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1. INTRODUCTION

The experimental and theoretical efforts of the last two decades merged

into a comprehensive picture of elementary particle physics. A central rgle
played the theoretical concept of local gauge theories. The forces acting
between the elementary particles are then arising through the exchange of

spin 1 gauge bosons. It became gradually clear that the leptons and quarks
constitute the elementary building blocks of all nmatter and that they appear
systematically ordered in families. The concepts 'flavor' and 'color' proved
particularly useful. The experimental observation of weak neutral currents -
Just a decade ago - was the discovery giving substance to the idea that

weak and electromagnetic phenomena have a common origin, It was one of the
driving forces in the research program highlighted by the observation of
interference effects between the weak and electromagnetic currents and finally
the observation of the weak gauge bosons with the predicted mass. The other
main research line centered on the investigation of the strong force. This
field progressed considerably since , also a decade ago, the role of

the exact local color gauge group was recognized.

This series of five lectures is intended to provide the experimental basis

to the theoretical courses on gauge symmetries delivered by C. Jarlskog1) and
R. Petronzioz). The framework will be the standard model. The experimental
material is taken mainly from lepton-hadron and e'e-experinents. Results from
the CERN pp-collider are presented in the lectures by J. Dowella). The sane
subject "Test of Gauge Symmetries" was also treated in previous CERN schoo]sa)
and other schoolss). There is necessarily substantial overlap. Choosing the
Standard Model as framework offers the possibility of a sinple and organized
presentation of the rich material. But it should not be forgotten that the

present picture grew up step by step and remarks here and there shall illustrate

this. The other advantage of the present form of the standard model concerns
the formulation of the critical questions leading beyond the tested ground, for
instance why are weak interactions lefthanded or is the multitude of quarks

and leptons hinting at yet another substructure.

2. THE STANDARD MODEL

The standard model is characterized by the
- group structure SU(2) x U(1) x SU(3)
- fermion representations

- spontaneous symmetry breaking and HIGGS representation

a) THE BUILDING BLOCKS
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On a distance scale of 10 cm the fundamental building blocks of matter are

the spin 1/2 fermions. There are many of them. They can be ordered in a periodic

system, as shown in table 1. A1l known particles are classified vertically in
families or generations, of which the first one is explained in more detail

Table 1: Periodic System of the Spin 1/2 Fermions
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in table 3, and horizontally in groups of equal electric charge. Most striking
are the symmetry between the leptons and quarks and the regular mass patternﬁ).
Neutrinos are the particles of lowest mass in each family, in fact it 15 still
an open question whether they are exactly massless, as will be assumed in

these lectures. The properties of the v, are inferred from decays. Sofar no

reaction induced by a v has been observed7'10




The first fundamental fermion was the electron discovered at the end of the
last century. In order to explain the nuclear (-decay experiments PAULI
postulated 1929 the neutrino. It took some time to recognize that nucleons
and mesons were in fact composite particles. Only in the 70ies the periodic
structure of leptons and quarks became evident. As a consequence of the
periodicity a new quark was anticipated at the marked place 1n the third
family with predicted properties - except for its mass. The postulated
top-quark was announced to exist™’ just at the beginning of this School.

It is amusing to think of the historical parallel, when 1871 an element, called

eka-Silicinum, was predicted to occupy a yet empty place in the periodic

table of MENDELEYEV and the subsequent discovery 15 years later of this element

called then Germanium.

Sofar there are no experimental indications of fermions beyond the ones in the

three families. The Standard Model does not tell how many families exist.

b) THE FORCES

As indicated in table ! three types of forces between the pointlike, spin 1/2

fermions are distinguished according to their strength. Within the Standard
Model all three forces are assumed to arise from a local gauge symmetry.
The forces are then mediated by vector gauge bosons. The crucial feature

is the locality of the gauge symmetry fulfilled by the Lagrangian.

Table 2: The types of forces

Contrary to U(1) the algebrae SU(2) and SU(3) are nonabelian, i.e. not
commutative . Therefore, the 3 respectively 8 intermediate spin 1 bosons
have the property of coupling to themselves. The electromagnetic force 1s
of inifinite range, because the photon is massless. The weak force, on the
other hand, has short range requiring massive mediators and thus a broken
symmetry. The situation is again different in the case of the strong force
which is assumed to be mediated by massless gluons and nevertheless of
finite range (confinement).

c) THE FERMION REPRESENTATION

The three generations are replicas of each other regarding their symuetry
properties. It is therefore sufficient to show the multiplet structure
of the first generation under the gauge groups SU(2) and SU(3).

Table 3: MULTIPLET STRUCTURE UNDER SU(2) AND SU(3)

\A U\ ju\ quy®
) d)L dL(dL $U(2) doublet

up Uy up | SU(2) singlet
e, | dr di dp | SU(2) singlet

SU(3)
singlet

5U(3)
triplet

Local Gauge Symmetry Force Intermediate Vector Boson
|
su(2) weak wow 12° 1
u(1) electro- Y
magnetic
SU(3) strong 945 9p» 9g

Left- and righthanded fermions behave differently under SU(2). Each fermion
can be decomposed uniquely into a left- and a righthanded spinor:

“'LE%“ "'Ys)w and WRE%“ 'Ys)w
with
W=¢L*¢R ; note: (1 ’Ys)(‘ "Ys) =0



Should experiments prove the neutrino to be massive, then there would be
cisely measured.

also a vpe
Two terms of the Lagrangian appearing in the simplest, nontrivial HIGGS secto
3. THE ELECTROWEAK LAGRANGIAN = (92 W oW e ) 2 A
Ly (%T) Wy W'+ g (5toeg) 242+ -ee
In the Standard Model weak and electromagnetic phenomena are treated on are given explicitely. They show which quantities are to be 1dentified
the same footing. Both phenomena exhibit a local gauge structure. However, with the masses of the weak gauge bosons:
a new principle had to be introduced: spontaneous symmetry breaking and m
v W
the HIGGS mechanism. The Lagrangian can be decomposed into a kinetic term, M %r and M, = Coso
into a term responsible for electromagnetic interactions (y) and three
terms for weak interactions (N’, W, Z), and finally into a term containing The constant v is the vacuum expectation value of the HIGGS field ¢
the HIGGS sector: defined as v :% (0/#]0). A1l the other terms appearing in L, describe
the HIGGS couplings to itself, to Z, W' and to the fundamental fermions.
GSW _
L= bg * bt Lee * e * Ly
free 'y W' Z  HIGGS 4. THE CURRENTS
with The explicite structure of the three currents is summarized in the following

three equations:

= : em ,A
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TLNZ By ey v 2 T (g
= NC A A =y ‘Y)\ "Vs Il * L , YX 'Ys vV
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A1l three interaction Lagrangians have the same structure:
COUPLING CONSTANT x CURRENT x GAUGE BOSON FIELD To the notation:
One identifies gsiné with the electromagnetic coupling e: f is the flavor index, i.e. runs over Ver € Vs Hs Vin Ty Uy dy Cys, L
e = gsing t=(e,uy, 1) qg=(u,c,t) gq' =(d,s,b)
This may be called the unification equation. It is evident, that weak and Q¢ is the electric charge in units of e > 0
electromagnetic phenomena are not truly unified, since then only a single U = flavor mixing quark matrix (KOBAYASHI - MASKAWA matrix)
coupling constant would appear. Nevertheless, it is justified to talk U is unitary, i.e. UUt = 1

about "electroweak" phenomena, since the three coupling constants can be f , )
Iy A= vector and axialvector coupling constants of fermion f to the

expressed in terms of two, e.g. the electromagnetic coupling constant e,

) ) . ) : neutral weak gauge boson Z, which depends only upon sinzg (¢ f.
which is precisely measured, and the weak angle &, which is not yet pre-

appendice)




The electromagnetic current is a pure vector current (V), whereas the

weak charged current is of pure V - A type (the minus sign 1s conventional),
i.e. only the lefthanded component of Ye is active in interactions due to
W* (c.f. p. 6). The weak neutral current is in general neither pure V nor

pure A.

5. THE CURRENT x CURRENT FORM

Low energy weak phenomena are known to be well described by the following
effective Lagrangian:

eff _ G cCc (,CCy+ p 4NC ,NC
L _W(JA(JA)”ZJAJA)

9)

overall strength of the weak neutral current with respect to the weak charged

where G is the FERMI coupling constant and p°’ a parameter measuring the
current. This effective form can be derived in the Standard Model in the
limit |q2| <« m (m is the relevant gauge boson mass). Consider the 2™ order

process v e <+ u V!

e Ve

The amplitude of this process contains besides the weak currents the W-
propagator:

[ o—é—q)‘qK 2| << m?

AK m 9 My 8,

-i w B S S .~
G em - .

Thus one obtains:

i B f 2L a6 eyt
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NC 2 1 NC NC
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As a consequence, one reads off

G 5 2 0 G = <
= Pgg B g ¢ Tocoe o T

W Z

2
thus p = -T—T!—y——

my Ccos 8
This consideration makes clear what the terms "low energy" and "weak"
really mean. The masses of the weak gauge bosons set the scale for weak
phenomena. So, all previous neutrino experiments are to be considered
low energy experiments, since e.g. for a wide band neutrino experiment at
the CERN SPS <q2>c» (7 GeV)2 which is small compared to mi w (80 Gev)z.
Furthermore, it becomes clear, that weak interactions get "weak" due to
the suppression factor 1/m2. which is the remainder of the W or Z propagator.
At sufficiently high energies weak and electromagnetic phenomena occur at
comparable rate. In the Standard Model the parameter p equals 1 in lowest
order as a consequence of the simplest choice or the HIGGS representation.
This parameter is experimentally accessible.

6. TESTS OF THE ELECTROWEAK STANDARD MODEL

For practical purposes the most important claim is the renormalizability
of the theory. In recent years processes have been predicted in next to
leading order. The radiative effects turn out to be finite, but for the
time being too small to be detected. However, a promising test seems to be
possible, provided a precision measurement of sin"6 can be performed. This
has been discussed in the context of the SPS Fixed Target Norkshop11).

The test consists in comparing the mass of the weak gauge bosons predicted



in terms of sin28 (including 1-1o00p corrections) with the value neasured
directly in experiments at the CERN SppS collider (see sect. 9 below).

The tests of the Standard Model fall under two heads:

a) the gauge sector
- existence of 4 gauge bosons with masses predicted
- gauge couplings to fermions
- gauge self couplings
- fermion representations, existence of t-quark, ¢-q symnctry,
universality

b) the HIGGS sector
- existence of a neutral spin 0 boson
- p-parameter
- H couplings to fermions, W, Z and itself.

A1l tests described in lectures 2, 3 and 4 are based on "low" energy
experiments (“low" in the sense mentioned above). This implies that

many aspects listed here remain untested. Nevertheless, precisely the

low energy experiments played the crucial rdle in establishing the current
form of the standard model. The recent tests performed at the pp collider,
in particular those related to the discovery of the intermediate vector

bosons W¥, Z, are discussed in J. Dowell's lectures3’.

Before entering into the description of the experimental tests it may bLe worer-

while to sketch the starting-point of the Standard Model and in particular
the discovery of the weak neutral currents in the GARGAMELLE neutrino
experiment.

7. THE FIRST TEST

The situation of weak interaction physics in the 1960ies can be summarized
as follows:
- sussessful description of low energy (/5 < 4 GeV) weak phenomena
(V-A theory, CABIBBO theory)
- calculations of higher order processes are divergent

12

Thus, the outstanding theoretical problem was to investigate solutions

to such divergences, i.e. to understand the high energy behaviour of wedk
processes. The first step consisted in postulating - in analogy to the
photon in QED - intermediate vector bosonsy®, W . They would mediate the
weak force as the photon mediates the electromagnetic force. However, the
W* should be massive, contrary to the photon, in order to agree with the
short range behavour of weak forces. The postulated W, indeed, led to some
taming of the divergences. As a further step, other new particles were
proposed, which give rise to new phenomena such that their contributions
cancel the dangerous infinities, as for instance in vu » W'W . One such
proposal was the introduction of weak neutral currents, another one

new heavy leptons.

Since these speculations involved genuinely new weak phenomena, available
experimental data were scrutinized to get evidence for at least upper limits.
Around 1970 upper limits on the existence of weak neutral currents came
from two sources:

a) decays: strangeness changing transitions (aS # 0) and 2Q = 0 are
strongly suppressed, e.qg.

mte'e” < 0.26 - 107°
kE -4 oty < 2.4 . 1078
\\ﬂ: vV < 0.6 - 10-6
.-
ee
K e " < 1.6 107
(
, (ee < 35 - 1070
Ke =4 _ -
5 Tk < 03107
S

b) neutrino experiments:

ok < 012:0.06
' from CERN HLBc '

#vp+ wr' < 008 + 0.0
Fup - y-prn* J




#v e —-ve
T T 0.4 from CERN SC'3)
ﬂvee * vee

The main experimental problem in the neutrino experiments using the

CERN heavy 1iquid bubble chamber was the treatment of the neutron back-
ground, Elastic vp and np interactions appear in a bubble chamber as a
short track due to the recoil proton and nothing else. Therefore, only
upper limits could be quoted (actually in agreement with measuremenls14)
performed later).

These upper limits were quite discouraging. One of the highlights at that

time was the observation of BJORKEN scaling in ep-experiments at SLAC and,
indeed, the investigation of this new phenomenon got highest priority in

the first neutrino proposal‘s) for the new heavy liquid bubble chamber
GARGAMELLE, whereas the search far neutral currents ranged lowest in priority.
At first sight the observed strong suppression of strangeness changing

neutral currents appeared desastrous for models based precisely on weak neutral
currents. This shortcoming is related to the particular structure of the
hadronic weak charged current as determined from experimental studies of
semileptonic weak interactions. In the CABIBBO theory the u-quark couples
weakly to d- and s-quarks only in the combination:

d. = d cosB. + s sinbg

where 8¢ is the CABIBBO angle. Recent meaSurements16) gave
sing. = 0.231 ¢ 0.003

Thus, two types of weak neutral currents are expected
u-+u and d_-~+d

C C

With the shorthand notation (dcdc) for the amplitude

Yy Yylgy + 94 vg) ¥
dc X3y A 'S5 dc

one gets (dcdc) = (d cosg. + s sing, dcose. + s sinec)

(dd) cos?e + (ss) sinfa_ + ((sd)+(ds)) cosh_ sing_
AS = 0 AS £ 0

It is now evident that the neutral current dc - dc would give rise to
notsuppressed strangeness changing processes d + s or s + d in eclatant
contradiction to the experiment. A way out of this dilemma has been put for-
ward 1970 by GLASHOW, ILIOPOULOS, MAIANI17). They postulated in addition to
the three known quarks u, d, s a forth quark c (called u' at that time) with
electric charge 2/3 1ike the u-quark. Then, a new charged current

(csc) S @; Yy (1 + 75) wsc with Sc = -dsinec + 5 COSB_

could be introduced relating the charmed quark ¢ to the combination Sc being
orthogonal to dc. It then follows, that (dcdc) + (scsc) = (dd ) + (ss), i.e.
the dangerous strangeness changing currents drop out.

1971 the model of GLASHOW, SALAM, WEINBERG'®) received a decisive theoretical
19). Since no further
experimental information, except for the known upper limits, became available
the subject "neutral currents" played a rather minor rdle at the Tirrenia
workshop 1972, where the phyiscs prospects of the forthcoming CERN SPS were
discussedzo).

The situation changed dramatically, when the GARGAMELLE neutrino collaboration
found in december 197221 a candidate for the reaction

support by t'HOOFT proving its renormalizability

ve -+ ve
u H

and had collected by spring 1973 a sizeable sample of muonless hadronic
events in their neutrino and antineutrino runs (see table 4).



Table 4: Event rates in the GARGAMELLE experiment‘Z)

| Event type } v-Expt. ’ v-Expt.

|
‘ I ‘
# Events without y ‘ 102 f 64
[
J 428 | 148 |

; # Events with p
|

The vertex distribution of events with and without muons is displayed

in fig. 1 as a function of the position along the chanber uxis. They

Took similar. It was very tempting to conclude that the muonless events
are neutrino induced and not dominated by neutron interactions, since
the neutron interaction length in the bubble chamber liquid is only 70 cm
and an exponentially decaying distribution at the beginning of the chamber
volume would have to be seen. One of the specific features of GARGAMELLE
was its longitudinal extention of almost 5 m. Unfortunately, the above
argument proved to be fallacious, since neutrons do not only enter at the
front but also along the side of the cylindrical chamber with the con-
sequence that also neutron induced events would have a rather flat vertex
distribution along the beam direction. Therefore, it was crucial to perforn
an absolute calculation of the neutron background in order to find out
whether the observed muonless events are evidence for a new phenoimenon or
simply neutron (or more generally neutral hadron)induced background.

The bubble chamber GARGAMELLE came into operation 1970, it was filled
with the heavy liquid CF3Br and was exposed to the CERN PS neutrino and
antineutrino beams. The average neutrino energy was 2 GeV, useful event
rates could be obtained up to 10 GeV. The fiducial volume of a bit more
than 3 m3 was sufficient to have typically 1.5 m potential path for each
track such that a good distinction of muons from charged hadrons and a
good efficiency for neutron interactions were ensured. Since muons could
not be identified the search for the new process

W -+ v + hadrons
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Fig. 1: The vertex distribution of events without muon (qbovg) and with
muon candidate (middle) along the chamber. The fiducial volume

starts at -200 cm. Below 1is the raw NC/CC ratio (ref. 23).




was restricted to those events which consisted only of final state

particles identified ashadrons, with total visible event energy in

excess of 1 GeV. These events, called NC, were compared to a corresponding
charged current event sample, called CC, where apart from the presence

of a muon candidate with the appropriate charge the hadrons satisfied the
same selection criteria as in the NC sample. Early 1973 the analysed NC
sample consisted of about 100 events (cftable 4). Without going into the
details of the analysis the essential features of the neutron, or nore
generally the neutral hadron, background calculation is sketched nethJ'ZJ).
The origin of neutrons having enough (namely more than | GeV) energy to
simulate a NC event are neutrino interactions themselves. As indicated by
the two sketches in fig. 2 the neutron source, i.e. upstream neutrino
interaction, can occur in two confiqurations. The neutral hadron interaction
(n*) is consequently said to be associated (AS) or not associated (B). It
was the aim of the background calculation to get the number of B-events and
to compare it with the observed number of NC-events. This was done in the
following way:

8= 5 s

i.e. the number of background events (¥B) is obtained from the number of
observed associated events (#AS) by means of the calculated ratio 8/AS. With
this trick only a ratio had to be calculated. The great worry in attempting
such a calculation was how to treat the neutron cascade. Obviously, AS events
are trivial, as they represent just the first cascade step. But in the case
of B events, the source is in the heavy shielding material and the cascade
can consist of many steps before finally a neutral hadron enters the chamber
to produce a star simulating a NC candidate. Furthermore, the density of the
shielding material was about 5 times higher than the density of the chamver
1iquid, thus the neutrino induced neutral hadron flux was potentially high.
Obviously,

v mesons

e O—

nucleons

Fig. 2:
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Sketch of the simplified, but realistic setup. The chamber filled
with the liquid freon (p=1.5 g/cm®) is imbedded in a dense

medium (chamber well, magnet coils, iron shielding etc.). The
neutrino beam enters from left and has a broad energy dependent
radial distribution. A neutrino event with a subsequent neutron

star is shown in two topologies: case above is an associated neutron
star (AS), case below a nonassociated neutron star (B)(ref. 24.).



the understanding of the cascade was the crucial part for the evaluetion
of the neutral hadron background and thus for the interpretation of the
whole experiment. The basic ideas of the cascade calculation were:

i) the meson component is inactive
i1) at each step at most one nucleon carries the cascade further

In other words, the cascade is lTinear. This reflects the dynumics of
neutrino reactions as well as the dynamics of nucleon and neson interection
in the few GeV region together with the 1 GeV requirement mentiuned above,
The initially complex structure of the cascade has been reduced tu the
extent that a single quantity, the elasticity, can characterize it. This
quantity could be extracted from published data. In conclusion, the retiu
B/AS could be safely calculated with the result (for the neutrino experiment

B
= 0.6 + 0.3
AS J} +#B =9 + 4.5
#AS = 15

to be compared with  #NC = 102

showing that really a new effect has been observed. A similar conclusion

could be drawn for the antineutrino data. By spring 1974 - after sonme
turbulent months - the new effect, interpreted as weak neutral currents,
25)

has been observed in three experiments . The GARGAMELLE experiment itself

corroborated its first results by three further 1nvestigation556)

- BARTLETT analyses of the spatial distribution of the events in the
NC and CC samples confirm that the neutron contamination of the NC
sample is small

- the charge distributions of pions in NC-events and in neutron induced
events are different

- in a separate run protons of 4, 7, 12 and 19 GeV/c have been sent into
GARGAMELLE thus allowing a direct check of the cascade caICuIat1on24).
Fig. 3 shows an example. In fig. 4 the measured and the calculated -
following the method described above - cascade length is displayed.
The agreement is good.

Once established, the weak neutral currents initiated a new and rich activit,
in physics and even astrophysics. The aim of the experiments was to neasure
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Fig. 3: Photo of a 6.1 GeV proton entering GAPGAMELLE fron
The insert sketches the cascade (ref. 24).
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Fig. 4: Comparison of the measured and calculated_
cascade length as a function of the incoming
proton momentum (ref. 24).

1. 5: Neutrino induced neutral current event observed in GARGAMELLE. A1l fipal state
hadrons are indentified. Note the charge exchange reactions of the = .



the properties of the weak neutral current and to compare them with the
variety of theoretical models. One of these models, the GSW model, received
particular popularity, because only one unknown parameter, the weak angle, -,

was involved and because of its success. Very soon, this model was simply
called the Standard Model.

8. FREE PARAMETERS IN THE STANDARD MODEL

Here and in the next three lectures only the electroweak part is dealt with.
The above discussion has shown that there are three groups of free parameters:

couplings qg, sinze, v
KM-matrix 3 angles, 1 phase
masses Higgs and all fermions

A1l these free parameters must be determined from experiment. Once this is
done, all electroweak phenomena can be predicted and consistency with neasure-
ments can be checked. For instance, all measured Zff couplings nust be shown
to agree with a universal value of sinZG (cf. lecture 3 sect. 2).

9. CHOICE OF BASIC COUPLINGS

The outstanding property of a renormalizable theory, as for instance the
Standard Model, is that any observable can be calculated in any order 1in
terms of a finite set of parameters. Each such parameter must be defined

by a suitable experimental procedure.

In the literature various choices are adopted. For the purpose of these
lectures dealing with Tow energy electroweak phenociiena the following choice
is appropriate: e, G, sin“s,

1. The fine structure constant: The positron charge is defined as the
electromagnetic coupling at very low energies.
Using the JOSEPHSON effect

L ("2)’1 = 137.035963 (215)
5= )7 =1 :

has been obtained27x

2. The FERMI coupling constant G: The lifetime of positive muons can be
measured very accurately. G is by definition obtained from:

6%np g 25 _ 2
e b (1= (1% £ 12 =d9)
LTI n2 Z

% g 28)
+G = 1.166365 (+ 16) 107> GeV

The term proportional to o represents the electromagnetic radiative
correction.

3. The weak angle t: At low energies:

a(ve -~V e) 2
el gl 1=€+ £, with £ 1 -4 sin%
R W 1+6+¢

This definition involves only leptons. The CHARM collaboration obtained
sofar sinze = 0.24 + 0.04 0.01529). An improved measurement with the
anticipated precision of : 0.005 is underway. In the meantime the more
precise value coming from measurements of the NC/CC ratio in neutrino
nucleon experiments is used.

Electroweak observables can be expressed as functions of e, G, sinzu.

For illustration, the prediction of the W¥-mass may be considered. In terms
of e (or a) G, sinze - the renormalized quantities - one derives from
the Standard Model

BORN _ o )1/2 prediction in lTowest order
My - (JE G Sinze (BORN approximation)

fCORR . oBORN ¢y, )

W prediction including next to

leading order

The shift &, predicted by corrections due to 1-loop graphs, has recently
been calculated and amounts to about 3.5%30). i.e. about 3 GeV. The presence
and size of this correction tests the renormalization aspect of the Standard
Model. In order to make this test significant the measurement precision of
sinze must be increased to + 2%, i.e. Lsinzu + 0.005. Among other choices
of 3 basic couplings the one of MARCIANO and SIRLIN-C) may be mentioned.
With the operation of the CERN SppS collider the energy regime beyond the

W, Z-masses is accessible and thus a natural choice are the physical masses
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mys M, of the weak bosons together with the fine structure constant a. Lecture 2: Purely Leptonic Interactions

In this scheme sinze is a derived quantity, which can be related to snn2~M
- 1 - (2. Note that: sin’e § sin’oy,
z

1. Introduction

2. Elastic neutrino-electron scattering
3. The processes e'e” + 2'¢”

4. Muon decay

5. Inverse muon decay

6. The tau lepton

7. Higher order QED processes

8. Search for new heavy leptons




22

1. INTRODUCTION

Conceptually, but not necessarily experimentally, the simplest
interactions are those involving only leptons. Their interpretation

s theoretically clean. Leptons are pointlike and interact only weakly,
like neutrinos, or electroweakly, like charged leptons. No complications
due to strong interactions occur.

Table 5 shows some reactions, the currents involved and the couplings

they are sensitive to. A prominent rdle play vue and Cue elastic reactiuns.
Their occurrence proves weak neutral current interactions, since !y and v
belong to different generations. Charged lepton interactions, as ubserved
at e'e” colliders for instance, were for a long time prototypes of electro-
magnetic processes. Recently, with the advent of high energy colliders like
PETRA and PEP it could be demonstrated that charged leptons interact also
weakly.

Table 5: Some purely leptonic reactions

Reaction Currents I Sensitive to
|
e
ve e (vuvu)(ee) '
Ve +3ye vV
vu - vu (vuvu)(ee) { . .
= = { gv- gA
V€ Vg (\eve (ee)
(ve €)(ev,) ‘
s _— |
Lo+ ve v (L=1,p) (v,e)(e v,) ‘ '
e
“ - L= | > V = A |
vye H v, (uvu)(ve e) [
ete” - ofy” (ee)(2x) ' s 9,
| A A |
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2. ELASTIC NEUTRINO-ELECTRON SCATTERING

Neutrino beams at accelerators are derived from 7= and k* decays and

are thus basically v beams with small contaminations of Ve ;e' Cb.
The use of magnetic horns ensures a good separation of particles from
antiparticles. Since the early GARGAMELLE runs at the PS up to the recent
CHARM runs at the SPS a tremendous development has taken place from

1 event/run to about 50 - 100/run. This gain comes from better and more
intense neutrino beams, higher neutrino energies (o~E!) and the use of
very massive target calorimeters.

The kinematics and dynamics of neutrino and antineutrino interactions off
electrons is easy to work out:

2 2 2
oolel + (1-y)" e%p) dy

do(vue)

dc(Uue) = co(es + (I-y)2 ezL) dy

where y measures the final state electron energy in terms of the initial
2 -
€o®s o 72« 107 e oo

neutrino energy and Oy =
Neutrinos, which are lefthanders, interacting with a lefthanded electron,
lead to an isotropic distibution, whereas those interacting with a right-
handed electron to a distribution ~{1-c059'ﬁn the ve rest frame or (1-y)2 in
the laboratory frame. The two contributions are proportional to the square of
the respective weak couplings e and ep (cf. appendice).

For antineutrino interactions e and ep are to be exchanged. In the presently
accessible energy regime is [qz << mg; therefore, the total elastic cross
section rises linearly with neutrino energy. Since o ~ m, the expected rates
are very small.

Fig. 6 shows all the experimental results so far. The CHARM collaboration?9
has investigated in the same apparatus vu and Uu interactions and noted that

the cross section ratio

a(v,e) 2
R= —H = 1*E*E yith sin% = 5 (1-)
o(Ge)  1-get

can be obtained with small systematic error. The sensitivity of R to sin20

is high due to the fact that sinza is around 0.22 (and not e.g. 0.5), as
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seen in fig. 7. From o(Cue) the couplings e , ep or v, a, can be
deduced.Fig. 9 shows the two ellipses of all data combined31):

a) Assume p = 1: a

o -0.521 ¢+ 0.034

v

o = 0.002 +0.058

This solution is in agreement with the Standard Model. The constraint
equations contain the coupling constants squared, thus there is another
solution which can however be excluded on the basis of other experiments
(e.g. e'e” = p'yu7).
b) Assume a_ = -0.5 v_ = - ] (1-4 sinzo)

e e Z

get  sinZe = 0.251 ¢+ 0.029 p = 1.04 + 0.07

c) Assume a_, v, and p = 1, then sin’s = 0.244 1 0.029

d) Use R (CHARM) a]onezg)

sin%e = 0.215 ¢ 0.040 1 0.015 (independent of o)

Results on Cee scattering are also indicated in fig. 9. They get contri-
butions both from Z° and W’ exchange. The interference reduces the sign
ambiguities by a factor 2. Data on vee scattering are expected from LAMPF.
In a dedicated experiment the CHARM Co]laboration34) is aiming at more
than 1000 v e and 1000 v e elastic events. Compared to their previous set-
up the fiducial mass will be increased from 70 to 436 tons. The background
rejection (see fig. 8) will be improved by reducing the angular resolution
from 32 mr//E to 16 mr//E. The relative v, v flux monitoring should be

controlled to + 2%. Measuring then o(vue)/O(Gue)to an accuracy of +0.05 trans-
lates into Asin28 = + 0.005. This precision is enough to test whether the difference

L PHYS m;REE LoPHYS e 1 . PHYS _ 37.2810(+3) GeV

: “ 5;/76 sinBcoss z Sin6cose

is equal to the 1-loop weak correction calculated to be about 3 GeV within

PHYS

the renormalizable Standard Model. my is the physical mass of the Z as

measured at the SppS collider. This test on the presence and predicted size
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of higher order weak corrections is crucial to the Standard Model.

4. THE PROCESSES e'e” + 2'0°

Consider the Lagrangian for e'e” + p*y™:

e o <ina(T - A
L=-9gsind(U vy Vo + ¥, vy ¥)A

— e e — p)
+ _d'g_cose (Ve Ya(9y + Gp Yg) o + T v, (¥ + gk Y52

In tree or BORN approximation the two relevant graphs are:

€ ‘.P e\ K

: AN ;

o o ?
The electromagnetic contribution is of order 123%291_ = ﬂ%g
Gp

and domi ibuti 21 _ b
dominates the weak contributions of order ( Coso) = S
as long as s << mg. In the standard model 02 =1 in z

tree approximation and gets slightly reduced by 1-loop corrections. For
most of the following discussion it is sufficient to consider only the

leading order.
The angular distribution is:

4s do _ . | 2., .8 ‘
;? I * Ru |(1 + cos“8) + 3 Au cose‘

with R =07 - 20, afalc + (9% + (gDD) ()7 + (D) «?

26
ey _,eeyp 2
o .3 3%% - 29999
w2 R
7]
= 1 S B G m} 5 & =i 45'10-4 S
(ZsinZu)2 s - m% 82 nmu s - my =2

These formulae apply equally well to e'e” + ff provided f + e and

g%'A. Qu replaced by QC,A' Qf. The existence of Z°—exchange in addition
to photon exchange entails a significant modification of the differential
cross section of e'e” «+ p'y” (fig. 10).

- Angular asymmetry Au: Right- and lefthanded contributions are no longer
equally strong, the angular distribution gets a term proportional to cos:.
The y - 7% interference (V,A type) gives rise to a forward-backward angular
asymmetry:

F-8B s

) 3
Ay=F+8 =72 6% PEP 29 GeV)

gtg¥ - 10% PETRA (/5 = 35 GeV)
A%A + O(Kz)x —
] (/s

u

For small s/mg Au decreases with increasing s. In the adopted scheme with
a, G, sinze as basic couplings A depends only upon G/u, which 15 accurately
known, and weakly upon My which is calculable using «, G, sinzv up to a

few GeV (due to uncertainty in sinzo). The Z-mass enters through the pro-
pagator term and has little influence, since s/m% < 0.2 in the PETRA energy
range. The measurement of A and its s-dependence is a crucial test of the
standard model. The results (excluding the results at the Leipzig 1984

conference) are summarized in table 635):

Table 6: Results from asymmetry measurements

PETRA PEP |
|
9p 94 1.16 1 0.10 1.03 + 0.14
| 9 9 0.88 + 0.20 0.98 1 0.18
| |
ENEN 0.76 + 0.19 0.95:0.21 |
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The measurements agree with the predictions of the Standard Model

(gAgA 1 and gAgA = 1) within 1 to 2 standard deviations. This 1s a}
remarkable achievement, extending its validity up to 0 s = 2000 GeVv®

(time 1ike). The ratio of the axial couplings of y and 1 confirms leptun
universality within 20%.

Also the process e'e” —+ e'e” gets modified through the Z-graph. However,

the angular distribution is already strongly asymmetric due to the ,-exchati,
in the t-channel. No group succeeded yet in demonstrating a significant
deviation from the QED-prediction of the measured angular distribution.

Ratio Ru = o(e'e” » 'y )/uQED is predicted to deviate frum 1, the more
so the higher the energy. Putting in the weak couplings gA gA -1 and
q° gv = -1+4 s1nzu |R -1| < 0.02 up to highest PETRA energies. The

data, both for e’e” - p'yp” (fig. 11) and e'e” » 1" (fig. 12), agree
well with 1. Since there is a normalisation error of about 5%, these
measurements provide a poor limit on the weak vector couplings. Electro-
magnetic radiative corrections at /S = 35 GeV are about 30%, in other
wo:ds the effective fine structure constant is a;;fz 120 compared to

a = 137.

Ru can also be used to set limits on the pointlikeness of charged leptons
by interpreting the deviation from 1 in terms of a formfactor:

2
2
F (q)=1-—25—?—
3 * g-né

Present data constrain A, z 200 GeV, which means that leptons are structure-

less on the distance scale 10° 6

Z-propagator: It is intriguing to find out whether the existing data on the
muon angular asymmetry Au exhibit the Z°-propagator. Ap is proportional to
the ratio of the Z- and y-couplings and to the ratio of the Z- and y-pro-
Ka%agors. Since the photon propagator contributes a term 1/s, the guantity
S 1

U
s -my

is proporitonal to . The most general test consists in just

3
looking at the slope of (1?)'1- This slope is independent of the
Z- and y-couplings and is finite (3 0) for a massive propagator. Fig. 13

shows all data on A(e'e” = u*p”). The uncertainties are still too big to
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conclude on a significant nontrivial s-dependence. However, the test can
be sharpened by requiring a straight line through the fix point 3%; at
s = 0 as given by the Standard Model. The line drawn in fig. 13 is the
prediction of the Standard Model (mZ = 93 GeV). The agreenment witn th
data is fair. The highest energy point includes new data36):

Au = -(17.6 + 2.5)% at average /s = 42.5 GeV (expected: -14.7.).

MUON DECAY

The study of the decay u’ -+ GM e’ Ve Or By, e Ce had an essential
impact on the development of weak interaction physics. Although q2 in this
process is very small, high precision measurements provide valuable

information. Four results will be quoted:
a) The MICHEL parameter oM’

pmeas
M s
—v—_K-' = 1.0024 + 0.0035

b) The lifetime of the p* 37) : T, = (219695 0.00005)10°% sec

2 o 2 2 -

: 1 e u a

with ~ = —H. (1-8—) (1+0.6%5- 5 (n°-5))
TR ;5 ;zw 7n T

follows G = 1.166365 (+ 16)10°° GeV% which is the most precise
measurement of the FERMI coupling constant.

c) Search for the right handed currents in polarized u'-decay: by
looking at the electron energy spectrum near the end point the
assumption of a righthanded W is only consistent with the data if 1ts

mass exceeds 380 Gevas).

d) New upper Timit r(u* »e'e'e”)/r(y" + e’veCu) < 1.6 + 10719905 ¢1)3Y
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INVERSE MUON DECAY

The process vue_ -+ “-Ve is induced by a lefthander and contains more
information than the p-decay (with its two neutrinos in the final state).
This reaction was only some years ago observed, since a threshold at

Ey= 11 GeV is involved. The results from GARGAMELLE (1979) and CHARM (1980)

give40)

o(v e + pv,)
=M © - 7,68« 0,18
Oy-A

THE TAU LEPTON

The heavy lepton % a1) was the first member of the third generation,
discovered 1975. It is produced in e'e” » 11 for /5 > 2m . AT
observations confirm that the t behaves like a sequential lepton. Up til]
now the inverse process: VTN + 1T+ x has not yet been observed.

42)

Fig. 14 summarizes measurements of the t-lifetime “’. It agrees within

10% with the expected V-A prediction assuming p-t universality. Another

check is provided by comparing the purely leptonic decays:

+ v v
T T’\J\Ju

——r > W = 0,97+ 0.08
T~ VT #7Q Ve

where the standard model predicts 0.973.

As already mentioned above the weak neutral current (t1) is tested by
measuring the angular asymmetry of e'e” + t'1 : g; agrees within 15% with
the theoretical expectation (cf. table 6).

HIGHER ORDER QED-PROCESSES

The next figures shall demonstrate that even at vS up to 40 GeV QED works

very well. The processes considered are43):
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+ - .
ee -+ yyy (fig. 15)
e'e” »e'ey (fig. 16)

e'e” »efeyy” (fig. 17)

SEARCH FOR NEW HEAVY LEPTONS

Interactions of e'e” are ideal to look for new heavy leptons. The
charged member of a forth sequential lepton doublet (EL) would be
produced 1ike

ete” -~ L' Vs > 2m > 2m
L 1

with a cross section

OED acgzé - % 8 (1 + cos% + (1-4%) sin0)
o
u

where B describes the threshold behaviour.
The signature of such events is characterized by missing momentum and
non-collinear, non-coplanar topologies as a consequence of

v+ ice
L+ Ve ¥ anything - ! _
v * qq'-jets

The experiments at PETRA and PEP exclude such sequential charged leptons
up to 21 6ev?®) (fig. 19).
Another type of heavy leptons has been searched for45):
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Fig. 15: Photon energy spectrum of e'e” ~ Yyy and comparison
with QED.
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Lecture 3 : SEMILEPTONIC NEUTRAL CURRENT INTERACTIONS
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. The Zqq couplings

. Electroweak results from e'e'-experiments

Weak effects in charged lepton-nucleon scattering
. Parity violation in Caesium

. Conclusions on Zqq
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1. INTRODUCTION

The lepton vertices are well understood. This means, that the gauge
bosons (y, W¥, Z) can be used as probes for the electroweak and the strong
properties of quarks. Typical experiments to investigate these two aspects

are:

neutrino-nucleon scattering (N + v or g + anything)
charged lepton-nucleon scattering (itN - «* + anything)
e*e” - annihilation into hadrons (e'e” - hadrons)

These deep inelastic scattering experiments revealed the weak neutral
current structure of light quarks, to some extent also for heavy quarks,
and the structure of nucleons appearing as if made of quasi free pointlike
constituents. The color is a distinguishing property of quarks and causes
a deep difference between quarks and leptons: leptons exist as free particles,
whereas quarks, when leaving the interaction region, develop strong forces
with the consequence of getting confined. Since the gauge bosons W, Z, 4
couple only to the electroweak properties of the quarks, they are ideal
tools to study the color aspects of quarks under well defined conditions.
The results from deep inelastic scattering experiments are important

input for the interpretation of hadron-nucleon experiments, including the
recent SppS collider experiments.

2. THE Zqq COUPLINGS

when the weak neutral currents were discovered 1973, it was immediately
clear that a new chapter in physics was opened and that an extensive
research program would start. Early contributions came from various
neutrino experiments:

GARGAMELLE bubble chamber at CERN-PS
AACHEN-PADOVA setup at CERN-PS
HPWF calorimeter} at FNAL
CITF calorimeter
12' ANL bubble chamber
7' BNL bubble chamber
15" FNAL bubble chamber
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1975 an experiment at SLAC with polarized electrons scattering off deuterons
reported the observation of a parity violating asymmetry, interpreted as o
(v, Z°)-interference effect, and leading to a 10% measurement of 31n2

in agreement with neutrino data.

1977 the first neutrino experiments were carried out using the CERN-SPS

thus reaching neutrino energies up to 200 GeV. Compared to the CITF- and HPawF-

apparatus running already since a few years in this energy regime the new
CDHS calorimeter at CERN was a second generation apparatus (fig. 20). The
big european bubble chamber BEBC, of similar size as the 15' bubble chauber,
started - wupstream in the same neutrino beam as CDOHS - its 8 years
lasting research program. Soon after, the fine grain narble calorineter

of the CHARM collaboration joined the other two. GARGAMELLE ran for a snhort
while at the SPS before it broke down. At Serpuchov two experiments were
operating: the bubble chamber CKAT and a counter apparatus. Dedicated
experiments were performed on v, Up at BNL and v, ve scattering at CERN

and BNL. At FNAL the new calorimeter of the CCFRR collaboration came into
operation. The big bubble chambers got upgraded with an external muon
jdentifier (EMI), which ensured an efficient distriction of charged current
from neutral current induced events (fig. 21).

With the advent of the high energy e'e” colliders PETRA and PEP electro-
weak effects got accessible in a new energy regime. The latest achievement
was the observation of weak phenomena at the SppS collider, culminating

1983 in the discovery of the weak gauge bosons.
A1l data available up to 1979 have been analysed by KIM et a1.48).

Three of their results are quoted here:

a) Use all neutrino data: 4 parameters are fitted

u = 0.340 + 0.033 a = 0.589 + 0.067
dL = -0.424 + 0.026 g = 0.937 + 0.062
up = =0.179 ¢ 0.019 y = -0.272 + 0.081
dR = -0.017 + 0.058 § = 0.101 + 0.093
/U{_z_ai = 0.544 + 0.007
/ui . a; = 0.180 ¢ 0.015

fit quality: x2/d.o.f. = 13.5/24

34a
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Fig. 21: Top view of the bubble chamber BEBC in its hybridized version with

veto plane, picket'fenﬁs and 2-plane muon identifier. The neutrino
beam enters from right ).
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Fig. 22: Constraints of the BEBC v, v D, measurements on tne
Tefthanded couplings and compa;ison with Standard Model.
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b) Use all data: 2 parameters are fitted

sine = 0.234 + 0.013 o = 1.002 £ 0.015

c) Use all data: 1 parameter is fitted

sin%e = 0.233 + 0.009  x°/d.o.f. = 33.1/45

It was an important achievement that already after 5 years of research,
mainly in neutrino-nucleon scattering, the host of models describing weak
neutral currents basically reduced to what is called today the Standard
Model. The chiral couplings of the light quarks u and d could be uniguely
determined from the data. In the Standard Model these 4 couplings are
expressed in terms of only one parameter, namely sinze. and precisely

this fact is borne out by the data, although still with sizeable uncertainty
in the righthanded sector (dR). The measurements of ug + d% gave a value
significantly different from 0 and demonstrated that the weak neutral gauge
bosons couple also to righthanded quarks.

An unsatisfactory feature in the determination of the chiral couplings consisted
in the fact that many experimental results with rather different systematic
errors got combined. Furthermore, the interpretation of inclusive pion
production data required a distinction of pions associated to current
fragments from pions associated to target fragments which is not trivial

at low energies. Also the single pion data, for example vn —+ ~.n O ur

vp o -+ vnn', can only be interpreted within models describing weak isobar

production49) 50)

. In a recent bubble chamber experiment in BEBC
the double rdle of deuterium, being an isoscalar target and providing quasi-
free proton and neutron targets, was successfully used to get a sinultaneous

- 5 GeV, pH

measurement of 4 neutral to charged current ratios (cuts: E T

1.5 GeV/c):

H

_olvp » wx) _
Rup = STop——ox] = 0+49 ¢ 0.05
=glwn » vx) 505, 0,02

R = =
vn ~ olvn + pxJ
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. ovo+vX) g6 00
RSp = Stop=wxy - 0-26£ 0.0

RS = %%—H)— = 0.57 + 0.09 (first measurement)

Each ratio involves a different combination of the 4 chiral couplings
squared. In valence quark approximation the first 2 ratios would be:

2

P N (P
Rvp = (2uL + dL) + 3 (2 ug * dR)

- 2 1,2 2
Ry = (uL + ZdL) + 3 (uR + ZdR)

It was thus possible to obtain from the 4 ratios all 4 chiral couplings:

uZ = 0133 £ 0.026 ¢ 0.015
df = 0.192 1 0.026 1 0.015
uj = 0.020 1 0.019  0.004
d? = 0.002 £ 0.019  0.004

If only sinze ijs fitted to the data a 10% measurement results:

sin%e = 0.20 + 0.02.
The prediction of the Standard Model is illustrated in fig. 22 for the
lefthanded sector. A significant test of the righthanded sector is Timited
by the precision in the v-data.
Recent v and V experiments using isoscalar targets have provided accurate
measurements of

. 2

Ry = SN = () o3 e )
a(WN +vx) _ 2 2 2 2

RS = Sty = (U ) 3lug e d)
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The actual evaluation of these ratios is quite complicated by the nucleon
structure. For instance, the contributions of charged and neutral current
interactions with sea quarks have to be evaluated; then, in the case of
flavor changing transitions quark masses and the KOBAYASHI-MASKAWA matrix
elements have to be taken into account. Finally, quarks are not really free.
This illustrates, that although a ratio is measured its interpretation in
terms of uE + df. up * dg or in terms of p and sinzu will necessarily be
affected by small systematic uncertainties. The present status 1s shown

in fig. 2351) and fig. 2452). It is interesting to note that the ,-parameter
is measured with an accuracy of + 0.02 and agrees with 1, as ecpected 1f the
HIGGS representation is a doublet (assumed in the Standard Model). There are
now three determinations of sinzo which have each an accuracy comparable to
the previous average of all experiments in KIM et al. (1981). It is appropriate
to apply 1-loop corrections to RV and R; to obtain the renormalized value

of sinze. The uncorrected value is then lowered by typically 5153). All
recent data on isoscalar, when combined, givesa)

sin%6°" - 0,223 + 0.007.

Not all data are published yet.

A careful study of the systematic limitation in determining sinZG from

RV= %%%g_;'ﬁg%T 1?35 bee? carr?ed out in thevcgntext of the SPS f?xed target
workshop 1981 and is believed to be Asin“6 < 0.005. The ratio R:

is not suited, since for values of sinze ~ 0,22 AR; =0 Asinzﬁ. Both the
CHARM and the CDHS collaborations have investigated the possibility

to decrease the experimental uncertainties to match the above limit and came
55'56). The importance to really reach the
accuracy in sinze of 0.005 has already been discussed in the second lecture.

to an affirmative conclusion

Once accurate measurements of the squares of the weak neutral current

couplings (for the light flavors) exist, the sign ambiguities can be

removed even with experiments of minor precision. For instance, the observation
(fig. 25) of a prominent a* (1236) resonance in vp -+ vpno in the GARGAMELLE
propane experiments allows to conclude:

wd =g (B + (1)) <0
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Fig. 23: Comparison of R, and Ry with the prediction of the r l J
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EYgg;a:18.01sg?g increased from 0.357 : 0.015 to I
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Fig. 24: Comparison of simultaneous p and sin*g sits from recent experiments.
The final point, indicated KIM et al. 8 , is the combined fit of all data
up to 1979.
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Fig. 25: Observation of the A° (1236) resonance induced by weak neutral
currents (ref. 57). For comparison the exclusive piQ state in

charAqed current events.
#ev. Vpmre CHANNEL since the isovector term dominates the isoscalar term. The other ambibuity
is solved by a form factor analysis of the elastic scattering experiments
ahk 1 (SELECTED SAMPLE 80 ev.) S e , e
vp » vp and vp + vp yielding ujup < 0.
a ’T The recent observation of coherent m° production in neutrino nucleus
scattering provides a direct test of the axial vector couplmgsg)
186
|8] = 0.93 ¢ 0.12
12+ where 1 is predicted by the Standard Model.
=
8 3. ELECTROWEAK RESULTS FROM e'e” EXPERIMENTS
=
= The processes to be considered here are e'e” -+ hadrons. The final state
is dominated by a forward and a backward jet at PETRA and PEP energies.
ar These jets are induced by u, d, s, ¢, b - quarks (resp. antiquarks) in the
i : ‘ relative proportion 4 : 1 : 1 : 4 : 1, The interference between the electro-
magnetic (y) and the weak (Z°) amplitude leads to observable effects in
1 1 1 L 1 1 A 1 2 .
the hadron production rate and the quark angular asymmetries.
1 1.25 145 1.8 1.85 205 . )
05 J M ) The first quantity is defined
#ev. p-pwe CHANNEL S o
o(e’e” + qq)
(SELECTED SAMPLE,109ev.) R -4
+ - + - QED
16} ole'e »puyp)
=331 (Q%-20 =v.v_ + 0(z2)} (1 + 6.0)
12 q 9 q” 'e’'q Qco
B with®, defined in lecture 2, of order 10% at PETRA/PEP energies. The
sk electroweak contribution is proportional to
4
r Velg vy - ¥g)
at . 2 .
and therefore small, since vezﬂ for sin"8 = 0.22. The factorized form of
L. the weak couplings reflects the assumption of just one massive neutral
. . ! ; " m I_J gauge boson. Results are given in table 7 and fig. 26.
& _____§ 1
1.05 1.25 145 1.65 M 1.85 2.25 245

pme
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Table 7 sin?y from data on e'e” - hadrons (ref. 60)

EXPT sine
B S| Syl SN
JADE 0.23 ¢ 0.05
MARK J 0.28 % gk
TASSO 0.30 8:53

The other quantity, the angular asymmetry, measures at these energies

only the product 3 provided the quark flavor g can be isolated:

q
e
. 512 9%
Aq = - 7-5% (35 gey) 0,

Note that the fractional quark charge enhances the asymmetry. Two methods
have been applied to isolate e'e” = cC and e'e” -+ bb:

i) reconstruction of D° and D*t (fig. 40, 28)
ii) wuse of semileptonic c- and b-decays (fig. 40, 28)

Results from PETRA at /5 = 34.5 GeV from JADE, MARK J, TASSO and from PEP
at /s = 29 GeV from HRS, MARK II, MAC are summarized61)
is assumed):

in table (g: = 3

b |

MACHINE 9 N |

===:=======1 S s Ss s S ES === ===S=============

PETRA 1.22 + 0.40 -1.00 + 0.30 |
PEP 2.40 + 1.70 -1.10 + 0.50

The axial couplings agree in magnitude and sign with the prediction of the
standard model. The study of e'e -interactions gives access to the weak
couplings of ¢ and b quarks which are members of the Z"d and lrd fermion

generation.
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Asymmetries in c- and b-enriched samples from various e'e - experinents

(ref. 61).
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39d
0 T I ' [ 4, WEAK EFFECTS IN CHARGED LEPTON-NUCLEON SCATTERING
\\\
\\ There are results from two experiments on electroweak asymmetries invclving
\\Hybfid F the product of charged lepton coupling and quark coupling. The effect 1s ot
N the order
\\
\\ 2
N -] 6 %t 2
-5 e Gev?
and requires a good control of systematic errors.

a) The SLAC cxperinlent62): polarized e + D - e + anything.
A fairly detailed description of this classic experiment 1s given 1n
the 1981 CERN summer school 1ectures4b). The quantity measured 1s the

Model

parity violating asymmetry

10% 8/(-q2) (GeV/c)2
&

Independent N
N ; ,
\\ 2 o(eR)-do(eL) _ 60 18 {8y 3 2 Fig) q(x) - g(x)
\\ do(eR) + dc(eL) /7 e? LS 1 2 q(x] + g(x)
X P
\\ vz 1 for x 0
N
'|5~ ) —
27 - -(0.57 + 0.27) 1074 gev?
2, = 0.30 4 0.08 = § 3, (2v,~v) = - 5 (1 - %ﬁ sin%o)
a,=0.15+0.25 =2 v_(2a-a,) = - + (1 - 4 sine)
2 IR & M 3% u °d 2
-20 | | L |
O O' 02 y 03 04 Results from 2 parameter fit: p = 1.74 + 0.36 sinzo = 10.25 :8?3
and from 1 parameter fit (p = 1): sin2g = 0.224 » 0.020.

The y-dependence (cf. fig. 29) is incompatible with the assumption,
that the righthanded electron is a member of a weak doublet. This ex-
periment with its precise determination of sinzu supported strongly
the Standard Model. At that time there was no other individual ex-

Fig. 29: Asymmetry vs y compared to the Standard Model and a hybrid ) ) o
model, where the righthanded electron 1s assumed to be periment with such a precision.

a member of a weak doublet.




a1

b) The NA4 Experiment63): prcapte anything.

The naturally polarized y beam from the CERN-SPS is scattered off
carbon. The asymmetry

do(ug) - do(u;) G i e =
Boeoag——= B =y fly) 3 XL by |A] + by}
doug) + dou]) ze? S axT v alx) 2

is measured using data at 200 GeV and 120 GeV. The p-helicity is
denoted by A. The measurement of B leads to

_2 . +0.05
b1|A| +b, = j(vu\xl - au) (2au ag) =0.45 £ 011 5705

and from this sinze = 0.23 + 0.07 £ 0.04. Assuming sin20 = 0.23 the

weak isospin of the righthanded muon comes out to be lg (p) = 0.00 +
0.06 + 0.04 in agreement with the standard assignment of righthanded
muons in SU(2)-singlets.

If Zau -ay = % is assumed, then one gets

v 0.15 ¢ 0.25 from the SLAC-MIT experiment

e

v

" -0.06 + 0.14 from the NA4 experiment

This can be compared with the combined results from vue-experlments
giving g . 0.002 + 0.058 (cf. lecture 2).

5. PARITY VIOLATION IN CAESIUM

Significant parity violating effects have been observed in bismuth, lead,

thallium and caesiumsq)

of M.A. BOUCHIAT et a1.65) will be mentioned in this section. A circularly

polarized laser beam (direction k) is used to excite the Cs 6S F = 3
state to 7S F = 4 in a constant STARK field with E perpendicular to K.
The effective dipole operator is given by

d = - af - igoxt + M18xi - i InmE, I

. The recently published results of the experiment

42

where the first 2 terms are STARK induced, the third term is due to the
magnetic dipole and the last term is the weak neutral current induced
electric dipole. One looks for an interference between the E1 and g-tern.
Two measurements were carried out:

ImE, /8 = -(1.78 + 0.26 + 0.12) mV/cm AF =1
-(1.34 + 0.22 + 0.11) mV/cm AF =0

It follows:

QE*P = -66.5 + 7.2 2 5.1 = ~0.574 (N - (1-4 sin0)2)
thus sinzocorr = 0.205 + 0.034 + 0.024 in good agreement with other
measurements (cf. fig. 30).

CONCLUSIONS

1. In the first decade after the discovery of weak neutral currents
the electro-weak parameter sinze has been measured over a big range
of space- and timelike-momentum transfers squared. This is illustrated
in fig. 30. A1l determinations are compatible with each other.

The data from the neutrino-quark sector are the most precise measurements.

2. On the basis of a, G, sinze"q the masses of the weak gauge bosons
can be predicted within the Standard Model:

37.2810 + 0.0003 My
= GeV and m_, = —
Y JT-U.U89 % 0.007 sins z  cosb

Using the corrected value from KIM et al (1981) the masses
can be calculated (including 1-loop corrections):

= +2.9

m, = 83.0 2.7 GeV
_ +2.4

m, = 93.8 1570 Gev

These values anticipated on the basis of the Standard Model have been
measured 1983 by the UA-experiments at the CERN SppS collider and are
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(average over values from UA1 and UA2):

m, 82.2 + 1.8 GeV

m

2 93.2 + 1.5 GeV

in good agreement with the predicted masses within the Standard Model .
This is a great success.

Sofar, all tests described refer to leading order only. The next step
will be tests sensitive to 1-loop corrections which are in progress.
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Lecture 4: SEMILEPTONIC CHARGED CURRENT INTERACTIONS
(Selected Topics)

The naive quark-parton model
The strange sea in the nucleon
Limits on right-handed currents
ve-interactions

The KQBAYASHI-MASKAWA matrix
Determination of the B-lifetime
Search for top quarks

0 N OO EeEWwN -
o & et i W & ®

. B-decays

45
1. THE NAIVE QUARK-PARTON MODEL

The deep inelastic scattering experiments eN + e + anything at SLAC and
later on wN + p~ + anything, WN - u+ + anything, uN = y + anything have
led to a simple picture of the nucleon. At sufficiently high Qz - -q2
(the 4-momentum transfer squared) the intermediate vector bosons interact
incoherently with quasifree, pointlike partons identified with quarks and
antiquarks. Since the scattering process is purely spacelike a frame can
be found in which the gauge boson carries only 3-momentum, i.e. no energy.
This particularly simple frame is called the BREIT frame:

NUCLEON

The W interacts either with a lefthanded quark-parton or a righthanded
antiquark-parton according to the V-A structure of charged weak currents.
Angular momentum conservation implies a helicity -1 W to couple to a quark
and a helicity +1 W to an antiquark. This determines the angular distri-
bution: an isotropic contribution (from W'g)

| w* QUARK
—=)— before
= interaction
—4=—- after
-q? : % v-q?

and a contribution~h-cos@ (1-y)2 from H’E, where 1-y is the muon energy
in units of the energy of the incoming neutrino. In the approximation of
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spin 1/2 quark-partons with zero intrinsic transverse momentum a helicity O
W has nothing to couple to, therefore the angular distribution has no
term (1-y)1. It is now trivial to write down the differential cross
section of deep inelastic vp-scattering:

d%o(vp) = & Pe(x)dx + do(vf)
f
62 2
= 4 2ME|x Py(x) 1+ x P7(x) (1-y)© | dxdy
1
27 : .
where x = is the fractional momentum of the parton 1n the proton,

Pf(x) is the probability density to find a quark-parton with flavor f in
the proton and do(vf) the elastic cross section of the subprocess. In the
above formula only the flavors of the first generation are taken into
account. The vp cross section depends only on the scaling variables x and y.
This is called BJORKEN scaling. Precise measurements have shown that
scaling is not strictly fulfilled (see lecture 5), but for many applications
a quite good approximation.

Due to the V-A structure neutrino and antineutrino experiments have the
unique feature of differentiating between quarks and antiquarks in the
nucleon and thus between valence and sea quarks. For instance, a proton

is composed of (uud)valence and (Ut + dd + s5 + ... )33, This implies
sumrules for the quark-parton densities Pf(x):
1
JSax (Py(x) - Py(x)) = 2
0
1
o[ax (Py(x) - Pg(x)) = 1
1
fax (Pe(x) = Pe(x)) = 0 for f = s, Cy by t
0
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In fig. 31 recent measurements of the fractional momentum distributions
by the CDHS groupss)
sea. There is no direct evidence of the charmed sea yet.

are shown. Note the substantial rise of the strange
The comparison of charged lepton nucleon (coupling Qg) with neutrino -

nucleon scattering (V-A coupling) shows that quarks are fractionally
charged (fig. 35).

2. THE STRANGE SEA IN THE NUCLEON

Forgetting about the quarks in the third generation there are 4 charm
changing charged current interactions:

vd + uc rate A'lucdlz
vs + pc 2 |ch|2
Vs - u'c fulucslz
F S o U412

Only the first reaction takes place on a valence quark, but is suppressed

by the mixing matrix element squared: lUcd|2*’Sinzdc (uc = CABIBBO angle)s 0.05.
Reaction 4 is negligible compared to reaction 3. Reactions 1, 2, 3 are of
similar strength. A1l subprocesses are flat in y and are sizeable, where the
quark momentum distributions (xd(x), xs(x), xs(x)) are sizeable, 1.e. for

small values of x. In a recent analysis the CDHS group67d) hasdetected the

final state charmed quark by its semileptonic decay:

c -+ u'vu + anything

[ u’TL + anything

Therefore, the opposite sign dimuon events in the v - run allow to extract
the strange sea (xs(x)). The result is shown in fig. 32 and compared to the
shape of the distribution xu(x) + xd(x) + 2xs(x) as measured directly
in normal U interactions. There is a slight dependence on how the charm
threshold is treated. The strange sea and the nonstrange sea have the same
form. The neutrino dimuon data get two contributions, one from the valence
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quarks and one from the strange sea. A good fit is obtained (fig. 32)
The dimuon data confirm the GIM construction17), which is a special case
of the KOBAYASHI-MASKAWA scheme. The matrix elenments ‘Ucdv = 0.24 2 0.03
and |ch| > 0.59 (90% CL) have been derived from the dimuon data.

Early neutrino experiments 69)

have given already indirect evidence of
semileptonic charm decay in correlation with strange particle production.
In the bubble chamber BEBC filled with hydrogen, i.e. free protons, some
rare cases of fully reconstructable charmed particle decays did occur.

Fig. 36 shows a famous event70). The 3 C-fit resulted in a very accurate

mass measurement of D® and D**. It should be mentioned that there are ., -

induced dimuon events where the two muons have the same charge. No satis-

- Al
factory explanation of their anomalous rate has sofar been proposed ).

3. LIMITS ON RIGHT-HANDED CURRENTS

The effective Lagrangian for the semileptonic charged current process
d-ypuis
Yy yu

LSSe = 2 (B, v, (1 + vgluy) CREIRDIN

and excludes by construction righthanded weak current. It is convenient
to generalize this Lagrangian in the following way:

€e .. G o= - 3 '
Left = (wu v, (+vg)y) ‘quA(CL("YS) + CR(1"5))”G!

and to test on CR 3+ 0 by comparison with the measured y-distributions at
large x. The differential cross section is now modified:

2 ¢ 7
1 d%a(WN) _ Ry2 =) 2 f= R
= - la(x) + @2 )] + (1) At + () atx)
=g (x) + (1-5')2 ag(x)
2 -
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Fig. 36:



48c 49

Total Cross section in UnitS ‘]0-38cm2 where q(x) and q(x) are the relevant quark and antiquark distributions.

The v and v induced differential cross sections are accurately measured
(fig. 37), thus the CDHS.Collaboration’2)

could conclude

c
® Ve (c%)2 < 0.005 at 50% CL.

4. Vo = INTERACTIONS

Neutrino beams at accelerators are derived from n- and K-decays and are
therefore predominantly u or Cu beams depending on the selected parent

= .
cVe - (0’7 =02 ) E charge. Nevertheless, these beams contain a contamination of v, and v,

at the 1% level and the GARGAMELLE experiments at the PS did collect guite

a few Ve CéN interactions. Fig. 38 shows the total cross sections vs the

73). The linear rise, characteristic for low energy experinments,

neutrino energy
manifests scaling behaviour. The slopes agree well with the ones measured
in vu. Uu experiments and constitute a check of e - y universality at the
level of 30%.

The very first antineutrino induced interaction was observed in a reactor
which produces an Ce-beam74).

Physics in a v -beam derived via the cascade AT v, and T Cu e’ e 1S
considered at Los Alamos75).

5. THE KOBAYASHI-MASKAWA MATRIX

Gve =025 2007)E The KM-matrix’®)

generations. Instead of

is the extension of the GIM matrix from 2 to 3 quark

d GIM _ | cosg sind d)

s .\ =sind cose) ks

with 1 angle, the CABIBBO angle, there is now

| 1 1

0 2 A 6 8 10 12 E(GeV)

Fig. 38: Total v, and GeN cross sections observed in GARGAMELLE
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( KM

s, d

d che Cﬁsu &

!
id i id
= - - - y e L o
= R €€y = 5. SaSy e

b 65,0 ¢ 5 5@ 0 68 = 5EET0 ¢ g \ b
Y B8 Y'e Y BU Yy © y B -

with 3 angles &, 8, y, 1 phase & and ¢, s standing for cos, sin.
For example:

ud' _ -
I = n-vg) (cglevy *+ CySevs + Sevp)-

) an alternative notation

Instead of the above notation due to MAIANI
has recently been proposedby WOLFENSTEIN’S
unit KM matrix in terms of a small parameter.

There are detailed analyses of experiments relevant for the determination

who expands the unitary, nearly

of the KM matrix elements79). Here, only a few ingredients will be mentioned:

Nuclear g-decay Uud = 0.9735 ¢ 0.0015
K_,-decays

€3 Uy = 0.221 2 0.002
Y-decays (WA2)

0.23 + 0.03

vy N = piiix (CDHS) Ueg

Ul >0.59 (90% CL)

CLEO, Cuss XY ‘U“" <0.15 (90% CL)
P b Ueb
sinZB sin y ]
b-1lifetime + 1
aB a\{
0.058
0.5 < Ty < 1.4 psec a, = 0.598 B a_ o

v Ib/pSEC
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The constraints are shown in fig. 39. Only a small region remgins.

The B-lifetime measurements determine essentially !siny|. The statistical
and systematic uncertainties in measuring the B-lifetime are for the time
being quite large. Therefore, the upper Timit of the JADE resu\tao)

and the lower limits of the MARK 1181) and Mac®?) results are used.

6. DETERMINATION OF B-LIFETIME

In e'e” interaction at PETRA and PEP energies the quark-antiquark jets

occur b-flavored at a rate 1 : 11. The natural mixture can be made b-rich

or c-rich applying certain selection criteria. First of all a fast muon

is requested in a multihadron event. The second criterion uses the fact

that B-hadrons are heavy and fast objects, giving rise to high trans-

verse momentum particles and a characteristic event shape. For instance

fig. 40 shows the composition of the transverse momentum distribution of
prompt muons, i.e. those coming from b- and c-decays. It is obvious that a
cut in PT(u) around 1 GeV/c generates a b-rich (PT > 1 GeV/c) and a b-poor
sample (PT < 1 GeV/c). The background due to hadrons misidentified as

muons or Ku2' "uZ decays in flight, which is of the order 20 - 30%, has

been subtracted.

A schematic bb event with b+y + ¢ is displayed in fig. 41. The muon track
originating from the B-vertex is extrapolated from the inner detector to the
interaction region. The measured distance & of closest approach to the e'e-
interaction point (fig. 41) is related to the lifetime of B-hadronsso):

§ = tsina = % ct f(a*)

where 2 is the actual decay length, L = Byct the average decay length of
the B with velocity g and lifetime 1, a* the decay angle of the y in the

B rest frame. It is assumed that the B flight direction is well appro-
ximated by the reconstructed event axis. Assuming T = 1 psec the typical
average & is around 150 ym (depending on PT-criterion). This 15 to be
compared with the track uncertainty o after extrapolation, which is 450 um
for JADE, 250 ym for MARK II, 800 um for MAC. The statistical precision
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Fig. 41a:

Sketch of an event e'e” - bb and semileptonic b-decay.
The extrapolated p-track fails the e*e™ interaction
point. This point is either determined from the event
itself or assumed a priori using external information.

using n B-events is o//n. With the help of an extensive Monte Carlo
simulation the observed &§-distribution is expressed in terms of
b +y, ¢ »y, and hadrons » u. The published results are

Expt. b (estimated) !
JADE 12 1
MARK 11 67 i
MAC 112 ! 1.810.6+0.6 ps

If the lifetime is indeed high, say 1.5 psec, it should be possible
to measure the B-decay vertex distribution. In this case the average

length is

L =By creud x 0.45mg 1.4 mm,
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Bounds on weak angles
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Fig. 41b: The observed impact parameter distribution of 104 muons in the

b-enriched event sample of MARK II (ref. 81). The average is

(106 + 29) um. The dotted curve is a GAUSSian distribution with
width 250 um.

this means effectively about 1 mm in the plane perpendicular to the
beam. In an apparatus with a vertex detector a fair fraction of the
B-decay vertices will be detectable and open new perspectives for
B-physics.



7. SEARCH FOR TOP-QUARKS

A substantial amount of time at PETRA was devoted to search fur

t quarks (fig. 42). The machine was operated in a scanning mode. The
step size of AE = 30 MeV corresponds to the machine energy resolution.
For each point each of the 4 running experiments collected 60 nb™ .
This gives just enough multihadron events to detect a resonance in

R = 3155::-99%— . Assuming a BREIT-WIGNER resonance shape one obtains
v (ee + py)

6112
Jo(E)dE = — r
M

'h
e T
with M = mass of tt and I'e resp. I, being the leptonic resp. hadronic
widths. Fittinga GAUSS curve width AE and varying position along the
energy axis (/s) on top of the constant continuum due to u, d, s, ¢, b

events the limit re 72 <1 keV  (50% CL) is obtained to be compared

with Fe(tf) & 5 KeV as extrapolated from ¢(ss), J/uw(cc), Y(bb). In

conclusion, there is no indication of a resonance due to tt with Q, =2/3

and its mass must exceed 22.6 GeV.

At the time of these lectures the UAl-groupa)
of a few events containing the flavor top so long searched for. No
precise mass was quoted, but is well above the PETRA limit.

claimed the observation

8., B-DECAYS

Hadrons containing b-quarks are abundantly produced at e'e” machines
(CESR, DORIS, PETRA, PEP). The CLEO group®) at CORNELL succeeded in
reconstructing B-mesons starting from a sample of identified 0%, D**
and adding 1 or 2 charged pions. They obtained for the masses:

m(B~) = (5270.8 + 2.3 ¢ 2.0) MeV

m(8%) = (5274.2 + 1.9 : 2.0) MeV.
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Fig. 43: The mass spectrum for B meson candidates
with restrictive cuts on the D mass.

There are many investigations using continuum events, of which 1 : 11

contain B-hadrons.

a) Semileptonic B-decay: In the free quark model this decay proceeds
1ike

EUQ L=e, Uy, 1

qq’ qQ=4d,s

b+ (c,u) + {

Thus, the branching ratio into uCu is expected to be

BR = 1 = 16%
o (14140.3) + 3(1+0.3)

The two terms in the denominator count the lepton and quark flavors.

Heavy flavors are suppressed (phasespace). The average over all
PETRA/PEP measurementsS®) is (11.8 : 0.6)%, which indicates that

the use of the free quark model is too naive and hadronic corrections

56

must be taken into account.

b) The electron spectrum in b-decays near the kinematic endpoint 1s
sensitive to the mass of the accompanying flavor. Measurements of
CUSB and CLE086) show that b + u + eGe is suppressed against
b+c+ eUe (fig. 44):

T T T

CUSB -

b—>ceVe
-

160

i + \ b/—>ueve h
\\//

1 1 I\

Eo/GeV

Fig. 44: Electron momentum spectrum and comparison with
theory (Altarelli et al.)

for founding the KOBAYASHI-MASKAWA matrix elements Ucb and U
(see sect. 5).

c) The standard model forbids at tree level flavor changing neutral
weak currents. Searches have been made for b + (s, d) + «%.
4 experiments reportedss)

H{_x < 0.7% at 50% CL.

d) The CLEO group compared B -+ D% + X with b =~c + zCL and
got good agreement. This is support for the V - A structure and
dominance of the spectator model.
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Lecture 5: STRONG INTERACTIONS

The claims of QCD

Asymptotic freedom (qualitative)
The basic problem

Gluons

Scaling violation in deep inelastic scattering (DIS)
The structure function xF3(x. 02)
Analysis of F2 and qv

o N AW —

* = . N
g from e e -interactions
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1. THE CLAIMS OF QCD

Quantum chromodynamics, together with the existence of flavored quarks,
describes the structure of all hadrons. Hadrons are composites of quarks.

The force between quarks is derived from the local SU(3) gauge group. The
analog réle of electric charge and photon in QED is played by color and

gluon in QCD. There is a crucial difference: the color gauge group 15 nonabeliari.
Gluons, unlike photons, will interact with themselves. At decreasing distance
the force gets smaller and smaller. This is called asymptotic freedom and
allows for a perturbative treatment. On the contrary, at increasing distarnce
the force gets stronger and stronger, hindering quarks to leave the nter-
action region as free particles. This aspect is called confinenent and 1s an
unsolved problem. An account of the development of QCD can be found in ref. 88.

2. ASYMPTOTIC FREEDOM (QUALITATIVE)

a) Deep inelastic scattering: The SLAC-MIT experiment 1967 has initiated an
important research line. At high 02 it turned out that the nucleon structure
function Fz(x. 02) is essentially independent of 02. This phenomenon was called
scaling or BJORKEN-scaling. A simple interpretation due to FEYNMAN is to think
of the nucleon as being made of quasi-free partons later on identified with
quarks. The eN experiments were paralleled by the neutrino experiments 1in
GARGAMELLE. The comparison of eN and WN experiments (cf fig. 35) confirmed

the assignment of fractional charges to quarks. Furthermore, it turned out
that quarks and antiquarks carry only about 50% of the nucleon momentum.

This was taken as evidence for the existence of another type of partons 1n

the nucleon which are not "seen" in reactions induced by y or W5, 2. These
inert partons were called gluons. More detailed experimental investigations,
again at SLAC, have shown 1974 that scaling did not hold exactly. The small
scaling violation attracted a strong theoretical interest and was the be-
ginning of a big experimental effort both in iN and v, UN experiments ex-
tending Q2 up to 200 Gevz.

b) e'e™» qq: One of the most fundamental observable is the total hadronic
cross section normalized to the QED p'y~ production cross section:
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iu(e'e” + qq)
e & =3B (PP (pte TPy e
o(e*e™ u'u") -
The factor 3 takes the three color degrees of freedom of quarks into account.
The five terms represent the electric quark charges squared for the flavurs
u, d, s, ¢, b assuming /5 to be above the threshold for bb and below the
threshold for tt production. A glance at fig. 45 shows that this simple
theoretical calculation is a gquite good approximation provided the resonance
regions are avoided. This means that away from thresholds strong interactions tu -

tween quarks are small. Theoretically expected deviations due to v, 7% interference

have been considered in lecture 3, deviations due to strong interactions will
be discussed below.

3. THE BASIC PROBLEM

As mentioned above quarks are quasifree pointlike particles only at small
distance scale. In this regime the force due to strong interactions is weak
and perturbation calculations can be performed. However, observations are made
at large distance scale. The transition from quarks and gluons to the observed
hadrons should in principle be described by nonperturbative QCD, however sofar
without success. For this reason more or less sophisticated models for the
hadronisation process have been invented and investigated. They contain free
parameters which are fixed by fitting the model predictions to experimental
data. Various models give a reasonably good phenomenological description of
all experimentally investigated distributions.

The hadronic final states in e*e -interactions, for instance, are interpreted
with the help of such models to deduce the propert1es of perturbative QCD,

in particular the strong coupling constant ag (Q ) At the present time the
extraction of the running coupling constant a (0 ) is model dependent. A
better understanding of the hadronisation process must be attained.

4. GLUONS

More than 10 years ago the determination of f F, (x)dx = 0.5 # 1 in lepton
nucleon deep inelastic scattering exper1ments led to the conclusion that therc

LAl SRl
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Fig. 45: The total hadron cross section in units of the QED-

cross section o(ete” + u*p~). The dotted 1ine in
the upper figure is the prediction of the naive
quark parton model. The figure below shows two re-
sonances in the Y-region (CLEO 1981).
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must be partons in the nucleon which do not couple to y and W'. The
carriers of the missing momentum were named gluons or more vaguely glue.
A few months after the start up of PETRA clear 2-jet and, at abuut

10 times lower rate, 3-jet events have been observed. At these high

energies the process e'e” qq with the subsequent hadronisation of the

q and g running off in opposite directions appears as two Jets. The 3-)et
events (fig. 46, 47) were then interpreted as e'e” - qqg with ¢ hard

gluon giving rise to the third jet. The gluon bremsstrahlung spectrum
disfavors hard gluons. Therefore, in most of the hadron events jets will
only be broadened. The same kind of broadening is also observed 1n the fur-

ward jet in lepton nucleon scattering. The observed Py behaviour 1n N and uh
experiments agree well (fig. 48)89 .

Structure function analyses favor the spin 1 assignment to gluons. In

events e'e” - 3-jets the angular distribution contains information about the
gluon spin and agrees with the assumption of vector gluons (fig. 46).

ISR data (fig. 49) and SppS dataa) support this,

A crucial feature of QCD is the selfinteraction of gluons giving rise to
processes like g+g + g (triple gluon vertex). In reactions induced by TASSO

T | T T i | T
b [SCALAR 25GeV < W< 36 GeV
e

36332

and Z, W the triple gluon vertex occurs in second or higher order in 1

In 3-jet events, as observed in e*e'-interactions. the gluon-jet should be
different than the quark- or antiquark-jet. The JADE collaboration at PETRA
has investigated this question for some time and indeed noticed differences
The most direct way of looking for gluon selfinteraction is in hard scattering
processes in pp (ISR) or pp (CERN collider) collisions. In understanding the
behaviour of the ratio K'/n~ as opposed to K'/n* for various energies as a
function of Xy = 2p_//5 (fig. 49) the ABCDHW collaboration®®! at the ISR 15
led to the conclusion that the hard scattering process qg - qg, which includes

do
- dlcos 8l

91) X;<098

1

o d

~

also the triple gluon vertex, contributes significantly. The qualitative
argument is this: K~ being composed of Us cannot be formed in first generation
by a knocked out valence quark (u,d) of the colliding protons. Most likely

01

is the assumption that a hard gluon splits into ss with the S picking up a

u quark from the vacuum to from a K .

| | | | ] | 1
0 02 0.4 0.6 08

lcos 8] S

Fig. 46: TASSO 3-jet event and ELLIS-KARLINER analysis (ref.g9).
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5. SCALING VIOLATION IN DI-SCATTERING

The inclusive processes uN = u + anything
VN -+ u' + anything

N + & + anything (& = e, u)

can be written in terms of 3 resp. 2 structure functions:

2 v -)’2 Y 2 V) 2 y ) -1
d“o(wN) = o, dxdy ZxF‘ (x,Q°) + (1-y)F2 (xy Q%) + y(1 - ?)ij (x, Q%)

2 B
¢%o(WN) = oldxdy [% oxFy (x,0%) + (1-y)Fy (x, %) - y(1 - YIxFy (x. 04)]

d%o(iN)

¢ 221 2 ) 2]
0,dxdy % xFy (x,0%) + (1-y)F5 (x, Q%)

N is assumed to be an isoscalar target. The heavy target calorimeters are
nearly isoscalar. From the measured outgoing charged lepton and the hadronic

energy v the three variables

¢

X = y = % Q% = 2EE' (1-coss)

can be computed. E is the energy of the incoming lépton. In neutrino
experiments this quantity must be obtained from the final state. In narrow
band beams there is however a correlation between the radial position of

a v event and its energy.
The aim of the experiments is to extract from the data

xF3(x, @)
Fo (x, o0
2
Fpx,02(1 + ) - axFy(x,0%)  F (x,0%)

R H
2xF,(X.02) 2xF1(X.07)

Ul

The v and v experiments are unigue in getting access to the structure

function xF3.
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In the quark-parton model the structure functions have a simple

interpretation:
xF4(x) = x(q(x)-g(x))
Folx) = x(q(x)+q(x))
R(x) =0

with the abreviation q(x) = u(x)+d(x)+s(x)+c(x). R = 0 is called the
CALLAN-GROSS relation and reflects the fact that quarks have spin 1/2. It 1s
interesting to note that xF3 depends only on the valence quarks 1n the
nucleon, since due to the difference q(x)-g(x) the sea contribution drops
out. Not so for FZ' which has both a valence and a sea contribution.

6. THE STRUCTURE FUNCTION xF3(x.02)

From the difference of the differential cross sections of UN and UN data
the structure functions xF3 is obtained as follows:

2 2 -
XF3(XIQZ) = —zlz_ M-—g_ogi) = XQ(Xnoz) - XE(X»QZ)

GM°E  (1-(1-y)“dxdy

High statistics is needed since the difference of the cross sections is
involved. The valence distributions are measured up to x 20.65. The
QCD-interpretation of xF3 is given in terms of the ALTARELLI-PARISI equation

3 2. %5 X 2y xdz
WXF3(X,Q ) = __2,"_ of qu (_Z‘) ZF3(Z:Q ) -2

The left hand side is directly measured (the slopes in fig. 50). The integral
on the right hand side is a convolution of xF, which is measured up to 0.65,
with a theoretically known function qu. Thus, the running coupling constant
can be deduced.

In practice, a parametrisation (cf. fig. 51)

C
xFy(x,02) = ag(tebpx)(1x) > for Q% = 4.5 Gev’

92):
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Fig. 50: The nucleon structure function xF, from 3 high
statistics neutrino experiments (;ef. 93).
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0.
05 is assumed, furthermore the GROSS-LLEWELLYN-SMITH sumrule (fig. 52)
/ a
M, /ML f ok = 301 =)
i
- 0
s 5
/ Qco stope 129 is used to constrain ag. In order to avoid the high twist region cuts are
0.02 / applied: 02 > 2 Gev2 and N2 > 1 Gevz. Under these conditions the CDHS
’ T / collaborationgs) has obtained the result
/.
r - +0.2
g = 0.2_7y Gev
1
0.01 This result does not depend upon the gluon distribution function. It 1s
: C / per constructionem insensitive to the gluon selfcoupling. However, 1t is
ﬁ/ /-Q ]/ sensitive to the spin of the gluon and supports in fact its vector nature.
i oS QCD slope 1.456 *—I-* The QCD mass scale parameter /ye (M5 = modified minimal subtraction) is re-
i / pe I =~ lated to a_(p) throughg'”
e s

b
= 1 1 =)
A = yex 3 :
Ms = Hexp (b—(—rous m B, in Boa i) ) with

- / |
0.05— /
1 2
i {/ bo"ZT(”"J")' b1=-—12(5\-—’;n).n:ﬁf]avorswithmass-u.

4n

7. ANALYSIS OF F, AND i

A
The structure function F2 is extracted from the sum of the v and v nucleon
— <
002 data:
$¢ 18 o)+ o) = (1+(19)8) Fylxa0?) - oF
00 my Vi olv = Yy 2\ % a
/ . 62ME 2 By
0.01— / with o = —— and the term AF =y FL - 2x(s-¢c)(1-(1-y)“), which 1s small
g « BEBC/ GGM 9 ; .
/ for x > 0.3. Nevertheless, the extraction of F2 needs assumptions about
o CDHS FL
R = -2;7? and about the nonstrange sea. Results from 3 experiments are shown
in fig. 53. The QCD interpretation of F2 is more complicated then the one
of xF3. The change of F2 w.r. to Ln[)2 receives two contributions, one due
to the process q -+ q + g and another due to g + g+q (fig. 54). This means
0102 - - 0105 ——— 1011 0|2 that the gluon distribution function is a necessary input. In order to get
) - . : i i i i h HS colla-
Fig. 57: Log moment plots of BEBC and CDHS neutrino data and comparison of A hand]egt;n) the shape of the igluon distribution funstion e ?D cona
slopes with QCD predictions (ref. 98). boration considered a suitably chosen combination of the differential
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v and N cross section, namely

av = x(u+d+2s) =1—-(:?‘ -(130 '&:éi (o(UN)-U-y)zc(vN)) + &

where & depends upon the strange and charmed sea x(s-c) and the structure
function FL with the property that & ~ 0 as y -~ 1. The term (1-y)2;(,N)
subtracts the amount of scattering off quarks. At y = 0.5 this represents
about 50%. Thus the specific sea quark combination x(u+d+2s) is directly
measurable. It has an important property: at large x, say x - 0.4, the

sea q° is negligible over the measured Q“-range. This implies a constraint
on the shape of the gluon distribution function. Qualitatively speaking its
shape cannot be too broad, otherwise the Qz—evolution of ¥ would generate

a nonnegligible contribution at large x due to g - q + q.

The simultaneous evaluation of F2 and g" yields Iy and the gluon distribution
function G(x) (fig. 55). Also the CHARM collaboration has obtained G(x) from
their data and has a new analysis in progress. The measured 3" distribution
can be used to obtain

FIS(,02) = Fo(x,0?) - 2(@(x,00) - xs(x,0%) x> 0.3

which is now independent of the sea like xF3. Thus a nonsinglet analysis
is possible and has been performed in both v and p experiments. Two results
may be quoted:

Mg = 0475011 EMc (ref. 99)

0.30 + 0.15 CDHS (ref. 95)

In conclusion, there is good agreement between the 5 highest statistics
experiments, i.e. CDHS, CFFRR, CHARM, EMC, NA4. A1l agree in the observation

of substantial scaling violation. If interpreted within QCD the strong )
interaction coupling constant is small in the Oz-range from 5 till 100 Gev®.
However, the systematic uncertainties are for the time beina too big to conclude
about the running of 05(02)-

There is a second type of QCD analyses based upon the moments of structure
functions (fig. 57). A detailed account may be found in ref. 4b.
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8. g FROM e"e” - INTERACTIONS

Over the past 5 years many QCD analyses have been performed by the experi-
mental groups at PETRA and PEP. Early analyses were done in 15t order
perturbation theory. When the anordercalcu1ationsbeCdmeavdllab‘emorereflncJ
analyses were done. This section restricts to three groups of results.

a) R-measurements: The R-value

.= a a
R -olee ~hadrons) _ o 4, s (1 »e =) oo |
0 n Lif

“u
with Ro as calculated in the quark parton model including electroweak
effects, ¢ = 0.08 in the MS scheme (see lectures by R. Petronzio) is
an inclusive quantity and is supposed to offer a clean way of measuring
ag- "Clean" refers to the believe that for /S > 15 GeV nonperturbative
effects are negligible. Indeed, R at a given energy /s could be used
to define ag.
Unfortunately, R-measurements are not easy. The average over 5 results
obtained by JADE, MARK J, TASSO and MAC, MARK 11'°0)at <s> = 1170 gev?

<ag> = 0.190 + 0.015 + 0.047

The error is dominated by systematics.

b) R. FIELD101)has compared 4 observables with calculations in 2" order
at the parton level. The argument is this:

obs (W)*P = obs (W)P2TEO" | had (W)

the experimentally observed quantity is written as a sum of the cal-
culated quantity at parton level plus the unknown nonperturbative
contribution (Had). In Z"d order perturbation in terms of ag:

Obs (WP < ¢ a (W) (1 + cpag(W) +...)

with theoretically known [N and - It follows in 1St approximation:

(1),uy _ Obs(W)E*P - Had(W)
ag (W) = S
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(1)
nd o ame RN g
2" approximation: ag (W) ]'TTZZ;ITT)
s
u£1) can only be obtained provided the term Had(W) is known. This is,

of course, not the case. Nevertheless, the sign of Had(W) decides on
whether uiz)(u) is a lower (Had(W) > 0) or an upper bound (Had(W) U)

of the true value.

R. FIELD remarked that for the quantities 1-T (T = thrust of an event
e'e” + hadrons) and M:/s (in each multihadron event the so called
CLAVELLI masses MQ and M, can be calculated with M, < M) the sign of the

nonperturbative effects is positive, whereas for (M2 - M?)/s and A

h (the

EE

asymmetry of the energy-energy correlation, see below) the S1GN 15 negative.

Various Monte Carlo hadronization models differ in the absolute value of
Jad (W), but seem to agree in the sign. The data of 3 groups are used
(fig. 58a) to obtain o' and a(2) (fig. 58b) with the result

0.10 < ag < 0.14 /s = 30 GeV

Energy-Energy-Correlations: Calling X5 = Ei//E the fractional energy
of particle i ine'e” + i + J + anything the normalized energy-weighted
angular distribution is defined as follows:

3
df _ 1 Z L)

z — I x.x
LERC 1,d

i dx jdx ;

From this quantity an asymmetry can be derived:

di(n-8) _ dI(e)

M) = === »=pes

The idea of forming the asymmetry consists in reducing the effects from
hadronisation and in suppressing the contribution of 2-jet events which
cluster near 6 = 0 and n. Three groups at PETRA (CELLO, JADE and TASS0)'0%)
have presented fully corrected asymmetries (fig. 59) for ,S = 34 GeV.
Within the quoted errors all data are consistent. When analysing the data
in terms of QCD the three groups find different values for a, depending on
the hadronisation model used ranging from 0.11 to 0.16. The JADE group

gets a good representation of their data with the LUND string model and

ag = 0.165 1+ 0.01 + 0.01 (fig. 60a), however an unsatisfactory representation

when using the independent jet fragmentation model (fig. 60b). It is cleur
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that the extraction of o and its precision are not limited by statistic.
and quality of the experiments.

OUTLOOK

50 years after FERMI's theory of weak interactions the Standard Model of
electroweak interaction based on SU(2) x U(1) and of strong interactions
based on SU(3) provides a framework of all the elementary particle
phenomenology. This is an important achievement as it constitutes a solid
basis for future developments. It is, however, clear that even crucial
aspects of the Standard Model are yet untested. Experiments aiming at
tests at the 1-loop leval are underway. Tests of the nonabelian structure
of electroweak interactions require very high energies. The HIGGS sector,
and thus the nature of electroweak symmetry breaking is essentially unex-
plored.

The tests of QCD are qualitatively successful, but crucial quantitative
tests are still missing.

The Standard Model summarizes known facts and is a source of new
fundamental questions ensuring an exciting future.
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APPENDICE

Some definitions and relations are collected here (ct ref.

1. The Interaction Lagrangians

LY = g sing me AA
Moe L (W e
2/2
7 _ NC A
L™ = Zcoss i z

Identify e = g sint

2. Current x Current Form

L

2
Identify . 3—2 = —l?
v 8mw 2v

The masses

v v W
= m = =
My % and m, = »r5s8 - Coso

3. The Currents

em _ . -
W E ey

weak | B (,CC (gCC)+
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of WY, Z are related to the HIGGS expectation velue <0 3 U+ - -

Q¢

104).

m

= electric charge of fermion f
in units of e » 0

CC,. .. " =

\]\ = ¢ Wv LBY (1 + YS)% * L : Wq 7}(1 + \5) qul qu
L 8 14,9
L= (e- Hsy T) q = (ui C, t) q' = (d' S, b)

U = unitary quark flavor mixing matrix
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NC - £ f L F r The isovector-vector (IV - V), isovector-axialvector (IV - A), iso-
=L :2: ‘ "v v :
J\ £ L2 (9v * 9 Y5)wf P LY (LL (V= YS) i LR( 5)) f scalar-vector (IS - V) and isoscalar-axialvector (IS - A) pieces are
marked. The relations between «, ¥, vy, & and U Re dL R follow from the
f : above identity:
9y A V,A weak coupling constants
€ R chiral weak coupling constants u - % laspsyad) = vug-d -dg =1 -2 <into
up = % (a=B+y=6) B=u -up- dL + dR =
Sometimes the shorthand notation 4 - % (o= Bay+§) Ysu vug e d vdg = - % sinle
N = _ - =
f _ f f = f dR'I(O’U'Y s) G-UL uRvdL dR_[]
L= R ER
2

Note that £ and &do not depend upon sin 8.

In the following table the chiral Zff couplings are listed for the
fermions of the first generation together with their predicted value
assuming sinze = 0.22.

for the left- resp. righthanded weak coupling of a fermion with flavor f
is used. Often V and A couplings Ve and ag are introduced instead of
g€ A The relation is:

»

=4 f = =f f
veEg 9 = fLrfR= g g
3 |
1§ £ f PARTICLE T, - Q sins sin%e = 0.22
af = 2 gA - fL - fR = EL = ER ============================================================:1
v .3 0.500 |
There is a third type of notation which proved particularly useful when
investigating the isospin structure of the weak neutral quark current 2 )
of the first generation: & =g sl ~0:28
|
| 1
. 1 2 .52
iso _ — - - X u + 5 = = SIN°6 0.353
O = al@, vy vy - Vg vy vg) * BB, Yy Y Wyt g Yy Yg vg) | L 273 j
|
V-V IV - A 4 - 3+ § sino -0.427
(0, vy Wy g Yy Yg) * 8B Yy Y vty Yy Y Yg) o 0 0.000
1S - v IS - A e sing 0.220 4
U - £ sin% -0.147
=0y vy lu (eyg) + uplt=-vg)ly, + ¥y 1, (d (1+vg) + dp(1=vg) )y -
dR 5 sin’s 0.073
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