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1. - Introduction.

T'l. The standard model of weak interactions. ~ Weak interactions are re-
sponsible for many phenomena in Nature, such as beta-decay of nuclei, muon
decay, interactions of neutrinos, ete. In contrast with the strong and electro-
magnetic interactions, they violate a number of conservation laws such as
Space parity P, charge conjugation O, combined inversion of charge and
parity CP, strangeness, charm, and others.

Until now, all the experimental evidence has been in favour of the so-called
standard model [1]. In particular, the discovery of the predicted weak neutral
currents [2] and, recently, the detection, at the CERN SPS (") pp Collider {31,
of the bosons W* and Z° responsible for weak interactions, with the expected
masses, are amongst the most important physical results of the last decade.

The standard modelis a renormalizable theory [4] which allows the unification
of weak and electromagnetic interactions.

The sources of the weak and electromagnetic forces are fermions: neutral
neutrinos (v,, v, , v.), negatively charged leptons (electron (e), muon. (u), tau (7))
and quarks with charge § (up (u), charm (¢), top (t)) and — } (down (d),
strange (s), bottom (b)) in units of the electron charge. Hach particle has a

(*) For the sake of simplicity, the names of lahoratories and Collaborations or experi-
ments have been abbreviated in the text. They are shown in full in the appendix.
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corresponding antiparticle. They are naturally grouped in three families charae-
terized by the lepton and quark flavours: ((vey ©), (u, 4)), ((v Ve ), (¢,8)) and
((v+y7), (,b)). The lepton and quark members of the same family have an
electric charge that differs by one.

In order to take into account the fact that the charged-current (CC) inter-
actions are of the V — A form (V = vector, 4 = axial-vector), the left-handed
fermion fields are put into weak- -isospin doublets (f, f'),

(:T)D l(:‘u;) L (:7)1. (leptons)y
U ¢ (4
(df’)n (8’)L (b’)L (quarks).

The right-handed fields are members of weak-isospin singlets (f,), (fo):

1.9 Vﬁ’ MRy  Tn (leptons),
&2 lue,  0ry  tn, dh, sk, b (quarks).

Right-handed neutrinos do not exist. The fields ¢’ » 4’y T’ coincide with the mass
elgenstates, whilst d', &' and b’ are related to the mass eigenstates of charge
— % quarks by a unitary transformation (see sect. 3).

The left- and right-handed fermion fields are defined by

(1.3) Fulfe) = X @A+ y)f(),  falfe) = EX A — pa) f(F') .

Three vector bosons for the SU, , group (Wz*%) and one vector boson for
the U, group (B,) are introduced, requiring a local symmetry of the free-
fermion field Lagrangian for phase transformation of all fields and a rotation
of the isospin left-handed doublets. The couplings of the W, and of the B,
to the fermions are defined by two constants, g and ¢’, correspondmg to the
two symmetry groups 8U,, and U,, respectively. The strength depends on
the fermion representation (see eqs. (1.1) and (1. 2)).

An undiscovered neutral Higgs particle is believed to be at the origin of
all the particle masses except its own, through the so-called spontaneous—

symmetry-breaking mechanism [5].

The Lagrangian which describes the interactions of vector bosons with the
fermion fields f and f' contains three terms:

(1_4) L = L°°¢ __I_ Lo + LNC .
The charged-current term (L°) is given by

(1.5) L% = (g/2v/2)(J 4, W, + h.c.).
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The expression

(1.6) Joo = ?LV“ f;

is the fermion CC (the fields f, and f, represent the members of the weak iso-
doublet (1.1) with the third component equal to 4 and — }, respectively).
The charged boson fields are

(1.7) Wi = (Wi iWiVE.

Ky, / / s¢
L< -
v, ﬂ7l/v <¢ de
~
dt \>/bu

/
vap / da
3%
R 4

VeV \ ce

Fig. 1. ~ Bcheme of the coupling of lepton and quark CC to the ‘W (a)) and NC to
the Z° (b)).

The coupling of the fermion with the charged vector bosons is schematized in

fig. 1a). A comparison of eq. (1.5) with the local V — A Lagrangian for p decay
yields

(1.8) g[Bmy = GIVZ,

where G = 1.17-10~° (GeV)~2 is the Fermi constant and m., is the charged-
boson mass.

Assuming the existence of six quarks, the quark sector of the CC Lagrangian
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(1.5) ean be writiten in the form

d
(1.9) I°° = (g2 v2){| @, &, Hyet + ) U s} | W5+ hee.f.
, b

The unitary matrix U deseribing the weak coupling of + % quarks with — }
quarks depends on four parameters. The Kobayashi-Maskawa representation
of the matrix U [6] is given by

¢ 8,64 $18;
(1.10) U= | — 5102 10305 — 8385 €xp [¢4] 010583 + 8503 €XP [16] )
8§18y — €18303— 0383 0XP [I0]  — 0,855 + €05 €xp [6]/

where s; and ¢; are the sine and the cosine of the mixing angles 8,: In particular,
the angle 8, = 0, defining the interaction of the up and down quarks, is the
Cabibbo angle [7] (cos 6, = 0.9733). The phase é could possibly be the origin
of OP violation. The second term in eq. (1.4) describes the electromagnetic
Lagrangian,

(1.11) L™ =gsin 6 (Jh, 4, + h.e.).
The electromagnetic current J%  is given by
(1.12) I = @efy*f + g v#f,

where ¢, (¢,/) is the fermion charge. The photon field A4, is obtained by a linear
combination of the fields B, and W:. The weak angle 8§ is defined by

(1.13) sin? 6, = g'*/(g> + ¢'*) .
From eq. (1.11) it follows that
(1.14) e==gsinf_,

where ¢ is the electron charge. g
The third term in eq. (1.4), L¥° is the weak neutral-current (NC) Lagrangian:

(1.15) LN = (e[sin 0, cos 0,)(J%, Z, + h.c.).
The NQC is-given by

(1.16)  JE = e(f) Fuyifu + oo Fayh fa + elfo) Frvefe, + o) Fay? Fr -
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The Z°-boson is described by the field Z, obtained by a linear combination
of the B, and W;’; fields, orthogonal to A4,. In eq. (1.16) the NC chiral couplings
are defined by

(1.17) e(fulf]) =P — gsin?6,_,  o(f,[f]) = — gsin?6,_.

In eqs. (1.17) ¢ is the charge of the fermion and I® is the third component of
the weak isospin. Table I shows the values of &(f,[f,]) and &(f,[f.]) predicted
by the standard model. The coupling of the fermions to the Z° is schematized
in fig. 1b).

TaBLe 1. — Values of s(f) and &(fy) predicted by the standard model.

Particle &(f) &(fr)

v ¥ 0

e, W, T — %— + gin? 0.,, gin? Ow
et » % — %sin20, — %sin24,,
d5 8, b - % + 31_ sin? O‘W %‘ sin? ew

The J%, can also be given as a sum of a vector (fy2f) and an axial-vector

(fyrysf) term. Therelative couplings g9y and g} are related to the couplings .17
according to

(1.18) 05 = e(fulf]) + e(fulfal) , 05 = e(fI12]) — e(fo[71D) -

As the mixing matrix U (eq. (1.10)) is unitary, it does not appear in the
quark sector of the NC Lagrangian (eq. (1.18)). This is the Glashow, Iliopoulos
and Maiani (GIM) mechanism [8] for which there are no flavour-changing
NCs in the standard model.

The 8U,, x U, model unifies weak and electromagnetic interactions in the
sense that 4, and Z, are intimately related to each other and to W;f. Since
sin® f, ~ 1, the weak and the electromagnetic couplings are of the same order
(eq. (1.14)), and the differences in the strengths of these interactions are due
to the differences of the intermediate-vector-boson masses:

(1.19) m, =0,
(1.20) My = (mee/v/26G sin? 6 )} = 37.3 GeV/sin 0,
(1.21) m, = myfeos 0.

The value of the fine-structure constant « at Q* = m’is 1/137. Relation (1.21)
is obtained assuming that the Higgs fields are members of the weak-isospin
doublet [9] (see egs. (1.26) and (1.27)).
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In general in the 8T, ; x U, frame the weak neutral interactions are described
by two parameters: the weak angle 6 and the ratio of the NC and CC overall
strengths,

(1.22) o = mZ[/m; cos® O .
The chiral coupling constants are then given by
(1.23) e(f If.]) = o(I*— ¢sin26.),  e&(fulfe]) = o(—gsin?0,).

In the standard model the Higgs particles are members of the isospin
doublet [9]

o+

(1.24) & = (}@0

), G INE@ i), @=1VI@ 0.

In the case of the spontaneous breakdown of the symmetry, the Higgs
Lagrangian, invariant under a local transformation of the 88U, x U, group, i8

0 .0 ., 2
(1.25) L= [(%—u ~ ig 5 W —ig yB“) (@ — v)] + V(®).
Here o’s are the Pauli matrices and y is a constant; V(P)= — u*@*d +

+ h(P*D)? is the field potential. The parameters u? and h are both positive.
The fact that u?> 0 is responsible for the spontaneous symmetry breaking
of the theory. Three of the four fields in (1.24) are taken out by a gauge
transformation. The mass of the particle described by the surviving field
is a free parameter of the theory. The product of the ground state of @, v,
with the linear combination of the fields W, and B, in eq. (1.25), is responsible
for the W and Z masses. In terms of v we get

. g_ziz o 627)2
(1.26) MW = "9 T o sin?0,’
2 p2
(1.27) mE - v'e

" 28in% 0, cos20, "’

From these equations, g = 1.
In 2 more general theory containing several scalar fields

_ @=L+ Do, L)
(1.28) — S Lo, Ly

In eq. (1.28) the sum is performed over all the particles with igospin I and third
component I,. The quantities (I, I;) are the vacuum expectation values [10].
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The Higgs-fermion interaction Lagrangian is

(1.29) L=1/VZ(ewff + conf'f' + 6. Dff + op DF 1),

Where ¢, and ¢, are unknown constants.

The scalar field is responsible for the fermion masses (m, = ¢,v, m, = ¢, v)
and couples to f and ' with a strength proportional $o the mass of the fermions.

The predictions of the standard model discussed until now have been derived
as the lowest order of the theory. Higher-order diagrams change the Born
predictions according to the energy scale i of the experiment and the cuts
applied in the analysis of the experimental data.

The renormalized weak angle is given by [11]

(1.30) $In? 0 g5 (M) = sin2 6, 4 8,
where sin?§_ is the measurement result and 0., 18 @ process (experiment)-
dependent correction. The quantity sin®6 gz (m) is defined in the modified
minimal-subtraction (MS) renormalization scheme and evaluated at U=y ;.
In the case of the determination of sin? 6, from the measurement of the ratio
between the neutrino (antineutrino) CN and CC cross-sections, p is a few GeV,
sin® 0, ~ 0.22 and 4§, A — 0.005 %, [12].

A second definition of the renormalized weak angle, valid for ¢ = 1, is given
by [13]
(1.31) 8in? 0, =1 -— m?/m?.
The definition (1.31) is larger than (1.30) by ~ 0.69%[14].

First-order corrections modify the expressions of the W and Z masses (1.20)
and (1.21). One gets

_ {37.2804 - 0.0003) GeV
(1.32) Hw = sin 07(1 — Ar)t ’

where the largest contribution to Ar is due to the « renormalization. For a
top mass of 36 GeV and a mass of the Higgs particle equal to the Z mass, one
finds [15]

(1.33) Ar = 0.0696+0.0020 ,

which yields

(38.65 4 0.04) GeV

(1.34) My = a0

and, assuming ¢ =1,

(77.30 -+ 0.08) GeV

(1.35) e = Sin 267
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In terms of the W* and Z° masses, one gebs
(1.36) Ay =1— —F—

Releasing the condition ¢ == 1, one obtains

mZ
1. — w )
(1.37) 2= mI[1— (38.65 GeV)*/m&]

Experimental efforts are today concentrated on the verification, with
increasing accuracy, of the validity of the standard model. At low energy
the main aim of the experiments is to test the structure of the charged and
neutral eurrents. At @2, s« mi, ,, the propagator effects are negligible, and
weak interactions are described by an effective current-current Hamiltonian,

(1.38) L= (G/\/‘?‘)")(J’éc J;cc + 0J%e J,-I;Nc) ’

where J%,, J%, and ¢ have been defined in eqgs. (1.6), (1.16) and (1.22); and
J;jco, JZNO are the Hermitian conjugates of the currents.

At pp collider energies (Vs = 540 GeV), tests of the standard model are
based on measurements of the mass and the widths of intermediate vector

bosons.

1'2. Outline of the article. — In sect. 2 recent results on the determination
of the Lorentz structure of weak CC interactions are deseribed. Section 3
is devoted to the determination of the mixing angles in the quark sector of
the CO Lagrangian. In sect. 4 experimental evidence of OP violation in weak
interactions is discussed. Section 5 is dedicated to the experimental status of
measurements of neutrino masses and of the search for neutrino oscillations
and massive neutrinos. Some recent results on the structure of NCs are discussed
in sect. 6. Particular emphasis is placed on the determination of the NC
coupling of the leptons and quarks to the Z°. In particular, experimental results
on @) neutrino-electron scattering, b) electroweak interference in ete~ anni-
hilation, ¢) neutrino-hadron scattering and d) charged lepton-hadron inter-
actions are reported. Section 7 is dedicated to the high-energy measurements
performed at the CERN SPS pp Collider. Experimental limits on the search
for Higgs particles are described in sect. 8.

2, — Structure of weakly charged currents.
In the standard model the space-time structure of the CCs is assumed to

be V— A. This assumption is supported by many measurements of low-
energy phenomena (nuclear beta-decay, p. decay, = decay, ete.). Recent ex-
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perimental results on the Lorentz structure of the weak current in CC-induced
reactions have been obtained from

1) the measurement of the y distribution in inelastic neutrino interac-
tions,

2) the u* polarization in the experiment ¥, Fe —utX (test of helicity
conservation in the CC),

3) the purely leptonic reaction Y, 87 = Uy,
4) the measurement of the asymmetry parameter & in muon decay,
5) the measurement of the Michel parameter in t decay,

6) the inelasticity distribution of opposite-sign dimuon events (test of
the family universality of the CC in neutrino interactions).

2'1. Measurement of the y distribution in inelastic newtrino-nucleon inter-
actions. — The CDHS Collaboration [16] investigated the possibility of the ex-
istence of right-handed weak quark currents which couple with the usual left-
handed weak lepton currents. They studied the reactions

(2.1) VN =X, G, N utX,

In the quark-parton model the neutrino-nucleon interactions are described
in terms of the interaction of neutrinos with the quarks constituting the nu-
cleons. The inclusive cross-sections are expressed in terms of the inelasticity
variable y defined by

(2.2) y=E,|H, = (B, B,)E,,

where F, is the energy of the hadronic system X, and E, is the energy of the
inecoming neutrino: B,=FE, + B, (E, energy of the muon), and in terms of
the fraction of the nucleon momentum z brought by the scattered quark inside
the nueleon.

In the presence of left-handed and right-handed quark currents the dif-
ferential cross-sections are given by

d2o.v 4z v
@3)  Goay N 6@+ =9P00), 1o~ () + (1 — ),

with
(@) = q@) + 0*q(@) , w@) = §®) + oq(x) ;

¢ is the ratio of the right-handed to the left-handed coupling, and the fanetions
q(x) and g(x) represent the quark and the antiquark structure functions.
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Since the neutrino and antineutrino helicities are fixed (equal to — 1 for
neutrinos and to 1 for antineutrinos) and

(2.4) y = (1 — cos 0%)/2,

where §* is the angle of the outgoing lepton in the centre-of-mass system, the y
distribution is determined from the conservation of the angular momentum
(fig. 2). For a total angular momentum J =0, one has do/dy ~1, and, for
J =1, dojdy ~ (1 — )=

v f v f 2
—_— 1 — —— (1Y)
= === — ==
_l_> 4__.!_.__ ~(1 --y)2 _“.’__, 4_i_ ~
P — =
N £ 2 v f ‘
—— 2 (YY) —_—
- =y —p
L A 4—1——21 ~ <—f-— z(i—y)2
—===p = 3 ==
a) b)

Fig. 2. — Helicity diagrams for vf () interactions in the case of a) left-handed and b)
right-handed charged-fermion currents.

1.0k

. 08
>
3
:>\
S o6
=
3
5= 0.4
l?b
z

o
s
N

0 02 o0& 0§ 08 0

Fig. 3. — Ratio of the CC antineutrino and neutrino differential cross-sections for small
and large x, as a function of the inelasticity ¥ [16]: 0 < 0.1, & @ > 0.4, (1— y)a
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The analysis of the y measurements is based on a total sample of 175000 9
and 90000 v events collected in both wide- and narrow-band beams (WBB
and NBB) in the CDHS detector at the CERN SPS. The average four-mo-
mentum transfer squared corresponding to these data is @2 == 33 (GeV)?2/ce.
Figure 3 shows the ratio R = (do”/dy)/(d¢*/dy) for small and large 2, as a fune-
tion of y. At large x, where the contribution of § is negligible, R is very small,
indicating that the contribution of right-handed quark current is very small.
An upper limit on g2 is obtained from the ratio

ge(®)  d26%/dawdy — (1 — y)2 (d20¥/da dy)

(2.5) @)~ dovjdady — (1= y)* (@o>[dndy)

for # and y both large. A limit of |o[2 < 0.009 at 90 % ¢.l. was found.

m, (GeV)

600 400 300 250 220 200
0.15 [ T I l ]
XL SRR
0.05—

mixing angle @
o

~0.05{—
-=0.10 :""‘“"'--nu... ...............
~0.15—
I ! !
0 0.05 0.10 0.15
a=m12 m?

2

Fig. 4. ~ Limits on the mixing angle 6 [17] as a function of ¢ — mifm3 (m, =
My = Mgy, 0 = (Wr-Wy) mixing angle), --- vFe, p decay.

Mogyy,»
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The measurement puts limits on left-right symmetrie models such as SU, , X
X8U,,x U, [17]. In this model the two intermediate vector bosons W, and
W, are mixed in the symmetry-breaking process to yield two mass eigenstates
W, and W,, with mass m, and m,, respectively. Figure 4 shows the constraint
on the mixing angle 6 as a function of « = mj/m;.

2°2. Polarization of pt from the inclusive reaction 9, Fe — utX. — Neglecting
the antiquark content in the nucleon, the most general Lagrangian, which is
bilinear in the fields of the reaction, gives the following inelasticity distribution
for the process v, N — u+X [18]:

(2‘6) dO'—‘T/dy Ry 2(9v - gA_)z + 2(91;1‘ —l_ gA)2(1 - y)2 +

+ (lgg2 + 1912) 9% + 32|g,|*(L — ¥/2)2 - 8 Re [g,(g% - 95)1y(1 — ¥/2),

where g, are the coupling constants of the different Lorentz-invariant com-
binations of the spinors participating in the reaction. The study of the y dis-
tribution at high energy is consistent with V — A structure (see previous section),
but the same y distribution could be obtained with a mixture of sealar (S),
pseudosealar (P) and tensor (T) terms (confusion theorem [19]). The meas-
urement of the pt helicity can resolve this ambiguity since V and A interactions
conserve the helicity, whereas S, P and T interactions do not (fig. 5).

% A A
\1\\//;7/ §\/»//
I
|

-~ i e
N N BT e N
VA S,AT

Fig. 5. — Helicity state of the incoming and the outgoing particle in antineutrino-
nucleon scattering in the case of @) V, A currents and b) 8, P and T currents.

The experiment was carried out at the CERN SP8 WBB using the CDHS
detector as an instrumented target where the antineutrino interaction took
place, and the CHARM detector ag a polarimeter of the stopped u* (fig. 6) [20].
The polarization is derived from the measured asymmetry of the decay positron,

(2.7) By(t) = ———————~— = R, cos (wt + ¢) 1+ const,
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iron frame
—
e i 5T
V”——-» _ e -
I {5 him
—-
iron frame
target polarimeter
5m
- ——————fpe

Fig. 6. — Layout of the u+ polarization experiment [20].

shown in fig. 7 and is determined from 17500 ut — et decays in the CHARM
polarimeter; N, _(f) are the number of decay positrons in the backward and
forward directions measured at a time ¢ after the w* has stopped. The quantity
o is the muon spin precession frequency, and B,= P, a, where P, is the polar-
ization value of the p+ and « is the polarimeter analysing power. The expected
phase is @ = 0 for negative helicity and p = — 7 for positive helicity. The
best fit to the data is obtained for

2.8) By =0.116-40.010, @=—— 3.02-0.08.
0.600
Ry(8
0.475} i
0.350 + 7
0.225F
1
0.1003 1.2 25 37 5.0
Hus)

Fig. 7. — Measured asymmetry of the positron produced . in decay as a function of
time [20].

The observed phase ¢ is in excellent agreement with the value predicted tor

Ppositive helicity, strongly supporting the hypothesis of pure V and A inter-
actions.

Taking into account the depolarization effects, the measured value of R,
corresponds to a polarization value

(2.9) P, = 0.821-0.07(stat.)--0.12(syst.) .
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This polarization value sets an upper limit to the possible S, P and T contri-
butions to the CC reaction at (Q2> == 4.5 (GeV)?:

(2.10) Ol 0y < 0.20 (959% c.l).

The measured R, is shown in fig. 8 vs. the inelasticity y. The data show a
constant P, value over the explored range of y. Since the S and P interactions
that contribute to the lepton spin-flip amplitude are zero at y — 0 (2.6), as-
suming the confribution of T to be negligible, the value of the polarization
at small g (y < 0.2) can be treated as a normalization, and the value at large y
(y > 0.5) can be used to derive a limit on the 8 and P contributions which is
unaffected by the systematic errors on the integrated polarization value (2.9).
The limit was found to be

(2.11) Oopla,, < 0.07 (95% c.L.).
RO

015 ~i—~
o.m."'Jr—{_ |
0.05

I
0 0.5 1.0

y

Fig. 8. — Muon precession amplitude as a function of the inelasticity y [20].

2'3. Neutrino charged-current reactions on an electron target. — The investi-
gation of the reaction

(2.12) v, 6 = WY,

has been suggested by JARLSKO0G [21] to complement the information on purely
leptonic CC reactions, until recently only studied in muon deeay: u~ — ev,J,.
The centre-of-mass energy 4/s of reaction (2.12) is low because of the small
target mass, and the energy threshold in the laboratory system is 10.9 GeV.
The differential cross-section for s* > m}, assuming completely left-handed
charged leptons and making no assumption on the helicity of the neutral
leptons, is
do G2s

(2.13) = im [+ P)1— Ay + 1—P)1+ 1],
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with

N(ve) = N(vs) _ neutrino polarization ,

"~ N(ve) +N(vw)
r= +"gg§, y=1—H,/B,,

where g, and g, are the axial-vector and vector coupling constants, respec-
tively. The y2 term in (2.13) describes the scattering of possible right-handed
v, by left-handed e-, coupled by S and P terms in the effective Lagrangian.
A pure V — A structure of the interaction implies that A = 1, and a left-handed
two-component neutrino implies that P = 1.

=7 90°c.L.

P=[N(ve) =N (v N(vg) +N (v, )]
o

’
’
/

A
CHARM
1980

’

' /<<§ CHARM
Va

4
4
/
’ / 1982
A\
-1 0 1
1=-20, g, /(|g,[*+|g[")

Fig. 9. — Limits on the plane (4, P) (2.13) from the measurements of the reaction
Ve~ = py, [22].

Recent data on reaetion (2.12) have been obtained by the CHARM Col-
laboration [22]. After correction for efficiencies, a sample of 594156 (stat.)--
422 (syst.) events has been found. The ratio of the measured and the expected
cross-sections is 0.984-0.12, assuming pure ¥V — A interaction. Figure 9 shows
the 909, ¢.l. contour in the (4, P)-plane. Previous limits from a GGM Col-
laboration [23] and from the' CHARM Collaboration [24] are shown as well,
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In the frame of the SU, x8U, x U, model [17], from this experiment
the masses and the mixing of the W,, W, are constrained by the limits My M, >1.9
and § <<15° at 909, c.l.

2'4. Measurement of the asymmetry parameter & in muon decay. — A search
for right-handed currents in muon decay has recently been performed at
TRIUMF [25]. This experiment measured the combination of the muon decay
parameters A = d5/p, where ¢ is the anisotropic angular shape parameter,
¢ is the isotropic angular shape parameter, and & is the asymmetry parameter.
In the V' — A theory 4 is equal to 1. If right-handed currents exist, 4 is related
to the ratio of vector-boson masses « and to the the mixing angle 0 according
to ref. [25],

(2.14) 1— A ~2(2e2 + 200 + 62),
when « and 0 are < 1.
In the experiment, highly polarized u+’s were stopped in pure metal foils

to minimize depolarization effects.

2.0

Q - -—
o ~ o
I I [

dfevents)fdxd cos & per decay

o
L
I
\N
N

! |
0 0.2 (o7 0.6 0.8 1.0
reduced positron energy x=pe/pe(mc1x)

|

Fig. 10. — Positron momentum spectrum for u+ decay at rest in the direction opposite
to the muon spin. The apparatus acceptance is denoted by the thick portion of the
V — A curve [25].
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The quantity A was measured in two ways. The first method meagured the
rate of positrons emitted in a direction opposite to the muon’s spin as a function
of their momentum when the stopping target was immersed in a 1.1 T longi-
tudinal magnetic field. As shown in fig. 10, this kinematiec region is particularly
sensitive to V -+ A effects because the dominant V — A interaction causes
the positron rate to vanish there when p [p(max) = 1. The second method
measured the amplitude of the spin precession oscillation of the stopping muon
subjected to a weak transverse magnetic field. The results obtained with both
methods are consistent and were combined to get the limit

(2.15) P,A > 0.9966 (90% e.l),

where P, is the muon polarization. The corresponding limits on the mass of an
intermediate vector boson which couples to right-handed weak currents[17]
are 400 GeV, when no constraints are put on the mixing angle, and 470 GeV,
if mixing is agssumed to be 0 (fig. 4).

2'5. Measurement of the Michel paramster in v decay. — The space-time
structure of the CCs in v decay has been determined by the DELCO experi-
ment [26] measuring the electron momentum spectrum (fig. 11) in the reaction

(2.16) r-—>eX.

0 05 1.0 1.5 20
electron mormentum GeVic)

Fig. 11. — Electron momentum spectrum in the reaction v — eX [26], 621 events,
3.57 < Hyp < T4(mo {), V4, ——— V+A

The Michel parameter ¢ obtained is
(2.17) 0=10.72-0.15.

The value of the radiatively corrected Michel parameter has been estimated
elsewhere [27]. For values of # = E,/[E(max) in the range 0.3--0.9, o = 0.66
was found for V' — 4 interactions and g = — 0.15 for V + A interactions.
Thus the DELCO result strongly favours V — A.
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2°6. Generation universality in the charged current. — Opposite-sign dimuon
(OSD) events in neutrino interactions are interpreted as being due to the fol-
lowing production mechanism:

(2.18) Vo N —=>uDX, D-—>uY.

In the quark-parton model the charmed-meson neutrino production is described
by the elementary neutrino-quark interactions:

Vpd —u-e, v,s—>pe,
(2.19) -
Jpd —>pte, Iu8—>pte.

In the standard model, processes (2.19) are described by the V— 4 COC La-
grangian (1.5). The y distributions are expected to be flat for both neutrinos
and antineutrinos. In the more general case of the existence of left-handed
(V— 4) and right-handed (V 4 4) quark currents, the y distribution of reac-
tions (2.19) can be written

(2.20) do/dy = [ + (1— ) (1—9)*1/(¥) ,

where the term proportional to « is due to the V— A current and that pro-
portional to 1 — a to the V-4 current; f(y) represents the threshold behaviour.

200
" 120
1504
100 8oy
50} 40
0 0

no. of events
w
N
o

240} TN _>U/_Ht “or
'l
160F J j7[ Y
4 \
L H AN \ 20
! N, -
80/ M
7 N
[

0 02 04 06 0.8 10 0

Fig. 12. — The y distribution for v, opposite-sign dimuon events for different neutrino
energy windows [28]: a) 30 GeV << B,< 50 GeV, b) 50 GeV<<H,<100 GeV, ¢) 100 GeV <
< B,< 150 GeV, d) E,> 150 GeV; -~ V—4, ——— V4 A.
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In fig. 12 the y distributions for v, opposite-sign dimuon events from the
CDHS [28] experiment are shown for different neutrino energy windows.
The results from the CDHS [28] and CHARM Collaborations [29] are

{GDHS: 1— < 0.07 (959 e.l),

(2.21) CHARM: « = 0.8540.10.

3. — Measurements of the mixing angles in the quark sector of the charged-
current Lagrangian.

3'1. Introduction. — The masses and the interactions of the hadrons are
very well interpreted in terms of the fundamental constituents called quarks:
u, d, ¢, 8, t and b (evidence for the quark t is still preliminary [30]). As we
have seen in sect. 1, the six quarks are divided into two main groups, q* and q-,
having an electric charge equal to - 2 and — 1, respectively, in units of the
electron charge.

The q* quarks form three «families »:

o) (0)6)

with inereasing mean value of the doublet member mass.

The forces responsible for the strong interactions of the hadrons are of a
gauge nature, obeying a local gauge symmetry 8U, called quantum chromo-
dynamics (QCD) [31]. The nature of the QCD forces suggests the confinement
of the coloured quarks inside the colourless hadron bag. The strong « charge »
of the quarks is given in terms of three colours. The known hadrons are made
of a quark-antiquark system or of three quarks of different colours, in a com-
bination that neutralizes the QCD charges (white hadrons). The QCD inter-
actions are flavour-independent.

All the known weak decays of the hadrons with a charged lepton in the
final state (CC interactions) are deseribed as the transition of a left-handed
quark of charge ¢; (¢;) to one of charge g; (¢7) (eq. (1.6)). The assumption
of universality of the CC weak interactions for quarks and leptons puts all the
fermions in left-handed weak-isospin doublets (eq. (1.1)); the lower isodoublet
member is & mixture of the ¢— quark mass eigenstates.

The unitary matrix U in eq. (1.9) mixes the mass eigenstates of the quarks
with mass ¢~ and fixes the strength of the CC transition between the ¢} and g
states relative to the strength of the p decay. The most general form of the U
matrix is

Uud U\ns Uub
(3.2) U - Ucd Ues Ucb
Utd Uts Utb
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The elements of the unitary matrix U can be parametrized in terms of three
rotation angles and g phase.

In the literature two special representations of the U-matrix are usually
used. The first one, due to KOBAYASHT and MASKAWA (KM) [6], is the result
of three successive rotations: 0; around the z-axis, 0; around the rotated z-axis
and 0, around the new z-axis. A phase J is introduced in the second rotation:

1 0 0 6 0 1 0 0

(8.3) o = 0 ¢ 8 — 8 € 0 0 05, s,

0 —s, ¢/ \ 0 0 exp[id] 0 —s, ¢

where ¢; = cos 0; and s, = sin 0,. The 2, # and y axes represent the d, s and b
quark mass eigenstates. The expression of the KM matrix is given in eq. (1.10).
For small mixing angles, as suggested by the experiments, we have

/1 81 8183
(3.4) Ugu=| — % 1 85 1+ 8, 6Xp [J]
\$18,  — 85 — 83 6XP [40] exp [46]

Neglecting the phase ¢ and assuming 6, = 0, = 0, = 0 ~ 0,

1 6 0
(3.5) Ve | —0 1 0
62 0 1/

This would imply strength O(1) for the transition q;(q}) —qf(qy) inside one
flavour family, strength O(6) for the transition from one family to the neigh-
bouring one and strength 0(62) for a jump of two families. In reality the long
lifetime of the beauty particles (b-quark) (see subsect. 3'2.5) suggests a non-
symmetric transition between second to first family and third to second family
according to the following expression of the mixing matrix (fig. 13):

/ 1 0 6
(3.6) Ueun~ | —0 1 62
\ s 6 1

The phase §, as originally proposed by KM, can explain the CP violation
in the weak decays of the K} and K3 system. The KM matrix is a generalization,
to a six-quark system, of the famous mixing angle introduced by CABIBBO [7]
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Fig. 13. — Quark transitions in CC weak interactions. The limit is valid in the approxi-
mation 0,= 0,= 0= 6 ~ 0 and § = 0.

to restore the apparent deviation of the weak universality measured in the
neutron beta-decay and the strange-particle decay.
A second representation of the U-matrix, due to MATANT (M) [32], is

(3.7) Uy=
.CpCo C3 Se Sp
— — 8yC680 Xp [i6] — secy CyCo — Sy8p8e €Xp [i0] 8y Cg Xp [10]
— 8p0yCo — SySp €XP [— 0] — ¢ySpse — 8y €XP [40] Gy Cp

For g, 6, y ~ 0 one gets

1 0 p
(3.8) Uun | — 0 1 y exp [id]
—f —yexplid] 1

The angles 0, § and y are then approximately related to the strength of the
transitions w<—>s§, u<>b and b<> ¢, respectively.

‘The measurement of the strength of the CC quark interactions allow a
determination of the square of the matrix elements U .~ and is not sensitive
to the phase 6.

3'2. Present measured values of the matriz elements.

3'2.1. The matrix element U,_. The strength of the transition u <> d
or d «» u relative to that of the u decay is measured with high accuracy in
nuclear beta-decay involving spin-zero nuclei in the initial and final states,
where only the vector transitions are involved. The value U, is derived from
the measurement of fT'; in the decay of nuclei such as 140, »Al, 3Cl, %K, and
others (f is the integral of the Fermi funetion which takes into account the
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finite nuclear size and the effect of screening of the nuclear charge by atomic
electrons; T, is the nucleus half-life).

The relation between fT, and the beta-decay Fermi coupling constant of
a vectorial transition &, is

(3.9) fT,6 = (n* In 2)/G*m?

where m, is the electron mass and J§ takes into account the radiative and nucleus
isospin corrections.
The matrix element is given by

G,
(3.10) | Usa| = @
[

The quantity &, is the weak-coupling constant obtained from the muon lifetime
measurement [33].

From the measurements made studying the superallowed transitions of
eight different nuclei [34], the fT', value, extrapolated to zero nuclear charge,
is (3084.44-1.9)s, which gives [35] |U,,| = 0.97354-0.0005. The uncertainties
on 8 (Ad=40.29%) lead to an additional uncertainty on |U,| of 4-0.0010,
which, added linearly to the experimental error, gives

(3.11) |U,,| = 0.973540.0015 .

Other authors [36, 37] agsigned rather larger errors (~+0.0025) to |U |, showing
the uncertainty in the estimation of the theoretical corrections.

This has been confirmed recently by MARCIANO and SIrLIN [37] calculating
a more refined radiation correction that modifies the value of {U,| by ~19%
corresponding to almost 1o of formula (3.11).

3°2.2. The matrix element U,. The coupling of the transition s<>u
is measured in the decays of the mesons and baryons containing the strange
quark.

The most precise results come from the measurement of the semi-leptonic
decay of strange baryons [35] and K-mesons [36] listed below:

Afuds) —pt vy,
27 (dds) —>nfy,
ouss) — X7y,
~(dss) — ALy,

“(css) — 247y

(3.12)

[1] [1]

[
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and

K#(us) = {Fvno,
(3.13)

KOo(ds) - EvnT,

The relation between the experimental measurements and the value of U,
is complicated by the presence of the nondecay quarks, « spectators », in initial
and final hadron states. The space distribution of the quark making the transi-
tion from the initial to the final hadron is described with a form factor de-
Pendence of the decay rate. The information on the form factors is derived
by measuring many processes, each having different combinations of the form
factors and using relations that are due to the SU, flavour symmetry of the
hadrons.

The results of the WA2 experiment [85, 38] are summarized in table 11,
where f; and g, are the form factors (in particular f, and ¢, are the vector and
the axial-vector form factors, respectively).

TaerLe I1. — Resulis obtained by the WA2 experimenits [35].

Decay Events Branching ratio 91/t (gy= 0)

2 —> Aev 1650 (0.561 -- 0.031)-10~* + 3.00 - 0.08 (9)
Z — ney 3262 (0,96 4 0.05 )-10-3 — 0.34 - 0.05

B - Aev 2608 (5.64 - 0.31 )-10-4 + 0.25 - 0.05

B — Xevy 150 (0.87 4 0.17 )-10~¢

A - pev 7111 (8.57 4 0.36 )-10-* +0.70 -+ 0.03

(@) f.ilg: is quoted in this case.

The semi-leptonic-decay amplitudes of all the members of the lowest baryon
octet are determined by only three free parameters. These are U, and the
axial-vector reduced matrix elements which correspond to the antisymmetric (F)
and symmetric (D) couplings of two octets to form a third octet. A fit to the
WA2 data and neutron lifetime measurements [39] including radiative cor-
rections gives [35]

F = 0.477 4 0.011,
(3.14) D  =0.75540.011,

|U\| = 0.231 4 0.003 .

Figure 14 shows the bands of allowed F' and D values deduced from the meas-
urements of ¢,/f, and of the branching ratios. The ratio o = D|D + F) is
0.6134-0.009; this is close to the SU, prediction of £.

It is also poss1ble to determine |U_ | from K decauy, compared with hyperon
decay this has the advantage that only the vector current contributes. How-



EXPERIMENTAL STATUS OF WEAK INTERACTIONS 25

1_0 | 1 T i H

0.2

A

0.1

~U oo

0

0.3

o

0.8

Fig. 14. — Limits on the ¥ and D values obtained by the WA2 experiment at CERN [35].

ever, Q* is larger than for hyperon decay, and the 8 U, predictions apply strictly
only at Q* = 0. Using the experimental branching ratios of the K* and K?
decays the following values were found [36]:

(3.15) U (K%) = 0.22140.003,  |U,|(K%) = 0.212 £ 0.005 .

3'2.3. The matrix element U,. The experimental study of the
charmed meson and baryon decays is much more difficult than that of the
strange particles because of the short lifetime (7, ~ 107 8), the small cross-
section for charmed-particle production relative to pions (with the exception
of the e+e~ annihilation) and the large number of particles produced in the
decay of the charmed hadrons, whose mass is larger than 1.8 GeV. Semi-
leptonic decays of charmed particles with w or p mesons in the final state have
not yet been observed. The purely leptonic decay of the D-meson (D—>fv) is
strongly suppressed by helicity conservation for{ = e and { = p, and by phase
space for { = 7. The nonleptonic decays of charmed mesons sach as D — 27
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are affected by problems of interpretation in terms of quark decay, owing to
the large c-quark mass. Information on the expected small deviation of U,
from sin 0, can hardly come from nonleptonic D deecays.

The U, matrix element was measured in the neutrino interaction with
nuelei.

The production of charmed particles in CC neutrino interactions has been
studied experimentally in emulsion, in bubble chambers and in high-mass
electronic calorimetric detectors exposed to v beams.

In the emulsion and bubble chamber experiments the charm signature is
given by the detection of the small decay path resulting from the short lifetime
and/or by the mass reconstruction of the charmed particles, mainly D and A_.

The calorimeters allow the study of a large number of neutrino-induced
events with two opposite-sign muons in the final state.

At the quark level the dimuon events (2.18) are interpreted as a result of
reactions (2.19). In the six-quark constituent scheme the neutrino (antineutrino)

dimuon ecross-sections Op-y+ (0)+,-) on isoscalar targets are

{Gl—m = (@*mBy[m)[|Ueal* (U + D) + |U,,[228],
(3.16)

0’31“”— = (G2mE3/n)[’U°d'2(‘7+ 5) "" IUCSPZS] Y

where m is the nucleon mass, E, is the incoming neutrino energy, and U, D,
8 and U, D, § are the average fractional momentum  of the u, d and s quarks
and antiquarks in the nucleon target (U, = D, = U and D, = U, = D).

Since the quantities U, D, U and D are known from the measurement of
single-muon neutrino and antineutrino OC cross-sections and § — S, the sub-
traction of o). from o}, gives information on U,

The product of [U,,[* times the branching ratio Br for the decay of the
charmed particle into a muon plus anything is given by

(0h-u+[0h-) — R(Gh+u-[oh)
1—R !

(3.17) Br|T.f:= 2

where o),- (o‘},) are the ineclusive single-muon neutrino (antineutrino) nuecleon
cross-sections and R = (03+/B;)/(6}-/E,) == 0.484-0.02 [40]. The dimuon to
single-muon cross-section ratios measured by the CDHS Collaboration (28],
corrected for acceptance and slow rescaling, are shown in fig. 15. The result is
(3.18) Br |U |2 = (0.4140.07)-10~2.

Taking Br = (7.141.3)9%,, one obtains

(3.19) |U..| = 0.2440.03.
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Fig. 15. — R = 0,,/0y, for a) neutrinos and b) antineutrinos [28], corrected for slow
rescaling.

3'2.4. The matrix element U,. Information on the value of the
matrix element U, can be obtained from the measurement of the # distribution
of the dimuon neutrino and antineutrino events.

The « distribution of the 9-induced dimuon events shows [28] that the
strange sea contained in the nucleons has the same momentum distribution
as that of the antiquarks @ and d as derived by the 9 inclusive p*+ production
in the region y = E,,.../B; ~1 (fig. 16) [40].

The strange-quark contribution to the cross-section of the v-induced dimuon
events is obtained fitting the x distribution with two shapes, the first being
given by the antineutrino dimuon event w-distribution, and the second by
w[u(z) + d(x)] as measured in the single-muon OC reactions [40]. The result
of the fit, shown in fig. 17, is

U228
3.20 R— ool
(3.20) [Tl (U1 D)

=1.1940.09 .

From the value of R and the ratio of the valence to the sea quark [40] one gets

|U|?28

- [Ueal (U -+ D)

=9.3+L1.6.
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Fig, 16. — The z distribution for dimuwon events induced by antineutrino interac-

tions [28]; the solid curve is the sea distribution obtained in ref. [40], the dash-dotted

curve demonstrates the effect of slow rescaling; 9,48 -+ ptte , — 2@ d -+
—

4 28) = @v, ——.— v including slow rescaling (m,= 1.5 GeV).
q g g (m,

Assuming that the SU, symmetric hypothesis U -+ D — 28 is an upper limit
of the s-quarks contained in the nucleon, we get

(3.22) [T, 2> (9.3£1.6)|U,|2
or
(3.23) |T_|> 0.59 (90% c.1.).

The transition element [U | can be also measured in the semi-leptonic decay
of the charged D-mesons. Using the electron spectra obtained in the DELCO
experiment (fig. 18) [41] together with the average values of the neutral and
charged D’s branching ratio Br (D —evX) == (10 +3) % [42] and the average
of the D° and D* lifetimes (D) = (6.054-0.54)-10-12 3 [43], this transition
element was found [44] to be

(3.24) |U,| = 0.9240.08 .
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3'25. The matrix elements U, and U,. The calorimeters exposed
to v (9) beams have detected the existence of events with two muons of the
same sign [48] in the final state.

The number of the same-sign dimuon (SSD) events observed (~ (5-+-10)%
of the OSD events; this depends on the cut in the momentum of the secondary
muon, both in the v and in the ¥ beam) is larger than the standard-model ex-
pectation. In the y,-induced events, a fraction of the SSD events (whpt) can
be attributed to the production of a b-quark followed by the b — ¢ decay and
a semi-leptonic decay of the c-quark:

(3.25) yu—utb, b —=eX, e¢-—>uhl.

In the v, interactions the chain that can produce the SSD is the same as in
eq. (3.25), but the u is replaced by the T and, therefore, strongly depressed.
Considering the SSD events in a v, beam as a unknown background to be
subtracted from the 9, 88D, an upper limit on the cross-section for b production
by 9, on nuclei can be derived.
The cross-section limit obtained from the CDHS data [45] is translated
in the limit [46]

(3.26) |U,,I* < 0.38-10- T /T, (909 e.l.),

where T, and T, are the threshold factors due to the ¢ and b quark masses,
respectively. For m, = 1.5 GeV and m, = 5 GeV at the 350 GeV neutrino
WBB, T /T, ~8, and one gets

(3.27) U, <0.18 (90 % c.l) .

The experimental study of hadrons with a b-quark is quite recent. Most
of the results on the semi-leptonic branching ratios and on the lifetime of the
beauty particles are from the ete~ storage ring experiments.

The 48 resonance of the bb system produced from the ete— annihilation is
just above the threshold of the BB pairs and is a source of B-mesons almost at
rest and with a good ratio of the B signal over the background.

The study of the lepton energy spectrum in the b decay gives the relative
strength b —u over b —c¢. Because of the mass difference between the u
and ¢ quarks, the end-point of the lepton energy spectrum in the three-body
decay (b — eclv) is about 600 MeV lower than that of the b — uly decay. The
number of leptons with energy greater than that kinematically allowed in the
b — ¢ decay gives the upper limit of the b — u decay relative to b — e.

The energy spectra collected for the e+ and the w* by the two experiments
CUSB [47] and CLEO [48] at the Cornell ete~ storage ring are shown in fig. 19.
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The CUSB Collaboration found

I'{(b - ulv) o
(3.28) (o = oy < D-0%-

For a mass of the hadronic system produced with the lepton, my < 1.0 GeV,
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the CLEO Collaboration obtained

I'b—ulv)
(3.29) m <4 A) .

Using these results, the following value was obtained [49]:
(3.30) [U/U | << 0.16 (909, c.l.).

The transition elements |U, | and |U,| are also related to the b lifetime.
In the ete~ storage ring experiments at PEP and PETRA, with energy well
above the BB threshold, an unexpectedly long lifetime for the B particles
was found.

The technique used for the lifetime measurement in the ete— storage ring
experiments is the one developed for the measurement of the T heavy-lepton
lifetime. The lifetime is derived from the statistical distribution of the trans-
verse impact parameter of the lepton relative to the average beam-crossing
position. The lepton impact parameter distribution is made on an enhanced
sample containing a pair of particles with beauty. The enhancement with
respect to the normal ete~ annihilation rate is obtained requiring a lepton
with high momentum transverse to the jet axis, as expected in the decay of
a particle with a mass of 5 GeV,

Figure 20 shows the impact parameter distribution for leptons, @) in the
enhanced sample of beauty particles and b) in the enhanced sample of charmed
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Fig. 20. — Impact parameter distribution for leptons coming from a) beauty particles
and b) charmed particles measured in the MARK II experiment [50].
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particles obtained in the MARK II experiment [50]. The average of the meas-
urements from MARK II[50] and from MAC, DELCO and JADE [51] is

(3.31) 7(B) = (1.444-0.24-0.3) ps.

The beauty lifetime has been also measured by TASSO, studying the distribution
of all charged particles from b decay [51]. The measured value is

(3.32) o(B) = [1.83*23%(stat.)*%37 (syst.)] ps .
The expected lifetime for the transition of a b-quark of 5 GeV mass to a

c-quark of 1.8 GeV mass, assuming a semi-leptonic branching ratio of 12 %
is [52]

(3.33) T(B) &~ 2.77-103/|U | ps .
Combining all the 7(B) measurements yields [51]

(3.34) |U ] = [0.04210-003 (g5, ) 10005 (gvg, )] .

—0.002 —0.004

Using the result (3.30) the upper limit on 1U,| is

(3.35) |U,,| < 6.7-10-2 (90 % c.l.).

ub
Recently, the associated production of & pair of beauty particles B~ and B°
by a 350 GeV ©~ interaction as been observed in an emulsion target inserted
in an array of silicon detectors [53]. The decay of the two beauty particles into
charm particles was observed in the emulsion. Two negative muons were
identified, and the transverse momentum was measured in a large muon spectro-
meter set behind the emulsion stacks.
The weighted mean lifetime of the B~ and B° is

(3.36) 7(B) = 0.31%% ps.

Using this result and the relations (3.30) and (3.33), one obtains

(3.37) |U,| = 0.09+0.03
and
(3.38) U] < 0.02 (909, c.l.).

3'2.6. Bvidence for the top quark. Indications in favour of the
existence of the t-quark have been given by the UA1l Collaboration working
at the CERN SPS Collider [30]. The production mechanism is very likely
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to be the following:
(3.39) = WX, Wth', t->ib'.

The signature for events with a t-quark is a single isolated electron or muon
with high momentum transverse to the jet axis. Six candidate events have
been found (three with an electron and three with a muon). The mass of the
system lepton-jet,-jet,-(missing transverse energy) is compatible with the
‘W mass and the mass of jet,-lepton-(missing transverse energy) clusters around
a common value of 40 GeV/e? (fig. 21). The unecertainty on the masses is mainly
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Fig. 21. — Four-body ws. three-body mass distribution for the six W tb candidate
events [30]: m,= 40 GeV/e?, o e — 2 jets, e p — 2 jets.

systematic because of the jet reconstruction, and is equal to +10 GeV. The
jet with lower transverse energy with respect to the pp axis is indicated by
jet,. The existence of particles with a t-quark, which hopefully will be con-
firmed by the new data recently collected at the CERN SPS pp Collider, gives
strong support to the six-quark scheme, but, from the few events that can be
collected at pp colliders, it is not possible to extract information on the mixing
matrix elements involving the t-quark.

At future ete~ storage rings (SLC, LEFP) the production of a heavy top-
onium (%) system with mass close to the Z° mass will be enhanced by the Z°
resonance, and the experimental study of the decays of a reasonable number
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of produced toponia will be able to give information on U,, since the direct
weak decay of one quark of the hound system will become competitive with
the other decays of the onia.

3°3. Relation between the transition elements U . and the rotation angles. —
The experimental determination of the matrix elements U . .-, using the
b lifetime value obtained in the ete— experiments, is at present at the following
stage:

0.973 4 0.001  0.231+0.003 < 6.7-10-3
(3.40) U= | 0.2440.03 0.924+0.08  0.042 4 0.005
< 0.04 < 0.06 > 0.998

The values in the last line of the matrix (3.40) are limits at 90%, c.l. obtained
agsuming the existence of six quarks.

The data indicate the pattern discussed in subsect. 3'1, with superallowed
trangition within the families

(3.41) UL ~|U~|U,l~1,

first forbidden transition between the second and the first family
(3.42) (Ul ~ |0, ~0.23,

second forbidden transition between the third and the second family

(3.43) |U,,| < 6.7-10-3,

¢b

and. third forbidden transition between the third and the first family
(3.44) [0 .1 <<0.04 .

Some relations between the rotation angles in the KM representation (1.10)
and the U . - elements can be derived:

1)
(3.45) Uwa = c08 6, = 0.9733 4 0.0015 ,

which corresponds to sin 0, = 0.229 - 0.006.
2)
(3.46) Uy ==8in6, sin 0, << 6.7-10-3, sin§;<<0.029 .
3)
(3.47) U, = 8in b, cos 0, = 0.231-+0.003, cosf;==1.009-40.03.
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4) The knowledge of the transition element |U | can be translated into
a relation between sin 6, and sin 6;, putting ¢ as a parameter (U, = sin 6, 4
+- exp [id] sin 0,). In the (sin 6,, sin 6;)-plane the allowed region is contained
in the shaded area (fig. 22) delimited by the lines |U | = sin 6,-sin 0,, corre-
sponding to 4 = 0 and & = m, respectively, and by the line sin 6, = 0.029
(eq. (3.46)).

If the b lifetime measured in the emulsion experiment is used, the matrix
(3.40) changes to

0.973 +0.001  0.231 - 0.003 < 0.02
(3.48) v— | 024+0.03 0.92 +0.08  0.09+ 0.03

< 0.04 < 0.014 >0.99

The corresponding constraints in the plane sin 6,-sin 0, are given by the dotted
area in fig. 22.
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0.08 |ucb| (6=09°)

sin 9,

0.06  |U,|(6=180°)

J—
0.04 Q "
0.02~ [Vl 6=0%
L | I | 1 | 1 { 1 {
o 0.02 0.04 006 0.08 0.10
sin o,

Fig. 22. — Limits on the plane sinf,-sinf, obtained from the measurement of [U )
and [Ugl|. The shaded (dotted) area shows the constraints obtained using the value
of the beauty lifetime measured in the e*e~ experiments (emulsion experiment).
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In conclusion, until now the measured transition elements U s+ have allowed
the determination of #, and some constraints on 6, and 6. The phase d is not
determined by the measured U ...

Since ¢ is related to CP violation, the study of (P violation processes
will make it possible to test the KM scheme for the six-quark system.

A more detailed analysis of the results in terms of the KM and Maiani
parametrizations can be found elsewhere [54].

4. — COP violation in weak interactions.

4'1. Introduction. — Since 1947, when ROCHESTER and BUTLER discovered
a new component in the cosmic rays [55] produced with a cross-section typical
of the hadron interactions (1% of the w-meson cross-section) and decaying
with a lifetime corresponding to the weak interactions, the X° mesons have
been a unique source of surprising experimental results and stimulating theo-
retical hypotheses that have made important contributions to the construction
of the standard model.

To resolve the paradox of the strong production and the weak decay of
the new particles, GELL-MANN and NAKANO and NISHIITMA [56] suggested
the existence of a new internal quantum number, the strangeness S. The KT
and K° have § = + 1 and the K~ and K°® have § = — 1. The strangeness is
conserved in the strong interactions and violated in the weak ones.

The existence of two lifetimes for the K decaying into two pions (K,) and
into three pions (K,) was one of the motivations for the criticism by LEE and
Yawe [57] of the validity of the parity conservation law in weak interactions.

The apparent lack of universality in the weak decay of the strange particles
was solved by CABIBRO [7] with the introduction of the mixing of the d and s
quarks.

The discovery that the K° decays into two muons at a level lower than that
expected from the weak-interaction calculations involving only s, d and u
quarks suggested the GIM mechanism [8]. This mechanism puts the quarks
into left-handed doublets and requires the existence of a fourth quark, the
charmed one, later experimentally confirmed in the famous experiments of
the November ’74 revolution [58].

Many of the phenomena that can only be studied with a K°® beam are of
fundamental importance for the study of the basic laws of quantum mech-
anics, snch as the K regeneration, the interference of different K° states and
other matter-antimatter differences in K decay.

The reasons for these peculiar characteristics of the K°-K° system are that
the strangeness is not conserved by the weak interactions, and the transitions
K« K9 are allowed.

Moreover, the X° system is the only place where a violation of the CP in-
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variance of the laws of physics has been detected. The discovery, due to
CHRISTENSON, CRONIN, FITCH and TURLAY [59], consisted in the observation of
the decay of K (0P = — 1) into two pions (P = 4 1).

In the beginning, the CP violation was explained with a new force [60].
In 1973, before even the experimental discovery of the charmed quark, Xo-
BAYASHI and MASKAWA [6] suggested that the CP violation in the K? decay
could be accommodated by the existing known weak interaction if the quarks
were $ix in number and grouped in three families. The Cabibbo matrix [7]
generalized to three families can be expressed in terms of a phase § and three
real parameters, the mixing angles 6, (¢ = 1, 2, 3). The existence of an imaginary
amplitude in the weak transition allows the construction of a component of
the weak Hamiltonian that violates 7 and consequently CP if CPT is con-
served.

4°2. The discovery of CP wiolation. — The discovery of OP violation was
made in an experiment performed at the BNIL AGS accelerator [69]. The
experimental layout is shown in fig. 23. To eliminate the K} component of
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Fig. 23. — Plan view of the detector used in the experiment that discovered CP vio-
lation [597.

the beam, the detector was placed ~s 18 m from the proton target, corresponding
to A 300 times the KI decay length. The detector consisted of two spectro-
meters, each composed of two spark chambers for track reconstruction and
separated by a magnetic field of ~ 70 kG em. Behind the spectrometer were
placed the scintillators and a water Cerenkov counter,
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As obtained by a calibration using K¢, the reconstructed mass of the Ky
decaying into two pions is expected to have an average of 498 MeV and a
standard deviation of 3 MeV. The K vector momentum peaks around the
forward direction with a standard deviation of 3 mrad. For the other decays
of the K! (K?— 3w, K} —emv and K®— umy), in general the reconstructed
invariant mass is not equal to the K° mass and the K° direction is different
from zero.
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Fig. 24. — Experimental distribution of the K¢ invariant mass obtained in the experi-
ment of ref. [59]: —— data, 5211 events; e — — — Monte Carlo calculation.

Figure 24 shows the invariant-mass distribution for the K¢ decays in the
fiduecial volume filled with He gas. The experimental data are compared with
Monte Carlo expectations. In fig. 25 is shown the angular distribution of those
events with invariant mass in the range (490--510) MeV. In the region cos 0>
~ 0.9999 there was found a signal of (4619) K} events decaying into 2w over
92700 decays into 3w, corresponding to a OP violation effect of (2.04-0.4)-10-3,
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Fig. 25. — Angular distribution for the events having an invariant mass in the range
(490 ~510) MeV [59]. The calculated curve is normalized to the number of events
in the complete sample. ——— data, — — — Monte Carlo calculation.
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4'3. The formalism of the OP wiolation in the KO-K system. —~ The main
source of OP violation in the K° system is due to the mixing of CP eigenstates
in the K and K2 states which is produced by the nonsymmetric transitions
Ko« Ko,

Assuming CPT invariance, the parametrization used is
(.1) {le> ~ Ky + oK,y ,
) IKL> ~ |K2> + 5¢IK1> ’

where ¢ is a complex parameter and |K;» and |K,> are the OP eigenstates:

(4.2) { HED = (JE° + |K%))/v/2 (OP = 4-1),
' Ky = (|E* — |K*)) V2 (CP = —1).

In terms of [K°> and |K°), the |Ks> and |K,> states are given by

ws) { 1> w5 (L4 o) [0 - (1— ) K
' Ky ~ (14 6)|K® — (1— &) K0 .

Another OP violation effect, in addition to that described above, can arise
when there is more than one decay amplitude for the same physical state. In
the case of the K° decay into two pions, this second effect is described by the
complex quantity

(4.4) ¢'= (1/V/2) Tm (4,/A,) exp [i(8, — 8 + =/2)],

where 4, and 4, are the amplitudes for a K-meson decaying into two pions
with final-state isospin I equal to 0 and 2, respectively. The quantities &,
and §, are the s-wave wrw scattering phase shifts at /5 = m, for the states
I = 0 and I = 2, respectively. The phases of ¢ and & are almost equal. Ex-
perimentally & is determined by measuring the charge asymmetry 0, [61] in
the semi-leptonic decay K, —lvr:

'Ky~ nh) — MKy, - wter)

(4.5) O = I'(Ky, 9 nh) + DKy, — viFe)

Assuming CPT invariance and the selection rule AS — AQ [62], one has

(4.6) MK —>vitn) = MNK° - W)
and

(4.7) A(K® — 9ty = A(RO > vitr~) = 0,
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The charge asymmetry is then given by
(4.8) §~2Rec.

The experimental study of the decay of K into 7wtn— and =z® allows the meas-
urement of ¢ and &'.

The parametrization of the measurements is the following:

AKXy, — )
A(Ky = whr)

. B 4(KL — 1to1t?)
(4.10) oo €XP [1Poo] = g5 o)

(4.9) 7y exp [P, _] =

~eté,
~e— 2¢ .

Experimentally the decay rates give the modulo squared of n,_ and 7. The
phases are measured by the interference of X and K decay into two pions [61].
The experimental situation is summarized in table III [63].

Tasre III. — Baperimental situation with respect to the measurement of CP wviolation
parameters.

|74 ( 2.274 + 0.022)-10-3
(00 ( 2.33 - 0.08 )-10-°
D, _ (44.6 -+ 1.2)°

Dyo (54 + 5)°

Res ( 1.621 + 0.088)-10-3

4'4. Theoretical predictions. — In the superweak model [60] the AS =1
COP-violating decays K! — 2 are forbidden and 5, = 5, = ¢ (¢'= 0).

In the standard model the asymmetry in the K° <> K° transition amplitudes
defined by & is due to the box diagram of fig. 26a). The parameter &' is due to
the « penguin » diagram (fig. 26b)) leading to a final 2r state with isotopic
spin equal to zero.

The parameters ¢ and ¢’ are expressed in terms of the mixing angle and the
phase of the KM matrix.

Figure 27 shows the lower bounds on the ratio

(4.11) e'le % (1= [nool/1m.—l)

obtained by GILMAN and HAGELIN [64] as a function of the top mass. The larger
uncertainties in this determination come from QCD effects. In fig. 27, B pa-
rametrizes the matrix element of the AS = 2 trangition. Equation (4.11)
is obtained from eqs. (4.9) and (4.10) in the limit &'/e< 1.
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EXPERIMENTAL STATUS OF WEAK INTERACTIONS 43

4°5. Measurement of £'le. — Two new experimental determinations of &'/e
have recently been obtained at FNAL [65] and BNL [66]. The quantity &'fe
was derived measuring the n'n® and wtn— decays of K, and K, with the same
detector. In the ratio measurements most of the experimental errors (ac-
ceptance, efficiency, apparatus imperfections, ete.) cancel out.

The Chicago-Saclay detector at FNAL [65] was exposed to two K, beams
simultaneously. The K/'s are provided by placing a regenerator in one of the
two K, beams. The neutral and charged decays were collected in different
runs and analysed using a drift chamber spectrometer and an array of 804
lead-glass blocks, respectively. In the case of wn® decay, one gamma is re-
quired to convert at the end of the decay region. The reconstruction of the
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Fig. 28. — Invariant-mass distribution of the Ky and Ky, decays into min- for K° of 55
and 95 GeV measured in the Chicago-Saclay experiment at FNAL [65]. Also shown,
by the points in d), is the expected background due to the Ky decay into 3n0,
a) Ky —ntnm, b) Ky —»winm, o) Kg - 2n%, d) Ky — 270
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decay point is crucialin order to determine from which beam the event originated.

The invariant-mass distribution for the ntn~ and =°m® events reconstructed
in the beam without the regenerator are shown in fig. 28. The K — wtn— mass
Plots are essentially free of background. The dots in fig. 28d) show the Monte
Carlo expectation for the K¢ — 3xn® background.

The ratio of the neutral and charged decay events collected in the beams
with and without a regenerator has been measured in nine K°® momentum
bing in the range (35-135) GeV. The total events collected, after background
subtraction, are shown in table IV.

TABLE IV. — HEuvents collected in the Ohicago-Saclay experiment.

Mode Events
K, — 2n0 3142
Kg — 2n 5663
Ky - ntn— 10676
Ky - wtn— 25752
6000
a) o)
4000
40001
2000}
2000t

no. of events
o
N
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10001
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J. 1. 1 O
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Fig. 29. — Distribution of the difference between the reconstructed mass of the Ky and
Ky decays into two pions and the real K® mass [66]. The events in the dashed region
were used in the analysis. The solid lines in the K graphs show the expected back-
ground. @) Ky - n%% b) Ky — =% ¢) Ky — mwhn-, a) Ky, — wtn-,
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The value of ¢ measured in gsemi-leptonie charge asymmetry is used to ob-
tain &' from a fit of the data where also the regeneration amplitude is taken as
a parameter. The result of this experiment is

(4.12) &'fe = — 0.0046 + 0.0053 (stab.) & 0.0024 (syst.) .

In the Yale-BNL experiment [66] the K and K  decays were collected in
different runs. The K/'s were produced by introducing a regenerator into the
K, beam.

The neutral and charged decay modes were measured simultaneously.
In the case of the n'n? decay, one photon was required to convert in a lead
plate covering @ large solid angle and placed at the end of the decay region.
The wtn— decays were observed simultaneously in the remainder of the solid
angle. A complete reconstruction of both event types was performed using a
magnetic spectrometer and an array of 200 lead-glass bloeks.

Figure 29 shows the measured mass distributions of the four categories
of events. In this figure, AM is the difference between the measured invariant
mags and the known K mass. The final result is

(4.13) &'[e = 0.0017 4 0.0082,

where the statistical and systematic errors are combined in quadrature.
In fig. 30 the Chicago-Saclay and the Yale-BNL results [65, 66] are com-
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Fig. 30. — Experimental determination of ¢'/e. The results shown are from a) ref. [67],.
b) ref. [68], ¢) ref. [69], d) ref. [65] and e) ref. [66].
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pared with previous determinations of &'/e¢ obtained from the measurements
of [noo] and [n,_| [67-69]. The data are compatible with the superweak model.
In fig. 27 the average value of &'fe = — 0.0026 4-0.0045 is compared with the
standard-model predictions assuming the top mass m, equal to 40 GeV. The
agreement is not good, but the theoretical and experimental uncertainties
are still large.

4°6. Future experiments. — An important experimental effort is now being
made at CERN [70] and at FNAL [71] to improve the accuracy on &je.

The CERN SPS experiment [70] has started taking data in 1985, the
decays into w'n® and w*m— being measured simultaneously. The K, fraction
of the beam is changed, displacing the proton target along the 50 m long decay
region.

The use of a calorimetric technique based on a liquid-argon detector, and
the use of high-energy K5, allows a precise determination of the pion energies
and of the decay co-ordinates, and a larger acceptance with respect to magnetic
measurements.

The measurement of the charged and neutral pions using the same geometry
reduces acceptance errors.

In order to have A(e'/e) < 0.1%, the required accuracy for [0l 1—]%
derived by the measurement of the rate ratio

I'(Ky, — 7% [T'(Ky, — )

(4.14) R Sy i que——

is of a few parts per mille.

The new proposal for the FNAL Tevatron [71], with a high-energy beam
and high statisties, aims at reaching an accuracy of A(e'[e) ~ 1073,

It has recently been proposed to study CP violation effects [72] at the CERN
LEAR faecility by measuring the interference effects and the agsymmetries of
different decay amplitudes in the neutral-kaon system. The K° and K° of
known momentum and direction will be produced with large flux and equal
magnitude in the annihilation of antiprotons at rest. Since the decay products
will be measured with the same detector, the systematic errors cancel in the
first approximation.

This experiment would allow a global overview of the whole CP problem.

4'7. Conclusions. — In conclusion, almost 40 years after the K° diseovery
the experimental and theoretical study of the K° system is still playing a very
important role in the development of elementary-particle physics. The precise
measurements of the K° decay can show hints of possible deviations from the
standard model, even if the mass scale that can induce such deviations is ex-
pected to have a value much larger than the K° mass.
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5. — The upper values of neutrino masses, and the search for neutrino oscil-
lations and massive neutrinos.

In the standard model the quarks and leptons get a mass through the Higgs
mechanism [5].

The study of the interaction of quarks with the Higgs field is based on the
experimental knowledge of the quark masses and of the mixing angles that also
fix the strength of the CC interaetions (see sect. 3).

In the standard model the neutrinos have zero mass, and no mixing matrix
exists in the lepton sector of the CC Lagrangian. In the grand unified theories
(GUTs) of strong, electroragnetic and weak interactions, since the neutrinos
are put in multiplets together with quarks and charged leptons, it is « natural »
that they have a mass.

The experimental knowledge of the neutrino masses and of the possible
mixing angles between the lepton families is less advanced than in the case
of the quarks. The masses of the muon-neutrino and tau-neutrino are known
t0 be less than 0.49 MeV [73] and 70 MeV [74], respectively. There is an ex-
perimental determination of the mass of the electron-neutrino, obtained from
the measurement of the spectrum of the beta-decay of tritium, corresponding
to 20 eV < m, << 45 eV [75], but this result must be confirmed by other ex-
periments.

If neutrinos are massive, their weak (flavour) eigenstates » are linear com-
binations of the mass eigenstates »,[76]:

(5.1) M == :2 Uyv; f=eu7.., t=1,2,3,...),

where U, are the elements of a unitary matrix.
The search for maggive neutrinos has been made by investigating

1) the decay of mesons and nuclei,
2) the decay of magsive neutrinos in neutrino beams,
3) the oscillation of neutrinos and
4) the double beta-decay of nuclei without neutrinos in the final state.
The last process is sensitive to the spinorial nature of neutrinos.
The measurement of the neutrino mass is important also for cosmological
arguments. Stable neutrinos with masses of a few electronvolt ean explain

the large part of the Universe mass {~ 90 %,) which is not of a baryonic nature
(the so-called dark matter of the Universe) [T7].

5°1. Studly of the decay of mesons and nuclet. — If neutrinos have a mass, the
speetrum of charged particles produced with the neutrino in meson and nucleus



48 G. BARBIELLINI and C. SANTONI

decays will be modified, compared with the case of zero mass [76]. In partic-
ular, the end-point of the momentum spectrum will be moved to lower values.
In two-body decays, each mass eigenstate would show up as a peak in the
lepton recoil spectrum (fig. 31), with intensity proportional to [T, 12 In three-
body decays, the mixture of finite-mass eigenstates will cause kinks in the decay
lepton spectrum because each eigenstate will have a different end-point energy.
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Fig. 81. — Schematic of a charged.lepton specirum in meson decay M —{v if massive
neutrinos exist.

The most accurate investigation of neutrinos with masses in the range of
@ few electronvolt, produced with an electron, has been done by analysing
the energy distribution of the charged lepton produced in tritinm decay [75]:

(5.2) ‘H —3Hee 9, .

The @ value of reaction (5.2) is 18.6 keV. The experiment was performed. using
the ITEP magneto-electrostatic spectrometer. The source was contained in
molecules of valine (O4H,,NO,). The beta spectrum was scanned by varying
the electrostatic field of the spectrometer while the magnetic field was kept
constant. With this method there is no influence of detector efficiency on the
shape of the beta spectrum.

Since the electrons are accelerated to an energy of 22 keV, which is above
the end-point energy, the main background due to the tritium contamination
of the spectrometer is strongly reduced, allowing the investigation of the beta
spectrum up to = 25 eV below the spectrum end-point.

The energy resolution of the spectrometer has been determined experi-
mentally using monochromatic electron sources. The measured energy dis-
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tribution for 18.430 keV electrons is shown in fig. 32. The FWHM is 22.3 V.
The accuracy of the absolute calibration is 5 eV.

Figure 33 shows the measured Kurie plots in the range close to the end-
point for three sources of different thicknesses. The solid lines in the figure
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Fig. 32. — Resolution funetion corresponding to the energy F, = 18.430 keV [75].
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Fig. 33. — Kurie plots of experimental data close to the speetrum end-point measured.
with three sources (E;). The solid lines are the best fits with the valine final-state
spectrum. The dashed lines are fits with m, = 0.
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correspond to a fit to the data in the range E, > 16.8 keV, having as parameters
the neutrino mass m,, the end-point energy K, of the beta spectrum with
m, = 0 and a possible quadratic correction to the shape of the beta spectrum.
In the fit, the ecalculated wvaline final-state spectrum (FSS) was used. The
dashed lines in the figure show the expectations in the case of zero neutrino
mass. e e ,

The dependence of the experimental results on the assumption about the
FSS are reported in table V. The values are stable, changing the energy range
fit of the data.

TaBLE V. — Dependence of the m, and E, parameler fit on the FSS assumptions [75].

Parameters Valine Atom Nucleus

(eV)

my ‘ 34.8 4 1.9 30.9 + 1.5/— 1.6 13.8 + 2.5/— 3.5
B, 18584.2 4- 1.6 18580.5 4+ 1.3 18567.4 + 1.0

From the results reported in table V the authors obtained the model-
independent result

(5.3) my, > 9 &V (90% c.1).

The most realistic result is the one coming from the valine FS8S model; it cor-
responds to

(5.4) 20 6V < m,, < 45 €V (90% e.l.).

The value of Mg — May, Obtained using the valine FSS assumption ((18603.6 4
+6)eV) is in good agreement with a recent high-precision measurement
((185994-3) eV) [78].

Assuming the existence of two massive neutrinos with mass m, and m,,
the limits on the mixing angle U, as a function of m, are shown in fig. 34.
In the fit, m, was fixed in the range (0--1.5) keV. The values of m,, and E,
obtained from this analysis. do not differ much from the values obtained with
the single mags fit.

A number of new tritium experiments are starting to take data or are being
set up (for a review, see [7 9]). The most significant results should come from
experiments that use tritium in the form of free atoms, for which the final
states are well known [80].

A limit on the mass of the neutrinos produced with the muon in the = decay
has been obtained at SIN, measuring the muon momentum from pions decaying
in flight in the very forward direction [81].

To minimize the systematic errors, the 7~ and u~ momenta were measured
in the same spectrometer, which consists of a 21° C-shaped magnet and four
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Fig. 34. - Limits at 90% ¢.l. on |U,|* as a function of m,, obtained by the ITEP
experiment [75]. '

very thin spark chambers. The decay angle was measured with two sets of
proportional chambers, and the decay point by the time-of-flight technique.
The neutrino momentum, as determined from the vector difference between

pion and muon momenta, was ther compared with the momentum expected
for a zero-mass neutrino; the limit obtained was

(6.5) my, < 0.50 MeV (90 % e.l.).
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Fig. 35. — The 3w#r® invariant-mass distribution. The curve is for my, = 0 and the
agsumption that the four-pion state is dominated by the p’ resonance.
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A. second measurement. comes from a study, again at SIN, of pion decay
at rest [73]. The measurement of muon momentum gave

(5:6) P, = (29.7873 1-0.0008) MeV .

Combining this result with the pion mass measurement [82], the limit obtained
on the neutrino mass was

(5.7) m,, < 0.49 MeV (90 % c.1.)-

An upper limit was.set on the mass of the neutrinos produced with the -
lepton, studying the four-pion invariant-mass distribution in the deecay

(5.8) T —> 3wty

T lllllll
e

—8 | |
0 100 200 300
m, (MeV)

Fig. 36. ~ Limits on [U,}? at 909, c.l. as a function of my, from 4) =, decay at SIN [83];
B), B') K,, decay at KEK [84, 85]; O) K, range at KEK [86]; D) K - pviv decay
at LBL [87]; E) BEBC beam-dump experiment [88].
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in the MARK. II detector at PEP [89]. This decay mode is sensitive to the v,
mags, since the invariant mass of the four-pion state approaches the v mass.

Figure 35 shows the measured invariant-mass distribution. The spectrum
in the range m,,> 1.5 GeV, containing 22 events, was compared with the
expected behaviour for different values of the neutrino mass and different
assumptions about the four-pion state. After including uncertainties in back-
ground, resolution and knowledge of the p’ mass and width, an upper limit
on the v, mass was obtained
(5.9)

m,_ < 143 MeV (95% c.L).

Recently the ARGUS Collaboration meagured the v, spectrum in the decay
into 3mv, of r-leptons produced near Vs = 10 GeV in DORIS II at DESY.
From this energy spectrum an upper limit was derived [74]:

(5.10) m,, < 70 MeV (95%, ¢..):
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Fig. 37. - Momentum spectra of et as measured in the KEK. experiment [84]. The
momentam dependence of the detector acceptance is also shown. O Veto out, -a veto
in, - detector acceptance, :
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New results in the search for heavy neutrinos in K, decays have recently
been obtained at KEK [84]. This experiment is sensitive to neutrino masses
in the range of a few hundred MeV. No distinct peaks were observed in the
muon spectrum below the peak corresponding to & zero neutrino mass, leading
to the constraints in the plane |U,,|*m, shown in fig. 86, where previous
results obtained in the same detector are also shown [85]. Because of the better
resolution the lower end of the neutrino mass was reduced to 40 MeV. The
same figure shows the limits from different pion, kaon and neutrino decay
experiments [83, 86-88].

In the KEK experiment [84] the electron spectrum of XK decay was also
measured. Figure 37 shows the et spectra with and without photon veto (the
veto allows rejection of the background due to the Kt -— etvn® decay). There
is no significant peak in this spectrum either. Constraints on |U,,|* obtained
from the same experiment in the mass range between 140 and 350 MeV are
shown in fig. 38, as well as limits obtained from. other experiments [90-94].
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Fig. 38. — Limits on |U,[? at 90% c.l. as a function of the neutrino mags obtained
from 4) a WBB CHARM experiment [93], B) a BD CHAEM experiment (F decay) [93],
0) a BD CHARM experiment (D decay) [94], D) solar-neutrino experiments [90],
B) measurement of the branching ratio- of the = — ve decay [91], F') measurement of
the electron spectrum in = —> ve decay [91], @) measurement of the branching ratio
K —+ve [92], H) measurement of the electron spectrum in K decay [84].
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52. Decays of heavy neutrinos. — If heavy neutrinos exist, a neutrino beam
can contain, in addition to its major part of light neutrinos, & minor quantity
of heavy ones [95]. As shown in fig. 39, such neutrinos may have originated
in the decay of pseudoscalar mesons M (x, K, D, F, ...), produced by the inter-
action of protons with the target. Neutrino decays in the detector were
looked for.

r et
[ — 2/,4 / _
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M ™ i >

target detector

Fig. 39. — Production and decay of heavy neutrinos.

The production rate of heavy neutrinos compared to that of zero-mass
neutrinos is [76, 95]

(M —>v,[miX)

(5.11) T =, [0]IX) o|Uyl2.

The factor ¢ depends on the neutrino mass m. In the case of purely leptonic
decay, it takes into account the fact that for finite neutrino mass there is less
suppression due to helicity conservation than there is in the case of a zero-
mass neutrino (e.g., for a neutrino mass of 200 MeV, ¢~ 10°in the case of the
K —ev decay and g~ 4 for the K — uv decay).

Neutrinos with a mass larger than a few MeV can decay into a light neutrino
and two electrons. For neutrinos with larger masses, other decay channels
are open (v; — epy, v; = e, ...).

The number of heavy-neutrino decay events expected in the detector ex-
posed to a heavy-neutrino flux ¢ is given by
(56.12) N, =P

doc 7 [Ul'i U!ilz ’
where P, is the probability for the neutrino to decay in the detector; for a
decay path much longer than the length L of the detector, P, is proportional
to L. In eq. (5.12), U,, and U,, are the neutrino mixing angles, defined in
eq. (8.1), entering into the meson and the heavy-neutrino decay probability,
respectively.

In the case of the decay

(5.13) v; = etey,,

the partial lifetime 7 can be obtained from the p. lifetime according to the
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expression

(5.14) 7, = (my[m ) v, /U |

Limits on |U,,|* and |U,, U,,| in the mass range 10 to 490 MeV have been
set by the CHARM Collaboration searching for the chain of events

(5.15) m K —=v;e(v,p), v; > etey,

in a neutrino WBB experiment [93]. The events induced by the chain (5.15)
would appear in the fine-grained CHARM calorimeter as muonless narrow
showers; this is a characteristic of electromagnetic showers, with a small angle
0 between the shower axis and the direction of the incoming neutrino beam
and with two minimum-ionizing particles at the shower origin. The results
of this analysis are presented as constraints at 90 % e¢.1. in the plane IUei]Z—mvi
and are shown in fig. 38. An upper limit of ~ 106 on the square of the neutrino
mixing angle was obtained for neutrino masses around 180 MeV. For
[Uy|* > 0.1 this experiment is not sensitive to neutrino masses larger than
350 MeV owing to the attenuation of the v; beam by its decay along the path
(~ 900 m) from the target to the detector. Similar limits were obtained for
]ULLZ Uei"

The same collaboration also performed a dedicated search for the decay
(5.13) in a neutrino beam, obtained by dumping 400 GeV protons on a solid
copper target at the CERN SPS beam-dump (BD) [93]. Such a beam containg
a -larger fraction of neutrinos produced by short-lived high-mass particles
(D, F, ...) than are contained in WBBs. Search for high-mass neutrinos (up
to 1.6 GeV) can then be done with good sensitivity.

To minimize the background due to the neutrino interactions, the neutrino
decays have been searched for in any empty region 8 X3 x 35 m?® (fig. 40) parallel
to the CDHS and CHARM neutrino detectors exposed to neutrinos produced
by 2.4:10% protons on target.

None of the 21000 events collected satisfied the expected signature of a
heavy-neutrino decay into two electrons (one or two electromagnetic showers
with their origin in the decay region). This absence of candidate events can
be translated into a model-dependent limit on |U,|* (fig. 38) assuming that
the v produced via F decay couples mainly to a single-mass eigenstate neutrino.
This assumption is justified by the present limit on the mass of newtrinos
produced in 7 decay (formula (5.9)).

Assuming the decay chain

(5.16) D—lv; (D—-Klv,), v,~etel ,

with { = e and g, a model-independent limit on the neutrino mixing angle
equal to 107 has been obtained for neutrino masses around 1 GeV [94] (fig. 38).



EXPERIMENTAL STATUS OF WEAK INTERACTIONS 57
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Fig. 40. — Layout of the decay beam-dump experiment of the CHARM Collaboration:
8C1 and SC2 are scintillator planes (S8C1 was used as a veto); P1 to P5 are sets of four
planes of proportional drift tubes. The calorimeter module is 6 radiation lengths deep.

Because the heavy neutrinos can decay before reaching the detector, which
is about 500 m from the target, the sensitivity of this experiment for large
mixing angles is limited to small masses (é.e. for |U,,[? > 10~ it is sensitive to
m,, < 1000 MeV and for |Uy,[* > 10~* to m, <1500 MeV).

In the same beam a BEBC Collaboration [88] has searched for the decay
chain

(5.17) F—->vr, v;,—pev.

Candidates for events induced by processes (5.17) have only one positively
and one negatively charged track. In the analysis, electron and muon identi-
fication in unnecessary since the requirement m,, << 250 MeV is sufficient to
eliminate all candidates.

The limits shown in fig. 36 were set, assuming that the weak eigenstate v,
couples mainly with a single-mass eigenstate »,.

Heavy neutrinos produced via a NC flavour-changing interaction [96],

(5.18) YN —=v, X,
and decaying into a muon and hadrons,
(5.19) v = pX,
were searched for in the CHARM calorimeter [94].
The topology of the events induced by reactions (5.18) and (5.19) wouid

show up as two showers separated by a gap in the longitudinal direction and
with a muon pointing to the vertex of the second shower.
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The search for two showers in the CHARM detector imposes a short decay
path (~ 12 m) and the experiment is sensitive to masses of ~ 2 GeV. The
sensitivity to larger masses is limited by the threshold in the heavy-neutrino
production and by the experimental acceptance.

One heavy-neutrino candidate event was detected, whilst the expected
background due to the superposition of uncorrelated events oceurring in the
trigger gate time was 1.9 events. From this result the limits on [U,* as a
function of the neutrino mass shown in fig. 41 have been obtained.
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Tig. 41. ~ Limits at 909 ¢.l. on [Uyil? as a function of the neutrino mass obtained by
the CHARM Collaboration looking for heavy neutrinos produced in the detector by
the reaction w,N° — v, X and deeaying in the calorimeter into a muon and hadrons.

In the near future, improvements of 1 or 2 orders of magnitude in the mass
range 10 to 450 MeV are expected from the CHARM Collaboration, which
exposed the decay detector to the neutrino WBB, and from an experiment
performed at the low-energy PS neutrino beam at CERN [971.
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5'3. Neutrino oscillation. — If neutrinos have different masess, the mass
eigenstates »; evolve in time as exp [—4E;], where B, is the », energy [98].

In the case of two weak eigenstates v, and v, and two mass eigenstates
», and »,, eq. (6.1) can be written, as for the quark case, in the form

o= €080y, + 8in 0Oy, ,
(5.20)

yp = — §in fy, + cos Oy, ,

where 6 is the mixing angle.
In this case the probability to have v, at a distance L starting with v, of
energy F is given by

(5.21) P(va—> v5) = sin? 26 sin® (1.27Am2L|E) ,

where Am? is the difference between the squares of the two neutrino masses
(Am? = |m? — m2]). In eq. (3.21) the masses are in eV, the distance L in
km (m), and the neutrino energy in GeV (MeV). The term. gin? 26 is the am-
plitude of the oscillation, and @ = L/H gives the range of masses to which
the experiment is sensitive. The maximum sensitivity is achieved when
1/Q ~ Am?. Equation (8.21) is true in the limit m,, m, < E.

In the case in which no effect has been detected, the limit on P(v, — )
sets correlated limits on the variables sin? 20 and Am? according to eq. (5.21).

For sin? 26 == 1 the minimum detectable value of Am? is given by

.P('Voc —> 'Vﬁ)*

(5.22) Am? = 1.970

For large Am® (Am?>>1/Q) the finite size of the source and of the detector
average out the oscillation, and the limit on sin® 20 is given by

(5.23) 8in? 20 = 2P(va — vg) .

Two kinds of experiments have been performed. Experiments looking for
the « appearance » of some neutrino type vgin a relatively pure beam of another
neutrino type v, are also called «exclusive». They check the mixing between
two types of neutrinos. The sensitivity is limited by background and by the
contamination of v, at the source.

The «inclusive » or « disappearance » experiments look for the disappearance
of a particular neutrino flavour. They check the mixing of this type of neutrino
with any other neutrino type. The sensitivity is limited by the systematic
unecertainties in the knowledge of the initial flux of the neutrino beam. To
minimize this error, the ratio of the interaction rate measured with two detectors
placed at different distances from the neutrino source is compared with the
expected ratio in the case of no oscillation. Using two detectors the sensitivity
is limited atlarge Am? when the oscillation term averages to 0.5 in both detectors,
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5'3.1. The appearance experiments. In the BNL-Columbia exper-
iment the mixings v, —v, and Vy =V, have been investigated in a neutrino
WBB experiment at FNAL using the 15 £t bubble chamber [99]. The detector
was placed (12004-200) m away from the neutrino source. The dominant
component in the beam consisted of v, from = and K decay with an energy
spectrum peaking around 30 GeV.

The v, —v, oscillations were investigated looking for v, in the beam in
excess of the expected v, flux from K, decays. The measured number of v,
interactions from anomalous v, sources is — 85 +-230. Comparing this number
with the total number of v, interactions (69000 4+4000), a limit of 3:10-2 at
90 % c.L for the v, — v, oscillations is obtained. The measurement also allows
a limit to be set on v, >, by considering the process v Ne-+1-X, followed
by the decay v~ — e*v,9,: The limit obtained is 2-10-2 g 909 ¢.l. The cor-
responding limits in the plane Am2-sin® 20 are shown, together with other
results, in fig. 42 (v =>v,) [99, 100] and fig. 43 (Ve —>v,) [99, 101-103].
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Fig. 42. - Limits on the plane Am2-sin220 at 90% c.l. from the search for Yy, —> Y
oscillations performed by 4) an emulsion experiment [100] and B) the BNL-Columbia
bubble chamber experiment [99] at FNAL.

Another search for the oscillations of v, Into v, was performed with a hybrid
emulsion spectrometer exposed to the same beam [100]. The spectrometer
consists of a 231 nuclear-emulsion target, drift chambers on both sides .of
a large-aperture analysis magnet, time-of-flight hodoscopes for triggering and
charged-particle identification, a lead-glass array, a coarse-grained hadron
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Fig. 43. — Limits on fhe plane Am2-3in220 at 909 c.l. obtained from the search
for the v, — v, oscillations performed by A4) the BNL calorimeter experiment [103],
B) the BNL-Columbia bubble chamber experiment [99], ) the APPW experiment
at BEBC [102], D) the CHARM experiment [101].

calorimeter and two banks of counters behind steel for muon identification.
The spectrometer was placed about 770 m from the neutrino source.

The interactions v, N° —1-X were searched for in a sample of 1241 neutrino
interactions. The signature of the t-lepton is its short lifetime (=~ 3-10-%g)
corresponding to a mean decay length of a 500 pm detectable in the nuclear
emulsion. No candidate event was found, giving a limit of 0.63 9%, at 909, ¢c.l.
on the probability for a v, to oscillate in v_. This result corresponds to the limits
on the plane Am2-sin® 26 shown in fig. 42.

The CHARM Collaboration looked for the appearance of v, in a beam of v,
using two detectors running simultaneously [101]. The v, were obtained by
7 and K decays produced by a proton beam of 19.2 GeV extracted from the
CERN PS. Since there are no magnetic elements behind the target, the
neutrino flux scales approximately as 1/L? (L = distance from the neutrino
source) for small angles. The mean neutrino energy is (&, = 1.5 GeV. The
estimated initial contamination of v, is less than 0.5 %,

The close detector was placed at a distance L = 123 m from the target
and the far one at L = 900 m. Figure 44 shows a sketch of the neutrino beam
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and of both detectors. The computed neutrino and antineutrino fluxes are
also shown.

The v, and v, CC events were identified in the two detecors. The v, events
were characterized by a elear isolated track originating in the detector volume,
accompanied by at most some small hadronic activity at the origin; the v, CC
events were characterized by a narrow and compact shower.

16
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no. ofevents
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Fig. 45. — Distribution of the electron energy of v, candidates in the close (| |) and
in the far (7)) detector observed in the CHARM experiment [101].

The observed distributions of the electron energy of v, candidates, 19 in
the far detector and 66 in the close one, are shown in fig. 45.

Subtracting the ratios of events identified as v, and v, CC events in the close
and in the far detector,

(5.94) {Rc = (Ve/Vyp)o = [9.2 + 1.1 (stat.) + 1.1 (syst.)]% ,

Ry = (vo/Vu)p = [8.9 4 2.0 (stat.) - 1.0 (syst.)1% ,

one obtains an upper limit of 2.7%, at 90 9, c.1. for the amount of v, — v, oscil-
lation between these two detectors.

The comparison of the two electron candidate energy spectra (fig. 45) by
a maximum-likelihood method, taking into account the computed beam energy
spectrum and detector acceptances, provides the 909, c.l. limits shown in
fig. 43.

Preliminary results on v, — v, oscillations have been obtained by an APPW
Collaboration using BEBC filled with a Ne-H, mixture [102]. The bubble
chamber has been exposed to the low-energy horn-focused, PS neutrino beam
(CH,> = 2.5 GeV). The detector was about 850 m away from the target.

The results, corresponding to one quarter of the final statistics, are shown
in fig. 43.

A search for v, — v, oscillations has been also performed at BNL measuring
the reactions

(.25) v —>e]p
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and
(5.26) VL = pp
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Fig. 46. — Plot of the flux ratio olE(v,)]/9[E(v,)] vs. B, [103]. The points represent
the data; the solid line is calculated from a neutrino beam program.

in a detector located at 96 m from the neutrino source [103]. The mean neutrino
energy was 1.5 GeV. Two samples of 418 events induced by reaction (b.25)
and of 1370 events induced by reaction (5.26) were measured. These meas-
urements yield directly the energy-dependent ratio of the neutrino fluxes
(fig. 46). The difference between the measured ratio and the ecalculated one
a8 a function of neutrino energy is shown in fig. 47. It is clear that no evidence
for the oscillation v, —v, is present. The region in the Am?-sin® 26 space
excluded with 909, c¢.l. by this experiment is shown in fig. 43.
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Fig. 47. — Plot of the difference between the observed and calculated flux ratios
vs. By (from ref. [103]).

5'3.2. The muon-neutrino disappearance experiments. A search
for inclusive v, oscillations has been performed in the FNAL neutrino NBB
using two detectors running simultaneously at two different distances from the
neutrino source [104].
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Each neutrino detector consisted of a target calorimeter instrumented
with scintillation counters and spark chambers, followed by an iron toroidal
muon spectrometer. The close detector was located about 700 m from the
target and the far detector at about 1100 m. The NBB configuration and the
two detectors of the CCFR experiment are shown in fig. 48.
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Fig. 48. — Layout of &) the NBB and b) the close (Wonder Bldg.) and far (lab. H)
detectors of the CCFR experiment [104].

Charged-current v, events were detected. In order for an event to be ac-
cepted, it was requested that the same event, when projected into the other
detector, should. also have triggered and passed all cuts. Events with total
energy between 30 and 230 GeV were collected. The oscillation results were
obtained, comparing the number of events in each of the two detectors as a
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function of the neutrino energy. The data are consistent with there being no
oscillation. The corresponding limits at 909, c.l. on the plane Am?2-sin? 20
are shown, together with those found in other experiments, in fig. 49 [101,
102, 104, 105].
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Pig. 49. — Limits on the plane Am?2-5in220 from the search of the oscillations
v, = vg performed by - the CCFR experiment [104], ——~ the CDHS experi-
ment [105], — — — the CHARM experiment [101], —.—.— the Serpukhov experi-
ment [102].

The disappearance of v, has also been searched for by the CDHS Coilab-
oration at the bare-target PS mneutrino beam at CERN [105]. Two detectors
were used, located 180 m and 885 m from the target. This experiment was
sensitive to CC interactions for neutrino energies between 1 and 7 GeV, with
an average of 3 GeV. The energy of neutrino events has been determined, meas-
uring their projected range in iron along the detector axis.

After selection, about 22000 events with a contamination of 50 cosmic-ray
events were measured in the close detector. The corresponding rates in the
far detector were =~ 3300 neutrino and 290 cosmic-ray events. Figure 50 shows
the ratios of the event rates in the close and in the far detector as a function
of the event range in iron, corrected for the change of the neutrino flux between
the two detectors. Also shown are curves indicating the expected behaviour
of these ratios in the case of oscillations, for different choices of Am? and sin? 26.
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Fig. 50. — Ratio of the Monte Carlo corrected event rates in the close (front) and far
(back) detectors of the CDHS experiment as a function of the projected range in iron [105].
The curves indicate the expectation for differents values of the neutrino mass and of
the mixing angle: solid line, Am?= 1 (¢V)2, sin220= 0.2; dash-dotted line, Am2=1 (eV)2,
sin?20 = 1; dashed line, Am?= 16 (eV)?, 8in%20 = 1; dotted line, Am2= 32 (eV)?,
8in220 = 0.2. ¢ Type-I modules, o type-II modules.

However, the data show no significant sign of an oscillation. Limits on the
oscillation parameters Am? vs. sin? 20 from this experiment are shown in fig. 49.

The disappearance of v, was also investigated in the CHARM experiment
at the same beam [101]. The analysis is based on a sample of 2000 and 270 CC
events collected in the far and in the close detector, respectively. The average
energy of the selected events was 1.5 GeV. The events were subdivided into
bins of the projected length I, and in each bin the observed ratio r,, of the
far to close detector rates per unit fidueial mass was computed.

In fig. 51 the measured ratio is compared with the expected one (r,, ). The
results of this search are compatible with there being no disappearance of muon-
neutrinos. The 909, ¢.l. limits are shown in fig. 49.

Results on v, oscillations have been obtained by an IHEP group at Ser-
pukhov [102]. The disappearance of v, was investigated, comparing the meas-
ured rate of CC events in a single detector with the expectations of the standard
model. No - deviation was found. The corresponding limits on the plane
Am2-sin? 20 are shown in fig. 49.



68

G. BARBIELLINI and C. SANTONI

average CC v energy(GeV)
1.26
114 1.30 1.76

SR B

i 1 § 1 1 i i i I
0’50 10 40 50

20 30
projected Llength | (subunits)

Fig. 51. — The ratio 7,,/r.,, measured in the CHARM disappearance experiment as
a function of the length ! (in number of detector subunits) of the events [101].

For a discussion of future experiments on neutrino oscillations at accelerators,
see [106].

5'8.3. The electron-antineutrino disappearance experiments.
The oscillation of 9, has been investigated in reactor experiments. The experi-
mental method is baged on the detection of the reaction

(5.27) V.p —etn .
1.0
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Fig. 52. — Experimental positron spectra measured at 45.9 m (solid line and left scale)
and, 37.9 m (dashed line and right scale) from the reactor neutrino source in the Giosgen

experiment [107]. The curve represents the predicted positron spectra assuming no
oscillation.
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A recent experiment has been carried out, exposing to the power reactor at
Gosgen (Switzerland) [107] a detector consisting of a sandwich of scintillation
cells and *He wire chambers. A correlation in time and position between a
positron and a neutron in the detector is required as a signature for a neutrino-
induced event. In fig. 52 the positron spectra measured at two distances
(L = 37.9m and 45.9 m) from the reactor core are compared with the spectra
predicted for the ecase of no oscillation. The ratio of the fluxes at the two dis-
tances is

(5.28) R =1.0140.03 (stat.) - 0.02 (syst.),

consistent with the absence of oscillation.
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Fig. 53. — Curve A) represents the liraits at 909 c.l. on Am? ag a function of sin?20
obtained, in the Giosgen experiment [107] (V,— vx), using the data collected with the
detector placed at 37.9, 45.9 and. 8.76 m from the reactor core. Curve B) represents
the limits, obtained in the same experiment, using also the computed reactor spectra.
The shaded area () defines the allowed region at 95.49, c.l. obtained by the Bugey
experiment [108].
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A comparison of the spectra obtained at 37.9, 45.9 and 8.76 m from the
core gave the limits at 90 9 c.l. shown in fig. 53. The measurement at 8.76 m
was performed, exposing essentially the same detector, at the 233U reactor
of the Laue-Langevin Institute in Grenoble. Sensitivity to larger values of
Am? can be obtained by including in the analysis the information on the reactor
neutrino spectrum. The limits are shown in fig. 53.

The energy spectra of electron-antineutrinos have also been measured at
two distances, 13.6 and 18.3 m, from the core of a power reactor at Bugey
in France [108]. The detector consists of five planes of six target cells each,
filled with lignid scintillator sandwiched between four 3He wire chambers.
The liquid scintillator serves as a free proton target, prompt positron calorimeter
and neutron moderator. The thermalized neutrons are detected in the He
chambers.
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Fig. 54. — Ratio between the event yields measured at distances of 13.6 and 18.3m
at the Bugey reactor experiment as a function of positron energy, corrected for solid-
angle difference and the fuel burn-up effect [108]. The dashed line shows the expected
ratio for Am2= 0.2 (V)2 and sin2%20 = 0.25.

The ratio of the experimental yields as a function of positron energy is
shown in fig. 54. All the data points are higher than unity by 109, and the
ratio of the integrated yields from 1.5 to 6.5 MeV is

(5.29) B =1.102 4 0.014 4 0.028 .

A chi-square test for the ratio of the integrated yields has two allowed regions
around 0.8 (eV)? and 0.2 (eV)2. Combining these results with the limits from
the two positions of the Gosgen experiment, a region around Am? = 0.2 (eV)?
and sin® 26 = 0.2 is selected (fig. 83). The limits obtained by the Gosgen
results, comparing the measured et spectra with the predicted ones, are more
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stringent (fig. 53). From the ratio of the experimental yields (fig. 54), the non-
oscillation case cannot be excluded.

The Gosgen experiment is continuing to take data with the detector placed
65 m away from the reactor core. This measurement would be sensitive to
the region in the plane Am?-sin?20 indicated by the Bugey experiment.

5'4 Double-beta-decay experiments. — The experiments described until now
are not sensitive to the spinorial nature of neutrinos. The neutrino may be
a Majorana particle (the neutrino and the antineutrino coincide) or a Dirac
particle (the neutrino and antineutrino are different particles). In the first
case the lepton number is not conserved.

The neutrinoless double beta-decay (BR),, of isotopes of atomic mass 4
and atomie number Z,

(5.30) [4, Z] - [4, Z + 2] + 2,
n N
"
e
v=v X

n P
Fig. 55. — Neutrinoless double beta-decay diagram.

can oceur only if neutrinos are Majorana particles. As shown in fig. 35, in fact,
reaction (5.30) violates the lepton number conservation, requiring that the
virtual 9 from the first e~ emisgion be reabsorbed as a v in order to permit a
second e~ to be emitted. The reabsorption is possible only if the neutrino
has a mass or if the OCs have a right-handed component (RHOC). The limits
on the rates for (88),, decay can be turned into correlated limits on the neutrino
mass and on the RHC.

If the (8B),, decay is observed, the single-electron energy spectrum and the
two-electron angular correlation can distinguish the two effects. The 0F — 2%
transition is possible only through right-handed currents, whereas the 07 — 07
transition is possible in both mechanisms [109].

The Lagrangian describing process (5.30) is given by [110]

(5.31) L(BB)OV = (G/\/Q Cos 00) [eryuvn(tny*dy + NerUry*dr) +
+ €xYu V{{("?RRaRyudR + WRLaLV”dL)‘] ?

where 7,5, 7y, and 75, arve the couplings of the right-handed currents.
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The decay rate of reaction (5.30) can be written as [111]

(5.32) F(BB)ov = g2l | M. |?,

where M, is the Gamow-Teller matrix element, F' | is a kinematical factor,
and e is the lepton-number-violating amplitude. In the case in which the
(BR)gy decay is due to the mass mechanism alone and only one massive neutrino
contributes, then ¢ = ¢m?, where ¢ is a constant for a given (Bg),, decay nucleus.

Neutrinoless double beta-decay has been investigated in a large number
of geochemical and counter experiments using elements such as *Cu, *Ge,
8¢, Mo, 3Te and %Nd. No clear evidence for this decay has been found.

The interpretation of the experimental results in terms of limits on the
neutrino mass and on the RHC is made difficult by the theoretical uncertainties
in the computation of the transition matrix elements M, 1112-114].

In the geochemical experiment the accumulation of double beta, products
over geological time periods (a 10°y) is measured. Such experiments are
very sensitive but do not distinguish between reaction (5.30) and the double
beta-decay with two electrons and two neutrinos in the fingl state [(8),,]:

(5.33) [4, Z] —[4, Z + 2] + 26 4 2v .

The experimental limits on the (BB),y half-life, at two standard deviations, ob-
tained from the geochemical measurements, and the corresponding values of
the mass of neutrinos computed according to the models [113, 114], are re-
ported in table VI [111]. The table also shows the limits on m, obtained by
deriving the matrix elements from the geochemical data themselves.

TaBLE VI. — Ewperimental limits on the half-life of the (BB)ey decay and the corresponding
limits on my from geochemical experiments.

Decay Energy T, m, [114] m, [113] my (%)
transition (MeV) (years) (eV) (eV) (eV)
130Te — 130X 2.53 > 2.15-1021 < 9 < 46 < 107
128T¢ - 128X e -0.87 > 8.0 -102¢ < 1 < 2 < 9
828¢ —» 82Kr 3.00 >1.1 -102°0 <74 <76 <176

(@) Matrix element computed from geochemical data [1111.

Assuming that | M| is equal for the (BB)oy decay of 12Te and 0Te[115],
the following limit has been obtained [116]:

(5.34) my < 5.7 eV .

In the counter experiments it is in principle possible to distinguish between
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the (8B),, and (BB),, and also between the 0% — 0" and 0" — 2% transitions.
The most stringent limits come from the Mont Blanc experiment [117]. The
set-up consists of two heavily shielded Ge(Li) crystals, with a fiducial volume
of 115 cm® and 145 cm®. A, fraction of the germanium isotopes (7.769%) is
double-beta-decay active. Neutrinoless decay would manifest itself in a sharp
line at 2040.9 keV (0% — 0% transition) and at 1481.8 keV (0+ — 2% transition).
The energy of the two electrons is measured with a resolution of 1% at 1 MeV.
The (8B),, decays would produce a continuum spectrum superimposed on the
background.

The main sources of background are cosmic rays, natural radioactivity
of the environment and the internal radioactivity of the elements assembled
in the detector. The background at 2 MeV gives 1.8-10~* counts per keV and
hour in the first crystal and 0.37-10-2 in the second.
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Fig. 56. — Energy spectrum as measured in the Mont Blanc experiment [117]. The
background estimate is shown..

No evidence has been found for the 0% — 0% and 0" — 2% transitions.
Figure 56 shows the spectrum obtained in A 13500 h of running time in the
region of the transition 0% — 0%,

The limits obtained for the 0 — 0% transitions were

T,>17.2-10% (68% ¢.l)
(5.35) { : v /o oL),

T,>3.5-1022y (909, c.l.);
for the 07 — 2% transition the limit was
(5.36) T,>1.2-102y (689 c.l).

From the result for the 0+ — 0+ transition, the following limits, at 68 % c.l.,
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were set:
My <b eV,
(5.37) Nerlfrn < 0.8-10~5,

Arelfdrr << 1.3-10-3,

In formulae (5.37), <{t>,, = >t UL U, where Ui, (U are the coefficients of
the expansions of the left (right) neutrino field coupled to the electron in terms
of the 2n Majorana mass eigenstates.

A search for double beta-decay is being earried out in the low-background
laboratory of the Baksan Neutrino Observatory (URSS) using 5Nd [118].

The detector consists of four plastie-scintillator layers (50 cm %25 em x
x5 cm), each viewed by four photomultipliers. A method based on multi-
dimensional analysis allows a distinction to be made between (BB)gy and (BBR),,
events. The results are

T5(BB)v >1.3-101% y (95% el),
(5.38) Ty(BB)ov (mys~0) >1.2-1021 y (95% c.L),
Ty(BB)w (n7#0) >0.8-1021y (95% c.l.).

From the ratio of (8g),, and (Bg),, lifetimes, the values
(5.39) my<<29 eV  and 5 <2.2:-10-*

were obtained, independently of the nueclear matrix element.
The half-life of the 828e (BB),, decay was measured in an experiment performed
with a cloud chamber [119]. The experimental result is '

(5.40) Ty(BB)ay= (1.0 £ 0.4)-10v y ,

This resnlt is an order of magnitude smaller than the value obtained by geo-
chemical measurements (7, = (1.74-0.3)-102 y) [111].

The use of gas detectors would extend the study of double beta-decay
to other nuelei such as *¢Xe [117]. A comparison of the energy resolution of
the germanium detectors with that of gas detectors shows that the latter are
worse, but the background can be rejected on a topological basis.

From the results of the ITEP experiment (eq. (5.4)) and the Mont Blane
experiment (eq. (5.37 )), it is possible to conclude that the neutrinos are Dirac
particles when there is a total absence of neutrino mixing. In the most general
case of neutrino mixing in expression (5.32), the ¢ is a function of an effective
mass that could be smaller than the actual masses of neutrinos [120].

In the future, a big improvement to the present limits could come from the
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Santa Barbara-LBL experiment [121]. The detector, consisting of Ge erystals,
has a fiducial volume eight times larger than the Mont Blanc one. In one year
of running it would set a limit of 1:10% y on the transition 0% — 0%. In

the absence of right-handed currents this corresponds to a neutrino mass limit
of (1--2)eV.

6. — Low-energy investigations of neutral-current interactions.

6'1. Space-time structure of neutral currents. — The space-time structure of

the neutral currents can be determined in deep inelastic scattering of muon-
neutrinos on nuecleons,

(6.1) Y (V) W=V (5) X,

T

200

-

[42]

(=4
T

energy(GeV)

100

50

T

1 1 1 i
0 05 1.0 1.5 20
impact ratio(m)

Fig. 57. — Relation between the energy and the radial co-ordinate of the interaction

point of CC events as mesured in the CDHS detector exposed to the SPS 200 GeV
NBB [40].



76 G BARBIELLINT and ¢. SANTONI

studying the differential cross-section as a function of the y variable (see
definition (2.2)). Since the outgoing neutrino escapes detection, the y meas-
urement requires knowledge of the incoming-neutrino energy, and the ex-
periments have been made exposing the detectors to NBBs. In such a beam
the neutrinos are produced by decays in flight of n’s and K’s with a selected
momentum. The energy of the interacting neutrino is then determined, apart
from the n-K ambiguity, from the radial position of the neutrino interaction
in the detector (fig. 57).

It there are only V and A terms in the NC, a combination of & flat and
(1 — g)* term is expected to contribute to the differential cross-section. The
scalar (S) and pseudoscalar (P) terms would contribute equally to the neutrino
and antineutrino interactions; as in the case of OC interactions (2.6) they
would manifest themselves with a term proportional to Y2,

Results have been obtained by the CHARM Collaboration [122]. The
neutrino and antineutrino differential cross-sections on an isoscalar target
(a target with an equal number of quarks u and d) can be parametrized ac-
cording to

. dojdy = A[(1— &) + a(l— g)*] + By?,
(6.2) do3[dy = Ao + (1— a)(1— g)*] + By?,
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Fig. 58. — The differential cross-section, do/dy, of NC events after resolution unfolding
and acceptance correction: o 3, e v. The curves correspond to a two-parameter fit
(4 and o) [122].
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where o is the average fraction of antiquarks in the nucleon. The ratio B/A
gives the relative proportion of S and/or P, and V, A. A simultaneous fit of
eqs. (6.2) to the data (fig. b8) gives B/A = — 0.054-0.05, implying that

(6.3) Gap/95, < 0.03 (959 ¢.l.),
where g2, and ¢, are the 8P and VA total coupling strengths.

6'2. Flavour-changing neutral-current interactions. — In all experimentally
known processes involving NCs the flavour is conserved. In the standard
model, the absence of flavour-changing neutral currents (FCNCs) is accounted
for by the GIM mechanism [8].

The value of the ratio of the decay width of K} into two muons to that of
K+ into a charged lepton and a neutrino [123],

(6.4) TR — pru-) [ T(KE — t#v) & (4 4£1)-10-2,

represents strong evidence for the absence of FONCs,

The search for wrong-sign muons in inclusive neutrino reactions has placed
stringent limits on the cross-section of the flavour-changing reaction v,u — v,e.
The CDHS Collaboration [124] found

(6.5) (v, = v 0)[(v, N — v, X) < 0.026 (909 ¢.l.).
The IFIM Collaboration [125] obtained
(6.6) (@, = 9,e)/ (9N —9,X) < 0.04 (90 % e.1.).
This experiment searched for events with a single positron as a signature for
charmed-particle decay. The result (6.6) was arrived at assuming a branching
ratio Br (¢ — ety X) = 0.1.

At the SPEAR ete- storage ring, charm-changing NCs have also been

searched for in the decay of charmed particles [126]. It was found that

(6.7) I'(e — ete~X)[I'(c = etvX) < 0.02 (909, ¢.1.):

A search for Do-D° mixing has been performed at SPEAR [127]. Mixing
would lead to final states of DD or D*D? and hence to events with two electrons
of equal charge from their semi-leptonic decays. The search gave an upper limit of

(6.8) [N(e*et) -+ N(e—e~)]/N(ete™) < 0.05 (909 c.L).

Recently the CLEO Collaboration, studying the decay of beauty particles,



78 G. BARBIELLINT and C. SANTONI

has found [128]

(6.9) I'B —ete~X)/I'(B — all) < 0.003 (90 9% e.l.).

6'3. Determination of the fermion couplings to the Z°. — The NC coupling
congtants of the fermions to the Z° have heen determined in

1) the interaction of neutrinos with electrons,

2) the interaction of neutrinos with quarks,

3) the interactions of charged leptons with quarks and
4) the electroweak interference in ete~ annihilation.

6'3.1. Neutrino-electron scattering. The scattering of neutrinos
(Vu(\_'y.)’ v,(%,)) on electrons is of particular interest because of its theoretical
simplicity. The neutrino-electron reactions involve only free pointlike particles,
and the cross-sections can be computed in the standard model with high ae-

curacy [129].
The following reactions have been studied:

(6.10) Vo€ = V.8,
(6.11) Ve —J.e,
(6.12) YuB = g0,
(6.13) Vu€ =96 .

Reactions (6.12) and (6.13) are induced only by NC interactions; NCs and
CCs both contribute to the scattering of v, (¥,) on electrons.

For centre-of-mass energy /s < My, the Z° propagator is constant and the
ve interactions behave as pointlike four-fermion interactions. The cross-sections
of reactions (6.10) to (6.13) are proportional to the electron mass and, then,
for a given neutrino energy, 3-+4 orders of magnitude smaller than the v.N°
one. It follows that it is necessary to use high-intensity beams, massive de-
tectors and a good discrimination of the events with a single electron in the
final state to detect ve events.

The energy and the angle of the outgoing electron are related according to

(6.14) B.0: < 2m,.

At high energy the angle of the recoil electron is very small (e.g., for B =
= 15 GeV, 0, <8 mrad). Provided there is a very good angular resolution,
this feature can be used to diseriminate the ve events from the electromagnetic
background due to v-nucleon interactions, which has a wider angular distribution.

The Lagrangian for the muon-neutrino (-antineutrino)-electron scattering
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is given by
(6.18) Lbu® = (G/'\/Q) {'ﬁ,uL VuVurle(er) eLyuer + e(er)eryu eR]} .

Assuming lepton universality of the weak interactions, the Lagrangian for
the electron-neutrino (-antineutrino)-electron secattering Love (LOe) is ob-
tained from eq. (6.15) by replacing v, with v, and s(e;) with e(e;) +1 (the
coupling of the CC is equal to one).

In the approximation of zero electron mass, the angular-momentum con-
servation determines the differential cross-sections do/dy (y = E /E,), as shown
in fig. 2a) and b), where f==e, The weights of the left-handed and right-handed
electron currents are e(e,) and e(ey), respectively.

The integral cross-sections are

o(vue) = (262 Bym,[m) [e(er)® 4 e(er)?/3],
o(9ue) = (2G° Bym,[m)[e(ex)? + £(e1)?/3],
a(vee) = (26° Bym.[7) {[e(er) + 1] -+ e(er)?/3}
o(V.e) = (2G2Hym,[m) {e(e)? + [e(e) + 1]2/3} .

(6.16)

In the standard model e(e;) and s(e;) are functions of sin®0, (eq. (1.17)).
Figure 59 shows the dependence of the cross-sections (6.16) on sinz@_. For
sin? 6, = 0.25, a destructive interference of =~ 359, of the CC cross-section
is expected in the case of the v.e seatering and ~ 259, in the case of J.e.

The cross-section of the elastic scattering of electron-antineutrinos on elec-
trons, reaction (6.11), has been measured using a 15.9 kg plastic scintillator
target in a composite plastic Nal liguid scintillator detector exposed to a 9,
flux of 2.2:10% em~*s~* produced by a fission reactor [130]. The results re-
ported in table VII are given for two different electron energy regions.

TasrLr VII. — Resulls from the measurement of o(v,e) [130].

Energy bin v,6 events Oops/O(V — A)
(MeV)

1.5 to 3 59 + 14 0.87 + 0.25

3 to 4.5 1.2 4+ 0.25 1.70 4 0.44

The background was due to the inverse beta-decay (9,p — etn) and to the
interactions of neutrons and photons in the detector. The observation of the
et annihilation and the subsequent neutron capture allowed the rejection of
events due to inverse beta-decay. Neutron and photon contamination was
determined by varying the shielding, and was found to be less than 109,

The observed cross-section, even if not incompatible with ¥V — A, appears
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Fig. 59. — Dependence of vye, y,e, v.e, Ve cross-sections on sin26_ (g = 1).

to favour the standard model with sin? 6:,‘ == 0.29-+0.05, as quoted in ref. [130].
The interpretation of the result depends on the computation of the I, beam.
A new analysis of the data [131] gave a value of sin?§_ equal to

(6.17) sin2 6_ = 0.23--0.05 .

The allowed regions at 68 %, c.1. in the plane g:-g; obtained by the new analysis
are shown in fig. 60 together with the limits from the ete~ — {+{~ [132] (see
subsect. 6'3.4) and the v,e (3,e) cross-section measurements (see egs. (6.20)).

First evidence for events induced by the scattering of electron-neutrinos
on electrons (reaction (6.10)) has been obtained at LAMPF [133]. The neutrino
beam contains an equal number of v,, ¥, and v, which originated in the w+ —
— ptv, decay followed by the p* — e*j,v, decay. The maximum v, energy
is b3 MeV. The detectior consists of alternate layers of thick plastic scintillators
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Fig. 60. — Allowed regions in the plane of the vector g and axial-vector g3 coupling
constant ete” —{H~ (— — —)[132], from 9,e scattering [131] and from e (Jye)
scattering experiments.

and flash echambers to provide tracking information of the electron. It is sur-
rounded by an active anticoincidence shield to provide suppression of cosmie-
ray background. Preliminary results are. shown in fig. 61. The candidate
events are plotfed against the cosine of the electron recoil angle. In the region
cos 0 > 0.96, a signal of (20.317.3) events was obtained. This corresponds
to a cross-section

(6.18) o(vee)/By = [10.6 4- 4.6 (stat.) 4 1.9 (syst.)]-10—*2 cm?/GeV .

The indieation is that the interference of NC and CC contributions is not con-
struetive. From this measurement a preliminary value was obtained:

(6.19) §in? 6 = 0.27702

—0.18 *
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Fig. 61. - Candidate events vs. the cosine of the angle between the direction of the
recoil particle and that of the neutrino beam. Neutrino-electron scattering events
are expected to concentrate near cosf = 1 [133].

The measurements of the v,e and 9J,e cross-sections (reactions (6.12)
and (6.13)) have been performed with high-energy neutrino beams produced
in w and K decays. In such experiments the cosmic background is negligible
and the main source of background is represented by v interactions that can
fake a single electron in the final state. The signal is separated from the back-
ground using the fact that the electron in the v e (y,e) scattering is emitted at
a very small angle with respect to the direction of the incoming neutrino.

Table VIII shows the results obtained from the measurements of the neutrine
and antineutrino cross-sections [134-141]. The world averages of the ¢’s are

{(dv/Ev} = (1.55 - 0.20)-10-42 cm?/GeV,
(6.20)

Co5/Bs> = (1.26 - 0.21)-10-* em?/GeV

TaBrLE VIIL. — Resulls from the measurements of o(vee) and a(ye).

Neutrino N, = 206

Experiment Events 0y(10742 cm?/GeV)
AP [134] 7 1.1 4 0.6
GGM-SPS [135] 9 2.4 4 1.2/— 0.9
FNAL [136] 22 1.6 -+ 0.4
VPI[137] 34 1.4 + 0.4
CHARM [138] 83 1.9 4 0.6

E734 [139] 51 1.6 4+ 0.4

Antineutrino N,,,= 180

Experiment Events ¢y(107%2 cm?/GeV)
GGM-PS [140] 3 1.0 + 1.3/— 0.6
AP [134] 6 2.2 £ 1.0
CHARM [138] 112 1.5 £+ 0.5

E734 [141] 59 1.2 + 0.3
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corresponding, in the hypothesis of o =1, to

(6.21) sin? §_ = 0.224-0.03
and.
(6.22) 8in? § == 0.21t:;;g;,

respectively. The limits on the plane g5-¢; at 689 c.l. are shown in fig. 60.
The limits from neutrino and antineutrino reactions are represented by ellipses
that intersect in four regions. Making use of the equations

(6.23) {9%2 + g5 = (2n/Gm,) & [0,/B, + o551,

gy Xgs = (27n/Gm,) [0 /E, — o3/B5],

of the limits obtained from the measurement of the e cross-section [131]
and of the angular asymmetry of leptons in the reactions ete~ —{H- at PETRA
and PEFP [132], the following values of g; and g, were obtained:

S — — 0.494 - 0.026
(6.24) { o ’

g = — 0.050 - 0.052

The measurement of the ratio E = o(v,e)/o(V,e) allows the determination of
the weak angle in a way that is independent of g¢. The ratio B depends on
sin? 0 according to the expression

, 1—4sin20, 1 16/3 sin0,,
6.25 =3 .
( ) B 1—4gin20, + 16 sin 0,

As shown in fig. 62, around sin?0_= 0.25 the ratio R is very sensitive to
sin® 0 (A sin? 6, = (AR/R)/8).

If the two cross-sections are measured with the same detector, the ratio
R is affected by a small systematic error. In fact, the uncertainty on the ef-
ficiency of the criteria applied to select the v,e (j,e) candidates cancels, the
error in the background subtraction is strongly reduced, and the normalization
is done with the ratio of the neutrino and antineutrino fluxes, avoiding the
more difficult absolute flux measurement.

The value of sin? §_ was determined from the measurement of the muon-
neutrino and -antineutrino-electron scattering cross-sections at high neutrino
energies with a single apparatus, first at the CERN SPS neutrino beam ({¥,

& 30 GeV) by the CHARM Collaboration [138], and later, at low energy, at
the BNL AGS neutrino beam by the E734 experiment ((E,>~ 1.5 GeV)[141].

In the CHARM experiment the electron-hadron separation was based on
the different lateral profile of the showers. The E?0? distributions of the neutrino
and antineutrino candidate events, as shown in fig. 63, were used to separate
the signal from the residual background. The signal in the region K26 <
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Fig. 62. — Dependence of R = o(v,e)/oc(¥,e) on sin26,. The experimental result of
the E734 experiment [141] is compared with the standard-model prediction (curve),
allowing a determination of sin26,.

< 0.12 (GeV)? was calculated extrapolating the background from the reference
region (0.12 (GeV)? < E?62 < 0.54 (GeV)2).

The background events with electromagnetic showers in the final state
were produced by two sources: the quasi-elastic CC reactions induced by
v, (9,) contamination of the beam on nucleons, and the NC reactions with a

CHARM

200 400+

? (83t 16)events

o
320 7 (M2L21) events

240 é
160 E

8o Nc"«'};"-\\.‘x

L i !
36 060 084

no. of events
~
X o
' /&
f [

1 1 1 ' 1
012 036 060 084 _° 07 0o
£%6%[Gev)]]

Fig. 63. — E?6* distribution of a) vye and b) J,e candidate events in the CHARM
experiment [138].
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v and/or a n° in the final state produced by coherent scattering of v, (¥,) on
nuclei. Two signals, one of (831-16) v,e events and the other of (1124-21) e
events, were obtained. The normalization was done using the 3, quasi-elastic CC
events and the deep inelastic events collected during the two exposures.

w0 @) 30f~ b)
Y
g 30p] 20H
j o
S
S 20 1
%)
7
[ é 10 %
7y 7l
10 1 Jr
b
7 v, /
0 0.01 0.02 0 0.01 0.02
8 (rad)?

Fig. 64. — 02 distributions of @) y,e and b) v,e candidate events of the E734 experi-
ment [141].

In the E734 experiment the hadron interactions are rejected on the basis
of scanning criteria. The 2 distributions of the neutrino and antineutrino
candidate events having 210 MeV < B, < 2100 MeV are shown in fig. 64. The
signals of (514-9) v,e and (58 4-10) 6 were extracted in the region 62« 0.01 rad?,
subtracting the background normalized in the region 0.01 rad? < 62 < 0.032 rad?.
The background was assumed to be due to neutrino events with photons in
the final state and to events induced by the inverse beta-decay reactions. The
normalization was obtained using the v,n —u-p and %,p - un events col-
lected during the two beam exposures.

Comparing the measured neutrino and antineutrino cross-section ratio with
the expectations of the standard model (fig. 62), the following values of sin? 0,
were arrived at:

6.26 '8in2§, = 0,215 -- 0.032 (stat.) &= 0.012 (syst.) [CHARM],
(6.26) sin? 6, = 0.209 - 0.029 (stat.) 4= 0.013 (syst.) [E734].
The average value of sin?60_ obtained from the ratio measurements is

(6.27) sin? 6, = 0.212 4 0.021 (stat.) 4 0.009 (syst.).

The CHARM Collaboration also reported determinations of g, g5 and g2.
The measured value of ¢ is

(6.28) 0 =1.0940.09 (stat.) 4 0.11 (syst.) .
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The results for g; and g5 are shown in fig. 65. The limits from the reaction
ete” — {H~[132] and from Ve scattering [131] select a unique solution:

¢ = — 0.54 + 0.05 (stat.) 4- 0.06 (syst.
(6.29) {gA (stat.) (syst.),

gv = — 0.08 - 0.07 (stat.) £ 0.03 (syst.) .
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Fig. 65. — Allowed regions in the plane of the vector g5 and axial-vector g% coupling
constants from ete~ —{+~ [132], from the V,e scattering [131] and from the measure-
ment of the ratio B = a(v,e)/o(V,e) [138]: + CHARM experiment, —— 3,e scattering
limit, — — — ete~ — {H~ limits.

6'3.2. Neutrino-quark interactions.

6°3.2.1. Coupling constants of light quarks. ~ The light-quark NC couplings
were determined by studying the interactions of neutrinos and antineutrinos
with matter. Considering only V and A currents, the NC interactions of neu-
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trinos with quarks is described by the following effective Lagrangian:

(6.30) L = (G/V,Q) {%7# vile(uy) Uy 0y, + &(dy) gLy,udL +
-+ e(ug) Uz YVulzr + E(dR)aRy,udR]} .

The interaction Lagrangian can be also expressed in terms of the parameters
oy f,y and 9:

(6.31) L = (¢/v/2) {[Pyu(l + ye) v [Uyulec + Bys)w — dyule+ Pys) 4]+
+ L[Tyuly + Sys)u + dyuly + y5) a1} .

The quantities «, §, ¥ and § are related to the strong isospin properties of the
NC: « == (strong) isovector veetor coupling, [ = (strong) isovector axial-
vector coupling, y = (strong) isoscalar vector coupling and 4= (strong)
isoscalar axial-vector coupling. They are related to the chiral couplings ac-
cording to

(6.32) {8(’“’14) =tat+B+y-+9), e(ug) = 7};—(05 —B+y—9),
4

e(dy) = 211;(— a—pf+y+ ), g(dg) =

In terms of the weak mixing angle, we have

(0 = 1— 2 gin26, =1
(6.33) { b, f=1,

|y = — §sin20,, 6=0.

The NC coupling constants have been determined measuring the neutrino
(antineutrino) CC and NO deep inelastic cross-sections:

(6.34) Vu(B) N = (@)X, (G N =) X

At high momentum transfer the processes (6.34) are described by the inter-
action of neutrinos with quarks. We will give the expressions of the cross-
section in the ease of an isoscalar target, ignoring the contribution of heavy
quarks and assuming that the quarks in the nucleon are free.

The CC interactions are V — A and the y differential cross-sections are
(fig. 2a))

6.35 dovee/dy as (1 — a) 4 (1 — ¥)?,
(6.35) dovoefdy ~v (1 — o) (1— ¥)? + o .
The quantity « is the fraction of antiquarks in the nucleon.
In the NC interactions the neutrinos (antineutrinos) interact with both
helicity quarks with different couplings. The neutrino and antineutrino dif-
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ferential cross-sections on an isoscalar target are (fig. 2a), b))

6.56 {dU"Nc/dy ~ 8(qu)° [(1— &) + (1 — 9)*] 4 &(g)2[(1 — a)(1 — 9)2 -+ o],

(6.36) dowwe/dy ~ e(qn)[(1— 9)*(1— ) + o] + &(gg)* [(1 — a) - a(l—y)*],

where &(q)? = s(u,)? -+ e(dy)? and e(q,)? = e(uy)® + &(dg)®. From egs. (6.36)

it follows that the measurements of the NO neutrino cross-sections on an

isoscalar target do not allow a separate determination of the u and d couplings.
The integral cross-sections are

6.57 Myl ta,
(6.57) VO Lt 2,
and
O v 8(02)* [1 — §o] +- elg)? [} + ]
6.38 R
(6:59) {G”Nc ~e(qu)® (3 + Fod + e(g)?[1 — 2«]

Introducing the ratios R and R of the NC and CC neutrino and antineutrino
cross-sections and the ratio » of the antineutrino and neutrino CC cross-sections,
we get

G\)NO
R= —5 = olau)* + slgn)*x7,
(6.39) e
B = = elqu)? + elgu)fr,

where r = (1 4- 2a)/(3 — 2a) = ¢¥00/gvcc,

When the corrections due to the QCD interactions of the quarks in the
nucleon and to the contribution of heavy quarks are introduced, the largest
uncertainties in the determination of the weak NC coupling constants are due
%o the distribution of strange quarks in the nucleon and to the knowledge of
the mixing angle (3.2) defining the coupling of the s-qmnark in CC inter-
actions [142].

Another set of equations can be used to obtain the NC coupling congtants
of light quarks:

OYNC |- gVNC

(6'40) B = oveo L gioe

The quantities R+ are less affected by the experimental cuts applied to the
hadron energy in the analysis and by theoretical uncertainty (the sea contri-
bution cancels) than are R and E. The quantities B* and R~, known as the
Paschos-Wolfenstein ratios [143], are affected by a larger statistical error as
compared with R for a given number of interacting protons.
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In terms of the up and down coupling constants, we have

= 2 2 2 2
(6.41) {R = &(ug)? -+ &(dw)? -+ e(ug)® + &(dg)®,

B = e(ug)? + &(dn)? — e(uz)® — e(dg)® .
In the standard model, the weak angle is related to R, R, R+ and r ac-
cording to
R =} —sin20, + §sint 0, -+ §sin* 6, Xr,
R =} —sin26, + § sin*0, + §sintb,/r,

(6.42)
(1— 2 sin%6,),

[

Rt =} —sin?0, + % sint 6, .

Experimentally the classification of the events as NC and CC has been made
using different methods. In a bubble chamber experiment [144] and in the
CHARM experiment [145] the identification has been done on an event-by-
event basis. In the bubble chamber the muons have been tagged using counters
located outside the chamber, the external muon identifier (EMI). In the
CHARM detector, owing to the fine calorimeter granularity, the muons pro-
duced in a CC interaction appear as a penetrating track pointing to the shower
vertex. In the CDHS [146] and the CCCFRR [147] experiments the separation
of NC and CC events was made statistically on the basis of the measured length
of the events in the detector. The NC events are characterized by the length
of the hadronic shower, whilst the length of the CC events is given by the muon
range, which in general is more penetrating than the hadronic shower.
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Tig. 66. — Length of neutrino events in metres of penetrated iron relative to L,
(see text) measured in the CDHS experiment [146].
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In the CDHS experiment a cut length L,, depending on the shower energy,
has been introduced, so that 989, of all showers are contained within L.
Figure 66 shows the distribution of L — L, for neutrino events.

The NC class contains the CO events for which a muon hag either 100 low
an energy or too large an angle for it to be able to penetrate longitudinally
over a distance longer than L, In the CDHS experiment this correction is
& 20 %, The misidentified CC events are always at large . To reduce such a
background in the CCCFRR experiment, a radius-dependent y cut has been
applied. The measurement of the NC and CC ratio provided the most statis-
tically significant determination of sin®_.

Table IX reports the measured values of sin? 0,, obtained assuming p = 1.
The table indicates the number of NC+CC events analysed, the hadron energy
cuts applied, the method used, and whether first-order radiative corrections
were applied. Only the experimental errors are quoted. An additional system-

TaBrLe IX. — Results on the measurement of sin%0, in semi-leptonic meutrino interac-
tions.

Experiment Events By cut Method sin24_ Radiative
NC +- CcC (GeV) corrections
BEBC(Ne) [144] 3178 9 R 0.182 4- 0.023 no
CHARM [145] 8864 2 R 0.220 4 0.014 no
CDHS [146] 62400 10 R 0.226 4 0.012 yes
CCCFRR [147] 13977 20 B 0.242 +.0.012 yes
0.08

e(qR)z

0.06

0.04
=110

0.02 =105
100

095

Fig. 67. — Limits on the plane #(qr)®-¢(¢y)? obtained from the ratio of the NC and CC
vu N cross-sections [145]. Values of ¢ and sin?0,, are also shown.



EXPERIMENTAL STATUS OF WEAK INTERACTIONS 91
atic error of 0.009 on the value of sin? 0, due the uncertainties on the model
calculations, must be considered.

A two-parameter fit to the experimental data allowed a determination
of £(g;)? and &(gg)®. The limits obtained by the CHARM experiment [145]
are shown in fig. 67. The average of the values of ¢ obtained by experiments
reported in ref.[145] to [147] is

(6.43) o =1.0140.01.
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Fig. 68. — Allowed regions atb 909% c.l. in the planes s(dy)-s(ur) (@) and e(dg)-

e(ug) (b)). The figure shows the limits from deep inelastic scattering on an isoscalar
target, from deep inelastic scattering or protons and neutrons and from semi-inclusive =
production.
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The allowed regions in the planes &(ug)-e(d) and e(uy)-e(dy), at 90 % ¢.l.,
are shown in fig. 68a), b) together with other limits obtained from measure-
ments of neutrino interactions. Sinee &(ug) and &(dy) are small, the NCs are
predominantly V — A. The possibility that e(u) and &(dy) are both zero is
ruled out.

Separate information on the couplings of u and d quarks has been obtained
using a nonisoscalar target, such as a proton or a neutron target. Neglecting
the sea quarks, the ratio between the number of u and d gunarks is equal to 2
in the proton target and to £ in the neutron target.

The ratios of neutrino NO and CC cross-sections on protons (&) and neutrons
(R,) are

O,,NO
By = ;Ich = 2e(ur)® + &(dy)? -+ }[2e(uz)? + e(dg)?],
(6.44) ;

N¢C

B, = (;I:Jo = {o(un)® + 26(dr)® 4 }[e(uz)® + 2e(de)?]}/2 .

The ratios B, and R, in the case of the antineutrino scattering are obtained by

exchanging &(u,) with &(u) and e(dy) with ¢(d,). For sin® 6, = 0.25 the standard-

model expectations are R, = 042, B =023, K =0.19 and R, = 0.09.

A measurement of B, and E_ has been performed using deuterium as a target.
The reactions

(6.45) { Vuu)P = u ()X, v@u)p > vE)X,

VaBu)0 > p= ()X, ()0 — v(5)X

were measured simultaneously in BEBC [148]. The experiment was performed
exposing BEBC, filled with deuterium, to the 400 GeV CERN SPS wide-band
beam. The events are classified as OC if they contain at least one particle with
momentum larger than 4 GeV/e identified by the EMI. Otherwise they are
classified as NC. The interactions on protons are distinguished from the inter-
actions on neutrons by measuring the charge multiplicity, excluding back-
ward spectator protons: if it is even, the scattering is on neutrons, if it is odd,
the scattering is on protons. The sample of NC candidates is contaminated by
the background due to the interactions of neutrons and K produced by
neutrinos in the material in front of the chamber, and to the unidentified CC
events caused by the inefficiency of the EMI. Both sources of background
were strongly reduced by a cut in the total transverse momenturn of the reac-
tion produets (p, > 1.5 GeV/e). The corrected numbers of events attributed
to the reactions (6.45) are reported in table X.

A summary of the experimental results [148-151] is reported in table XI.
The limits on the chiral coupling constants of the u and d quarks, at 90 %, e.1.,
obtained using the average of the results of the measurements of deep inelastic
neutrino and antineutrino reactions on protons and neutrons are shown in
fig. 68a).
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TaBLe X. — Number of events measured in the BEBC experiment [148].

Reaction Events Reaction Events

wp > uX 814 + 41 5p - X 816 4 33
v — X 1801 - 50 n - wtX 3556 + 22
vp - vX 399 - 32 yp = X 211 4- 29
yn — vX 458 - 35 yn — 39X 202 4- 31

TaBLE XI. — Results on the measurement of R?, and Rg.

Experiment Target R R C‘;’, RY)

BEBC [148] 2D 0.49 - 0.05 0.25 + 0.02 0.26 + 0.04 0.57 £ 0.09
BEBC [149] 2H 0.51 -4- 0.04 — — —

15 feet BC [150] 2D 0.49 - 0.06 0.22 + 0.03 — —

BEBC [151] *H/*H-Ne 0.47 4 0.04 — 0.33 4+ 0.04 —
Experiment e(ug)? &(dg)? £(ug)? e(dg)?
BEBC [148] 0.133 4 0.030 0.192 4 0.030 0.02 + 0.02 0.00 4 0.02
BEBC [149] 0.15 4 0.04 0.19 -+ 0.05 — —

15 feet BC [150] 019 - 0.06 0.13 4 0.04 — —

BEBC [151] — — — —

Another method of measuring the u and d couplings separately is to study
the semi-inclusive NC pion production on isoscalar targets:

(6.46) Vu(F) N =9 () X

Indicating with DF, DT and D}, Dy the probability for a u-quark and a d-quark
o fragment into a 7+ or a n—, the ratio of the =+ and produced in NC neutrino
interactions is expressed in terms of the chiral coupling according to

[e(us)® + }e(ur)*1 Dy - [e(dr)® + Fie(dr)* 1Dy

(6:47) (W= T L e(un) 1D, F [eldn)® + 3e(@n)*1DE

In eq. (6.47) the strong isospin invariance (Dj = D7 and Dy = D) has been
assumed. In the case of the antineutrino interaction the ratio (w*/m); is ob-
tained from (m*/m-),, replacing the left-handed couplings with the right-handed
ones and vice versa. The quantities D}, D7 and DY, D7 can be obtained from
the measurement of the semi-inclusive CC pion production reactions. In these
interactions the flavour of the scattered quarks is fixed by the dynamics of the
interaction. Neglecting the sea quarks and assuming cos 6.= 1, we have

(6.48) ypd = pu,  vpu-—>prd.

The experimental results [152-154] are reported in table XII.
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TaBLe XTII. - Resulls oblained from the measurement of semi-inclusive pion production.

Experiment (m¥/m), (w¥/m)5

GGM-PS [152] 0.77 4 0.14 1.65 -4 0.33
ABCDLOS [153] 0.69 4 0.22 1.37 4 0.31
IFIM [154] — 1.27 + 0.22

Using the GGM bubble chamber data and taking into account the ses
quarks, we obtain [155]

6(% = 0.17 :_J[: 0.04
(6.49) {l w)| ,

le(dy)| = 0.00 4+ 0.12 .

Figure 68b) shows the allowed regions in the plane &(ugy)-e(d,) from the semi-
inelusive pion production neutrino interactions.

Since &(d,)? ~ 0, all the measurements of deep inelastic reactions and of
the semi-inclusive pion reactions leave us with an eightfold ambiguity on the
sign of the helicity couplings:

A e(ug) >0, e(ug) <0, e(dy) <0 ;

Br s(u)>0, s(u)>0, sdy)<0;
(6.50)

c eur) >0,  &lug) <0 y o &(dg) >0

D: o e(ur) >0,  e(up) >0, e(dy)>0;

and four other solutions, A’, B’, 0" and D', obtainable by changing the sign
of the solutions 4, B, ¢ and D, respectively. The correspondence between
these solutions and the values of «, §, v and ¢ is

):  large |B];
(B'):  large o ;
0(0"): large |9];
(D):  large |y|.

(6.51)

These ambiguities can be solved by making use of the experimental results
obtained in exclusive mneutrino reactions and studying the charged-lepton
interactions.

The single-pion production in neutrino- and antineutrino-nucleon interac-
tions via NC has been studied in two experiments performed in GGM exposed
to the WBB at the CERN PS [156, 157]. The following reactions have been
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measured :

Vu (V)P —> v (V)P ,

Vu (V)P = vu(Vp)nmt,
(6.52)

Vu (V) = vy ()07’

Vu (P )1t = vy (V) pre-.

The shapes of the Nz invariant-mass distribution obtained in the experi-
ments [156, 157] show mainly A production. This is particularly prominent
in the channel vp — vpn®, which is less affected by distorsions due to reinter-
actions of the produced particles (fig. 69). The observation of a A resonance

20} §e

pury
=2
T

no.of events
~
L

T

8..

4 ‘LL

o C ] [ 1'7 [—'jl—l
1.05 1.25 1.45 1.65 1.85 2,05

M, noGeV)

Fig. 69. — Invariant-mass distribution of the pr? system produced by the reaction
vp — vp®r measured in the GGM experiments [156] (selected sample, 80 events).

indieates qualitatively that there is a large isovector component in the hadronic
NC. An analysis of the experimental data reported by FogwuI [158] obtainea
the following values for the couplings «, 8, y, 4:

(6.58) o= 0.67TH342,  f= 0903032 5 — 02091007 50,0071

~0.452 7 —0.452 ? —0.123 —0.102 *

These results clearly rule out solutions € and D in formulae (6.50).
The elastic scattering of neutrinos and antineutrinos on protons and
neutrons,

(6.54) Ve()P = Vo ()P, Vu(Pu)n = v (Su)n,
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also allows information to be obtained about the NC coupling constants. The
hadronic matrix element in the case of the vp reaction is given by

(6.55) p(ETLCIp(E)) =
= qu,(K') {VMGE(Qz) + io',ug% [Gu(Q?) — Gu(@)]/2m + Vﬂ?'sgA(Q'z)} wy(K) ,

where m is the proton mass, g, = (K'—K) o 18 the transfer momentum, and @2
its square.

The form factors GL(@?), G,(@?) and G,(Q?) at Q> = 0 have been predicted
to be [159]

Gul0) = 3 (o + 3,
(6.56) , Ghe(0) — 34—2'3 (o0 -+ 0.569) ,
6,0 =72 (84 ),

where /A is the ratio of the isoscalar to the isovector axial-vector constants.

The experiment performed at the neutrino WBB at BNL [160] measured
the reactions

(6.57) v > V(9P .
A fit to the differential cross-sections do/dQ? gave

(6.58)  Gy(0)=0.5%02,  Gy,(0) =103,  G,(0) = 0.5,
The result favours solution A4, which predicts G,(0) =0, G, (0) == 1.1 and
@,(0) = 0.6, and rules out solution B, which has the following predictions:
G(0) = 0.55, G4,(0) = 2.2 and G,(0) = 0.26.

A fit to the standard model yields sin? = 0.26 4-0.04, The quoted errors
are only statistical. The systematic errors are estimated to be of the same
order.

The experiment performed by the AP Collaboration at the CERN PS [161]
measured .the ratios

(6.59) B, — JuP = Vub) o R, = oluR>van)
o(yph — u7P) o{vph — u7p)

The measurement rules out the isoscalar-dominant solution C, and the
isovector-dominant solution B is not favoured. The isosealar-dominant so-
lution D and the axial isovector-dominant solution 4 are in good agreement
with data. The best value of sin?6, consistent with the data is sin?6_ =
=10.29 + 0.21/— 0.12,
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A preliminary result on the value of sin?60_, obtained from the fit of the
©? distribution of ~ 3000 events induced by the reaction v,p—v,p (fig. 70),
has recently been reported by the K734 Collaboration [162]. Assuming a value
of M, =1 GeV, a value of

(6.60) sin? 6, = 0.26 4- 0.04
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Fig. 70. — Observed @2 differential cross-section of the reaction vp — vp; the solid
line is the best fit to Gy, Gy and G, M, =1.00, M, =0.84: ———sin?6,=0.250, — — —
sin?6, = 0.200 [162].

was obtained; M, is the axial-vector mass that appears in the parametrization
of the axial-vector form factor F,(Q?) ~ (1 + Q%[ M3)™".
The reaction

(6.61) . 9,0 —9.np

induced by low-energy 9, depends only on the axial-vector term (Gamow-
Teller type reaction). The measurement of the transition between the funda-
mental state 38 of deuterium and its excited state LS allows the determination
of |B]. .

The measurement was performed at the 2000 MW fission reactor at the
Savannah River Plant [163]. The farget consisted of 268 kg of extremely
pure (99.85%) heavy water (D;0). The detector was made of proportional
counters filled with *He immersed in the D,0. The neutrons were detected by
observing the reaction n*He — p*H--764 keV. The entire detector was en-
closed in Pb-Cd shielding and immerged in a 2200 1 liquid-scintillator anticoin-
cidence detector so as to reduce cosmic-ray and reactor background.

A cross-section of (3.84-0.9):-10-% cm? was measured, consistent with the
dominant isovector solution of NC coupling (o,,,/0y,; = 0.8-40.2) and ex-
cluding the dominant isoscalar solution at a level of 2.5 standard deviations
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(0osp/Ounesy = 3.0£0.8). The experiment directly determines the isovector axial-
vector coupling constant to be

(6.62) Iﬂl —_— 0.9 :l[: 0.1 .

The NC coupling constants have also been determined studying the coherent
production of neutral =® and %° by neutrinos (antineutrinos) on the nucleus

(6.63) Vul(Pp) A — w0Av, (Fy) Ve (Tu)A = 1Ay, (9)

Owing to the conserved-vector-current (CVC) hypothesis, only the axial-vector
terms of the Lagrangian (6.31) contribute to reactions (6.63). The NC can be
written in the form

(6.64 TP = BT T,

where I is the isotopic spin of the current. The n° and the 7° in the coherent
scattering are expected at small angles with respeet to the neutrino direetion.
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Fig. 71. - Invariant mass of forward-going 2y events in the AP experiment [164].

Figure 71 shows the distribution of invariant mass m.,., obtained in the
AP spark chamber experiment [164] for the events in the forward region. The
lack of n° and the presence of n° confirm that the isovector part is dominant.
In fig. 72 is shown the EO? distributions of the v and 9 candidate events ob-
tained in the CHARM experiment [165]. The background is due to the reac-
tion v,(9,)e —v,(¥,)e, to the quasi-elastic CC events induced by the v, and 9,
contamination of the beams and to the NC events with high electromagnetic

component. In this experiment the detection efficiency for =° is negligibly
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Fig. 72. — The E6® distribution of v (4)) and v (b)) coherent =n° candidate events
observed in the CHARM experiment [165]. The background shapes are shown as
curves.

small, Two signals of 223+72453 and 482499183 events due to the =«°
coherent production reaction were obtained in the neutrino and antineutrino
exposures, respectively. A comparison with the standard-model predictions [166]
gave a value of

(6.65) B] ==1.08 4- 0.24 .

All the experimental results deseribed until now are compatible with so-
lutions 4 and A’ (large |B]). As we shall see, the distinction between the two
solutions can be obtained from the measurements of the interference of the
electromagnetic and weak interactions in charged lepton-hadron interactions.

The BEBC Collaboration, using solution 4, which is the one predicted by



100

G. BARBIELLINI and ¢. SANTONI

Tasre XIII. - Experimenial values of the light-quark chirval coupling constants.

&(ty) 0.344 -- 0.026
&(dy) —0.419 + 0.022
&(ug) —0.153 + 0.022
e(dg) 0.076 4 0.041

0.533 4 0.037
0.992 1 0.037
—0.152 + 0.089
0.002 4 0.049

DX ™ R

the standard model, has made a recent fit to all v and v data available in 1983,
except those from elastic scattering [167]. The resulting values for the coupling
constants are shown in table XIII. Figure 73 shows the allowed limits at
90% c.l. on the planes [s(uy)<e(d;)], [e(uy)-e(dy)], [«-B] and [y-6]. In the
figure the expectations of the standard model are shown.
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Fig. 78. ~ Global fit the to vJ° experiment (except elastie) for the chiral coupling
constants. The contours correspond to a 909 c.l. limit.
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6°3.2.2. Coupling constants of heavy quarks. — An attempt to extract the
NC strange coupling from the global fit of the y distributions of CC and NC
neutrino events on nuclei was carried out by the CHARM Collaboration [122].

Within the context of the quark-parton model and under the assumption
that the weak currents contain only V and A terms, the differential cross-
sections for deep inelastic seattering can be written as

2
i‘; (C0) = BL(1— &) + (1 )],

(6.66) —y_ '&GC) Blov + (1—av)(1—y9)*],

dovi _
dy ONO) = B {fe(tm)? + el 0(1— ) + X1 — 9)7] +

+H[e(Urm) 48 (drm) ][00+ (1 — o) (1 — 9)2]+-g5(o7 — o) [1+ (1 — 9)*T},

where B is a normalization constant. The quark structure of the nucleon is.
described by o« and o¥; for example, o is the fractional momentum-weighted
nonstrange quark content, and o — & is the fractional momentum-weighted
strange quark-antiquark content. The quantity g3 is defined by g5 = &(sy)* -+
+ e(sp)™

A fit of eqs. (6.66) to the measured y distributions (fig. 58) yields

£(s5)? + elsg)?

(6.67) A eld) 1.394-0.43,
in agreement with the universality predicted by the standard model for quarks
of the same charge and different flavours.

The CDHS Collaboration has derived the NC charm-quark couplings from
the study of the mass distribution of the neutrino events with two muons in
the final state [168]:

(6.68) v, (3,) N —ptpX.

The ODHS detector was exposed 1o the neutrino WBBs produced by 350 GeV
and 400 GeV protons from the CERN SPS. Dimuon events were selected and
the momenta of both muon tracks were measured by their curvature in the
toroidal iron magnets of the calorimeter.

Figure 74 shows the invariant-mass spectrum of opposite-sign dimuon events
with B, , < 10 GeV. The distribution shows a peak centred at 3.26 GeV con-
taining (45-4-13) events. These events were attributed to diffractive J /Y pro-
duction via NC interactions.

Normalizing to the CC events, the following cross-section was obtained:

(6.69) o(v N = vy N) = (4.2 4-1.5)-10-*! cm? per nucleon ,



102 G. BARBIELLINI and ¢. SANTONI

100{

eventsf0.2GeV
[+2] @
(=] (=)

~
o

20

| 1

1

S.H%%Eﬂn_ﬂjo

m,,GeV)

Tig. 74. — The mass spectrum of the neutrino-induced opposite-sign dimuon events
as measured in the CDHS experiment [168].

in agreement with the predictions of the gluon fusion model. Comparing the
neutrino-induced with the muon-induced dimuon events (in the J /¥ mags
region) [169], and assuming the photon-gluon fusion mechanism for the muon-
induced events, the following NC charm coupling is deduced from the experi-
mental data:

6(c2) + s(cd)
(6.70) ou2) F e(ad)

=2.140.8.

This result, within large errors, is also in agreement with the fermion weak
universality.

6'3.3. Charged lepton-quark interactions. The interference be-
tween electromagnetic and weak interactions has been determined studying
the interactions of charged leptons with quarks.

The scattering of charged leptons with matter is deseribed in the first order
of the theory by the graphs shown in fig. 75.

The order of magnitude of the electroweak interference for Q2 < my, is given
with good approximation by

(6.71)  AuuXA/|Aon|* = Ay[/A o~ GQ2[6> ~ 137-10-5Q2/dn ~ 10-2Q2
where 4, and 4_ are the ampli’oﬁdes of the electromagnetic and weak inter-

actions, respectively, and @ (in GeV) is the transfer momentum involved in the
reaction. The interactions of electrons with quarks have been studied at Q
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values equal to 10-¢ GeV (atomic physics) and around 1 GeV (scattering of
polarized electrons on deuterium). At these @ values the electromagnetic
interaetion, which is parity-conserving, dominates. However, the tiny parity-
violating effects (eqs. (6.71)) due to the interference between electromagnetic
and weak interactions can be detected studying the dependence of measurable
quantities on pseudoscalar variables, such as the dependence of the electron-
hadron cross-section on the polarization state of the electron and the meas-
urement of the light polarization in atomic transitions.
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Fig. 75. — PFirst-order diagrams for lepton production via vy and Z° in lepton-quark
interactions.

The interference between electromagnetic and weak interactions has been
studied also in the scattering of polarized muons on carbon at an average ¢
value around 20 GeV.

The weak effective Lagrangian deseribing the interactions of charged
leptons £ with quarks q is

(6.72) ILio = (G/\/(Z) le(fr) P Yuly - &(f1) ZLyM[L] le(ge) T yulds + &(¢z)ryuqe] -

The measurement of the electroweak interference makes it possible to deter-
mine the sign of the NC coupling of the light quarks (u and d) once the lepton
couplings have been obtained from other measurements.

6°3.3.1. Blectron-quark interactions. — The scattering of longitudinally
polarized electrons on unpolarized deuterium,

(6.73) e, D —eX,

was studied in a celebrated SLAC experiment [170] at a value of the momentum
transfer around 1 GeV/c? with an expected electroweak interference of ~ 10-*
(eq. (6.71)).

The cross-seetion asymmetry is given by

Og — O,
6.74 A = .
( ) ‘ or 1 01,
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In egs. (6.73) and (6.74) the symbols R and L indicate the helicity of the in-
coming electrons. As shown in fig. 76, the cross-section for left-handed and
right-handed electrons is obtained as a sum of two terms with a y dependence
(y = B, /E,) fixed by the conservation of the angular momentum. In the
figure the weak amplitudes (A4, ) depend on the chiral couplings according to

AT = 1) ~ g(eg) E:(u [d]L) y

AT = 0) ~ e(er) e(u[d]g) ,
(6.75)

AT = 1) ~ 3(3JL)"9(“ [d]R) y

ATP(T = 0) ~ &(ey) e(u [d])

The sea-quark contributions are neglected.

—— ——
J=1 == ==n(4, A (1-y)?
R a
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—_— —
S N U, A ()

L R

Fig, 76. — Helicity diagrams for {q reactions.

Using the fact that the deuterium has an equal number of quarks up and
down (isoscalar target) and neglecting terms proportional to 1/m?, the asym-
metry 4 is given by the following parity-violating expression:

(6.76) A =@ {a,+ a;[1— (11— y)*I[[1+ 1 — y)°]} ,
where a, = Bls(e,) — e(ep)][e(q;) + e(g)] and a, = Ble(e,) -+ e(ey)Ife(q,) — &(4z)],

with B = § G/v2a0 = 5.3-10~* (for * in (GeV)?), and e(qy) = e(uy) — e(d,)/2
and &(g,) = e(uy) — &(d,)/2. In the standard model one has

3 5 3 3
— LY qin2 — _z < gin2
(6.77) a, B( gt g sin Gw), a, B( g T g sin 0,,,).

By studying 4 as a function of y and Q2 it is possible to determine a, and a,.
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Corrections to the asymmetry value, due to the scaling violation and to the
sea-quark contribution, are small.

In the SLAC experiment [170] the target consisted of a 30 em cell of liquid
deuterium. The scattered electrons were observed at 4° using a single-arm
spectrometer consisting of a Cerenkov counter filled with nitrogen and
operating at atmospheric pressure and a lead-glass total-absorption shower
counter. The average polarization of the incoming electrons was P, = 0.37.
The polarization was randomly reversed on a pulse-to-pulse basis to minimize
systematic effects due to periodic changes in experimental parameters. The
explored kinematic region for the inelastic scattering of electrons on deuterium
was 0.9 (GeV/e)2 < @* << 2 (GeV/e)? and 0.15 <y << 0.36.

The measured asymmetry 4, is related to the asymmetry 4 (eq. (6.74))
and to the beam polarization P, according to 4, = P 4.
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Fig. 77. - Asymmetry measurements in the e;zD scattering as a function of y[170].
The data are compared with the predictions of different models [159]: w E,=19.4 GeV,
A B,= 16.2 GeV, o H = 22.2 GeV.

The results of 11 measurements are reported in fig. 77, where the ratio
A[@? is plotted vs. the kinematic variable y = (E,— E)/E, (E, = energy of
the incoming electron, E. == energy of the outgoing electron). The errors come
mainly from statbistics.
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A two-parameter fit gave
(6.78) @y =(—9.742.6)-10-% (GeV)~2, qa,= (4.9 8.1)-10-% (GeV)~2,

The possibility of a right-handed electron forming a doublet with a heavy
neutral lepton E° symmetrically with the usual left-handed doublet would
lead to0 a, = 0 and is, therefore, excluded in a model-independent way by
this result. The fit of the experimental data to the standard model (6.77) gives

(6.79) sin? 0, = 0.224 4. 0.020 .

Owing to the intringic uncertainties in the quark-parton model the indeter-
mination with respect to the value of sin®0_ is 4-0.01.

The results obtained from the measurement of the scattering of polarized
electrons on deuterium and from the measurement of 95 and g; in the elastic
scattering of neutrinos and antineutrinos on electrons select solution 4 of
eq. (6.50). Using the results (6.24), solution 4 predicts o = — 10.4-10-5 (GeV)?
in agreement with experimental results, whilst solution A’ prediets @, —
== + 10.4-10-* (GeV)?, which is completely ruled out by the experiment.

The interference between weak and electromagnetic interactions was also
studied in atomic physics by measuring parity-violating transitions in heavy
atoms. In terms of the vector and axial-vector coupling constants, the weak
Lagrangian (eqs. (6.72)) can be written in the form

(6.80) L= (Gv2) {[e(g% + gas) el [T(gs + gays)u + dlgl + giys)d] .

For heavy atoms (since the spins of the nucleon constituents in the nucleus
tend to cancel) the term g% ¢2 (q = u, d) in eq. (6.80) is negligible with respect
9. 9v- The parity-violating potential is then proportional to the « weak charge »
@, defined by

(6.81) Q" = — 205 [g¥(2Z + N) + g4(2N 4 2)],

where N and Z are the numbers of neutrons and Pprotons in the nucleus, respec-
tively. Since N ~ Z the «weak charge» is proportional to Z.

The presence of parity-violating interactions implies that the atomic levels
are not pure eigenstates of parity. As a result, a dominant transition (for
example M1) can mix with an opposite-parity transition with a coupling
proportional to

(6.82) <K\H L |e>/[(B,— ),

where [¢) is the dominant-parity state, |k> is the opposite-parity state due to
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the parity-violating potential, and E,— B, is the difference between the
energies of the two levels.

Since @ is of the order of 1/R, A m [137, the parity-violating effects in
atomic physics are of the order of 102, Such effects are too small to be detected.
The parity-violating effects can be enhanced in three ways: a) since the po-
tential H_, is proportional to Z2 [171], by using heavy atoms such as bismuth
or cesium (Z3 ~105); b) by studying a suppressed-parity-conserving transi-
tion; and ¢) by overlapping a pair of levels of opposite parity using an external
magnetic field to adjust the hyperfine splitting. The mixing coefficient (6.82)
is in fact proportional to the inverse of the difference between the energies
of the states.

Parity-violating effects are proportional to the quantity X* = Im (E17)/M1,
where H1* and M1 are the parity-violating electric-dipole amplitude and the
parity-conserving magnetic-dipole amplitude, respectively. In allowed mag-
netic-dipole transitions, X** ~10-7 for Tl, Pb and Bi, and ~ 10-¢ for Cs. The
main experimental problem in the measurement of such transitions is rep-
resented by systematic effects. In forbidden magnetic transitions, X"~ 10~*
for Cg and 10-3 for T1. In the study of these transitions the systematic errors
are suppressed, but the statistics are very low.

Parity-violating interactions in atoms have been investigated, measuring
the rotation of the polarization plane of a laser light (Agp) and the asymmetry
in the absorption cross-section of right and left circularly polarized lager beams,

Opo — O
6.83 A= 2BC &
( ) Ore + Oro

The physical origin of Ag is the difference between the refractive indices of
right and left circularly polarized light. The rotation angle follows a sharp
dispersionlike dependence on the light frequency around the resonant value.
This behaviour is essential to the discrimination of the signal from the back-
ground. As pointed out by KRIPLOVICH [172], the effect can be measured
by studying allowed magnetic transitions. The measurement of Ap was per-
formed in bismuth [173-175] and lead [176] (the electroweak interference ef-
fects were enhanced by using method a) above).

The asymmetry 4 was studied by measuring forbidden magnetic trangitions
in thallium [177,178] and in cesium [179,180]. In these experiments the
electroweak interference effects were enhanced by using methods @) and b).
To reduce the isotropic background due to molecular and collisional effects,
the experiments have been performed in an external static electric field. The
experiment reported in ref. [177] measured Im (E1°) |M1. In the other three
experiments the measured quantity was Im (E17)/8, where f§ is the vector
polarizability of the element which is caused by the external electric field.

The experimental results are reported in table X1V together with the atomic



108

G. BARBIELLINI and ¢. SANTONI

TasLe XIV. — Results on parity violation in atoms.

Optical rotation

Experiment Element A (nm) 108 I (H1°7)/ M1 Theory
Novosibirgk [173] bismuth 648 — 20.2 4- 2.7

Oxford [174] bismuth 648 — 934+1.5 —13+3
Moscow [174] bismuth. 648 — 7.841.8

Seattle [175] bismuth 876 — 10.4 + 1.7 — 10 + 2.5
Seattle [176] lead 1280 — 9.9 L 25 — 13 L2
Forbidden magnetic transitions

Experiment Element Im (E17")/8 (mV/cm) Theory
Berkeley (1981) [177] thallium — 1.80 + 0.65/— 0.60 — 1.2 0.3
Berkeley (1984) [178] thallium ~ 1.73 + 0.33

Paris (1982) [179] cesium —1.34 £ 0.33 — 1.6 + 0.2
Paris (1984) [180] cesium — 1.78 4- 0.38

transition studied and the theoretical predictions, whose uncertainties are of
the order of (25--30)9, [174]. A value of ITm (B1*")/ M1 i3 also reported for
the Berkeley experiment [177]. The value was derived using § from ref. [181].
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Fig. 78. — Regions of ¢5¢% and ¢Sg% allowed at 90% e.. by the cesium [179, 180]
and the ey ;D [170] (SLAC) experiments. The standard-model predictions (WS) are

shown.
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The allowed regions at 909 ec.l. in the plane g% g5-95 gy from the ce-
sium [179, 180] and the e, deuterium seattering experiments [170] are shown
in fig. 78. The value of sin® §, obtained from the cesium experiment is

(6.84) gin2 6, = 0,205 4 0,035 £ 0.025 .

The systematic error due to the atomic-physics uncertainties is 4-0.045.

Information on both the vector and the axial-vector coupling constants of
u and d quarks, free from theoretical uncertainties, can be obtained by making
very difficult experiments in hydrogen and deuterium [182]. In such experi-
ments the parity violation effect is enhanced by using method ¢).

6°3.3.2. Muon-quark interactions. — The electroweak interference has been
experimentally proved also in the deep inelastic scattering of longitudinaily
polarized muong on carbon nuclei,

(6.85) pEC — pFX .

The high-energy, high-intensity CERN SPS muon beam allows the exploration
of the effects at momentum. transfers @* ranging from 15 to 100 (GeV)?, the
muon energy being 120 and 200 GeV.

The cross-section for the reaction depends on the charge and on the polariz-
ation A of the ineoming muon.

The BCDMS Collaboration measured the cross-section asymmetry in the
seattering of positive and negative muons, with left and right polarization, on
carbon nuclei [183],

— ORr
(6.86) B == GL—I— propt
where the indices +, — and R, L indicate the charge and the longitudinal
polarlza,blon of the muons.

The o} and oy are obtained, as in the case of the polarized-electron scat-
tering, by the sam of two terms with & fixed y distribution (do/dy ~1 and
dojdy ~ (1 — 9)?).

For a given initial angular momentum, the weak amplitudes are related
to the NC chiral coupling constants according to

A(‘“L)(J ==1) &~ &(Ug) 8( [d]R) ’
ABD(T = 0) ~ &(um) &(w, [d10)

(6.87)
AT = 1) ~ e(pg) (4, [A1s) 5

AURD(T = 0) ~ e(uz) e(u, [dl) -
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If we neglect the terms proportional to 1/myg, the asymmetry B is given by

(6.88)  B=—@%a{1— (1— 921+ 1—9)2} e(ug)-
{e(dz) — e(dr) — 2[e(ug) — e(uz)1} ,

where a = 6G/ro/2 = 2.15-10-* (GeV)-2. Bquation (6.88) shows that B is
almost parity-conserving, since the quark term is axial-vector and the dom-
inant part of the u term is also axial-vector.

The charge asymmetry is affected by higher-order electromagnetic contri-
butions. They compensate part of the electroweak effect and are predominantly
due to interference between one- and two-photon exchange and between lepton
and hadron bremsstrahlung.

In fig. 79 the measured B values corrected for higher-order electromagnetic
and electroweak effects are shown as a function of

(6.89) 93 Q* = @*[1— 1— y)2l[1+ (1—y)2].

a)

B(°/)

-1
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~
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1 1
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Fig. 79. — The measured B asymmetries after radiative corrections at a) 120 and b)
200 GeV ¢ beam energies. The points represent 120 GeV data with Q%> 15 GeV.
Solid lines are straight-line fits.
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Straight-line fits to the two data samples (B = a + byg(y)Q?) give
B, = 200 GeV:

a = (0.15 4 0.15)-10-2,

b = (— 0.147 4 0.037)-10-3 (GeV)-2 ;
(6.90) .
E, =120 GeV:

a = (0.06 4 0.17)-10-2,

b= (—0.174 4 0.075)-10-3 (GeV)~-2;

where only statistical errors are quoted. The estimated systematie errors on
b are Ab = 0.02-10-2 (GeV)~? (200 GeV) and Ab = 0.03-10-3 (GeV)~2 (120 GeV).
The mixing angle of the standard model derived from the measured slope b is

(6.91) sin? 6, = 0.23 + 0.07 (stab.) 4 0.04 (syst.) .

If we took into account the sea quarks, sin%f_ would increase by 0.01. The
sensitivity is not large, since the axial term dominates. Assuming sin? f_ =
== 0.23, the following value of the weak coupling of a right-handed muon
was obtained:

(6.92) I3() == 0.00 4 0.06 (stat.) 4= 0.06 (syst.) .

This result rules out the existence of a neutral right-handed lepton M° associated
with a muon in a right-handed isospin doublet.

Using the results obtained in the PETRA. experiments, ARGENTO et al. [183]
found a wvalue of

(6.93) g% = — 0.12 4 0.14 (stat.) & 0.08 (syst.)

corresponding to sin? @ = 0.19-4-0.07 (stat.)-0.04 (syst.).

6'3.4. Electroweak interference in ete- interactions. The in-
terference between electromagnetic and weak interactions has been investigated
at the ete~ rings PETRA. (DESY) and PEP (SLAO) at high values of the mo-
mentum transfer (@*~ 1000 (GeV)2). The following reactions have been studied:
ete” — ete,

(6.94) ete” — piu-,
ete~ — 1,

ete~— ¢c,
(6.95)

ete~—bb.
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The weak NC effective Lagrangian describing interactions (6.86) and (6.87)
is given by

(6.96) L0 — (G/\/Q) [e(en) Eryuer+ e(eg) eryuerlle(fy) ,;Lyﬂ fr. -+ &(fr) ?R'}’u fel,

where f=e, p, 7, ¢ and b.

The constants &(f,) and &(f,) have been measured by studying the magnitude
and the energy dependence of the cross-section of reactions (6.94) and the
forward-backward asymmetry in the angular distribution of the final fermions
produced in reactions (6.94) and (6.95).

et ¥ et 7
a) >\"‘_< £ley), sl = = = == <e), &(r)
e~ f e &

et et ot o+
St ele) e
"'\. (R} R
\ & /

b) ¥

Pt
e// € }.ﬂl”;(eh)’ ?e,ﬂ\\‘{

Fig. 80. — First-order diagrams for fermion production in e+e- interactions via ¥y
and Z° exchange: a) s-channel, b) ¢{-channel.

In the lowest order of the theory, the reaction ete~—ff is described by
the sum of the electromagnetic and weak amplitudes (fig. 80a)). If f=e,
the f-channels (fig. 80b)) must also be taken into account. Using eq. (6.71),
the effects induced by the interference between the electromagnetic and weak
interactions, at PETRA and PEP energies, are expected to be ~109,. The
angular distribution of the fermion-antifermion pair in the ete~ annihilation
can be obtained from the angular-momentum conservation (fig. 81). Here 6
is the angle between the fermion in the final state and the electron. The dif-
ferential cross-section is then proportional to

_ do .
deos0

(6.97) a(1-4 cos0)? -+ b(1—cos0)z.
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For @ = b, corresponding to the case in which only the electromagnetic inter-
action contributes, or g, == 0,

do

6.9 - 2 .
(6.98) Toosp = 1T cos 6

—_—
- = <«==~(1+cos O
re— fL fL

.
5] |
—1

I

—_— —
= =>~(1—cos 6)2
R R

_’ 4__.
—_ — — <+=~(1—cos 6)2
— == L i

—y

==» ===p=(l+cos 8)?

R fR

Fig. 81. — Helicity diagrams for the ete~ — ff reactions.

Neglecting the square of the contribution of the Z° exchange, we get

d 2

(6.99) Ec_:s_e - -:—S [e.(1 -+ cos 02) 4 ¢, cos 6],
where

€ == Q? — 20q,[eler) + eler)1le(fu) + e(fr)],

0y = — 4deq.[e(ey) — (er)][e(fr) — e(fr)1,
with

oGm; s

(6.100) =G a5 —my’
or
(6.101) 1 il

[ — =
4 8in2 0, cos? 0, mE — s’

where s is the centre-of-mass energy squared and g, is the charge of the produced
fermions. The cos f term is due to the weak electromagnetic interference.
However, in the cross-section there is also a term proportional to cos 0; this
is due to higher-order electromagnetic interactions [184], which must be sub-
tracted in order to estimate the weak effect. Integrating over the solid angle,
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we obtain
(6.102) (0qup — 0)/0qrp = 2¢¢;[e(er) -+ &(ex)][e(fr) + &(fg)] -

It follows that only the vector coupling constants of the fermions to the Zo
contribute to the change of the cross-section with respect to the quantum
electrodynamics (QED) expectations.

The term proportional to cos § in eq. (6.99) leads to a backward-forward
asymmetry:

(6.103) A= —_‘j‘ﬁ = — L.5e[e(ew) — e(er)1[e(fr) — &(fr)]/gs.

F-—-B
YiR

The axial-vector couplings are responsible for the asymmetry in the angular
distribution.

As the fermion electric charge ¢, enters in the denominator, asymmetries
are expected to be larger for quarks than for leptons. Equation (6.100) is not
very sensitive to the mass of the Z°. Using this expression and assuming o=1,
the measurement of A makes it possible to determine the product of the axial-
vector coupling constants g5 g% . Expression (6.101) is free from any assump-
tion regarding the ¢ parameter. Taking for g% the standard-model predictions,
it allows the relation (1.35) between sin® §_ and the Z° mass to be tested.

In the standard model, in the case of lepton production we have

1— 4 ginz0,)2
(6.104) ( "

{[8(%) + eler)[e(fr) + &(fr)] =
[e(er) — &(er)][e(fr) — &(fz)]

Because the value of sin? 0 obtained from other experiments is A 1, the frac-
tional deviation from the QED cross-section is expected to be very small.

6'3.4.1. Lepton neutral-current couplings. — The most precise data come
from the measurements of the asymmetry of y pair production. The experi-
mental signature for the events induced by the reaction ete~ — ptu~ is two
penetrating minimum-ionizing particles with momentum close to that of the
beam, emerging almost back to back from fhe beam interaction. The back-
ground due to cosmic rays, Bhabha scattering, p pair production from Y
scattering and v decay is negligible and easily subtracted.

The asymmetry was measured at PETRA at (Vs) = 34.5 GeV by
CELLO [185], JADE [186], MARK J [187], PLUTO [188] and TASSO [189,
190] and at (v/s) = 41.6 GeV by CELLO, JADE, MARK J and TASSO [191];
at PEP the measurements were performed at v's = 29 GeV by MAC [192, 193],
MARK II[194] and HRS[195]. The muon angular distributions from the
PETRA experiments are shown in fig. 82. The full curves represent the fit
results, whilst the dashed curves show the prediction of QED. The experi-
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Fig. 82. - Differential cross-sections for the reaction ete~ — putu~ at a) v/s = 34.5 GeV:
e JADE, # MARK I, . PLUTO, w TASSO; b) /s = 41.6 GeV, from some PETRA

experiments CELLO - JADE - TASSO.

TaBLE XV. — Asymmetries in Q. pair production.

QED -} weak, — — — QED.

Experiments (%) 45 Ny Ay (%) Standard-model predic-
(GeV) tion (%)
MAC 29 10258 — 5.84+1.0403 — 6.3
MARK II 29 5312 — 7.1+ L7 — 6.3
HRS [195] 29 5057 — 49+154+05 — 6.3
CELLO 34.2 387 — 6.4 164 — 9.2
JADE 34.4 3400 —11.0 +1.8< 1.0 — 9.3
MARK J 34.6 3658 —1L7 4 L7< 1.0 — 9.5
PLUTO 34.7 1550 —124 4+ 3.1 < 1.0 — 9.4
TASSO 34.5 2673 — 91423405 — 94
CELLO 42.5 108 —13.4 + 9.4 —15.6
JADE 41.5 444 —14.6 -4 — 14.9
MARK J 41.1 480 -—15.8 + 5.3 — 14.4
TASSO 42.4 174 —13.1 + 8.8 —15.6

(@) The PETRA results are taken from ref. [191]; the PEP results (except HRS) are from ref. [132].
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mental results are reported in table XV. The PETRA and the PEP results
(apart from HRS) are updated to the time of the 1984 Vanderbilt Sympo-
sium [191] and the 1983 Ithaca Conference [132], respectively. In the table
the expectations from the standard model are also reported. The averages
of the 4,,, values are shown in fig. 83 as a function of the centre-of-mass energy
squared [196].

0.1

\
-=0.1F 'Y

-0.21- + q ~~

L 1 ] | |
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Fig. 83. — The u asymmetry results: e PETRA, . PEP; - My, = 93.7 GeV,
8in%0,=0.22; — — — m, = co. The figure also shows the results from MARK I (o) [196].

Measurements of the asymmetry of ¢ pairs have also been done but with
less accuracy. The signature of events induced by the reaction ete~ — v+
is not as clear as that of u pair production. The © deeays partly into electrons
and pions that interact in the material of the detector, and partly into neutrinos
that escape. It follows that, ecompared with the W pair measurements, the
systematic uncertainties are larger and the statistics are lower.

1.05

(1/N) dN/d. cos @
o
~1
[=]
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03*51 0 -05 0 0.5 1.0

cos 8§
Fig. 84. — Differential cross-sections for the reaction ete~ — v*1— af Vs = 34.5 GeV,
from PETRA experiments: w CELLO, ¢ JADE, o MARK I, . TASSO; - QED +
+ weak, —-- QED,
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The 7 pair asymmetry has been measured at PETRA at (/s> = 34.5 GeV
by CELLO [197], JADRE [186], MARXK J [187] and TASSO [189] and at
Vs = 42.5 GeV by CELLO [196]; at PEP the measurements were made ab
Vs = 29 GeV by MAC [132,193], MARK II[194] and HRS [198]. The an-
gular distributions of the v pairs from the PETRA experiments are shown in
fig. 84. The experimental results, together with the standard-model expec-
tations, are reported in table XVI, where the PETRA results at Wy =
= 34.5 GeV are updated to the time of the 1984 Vanderbilt Symposium [191].

TasLe XVI. — Asymmelries in © pair production.

Experiment (%) Vs Ni Ace (%) Standard-model
(GeV) predictions (%)

HRS [198] 29 3243 — 6.1 4+2340.5 — 6.3

MAC[132] 29 1247 — 1.3+29 — 6.3

MARXK II[132] 29 3714 — 4.2 + 2.0 — 6.3

CELLO 34.2 434 —10.3 4 5.2 — 9.2

JADE 34.6 1612 — 7.6 + 2.7 — 9.5

MARK J 34.6 860 — 7.8 +40 — 9.5

TASSO 34.4 517 — 54 + 4.5 — 9.3

CELLO [197] 42.5 133 —16.7 +£ 9.0 — 14.5

(@) Results that are not referenced are from ref, [191].

The results from the MAC and MARK II experiments come from ref.[132].
The averages of the A, values are shown in fig. 85 [196].

In the determination of the NC coupling constants from the asymmetry
measurements, radiative corrections were taken into account [199]. The most
important corrections come from graphs involving photons. The angular
asymmetry changes by —+ 1 to -+ 29, depending on the experimental cuts.
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Fig. 85. — The © asymmetry results from PETRA (e) and PEP (.) experiments,
o CELLO; —— my== 93.7 GeV, sin?0, = 0.22; — — — my= oo.
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TABLE XVII. - Results on electroweak awial-vector couplings for leptons.

Vs N 95 9%

(GeV)

29 0.23 -+ 0.03 0.21 + 0.05
34.5 0.295 + 0.020 0.22 X 0,05
41.5 0.274 - 0.060 —

42.5 —

Table XVIT shows the values of the product of the axial-vector coupling
constants from eqs. (6.103), using as input the average value of the Z° mass
obtained by the UAl and UA2 experiments. The values at /5 = 29 GeV
come from the MAC experiment that has the most statistically significant
results at that energy (N(p*, p-)= 16139, N(rt,1) =9 905) [193]. The
PETRA results are quoted in ref. [191].

Using for g% the value (6.24) obtained from the v,(9,)e experiments, we get

w_ ;
(6.105) {gA = —0.51+0.05,
gi = — 0.44 + 0,07,

Both coupling constants turn out to be consistent with the value predicted by
the standard model (—%) and thus confirm e-p-t universality. If universality is
assumed, we obtain

6.106
(6.106) 9i=—0.46 1 0.04 .

{gx = —0.50 - 0.02,

The allowed region in the plane g.-9y obtained from the measurement of the
lepton asymmetry at PETRA and PEP for the case in which lepton universality
is assumed [132] can be seen in fig. 60 and 65.

Figure 86 shows the allowed region in the sin? 0,-m, plane for the com-
bined p pair data from PETRA. and PEP using the asymmetry (the expres-
sion of ¢ is that defined in eq. (6.101)) as well as the cross-section measurements.
In this figure the results obtained from the UAl and TA2 experiments are also
shown. The dash-dotted line represents the standard-model predictions (1.35).
For m, = (934-2) GeV the combined fit gives sin? 6, = 0.184-0.02 [191].

The sensitivity of the Bhabha cross-section to the electroweak effect is
small owing to the presence of the #-channel, which reduces the deviations
from QED. For sin?f_ = 0.25 the expected deviations from QED are of the
order of (2-3)9% and are then very difficult to meagure.

High-statistics data for ete~ — ete~ exist from CELLO [200], JADE [201],
MARK J [187] and TASSO [190] at PETEA. at an average c¢.m. energy of
35.4 GeV and from HRS [132], MAC [193] and MARK II[194] at PEP at
Vs =29 GeV. The data agree well both with QED and the standard-model
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Fig. 86. — Contours of allowed regions in the plane sin%f.-m, from ete™ — ptu~
results obtained at PETRA and PEP. The results from UA1 (o) and UA2 (o) are shown
together with the standard-model prediction. 689, c.l. contour, — — — 95% c.L
contour, both in PETRA 4+ PEP; —.—-— standard theory.

predictions. Figure 87 shows a typical result obtained in the MAC experiment.
The TASSO experiment at Vs = 42.3 GeV [191] found g2 = 0.1540.14 and
g2t = 0.0140.16, or sin*f = 0.28 + 0.10/ — 0.14 (preliminary results). The
result of the MAC experiment [193] was ¢2* = 0.33-4-0.24 and g3° = 0.09 +0.14.
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Fig. 87. — Differential cross-section for the Teaction ete~ — ete~ measured in the MAC
experiment [193]: — — — QED, —— electroweak.

6°3.4.2. Heavy-quark neutral-current couplings. — The couplings of heavy
quarks (¢ and b) have also been investigated in ete~ interactions studying
reactions (6.95). The expected values of the charm-gquark and bottom-guark
asymmetries are

A (29 GeV) ~— 9%, A (34 GeV) ~—14%,
A,,(29 GeV) ~v— 189, and A,,(34 GeV) ~—28 % -
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Two techniques have been used to identify the 7% and & of all multihadronie
events that come from a primary ¢@ and bb quark pair, respectively. The
first consists in the reconstruction of resonances containing heavy quarks.
The eharm quark was tagged by measuring the D*+ and the D® mesons. Re-
constructed B-mesons have not been used for bottom-quark tagging.

The HRS [193], JADE [202] and TASSO [203] Collaborations identified
the events generated from the fragmentation of c-quarks, looking for

(6.107) D& 5 Doy

with the subsequent decays
(6.108) D*—K™n*, D' Kntnd, DK nrpmt.

The mass difference 4 = m_,, — My due to the small @ value of this reaction
is expected to peak around the = mass. In the HRS experiment [193] the an-
gular asymmetry has also been measured for inclusive D production decaying
into K and w. Figure 88 shows a) the 4 and b) the My, distributions measured
in this experiment.
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Fig. 88. — Distributions of @) A= Mgpy — Mg, and b) Mgy measured in the HRS
experiment [193].

The direction of the charm quark is assumed to be equal to that of
the D-meson. The measured angular distributions from JADE [202] and
TASSO [203] are shown in fig. 89. The full curves show the fit results. The
values of the results from these three experiments are reported in table X VIII.

The second method of tagging heavy quarks consists in observing the semi-
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Fig. 89. — Angular distribution of c-quarks identified by the reconstruction of the D*
in the JADE (a)) [202] and TASSO (b)) [203] experiments, /5= 34.5 GeV.

leptonic decays

(6.109) c—>bhX, b-=WX.

Hadronic events with leptons in the final states, indicating the decays of the
quarks into s and e’s, have been studied in the TASSO [204], MARK 1T [205]
and TPC [193] experiments. The experiments MARK J[206], JADE [207]
and MAC [132] have searched for ¢ and/or b decays into muons.

The heavy-flavour tagging by the leptonic decays gives a larger statistical
sample of events than the D reconstruction but with a more important systematic
error. Muons have backgrounds due to punch-through and to decays in flight
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of K+ and w+. Hlectrons have backgrounds due to hadronic showers and con-
verted photons. The leptonic-decay tagging gives only a statistical separation
between ¢ and b quarks. In order to reduce the backgrounds and o separate
the ¢ and b decays, a cut was introduced on the transverse momentum P of
the final-state lepton with respect to the jet axis. Because of their larger mass,
the b-quarks produce a harder Pr spectrum than that produced by e-quarks.
The hadron jet axis is nsed to reconstruct the quark direction. Figure 90 shows
the p, distribution for inclusive muon events obtained in the MARK J experi-
ment [206]. The predictions for the ¢ and b contributions are showi.

10°

dN/d.p;

0
10

P GeV)

Fig. 90. — The p, distribution for inclusive muons from the MARK J experiment
at 4/s = 34.5 GeV. Monte Carlo predictions for the contributions from the c-quark
(dashed. line) and the b-quark (dash-dotted line) are shown. The full histogram shows
the sum of the two and includes also the background (from ref. [132]).

Figure 91 shows the angular distributions of the events that were identified
as coming from ¢ and b fragmentation in the MARK IT experiment [205].
In the figure the fits to the data (solid lines) are compared with the expectation
without electroweak effects (dashed lines).

The experimental results are reported in tables XVIIT and XIX. In these
tables the heavy-quark coupling constants g% and g% are extracted assuming
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Fig. 91. — Angular distributions of ¢ (a)) and b (b)) quarks obtained by measuring
the inclusive muon and electron events in the MARK II experiment [205]. The full

lines give fits allowing for an asymmetry. The dashed lines are without the electro-
weak effect.

that ¢¢ = — §. The average axial-vector coupling constants obtained for the
¢ and b quarks are
gs = + 0.56 4 0.17,
(6.110) N
B ¢h=—054£012,

in good agreement with the expectations of the standard model.

A determination of sin? 6 can be obtained studying the energy dependence
of the ratio B = o(ete~ — q{)/o(ete~ — wtu~) (see eq. (6.102)). Results have
been reported by the MARK J, TASSO and JADE Collaborations [208]. The
best determination coming from JADE is

(6.111) gin?f, == 0.23 +-0.05 .

TapLe XVIIL. — Charm-quark asymmetry ond awial-vector couplings.

Experiment 28 A, (% g% Method
(GeV) (%)

HRS [193] 29 —12 4+ 8 — D*, Do
MAC [132] 29 — 511 0.8 + 1.8 "

TPC [193] 29 — 0.7 + 0.6 + 0.3 @

TPC [193] 29 — 1.2 + 0.7 & 0.5 e
JADE [192] 34.4 —14+ 9 0.5 + 0.3 D*
TASSO [203] 34.4 —13 + 10 0.5 + 0.4 D*
MARK J [206] 34.6 —1834+ 945 0.6 + 0.3 W
TASSO [204] 34.6 + 5+ 24 —0.2 4 0.9 e

(@) The values expected for the PETRA and the PEP experiments are —14% and —9%,
respectively.
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Tarse XIX. - Botiom-quark asymmetry omd avial-vector couplings.

Experiment Vs Ay (%) 'R Method
(GeV) (%)

MARK II [205] 29 — ~0.75 + 0.35/— 0.3 g, e
MAC [132] 29 — 7409 — 0.3 +0.35 "

TPC [193] 29 — — 0.6 - 0.45 1+ 0.1 "

TPC [193] 29 — — 1.0 4 0.95 + 0.25 e
JADE [207] 34.4 — 2284+ 6 +£23 — 05+ 02 w
TASSO [204] 34.5 —37.5 4-27.5 — 0.8 + 0.6 W
TASSO [204] 34.5 — 25 422 ~ 0.5 L 0.4 e
MARK J [206] 34.6 —23 £20 +15 —0.54+ 0.4 "

(@) The values expected for PETRA and PEP experiments are — 289% and —199%, respectively,

6'3.5. Summary of the experimental results and comments
on future experiments. In this subsection the experimental results are
summarized and compared with the expectations of the standard model.

In the standard model the axial-vector coupling constants are fixed by the
representation of the fermion in the weak-spin isotopic space. Table XX re-

TarLe XX. ~ Fermion awial-vector couplings.

Fermion g5 Standard-model predictions
u 0.50 + 0.03 0.5
d —0.49 4 0.05 — 0.5
[ 0.55 + 0.17 0.5
8 — — 0.5
b —0.54 4 0.12 — 0.5
<] —0.49 4 0.03 — 0.5
w —0.51 4+ 0.05 — 0.5
T —0.44 4 0.07 — 0.5

ports the measured values of g, and the standard-model expectations. Within
the errors, all the results are in agreement with the theory. The g, and g are
obtained from the measurements of the chiral coupling constants in neutrino
interactions. The ¢% and ¢ are obtained from the 4, and A_ measurements
using the value of g¢ from the measurement of the v,& scattering.

Table XXT gives the experimental values of the ratio of the overall strength
of NC and CC neutrino interactions (o).

TasLE XXI. - Measurement of ¢.

Process 0
deep inelastic ‘ 1.01 4 0.01
v,.e 0.99 4 0.05

ete~ - ptu~ 1.17 4 0.09
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In the standard model, at first order of the theory, o is predicted to be equal
t0 one.

The value of sin?f_ has been obtained in many experiments. The results
are summarized in table XXII;in fig. 92 they are shown together with the result
from the measurements of the W and Z° masses (see sect. 7). As expected at
first order in the standard model, all the determinations of sin%6  coincide
within the experimental errors.

TaeLE XXI1I, — Measurements of sin*,,.

Process sin20.,

Yo 0.21 - 0.02
wN 0.226 + 0.007
vp 0.26 -+ 0.04
eD 0.22 -+ 0.02
atomic physics 0.205 + 0.04
®C 0.23 4+ 0.08
ote~ — uipT 0.18 -+ 0.02
ete~ — qq 0.23 - 0.05

A new, precise determination of sin? 0, would come from the measurement
of the NC and CC neutrino-nucleon cross-sections. The data were collected at
CERN in 1984 by the CHARM and CDHS Collaborations. The expected
experimental uncertainty on the determination of sin®6, is A(sin?6 ) =
= --0.005 [209, 210].

Experiment F734 [141] will increase the statistics of the v e and y,e events,
reaching A 150 events for each channel. This should allow a determination
of sin? §, with a precision of 40.01 [211].

vplprel.)
0.3k
atomic
hysics .
phy V€ 'vi\l‘. ZW
; Lo e
NE 0.2 eD ‘ +
1)
uC
0.1 1 [ 1 1 1 ] 1 i 1 1
w" ™ g? 167 fo_1 @ w0 10t 10 10
slGevy

Fig. 92. — Experimental results on sin?6, obtained from different measurements.
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A new experiment, dedicated to the measurement of the v, e reactions, will
start to take data at CERN in 1986 [212]. A total of 200 events are expected
to be collected for the neutrino and antineutrino reactions, which would give
a determination of sin?6_, from a purely leptonic reaction, with a precision
of 4-0.005.

7. — The discovery of the intermediate vector bosons.

As described in sect. 1, the masses of the intermediate bosons are unam-
biguously predicted by the standard model of the electroweak interactions
provided the weak mixing angle 6_ is known (egs. (1.34) and (1.35)). Using
the experimental value of sin%6_ obtained in low-energy, high-accuracy vN°
experiments (table XX1II), one gets

My= (82.41+1.1) GeV,
(7.1) {mz = (93.3 4- 0.9) GeV .

The intermediate vector bosons (IVBg) decay rapidly, mainly into a fermion-
antifermion pair. The W decays into leptons and quarks according to the
reactions

{W‘—-)Wg, o = (e79.), (w9,), (79s),
(7.2)

W™ —q'q, qq= (), (s8), (b)),

where d', 8" and b’ are related to the quark mass eigenstates by a unitary
transformation (see sect. 3). The decay modes of W+ are obtained by replacing
the particles with the antiparticles and wvice versa. The W decay into bt is al-
lowed if the sum of the bottom and top masses is assumed to be smaller than
the W mass.

The widths of the W decays into the different channels are obtained using
the CC Lagrangian defined in (1.5). Neglecting the lepton and quark masses
with respect to the W mass, one obtains

(7.3) (W —1v) = g*myw /487 = GmE,[67/2 ~ 180 MeV
and
(7.4) I'(W—q'q) = 3I'(W — )| U )2,

where |U .| are the elements of the mixing matrix defined in (1.10), and the
factor 3 is due to the colour symmetry of strong interactions. Assuming six
leptons and six quarks, the total width of W is

(7.5) I'=\2]nGm¥ ~ 2.2 GeV.
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Taking into account the mass of the top quark m, and the QCD effects [213],
we have

(7.6) I'(W — hadrons) = 3I"(W - {v)(3 — 3m?/2mZ,) [1 - o (my) 7],
where o (mg) is the strong-coupling constant at mass scale Mg «

The Z° can decay into lepton and quark pairs: Z —{H~, Z — §q. Using
the NC Lagrangian (1.15) and neglecting the fermion magses, one obtains

(W0 P~ all) = (myg* 48z cos*0,) [3 6% + g8) + 3 3 (68 + g20)],

where gﬁ;‘1 and g'f;q are, respectively, the vector and axial-vector coupling con-
stants of leptons and quarks.

31
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T =Vs/m

Fig. 93. — Predicted production cross-sections for W= and Z° in Pp (dashed curve)
and pp (solid curves) collisions [214, 215]: o /3 = 2000 GeV, o /5= 540 GeV,
a /s = 800 GeV.
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Assuming six quarks and six leptons and using a value of sin?0_ = 0.23,
one obtains

(7.8) I(Z — all) ~ 2.2 GeV .

The QCD corrections to the quark-antiquark decay modes amount to factors
of the type 1 - o (m})/x, as for the W decay. Finite-mass effects on the decay
width in tt have been investigated in ref. [213] and [216].

The ITVBs have been detected [3] at the CERN pp Collider. In the quark-
parton model scheme, the production cross-section of the vector bosons is
given in terms of the quark distributions in the nucleons and the resonant
quark cross-section:

(7.9) o(0D —+ WZ]X) = [do, [aw,0(a1, m)f(2, 22),

0 0

25

20

—
(&)

do/dpt(pb/GeV)

e
[=]
T

1 { 1 l

el )
0 10 20 40 50 60

30
piGevi)
Fig. 94. - The predicted p, spectrum of the charged lepton from pp — W(-—ev)X
at 4/s =:540 GeV [215, 216]. The dotted line shows the expected distribution in the

case of & resonant cross-section. The full QCD-corrected distribution is shown by the
solid curve.
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where #; and x, are the fractions of momentum brought by the interacting
quarks in the nucleons.
In the case of W production, the resonant cross-section is given by

(7.10) Ow(®, 03) = V2 G amy d(@, 0,8 — mY) ,

where s is the centre-of-mass energy of the PP system squared. The quark and
antiquark distribution in eq. (7.9) is given by
(TI1) [y @) = W@y, @) = ${{w(@)d(z.) + d(@:)u(z,)] cos? 6 +

+ [w(@,) 5(w5) + S(w1)u(w,)] sin2 6} .
For the W~ production the quark and antiquark distributions must be inter-

changed.
In the Z° case we have

(7.12) Gy, o) = (GE} 7[/\/E) My, O(y 058 — Mz)
and
(T.13)  f(w1, 0a) = Z(ay, 05) = HHlw(e,) u(2,) + () U(2,) ]
‘(& — §sin® 0, + §8in®6,] + [d(wy)d(ws) + d(w,)d(w,) +

+ 8(@1) (@) + (@) 8(2,) ][} — § sin 6, + § sin26,]} .

u d
)y e
5 = sm===p p

w- = ~(1+cos 8)°

a) ¢ “e
-d'_’ < u
_p- == = P
W+ === x(1+ cos 6)°
N e
=P Smpmnly
v ¢
b)

Fig. 95. — Production of ) W~ and b) W+ in proton-antiproton interactions. The W -
polarizations due to the V — A coupling of the quarks and the preferred. direction
of the charged lepton produced in the purely leptonic decay of the W are shown.
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Higher-order QCD corrections modify the predictions (7.10) and (7.12). Figure 93
shows the expected cross-sections for IVE production in pp interactions as a
function of \/E/mw,Z [214, 215]. At the CERN pp Collider the centre-of-mass
energy is Vs = 540 GeV, and one gets

Owt — Ow-~ 2-107%8 cm?
(7.14) { o ’

Oy ~ 1033 ¢m?,

Until now the IVBs have been identified by looking for purely leptonic
decays [3]:

(7.15) Wt try, W-—>i7§
and
(7.16) 7o ¢,
with { =e, p.
— 7
10 \ T i 1 [ T Ll T 1 I T T ¥ T
\
\
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Fig. 96. — Expected invariant-mass distribution of the charged lepton pairs from the
reaction pp — Zo(—tH)X abt 4/5= 540 GeV and y = }ln(w/x,)= 1 (solid line).
The spectra of the events induced by heavy-quark decays (dashed line) and Drell-Yan
reactions (dotted line) are shown [217].
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The purely leptonic decays of the W= are characterized by the detection
of a charged lepton with large transverse momentum, and of a large missing
energy brought by a neutrino in the direction opposite to that of the charged
lepton. BSince the W decays into two bodies, the p, spectrum of the charged
lepton peaks at p, = my/2 (fig. 94). Both the resonant (dotted line) and the
full QCD-corrected distributions {solid line) are shown [215, 216].
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Fig. 97. - Side view of the UA1l detector.

Another signature of process (7.15) is that negative leptons are preferentially
emitted along the direction of the incoming proton and positive leptons along
the direction of the ineoming antiprotons. This is related to the V — A strue-
ture of the CCs and is explained by applying angular-momentum conservation
to the elementary qq proeess (fig. 95). In this figure it has been assumed that
only the valence quarks interact. The angle 0 refers to the direction of the out-
going charged lepton in the centre of mass, with respect to the proton direction.

The %9 decaying into a pair of charged leptons (7.16), can be directly
identified through a peak in the dilepton invariant mass (fig. 96). The negligible
background due to heavy-quark leptonic decay and to Drell-Yan production
of lepton pairs {217] is shown in this figure.
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Evidence of the existence of IVBs was recorded by the detectors of the UAL
and UA2 experiments. The layout of the UA1 experiment is shown in fig. 97.
The apparatus [218] consists of a 4x solid-angle detector for identifying and
measuring the energy of electrons, muons and hadrons. The energy of neutrinos
iy deduced from the missing-energy measurement. There is a central detector
(CD) made of drift chambers, located in a magnetie-dipole field (0.7 T) per-
pendicular to the beam direction. The CD), which allows the track position
and the energy loss (dE/dx) of charged particles to be measured, is surrounded
by an electromagnetic calorimeter of the lead/scintillator sandwich type. The
hadronic calorimeter is contained in the segmented iron yoke equipped with
scintillators. The energy and the direction of neutrinos are obtained from the
missing-energy and missing-momentum measurements. The muons are identified
by an array of proportional chambers placed outside the magnet.

pp experiment UA2

: %igﬁé%

I
—

——vertex detector

toroid coils converter
proportional

S\

“

forward—-backward calorimeter

Fig. 98. — The UA2 detector: schematic cross-section in the vertical plane containing
the beam.

The UA2 detector (fig. 98) [218] is instrumented to identify electrons and
measure their energy over a polar angle interval 20° < § < 160°, Magnetic
spectrometers are placed in the region 20° << 0 < 37.5° and 142.5° << § < 160°
in brder to measure the asymmetry in the purely leptonic W decay. The muons
are not identified. The vertex detector is a system of cylindrical chambers
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which measures charged-particle trajectories. It is surrounded by a 1.5r.l.
tungsten converter followed by a proportional chamber. The central calor-
imeter contains an electromagnetic part and an hadronie part. The two forward
magnetized regions (0.38 T) are equipped with drift chambers and electro-
magnetic and hadronic calorimeters.

transverse energy deposition
central and F/B

no. clusters with
3 energy above 50 GeV

1
10GeV| pcum

~SHNNNNINNNY

A I A E N S R T

360 }
240
12
map for event run no. 1825 ) total central transition energy 7.9GeV
trigger no. 8359 maximum cell transition energy 28.1GeV

Fig. 99. - Plot of the electromagnetic energy flow in the UA2 calorimeter cells for
a W event.

The UAl and UA2 detectors took data in 1982-83 for an integrated Iu-
minosity of 136 nb-1. A total of 57 W candidate events (43 decaying into ev
and 14 into pv) have been detected by the UAl experiment. The UA2 experi-
ment observed 37 W decaying into ev. Figure 99 shows the calorimeter cell
energy distribution for one of these events in the UA2 detector. The H, dis-
tribution of the electrons peaks at high E; values, as can be seen in fig. 100
(UA1). The events show clearly a missing transverse energy of the same mag-
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Fig. 100. — The electron transverse-energy distribution of the 43 candidate eovents

observed in the UA1l detector: W — ev. The curve represents the result of a
Monte Carlo simulation.

nitude as the electron transverse energy, with the vector momentum of the

charged lepton and of the neutrino balanced almost exactly back to back
(fig. 101).

The sign of the electron was determined for a subsample of these events
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Fig. 101. — Correlation between the electron and «neutrino» transverse energies

(43 events in UAl). The missing-energy component along the electron direction is
plotted against the electron transverse emergy.
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(29 in UAl and 8 in UA2). In fig. 102 the angular distribution of the electron
in the rest frame of the W is shown together with the prediction.

The following mass values have been obtained [3] from the total samples
of W decaying into ve:

i My = [80.9 + 1.5 (stat.) 4 2.4 (syst.)] GeV [UA1],
(7.17) M = [83.1 £ 1.9 (stat.) & 1.3 (syst.)] GeV [UA2].
30
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Tig. 102. —~ The angular distribution of the elestron emission angle 0 in the rest
frame of the W affer correction for experimental aceeptance (UA1). Only those events

in which the electron charge is determined have been used. The dashed line shows the
(1 + cos6)? function.

The values of the produet between the measured W cross-section and the
decay branching ratio of W — ev (Br°®) are

(7.18) {(o Bre)y = [0.53 + 0.08 (stat.) 4 0.09 (syst.)] nb [UA1],

(6 Bre)w = [0.53 £ 0.10 (stat.) 4= 0.10 (syst.}] nb [UA2],
in agreement with the standard-model expectations (¢B = 0.39 nb).

Analysing the 14 W candidates decaying into wv, the UAl Collaboration
found

(7.19) g = 8115 GeV .
The measured value of (o Br¥), is

(7.20) (0 Br#*)yy = [0.67 4 0,17 (stat.) 4 0.15 (syst.)] nb .
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1oeevI <]

run no. 1465 total transverse energy 213 GeV
trigger no.43 978

Tig. 103. — Plot of the electromagnetic energy flow in the UA2 calorimeter cells for
a 7% event. CERN pp+/s = 540 GeV.

A total of five Z° candidate events (four decaying into electrons and one
into muons) have been detected by the UA1 experiment. The UA2 experiment
observed eight Z° decays into the electron channel. Figure 103 shows the
calorimeter cell energy distribution as a function of polar and azimuthal angles
for one of these events observed in the UA2 experiment. The mass distribution
of the lepton pairs is shown in fig. 104a) (UAL) and fig. 104b) (UA2). For the
Z° mass the following values were obtained:

(7.21) {mz = [95.6 £ 1.4 (stat.) + 2.9 (syst.)] GeV [UA1],

My = [92.7 4 1.7 (stat.) 4 1.4 (syst.)] GeV [UA2].

The measured values of (o Br°), are

(7.22) {(a Bre); = [0.050 £ 0.020 (stat.) = 0.009 (syst.)] nb [UA1],

(0 Bre), = [0.110 - 0.040 (stat.) - 0.020 (syst.)] nb [UA2].
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Fig. 104. — Invariant-mass distribution of charged lepton pairs: ) UAIl results
(5 events), -—— — Z0 - ptu~ 1 event, ——— Z°—ete” 4 events; b) UA2 results

(8 events).

The average values of the measured W and Z° masses are

(7.23)

Il

My
My,

- (82.2 4+ 1.8) GeV,
- (93.6 - 1.8) GeV,

in good agreement with the values (7.1). In egs. (7.22) the statistical and the
systematic errors are added in guadrature. Table XXIII shows the values

TaprE XXIIL. — Comparison between the values of sin?0,, ¢ and Ar obiained at low

and high energies.

Parameters

W and Z° measurements

Low-energy vN° experiment

sin26,, eq. (1.31)
gin26,, eq. (1.34)
gin20,,, eq. (1.35)
0, eq. (1.37)
Ar, eq. (1.36)

0.232 4 0.008
0.221 4+ 0.010
0.218 4 0.012
0.988 4+ 0.029
0.120 4 0.088

0.220 -4 0.006
0.220 4 0.008
0.220 - 0.006
1.01 £+ 0.01
0.0696 4 ©.0020
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of sin*f_, o and Ar obtained from the measurement of the W and Zo masses
(egs. (1.31), (1.34)-(1.3 )) and from low-energy measurements. The agreement
between the experimental results provides strong support for the standard
model.

The measurement of the width of the 7° (I,) allows limits to be put on the
number of additional types of light neutrinos An,. Combining the UAl and
UA2 results, it was found [219] that

(7.24) An, < 15 (909 c.L).

The quantity I, can be also determined from the ratio of the number of Z° — ete-
and W+ —ev events. The UA2 Collaboration found

(7.25) An, = 0 (909% c.L.).

During 1984 the UA1l and UA2 Collaborations increased the statistics by
a factor of about 4. In the forthecoming years, before the shutdown of the
Collider foreseen to take place in 1987 with a view to improving the luminosity
(the antiproton collector (ACOL) project), an improvement in statistics by
a factor of about 15 is expected. This would allow a determination of the W
and Z° masses with an error of (1 =2) % due essentially to the systematic un-
certainties. The error in the determination of sin® 6, obtained from eq. (1.34)
and combining the two experimental results would be A(sin?0,) ~ 0.005.
The systematic errors almost cancel in the mass ratio and would allow a de-
termination of sin?6,_ from eq. (1.31) with an error A(sin? 0,) ~4-0.009.

8. — The search for Higgs particles.

A neutral scalar Higgs particle is introduced in the standard model [9]
by the spontaneous symmetry-breaking mechanism of the electroweak theory [5]
(see subsect. 1'1). The Higgs couples to each elementary particle with a strength
proportional to the mass of the particle (egs. (1.25) and (1.29)). In contrast
with the mass of the IVBs, the mass of the Higgs boson is a free parameter
of the theory. In other models [220] more Higgs particles are expected, in-
cluding the charged ones, H* and H—. The charged Higgs decay predominantly
(as do the neutral ones) into the heaviest quarks and leptons that are kine-
matically allowed. In some models, such as the technicolour one [221], the
gauge symmetry breaking is realized dynamically, and the resulting bosons,
called technipions, are a condensate of new fundamental fermions. The
coupling of the technipions to fermions is proportional to the fermion mass
that has been predicted to be in the range (5--14) GeV [222].

The standard neutral Higgs particle can be produced in the radiative decay
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of heavy quarkonia:

(8.1) QQ — yH®.
The expected branching ratio [223] is
(8.2) Br (QQ — yH®) = (Gmj/4 vV2om)(1 — mia/my,) Br (QQ — ptu) .

Since Br (J/¢ — ptw~) = 0.07 and Br (¥ — ptpm) = 0.03, if Higgs masses are
negligible with respect to those of the quarkonia, one finds

0.3 Br(J /¢ — yH®) = 6-10-¢,
(8.3) Br(Y -»>+yH® =2.5-10*.

The CUSB Group searched for monochromatic photon signals from T and Y’
decay at CESR, both in inclusive photon from multihadron final states and in
final states consisting of two charged particles [224]. No signal was observed.
The 90 9%, ¢.l. upper limit on Br (' — yH®) XBr (H* — had) obtained from the
inclusive measurements is shown in fig. 105 as a function of the Higgs mass.
The experimental constraints are still much larger than the theoretical pre-
dictions (8.3).

Txtensive searches for charged Higgs were done mainly at PETRA and
PEP in ete- reactions. At the energies investigated, the differential cross-

0.3

) +Br{H*—had) (%)
o
1

8

Br(Y—yH°
T

1 1 1
'O 2.5 5.0 7.5 10.0
mHo(GeV)

Fig. 105. — Limits at 90% c.l. on the product of the branching ratios Br(Y— vH9)
and Br(H® - had) as a function of the Higgs mass [224].
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section is

(8.4) do/dQ = «?/8sf* sin2 6 ,

where f is the velocity of the H* in the centre-of-mass system, and 6 is the pro-
duction angle with respect to the beam axis. The ratio of the leptonic and

hadronic decay rates depends on the specific assumptions [225] used. Figure 106
shows the expected event patterns for ete~ —> HYH~. The reaction

(8.5) ete™ — HTH™ — (vv)(1v)

studied by CELLO [226], JADE [227], MARK II [228], MARK J [229] and

H*H™ —> (V) (Tv)

I
1
|\
|

H*H™ —(tv)(had)

H*H™ —>(ha d)(had)

%

Fig. 106. — Event patterns for ete~ — H*H" reactions for different decay modes of Hx,
The dashed lines represent neutrinos.
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MAC [230] should give an excess in t pair production over the QED yield.
If the mass of the Higgs particle is high, reaction (8.5) should produce an
acoplanar v pair because of the energy carried away by neutrinos.

In the case of the reaction

(8.6) ete™ — HYH™ - (tv)(had) ,

there will be multihadron events with the missing energy and total momentum
unbalanced, owing to the undetected neutrino. For light H* masses, a single
lepton from the v decay would be emitted against a hadron jet. These reactions
have been studied by JADE [227], MARK II[228], MARK J[229] and
MAC [230].

The final state from the process

(8.7) ete~ — HHH~ — (had)(had)
50 50
(JADE)
~ y excluded — TN
~’7. H* —had
60 7 H™ —-~vT 40
%7777)777} , ]
. TASSO)
270 >77> excluded ~7 130
g B / 4 4 H—-cs | §\;
Rad :>> ‘i
L 80 / ? 205
(TASSO)
90+ excluaded =10
g&\}.w»mf H—>cs:cb=1:1
10QILLLLLNLLLLNLLLLAL LLLN L LIV LLLLKSLLLLLLL L 1 0
6 7 8 9 10 1" 12 13 14 15

m (GeV)

Fig. 107. — Limits on the leptonic (badronic) branching ratio as a function of the H*
mass obtained by JADE [227], studying the reactions ete~ - HYH™ ~ (vr)(vr) and
ete~ — HYH™ -» (vr)(had), and by TASSO [231] studying the reaction ete~ — HH™ —
-»[had)(had). The shaded regions are excluded at 959 c.l

would consist of four hadronic jets. Two decay processes were studied by
TASSO [231]:

efe” — H'H~, HF—c5§, H-—¢s,
(8.8)

ete” > HYH-, Ht— cs(cb), H~->3Ts(eb).
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Experimental bounds on the masses of charged Higgs as a function of the
leptonic (hadronic) branching ratio obtained by JADE [227] studying reac-
tions (8.5) and (8.6), and from TASSO [231] studying reaction (8.7), are shown
in fig. 107.
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APPENDIX

List of abbreviations.

Laboratories

BNL: Brookhaven National Laboratory, Upton, N.Y., USA.

CERN: European Organization for Nuclear Research, Geneva, Switzerland.

DESY: Deutsches Elektronen-Synchrotron, Hamburg, Fed. Rep. CGermany.

FNAL: Fermi National Accelerator Laboratory, Batavia, Ill., USA (also known
as Fermilab).

IHEP: Institute for High-Energy Physics, Serpukhov, USSR.

ITEP: Institute for Theoretical and Experimental Physics, Moscow, USSR,

KEK: National Laboratory for High-Energy Physics, Ibaraki-ken, Japan,

LBL: Lawrence Berkeley Laboratory, Berkeley, Cal., USA.

SIN: Schweizeriches Institut fiir Nuklearforschung, Villigen, Switzerland.

SLAC: Stanford Linear Aeccelerator Center, Stanford, Cal., USA.

TRIUMF: Tri-University Meson Facility, Vancouver, BC, Canada.
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Machines

AGS:
CESR:
DORIS II:
LAMPF:
LEAR:
LEP:
PEP:
PETRA:
PS:
SLC:
SPEAR:
SPS:

Hxperiments

ABCDLOS:
AP:
APPW:
ARGUS:
BCDMS:
BEBC:
CCCFRR:
CCFR:
CDHS:
CELLO:
CHARM:
CLEO
CUBS:
DELCO:
K734:
GGM:
HRS:
IFIM:
JADE:
MAC:
MARK J:
MARK 1:
MARK 1II:
PLUTO:

TASSO:
TPC:
UAl:
TUA2:

VPI:
WA2:

BNI: alternating-gradient synchroton.
Cornell electron storage ring.

Doppel Ring Speicher No. IT (Double ete~ storage ring No. II)
Los Alamos meson physics facility.
CERN low-energy antiproton ring.

Large electron-positron storage ring.
Positron-electron project.
Positron-electron tandem ring accelerator.
CERN proton synchrotron.

SLAC linear collider.

SLAC positron-eleetron accelerator ring.
CERN super proton synchrotron.

and collaborations

Aachen-Bonn-CERN-Demokritos-London-Oxford-Saclay.

Aachen-Padua.

Athens-Padua-Pisa-Wisconsin.
DESY-Dortmund-Heidelberg-Canada-Kansas-Ljubljana-Moscow-Columbia.
Bologna-CERN-Dubna-Munich-Saclay.

Big European Bubble Chamber.

Chicago-CalTech-Columbia-Fermilab- Rochester-Rockefeller.
Chicago-Columbia-Fermilab- Rochester.
CERN-Dortmund-Heidelberg-Saclay.
DESY-Karlsrahe-Munich-Orsay-Paris-Saclay.
CERN-Hamburg-Amsterdam-Rome-Moscow.
Symc‘use-Vanderbilt-Cornell-I'thaca,-Harvard-Ohio-Rochester-Rutgers.
Stony Brook-Columbia-Cornell-Louisiana-Munich.

Los Angeles-SLAC-Irvine-Stony Brook.
BNL-Brown-KEK-Osaka-Pennsylvania-Stony Brook.

Gargamelle Bubble Chamber.
Purdue-Argonne-Indiana-Michigan-LBL-SLAC.
Fermilab-IHEP-ITEP-Michigan.

Japan-Deutschland-England.
Colorado-Fragcati-Houston-Northeastern-SLAC- Utah ‘Wisconsin.
Aachen-DESY-Annecy-Massachusetts-Madrid-Amsterdam-Beijing.
SLAC-LBL.

SLAC-LBL-Harvard.

Aachen - Bergen - DESY - Glasgow - Hamburg - Maryland - Siegen - -Tel Aviv-
Wuppertal.

Aachen - Bonn - DESY - Hamburg - London - Oxford - RAL-Siegen-Weizmann
Institute-Wisconsin.

LBL-Los Angeles-Riverside-Baltimore-Massachusetts-Tolyo- -Yale.
Underground Area Expt. No. 1 (Aachen-Annecy- Birmingham-CERN-
Harvard-Helsinki-London-Amsterdam-Paris- Riverside-Rome-RAL-Saclay-
Vienna-Wisconsin).

Underground Area Expt. No. 2 (Berne-CERN-Copenhagen- -Orsay-Pavia-
Saclay).

Virginia-Maryland-Washington-Oxford- Beijing.
Bristol-Geneva-Heidelberg-Orsay-RAL-Strasbourg.
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