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The first fundamental fermion was the electron discovereü at the end of the

last Century. In order to explain the nuclear 3-decay experiments PAULI

postulated 1929 the neutrino. It took some time to recognize thöt nucleons

and mesons were in fact composite particles, Only in the 70ies the periodic

stnjcture of leptons and quarks became evident. As a consequence of the

periodicity a new quark was anticipated at the marked place in the third

family with predicted properties - except for its mass. The postulated
8)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, ca l led

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 thL-

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

b) THE FORCES

As indicated in table 1 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 vectar gauge bosons. The crucial feature

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

Table 2: The types of forces

Local Gange Symmetry

SU(2)

um
SU(3)

Force

weak

electro-
magnetic

strong

Intermediate Vector Boson

w+ W z°

Y

g,. 92 . • - • 98

Contrary to U(1) the algebrae SU(2) and SU(3) are nonabelian, i.e. not

comimjtative . Therefore, the 3 respectively 8 intermediate spin 1 bosons

have the property of coupling to themselves. The electroniagnetic force is

of inifinite ränge, because the photon is massless. The weak force, on the

other hand, has short ränge 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 ränge (confinement).

c) THE FERHIQN REPRESENTATION

The three generations are repl icas of each other regerding their symrnetry

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)

(Ve)\*k

eR

SU(3)
singlet

W PT ("fld|L 14 14

u? ul u?
d« dp dtiR

,

SU (3)
triplet

SU (2) doublet

SU{2) singlet
SU (2) singlet

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

(1 and (1 -

with

' note:



Should experiments prove the neutrino to be massive, then there would 6e

also a VR.

3. THE ELECTROWEAK LAGRANGIAN

In the Standard Model weak and electromagnetic phenomena are treated on

the same footing. Both phenomena exhibit a local gauge structure. However,

a new principle had to be introduced: spontaneous symmetry breaking and

the HIGGS mechanism. The Lagrangian can be decomposed into a kinetic terni,

into a term responslble for electromagnetic interactions (Y) and three

terms for weak interactions (W , W , Z) , and finally into a term containing

the HIGGS sector:

LGSW - L + L + L + L * L
L Lo Lem + Lcc UNC LH

free y HIGGS

with

= 9 sine

•cc h.c.)

All three interaction Lagrangians have the same structure:

COUPLING CONSTANT x CURRENT x GAUGE BOSON FIELD

One identifies gsine with the electromagnetic coupling e:

e = gsins

This may be called the unification equation. It is evident, that weak and

electromagnetic phenomena are not truly unified, since then only a single

coupling constant would appear. Nevertheless, it is justified to talk

about "electroweak" phenomena, since the three coupling constants can be

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

which is precisely measured, and the weak angle ö, which is not yet pre-

cisely measured.

Two terms of the Lagrangian appearing in the simpltst, nontrivial HIGGS

are given expl ici tely. They show which quantit ies are to be identified

wi th the masses of the weak gauge bosons:

and m = ——^i cosO

The constant v is the vacuum expectation value of the HIGGS field ',

defined äs v -77 (0|3>|0). All the other terms appearing in LH describe

the HIGGS couplings to itself, to Z, W* and to the fundamental fermions.

4. THE CURRENTS

The explicite structure of the three currents is suimiarized in the following

three equations:

,em r r. -rJ, = L U, \lif v \
A r T T A t

Uqq '

,NC

To the notation:

f is the flavor index, i.e. runs over u . e, v , u. v . T. u. d. c s L,e' p' T '

i = (e, u> T) q = (u, c, t) q 1 - (d, s, b)

Of is the electric Charge in units of e > 0

U = flavor mixing quark matrix (KOBAYASHI - MASKAWA niatrix)

U is unitary, i.e. UU+ = 1

, = vector and axialvector coupling constants of fermion f to the

neutral weak gauge boson Z, which depends only upon sin u (c.t.

appendice)



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

weak charged current is of pure V - A type (the minus sign is conventional

i.e. only the lefthanded componerit of ij-y is active in interactions due to

V~ (c.f. p. 6). The weak neutral current is in general neither pure V nor

pure A.

5. THE CURREM x CURRENT FORM

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

effective Lagrangian:

Leff = A. (j< P ,NC ,NC,
> Ji Ji 'C A A

where G is the FERMI coupling constant and p ' a parameter measuring the

Overall strength of the weak neutral current with respect to the weak chdrged

current. This effective form can be derived in the Standard Model in the

limit |q | « m (m is the relevant gauge boson mass). Consider the 2n order

process v e •* u v :

The amplitude of this process contains besides the weak currents the

propagator:

as « m2" u

Thus one obtains:

10

CG

NC

,cc,+

2 1 .NC ,NC

As a consequence, one reads off

thus
w

ml cos J 0

This consideration makes clear what the terms "Iow 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

Iow energy experiments, since e.g. for a wide band neutrino experiment at

the CERN SPS <q2> M (7 GeV)2 which is small compared to m2 *v(80 GeV)2.

Furthermore, it becomes clear, that weak interactions get "weak" due to
o

the suppression factor l/m , 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 äs 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 renormal izability

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
2

possible, provided a precision measurement of sin 6 can be performed. This

has been discussed in the context of the SPS Fixed Target Workshop .
The test consists in comparing the mass of the weak gauge bosons predicted
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from CERN SC :

The main experimental problem in the neutrino experiments usimj the

CERN heavy liquid bubble chamber was the treatment of the neutron back-

ground. Elastic vp and np interactions appear in a bubble chamber äs a

short track due to the recoil proton and nothing eise. Therefore, only

upper limits could be quoted {actually in agreement with measurements

performed later).
These upper limits were quite discouraging. One of the highlighti 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 J for the new heavy liquid bubble chdmber

GARGAMELLE, whereas the search for neutral currents ranged lowest in priorUy.

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 äs determined from experimental studies of

semileptonic weak interactions. In the CABIBSO theory the u-quark couples

weakly to d- and s-quarks only in the combination:

dc = d cose t s sine

.16)where 0 is the CABIBBO angle. Recent measurements gave

sin9c = 0.231 i 0.003

Thus, two types of weak neutral currents are expected

u •* u and d -*• d

With the shorthand notation (d d ) for the amplitude

V Y X ( 9 + 9A Y5} V

one gets (d d ) = {d cosQ. + s sine,, d cose + s sinej
<-* ^ L C C C

- (dd) cos 6 + ( s s ) sin26c + ( ( s d ) - t ( d s ) ) cosf*c sinec

AS = 0 AS 4 0

It is now evident that the neutral current d

notsuppressed strangeness changing processes d

d would give rise to
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 like the u-quark. Then, a new charged current

e i with s = -dsine + s cose

could be introduced relating the charmed quark c to the combination s being
orthogonal to d . It thenfollows, that (d^d_„) + (s,.sj = (dd } + (ss), i.e.c c c c c
the dangerous strangeness changing currents drop out.

1971 the model of GLASHOW, SALAM, WEINBERG18^ received a decisive theoretical
19)

support by t'HOOFT proving its renormalizability . Since no further

experimental information, except for the known upper limits, became available

the subject "neutral currents" played a rather minor r51e at the Tirrenia

workshop 1972, where the phyiscs prospects of the forthcoiring CERN SPS were
20)discussed '.

The Situation changed dramatically, when the GARGAMELLE neutrino collaboration
21)

found in december 1972 a candidate for the reaction

v
and had collected by spring 1973 a sizeable sample of muonless hadronic

events in their neutrino and antineutrino runs (see table 4).



15

Table 4: Event rates in the GARGAMELLE experiment22'

Event type

# Events without LJ

# Events with u

v-Expt.

102

428

v-Expt.

64

148

The vertex distribution of events with and without muons is displayed

in fig. 1 äs a function of the Position dlong the chamber u*is. Thty

look 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 chanber liquid is only 70 cm

and an exponentially decaying distribution at the beginning of the chamDer

volume would have to be seen. One of the specific features of GARGAMELLE

was its longitudinal extention of almost 5 m, Unfortundtely, the above

argument proved to be fallacious, since neutruns do not only enter at the

front but also along the side of the cylirdrical 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 perfomi

an absolute calculation of the neutron background in Order to find out

whether the observed muonless events are evidence for a new phenomenon 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 CF,Br and was exposed to the CERN PS neutrino and

antineuthno 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 m was sufficient to have typically 1.5 m potential path for each

track such that a good distirction of muons from charged hadrons arid a

good efficiency for neutron interactions were ensured. Since muons could

not be identified the search for the new process

vN -*• v + hadrons

10-

5-

15a

102 myonlot« EnlgnltM ( NC )

_n
_n

-200 •100 100 200

15-

10-

5-

115 myonltth« Ertlgnlti« ( CC l

-200 -100 100 200
MC V»rhllln!t
CC

.4-

.2-

-200 -1ÖO 0 100 200 e*
Fig. 1: The vertex distribution of events without muon (above) and with

muon candidate (middle) along the chamber. The fiducial volume
Starts at -200 cm. Below is the raw NC/CC ratio (ref. 23).
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was restricted to those events which consisted only of final state

particles identified äs hadrons, with total v is ib le event energy in

excess of 1 GeV. These events, called NC, were compared to a correspondmg

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 äs in the NC sample. Early 1973 the analysed NC

sample consisted of about 100 events (cftable 4). Without gomg into the

details of the analysis the essential feätures of the neutron, or

generally the neutral hadron, background calculation is sketched

The origin of neutrons having enough (namely more than 1 GeV) entrgy 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 configurations. 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:

»B = #AS

i.e. the number of background events (*B) is obtained from the number of

observed associated events (*AS) by means of the calculated ratio ß/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 eventi

are trivial, äs 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 corsist 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 chamber

liquid, thus the neutrino induced neutral hadron flux was potentially high.
Obviously,

mesons

nucleons

-63

Fig. 2: Sketch of the simplified, but realistic setup. The chamber filled
with the liquid freon (p=1,5 g/cm1) 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.)
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the understanding of the cascade was the crucial part for the evaluation

of the neutral hadron background and thus for the Interpretation of tht

whole experiment. The basic ideas of the cascade calculation were:

i) the meson component is inactive

ii) at each Step at most one nucleon carries the cascade further

In other words, the cascade is linear. This reflects the dyrwmics of

neutrino reactions äs well äs the dynamics of nucleon and uieson interdLt iur;

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. TM s

quantity could be extracted from published data. In condusion, the ^cuo

B/AS could be safely calculated with the result (for the neutrino experiment)

AT

ffAS = 15

* 0.6 i 0.3
-* #B = 9 t 4.5

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 - af ter some
turbulent months - the new effect, interpreted äs weak neutral currents,

2Slhas been observed in three experiments . The GARGAMELLE experiment itself
je >

corroborated its first results by three further investigations

- BARTLETT analyses of the spatial distribution of the events in the

NC and CC samples confirm that the neutron contamination of the NC
sample i s 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 calculation '.

Fig. 3 shows an exarnple. In fig. 4 the measured and the calculated -

following the method described above - cascade length is displayed.

The agreenient is good.

Once established, the weak neutral currents initiated a new and rieh a c t i v i t ,

in physics and even ast rophysics. The aiin of the experiments was to

3241 676 V IEW 2

Fig. 3: Photo of a 6.1 GeV pruton entering CiA'TiAML'LLE from below,
The insert Sketches the cascade (ref. 24 ) .
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Fig. 4: Comparison of the measured and calculated
cascade length äs a function of the incoming
proton momentum (ref. 24).

5: Neutrino induced neutral current event observed in GARGAMELLE. All final state
hadrons are indentified. Note the Charge exchange reactions of the TT .
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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 wds s imply

called the Standard Model.

8. FREE PARAMETERS IN THE STANDARD MODEL

Here and in the next three lectures only the electroweak part is dealt w i t h .

The above discussion has shown that there are three groups of free parametLTi,.

2
coupl ings g, sin 6, v

KM-matrix 3 angles, l phase

masses Higgs and all fermions

All these free Parameters must be determined frorn experiment. Once this is

done, all electroweak phenomena can be predicted and consi stency wi th ncasun.--

ments can be checked. For instance, all measured Zff couplings must be snown
o

to agree with a universal value of sin o (cf. lecture 3 sect. 2).

9. CHOICE OF BASIC COUPLINGS

The outstanding property of a renormal izable theory, äs for instance the

Standard Model, is that any observable can be calc^ lated in any Order in

terms of a finite set of Parameters. Each such parameter must be defined

by a suitable ex per i mental procedure.

In the literature various choices are adopted. For the purpose of these

lectures dealing wi th low energy electroweak phenomena the following choice
2

is appropriate: e, G, sin 6.

1. The fine structure constant: The positron Charge is defined äs the

electromagnetic coupl ing at very low energies.

Using the JOSEPHSON effect

-
' - 137.035963 (±15)

has been obtained21]

19

2. The FERMI coupling constant G: The l i fet ime of pos i t ive muons can be

measured very accurately. G is by definit ion obtained from:

~2n5 2
M M o c\1 u , 2 5 2\^ (1 - 8 -,) (1 + -^ (-jf- - Tl ) )

2^ m^
M

-5

-1
'M w- -,-

-* G - 1.166365 (+ 16) 10

The tenn proportional to a represents the electromagnetic radiat ive

correction.

3. The weak angle ü: At low energies:

e)
with 1 - 4 sin'

This definition involves only leptons. The CHARM collaboration obtained
2 29)sofar sin e = 0.24 ± 0.04 ± 0 .015 '. An improved measurement with tht-

anticipated precision of t 0.005 is underway. In the meantime the more

precise value coming frooi measurements of the NC/CC ratio in neutrino

nucleon experiments is used.

2
Electroweak observables can be expressed äs functions of e, G, sin o.

For il l jstration, the prediction of the W^-mass may be considered. In tenn s
2

of e (or a) G, sin 6 - the renormalized quantities - one derives from

the Standard Model

BORN 1/2

CORR BORNm = mw w

/? G sin e

{1 * 6)

predict ion in lowest Order
(BORN approximation)

prediction including next to
leading Order

The shift <5, predicted by corrections due to 1-loop graphs, has recently

been calculated and amounts to about 3.5i , 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
2 ?

sin 6 must be increased to ± 2%t i.e. Asin ü ± 0 .005. Aiuong other choices
30)

of 3 basic couplings the one of MARCIANO and SIRLIN 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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\ of the weak bosons together with the fine structure constant a.z 2 2In this schecne sin 9 is a derived quantity, which can be related to sin u
i . (UM)2. Note that: sin 6 sin ou.

Lecture 2: Purely Leptonic Interactions

1. Introduction

2. Elastic neutrino-electron scattering

3. The processes e+e" -*• s. i~

4. Muon decay

5. Inverse muon decay

6. The tau lepton

7. Higher Order QED processes

8. Search for new heavy leptons



INTRODUCTION

Conceptually, but not necessarily experimentally, the simplest

interactions are those involving only leptons. Their Interpretation

is theoretically clean, Leptons are point l ike and interact only w e a k l y ,

l ike neutrinos, or electroweakly, l ike charged leptons. No conipl icationb

due to strong interactions occur.
Table 5 shows some reactions, the currents involved and the coupl ings

they are sensit ive to. A prominent röl e play v e and v e e l d s t i c redet luiii.

Their occurrence proves weak neutral current inLeract ions, s ince . dnd t;

belong to different generations. Charged lepton interact ions, äs ubservtd

at e e colliders for instance, were for a long time prototypes of electro-
magnetic processes. Recently, with the advent of high energy co l l iaers l i ke

PETRA and PEP it could be demonstrated that charged leptons interact a l s o

weakJy.

Table 5: Some purely leptonic reactions

Reaction

v * v
V "V

v -v

T + v.e-yi.T.u)

v e -+ u vM e

+ - + -

Currents

(Vu)(ee)

(Vu ) (ee)

(Ve (ee)

(ve e ) (ev g )

(V ) (ev e )

(uv )(v e)

( e e ) ( £ t )

Sensi t ive to

- e e
/ 9V gA

-''

;, V - A

^

9A* ^

2. ELAST1C rOTRINO-ELECTRON SCATTERING

Neutrino beams at accelerators are derived fron TT- and K decays and
are thus basically v beams with small contaminations of v , v , u .

M ™
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 fron

l event/run to about 50 - 1DC/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:

dofv^e) = o ( e 2 * (1-y)2 e 2 ) dy

dc(v e) =

o

dy

where y measures the final state electron energy in terms of the initial

neutrino energy and o - = 1 .72 • 10 cm

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 ~{l-cosO*]in the \>e rest frame or (1-y) in

the laboratory frame. The two contributions are proportional to the square of

the respective weak couplings e. and e„ (c f . appendice).
For antineutrino interactions e. and eD are to be exchanged. In the presently

-,L pK

accessib le energy regime is ^ q | « m-,; 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 collaboration2^

has Investigated in the same apparatus v and v interactions and noted that

the cross section ratio

- -
e)

with s i n e =

can be obtained with small systematic error. The sensitivity of R to sin 0

is high due to the fact that sin 9 is around 0.22 (and not e.g. 0.5), äs
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Seen in fig. 7, From o(v e) the couplings e. , eD or v , a can be
M L K G C-s * *

deduced.Fig. 9 shows the two ell ipses of all data combined J :

a) Assume p = 1: ae - -0.521 i 0.034

v - 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" -» -u p ).

b) Assume aß = -0.5 vfi = - -J (1-4 sin2e)

get sin26 = 0.251 ± 0.029 p = 1.04 + 0 .07

c) Assume aa, va and p = 1, then sin e = 0.244 t 0.029

d) Use R (CHARM) alone29'

sin26 = 0.215 t 0.040 ± 0.015 independent of p)

Results on \>ge scattering are also indicated in fig. 9. They get contri-

butions both from 1 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 Collaboration ' 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//T. The relative v, v flux monitoring should be

controlled to t 2%. Measuring then o(v e)/o(v e) to an accuracy of :0.05 trans-
2

lates into Asin e = ±0 .005 . This precision is erough to test whether the difference

PHVS TREE PHYS

sinOcosO

PHYS 37.281QU3) GeV
s i neeose

is equal to the 1-loop weak correction calculated to be about 3 GeV with in
PHVS

the renonnalizable Standard Model, nu is the physical mass of the Z äs

measured at the S"ppS collider. This test on the presence and predicted s ize



of higher order weak eorrections 1s crucial to the Standard Model.

4. THE PROCESSES e V

Consider the Lagrangian for e e -* \i \i~:

In tree or BORN approximation the two relevant graphs are:

The electromagnetic contribution is of Order -^sinBL = ̂

and dominates the weak contributions of order (-,-3.—)2 -l- = —^_
Mcosö' , -

2 ? m 2/2
äs long äs s « nu. In the Standard model p = 1 in

tree approximation and gets slightly reduced by 1-loop eorrections. For

most of the following discussion it is sufficient to consider only the

leading order.

The angular distribution is:

( ( g u , 2

/L,

3 u A
2

1

A y V y A y V y A
R

M

s G mZ

(2sin2ü) S - m^ 8.7 TI s - tii-
-- - 0 . 4 5 - 1 0

-4

These fomiulae apply equally well to e e - - f f provided f * e arid

9V ., Q replaced by g,. ., Q,. The existence of Z -exchange in addition

to photon exchange entai ls a signif icant modif ication of the dif f trential

u + u ~ ( f i g . I Q ) .

Right- and lefthanded contributions are no longer- Angular asymmetry A

equally strong, the angular distr ibution gets a term proportional to cos, .

The > - Z° interference (V ,A type) gives rise to a forwdrd-backward anguldr

asymmetry;

-e"v f- in' PETRA (.'s = 35 GeV)

PEP (,T - 29 GeV)
.3

For small s/m A decreases with increasing s. In the adopted scheine w i th
2 i- v

a, G, sin 6 äs basic couplings A depends only upon G/a, which is accurately
V 2

known, and weakly upon rn7, which is calculable using n. G, sin U up to a
2

few GeV (due to uncertainty in sin ü). The Z-mass enters through the pro-
2

pagator term and has little influence, since s/m? < 0.2 in the PETRA energy

ränge. The measurement of A and its s-dependence is a crucial teil of the

Standard model. The results (excluding the results at the Leipzig 1984

Conference) are sumnarized in table 6 :

Table 6: Results from asyninietry measurement s

e p

e g T

T/ y

PETRA

1.16 ± 0 . 1 0

0.88 t 0 .20

0.76 i 0.19

PEP

1.03 i 0.14

0.98 ± 0.18

0.95 i 0.21
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Fig. 7: The CHARM analysis
(ref. 29).

The background sub-
traction in the
CHARM experiment.

sin2Qw

Fig. 9: Fit of all ve and ve data (ref. 31).
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The measurements agree with the predictions of the Standard Model

(qfq^ = 1 and q?q7 = 1) wi th in 1 to 2 Standard deviations. This is a
2 2remarkable achievement, extending its val id i ty up to Q = s = 2000 GeV

(time l ike). The ratio of the axia l coupl ings of J and T confirms leptun

universality within 20t.
A l s o the process e+e" -* e+e~ gets modified through the Z-graph. However,

the angular distribution is already strongly asymnietric due to the ,-exchdt i '

in the t-channel. No group succeeded yet in demonstrating a s ign i f icdnt

deviation froni the QED-prediction of the measured angular distribution.

- Ratio R ;(e*e~ jTu")/aOFf, is predicted to dev iate from

so the higher the energy. Putting in the weak couplings g. =

the fTiOrt;

J = -t and

•, *!• -
data, both for e e

4 sin 0 R -T ^ 0 .02 up to highest PETRA eriürgies. The

( f ig. 11) and eV -* 1*1" (fig. 12) , agree

well with 1. Since there is a normal isation error of about 5i, these

measurements provide a poor limit on the weak vector coupl ings. Electro-

magnetic radiative corrections at /s - 35 GeV are about 30t, in other

words the effect ive fine structure constant is a «* 120 compared to

a"1 = 137.
R can also be used to set limits on the pointl ikeness of charged leptons

by interpreting the deviation from 1 in terms of a forrnfactor:

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

less on the distance scale 10" cm.

- Z-propagator: It is intriguing to find out whether the exist ing data on the

muon angular asymmetry A exhibit the Z°-propagator. A is proportional tu

the ratio of the Z- and y-couplings and to the ratio of the Z- and -,-pro-

pagators. Since the photon propagator contributes a term 1/s , the quanti ty
f, t ,\
— i s proporitanal to

looking at the slope of

The most general test consists in just
A .
(-H)"1. This slope is independent of the

Z- and i-couplings and is finite (4 0} for a massive propagator. Fig. 13

shows all data on A(eTe" -* u + u~) . 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 -^- dt

s = 0 äs given by the Standard Model. The line drawn in f ig. 13 is tht-

prediction of the Standard Model (m7 = 93 GeV) . The agreement wi tn th..
~\f\a is fair. The highest energy point includes new data ':

A = - (17 .6 t 2 .5 }% at average A = 42.5 GeV (expected: -14.7,,).

MUOH DECAY

The study of the decay \i •* v e u or u" -• v e v had an essentialy u e 2
impact on the development of weak interaction physics. Although q in th is

process is very small, high precision measurements provide valuable

information. Four results will be quoted:

a) The MICHEL parameter p„:

"M
V-/

PM
= 1.0024 + 0.0035

b) The lifetime of the / 37' : T = (2.19695 ; 0.00005)10 6 sec

with
192 TT*

0.6
m2

M

7
w

fol lows G = 1.166365 (± 16)10 5 GeV2 wh ich 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 its

mass exceeds 38Ü GeV38 ' .

d) New upper linrit r(u+ - eVe~)/r(/ - e+Vu' < K6 ' 1ü"10(90- CL) 3 9 )

29

INVERSE MUON DECAY

The process v e -* \j M is indjced by a lefthander and contains more

information than the M-decay (with its two neutrinos in the f inal s ta te ) .

This reaction was only some years ago observed, since a threshold at

£ , , = 11 GeV is involved. The results fron GARGAHELLE (1979) and CHARM (1'J8ü)
40)

give

o(v e M v.
= 0.98 i 0.13

THE TAU LEPTQN

t 41)
The heavy lepton T ' was the first member of the third generation,

discovered 1975. H is produced in e e" -+ T^T" for /? > 2m . AI l

observations confirm that the T behaves like a sequential lepton. Up till

now the inverse process: v N •* T + x has not yet been observed.
42)

Fig. 14 summarizes measurements of the i-lifetime . It agrees within

10% with the expected V-A prediction assuming U-T universality. Another

check is provided by comparing the purely leptonic decays:

u v
0.97 + 0.08

where the Standard model predicts 0.973.

As already mentioned above the weak neutral current ( T T ) is tested by

measuring the angular asymmetry of e e" -* T*T": ql agrees within 15% w i th

the theoretical expectation (cf . table 6).

HIGHER ORDER QED-PRQCE55E5

The next figures shall demonstrate that even at /s~ up to 40 GeV QED works

very wel l . The processes considered are4 3 ) .
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L* events (solid) and E (dotted).
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46)
Fig. 20: Neutrino interactions seen in the CDHS apparatus .

a) Charged current event (CC). b) neutral current event (NC)

If produced, its decay is assumed to proceed according to

e + ua or sc

e + l v.

again with characteristic topologies depending upon the niass assumed

for the E . From the absense of such event topologies a lower li m i t ,

> 22.5 GeV with 95£ confidence level, can be deduced.
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1. INTRODUCTION

Lecture 3 : SEMILEPTONIC NEUTRAL CURRENT INTERACTIONS

1. Introduction

2. The Zqq couplings

3. Electroweak results from e*e~-experiments

4. Weak effects in charged lepton-nucleon scattering

5. Parity violation in Caesium

6. Conclusions on Zqq~

The lepton vertices are well understood. This nieans, that the gauge

bosons (Y, W*, Z) can be used äs probes for the electroweak and the strong

properties of quarks. Typical experiments to investigate these two aspects

are:

neutrino-nucleon scattering (VN -

charged lepton-nucleon scattering (t* N

e e - annihilation into hadrons (e e

v or u + dnything)

+ t1 » anything)

-• hadrons)

These deep inelastic scattering experiments revealed the weak neutral

current structure of light quarks, to some extent also for heavy quarkb,

and the structure of nucleons appearing äs tf 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 äs free particles.

whereas quarks, when leaving the interaction region, develop strong forces

with the consequence of getting confined. Since the gauge bosons W*, Z, ,

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 experiiuents, including the

recent S^pS collider experiments.

2. THE Zqq COUPLINGS

When the weak neutral currents were discovered 1973, it was imniediately

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

CITF calorimeter

12 ' AM bubble chamber

7 ' BNL bubble chamber

15' FNAL bubble chamber

at FNAL



54 34a

1975 an experiment at SLAC with polarized electrons scattering off deuterons

reported the observation of a parity violating asynunetry, interpreted äs a

(YI Z°)-interference effect, and leading to a 10% measurement of sin

in agreement with neutrino data.

1977 the first neutrino experiments were carr ied out using the CERN-SPS

thus reaching neutrino energies up to 200 GeV. Compared to the CITF- and HP«F-

apparatus running already since a few years in this energy regime the new

CDHS calorimeter at CERN was a second generation apparatus (fig, 2 0 ) . The

big european bubble chamber BEBC, of similar s i ze äs the 15 ' bubble chamber,

started - upstream in the same neutrino beam äs CDHS - i ts 8 years

lasting research program. Soon after, the fine grain niarble calorimeter

of the CHARH collaboration joined the other two. GARGAMELLE ran for a short

while at the SPS before it broke down. At Serpuchov two experiments wert;

operating: the bubble chamber CKAT and a counter apparatus. Dedicated

experiments were performed on v, vp at BML and v, ve scattering dt CERN

and BNL. At FNAL the new calorimeter of the CCFRR collaboration canie into

Operation. The big bubble chambers got upgraded with an external muon

identifier (EMI), which ensured an efficient distriction of charged current

from neutral current induced events (f ig. 21) .

With the advent of the high energy e e" col liders PETRA and PEP electro-

weak effects got accessiblein a new energy regime. The latest achievement

was the observation of weak phenomena at the S"ppS collider, culmirating

1983 in the discovery of the weak gauge bosons.

All data available up to 1979 have beer analysed by KIM et al.

Three of their results are quoted here:

a) Use all neutrino data: 4 parameters are f itted

UL = 0.34D i 0.033 a = 0.589 ± 0.067

d = -0.424 i 0.026 3 = 0 .937 ± 0.052

Y - -0 .272 i 0.081

& = 0.101 + 0.093

4S;

UR = -0.179 t 0,019

dR = -0.017 ± 0.058

= 0.544 + 0.007

= 0.180 ± 0.015

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

ICKET F E N C E

Fig. 21: Top view of the bubble chamber BEBC in its hybridized Version wi th
veto plane, picket fence.and 2-plane muon identifier. The neutrino
beam enters from



0) 
O

 
— T3t
.

U-ac'DL
/l

Ul-
'

>
1

fl•Ji1-1

-0Up —ra<_)

'/l

Wrt3
£.1O-+-J

-.)EU3T
3(UL>
l

."3Ul/l
-0ol/)*
-
i

c,LIl_L3UIT>

1-1

>
l

U3C
TC3U.aT
l

3:_)U0T
3C-3~1

j.t.flTO
"

^
j

.c:cn-.1
_L:

i*-oL
/l

c
n

cHQ
.

3O<
J

, —a
i

k.r
-

L~.
I_J

01
_1Z"
1—U

v•.-•ai/>ca.3auv
TU
 i

l/l
1J
^=
*
J01o3£13u<Q

T
3~fl.
 •

L
/l

j
j

«">clO.0-OV.etJt-i«.X
!

CUE
i;•

>>Di
j

O
J

1_Q
.

X
I

C>O*1
S

JL
.

4
/1

>
1

ajeT
)

C

A

L.OJ
l_i
J
tl

.n(.11<UCo>1^o14-0O
J

M^_

•a4
l

i/iiiu

13MUUUZJJOJ

aU
S

d
i

'«—in-ti
4
-)

i,—i,
 

r
,
_
_

*
J

ü

O
1

1
3

O_c^J
i —m,nt-j

wO
J

(TMXül->3
l

a0)cu0Ql/)

*
JU«1«-1/1

3
U

 
OJ

n
 

cn
T

J 
. —

>
 

T
)

î
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o{vp
= 0.26 i 0.04

g|; vn •* vx)
Kvn " oCvn * M + X)

= 0 .57 t 0.09 (f irst measurement}

Each ratio involves a different combination of the 4 chiral couplings

squared. In valence quark approximation the first 2 ratios would be:

ry / n t- j£ \T ^ jl- \vp - ' C2UL + V + 3 ( 2 u R + dR>

R (UR * 2 dR>

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

UL - 0.133 i 0.026 + 0.015

d2 = 0.192 t 0.026 j 0.015

Up = 0.020 t 0.019 i 0.004

d^ = 0.002 ± 0.019 i 0.004

2
If only sin 9 is fitted to the data a 10% measurement results:

sin26 = 0.20 t 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 limited

by the precision in the \J-data.

Recent v and "v experiments using isoscalar targets have provided accurate

measurements of

R = o(vN •* vx}
u"x)

R_ ^
v - K

,,3(u

37

The actual evaluation of these ratios is quite complicated by the nucleon

structure. For instance, the contr ibut ionsof charged and neutral current

interactions wi th sea quarks have to be evaluated; then, in the case of

f lavor changing transit ions quark rnasses and the KQBAYASHI -MASKAWA matnx

elements have to be taken into account. Final ly, quarks are not redlly free.

This illustrates, that although a ratio is measured its Interpretation in
2 2 2 2 2terms of u. + d . , UR + dR or in terms of p and sin ü will necessari ly be

affected by small systematic uncertainties. The present Status is shown
51) 52)in fig. 23 and fig. 24 . It is interesting to note that the ,-paran-eter

is measured with an accuracy of t 0 ,02 and agrees wi th 1, äs ecpected if the

H1GGS representation is a doublet (assumed in the Standard Model). There are
2

now three determinations of sin 0 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 R and R— to obtain the renormalized value
2 v v «iilof sin 6. The uncorrected value is then lowered by typically 5 2 . All

recent data on isoscalar, when combined, give5 4 }

Sin26corr = 0.223 ± 0.007.

Not all data are published yet.
?

A careful study of the systematic limitation in determining sin e from
_/,,PJ _ ,.u^

has been carried out in the context of the SPS fixed targetr=icTM N)
workshop 1981

iii

'
and is believed to be As in 6 < 0.005. The ratio R-

is not suited, since for values of sin 0 » 0.22 AR- » 0 Asin e. Both the

CHARM and the CDHS collaborations have investigated the possibility

to decrease the experiinental uncertainties to match the above limit and came

to an affirmative conclusion ' . The importance to really reach the
2

accuracy in sin 6 of 0.005 has already beer d iscussed in the second lecture.

Once accurate measurements of the squares of the weak neutral current

couplings (for the light f lavors) exist, the sign arnbiguities can be

removed even with experiments of minor precision. For instance, the observat ion

(fig. 25) of a prominent A+ (J236) resonance in vp

propane experiments allows toconclude:

vpn in the GARGAMELLE

ulA =



37b

373

1.1

1.0

0.9

03

sin29

0.2

Fig. 23: Companson of Ry and K^ with the prediction of the
Standard Model. The CDHS data in this plot are pre-
l i m i n a r y J in the meantime

0.363 ± 0.015) .

in the meantime the final numbers are
increased from 0.357 ± 0.015 to

2-Parameter Fits to Rv and
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Fig. 24: Contparison of simultaneous p and sin*i
The final point, indicated KIM et al.'
up to 1979.

Mts from recent experiments.
, is the combined fit of all data
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Fig. 25: Gbservation of the fi° (1236) resondnce induced by weak neutral

currents (ref. 57 ) , For comparison the exclusive pn° state in
charqed current events.
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since the isovector terro dominates the isoscalar term. The other anibibuity

is solved by a form factor analysis of the elastic scattering experiments

vp -* vp and vp -* vp yielding u. UR < 0.

The recent observation of coherent TT production in neutrino nucleus
591scattering provides a direct test of the axial vector coupling '

= 0.93 + 0.12

where 1 is predicted by the Standard Model.

3. ELECTRQUEAK 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.

These jets are induced by u, d, s, c, b - quarks (resp. antiquarks) in the

relative Proportion 4 : 1 : 1 : 4 : 1 . The interference between the electro-

magnetic (>•) and the weak (Z ) amplitude leads to observable effects in

the hadron production rate and the quark angular asynmetries.

The first quantity is defined

R =
l o(e+e" -+ qq)
/ +o(e e

withtf, defined in lecture 2, of order 10X at PETRA/PEP energies. The

electroweak contribution is proportional to

and therefore small, since v *0 for sin 6 = 0.22. The factor ized form of

the weak couplings reflects the assumption of just one massive neutral

gauge boson. Results are given in table l and fig. 26.

105 1.25 1.45 1.65 .. 1.85 2.25 2.45
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Table 7 s in^O from data on e'e" - hadrons (ref. 60)

EXPT

JADE

MARK J

TASSO

sin 6

0.23 t 0.05

+ 0.080.28

0.30

- 0.05

* 0.23

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

only the product a a , provided the quark flavor q can be isolated:

"V
Note that the fractional quark Charge enhances the asymmetry. Two methods

have been applied to isolate e+e" -* e'e and e+e" - b5:

1) reconstruction of D and D*1 (fig. 40, 28)

ii) use of semileptonic c- and b-decays (fig. 40, 28)

Results from PETRA at .'s = 34.5 GeV from JADE, MARK 0, TASSO and from PEP

at ^ = 29 GeV from HRS, MARK II, MAC are summarized61J in table (g* = -l
n

is assumed):

MACHINE

PETRA

PEP

«j
1.22 + 0.40

2. 40 t 1.70

b
SA

-1 .00 i 0.30

-1.10 i 0.50

The axial couplings agree in magnitude and sign with the prediction of the

Standard model, The study of e e~-interactions g ives access to the weak

couplings of c and b quarks which are members of the 2nd and 3rd fennion
generation.
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4. W LA K. tl-l-tLIb IN LHAKÜLU LtK lUN-NULLtUN bLAMLKINb

There are results from two experiments on electroweak asyimietries invo lv ing

the prodjct of charged lepton coupling and quark coupling. The ef fect ii ot

the order

G _2 in-4 Q2— Q --- 10 -=-£

and requires a good control of systematic errors.

fi? 1a) The SLAC experiment : polar ized e + D -+ e * anything.

A fair ly detai led description of this c lass ic experiment is g iven in
4hlthe 1981 CERN summer school lectures '. The quantity measured is the

parity violating asymmetry

do(e n } -do(e , ) r ,r\^ in i \ R L "Pv 18 , et \) ~ q( " ) ,
ft " ^"o(eR} + do(eL) ' ^ e2 5 U1 ' Q2ny; q { x ) * TJ(X) '

- — — w

** 1 for x - 0.2

^ - - (0 .57 + 0 .27 ) 10~4 GeV"2

a ] - 0.30 + 0.08 ^ | a (2v -v . ) = - i ( 1 - ̂  sin^ö)

a2 - 0 .15 i 0.25 = | v ( 2a -a.) = - 4 ( 1 - 4 sin26)
"

0. 0.2 0.3 0.4

Fig. 29: Asymrnetry vs y compared to the Standard Model and a hybriJ
model, where the righthanded electron is assumed to be
a member of a weak doublet.

Results from 2 parameter fit: p = 1.74 + 0.36 . 2 _ n 9C +0.03sm 0 = 0 .25 _ O J Q

and from 1 parameter fit (p = 1): sin ö = 0.224 i 0 .020 .

The y-dependence (cf. f ig. 29) is incompatible with the assumption,

that the righthanded electron is a member of a weak doublet. This ex-
2

periment with its precise deterrnination of sin 0 supported strongly

the Standard Model. At that time there was no other individual ex-

periment with such a precision.
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b) The NA4 Experiment63': \i~ C •* u1 + anything.

The naturally polarized M beam fron the CERN-SPS is scattered off

carbon. The asymmetry

do(u*} - dö(u~)

dö{u*)

GptT

/2V

18
T

f ( y ) H
J

- q ( x )
2

is measured using data at 200 GeV and 120 GeV. The y-hel ic i ty is

denoted by A. The measurement of B leads to

+ b 2 = f ( v |X| -a ) (2au - a d > » 0.45 ± 0.11

and from this sin26 = 0.23 + 0.07 t 0.04. Assuming sin 0 = 0.23 the
D

weak isospin of the righthanded muon comes out to be I., (u) = 0.00 +

0.06 + 0.04 in agreement with the Standard assignment of righthanded

muons in SU(2)-singlets.

If 2a - a, = ~ is assumed, then one gets

v = 0.15 t 0.25 from the SLAC-HIT experiment
e

v = -0.06 i 0.14 from the NA4 experiment

This can be compared with the combined results from v e-experiments

giving v - 0.002 ± 0.058 (cf. lecture 2).

5. PARITY VIOLATION IN CAESIUM

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

thallium and caesium . The recently published results of the experiment

of H.A. BOUCHIAT et al. ' will fce mentioned in this section. A c i rcu lar ly

polarized laser beam (direction Ic) is used to excite the Cs 6S F = 3

state to 7S F = 4 in a constant STARK field with 1 perpendicular to k'.

The effective dipole operator is given by

d" = - at - ißox? + M.oxic - i Im E,

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 E. and p-term

Two measurements were carried out:

lmE,/ß - - (1 .78 i 0.26 j 0 .12 ) mV/cm fiF = 1

-(1.34 ± 0.22 i 0 . 1 1 ) mV/cm AF = 0

It follows:

-.ex pQjxp = -66.5 t 7.2 i 5.1 - -0.574 (N - (1 -4 s i n ^eJZ )

? cor*f
thus sin ö = 0.205 ± 0.034 + 0 .024 in good agreement with other

measurements (cf . fig. 30).

CONCLÜSIONS

1. In the first decade after the discovery of weak neutral currents
2

the electro-weak parameter sin e has been measured over a big ränge

of space- and timelike-momentum transfers squared. This is i l lustrated
in fig. 30. All 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, sin 6vC) the masses of the weak gauge bosons

can be predicted within the Standard Model:

37.2810 i 0.0003m = —
W „ „ Hlnf t MQ2 s .n e

GeV and m = -=-5
z cose

Using the corrected value from KIM et al (1981) the masses

can be calculated (including 1-loop correct ions):

+2.9m = 83.0 0 ,w -2.7 GeV

- 93.8 GeV

These values anticipated on the basis of the Standard Model have been

measured 1983 by the UA-experiments at the CERN S^pS col l iderand are



CD
lcn,

fD

CT>

0} 't* o

(average over values from UAi and UA2):

= 82.2 j 1.8 GeV

m = 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 sensit ive to 1-toop corrections which are in progress.
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with 3 angles 6, ß, Y, 1 phase i and c, s standing for cos, sin.

For example:

SVs

,77)Instead of the aöove notation due to MAIANI an al ternat ive notdt ion
78lhas recently been proposedby WOLFENSTEIN ' who expands the unitary, nedrly

unit KM matrix in terms of a small parameter.

There are detailed analyses of experinients relevant for the detertnination
79)

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

Nuclear ß-decay

Ke3-decays

Y-decays (WA2) /

v, vN + uiJx (CDHS)

CLEO, CUSB ^-^
DH- C

b-1 ifetime

0.5 < T. < 1.4 psec

Uud = 0.9735 ± 0 .0015

Uus = 0.221 i 0.002

Ucd = °'23 - °'03

ucs >0 '59 C9°" CL)

U h

ypH < Q . 1 5 (90% CL)
ucb

2 2sin & + sj n Y _

~̂ I~ *T"
- 0 53ß a °-058

,̂ 7ps^c

The constraints are shown in fig. 39. Only a small region rfcmains.

The B-lifetime measurenients determine essentially ' s i n y 1 . The s tat is t ica l

and systematic uncertainties in measuring the B-l i fet ime are for the tinse

being quite large. Therefore, the upper limit of the JADE rtsult80 '
81and the lower l imitsof the MARK ir J and MAC ' results art used.

6. DETERMINATION QF B-L1FET1M E

In e e interaction at PETRA and PER energies the quark-antiquark jets

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

or c-r ich applying certain select ion criteria. First of all a f j s t muon

is requested in a multinadron event. The second criterion u^es the fdct

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 fron 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 äs

muons or K 2, TT „ decays in flight, which is of the Order 20 - 30i, has
been subtracted.

A schematic bF event with b - *p + c 1s 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 dosest approach to the e+e~-

interaction point (fig. 4 l ) is related to the l i fetime of B-hadrons80J:

where i is the actual decay length, L = ß^ci the average decay length of

the B with velocity e and lifetime T, a* the decay angle of the M in the

B rest frame. It is assumed that the 8 fl ight direction is well appro-

ximated by the reconstructed event axis. Assuming T = 1 psec the typical

average 6 is around 150 um (depending on P,-criterion). This is to be

compared with the track uncertainty a after extrapolat ion, which is 450 um

for JADE, 250 pm for MARK II, 800 \im for MAC. The stat is t ica l precision



smß

Fig. 41a:

Sketch of an event e e" -* bF and seinileptonic b-decay.
The extrapolated u-track fal ls the e*e~ interaction
point. This point is either determined from the event
itself or assumed 3 priori using external information.

using n B-events is o/^n. With the help of an extensive Monte Car lo

Simulation the observed 6-distribution is expressed in terms of

b -*• u, c •* u, and hadrons •* y. The published results are

Expt.

JADE

HARK II

MAC

tfb (estimated)

12

67

112

1 ifetime

^ 1.4 psec

1 ?n+0-45 n •>
1' -0 36l0'3Ps
1.8±0.6 i 0.6 ps

Bounds on weak angles

b- lifetime
limits

0.001

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
Fig. 39: Bounds on weak angles

U = x 0.45 mmö 1.4 mm,
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36087

Fig. 40: Transverse momentum distribution of prompt inuons in
multihadron events. The dotted histograns are Monte
Carlo predictions of the contributions from semi-
leptonic c- and b-quark decays. The nonprompt back-
ground is subtracted.

53

10

C(

-

Jt

— I —

1

1

L._

— T —

i

l
i

!
1
i
1
i

1

l

I

—t
t

1

,

s
/

— i r~ — i —

MARK II

--~ «*
\ cut

V n n "
\ 1

0 l mm

Fig. 41b: The observed impact Parameter distribution of 104 muons in the
b-enriched event sample of HARK II (ref. 81). The dverage is
(106 i 29) pm. The dotted curve is a GAUSSian distr ibut ion with
width 250 ym.

this means effectively about 1 nun 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.



54

7. SEARCH FOR TOP-QUARKS

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

t quarks (flg. 42). The machine was operated in a scanring modt. The

Step $i;e of AE = 30 MeV corresponds to the machine energy rtsolution.

For each point each of the 4 running experiments collected 60 nb .

This gives just enough multihadron events to detect a resonance in

j(ee ~> qq)R = . Assuming a BREIT-WIGNER resonance shape one obtaini

;0(E}dE = *V rP -r
M^ e '

with M = mass of tt and r resp. :'. being the leptoriic resp. hddronic

widths. Fit t inga GAUSScurve width AE and varying posit ion dlong the

energy axis (/s) on top of the constant continuum due to u, d, s, c, b

events the limit r -=r < 1 keV (50% CL) is obtained to be compared
with r (tT) <** 5 KeV äs extrapolated fron ss"), J/ i j , (cc), Y ( b 6 ) . In
conclusion, there is no indication of a resonance due to tt wi th Q ^ 2/3

and its mass must exceed 22.6 GeV.
p \t the time of these lectures the UAI-group ; claimed the observation

of a few events containing the flavor top so long searched for. No
precise mass was quoted, but is well above the PETRA limit.

8. B-DECAYS

Hadrons containing b-quarks are abundantly produced at e e machines

(CESR, DORIS, PETRA, PEP). The CLEO group84^ at CORNELL succeeded in
reconstructing B-mesons starting from a sample of identified D°, D*1

and adding l or 2 charged pions. They obtained for the masses:

m(B') = (5270.8 ± 2.3 ± 2 .0) MeV

m(B°) - (5274.2 j 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 jsing continuum events, of which 1 : 1 1

contain B-hadrons,

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

like

b-(c.u)
q =

Thus, the branching ratio into yv is expected to be

6R
(1+1+0.3) + 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 measurements85' is (11.8 ± 0.6)%, which indicates that

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

must be taken into account.

b) The electron spectrum in b-decays near the kinematic endpoint is

sensitive to the mass of the accompanying flavor. Heasurements of

CUSB and CLEO 'show that b -> u + eu is suppressed against

(fig. 44):

160

80

0

CUSB

1 2 3 4
Ee/GeV

Fig. 44: Electron momentum spectrum and comparison with
theory (Altäre!11 et al.)

for founding the KOBAYASHI-NASKAWA roatrix elements U . and U .

{see sect. 5).

c) The Standard mobel forbids at tree level f lavor changing neutral

weak currents. Searches have been made for b •* (s, d) * ti.

4 experiments reported85}

# 3
all Q.7% at CL.

d) The CLEO group cornpared B - D + X with b •+ c + ^v^ and

got good agreement. This is support for the V - A structure and

dominance of the spectator model.
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The factor 3 takes the three color degrees of freedom of quarks into account.

The f ive terms represent the electric quark charges squared for the fldvuri

u, tä, s, c, b assuming /s to be above the threshold for bH and below the

threshold for tl production. A glance at fig. 45 shows that this simple

theoretica] calculation is a quite good approximation provided the resonance

regions are avoided. This means that away from thresholds strong interäctiuns, :,..--

tween quarks are srnal!. Theoretkdlly expected deviations due to >, Z interf tren
have been considered in lecture 3, deviations due to strong interactions w i l l

be discussed below.

3. THE BASIC PROBLEM

As mentioned above quarks are quasifree pointlike particles only at s na 11

distance scale. In this regime the force due to strong interactions is weak

and perturbatlon calculations can be perfonried. However, observations are

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. ihey 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 properties of perturbative QCD,
2

in particular the strong coupling constant a (Q ). At the present time the
2

extraction of the running coupling constant a (Q ) is model dependent. A

better understanding of the hadronisation process must be attained.

4. GLUONS

Höre than 10 years ago the determination of / F 2 ( x ) d x » 0.5 i l in lepton

nucleon deep inelastic scattering experiments led to the conclusion that thtro

:; •

><-• J*
-n

lt

' 1

. <••'
*

-. — r— ' — i— r— > — i

*' T

:.
nJi w,'lP , s"t

f
. . . . . .

-l' »LENA • Gll'.AV OCt lLQ

• DASP II • hHftSCATI I JAU
• CLEO 0 NÜVO'jibiHS« »MAHKJ
• OHHM • SlAC-LBl • PLUIO

\i * ' 1 / Jrt(t *,k|/*^ » . . *-.. . '~

t 4---, f-^U... - ( . , . - •

-

-

, . . . . , . , , ,

10.30

* i t i • »•l

10.40 10.50

W ( G e V )

1060 10.70

Fig. 45: The total hadron cross section in units of the QED-
cross section o(e+e~ •* H + M " ) . The dotted line 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 1 . The

carriers of the missing momentum were named gluors or more vaguely glue.

A few months after the Start up of PETRA clear 2-jet and, at ab^ut

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

energies the process e e" -+ qq with the subsequent hadronisation of the

q and q running off in opposite directions appears äs two Jets. The 3 - je t

events (fig. 46, 47} were then interpreted äs e e - qqg wi th d hdrd
gluon giving rise to the third jet. The gluon bremsstrahlung spectrum

disfavors hard gluons. Therefore, in most of the hadron events jets w i l l

only be broadened. The same kind of broadening is a lso observed in the fur-

ward jet in lepton nucleon scattering. The observed p behaviour in ,N jnd t-
,89)experiments agree well ( f ig. 48}

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

events e e" •+ 3-jets the angular distribution contains infoniiation about the
gluon spin and agrees with the assumption of vector gluons ( f ig . 4 6 ) .

ISR data (f ig. 49) and SppS data3 ' Support this.

A crucial feature of QCD is the selfinteraction of gluons giving rise to

processes lilte g-*g + g (triple gluon ver tex) . In reactions induced by -,

and 2, W the triple gluon vertex occurs in second or higher Order in d .

In 3-jet events, äs observed in e e -interactions , the gluon-jet should be

different than the quark- or antiquark-jet. The JADE col laboratior at PETRA

has investigated this question for some time and indeed noticed di f ferences
The most direct way of looking for gluon self interaction is in hard scatterir.g

processes in pp (ISR) or p'p (CERN coll ider) coll isions. In understanding the

behaviour of the ratio K /it äs opposed to K /TT for various energies äs a
90)

9! )

function of x = 2p //s (fig. 49) the ABCDHW col laboration at the ISR is

led to the conclusion tfiat the hard scattering process qg -+ qg, which mcludes

also the triple gluon vertex, contributes significantly. The quali tat ive
argument is this: K being composed of tTs cannot be formed in first generation

by a knocked out valence quark (u,d) of the colliding protons. Most likely

is the assumption that a hard gluon splits into s? with the ? picking up a

u quark from the vacuum to from a K".

TASSO

TASSO

0.2 -

25GeV<W<36GeV

VECTOR

SCALAFH \• \n level «W

\ v

0.2 C 0.6 0.8

Icose!
Fig. 46: TASSO 3-jet event and ELLIS-KARL1NER ana lys i s ( re f .89) .
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F i9- 49: 5. SCALING VIOLATION IN DI-SCATTERING
Results from an ISR
experiment.

The inclusive processes v N •+ u + anything

v N * |J+ » anything

UN -* i * anything ( J. = e, y)

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

2 v fy2 v 2 v 2 zl

2
d2o(vN) - o^dxdy ^ 2xF^ (x ,Q 2 ) + { l - y J F g (x, Q ) - y(l - ^ )xF^ (x, Q 2 > ]

2 i Tv2 £ 2 t 2 1d o(iN) = a dxdy i 2xF, (x.Q ) * C1-y)F„ (x, Q )
0 \J- 1 f. J

'-

.

"

-

.

L

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

2
(J \ r h ^ o r r - h / 4 \ ~ ?Hv ^ = T = (1-cosüj

can be computed. E is the energy of the incoming lepton. In neutrino

experiments this quantity must be obtained from the final state. In narrow

band beams there is however a correlation between the radial pos i t ion of

a v event and its energy.

The aim of the experiments is to extract from the data

0.30

i

-

-

•

L_r

xF 3 (x , tf)

F? (x, Q2)t

F ? U , Q 2 ) ( 1 * \} - 2xF . (x ,Q 2 ) F . ( x , Q 2 )
p - f- \jt 1 - L

2xF. (x ,Q 2 ) 2 x F . ( x , Q 2 )i i

The v and \ experiments are unique in getting access to the structure

function xF,.

4.2 0.] 0.4 0.5
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In the quark-parton model the structure functions have a simple

Interpretation:

xF3(x} = x ( q ( x ) - q ( x ) )

F 2 ( x ) = x ( q ( x ) + q ( x ) J

R ( x ) = 0

with the abreviation q(x) = u(x)+d(x)+s(x)*c(x). R = Q is called the

CALLAN-GROSS relation and reflects the fact that quarks have spin 1/2. It is

interesting to note that xF., depends only on the valence quarks in the

nucleon, since due to the difference q(x)-q(x) the sea contribution drops

out. Not so for f , which has both a valence and a sea contribution.

6. THE STRüCTURE FUNCTION

From the difference of the differential cross sections of \iN and vN data

the structure functions xF, is obtained äs follows:

2 2 —d o(vN)-d o ( v N )
- — - -

High statistics is needed since the difference of the cross sections is

involved. The valence distributions are measured up to x as-0.65. The

QCD-interpretation of xF3 is given in terms of the ALTARELLI-PARISI equation92)

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 P . Thus, the running coupling constant

can be deduced.

In practice, a parametrisation fc f . fig. 51)

7
= a3 (1*b2x)(1-x) J for - 4.5 GeV2

10 100 1000

a2 (GeV2:
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Fig. 57: Log moment plots of BEBC and CDHS neutrino data and comparison of

slopes with QCD predictions (ref. 98).

is assumed, furthennore the GROSS-LLEWELLYN-SMITH sumrule (f ig. 52)

F3dx -- 3(1- )

is used to constrain av In order to avoid the high twist region cuts are

applied: Q2 > 2 GeV2 and W2 > 11 GeV2. Under these conditions the CDHS

collaboration95) has obtained the result

Gev

This result does not depend upon the gluon distribution function. It is

per constructionem insensitive to the gluon selfcoupling. However, u is

sensitive to the spin of the gluon and Supports in fact its vector nature.

The QCD mass scale parameter ,W (MS = modified minimal subtraction) is re-
94 \>

lated to as(u) through '

AHS = ^e*P (FTVTTTr ' ̂  *•" b '*(»}> witho s

bo = (11 -4"). b 19
n), n = # flavors with mass <

7. ANALYSIS OF F2 AND

The structure function F„ i s extracted from the sum of the v and

data:

nucleon

(0(vN) - AF

«ith o = HJü and the term AF = y F. - 2x(s-c)(1-(1-y) ), which is small0 TT L
for x > 0.3. Nevertheless, the extraction of F2 needs assumptions about

F,
- • L and about the nonstrange sea. Results fron 3 expenments are shown

in fig. 53. The QCD interpretation of F? is more complicated then the one

of xF,. The change of F? w.r . to £nQ receives two contributions, one due

to the process q -*• q + g and another due to g -+ q+q" ( f ig. 5 4 ) . This nifcons

that the gluon distribution function is a necessary input. In order lo get

a handle on the shape of the gluon distribution function the CDHS colla-

boration ^ considered a suitably chosen cornbination of the differential



and vN cross section, namely

dfc
dxdy

where 6 depends upon the Strange and charmed sea x ( s - c ) and the strücture
2

function F. with the property that i -* 0 äs y -* 1. The term ( 1 - y ) o(vN)

subtracts the amount of scattering off quarks. At y = 0.5 this represents

about 50%. Thus the specific sea quark combination x(üV3+2s~) is directly

measurable. It has an important property: at large x, say x > 0 .4 , the
— o

sea ^u is negligible over the measured 0 -ränge. This implies a constraint

on the shape of the gluon distribution function. Qualitati^ely speaking its

shape cannot be too broad, otherwise the Q -evolution of cfu would generate

a nonnegligible contribution at large x <Jue to g -* q + q.

The simultaneous evaluation of F? and q yields Anhand the gluon distribution

function G(x ) (fig. 55). Also the CHARM collaboration has obta^ned G ( x ) from

their data and has a new analysis in progress. The measured q distribution

can be used to obtain

F*S(x,Q2) = F2(x,Q2) - 2(qu(x,Q2) - xsfx.Q2)) x > 0.3

which is now independent of the sea like xF,. Thus a nonsinglet analysis

is possible and has been performed in both v and u experiments. Two results

may be quoted:

fa = 0 . 1 7 * - EMC (ref. 99)

0.30 t 0.15 CDHS (ref. 95)

In conclusion, there is good agreement between the 5 highest statist ics

experiments, i.e. CDHS, CFFRR, CHARM, EMC, NA4. All agree in the observation

of substantial scaling violation. If interpreted within QCD the strong
2 2interaction coupling constant is small in the Q -ränge from 5 till 100 GeV .

However, the systematic uncertainties are for the time being too big to conclude
2

about the running of a (Q ).
There is a second type of QCD analyses based upon the moments of strücture

functions (fig. 57). A detailed account may be found in ref. 4b.

65

8. a FROM e V - INTERACTIONS

Qver the past 5 years many QCD analyses have been perfomied by the experi-

mental groups at PETRA and PEP. Early analyses were done in 1S order

perturbation theory. When the 2n order calculations became a v a i l a b l e niore ref im

analyses were done. This section restricts to three groups of results.

a) R-measurements: The R-value

D _ ofe^e" -*• hadrons) D ;, as ,. Qs> ,K , j j ß j - KQ {i + — n + c —) + • - • l

with R äs calculated in the quark parton model including electroweak

effects, c = 0.08 in the M"5 scheme (see lectures by R. Petronzio) is

an inclusive quantity and is supposed to offer a clean way of measuring

a . "Clean" refers to the beiieve that for A > 15 GeV nonperturbative

effects are negligible. Indeed, R at a given energy ^could be used

to define a .

Unfortunately, R-measurements are not easy. The average over 5 results

obtained by JADE, MARK J, TASSO and MAC, MARK II100)at <s> = 1170 GeV2

<as> = 0.190 + 0 .015 i 0.047

The error is dominated by systematics.

b) R. FIELD101 'has compared 4 observables with calculations in 2nd order

at the parton level. The argument is this:

Obs (W)e x p = Obs (w)par ton + Had (W)

the experimentally observed quantity is written äs a sum of the cal-

culated quantity at parton level plus the unknown nonperturbative

contribution (Had). In 2 order perturbation in tenns of a :

Obs ( W)parton = c a (U) (1 * c.a-(H) +...

stwith theoretically known c and c.. It follows in 1S approximation:

Obs(U)exp - Had(W)

c



nd approximation:

t f.
(D

a1 ' can only be obtained provided the terni H a d ( W ) is known. This is,

of course, not the case. Nevertheless, the sign of Had (W) decides on

whether er ' ( W ) is a lower (Had(W) > 0) or an upper bound ( H d d ( W ) ü)

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 cal led

CLAVELLI masses M and M. can be calculated with H, •; M.) the sign of the

nonperturbative effects is posit ive, whereas for (M, - M . ) / s and AF F (tht

asymmetry of the energy-energy correlation, see below) the süjn is nega t i ve .

Various Monte Carlo hadronization models differ in the abso lu te va lue of

yad ( W ) , but seem to agree in the sign. The data of 3 groups are used

(fig. 58a) to obtain a*1 ' and a*52' (f ig. 58b) with the result

0.10 < a < 0.14 = 30 GeV

c) Energy-Energy-Correlations: Call ing x . = E.//s the fractional energy

of particle i in e e -* i + j + anything the normalized energy-weighted

angular distribution is defined as fo l lows:

i
1

=-+ l /x.X j

"v utot i,j

From this quantity an asymmetry can be derived:

The idea of forming the asymmetry consists in reducing the ef fects from

hadronisation and in suppressing the contribution of 2-jet events which

cluster near 6 * 0 and ir. Three groups at PETRA (CELLO, JADE and TASSO) 1 0 ^ 1

have presented fully corrected asymmetries (fig. 59) for .'s ^34 GeV.

Within the quoted errors all data are consistent. When andlysing the data

in terms of QCD the three groups find different values for a dependingon

the hadronisation model used ranging from 0.11 to 0.16. The JADE group

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

a = 0.165 j 0.01 t D.01 (fig. 60a) , however an unsatisfactory representation

when using the independent Jet fragmentation model (fig. 60b ) . It is clfeur
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APPENDICE

that the extractlon of a and its precision are not limited by

and quality of the experiments.

OUTLOQK

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 part ic le

phenomenology. This is an important achievement äs it const i tutes ä sol id

basis for future developments. It is, however, clear that even crucial

aspects of the Standard Model are yet untested. Experiments a iming dt

tests at the 1-loop leval are underway. Tests of the nonabelian st r -ucture
of electroweak interactions require very high energies. The HIGGS sector,

and thus the nature of electroweak symmetry breaking is essent ia l ly unex-
plored.

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

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

Some definitions and relations are collected here (et ref. '04)

1 . The Interaction Lagrangians

L"1 = g sinü Jf AA

L W = J_ (jCC ^ t h C p )

2,1

.1 g NC *

Identify e = g sinü

2. Current x Current Form

weak

Identify

MC,

7
- .
C. A A

for

2v'

„ 2 ,4
W z

The masses of w^, Z are related to the HIGGS expectation value <0 •

3. The Currents

and m_ =
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.

. ,
L j

V, A weak coupling constants

chiral weak coupling constants

Sometimes the shorthand notation

fR E CR

for the left- resp. righthanded weak coupling of 0 fermion with f lavor f

is used. Often V and A couplings v, and a,: are introduced instead of
f

gv ». The relation is:

= fl + fR

af E 7 9A = fL -

L + eR

There is a third type of notation wMch proved particularly useful when

investigating the isospin structure of the weak neutral quark current

of the first generation:

IV - V IV - A

IS - V IS - A

The isovector-vector (IV - V ) , isovector-äxialvector (IV - A), iso-

scalar-vector (IS - V) and isoscalar-axialvector (IS - A) pieces are

marked. The relations between a, B, y. <5 är\ü u. ,,, d. D fol low from the
L t K L ,K

above identity:

- dR = 1 - 2 sin u

dL =
Y - UL * UR + dL * dR = - s i n e

1 UL - UR * dL - dR s

Note that & and 6do not depend upon sin 6.

In the following table the chiral ZfF couplings are listed for the

fermions of the first generation together with their predicted value
9

assuming sin 9 = 0.22,

PARTICLE

L

eL

"L

\

GR

UR

dR

T - Q sin26

1

- ^ + sin29

1 2 2
+ •£ - -5 sin 8

-^Sin2e

0

sin e

- •*• sin e

1 . 2

sin26 = 0.22

0.500

-0.280

0.353

-0.427

0.000

0.220

-0.147

0.073
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