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ABSTRACT

The subjects of Bs-Bg mixing and time dependent CP violation in B® (B®) decays are
discussed, evaluating the requirements necessary for measurements based on decay distri-
bution analysis. Inclusive B-B production is assumed.

1. - INTRODUCTION

The study of the decay of mesons containing the quark "beauty" provides relevant
tests to the standard model of the weak interactions. In recent years, the measurement of
several B-mesons branching ratios(1) allowed to determine or to place constraints(?) on sev-

eral elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix;(3) the study of the decay
of B-B pairs has shown the existence of significant mixing between the B4(db) and By(bd)

states.(4) This effect, which is expected to be present in the B¢-Bg system too, may provide



a mechanism for measurable violations of CP symmetry, which so far have been detected
in the KO-K© system only.

The subjects of Bo-B° mixing,(5-0) the detection of Bs-Bj oscillations,(7-8) and the
violation of CP symmetry in BO (B®) decays,(9-11) have been studied by several authors.

So far, the main interest has been on time integrated analyses, i.e. on the measurement of
branching ratios. Furthermore, most analyses refers to B-B pairs produced in the decay of

"bottomonium" (Y-family) particles. In fact, most of the experimental results collected so
far were obtained with techniques satisfying at least one of these conditions.

In this paper, we analyze the possibility of detecting Bs-Bg mixing and decay time de-
pendent CP violation in the BO-BO systems. We assume that the beauty mesons are pro-

duced incoherently, and that measurements of decay times are performed. These conditions
can be satisfied, for example, in studies of hadronic production of Beauty in dedicated de-
tectors, or for B-mesons from the decay of ZO's at electron-positron colliders.

In the following sections, we discuss separately the issues of flavor mixing and CP
violation. In each case, we briefly review the formalism and expectations of the Standard
Model, discuss typical experimental conditions, and show results based on analytical and
Monte Carlo calculations.

2. - REVIEW OF FLAVOR OSCILLATION FORMALISM

The decay of neutral B-mesons Bq(qb) and Bq(bq), g=d or s, is determined by a
2x2 hamiltonian matrix:

H=M-5T, 2.1)

where M and I” are hermitian matrices; we use the basis vectors:
Bo>=[g] . ®>=[7] 2.2)
CPT invariance implies that:

H11=H225m-%Y . (2.3)

The eigenstates of (2.1) can be parametrized as :



IBg> =p/B°>-qIB% , IBL> =pIB% +qg/B%> (2.4)
where H and L stand for heavy and light; the corresponding eigenvectors are:
i i 1
HHL= MHL-5YHL =m-5Y+5Ap , (2.5)

with:

Ap=%(-2) \/ (Miz* 3 T12* M2 - 3Tz} 5 (2.6)

the coefficients p, q satisfy:

Mi2*- %1“12* 2

g9 -An =+

p= : 2.7)
2 M12-5T12)

i
M1z -5T12

At production time (t=0) the beauty neutral mesons are pure B0, BO states. The time
evolved BOphys(t) [Bphys()] corresponding to BO(0) [B°(0)] are superpositions of By , B.,
states. In terms of the time independent B, BO beauty eigenstates, the time evolution is

described by:

: ALt S -
IBOphys(t)> = e-imt-1/2 [cos —;— IBO> + %i sin ALZ—IB0>] (2.8)

[BOphys(t)> = e-imt-11/2 [51 sin ALZE IBO> + cos AuTt I_B—°>] (2.9)

In the standard model, the off-diagonal elements of H are determined by the "box di-
agrams",(®) shown in Figure 1. At each vertex, a W is attached with coupling proportional
to the corresponding coefficients Vjj of the CKM matrix; therefore the amplitude of the dia-
grams is proportional to VgqVqb*Vq'qVq'b*, summing over the flavor indices q', q". No-
tice that in the limit of equal quark masses, the unitarity of Vjj makes the sum vanish. For
different masses, the largest kinematic contribution is provided by the heaviest quark, i.e.
the predicted "top" quark, so that:

Ap o< mg2 (Vg Vib*)? . (2.10)

Notice that since a B-meson cannot decay in a system containing a t-quark, the expression
(2.10) contributes only to the non-absorptive part of the mass matrix, so that:



IMpi»iIpgl . (2.11)

(In fact it can be shown that [T12/M12! = (mp/m)2 (6)). Relation (2.11) allows to approxi-

mate (2.6-7) with the expressions:

Ap = Am=2 Mgl , Ay=0, ’%’ =1. 2.12)

Under these approximations, Bg and Br, have identical lifetimes, and (2.8-9) can now be

rewritten as:
IBOphys(t)> = e ImMt-11/2 [cos A—’é"—t IBO> + i sin Ar;'t |‘B‘o>] ) (2.8Y)
IBOphys(t)> = e-imt-11/2 [i sin Ar;" IBO> + cos Anz” |§0>] : (2.9
where we have made the conventional choice:(12)
Po1. (2.13)

q

The squares of the amplitudes (2.8'), (2.9") are the time-dependent probabilities for

flavor non-oscillation and oscillation:

BO Bo) dI'(BOppys—BO
dI( Dgtys—> )E ( p(l;{s ) - e"Yt% [ 1+ cos (Amt)], (2.14)
dI'(BOhvs—B0) dI'(BOyhy«— B0

( p(liltys ) = ( pgz's ) = e"ﬁ% [ 1-cos (Amt) ] . (215)

We use the "oscillation parameter" xg=Am/y (which is proportional to the lifetime to oscil-
lation period ratio), where q refers to the light quark flavor d or s, and we measure time in
lifetime units (y=1). Hence (2.14-15) can be written in the form:

dr((itt,i) = e_t% [ 1+ COS(Xq't)] s (216)

where the sign (+) applies to beauty conservation (BOphys(t)—B0 and BOphys(t)—B9), the
sign (-) to B-B' oscillation (B%hys(t)—B° and BOppys(t)—B0 ).

From (2.10) one can predict:



2
Xs ﬁ‘ 2.17)

xd - |Va
From our knowledge of the CKM coefficients,(2) the measurement of Bg-Bg oscillations,®)
and theoretical corrections and uncertainties in (2.17), it has been estimated that xg> 3
(90% C.L.).(13) Fig. 2 shows the non-oscillating and the oscillating decay time distribu-
tions for x=0.7 (Bq) and x=10.

3. - MEASUREMENT OF B-B OSCILLATIONS

In order to study beauty oscillations, one has to compare the beauty quantum num-
bers of a neutral B-meson at formation and at decay. The latter observation requires the re-

construction of the decay mode, while the former is obtained in a similar way by looking at
the decay of the associated hadron containing a b-quark (b). Obviously we are considering

b-b production in a flavor conserving strong or electromagnetic process.

Let us consider first the case of a neutral B-meson produced together with a B¥-me-

son. Beauty oscillation manifests in the presence of final states with beauty number equal to
+2, such as B+-B© or B--BO. The oscillation is usually described by the parameter r : (14)

I'(B° - B% TI'(B°— B9)
r = = —
I'(B© - Bo) TI'(B° — Bo)

(3.1)

where the second equality holds in the approximation Ip/ql = 1. Integrating the decay distri-
butions (2.16), it can be shown that :

_ %
T (3.2)

Alternatively, the variable Y is used:

I'(Bo>BY) I'(Bo—Bo)
X = = — ) (3.3)
IMiot(BO) INior(BO)

which is related tor by: =1/ (14r1).

Time integrated analyses provide the value of:



N(BO-B) + N(B°-B)

— — (3.4)
N(B°-B) + N(B°-B)

R

where, for example, N(B©-B) is the number of events containing a BO together with an-
other particle containing a b quark: B¥=B,, Bq , Bs or Ap . The parameter R is related to
r,(15) and therefore to x. In the By case, the measurements of ARGUS and CLEO (4) allow
to establish x4=0.70+0.13 .

In the case of Bg, however, the oscillation parameter x5 is presumably much larger
than unity, and the time-integrated parameter is close to the saturation value: r=1 (x =

0.5). In this situation, the observation of 1000 By, background free, could only allow to
place a lower bound x5 > 4.3 (90% C.L., for xg = 10 or larger).

Therefore time-integrated analyses are not effective for the measurement of xs; we
shall show below that time-dependent techniques, based on the same statistical sample of
the example above, can reach resolution on xg of the order of 0.1 . This approach requires
the measurement of the Bg pathlength in accurate vertex detectors. Notice that this is not
possible at electron-positron colliders running at the Y-family resonances, since B-mesons
are produced almost at rest.(16)

We now discuss some aspects of oscillation analysis, focussing on time-dependent
techniques, although some observations may also be applied to the time-integrated ap-

proach.

Tagging the Bg/ B character at production by fully reconstructing associated B+
states is not convenient, since the efficiency for beauty particle reconstruction is low, as
discussed below in Section 6, and very small statistical samples would be available in this

way.

We shall consider the case where the Bs-meson (Bg) is fully reconstructed (this al-
lows to discriminate among Bg, B, and Bq, and to obtain the decay time from the path-
length and the total momentum of the decay products), while the associated (anti)beauty-
particle is only partially reconstructed, and tagging is assigned looking at characteristics of
the decay products correlated to the beauty quantum number. We refer to this approach as

"inclusive tagging".



Various tagging techniques are possible. For instance, one can consider semileptonic
decays, corresponding to the quark subprocess b — q 1~ v, where q = ¢ or u, and use the
lepton sign to determine the beauty number (4:17-18), The identification of charm in the final
state is another possible technique, since the dominant decay is b — ¢ X . One step fur-
ther, it is conceivable to look at strangeness in the final state,(19) given the dominant charm
decay: ¢ — s X. If the associated beauty hadron (the "tagging" particle) is a beauty baryon,
one can also rely on the identification of the nucleon in the final state.

Our sample of inclusively tagged Bs (Bs) will include events with two neutral beauty
mesons, i.e. pairs produced as Bs-Bs , Bs-Bd and charge conjugated states, where both
members are subjected to particle-antiparticle oscillations. The decay distribution expres-
sion (2.16) must be modified according to:

dI'(t, 1
c(it ) _ e'ti[ 1+ oy cos(xgD)] (3.5)
where o < 1 is given by:
f.
o = Zifi(1-2g) = Zig +)'(i2 : (3.6)

where the index i runs over the possible tagging particles: By, Bg4, Bs and Ay, characterized
by the corresponding oscillation parameters i = 0, =0.2, 0.5 (expected), 0 respectively,
and by the appropriate fragmentation fractions fj describing the probability for a quark b to

hadronize into the different ("stable") beauty particles. The expectation (20 is f, = fg = 0.37,
fg=0.18, fA = 0.08 , resulting in o1 = 0.67 .

4. - DETECTOR QUALITY FACTORS

The amplitude of the oscillating term in (3.5) is significantly affected by experimental
conditions. For instance, different detector acceptance, or reconstruction efficiency, for the
various tagging particles will affect (3.6). Furthermore, tagging inaccuracy and limited de-
cay time resolution effectively reduce the oscillation amplitude, as discussed in some details
in this section.

Consider the lepton tagging. This is the technique most frequently used so far. Its va-
lidity is based on two detector characteristics: a) quality of lepton identification, b) ability in
discriminating events in which the electron is produced in a beauty semileptonic decay from



those in which the lepton comes from the decay of a charmed state originated in the beauty
decay, which typically result in erroneous tagging. In experiments where beauty pairs are
produced inclusively, a further requirement is the capability of rejecting leptons not associ-
ated with beauty decay. Similar consideration can be applied to the other inclusive tagging

techniques discussed above.

Erroneous tagging reduces the effective value of the oscillation amplitude. If fy, is the
"mistagging" probability, then (3.5) is replaced by:

dI'(t, 1
((it ) = ¢t 3 {[ 1% o cos(xgt)] - (1-fmp) + [ 1 3 ag cos(xqt)] * fmi)
= et %[ 1t a0z cos(xg)] 4.1
with ap defined by:
oy = (1-2:f) - (4.2)

A further reduction in the oscillation amplitude is due to limited resolution in decay
time. Assuming that the error in measuring t is distributed as a gaussian with rms width oy,

the effective distribution of the reconstructed events will be:

(e~

N — -(t'-t)z _t'l t [ 1
(t,i,a,ct)—NoJexp S |et gl acosenl e ar, @3)
t

0

where o = a1-02, €(t) is the effective detector acceptance, which depends on the decay
time, and N is the total number of produced events. We assume that the acceptance € is
approximately equal to the constant &¢ for decay time larger than a few times G¢ ; then for t
larger than a few ot's, the integral in (4.4) can be computed directly, obtaining the expres-

sion:
N(t,+,a, op) = No exp(-t+6,2/2) % [1 £ 0e-0t2%22.cos(x-t - 62x)] ¢ . (4.4)

The most relevant result is that limited resolution in the decay time adds a further reduction
factor to the oscillating term:

o3 = exp [-(orx)%2] . (4.5)



Notice that a3 depends on the oscillation parameter x. Present vertex detectors technology
should allow values ot = 0.1-t = 0.12 psec. For such small errors in t, the approximations
used above should be valid for a large fraction of the collected events, and the vertex reso-

lution becomes a limiting factor only for x > 10.

The apparent decay distributions will be also affected by background. We have as-
sumed that a full reconstruction of the Bg meson is achieved, so that the background due to
By or By is kept at low level.21) Full simulation of a realistic detector showed that this
condition can be achieved optimizing vertex reconstruction, momentum measurement and
particle identification, even in the high multiplicity environment of hadronic colliders.(19.22)

5. - SIMULATED ANALYSIS RESULTS

In order to evaluate the sample (N) of tagged Bg needed to measure the oscillation pa-
rameter Xg, we simulated decay time distribution analyses for different values of oscillation
parameter, sample size, and detector characteristics. The simulation accounted for mistag-
ging and limited decay time resolution. The maximum likelihood technique was used to fit
for decay time distribution of the form:

et % [1+ o cos(xst)] (5.1)

where the parameter a includes the effects of: a) oscillating tagging particle, b) mistagging,
¢) limited decay time distribution. In the notation of the preceding section:

=010 03 . (5.2)

For short decay times, the efficiency is expected to be small because of cuts necessary
to separate the decay vertex from the primary interaction vertex. We accounted for this ef-
fect introducing a smooth efficiency function &(t) varying from €=0 for t <0.2, to =1 for
t >1.0, in lifetimes units. We also took into account the phase delay introduced by the
limited decay time resolution (4.4), but it had negligible effects, for our o values.

The minimization algorithm (23) optimized the values of xgand a; we did not let the
lifetime be fitted at the same time, since its value should be determined with high accuracy
using the larger sample of Bg events not subjected to the tagging requirement. A similar
consideration applies to the experimental uncertainty in £(t).
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In order to test the reliability of the technique, we looked for spurious solutions cor-
responding to values of xg and o away from the generated value. For the event samples and

choice of parameters used in the analysis, all these secondary maxima had likelihood lower
than the solution in the proximity of the generated values (L), and their significance can be

characterized by the value of the parameter:
As = V2(Lo-Ly) (5.3)

where Lg is the largest likelihood value among the spurious solutions. Ag can be interpreted
as the number of standard deviations separating the correct solution from the most likely
spurious one.

Table I shows results for Ag and for the rms uncertainty oy in the fitted value of x,
obtained under different assumptions. In each case, 10 independent tries were performed.
We found that all the fits were substantially unbiased, and that the errors 6 and Gy were
good estimates of the residuals between generated and fitted values. The two errors were
found to be correlated to a level of a few percent only. The value of G is typically large
when compared with the expectation range for o and reasonable experimental uncertainties
in the determination of o and a3 , therefore this technique is accurate in determining the
oscillation parameter x, but rather weak in the measurement of the effective oscillation

amplitude.

We found that our results are well approximated (<10% inaccuracy) by the semi-em-

pirical formulae:
0.8
Ox = —— , 5.4
* 7 alN G4
As = 0.6 VN (5.5)

despite the wide range of parameter used (o from 0.16 to 0.8, N from 40 to 2800). Notice
that if we require Ag > 4, in order to discard spurious solutions to a C.L. corresponding to
4 o, then we find ox < 0.12 ; assuming (conservatively) the value a = (0.2, the corre-
sponding required statistical sample size is Nmin =1100.
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6. - CONCLUSIONS ON Bs-Bs OSCILLATIONS

In the preceding section we have shown that samples of the order of 1000 recon-
structed and tagged Bg (Bg) mesons are necessary in order to reach the statistical sensitivity
required for an accurate measurement of xs. We assumed that the Bg sample is essentially
background free, and discussed the effect of looser requirements on the reconstruction of
the tagging beauty partner. As shown in (5.4-5), the necessary statistical sample size is
strongly correlated with tagging quality (3.6, 4.2), and, for large values of xs, with the de-
cay time resolution (4.5). In order to establish if this measurement is within the reach of
present or near future experimental programs, we should discuss experimental techniques
to a level of detail beyond the purpose of this report. We shall limit to a few observations

and order of magnitude estimates.

Until now,(124) the only fully reconstructed B-mesons decays were obtained for B,

and By and corresponding charge conjugated states. The largest contributions to the total
widths come from decays of the form: B— D* +nx's, D + n's , with D = DO, D*, and

n <3 . We assume that the situation is similar for the Bg case, with D, D* replaced by Dy,
Dg*, for a total reconstructible width approximately equal to 10%. All the Dg* are ex-
pected to decay into Dg Y, while the fraction of identified Dg decays is 22%.(24)
Combining the Bg and Dg branching ratios, we assume that = 2% of the B decays are po-
tentially reconstructible, in the sense that they involve final state configurations which have

been handled with existent techniques.

We consider detectors with essentially full geometrical acceptance. Tagging efficiency
is assumed to be equal to =10%. Further losses are due to vertex separation and quality

cuts, where we assume a total factor 1/4. Finally, we must consider a final factor 1/3 for
the probability of finding a Bg or By in the fragmentation products of a b-b quark

pair.(25)

Under these assumptions, the sample of b-b recorded events necessary in order to
extract 1000 tagged Bg's (or By's) is equal to = 5-106 . Trigger losses can be neglected for
experiments running at ZO factories, while the trigger efficiency is probably in the range 1-
10 % in the other cases. These figures suggest that the measurement of xg should be pos-
sible at dedicated detector at current high energy hadronic colliders,(19:22.26) while the lu-
minosity might result too low at ZO factories.®) A general estimate is most uncertain for

fixed target hadronic experiments, where the cross section ratio o(b-b )/Gyq is very small,

and our efficiency values may result optimistic.
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7. - CP VIOLATION IN THE BO SYSTEMS

CP violating effects may take place in the B mesons system through several mecha-
nisms. First of all, CP violation is expected to be present in the mass matrix, manifesting as
Ip/ql # 1, in the notations of Section 2. These are usually called "indirect" CP violating ef-
fects, similar to those in the KO system. However, the Standard Models predicts a very
small effect of this kind,(27) for the measured values of the coefficients of the CKM matrix
and the limits on the top quark mass.

A second class of CP violating effects is expected when a decay B — f (and its
charge conjugated B — 1) takes place through two different amplitudes, with different

combinations of CKM coefficients.(10) Notice that this "direct" CP violation effects may be
experienced by charged states (By) also.

A sub-class of these effects consists of processes in which one of the two diagrams
involves a B-B oscillation.(11) These are time-dependent CP violation effects, since differ-

ent decay time distributions for the processes B® — f and B® — f are determined. As we

shall discuss in more detail below, in the case of B the oscillation is expected to be fast
enough to suppress time-integrated asymmetries.

In the following sections, we consider this last kind of CP violation effects only, and

evaluate the possibility of detection in the near future. Since various fundamental and tech-
nical aspects are common to the topic of B-B oscillations, such as tagging and decay time

resolution, we use notations and results from the previous sections.

8. - REVIEW OF FORMALISM

The decay time distributions of the processes BOphys— f and E‘Ophys—> f, where
BOphys [BOphys] is the state produced as (qb) [(bq)] at t=0, and f = CP(f ), are proportional
to the expressions:

TB%hys—D) _
dt

-t12 .42 . .
o=|<ﬂB0>|2e-Yt{|cos%l Hpl2 siné—iu—E‘ -ZIm[?\. siné‘zl—tcos*%]} . (8.1)
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T'(BOphys>)
dt

oc I<ﬂ']§0>lze'ﬁ{|cos—-| +pl?

sin ut| Zlm[xsm——tcos Al t:l} , (8.2)

where we have used (2.8-9) together with the definitions:

p— <fIBo> _  <fIBo>
qP > P=mo> * P fimos

A

(8.3)

q
pP o A

while p, q are defined as in (2.4).

We assume Ip/gl = 1 and Ap = Am » Ay (dominance of top quark in box diagrams),
and use time units in which T =1 . Hence (8.1-2) can be written in the form:

(o) . .
dFB%hys 1) | pposiz et [cos2 XL +1pi2 sin2 %* -Im(h) sin(x-t):l . (8.1

dt
dI'(BOyhys— . . .
ﬂg-*t‘—ys—ﬁ o |<AIBO>I2 ¢t [cos2 XL 41p12 sin? S -Im(D) sin(x-t)} . (8.2

where, as usual, x = Am/ Y.

The CP violating asymmetry parameter Cr is defined as:

_ ['(BOppys—f) - I‘(Fophys—)f—)

(8.4)

In the Standard Model, violation of CP symmetry is predicted as due to complex co-
efficients in the CKM matrix.(3) With three generations of quarks, there is only one phase
(3), together with three real rotation angles. The CP violating asymmetries are proportional
to sin(5).(28)

Furthermore, it has been proven(29) that any difference in partial width of the kind
[T (Bophys—>f)-F(F°phys—>f_)] is proportional to the imaginary part of a combination of co-

efficient of the CKM matrix, which, in the original parametrization of the matrix, can be

written:

I'-T o« s12s3s3¢1 cac3s8in(d) (8.5)
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where c; and s; are cosines and sines of the mixing angles. In the currently preferred
parametrization,(24) the same combination of CKM coefficients is parametrized in the form:

I-T o 512523 s13¢12 c23 €1325in(813) . (8.5"

This theorem establishes the order of magnitude of the numerator in (8.4). It follows that in
general the largest asymmetry values are expected for processes with small denominators,

i.e. processes with small branching ratios.

In this analysis, we assume that the decays I'(BOphys—f) and I" (Fophys—>f) (and the

corresponding charge conjugated processes), proceed through one weak diagram only, i.e.
through single combinations VijVi* of CKM coefficients. Under this assumption, which

should be satisfied to large accuracy in many cases, it can be proven directly (11) that:

|<fIBO>|=I<fIBO>| , (8.6)

and therefore :
pl=1pT . (8.7)

Using (8.6) in the time integration of (8.1'-2'), the integrated asymmetry is equal to:

_ _ x[Im()-Im(D)]
B 2+ Ip2x2-Im(\)-Im(R)

(8.8)

8.1. - Decay to CP-eigenstates

We consider first the case in which the final state is an eigenstate of CP: f =+, a

situation characterized by simplicity in both theory and data analysis.
From (8.3) and (8.6), in this case one obtains:

pl=1pl =1 . (8.9)

Furthermore the final state phases, due to strong interactions, cancel in the ratios defining
P, p , while weak phases are opposite for the two terms, hence:

p=p* . (8.10)

We discussed in Sec. 2 that Ip/ql is equal to unity to very good approximation, and there-
fore from the definition (8.3) we find:
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A=AL* : (8.11)

Replacing these results in (8.1'-2"), the decay distributions are proportional to:
et[1xIm(-A)sin (xt)] (8.12)

where x is the oscillation parameter (Am/Y), the sign (+) correspond to B decays, the (-) to
B .(30) In this case CP violation appears as a non vanishing value of Im(A), with a depar-

ture from an exponential decay law. Notice that IA| = 1, and large C¢ values may be present

in these decays.

8.2. - Decay to CP-non-eigenstates

In the most general case, we consider the four cases of BOphys , §°phys decaying into
f,f. From (8.1'-2"), the definitions (8.3), and (8.6), the decay distributions are given by:

(o) B . .
dr&%‘g@ o< I<fIBO>2 e't| cos? %t + Ip12 sin2 5t - Im(h) sin(x-t)] , (8.13)

dI' (B ys— B . .
—(%{'ﬁ o< |<fIBO>[2 g7t cosz)% +1p12 sin2 "2—‘ Im(}) sin(x-t)] , (8.14)
dI'(BOyhys— i . )
—L—g’t‘ys—ﬂ o [<fIBO>I2 et | IpI2 cos2 "7‘ + sin2 "2—‘ + Im(A) sin(x-t) |, (8.15)

dl’ (Bophysﬁﬁ

de 2

o< I<fIBO>12 | Ip12 cos2 % + sin2 % + Im(R) sin(x't)] . (8.16)

The parameter A can be expressed by:
A=lplei(0+%) | (8.17)

where the phase ¢ is due to weak interactions, and includes the ratios of the CKM combi-
nations entering in the definition of p (8.3) and the phase of (q/p), while % comes from the
final state phases. The corresponding expression for A is :

A=lplei(-0+%x) | (8.18)
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since in the charge conjugated process the phases of the CKM coefficients are opposite,
(q/p) is replaced by (p/q), while the final state phases are the same. It follows that the inter-
ference terms in (8.13-16) are given by:

- Ipl sin(+¢) sin(x-t) (8.19)
~Ipl sin(x -9) sin(x-t) (8.20)
+Ipl sin(x+0) sin(x-t) (8.21)
+1pl sin(x -¢) sin(x-t) . (8.22)

For =0, the interference terms may be present even in the absence of CP violation (¢=0).
Notice that the CP violating effects result proportional to cos(y).

Expressions (8.19-22) can be simplified if the quark fragmentation into the final state

proceeds through a single strong interaction channel. Under this assumption, only one final
state phase enters in the numerators and denominators defining p and p , hence resulting in

vanishing %. The interference terms are therefore proportional to:
* Ipl sin(¢) sin(x-t) (8.23)

where the sign (+) applies to decays (8.14-15), and the sign (-) to (8.13, 8.16). Under
these approximations, the interference term is evidence for CP violation.

9. - DETECTION OF CP VIOLATION

The detection of CP violating effects has been beyond the capability of any experi-
mental study of beauty physics performed until now. In this section we discuss the sensi-
tivity necessary to detect such effects. We evaluate the statistical uncertainty in some detail,
and discuss some major systematic effects, such as those due to inclusive tagging, tagging
inaccuracy and decay time limited resolution.

We shall first consider measurements based on time integrated techniques, then anal-
yses of decay time distributions.
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9.1. - Time integrated analysis

For any reaction BOppys—f, §°phys—>f_, the asymmetry Cr (8.4) can be obtained

measuring the ratio:

_ N(BOphys—f) - N(gophys—ﬁ—)

- — 9.1)
N(BOppys—1) + N(Bophys—>f—)
From this expression, the statistical uncertainty is given by:
1-Cg2
Cr, = 2| —— 9.2)
Ce Ner

where Ny/f-is the total number of decays in the denominator of (9.1).

Table II shows estimates of Ip|2, Im(A) and Cg for the different quark subprocesses,
computed according to the assumptions on the CKM angles shown in Table III, which are
consistent with the experimental constraints.(2) The phase & was set at the value which
maximizes CP violating effects. Analytical expressions for Ipl2 and Im()) are provided in
Ref. 11. Notice that the effects of strong interactions are neglected, implying x=0 in (8.17-
18), and ignoring correction to the value of Ipl2. This is expected to be a reasonable approx-
imation if the final state is a single eigenstate of strong interactions, and if the four decays
involved in the analysis proceed through quark diagram of the same kind ("spectator”,
"exchange" or "penguin").(11) For the Bs-Bg system, we considered three cases, corre-

sponding to values of the oscillation parameter xs equal to 5, 10 and 15. Table II shows
that the asymmetry values in the Bs-Bg system are typically smaller than those in the Bg-Bg
system. This is due to the dependence of Cron x, as shown in (8.8): the asymmetry van-
ishes for x=0, but also decreases as 1/x forx » 1.

Notice that this measurement requires the identification of the beauty quantum num-
ber at production time ("tagging"), in the same way as discussed in Sections 3-4 for the
measurement of flavor oscillation. Erroneous tagging will reduce the apparent Cr value by
the factor o of (4.2). If inclusive tagging will be used, the apparent signal will be also re-
duced by the factor o of (3.6).

If the final state is a CP eigenstate, under the approximation of (8.9,8.11) discussed
above, the asymmetry Cgcan be related directly to the phase ¢, according to the equation:

X

Ce=- 1+x2

sin(p) . 9.3)
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In the most general case (final state CP-non-eigenstate), the measurement of the four
decay widths of (8.13-16) can be used to determine I<fIBo>12, Ipl2, and the phases 0,

defined in (8.17-18).

We show below some example of statistical sensitivity typical of this method, in
comparison with results based on decay distribution analysis.

9.2. - Decay time distributions analysis

We have used a Monte Carlo to generate samples of decay times corresponding to the
four processes of (8.13-16). The simulation assumed a decay proper time resolution equal
to 0.1-t , which reduces the apparent amplitude of the oscillating terms in the decay distri-
butions by the factor a3 of (4.5). A further reduction is due to erroneous determination of
the beauty number at production time, i.e. tagging errors, or tagging on oscillating part-
ners. We assumed the overall tagging inaccuracy equal to 25% (i.e. we set the product of
the coefficients o and o (3.6, 4.2) equal to 0.5 G1) ).

Samples of tagged decay times were analyzed using the maximum likelihood
method.(23) Only events with (smeared) decay time larger than 0.5-t were used, and we as-
sumed that the detection efficiency for events satisfying this cut does not depend on the de-
cay time (g(t) is assumed constant for t > 0.5-1).

Our analysis assumed the values of T, x , a1-02, Ot , €(t), as fixed, i.e. as pre-de-
termined quantities. This assumption is justified by the fact that they can be measured by
independent analyses based on larger samples of more copious decay channels, in some
cases not subjected to the tagging requirement. However, in order to test the reliability of
the technique, we performed a few fits with systematic offsets in the values of o1-02 , and

x used in the fitting algorithm.

Neglecting the background due to events with different © or x values should instead
be considered as a general feature of our analysis, which assumes fully reconstructed B-
mesons, in the same way as discussed above in Sec.'s 3-6 for the measurement of xs.

The analysis was repeated for values of the oscillation parameter x equal to 0.7 (Bg),
5, 10 and 15 (covering a range expected for Bg). Each analysis was repeated 15 times on
independent samples to evaluate systematic effects and the uncertainties on the results of a
single analysis. We found that the technique is essentially unbiased, apart from minor ef-
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fects pointed out below, providing good estimates of the generated values and of the reso-

lution achieved in the fitted variables.

Different statistical sample sizes were used, ranging from 100 to 1000 events. We di-

rectly checked that the usual 1/VN behavior of the statistical error is satisfied, and we
show results for samples of 1000 events. This number includes B and B events, as dis-

cussed below. We looked for maxima of the likelihood away from the generated values of

the fitted parameters, but they were not found, at least for sample size large enough to pro-
vide measurement of the interference term with more than 2 ¢ significance. The generated

values of the fitted quantities were taken from Table II.

9.2.1. - Results for CP-eigenstate final states

We performed a one variable fit to the value of the parameter Im(A) = sin(¢).(32) The
generated value was set equal to -.8 . This choice is representative of the decays Bq—D*D-
, DsDs, wKs, 0K, YF, ntn—, K¥K-, and Bg—DsDs, D¥D-, yF, yKjs, n0Ks, KtK-,
ntn, 9Ks . Fig. 3 shows the decay distributions for these processes and the correspond-

ing charge conjugated ones, with the oscillation parameter x set at 0.7 and at 10.

The relative abundance of B and B events was determined by the decay probabilities,

assuming equal production cross section. Table IV shows the statistical resolution achieved
in sin(¢). For comparison, the expectation for a time-integrated analysis is shown. For

x=0.7 (Bq) the advantage of a time-dependent approach is only apparent: we found that the
better resolution is due to the requirement: t > 0.5-7 ; if the same requirement were placed

on events entering the ratio (9.1), (9.3) would be modified, and the resulting resolution in
the variable sin(¢) would result equal to the one achieved by the time dependent analysis,
for equal samples of events entering the analysis. On the other hand, for x 2 5, much
larger sample sizes are necessary to detect the CP violating term with time integrated meth-

ods.

9.2.2. - Results for final states with a single strong eigenchannel

In this case, the variables lpl2 and sin(¢) were fitted at the same time. We generated

samples with the first parameter set at 5., and the second at -.9 . These values are ex-
pected for the cases involving Bq—DOKg, Bs—D*n-, DOno, DgK-, DO¢ and the charge
conjugated processes. Because of tagging errors, in a real measurement the collected sam-
ple would contain also events with charge conjugated initial state and same final state (for
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example: Bs—D-nt and Bs—Dn-), which correspond to Ip|2=0.2 . In our analysis, we
generated both kinds of events, corresponding to the four different decay distributions
(8.13-16).

The relative abundance of the different cases was fixed assuming equal production
cross section for B and B, and accounting for the different decay probabilities to the final
states. Fig. 4 shows the decay distributions corresponding to the four channels, for values
of x equal to 0.7 and 10. The normalization of the vertical axis is equal in all the plots.
Table V shows the resolution values obtained in the simulated analysis, The requirement:
sin(¢) = -1 produced a minor bias in the average sin(¢) fitted value, in the range 0.0-0.2,
always smaller than the average rms uncertainty by at least a factor two. The errors shown
include the effect of correlation between the two variables. The averages of the absolute
values of the correlation coefficients were found in the range 0.1 to 0.4 .(33)

9.2.3. - Results for final states with "strong" interference

As discussed above in Sec. 8.2, in the most general case the interference term in the
decay distribution depends on a phase 7 characteristic of the final state, determined by
strong interactions (8.19-22). Notice that CP violating asymmetries result proportional to
cos(y). We generated Monte Carlo events with [p[2=5, ¢=n/2, %=0.35.

Since the two phases are measured only through the values of sin(y%¢) , eight
equivalent solutions are found within the range - to +7 (see Fig. 5).34) Therefore the
measurement of the decay distributions alone cannot fully constrain the value of ¢ (or ). In
order to select a single solution, the algorithm examined only the area of the -¢ plane sat-
isfying: -m/2 < x+¢ < +m/2 . In our case, the resulting values are ¢=1.22, x=0. For these

values, the decay distributions are very similar to those shown in Fig. 4.

Table VI shows the resolution obtained in the three variables, with correlation effects
included. Notice that the fitted ¢ value is not far from its upper bound, hence the statistical

error Gy is not symmetric. The last column shows the corresponding negative side error in
the variable sin(¢).

9.2.4. - Sensitivity to the values of fixed parameters

In order to evaluate whether our results depend critically on the assumptions of accu-
rate knowledge of the parameters kept constant in the optimization algorithm, we analyzed
the data generated at x=10 with modified values of x, and, independently, of the product
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og-0p . With x set at 10.25, the results of the fit were not affected in any significant way.
Notice that in this way we also proved that a 2.5% systematic error in the lifetime value
used in the analysis can be neglected. Using oj-0p = 0.6 rather than 0.5, we obtained a
~20% reduction in the fitted values of sin(¢), Ip|2 , and also in the corresponding uncertain-

ties.

10. - CONCLUSIONS ON CP VIOLATION

From the results of the previous section, it appears that a total sample of the order of
1000 events in the decay channels: Bo—f, Bo—f , BO—f, BO—f can provide a sta-
tistical resolution in the CP violating term Im(A) in the range 0.1-0.4 . The resolution de-
pends on the process examined (decay into CP eigenstates are favored, while final state
phases interference introduces ambiguities), on the value of oscillation parameter (x = 5 is
more favorable that x = 1) and on the detector quality factors (mistagging and decay time

resolution). For detector characteristics different from those considered in this analysis, our
results can be approximately corrected by scaling the resolution Gsin(¢) according to 1/a.,

where o = ot)-012-003 takes into account erroneous tagging and limited decay time resolu-
tion according to (3.6), (4.2) and (4.5).

Notice that the required statistical sample size is of the same order of the one neces-
sary for measuring xg, discussed in Sec.'s 5. However, the detection of CP violation is
much more demanding in the number of b-b quark pairs. In fact, in the case of mixing
study we can select decay channels with relatively large branching ratios (and therefore
small CP asymmetries), and sum them together. We discussed in Sec. 6 that =2% of the Bg
decay channels are potentially available for this analysis. On the other hand, in order to de-
tect CP violations, in general we must analyze exclusive decay channels separately, since
strong interactions will affect each case differently. Different decays can be analyzed to-
gether only if the final states are CP eigenstates, and the decays involve the same dominant
quark transition, since in this case the effects of strong interactions cancel in the amplitude
ratios p, p (8.3).

If the final state is not a CP eigenstate, in order to avoid the ambiguity of measuring
at the same time the interference terms due to the CKM matrix and the final state phases, we
have to limit the analysis to final states which are single eigenstate of strong interactions.
Therefore we must restrict our choice to two body final states, selecting those where a sin-
gle quark diagram can be drawn.
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The expected branching ratios, for channels with relatively large CP violating inter-
ference terms, are in the range 10-3-10-3.(11) For the same efficiency assumptions of Sec.
6, and including the branching ratios of B-decay products into favorable final states (for
instance: J/¥—ete- or L") it appears that samples of the order of 108 recorded b-b

pairs are needed to study CP violation in the neutral B-mesons.

Concerning the relevance of decay time analysis, our results show that while the mea-
surement of CP violation in the B4-Bg system may not require this technique, on the other

hand the analysis of decay time distributions will probably be a necessary tool in the mea-
surement of CP violation in the Bs-Bg system. For xg = 5 or larger, and 6y <1 /Xs, the
measurement might result less demanding in the Bs-Bg system. The detection of CP asym-
metries in the two cases, particularly if found in several decay processes, will obviously
allow a comprehensive test of our understanding of the weak interactions and of the source
of CP violation.
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TABLE 1. - Results of the simulated analysis for the resolution ox in the
oscillation parameter; x is the generated value of the oscillation parameter, Oy is
the experimental uncertainty in the decay time, ot1-0i2 describes the tagging ac-
curacy, N is the statistical sample, Ag provides the separation of spurious solu-

tions.
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0.8
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0.3
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100
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1400
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Ox

.16(.04)
.09(.01)
.16(%.05)
12(£.02)
21(£.06)
.18(%.03)

.14(.02)
.09(+.02)
22(+.07)
21(.09)

.08(%.02)
.05(£.01)
.08(£.03)
.07(%.02)

As

3.4(+1.3)
6.0(+0.6)
2.8(+1.4)
5.2(£1.1)
0.7(£2.6)
1.3(£1.2)

3.2(x1.0)
5.1(¢0.7)
2.2(%1.1)
3.9(%0.8)

5.3(%0.5)
8.1(%1.1)
3.6(x1.1)
4.8(+0.8)
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TABLE II. - Values of decay distribution parameters and integrated asymme-
try C¢ for the different quark processes. The CKM angles are set at the values

given in Table III. The phase d is set at 7/2 - (*) with the exception of the first
process, where it is set at n/4. The fourth column, IIm(k)/(1+IpI2)I, shows the

relative magnitude of the CP violating interference term.
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.33
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.33
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.47
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.57
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-.0081 -.0042
-.15 -.079
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13 .066
13 .066
-.0084 -.0042
-.0078 -.0041
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-.053
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TABLE III. - Values of the sines of the CKM angles used in this
analysis, shown in the original parametrization and the parametriza-
tion of Ref. 24.

s1=0.22 s2 = 0.05 s3 = 0.025
sy2 =0.22 sp3 = 0.056 s13=0.0055

TABLE 1IV. - Resolution in the interference term for different val-
ues of the oscillation parameter, with rms errors. The analyzed
sample is 1000 events. The third column shows the resolution ob-
tained with time integrated analysis.

X Osin(¢) o(t.i.)
0.7 .18(%.02) .26
5. .096(%.002) .65
10.  .132(%.003) 1.28
15.  .243(£.005) 1.90

TABLE V. - Resolution in the fitted parameters in the case of no
interference between final state phases.

X Ojpi2+ Olpi2- Osin(¢)
0.7 +2.4(x1.5) -1.5x9) .23(x.07)
5. +2.4(x1.0) -1.5(.6) .13(%£.04)
10. +3.8(x1.7) -2.0x9) .21(%.05)
15. +6.6(:2.0) -3.8(t1.1) .36(:.08)




TABLE VI. - Resolution in the fitted parameters in the most general case of
interference due to CP violation and final state phases. The generated ¢ value is

1.22 rad.
X Olpt2+ Olp?- oy Gyt C¢- Csin(¢)-
0.7 +2.6(x1.3) -1.5(x7) .38(+.11) +28(+21) -42(*.07) -.22(+.08)
5. +2.0(£8) -13(£5) .27(£.09) +25(x.10) -.28(+.08)  -.13(+.05)
10. +3.1(21.8) -1.8(x1.0) .33(+.11)  +.30(£17) -38(*.07)  -.20(+.08)
15.  +6.(2.)  -4.(xl) .51(£13)  +.33(%.18) -.57(£13)  -.33(+.10)
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FIG. 1. - Box diagrams determining the B°-B? amplitude.
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FIG. 2 - Decay distributions (in lifetime units) corresponding to flavor con-
servation (continuous lines) and flavor oscillation (dotted lines) for (a): x=0.7 ,
(b): x=10.
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FIG. 3 - Decay distributions (in lifetime units) for BOphys—f (continuous
lines) and E-Ophys—>f (dotted lines), for CP(f)=+f , Im(A)=-0.8 , and (a):
x=0.7 , (b): x=10.




32

FIG. 4 - Decay distributions (in lifetime units) for Ip|2=5.0, Im(A)=-2.0,
x=0.7 ; (a) : BO%hnys—f (continuous line), BOphys—f (dotted line); (b) :

Fophys—>f (continuous line), Bophys—af_ (dotted line); (c-d) : same as above for

x=10. Since Ip[>1 decays (a,c) are favored over the corresponding (b,d) (the
vertical axis normalization is the same in the four plots).
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FIG. 5 - Values of (,0) corresponding to the example considered in the anal-

ysis simulation. Lines of constant (}+¢) are drawn,; a single solution is found in
the central region.
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