienced in searching for K, . was the rate of accidental coincidences
due primarily to beam halo. Our ability to reconstruct events with more than three
hits in each chamber will be enhanced by the introduction of a fourth view in each
multiwire proportional chamber package. A 600 element shower calorimeter has been
constructed by the INR (Moscow) group which gives greatly improved pion-electron
separation and by virtue of its high degree of segmentation, it provides a powerful
tool when used with special modules for triggering the apparatus on topologies that
are of physics interest and have desired properties such as crude momentum balance.
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The E865 muon identifier covers both sides of the apparatus increasing the accep-
tance and has finer longitudinal segmentation. Dead time is reduced by means of
more sophisticated triggering, tighter coincidence gates and a new data acquisition
system that has an order of magnitude greater rate capability than the previous one.
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Figure 10. The E865 Apparatus.

An engineering run last year enabled us to determine that the beam performs as
designed and to measure trigger rates and study the performance of various detectors
some of which are being improved. We expect to begin taking data during the run
that will take place next winter and spring.

The E865 apparatus is well suited for searching for CP violation in charged kaon
decays by attempting to observe differences in the r*(K* — 7*7*7¥) decays. Stan-
dard Model predictions [33] for differences in rates, A(T') = (I'r+ — I',=)/(Trt 4+ Tp-)
0.094 | € |. However, in limited regions of the Dalitz plot these can be as large as
0.74 | € |. Therefore, by comparing the normalized populations of 7+ and 7~ in each
bin of the Dalitz plot and computing an asymmetry A = (N,+ — N,-)/(N,+ + N,-)
for that bin, a search for a systematic asymmetry across the Dalitz plot allows a
sensitive test for CP violation. The previous experiment [34] found no regions of
the Dalitz plot where A differed significantly from zero at the level of ~ 10~3 and
the overall measurement gave A(I') = (5 £7) x 107, a result that was limited
by statistics. In addition, they determined the asymmetry in the slope parameters
A(a) =(at —a7)/(a* +a7) = (=5+7) x 1073 where | M* |2 1 +a*[(3T - Q)/Q)
in the linear approximation, T3 is the kinetic energy of the odd charged pion and Q
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is the total kinetic energy of the pions in the center of mass.

Predictions for A(a) based on chiral perturbation calculations have been as large
as 1.4 x 1073 [35] and as small as < 4.5 x 107° [36]. We anticipate the possibility of
determining A(a) with a statistical accuracy of 2 x 107°. Systematic errors would
likely be in the vicinity of 107*.
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ABSTRACT

There has been recent significant progress in the study of decays of K? mesons to
lepton pairs. A series of new experiments is searching for the possibility of muon-
and electron-number violation in the decay K? — pe and studying the Standard
Model physics of the top quark mass and mixing by measuring the rate for the
decay KP — ppu. I summarize the motivation for these studies, present results of
Brookhaven E791 on these and related decay modes, and report the status of BNL
E871, which will improve the experimental sensitivity by a factor of twenty with
respect to E791. -

1 — Introduction and motivation

The study of leptonic decays of neutral kaons has resumed in the last few years,
after a hiatus in these studies following a series of early experiments *). The renewed
interest is due to significant advances in accelerators which allows higher flux kaon
beams, to advances in detector technology which allow us to utilize the higher fluxes,
and to renewed and expanded interest in the physics. This paper discusses two
BNL experiments, one completed and one just beginning to take data. The goal of
the experiments is to study the three leptonic decays: K — pe, K9 — pp, and
K? — ee.

The search for the decay K} — pe is one of a class of experiments designed
to discover evidence for the violation of an additive quantum number associated with
each of the three families of leptons: electrons, fnuons, and tau leptons. To the extent
that we have looked, there appears to be a conserved additive quantum number
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Figure 2: Short distance diagrams contributing to K9 — upu decays.

The decay K} — ee is related to the decay KP — pp; due to the lighter
mass of the lepton it is more heavily suppressed by helicity considerations. As in
the case of K — pp, the decay can proceed through real intermediate states (the
dominant one being two photons) or through virtual intermediate states containing
heavy quarks and vector bosons. The decay rate for the latter is suppressed with
respect to K — pu by a factor of m?/m?. The suppression for the former is not as
great; an additional factor of (% 17) appears in the ratio for modes involving real
intermediate states. Hence this mode is not a fruitful way to study short distance
Standard Model physics. However, it is a good way to look for non Standard Model
processes, since the expected branching fraction from Standard Model modes is &~ 3
x 107", A measured branching fraction larger than this would be evidence for new
physical processes.

2 — Results from Brookhaven E791

2.1 Description of the experiment

Brookhaven experiment 791 was conducted at the AGS in the B5 beamline, a neutral
beam of 65 psr produced at 2.75° from an incident proton beam of energy 24 GeV.
The beam consisted of K7 and neutrons in the approximate ration of 1:16. The
mean K7} energy was approximately 4 GeV, and the useful energy interval extended
from 3 to 12 GeV. The neutral beam defining elements (collimators and sweeping
magnets) extended for 10m downstream of the copper production target, and was
followed by an evacuated decay region of length 8m. The beam and apparatus are
discussed in detail elswhere * and in reference contained therein.

The apparatus, shown in fig. 3, consisted of a two arm spectrometer with
two sequential magnets, each operated with a momentum kick of ~ 300 MeV/c,
and of opposite sign. The neutral beam was transported through the center of the
apparatus, primarily in He, to a dump at the end of the apparatus. The spectrometer
elements were drift chambers with high resolution (& 120um) and efficiency (>
99%). The magnetic spectrometer was followed by planes of segmented scintillation
counters for triggering, a threshhold gas Cerenkov counter and an array of lead
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Figure 3: The E791 beamline and detector.

glass shower counters for electron identification, and a steel absorber followed by
scintillation counters and a marble/drift tube range stack for muon identification.

The online event selection was done in two stages. The first consisted of
fast electronics and was used to require hits in scintillation counters indicating the
presence of a charged particle traversing each side of the spectrometer. A highly
prescaled sample of such events (the minimum bias sample) was recorded, as were
all events which in addition had a signal in either the Cerenkov counter or the muon
scintillator hodoscope on each side of the spectrometer (the dilepton sample). For
events satisfying these requirements signals in all detectors were transferred into
buffer memories of a system of computers in which the events were analysed and
further selected. The selection algorithm consisted of pattern recognition in the
spectrometer and kinematic analysis of the events. Events consistent with originat-
ing from a two-body decay of a neutral kaon were accepted and transferred to a
data-logging computer and written to tape.

Data were collected in three running periods, in 1988-90. The proton beam
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1nten51ty was up to 5 x 10'2 per spill each 3.4 seconds; the splll time varied from
1.0-1.5s in different periods of data taking.

2.2 Analysis

The data were analysed in three stages. The first consisted of pattern recognition
and a rough kinematic analysis to further restrict the sample of data consistent
with two-body decays. The second consisted of a fitting procedure, by which the
kinematic properties of charged particles which best fit the measured positions in
the drift chambers were determined. This used a full three dimensional map of the
magnetic field in the spectrometer, in which particle trajectories were numerically
integrated. The third consisted of associating particle trajectories with signals in the
particle identification counters to selected electrons and muons. Criteria by which
events were identified as dilepton decays with well measured kinematic properties
were derived without studying events in a kinematic region in which signal events
were expected (e.g. in the mass interval around the kaon mass and in a region
of apparant kaon transverse momentum near zero). We call this a blind analysis,
and the purpose is to avoid biases in the selection process based on observations of
possible signal events.

2.3 Experimental sensitivity, the K — 77 signal

All branching ratios were normalized to the K — w7 decay mode, with branching
fraction (2.03 4 .04) x 1073, The normalization sample was chosen from the highly
prescaled minimum bias events. The analysis was identical to that for di-lepton
events, with the exception that there was no particle identification. The number of
observed events was determined from the number of events in a 10 MeV/c? mass
window around the kaon mass, with a background level subtracted. The shape of
the latter was taken from a Monte Carlo simulation of semileptonic decays; the level
was normalised to the observed level outside the kaon peak and interpolated under
the peak. The K — nr mass peak, with the background fit superimposed, is shown
in fig. 4.

The relative acceptance and efficiency for this normalization mode and the
dilepton modes was determined using a combination of measurements from the data
and Monte Carlo simulations. For example, efficiencies of the lepton identification
counters and of the lepton identification selection criteria were determined using well
identified semi-leptonic decays. The relative efficiencies for geometrical acceptances
were determined from Monte Carlo simulations of the detector. Trigger efficiencies
were determined from the data, by measuring the probability that events from the
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Figure 4: Distribution in Mxx for a subset of the data with a fit to the semileptonic
background superimposed.

minimum bias sample which satisfied offline selection criteria had the appropriate
trigger bits set.

2.4 Results for K? — pe

The crux of the K¢ — pe analysis is eliminating potential backgrounds while re-
taining high sensitivity and avoiding any bias for or against a possible signal. The
analysis of the data proceeded by studying the background events in a region within
5MeV/c? of the K2 mass and with 144 < p} < 800(MeV/c?). Here pr is the trans-
verse momentum of the charged pair with respect to the kaon direction, determined
from the target and vertex position. Events in the signal region were not analysed
until the final event selection criteria were chosen.

The distribution in p% vs. M, for events which satisfiy a set of selection
criteria on tracking and particle identification quality is shown in fig. 5. The pre-
determined area in which K? — pe signal events are expected is delineated by the
box centered on the kaon mass. No events are contained in the signal region.

From these data, an upper limit on the branching fraction for K? — pe
was determined. The limit is normalized to the known branching fraction for the 27
decay mode, correcting for relative acceptances and efficiencies (all numbers of order
unity). The resulting 90% confidence limit 3) on the branching fraction is B(K} —
pe) < 3.3 x 10~'1, These data have been previously reported 3), When combined
with results from a KEK experiment 4, the limit is B(K? — pe) < 2.4 x 10711,
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Figure 5: Scatter plot of P} vs. M, for the final sample of K? — pe candidate
events. Plus signs (circles) are 1989 (1990) data.

2.5 Results for K? — ee

An analysis similar to that for K — pe was applied to the K? — ee data set.
Again, events in a region surrounding and excluding the signal region were studied
to devise background rejection criteria. In addition to a series of selection criteria on
tracking quality and particle identification, cuts were applied to remove background
from the double Dalitz decay K7 — eeee, or external conversions of photons from
KE — eey and K — vy decay modes. Events were rejected if an extra track
was detected in both views of the first two drift chamber planes which projected to
within -one centimeter of the vertex. :

Fig. 6 is a scatter plot of 6% vs. M, for events passing all selection criteria.
Here 0k is the angle of the charged pair momentum vector with respect to the
kaon direction determined from target and vertex positions. The signal region is
delineated by the box in the figure, and no events are seen. Due to radiative energy
loss from inner bremsstrahlung, the lower mass cut excludes approximately 17%
of K — ee events ®. This cut is crucial in eliminating background processes to
this decay. It does not exclude backgrounds from the Dalitz decay K9 — eey
with a soft photon, a process which is inherently indistinguishable from the inner
bremsstrahlung corrected K? — ee process.

Again, since no events were observed, an upper limit was calculated . The
resulting 90% confidence limit on the branching ratio is B(K? — ee) < 4.1 x 10711
from the total data set. This is consistent with the predictions of the Standard
Model. A KEK experiment ® has also set an upper limit on this branching ratio; they
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Figure 6: Scatter plot of 0% vs. M., for events from the combined 1989 and 1990
data sets which satisfy all selection criteria except those on 0% and M.

saw one event, consistent with background, and quote B(K? — ee) <16. x 107"

2.6 Results for K — pp

As discussed in the introduction, the short distance contributions to this process,
which are of the greatest theoretical interest, probably account for only a small
fraction of the decay rate. Hence, a precise measurement of the branching fraction
(approaching 1% precision) is required to see the effect of these processes. Unlike
the other decay modes, rejecting background is not so critical, since the signal is
substantial and backgrounds can be subtracted statisticly if they are well under-
stood. However, a careful analysis of the relative efficiencies and acceptances for
detecting muon and pion pairs is required to reduce systematic uncertainties.

The analysis proceeded in much the same way as the searches described
above. In this case, choices in the background rejection schemes were made on the
basis of minimizing the uncertainty in the relative acceptance and efficiency for the
27 and 2p decay modes.

Figure 7 shows a scatter plot of 6% versus M, (for the 1990 data) and
the distribution in M, for events with 6% < 2 mrad? (for the 1989 and 1990 data).
A signal is clearly seen near 0} = 0 and M, = M. Also visible is a background
extending to large M,, mass. This background is dominated by K9 — mev decays
in which the pion decayed in-flight and the electron was misidentified as a muon; the
misidentification produces a two-body invariant mass equal to or exceeding my. The

background also contains a small number of mismeasured K? — muv decays, which,
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Figure 7: Scatter plot of 3 vs. M,, for events from the 1990 data, and the projec-
tion to the mass axis for the combined 1989 and 1990 data sets.

for perfect momentum measurement, have a kinematic endpoint at 489 MeV/c.

To subtract these backgrounds, the distributions of the dominant back-
ground sources were derived from the data by relaxing particle identification cuts.
The shapes of these distributions were then normalized to the background outside
the signal region, and the background in the signal region deduced. A total of 707
events over a background of 42 events is observed.

A careful study of the systematic uncertainties in the relative acceptance
and efficiency for the signal and normalization channels was made. Included were
uncertainties in the effects of pion decays and interactions(.5%), background sub-
tractions(.8%), possible level 1(.4%) and level 3(.3%) trigger biases, uncertainties
in the relative 27 and 2u acceptances(2.0%), the absolute efficiencies of the muon
identification(.3%), and the uncertainty in the K — wr branching fraction(2.0%),
where the numbers in parenthesis are the contributions to the uncertainty in the
K? — pp branching fraction.

The results from the three years of data taking were combined %, yielding
a final result of B(K? — ppu) = (6.8640.25(stat.)£0.27(syst.)) x 10~°. The earliest
of these measurements '” was below the unitarity limit, although consistent with it
within the experimental uncertainties. An experiment at KEK 9 has detected about
170 events and reported a branching fraction B(K}) — up) = (7.9 £ 0.6(stat.) £
0.2(syst.)) x 1079,

Our result is consistent with the unitarity limit of 6.83 x 10~ and implies
either a small short distance contribution, or a cancellation of the short distribution
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by the real part of the long distance contribution. Excluding the uncertainty on
B(K? — w*r7), the total systematic uncertainty is 3.4% and our measurement
of the ratio of partial widths (K2 — up)/T(KQ — #¥x~) is (3.38 £ 0.17) x
10-8. Deriving the short distance contribution is not an unambigious process, and
a sample calculation has been done 5). Briefly, we subtract the unitarity bound
from our measurement and obtain an upper limit on the real part of the amplitude
A(K? — pp): |ReA? < 5.6 x 1071 at 90% C.L. This limit can be combined
with phenomenological calculations of long-distance contributions to the amplitude
to obtain a constraint upon the top quark mass m, and the Wolfenstein parameter p
of the CKM matrix. For a top quark mass of 180 GeV/c?,a lower limit on p between
-1.0 and -0.5 is derived, depending on the model used to calculate the long distance

amplitude %.

3 — Prospects for Improvement: E871

Experiment 791 at BNL was limited in sensitivity by a number of factors. First,
the available proton intensity was limited to about 5 x 10'2? protons per pulse by
the AGS intensity and demands from other parts of the HEP program. Second, the
available computing time in the level 3 trigger processors limited the level 1 trigger
rate. Third, accidental triggers were a significant component of the level 1 trigger
rate at the highest intensities, exacerbating the problem of limited online computing
power. Fourth, the background rejection capabilities of the apparatus were close
to being limiting; the predicted background for K? — pe was about 0.1 events,
based on extrapolating measured background rates outside the signal region. These
backgrounds seemed to result from a combination of tracking and measurement
errors, and particle identification errors, often due to accidental signals in particle
identification counters.

With the commisioning of the booster in the AGS complex, the AGS can
now deliver greater than 50 x 10'? protons per pulse to experiments. E871 has been
designed to use up to 20 x 10, This has necessitated a more sophisticated target
consisting of a Pt target attached to a Be stem and water cooled heatsink. The
sweeping magnet downstream of the target has been replaced with one containing
radiation hard coils. To reduce the ratio of neutrons to kaons in the beam, it is
produced at 3.75° with respect to the incident beam. This also results in a softer
kaon spectrum, for which the detector has been optimized.

To obtain a significant gain in sensitivity over that of E791 a new apparatus
was designed and built, using some of the E791 detectors but also using many new
detectors and significantly reconfiguring the apparatus. A schematic drawing of the
ES71 detector is shown in fig. 8. The principle objectives of the new design are as
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follows: to increase the acceptance, to use higher beam flux, to improve tracking
and kinematic analysis, and to improve the particle identification. The experiment
is again a two arm spectrometer with two magnets, these having pr kicks of about
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Figure 8: The E871 apparatus.

50

+440 and -220 MeV/c. An important feature of the design is a beam stop located
in the gap of the first analysing magnet, in which the neutral beam is absorbed.
This results in significantly reduced rates in detectors after the magnets, and allows
detectors to be continuous across the projected beam line to improve the acceptance.
All tracking chambers have three layers of detectors per module in the bending (x)
view. The chambers before and between the magnets consist of 5Smm diameter
straw tubes, operated with a CF,-ethane mixture with 100 pm/s drift velocity. The
chambers after the magnets are conventional drift chambers similar in design to
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those of E791. Electrons are identified using a Hj filled Cerenkov counter, more
highly segmented than in E791, and a lead glass array reused from E791. Muons are
identified using multiple layers of scintillation counters located at positions ranging
from 0.6-6.0 GeV of range, and by a range stack with 5% range resolution extending
to 9 GeV range.

The acceptance has been improved by increasing the length of the decay
region, by increasing the spectrometer aperature, by arranging magnetic fields such
that about half the two body decays have the charged particles approximately paral-
lel to the beam after the spectrometer magnets, and by reducing the low momentum
limit on particle acceptance.

Additional improvements have been made which result in reduced dead-
times and analysis losses. Correlations in the scintillation counter signals require
that particle tracks be approximately parallel after the spectrometer, reducing the
trigger rate from semileptonic decays. The level 1 trigger electronics has been made
essentially deadtimeless by eliminating meantimers and pulse reshaping circuits. The
signals in the lepton identification detectors are required to be spatially correlated
with the particle tracks defined by the trigger scintillators. The level 3 trigger has
been upgraded; it now uses dual-ported buffer memories and SGI V35 processors in
VME crates and is capable of doing pattern recognition and kinematic analysis of
over 12000 events each 3.2 seconds. Many of the detector improvements are designed
to reduce losses at the analysis level, where stringent cuts are required to eliminate
backgrounds. For example, the Cerenokov counter is more finely segmented, there
are multiple layers of scintillation counters for muon identification, the rangestack
now measures particle energies to 9 GeV, and the use of a beam stop in the analysing
magnet reduces rates in all lepton identification counters, resulting in cleaner and
more efficient particle identification. Finally, we have significantly increased the
tracking information, which now has three layers of x-measuring detectors in each
module. This increases the tracking efficiency and, more importantly, reduces the
chance of errors in tracking and the large errors in kinematic measurements which
result.

The increase in sensitivity of E871 with respect to E791 has been calcu-
lated in two ways, by an ab initio calculation of the sensitivity, and by scaling the
E791 sensitivity by factors for improved intensity, acceptance, and efficiencis. These
improvements are summarized in tables 1 and 2.

ES71 has now had a short first run, in June 1994, with essentially all de-
tectors in place. Data were collected which have been used for calibrating detectors
and developing online and offline analysis code. The first major physics run started
January. 1 1995. As an example of the performance of the apparatus, fig. 9 shows
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E791 1989 Data | E871 as proposed | Increase
K} — pe acceptance 0.0113 0.0242 2.14
K} — ee acceptance 0.00873 0.0224 2.57
K? — pp acceptance 0.0149 0.0283 1.90
Protons on target 3.8 x 102 15 x 1012 3.95
L1 trigger efficiency 0.72 0.95 1.32
L3 trigger efficiency 0.64 0.95 1.48
Cerenkov electron efficiency 0.89 0.96 1.08
PBG electron efficiency 0.95 0.97 1.02
Running efficiency 0.875 0.92 1.05
Running time 17 weeks 38 weeks (2 years) | 2.24

Table 1: Improvement factors of E871 with respect to the 1989 E791 run.

K1, in beam/spill 2 x 108
Fraction of K1’s decaying with
1.7 < pg <20 GeV/c and 11.5 m < zpg < 26 m 0.11

K|, decays in normalization region /spill 2.2 x 107
Spills/hour 1200
Beam hours/week 100
Kp’s in 38 weeks of running 1 x 10

[} — pe acceptance 0.0242
Particle id efficiency (ue) 0.9
Trigger efficiency (combined) 0.85
Pattern recognition eff. (analysis cuts) 0.7
Running efficiency 0.92
Net efficiency (incl. acceptance) 0.012
Single event sensitivity 8.3 x 10713
90% confidence level sensitivity 2 x 10712

Table 2: Ab initio calculation of the E871 sensitivity.
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Figure 9: The number of K — 7 events as a function of proton intensity on
target.

the number of reconstructed K2 — 77 events per unit time as a function of the
proton beam intensity. The data are consistent with a linear increase in sensitivity
with increasing beam intensity, indicating small deadtime and analysis losses even
at intensities up to 15 x 10'? protons per pulse on target. The 1995 run is expected
to continue through mid June and achieve a sensitivity of approximately 1 event at
a branching fractio of 3 x 1071? (assuming an efficiency and acceptance equal to that
for K — mr). A data taking period of 25 weeks next year will allow the experiment
to reach a sensitivity approaching 1 event at a branching fraction of 10712

4 — Summary

Our knowledge of leptonic decays of neutral kaons has improved substantially in
the last few years. From a situation where a total of 27 K — pp events had
been detected by a total of 4 experiments, we have progressed to a total of nearly
1000 events detected in two experiments. The branching fraction for K9 — pp
is now know to a precision of a few percent, close to the point where Standard
Model parameters of top quark weak interactions can begin to be studied. Stringent
limits on muon and electron number violation in the decay K 9 — pe have been set,
approaching 107! in branching fraction. A similar limit has been set on B(K? —
ee), and the prospects for detecting this decay at the Standard Model level are in
sight. There is an experiment, E871 at Brookhaven National Lab, currently taking

data which should improve these measurements by approximately a factor of 20.
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RESULTS FROM BNL E787, A SEARCH FORK* = nt vy
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Flavor-changing-neutral-current decays of kaons provide an important tool for testing
many features of the Standard Model. The GIM mechanism suppresses the rate of these
decays by eliminating simple tree level weak processes, and so for some classes of decays,
an observation tests the theory at higher order. The suppression can also be viewed as
reducing the “Standard Model background” and allowing new physics to emerge.

Figure 1: Diagram for K+ — ntuw

Fig. 1 shows one of the diagrams that contributes to the decay K+ — 71w, Even
at the one-loop level, the rate would vanish if not for the differences in the quark masses
which upset the cancellation of the diagrams. Many authors have estimated the rate
of K* — ntuy in the context of the Standard Model.!=5 The branching ratio is most
sensitive to the values of the CKM matrix elements and the top quark mass. Uncertainties
in the hadronic matrix element have been largely eliminated by relating this rate to that of
Kt — n%% v, and long distance effects have been shown to be negligible® for Kt — ntuw.
The present expectation is that the branching ratio is in the range (0.5 —3) x 10719, Most
of the uncertainty comes from the CKM matrix element V,4. This process is therefore one
of the best ways to get at this element. The best previous experimental upper limit on
this process” is 1.4 x 10~7 at the 90% confidence level.
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This leaves a large window in which to search for new physics. An experiment sensitive
to K+ — ntuw will detect the charged pion coming from the K decay recoiling against
a weakly interacting system of particles. Hence it will be sensitive to certain types of new
particles which include the familon,? and supersymmetric pa.rticl_es.z'g_\10 In addition, the
standard model rate may can also be altered with the addition of new virtual particles.
For example in models with non-minimal Higgs sectors a virtual charged Higgs can change
the flavor of the s quark. Diagrams like these can add to or subtract from the rate for
K+ - rtup ! .

The main backgrounds to a measurement of K — rtuD come from the decays KT —
ptv (Kyz) with a branching ratio of 64% and K+ — wtn® (Kx2) with a branching ratio
of 21%. These are both topologically similar to the decay of interest, with one charged
track in the final state. In order to deal with the background there are three broad areas
of attack. First, one must be able to distinguish pions from muons. One way to do this
is to observe the unique decay sequence m+ — ptv, pt — eTvp. Second, the detector
must efficiently veto the photons from 70 decay. This requires a 47 photon detector. And
third, one must exploit the differences between the kinematics of the decay and those of
the background. '

Arbitrary Units

u'vy (.0055)
1y

0 50 100 150 200 250 300
Momentum (MeV/c)

Figure 2: Momentum spectrum for charged particles from K™ decay.
Branching ratios are given in parentheses.

Fig. 2 shows the momentum spectrum of the daughter charged particles from K+ decay
measured in the kaon rest frame. The two-body modes have a unique range. The three-
body decay K+ — wtvv peaks at its end point and has a significant fraction of its phase
space between the Kx3 and K peaks. The data analysis focuses on the area of phase
space above the Ky3 peak. As discussed below, the detector provides three independent
measurements of the decay kinematics: momentum, range, and energy. This redundancy
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guards against mismeasurement of a single quantity and provides a means of particle
identification.

PHOTON T
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Figure 3: Side view of the E787 detector. Only the top half of the detector
is shown. The detector has cylindrical symmetry.

The detector!? is shown in Fig. 3. It is located at the end of a 775 MeV/c separated
beamline at the Brookhaven AGS. The beam was instrumented with a Cerenkov counter,
several scintillator hodoscopes, and a small MWPC. The beam passed through a beryllium
oxide degrader and kaons were ranged out in a scintillating fiber target. Surrounding the
target was a cylindrical drift chamber which provided a momentum measurement of the
decay particle. The decay particle entered and was brought to rest in a plastic scintillator
range stack. In addition to the range measurement, the kinetic energy was measured by
summing the pulse height in struck range stack counters. Quiside of the range stack was
a lead-scintillator barrel photon veto. Completing the solid angle coverage of the photon
veto were lead-scintillator endcaps. Surrounding the entire detector was a conventional
copper-coil magnet which provided a 1 T field. The tagging of the 1 — 1 — e decay
sequence is accomplished by instrumenting the range stack with 180 channels of 500 MHz,
8-bit transient digitizers.

The most recent result from E787 on K+ — n+v# is from data collected in 1989, 1990
and 1991. A preliminary analysis of the data from these years uses a total exposure of
3.47 x 10" stopped K*’s. Fig. 4 shows the candidate events before the final cuts on range
and kinetic energy have been applied. The events below the accepted region are consistent
with Kz decays where both photons from the 70 have been missed. There are several
events above the accepted box consistent with K, events. No events are seen in the signal
region. The acceptance for K+ — ntuw is 0.18%. The acceptance for a two-body decay
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Figure 4: Final sample of candidates from the 1989-91 data before range
and kinetic energy cuts have been applied. The box shows the accepted
regions for the final cuts. The histograms at the top and left margins are
projections of the data. :

K+ — 7t X0 is 1.1%, assuming that myo = 0. Preliminary branching ratio limits are:
BR(K* — ntvp) <3.7x107°

BR(K*+ — ntX%) < 6.1 x107"

at the 90% confidence level.

E787 has also observed a signal for the rare decay K+ — atptp~. This decay has not
been seen before and the best existing limit is at a branching ratio of less than 2.3 x 1077
the 90% confidence level.’® Theoretical predictions**~!® are in the range (3 — 7) x 1078,
Chiral perturbation theory makes a prediction for the shape of the m, spectrum that is
coupled to the absolute total rate. This decay can be compared to a recent measurement
of K+ — mtete=.18 The decay has been seen in two independent analyses, one which
emphasizes a clean experimental signature by detecting all three charged particles in the
central drift chamber and the other which emphasizes high efficiency by summing the
observed kinetic energy of the K* decay products. In the latter analysis only two of the
particles need to be seen in the drift chamber. Fig. 5 shows the final kinetic energy spectrum
in the high efficiency search. The lower, small peak is due to decays Kt — wtatr~. Other
K+ decays that have subsequent Dalitz decays of ©’s contribute background events across
the entire region examined. There is a clear signal of about 200 events at the kinetic energy
expected for K* — ntutp~. Both of these analyses are still in progress.

The experiment took data during the summer of 1994 with several improvements. The
most important of these was a new separated beam line which increases the K+ flux by
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Figure 5: Kinetic energy of final candidate events in K+ — 7tuty-
analysis.

a factor of about 2.5 per incident proton, and which dramatically improves the purity of
the beam, giving a K:r ratio of 4:1. The ratio was formerly 1:2. Also installed were a
new scintillating fiber target, a completely rebuilt trigger system, a new data acquisition
computer with associated control software, a new central tracking chamber, new 2-tracking
chambersin the range stack, cesium iodide crystal endcap detectors, and finer segmentation
of the inner layers of the range stack.

The AGS booster will started to increase the intensity of the proton beam in 1995.
Eventually, the increase will be a factor of about four over the intensity performance of the
recent past. Major detector improvements are being contemplated, including an upgrade
of the barrel photon detector and further segmentation of the range stack to deal with
potential backgrounds from accidentals in the new high rate environment. The ultimate
goal of E787 is to see several events if they occur at the Standard Model rate.
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Abstract
Recent results from the new rare kaon decay program at Fermilab
are presented. The status and prospects of the new KTeV initiative
are discussed with emphasis on recent electron beam test results of a
full CsI calorimeter prototype test array.

1 — Introduction.

The principal goal of the Fermilab rare kaon decay program is to search for
rare kaon decays that are likely[1] to have a large CP violating component in
the decay amplitude. This so called “direct” CP violation is parameterized
by ¢ in the K — nw system, whereas CP violation occuring through K°— K°
mixing is parameterized by €. In contrast to K, — mm decays where | /e|
is very small (107* —107%), decays such as K, — n%*e™ are expected[1] to
have |¢'/¢| ~ 1. Unlike K; — =r decays, the experimental challenge is to
find examples of these decays, where the expected branching fraction is at
the 10712 — 1071 level. '

The Fermilab rare kaon decay program was initiated with phase-I of E799
which was an eight week test run during the 1991 fixed target running cy-
cle. The total integrated flux collected corresponded to approximately 40
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billion kaon decays in the fiducial volume. In addition to triggers tuned for
K, — 7°ll decays, several other triggers were implemented in parallel that
were sensitive to rare or forbidden neutral kaon and lambda decays. One of
these parallel triggers resulted in the first clear observation of Kj, —» ptp~y
in a signal of 200 events, where previously[12] only one candidate event had
been observed. Experiment E799 will continue in KTeV, which is a new
kaon physics initiative at Fermilab that will measure |€' /€| with a sensitivity
of 10~ and probe rare kaon decays at the 10! level. This large step in sen-
sitivity is achieved through pure CsI calorimetry, an improved spectrometer,
a high speed data acquistion system, transition radiation detectors (TRDs)
to provide e/ rejection, and a very hermetic photon veto system. The cur-
rent status and future prospects Ky, — m°Il searches and Ky, — ptp— are
now described.

2 = K;—-nete:

Both the direct (el : K, — w%te”) and indirect (¢ : K; — nlete™)
CP violating amplitudes of this decay are expected[2] to contribute to the
branching fraction at the (1—10)x 10~'? level. The CP conserving amplitude
of the branching fraction, K, — m%y*y*, is strongly helicity supressed, and
is expected[2] to be less than 1 x 10~''. Hence extracting the direct CP
violating component of K — 7%%e™ may very well be complicated by the
presence of other amplitudes. Far more serious than the complication of other
amplitudes is a significant background(3] from radiative Dalitz decay, K1 —
ete~yy. This process has been observed[4, 6] with a branching fraction of
(6.5 £ 1.3) x 1077 for events with a minimum energy photon of 5 MeV in
the center of mass. The only experimental handle available to reject this
background is the reconstructed m.,, mass. High performance calorimetry
such as the KTeV pure Csl calorimeter can efficiently allow a m., mass cut
of +5 MeV (430), which reduces(3] this background to the (1 — 3).¢ 10z
level. The pure CsI KTeV calorimeter is radiation hard to tens of kRads, fast
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(25nsec), and has been proven to provide an energy resolution of less than 1%
for rare kaon decay photon energies. Despite this large step in calorimetry
instrumentation, it is likely that the direct CP violating component of K, —
w%*e~ will have to be observed above a significant background from K —
ete yy.

Two recent experiments BNL/E845 and Fermilab/E799-I searched for
K1 — w°ete”, and have set comparable limits[4, 5] of less than 5.5x 10~° and
4.2 x 107° respectively at the 90% confidenceslevel. Both these experiments
are background limited at this level of sensitivity. The principal background
at this level is K, — w¥eFv + Y(rad or accidental) + Yaccidental Where the pion is
misidentified as an electron. Phase-II of E799 (K'TeV) will strongly reject this
background process through a better beam design to reduce accidental energy
deposits, and dramatically better e/n rejection realized through pure CsI
calorimetry and a TRD system. The rare kaon decay experiment KEK /E162
in Japan has now had an engineering run, and is expected to probe K; —
wete” with a single event sensitivity of 1 x 1071°. Experiment KEK/162 is
the first neutral kaon experiment to employ pure Csl calorimetry. KTeV will
probe K, — n%*e” with a single event sensitivity[2] of 6 x 10~'!, This large
step in rare decay reach is realized through the following detector detector

improvements and increased flux:

a) X3.5 increase in proton intensity on target.
‘ b) %3.0 increase in running time.
¢) x1.4 increase in live time, 50% — 70%.

d) x2.0 increase in acceptance through the use of CsI calorimetry and few
accidental losses due to better secondary beam design.

e) Anincrease in /7 rejection from x 70 (Phase-I) to to x40, 000 (Phase-II)
through a combination of CsI calorimetry and a TRD system.
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3 —Kp-orutp:

Both the direct and indirect CP violating components to this decay are su-
pressed by the reduced phase space to 20% of the K, — mOete” branch-
ing fraction. The CP conserving amplitude is not as strongly supressed as
K, — m%te~, and hence it is likely that this process will be dominated
by the CP conserving component. The Fermilab experiment E799-1 has set
a background free limit[7] of 5.1 x 107°, which is an improvement of x300
over the previous measurement[12]. The Fermilab/KTeV experiment[2] will
probe this mode with a single event sensitivity of 1 X 1011,

4 - K;— i

This process is quite intriguing in that the direct CP violating component
can be calculated[2, 8] with a high degree of confidence in the context of
the Standard Model, and is expected to dominate the branching fraction. In
addition, the direct CP violating amplitude is expected to be significantly
larger, (~ 6 x 10711 than the amplitude in K — w°¢*e”, primarily due to
three neutrino flavors increasing the number of final states. Unfortunately
observing this final state is extremely challenging. In beam experiments
where adequate flux may exist but kaon decay verticies and energies vary
from event to event, the decay process is poorly constrained. Kinematic
constraints in beam experiments can be acquired by requiring Dalitz decay
(x° — ete~y) of the 7°, but this reduces the effective flux by x70. The Fras-
cati ® factory does have adequate kinematic constraints to cleanly observe
this process, but the expected sensitivity is limited to well above the 107
level. An interesting suggestion[11] has been made recently by A. Konaka
(TRIUMF) that one can produce a tagged beam of K, through associated
production near threshold, 7~p* — A°K°, where the Lambda decay tags the
momenta of the K.

The first search for this process in a beam experiment was from Fermi-
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lab/E731 where a Dalitz decay (7° — ete™y) was required, and a limit of
2.2x 107 was set on the K;, — 7% process and the 90% confidence level[9].

Phase-I of Fermilab/E799 has continued this search using the same method,
and sets a limit of 5.8 x 10~° at the 90% confidence level[10]. The KTeV
experiment expects to push the single event sensitivity to this process into
the 107® range while still requiring the Dalitz decay requirement. At this
level of sensitivity background from K; — wte¥u + Yaccidental Where the pion
is misidentified as an electron is quite serious, and requires a very high level
of 7 /e rejection from the KTeV CsI calorimeter and TRD system to defeat.
Background from A® — n(x® — e*e™y) is significant as well, and requires
tagging of the neutron with a hadron calorimeter to defeat.

In order to relax the Dalitz decay requirement and gain back a factor of
X 70 in sensitivity, a very hermetic veto system is required to veto kaon decay
backgrounds with missing photons, the most serious of which is K}, — 7070,
There is great deal of interest in extending this search with a rare kaon decay
experiment that would exploit the very high proton flux of the Fermilab Main
Injector. A “Kaons at the Main Injector” (KAMI) design report has been
prepared[14], where an experiment is discussed that could ultimately probe
Ky, — 7%%e™ at the 107! level, and K, — 7% at the 10~13 level.

5 — Observation of K — putu~y

The decay K1, — p*p~y is expected to be dominated by the so-called long
distance contributions occuring via the Ky vertex[15]. Knowledge of long
distance contributions can help to determine the origin of the AT = 3 en-
hancement in non-leptonic weak interactions. Other rare kaon decays such
as K, — p*p~ depend on similar long distance contributions which must
be measured in order to extract Standard Model parameters.[16, 17, 18] The
reconstructed p*p~+y mass is shown in figure 1, showing a clear signal of
aprroximately 200 events over a background of 10 events. The pTp” invari-
ant mass is shown in figure 2, together with the Monte Carlo expectation
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based on a Dalitz decay form factor. Clearly the process is dominated by
the Dalitz decay amplitude. A combined fit of the branching fraction and
the m,,, mass distritubion sensitively probes the Kvv* vertex for contribu-
tions beyond the Dalitz form factor. The measured branching fraction[21]
of (3.23 % 0.23(stat) % 0.19(sys)) x 1077 is in fact 2.90 greater than the
expectation of a pure Dalitz form factor, which is the first evidence of a
contribution to the form factor beyond the Dalitz component. KTeV should
observe nearly 10,000 of these decays, which will enable precision studies of
the non-trivial structure of the Kyv* vertex.

6 — Status of KTeV Preparations.

The most demanding instrumentation requirements of the KTeV detector
are with the CsI calorimeter which must provide an energy resolution of
better than 1% for photons and electrons between 2 GeV/c? and 80 GeV/ &%
and an e/7 rejection of better than x500 over the same range. These high
performance goals were tested and met in an electron test beam run at CERN
in August of 1994. The 5 x 5 test-array was a full prototype of KTeV crystals
and readout electronics. The readout electronics is a high-speed pipelined
ADC system[19] orginally designed for the SDC detector at the SSC. The
measured energy resolution of the test-array is shown in figure 3 with and
without the resoltion function of the electron beam removed. From figure 3
it is clear that the calorimeter resolution is less than 1% over the required
dynamic range. The measured e/ rejection of 30 GeV pions in shown in
figure 4 where the momentum width of the beam was increased from 0.3% to
3% in order to acquire a larger sample of data. For an electron acceptance of
95% the measured e/ rejection is x400. The e/ rejection scales to nearly
%900 for an energy resolution of 1%, which is more than adequate for KTeV.
The details of the test beam run and results are documented elsewhere[20].
Installation of the calorimeter will commence with completion of the new
experimental hall in July of 1995.
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7 — Summary.

Standard model expectations[13] suggest that in the near future the new
Fermilab/KTeV and CERN/NA48 initiatives will likely observe direct CP
violation through the avenue of |¢'/¢| measurements. Such an observation
would invalidate the Superweak hypothesis of CP violation. Theoretical
uncertainties[13] in Standard Model predictions for the magnitude of |€'/e|,
will limit tests of Standard Model predictions only to a qualitative level.
Precision tests of Standard Model expectations for direct CP violation in the
neutral kaon system must wait for observations of the very rare neutral kaon
decays, Kj, — n°ll. The prospect of quantitatively challenging the Standard
Model has generated a great deal of interest in meeting the enormous tech-
nical challenge of observing Kj, — 7% decays at a statistically significant
level. The KAMI facility at that Fermilab Main Injector may be able to meet
these challenges, and a detailed study of KAMI prospects is now underway.
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Figure 1: p*p~+ mass distribution after cuts. Histogram is data for events
with P? less than 200 MeV?/c? and points are for events with P} greater
than 200 MeV?/c* and less than 1000 MeV?/c? normalized to the low P
data.
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m?,/m}%. The dashed line is the estimated background and the dotted line
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ABSTRACT

Experimental data from the neutral Kaon decay experiment NA31 at CERN have
been analyzed. Results include the first observation of the mode Kj — nOyy with a
branching ratio of (1.740.3) 10-6 and an invariant yy mass spectrum favouring
chiral perturbation theory, a measurement of 2021 events of the Dalitz decay
K1, — yete yielding a branching ratio of (9.140.3%92)10-6 and of § events of
the double Dalitz decay, Ki — ete-e*e~, with a branching ratio of
(10.4%3.7+1.1)10-8. Searches are also reported for the decay Kg — nOete-
(BR<1.1x10-6 at 90% C.L.), K|, — non% (BR<5.6x10-6 at 90% C.L.) and
KL — 3y (BR<2.8x10-7 at 90% C.L.).
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1. Introduction

The experiment NA31 was originally designed for measuring the CP violating decays
X1 — mOn0 and K1, — mwtn. The experiment resulted in the first evidence for direct CP
violation with the experimental result for the parameter e'/e = (2.301£0.65) x10-3 [1].
Concurrently with the 21t decay modes, other rare decays were registered in this detector.

This report describes the experimental results on some of these decay modes.

2. The NA31 neutral Kaon detector

This detector is able to measure the neutral and charged two-pion and other decay modes
of neutral K mesons. While or© decays are detected through four electromagnetic
showers and T+~ decays through two charged tracks, for the final states discussed here
it is necessary to detect electromagnetic showers (10yy, Ty, 3y) or charged particles
(e*e~e*e) or both photons and charged particles (ye*e™, noete).

The beam and detector for the experiment have been described in detail in ref. [2]. Long-
lived kaons are produced with an average momentum of 100 GeV/c by 450 GeV/c
protons striking a beryllium target located 244m upstram of the electromagnetic
calorimeter. Charged particles are removed by a sweeping magnet, and a neutral beam is
selected by collimation to +0.2 mrad. The final collimator, with diameter 6 cm, is located
124 m upstream of the electromagnetic calorimeter. It is followed by a 95 m long
evacuated region. The neutral beam is further transported in an evacuated tube of diameter
20 cm through a central hole in the detectors. Decays occurring downstream of the final
collimator over a region of 50 m in length are detected in a setup of wire chambers and
calorimeters with outer diameters of 2.5 m typically. The relevant parts of the detector -

ordered in downstream direction - are:

- four ring-shaped anti-counters surrounding the decay region, and placed between 60
and 120 m from the final collimator, to veto events with photons missing the

calorimeter;
- two wire chambers, spaced 23 m apart, each consisting of four planes, with a

resolution of 0.5 mm in each projection;
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- atransition radiation detector (TRD) for electron /pion discrimination composed of
four modules, eéch with a plastic foil radiator and a wire chamber filled with a Xenon
(30%)- Helium (55%)-Methane (15%) mixture [3;

- scintillator hodoscopes triggering on charged and neutral decay modes;

- an electromagnetic lead/liquid argon calorimeter (LAC) with 1.25 cm wide strips
measuring the energies of photons and electrons with a resolution of
7.5%/NE(GeV)and their impact points with a transverse spatial resolution of
+0.5 mm in each projection;

- an iron/scintillator sandwich calorimeter which measures the energy of charged
pions;

- two planes of scintillators behind an absorber of a thickness equivalent to 3 m of

iron, which detect penetrating muons.

The wire chambers are used to measure the directions of charged particles and to
reconstruct the position of the decay vertex, while the liquid argon calorimeter measures
energies and impact positions of electrons and photons. The hadron calorimeter and the

transition radiation detector are used to reject events containing charged pions.

3. Event reduction and reconstruction

The trigger requires a minimum total energy of 35 GeV and at least two energy clusters in
each projection in the liquid argon calorimeter. For decay modes with charged tracks, in
addition more than six hits in the four planes of the first wire chamber are required. In the
off-line preselection of candidates, the following criteria are used: more than 45 GeV
energy deposited in the liquid argon calorimeter, less than 6 GeV energy seen in the
hadron calorimeter, and - for decay modes with charged tracks - at least one spacepoint in
each wire.chamber. These events were kinematically reconstructed.

A complete reconstruction of the tracks - if any - in the chambers is performed.
Independently, narrow energy clusters indicating electromagnetic it any showers are
found from the pulse heights in the calorimeter. Electron tracks are reconstructed by
linking space points from the two wire chambers with electromagnetic showers.

For events which have only photons in the final state, the longitudinal position Z of the
decay vertex is calculated from the energy and transverse position of the electromagnetic
showers in the LAC under the assumption that the invariant mass is the nominal kaon

mass ("neutral vertex"). For events with two or four electron tracks, this longitudinal
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position can also be calculated from the tracks ("charged vertex"). For two tracks, this is
calculated from the minimum distance of approach of the two tracks, or in events with
four tracks this is obtained by requiring the sum of the squared transverse distances d2
from the four tracks to the transverse vertex position to be a minimum:

2 i Ootie X2 4500 = 90)8

d
i=1 012

where xq and yyj are the coordinates of track i at the longitudinal vertex position zy, and
oy ist the resolution in the transverse distance from track i to the vertex.

For each decay mode, different fiducial cuts are made on these vertex positions,
depending on the presence of background. Common kinematical fiducial cuts require: i)
the total energy deposited in the LAC to be between 50 and 190 GeV (60 to 170 GeV for
1Oyy), ii) the individual electromagnetic shower energy to be between 3 and 100 GeV
(for yete, efe~e*e~, and nO%te~ decays modes) or between 5 and 100 GeV
(for Oy, 1Oy, and 3y), iii) the energy barycentre in the electromagnetic calorimeter to
be within 5 cm from the beam axis (7 cm for Dalitz decays ye*e~ and etee*e~, and 9 cm

for Kg — mOe+e~). The last requirement rejects events with large missing transverse

energy.

4. Decay K1, - nOyy

The decay KL — mOyy is of considerable theoretical interest. Firstly, it may be used to
estimate the CP conserving contribution to the decay K, — nt*e~ [4-6] via two-photon
intermediate states. The decay Ki — nfete~ is a candidate for detecting direct CP
violation. If the amplitudes for Ki, — m0yy are small enough, then the decay
K, — n%+e- is dominated by CP violating contributions. This experiment provides a
measurement of the dominant J=0, and a limit on the J=2 two-photon contribution to the
K1, — nCyy decay.

Secondly, the decay Ky, — n0yy may be used to test the chiral perturbation theory, and
some semi-empirical models describing kaon decays. Lowest order chiral expansion [7]
and models involving m+n- intermediate states in addition to the w0 [8] predict a
branching ratio around 7x10-7 and J=0 for the photon pair. The yy invariant mass
spectrum extends from about 2my to the kinematical limit. Higher order chiral expansion
and other calculations including vector (or scalar) meson intermediate states [9] predict a
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branching ratio between 0.7x10-6 and 3x10-6 depending on the contribution at low My,
for which the photon pair should have J=2.

This decay was originally observed by NA31 [10]; the present analysis supports this
result with more than twice the Ky, flux. Events with four electromagnetic showers are
required for this experiment. The main problem is then the rejection of unwanted
background from n°n® and 3n° decays. The four showers are grouped into two pairs.
One pair is required to have a mass near the n° mass (between 125 and 145 MeV),
assuming the "neutral vertex" zg reconstructed from all four showers and the kaon mass.
The other pair should not have the © mass. The rejection of TORO states is done by

requiring the quantity

_ ANij = Mklo - Mjj + Mgj — 2myg,,
= sev ) " g Mev )

to be above 5 for all possible pairings (ij) and (kl) of the four showers. If, in addition,
events with similar energies in the same quadrant of the LAC are removed, 99.94% of the
selected On© events are removed.

The remaining sample of 5881 candidate events consists mainly of background from
KL — 3n°© with two photons undetected or with one photon undetected and two photon
showers overlapping in the LAC. Here the fine granularity of the LAC helps reducing
this background. On the basis of a sample of 9 x 108 simulated Kj, — 3710 decays, it
appears that for both background sources, the reconstructed neutral vertex is shifted by at
least 7.5 m downstream relative to the true vertex. Using this property and the fact that in
most of the background events there is at least one ©° reconstructible from the
electromagnetic showers in the LAC, it is possible to eliminate 99.6 % of the 371©
background and still keep 46% of the wOyy signal. 94 candidates remain after all cuts.
Fig. 1 shows a significant peak in the distribution of the invariant two-photon mass m|
at the ©© mass. We define the signal region as the mass interval from 132.5 to 137.5
MeV, corresponding to a 1.4 ¢ interval. 63 events lie inside this signal region.

The simulations of the remaining backgrounds indicate that the background under the
peak may be estimated by linear interpolation. This leads to a background of 6.0+1.7
events and a signal of 57+8.1 K1, — vy decays.
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Fig. 1: Invariant mass mj2 for K1, = nOyy
candidates (solid) and for expected
background (dotted). Gaussian represents
resolution.

Normalizing this number to the K, flux
using the K, — mOn® sample, we obtain
the branching ratio I'(Ky, — n°yy) / ['(KL
— all) = (1.740.3) x 10-6 where the error
includes the systematic error. This
branching ratio is slightly higher than the

~ value from chiral perturbation theory in

lowest order p* [7]. More involved

models including vector meson
contributions, presumably substituting the
p6 contributions [9], agree better with this

experimental value.

More detailed information about the
validity of these theoretical models is
obtained from the invariant mass
distribution of the two incorrelated
photons, m34. The data are shown in Fig.

2. There is a clear concentration of events

above a mass of 240 MeV, just as predicted by chiral perturbation theory where the
leading effective process corresponds to a charged pion loop radiating two photons. This
process yields photon pairs mainly above 2mg = 270 MeV. The distribution predicted by
chiral perturbation theory is shown in the figure as dotted histogram.

There is no evidence for a signal below m34 = 240 MeV. From this fact, we extract the
parameter ay characterizing the vector meson contribution in the notation of ref. [7], as

ay = -0.05*3-14.

From this, we deduce a limit on the J = 2 two-photon contribution and on the total CP-
conserving contribution to the decay K, — noete~. We conclude that this contribution is

less than 4.5 x 10-13 at 90% C.L., small compared to the expected CP violating

contributions.
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Fig. 2: Invariant mass m34 for unambiguous Ky, — n0yy candidates with m]7 in the signal region
(solid), for background (dashed) and for prediction of chiral perturbation theory (dotted). Crosses
show acceptance (right-hand scale).

S. Dalitz decay Ky, —» ete~y

The Dalitz decay of the long-lived neutral K meson, Ky, — eey, is intimately related to its
decay into two photons. The Dalitz decay sheds light into the structure of the K — yy*
vertex, through the measurement of the lepton pair produced by the virtual photon [12].
Phenomenological models of this structure include vector meson dominance of the
photon propagator [13] and QCD models involving penguin diagrams and pole diagrams
[14]. The branching ratio is calculated to be (9.140.4)10-6 without a form factor and
(9.5+0.4)10-6 with a vector meson dominance form factor, using the measured value for
the K, — yy branching ratio from an experiment using the same detector [15].

The NA31 data have been partially published [16], the full data set is contained in [17].
Apart from the cuts mentioned in section 3, the two tracks measured in the drift chambers
are identified to be electrons by the following requirements:

i) the energy deposited by a shower in the first half of the liquid argon calorimeter
(12 radiation lengths) must be more than 65% of the total energy deposited by this
shower in the liquid argon and the hadron calorimeters; ii) the energy measured in the
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first half of the hadron calorimeter must not exceed 2 GeVi; iii) the distance between the
track impact and the centre of the shower must not exceed 2 cm, iv) the truncated mean of
the four pulse-heights from the transition radiation detector is required to be larger than
1.5 times the corresponding mean for minimum ionizing particles. The loss due to these
cuts for good electrons, obtained from electron beam data, is 5.3%. In addition we
require the centers of the two electron showers to be separated by at least 6 cm, and the
photon shower centre to be at least 25 cm apart from the tracks.

For the remaining sample of 2337 events, the distribution in the invariant (e*e~y) mass,
m3 shows a clear signal at the kaon mass. The corresponding scatter plot of m3 vs.
x = m2ee/m2K is displayed in Fig. 3. Here meeis the invariant mass of the electron-
positron pair, calculated from the energies measured in the lead liquid argon calorimeter
and the opening angle of the tracks measured by the wire chambers. The signal events
appear as a band around m3 = 498 MeV, while background events due to e.g.,
K — mevand K — m e v y decays with a pion simulating an electron, are distributed
in the lower part of the plot. The resolution of the detector in the (e*ey) invariant mass
was calculated as a function of mee using a Monte Carlo simulation. The contours
corresponding to a four standard deviation (46) limit are shown in Fig. 3. Inside these
limits, 2021 events remain. The background in the signal region is estimated from an

event sample with one identified charged pion to be 4.040.4 events.

The acceptance for Dalitz decays is calculated with Monte Carlo simulated events
generatéd according to the QED distribution falling steeply with g2 = (mee)~2 [12]. It is
(16.9£0.1)%. ;

The branching ratio is normalized using decays of the mode Ki — monop with
subsequent pion Dalitz decay n°p — e*e™Y. In this way, the geometrical acceptances and
identification efficiencies for an electron pair and for photons enter similarly in both decay
modes, and the uncertainty in electron identification largely cancels in the ratio of
detection efficiencies for the decays Ki — e*e~y and K — e*e~yn©. With selection
criteria analogous to those for K, — eey, 1350 events of the type K|, — nonop are
found. The background to this sample comes predominantly from Kp, — 37© decays
with Dalitz decay of one 10, and amounts to 29£2 events.Using the acceptance of 4.3%
for the decay including electron identification losses, the number of K, decays in the
fiducial volume is (1.412£0.04) 109, From this flux, we obtain the branching ratio

(K] — eey)/T(Ky — all) = (9.1£0.3+0.5)10-6
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The form factor F(qz) is obtained by
comparing the observed distribution in the
invariant mass q2=mZe, with the distribution
calculated from models without form factor,
as shown in Fig. 4. There is a clear
enhancement at high q2, consistent with
vector meson dominance in the photon
propagator. If we divide the experimental
distribution by the result of the Monte-Carlo
calculation with F(q2) = 1, we obtain the 2
variation of F(q2). Radiative corrections to
this q2 variation have been calculated. They
are small in this experiment because NA31
has no magnetic field, and photons radiated
from an electron hit the shower detector very
close to the electron impact point. The photon
energy deposited in the shower counter is
summed up with the electron shower.

The experimentally measured form factor
(Fig. 5) is then compared to the quark
model of Bergstrém et al. [13]. In this
QCD-inspired quark model, aiming at
explaining the Al = ;- enhancement in
non-leptonic weak decays, contributions
through K*y coupling followed by
K* — p, o, ¢ transitions are considered
in addition to conventional quark
diagrams. In fact, the amplitude is
calculated to be proportional to the

function:

nvariant e*e”~mass

Fig. 4: Invariant e*e~ mass spectrum. Data

(GeV]

where Ay is the experimental amplitude
for K, — yy decay and Ag* (q2) is the

(histogram) are compared to the predicted .
distribution' for 'QED ‘without veetgr - S0 of three pole terms with poles at the

mesons (curve),

p, @ and ¢ meson mass. The ratio of the
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coupling constants belonging to the two different types of contributions is determined
from the fit to the data shown in Fig. 5 to be o, = -0.27+0.10. This is an indication that

the internal weak transitions of the vector meson involved cannot be neglected.

data/QED—Monte—Carlo
w

O"l‘l"l"illllll"
0,.0.1.0.2 0.3:05:4c70.5

invariant e*e”—mass (GeV]

n of K, — e*e™y events over expected distribution for QED without

Fig. 5: Ratio of mee distributio
lines correspond to fits with three values of the parameter

vector mesons. The
o (-1, -0.27, +1).

6. Kj,— ete—ete~ and the CP parity of the K], meson

The two-photon decay of the neutral pion is parity-conserving, and therefore the angular

distribution between the two planes defined by the two electron-positron pairs in the
decay ﬂ"—) y*y* — ete-ete can be used to determine the parity of the 7°.

The corresponding decay of the longlived neutral Kaon, Kp, = ete-ete-, was observed
recently [18]. It is parity violating, and therefore the parity of the K° cannot be measured.
However, invariance under the combined operation CP holds to a good approximation in
weak decays of neutral K mesons. The long-lived state Ki is mainly the CP = -1 state
Ky, with a very small admixture of the CP = +1 state K;: thatis K = (K2 + € K1)/ \ 1+el?
with lel = 2.3x10-3. Due to the small value of €, the decay of the K component can be

neglected here. Direct CP violation would lead to a decay of K to a CP = +1 state, and
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can also be ignored. The main decay is therefore expected to be the decay of the K state
to an (ete~ete~)-state with CP = —1. The angular distribution of the angle ¢ between the
planes defined by the two e*e-pairs is then determined by the CP of the long-lived
neutral kaon.

We have investigated a larger sample of Kj, — ete-ete- decays than in our earlier
publication [18] in order to study this angular distribution and to obtain a more precise
measurement of the branching ratio. Four tracks are reconstructed by linking space-points
from the two wire chambers. The space-points are required to be separated by at least 3
cm. Each track is required to match with a separate electromagnetic shower in the LAC to
within 2 cm, and all four tracks are required to converge upstream of the detector. The
decay vertex is reconstructed by requiring the quantity d2 (Section 3) to be a minimum.
Events with pion tracks are removed by requiring that (a) at least 65% of the total shower
, energy in the LAC has to be deposited in the first 12 radiation lengths, and (b) the energy
- in the HAC directly behind the shower does not exceed 2 GeV. 22 events remain.

93138
400 . The signal region in the

® poss oll cuts

5
5 : .
R, two dimensional plane of

00| e the kaon mass and the
quantity d? is defined to
contain 96.5% of the
2or events on the basis of a
Monte Carlo simulation:
1001 the value for d2 must not

| exceed 200 and the

- o

00 1L O L L S, . N L .
0.300 350 400 450 500 550 600 650 700
reconstructed kaon mass / [MeV] must be within the range

from 462 to 532 MeV.

Fig. 6: Reconstructed invariant kaon mass of K[, — ete—ete~ Finally each of the four

candidates vs. the quantity d2 from the vertex fit. Solid
(open) circles are events which pass (fail) the TRD electron tracks must have a TRD
identification cut. signal consistent with that

reconstructed kaon mass

expected from an electron, that is the pulseheight must be at least 1.5 times that of a
minimum ionizing particle. After all cuts eight events remain. Fig. 6 shows the signal
events as solid circles and the events that fail the TRD-cut as open circles.

Eight events of the type K| — e*e-e*e~ have been observed, including the data of the
previous publication [18], with negligible background. The normalization to the K flux
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has been measured from the number of Ky, — nn°p decays in the same sample. Using
the acceptance calculated by Monte Carlo simulation, a total flux of 1.3x109 K, decays is
obtained. The acceptance for K, — e*e-e*e~ decays is calculated by Monte Carlo to be
7.4%. The matrix element for the simulation of the decay was taken from ref. [19]
neglecting the interference between the two virtual photons. Including the electron
identification cuts and the cuts on the kaon mass and the d2-value the acceptance is
reduced to 5.9%. Radiative corrections are negligible [17] because the experiment does
not employ a magnetic spectrometer and therefore radiated photons are not spatially

separated from their associated electrons.

From the numbers given above, a branching ratio of (10.4+3.7%1.1)x10-8 for the decay
K[ — e*e-ete~ is obtained with the statistical and systematical uncertainties given
separately. The systematic error given includes uncertainties in the acceptance calculation,

the normalization and in the branching ratio for the normalization events.

The events have also been used for a study of the CP parity. The distribution of the angle
¢ between the two planes is expected to follow a distribution [20] dN/d¢ =1 — o cos 2¢.
The experimental distribution has an average angle of <¢> = 4610 degrees and is rather
insensitive to the CP parity of the decaying kaon. However if combined with additional
information from the decay kinematics, which is contained in the value of o, the
statistical power can be strengthened. The test variable used is the ratio of two likelihood
functions L- and L+ with o calculated [19] for each of the eight events under the

assumption of a CP =-1 (o) ora CP = +1 (o*) decaying particle, respectively:

L- 8 (1-o0Fcos2¢)
Bhosi=1 (1 =ofkcos:207)

The data give a value of 22 for this ratio and can be compared to a Monte Carlo
simulation including all detector effects with the events generated for the two assumptions
of a CP = -1 or a CP = +1 decaying kaon (see Fig. 7). The probability of obtaining a
value larger than measured is 25% for the CP = -1 case and 0.6% for the CP = +1 case
" of the decaying particle. This result favours clearly the CP = —1 assignment for the long-

lived neutral kaon.
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This measurement of the

% o.1F '—MCforcpz-li branching ratio is
- - MCforCP =+11" consistent with our

@ 0.08+ | ' .
: | previous published result

| i
0.06 I : ! [18] and with recent
; ; measurements at BNL
0.0 | [21], KEK [22] and at
| FNAL [23]. An analysis of

: i |

0.0z A ! the angular distribution of
: Jm—' \L | the decaying particles
0 —7o =5 o IR published recently [23]
"/ also agrees with this

. i o : measurement. This result is
Fig. 7: Logarithm of likelihood ratio L=/L* for the two s res
assumptions of CP partiy -1 (solid) or +1 (dashed) for the also consistent with a

KL state. The data yield In (L7/L*) = 3.1. calculation [19], based on
the assumption that only the decay chain KL = (79,1, 1") = ¥y contributes, which

predicts a branching ratio of (3.440.2) x 10-8,

7. Search for K§ — nm0e+e—

A measurement of the decay Kg — mOe*e- is of interest for the interpretation of the
K1 — mOe*e~ branching ratio. The decay Kj — nOe+e- is a promising candidate for
observing direct CP violation in the kaon system [4] apart from the measurement of the
€'/e parameter in K, — 2r decays [24]. There are three possible contributions to the
amplitude of the K decay, (a) direct CP violating, (b) CP violating.from the state mixing
of the Kj and Ky CP eigenstates and (c) CP conserving. The CP-conserving amplitude
can be estimated from recent measurements of the decay Ki, — noyy [11]. A
measurement of the decay rate of Kg — noe+e- allows the state mixing contribution to
Ky — noete- to be determined. The direct ly CP-violating component of the K, decay

can then be extracted from an experimental measurement of the decay.

An estimate of the Kg —me+e- branching ratio may be made by comparing it to the
measured decay K+ — m*ete- using a model based on chiral perturbation theory and

other assumptions [4]. A two fold ambiguity remains, leading to estimated branching
ratios, of 5x10-9 or 5x10-10. Under the assumptions of the model [25], the
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measurement [26] can be interpreted to prefer the lower of the two values of the

branching ratio.

Position and energy of the electromagnetic showers in the liquid argon calorimeter are
reconstructed using the same program as for Ton® decays. After fiducial cuts (section 3),
candidates for the decay Kg — nOete~ are selected by requiring exactly two charged-
particle tracks reconstructed from both drift chambers. 3095 Ks — ne*e~ candidates
remain. This sample is further reduced by the following requirements:

(I) the extrapolation of the centre of gravity of the energy in the liquid argon
calorimeter through the vertex (reconstructed from the two tracks in the drift
chambers) has to pass the target within a transverse distance of less than 8 cm,

(ID) the distance between the track impact in the liquid argon calorimeter and the
associated shower must not exceed 2 cm,

(I0) electrons are required to have a pulse-height in the TRD, larger than 1.5 times that
of a minimum ionizing particle, and to have a shower with more than 65% of the
shower energy deposited in the first 12 radiation lengths.

After these cuts, 622 events remain. For these events, the invariant mass mee of the
(e*, e~) pair is calculated from the opening angle of the two tracks and the
electromagnetic shower energies associated with these tracks. The distribution of these

invariant masses shows that there are two sources of background from Kg — 7mon©°

decays.

The first source comes from Kg — 1ont® decays in which one of the pions undergoes a
Dalitz decay (n° — e*ey) and one photon is lost. The invariant e*e~ masses of these
background events are all below 140 MeV. Background of this type is rejected by
requiring the invariant e*e~ mass to be above 140 MeV. After this cut 39 events remain.

The second source of background comes from Kg — om0 decays in which two of four
photons convert into an e*e~ pair in the kevlar window in front of the first drift chamber
("double conversion"). The produced e*e- pairs do not in general open up and pairs may
be identified as a single "electron” track. Events where the two converted photons come
from one pion show a peak at the t® mass and are already rejected by the cut against
Dalitz decays. In order to reject events where the two converted photons come from
different pions, the two combinations of invariant masses of one photon and one
"electron” are calculated. The event is rejected if at least one combination is consistent
with a TR0 hypothesis. Fig. 8 shows a scatter plot of the two invariant photon electron
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masses for the two possible combinations, for 39 events remaining after the cut against
Dalitz decays. Events inside the small ellipse indicated satisfy the ©On® hypothesis and
are rejected. We find 28 events of this type inside the ellipse compared to 31 events
expected from a Monte Carlo simulation for this double conversion background.
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Scatter plot of the two possible

combinations of invariant photon-
electron masses for K§ — n9te~
candidate events (two entries/event).
Entries inside the ellipse are due to tOn0
events with double conversion.

After these cuts, 11 events remain. For
these events, Fig. 9 shows the invariant yy
mass versus the total invariant mass of the
Ks — m%ete- candidates. A final cut,
shown by the ellipse in fig. 9, restricts
these invariant masses by imposing
a 3ox3c elliptical signal region with
resolutions of 2.2 and 30 MeV as
calculated by the Monte Carlo simulation.
We find no event inside the signal region.
An upper limit on the branching ratio is
then calculated from a signal level of less
than 2.3 events with a 90% confidence
level.

The Kg — mon© decay is used for
normalization. We find 31815 Kg — nono
candidates free of background, which
corresponds to a flux of (2.2x0.1)x107
Kg decays. The acceptance for this decay
in the detector is calculated to be
(22.810.6)%.

For the decay Kg — m9e*e- the acceptance is calculated from a Monte Carlo simulation
using a matrix element with one-photon exchange [25] for the three-body decay. The

acceptance is (9.8+0.5)%. We find with this normalization and acceptance, an upper limit
to the branching ratio for this decay of I'(Ks — moete-)/T"(Ks — all) < 1.1x10-6 at 90%

C.L..
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Fig. 9: Invariant (yyete™)-mass vs. invariant yy mass for Kg — n0ete~ candidates. The ellipse
indicates a 3o x 30 signal region.

From this measurement, we can deduce an upper limit to the state mixing contribution to
the branching ratio of the decay Ki — n%*e™:

I
BR(K}, — mOe*e-, mixing) = lel’ FS— BR(Kg — moete-)

It
This upper limit comes out to be [27]:

BR(K], — mOe*e-, mixing) = < 3.2x10~2 at 90% C.L.
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8.  Search for the decay Ky, — nonoy

In a way similar to the decay Ky, — nOyy (Section 4), this decay mode may be used as a
test of chiral perturbation theory. The experimental data on the rate of Kp, — mOyyand the
shape of the yy invariant mass spectrum were reproduced well by the chiral perturbation
calculations [7] to order p4, where p stands for the momenta of the decay products in the
kaon CMS system, but the magnitude of the O(p®) terms s still an open question. Funck
and Kambor [3] have shown that the amplitudes for the decays K1 s — 1010y vanish to
O(p*) for real photons in chiral perturbation theory. Thus a measurement of Kj — noxoy

should give direct information on the size of O(p®) contributions.

As pointed out by Heiliger and Sehgal [29] and Ecker, Neufeld and Pich [30], the
amplitudes Ky, — 1%y and Kg — nOnoy are purely electric and magnetic, respectively,
in the limit where CP is conserved. Heiliger and Sehgal estimate
BR(KL — mort9y) = 1x10-8. On the other hand, Ecker, Neufeld and Pich use a naive
chiral dimensional analysis to estimate the sixth order electric amplitude. They estimate a
value for the branching ratio BR(K[, — non0y) = 7x10-11, ‘

The first search for this decay was done by the NA31 collaboration [31]. K. — ooy
candidates must have five reconstructed electromagnetic showers and fulfil the fiducial
criteria mentioned in Section 3. Further cuts are applied to reduce the overwhelming
background from Ky, — 370 decays with one photon escaping detection. The first cut
uses the two vertices of neutral pions reconstructed from two pairs of photons out of the
five. The two "best" pairings of photons are chosen, and the distance of their two 10
vertices is required to be less than 5 m. This cut removes 60% of the 370 background and
10% of the nony signal, and leaves 1.4x105 events.

After a few cuts against overlapping showers in the same quadrant of the calorimeter, a
very effective cut against 310 events with one escaping photon was designed by studying
such events simulated by a Monte Carlo calculation. These five photon events were
reconstructed in the normal way, but the identity of each generated photon (1-6) was
retained and matched to its reconstructed energy. Because a six photon event was
analyzed and reconstructed as a five photon event, its reconstructed vertex position was

shifted toward the electromagnetic calorimeter. As a result, when the right pairings of
photons were used to determine the invariant masses of the two 10s from which the
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photons came, the masses were incorrect. This is illustrated in Fig. 10, which shows the
two-dimensional distribution of these reconstructed 10 masses. The candidate OOy

events are treated in a similar manner. All combinations of two photon invariant masses
are formed for each event and if one or more combinations of the two reconstructed 70
masses fall within the solid curve shown in Fig. 10, the event is rejected. Only 35% of
the Monte Carlo generated K, — nn®y events pass this cut because if any of the 15
independent combinations of two pairs of two photons from the set of five photons falls
within the solid curve, the event is rejected. This cut reduces the real data sample to 16

events.

— 0.25 Using the best pairings of photons,
; these 16 events are plotted in Fig. 11.
The signal region is shown in the
figure. This region corresponds to
2.9 standard deviations of the two-
dimensional mass distribution. Three

candidate events lie within the signal

region.

The normalization of the number of
" 1 1 Aosak
0'10.1 0.15 0.2 0.25 Ky — non0y events comes from an

2
M, [GeV/c) analysis of the topologically similar

KL — mono events. These
Fig. 10: Distribution of the two invariant yy masses normalization events were recorded
from K[, — 31° Monte Carlo events with one through the same trigger chain as

lost photon, reconstructed as non% event. were the signal events. Thus the
trigger efficiency cancels in the branching ratio. 8127 Kp, — n°n® candidates were found
with a background of 167 events from 310 with two missing photons. Using the
calculated acceptance of 10.4% for Ky, — mon°, we obtain a number of 8.4x107 K¢,

decays in the fiducial volume.

The background to TR0y is estimated to be 1.240.5 events from 3n© with one missing
photon, 0.6 events from 37° with two missing photons and an accidental photon, and
0.4 events from 210 with an accidental photon. Together these backgrounds add up to
2.240.9 events. The upper limit to the Kp, — 1m0y signal is then 4.6 events, and the
90% C.L. upper limit to the branching ratio, using the ooy acceptance of 1%, is

I(Ky, — monoy)/T(Ky, — all) < 5.6x10-0
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Fig. 11: Two-photon masses for the 16 K1, — n®nOy candidate events that pass all cuts. The signal
region for n°n0y events is shown.as solid ellipse. The curve from fig. 10 encircling the
background events from 370 is the light-dashed curve. Three events lie within the signal region.

9. Search for K[, - 3y

While the electromagnetic decay m© — 3y is forbidden by C invariance, the weak-
electromagnetic decay Ky, — 3y is suppressed by a combination of gauge invariance and
Bose statistics [32]. The decay is supposed to proceed through the intermediate state
nOnOy with two photons coupling to the ®0 loop. The estimated branching ratio is
3x10-19 assuming a branching ratio of 10-8 for the mode 1On°y.

The decay was searched for by requiring three electromagnetic showers in the LAC with
a total energy between 50 and 190 GeV and individual shower energies between 5 and
100 GeV. The shower centres are required to be separated by at least 3 cm in both
transverse projections. Charged tracks are rejected by admitting at most one space-point
in the second and none in the first drift chamber. Fiducial cuts include the longitudinal
vertex position between —10 m and 40 m relative to the defining collimator. Events with
missing energy are reduced by requiring the transverse gravicentre of energy to be within
5 cm of the beam axis, and events with more than 3 GeV of energy in the hadron

calorimeter are rejected. 18981 events survive these cuts.

The main backgrounds for this decay channel are the mode Kj. — 37° with undetected or
overlapping photons, and the mode K, — 2 nt© with one photon undetected. The latter
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background is essentially removed by reconstructing the vertex of a possible 7 from all
three combinations of pairs of photons. For the best assignment of the pair this is the true
vertex z1(10) of a 210 background event (for 90% of the cases), and is upstream of the
vertex z(3Y) reconstructed under the assumption of ~ Kp, — 3y kinematics. Guided by
Monte Carlo simulations, we require 2000 cm + 0.1 x z1(°) < z(3y) < z1(n°) to remove
97.7% of this 21 background. This cut also removes 45.8% of the 37 background and

reduces the candidate sample to 2454 events.

A further reduction of the 21t© background is achieved by considering and simulating the
relation between z1(°) and the second-best assignment of the pair, z2(1°). The sample
is reduced to 1524 events. Background from 27° decays is reduced by a factor of 137,

and also 28% of the remaining 31® background is removed.

The remaining background is reduced by using precise timing information from zero-
crossing TDC's processing the pulse-height information of the LAC channels. Pulses in a
time interval of 144 ns are accepted. This reduces the background from events with
accidental coincidences between two showers and an accidental energy cluster deposited
in the LAC. The distribution of the vertex zy(3y) of the remaining events with and
without this timing cut is shown in Fig. 12. The candidate distribution is matched very
well by the distribution of the 3 background events with its characteristic increase
towards larger zy, due to the fact that missing energy in the decay shifts downwards the

reconstucted vertex of incomplete events.

For the search for K —

€ f

é i [0 3yCandidates with out timin N 3y, the region from 0 to 15

& 12 [‘ N} BZCundidates with timing : ’ ; .

£ . meters in zy offers the best

&g e balance between
8 acceptance for 3y and
6 - suppression of
4 - background. 7 events
2 b remain in this region. The
= o_]jj @ ok background is estimated to

500 1000 1500 2000 2500

Vertexitom] be 1.2+0.2 events from

31w°, 0.12£0.04 events

Fig. 12: Vertex distribution for Ki, — 3y candidate events with B
+
(shaded) or without (light) tight timing cuts. from 279, and 3.10.6
events from accidental

396



K. Kleinknecht

coincidences, all together 4.4:0.7 events. From these numbers we deduce an upper limit
of 7.7 events for Ky, — 3y.

The calculated acceptance for the decay Ky, — 3y is 1242% , and the number of Kr,
decays in the fiducial volume is obtained from Ky, — 21© decays to be (2.43+0.02)108.

We conclude that the upper limit for the decay mode is

T(Kp, — 39)/T(KL — all) < 2.8x10-7

at 90% C.L..

10. Outlook

The new experiments on CP violation in the K© system at CERN and at Fermilab aim at a
kaon flux increased by a factor of ten compared to the experiments NA31 and E731.
They will also trigger on rare kaon decays of the types discussed above. The sensitivities
to the detection of these decays will also be increased by this factor. Single event
sensitivities of 10-9 for K decays and of 10~7 for Kg decays are within reach in these
experiments which start taking data in 1996.
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PANEL DISCUSSION: FUTURE OPTIONS FOR CHARM
EXPERIMENTS IN FIXED TARGET

Daniel M. Kaplan
[llinois Institute of Technology

ABSTRACT

The charm future-options panel discussion is briefly summarized. A goal of 108
reconstructed charm decays is considered for the Year a 2000; at this statistical
level, charm becomes a significant probe of physics beyond the Standard Model. An
apparatus capable of the required performance is sketched.

1 — Introduction

Charm is now something of a mature subject twenty years since its discovery. But
as in the case of the strange quark, the availability of ever-higher statistics has given
access to new questions. With 10° reconstructed charm decays in E687 and E791 and
106 expected from E831 and E781, one is naturally led to ask whether this is the end
of the line or whether substantial further advances are feasible and desirable. This
was the focus of the recent CHARM?2000 Workshop at Fermilab V), which concluded
that ~ 10® reconstructed decays (with signal-to-background at least as good as in
E687 and E791) is a reasonable goal for an experiment to run at the turn of the
century. With this sensitivity Standard-Model physics such as the parameters of the
CKM matrix, QCD and the Heavy-Quark Effective Theory, the role of final-state
interactions, and decay form factors begins to be rivaled in interest by searches for
physics beyond the Standard Model: D° — 1° mixing, CP violation, and such rare-
decay processes as flavor-changing neutral currents, all of which are expected to be
extremely small in the Standard Model.

The main physics topics of interest in such an experiment were discussed
by Karchin and Sokoloff. Reasonable goals for physics beyond the Standard Model
appear to be sensitivities of order 1075, 10~2, and 107 for mixing, CP violation, and
rare decays (respectively); detailed simulations will be required to establish whether
systematic effects can be controlled to these levels. Christian emphasized the variety
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of available operating modes for such an experiment: “conventional” fixed-target,
collider, or “parasitic” fixed-target running using a crystal-extracted beam during
collider runs.

In addition to growth in statistics, another significant trend in charm phy-
sics has been the successful application of new techniques, including threshold char-
monium studies via pp-annihilation (Fermilab E760 and E835, discussed by Cester)
and optimization for charm-baryon production and detection (CERN WA62 and
WAS89 and Fermilab E781, discussed by Procario). Kekelidze covered the surpri-
sing charm-baryon results from Serpukhov, where the EXCHARM experiment has

signals for A. and =, without even a vertex detector.

9 — CHARM2000 “Strawman” Apparatus

To provide context for the discussion, I briefly described the “existence-proof” expe-
ciment discussed at the CHARM2000 Workshop ?) (see Fig. 1). This is a compact
fixed-target spectrometer, intended to be of moderate cost (under $10M), featurin-
g large acceptance and high-rate tracking and particle identification. The use of
silicon-strip and scintillating-fiber tracking detectors allows coverage down to 4mr
laboratory polar angle with interaction rate exceeding 5 MHz, two orders of magnitu-
de beyond that achieved in existing open-geometry charm spectrometers. To permit
a sufficiently intense beam without unacceptable radiation damage, a “pencil” pri-
mary proton beam is focussed on a “point” target, and the detectors are configured
around a central beam hole (see Fig. 2). A fast ring-imaging Cherenkov counter
provides hadron identification, and calorimeters (possibly augmented by a TRD)
identify electrons and allow first-level triggering on transverse energy. A first-level
“optical” decay-vertex trigger 3,4) may also be possible. A second-level trackfinding
decay-vertex trigger reduces the event rate sufficiently for recording on tape while
remaining relatively bias-free for charm events ?). Preliminary simulations indicate
mass resolution and acceptance for charm decays better than, and vertex resolution

comparable to, those of E791.
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Figure 2: Detail of vertex region (showing optional optical impact-parameter trig-
ger).

3. G. Charpak, Y. Giomataris, and L. M. Lederman, Nucl. Instr. & Meth. A306,
439 (1991); D. M. Kaplan et al., ibid. A330, 33 (1993); G. Charpak et al., ibid.
A332, 91 (1993).

4. A. M. Halling and S. Kwan, Nucl. Instr. & Meth. A333, 324 (1993).

5. Further discussion of triggers (secondary-vertex and otherwise) for heavy-quark
experiments may be found in D. Christian, “Triggers for a High-Sensitivity Charm
Experiment,” in The Future of High-Sensitivity Charm Experiments, op
cit., p. 221, and D. Barberis, “A Secondary Vertex Trigger for Beauty Search:
Results from the BEATRICE/WA92 Experiment,” ibid. p. 213.

403



Frascati Physics Series, Vol. ITI (1994)
HEAVY QUARKS AT FIXED TARGET
University of Virginia, October 7—10, 1994
(pp. 405-406)

CHARM BARYONS AT CHARMZ2000

Michael Procario
Carnegie Mellon University

Some of the questions currently needing experimental input for the study
of charm baryon physics are precise (~ 5% ) lifetime measurements; detailed studies
of semileptonic decays; an understanding of whether hadronic decays are domi-
nated by resonances, or are multibody; the absolute branching ratio scales; study
of production mechanisms such as diquarks; and spectroscopy of the charm baryon
system.

The currently planned experiments at Fermilab, E781 and E831, as well
as CLEO II/III, will address many of these issues, while some like the absolute
branching ratio scale may be better done with BES. These experiments may solve
all the open problems, fall short, or discover important new problems, but we will
not know this until the experiments run. I know of no important rare phenomena
such as mixing, CP violation, non-standard model rare decays, that are done better
in charm baryons than charm mesons. Given the statistical advantage that charm
meson production has over charm baryon production, it appears that charm meson
physics will drive the building of CHARM2000.

It is the general understanding of the E781 collaboration that charm
baryons are best studied with detectors optimized for their production and detec-
tion. ET781 expects to observe ~ 100,000 A} — pK—x+ decays, ~ 150,000 =° or
EF decays into a variety of modes, and perhaps 5000 Q. decays, while if we scale up
from E831, a charm meson experiment, to the nominal CHARM2000 experiment, we
might expect one million A} — pK~x* and about 10,000 charm-strange baryons ).

To the degree that CHARM2000 tries to accommodate charm baryons by
including excellent particle identification, the ability to trigger on short lifetimes,
and good acceptance and resolution for long-lived hyperons, it could make a signif-
icant impact on charm baryon physics. Unfortunately, it is not yet possible to set
interesting charm baryon goals that require such an experiment,.
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1 — Introduction

Fixed target experiments have now provided much of our knowledge of charm decay
physics. These experiments have been both competitive and complementary to those
at e*e” colliders operating either at charm or beauty threshold. My purpose here
is to highlight some of the most interesting topics for future experiments and to
comment on how future fixed target experiments might contribute.

2 - D - D Mixing

D — D mixing is characterized by the ratio rm;, of “wrong sign” to “right sign”
decay rates, A
LMD =PI f)
™I - f)+T(D° > )’
where f represents some particular final state and f is the charge conjugate state. An
exampleis f = K~n*. In the standard model, there are both short distance and long
distance contributions to D — D mixing. The short distance contributions ¥ result

in rmiz < 107%. The long distance contributions are uncertain, although there are
some theoretical arguments that these contributions are no more than comparable
to that from the short distance effect. Bigi emphasized during the session that
the long distance contributions are uncertain. The present experimental limit from
Fermilab E691 2 is rpiz < 3.7 X 1073, a limit far above the value expected from the
short distance contribution. If the standard model long distance contributions can
be shown theoretically to be small, then an accurate measurement of 7,,;; would be
sensitive to new physics %), :

When the final state f is purely hadronic, doubly Cabibbo suppressed
decays are a background to mixing. This problem is not present for the semileptonic
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decays such as D® — K~I*v. Morrison *) “guestimates” that an experiment that

can reconstruct 108 charm could measure 7, < 107°.

3 — CP Violation

It may be possible to observe indirect CP violation in D° decays to CP eigenstates

if D — D mixing is large enough. The decay rate asymmetry is defined as
ey

r'+T

where T is the decay rate for D° to a CP eigenstate and T is the rate for D° to the

same CP eigenstate. The maximum value for the time-integrated asymmetry is ~

\/Tmiz- Using the current upper limit for rmiz, A <~ 0.06 is not ruled out. However,

in the case that 7., is dominated by short distance physics, Tmiz < 0O(1078) and A

cannot be larger than @(10™*), which is not experimentally accessible.

Perhaps the most promising prospect for observing CP violation in charm
decays is from direct CP violation in the decays of singly Cabibbo suppressed final
states, for which the theoretical expectation ) is that A ~ O(107%). The experi-
mental signature is e

DN=—N

" N+N’
where N is the number of decays observed for charm state X. — final state f,
and IV is the number of decays for X, — f. Examples of such decays are Dt —
K+K-n+ and D° — K*K~-. One must take caution in that the above formula
also describes the production asymmetry! Presumably, the production asymmetry
can be measured from Cabibbo allowed decays and used to correct the observed
asymmetry for the Cabibbo suppressed decays. Using this techmque, the current
experimental limits on direct CP violation, from Fermilab E687 %), give A <~ 0.1.
The number of reconstructed decays N + N necessary to observe an asymmetry A

i 5\?2
N+N=(Z) ;

with significance S is given by
To observe an asymmetry with significance of 3, an experiment that can reconstruct
108 Cabibbo suppressed decays would have (30) sensitivity for A ~ 1073,

4 — Charm Decay Form Factors

The form factors for charm and beauty decay are related through heavy quark
effective theory. For example, the form factors for D — plv and D — =lv are
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related to those for B decays to the same final states. Of particular interest are the
charm decays Dt — #%*y, D* — pOlty, and D° — x=I*tu. Of these decays, only
the one with #° has been detected, by CLEQ. Future measurements of the form
factors in these decays can be used as input to the analysis of the corresponding
beauty decays to determine |Vyp|.

5 Flavor Changing Neutral Currents and Lepton Family Number Vio-
lation

In the standard model, FCNC processes are highly suppressed — for example,
BR(D° — p*p~) < O(107'%) - and lepton family number violation is forbidden.
Hence such processes are semsitive to new physics. Current limits on branching
fractions, such as those for D° — I*]~ and Dt — #*I*l~, are of order 10-5.

6 — Experimental Prospects

The number of reconstructed charm decays can be roughly estimated from the for-
mula

(=

Ne(zF > 0) = (interaction rate) x X time X efficiency.

Tinel
These factors are tabulated below for the two new Fermilab fixed target experiments
and the proposed one at DESY.

beam int./sec. 2 | ftsec. | eff. | N,
~ (E831) 107 (102 10° |10 | 10°
$-(E781) | 105 |10°| 10° |10-2 | 108
p (HERA-B) 107 1073 | 107 | 1072 | 10°

I have been cavalier in assigning the same efficiency for all charm decays for
all three experiments! For example, E781 has particularly good acceptance for final
states with high momentum A’s, E687 has good acceptance for lower momentum
charm parents, and HERA-B has a large acceptance for the pions from D* decay.
Nonetheless, the table illustrates the comparative potential of these experiments.
What is striking is the potential yield from HERA-B due to the high interaction
rate and long running time.

Whether this potential can be fulfilled depends on whether a selective
enough trigger can be implemented. One possible trigger scheme is to exploit charm
final states with leptons. Three of the four charm topics mentioned above have
at least one lepton in the final state. A dilepton level 1 trigger may be possible
where either both leptons are from the final state of interest or one lepton is from
the “tagging” charm and the other from the final state of interest. The level 2
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trigger could exploit the secondary vertex topology. A trigger for hadronic charm
final states would require a single lepton from the tagging charm combined with a
requirement from the vertex topology. At the least, the HERA-B experiment could
serve as a proving ground for high-rate fixed target charm experiments.
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ABSTRACT

We review the physics goals of an ultrahigh-statistics charm experiment and place
them in the broader context of the community’s efforts to study the Standard Model
and to search for physics beyond the Standard Model, and we point out some of the
experimental difficulties which must be overcome if these goals are to be met.

The CHARM2000 workshop !) suggested that the goal for a future exper-
iment be a factor ~ 102 increase in statistics over the coming round of fixed-target
charm experiments at Fermilab (E781 and E831). We consider the physics goals of
such an ultrahigh-statistics charm experiment (~ 100 million reconstuctable D’s ).
Some measurements will test the Standard Model, some will measure its parame-
ters, and some will elucidate heavy-quark phenomenology. We can outline the major
goals as follows:

1. Measurements which search for new physics 2

¢ D° — D° mixing
o explicit flavor-changing neutral currents
e direct CP violation.

2. Measurements which test the heavy-quark symmetry of QCD in the charm
sector

¢ form factors of semileptonic decays of charmed mesons

¢ masses and widths of orbitally-excited charmed mesons.

These measurements are key to extracting fundamental parameters from future
beauty experiments.
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3. Measurements which probe aspects of perturbative and nonperturbative QCD
(including higher-twist effects)

e nonleptonic singly and doubly Cabibbo-suppressed decay rates

o dynamics of charm hadroproduction.

We next discuss these topics in more detail.

1 - Searches for New Physics
1.1 D° — D° mixing

D° — D° mixing is one of the most interesting places to look for physics beyond the
Standard Model. While Wolfenstein 3 once suggested large long-distance or disper-
sive contributions to Amp within the Standard Model, more detailed calculations by
Donoghue et al. ) give |[Amp| ~ 1076 V. Recent analyses > ®) based on heavy-quark
effective theory (HQET) suggest that cancellations lead to |Amp| < 3.5 x 1072 eV.
Values of |Amp| as large as 10~* eV are possible in many models beyond the Stan-
dard Model 7 — 13), Thus there is a large window for observing new physics via
D° — D° mixing.

A particularly intriguing example is discussed in a recent paper by Hall
and Weinberg !¥), which emphasizes that electroweak theories with several scalar
doublets are consistent with all known physics (especially with the approximate CP
symmetry in the neutral-kaon sector), provide an alternative mechanism for CP
violation, and have various interesting phenomenological features. In such models,
tree-level scalar-exchange contributions to neutral K- and B-meson mass mixing
are at about the level observed by experiments if Higgs bosons have masses in the
700 GeV range. Hall and Weinberg say that “although this means that little can be
learned about the CKM matrix from Amg and Amp, the case of D — D [mixing]
presents different opportunities. ... If we take the typical Higgs boson mass as near
1TeV to account for the observed values of |[Amg| and |Amp|, then the predicted
value of |Amp| is close to the current experimental limit, |[Amp| < 1.3 x 107*eV.”

CLEO II has reported a D° — K*#x~ signal with a branching ratio about
2 x tan*8g x B(D® — K~x*) ). This “wrong-sign” kaon is a signature either
of mixing or of doubly Cabibbo-suppressed decay (DCSD). The two are most eas-
ily separated in a fixed-target experiment, in which the lifetime of the D can be
directly measured: a DCSD signal decays exponentially, while a mixing signal has
an additional ¢? dependence, so that it peaks at 2rp. If the CLEO II signal is
primarily & DCSD signal, then it presents an inescapable background for mixing
studies using hadronic final states. Assuming this is the case, an experiment such

M
—
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as we consider should be sensitive to a mixing signal on top of a DCSD signal with
|Amp| ~ 2 x 107° eV. Morrison %) has pointed out that similar sensitivity might
be achievable also in semileptonic decays, which are free of the confounding effects
of DCSD. Liu’s thorough treatment !® includes the intriguing suggestion that for
mixing arising from the decay-rate difference between the CP eigenstates D; and
D,, sensitivity an order of magnitude better might be achievable in singly Cabibbo-
suppressed modes, by using the interference between mixing and DCSD to enhance
the mixing signal.

1.2 Charm-changing neutral currents

Some of the models cited above !'12) also allow the possibility of explicit flavor-
changing neutral currents (FCNC) in D decays. E791 has reported 17) the best 90%-
confidence-level upper limit for the branching ratio of D¥ — x%p*u~ of 1.3 x 10-5,
An ultrahigh-statistics experiment with good lepton identification would have a
sensitivity to this and other FCNC decays (and also to leﬁton—number—violating
decays) one to two orders of magnitude lower.

1.3 CP violation

The Standard Model predicts that direct CP violation (observed as the fractional
difference between decay rates of particle and antiparticle to charge-conjugate final
states) will be of order 10=% or less in singly Cabibbo-suppressed D decays !8).
(In the Standard Model, CP should be an exact symmetry for Cabibbo-allowed
and DCSD decays.) Physics beyond the Standard Model might contribute CP-
violating amplitudes to decay rates, and there is a large window for observing new
physics. At the level of statistics we consider here, sensitivity to CP asymmetries
at the fraction-of-a-percent level in singly Cabibbo-suppressed decays and at the
few-percent level in doubly Cabibbo-suppressed decays may be possible. Holding
systematic uncertainties to the percent level will be challenging, and experimenters
planning to make such measurements must consider carefully how systematic errors

will be minimized and how they will be measured.

2 — HQET and Semileptonic Decays

2.1 Testing HQET via orbitally-excited charmed mesons

Within the Standard Model, it is generally agreed that heavy-quark symmetry can
be used to predict many nonperturbative properties of hadrons containing a sin-
gle heavy quark, and the most important of these predictions are for exclusive
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semileptonic B-meson decays 19) These nonperturbative effects will be important
in extracting Vi and Vs from measured decay rates. Heavy-quark symmetry also
relates the masses and widths of the orbitally-excited D** mesons (including the D*
mesons), as has been discussed recently in papers by Isgur and Wise 29, Ming-Lu,
Isgur, and Wise 2!, and Eichten, Hill, and Quigg 22), While some authors argue
that the charm-quark mass is sufficiently large for the limit m, — co to be a good
approximation 22, others 2*) have argued that even for B mesons the mg — o0
limit has not been reached. The experiment we consider will measure the masses
and widths of the orbitally-excited D** mesons with sufficient precision to confront
theoretical models quantitatively. Where E691 2%, ARGUS 25) CLEO II 2, and
E687 2" have measured the D3°, D;*, and D widths with 50% fractional errors,
such an experiment should be able to achieve few-percent fractional errors. To
untangle the states and reflections which lie on top of each other, it will also be
necessary to measure 7%’s and (perhaps) single photons well. However, the bene-
fit of making these measurements is that they will establish how well heavy-quark
symmetry works for charm and give theorists the numbers they need to develop a

more complete phenomenology of B physics.

2.2 Semileptonic form factors

High-statistics charm experiments will also contribute to our understanding of the
form factors and helicity amplitudes of the vector mesons which can appear as
decay products in both D and B decays. Extracting CP-violation parameters from
measurements of branching ratios for decays such as By — p°Yp and By — K*9,
which Dunietz ?® advocates as the best place to measure the unitarity-triangle angle
7, requires the best possible measurement of the p° and K* helicity amplitudes and
form factors in the D semileptonic decays Dt — plv and Dt — K *Oly, as they
should be the same in D as in B decay. Assuming single-pole forms for the form
factors, the mass of the pole should be measurable with better than 1% precision.
In Dt — K*0ly, it should be possible to measure the polarization of the K*,

& [ Pyt|Ho(t)|%dt
Pu/Tr = TR, (P + | E- ()] i

(the ratio of longitudinal to transverse form-factors), with percent statistical and
systematic uncertainties. It should be possible to measure the polarization of the P°
in the Cabibbo-suppressed decay with few-percent statistical accuracy. Ds — ¢lv
gshould be measured with similar precision, which will provide another test of the
applicability of heavy-quark symmetry to the study of semileptonic decays.
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2.3 Studying the CKM matrix with semileptonic decays

Studying semileptonic decays also contributes directly to our knowledge of the CKM
matrix. High-statistics charm experiments are able to measure the magnitudes of
Ves and V4 from the semileptonic decays of the D mesons. The absolute decay rates
depend on various well-measured constants (such as the D masses and lifetimes), the
CKM matrix elements, and the form factors of the hadrons produced along with the
leptons. Currently, |V.| and |V,,| are known with +8% and 4:20% precision 2% 39),
From the branching ratios for the semileptonic decays D° — x~Ity, and D° —
K~l*w, the ratio |V|/|V.,| should be determined with a statistical accuracy of
~ 1073, In addition to testing the unitarity of the CKM matrix in the charm
sector, this ratio is explicitly required to extract the unitarity angle -y from the ratio
B(Ba — p°))/B(B4 — K*) discussed earlier.

3 - Testing QCD with Charm Hadroproduction

At the parton level, cé production is supposed to be described by perturbative
QCD 31, At the hadron level, the situation becomes more complicated. Several
experiments have reported large leading-particle effects at high z5 %), Leading-twist
factorization in perturbative QCD predicts that the charm quark’s fragmentation
is independent of the structure of the projectile, while the data indicate that the
produced charm quark coalesces or recombines with the projectile spectator. To
test models of higher-twist effects *), one wants to look at the observed production
asymmetries as functions of pr and zr jointly. Measuring these asymmetries for
different target nuclei (i.e. measuring the A-dependence of these asymmetries) will
provide an extra handle on how quarks evolve into hadrons.

4 - Experimental Issues

Building an ultrahigh-statistics charm experiment will be a challenge. The next-
generation fixed-target experiments at Fermilab each project reconstructed charm
samples of order 10° events. A Tau-Charm Factory operating at a luminosity of
10* cm™%sec™!, such as that proposed for SLAC 39, would reconstruct about 5 x 108
charm per year. The B factories planned for KEK and SLAC will produce of order
108 bb events per year at design luminosity. However, the number of reconstructed
charm will be similar to that projected for the Tau-Charm Factory. HERA-B 35) will
produce 2 sufficient number of D’s in pp collisions to imagine an ultrahigh-statistics
experiment, but the triggering requirements for charm physics differ substantially
from those for B physics, and the data acquisition system is currently designed to
operate at 10 Hz. In addition, the current design for the HERA-B vertex detector
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entails much more multiple scattering and much poorer vertex resolution than are
desirable for a charm experiment. There is no clear route to higher luminosities for
ete~ machines or photon beams, so we are left with the problem of working with
a relatively small cross-section in a hadronic environment. Whether it is a fixed-
target experiment or a collider experiment that we consider, triggering selectively
and efficiently will be the first major problem.

Building a detector which minimizes backgrounds will be another problem.
If we are looking for physics beyond the Standard Model, or looking for relatively
rare decays expected within the Standard Model, reducing backgrounds will be at
least as important as maintaining high efficiency for the interesting signals. Two

examples should suffice:

1) The FCNC decay D* — #*ptp~ is expected to have a branching ratio less
than 108 in the Standard Model 3 (except for the decay D+ — ¢t followed
by ¢ — ptp~, which populates a limited region of the Dalitz plot). E791 17
finds that its sensitivity is greatest when the expected number of background
events is between 5 and 10 in the signal region. If one were to scale up from
this experiment simply, sensitivity would increase only as the square root of
the number of reconstructed charm, since the background would grow linearly
with the signal. To increase sensitivity here, it will be important to reduce
backgrounds without substantially reducing efficiency for detecting muons.
This can be achieved by adding redundancy, e.g. a second view in the muon
detector or a redundant muon-momentum measurement, so that the double
muon-misidentification probability becomes approximately the square of the
single muon-misidentification probability.

2) To measure the ratio of CKM matrix elements by comparing the decay rates
for Dt — K*{v and D* — p°v, it will be critical to separate pions from
kaons with a very high degree of confidence; the reflections: of these signals
feed into each other directly. A fast RICH technology may suffice, but this
is another area where redundancy seems necessary to reduce the confusions

which lead to systematic errors.
Finally, it seems obvious that silicon pixel devices will be necessary to provide both
the spatial resolution and the segmentation that are required for unambiguous ver-
texing in the high-rate small-angle region.
5 — Summary

Charm physics provides a window into the Standard Model, and possibly beyond,
that complements those provided by other types of experiments. In searches for
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D — D mixing, FCN C, lepton-number-violating decays, or CP-violating amplitudes,
we are probing physics at the TeV level which may not be accessible to other ex-
periments: down-sector and up-sector quarks can couple differently to new physics,
and the charm quark is the only up-sector quark for which such studies are possible.
Within the Standard Model, charm is probably the best place to test heavy-quark
symmetry quantitatively, and it is the best place to measure some of the CKM
matrix elements. While ultrahigh-statistics experiments will be extremely difficult,
we can reasonably imagine that the technology will exist in the next decade to re-
construct 100 million charm. Getting from here to there will require a substantial
R&D effort, and developing the expertise to design and build such an experiment
will require commitment from the individuals who will contribute directly, from the
laboratory at which it will be done, and from the community as a whole.

We thank the organizers of this Workshop for offering us this opportunity
to discuss heavy-quark physics in such attractive surroundings. We also thank our
colleagues from Fermilab proposal P829 3") for their contributions. This work was
supported by NSF grant PHY 92-04239 and DOE grant DE-FG02-94ER40840.
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CHARM2000 AT FNAL USING CRYSTAL EXTRACTION

David Christian
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ABSTRACT

Discussions of a “10® charm” experiment have so far focussed on a traditional fixed
target experiment using a resonant-extracted 800 GeV/c proton beam. The purpose
of this note is to point out that it would also be possible to achieve the CHARM2000
goals in a fixed target experiment which uses a low intensity 900-1000 GeV/c proton
beam extracted from the halo of the circulating TeVatron beam by a bent crystal
during collider operation.

At least three options exist for achieving the goals of CHARM2000 at
Fermilab. These are a fixed target experiment running as part of a dedicated fixed
target run, a collider experiment optimized for charm, and a fixed target experiment
running during collider operation using a proton beam extracted from the TeVatron
halo by a bent silicon crystal. This third option has not yet been explored, but it
appears viable and should not be forgotten.

The first experiment 1) designed to demonstrate the feasibility of crystal
extraction from the TeVatron (E853) will begin taking data soon. The goal of this
experiment is to remove 4 x 10° protons/second from the TeVatron with a channeling
efficiency of 25% (i.e. 1 MHz extracted). This rate was chosen so as to contribute 24
hours to the luminosity lifetime of the TeVatron collider under the current intensity
conditions of 10'* protons circulating. It should be noted that schemes 2 exist for
achieving much higher channeling efficiency.

During the first Main Injector run (TeV Run IT), 36 bunches of approxi-
mately 1.2 x 10'® protons total will be collided with 36 bunches of approximately
1.3 x 10'* antiprotons %. With these conditions, a bent crystal could be used to
remove approximately 5 x 107 protons/second from the circulating beam, leading
to a 12 MHz extracted beam, assuming 25% efficiency. Furthermore, tests already
conducted for E853 ) indicate that it will be possible to remove (a few) x107 pro-
tons/second without significant impact on backgrounds at CDF or D0. Improve-
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ments both in extraction efficiency and in the collimation of protons interacting with
the crystal are being studied ®).

I have estimated the charm yield for a hypothetical experiment using a 12
MHz crystal extracted beam and a 5% interaction length target to produce a 600 kHz
interaction rate. This I have done by scaling from P829 6), for which conservative
yield estimates were made using data and charm signals from E791. P829 assumed
a 100 kHz interaction rate during slow spill (with a duty factor of approximately
1). It called for a 500 GeV/c x~ beam, for which the fraction of events containing
charm is estimated to be 50% higher than would be the case with a 900 GeV/c
proton beam. Together these factors indicate that the experiment using a crystal
extracted beam would reconstruct 6 X 3 X % = 12 times as much charm as expected
by P829 in an equal amount of calender time. In one year of running, approximately
0.5 x 10° reconstructable charm decays would be recorded on tape.

During the second Main Injector run (TeV Run III), the number of proton
and antiproton bunches will be increased to as many as 99, or as few as 77. Even
if one ignores the possibility of gains due to improvements in crystal extraction
techniques, an increase in the number of bunches by a factor of 2-3 can be expected
to result in a similar increase in charm yield. At this point, the experiment would be
logging to tape more than 108 completely reconstructable charm decays per calender

year.
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EXPERIMENTS TO STUDY (QQ) STATES. IS THERE A FUTURE?

Rosanna Cester
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The study of (QQ) states has been performed in three types of experiments:

e The production mechanism has been studied in high energy hadronic interac-
tions.

e The spectral characteristics and decay mechanisms have been studied at ete~
colliders by direct formation through one photon exchange (for states with
JPC =1-") and in the radiative decays of 35; states or, at higher energies, in
two photon fusion (for states with positive C-parity).

¢ Precise measurements of the level structure can also be obtained from direct
formation of QQ states in fip annihilation. In this kind of experiment there
are no constraints on the possible values of JFC, however, due to the high
background in hadronic final states, only decays to electromagnetic final states
have been observed.

Direct formation experiments at e*e~ colliders (BEPC, CESR and future B facto-
ries) could in principle continue but are at present given low priority. The study of
two photon processes will continue at high energy e*e” colliders. Similarly the study
of production mechanisms (and possibly new discoveries) will come as a by-product
of high energy hadron-collider experiments.

The only dedicated experiments to study quarkonium spectroscopy in the
near future are those studying direct formation of (¢€) in pp annihilation. The
history of these experiments (from past to near future) is given in Table 1.

The three experiments have common features: they are fixed target exper-
iments and use stochastically cooled antiprotons circulating in a storage ring as a
beam; an internal hydrogen-jet target; and a non-magnetic spectrometer optimized
for the detection of electromagnetic final states. Examples of reactions that have
been studied are: p+p — J/3p — et te,ptpox—J/Pv+y—oet+e 47,
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Table 1:
Experiment Gisas J Ldt e Facility Period
(10* cm2s7") | (pb7?)
RT704 0.3 3 4 %1071 CERN-ISR 1983-1984
E760 1.0 30 ~ 10~* | FNAL-p Source | 1990-1991
E835 : 7.0 200 ~10~* | FNAL-p Source | 1996-1997

p+p — ne — 7+7. The advantages of such fixed target experiments are the
possibilities of using existing facilities and reaching high luminosities and a superb
resolution for the energy of the initial state (see Table 1).

In the charmonium sector three out of four of the n =1 D states (two of
which are expected to be narrow) have not yet been detected and two states, the
n=215 (7.) and then =1 1P, (h.) need confirmation. A measurement of mass
and width for all these narrow levels would complete the study of the charmonium
spectrum, improving our knowledge of spin effects in quark-antiquark interactions
and shedding light on the annihilation mechanism. Furthermore there is speculation
that the energy region close to the DD threshold (3.7 GeV < V8 < 4.3GeV) could
be populated by exotics, which would preferentially decay by cascading down to
lower charmonium levels. One possible example is DD molecules, which should
show up just below the DD threshold.

E835 plans to address these problems, but will probably not integrate
enough luminosity to complete the program.

The question we ask is: can this kind of experiment continue in the Main
Injector era and how can it be substantially improved?

The strategy of the experiments of Table 1 has been that of selecting final
states with a strong signature, namely the two body decay into either ete™ or 77,
or the cascade decay to either a J/% or an 7 then decaying to the same two body
final states. Since the identification of a J/¢p — et + €™ in the final state has
proven to be an extremely powerful tool to suppress background, one could retain
the same strategy with a new detector of higher performance and larger acceptance.
This would probably require also a new target of different geometry to improve on
the hermeticity of the detector. The maximum instantaneous luminosity will scale
linearly with the stacking rate in the accumulator 1), which is expected to increase
by a factor ~ 4. The density of the jet could also be further increased but would
reduce the lifetime of the circulating 7 and result in a limited gain in luminosity. At
best one could hope to obtain a factor ten improvement on the E835 event rate.

A completely different and new approach would be that of gearching for
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hadronic decays. As already mentioned the background from light quark hadron
production is discouragingly high (with the possible exception of the OZI forbidden
#¢ channel). It has been suggested 2 that interference effects between non-resonant
and resonant amplitudes could provide a signature for the formation of charmonium
states decaying to light-quark hadrons. E760 has searched for such effects in neutral
final states but, so far, has seen no evidence.

In conclusion, I believe that there is still room for an interesting experi-
ment; how interesting and how worthwhile we will only know after E835. So far
I have discussed the feasibility of an experiment to be performed in the Main In-
jector era at the antiproton source at Fermilab. One should however keep in mind
that such experiment has only run parasitically to the Tevatron fixed target data
taking. It is conceivable that a better data-taking duty cycle could be obtained by
constructing an external 5 beam with low 7~ contamination. Proposals to study
charmonium spectroscopy with external beams have been presented in the past at
CERN ?® and BNL and could be adequate to detect and measure the wider (r>
few MeV) resonances.

The next question which is usually asked is: could one perform a similar
experiment looking for (bb) states formed in fp annihilation? Clearly this experiment
would be of great interest for two reasons: a) the bb system is the best testing ground
for potential models since relativistic corrections are small, and b) the bb spectrum
is poorly known, with only 9 out of the expected 26 narrow states so far detected.

It is a difficult experiment since the cross sections for direct formation of
(8b) states are predicted to be of order 10~* times smaller than those for charmonium,
at best 100 pb integrating over all decay channels. Clearly one can not afford to
select a low-branching-ratio decay mode for a signature! It has been suggested
that (bb) events could be selected with high efficiency by requiring high transverse
momenta and a two (three) jet topology 4.

For a fixed target experiment a $ beam in the range of energy 46 to 58
GeV is needed, which at present is nowhere available.
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ABSTRACT
Efforts to observe CP violation in the B-meson decays are already made at the
existing accelerators and those under construction. Although a positive signal may
appear there first, LHC will be the ultimate source of the B-mesons. With the large
number of B-mesons expected at LHC, a real precision test will become possible. A
short summary of the prospect for CP violation experiments at LHC is presented.

1 — Introduction

The aim of the CP violation study at LHC is the “precision” test. The b-quark
cross sections are estimated to be ~ 1 ub in fixed target mode and ~ 500 ub in
collider mode. In addition to B°, B® and B*, B,-mesons and Ayp’s are produced.
The fraction of the b-quark production in the total p-p interactions is ~ 0.002% in
fixed target mode and ~ 0.5% in collider mode. It must be noted that the current
fixed target charm experiments operate with o.z/ootal & 0.5%. The large number
of B-mesons expected at LHC should allow measuring the angles of the so called
“unitarity triangle” ), a and 8 (and 7) with a precision of ~ 0.01 (~ 0.5) or better.
This will be the ultimate test of the standard model for CP violation.

On the other hand, an experiment at LHC is a formidable challenge. The
detector has to cope with an event rate of 40 MHz and an even higher interaction
rate. The trigger, in particular the first-level trigger, must be fast and very selective.
One can no longer record all events with B-mesons and particular B-meson decay
modes of interest must be selected. This requires the online reconstruction of events
in the third-level trigger with all the detector information.

The ultimate limitation of the experiment may come from the radiation
damage. It is conceivable that LHC will produce more B-mesons than the experi-
ment can handle due to the radiation damage of the detector.
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2 — General Purpose Detectors

ATLAS and CMS ? are two general purpose collider detectors designed to perform
high Pr physics such as studying the top quark and searching the Higgs and super-
symmetric particles in p-p interactions at LHC in the central region. The b-quark
provides an important means for high Pr physics.

Due to the increasing interest in b-physics itself, both collaborations started
to investigate the capabilities of their detectors to study b-physics such as CP viola-
tion in the B-meson decays. Those studies are influencing the design of the detectors,
in particular the vertex detectors.

It is expected to take several years for LHC to reach its designed luminosity
of ~ 103 cm~2s~" which is required to fully exploit LHC for high Pr physics. Thus,
b-physics will be an important physics programme for ATLAS and CMS during the
first few years of the LHC operation. Once LHC achieves the design luminosity,
b-physics will become exceedingly difficult due to the pile-up.*

Both ATLAS and CMS have an excellent muon detection capability and
the muon is used in the first-level trigger. ATLAS requires a single muon with
Pr > 6 GeV. For the B— J/1 Ks decay mode, the trigger muon can be generated
by muons either from the J /% decay or from the semileptonic decay of the partner
b-quark which is used as the tag.

The CMS first-level trigger demands a single muon with Py > 10 GeV or
two muons with Pr > 3 ~ 5 GeV. The double muon trigger is very effective for the
B-meson decay final states with J/4. The single muon trigger is mainly sensitive to
the semileptonic decay of the partner b-quark used for the tag.

The excellent detection capability for the electron allows ATLAS to recon-
struct J/9 — ete™. Due to the strong magnetic field of the detector (4 T), CMS
has a difficulty to use the electron channel.

Both experiments have improved their vertex detectors by placing their
first plane much closer to the beam than the original designs shown in the letters of
intent. The new designs provide a much better impact parameter resolution which
reduces the background in the reconstructed B-mesons and improves the eigentime
resolution of the B-meson. However, the radiation damage with the nominal LHC
luminosity is a serious concern.

Table 1 summarises the expected performance for measuring sin 2a and
sin 28 by ATLAS and CMS using the CP asymmetries obtained form the decay
time integrated rates. It is assumed that LHC will run with an average luminosity
of 10% for 107 s, i.e. roughly one year. The quoted errors are only statistical. The
table shows that sin 28 can be measured well. For the measurement of sin 2, the
large amount of the remaining background is a worry. The background comes mainly
from other two-body decay modes of b-hadrons such as B — Kr, B, — KK etc.. The
momentum resolution is not sufficient to distinguish them from the B— xtx~ decay.

One way to separate the background in ATLAS and CMS which have no
special kaon and pion identification capability, is to study the decay time distri-
bution. The background events are expected to decay (almost) exponentially. In
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Table 1: Expected performances of the general purpose detectors at LHC for sin 20
and sin 20 using the time integrated method.

No.(bb)/107 sec 5 x 10'2
Measurement sin 2a from 7t7~ | sin 20 from J/¢y Kg
Experiment ATLAS | CMS [ ATLAS| CMS

No.(reconstructed “final state”+tag)
e p-tag 3070 3400 J/p — ptp
3847 | 9200
J/Y — ete
6041 | -
* e-tag - : I/ - ptp”
4322 -
total 3070 3400 14210 9200
background/signal || 1.67 0.84 ~ 0.1 ~ 0.1
stat. information 0.71 0.47 0.62 0.47
Catatistical 0.08 0.09 0.028 0.047

the absence of the penguin diagram, the decay time distribution for #+x~ events is
given by
oc e”T*(1 £ sin 2a x sin Am )

where Am and I' are the mass difference between the two weak eigenstates and the
decay width of the neutral B-mesons, respectively. Another advantage of studying
the decay time distribution is that the errors on sin 2, and also on sin 28, can be
reduced by up to ~ 20% due to the increased statistical sensitivity of the method.

3 - Dedicated Detectors

3.1 Past

Three different ways to study B-physics in a dedicated manner, COBEX, GAJET
and LHB 2, have been initiated. COBEX proposed to work in collider mode,
GAJET and LHB in fixed target mode. An internal gas-jet target was consid-
ered for GAJET, while LHB proposed to exiract parasitically the halo of the LHC
beam using a bent crystal. All three experiments were designed to run for many
years in different luminosity conditions of LHC.

All three detectors are forward spectrometers equipped with a Si vertex
detector very close to (or in) the beam, a large aperture magnet(s), a tracking
system, a particle identification system capable of the v/K/p separation over all
the necessary kinematic range, an electromagnetic (and a hadronic for GAJET and
LHB) calorimeter(s) and a muon system.
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COBEX benefits from the larger b-quark production cross section in col-
lider mode. GAJET emphasises its simple and effective trigger strategy based on
the point-like target geometry. LHB deploys a vertex detector system in the beam
where most of the B-mesons decay within the system.

General advantages of a dedicated detector compared to a general purpose
detector are the followings:

e The forward spectrometer geometry allows a more efficient muon Pr trigger
with a lower threshold value.

o The vertex detector system close to the beam provides a better vertex resolu-
tiomn.

o The particle identification system reduces the background in the B— ntx~
decay mode generated by other two-body decay modes of b-hadrons to a neg-
ligible amount. It also reduces the combinatorial background and many-body
decay modes of B- and B,-mesons can be reconstructed. This allows to mea-
sure the third angle of the unitarity triangle, 7, CP asymmetries which are
expected to be very small in the standard model and CP asymmetries in the
charge B-meson decays.

Table 2 summarises the performances of the three dedicated experiments.
They do indeed better in the difficult decay mode B— wtw~ than the general
purpose detectors, not only statistically but also in the reduction of the background.

3.2 Current Status and Future

Although the LHC committee (LHCC) has repeatedly confirmed the necessity of
a dedicated B-physics experiment as one of the baseline LHC experiments along
with ATLAS, CMS and ALICE, non of the above described three experiments was
recommended for submitting a technical proposal. Instead, LHCC requested the
submission of a new letter of intent by a joint collaboration based on collider mode
with a newly designed forward spectrometer. A collaboration consisting of most of
the members of the original three groups and many other institutes were formed
to do this task. The collaboration is currently of optimising the detector and the
trigger strategy and intends to submit the letter of intent by the end of February
1995. The performance is expected to be even better and more solid than that given
by the originally proposed dedicated experiments.

4 — Conclusions

Active efforts are being made to plan measuring CP violation in the B-meson de-
cays at LHC. The two general purpose experiments, ATLAS and CMS will study
CP violation during the initial period of the LHC running with less luminosities
than the nominal one. They can measure sin 23 well using the B— J/¢ Ks decay

432



T. Nakada

Table 2: Expected performances for proposed dedicated experiments at LHC.

Experiment COBEX GAJET LHB

No.(bb)/107 sec 4 x 1012 2 x 1010 7.7 x 10°
First-level trigger

High Pr 7 /4y €, hadron I, e

+ Large impact parameter - yes -

Tagging method p (K*) B e, K |y e K+ B
sin 2a from wt7~

No.(reconstructed =7~ +tag) 30000 4500 3200

background/signal < 0.23 0.32 <0.1

Ogin2a Statistical 0.015 0.047 0.069
sin 23 from J /1 Kg

No.(reconstructed J/v Ks+tag) 270000 10000 13000

Tsin2p statistical 0.007 0.028 0.024

final states useful to measure 4

B, — D, K/branching ratio + tag || 1.8 x 108 | 8.3 x 107 2.8 x 107

Bt — EOK‘*‘/bra.nchjng ratio - - 1.2 x 108

B° — D° K*°/branching ratio . 1.9 x 108 -

mode and contribute to the sin 2c: measurement. Their limitation is in the particle
identification.

A dedicated B-physics detector at LHC will tackle the problem of CP
violation in the B-meson decays for many years and try to measure the angles of the
unitarity triangle with a precision of < 0.01. It will have a more efficient trigger for
the b-quark events than the general purpose detectors. The capability of identifying
pion, kaon and proton will ensure the clean reconstruction of many different B-meson
decay modes which is important to make the ultimate test of the standard model
for CP violation.
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CP Reach: The Case of the KEK B-factory
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ABSTRACT
KEK is building an asymmetric B-factory. The goal of the peak luminosity is 1 x
10**cm~2sec™!. The BELLE collaboration builds a detector to study of CP violation
in B meson decays. Our Monte Carlo studies based on the BELLE detector design
show that it will become possible to carry out a definitive test of CP violation in
the standard model by measuring the three angles and the three sides of the CKM
triangles provided with extended theoretical studies.

1 Introduction

Since the first observation of CP violation in the K° system in 1964, an enormous
amount of theoretical work has been done to try to understand the phenomenon.
In addition to the Cabibbo-Kobayashi-Maskawa (CKM) scheme, which explains CP
violation within the framework of the Standard Model, many extensions of the
Standard Model have been proposed that incorporate CP violation. All of these
theoretical proposals are, however, consistent with presently available experimental
data.

Observations of CP violation at a B-factory could provide definitive infor-
mation to settle the theoretical situation. As is well known, all of the KM matrix
elements can, in principle, be measured at a B-factory. In addition to clarifying the
situation for CP violation, these measurements may provide a first look at phenom-
ena beyond the Standard Model.

2 KEK B-factory

The KEK B-factory ! is an asymmetric e*e~ collider operated at T(4S). We install
the two rings of the KEK B- factory in the existing 3 km TRISTAN tunnel. The

435



T. Matsuda

design parameters of the accelerator (as of September 1994) are listed in Tablel.

We choose the energy asymmetry of 3.5 x 8 GeV after an intensive com-
parison of different energy asymmetries. To achieve the 8 GeV injection of electrons
and to obtain a necessary intensity of 3.5 GeV positron beam, the energy upgrade of
the injection liniac to 8 GeV has been started. The final goal of the peak luminosity
of the KEK B-factory is 1 x 10%cm™?sec™!. Adopting a large angle (10 mrad)
beam crossing at the interaction point after an intensive study on the beam-beam
instability, the effort of increasing the luminosity from an initial achievement to its
final goal will be continuos whereas in our previous design with the head-on collision
the design luminosity was limited to be 2 times10%3cm—2sec™! and a large modi-
fication of the interaction region was necessary to go beyond the limit. To achieve
this final goal, we choose an accelerator design with the large beam currents, the
large beam-beam tune shift and the small beta function at the interaction point.
When we compare the design parameters of the KEK B-factory to those for the
SLAC B-factory, it is interesting to realize that the design approaches of these two
B-factories are much different.

Table 1: Design parameters of the KEK B— factory (as of September 1994).

Energy (GeV) E 3.5 8.0
Circumference (m) c 3016 3016
Emittance (nmrad) €/ €y 18/0.36 18/0.36

Beta function at IR (m) B/ B, 0.33/0.01 0.33/0.01
Tune shift . E2/ty 0.05/0.05 0.05/0.05
Crossing angle (mrad) +10.0

Momentum compaction a 1.648 x 10~* 2.5 x 1074
RF frequency (MHz) i 508.887 508.887
RF voltage (MV) Ve 9.5 ~ 2.5
Bunch length (cm) 0, 0.4 0.4
Number of bunches kp 5120 5120
Bunch spacing (m) Ss 0.6 0.6
Damping time (ms) TE[Tx 40.2/80.5 17.6/35.3
Beam current (A) I 2.6 1.1
Synch. rad. loss (MeV/turn) U, 0.87 4.6
Luminosity (cm~?sec™") L 15xa1 0%}

The KEK B-factory project was approved by Japanese government in April
1994 with the 5 years’ construction budget. The LOI for "the study of CP viola-
tion in B meson decay at the KEK B-factory” by the BELLE collaboration was
accepted in March 1994. The TDR is due at the end of 1994 for a full approval.
We plan to complete our BELLE detector by the summer 1998. The commission
of the accelerator should take place immediately after the roll-in of the detector.
The BELLE detector will be installed at the Tsukuba experimental hall where the
TOPAZ detector currently occupies.
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3 BELLE Detector

The proposed BELLE detector (as of October 1994) is shown in Figure 1. The track-
ing detector consists of three devices, Silicon micro-strip Vertex Detector (SVD),
Precision Drift Chamber (PDC), Central Drift Chamber (CDC). Three layers of
double-side, double-metal silicon strip detectors provide the vertex measurement of
B- meson decays. The resolution of the measurement of the distance b, between
two B meson decay vertices is typically 90 pm, about a half of the decay length
of B mesons at the KEK B-factory. CDC has Al anode wires and is filled with a
Helium-based gas to minimize the multiple Coulomb scattering. The electromag-
netic calorimeter consists of CsI crystal’s readout by photo diodes. To identify kons
from pions we plan to use a Cerenkov detector in addition to TOF counter and the
dE/dx measurement in CDC. The decision on the type of the Cerenkov detector,
either the low index silica aerogel counter, the fast-RICH or the DIRC, will be made
by the end of March 1995. For the detection of Ky, as well as muons, the yoke of
the 1.0 Tesla superconducting solenoid is segmented to install a hadron calorime-
ter of two interaction length. In the fall 1994 we decided to build a new 1.5 Tesla
superconducting solenoid instead of using the existing VENUS magnet.

4 CP Reach by the BELLE detector

The physics performance of the BELLE detector was studied by a fast Mont Carlo
simulation. In the fast simulation only the effects of the beam pipe and the expected
performance of SVD were fully simulated, whereas the performance of other detec-
tors were represented by smeared kinematic variables according to their resolutions
and acceptances. The reconstruction efficiency for charged particles and the effi-
ciency of the clustering in the calorimeter were not included. A fast-RICH detector
with CsI photocathode was assumed providing a K/x separation of more than 20
in all the kinematical region.
The experimental sensitivity of the CP asymmetry is expressed as

. 1 1 1+ NBG/Noba
dsin 2¢p = 1= %, N ) (1)
here dis a dilution factor due to decaying time evolution, 1 —w; is a dilution
factor due to wrong tagging probability, N, and Ngg are the numbers of observed
candidate events and background events respectively. The tagging efficiency €,y of
the BELLE detector is estimated to be 43.5 combined lepton-Koan tagging method
with the wrong tagging probability w, of 9.8

Tables 3 and 4 summerize the experimental sensitivities (100 fb!) of the
measurements of the three angles, 8, a and v of the CKM unitarity triangles.

As can be seen in the table, the most promising channel for the sin 20
measurement is the "gold plated mode” J/YKs(J/3p — £+l Kg — wtr~); the
next promising channel is J/Y K (J/y — £+~ K;, — nuclear interaction). The
decay channel of J/9K* is also promising mode, especially if it is dominated by
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the CP-even final state, as indicated by ARGUS and CLEO measurements. By
combining the data from all of the listed channels, the error in sin 24 can be reduced
from 0.08, which corresponds to the gold plated mode alone, to 0.06.

Similarly, the error in sin 2a is reduced from 0.17 for the m*x~ mode to
0.09 ~ 0.13 when the pr mode is included. The sin2a error from the pm mode
depends on the unknown value of p = |A(B — f)/A(B — f)| for f = ptn~. Here,
for simplicity, we ignore penguin contributions in both decay modes, even though
they are thought to be non-negligible. Actual errors after subtracting penguin con-
tributions will likely be larger and the estimated errors given here can be considered
as lower limits.

The third angle v can be measured using neutral and charged B decay
into D;2K. The v error is sensitive to the values of v, § and 7, where § is the
final-state-interaction phase and r = |A(B — DK)/A(B — DK)|. The v error
from B° decays is estimated to be less than 25° (for vy < 90°), if |6p — 6p| is between
50° and 150° and 7 is larger than 0.25. The error from B* decays is estimated to
be less than 15° (for any 7), if |6p — 8p| is larger than 50° and r is larger than 0.1.
Combining the B® and B* modes results in a 7y error that is less than 13°.

Table 2: Presently available information about the two CKM parameters, p and 7.

Quantity Value comments

|Veb]| .041 £ .002 £ .004 S.Stone, "B Decays”,Singapore,1991

|Vub/V cb|0.085 & 0.035 Includes recent CLEO result

M, 132 £ 31 £ 19 GeV LEP Collab.,Phys. Lett.B276,247(1992)

Bk 0.8+0.2 Harris and Rosner,Phys.Rev.D45,946(1992)
lex |  (2.268+0.023) x107° PDG

Re(¢'/e) (14.5 +5) x 107 average of E731 and NA31

zd 0.677 4 0.104 CLEO, 1993 Report to the PAC, Jan. 1993
fsyv/Bp unconstrained

B 1.40 £ 0.04 psec E.Locci, UNK B-Factory Workshop,Jan.1993

The projected B and a measurements for an integrated luminosity of
50 fb-! cover the entire 90% C.L. allowed region. Even for 10 fb~!, the chance
for measuring B with a 3 standard deviation significance is as high as 50%. On the
other hand the v measurement may need more than 100 fb~! luminosity and will
require quality high-momentum charged K/ separation.

We have also performed Monte Carlo simulation studies for measuring the
sides of the KM unitarity triangle, namely, |Vzs|, |Vis| and |Via|. The expected sensi-
tivities of these measurements are summarized in Table 5. The expected statistical
errors of |Va|, |Vis/ V| and |Via/Via| are estimated for the integrated luminosities of
10 fb-! and 100 fb~!. As shown in the table, the expected statistical errors of the
first two parameters are much smaller than the present values even for an integrated
luminosity of 10 fb~!. Measurement of the third parameter has not been done so
far. The systematic error in |V is expected to improve since the extrapolation
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Table 3: Expected sensitivity for sin 2¢; measurements with an integrated luminosity
of 100 fb~'. For all modes, a tagging efficiency €ag = 0.44, a wrong-tag fraction
w = 0.10, and a dilution factor d = 0.54 are used. The additional dilution due to
final state CP mixing, di, ranges from 1 to ~ 2.7. Here d, = 2p/(1 + p?), where
p=|A(B — p*x~)/A(B — p~x*)|. For p = 0.24 ~ 4, d, =1~ 0.45,

¢i | decay | final states BR(B) | BR(f) X €rec | Nobs | Npg | 8sin 2¢
mode
B | J/YKs | £re-atx~ | 5.0 x 10~% [ 0.084 x 0.38 | 802 0 0.083
J/YKs | rx°m° | 5.0 x 107¢ | 0.038 x 0.14 | 133 40 0.23
J/YKy, Ky 5.0 x 107* | 0.122 x 0.15 | 444 | 164 0.13
J/PK* | - ntx~x° | 1.6 x 103 | 0.014 x 0.19 | 215 53 1 0.17 x dy.
a| wtr” xtx~ 1.3 x 107° | 1.00 x 0.42 | 274 | 164 0.17°
pint | mertnm 6.0 x 1075 | 1.00x 0.5 | 754 | 672 | 0.11/de

(a) penguin backgrounds are ignored.

Table 4: Expected sensitivity for ¥ measurements with an integrated luminosity of
100 fb~1. (a) with assumptions of 50° < ép — 6p < 150°, |A(B° — D°Kg)/A(B° —
D°Ks)| > 0.25, and |A(B~ — D°K~)/A(B~ — D°K~)| > 0.1.

decay mode BR(B) | final states BR(f) X €rec | €tag | Nobs | Npg | 641
D° — K*x% 10.037x0.75 [ 0.40 | 67| 18
B° — D°Ks | 5.0 x 107° | D° — K*x¥Fx° | 0.119 x 0.56 | 0.40 | 160 | 185
Dy — Kgn° 0.014 x 0.43 | 0.40 14 20 | <25°
Dy - Kgw 0.019 x 0.44 | 0.40 20 9
D, - K*K- 0.005 x 0.78 | 0.40 9 10
D, — Ks¢ 0.004 x 0.56 | 0.40 5 2
D° — K*g¥ 0.037 x 0.83 | self | 1291 17
B* — D°K* | 3.5 x 107* | D° — K*x¥x° | 0.119 x 0.55 tag | 2730 | 159
Dy — Kgx° 0.014 x 0.43 | self | 256 66 | <15°
D; — Ksw 0.019 x 0.49 | tag | 396 23
D, - KtK~- 0.005 x 0.86 | tag | 182 41
D, - Ks¢ 0.004 x 0.78 | tag | 130 4
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Table 5: The expected sensitivities for triangle-side measurements with integrated
luminosities of 10 and 100 fb~!. The expected statistical errors of |Ves|, | Vs / Ves|
and |Via/Vi,| are compared with the presently achieved statistical and systematic
errors. The branching ratios of BR(B — wfv) = 1.0 x 10~ and BR(B — py) =
5x 10~% — 1 x 1076 are assumed.

side decay mode statistical error systematic error
B-factory present | 100 fb~T [ 10 fb~! | present present
|Vas| B - D*lv B — D*lv 1% 3% 10 % 15 %
|Vis/Vis| | inclusive lepton | B — wlv 1.5% 5% 14 % 40 %
|Via/Vis| | B— p7/B — K™y - 12-25% | 34-67% | - % - %

error of the decay rate to the zero recoil point y=1 will be reduced both due to the
higher statistics as well as better resolution in y. The systematic error in [Vas| is
also expected to improve because of the direct measurement of b — u decays via the
exclusive B — wlv channel.

5 Conclusion

The KEK B-factory will start operation in 1998. The design peak luminosity is
1 % 10*. The construction of the B-factory with the large beam crossing angle
is a challenge. The projected 8 and a measurements by the BELLE experiemnt
for an integrated luminosity of 50 fb~! cover the current 90% C.L. allowed region
if the penguin effect can be untangled. The 7 measurement may need more than
100 fb~! luminosity and will require high- momentum charged K/m separation.
The experimental condition at the B-factory is expecetd to be the cleanest and
the sensitivity of experiment may much depends on the integrated luminosity to be
accumulated.
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ABSTRACT

The prospects for a Dedicated B Collider Experiment at the Fermilab Tevatron after
the year 2000 are discussed.

1 B Physics at the Fermilab Tevatron

B-physics at the Fermilab Tevatron is currently being done in the two collider
detectors, CDF and DO0. These detectors are not optimized for B physics and, even
after their upgrades ) ?), will not have all the characteristics necessary to exploit
the full potential of the Tevatron. The design of a ‘Dedicated B Collider Detector’
for the Tevatron after the first Main Injector run represents a unique opportunity
and a difficult technical challenge.

While the main focus of the discussion on B physics has concentrated on a
small number of very specific measurements related to indirect CP violation, there
is reason to believe that this topic will be of interest for many years for the following
reasons:

® B physics is a multifaceted topic which is more than just CP violation. It
includes study of B, mixing, heavy quark symmetries, hadrons containing more
the one heavy quark, e.g. b¢, and the search for rare and (SM) forbidden decays.

¢ CP violation is a ‘complex’ phenomenon which will not be easily explored by
a few measurments both because of experimental difficulties and theoretical
ambiguities. It will require a comprehensive attack from many directions.

e It is hoped that even if the SM explanation of CP violation is borne out, very
detailed studies may turn up deviations which would indicate physics beyond
the Standard Model and would launch new studies.
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The Fermilab Tevatron is an attractive site for a comprehensive program
of B-physics studies because:

1. The Tevatron Collider, running at a luminosity of 10%* produces ~ 5 X 1020
b-pairs/‘Snowmass year’. This is to be compared with ~ 3 X 107 at an ete”
B symmetric or asymmetric B factory running on the T(4S) at a (design)
luminosity of 3 x 10%.

9. The Tevatron Collider constitutes a ‘Broadband, High Luminosity B Fac-
tory’, which simultaneously provides access to B physics for By and By, B,,
B-baryon, and B, states. This permits the kind of comprehensive attack on
B-physics issues that is needed.

3. While I have my doubts about whether it is possible to really work at luminosi-
ties greater than 1032 for this physics (I expect the trigger to break first), if it
proves possible, then one can take advantage of proposed Tevatron luminosity
upgrades to 10%.

The price of the high rate and ‘inclusivity’ provided by a hadron collider
is the very challenging environment in which one must perform a high precision,
intrinsically low P; experiment because:

o The b events are accompanied by a very high rate of background events.

¢ Even in the b events of interest, there is a complicated underlying event and
one does not have available the stringent constraints that one has by running
on the T(45) at an ete™ collider.

These lead to questions about the overall triggering, tagging, and recon-
struction, and particle identification efficiency and background rejection which can
be obtained in a hadron collider. These questions must be answered to convince
people that B physics at the sensitivity required for CP violation studies can be
done at the Tevatron.

It should be noted that the big edge in luminosity at the Tevatron means
that the experiments do not have to be as efficient as ete~ experiments to be
competitive. If they were only 1% as efficient, they would still have a big advantage
in statistics.

For many years, most high energy physicists believed that it would be dif-
ficult, if not impossible, to meet these technical challenges and successfully design
a detector that could do B-physics at a hadron collider. CDF’s success in recon-
structing B®, B¥, and B, and measuring liftimes with its silicon vertex detector is
the critical breakthrough ‘happening’ that convinces people, even ete” proponents,
that this physics can possibly be done at a hadron collider. The observation of the
B,, and possibly other higher mass states, eloquently makes the point about the
broadband nature of the physics reach. For all their years of work in B physics,
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ARGUS and CLEO never observed a B,, nor could they have since they always ran
below threshold for its production. Such choices will always face ete~ B-factories
and will always lead to compromises.

Given the high rate of B production, one might even ask why these mea-
surements are still viewed as being so difficult. First, one is always looking at decay
modes with low branching fractions; second, many of the important studies require
flavor tagging; and third the decay products of the states of interest are spread out
over a large range of rapdity and occur at relatively low P; leading to low efficiencies
unless one has a highly optimized geometry. Also, there can be large backgrounds
from ‘typical’ events, charm events, or B events which do not contain the decay of
interest. These backgrounds dilute the statistical significance of the measured signal
events. Table 1 shows the signal surviving the various physics processes and analysis
phases for a typical forward geometry for measurements of the asymmetry in the
eesy B° - Jj4 K,. (1)
(This calculation assumes only muon tags. It is expected that electron, charged kaon,
and (possibly) topological tags will achieve an increase in the ‘effective’ number of
events by a factor of 3 so the final sensitivity should be a factor of square root of
three better than that shown in the table.)

This decay is seen as one of the best candidates for the detection of a
CP asymmetry. The size of sin2f, constrained by other CKM measurements, is
expected to be in the range 0.2-0.8 so §sin28 ~ 0.07 would be a three o effect, at
the low end of the range. Experiments now under construction hope to see evidence
of this asymmetry after a few years of running.

The asymmetry in the decay

B° - gtg~ (2)

is more typical of the challenges facing an experiment that starts taking data only
after the first Main Injector run. An evaluation similar to the one undertaken for
¥ K, indicates that a sensitivity of § sin(2c) of 0.07 in one year of running (including
all tagging techniques) could be achieved. The signal to background ratio for this
state is very poor and clean detection of the signal places very difficult demands on
the tracking, vertexing, and particle identification.

It is the realistic calculation of these efficiencies, whose product turns out
to be rather low in the end, along with accurate estimates of the backgrounds, that
is the real issue. The other way of saying this is that, despite the large number of
B’s produced, this measurement is statistically marginal and every attempt should
be made to understand how to improve the efficiency and reduce the background.
If each of the efficiencies turned out to be optimistic by 20% or the backgrounds
turned out to much worse than expected, the CP capability of the experiment would
begin to slip away.

Some people at Fermilab have assembled in a group to study possible
approaches to performing a comprehensive study of CP violation in the Tevatron
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Table 1: Sensitivity Calculation for Observing a CP Asymmetryin B — 1 K, using
only a Muon Tag in One Year of running at 10%

CM energy 2 TeV
Cross section 50 pb
Luminosity 132
Np,/‘Snowmass’ year b 105
Br(By — $K°) 5.5 x 10~*
Br(Bs — $(ptp ) K.(rt7")) 2.2 x 1075
N(Bg — pprr)/year 8.2 x 10°
semi-leptonic decay of away side tag 0.10
Tagged N(By — ppmn)/year 8.2 x 10*
triggering efficiency 0.8
acceptance for muon tag 0.25
acceptance for pumm tracks 0.2
Vertexing, cleanup 0.7
Detected events 2400
Dilution factors:

T:f”ii 0.47
muon misid(away side mix) 0.7
muon misid 0.8
(cascade,m k decay)

Background 0.95
Total sensitivity(u tag): 0.07
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Collider. This resulted in an Expression of Interest submitted to Fermilab, which is
now called EOI 2 %), There are about 10 people active in this effort at the moment
and the number is growing (slowly).

The goal of the group is to achieve a good understanding of the tradeoffs

among:

¢ Geometries/Architectures ( This includes 7 coverage, magnetic field configura-
tion, etc);

¢ Tracking configuration - vertex detector technology(strips, pixels), vertex de-
tector configuration (disks, barrels, roman pots,.. ), central tracking, resolution,
multiple scattering, etc;

o Trigger scheme - leptons, invariant mass, impact parameter — at each level;

o Particle identification — this is important for a complete attack on CP including
direct CP, baryons, and is also important for measuring sin 2a using B% —
rta;

¢ Tagging - the semi-muonic branching fraction times muon detection efficiency
(due to P, cuts, geometric acceptance, etc) is a big loss. Other schemes, in-
cluding K-tagging, B** tagging, electron tagging, and tagging via kinematical
correlations of various sorts can have higher efficiency but also may introduce
unacceptable backgrounds and need to be studied.

The first project of this group is to develop a fast, hit-level Monte Carlo
to quickly run through several geometries and chose the most promising ones for
additional studies.

Candidates are:

1. Forward geometry with Roman Pot type silicon vertex detectors with quadrupoles

or dipoles (COBEX type geometries).
2. Central dipole or dipoles (BCD type geometries).

3. Central solenoid with forward dipoles or quadrupoles. At least one set of these
geometries involves placing dipoles around the CDF solenoid or DO solenoid.

4. A solenoid (perhaps very long).
5. ANY OTHER GEOMETRIES WHICH LOOK PROMISING.

We are also beginning to develop a full hit level simulation package based
on GEANT. After the initial shakeout of geometries and vertex detectors using the
fast simulation, GEANT will be used to develop a complete hit level model of the
trigger and reconstruction efficiency. THIS WOULD BE USED TO GENERATE
AN LOI WHICH IS DUE ABOUT A YEAR AND A HALF FROM NOW.

Meanwhile, there are a large number of physics studies which must be
done.
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o Generator Level

1. Do we have a reliable measurement or model of the ‘typical hadronic (back-
ground) events’? This is a critical question for trigger and background
studies.

9. Do we have a reliable measurement or model of charm production, which
could be a major contributor of background?

3. Do we have a reliable model of the B-pair production dynamics including
correlations? Is there anything there we can exploit? Data about the
existence/rate/decay modes of B** production would be helpful.

o Trigger and efficiency studies

1. Selection of key benchmark states
(a) ‘tagged’ decays with ¢’s, such as P K?
(b) ‘tagged’ x*x~
(c) Decays with photons or #° - K*v, B, = py
(d) Decays with two D mesons, such as D¥ D~
() Decays with D’s and K’s
(f) B, states for Mixing study
(8) -
. Geometric Acceptance, tracking efficiency
Mass, momentum resolution

. Vertex finding efficiency, proper time resolution, false vertex probability

v o W N

. Lepton (electrons, Muons) Geometric, Reconstruction efficiencies and fake
rate, esp. fake tags

6. Particle identification efficiency and fake rate
7. Photon reconstruction
¢ Background studies
1. Combinatoric background - efficacy of vertex detector in achieving required

rejections

(a) From ‘typical events’
(b) From charm
(c) From combination of correctly measured and mismeasured B events

2. Background from kinematic reflections (esp. in states like B® — =, K=, py,K*Y)

(mass resolution and particle id are big issues here)

3. false tags

o Luminosity, pile up studies

446



J.N. Butler

1. How serious are multiple interactions to the trigger rejection and efficiency,
the reconstruction efficiency, and resolution?

2. Effect of machime backgrounds

e Final analysis cuts, sensitivity to CP type asymmetries

Parallel to this effort must be an effort in understanding and even devel-
oping detector technologies, triggering and DA techniques, etc.

I take it as a given that the trigger will be a very sophisiticated pipelined
trigger with significant tracking, mass sensitivity, and perhaps even impact param-
eter selection at level I (or 1.5).

2 Status of the EOI and Relation of a Tevatron B Experiment to Other
Efforts
The Fermilab PAC, at its June meeting, endorsed the idea of a dedicated B

detector to replace one of the two existing collider detectors for RUN III. The lab is
moving towards providing official encouragement and some level of support for the
development of LOI’s.

The PAC recommendation points to a fully operational B detector in RUN
[T which one imagines will occur around 2003-2004. At the start of the experiment,
the ete™ B factories and HERA-B will hopefully have had several years of running at
design luminosities. Some of the easiest CP studies may well have been carried out.
Any of the proposed hadron collider experiments, except for the ongoing efforts at
CDF and D0 at FNAL, will come on late and must be designed as ‘second generation’
experiments whose goals must be to address the harder measurements, which are
likely to be either not done or not very precise.

The arguments I have advanced for a program of B physics at the Tevatron
Collider are even stronger for the LHC where the higher energy results in a higher
cross section and the luminosity will also be higher. Although all schedules are
uncertain, even an optimistic view of the Fermilab schedule and a pessimistic view
of the LHC schedule would give the Fermilab experiment a head start of at most
2-3 years. One may then correctly question the competitiveness of the proposed
experiment.

I have a several comments. One is that, of course, we would like to find
a way to advance the schedule at Fermilab. The second is that Fermilab is now
considering upgrades to the machine luminosity (and possibly the energy). These
upgrades will surely improve the competitiveness of the Tevatron if they are imple-
mented. We believe that the sensitivity of these experiments will level off at some
luminosity around a few 10% due to triggering and reconstruction efficiency prob-
lems and therefore there may be no significant luminosity advantage at LHC (this
remains to be seen, of course). LHC still would have an advantage due to the higher
cross section which may amount to a factor of 5. However, the basic efficiency is low
so there is plenty of ‘headroom’ for differences in experimental approach to further
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narrow the gap. At any rate, those of us participating in this effort are acutely aware
of the competition, both from e*e™ and from LHC, and know that these issues will
have to be addressed after designs have solidified and more is known about sched-
ules. The challenge now for our group remains to design an optimized dedicated B

detector for the Tevatron.
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