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INTRODUCTION

The principle of local gauge invariance for the Lagrangian of the free particles (the
free spinors, for example) fixes the interaction between the spin % particles and the
gauge field (spin 1 particles). The form of the interaction is obtained by replacing in
the Lagrangian the momentum operator (au) by the covariant derivative [for Quantum Electro-

dynamics (QED): au -> Du = Bu + 1un].

The introduction of the gauge field through the covariant derivative (or generalized
momentum) established the Lorentz structure of the interaction. The gauge field Au trans-
forms under the Lorentz group as the vector au.

This is evident in electrodynamics where all the experimental phenomena are well des-
cribed by the free charged particle Lagrangian applying the gauge principle that defines
the vector potential. Evidence for the vector nature of most of the other known interactions
(weak and strong interactions) has been growing for many years owing to the results of many
ingenious experiments. In Sections 2 and 3 I present the recent results on elementary par-

ticle physics, which support the most general properties of the gauge theories, such as
i) The Lorentz nature of the gauge interaction.

ii) The universality of the weak coupling constant that derives from the non-Abelian gauge

nature of the symmetry of the weak-interaction Lagrangian.

The enormous amount of information collected on weak charged-current (CC) and neutral-
current (NC) interactions is also valid support for the most popular gauge theory of the
electroweak interaction: the standard model of Glashow, Salam and Weinberg (GSW) based on
the SU(Z)L symmetry for the weak isodoublet and the U(1) symmetry of the weak hypercharge.
Awaiting the discovery of the predicted intermediate vector bosons (IVB) of the weak inter-
action and the measurement of their mass and spin, the experiments that probe the Lorentz
structure of the weak interaction are spin-correlation or angular-distribution measurements.
The following reactions (some of them well investigated in the past and improving continu-
ously, and some others only very recently experimentally discovered) are the main support
for the V,A nature of the weak interaction and for the universal coupling of the spinors
of different flavours to the IVB.

i) Purely leptonic interactions
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ii) Semileptonic interactions

Decay Scattering
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Sections 2 and 3 on the electroweak interaction will end with a review of the limit
imposed by the present experimental errors on some alternative theory to the standard model
(SM) as, for instance, the left-right symmetric model based on the SU(Z)R x SU(Z)L x U(1)

group.

The impressive amount of experimental data collected in strong-interaction experiments
supports the hypothesis that the underlying theory for these interactions is also a local
gauge theory based on the SU(3) invariance of the degree of freedom that characterizes the

"hadron'": the colour -- red, blue and yellow.

Sections 4 and 5 contain a review of some relevant experiments that have attempted a
verification of QCD. While in the lectures by Landshoff the theoretical difficulties of
formulating precise numerical predictions from QCD theory have been discussed, in this ex-
perimental review the main emphasis will be on the limitations found by working on the ex-
periments supposed to produce decisive tests on QCD. Section 6 is devoted to the descrip-
tion of the tremendous experimental effort that is being put into the search for the baryon
number violation, which is the astonishing prediction of the most ambitious gauge theory --
the Grand Unified Theory (GUT).

As seen in the lectures by Peccei, the coupling constants of the known gauge theories
SU(B)C, SU(Z)L x U(1), g1, 82, and gs evolve with the interaction energy and show a possible
unification point at very high energy. If the unification of the g; is not aecidental,
there is the possibility that the three interactions at the unification energy obey a simple
symmetry group G that contains SU(S)C SU(Z)L U(1). The symmetry of G is broken at different
energy scales to give more restrictive symmetry of the Lagrangian; the only exact symme- -
tries that survive at low energies are SU(IS)C and U(1) of electromagnetism (EM). In some
formulations of the GUT, for example SU(5), the baryon number is not conserved and there is
a prediction for the proton decay and its lifetime of T = 102°%2 yr.

The large value T predicts a new very rare radioactivity of matter. A series of
sophisticated experiments, using massive and heavily instrumented targets, are in progress
or are projects to accomplish the difficult task of detecting the energy release of v 1 GeV
caused by a proton decay, inside a population of more than 103° nucleons, at a frequency of

" one event per year.

HELICITY CONSERVATION IN VECTOR AND AXIAL-VECTOR CURRENT-CURRENT INTERACTIONS

The helicity is the relativistic analogy of the spin and is the projection of the

P: M(M{-E))

four-vector



along the direction of the four momentum p. Here, E = angular momentum on the particle
rest frame and m,E = particle mass and energy, respectively. It is relatively simple to
show that vector (V), and axial vector (A) interactions conserve helicity, while scalar (S)
and pseudoscalar (PS) interactions flip the helicity.

Let us recall briefly the derivation of the helicity conservation in the V and A inter-

actions. For the Dirac spinors, the kinetic term of tlie Lagrangian is

L= 35 f= { Y[+ v L(n)]f

Using the following property of the yy; matrix:
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Since the V and A interactions have the same Lorentz structure as the operator au,

where

their application produces in the Lagrangian the creation of a left-handed spinor and the

annihilation of a right-handed antispinor, or vice versa for an initial right-handed spinor.

In the same way it is easy to show that the S and PS interactions flip the helicity

11 = {4 4t

Scalar and pseudoscalar interactions cannot be introduced by the principle of local gauge

as follows:

invariance.

The previous property of V, A, S, and PS interactions can be memorized graphically

with the help of the following diagrams:
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2.1 Experimental measurement of the p* polarization in
charged-current muon-antineutrino nucleon interactions

The measurement of the helicity of positive muons produced in neutrino reactions at
high Q* solves the problem of whether the CC is only V and A interactions or a mixture of
S, P, and T (tensor) simulating the same inelasticity distribution (y = Eh/E) as predicted
for V and A. The p* from the reaction

- +
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are expected to have the same helicity as the incoming GU beam for V and A interactions.
The helicity of the Gu is determined by the zero (or small) mass of the neutral lepton, by

angular momentum conservation, and by the measured p* polarization in the pion decay:

"T..__—»}A,VP )
The measurement of the u* polarization from reaction (1) requires three major components:
i) An intense GU beam.
ii) A massive target where the antineutrino-induced CC reactions take place.
iii) A polarimeter to measure the ut polarization.
The intense GU beam is provided by the so-called Wide Band Beam (WBB) of the CERN SPS.

As shown schematically in Fig. 1, the WBB of Gu is produced in the following way: the
high-intensity proton beam (v~ 10'3 protons per pulse) accelerated at 400 GeV in the SPS is
directed onto a beryllium target. The secondary pion and kaon produced in the (pBe) inter-
action are sign-selected and focused in a parallel beam by an achromatic (momentum-
independent) system of lenses (the Van der Meer horns). The parallel beam of charged par-
ticles is drifted in an empty region (v 300 m long), where a certain fraction of m and K
decay mainly through the chamnels w(K) - Guu‘. At the end of the decay tunnel a massive
shielding of iron and earth absorbs the muons before they reach the region of the active
neutrino detectors. The energy spectrum of the (anti)neutrino beams crossing the detector

is shown in Fig. 2.

A tiny fraction of the neutrino beam interacts with the small cross-section
(0.4 x 107%% E cm® GeV™!) in the instrumented iron focusing spectrometer magnet and hadron
calorimeter of the CERN-Dortmund-Heidelberg-Saclay (CDHS) Collaboration.
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The CDHS apparatus behaves as an active target, measures the kinematical variables of
reaction (1), and absorbs the hadron shower. The penetrating u*, for a given range of
energy, reach the Amsterdam-CERN-Hamburg-Moscow-Rome (CHARM) apparatus where their polariz-
ation is analysed. The orientation of the p* spin is measured by a spin precession in a
weak magnetic field (58 G) and through the behaviour of the backward-forward asymmetry of
decay positrons versus time. The experiment is shown schematically in Fig. 3a. The experi-
mental data are expressed by

Na(t) - Ne(t) ,
t) __ e PRt = sfwts R
R ( )—'Ne,(thr,(t) Roco (e @)4-1

)(t) is the number of detected positron decays, backward or forward, relative to

where NB(F
the incoming p* direction, w is the angular velocity of the spin precession and ¢ is the
phase related to the sign of the polarization. In the figure is shown the behaviour of
R(t) versus time for a time interval t = 31 (where T is the muon lifetime). The experimen-
tal points (Fig. 3b) start from t > 1 us owing to different time restrictions applied at
the data collection and analysis level. The fit of the sinusoidal behaviour of R(t) gives

the following result:

R _ 0.1+ 003 43 — _3.031t0.09
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The quantity R, is related to the u* polarization [P(u*)] through the parameters describing
+ + —
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and to the slowing down of the p* in the polarimeter material. The result on P(u*) is de-

the ut decay

rived by the measurement of R, and the calculation relating P(u*) to R,. The u* polariza-

tion value experimentally measured is

P(f) = 0.801 0.03(Stat)+ 0.1 (Syst)

From this P(u*) value the following limit for the S, P, and T interactions in CC antineutrino-
induced reactions is derived: 95 p T/0tot < 0.22 at the 95% confidence level (CL). The

t it
average momentum transfer of the CC interaction is Q* = 4.5 GeV/c?.

The same analysis can be carried out for different data subsets in the bin of y (the
inelasticity Eh/Ev)’ The results are shown in Fig. 4. The same events are also presented
as a function of x and Q* in Figs. 4b and c. Since At y = 0 the eventual contributions to
o of the S and P interactions vanish, normalizing P(u*) to 1 at y = 0, the fit to the value
of P(u*) versus y gives the highest sensitivity to possible S and P contributions to CC
antineutrino interactions. From the results shown in Fig. 5 the following limit to the S
and P contributions is derived:

<. 0 9
Geop /Gt £ 3% at 3572 C.L.
The previous results extend to the semileptonic reaction at a high Q* value the very strin-
gent limits on S and P contributions to weak processes derived by the accurate study of the
u decay.
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2.2 Universality of the charged-current coupling in lepton decay

The muon decay has been in the past and -- with the advent of the new high-intensity
low-energy machines (the pion factory) -- is still at present an important field for the
investigation of the weak interaction. The muon has only one decay allowed by energy and
leptonic flavour conservation

b — V. e D,
The muon decay has been thoroughly studied both theoretically and experimentally.

Since the muon decay is the corner stone of all possible weak CC decays, including the
""superweak' proton decay, it is a useful exercise to recall the main steps in computing the
muon lifetime.

The general effective Lagrangian of the four fermions participating in the muon decay

£ = (@0 oo )5 )

G is the Fermi constant and the symbols e, U, and v represent the spinor wave functions of

is

the different leptons. The operator N for the V- A interaction is

Ou = Xo\ (4+X5>

From this Lagrangian and the phase-space factor for the three-body final state, the follow-
ing differential decay width is derived:

_au MK £ L8 S5 g v
& Ey @@E@ﬂ%@ﬂw (Kq‘iﬁ)

where
(K,E) = electron four-momentum
(al,wl) = (anti)neutrino four-momentum
M= (G/Z)(eoau)(v Oa\)).
The integration over all the neutrino variables and the electron angular distribution gives
z
dw = l:& (3-2x)x"dx

9¢

where x is the reduced electron energy (x = 2E/u) and p is the muon mass. After integration

over X
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Experimentally
T = (2.197120 + 0.00007)10"® s  (Particle properties data book)
Tu = (2.196950 + 0.00006)107®% s  (New measurement at the TRIUMPH accelerator)

the high-precision measurement of 1 gives the following value for the Fermi coupling

g
G = (4.16631+ @.ooooz)xw Lor?

The u meson is the heavy brother of the electron, the difference being only the mass and a

constant

new quantum number, the lepton flavour, which is introduced to account for the experimental
observation that p + ey is highly forbidden. The partial width for the u -+ ey decay is

B = r(kqu) < A x ’10’10
[*<}4,——0Vp';176)

2.3 The T meson

Since the discovery of the T meson at the e*e™ storage ring SPEAR in 1975 the problem
of the lepton generation has been widened from the mystery of two unexplained families to

that of three generations.

All the experimental information collected on the T heavy ''lepton' (which is a contra-
diction in words) is in agreement with a universal V- A coupling for its CC decay and with
the existence of a new species of neutrino, the Vo The lepton-flavour conservation forbids

the decay otherwise allowed by energy conservation and the spin-statistics relation

T — e e L . T — }/V//V/A/

The direct evidence for v is still missing, but the hypothesis of the existence of three

families of left doublets responsible for the purely leptonic CC interaction

( Vc (‘uk Qt
¢ L / Pt’ L ) T L

is largely accepted.

The point-like nature of the third lepton is proved at the same level of 'elementarity"
as that of the muon by the beautiful PETRA and PEP experiments on the reactions
L2 k’w L e — T
/
that will be reviewed later. The universality of the V-A coupling has been experimentally
established, recently, by the measurement of the Tt lifetime.

The most precise measurement of the T lifetime has been obtained with an improved ver-
sion of the Mark II experiment at SLAC (the Mark II detector is directly derived from the
Mark I, the apparatus where the 1 heavy lepton was discovered).
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The measurement of the lifetime of short-lived particles is today an important experi-
mental issue; it is worth while spending some time to study the Mark II 1 lifetime measure-
ment in detail. The value theoretically expected for the 1 lifetime is computed according
to the weak-interaction universality by scaling the muon lifetime for the differences in
mass and considering the many possible decay channels open to the 1 decay owing to its mass

value.

The T mass is h% = 1.784 GeV. The known t decays and their branching ratios are given
in Table 1.

Table 1

T decay channels

Decay channel | Branching ratio (B)
(%)

T = UVV 17

T > ew 17

T > TV 22

T > TV 8

T = 3mv + mmo 15.3

i T > 5mv < 0.7 ‘

Let us consider the purely leptonic T decay T - e\_)e\)T analogous to the u - eGe\)u decay.
The t lifetime is computed in the following ways:
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The mean free path of the 1 lepton is ctBy and corresponds to ~ 700 ym at the present
storage-rings energy. The measurement of such short decay paths is done only with special-
ized detectors such as nuclear emulsions or solid-state chambers with very high space
accuracy. These techniques are not of simple application in e*e~™ storage-ring experiments,
where the T pairs to be studied are produced in relatively large quantities. So the 1 life-
time measurement is done by improving the space resolution of the conventional wire chambers,
and the lifetime is measured on a statistical basis over the large sample of T that can be

collected in the storage rings.

At the e*e™ storage rings the T production is due to the annihilation process

e*te™ » t*1~. The cross-section for the previous point-like process is
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where s is the square of the total centre-of-mass energy. For a collected luminosity of

n 30 pbT! at s = 900 GeV2, about 3000 reactions (3b) are produced.

2.4 The experimental technique

The 1 lifetime is measured by finding the vertex of the three-prong t decay product
from the decay t - mmm and measuring the flight distance between the interaction point and
the T vertex projected along the T momentum.

Figure 6 shows the geometry of the reaction. The position of the beams is taken at
the origin 0, the vertex position is measured at V, and | is the normalized T momentum
j = 5/Ebeam' The problem is to measure £ = ctBy = 3 x 10'° x 2.8 x 1073 x 15/1.78 =
7.1 x 10™% cm, when the errors on V and O are of the order of 0.1 cm.

The value £ can be determined only statistically and not on the single-event basis.
To use the full statistical power reduction coming from the large sample of events collected
to evaluate the final value of %, the systematic errors have to be under control at the
desired level of the statistical error. Many tests to verify and control the systematic
errors have been done on the beam position measured with other processes. The distribution
is given in Fig. 7. Unfolding this distribution with the computed distribution for parti-
cles with zero lifetime one gets

£ = (%10 4920) pm

From this value, after radiative correction [change of y since (E ) < Ebeam] and correction

for hadron contamination, the following value of the lifetime is derlved

(3 34+ 0,540, 60)x10 ec

in good agreement with the prediction obtained assuming the universality of the Fermi coup-

ling G, whose value is precisely measured in the muon lifetime experiment.

2.5 Universality of the neutral-current coupling
and the standard model

The universality of the NC interaction comes as for the CC interaction from the charge
carried by the IVB. The charge is transferred with the same value from one flavour line to
the other. The non-Abelian nature of the SU(Z)L symmetry of the weak interaction predicts
the universal strength for the NC as well as for the CC interactions.

The physical IVB exchanged in NC is a linear mixing of the gauge field WS of the SU(Z)L
and the gauge field B“ of the U(1) symmetry. The two linear combinations are interpreted
as the zero-mass photon and the massive physical Z°. The effective coupling in NC reactions
is universal in strength but changes from reaction to reaction according to the weak isospin
and the charge of the particles involved in the process. Table 2 gives the relevant quan-
tities to predict the NC coupling in the interaction involving the members of the first
flavour generation v, e, u, and d.
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Table 2

Neutral current coupling

Particle| t | t3 | Y | Q |Z° coupling = t; -Q sin? 6
VL Yol %|-1] 0 Y
2 Vo l-%|-1]-1 - + sin® ©
R 010 [-2]-1 sin®
up ol || % Y% - %, sin® 6
dL ol =% | Vs | - Yo - s sin® ©
up 010 |*%| % -% sin®
dy 010 |%| % Y5 sin® ©

An identical table is valid for the second (p, s, ¢, ...) and third (t, b, t, ...) flavour
generations. Universality in NC implies flavour independence of the coupling constant given
in the table.

2.6 Deep inelastic scattering of charged leptons on
isoscalar targets and the electroweak interference

The deep inelastic scattering of charged leptons on nucleons at high energy and Q® is
described by the following two graphs:

/\ NS

The kinematical variables defined by the lepton line are

R'= 2 KK (4- con 6)
V = K"‘K\
or the most common adimensional variables
X = QZ/QVI\)
- V/k

The cross-section due to the one-photon exchange is
2
do T4 1 W, s 2 +2 WsLhG
ol 0 dV L Kﬂ(dh"f kiK'

where the W;,, represent the structure functions of the nucleon.

---_—
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The celebrated experiment at SLAC on the deep inelastic electron-nucleon scattering
suggested a particular dependence of W;,, on Q* and v, the so-called scaling law. The be-
haviour of the W, , functions stimulated the formation of the concept of a point-like object
in the proton, the parton model, today identified with the quark parton model (QPM).

In this model the deep inelastic scattering is interpreted as an incoherent superposi-
tion of elastic scattering of the leptons on the quarks contained in the nucleon; each

quark carries a fraction x of the nucleon momentum.

The cross-section of the elastic process 2q + 2q due to the photon exchange is

[i:tﬁh‘ — WT—C?QZ ‘;1__ 2 E;
T - y |2 - Con -6 Q Z_SL V-
d Qd v 4Kzscn“:? Kk [~ 2 +4M = "o ( me)

If the substitutions

W= e 0 S(v-2)
1 :2 r1

are introduced in the cross-section formula, this becomes:
2 3 * .
d 6 TR 4 M v o2
—— S — \A§/ -COS A Sthn 2
od Q'dv LK KK T2 T2 LA

The nucleon form factors in this scheme are

W, =2, /ixg(x)ef%; S(v-£ )
\X/ Z jd,x{(x)«(t 'g(\) ZMX)

Introducing the two form factors F,’2 through the relation

F(Qv)=W, (Qv); E(cz‘,v)&‘fr_g_@l)

The following relation between F, and F, is derived

QXE(X>:: E(x)

The previous derivations justify the hypothesis of the nucleon structure function in
terms of the parton and give the relation (4) known as the Callan-Gross relation. This
relation is a consequence of the spin % of the quark and is quite precisely verified in

the experiment, giving support to the QPM.



- 12 -

THE ELECTROWEAK INTERFERENCE IN CHARGED LEPTON-NUCLEON SCATTERING

3.1 Polarized electron-deuteron scattering

Parity non-conservation in the deep inelastic scattering of longitudinally polarized
electrons from unpolarized deuterons has been detected in the celebrated SLAC experiment at
a value of the momentum transfer around 1 (GeV/c)?. As seen before, the deep inelastic
scattering is an incoherent superposition of elastic scattering of leptons on quarks (in
the case of the deuteron nuclei there is the same amount of u and d quatks).

The graphs representing the polarized electron quark scattering are:

~ f; 445;7€2Q. i:::;bjf;t \ 455;7

( 2

The EM electron-quark coupling is independent of the electron longitudinal polarization
while the Z° quark coupling has different values for left-handed (eL) and right-handed (eR)
electrons (Table 2). The quantity to be measured is the relative asymmetry

A Sx=b
Gy + O

The deuteron is an isoscalar target and contains the same amount of u and d quarks.

@ @

YL

Let us compute the quantities oR.L considering the elementary subprocesses on the
b
quarks u and d, and applying the helicity rules.

2
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At the value of momentum transfer squared (Q*) of the SLAC experiment the quantity
op * oL is dominated by the photon exchange. The quantity Op ~ 9L is given mainly by the
vy - Z° interference term. Adding the u- and d-quark contributions the following expressions

are derived for OR’L

0, « ,35, —5——;[44’@’%)1] 5QM [( -4)9,+ ﬂ]

and
G, «2 A 4y (1], g_eL (%H .q
9 Q S0°M <

where

y = V/E

4, R = 9, T 2 R

M = 7% mass

Eo = incoming electron energy.

The asymmetry is given by the following parity-violating expression:

_ Ty a—eq . ) E)lA)
"= 3 %‘2 Gl S TR
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If the helicity couplings are expressed in terms of the weak angle, sin® 6, the asym-

metry becomes :{ (;{ % ) 2
2 _ -
A=DBe |4, +% 5 gy ®

where

8 B _ 44640 fr
2 Vo A

a _ 4- 20/98 sin O

{ -

il
-~
o

O, = {+hsin ©

The experimental values of the asymmetries are shown in Fig. 8 versus y for different
electron energies E;. The results of the experiment are shown in Fig. 9 where the asymmetry
values expected with the SM are also represented for different values of sin® 8. The fit
of the experimental data to the SM gives sin® 6 = 0.224 * 0.020.

3.2 Charge asymmetry in the deep inelastic muon-carbon scattering

The electroweak interference has been experimentally proved recently in the deep in-
elastic scattering of muons on carbon nuclei. The high-energy high-intensity CERN SPS muon
beam allows the exploration of the effects at a Q* value of the order of 10% (GeV/c)?,
where the asymmetry has a value of a few per cent. The quantity B measured by the Bologna-
CERN-Dubna-Munich-Saclay (BCDMS) Collaboration working with the 200 GeV CERN muon beam on
a 40 m long carbon target is

+ -
B_ 9= 9%
GL + Gp

where 21

and the other o have the obvious interpretation (+ for the muon charge, R,L for the muon
helicity). The carbon nucleus is an isoscalar target with an equal number of u and d
quarks. Let us apply the simple rule of helicity conservation in the elastic muon quark
scattering to the following elementary processes
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The expression for B in terms of the helicity couplings (uR L and qp L) is

R _ O 4 f(d-y) (f‘ I’L) ( )-Q(wﬁ-%)

1 +(d-4)

The expression for B shows that the quantity is almost parity conserving since the

quark term is axial vector and the dominant part of the u term is also axial vector. A
typical event of deep inelastic uC scattering as seen in the BCDMS apparatus is shown in
Fig. 10. The radiative corrections to the raw data to evaluate the quantity B are quite
important owing to the one-photon ~ two-photon interference. The value of B is presented in
Fig. 11 for two muon momenta. The value of B is plotted versus the variable g(y), where

34) = iffff%

The result of the fit gives the B slope

£ |15+ 0.6 (Stat)s 0.16 (Syat) (<10
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This result, if interpreted as a measurement of the third component of the p*

e

AR =

gives

Ox O.O%

weak isospin,

proving that the muon, behaving in the NC weak interaction as the electron, forms a doublet

(X)L if left-handed and a singlet when right-handed.

If the results on B are interpreted in terms of the SM the sensibility to the value of

sin? © is not large since the axial term dominates, but a value of sin®? 6 can
plotting in the plane av, the uC scattering data and the results on the muon
from the reaction e*e” - p*u~ studied at the electron-positron storage rings.
we getv, = -0.17 + 0.36 and sin® 8, = 0.21 + 0.09. The value of sin? 6 from

be extracted
asymmetry
From Fig. 12
the deep in-

elastic uC scattering has within experimental errors the same value as the one from the

electron-deuteron scattering, proving the electron-muon universality in the NC interaction.

3.3 Neutrino-induced neutral current interaction
on leptons and quarks

The scattering of muon neutrinos (vu) on electrons (e) is of particular theoretical

interest because of its simplicity.

cles and its cross-section can be computed in the SM with high accuracy.

The v,€ reaction involves only free point-like parti-

Since the SM is a

renormalizable theory, the higher order correction to the so-called Born approximation can

be computed. The first-order graph for the Ve scattering is:

In computing the cross-section the (anti)neutrino masses are taken equal

to zero. The

helicity rule and the angular momentum conservation prescribe the behaviour either of the
angular distributions or of the inelasticity y = Ee/Ev of the scattered electron as follows:

2
v, z
> & » oA C.
L 3
=l = 1% CR 1 -
- (

(1-4)

4)’



- 17 -

The differential v and ¥ electron cross-sections are

4z - QGWEMLC;J@ (4-y)

do _10Em s £ C (1Y)
dy L -

J
:

L -

where m is the electron mass and the terms O(m/E \)) have been neglected. The integration on
y from zero to one gives
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The measurement of the ratio R = ¢/G allows the determination of the weak angle in a

1

way that is independent of the value of the NC coupling and consequently that does not re-
quire the hypothesis of the minimal Higgs structure (Higgs isodoublet).

In terms of the helicity coupling
2 2
R 3 CL + C R

z

3 e+ C,

and expressed as a function of sin® 8

R 3 j-[,_suf@—l-jg/fﬁ’ sin'@
=T 4~ sin By 46 sinp

The quantity R has been experimentally determined. The two cross-sections have been meas-
ured with a single apparatus at the CERN SPS neutrino beam.
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The (anti)neutrino electron cross-section has been determined based on a sample of
46 * 12 neutrino and 77 * 19 antineutrino events induced in the CHARM fine-grain calorimeter
by the horn-focused WBB. The few € scattering events are extracted from a total of
1.2 x 10°® neutrino and 1.5 x 10° antineutrino interactions. The candidates are searched for

amongst the muonless showers produced at small angle in respect to the beam direction.

The shower developments have the characteristics of an EM shower of high energy
(7.5 < E < 30 GeV). The candidates are shown in Fig. 13, where their distribution is plotted
versus E262. The main source of systematic error in the o(G) cross-section determination
comes from the background subtraction. The experimental result on R is

0 65
R - 433273

In Fig. 14 is plotted the expected theoretical value of R versus sin® 6 (dashed line). The
experimental value of R compared with the full line (modification of R versus sin 6 due to
the experimental acceptance) gives

sint = 0.915 1 0.04(Stat) 2 0.015(pY)

3.4 Neutrino scattering on ''quarks"

To a very good approximation the neutrino-nucleon as well as the electron-nucleon
scattering is described by the point-like interaction of the lepton against the three
valence quarks with the addition of a slowly varying amount of antiquark sea [a(Q®)]. At
this stage the flavour mixing due to the Cabibbo angle can be neglected. The quark NC
coupling is studied comparing the rate of muon (anti)neutrino-induced events without muons
in the final state with that of the events induced by the CC interactions. The ratio of
the two yields is almost independent from the uncertainties coming from the existence of the
quark colour interaction to form the final bound state (hadrons). Assuming zero mass for
v (¥) and V-A types of interaction of the CC, the events have the following y distribution:

Const

o P — (j/ i’

= =, = (W)

Introducing the fraction o of sea antiquarks, the CC y distribution is

-

&= = 4 g {—d

*

V

> 4 = O‘(i—%)l
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In the NC interactions the neutrinos communicate with both helicity quarks with dif-

ferent coupling. For an isoscalar target (u = d):

 w (1-) v a (<-4)
G (- )(g) v
R [ R S GG
" e, [(4) (a-¢) + }ﬂi[@-d)me-ﬂ

2 = 1,2 2 .
where qL,R uL,R + dL,R for an isoscalar target.

Q

After integration on y the cross-section becomes

G =y 4--2/5 a
(';:c,c ok4/5+'2/5 A
"~ qi (1-2/3 oL)+q§ (4/3+£/3“)
T o« gt (2/3+254)+ G5 (4—2/34)
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Introducing the ratios R and R of the NC to CC cross-sections for neutrinos and antineutrinos,

vC
R= 2 = alr auye
D — NC 7 2
= &0 = qleqpe

=
3 -2
4+ 2a

from the measured quantities R and R we derive the left- and right-handed quark coupling

q = z: (R-R/e)

oz
1e= gf:i (R - K

In the SM qf and qﬁ are related to sin®? 8. The value of sin? 6 is measured in terms

E::

of R, R, and the amount of sea quarks a.

The dependence on the sea quarks disappears in the ratio
0 >
_K_____ = L} CI f) %—-SLnQ
(-7)

where p = M%/(M% cos? 8) = 1 in the SM.

Experimentally the measurement of R’ is more subject to systematic errors owing to the
normalization error on the flux of the v beams, while the two ratios R and R are flux
independent.

The results from the recent analysis of the experimental data from the high-statistics
electronics experiment on an isoscalar target (CHARM) keeping p as a free parameter are

P:— 1.02+ 0.023 sen G@=0243+0033

If p is fixed at the value p = 1 the CHARM data from the Narrow Band Beam (NBB) exposure
give

sen © = 023930t 00213
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Figure 15 shows the neutrino (antineutrino) energy spectra of the NBB for a given value
of the detector radius. The NBB is derived from a momenum-selected beam of m and K. The
two-body decay of m and K of given momentum allows the correlation of the neutrino energy
with the decay angle and so with detector radius. The two neutrino lines correspond to the
different @ values in the m and K two-body decay

1T-—>y»\) - ‘{“”’f”")

/
Figure 16 shows the status of the measurement of R and R obtained from different detectors,
including electronic calorimeters and bubble chambers.

3.5 Deep inelastic scattering of the neutrino (antineutrino)
on protons and neutrons: charged current and neutral current

The deep inelastic scattering of neutrinos on an isoscalar target (u = d) gives infor-
mation on the weak quark coupling q® = u? + d?. The use of a hydrogen and a deuteron tar-
get is necessary to separate the u and d contributions.

The cross-sections for CC and NC reactions on protons (p) and neutrons (n), in terms

of the quark couplings and neglecting the antiquark contribution, are given by the
expressions:

\J?A’ kb = =g, 1-ct
CcC Jon = T=a 2 (4-2)
"L == * ¢ - o,
e =, e (e )
v . s ) 2 rdy (1)
. E 1-9) (26 v (4
NC- : 2 & i Ae <(4_ol) (Qd{%*—“’«t)
— 9. 2 2z z
P o =y e

The upper part of this expression represents the elementary subprocesses of the vp scatter-
ing, the lower that of the vn scattering. The ratios of NC to CC events induced by neutrino
interactions on protons and neutrons are

NC
Ry = —&O:L“ QW+ d )y (Twrd, Y
" | ) 1
R G_n,N_c :::24- X (Qd/‘;— M/z,_ +(2 d’k*'ufi )(i-(j)

I
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The values of Rp and Rn are measured in the hydrogen and deuteron bubble-chamber exposures.
The recently measured values averaged over different experiments are

R = 043:003 R = 0.26£003

All the experimental information collected on isoscalar targets and on hydrogen and
deuteron allows the model-independent evaluation of the left- and right-handed NC quark
coupling. Table 3 gives the result of this analysis.

The ratio of NC to CC events induced by antineutrino interactions ﬁp has also been
measured on hydrogen and gives R_ = 0.36 * 0.06. The combined information on Rp and Pp
shown in Fig. 17 gives the following value for sin? 6

S L/FLL 659 e é:). :[ €5 j& (:). (:)JE;

in good agreement with the world average of sin? 6 = 0.232 + 0.009.

Table 3

Quark NC coupling

Predicted value

Coupling | Exp. value | gy yith sin® § = 0.23)

u? 0.13 + 0.03 %- % sin? 6 = 0.12
& 0.17 + 0.03 | - £ + L sin2 6 = 0.18
L 17 £ 0. 7t 3 .
uZ 0.03 + 0.01 | - % sin® 6 = 0.024
az 0.00 * 0.01 %sinz 6 = 0.006

3.6 Generation universality in the neutral current quark interaction

The data on deep inelastic neutrino-nucleon scattering in the analysis presented in
the previous section have been interpreted in terms of the u and the d quark inside the
nucleon, the small contribution due to the amount of the strange quark present in the nu-
cleon sea being neglected. An attempt to extract the NC strange quark coupling from the
global fit of the y distribution of CC and NC events has recently been carried out by the
CHARM Collaboration (Fig. 18). The result of the fit allows the determination of the quark's

coupling to the NC
3

s _sisse o 4331043
E§ Ci' T Ci’ '3

in agreement with the universality predicted by the SM for quarks of the same charge and

different flavour.

The CDHS Collaboration has derived the NC charm quark coupling from the study of the
mass distribution of neutrino-induced events with two muons in the final state. In the
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analysis the hypothesis is made that the dimuon events with mass around 3 GeV are produced
according to the gluon Z° fusion mechanism, as shown in Fig. 19. Comparing the neutrino
with the muon-induced dimuon events (in the J/¢ mass region) and assuming the gamma gluon
fusion mechanism for the muon-induced events, the following NC charm coupling is deduced
from the experimental data

2

e _ 2424
9%,

This result within large errors is also in agreement with quark weak universality.

3.7 Electroweak effects in e*e~ annihilations

With the advent of the high-energy e*e~ rings PETRA and PEP, the electroweak interac-
tions can be investigated in a clean way at high values of the momentum transfer
(Q* = 1000 GeV?). At the PETRA energy the e*e~ annihilation into a fermion (f) and an
antifermion (f) is described by the following graphs:

P § ﬁ\ %
i~ Y g */Z/é

The final fermion angular distribution is determined by the following helicity

amplitudes:
. / O Cﬁ) §
e < (drco o,
fo—rg @ . — & R
—__2;;;_‘-~i — 7
==y ) o RN 2
L R == {Il - ."_"‘").____EL‘ X (’i - 0D H)
——lly 2
__“Z — grr( ol ’k 1 - cant )
——h - 2
—e¢ - z > / )
612 €, —) {,1 ._::t—) gy o \ 1 + C‘DSE)/>

The cross-section is proportional to

cos L L L R {; - 5 -2 2
i+ e{ %5’{1) (icmejégj _g”_M

where Q® is the square of the momentum transfer, f is the electric fermion charge, M is the

2° mass, and 6 is the angle between the final fermion f and the electron:

. 7o

- - -
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The differential cross-section, neglecting the square of the contribution of the Z°

exchange, is

de _ _[,_a_zﬁ (4+605 9) __(:.f-rCo.S ‘9) TR 2*3)& £)+J059-9~ (’%'%)(If’@

o eos © QH

The term proportional to cos 6 leads to a backward-forward asymmetry A

]q = 6‘(8)_ G(V—@) ~ 1 5059_@6 (‘e e“)(g g“)
(o) +c(m-9) 2  2fM d+cs©

At PEP and PETRA energies Q® = 841 and 1200 GeV? the expected asymmetries for differ-
ent ff pairs are

Alepton = -7.9%
Ad = -24%
Ay = -12%

The integrated asymmetry depends upon the experimental acceptance so the electroweak
couplings are usually derived by the fit to the events angular distribution. The figures
show a compilation of the angular distribution of the events for u and T pairs obtained by
the four PETRA experiments (CELLO, JADE, MARK J, TASSO).

Tables 4 and 5 are a resumé of the u and T asymmetry values, as measured up to the
summer 1982 at PEP and PETRA.

Table 5

Results from PEP and PETRA on the asymmetry in the reaction e'e™ - 1%t~

Expected in GSW for

Experiment Vs At Sin? 6 = 0.23
(GeV) (%)

MAC 29 -1.3 + 2.9 -6.3

MARK II 29 -3.2 + 5.0 | -5.0 (|cos 8] < 0.7)
PEP results

combined 29 | -1.7% 2.5 -6.0

CELLO 34.2 | -10.3 = 5.2 -9.2

JADE (prelim.) | 34.2 |- 7.9 + 3.9 -9.2

MARK-J 34.6 |- 8.4+ 4.4 -9.4

TASSO 34.4 |- 5.4 4.5 -9.3

PETRA results
combined 34.4 -7.9

+
W]
S
©
«w
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Table 4

Results from PEP and PETRA on the asymmetry of e*e™ - 'y~

Experiment Vs | Measured A, fgipiiﬁedeln gsgs
(%) (%)
MAC 29 4.4+ 2.4 -6.3
MARK I1I 29 -9.6 £ 4.5 -6.3
PEP results
combined -5.6 £ 2.3 -6.3
CELLO 34.2 -6.4 * 6.4 -9.1
JADE 34.2 -10.8 £ 2.2 -9.2
MARK-J 34.6 -10.4 = 2.1 -9.4
TASSO 34.4 -10.4 = 2.3 -9.3
PETRA results -9.3 for my =90 GeV
combined 34.4 | -10.4 = 1.4 | -7.9 for my =~

The data on the lepton asymmetry are in good agreement with the SM and give the first
indication of the mass of the Z° pole, 50 < M, < 106 GeV at the 95% confidence level

(Fig. 20).

Z

3.8 Electron-positron annihilation into a quark-antiquark pair

At the present e*e™ rings' energy, five different quark flavours contribute to the
ee » qq reaction (q = u,d, s, c,b). The e*e” annihilation into hadrons, if the leading
hadron flavour can be tagged, gives the possibility of studying the NC heavy-quark coupling.

The backward-forward asymmetry for the charm quark has been investigated with large
statistical errors by the TASSO Collaboration. The c quark tagging is done by the recon-
struction of the D* mass. The D* formation is the largest fraction of the c fragmentation

and the D* identification is helped by the small Q value of the reaction chain
¥ o -
-+
D, Dw_, K’

The angular distribution of the D* in the e'e” annihilation, as measured in the TASSO
solenoid, is shown in Fig. 21. From the fit to the experimental points the value of the c
quark asymmetry is: (AC) = -0.35 % 0.14, compared with the predicted value of A. =-0.14.
Other information on electroweak effects in e'e”™ » hadrons has been extracted by the meas-

urement on the total hadron cross-section

R~ O'wwn——SZ g2 9 (4:4)4@
— 24 9)iA)f
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After the QCD correction to the R value to account for the deviation from the simple
QPM expectations [assuming a given value of the QCD scale /A (where A = 0.3 GeV)], the R de-
pendence on s can be interpreted as due to the electroweak effects. The experimental data
(shown in Fig. 22) are in agreement with a value of the average vector coupling (fL + fR)
to the quark corresponding to the universal coupling with sin® 6 = 0.25. The experimental
data come from the PETRA Collaborations JADE, MARK J, and TASSO.

In conclusion, the weak interactions have been investigated for a large number of
physical phenomena ranging from low Q® (atomic parity violation and neutrino-electron
scattering) to the highest Q® available in e*e” annihilation. The SM is able to describe

all these phenomena with a single universal parameter, the weak angle sin®? 6 (Fig. 23).

Alternative models to the SM, such as the popular left-right symmetric model
SU(2)y, x SU(2)g x U(1) are, of course, also able to describe (with more parameters) the
weak processes, but until now there is no compelling evidence for any departure from the
simple SM. The future steps that will more deeply validate (or invalidate) the SM are

i) the discovery of the IVB,

ii) the consistency of the value of the measured IVB mass with the computed value (first

and second order), given the low energy input.

The input for these computations are the low Q? value of sin® 6 (to be known with a few per

cent accuracy) and the mass value of all quarks, including the still missing top quark.

EXPERIMENTAL TESTS ON QUANTUM CHROMODYNAMICS

The most acknowledged success of quantum chromodynamics (QCD) is the quark-parton
model (QPM). The experimental apparatuses available have, until now, allowed the observa-
tion, as a result of particle interactions, of leptons (electron, muons ...) and/or hadrons
(pion, kaon, protons, ...), but physicists have accepted the quark hypothesis and have
learned to think of the elementary process as due to quark-quark or quark-lepton interac-
tions. The quarks are expected to be bound because the QCD forces confine them to the
hadron bag.

This way of thinking is a dramatic change compared to the orthodoxy of the 1960's.
The experimental results on the deep inelastic scattering (DIS) of electrons on nucleons
were the first indication of the parton constituents of the proton. The interpretation of
the SLAC data (Fig. 24) on the DIS by Bjorken was initially done in terms of the current
algebra on the light cone, but for such a small space-time volume that the point-like in-
teraction of the nucleon with the virtual photon became mathematically equivalent to the
parton-photon interaction (proposed by R. Feymman), illustrated by the following diagram:
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The identification of the parton with the quark (proposed by Gell-Mann and Zweig) was
the next step forward in the interpretation of the DIS data. Since the first SLAC experi-
ment (at intermediate electron energy and momentum transfer E = 20 GeV, Q* ~ 5 GeV?), many
experimental results on DIS have been obtained using different incident lepton beams
(electrons, muons, and neutrinos) covering a wide range of Q*. The agreement between the
experimental results is satisfactory and the collection of DIS data constitutes a solid
basis for the validity of the QPM as well as of the QCD that accounts for the small loga-
rithmic departure from the QPM predictions. The QPM can be considered as the zeroth-order
approximation of the QCD theory.

4.1 Review of the experimental status of deep inelastic
lepton-nucleon scattering

The basic ingredients of the DIS of leptons on nucleons are:

i) the lepton current which is exactly defined by the precisely verified experimental
law of the lepton-number conservation;

ii) the point-like nature of the lepton vertex where the spinor field-gauge boson field
interaction is known.

The diagram below illustrates schematically the lepton-nucleon scattering and defines
the kinematic quantities of the scattering.

2

HL, J )
K __—0E QR _ uEEsmg
E
sQ Y, E-E'

—
a—

x = R /oMy

The cross-section of the DIS of charged leptons on nucleons is derived as in the book
by Aitchison and Hey (p. 80; see Bibliography) and expressed as a function of the variables
defined in the above diagram:

2 f-
do  _ LAE) | 9 W.(% € e 2sen EW G
dode’”  QF ?

If expressed as a function of the dimensionless variables

x=Q/oMo ;4 -(E-E)/E

the cross-section is
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For neutral incident leptons (neutrinos), the helicity and the V - A nature of the
neutrino-gauge boson (W) interaction introduces a new term (a parity-violating one) in the
expression of the cross-section, which is

ol Gls_ EME “F (x, Q)+ ft- -tkd)r x,Qz:‘j('-_:.i xF.(x(
d,xd,\gr— — \jd( J(jQE)() )

The main differences between the charged lepton-nucleon DIS (a) and the neutrino nucleon
DIS (b) are:

i) The propagator effect:
(a) propagator « Q%

(b)  propagator « I S §

2 2 2
My My
ii) The photon exchange [pure vector (V) interaction]. This is parity-conserving, while
the v-W coupling is V - A and gives the maximum parity violation. The * sign in front
of the structure F, takes into account the change of helicity and consequently of
coupling of the neutrino with the W and of the antineutrino with the W.

iii) The structure functions Fi' These have the same analytical dependence upon the vari-
ables x and Q®, but differ by a multiplicative constant for charged or neutral lepton-
nucleon DIS. The multiplicative constant is due to the different electric or weak
charge of the quarks.

Figures 25a and b illustrate some of the differences in doing experiments on the DIS
of leptons on nucleons using muon or neutrino beams. As already mentioned, the DIS experi-
ments are today done with different beams (e, u, v) and at the highest Q* and energy avail-
able at the present accelerators. The DIS study will be extended to very high Q* and v
values with the advent of the electron-proton (ep) collider as proposed by the HERA project.
As shown in Fig. 26, the realization of the HERA project will allow the experimentation of
ep DIS at Q* ~ 10° GeV* and v = E-E’ = 1.5 x 10° GeV.

4.2 The quark-parton model and the scaling law of
the structure functions (F;)

The experimental data on ep DIS at intermediate Q® values (2 < Q* < 8 GeV?) collected
at SLAC are shown in Fig. 27. The data show that for a given x = 1/w value the structure
function W, is independent of Q*. This behaviour of the W, is known as the scaling law.

The interpretation of the scaling of the structure functions was given by Bjorken in
1969 in terms of the QPM and predicts, at large Q* values compared to the square of the
proton mass,
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In Aitchison and Hey it is shown how the QPM predicts scaling, and the structure functions

F, are interpreted as probability distributions qi(x) of finding the quark a3 carrying a

fraction x of the nucleon momentum,
2xF, V=R (x)=2 2 xq_(x)

where e; is the electric charge of the quark ;- The relation between F, and F, is a con-

sequence of the spin of the quark and is known as the Callan-Gross relation.

The electron-proton DIS is described according to the proton (uud) structure

e h —h r Tk
R () =g x| wen TN Tideed

functions

where 4/9, 1/9 are the square of the elctric charge (2/3, 1/3) of the u and d quarks, and
up(x) and dp(x) represent the probability of finding in the proton a quark u or d with a
fractional momentum Xx.- For the DIS of electrons on protons p = (uud) and on neutrons

= (ddu), the isospin 1nvar1ance relation gives
n
wh (<) = d"(x)
The structure functions F. (x) are

%E% L [u_(x)w%x) A )+ d,(x)]

%E _ -/—13- e (X)+ W (%) +3L§- d(_x)-rdb‘)

The index p of uP and dP has been omitted for simplicity. If the SU(2) isospin invariance

is valid for the antiquark sea in the nucleon
(x)= w (x)
the following relation is valid
2 h Zn
F_F _% w () - oL &)
2 a = 3

The experimental x distribution of Ffp - an is shown in Fig. 28.

The nucleon structure function deduced from the experimental data of DIS of charged
leptons on nucleons and of neutrinos on nucleons can be compared with the value predicted
by the QPM.
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The term O(S) is a small correction due to the presence of a strange quark s in the nucleon
sea.

The relation between FXN and F?N is well verified experimentally, as shown in Fig. 29,
where the data of the two CERN muon experiments [being done by the European Muon Collabora-
tion (EMC) and the BCDMS Collaboration] are compared with the results obtianed in the CERN
neutrino beams by the CDHS Collaboration. The integral of F,(x) over all the x values
(0 < x < 1) is interpreted in the QPM as the fraction of nucleon momentum (e) carried by
the valence quark that interacts with the virtual exchanged boson (y,W).

The numerical integration over the data shows that only approximately one half of the
nucleon momentum is carried by the quark; the remaining momentum is carried by the gluons
that do not interact with the gauge bosons (y,W). The quark and antiquark x distributions
in the nucleon are determined in the DIS of (anti)neutrinos on nucleons:

v 3 v T
OL(T+0L0‘ oL E — Qx (/L+CL+W+CL

do-0d o yE = 2x[w-w+d-d
S — -
Forsh o= 2% wed] = g (x)

2 §
U . ~ 7 - <><
E_xF _ 9x|x+d|~q(¥)
2 —
The antiquark distribution derived by the analysis of the experimental data collected
by the CDHS Collaboration is shown in Fig. 30.

[

The review of the DIS of leptons on nucleons shows that the QPM explains quite well
the nucleon structure and that the quarks are indeed responsible for the DIS of the leptons.

4.3 Departure from the scaling behaviour of the
structure functions and the QCD interpretation

The experimental data of DIS of leptons on nucleons shown in Fig. 31 for different x
bins and as a function of Q* indicates a slow dependence on Q°. The value of F, at large
x (x > 0.45) is slightly decreasing at large Q° (Q* > 20 GeV?).

The amount of scaling violation is quantified by b = d In F,/d In Q°. Figure 31 shows
the slope b as measured in three high-energy lepton-nucleon DIS experiments.
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The deviation from the scaling behaviour of the structure function is predicted in
QCD. The mathematical description of the Q® evolution of the structure functions is given
by the Altarelli-Parisi equations.

The equations derive the evolution of F, as a function of the variable t =
= In as(Qz)/as(Qg) from the knowledge of quark and gluon distributions at t = 0, where o
is the coupling "constant" of QCD and is a logarithmic function of Q* and of the QCD scale
parameter A.

Introducing G(x,0), V(x,0), and S(x,0) as the gluon, the valence quark, and the sea
quark x-distributions, respectively, at t = 0, the structure functions F, can be expressed

X E(XQI): F xt)e\/ (x.9)

E (x@) = F_xt)e] Vigxoy o] £ o 9

X Q(X Q) Eﬁ@‘ E xt)]e V(xo) +EFF(X#}@S(X,O)+
. . (xt)e 6 (x0)

where the symbol O stands for the convolution integral and E, FE FG(x,t) represent the QCD

{)

y

predicted evolution of non-singlet (valence) quarks into non-singlet quarks, of singlet
quarks into singlet quarks, and of singlet quarks into gluons plus quarks, respectively.
Their expression is determined by the Altarelli-Parisi equations when the scale parameter A
is fixed. The initial values of V(x,0), S(x,0), and G(x,0) cannot be computed by the QCD
perturbative theory and have to be fixed by the experiment.

An analysis based on high-statistics neutrino-nucleon DIS data collected using the
CERN WBB and the CHARM detector have shown the validity of the Altarelli-Parisi method,
measured the gluon distribution in the nucleon, and determined the value of the QCD scale

parameter A in the lowest order of QCD (AL 0 ):

+ 130 3
/\LO-_—" (48‘7-140 i?—@) Mev

from the analysis of xF, and

Moo= (19075 £70) Mo

The results of the CHARM analysis are shown in Fig. 32, where xF,, F

from F,.

,» and q are shown
plotted against Q°. The evolution of the gluon distribution function is shown in Figs. 33a

and b.
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In Landshoff's lectures at this school it has been shown that the determination of :
A from the data is not free of theoretical ambiguities. The experimental situation also
poses some problems in spite of the good quality of the experimental data; the evolution
of the structure functions with Q* is quite slow and the accuracy of the data is still not
adequate to correctly determine the logarithmic effect induced by the QCD high-order terms.
Table 6 giving the A values derived from different DIS lepton-nucleon experiments, reflects
the incertitude of the experimental status of A measurements.

Table 6

The measurement of A in deep inelastic scattering

Experiment Ap.o. /\M—S
(MeV) (MeV)
+ 114 + 155

uFe (EMC) 112 20 © 55" [ 170 D 332
+ 60 + 124 + 150

pH, (EMC) 10 7 g0 D507 | 145 D g
+ 60 + 90

uC (BCDMS) 857 40 - 70

vFe (CDHS) 290 + 80 * 120 | 300 + 80 + 120

(singlet fit)

VFe (CDHS) 180 + 30 + 100

(F, fit)

vCaCo; (CHARM) | 187 * 130 + 70

(singlet fit)

vCaC0, (CHARM) | 190 * 70 = 70

(F, fit)

Table 6 shows that the experimental situation on the A value as derived by the funda-
mental process of DIS of leptons on nucleons is not completely settled, and the most conser-
vative statement on A is that the QCD scale is =~ 0.1 GeV. Another element of incertitude
in the determination of A from the DIS data is that most of the data have been collected
on bound nuclei. The EMC have recently shown that contrary to expectation even at high v
and Q* values the nucleon structure functions feels nuclear effects other than the Fermi
motion. Figure 34 shows the ratio FEV as measured on iron and deuterium plotted against x
for (Q%) = 50 GeV?.

This brief review of the experimental situation of DIS of leptons on nucleons shows
that experimental data are in qualitative agreement with the prediction of QCD but quanti-
tative tests of QCD in DIS phenomena are at the moment not possible because of both theo-
retical and experimental inaccuracies.

4.4 The e*e” amnihilation into hadrons

The study of the e*e” annihilation into hadrons has provided the most convincing evi-
dence of the role of the quarks in hadron physics. The experimental results on the cross-

section measurement for the process

e*e™ ~ hadrons ,
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collected at different e*e~ storage rings, are shown in Fig. 35. The cross-section data
are presented as a ratio between the cross-section of the process under study and the cross-
section for the production of a point-like u*u~ particle pair:

F{_ - G (Qg 2 = }L&Lcﬂ;Lorls)‘
o (ez—pF)

The high values of R at some values of the c.m.s. energy vs in a narrow interval A/S are

indicative of the production of the bound state of a quark-antiquark pair. The R peaks are
the best demonstration of the existence of the quark generations.

The very narrow width of the Qiéi system of the last two discovered quark flavours
[charme(c), beauty (b)] is explained by the QQ annihilation into three gluons as predicted
by QCD.

The energy conservation does not allow the decay of the CC or the BB °S, state into a
pair of charmed or beauty mesons since MJ/w < 2Mp and M < 2Mp. The S, QQ system decays
into three coloured gluons. The three-gluon decay is the lowest order decay of the QQ

system into non-coloured hadrons allowed by spin and colour conservation.

o,

&

PAAAAAAAN
_ .

ol

The width of the previous decay is small because the process is proportional to the

s G

third power of the QCD coupling constant o . The value of R in the energy interval between

two flavour thresholds is constant (after the resonance wiggling) and is
2

Fl~ = 3 :Ezig 42/{
where ec is the electric charge of the quarks ag that can be produced at the value of the
c.m.s. energy vs. The value of R is in agreement with the hypothesis of coloured quarks
with fractional electronic charge. At the high energy of the e*e™ system available at the
PETRA and PEP storage rings the e*te~ annihilation into hadrons appears most of the time as
a system of two hadron jets at ~ 180° as illustrated in Fig. 36, which displays an event

recorded on the detector of the JADE Collaboration. The two jets are interpreted as the
result of the fragmentation of the qq pairs produced by the virtual photon

2 9
z ¥ —~—9

The angular distribution of the jet relative to the beam has been measured and is pro-
portional to 1 + cos® 6, as expected for spin 1/2 particles. The e*e” storage rings experi-
ments have in this way determined the existence of the different quark flavours and measured
the spin and the electric charge of the quarks. The study of the e*e” annihilation into
hadrons is strong support for the validity of the QPM.
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4.5 The QCD predictions for the e*e” physics

The e*e” storage rings have a unique feature in that the energy of the virtual annihi-
lation photon can be accurately tuned to the energy of the bound system of the quark-
antiquark pair. The e*e~ storage rings are the most effective factories for the QQ bound
states called '"Onia". The study of the physical properties of the Onia states allows the
investigation of the quark-quark potential in the quark bound state. The quark-quark poten-
tial V can, in principle, be derived by QCD; in practice it is approximated by two terms,
one reflecting the asymptotic QCD behaviour and the other describing phenomenologically the

confinement forces.
\/(’Z) = =450 ey V
3 2 ©

The previous potential and the quark spin and angular momentum predict the level

splitting of the QQ state as shown in Fig. 37.

The lower energy level is the state 3S;. As previously seen, the ®S; state can only
decay into hadrons through the three-gluon annihilation. The width of this decay is

r(31—>8 % %atwldﬂor»s):_ 160 (ll"ﬁ)o( '5 (O)l

‘
Here ®S,(0) is the quark wave function at the origin and M is the mass of the Onium state.

The width of the 3S, state decay into lepton pairs is

[(s—ee)= i 150

The ratio of the widths is a measurement of the strength of the QCD coupling constant.

2

The experimental data on the J/y decay into hadrons and electron-positron pairs give
the following values for J/y:

Mass T Tee Qg
MeV) (MeV) (MeV)

3.095 0.069 4.8 x 107% 0.19

A similar analysis to that carried out for the BB bound state S, was done by the CLEO

Collaboration at the Cornell e*e~

[

"= 0.03&+ 0.009

storage ring CESR and gives

<!

, 5%

=
A, (0.48M,) = 0.152+ 0,02
/\ 23 . Mer
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The next Onium state expected to be discovered (the TT bound state) will have a mass
larger than 38 GeV (from the negative search at PETRA up to this energy).

The study of such a high mass Onium state is expected to allow an important check on
QCD predictions, such as the study of the existence of the three-gluon vertex, predicted
by the non-Abelian nature of the symmetry of the colour forces SU(S)C.

The existence of the three-gluon coupling can be proved if in the study of the four-
jet annihilation of toponium the two contributions shown in the diagram below can be quan-
titatively separated

%4, e G

o o %q
P el

4.6 The e*e” annihilation into three hadron jets
and the QCD predictions

A small fraction of the events of e*e™ annihilation into hadrons at PETRA energy shows
a topology of three jets of hadrons. The separation of the three-jet events from the larger
category of the two-jet events is somehow model-dependent since fluctuation of the two-
quark fragmentation into hadrons can simulate a three-jet configuration. This incertitude
is evaluated using different hadronization schemes; the systematic error in the final re-
sult is evaluated from the discrepancy of the results derived using different fragmentation
models.

Once the three-jet configuration and the jet energy is defined according to a given
algorithm the experimental distribution of the events as a function of the fractional jet

energies,
x = &<
< ,ZEm,

can be compared with the theoretical predictions for the reaction &£ & —> Li q %¥

which is the candidate process to produce events with three hadron jets. The cross-section
for the reaction e’e” - qqg is
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The analysis of the three-jet events made by the TASSO Collaboration at PETRA gives

strong support to the vector-gluon hypothesis and derives a first-order value for o
1)
— 0,11 10022005
37ets
The JADE Collaboration at PETRA has done a similar analysis considering first- and second-
order QCD predictions. The results from the JADE Collaboration analysis are

(1)

o aqets = 0.2 0 * 004+ Dolist order

0{3)%”—5 = 016—1: (QO{IO.OilSt + 2nd order

The value of og has been measured in many other methods related to e*e™ physics. Table 7

gives a review of the results on o using different e*e™ reactions.

Table 7
- Fragmentation
Experiment Method nodel ag
JADE R=3.93% 0.03+ 0.09 - 0.14 = 0.08 (sin? & = 0.23)
MARK J R=23.84 + 0.05 = 0.22 - 0 <og < 0.22 (sin® & = 0.23)
TASSO R=4.01+0.03 0,20 - 0.24 + 0.05 + 0.13 (sin® 6 = 0.23)
- FF 0.15 -0.20
CELLO 3 Jets string 0.235 - 0.28
JADE 3 jets FE } 0.20 + 0.015 + 0.03
string :
MARK J 3 jets FF 0.17 = 0.003 = 0.02
PLUTO 3 jets FF 0.15 £ 0.02 =+ 0.03
TASSO 3 jets FF 0.19 £ 0.02 = 0.03
Second-order QCD 3 jets FF
JADE string } 0.16 £+ 0.01 + 0.03
TASSO 3 jets FF 0.165 + 0.015 = 0.03

FF = Field-Feynman
String = Lund model



- 37 -

The agreement between the different experimental results on og is satisfactory, allow-
ing for the large experimental incertitude. Nevertheless, the dispersion of the values
of o clearly shows that this measurement is process-dependent and that the derivation of

o from the data is model-dependent.

The incertitude in the measurement of a fundamental quantity such as the strength of
the coupling constant o shows that in this fascinating domain of coloured forces between
the quarks much more experimental and theoretical work is necessary to reach a quantitative
level of comparison between theory and nature. The quality of the experimental data is
expected to improve owing to the higher statistics that will be available in the future
from the present PETRA and PEP experiments. The future 7° factories, LEP and the Stanford
Linear Collider (SLC), will provide a very large number of qq and qqg events at high energy
(v 100 GeV). The advent of these new data will stimulate the already fast progress in
developing the theoretical techniques for solving the difficult problems posed by QCD.

4.7 The deep inelastic hadron interactions

The hadron-hadron interactions in the QPM are described by the elementary scattering

of one of the target partons on a beam parton:

—l> P A
BQQW\_ —— -— —Brget d fl Fe.rm,z,
d & v

o

The hadron beam is a superposition of heterogeneous and coloured beams of constituents.
The parton momenta are not monochromatic but have a distribution described by the hadron

structure functions.

The elementary parton-parton scattering is kinematically defined by the partons' four-

momentum:

Xy

X . X,

The square of the centre-of-mass energy of the parton-parton system is
A

where s = (p, + p,)? is the square of the total hadron-hadron energy.

The luminosity of the parton-parton system is related to the probability of finding
the parton q with a fractional momentum X in the hadron.

The proton-(anti)proton collisions are described in terms of different parton-parton

luminosity
d”fwl OL[MI, (Lfd,al d,fs}a
ot | 47 dt ' d=T
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where T = x,x, is the fraction of the total c.m.s. energy squared carried by the parton-
parton system.

For the pp collider the ud luminosity
‘Lf _ Jdxdo, SE-x f I I

fi u and fi g are the probability of finding in the proton or in the antiproton a u(d) quark

with fractional momentum Xy - The fi can be deduced from the proton (antiproton) structure
function. The parton-parton luminosities are shown in Fig. 38.

The effective cross-section for pp -~ x is computed by integrating over T the product
of the effective luminosity d£/dt times the cross-section of the parton-parton interaction:

doy,= (dt %:ig CLO'(§=755>

An important example of doeff is the annihilation of a qq pair into a lepton-antilepton
pair [Drell-Yan (DY) process ], illustrated by the diagram below:

—

y)

1.

The cross-section for a qq annihilation into a lepton pair is
’ 2
do _ u4md (i> b dﬁ;_d d,fig(ﬁ)
L x, dx, 3sT V2,093 dt 3 d7T

The DY qq annihilation has been experimentally investigated using different beams and tar-
gets as shown in Table 8. An ideal experimental situation for the investigation of the DY
process is given by the pp collider.

As an exercise let us compute the expected cross-section for lepton-pair production
at the CERN SPS collider for leptons with mass larger than 15 GeV. From the differential
cross-section given in formula (6) and the luminosity of uu and dd shown in Fig. 39 one gets

2 -40VT
s do _ LTd ﬁzzw
bt 4T 36 T

o (’t’;’Uo);__ 3; tgof ch: P : f(mz:sﬁw)x?xto'z;‘
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Table 8
Incident particle Energy Accelerator Accelerator
(GeV)
P 200-400 Fermilab | Two-arm spectrometer
P 400 Fermilab | Iron toroids
P /s = 62 ISR Iron toroids
P Vs = 30, 53, 62 ISR Liquid argon cal.
i (Ktpﬁ) 40 GeV SPS Q spectrometer
Kt 150 GeV SPS Dump + spectrometer
K pp 200 GeV
T 280 GeV
™ 225 GeV Fermilab | Dump + spectrometer

Using the same method it is possible to compute the rate predicted at the CERN SPS

collider for the process

where
Bors
B(Z, + ee) = 0.03

J = Z, angular momentum

r

]

Z, total width
M = Z, mass

Substituting in Eq.

= B(Z »~ u“a%) + B(Z »~ 449

- =

(2 I-pd) B;g; [ (’U

Z2° X

——

L_—— £¢

r\1 2>°

= 0.015

(7) the numerical values one get

dL

~
oLT e v1:

D5

3x 40 CLVW1_

L(g =

If the luminosity of the pp collider is
-2 -4
L = Hx4 () em’” sec

for a full efficiency detector the rate of events for a Z° decay into an electron pair is

1 event approximately every 10° s.

(7N
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The experimental results on the DY process have been compared with the first-order QCD
predictions. The agreement between experimental results and the predictions is quite good,
but the first-order correction to the QPM results are large and this casts some doubts on
the validity of the perturbation expansion.

4.8 Large transverse momentum hadron-hadron scattering

The deep inelastic hadron interactions are an important field of investigation for the
hard parton-parton scattering. In the parton model of the hadron the large transverse mo-
mentum (large pT) of the hadron-hadron scattering is the result of the 1arge--pT parton-parton
elastic scattering illustrated in the diagram below:

Xy
_p h=VLmine
Xe X, 1 9

: SLYL@:_‘Q_EA—-:__)_(.I
Xz/ \FU_B T

If the charge of the scattered parton is not detected the cross-section is symmetric around

90° and
p=T1T-6, op:z6=I

The cross-section for the inclusive jet yield is

dO"%: JOL’U dR d o

a p’ ot ok’

The 1arge-pT jet can be produced by the scattering of different partons. The contributions

to the inclusive jet yield due to every channel have been computed and the results are shown
in Table 9.

Table 9

The contributions of the different QCD subprocesses

Subprocesses |A]2
- - . U I N a2y /%
1 qu{j - qiqj’ qiqj > quj 1#3 ] (8% + 6%)/t?
N A R 8 §°
2 qlql - qiqi o] [ %2 + a ) - 77 -ﬁ—t
- - 4 (8 + 0% T+ 02 8 @°
31939 ~ 949 9 [ 7 = ) T
- 52 (0% + T2, _ 8 (G2 + 12
4 qlqi - gg _7 [u At ) - g [u a2 ]
a §
- 1(02 + 12 3 [ﬁ2 + 12
5] gg 49595 5 ( ~ ) - 3 " ]
4 (G + 87 0% + 8?2
6|a.g > ae -—[ )+[ h ]
1 1 9 ﬁg t2
9 ot _ 08 _ st
7|88 gg [3-——-:—-——]
-2- §2 t2 ﬁ2

* Taken from R. Horgan and M. Jacob, Nucl. Phys. B179, 441 (1981).
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The kinematical variables of the subprocesses are:

4
= 5 %S (xi tg%-kxzcot%);—_ X4 XS
(=
wz%szxlcot%f

From the luminosity values of the different parton-parton systems (Fig. 38) and from the

s
t

cross-sections of the subprocess scattering it is possible to compute the relative yield of
the uu scattering to the gg scattering for a given X at the SPS pp collider energy
(E = 540 GeV):

oo 20X
Adpe 2 440 8 Voo g _opse

oo 10 2% 143740
d . /gq

Thus for Xp < 0.21 the gg scattering has a larger yield than the uu one.

4.8.1 Experimental results on the inclusive jet yield

The successful operation of the CERN pp collider is the ideal tool for the study of
high transverse momentum (pT) hadrons jets. At Vs = 540 GeV the yield of jets with trans-
verse energy ET > 20 GeV is expected to increase by about four orders of magnitude with
respect to the top ISR energy. The recent data collected by the UAl and UAZ Collaborations
can be compared with the expectation computed using the QCD approach.

4.8.2 Results from the UAl Collaboration

The UAl detector is a large-solid-angle apparatus with charged particle tracking and
electromagnetic-hadronic shower separation capability. The tracking region is a cylindri-
cal drift chamber with tridimensional (x,y,z) read-out of the track coordinates. The drift
chamber has powerful pattern recognition as demonstrated by Fig. 40a, which shows the re-
construction of a high particle multiplicity event. The central chamber is surrounded by
barrel and end-cap (bouchon) electromagnetic calorimeters of 26 and 27 radiation lengths
of lead-scintillator sandwich. The tracking region and the electromagnetic calorimeters
are inside a dipole magnetic field of 0.7 T.

The outer hadron calorimetry is realized by the laminated return yoke of the magnet
instrumented with scintillating material. The penetrating muons are detected after the
hadron calorimeter filter by long drift chambers. A schematic view of the UAl apparatus
is shown in Fig. 41. The distribution of the events in the interval of pseudorapidity
In| < 1.5, given as a function of the transverse energy ET’ is shown in Fig. 42a. The de-
tailed analysis of the large—ET events shows clear evidence for jet production indicated
by the energy clusters and their space correlation, as shown in Fig. 43.
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4.8.3 Results from the UA2 Collaboration

The apparatus used by the UAZ collaboration is shown schematically in Fig. 44. Its
central part is a track detector composed of a-'set of cylindrical proportional and drift
chambers in a region without magnetic field. The track detector is surrounded by a highly
segmented electromagnetic and hadronic calorimeter, which covers an interval of pseudo-
rapidity -1 < n < 1. Each calorimetric cell covers an angular interval of A6 = A¢ = 10°.
This angular granularity allows the on-line formation of a trigger for jet-like events with
large transverse energy ET’

The data recently published correspond to an integrated luminosity of 79 pb™*. The
majority of the events with large ET are of a jet-like nature; Fig. 45 shows the energy
cluster of an event with Ep = 120 GeV.

The ET distribution for the inclusive jet events is shown in Fig. 46. The experimental

data are compared with the QCD calculation of Horgan and Jacob indicated in the figure by
the solid line.

The results from both the UAL and UAZ Collaborations on the inclusive jet transverse
energy distribution show that events with ET > 60 GeV around 90° with respect to the beam
have a dominant jet structure at vs = 540 GeV. This is an important new result in hadron
physics from the pp collider in contrast with the previous data from the ISR and fixed-
target physics at vs = 24 GeV. The inclusive jet cross-section is easily extracted from
the background owing to the tail of the soft scattering physics and the preliminary experi-
mental results agree with the QCD predictions that had foreseen a large increase of the jet
cross-section at a large ET value.

The pp collider at high energy has shown clear evidence of the parton-parton nature of
the hard hadron-hadron interaction. The contribution of the collider experiments to hadron

physics and comparison with QCD predictions is expected to make important progress during
the coming high-luminosity runs.

EXPERIMENTAL CONSEQUENCES OF GRAND UNIFIED THEORIES

5.1 Introduction

The success of gauge theories in describing the known interactions among the fundamen-
tal particles (leptons and quarks) and the doublet structure in the weak interaction of the
lepton and quark families, encourages the search for a more profound connection among lep-
tons and quarks and an attempt to find a large gauge symmetry that encompasses all the known
spinor fields. In the lectures of Peccei we have also learned that the coupling constants
21, g5,and g, of the known interactions defined by the local gauge invariance for SU(S)C,
SU(2), and U(1) evolve with energy and reach a common value at very high energy (v 10" Gev).
When we want to observe an electron at energy larger than the mass of the charged weak
gauge boson (E > My) it may have emitted a W and we may find that the electron state is
spending part of its time as a neutrino electron.

Assuming that the convergence of the coupling constants g,, g,, and g; to a single
value g, for energy around 10'* GeV, indicates a fundamental property of nature, we can put
forward the hypothesis that a lepton becomes a quark by the emission of a boson of mass

~ 10'* GeV. The new gauge boson carries flavour and colour and has fractional electric
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charge; in view of the present separation of the interactions it looks quite exotic, but
is not in contradiction with any of the present basic principles from which we derive the

gauge interactions.

The composition of matter at the energies that have been explored with the accelerat-
ing machines is explained by three families of 15 components. The 15 members of the basic
(the lightest) family are:

x 3 for colour
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The left-handed up and down quarks form a colour triplet and weak doublet (u,d)L z (3,2);
the left-handed electron and neutrino form a colour singlet and a weak doublet (\),e)L = (1,2).
Since the gauge theories conserve the helicity it is more appropriate to form a lepton-

quark family with the weak singlets GL, dL’ and ez and the basic family can be classified
in terms of the symmetry of the colour and of the electroweak interactions as

(w,d)=(32); 2,=31);d=(EY); (ue) = (4,2)
e’ = (d,ri)

Simple arguments of group theory show that the group that can most easily be decomposed
in SU(S)C X SU(Z)L x U(1) is SU(5), a group of rank 4 containing SU(3). The number of gauge
bosons associated with a local gauge invariance for an SU(5) transformation is 24 = (5x5-1).
At the present energy the known interactions SU(B)C, SU(Z)L, and U(1) are mediated by twelve
gauge bosons, the eight coloured gluons, and the four gauge bosons of the electroweak in-
teractions. The physical effects of the twelve new gauge bosons introduced by the local
gauge invariance with an SU(5) symmetry are extremely weak at low energy. The coupling
strength of the new bosons to the spinor fields in an effective Lagrangian theory, is simi-
lar to the Fermi coupling constant (GF//Z = gz/SM@), but is weaker since the denominator
of the new effective coupling constant GGU//Z = gz/BMéU is given the mass of the heavy

gauge bosons M., ~ 10'* GeV. The decays or the interactions due to GCU are much weaker

GU
than any other process among fundamental particles, and the only observable consequence of

the GUT are very rare phenomena such as the proton decay.

5.2 Identity of the absolute value of the
proton and electron electric charge

A remarkable experimental result shows that the absolute value of the electron charge
is equal within a few parts in 1072° to the proton electric charge, which is assumed to be
the sum of the u, u, and d quark electric charges. A local gauge symmetry between leptons
and quarks is a natural explanation for the extremely precise identity of proton and elec-
tron charge. In the SU(5) invariance this identity can be derived in the following way: the
15 members of the basic family are naturally assigned to be the 5 and the 10 representa-

tions. The 5 representation contains the following members of the basic family.
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The sum of the conserved quantum number of the members of a representation must be zero.
This implies

Q&K+Q59+Qiﬁ_i+0; O
Ri = 4/3

where the electric charges Q are expressed in units of the electron charge.

From the CC weak-interaction reaction between leptons and quarks ved + e u we know
that Qu = Qd + 1, so the proton charge

Q,N:: «QQW*QLL:‘— fl

is equal to the electron charge.

5.3 Grand Unified Theory and baryon number non-conservation

The stability of the proton (p) against the possible esoenergetic decays such as
p » €'y has, in the past, been explained by introducing the baryon and lepton conservation
law. This law arbitrarily assigns two quantum numbers: one to the proton (baryon number),
the other to the electron (electron-lepton number); this mechanism forbids the reaction
p ~ ey since the right and the left terms of the reaction have different baryon and lepton
number. In the scheme of gauge theory, to an exactly conserved quantity must correspond a
massless gauge boson. Since the only known massless gauge boson for long-range interactions
is the photon it is quite natural to consider only the electric charge as a rigorously con-
served quantity and to interpret the baryon and lepton number conservation as a result of a
strongly inhibited interaction that proceeds very slowly owing to an effective coupling of
the type previously described: GGU//Z = g/SMéU. In particular, the SU(5) symmetry between
the quark and the lepton predicts a quite precise result on the proton lifetime.

The diagrams that induce the transition p + e*uu or p - e*dd mediated by the heavy
gauge bosons of SU(S5) are shown in Fig. 47. To compute the proton lifetime from the graphs
in this figure the masses of the heavy gauge bosons are needed, the mass values are computed
from the coupling-constant evolution function, and the numerical value is a function of the
measured constants of the strong and weak interactions. Considering the present incerti-
tude on Age and on the number of Higgs particles in the SU(5) theory the predicted proton
lifetime is 1_ = 3.2 x 10292518 years. The final hadronization of the uu or dd system from
the proton decay can be computed according to different models. Table 10 gives the expected
branching ratio for different channels of the proton decay, computed in 6 different ways
labelled (a) to (f). The channel e*n®, where all the proton-decay energy is transformed

into electramagnetic radiation, is for most of the models the dominant channel.
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Table 10

Predictions for branching ratios for proton decay
into the major two-body modes in the SU(5) model.
(a) = (£) correspond to different theoretical as-
sumptions concerning the hadronic matrix elements,
phase space, quark spins, etc.

(@) [ () | (©) [ (D) (e (£)
REC| NR | R | R | R | NR |REC| R

Mode

e | 31 | 37| 9| 13|31 |36 | 40|38
etp® | 15 21212021 2 7 |11
etn 11| 7| 3fo1| 5| 7]1.5] 0
e'w | 18 | 18 | 56 | 46 | 19 | 21 | 25 | 26
vert |12 15| 3| s |11 14| 16 |15
vSo*| 6| 1| 8| 7| 8 |1.0]2.6
ptk® ] 1] 19 | -- 7105 | 18 8
vkl 2| o - o5 |- 0 0.2 [0.6

5.4 Proton-decay experiments

As an introduction to the description of the vigorous experimental effort invested in
the most spectacular prediction of the unified gauge theory -- the proton decay -- it is
useful to give some general arguments that define the experimental difficulties of the
proton-lifetime detectors. The proton-decay signature is the release of an energy corre-
sponding to the proton mass (v 1 GeV) taking place somewhere in the matter and with a
topology corresponding to an energy flow (for the me* channel and the free proton) of two
back-to-back components, each one carrying 0.5 GeV of energy. Protons bound in the nuclei
can decay in two energy flows that deviate from back-to-back topology by as much as 25°.

The main qualities of the proton-decay detector are: large sensitive volume, to push
the lifetime to a value that can definitively check the SU(5) prediction (v = 1029254 years),
and good signal-to-noise rejection. The ultimate noise is coming from the cosmic neutrino
interactions in the sensitive volume of the detector; the signal-to-noise ratio is en-
hanced by a good energy resolution and by geometrical or timing information on the topology
of the event.

The operating proton decay detectors can be classified according to two main categories:

i) fine-grained wire calorimeters,
ii) water calorimeters based on the detection of the Cerenkov light emitted by the fast
particles produced by the two energy flows emerging from the proton decay.

The most well-known proton-decay detectors operating or near to operation are listed in
Table 11.
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Table 11

Present proton-decay experiments

. . . - Energy Topological Cosmic
Experiment | Collaboration Fiducial volume resolution | information | u shielding Status
(t) ) m.w.e.)*)
Homestake Pennsylvania- 150 - - 4500 Operating
Brookhaven
Soudan I Minnesota- 35 coarse 1700 Operating
Argonne
Kolar Gold | Tate Institute- 140 v 40 coarse 7600 Operating
Fields Osaka-Tokyo
Nusex Frascati- 150 v 20 fine 5000 Operating
(Mt. Blanc) | Milan-Turin-
CERN
IMB Irvine- 9000 v 10 A8 v 12° 1700 Operating
Michigan- (4000 fid. vol.) for shower
Brookhaven
Harvard- Harvard-Purdue- 800 v 10 - 1700 Close to
Purdue- Wisconsin operation
Wisconsin
Kamioko KEK-Tokyo- - 3400 < 10 56 < 10° 2700 Close to
Japan Tsukuba (1000 fid. vol.) for shower operation

*) Metre water equivalent.

The future proton-decay experiments, which are all based on fine-grained calorimetry
techniques, are the following: Fréjus tunnel, Soudan II, Homestake upgrade, Pennsylvania
and Gran Sasso. The Fréjus experiment is the only one in an advanced state of construction
and installation is foreseen to begin in autumn 1983.

Among the operating proton-decay detectors two of them have reported candidates coming
from proton decay. The Kolar Gold Fields detector is composed of 140 t of iron plates,
approximately 1.2 cm thick, with 10 x 10 an® proportional tubes in between. After approxi-
mately 500 days of operation the detector has recorded on paper tape 11 events attributed
to neutrino interactions in the detector and 6 events -- 3 of them fully contained -- that
can be attributed to proton decay. The published figures of the 3 contained proton-decay
candidates are shown in Fig. 48.

The Mont Blanc Collaboration using a more fine grained calorimeter (iron plate 0.5 cm
and digital streamer tube), well calibrated, with electron, pion and neutrino beams (Figs. 49,
50) have collected over a period of 150 days the expected number of neutrino interactions in
the detector and proton-decay candidate shown in Fig. 51. The event of Fig. 51 is inter-
preted as a proton-decay candidate. It is fully contained and is unlikely to be a neutrino
interaction according to the analysis of the data collected at the CERN PS during the
neutrino-beam exposure. The energy and topology of the event is compatible with one of the

following types of proton decay
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The IMB Collaboration very recently have presented the first results obtained with their
detector that uses water calorimetry (Fig. 52). The detector has recorded 160 neutrino
interactions and no candidates for proton decay in the e'n° chamnel. The expected pattern
of photomultipliers for a simulated p + n’e* event is shown in Fig. 53. This last result

puts a severe lower limit on the proton lifetime, which is
L . 7 4 10 b&eaﬂ for a free proton

30 f
o~ or a proton bound
L h > 6 X ’1 0, \46&6 in the nuclei

The situation of the proton lifetime experiments is evolving very fast and the different

technical solutions are just demonstrating their capability of detecting proton decay in

matter. In my opinion in less than one year from now the prediction cf SU(5) will be checked

at a good level of confidence, and a critical analysis of the results will indicate which
way to follow in order to continue the search for proton decay beyond the limit of SU(5).

It is interesting to note that the future detectors for proton-decay experiment rely entirely
on refined calorimetry techniques; probably the large tonnage of the IMB detector can hardly

be increased and future experiments will try to improve on the product of the amount of
material times the efficiency for the different proton-decay channels.
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Fig. 43 Angular correlation of
two jets of the same pp collision;
the transverse energy for both
jets is larger than 15 GeV. The
events are measured in the UAl
detector.
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Fig. 44 The UA2 detector:
containing the beam
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Fig. 45 Configuration of the UA2 event with the largest value of ) Ep, 127 GeV (M = 140 GeV).

a) Charged tracks pointing to the inner face of the central calorimeter are shown together
with cell energies (indicated by heavy lines with lengths proportional to cell energies).
b) The cell-energy distribution as a function of polar angle 6 and azimuth ¢.
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Fig. 46 1Inclusive jet production cross-section
as measured by the UA2 Collaboration. The
solid line is the predicted QCD distribution
computed by Horgan and Jacob with A = 0.5 GeV.
The dashed and dash-dotted lines are recent
calculations of Fox et al., and Paige et al.,
respectively, both using A = 0.1 GeV.
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Fig. 47 Diagrams for p + e‘uu or

etdd. The Qq pair can form into
neutral mesons such as ﬂo, p°, w,
n, 77, etc. The first three dia-
grams also contribute to the decay
of bound neutrons if the spectator
u quark is replaced by a d.
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Fig. 48 Overall view of the three, confined baryon decay candidates observed in the Kolar

il

gold field detector.
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Fig. 49

b) A 500 MeV/c electron in the NUSEX detector.

b)

a) Response of the NUSEX detector to a 500 MeV/c pion.
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Fig. 50 Observation of a neutrino event

beam at CERN.

NUSEX detector while exposed to a meutrino

Fig. 51 A proton decay candidate observed in the NUSEX detector. It is not conclusively
excluded that a neutrino interaction is the source of the event, though such a topology

appears somewhat unlikely.

IMB DETECTOR
2048 PM TUBES

Fig. 52 Schematic of the Irvine-
Michigan-Brookhaven (IMB) proton
decay experiment located in a Mor-
ton salt mine. Approximately two
thousand 5" photomultipliers moun-
ted on the faces of the cube view
Cerenkov light produced in the
pure water.
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Fig. 53 A Monte Carlo representation of
a p > e*n® decay in the IMB detector
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