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1. INTRODUCTION AND MOTIVATIONS 

Weak interaction phenomena have been known for a long time. Already 1934 Fermi 
/1/ proposed a first theoretical model for describing weak interaction processes by an effec
tive Lagrangian which is the product of two weak currents. This is known as four-Fermion 
interaction theory. 

Since that time, a great amount of experimental and theoretical knowledge on weak 
interactions at low energy has been derived from the study of nuclear ,13-decay, muon-capture, 
muon-decay and the semi-leptonic decays of low-mass mesons and baryons /2/. 

These processes were phenomenologically described to good accuracy by the Cabibbo 
theory /3/ and the Kobayashi-~askawa extension of it /4/. This was the latest form of 
Fermi's current-current theory of weak intera,ctions. It fixes the space--time structure of these 
low-energy charge-changing currents to V-A, i.e. from the five possible interactions- vector 
(V), axialvector (A), scalar (S), pseudoscalar (P), and tensor (T) - only V and A contribute 
with equal strength and prescribed phase. 

A subject of great interest during the last years has been the detailed study of weak 
charged-current processes in large-scale detectors such as bubble chambers and electronic 
counters using calorimetric devices which have been exposed to intense high-energy neutrino 
and antineutrino beams. Recent results (such as the measurement of Jl+ polarization in Dp. 
induced reactions, the study of inverse Jl-decay 1/p.e- ....... Jl-1/eo and the discovery of multi
lepton events) provide useful information on the general space-time structure of the weak 
charged currents at high energies and large momentum transfers. 

It was known that the current-current theory had to be modified at high energies be
cause the amplitudes grow with energy and eventually violate the unitarily limit. Unit~rity 
could not be restored simply by including higher order diagrams, because the four-Fermion 
interaction theory was non~renormalizable /5/. Even the hypothesis that the four-Fermion 
interaction is just a lowMenergy approximation to a finite range interaction mediated by the 
exchange of massive intermediate vector bosons failed to produce a unitary renormalizable 
theory. 

It turns out thai the only renormalizable theories involving massive vector bosons are 
those in which the bosons are the qua:Ota associated with a gauge symmetry /6/. However, 
embedding an intermediate vector boson theory into a spontaneously broken gauge theory 
requires the existence of at least one neutral current and an associated neutral gauge boson. 
Therefore, the discovery of weak neutral currents in 1973 M 1974 in elastic /7-10/ and single 
pion production /11,12/ processes induced by neutrinos had drastically enhanced the possible 
relevance of gauge theory principles in weak interactions. 

It is possible to develop gauge theories, incorporating both charged and neutral currents, 
for the weak interactions alone /13,14/. A more satisfactory and attractive approach is to 
combine the electromagnetic and weak forces into a single electroweak force and thus to attain 
partial success in the unification of the four fundainental interactions. 

A model proposed by Glashow /15/ and later by Salam and Ward /16/ s~tisfies this 
requirement. It has subsequently been iinproved by Weinberg /17/ and Salam /18/ by 
incorporating the idea of spontaneous breakdown of local gauge symmetry /6/ in this model. 
Its single free parameter, the electroweak mixing angle E>w, characterizes the amount of 

mixing between the neutral weak and electromagnetic current. This model originally intended 
to describe the weak and electromagnetic interactions of leptons could be extended /17 j to 
hadrons by implementing a mechanism due to Glashow, Iliopoulos, and Maiani (GIM) /19/. 

Precise and beautiful experiments have been performed which confirm the existence of 
weak neutral currents in a wide variety of particle reactions. Most of the existing measure
ments agree quite well with the predictions of this Glashow- Weinberg-Salam (GWS) model, 
the so-called standard model. However, the data cover a range of relatively low momentum 
transfers ( Q2 « M~) and thus probe only the low-energy limits of this model. The value of 
the electroweak mixing angle extracted from these low-energy data allows an unambiguous 
prediction of the masses of the charged and neutral vector bosons w± and Z 0 which mediate 
the interactions. The recent discovery of these particles /20/ in pp collider experiments at 
CER!'\, with the theoretically predicted masses, is therefore a major triumph for the standard 
model. 

Yet the experimental proof of the standard model is not complete. In particular, the 
Higgs sector of the theory needed for implementing spontaneous symmetry breaking has not 
been tested at all. Attempts /21~24/ to modify the theory, or to embed it into a larger 
framework, usually involve a modification of the neutral current sector. Therefore, detailed 
experimental information on the neutral-current structure (e.g. on sin2 Bw) is needed to 
test the theory to second order to establish that it really is a renormalizable theory and to 
distinguish it from other models with the same leading order low-energy predictions. A precise 
determination of the parameter sin2 E>w is interesting moreover as a discriminant for different 
grand unified theories (GliTS) /25/ which try to unify strong, weak, and electromagnetic 
interactions in a simple group. 

Since different experiments are sensitive to different higher order contributions and possi
ble deviations from the theory, it should be tested in as many ways as possible. That is why the 
structure of neutral current interactions has been studied in neutrino-nucleon, muon-nucleon, 
neutrino-electron, nucleon-nucleon, and in electron-positron reactions and very recently in the 
production and decays of the intermediate vector bosons into electron and muon channels. 
This variety of neutral current phenomena covers an enormously wide range of energy and 
momentum transfer, from space-like Q2 .-.. IO~JI GeV 2 in radiative atomic transitions to 
time-like Q2 exceeding 103 GeV 2 in the colliding-beam experiments. 

In general, non-neutrino experiments are of valuable help in revealing the space--time 
structure of the neutral weak interaction by its possible interference with some other in
teraction whose properties are known. Such an interference, e.g. between the weak and 
electromagnetic interaction, can only occur if both interactions have certain characteristics 
in common. They must, for instance, contribute to the same helicity amplitudes, allowing 
thus a discrimination between SPT and VA spatial structures which are strongly favoured by 
gauge models. With neutrino scattering experiments alone (the main experimental technique 
in neutral current studies for a long time) it is extremely difficult to discriminate between 
all a priori possible. couPling types, since in most of the processes studied, there is actually a 
confusion theorem /26-28/ that states that an appropriate mixture of S, P, and T covariants 
can mimic the effects of a V, A space-time structure. 

The purpose of this review is to summarize the present knowledge on neutral-current 
physics, especially in view of a comparison with the standard weak interaction theory. No 
attempt has been made to give a balanced survey of all experiments which have contributed to 
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the field. Only the main conclusions which may be extracted from the experimental work are 

pointed out. Usually this is done by discussing only those data which do not rely too much on 

model-dependent assumptions. Thus, for example, various nuclear physics experiments have 

been omitted, whose interpretation depends strongly on nuclear matrix element calculations. 

The outline of this article is as follows: 

Chapter 2-will provide, in a historical and phenomenological approach (to an extent neces

sary for this review), the theoretical framework needed to describe the electroweak interaction 

processes. Chapter 3 is devoted to a brief review of the charged-current structure. The eluci

dation of the space-time structure of the neutral weak force is the main topic of the subsequent 

chapters. For this reason Chapter 4 deals with the experimental results based on the analysis 

of neutrino-electron and neutrino-hadron interactions. Additional information on the neutral

current structure will be extracted from parity-violating effects in muon-hadron (Chapter 5), 

electron-hadron (Chapter 6) and electron-positron reactions (Chapter 7). Having surveyed 

the diverse neutral-current phenomena, Chapter 8 will summarize the state of the knowledge 

about the parameters of the neutral-current interactions. Chapter 9 concludes this review 

with a discussion of some outstanding problems. 

Finally, I want to acknowledge several excellent reviews that have been a valuable help 

and guide in preparing this article. I would like to mention especially P. Langacker's review of 

Grand Unifi('d Theories and Proton Decay /5/, the review of Weak Neutral Current by J.E. 

Kim, P. Langacker, M. Levine and H.H. \\'i!liams /29/, J.J. Sakurai's work on The Structure 

of Charged Currents /30/, P.Q. Hung's and J.J. Sakurai's review of The Structure of Neutral 

Currents /31/, and the articles of F.W. BUsser on The Structure of Weak Currents in High 

Energy Neutrino Reactions /32,33/. It wil! be apparent in the following that I have benefited 

heavily from the material presented in those papers. 
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2. THEORETICAL FRAMEWORK 

2.1. Coupling types 

The interaction Lagrangian governing the four-fermion reaction a + b --> c + d, e.g. the 

inverse wdecay v!-'e- --t v~11-, is assumed to depend directly (i.e. without derivatives) on 

the wave functionS of the particles invOlved in this process. If one then requires Lorentz 

invariance (excluding space inversion), the most general four-fermion interaction Lagrangian 

can be written as /2/ 

£ ~ ~ L[~,r,w.] · [~,ri(c.+,sC;)w,] +h. c., 
v2 i 

(2.1) 

where i runs over the five coupling types V, A, S, P, and T discussed below. \jl are Dirac 

spinors and G ~ 1.027 · 10-5m; 2 /34/ is the Fermi coupling constant and mp the proton 

mass. 

J:. contains all the 16 independent matrices ri which can be built in terms of the Dirac 

"f-matrices /35/ and the unit matrix. The bilinear terms llrfi\jl transform under the Lorentz 

group (including space inversion) as indicated in Table 2.1. 

Table 2. 1. Covariants in weak interactions. 

Number of independent 
r. i1J ri w Tensor 

' matrices 

I I <ii~ s (scalar) 

v" 4 <iiv"~ v (vector) 

a"v 6 il)ollVI.]J T (antisymmetric 
tensor) 

. \1 
1-Y Ys 4 il)iyuYsW A (axial vector) 

Ys I <iiv,~ p (pseudoscalar) 

The coefficients Ci and c: are the coupling constants corresponding to the different space

time coupling types V, A, S, P, and T. They describe the strength of the interaction, are in 

general complex and have to be determined experimentally. But the number of independent 

C,- can be reduced when the invarianceof £under space inversion (P), charge conjugation (C), 
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and time reversal (T) is taken into account. All C1 (or all en have to vanish if one assumes 
that the interaction Lagrangian (2.1) is invariant under parity operations, whereas time 
reversal invariance restricts the coupling strengths Ct and Ci to real values and C~invariance 
involves real constants Ci but purely imaginary CJ, as summarized in Table 2.2. 

Table 2.2. lnvariance constraints of the weak interaction 

Lagrangian (2.1) under P,C, and T operations. 

Transformation lnvariance constraints 

p c! 
' 

= 0 (or c. 
' 

= O) 

• c~ c c. = c. 
' 

= - C.'* 
' ' ' ' • T c. = c. ' 

c~ = c.'* 
' ' ' ' 

~--

Due to the analogy between the vectorial Dirac covariant \}1/JJ.lJf and the electromagnetic 
current density, the bilinear terms \}1ft 'I' are usually called weak currents, so that in terms 
of this picture the weak interaction between four fermions a + b - c + d is described by a 
Lagrangian which is proportional to the product of two currents (current-current interaction) 

G 
£ ~ V2 I J,_, X J,_, J . (2.2) 

2.2. Nomenclature 

Phenomenologically, all known weak interactions can be devided into three classes ac· 
cording t.o the proportion of lepton currents present: 

Purely Jeptonic processes 

Since leptons do not undergo strong interactions. such processes offer a unique 
opportunity to study weak interactions in a relatively pure state. In contrast to 
nPut.rall(>pt.ons (v,.,v .. ,vr), charged leptons (e,J.l,T) arp subject t.o weak as well as 
(>\(•ctromagnctic interactions giving rise to distortions of the pure wNk interactions. 

Examples: Jl-- t·-v.vl', vee - v~e-, vl'e- -v .. c-, e-+e-- e-+e-, ll+J.l-. 

Semileptonic processes 

They involve interactions between a leptonic and a hadronic weak current. There· 
fore, the theory of weak interactions must necessarily be concerned with renormaliz
ing effects of both the electromagnetic and strong interactions. Because of the great 
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difference in relative strength between the weak interaction on the one hand and the 
strong and electromagnetic interactions on the other hand, the weak processes are 
overwhelmed by nonweak interactions, unless selection ·rules suppress the nonweak 
with respect to the weak processes. 

Examples: n- pe~ ile, vJJ.N - 11- X, vJJ.N - vJJ.X, e- D- e-X, 
atomic parity experiments. 

Nonleptonic processes 

Those involve interactions between two hadronic weak currents. Again, the strong 
interactions preponderate the tiny effect of the weak interaction unless selection 
rules suppress the strong with respect to the weak processes. 

Examples: A- 1r-p, K+- 1r+1r0
, nuclear parity mixing experiments. 

According to the character of the currents involved, one distinguishes weak interactions 
between charged currents (CC) (i.e. the two fermion fields forming the current differ in charge 
by one unit) and weak interactions between neutral currents (NC), consequently connecting 
fermions of equal charge. 

Charged·current interactions are responsible for all known weak decays (e.g. Jl, {J, and 
A decay) and for such neutrino reactions which have a charged lepton (of the same type as 
the neutrino) in the final state (e.g. v~'e-- JL-Ve, vJJ.N- JL- X, Vee- .o..o4 Dee-). 

Neutral weak currents were predicted in the framework of gauge field theories for elec
troweak interactions /16-18/ and discovered 1973 in the famous GARGAMELLE experiment 
/7 j. In an antineutrino exposure, a single electron event was found which was interpreted as 
being due to the process V~'e~ - DJJ.e~. Subsequently, reactions induced by muon-neutrinos 
and producing hadrons, but no charged lepton, have been observed /8/. These events be
haved as expected if they arise from neutral current induced processes v~'N - vJJ. + hadrons. 
Further examples of experimentally investigated neutral-current weak interactions are pro
cesses such as e+e-- e+e-, 11+11-, e-D- e~x, but also studies of atomk and nuclear 
parity mixing effects. 

For reactions such as e+ e- - e+ e-, Jl. + 11- or e- +quark - e- +quark, neutral current 
weak and electromagnetic transitions coexist. Processes such as the scattering of Ve (De) off . 
electrons receive contributions from both the product of two neutral currents and the product 
of two charged currents. Therefore, the effects of the weak neutral currents are not cleanly 
separated out in such processes. Nevertheless, they are of great importance for the study of 
the neutral·current structure since they offer a possibility to search for interference effects 
between the neutral weak interaction and another interaction whose properties are known. 
Thus, if an interference is observed, one can use the knowledge of the other interaction (e.g. 
chargPd-current interaction or electromagnetism) to get information about the properties of 
the neutral weak force. 

2.3. The Fermi theory 

As early as 1934 Fermi /1/ proposed a first theoretical model describing the fJ·decay of 
the neutron by a four·fermion (zero-range) effective Lagrangian 

£,1/ ~ ~ { JP J: + jP+ Jp} , (2.3) 
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which is the product of two weak currents. It took many years to elucidate the form of the 

weak charged current Jw As illustrated in Chap. 3, the weak charged-current interactions are 

phenomenologically decribed to good accuracy by the Cabibbo theory /3/ and the Kobayashi

Maskawa six quark generalization of it /4/. The weak current JP, written in terms of quark 

and lepton fields (for abbreviation a spinor is just marked by its index), is in the Cabibbo-

rnodified Fermi theory · 

I I 
JJ.I = f')'p2" (1 + l's) Ve + {1.')'!'2" {I+ l's·) Vp 

-, I ) , I 
+ cos9c:d ,,. 2 (I+ 1'5 u + sin9cs l'p 2 (I+ Is) u (2.4) 

~ I ( ) , I ) 
- sin Sed 1!'2 I+ /'5 c + cos 8cS 1J.1 2 {1 + 1s c, 

where the Cabibbo angle 9c measures the relative strength of strangeness-changing and 

strangeness-conserving interactions; it can be determined to 0c = 13.2° ±0.7" by comparing 

the strength of super-allowed Fermi P-decays in nuclei (o+ -to+ transitions) to the strength 

of muon decay /36/. Since Jp, composed of leptonic and hadronic parts, contains equal 

admixtures of vector and axialvector contibutions, charge conjugation C and parity I' are 

maximally violated by Le!f but CP is conserved. 

The Lagrangian (2.3) is phenomenologically successful since it describes correctly all 

known charged-current weak processes below the b quark threshold, except CP violation, 

observed in kaon decays, and some aspects of nonleptonic hyperon decay._ Figure 2.1 shows 

typical diagrams for P-decay (n----> pe-Pe) and vfJe- ---->Veil- scattering (inverse 11-decay) 

described by Leff> where the circles represent the four-fermion interaction. The indices L 

and R mark the left-handed and right-handed fermion states (Chap. 3}, respectively. 

veR V~L 

u 

{

., WI' t 
n u ~ P •L 

(a) 

Fig. 2.! Diagrams for B-decay (n-+ pe-\i ) (a) and v e 

Cabibbo-modified Fermi theory~ \-l 

(b) 

~ v v 
e 

~ 

veL 

(b) in the 

At this level, the effective current-current theory gives a prediction for inverse J.-1-de(ay 

vl'e- ----t 1.1~11-, where "'effective" means that the first-order matrix element of £•!! is supposed 
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to give directly the transition amplitude of this weak interaction process and no higher-order 

matrix elements are to be considered. The total cross section for Vpe- ----> '-'ell-, calculated 

from Leff• is thus /2/ 

')' G1 (s-mJ.l E,»m., 
Otot(s) =----;- · --s-- ~ 

where s is the square of the total center-of-mass energy. 

G' 
-s . , (2.5) 

Because of this strong energy dependence, the cross section grows indefinitely with in

creasing energy, so that at some point one gets into conflict with conservation of probability. 

Since Lef 1 describes a point interaction, it can only produceS-wave scattering implying that 

o101 should satisfy the unitarily limit 

4• 
Otot < 

s 
(2.6) 

This unitarity bound is violated for a center-of-mass neutrino energy of about 300 GeV, 

so that the Fermi theory must break down before this energy. One might take this as 

an indication that higher-order calculations should be included. But Lej 1 decribes a non

renormalizable field theory, i.e. to renormalize all divergent amplitudes involves an infinite 

number of arbitrary constants. This non-renormalizability is basically caused by the negati\'e 

mass dimension of the Fermi coupling constant G-.... m
1
-;

2
• 

2.4. The intermediate vector boson theory 

A possible modiflcation of this Fermi theory has been found by the assumption that the 

four-fermion interaction is the low-energy approximation to a finite range interaction medi

ated by electrically-charged massive vector particles w:t- (intermediate vector boson theory} 

/37/. These hypothetical particles have recently been discovered in pp collider experiments at 

CER!\ /20/. The intermediate vector bosons couple to the Cabibbo current by the interaction 

Lweak :rz { JPH!fJ- -t jf'+w:-} . (2.7) 

The corresponding diagrams for neutron decay and inverse muon decay, described by 

Lweak. are shown in Fig. 2.2/5/. The emission and reabsorption of the fleld particle in such 

a picture is described by a propagator term. 

The intermediate vector boson propagator, expressed in momentum space, is (38/ 

DP~-'(q) q~'-q~-' fM'£,- g~'-~-' lq'I«M\~ gP~-' 
q2-M'l _____. -M,, 

w w 
(2.8) 

where q denotes the four-momentum of the virtual vector boson and Mw its mass. Hence, for 

momentum transfers small compared to Afw which is the case for weak decays, intermediate 

vector boson theory and Fermi theory coincide for 

G 

J2 

8 

g' 
8M~. 

(2.9} 



el 
v.R v~L 

u 

n{~- }p 
•t: 

dl 

Fig, 2.2 

(a) 

Diagrams for 8-decay (n 7 pe ~V ) (a) and 
mediate vector boson theory. e "u• 

w 

(b) 

?'J \J (b) in the 
e 

~-L 

v.L 

inter-

Therefore, the weakness of the weak interaction could be caused by either g being small, 
or Mw very heavy, or both. If one assumes that the intermediate vector boson couples 
basically with electromagnetic strength to left-handed leptons and quarks and right-handed 
antiparticles, Mw is of the order of about 90 GeV in agreement with the experimental result 
of Mw ~ (81 ± 2) GeV /20/. 

The corrections introduced by the intermediate vector boson theory into current-current 
theory predictions are, e.g. for the muon decay parameters, of order ( m,_, I Mw) 2 ~ 1. 7 · to-G 
(using the experimental value for Mw), and thus within the experimental errors /2/. 

The high energy behaviour of v,.,e- --; VeJ.l- is now no longer such a severe problem since 
in the intermediate vector boson theory the amplitude is no longer purely S-wave. It can be 
shown /2/ that the introduction of intermediate vector bosons in the theory only postpones 
the unitarily crisis to higher energies but does not remove it - the divergence becomes now 
only logarithmic just_as in the electromagnetic case, 

However, in contrast to quantum-electrodynamics (QED) which describes the electro
magnetic interactions also by exchange of a vector particle, the intermediate vector bo
son theory fails to produce a unitary renormalizable theory l5f. In fact, no renormaliz
able theory can be constructed from interactions for which the propagators of the vari
ous fields depend on dimensional parameters like masses if the energies involved become 
large l35l. This is the case for the massive vector boson propagator (2.8) whose asymp
totic form is (q~-'q 11 )jMf..,q2 • So diverges the cross section for external boson production 
v,., + v,., ----1- w+ + w-ore++ e~ ----1- w+ + w- again with the square of the total center-of
mass energy and not logarithmically as a result of the non-renormalizability of such models. 
The divergent terms arise herein from the longitudinal polarization states of the massive 
bosons which effectively reintroduce a dimensional coupling constant. 

The good high-energy behaviour of QED has its origin in the absence of longitudinal po
larization states of real external photons, respectively in cancellation effects between divergent 
contributions caused by such states for virtual internal photons. This can be traced to the 
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gauge invariance property of QED. Jt was therefore suggested to incorporate the intermediate 
vector boson theory into a gauge theory. However, embedding it into a spontaneously broken 
gauge theory - since actually only a theory with massless vector bosons is renormalizable 
/6/ - requires the existence of at least one neutral massive intermediate vector boson and 
thus experimentally observable weak neutral currents. The interactions mediated by this new 
gauge boson cancel many of the divergencies in the intermediate vector boson theory and, 
due to gauge invariance, the troublesome q~qv term in the vector boson propagator (2.8) is 
effectively unobservable /5/. 

It is in principle possible to develop gauge theories, incorporating both charged and 
neutral currents, for the weak interactions alone /13,141. Another approach used in the 
Glashow-Weinberg-Salam (GWS) model /15-181 is to consider both the weak and electro
magnetic interactions as pieces of a larger unifying gauge group, which includes electromag
netic, charged-current and neutral-current weak interactions. The present theoretical and 
experimental knowledge, in particular the discovery of ll'± and Z 0 with the theoretically 
anticipated masses, favours clearly the GWS approach. 

2.5. Neutral-current coupling types 

The modification of the non-renormalizable intermediate vector boson theory by incor
porating it into a gauge theory involves quite restrictive selections of possible neutral-current 
coupling types. The GWS theory, for instance, implies that the weak neutral current is made 
up of a linear combination of vector and axialvector covariants, since only those contribute to 
the same helicity amplitudes as the electromagnetic interaction. This is strongly supported 
experimentally by the neutral-current data on cross section asymmetries with longitudinally 
polarized electrons /41,42/ (Chap 6.1) and by the appearance of a forward-backward asym
metry in the angular distribution of the muons (taus) in e-t-e- ---. J.l+/1- (r+r-) reactions 
(Chap. 7). But these asymmetries are not very sensitive to small admixtures of S, P, and T 
currents. 

The experimental observation in charged-current reactions that the neutrino behaves 
like a two-component field being invariant under chirality transformations (Chap. 3) is also 
not a definite indication that neutral-current weak interactions of neutrinos (e.g. v,.,N --; 
v,., + hadrons) would have to be through V and A currents, too. It could be that the observed 
helicity of neutrinos is not an intrinsic property of the particles themselves, but is due to a 
bias in the charged-current interactions /42/. 

In general, it turns out to be extremely difficult to reveal the Lorentz structure of the 
weak neutral current by performing usual neutrino scattering experiments since, in most of 
the processes studied, there is actually a confusion theorem that states that an appropriate 
mixture of S, P, and T covariants can mimic the effects of a V, A space-time structure 126,27 I. 

It is even impossible in principle to study the question of parity violation in neutral weak 
interactions using neutrinos. Ideally, one would like to test parity conservation by comparing 
the cross section for a process induced by left~ handed neutrinos to that for the same process 
induced by right-handed neutrinos which are not available. If one therefore compares instead 
the cross sections for left-handed neutrinos and right-handed antineutrinos, it can be shown 
that the observation of unequal neutrino and antineutrino cross sections cannot possibly 
prove that the neutral weak interaction violates parity /43,441. These points demonstrate 
the necessity to study the neutral-current structure in non-neutrino experiments, too. 
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Furthermore, there appear to be inconsistencies between theoretical predictions and 

experimental results concerning the reactor-neutrino scattering on nucleons /45/, the solar

neutrino observation /46/, and possibly the ratio of prompt (1/e + i/e) to (vi-I+ VI-I) rates in 

beam-dump experiments /47/. It has been suggested that some of these puzzles may be 

solved by the lepton mixing hypothesis (neutrino oscillation) /4.8/. Other approaches, not 

relying on the neutrino oscillation hyp-othesis, tried to attack these problems by scalar-boson 

exchange theories /49/ which at low energy can mimic a vector-axialvector interaction j50j. 

Although the G\\'S model is self-consistent and in good agreement with most of the data, 

there are several viewpoints that suggest that it may be an approximate or incomplete de

scription of the weak interactions. It contains very many parameters which are not predicted 

and whose origin remains unclear. Furthermore, the accuracy to which some of the exper

imental information is known, is only limited so that there is room for sizeable deviations 

from the GWS model. There are therefore good reasons for a careful study of the space-time 

structure of the weak charged- and neutral-current interactions in order to detect departures 

from this model. 

2.6. The Glashow-Weinberg-Salam model 

Because of its success in describing low energy processes and its economy in the number of 

fundamental fields involved, the electroweak G WS theory /15-18/, based on the spontaneously 

broken su2 Xu, gauge group, has become the "'standard" model. In order to be able to 

discuss the predictions of this model meaningfully, and introduce the terminology, only a 

brief description of its general features and properties wil! be given, the more so since this 

theory has been widely reviewed /51-58/-

There is a well-defined prescription for constructing gauge models of the weak and electro-

magnetic interactions /51/. It requires that the relevant gauge group, the multiplet structure 

of the fermions, the gauge bosons and their couplings, and the symmetry breaking mech

anism are to be specified. One starts with an underlying gauge symmetry which is then 

broken by t.he presence of scalar fields with non-vanishing vacuum expectation values (Higgs 

mechanism) /6/- When the symmetry is broken in this way some of the gauge fields acquire 

masses, but the theory remains renormalizable. 

lnvariance group 

In the standard (GWS} mode! the basic gauge group is SU2 x U1 . SV2 has three generators 

T' (weak isospin generators), i = 1,2,3, and therefore three gauge bosons W~. The weak 

hypercharge generator Y and thus one gauge boson BJL is conne,ted with the U1 subgroup. g 

and g' are the gauge coupling constants associated with SUz and U1 transformations respec

tively. SU2 X U1 is the minimum invariance group needed to accommodate the weak charged, 

weak neutral and electromagnetic currents. 

Representation of the fermions 

To specify the theory further, one has to decide how the fermions {leptons and quarks) 

transform under the invariance group. The original Weinberg-Salam model /16-18/ described 

on!y the weak and electromagnetic interactions of leptons. It could be extended to hadrons 

by implementing a mechanism due to Glashow, Iliopoulos, and Maiani (GIM} /19/, where 

the hadrons in weak currents are represented by quarks. 

II 

In the GWS model all left-handed (negative helicity) fermions are assumed to transform 

according to doublet representations of sv2, while the right-handed (positive helicity) com

ponents are taken as SU2 singlets. Therefore, parity violation is put in by hand by assigning 

left- and right-handed fermions to different representations. This assignment is motivated by 

the fact that it is the simplest way to reproduce the successful V-A form of the charged-current 

interactions (Chap. 3). 

The minimal number of lepton (quark) SU2 doublets needed to describe the present 

phenomenology is 3: 

lepton' ( ::) L ~ ( ;-t (;c) L ( ~1 (2.10) 

qua,h ( ~~) L ~ ( :l ( :l ( :l (2.11) 

where m labels the doublet. u, c, tare the charge+~ quarks and d', s', b' are related by 

a unitary transformation /4/ (Kobayashi-Maskawa matrix) to the charge-~ fields d, s, b 

involved in strong interactions. 

Here the notation UmL resp. 11mR stands for the chirality states 

I 
UmL z(l+ts)Um, 

I 
11mR = 2 (1 -1s) Urn, 

(2.12) 

which are equivalent to -1 resp. -+ 1 helicity states if the mass is neglected. 

The fermions in the first two generations {m = 1 ,2) have all been found, whereas the 

last generation {m = 3) is still incomplete. 1/.,- has not yet been observed directly. One has 

indi.rect evidence /59/ from b-quark decays that the t-quark (top) must exist. Searches for 

top in the reaction e+ e- ---+ hadrons indicate /60/ that the mass of the t-quark, if it exists, 

must be above 22.5 GeV. Recently, events consistent with intermediate boson decays W---+ tb 

has been found /61/, from which the bounds 30 GeV < m 1 <50 GeV on the mass of the t

quark can be infered. The other quark flavours (up, charm, down, strange, and bottom) are 

well established with current masses /62-66/ satisfying ms ':::' 150 MeV, m, ':::' 1.2 GeV, mb ~ 

4.5 GeV ,m 11 /md = 0.47±0.11, and md/ms = 0.042~0.007. 

Fermion· boson couplings 

The fundamental fermions are assumed to carry the weak isospin (f) and the weak hyper

charge (Y) which for any fermion is given by 

Q~T3 +Y, (2.13) 

where Q is its electric charge. The weak and electromagnetic interactions are given by a 

SlJ2 X U1 symmetric interaction /68/ 

- -. I y 
i,nt = gJ"W" + g J" B" (2.14) 
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involving a set of gauge bosons lV and B which couple to weak isospin and hypercharge 
respectively. The currents associated with f and Y are 

lp = LF--rp~F (sum over all isodoublets F) 
F 

JY = L[h--rpYLh + fR·'"YpYR!R] (sum over all fermions f), 
I 

where i = (1'1 , 1'2 , 73 ) with 1'i being the ith Pauli matrix. 

Weak bosons 

(2.15) 

The gauge bosons are initially massless, In order to endow them with masses and to preserve 
the renormalizability of the theory, one relies on a spontaneous breakdown of the gauge sym
metry. It is achieved by introducing Higgs scalar fields into the theory whose self-interaction 
causes them to develop non-vanishing expectation values. This leads finally to a mass ma
trix for the spin-! particles whose eigenstates represent the physical particles with masses 
corresponding to t~e mass matrix eigenvalues (Higgs mechanism) /6/. 

The GWS model involves one complex doublet of scalar particles whose neutral member 
has a non-vanishing vacuum expectation value. As a consequence the theory is spontaneously 
broken, whereby three out of the four hermitian Higgs fields are absorbed in a redefinition of 
the gauge bosons, three of which (W+, w-, Z) are endowed with masses, while the fourth 
(the photon A) remains massless corresponding to the unbroken group Ujm. The fourth 
neutral Higgs is realized as a physical spin-zero particle and should be found. However, the 
experimental search for this predicted Higgs particle is very difficult since it is electrically 
neutral, conserves flavour and parity, and couples very weakly to low-mass fermions such as 
the electron and proton. With two or more Higgs multiplets, however, there should exist 
additional Higgs particles, left over after symmetry breaking, which do not have to conserve 
flavour, might have electric charge, etc. One might learn about such Higgs particles through 
virtual effects in low-energy processes, such as possible departures from a pure V-A structure 
of weak charged currents (due to charged Higgs bosons) or observation of lepton-number 
violating decays (due to flavour-changing neutral Higgs particles) /69,70/. 

Detailed studies· show that the mass matrix eigenstates 

w± ~ .2_ (w' ± ;w') 
p V2 J.l II 

(2.16) 

acquire the mass Mw~ ="' ~vg (v being the vacuum expectation value of the neutral Higgs 
field), whereas in the neutral sector the mass matrix eigenstates Zp (mediator of the neutral 
weak current) and A 11 (photon) are orthogonal combinations of the n€utral gauge fields w; 
and Bp associated with the sv2 and VI subgroups: 

A1, =sin Elw w; + cos Elw B 11 

Zp =cos Eln-' W! _:. sin Elw Bp. 

They have masses Mz = ~vJg2 + g12 resp. MA = 0, where 

g' 
tan 0w = 

g 

13 

(2.17) 

(2.18) 

defines the electroweak mixing angle (Weinberg angle). 

The unknown parameters g, g', and v in the model are constrained by the relations 
(2.22/2.26). Therefore, the vector boson masses are predicted in terms of the single parameter 
sin2 E>w: 

gu ( "'' )'/' 
Mw = 2 = ,;2G sinew 

Mz = .Mw = 74.6 GeV ' 
cos Elw sin 28w 

37.3 GeV 

sinElw 
(2.19) 

Higher order corrections to the lowest order amplitudes modify these predictions /71-75/. 
The precise form of these radiative corrections- finite by virtue of the renormalizability of the 
standard model- depends on the definition of sin2 Elw which depends on the renormalization 
scheme. The fact that these corrections turn out to be significant for the intermediate boson 
masses Mw-and Mz, which are predicted to lie 3-4% higher than the lowest order expecta
tions, is very ihteresting since a precise measurement of sin 2 9w and the boson masses would 
allow to test the theory to second order (Chap. 8). 

Interactions 

Rewriting the interaction (2.14) in terms of the mass matrix eigenstates w±, Z and A one 
obtains 

£int = }z (J;tw; + J;w:) 

+ [g sin ElwJ! + g' cos ElwJ;m - g1 cos ElwJ!] All 

+ [gcosE>wJ! -g1 sinE>wJ;m +g'sinElwJ!] ZJl, 

where the U1 symmetry current J: has been written as 

J':: = J;m- J! 

according to Eq. (2.13). 

(2.20) 

(2.21) 

If the second term in (2.20) is identified with the usual electromagnetic interaction eJZm AJ.l 
( e being the positron charge), one gets the so-called "unification condition" 

e = gsinElw = g_'cos0w (2.22) 

This leads finally to the interaction Lagrangian 

.L.nt = ~ (J;tw; + J;w:) + --
9
--Z11 (J!- sin 2 ElwJ;m) + eJ;m A11 vz cosElw 

(2.23) 

which contains a charged-current, a neutral-current and an electromagnetic contribution. 

ChargPd current 

The charged-current interaction 

r.cc ~ JL (J+w- + rw+) V2 ,. J.l ,. ,. (2.24) 
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leads, for momentum transfers Q2 small to Ma., to an effective four-fermion charged-current 

interaction 
CT G + 

£,ff ~ v'2 J,J, , 

where the Fermi coupling constant is given by 

G g' 
y'2 ~ SM.j, 

The charged weak current (SU2 symmetry current) 

2t!2 

'{ I -, I } 
Jp. = L im')'p.2(I +is)Vm + dm1~>2(l +'"Ys)um 

m 

consists of a lepton and a hadron part. 

Neutral current 

The weak neutral-current interaction 

£NC = __ g_ Zp (J!- sin2 9wJ;m) 
cosSw 

leads (for Q2 « Mj.) to an effective current-current interaction 

(2.25) 

(2.26) 

(2.27) 

(2.28) 

,Nc I g' (J' . 'e J'm) (J' . 'e J'm) G Jz Jz ( 29) 
J...ef J = M 2 2 ,. - sm - w ,. · ,.. - sm - w ,.. = 4 ;;:; p P. • , 2. 

2 zcos 0w v2 ~' 

where 1; is identified as the neutral weak current which couples to the massive neutral gauge 

boson Z,.. The parameter 
Ma .. 

p ~ -;-;c,---c,,
.Mfcos2 0w 

controls the relative strength of charged versus neutral current interactions. 

In the minimal GWS model (i.e. with only one complex Higgs doublet) one gets: 

MJ.,. = M~ cos2 E>w , 

(2.30) 

(2.31) 

a relation that still holds true if, for example, additional doublets and singlets of Higgs scalars 

are introduced. However, it would be spoiled by the existence of Higgs triplets etc. More 

generally, one finds /54/ 

M.j, 
l(v? (t; + ti -1;3)2) 

Mlcos2 0w 2 L v;t;3) 2 

(2.32) 

where the summation has to be carried out over the various representations of scalar fields 

with weak isospin ti; t~ 3 ) and Vi are the third component of weak isospin and the vacuum 

expectation value of the neutral member of the ith multiplet, respectively. 
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From the most general form of the third component of the weak isospin current 

J' ~ '\' f 1 [(I+ 1s) TL + (I- 1s) T"] f 
1' ~ I I' 2 3,t 2 3,t I 

(2.33) 

, 
and 

J;m ~ L Q fn,J;, (2.34) 

• 
one gets for the neutral current 

J; ~ ~ L fn, [(1 + 1s)T3~, +(I- 1s)T3~,- 2sin 2 9wQ,]f,, (2.35) 

where the sum extends over all fermions with charge Q; and third component of weak isospin 

Tf', for the \eft-handed resp. Tf, for the right-handed states. The assignments for the 

fer,mions inply T3~i = ±112 and rL = 0 in the standard su2;., VI model. 

Using the parametrization 

J; = ~ Llnp.!Yv,i + 9A,ns]/,, 

the axialvector (gA) and vector couplings (gv) of the fermion to the neutral current are given 

by, 
g, T3L - 13R 

T:f + Tf - 2 sin 2 0w Q. 
(2.36) 

gv 

2.7. Fermion mass eigenstates 

The original Weinberg-Salam model 116-18/ described only the weak and electromagnetic 

interactions of leptons. The model has then been extended successfully by replacing the 

hadron currents by quark currents within the framework of the quark model. The quark model 

/76-78 I describes many. aspects of the spectra, decays and interactions of the hadrons. Strong 

additional evidence for the quark picture was provided by the observed scaling behaviour in 

deep inelastic ep scattering 179-81 I. It supports the hypothesis that the nucleon consists of 

non-interacting point-like spin-~ constituents. 

These quarks (or partons as they were originally called in the scaling concept) carry 

two types of internal quantum numbers: the flavour quantum number (representing all the 

internal quantum numbers conserved by the strong interaction) and the colour quantum 

number. Each quark flavour- u, c, and t (electric charge 2/3) and d, s, and b (electric charge 

-113) - is believed to occur in three colour states. The underlying Lagrangian acquires 

an additional global invariance under a group suf which acts on the quark colour indices 

without changing the flavour. The baryons are believed to be made of three quarks (e.g. 

p = uud, n = udd), whereas mesons are supposed to be bound states of a quark-antiquark 

pair (e.g. n+ = ud, K"T" = uS, n~ = cd). All hadrons are assumed to be neutral with 

respect to colour. These a..<;pects are taken into account in quantum chromodynamics (QCD) 

182-85/, the theory of strong interaction. 
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How do now the quarks fit in su2 X ul? It is found experimentally by the study of weak 

charged-current processes that the rates of strangeness-changing (jt:J.SI = 1) semileptonic 
decays (involving u ~ s charged currents, e.g. A ...__.. pe- Lie) are lower by a factor of about 

20 compared with those of ll.S = 0 semileptonic decays (involving u ;:::::;: d charged weak 

currents, e.g. n---> pe- ile)· In order to save the universality of weak interaction, Cabibbo /3/ 
hypothesized that the most general charged hadronic weak current is a linear combination of 

t:J.S = 0 and lt:J.SI = 1 currents. In terms of quark degrees of freedom it can be written as 

Jhadr. = d1,~(1 + -y~)ucos9c + .S1J.I~(l + 'i's)usin9c 
1'- ,..2 2 

- 1 -/ 1 
(dcosec + .ssinBch~-'z(l + 15)u = d '}lz(l + ls)t~, 

(2.37) 

where 9r is the Cabibbo angle. This current is of the V-A form. But this does not imply 

that for the hadronic matrix elements the axialvector and the vector form factors will be 

identical since the weak interactions among quarks are expected to be modified by the QCD 

strong interactions which bind those quarks into hadrons. 

v. 

K• 
u 

Fig. 2.3 

•• • •• 

u 5 (j 

n K• -----------
u u 

(a) (b) 

Diagram for the charged-current process K+ + n°e+ve (a) and 
neutral-current process K++n+e+e- (b) in terms of inter
mediate bosons. 

u 

n• 

To incorporate the current (2.37) into the SU2 x U 1 model, one assigns the quarks under 

the weak SU2 group as 

(dws0c:.sin0ct ~ (;,), ;uR,dR,'R· 

This assignment, however, predicts the existence of substantial strangeness-changing neutral 

currents (IL\SI = 1), since the neutral weak current J; contains now a piece which mixes the 
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• 
d and s quark (Eq. 2.33). This is in sharp contradiction to the experimental data which put 

quite stringent limits on the existence of strangeness-changing neutral currents /86/. The 
strangeness-changing neutral-current process K+ --+ n+ e+ e-, for instance, is suppressed by 

at least five orders of magnitude relative to the already Cabibbo-suppressed charged-current 
decay K+ ----t n°e+ //e. Fig. 2.3 shows the diagrams in terms of intermediate bosons for both 

decays. 

The solution to this problem, presented in 1970 by Glashow, Iliopoulos and Maiani ( G/M 

mechanism) /19/, was to add an extra weak doublet which contains a new quark (charm) 
and corresponding to d' an orthogonal linear combimation s': 

( c ) (') = 'CR 
-dsin9c +scos8c L s' L' · 

On the one hand, the existence of this new doublet adds new pieces to the charged current 

(2.37) 

h•d• -1() I()' JJL · = d1il?. I +1s ucosec + S1p?. I +1s usm0r 

- I I 
- d1P 2 (1 + 1s)csin Be + S)p 2(1 + 1s)ccos 0c (2.38) 

-, I ( ) , I ( ) 
= d 1il- I + 1s u + S 1il- I + ')s c, 

2 2 

implying that in the GIM picture the c --+ d transition amplitude ( ~ sin 0c) should be 

suppressed relative to that for the c--+ s transition(.-.... cos0c). This will result in a prepon

derance of strange particles in the decays of charmed particles, in agreement with observation. 

On the other hand, the weak neutral current has now no lowest-order strangeness

changing pieces, since the 1as1 = 1 neutral currents from the new weak doublet cancel 
the ones from the first doublet. The next to lowest order terms depend on the quark masses. 

The experimentally observed decay rates are compatible with the mass difference of the c

and u-quark. 

The Cabibbo-GIM formalism has to be generalized to take account of the mixing of the 

third generation quarks b, t with the first and second generation sector and to insure the 
absence of flavour-changing neutral currents. The three-doublet (six flavour) generalization 

of the Cabibbo-GIM structure is originally due to Kobayashi and Maskawa /4/. Here the 
mismatch between the states d', s', b' (2.11) with definite weak interaction properties and the 

eigenstates of the mass matrix (which the unprimed quark labels refer to) is characterized by 

a generalized unitary Cabibbo matrix UKM. sometimes referred to as the KM (Kobayashi

Maskawa) matrix: 

(::)~VKM(:) (2.39) 

It can be shown /57/ that the neutral current. couplings are diagonal both in the primed 

and unprimed basis. This ensures automatically flavour conservation in the neutral current 

couplings. 
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In the six quark case, UKM is a 3 X 3 unitary matrix with nine real parameters: 3 mixing 

angles (generalized Cabibbo angles) and six relative phases of quarks. A redefinition of quark 

phases can transform away only five of the six phases. The remaining phase is important and 

welcome because it allows for an elegant accounting of CP violation in the theory I 4,87 ,88/. 

The mixing matrix UK M can be written in the form 

( 
c, 

UKM = - C2SJ 

SJS2 

C3S1 

c1c2c3- s2s3eili 

- C1C3S2- C2S3f.ili 

'"' ) CJC2S3 + C3S2f.ili 

- C1S2S3 + C2C3f.ili 

(2.40) 

where s.: and c; represent sin 9; and cos 9.: (9.: denoting the generalized Cabibbo angles) and 

6 the CP violating phase. 

CP violation has only _been observed so far in the K ~f< system. Of particular importance 

are the amplitudes for Ks,L --+ 1f1f decays. Possible experimental test's to distinguish the 

different models accommodating CP violation may be provided by precise measurements of 

the ratios 

A(KL--+ 1f+1f-) I 

17 +-- = A(Ks --+1f+7r) ::::{+£' 

(I (I) 
A(KL--+ 1f r. ~ t- 2f 1 

17rJo = .4.(Ks--+ 7ro1fo) 
(2.41) 

and the weak interaction contribution to the electric dipole moment of the neutron d'N. f 

is the CP impurity parameter which measures essentially the departure of mass eigenstates 

in K 0-k0 and analogous particle systems from being CP eigenstates. The parameter f 1 

characterizes the difference in phase of the weak amplitudes for K 0 --+ 1r1r (isospin I= 0) and 

K 0 --+ 1f1f (I = 2). The present status of experimental and theoretical knowledge on these 

parameters is summarized in 189,901: 

In superweak theories /91/ all of the CP violation arises from the mass matrix, implying 

f
1 = 0 and 17+-/'1/oo =I. 

In gauge theories CP violation can arise t-hrough: 

i) quark mixings as in the KM model, predicting li'/£1 S 0.02 (l' If is almost certainly 

positive /90/) and ~+-/~oo ~ J /92/; 

ii) Higgs couplings (for more than one doublet.} /93-951, giving k'l!l s; 0.02 but a 

rather large d~ - 10-25 e-cm compared with dfv '""' I0- 32 e-cm in the other model; 

iii) more gauge bosons 1961 (for example SUn x SU2R x UJ), giving (1
:::::: 0, 17+-/17uo 

different. from unity, and dfv ....__ w- 25 e-cm, 

or a combination of the above mechanisms. 

The experimental data impose constraints on the KM parameters ll,1 , showing that 

the diagonal elements are large and the couplingR bcconw weaker as th<' quark generations 

involved in the mixings become more distant /97 f. The tot.al hadronic charged current is in 

the sequential six quark scheme gi\·en by 

J;''' ~(u,c,i)-r.~(l+os)UKM (;). (2.42) 
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In the lepton sector, the neutrinos are assumed to be massless. Therefore, any possible 

mixing of the mass eigenstates can be removed by a redefinition of the neutrino fields /98/. If, 

however, the neutrinos are massive and there are no global conseryation laws of the different 

lepton numbers, there will in general exist mixings between the lepton generations (2.10} 

similar to those in the quark sector /48/. Experimental methods of constraining neutrino 

masses and mixings can, for example, be found in 199-1011. 

2.8. Alternatives to the standard model 

Whereas until recently mainly theoretical reasons justified the demand for extensions of 

the standard model, now new experimental discoveries, if confirmf:d in further experiments, 

provide evidence for such extensions. A number of classes of unusual events has been observed 

in the fJp collider experiments (e.g. radiative Z 0 decays /1021 of unexpectedly high rate 

and of unusual kinematic configuration, jet events with large missing transverse momentum 

I 103,104 I, and dimuon events containing an abundance of strange particles I 105/) which are 

difficult to be accommodated in the standard model. 

Another potential problem for the standard model may arise from a ·new experimental 

result 189/ indicating that the ratio £11£ is negative, whereas the standard model predicts 

probably a positive l
1 j£ value I90I. Furthermore, if weak CP violation is explained within the 

KM framework of the standard model, the long b-quark lifetime n = (1.5 ~ 0.4 ±0.3) ·10- 12 s 

/106/ involves at-quark mass significantly higher than the possible value extracted from the 

UA1 experiment /61/. 

Finally the already mentioned indirect hints for neutrino oscillations (Chap. 2.5) ob

tained some support by the recent possible evidence for neutrino masses and/or neutrino 

oscillations 1101/ indicating that extensions to the standard model may be demanded. 

Such extensions have been obtained, for instance, by varying the number of fermion 

generations or their SU2 representation assignments, by increasing the number of Higgs 

fields or changing their multiplet structure, by enlarging the symmetry group, by using a 

supersymmetric framework /108/ where bosons are related to fermions, or by assuming that 

the bosons and/or fermions are composites 1107 f. 

An increase of the number of Higgs fields implies that there will exist additional neutral 

and charged Higgs particles left over after symmetry breaking. This may involve Higgs 

mediated flavour-changing neutral current effects and possible contributions to CP violating 

effects /69,70/. In models involving Higgs triplets or higher multiplets the mass relation 

(2.31) would be spoiled (i.e. p 1- 1). 

The possibility to modify the standard model by increasing the number of lepton and/or 

qua_rk generations turns out to be very restricted. Cosmological arguments 1109/, based on 

the observed abundance of primordial helium, suggest that the number of neutrinos (with 

masses m.., s; 1 MeV) should not be greater than 4. The best laboratory limits on the number 

n.., of light neutrino species are nv < 6 (25) from indirect_(direct) limits on the Z width 120/. 

A theoretical limit on the number of quark fla\•ours can be set by demanding asymptotic 

freedom for the strong interactions. QCD interactions become weaker for high momentum 

transfers (i.e. short distances) as quantified by the running strong coupling constant 1110/ 

a,, (Q') Qz__,,oo
~ 

33- 2N 1 
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.ln(Q'/A 2 )' 

• 

(2.43) 



with Nt being the number of quark flavours (actually, only those quarks which are light 

compared to JQ2 are counted in Nt}· The requirement that a 5 has to be greater than zero 

for Q2 > A2 leads to 2NJ < 33, i.e. the number of quark doublets Nn (= NJI2) must be, at 

most, eight. 

The measurement of the parameter p which controls the relative strength of charged

vs. neutral-current interactions can be used to put bounds on the mass of possible heavy 

fermions. In the standard model p is equal to unity, but radiative corrections with a fermion. 

loop in the W and Z propagator modify this value. For example, a doublet of fermions with 

masses mt and m 2 leads to a correction top given by /111/ 

{ I} G [ 2mlml ml 2 '] 
p = 1 + 

3 
~ 2 2 In~ + m 1 + m 2 , 
8v2r. 2 m 1 - m 2 m 1 

(2.44) 

where the factors 1 and 3 (colour) apply to leptons and quarks respectively. In particular, 

for a quark doublet (!)one obtains /112/: 

3Gm
2 

( m )' 
P- 1 ~ Syi2r.:z ~ 2.8. 10-:z 300 Ge\' (2.45) 

The present limits on pimply that m:::; 300 GeV. The existence of bounds on the fermion 

masses suggests that the number of fermion generations are limited. 

Further customary modifications to the standard model are obtained by changing the 

multiplet structure of the fermions in that way that some right-handed fermions are placed 

in doublets, too (b-quark models /113/, q-quark models /114/, vector models /115/, etc.). 

Experimentally there is only evidence (and only at low energies) that u, d, and s couple 

in a left-handed way (.8-decay, success of Cabibbo theory in semi!eptonic hyperon decay, y

distributions of di-leptons in neutrino-hadron collisions). In principle UR and dR could be in 

a higher multiplet with heavier quarks. If one allows that the right-handed fermion f R has 

a component f R cos a 1 in a singlet but f R sin a 1 is in a doublet, then the experimental data 

place the following limits for such a mixing /29/: 

~in2 O'u :S 0.103, :;;in 2 
Cld :::; 0.348, sin2 a~ ::::_ 0.064. 

The extension of the standard mod~] by adding the extra group factor SU2 n leads to 

left-right symmetric models /116/ which thus are based on the gauge group su2L X su2R X 

Ut. The subscripts mean that left-handed fermions are assumed to transform as doublets 

and singlets with respect to SU2L and SU2R, respectively (and correspondingly for right

handed fermions). The structure of these models is arranged so that no large right-handed 

charged currents appear between the known leptons and quarks so as to avoid experimental 

contradiction, This can be done either by arranging the doublets under SU2R carefully or 

by introducing appropriate Higgs mesons which ,guarantee that the charged boson which 

mediates all right-handed processes is very heavy. ( M'6,
8 

> 10M{vL from the success of 

the V - A theory in various decay processes and MwH > 1.6 TeV from the evaluation of 

higher-order charged-current contributions to M K L" - M K ,·" /117 /). Choosing the second 

option implies that parity violation observed at low energies is attributed to an accident of 

spontaneous symmetry breaking. Depending on the details of this symmetry breaking, the 
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neutral current interactions in these models may or may not be the same as in the standard 

model. Quite generally, the effective neutral-current interaction Lagrangian resulting from 

such theories can be parametrized as: 

f~j = 4 ~ [PL (J!L- sin 2 E>wJ;m)
2 

+ PR (J!n- sin 2 BwJ;m)
2 

- 2PLR (J!L - sin2 E>wJ;m) (J!n - sin2 BwJ;m)] , 

where the standard model is obtained in the limit PL = 1, PR = PLR = 0. 

(2.46) 

The term proportional to PR escapes in neutrino-induced reactions because available 

neutrino beams are left-handed. It should show up in parity-violating weak-electromagnetic 

interference effects. Neutrino data may be used to constrain PLR, the relative strength of the 

left-right symmetric contribution. This class of models has two neutral intermediate bosons 

zp and z~ whose masses M I and M:z are given by 

(
37.3)' (37.3)' ' ' . 2 M; + M:z =sin E>w[(l-sin 9w)(PL+PR)+2sm BwPLR] Gev-:z 

(
37.3)' (37.3)' ' . ' ' ' M; . M2 =sin Bw(1- 2sm ew)(PLPR- PLR) Gev- ' 

(2.47) 

where the mass of the lighter of the two Z bosons (Z?l is lower than the standard theory 

limit (2.19). 

Supersymmetry (SUSY) /108/ is also being considered as a possible non-trivial exten

sion of the standard theory. It is a symmetry which can transform bosons into fermions and 

viceversa. There are simple supersymmetries (only one sttpersymmetry generator) and ex

tended supersymmetries (more generators). Since no fermion-boson degeneracy is observed 

in nature, supersymmetry must be broken. SUSY provides new particles (so-called sparticles: 

sleptons T, squarks ij, gluinos g, "light" Higgs, ... ) that may be responsible for the recent 

experimental discoveries. It makes substantial contributions to weak CP-violating processes, 

thus resolving the incompatibility between measured long b-quark lifetime and the possible 

UAI t-quark mass region /105/. 

It was shown by Bjorken /23/ and by Hung and Sakurai /24/ that the effective La

grangian of the standard model can be reproduced by assuming a global SU2 symmetry with 

universality and electromagnetic mixing of the neutral field w: with the photon field Aw 

This W 0-1 mixing implies that the W 0 is a composite object containing charged constituents 

/68/. As a result of this mixing with strength ). one obtains a neutral weak boson with a 

mass shifted upwards with respect to the charged bosons w±: 

Mw 
Mz ~VI->.' 

At low Q 2 , the effective neutral current interaction becomes 

c ~ 4G (J'- :u•m). (J'- :u•m) 
v'z~'g~-' ~-'g~' 
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(2.48) 

(2.49) 



Both the strength (p = 1) and the J!- "sin2 E>"J;m structure of the standard model are 

reproduced, provided one identifies >..ejg as "sin2 0". Thew± and Z masses, however, do 

not necessarily coincide with the GWS model relations (2.19). One expects a weaker mass 

relation /24/ 
Mw = 37.3 GeV 

"sin2 0" .>. 

37.3 GeV . .>. 

Mz = "sin20" )1- ).2. 
(2.50) 

The standard model mass spectrum (2.19) is obtained only if the \l' 0-1 mixing parameter is 

fixed by the "unification fondition"' .>. 2 = e2 Jg 2 = "sin 2 E>". 

If one allows a whole spectrum of weak bosons (discrete or continuous), W-J mixing 

leads to an effective neutral-current Lagrangian of the form /21,22/ 

,NC 
"-tff 

_ £"tandard , 4 .E_C (J'm) 2 

- eff T v'z jJ • 
(2.51) 

The extra term (C > 0) remains in\'isible in neutrino interactions because the neutrino 

has no electric charge and escapes also in parity-violating electron-quark processes because 

it is purely parity-conserving. It could potentially be dectected in Bhabha scattering and 

in elt>ctron-positron annihilation into muon or tau pairs. As pointed out by Gounaris and 

Schildknecht /liB/, the C term measures the deviation of the total e4 e- cross section from 

the standard theory, integrated over all energy with the weighting factor 1/s: 

1 If ~o(e~e---+ ALL! rn"E -If ~o(e-+e---+ ALLj.-usv ... rw c _ e 1 
T_HE"F'\ ~ TIIE"TI\ 

- 16 If ~o(e·f e· --+ALL: -'TANDAr.o 
' THE<!ll\. 

(2.52) 

In more radical subcomponent models both bosons and fermions are allowed to he com

posites /105,107/, whose constituents arc held together by a strong confining interartion. 

Such theories may eventually explain the weak inl<'raction energy scale and the nature of 

the lepton and' quark generations and their mixing angles. The rich structure of composite 

models has been exploited in order to explain the recent experimental discoveries at the fip 

collider /119/. Composite fermions would imply th<' existence of excited leptons and quarks 

(explaining the radiative Z 0 decays via Z 0 --+ u· --+ llj·), while composite gauge bosons 

would support the existence of a scalar or pseudoscalar partner X 0 of the Z 0 (allowing thus 

Z0 
___, 1Xo--+ tll). 

2.9. Neutral current parametrization 

In the following it will be assumed that neutral-current phenomena at low energies (i.e. 

s, Q 2 « M£) can be decribed by an effective current-current interaction between the different 

types of elementary fermions: neutrinos, electrons, muons and quarks 

£~/} = .evil+ .eve+ cH + .C~' +... (2.53) 

where fvH contains the terms relevant for neutrino hadron scattering, etc. The various 

branches of the neutral current network (Sakurai tetragon /120,i, Fig. 2.4) can then be 

parametrized in the following way /29,31,68/. 
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Fig. 2.4 Sakurai tetragon of neutral-current interactions. 

The neutrino-hadron interaction .c.vH is of the form 

G 
£v11 = -D--y~-'(1 + "'5)vJH V2 . ' " ' (2.54) 

where the fact is used that in accelerator beams the neutrinos are left-handed (Chap. 3) and 

where the hadronic neutral current is given by 

J;' ~ Li<L(i)q,o,(l + o;)q,! + [<R(')q,o,(l- o;)q,] 

= L q,--y" (gV + 9~/s) q, 
(2.55) 

The sum extends over the quark flavours (q, = u,d,s,c. .. ). The vector (gV) and axialvector 

couplings (g~) are related to the left-handed (£L) and right-handed chiral couplings (fR) by 

gy = fL(i) + £R(i) 

g~ = £L(i)- fR(i) 
(2.56) 

If generation universality holds, one expects for the neutral-current parameters: 

fL,R(c) = £L,R(u) i <L,R(') ~ <L,R(d) · (2.57) 

The quite stringent upper limits on strangeness and charm changing neutral currents strongly 

suggest, also do not necessarily imply, the validity of this assumption /29/. 

In addition an alternate notation is used which emphasizes the isospin structure /31/ 

(Sakurai's notation) 

H Q r- - , ~ r- - 1 jl-' = - U/pU- d'"iiJdj + - tlj1J')5U- d/Ji/5d 
2 2 

1 I - I b. - ' +- u--. u+d"' d + -tiir· ,.,,u- d--. "'sdl +··· 2 [ 1/J lji J 2 ~ !J. I~ 1/J. I J 

(2.58) 

= av; + !3A! + 1V~ + bA~ + · 
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where Vj! (V~) is the isovector (isoscalar) vector current, and similarly for A~ (A~). The 
dots denote analogous terms for heavy quarks. The relationship between these two sets of 
couplings is 

I 
<du) = 4(o + 13 + ') + o) 

I 
<R(u) = :j(o-fl+'l-o) 

I 
<L(d) = -(-o-fl+1+o) 

4 
I 

••(d) = -(-o + il +,- o). 
4 

The effective Lagrangian for neutrino-electron interactions is written as: 

with 

where 

£"e _ G - )2"'"(1 + 'ls)v J' 
" 

J; = tL(e) h~'(l + ts)e + lR(e) f'1p(1 -1s)e 

= e1~' (g{r + g~Js) e 

gy = <d') + ••(') 
g~ = tL(e)- lR(t). 

(2.59) 

(2.60) 

(2.61) 

(2.62) 

The parity violating Lagrangian in the electron-hadron interaction (and equivalently in 
muon-hadron interaction by replacing e by J1. if 11-r. universality holds) is parametrized as: 

G 
.c.eH = 

10 
L[clilJ~'Jse·ij,'),...q; + C2;lt~'e·iJn,..Jsq,j 

v2 i 

G - -
= J2 l••"w (av; + W~l + ,,,, (ilA! + oA~) + .. ·I, 

(2.63) 

emphasizing that this effective Lagrarlgian has the form: Alepton · Vquark + Vlepton · Aquark· 

The two sets of coupling constants are related by 

I(- -) Ctu = 2 a+ 1 , 

I ( - -) C 1d = 2 -a +1 , 

C2u = 

c2d = 

I - -
2(/l+o) 

I -2(-il+b). 
(2.64) 

Finally, the effective interaction Lagrangian for electron-positron annihilation into muon 

pmrs is 

£ep. -
G .J2 [hvv (elpt'. + ~'lpJJ.) (et~'e + [qP 11 ) 

+ 2hvA (e'lpt + Jn,..JJ.) (e1~'1se + Ji.J~'JsJl.) 
(2.65) 

+ hAA (e1,..1se + Ji.'lp/sJl.) (e1~'1se + JlJ~'JsJJ.)] 
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where JJ.-e universality has been assumed. If 11-r.-r universality holds, the interaction relevant 
for e+e- --t r+r- can be derived from (2.65) by replacing 11 by r. 

The neutral-current parameters defined in this section are independent of specific weak 
interaction models. Their expressions in terms of the parameters of specific models can 
be obtained by comparing the above model-independent parametrizations with the effective 
Lagrangian of the different models (e.g. Eqs. 2.28, 2.46 or 2.51). The 13 coupling constants 
in terms of the su2 X ul parameters (p and T3n arbitrary, T3L = ±1/2) are listed in Table 
2.4, together with the corresponding expressions for the one-parameter standard SU2 X ljl 

model. 

The phenomenological aim of neutral-current physics is to determine all the discussed 
couplings. It is clear that, if the effective Lagrangians are all generated by a single intermedi
ate boson, connections will exist between different sectors. They take the form of factorization 
relations /121/ which relate the coupling constants entering the eH and t'./1 Lagrangian to 
the vH and ve couplings. These factorization relations may be schematically visualized as 
shown in Fig. 2.5. 

>-'·<. }'·{ = }'"{. t'·~ 
Fig. 2.5 Schematic representation of factorization. 

Any single process can only measure the product of the two relevant coupling constants 
(e.g. B · C for electron-hadron scattering). The factorization hypothesis implies that the 
coupling strengths thus extracted will satisfy the expression stated graphically in Fig. 2.5, 
i.e. 

A·A X B-C=A·B X A-C. 

This is certainly true if all neutral-current processes are. mediated by a unique intermediate 
Z 0 boson, but generally will not be true if there are more than one Z 0 /122/. 

For models with a single Z 0 boson and under the assumption of we universality, the 
interactions appearing in the neutral-current tetragon of Fig. 2.4 (involving 13 phenomeno
logical parameters altogether) are completely determined by specifying seven independent 
parameters corresponding to the couplings of VL, UL, dL, t'.L (and J.Ld, UR, dR and t'.R (and 
JlR ). Thus six factorization relations must exist which impose testable constraints on the 
data /121/. From the example illustrated in Fig. 2.5 one can derive 

1/"ii = 1/0 

X(ri=ofil 

gVfg~ = a'PJfJO.. 
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Table 2.3. Values of the neutral-current parameters in the su2 X ul model 

where x = sin
2e W. The (minimal) GWS model is the special case 

D = 1, r;R = T~R = T~R = 0 of the general SU2 x Ul model /31/. 

Parameter su
2 

x ui. general SU
2 

X u
1 

minimal 

a p [ l+(T~R - T~R) -2x] l - 2x 

s p [l-(T~R- r;R)] l 

vH 
[ u d 2 l 2 

y p (T3R + T3R) - Jx - 3x 

6 -p [ T~R + r;R ] 0 

c: 
p [- -} + r;R + 2x J 

l - 2 + 2x 

v• 

-p [ i + r;R ] 
l 

gA - 2 

(hvv 
[ l ' ]' P - 2 + T3R + 2x [- i' 2x]

2 

lM [ l ' ]' 
l 

" p 2 + T3R 4 

hVA -p [.!. + Te J [- l + Te + 2x J l 
2 3R 2 3R 

4 - X 

;; ~2 p [ t + r;RJ [l+(T~R- r;R)- 2x] - (l - 2x) 

-
2 o [- i + r;R + 2x J [ 1-(T~R- T;R)] s - (1 - 4x) 

'" -
-2 P [ i + r;RJ [ u d 2 l 2 

y T3R + T3R - Jx 3x 

-
-2 p [ - .!_ + Te + 2x J [ T~R + r;R ] 

0 
6 

2 3R 
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The first two relations mean that the isoscalar-isovector ratios measureable in eH interactions 
must be equal to the corresponding ratios measurable in vH interactions. The third relation 
implies that. the vector-to-axialvector ratio in ve scattering can be infered from vH and eH 
experiments. The remaining three factorization relations all concern the lepton sector 

hvv = g(/c~ 

hAA = 9~
2 

jc~ 

hvA = JhvvhAA = gyg~jc~, 

(2.67) 

where c~ is a model-dependent positive quantity proportional to the square of the Zvv 
coupling constant: 

'"" G '[- l I L,ff = v'zcv v1"(1 + 1s)v · D1"(1 + 1s)v]. (2.68) 

In su2 X ul g'auge models c~ = 4p (r;L)2 
and thus c~ = p for r;L = 4· 

One can write down from these relations various factorization tests. So it turns out that 
one gets a practicable test by combining the relations {2.66) since 'fi and 6 have not yet been 
determined separately: 

"v 
g~ 

(a+ 1/3) (/f + b/3) 
(a+ ~/3) (/3 + h/3) · 

(2.69} 

The right-hand side can be evaluated from neutrino hadron data and the SLAC asymmetry 
ed experiment. 

Bernab€u and Jarlskog /123/ pointed out that there are two relations among the neutral
current couplings which are a consequence of the existence of an underlying SU2 X U1 gauge 
symmetry for low and medium energies and which do not rely on a particular model: 

2<~- (a+ /3) + 3(-r +h) = 0 

2(g~ + g~) +(a+ /3) + 3(1 + 6) ~ 0. 

A similar relation by Sidhu /124/ provides a more specific test of the GWS model: 

(o- {3) + 3(1- h)+ 2(g(. - g~) ~ 0 

For more general su2 X VI models this has to be modified to: 

(o- /3) + 3(1- 6) + 2(g(. -g~) ~ 4c~[2T;H + TfR + T;R] · 

(2.70) 

(2.71) 

(2.72) 

(2.73) 

To test the standard model one can ei1her analyse each process of the neutral current 
t.etragon (Fig. 2.4) in terms of its own characteristic param('ters and subsequently check 
whether the factorization relations are satisfied, or analyse all processes in terms of the seven 
independent parameters { VL, UL, dL, eL, UR, dR, eR) and see if a unique solution exists. 
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3. CHARGED CURRENT STRUCTURE 

3.1. Introduction 

.8-decay processes of nuclei and decay processes of elementary particles (such as Jl, r, 

1r decay) played an important role in helping to formulate the weak interaction theory. It 

was proposed in the late 1950's /125/ that the effective charged weak interactions are of the 

current-current form with a V-A space-time structure for each current, implying maximal 

parity violation. This so-called V-A theory was etablished by a variety of crucial experiments 

/12&-129/ and is still in agreement with all experiments. In describing neutron fJ-decay 

n __.... pe- D~, for instance, one starts from the most general interaction Lagrangian given by 
formula (2.1): 

£ ~ ::z L [t>f;n]· [ifi(C,+osC:Jv,J, 
2 i:=V,A,S,P,T 

(3.1) 

where, for abbreviation, the particle symbols are used instead of the spinors. The leptonic 

current can be decomposed into two parts 

~(Ci+C[}efi(1+")'5)ve + ~(C;-C:ltf;(1-")'5)ve. 

where the expression (1 + ls)ve projects out the negative helicity state (veL) and (1 - ls)ve 
the positive one (ven ). The helicity of a fermion with momentum fi and spin ~a is defined 

by H = a· P/IP1· The neutrino helicity was first determined in an elegant experiment by 
Goldhaber and co-workers /126/ to be H..,= -1. This implies maximal parity violation (i.e. 

C; = Ci) and reduces formula (3.1) to 

G 
£~ v'z~[t>f;n]·[H;(I+os)v,]c,. (3.2) 

A theory of neutrinos formulated on only the basis of a left-handed (or right-handed) com· 

ponent is known as two-component neutrino theory /130-132/. Theories of this kind cannot, 

by itself, decide whether the neutrino is left·handed (H..,= -1) or right-handed (H..,= +1). 
The experiments clearly favour the solution with left-handed neutrinos and right-handed 

antineutrinos. 

Since 1s anticommutes with f; for V, A couplings and commutes with f; if the couplings 

are of S, P or T type, the lepton current in (3.2) is 

efi{I + 1s) v, ~ { e(l + 1s) f;v, 
e(1- '"'/5) rwt 

for i=S,P,T, 
for i=V,A. 

(3.3) 

S, P, T type interactions should therefore produce a right-handed electron in neutron (3. 

decay, whereas a left-handed final-state electron is expected for V, A type couplings. The 

experiments /133/ show that the electrons in p--decays have a polarization P~ = -1.001 

± 0.008, implying thus the dominance of vector a~d axialvector currents in nuclear {3-decay. 

If possible small S, P, T contributions_ are neglected, the formula (3.2) reduces to 

G 
£ ~ v'2 [t>o, (Cv -o,CA) n]· [eo, (I+ os) v,]. (3.4) 
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Measurements show that V and A couplings contribute with about equal amount but opposite 

sign. The fact that CA/Cv = -1.250 ± 0.009 in nuclear .8-decay /134/ was attributed 

to a "'renormalization effect" due to strong interactions, so that in the absence of strong 

interactions, one should have CA = -Cv, i.e. pure V-A . 

The standard SUn x U1 model is a renormalizable realization of this V-A hypothesis. 

Within the framework of this model, the charged current phenomena are described by the 

interaction Lagrangian (2.24) which reduces at low momentum transfers (Q 2 « Ma.,) to the 

phenomenological current-current form (2.25), as discussed in Chapter 2. In the standard 

model the V-A structure of charged currents 

J, ~ (u, c, i)L1,UKM (:) L + (0., o,, O,)Lo, u~) L (3.5) 

is exact and due to the asymmetric assignment of chiral fermion states (Chap. 2.6). The many 

extensions of the standard model, however, include charged current interactions with other 

space-time structures. Therefore, careful studies of the structure of charged weak interactions 

are of interest for detecting possible small departures from the standard model. 

In left-riyht symmetric models /116/ based on the SUn X su2R X Ut gauge group, the 

assignment of chiral fermion states is symmetrical. The observed predominance of the V-A 

nature of the charged currents is then due to the mass difference of the two groups of gauge 

bosons (Wf, Wff), implying Mwfl ::Y MwL for the boson masses. The right- handed vector 

bosons can induce V+A interactions, so that the observed preferential V-A structure of the 

charged weak interactions could be a strictly low-energy phenomenon. The charged current 

sector of left-right symmetric models can be parametrized in terms of only two parameters, 

the ratio C of the two boson masses squared (6 = Ma.,L;Ma.,[l) and their possible mixing angle 

~· Pure V-A is recovered in the limit ~ __.... 0 and 6 ~ 0. 

Many family unified theories which try to explain the experimentally observed replica
tion of the fermion families (i.e. mixing angles and mass ratios between the various fermion 

generations, etc.), predict the existence of so-called mirror fermt.ons which may have V+A 

couplings /135/. They may mix with ordinary fermions and thus give rise to a small V+A 
component in charged weak interactions even in the low-Q2 region, depending on the mirror 

fermion mass scale /136/. The origin of such right-handed components is in general indepen· 

dent from the source of the Wwmediated contributions in left-right symmetric models. 

Deviations from pure V-A are also expected in models with charged Hiygs bosons con

tributing as the intermediary to the charged weak interactions /30/. Charged Higgs bosons 

arise naturally in the GWS model with a complex Higgs structure (two or more Higgs mul

tiplets) /69,70/. The Lagrangian for the charged Higgs couplings can be written as /69,70/ 

£ 'I/O {-[L (I+1s) R (1-os)l '} + =2 .. vGmH+ fo. 11, -
2

- +o.11• -
2

- I H +h.c., (3.6) 

where f and f' are two fermions differing in charge by one unit and mH+ is the mass of the 

charged Higgs H+. In general the effects of charged Higgs particles will lead to a scalar or 

pseudoscalar interaction at the four-fermion level with effective strength"""" G ( o.7J~) 
2 

and to 
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a violation of f.l-e universality. But aJJ' and a71, must be small because of the success of the 
V-A theory. Theoretically these coupling strenghts are predicted to be roughly determined 

either by the mass of the fermions the Higgs intera~_:t with (o.;;7. ~ [mJ + mr)/mu-+), or by 

the mass mF of some heavy fermion F (o.~j~ '""mF/m 11 ~) /69,70/. Because mH is likely 
to be at least several GeV /137,138/!·high-precision experimen'ts are needed to detect the 
effects of charged Higgs in low-energy processes. 

In composite models /105,107/ where the intermediate bosons, as well as the quarks and 
leptons, are composites of fundamental constituents (rishons, preons, etc.), bosons with a 
higher spin may occur, giving rise to tensor couplings /139/. 

This demonstrates the necessity to test the V-A structure of charged weak interactions 
even at low energies in order to rule out or etablish some of the possible alternatives to the 
standard model. 

3.2. Decay experiments 

Essential experimental information concerning the Lorentz structure of charged-current 
weak interactions (i.e. the determination of the 10 complex coupling constants Ci and c: 
in the Lagrangian (2.1)) has been obtained from a series of experiments studying decay 
processes. They have mainly been designed to detect parity-violating effects by measuring 
pseudoscalar quantities such as < a > ·fi1 in decay processes of elementary particles /140,141/ 

or< I> til in ,8-decay processes of nuclei /142-144/. 0 and p/ are the spin and the momentum 

of the decay lepton respectively, and I is the spin of the polarized nuclei. In the low-energy 
and low-momentum domain accessible to such decay reactions, the data are in good agreement 
with the effective \'-A coupling, still admit, however, relatively large deviations from it. This 
will be quantified in the subsequent sections. 

3.2.1. Nuclear ,B-decay 

Deviations from the effective V-A coupling may be determined by measuring the longi
tudinal electron (positron) polarization in nuclear .8-decay, predicted to be P = =r A~ for e'f, 

where the factor A accounts for small Coulomb and screening effects. The current status of 
these measurements has been summarized by Koks and van Klinken /145/ who measured the 
polarization for low-energy electrons by analysing the decay products from 3 H-decay (Fig. 
3.1 ). 

The v /c-law agrees with the V-A prediction within '"" 1 %for rather slow electrons (3 H
decays) as well as for relativistic electrons (32 P, 0°Co Gamow-Teller transitions). This can be 
translated into an upper limit of~ 10% on the contribution from a possible V +A amplitude, 
since the polarization measurements directly determine /30/ 

(1Cv-AI 2 -ICv+Ai') / (1Cv-AI 2 + ICv+Ai') (3.7) 

The anomalous behaviour of older polarization measurements in the intermediate energy 
region (Fig. 3.1) is still not very well understood. 
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screening effects. 

:Kuclear 0-decay data allow to constrain the parameters 6 (= .Ma,.L /M'd,.F) and~ (H-1L-WR 
mixing angle) in left-right symmetric models. As can be seen in Fig. 3.3 which shows the 
existing two-standard-deviation limits on these parameters, the mixing angle is limited by 
the measured angular asymmetry of positrons emitted in the decay of polarized 19 Ne /146/, 
combined with decay rate measurements and calculations using the C\'C hypothesis /147 f. 
The electron polarization measured in Gamow-Teller 0-decays /148/ imposes constraints on 
the mass ratio 6. 

Pseudoscalar interactions are negligible in nuclear 13-decay as their matrix element is 
proportional to the electron velocity. Upper limits for possible S and T contributions have 
been obtained by the experimental observation that 0-decay spectra in allowed Fermi and 
Gamow-Teller transitions (lepton pair in a singlet or triplet state respectively) are not dis
torted by interference terms between Sand V or those between T and A, which should show a 
marked energy dependence(~ mefE,). Together with the assumption that the neutrino he
licity is negative, the absence of these so-called Fierz interferenc{' terms puts a very stringent 
limit on SandT contributions /149/ 

Cs/Cv = -0.001 ± 0.006, CrfCA = -0.0004 ± 0.0003. (3.8) 

This has to be loosened quite drastically if the neutrino helicity is left free /149-151/ 

Cs fCv = 0.08 ± 1.2, C~ /Cv = -0.07 ± 1.0, 

Cr/CA = 0.006 ± 0.2, C~fCA = -0.006 ± 0.2. 
(3.9) 
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The strongest cons~raint on charged Higgs couplings in .8-decay experiments /69,70/ 

comes from measurements of the Fierz interference term (distorting the low-energy part of 

the decay-electron spectrum) in pure Fermi transitions (e.g. 14 0---> 14 N" e+ve /152/}: 

-0.0025:::; (a~.,+ a~.,) a~v::; 0.0035. (3.10) 

The corresponding limit imposed by a measurement of thee+ -polarization in 14 0 -+ 14N' e+ve 

/69,70/ is much weaker: 
[a:.+ "~u[·[<>~v[ ~ 0.33. (3.11) 

All limits evaluated in nuclear .8-decay refer to possible scalar-type quark couplings, i.e. 

la~d + atdl· In order to put limits on possible pseudoscalar quark couplings, la~d- atdl• 
one has to consider pion decay data. 

3.2.2. Decay ·processes of elementary particles 

Further suitab-le tests of the V-A structure of charged weak interactions are provided by 

studying the purely leptonic decays of J.L /153-163/ and T /106,164/ which are free from any 

complications due to hadronic structure. Analyses of the two-lepton decays of 1r /165-167 j 

and K /168,169/ add another piece of information. 

I'+ -decay (I'+ -+ e+li~V,.,) in the intermediate vector boson theory is described by the 

diagram of Fig. 3.2. 

11. 

Fig. 3.2 ~+-decay diagram in the intermediate vector boson theory. 

The double differential decay probability as a function of the reduced positron energy 

x = Er/ E;nax and the emission angle e of the positron relative to the J.L+ spin in the muon's 

rest frame has the form /160/ 

d2 f 
dxd(co,e) ~ r[J,(x,q,p) + Pp<co,ej,(x,c) 

+ terms giving rise to P1, Pr, and Pr, of e+] . 

(3.12) 
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P,., is the degree of polarization of the muon. The shape of the spectrum of the decay 

positrons from unpolarized muons is described by the Michel parameter p and a parameter 

tJ affecting the low-energy end of the spectrum. The correlation between the muon spin 

direction and the positron momentum vector is taken into account by two more parameters: 

the parameter ~ which is related to the magnitude of the forward-backward asymmetry, 

and !J which parametrizes the difference in momentum spectrum of the positrons emitted 

at different angles. The remaining observables of the positron are the three components of 

its polarization vector P~ which is decomposed in a longitudinal component P1 along the 

positron momentum and two components Pr,, Pr~ perpendicular to that direction, with 

the choice that Pr, lies in the plane determined by muon spin and positron momentum, 

whereas Pr~ is the component perpendicular to that plane and forbidden by time reversal 

invariance. Pr, and Pr~ are functions of both reduced positron energy x and emission angle 

e and determine four parameters a/A, .B/A and a'jA, .B'/A, respectively, where A is the rate 
m~G2 A 

parameter r = t92 .. - . fG /160/. 

All these JI-decay parameters can be expressed /153/ in terms of V, A, S, P, and T 

coupling coefficients that occur in the muon decay Lagrangian. They thus measure directly 

the form of interaction responsible for the decay. Their current best values are listed in Table 

3.1. 

The values for {3 /A and .B' j A quoted in Table 3.1 represent fits under the assumption of 

total cancellation of scalar and pseudosca\ar coupling (a = a' = 0). For small values of {3, 

the polarization component Pr, essentially measures the parameter fJ without the disturbing 

suppression factors of order mtfmJ.' which appear if T/ is obtained from the shape of the decay 

spectrum /153/. For 0: = 0, the quoted .8/A result gives therefore a very accurate value for 

" /160/ 
Tj = 0.004 ± 0.034 . (3.13) 

The LBL-Northwestern-TRIUMF Collaboration /97/ has performed a precision experiment 

to search for deviations from the V-A structure in muon decay using two largely independent 

methods. ln the first method the momentum spectrum of the positrons from 11-+ -decay was 

measured in the direction opposite to the J.L+ polarization near the end point (x = 1). In the 

second method they measured the amplitude of the spin precession oscillation of the stopped 

J.L+ in a weak transverse magnetic field. Near thee+ spectrum endpoint, d2 f is proportional 

to [ 1- PJ.' ~ ~ cos 0), and thus the experimental quantity extracted from these measurements is 

the combination of muon decay parameters P,.,_~6jp listed in Table 3.1 for the two approaches 

/97/. The two consistent results can be combined to give the limit 

P.<~ ;> 0.9966 
p 

(3.14) 

at the 90% confidence level. This can be used to derive a limit for a possible (V+A) decay 

amplitude 
I(V +A) -Amp!. I < 0.029 
I(V A) Ampl.l -

(90% C.L.). 

The result (3.14) can also be used to deduce that the tensor couplings in 

standard V-A coupling are limited to 

(CT + C~) ~ 0.027 (90% C.L.) 
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(3.15) 

addition to the 



and the scalar and pseudoscalar couplings to 

(Cs- c;,)' + (C~- Cp)
2 <: 0.054 (90% C.L.). 

One may thus conclude that this high precision experiment docs not find any evidence of a 

deviation from the V-A structure as aSsumed in the standard model. 

Table 3.1. ~+-decay parameters: experiment vs. theory 

Parameter 

p (Shape) 

~ (Low energy shape) 

0 (Shape difference) 

f;P ~ (P \.1 *Asymmetry) 

f;PJ.16/p 

P
1 

(Long.Polarization) 

Experimental 
value 

0.7517 ± 0.026 

-0.12 ± 0.21 

+0.027 ± 0.098 

0.7551 

0. 748 

± 0.0085 

± 0.004(stat) 
± 0.003(syst) 

o. 972 ± 0.013 

> o. 9959 (90 % C.L.) 

> 0.9948 {90% C.L.) 

0.998 ± 0.045 

PT 
1 

(Transv. Polarization)IS/A = -0.002 ± 0.017 
(a/A = 0.0) 

PT 
2 

(Transv. Polarization 
- T violation) 

$'/A= -0.007 ± 0.0!6 
(ct '/A = 0.0) 

I 

I 
i 

I 

V-A 
Prediction 

0. 750 

0 

0. 750 

0 

0 

Reference 

/161/ 

/154/ 

/160/ 
{prelim.) 

/161/ 

/156/ 
(prelim.) 

/162/ 

/97/ 

/159,163/ 

/159/ 

/159/ 

A systematic analysis of all available information on charge-changing leptonic interaction 

vertices (i.e. ~-t-decay, three-lepton decays of r (--> JlVV, evv) /106,164/, two-lepton decays 
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of 1T, K (-----} JW, ev) /165-169/, inverse 1-1-decay and the reaction Dp.Fe--> 11+ X described in 

the subsequent chapters) has recently been performed /136,170/. It was found that effective 

tensor couplings are bounded by the data to ~ 0.03 (at I o and relative to the V-A coupling 

strength), whilst scalar fpseudoscalar couplings are not so well constrained and could still be 

present at the level of 0.08 relative to the V-A coupling. Noncanonical vector/axialvector 

couplings are excluded at the level of about 0.04. 

Constraints on charged Higgs contributions which would manifest themselves as presence 

of effective scalar and pseudoscalar couplings, can be obtained from the 1-1-decay parameters, 

too. Using the value (3.13) for 11 one gets 

-0.060 ~ n;v · n;v ~ 0.076, (3.16) 

while the ~value from Table 3.1 leads to the not very stringent limits 

" ~ • 0 
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0.17 <: Ia;" I MJ' + (of")' <: 0.29. (3.17) 
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Constraints on left-right 
symmetric models imposed 
by different low-energy 
experiments /97/. 



The obserables of JL-decay can also be used to place limits on the parameters {; and ~ of 

left-right symmetric models (Chap. 3.1 ). The precision experiment of the LBL-Northwest.ern

TRIUMF Collaboration /97 j constrains{; and ~ by 

I -
6

' P" ~ 2 (26 2 + 26( + (2
) 

p . 

as displayed in Fig. 3.3 (bold contour). Other 90 %confidence limits are obtained from the 

measurement of €Pp in muon decay within nuclear emulsion /162/ (dotted contour), from the 
measurement of the p parameter in JL-decay /161 j (solid lines), from the /3-asymmetry in 19 Ne

decay /146,97/ (short-dashed contours), from a comparison of the Fermi and Gamow-Teller 

.fl-polarizations /148/ (long-dashed contours), and from the measurements of the electron 

polarization in Gamow-Teller .8-decay /148/ (dot-dashed lines). If it is assumed that a 

possible (V+A) contribution is due to a right-handed gauge boson WR and a right-handed 
neutrino with less than 10 MeV mass, then the result (3.15) suggest the mass limit /156/ 

Mw, > 400 GeV (470 GeV) (90% C.L.) 

if arbitrary (in parentheses zero) mixing angles between left- and right-handed gauge bosons 

are allowed. 

The ratio of pion decays R. = f(1r ----> ev)j(1r ----> 1111) is very sensitive to possible 
pseudoscalar couplings. Between the experimental value /166/, R!xp ::::- (1.274 ± 0.024) ·10-4 , 

and the radiative corrected V-A value /171/, R~-A ~ 1.23 · 10-4 , there is a two standard 

deviation discrepancy which may be attributed /69/ to a possible existence of charged Higgs 

particles. In Higgs models with couplings proportional to fermion masses, a comparison of 
1r ----> ev to 1r ----> JLV decay rates does not provide any information about Higgs couplings, 

since in the V-A theory the ratio of the matrix elementS is also proportional to me/m,.. 
But in models where the Higgs couplings are independent of fermion maSses (Chap.3.1), the 
discrepancy between R:xp and R~-A would impose a quite stringent limit on pseudoscalar 

quark couplings /69/ 

I R L I I L I _, O:ud - O:ud • O:e11 ~ 6.5 · 10 , (3.18) 

if one assumes that ~he Higgs couple only to left-handed neutrinos, i.e. a:., = o:~., = 0. 

Finally, it may be concluded that the charged weak interactions studied in the low

momentum transfer regime accessible in decay processes, are in very good agreement with 

the V-A theory as assumed in the standard model. The current limits on right-handed 
components and S. P, T couplings are quite tight now, and further increase in precision (e.g. 

for P1- and ~-parameter in JL-decay) can still narrow down these limits. 

3.3. Neutrino experiments 

Weak decay processes allow to test the V-A structure of charged weak interactions in 

a rather limited range of energy and momentum transfer. This range has been extended 

substantially by studying high-energy neutrino scattering processes. It involves the ques

tions whether at higher energies and larger momentum transfers the weak processes are still 

describable in the framework of a local cUrrent-current interaction and, if so, whether the 
space-time structure of this interaction is still a V and A combination. These questions can 

only be answered by experiments and will be discussed in the subsequent chapters. 
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3.3.1. Polarization of Jl+ from inclusive DJ.IFe----> 11+ X scattering 

The most general Lagrangian specified in Chapter 2 leads /27 j, neglecting antiquarks, 

to the following inelasticity distribution for the process DJ.IN--> Jl+ X: 

do -2(gv- 9A) 2 + 2(gv + 9A) 2(1- y)' + (IYsl' + lYPI')y' 
dy 

+ 32[grl' (I- ~y) 2 + 8 !Jl lgr(g$ + gj,)]y(l- ~y), 
(3.19) 

where g; (defined by gJ = C[ + c:2 ) are the coupling constants of the different Lorentz 
invariant combinations of the spinors participating in the reaction . 

The experimental y-distributions (y = 1- EJJ./ E.,) in inclusive neutrino and antineutrino 

charged-current scattering on nucleons /172-174/ turn out to be consistent with the expec
tations for a V-A structure of the interaction. The same y-distributions, however, could be 
obtained with appropriate mixtures of S, P, and T contributions (confusion theorem) /26,27/. 

Measurements of the helicity of muons produced in neutrino interactions can resolve this 

ambiguity /175/, as currents of V and A type conserve the he!icity of the incident neutrino, 

whereas interactions of S, P, and T type flip the lepton helicity in the zero-mass limit {Chap. 

3.1). Hence positive muons from antineutrino-initiated reactions are expected to be of positive 

helicity if the interaction is V or A, and of negative helicity if any combination of S, P, and 
T is responsible, since the incident antincutrinos originating from pion and kaon decays are 

known to be of positive helicity /176,177 f. For neutrino-induced reactions, the expectations 

would be just the reverse. 

An experiment to measure the helicity of positive muons from inclusive VJ-1 scattering on 
iron (vJ.IFe----> IJ+ X) has been performed in the CERN SPS horn-focussed wide-band beam 

with a maximum antineutrino flux around 25 GeV. 
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Fig. 3.4 Layout of the experiment to measure the polarization of muons 
produced in \\Fe+ 1-l+x (CDHS-CHARM experiment), 

The CERN-Dortmund-Heidelberg-Saclay (COBS) detector /178/ has been used as an 

instrumented target where the antineutrino interactions took place, and the CERN-Hamburg-
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Amsterdam-Rome-Moscow (CHARM) detector /179/ as a polarimeter for the primary pro

duced muons (Fig. 3.4) using the parity-violating decay process Jl+ _. e+veilp as helic

ity analyser /180-182/. The polarization is derived from the measured forward-backward 

asymmetry of the decay positrons from muons stopping in the CHARM-calorimeter. This 

asymmetry 
NB(t) - NF(t) 

R(t) ~ N ( ) ( ) ~ Ro '"' (wt + ¢) + con't. 
B t + NF t 

{3.20) 

is shown in Fig. 3.5 and is determined from ......, 17000 detected Jl+ -+ e+ decays in the 

CHARM polarimeter. NB,F(t) are the numbers of decay positrons measured in the backward 

and forward regions with respect to the detector plate in which the muon had stopped and 

decayed after a time t. 
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t I~• I 

Fig. 3.5 Observed time dependence of tha relative forward backward positron 
asvmmetry. The sinusoidal function is the best fit to the data 
/!80, 182/. 

R(t) exhibits a characteristic oscillation pattern since the muon spin is precessing in 

a low magnetic dipol field perpendicular to the neutrino beam direction with a period of 

1.3/.[sec. The best fit to the data is obtained for 

R0 = 0.116 ± 0.010, ¢ ~ -3.02 ± 0.08. {3.21) 

The oscillation amplitude Ro is proportional to the magnitude of the longitudinal polarization 

P of the 11+ with the polarimeter analysing power o: as proportionality constant (Ro = o:P). 
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4> is related to the sign of the helicity, and 4> = 0 is expected for negative and 4> = ~JT for 

positive helicity. The measured phase is consistent with the value of -7r and shows that 

in charged-current interactions at a mean momentum-transfer of< Q 2 >= 4 GeV 2 jc 2 the 

muon spin is found to be oriented forward with respect to the muon momentum vector with 

an average polarization of 

P ~ 0.82 ± 0.07 ('tat)± 0.12 (,y,t). (3.22) 

The polarimeter analysing power o: has been determined by a comparison of experimental 

data and Monte Carlo calculation results. The polarization value (3.22) sets an upper limit 

to possibleS, P, and T contributions to charged-current interactions of as,P,r/Oa/1 < 20% 

at the 95 % confidence level. 
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Measured oscillation amplitude R0 
(a) as a function of the inelasticity y = 1-E /E , 
(b) as a function of momentum-transfer q2 v v 

No obvious dependence of the polarization on the kinematical quantities y and Q2 was 

found (Fig. 3.6), although the sensitivity to scalar contributions (neglecting T contributions) 

has been increased in analysing the asymmetry in terms of y (Eq. 3.19) and Q2 respectively. 

The absence of scalar contributions as, for instance, induced by charged Higgs exchange could 

be a strictly \ow-energy phenomenon. Comparison of the forward-backward asymmetry for 

y < 0.2 where Sand P contributions are negligible (since they are proportional to y 2
), and 

for y > 0.5 where they would dominate over V, A terms (Eq. 3.19), gives an upper limit on 

S and P contributions of 
os,P/aau < 7% {95% C.L.) (3.23) 

which is unaffected by the systematic errors of the integrated polarization value. 
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A search for a polarization component perpendicular to the muon production plane sets 
a limit on time~reversal violation of 

O"(!:~i~ ..... }/O"a/1 < 16% (3.24) 

at the 95% confidence level for< Q 2 >= 4 GeV 2 jc 2
. 

3.3.2. Inverse muon decay 

Muonvdecay experiments (except those which determine the transverse polarization comv 
ponents of the decay positrons /155/) can never uniquely determine the interaction as VVA 
because all are only sensitive to the sum of the squar€'s of the coupling constants g'? -1 g~. 
To go any further, the outvgoing neutrinos in muon decay (~t-+- -Jo e+veDp) must be observed 
so that, for instance, the positronvneutrino .ingular correlation is available. In this case, the 
measured decay rate would depend on a factor 

(I + .\1_.,) where .\ = 
-2 !R(gi,gA) , , . 
lgvl + lgAi 

(3.25) 

A determination of.\(= 1 for V-A) would therefore fully establish the structure of the weak 
leptonic charged~current interaction free from any assumptions, such as the validity of the 
two-component neutrino theory /183/. 

The investigation of the inverse muon-decay reaction /184/ 

vJ.1 + e -Jo J.l + Ve (3.26) 

provides essentially the same information as the observation of the outgoing Vp in p,-decay. 
The center-of-mass energy .jS of this process is low because of the small target mass, but the 
energy threshold in the laboratory system is high (Eth = (m;- m;)/(2me) - 10.9 GeV), 
requiring thus high-energy neutrino beams. 

Assuming completely left-handed charged leptons and making no assumptions on the 
helicity of the neutrai leptons, the diff~rential cross section for s » m; can be parametrized 
as a function of the quantity.\ and P = [N(vR)- N(vL)Jj[N(vR) + N(vL)J, the polarization 
of the beam neutrinos /184,185/: 

da G2 s 2 - ~- [(1+ P) ·(I- .l)y +(I- P) ·(I+.>.)] 
dy 41r 

(3.27) 

where again y = (1- EpjE.,). 

The y2 -term describes the scattering of possible right-handed Vp by left-handed e-, 
coupled by S, P terms in the effective Lagrangian .. 

A pure V-A structure of the interaction implies .\ = 1, and \eft-handed two-component 
neutrinos imply P = -1. 

Events of reaction (3.26) have been observed recently /186~188/, identified by the par
ticular characteristics of the kinematics of neutrino-electron scattering compared with that 
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of neutrino-nucleon processes. The muon produced in the inverse muon decay is expected to 
be emitted at very small angles given by Ef'e; = 2me(I- y); i.e. 8;.< < 10 mrad for E.,> 11 
GeV. This results in an event pattern with a single forward going p.- and no evidence of 
nuclear effects at the vertex. 

Quasi~elastic neutrino scattering on nucleons (vpn -Jo p.-p, vf'N -Jo Jl.-1fN) can simulate 
the same event pattern. But the Q2~dependence of these background processes is expected to 
be energy independent and equal for vf' and for Dp on an isoscalar target, whereas the inverse 
muon decay is expected to occur at very low values of Q2 and only for incident Vw This 
fact allows a separation of the background from the signal in the vf' sample, in the region 
0 < Q2 < 0.02 (G'eV jc) 2 , by subtracting the Q2 distribution of the Dp sample normalized to 
the equivalent vf' sample in the range 0.02 ~ Q 2 < 0.1 (G'eVjc) 2

, where the inverse muon~ 
decay reaction does not contribute. For Q2 < 0.02 (GeV jc) 2 an excess of p.- events has been 
observed /188/. Fig. 3.7a shows the Q 2 vdistribution of these excess events compared to the 
prediction for inverse muon decay assuming VVA coupling and leftvhanded neutrinos. 
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Observed Q2-distribution of ~- excess events. The solid line shows 
the V-A prediction for v~e-+J.J-\le (CHARM data /188/} 
90% confidence contour of the beam polarization (P) and the V/A 
coupling parameter (A) deduced from the observed rates of the 
inverse muon decay reaction (GARGAMELLE and CHARM data /186, \88/). 
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Taking the efficiencies for the acceptance criteria into account, the event rate for the 
inverse muon decay is 

N(v,,- ~ ~-v,) ~ 594 ±56 ('tat)± 22 (,y,t). (3.28) 

This has to be compared with the expeCted rates for inverse muon decay assuming respectively 
left-handed (NL = 607 ± 35) or right-handed neutrinos (NR = 226 ± 13): 

Nu:p RL ~ -- ~ 0.98 ± 0.12 
NL 

N~zp 
RR ~ N R ~ 2.63 ± 0.33. 

(3.29) 

RL expresses the ratio between the observed rate and the rate expected from V-A coupling 

among all the leptons in reaction (3.26), while RR excludes at the level of 6 standard devi
ations the dominance of S, P couplings in the interaction. Fig. 3.7b shows the result of the 

CHARM experiment /188/ in terms of upper limits (90% C.L.) in the P->.. plane, together 

with the result obtained by the GARGAMELLE experiment /186/. The data are in very 

good agreement with left-handed incoming neutrinos interacting on electrons trough a V-A 
interaction or left-handed current. 

The inverse muon decay reaction {3.26) can also be analysed in terms of left-right sym

metric models where the exchange of the vector bosons WL and H'n produces respectively 

the constant part and the y2 part in the cross section (3.27). In these models the rate RL 

of reaction (3.26), normalized to the integrated V-A cross section, is a function of the mass 

ratio 6 = Ma.L jM{.,n and of the (W L-WR) mixing angle ~ /189/. The measurement /188/ of 

the rate RL thus limits the mass ratio of the two charged bosons and their mixing angle to 

~::; 15° and Mwn ;::: 1.9Mwt (90% C.L.) (3.30) 

Most of the observed leptonic processes cannot distinguish between the so-cal!ed addi
tive lepton number conservation law (implying separate conservation of electron and muon 

number) and the less stringent multiplicative law ./190/. However, one can discriminate be

tween these two alternatives by searching for the reaction Dpe- --1 p.- Ve which is allowed by 
the multiplicative law but forbidden by additive lepton number conservation. The CHARM 

Collaboration /188/ has searched for this process and quotes a limit for the cross-section 

ratio of 
o(V;<e- --+ Jl- De) 

< 0.05 
o(v}Je --1 Jl v.) 

(90% C.L.), (3.31) 

which seems to exclude multiplicative lepton number conservation. This is an improvement 

of the constraint 
o(~-t+ --1 e+ Devp) 

< 0.098 
a(p+ --+ e+ Vev~) 

(90% C.L.), (3.32) 

obtained at the LAMPF laboratory /191 j by searching for secondary interactions of the decay 

electron-neutrino. 
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3.3.3. Limits on right-handed currents from inelastic neutrino-nucleon 
interactions 

The reactions 
1V~Fe --1 pX have been analysed /192/ in the framework of a Lagrangian 

containing both V-A and V+A currents 

Lee _ G _ 
- y'z~~o(l+~s)v,[l~-A + ryJ~+AJ, 

where tf controls the relative strength of right-handed versus left-handed weak currents. 
on such an interaction form, they-distributions become 

d'o (v,Fe ~~-X)- q(x) + ry 2q(x) +(I- y) 2 [q(x) + ry 2q(x)] 
dxdy 

~ qL(x) +(I- y) 2 qR(x) 

d'o 
--(v,Fe ~~+X)- (I- y) 2 [q(x) + ry 2q(x)] + q(x) + ry 2q(x) 
dxdy 

~(I- y) 2 qL(x) + qR(x) 

(3.33) 

Based 

(3.34) 

The different dependence on y for neutrino and antineutrino reactions has been used to 

determine experimentally the x-dependence of the two structure functioris qL and qR. In 

the absence of right-handed currents, qL and qR represent the quark and antiquark structure 

functions respectively. It is found experimentally /192/ that qn(:r) « qL(x) at large x. This 

imposes an upper limit, at large x, on the sum of q(x) and ry 2q(:r). An upper limit on ry 2 is 

thus obtained by setting q(x) to zero. In the experimental analysis one has made use of the 

inequality 

[
d

1a"" d
2a"] [d2a" d2af-l "' s ---(I - y)' -- I -- - (I - y)' ---

dxdy dxdy dxdy dxdy 

within the region x > 0.5 and y > 0.66, where the systematic error associated with the 
subtraction in the numerator is smallest. The result 

'1 2 < 0.009 (90% C.L.), (3.35) 

obtained at a mean four-momentum transfer squared of< Q2 >= 33 GeV 2 Jc 2 , limits the 

(WL-Wn) mixing angle~ in left-right symmetric models as shown in Fig. 3.8 (solid lines), 

since for ~ small, ~ ::: '7 /(I - M{.,) Ma,.n). In contrast to the limits on ~ imposed by the muon 

decay parameters, e.g. by the p parameter /161/ (dashed lines) and by the measurement 

of ~P}J6jp /97/ (dotted contour), this somewhat looser constraint on the mixing angle is 

independent from any assumption concerning the associated right-handed neutrino. 

Likewise the chiral structure of charm-changing (.6-C =±I) charged currents has been 

analysed by studying they-distribution of p+p.- e\·ents. Such opposite-sign dimuon events 

have been observed in neutrino and antineutrino interactions using electronic detectors /193-

196/ as well ao; bubble chambers /197-202/, and have been interpreted as being due to the 

production and subsequent semileptonic decay of charmed mesons /283,204/ 

v,_, + N --1 Jl + n+ -t X 

L ~+ + Y. 
(3.36) 
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Fig. 3.8 Constraints on left-right 
symmetric models imposed 
by different experiments /97/. 

In the quark-parton model the charm-producing processes are expected to be the following: 

v,.d--->p-c ----sin 2 0c 

v,.s-p-c '""'cos2 E>c 

D,.J---> ll+ C .-.... sin2 9c 

D,.s---> ll+ C .-.... cos2 9c 

The opposite-charged ("wrong-sign") second muon is due to 

{ 
p+ LipS 

c~ 

p+ v~'d 

,._ cos2 ec 
....... sin2 E>c 

, _ { p-D,.s 

Jl- f) I'd 
,..... cos2 E>c 

....... sin 2 ec. 

(3.37) 

(3.38) 

The charm origin of neutrino-induced opposite-sign dilepton events is by now fairly well 
established. Experimentally, it is supported by the observed small transverse momentum of 
the wrong-sign lepton relative to the hadron shower and by the strong enhancement at 180° of 
the angle between the projections of the two lepton momenta on a plane perpendicular to the 
neutrino direction in such events. Further~ore, the fraction of strange particle production is 
considerably higher than for single-muon charged-current events, in agreement with the GIM 
mechanism (Chap. 2.7). 
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ThE' study of hadronic D decays gives evidence for the coexistence of vector and axialvec
tor components in charm-changing charged currents since the D meson decays into states of 
opposite parity (D-~" ---> K 01r+, JP = o+ and D+ ---> K-1r+1r-t, JP = o- /205,206/). It 
remains to determine the chiral structure of this current. 

In distinction to the single-muon cross sections, the charm-producing cross sections 
should be uniform in y, provided the current is pure V-A. The (1 - y) 2 terms are absent 
because the interaction proceeds solely on quarks for neutrino collisions and solely on anti
quarks for antineutrino collisions (3.37). Right-handed weak charm-changing currents would 
be characterized by (1- y) 2 dependences. The solid curves in Fig. 3.9 show the expected 
y.,;s distributions of antineutrino-induced dimuon events /196,207/ for purely left-handed 
currents, taking acceptance and thre~hold effects /208/ into account. The dashed curve in 
Fig. 3.9a is the corresponding expectation for purely right-handed currents. 

'"' Vl 
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w 

V • A, > 200 w 
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' a::: 120 ' w ' CD 

" ::;: 
:::> 
z " L 

>
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Fig. 3.9 

y 
(a) 

y 
(b) 

y distributions of observed antineutrino dimuon events: 
(a) CDHS data /207/, (b) CHARM data /196/. The solid and dashed 
curves represent the V-A current and V+A current, respectively, 
for charm production. 

The good agreement with V-A shows that only a small admixture of V+A coupling is 
allowed by the data. Assuming the interaction to have the form 

A ,M'~I G - (1 ) I J~C~I (VA) J~C~! (V l] u'-cc = V2Jllc. +Is v,. gL c. - + gR c. +A , 

one gets quantitatively 

gh 
gi + gk {~ 

0.15 ± 0.10 
0.07 (95 % C.L.) 

46 

(CHARM /196/) 
(CDHS /207/). 

(3.39) 

(3.40) 



In conclusion, the experimental results on charged weak interactions at momentum trans

fers between 10 and 100 GeV 2 /c 2 arc we\1 reproduced by an interaction form involving V and 

A currents only, combined to give dominantly left-handed coupling. This agrees well with 

the observed behaviour at low-momentum transfers accessible in decay processes. 
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4. NEUTRAL-CURRENT NEUTRINO INTERACTIONS 

Since the discovery of the neutral weak current in the famous GARGAMELLE experi

ment /7/, many other neutrino experiments have established the existence of weak neutral

current interaction processes. It is tempting to proceed by analogy to the charge-changing 

weak interactions and to assume that the neutral-current interaction is also made-up of vec

tor and axialvector currents as strongly suggested by gauge theories (Chap. 2). But nature 

may not always be so accommodating and the only proper way to solve the problem of the 

space-time structure of the weak neutral-current interaction is to determine, from experiment 

alone, a unique solution that could be a combination of V and A or something else. 

A great deal of our understanding of charge-changing weak interactions comes from 

careful studies of weak decays in nuclei (Chap. 3). However, there is no opportunity to observe 

strangeness-conserving neutral currents in decay processes, since any decay which could occur 

through such currents would be overwhelmed - at these low energies - by electromagnetic 

processes. Therefore, one has to resort essentially to scattering experiments in order to reveal 

the structure of the weak neutral-current interactions. 

4.1. Neutrino identity 

It is generally believed that in neutrino-induced neutral-current processes 

Vp. N- v' X, 

v"' e - v' e-

il~-' N - v' X 

VI-' e 
_, -

~ p' 

(4.1) 

(4.2) 

the neutral lepton in the final state is idPntkal to the incident neutrino, where the identity 

may include a possible difference in helicity. 

In general however, one cannot establish whether the final neutral lepton is completely 

or only partly identical w)th or completely different from the initial nPutrino. But in several 

experimental situations, the possibility of a complete non-identity can be excluded. 

Under the assumption that the neutral-current interaction is mediated by vector bosons, 

both the neutrino current and the non-neutrino neutral current in reactions (4.1) are nec

essarily Hermitian for identical L' and v 1
• This implies that for kinematical configurations 

where a possible VA interference is required to vanish, any partial cross section has to be 

equal for neutrino and antineutrino semileptonic reactions /209/. Such configurations can 

be accomplished for exclusive reactions by going to Q 2 - 0 for fixed invariant mass W of 

the final hadronic system, or E,_, - oo with \\' fixed, and for inclusive reactions by going to 

v = Q2 j2M Ev - 0 or y = 1- Ev' / E,_, ----. 0 /209,210/. Any deviation from the v-D equality 

would either be evidence that incident and outgoing neutrinos are non-identical, if V and A 

interactions arc assumed, or that non-diagonal scalar or tensor interactions contribute, if one 

assumes v = v' (neutrino identity) /211/. To distinguish belwPen these two interpretations, 

it is necessary to look for more direct evidence of possible S, P, T currents /26,27,42/, as 

discussed in the following. 

Under the assumption that the neutral weak current is made-up of a linear combination 

of vector and axialvector covariants, the measurements 

[ R-]F~
-Targd 

R
" ~ ~ 0.95 ± 0.15 (stat) ± 0.12 (syst) 
"' y-0 

(CDHS /212/) (4.3) 

48 



[
do(v) /do(v)]I~oT"''' ~ 1.16±0.14 

dy dy y=O 
(CHARM /213/) ( 4.4) 

support the concept of neutrino identity within the experimental uncertainty. Rv, R" are the 

neutral- to charged-current cross-section ratios. 

Jt is, in principle, possible to settle the question of neutrino identity by studying the 

scattering of electron-neutrinos or -antineutrinos on electrons 

Vee --->V 1 e~, Dee---->P1e- (4.5) 

where, differently from most neutral-current processes, both charged- and neutral-current 

contributions should be involved. 

The unseen outgoing neutrino produced by the well-known charged current interaction 

will be a Ve (iit), and not some new particle. Therefore, an experimental demonstration that 

neutral and charged current contributions do interfere will prove that, at least some of the 

time, the v' (ii') produced by the n('utral-current interaction is also a v, (ii,), and not some 

new particle /214/. At present, there is a reactor Vee-experiment /215/ that has already 

been completed. For Vee-scattering, there are preliminary results from an experiment using 

neutrinos from the beam dump at LAMPF /216/, and also plans for measurements using 

neutrinos from decays of accelerated Kf 's /217 j. The results of the reactor experiment 

and the LAMPF experiment are of limited statistical significance, however consistent with 

interference being present. 

Sehgal /218/ has pointed out that a measurement of the energy distribution of the 

recoil electron in low-energy V,e scattering (4.5) should provide a precise test of neutrino 

identity. Allowing for the most general combination ofV and A int('ractions, this distribution 

is expected to have the form /219/ 

do G
2m,[ ( E,)' m,E,] 

-~2-- a+b 1-- -c~-
dE~ 1r Ev E? 

(46) 

where a, b, care constants (a,b 2: 0) and E, is the kinetic energy of the recoil electron. The c 

term, accessible only in low energy exp€riments because of its energy dependence, represents 

interference between interactions of opposite chirality /209/ and provides so a crucial test of 

neutrino identity. One can prove that for a situation where the state ii1 has an overlap with 

the state De, i.e. when 
0~ l<iie ID'>I~ 1, (4.7) 

the coefficients a, b, and c must satisfy the relation 

c 2 = a(b- 1 +I< De I;:;' >! 2
). (4.8) 

Although this question has not been settled conclusively because of lack of data, it will be 

assumed in the following that in neutrino-induced neutral-current processes the outgoing 

neutral lepton is identical to the incident neutrino. 
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4.2. Helicity properties of the weak neutral current induced by neutrinos 

Subsequently it is intended to discuss experimental observables from which one may 

determine which of the five possible covariants S, P, T, V, and A occur in neutrino-induced 

neutral-current interactions using electron and hadron targets, respectively. This implies 

essentially a study of the helicity structure of the weak leptonic current since V, A currents 

couple left-handed neutrinos always to \eft-handed neutrinos, while S, P, T currents couple 

left-handed neutrinos to right-handed neutrinos only (Chap. 3.1). 

4.2.1. Indications from neutrino scattering on electrons 

The purely leptonic interactions of neutrinos with electrons 

v,' ----> Vee 

V, e --+ Pee 

v,' --+ v~' e 

ii~< e ____, iJ11 e 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

are the simplest reactions to study the Lorentz structure of the neutral weak force. The 

electron is the only free point-like target existing in nature, and the main corrections to the 

zero-order diagram of the weak interaction are the well-known electromagnetic higher-order 

corrections. 

For muon-neutrinos (antineutrinos) the elastic amplitudes are- to lowest order in weak 

interaction - due to neutral-current exchange in the t channel (Fig. 4.1 a), whereas for 

electron-neutrinos (antineutrinos) additional charged-current exchange in the crossed chan

nels (Fig. 4.1 b,c) has to be taken into account. 

v, 

'· ve, 

zo w' w-

.- .- e v. • • 
NC cc cc 

(a} (b) lei 

Fig. 4, 1 Diagrams for neutrino-electron scattering. 
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The differential cross section for neutrino-electron scattering in terms of the dimension

less parameter €", the ratio of neutrino (antineutrino) laboratory energies, is given by /220/ 

d
da ~ G2m,Ev [A+ 28€ + C€' + Em, D(I- 0], 
t 2~ v 

(4.13) 

provided that one limits the exchange of angular momentum to zero and one in the t channel. 

The coefficients A, B, C, and Dare related to the V, A, S, P, and T couplings: 

I { 2 2 2} A~ 2 (gs + gr) + (gp +or) + 2 (gv + g,) 

I{ 2 2 2) B = 2 2gr- 9s- 9p 
(4.14) 

I { 2 2 2} c~ 2 (gs-gr) +(gp-gr) +2(gv -g,) 

D ~ (g~- g}) + (g~- g~), 

and energy conservation relates the parameter~ to the inelasticity y = E,j Ev by 

y + ~ = 1 +me 
<, Ev 1 ( 4.15) 

where me denotes the electron mass. 

Neutrino and antineutrino elastic cross sections are simply related by crossing properties, 

for instance, those of the electrons /220/. If time reversal invariance is assumed as suggested 

by experimental limits on electric dipole moments of atoms and molecules /221-223/, one 

gets 
Av = cv, Bv = Bv, CV = Av, Dv = Dv. (4.16) 

The same foui constants thus describe both neutrino and antineutrino scattering. 

Therefore _the distinction between neutrino and antineutrino cross sections is governed 

by the coefficients A and C, implying that for pure S, P and pure T currents neutrino and 

antineutrino cross sections are equal, and that the difference of the two cross sections has a 

definite energy dependence whatever interactions are present: 

I (da" da") 
Ev df - de - (I - €'). (4.17) 

A violation of this relation would indicate that the present theory of weak interaction has to 

be revised /27 j. At high energy (Ev » me --> ~ ~ I - y) the finite energy corrections (D 

terms) can he ignored: 

da ( ) G
2
m,Ev [ ( ) )2] - vi-le- -t vi-le- = A+ 2B 1 - y + C(l - y 

dy 2~ 

da ( _ _) G
2
m,Ev [ ( ) ( )2 ] 

- VI-le -->VI-le = C + 2B 1 - y +A 1 - y . 
dy 2~ 

(4.18) 
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These two y distributions are non-negative for any value of yin the physical region (0, 1). 

Taking into account the expressions (4.14) for A, B, and C one thus obtains the positivity 
constraint 

8 2 :5 A C, (4.19) 

from which bounds for the ratio of the tot<!-1 cross section can be derived (by integrating 

(418)) 

These bounds reduce to 

.fi- 2 a" --<V'i + 2 - av 

(~ 0.14) 

1 (!;; 

.fi + 2 <-- /7-2 
(~ 7.19) 

- <- < 3 3 - av -

in the case of vector and axialvector currents only (B = 0). 

(4.20) 

(4.21) 

The two possibilities cannot be distinguished by means of experimental cross-section 

ratios /224,225/ since those are well covered by the more stringent V, A limits. Within 

the relatively large experimental uncertainties the cross-section ratio is even compatible with 

unity, as expected for any pure interaction (V, A, S, P, or T), since a difference in neutrino 

and antineutrino cross sections can only be caused by an interference between two interactions 

with different charge conjugation C, e.g. VA, ST or PT interference terms. 

A non-vanishing B coefficient in the cross section (4.18) will be direct evidence for the 

presence of S, P, Tin the neutral current. B = 0 is a necessary but not sufficient condition for 

the absence of S, P, T terms, since in this case they distributions of high-energy ve-scattering 

are compatible with a pure V, A solution or with a pure S, P, T solution or an infinity of 

both types /26,2i/ (confusion theorem). In the data of the Aachen-Padua Collaboration 

/224/ (< Ev >~ 2Ge\') consistency of B with zero has been found from a combined fit to 

the neutrino and antineutrino cross sections. 

The low-energy corrections (D terms), however, could be useful to disentangle the am

biguity due to the confusion theorem, provided that the incident beam energy is only of the 

order of a few MeV. If then the experimental data turn out to be compatible with B = 0, 

one gets some new information by determining the parameter D, since 

(a) D 2 ::; AC for S, P, T, V, ,A, 

(b) D 2 = AC for V, A with identical neutrinos and 

(c) D 2 < AC fm S, P, T 

being present, provided that AC #- 0 /220/. Unfortunately, a clean determination of the 

parameter D is very difficult. 

Observation of an interference term between charged- and neutral-current interactions 

in 
1
Ve

1
e-scattering would also help to resolve the ambiguity due to the confusion theorem, 

since both interactions won't interfere unless they contribute to the same helicity amplitudes. 

Unfortunately, the interactions of electron-neutrinos (antineutrinos) ar~ rather poorly known. 

For a comparison of Jle (iie) and 1/J.< (DJ.<) scattering one has to assume that the 
1
V,

1
e charged 
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current is purely V-A and that p-e universality holds- a hypothesis not tested up to now for 
neutrinos (on the contrary there seems to exist a negative indication from the beam dump 
experiments /47 /). A direct experimental test of the equality between the couplings of v, 
and vJJ to the neutral weak boson(s) could be performed by comparing the cross sections for 
the processes Ve N- v, X and vi-' N- VI-' X. 

The cross section a for v,e-scattering is expected to arise from diagrams as illustrated 
in Fig. 4.2, where the possibility is taken into consideration that several neutral weak bosons 
Z,0 could participate in the interaction. 

~2 

alv0 el= ~ 
~ .- v. 

+ I 
i 

Ve 

X
ve • 

z. 
I 

- ·• 

2 

Cross section a for ~ee-scattering as a sum over neutral and 
charged current diagrams. An arbitrary number of weak neutral 
bosons is assumed. 

Eq. {4.13) applies equally well to elastic scattering of neutrinos (antineutrinos) of both 
families without any specific assumption concerning the weak charged current. But in order to 

compare 
1 V~e- and 

1
Ve

1
e-scattering, the discussed assumptions are needed, leading immediately 

to the following relations for the coupling constants: 

' 9v =·gv + 1, 

' 9A = 9A + 1, 

gj = 9i for j = S, P, T. 

The coefficients A, B, C and D of the energy distributions are therefore related by 

Ae =A~'+ 4(gv + 9A) + 4 

Be= B~-' 

ce = C~-' 

ne = D~'- + 2(gA - 9\1 ). 

(4.22) 

(4.23) 

The Band C coefficients of the differential cross sections are the same for both v,.,. e- and 
Vee-scattering since they arise from neutral-current interactions only. Translating these two 
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equalities into relations between differential or total cross sections, one finds 

a(v,e-)- a(v.e-) 
-a7:(o"-,,-=")---a~('=o"-.,-=") ~ 3 ' (4.24) 

This relation is valid, if p-e universality holds, whatever interactions are present /220,226/. 

The difference of cross sections involved in equation (4.24) provides a sensitive test for 
S, P, and T terms in the neutral-current interaction: 

G
2
m,E, [ r.;: ] 

D.a=Ov,e-Ov~e:S: 
2

1l" 4vA~-'+4. ( 4.25) 

This turns into an equality for maximal neutral current - charged current interference, im
plying that the neutral current contains no S, P, or T contribution - provided that Jl-e 

universality holds and that the Vee charged current has a pure V-A structure. 

Ve•e--Ve•e- gV-gA 

1.0 

-1.0 

=3.0- L.5 MeV 

Fig. 4.3 

Allowed range of (gV+g ) and 
(gV-g ) as determined tram a(V e). 
The stadowed regions correspona 
to the data from two different 
ranges of the electron recoil 
energy Ee /215/. 

Corresponding to Fig. 4.2, the cross section for Ve e~scattering is given schematically by 

a(v,e)- [C[ 2 + [N[' +I, (4.26) 

where ICI 2 is the square of the charged-current amplitude and is known from muon decay, 

IN1 2 is the square of the neutral-current amplitude assumed to be known from vi-' and v,.,. mea
surements, and I is a possible interference term /226/. An experimental demonstration that 
such an interference term is present, would prove that at least some of the time the neutral
current interaction preserves neutrino helicity as the charged current interaction does. This 
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would imply that at least a part of this interaction has V, A rather than S, P, T structure and 

furthermore that the left-handed electron participates in neutral weak interactions, because 
it is the left-handed electron that participates in the charged weak interactions. The only 

part of the neutral interaction which can interfere with the charged one is that involving the 

V-A neutral current of the electron. Therefore, I~ (gv + 9A) is expected (Eq. 4.23). Since 

(gv + 9A) .._ (sin 2 8w -1/2) in su2 X Ut gauge models (Table 2.3), this implies I< 0 for the 

currently accepted values of sin 2 8w. 

The existing 
1Ve1e results /215,216/ do not establish that the interference term is there. 

But if one assumes it to be present, then these data provide evidence that I < 0, as shown in 

Fig. 4.3 for the reactor data, where the only regions allowed by the two energy bins (Chap. 

4.3.1.3) correspond to negative values of (gv + 9A)· 

4.2.2. Search for trident production 

Fig. 4.4 

vl1 V)Y .v 

11- + w \ --yl1 

11' 

~N N~N 
(a) (b) 

Diagrams for neutrino trident production v~N 7 vvv+v-N mediated by 
a neutral (a) resp. charged (b) vector boson. 

Neutrino trident production /228/ is yet another way of revealing the space-time struc

ture of the neutral weak force. The coherent lepton pair production by neutrinos in the 

Coulomb field of nuclei in the reactions 

(4.27) 

(-1 (-) 
vp. N--+ vP e+e- N 

i-) i-) + 
v~N--+ V~Jl 11-N, 

where the target nucleus participates as a whole, can only proceed via neutral-current ex

change, whereas the trident production in 
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(-) (-1 + 
vp. N --+ vP. It JL- N (4.28) 

tye1 
N --+ 

1ile1 
e+ e-N (4.29) 

can be mediated both by neutral and charged currents and thus provides another possibility to 

study neutral current-charged current interferences (Fig. 4.4). With increasing experimental 

sensitivity, the reactions (4.28) could finally offer the possibility to investigate indirectly the 
(-) (-) (-1 (-) 

processes Vp.Jt---+ Vp.Jt- which are closely connected to vee- --+ vee-

The CHARM Collaboration has searched for neutrino trident production /229/. Out 

of 1.5 x 106 neutrino-induced and 1.8 x 106 antineutrino-induced charged-current events, 

candidates were selected with two muons with Pp. > 7 GeVjc and without visible hadronic 

recoil (En :::; 200 MeV). Another signature for events due to reactions (4.28) is a low invariant 

Jt+ Jt- mass Wp.+ p.-. Applying therefore a cut at WI-I+~-~- :::; 0.8 GeV and subtracting possible 

background {due to semileptonic hadron decays), a signal of 1.7 ± 1.7 events could finally be 

attributed to coherent J.t+ J.t- pair production off the target nuclei (CaC03). From this, the 

coupling constant Gd of the diagonal four-fermion interactions-(4.28} can be extracted 

G, ~ (0.75 ± 0.40) G, (4.30) 

in agreement, within the very large error, with negative interference between thew± and Z 0 

exchange diagrams as predicted by the standard model (Gd:::: 0.77 G). This result points to 

a V, A structure of the neutral weak interaction although this conclusion suffers very much 

from lack of statistics. The result obtained imposes an upper limit on the diagonal leptonic 

coupling constant 
Gd<I.5G 

in agreement with a CDHS result /32/ of 

Gd< 1.6G 

(90% C.L.), 

(90% C.L.). 

4.2.3. Expectations from low-energy neutrino physics 

( 4.31) 

(4.32) 

Low-energy neutrino physics with definite nuclear states may elucidate the space-time 

st.ructurt> of the neutral weak interaction since nuclei are not subject to the confusion theorem 
/26,27/ discussed in Chap. 4.2.1 for ve~scattering. For energies of the order of some few 

MeV, the nucleons can be treated non·relativistically, implying that the Dirac spinors lJt can 

be replaced by two-component spinors 4> (I.e. only the upper r.ornponents of the nucleon 

fields 1J! remain). In the non·rPiativistic approximation, the Dirac covarianls listed in Table 

2.1, reduce to the form in Table 4.1 /2/. 

In this approximation only two nuclear matrix elements remain. usually called Fermi 

and Gamow· Teller matrix element, respectively. Consequently nuclear transitions are called 

Fermi or Gamow-Teller transitions depending on whether the lepton pair is in a singlet state 

or in a triplet state. This determines the change of the nuclear spin as summarized in Table 

4.2. 
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Table 4.1. Non-relativistic limit of the basic nuclear matrix elements. 

Type Relativistic expression Non-relativistic approximation 

s lV a 1.).\ ~· ~ a b 

v - " !j.lay ~b 
+ 

'\.1o !lla!llb 

+ for ~ ~ k i 0; v = 1 i 0 
T ;j; a~vl!J _<ll a 0 j !llb 

a b 
0 for ~ or v "' 0 

+ for ~ "' k I- 0 
A - " -<l!aak!llb 

ll!ay YslVb 
0 for ~ "' 0 

p (iJ a Y 5 \.).lb 0 

'----- - -· ·- --

Table 4.2. Couplings involved in Fermi and Gamow-Teller transitions. 

Transition Spin of lepton pair Change of Couplings 
nuclear spin involved 

Fermi 0 0 s, v 
~amow'-Teller 1 o, 1 T, A 

(O-+ 0 forbidden 

-- ------

In neutrino scattering, the behaviour of the helicity (no Hip for V, A, flip for S, T) can 

strongly affect angular distributions, particularly when the target is a nucleus with speci

fied angular momentum in its initial and final sta,tes /26/. Only Sand V interactions are 

responsible for the pure Fermi transitions (Table 4.2): 

v + ' 0 Ne (o+, I~ o) ~ v + "Ne (o+, I ~ o) 

v + "Ne (o+, I~ 1) ~ v + "Ne (o+, I ~ 1). 
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(4.33) 

Fig. 4.5 

1.0 
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0 
Q: .. 
~-s 
w 
Q: 

Ey::50MeV 
AEc::35keV 

Ia) 

AE, 

(b) 

Ey:lOOMeV 
.&.Ec= 95keV 

Energy spectrum od photons emitted along the beam direction from 
the !5. ll MeV level of l2c excited by inelastic scattering of 
50 MeV (a) resp. 100 MeV (b) neutrinos. The spectrum peaked at 
the lower energy arises from the tensor interaction, the other 
from the axialvector interaction /26/. 

Thf' center-of-mass angular distribution 

do , ( ') - ~ A 5 Q · (1 -cos 0) 
dfl 

+ A~ (Q') · (1 + cos0) (4.34) 

for thes(' reactions may provide a handle to distinguish between S and V interactions by 

observing the nuclear recoil in the elastic scatterings (4.33). The isospin properties of the 

nuclear form factors As and A,· can be probed by comparing scattering from 20 Ne(o+, I== O) 
with scattering from 22 Ne(o+, I= 1) /26/. 

In a pure Gam ow-Teller transition 

v + 12c(o+) - v + 12c·(l+) (4.35) 

the helicity rule leads to the following center-of-mass angular distributions; 

M~1} { 0 
M = 0 + o:} 1 -cos e 
M=-1 1+cos8 

do { 0 
dO ~o:~ l+cosf) 

1- cos f) 

M ~I } 
M ~ 0 
M ~ -1 

(4.36) 

when the neutrino energy is not too high. O:A and o:y give the relative A and T couplings when 

the nucleus scatters into the magnetic substate M refered to the incident beam direction. The 

different angular distributions in the scattering process (4.35) lead to different ')'-ray energy 

spectra in the subsequent radiative decay of the excited nucleus 

"c-(1+) ~ "c(o+) + 1. ( 4.37) 

which should be measurable as shown in Fig. 4.5 for two different neutrino energies /26/. 
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The rule (Chap. 3.1) that the v or V helicity will be preserved by any combination of 

V and A couplings and flipped by any combination of S, P, and T in scattering processes, 
implies that V and A will create only pairs consisting of a left-handed neutrino VL and a 

right-handed antineutrino CiR (or the experimental indistinguishable form VR VL), whereas S, 
P, and Twill create only pairs of the form VL iiL or VR VR in decay processes. Therefore, the 
decay process 

:~r0 - vv (4.38) 

is forbidden by angular momentum conservation in the usual two-component neutrino theory 

but allowed by a pseudoscalar neutral density interaction with an estimated branching ratio 

relative to the 'n-decay of about 3 x 10~ 8 /26/. This unusual decay mode might be looked 

for in 
K+ - 7T+ 7To 

Lvo (4.39) 

for which the signal would be a 1r+ unaccompanied by other charged particles or photons. 

If the neutrinos are massless and couple via the S, P covariants, the II- vii amplitude 

could have a pole at the 1r or 11 mass, allowing an enormous conversion rate into neutrinos 
for temperatures of order 1011 

a K, what could be of importance in various astrophysical 

phenomena /230/. 

4.2.4. Study of high-energy semileptonic neutrino reactions 

The most general local neutral-current interaction of neutrinos with hadrons can be 
written (Eq. 2.1 using Table 2.1) as 

£~ 
G 
- lv1 (C C' vTz ' a v + vis) vVa + ii"to"t5 (C,., + C~ls) vAa 

+ ii (Cs + C~"fs) vS + ii'"ls (Cr + C~1s) vP 
(4.40) 

+ Vaaf3 (Cr + C~1s) vTa,8J, 

where V", A o, S, P and T 0 fl are the vector, axial vector, scalar, pseudoscalar, and tensor 
hadronic currents. 

Neutrinos used in scattering experiments are always produced in charged-current reac

tions. Because of their V-A structure, these incident neutrinos (antineutrinos) are always 

left-handed (right-handed) (Chap. 3). If one thus replaces v by VL = 4(1 + ls)v in each 
current vrv, uses in addition the relations 

iJVL = iJRVL, iJJ·svL = iJR")SVL, iJaaf.lVL :::: 0Ra 0 ,8VL 

(4.41) 
Ci/

0
VL = CiL/

0
VL, f)'"y"

0
/SVL = f)LI

0
VL, 
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and absorbs the constants into the hadronic currents, a simpler form is obtained /231/: 

G 
L = y'2 [vL 'laVL W" +A a)+ VRVLS + iJR')"sVLP + iiRaoiWLT

0 .8]. (4.42) 

This reflects once more the fact that V and A currents couple left-handed neutrinos to left

hai1ded neutrinos only, whileS, P, and T currents couple left-handed neutrinos always to right

handed neutrinos, so that there is no interference possible between these different currents. 

Hence the V, A and S, P, T cross sections can be calculated separately. 

4.2.4.1. Kinematics of neutrino-nucJeon incJusive reactions 

The neutrino-nucleon inclusive reaction 

v + N -1 +X, 

where l denotes the outgoing lepton (l = fl., v for charged-current and neutral-current pro

cesses, respectively) and X the hadronic part of the final state, can be characterized by three 
kinematic variables. Usually they are chosen to be s, Q 2 , and v or s, x, andy in the following 
notation: 

Fig. 4.6 

v 

q W,Z 0 

n,p 
} 

( ~' v ) 

Hadron 
final state 

Diagram of the neutrino-nucleon interaction. 
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k, k', p, p' ::= four-momentum of v, l, N, X 

' oo (k + p) 2 ~ 2ME 

E ::= energy of incident neutrino in lab frame 

M = rest mass of nucleon 

Q2 = -q 2 = -(k-k') 2 -::::::4EE'sin 2 ~ 

E' energy of outgoing lepton in lab frame 

e = lepton scattering angle in lab frame 

v = p·q/M = E • E' = EH · M 

En = hadron energy in lab frame 
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x = Q 2/2Mv 

y = vfE 

E • 200 G•V I ' 
v +. 

Fig. 4.7 

(4.43) 

~- / I x:O 
Kinematic domain of neutrino
nucleon scattering Q2-v plot. 

v• p·q/M , e. vmo.~::; Ev 

The kinematic domain probed in neutrino experiments is limited by the maximum neu

trino energy, E, available. The physically allowed region in Q2 and v is given by the require-

ments: Q2 ::; Q~ar = 2ME, v::; Vmar = E, and Q2
::; 2Mv. 

In the Q 2 - v plot of Fig. 4.7 this corresponds to the triangular area which is limited 

by the elastic scattering line Q 2 = 2Mv (W 2 = M 2 or x = 1). Lines parallel to this line 
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indicate constant invariant mass W of the hadronic final state. Events of constant x are along 

lines originating at v = Q2 = 0. The physically allowed domain in the x-y plot is given by 

0::; x::; 1, and 

0::; y::; 1. 

4.2.4.2. Inclusive VA cross sections 

In the Bjorken (or scaling) limit /232/ (i.e. for high Q 2 and v and thus necessarily large 

incident energy) the inclusive neutrino-nucleon cross sections in terms of the dimensionless 

variables x andy can be written as /233/ 

d1.o"f\.",VN C2Af [y2 y2 ] 
-- = --E -2xFi(x) +(I~ y) F2 (x) 'f (y ~ ~2-)xF,(x) , 
'xdy 1T 2 

(4.44) 

where N presenb an isoscalar target, i.e. a target with equal number of protons and neu

trons. The three structure functions F, are dimensionless functions of x and summarize the 

knowledge of the structure of the nucleon. In particular, F3 (x) containing V, A interfer

ence decribes parity violation in weak interactions. The upper sign (-) of the interference 

term refers to neutrino-induced and the lower sign ( +) to antineutrino-induced reactions. 

Integration over x andy yields the total cross sections 

"N vN G'M J' {I I I } 0 101 ' ==--E F2(x)dx· -A+-=F-B 
To () 6 2 3 

rising linearly with the neutrino energy E. The parameters A and B are defined by 

f 2xF,(x) dx 
A= J F2 (x) dx 

and B ~ '-,J c-;x FcC,~( x~) dc-x 
~ J F,(x)dx · 

(4.45) 

(4.46) 

Since the cross sections {4.44) are non-negative for any value of x andy in the physical 

region (0, 1), positivity constraints for the structure functions in the Bjorken limit can be 

derived 
0 <: lxF,(x)l <: 2xF,(x) <: F,(x). (4 .47) 

They can be translated into bounds for the ratio of the total (charged-current as well as 

neutral+current) cross sections 

1 o 0 N 3 +A+ 2B 
. <- <3. 
3 - o"N 3 +A - 2B - (4.48) 

Assuming the validity of the theoretical relation 

2xF1 (x) = F,(x) (4.49) 

suggested by Callan and Gross /234/ and predicted by the naive quark parton model with 

free spin 1/2 quarks, the double-differential cross section simplifies to 

J2o"N,vN G2M 
-. -.- = --E [ (F,(x) 'f xf;(x)) + (F2 (x) ± xF3 (x)) (I~ y)' ]. 

2• 
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A \'iolation of the Callan- Gross relation, i.e 

R(x)-~(~-b~(x) 
~(~ fO 

as expected by quantum chromodynamics (QCD), would manifest itself as an extra term of 
the form 

R(x) 2 
- -y 

2 
(4.51) 

in the charged-current as well as neutral-current differential cross sections. From a fit to the 
neutral-current differential cross sections the CHARM Collaboration obtains 

R- 0.10 ± 0.10 

in agreement with results obtained from charged-current interactions /173,235,236/. The 
evaluation using neutral-current events has the advantage of not being affected by radiative 
corrections, ,.,.·hich play a major role in the analysis of charged-current events. 

The earliest verifications of the scaling behaviour of the stmcture functions came at 
rather low energies (SLAC ep scattering and GARGAMELLE vN scattering). It was found 
that for Q 2 ~ 2 (GeV/c) 2 the scaling hypothesis was valid at the 20% level. This agreement 
could be extended to averaged data at lower Q 2 ifx were replaced by an empirical parameter, 
x' = Q2 j(2Mv + a 2

), with a::; 1 GeV (precocious scaling). 

l' 

W,Z,y 
q' 

1 HADRONS 
q 

Nfl > 

Fig. 4.8 Lepton-nucleon scattering in the simple QPM. 

The scaling phenomenon has led to an interpretation of the structure of the nucleon as 
being composed of point-like partons of different types. In the quark parlon model (QPM), 
where the partons are associated with the spin-~ quarks, the nucleons are assumed to be 
composed of three valence quarks which determine the quantum properties of the nucleon 
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and an infinite number of quark-antiquark pairs forming the so-called quark-antiquark sea. 
The quarks are assumed to be bound together by massless and chargeless gluons which do 
not interact weakly or electromagnetically. 

Deep-inelastic scattering occurs when a lepton interacts with a quark or antiquark car
rying the fraction x of the nucleon momentum. Because of the asymptotic freedom of QCD, 
at ·high Q2 and 11 a light quark can be considered in the zero approximation as a free and 
practically massless particle. After the scattering the partons rearrange themselves to form 
the observed final-state hadrons, as illustrated schematically in Fig. 4.8. 

In this picture the inclusive cross section is the incoherent sum of all elementary parton 
cross sections 

d2a " (da) 
dxdy = ~q,(x) dy i' 

(4.52) 

where the parton distribution functions q,(x), independent of Q 2 in the simple QPM ap
proximation, specify the average number of partons of type i with a fractional momentum 
x. In the Gl\1 four quark scheme /19/, the four quarks u, d, s, and c and their antiquarks 
have to be taken into account. Their momentum distribution functions in the proton are 
xur>(x), xdr'(x), xsr>(x), xcr>(x), and xfiP(x), xdP(x), xsP(x), xcP(x), where the flavour prob
ability function u1'(x) = q,.(x) is defined as the probability of finding au quark in a proton 
at a given x. 

For a SU4 -symmctric sea the four antiquark distributions are identical: uP(x) = JP(x) = 
sP(x) = c~"(x). Since sand c quarks exist only in the sea, one expects: s"(x) = sP(x) and 
c''(r) = cP(x). The quark distribution functions in the neutron and in the proton are related 
by isospin invariance {e.g. un = dP, sn = sP). 

The form of (do/ dy ), follows simply from the spin-dependence of the elementary lepton~ 
quark interaction, which is given by angular momentum conservation and the fact that both V 
and A currents preserve helicity. Therefore, they-dependence of the lepton-quark scattering, 
where both lepton and quark are left-handed or right-handed, takes the simple form 

da 
dy = const (4.53) 

corresponding to an isotropic distribution in the center-of~ mass frame. For the lepton-quark 
interaction, where one particle is left-handed and the other is right-handed, 

da 
dy -(I- y)' ( 4.54) 

is expected corresponding to a non-isotropic angular distribution of the scattered lepton 
do/ d COS 0C M ,._ ( 1 +COS eCM) 2 with a suppression for 180(> scattering in the center-of-mass 
system, remembering that y =I- E'/E = !(1- cosecM) /237/. 

In the quark-parton picture the structure functions are quark-momentum distribution 
functions in the nucleon and can be explicitly calculated /29/. In this framework the scaling 
behaviour of the structure functions states that for sufficiently large Q 2 , such that the nucleon 
does not interact coherently, the structure of nucleons studied at different Q 2 is the same for 
constant x. 
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However, according to QCD, scaling is not absolute even for Q 2 _.,. oo, v ---> oo, and 
F, (x) must be a logarithmic function of Q 2 . This violation of scaling is due to the fact that 
quarks are not completely free and may emit bremsstrahlung g\uons before being scattered, 
as illustrated in Fig. 4.9, so that the probe(!, W, Z) of the hadron sees a smaller momentum 
in QCD than in the simple quark parton model. 

I' I' 

q' 
W,Z,y 

~ 
G.r • ) HADRONS 

W,Z,y 

~*'t"''"G; } HADRONS 
N 

Fig. 4. 9 QCD corrections to simple quark parton model (Fig. 4.8), 

The quark moment urn distribution is therefore shifted to a smaller x region. This results 
in a shrinkage (increase) of the quark momentum distribution for x > 0.1 ""0.2 (x < 0.1 """ 
0.2) and in an increase of the observed amount of sea quarks relative to the valence quarks 
as Q 2 increases, since there is more phase space for diagrams like Fig. 4.9 for larger Q 2 • The 
parton distribution functions, and hence the structure functions, are thus expected to depend 
on Q 2 in addition to the x dependence. 

QCD is incapable of predicting the shape of the parton distribution functions at a given 
momentum transfer Q6. However, if the quark (and gluon) distribution functions are known 
for Ql then QCD predicts the variati~n with Q 2 • Unfortunately, the theory does not give 
explicit analytic expressions for the Q 2 dependence of the parton x distributions themselves 

but for their moments 

M~(Q2 ) ~ f x•-'q,(x,Q2 )dx. (4.55) 

The index 7l ;? 2 denotes the order of the moment and k stands for either valence, sea, 
charmed quarks. and gluons. In order to obtain the distributions themselves the inversion 
problem haf> to hf' solved. Buras and Gaemers ,'238/ have given an explicit functional form 
for the parton distributions xqk(x, Q 2 ), which satisfies the moment equations. Once the shape 
of the distributions at a low-Q 2 point, say at Q~1 • is determined by fits to experimental data, 
the Q 2 evolution is provided by QCD depending on the value A, the free parameter of the 
theory, which determines the strength of the scaling violation. 

Effects on the scaling behaviour of the structure functions, due to non-negligible quark 
masses compared with the momentum transfers accessible in neutrino processes, can be taken 
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into account by using the concept of slow rescaling /239,240/ which implies an appropriate 

redefinition of the scaling variable. 

4.2.4.3. Inclusive SPT cross sections 

For the S, P, T case as many as eight structure functions (neglecting the lepton mass and 
ignoring the structure functions arising from time-reversal violation) have to be introduced to 
parametrize the inclusive neutrino-nucleon cross sections. In analogy with Bjorken 's scaling 
hypothesis for the V, A case, a scaling model for the S, P, T interactions is considered /231/. 
It is based on the hypothesis that for v ---> oo and Q 2 ---> oo such that xis finite, the structure 
functions should approach non-trivial limits depending only on the dimensionless variable x. 
In this scaling limit one gets (in an obvious notation) 

d2 0 vN,VN 

dxdy 
G'M E [ xy 2 {Fss(x) + Fpp(x)) + 4 {x (2- y)' Fj.~{x) 

8n 

+ 4 (1- y) Fj.~(x)- 2x2 y 2 Fj.~(x) + 2xy2 Fj.1(x)) 

± 4xy (2- y) {FsT(x) + FPT(x)) ]. 

(4.56) 

As expected from an interference between two interactions with different charge conjuga
tion, the S-Tand P-T interference terms change sign by going from neutrino to antineutrino 
reactions. This cross-section parametrization shows that Sand/or P interactions would man
ifest themselves as a y2 term. and S-Tand/or P-T interferences as a y(2- y) term, whereas 
the T interaction gives a mote complicated quadratic in y. 

However, it is by no means clear that the S, P, T interactions would obey this scaling. 
On the contrary, as Pakvasa and Rajasekaran /231/ pointed out, scaling will be violated in 
the S, P, T case if spin f- 1/2 partons in the nucleon would participate in the neutral·current 
weak interactions. This is a peculiar feature of the S, P, T interactions since, in the case of 
V, A interactions, Bjorken scaling can be maintained for spin :f- 1/2 partons, too. Such a 
scaling break-down would manifest itself by cross sections rising faster thanE or by y3 terms 
in the y distributions. 

By integrating Eq. (4.56) over x andy and exploiting the positivity properties of the 
structure functions, lower and upper bounds for the antineutrino-to-neutrino cross-section 
ratio R =: o"N fo"N can be derived: 

.fi-2 < 

.fi+2-

r~ o.14J 

OSPT(VN) 
< 

0 SPT(vN) -
.fi + 2 

.fi- 2 

r~ 7.19) 

(4.57) 

which is wider than in the\', A analog (4.48). So, if R falls outside the interval, 1/3 to 3, 
then there is evidence for S, P, T contributions, even with V and A present. But, as already 
mentioned, it turns out to be impossible to distinguish these two possibilities by means of the 
experimental cross-section ratios since those fall well inside the more stringent V, A limits. 

To get any further, the eight scaled structure functions Fs s, . .. , FJ,~ have to be caku~ 
lated. Relying just on the simple quark parton model, the tensor analogs of the Callan-Gross 
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relations are obtained /231,234/: 

F~~(x) 

F~2f(x) 

F~~(x) ~ 0 

2xFJ.~(x), 

so that they-distribution for tensor interactions simplifies to (2- yfl. 

4.2.4.4. Confusion theorem 

(4.58) 

If the structure functions are evaluated in the quark-parton picture, the y-distributions 

for neutral-current neutrino (antineutrino)-nucleon interactions using isoscalar targets are 

obtained by integrating the double-differential cross sections (4.44) and (4.56) over x. They 

can be parametrized in the following manner /231 j: 

do liN 

dy 

davN 

dy 

! G'ME 
(a+ by+ cy2

) -- xQ(x) dx 
I6n 

( - ') I G2
ME ( = U+ by+ Cy --xQ x)dx 

I6n 

(4.59) 

where Q(x) = [u(.r)- d(x)]/2 in valence parton approximation. The six parameters involved 

in (4.59) are defined as 

a= G = 2 [(91' + 9A)
2 

T (gv- 9A)
2

] + 32g} 

b = -4 (gv- 9A)
2

- 32g}- 8gT(gs- gp) 

b = -4 (gv + 9A)
2 

- 32g} + 8gr (gs - gp) 

c = 2 (gv- 9A)
2 + 8g} + (g~ + g~) + 4gr (gs- gp) 

C = 2 (gv + YA)
2 + 8g} + (g~ + g~)- 4gr (gs- gp) 

(4.60) 

An examination of these equations shows that there are three relations among the six pa

rameters, so that only three independent equations remain for the determination of the 

neutral-current coupling constants Y\', gA, gs. gp, gy: 

( ' ' ) ' a = 4 Yv + g A + 32gr 

c + C - a = 2 (g~ + g~) - 16g} 

c- c = 8gvgA- Bgr (gs- gp) 

(4.6I) 

Therefore, the coupling constants for the five different interactions V, A, S, P, and T 

cannot be df'termined from the y-distributions. This is known as the confusion theorem 

/26,21,231/ which states that for inclusive cross sections any y-dependence which is possible 

for V, A couplings, is also possible for S, P, T currents. 
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Nevertheless there are certain y-dependences that cannot be simulated by V, A interac

tions. A rising y-distribution would be impossible for V, A unless scaling breaks down, since 

for any linear combination of V and A one expects 

1 da 11 N 
E diJ- (gv + 9A)

2 + (gv- 9A)
2 
(I- y)' 

I da"N 
E dY- (gv + 9A)' (I- y)' + (gv- 9A)', 

implying in particular equal cross sections for cases of pure V or pure A interactions. 

If the current is a linear combination of Sand P covariants, 

1 da 11 N 1 dai!N 
E:di/ = E:di/- (g~ + g~) y', 

is expected, and for a pure tensor current 

.!_ daiiN = __!_ davN ,._ g} (I- !y)'. 
E dy E dy 2 

(4.62) 

(4.63) 

(4.64) 

More generally, if a }'-distribution compatible with the expectations for V, A interactions 

(4.62) is measured, then the equation 

c+C-a.=O (4.65) 

is a necessary, although not sufficient condition for the presence of V and A interactions only. 

On the other hand, a nonzero value for c + C- a is a sure indication of the presence of S, P, 

and/or T interactions. 

There are astrophysical limits /241 j on possible weak neutral-tensor-current interactions 

which would gi\"e the neutrino dipole moments that permit it to couple directly to photons. 

Photons in an astrophysical plasma, with Q 2 -=f 0, could therefore decay into v D pairs. Such 

a mechanism may be re!eYant in stellar evolution where a transition from the high luminosity 

stage to the white dwarf stage takes place. However, a too high v D production rate due 

to the plasma-neutrin·o process implies that the cooling of white dwarfs would be too rapid, 

yielding a marked deficiency in the distribution of white dwarfs. The astrophysical cooling 

time infered from the distribution of white dwarfs sets the limit gr jG ~ fs for the relative 

amount of the tensor-type coupling constant YT· 

If therefore a priori an absence ofT contributions is assumed, the neutral-current differ

ential cross sections may be parametrized as 

do"N 2 2 
----""-"~A[(J-a)+a(I-y) ]+By 

dy 

d VN 21 2 0
NC =A [a+ (I- a) (I- y) +By , 

dy 
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where, according to Eqs. (4.62) and (4.63), A"" (g~ + g~) and B"" (g1 + g~). The two cross 
sections may just be added since there is no interference between S, P, T and V, A because of 
opposite helicities in the final state. The ratio B/ A gives the relative proportions of Sand/or 
P and V, A contributions. 

From a simultaneous fit of Eqs. (4.66) to the experimental differential cross sections 
dajdy corrected for resolution and acceptance (Fig. 4.10), the CHARM Collaboration /213/ 
quotes B /A = -0.05 ± 0.05 implying thus 

91p 

g~ A 
::; 0.03 (95% C.L.), (4.67) 

where g1 p and g~ A are the S, P and V, A total coupling strengths. This is a considerable 
improvement upon the previous published li_mits /212,242-244/. 
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v 

v Fig. 4.\0 

Neutral-current differen
tial cross sections, 
dcr/dy, after resolution 
unfolding and acceptance 
correction /213/. The 
curves correspond to the 
two-parameter fit of 
Eq. (4.66) for B=O. 

The confusion theorem in its original version /26,27,231/ established only that under 
the assumption of scaling any y~distribution of an inclusive cross section, which is compatible 
with V, A, is also compatible with S, P, T. 

Lackner /28/ proved an even stronger version of this confusion theorem which states 
that S, P, T coupling can mimic more than only y~distributions of V, A cross sections, even if 
positivity constraints on the hadron tensor- determined essentially by the matrix elements 
of the weak hadronic currents between the initial and final hadronic states - are taken into 
account. It is found that the positivity domain of S, P, T contains that of V, A /28,245/. 
Hence, while V, A may not always be able to simulateS, P, T because the corresponding V, 
A tensor fails to be positive, S, P, T can always simulate V, A interactions. Nevertheless the 
positivity constraints are rather restrictive, so that appropriate additional constraints on S, 
P, T could make it impossible to simulate the corresponding V, A case /28/. 

The Q2~dependence of the hadronic tensor in the limit of Q2 
__,. 0, for instance, does 

generally not impose such an appropriate constraint, so that by means of the behaviour of 
the differential cross section dojdQ2 no discrimination between V, A and S, P, T coupling is 
possible /28/, although some special coupling ambiguities may be resolvable /211/. 

4.2.4.5. Coherent 1r0 production 

In order to distinguish V, A from S, P, T experimentally, more information on the 
hadronic final state is needed, which may be provided by the study of appropriate exclusive 
channels. Here angular momentum conservation, for example, can lead to further restrictions 
on the hadronic tensor, which just rule out the only SPT hadron tensor compatible with the 
positivity constraints /28/. 

Fig. 4. II 

<=> Q):l ::: =·:;;.,== 
v V n• 
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forbidden 

Angular momentum configuration in coherent n° forward production 
by weak V, A resp. S, P, T currents /246/. 
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Coherent tr0 production on heavy nuclei 

v,.. + A ___, v,.. + A + n° (4.68) 

may be a suitable process for this study /246/. In coherent pion production, responsible for 
the essential part of the small-angle pion production cross section, the nucleus A remains in 
its ground state. Therefore, neither the nucleus nor the o- boson, 11", can take helicity from 
the neutral current. Henre, in exact forward production, the angular momentum conservation 
reduces to a conservation of the neutrino spin. This implies, that coherent 1r 0 production in 
forward direction is not allowed for S, P, T couplings which flip the neutrino helicity, whereas 
no suppression is expected for helicity preserving V, A currents (Fig. 4.11). 

In fact, the pion can only couple to the isovector axial vector current /246/. The con
tribution of the vector current vanishes for forward neutrino scattering, because of eve 
(hypothesis of conserved vector current), and is suppresse_d in generaL Therefore, the process 
will be essentially parity-conserving. This leads to equal v,. and ;:,,.. cross sections. 

Numerical calculations of the pion angular distributions, using the optical model approx
imation /246/, indicate a clear difference between S, P, T and V, A (Fig. 4.12 b, c) provided 
that the pion does not carry away nearly all the available energy (Fig. 4.12 a). 

' w 

"I~" N '> 
~ . 

0 
u 
~ 

o.oe 

O.Ot. 

Q t,o BOQ f.O SeQ f.O ao Q JQO 2QO --- {)'T( 

Fig. 4. 12 

(a) (b) (c) 

The cross section d2o/dE dcos8 for coherent n° production in 
arbitrary units as a fun~tion ~f 8n. En = 2 GeV and 
Ev = 2.05 GeV (a), Ev c 2.3 GeV (b), and Ev = 20 GeV (c) /246/. 

The emission of the pion in forward direction (t?,- !':::: 0) implies in general a nearly forward 
scattering of the neutrino (t?,. !':::: 0), provided that the energy of the incident neutrino is 
significantly greater than the pion energy E,-. For S, P, T interactions however, forward 
scattering of the neutrino is forbidden by angular momentum conservation, implying thus 
a strong suppression of forward scattered pions. This relation between the scattering angle 
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of pion and neutrino, and thus this argumentation, is spoilt if the pion energy is not very 
different from the incident neutrino energy. In this case the neutrino can be scattered in all 
directions and still provide the small transverse momentum needed to balance the transverse 

momentum of the pion /246/-

To discriminate between V, A and S, P, T currents one thus has to measure the energy 
of the pion, its angular distribution and, in addition, the energy of the incident neutrino, i.e. 
such a study can only be performed in narrow-band beam experiments. Such experiments 
will thus presumably lack statistics since the total cross section for coherent n° production 
(4.68) is only a small fraction ( ...... 0.1 %) of the total neutrino cross section. But if one assumes 
that only vector and axialvector currents are present, already the experimental observation 
of coherent n° production provides valuable information about the V, A composition and 
isospin structure of the neutral weak current. 

4.2.4.6. Production of vector mesons 

Because of the special form of the S, P, T angular distribution (Fig. 4.12) due to the 
strong suppression in forward direction, a study of coherent n° production is not well-suited 
to exclude an additional S, P, T current hidden behind a V, A contribution. In the case of 
coherent 1r

0 production V, A interactions, if present, will always preponderate possibleS, P, 
T interactions unless the coupling of the S, P, T currents is much stronger than the coupling 
of the axialvector current to produce a cross section of the same order of magnitude /246/. 

From this point of view the study of coherent l" production 

v" + A ---> v,.. + A + p
0 (4.69) 

at small momentum transfers, Q 2 , seems to he more suitable for establishing a S, P, T 
contribution to the neutral current /246/. Since the p0 has spin I, angular momentum 
conservation leads to a suppression of p0 production in forward direction for V, A couplings 
(assuming CVC), whereas the angular distribution of the p0 is expected to be enhanced in 
forward direction if S, P, T couplings contribute. Therefore, p0 production at Q2 = 0 (i.e. 
forward scattered neutrino} is only possible for S, P, T currents or non-conserved vector 
currents. These two possibilities could be disentangled by means of the energy spectrum 
of the p0 decay products which is different for different helicity states of the p0 (p 0 carries 
helicity 0 if it is produced by V, A currents, and helicity -1 if S, P, T currents are responsible). 

Quite generally, the experimental study of diffractive production of vector and/or axi
alvector mesons in charged-current /247/ and neutral-current interactions /248,249/ could 
help to reveal the space-time structure and isospin composition of the weak currents. 1n 
diffractive processes, characterized by momentum transfers (Q2 ) of a few GeV 2 Jc 2 at the 
leptonic vertex and small momentum transfers (t) at the hadronic vertex (see Fig. 4.13), 
Pomeron exchange is expected to be the dominant exchange in the t channel. 

The amplitudes for both the charged-current and neutral-current processes involve thus a 
matrix element of the weak current between the vacuum (or Pomeron) and the observed 
vector meson state, < V IJweak I 0 > /248/. This implies that the current Jw~ak has a com
ponent with quantum numbers identical to those of the vector meson. _Therefore, diffractive 
production of vector and/or axialvector mesons can be an interesting tool to elucidate the 
isospin nature of the current and its V, A content. p0 production, for example, will filter 
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out the isovector vector component of the neutral current , w and (I) production its isoscalar 

vector component, and the observation of A 1 will be an indication of an isovector axial vector 

contribution. In the framework of the standard model, for instance, the electroweak mixing 

angle could be infered from the relative production of vector and axialvector mesons. 

Fig. 4.13 

v,v _ ! 
V,v ~ V,v /~ 

q2l w' q2l 
v• v• 

v• v• 

N N N N 

Ia I lbl 

Neutrino (antineutrino) elastic diffractive production of charged (a) 
and neutral {b) vector mesons V. 

At present, therE' exist only upper limits /250/ or only indications /251/ for diffractive 

production of 4> and A 1 by neutral-current interactions, not in contradiction to the standard 

model. An experiment at F:\AL /252/ has reported the observation of diffractive p0 pro

duction by neutral currents in antineutrino reactions DN--. DN p0
• In the GWS model, the 

ratio of the cross section for this neutral-current process relative to that of D N ---> Jl+ N p

is expected to be proportional to 1/2a:.2 = 1/2(1- 2sin 2 0w)2', allowing thus the deter
mination of the e!ectroweak mixing angle. The result is o: = 0.44 ± 0.18 implying thus 

sin 2 0w = 0.28 ± 0.09. 

Furthermore, the CDHS Collaboration /253/ found experimental evidence for the diffrac

tive production of J f'l! mesons in weak neutral-current reactions. The signal for J jll! pro

duction, seen in the p.+ p.- mass spectrum of neutrino-induced dimuon events with only smal! 

hadronic recoil, corresponds to the spectrum averaged cross section 

OJ.iff(v N ---> v lP N) = (4.2 ± 1.5) 10- 41 cm 2 /nucleon. (4.70) 

This is in agreement with Z0 -gluon fusion mod~ls /254/ where vector and axialvector cur

rents are supposed to contribute with equal weight. Vector dominance calculations /248,255/ 

predict a cross section an order of magnitude lower. However, as Sehgal/252/ pointed out, 

it remains to be understood why a fusion mechanism, involving the emission of a gluon from 

the nucleus (Fig. 4.14), should be relevant to a diffractive reaction in which the target is 
hardly excited. 
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Fig~l~ Diagrams for Z0 -gluon (g) fusion mechanism of cC production. 

4.2.4.7. Polarization phenomena 

In order to settle the question of the existence or non-existence of S, P and T in weak 

neutral currents, measurements of the polarization of the baryons involved in neutrino..hadron 

inclusi\'C or exclusive scattering may help. But a measurement of the initial nucleon polar

ization alone (i.e. target polarization) in inclusive neutrino and antineutrino reactions turns 

out to bf' not sufficient to resolve the VA/SPT ambiguity /256/. This is just a reflection of 

the fact that the transfer of helicity at the leptonic vertex, the essential difference between S, 

P, T and Y, A, cannot bE' infered unambiguously from target polarization alone in inclusive 

processes. 

Certainly, measurements of both target and recoil nucleon polarizations would be an 

interesting tool to disentangle the Lorentz structure of the currents /257/. However, such 

nucleon polarization experiments are difficult, if not impossible to perform. Fortunately, it 

can be shown /258/ that measurements of the final baryon polarizations alone in neutrino

baryon elastic and quasi-clastic scattering could help to reveal the space-time structure of 

the neutral weak force. Hence the reactions 

l(k) + B(p) ~ l'(k') + B'(p') ( 4. 71) 

are considered. Their kinematics are illustrated in Fig. 4.15. B and B' are the initial and 

fmal baryons, l and 1' are the initial and final neutrinos (vi' or DJ.<). 

The laboratory-frame polarizations of the final baryon are defined with respect to the 

orthonormal vectors /259/ 

eL = 
p' 
IPt: , eT = (P' X k) X P' 

I(P' X k) X P'l 
- -· k X P 

eo= lk x P'l (4.72) 

where L, T, and 0 refer to longitudinal, transverse and orthogonal, respectively (Fig. 4.15). 
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Fig. 4.15 

Laboratory-frame polarizations 
~L• ~T• 10 of the final baryons 
in reactions l+B+l'+B' 

Transverse and orthogonal polarizations of the final baryon, denoted as Pr and Po, may 
be measured by observing the azimuthal asymmetries produced when the baryon rescatters 
via the strong interaction in the target material /260/. The longitudinal polarization PL is 
hard to measure as it does not lead to rescattering asymmetries. 

It has been shown /259/ that a non-zero result for Po would imply not only time-reversal 
violation in the weak interactions but also, in the neutral-current case, either second-class 
currents or an off-diagonal coupling at the neutrino vertex (i.e. a change in neutrino type). 

Neutrino-proton scattering at O" in the center-of-mass (c.m.) frame implies that the 
final baryon will have average helicity -1, +1, or 0 if the hadronic current is V-A, V+A or 
pure V (or A), respectively. Since longitudinal polarization of the protons in the c.m. frame 
would appear as transverse polarization in the laboratory frame, one expects consistently a 
transverse polarization in the laboratory of Pr ( Q2 = 0) = + 1, -1, or 0 for neutrino-induced 
as well as for antineutrino-induced reactions. 

This has to be confronted with the neutrino-helicity flipping S, P, T case (Table 4.3), 
where angular momentum conservation at Q2 =: - (k- k ') 2 = 0 requires that the recoil baryon 
must have the same helicity in the c.m. frame as the final v,.. or V,_,. Therefore, at 0° the 
final baryon has helicity ±I for v,.p(v,.. p) scattering in the c.m. system which corresponds 
to Pr(Q2 = 0) = =t=l in the laboratory /258/-

It is expected that the qualitative features of the Q 2 = 0 case, where the baryon has 
no recoil momentum at all, will be preserved for moderate momentum transfers (Q2 

::::1 

0.5 Gd' 2 /c 2). 

On the one hand, a measurement of the transverse polarization of the final baryon in 
neutrino-baryon clastic and quasi-elastic scattering could thus discriminate between pure V, 
A neutral currents and pure S, P, T interactions, although it might be necessary to measure 
the polarization in antineutrino-baryon scattering as well. Unfortunately, general admixtures 
of V, A with S, P, T- the only remaining conceivable possibility at the present experimental 
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knowledge- cannot be easily resolved by this method. 

On the other hand, if the weak neutral force is assumed to contain only vector and 
axialvector components, a measurement or the transverse polarization of the recoil proton in 
v,.. p (v,.. p) elastic scattering could effectively discriminate between competing gauge theory 

models /259/. 

Table 4.3. Transverse polarizations PT of the final proton in the lab system for 

elastic vvp and ~vp scattering at zero-momentum transfer /259/. 

Coupling 
2 

PT(Q =0) for vvp Pr(Q
2
:o) for Vvp 

V - A + 1 + 1 

V + A - 1 - 1 

V or A 0 0 

S, P, T - 1 + 1 

4.3. V, A composition of the neutral weak force 

The presently available experimental results obtained in neutrino scattering experiments 
are - apart from the ambiguity problem caused by the confusion theorem - in quite good 
agrt>ement with theoretical predictions based on the assumption that only vector and axi
alvector couplings contribute to the weak neutral current. This assumption is in addition 
strongly supported by the observation of electroweak interference effects in non-neutrino pro
cesses such as muon-hadron, electron-hadron and electron-positron reactions and the recent 
discovery of the w± and Z 0 particles which seem to have the required properties. How
ever, small admixtures of S, P and T contributions can presently not be ruled out as will be 
discussed in the subsequent chapters. 

Taking the result from the experiments as decisive for a pure V, A structure of the 
neutral-current interaction, the basic questions about the V, A composition and isospin struc
ture of the neutral weak current remain to be answered. 

4.3.1. Results from purely leptonic processes 

The main goal of pursuing the study of neutrino scattering on electrons (4.9- 4.12} is to 
determine the relative amount of vector and axialvector· coupling of the )eptonic weak neutral 
current. Here the ambiguities inherent in the use of hadronic targets disappear. Until now, 
however, the extremely low cross-section ( """ 3 to 4 orders of magnitude smaller than the 

76 



Table 4.4. Summary of vue scattering results 

Experiment v e Background 

" candidates 

GGM CERN-PS /261/ I 0. 3 ± 0. 1 

Aachen-Padua Counter 
Exp. (CERN-PS) /262/ 32 20.5 ± 2.0 

GGM CERN-SPS /263/ 9 0.5 ± 0.2 

BNL-COL FNAL 15' /264/ II 0.5 ± 0.5 

VMNOP Counter 
Exp. (FNAL) /265/ 46 12 

CHAR.li Counter 
Exp. (CERN-SPS) /266/ 83 ± 16 

E734 Counter Exp. 
(BNL) /267/ 51 ± 9 

Table 4.5. Summary of Vue scattering results 

Experiment v e Background 
u 

candidates 

GGM CERN~ps /261/ 3 0.4 ± 0. I 

Aachen-Padua Counter 
Exp. (CERN-PS) /262/ 17 7. 4 ± I. 0 

GGM CERN-SPS /268/ 0 < 0.03 

FMMS FNAL IS' /269/ 0 0.2 ± 0.2 

BEBC-TST 
(CERN-SPS) /270/ I 0.5 ± 0.2 

CHARM Counter Exp. 112 ± 21 
(CERN-SPS) /266/ 

E734 Counter Exp. 

I 
59 ± 10 

(BNL) /26 7 I 

77 

a/E 

-42 2 
(10 em /GeV) 

' 3 (90 % C, L.) 

1.1±0.6 

2 4 + 1. 2 
• - 0.9 

1.8 ± 0.8 

1.4 ± 0.3 

1.9 ± 0,4 (stat) 
± 0.4 (syst) 

1.6 ± 0.29 (stat) 
± 0.26 (syst) 

a/E 

(Jo-42 cm2/GeV) 

I 0 + 2.1 
• - 0.9 

2. 2 ± I, 0 

< 2. 7 (90% C.L.) 

< 2. I (90% C.L.) 

< 3.4 (90 % C.L.) 

1.5 ± 0.3 (stat) 
± 0.4 (syst) 

1.16 ± 0.20 (stat) 
± 0.14 (syst) 

I 

I 

total v N cross section because of the light target of mass m,) has drastically limited the 

number of observed events, as illustrated in Tables 4.4 and 4.5. 

There exist seven experiments /261~267 / which have published results on the vi' e- -+ 

vi' e- cross section. For VI' e- -+ VJl e- only four experiments /261,262,266,267 j have ob

tained a positive result, while three experiments /268-270/ have quoted upper limits near the 

expected level for the signal. · 

The experiments may be roughly divided into two categories: bubble chamber exper~ 

iments which are very clean (background typically < 10 %) but have low event rates, and 

counter experiments which are able to obtain moderately high event rates, but have signifi

cantly larger backgrounds /29/. 

4.3.1.1. FNAL and BNL counter experiments 

The most precise results on vile (V~'e) scattering have been obtained using fine~grain 

electronic calo~imeters. As the target particle has a small mass, me, the final~state electron 

in ve elastic scattering is emitted in a narrow forward cone satisfying the relation 

9 2 = (Ev- Ee) . 2me < 2me. 
Ev Ee - Ee 

(4.73) 

This provides a signal peaking in the forward region, while the backgrounds have much 

broader angular distributions. 

To select ve reactions it is thus necessary to identify isolated forward electromagnetic 

showers and to measure precisely their angle. The remaining backgrounds are then composed 

of 
1V; quasi-elastic interactions, involving e± in the final~state, and 

1 il~ neutral~current inter

actions, including coherent 1r
0 production. To determine the relative amount of these two 

background components it is important to be able to distinguish electrons from photons in 

some sample of data. This will be discussed in more detail in the next chapter, where the 

CHARM experiment is described. 

The VPI~Maryland~NSF-Oxford~Peking (VMNOP) Collaboration /265/ extracted from 

a total of~ 249 000 neutrino interactions observed at Fermilab in a high~angular~resolution 

electromagnetic shower detector {±5 mrad at 4 GeV and little energy dependence) with a 

fiducial target weight of 8.26 tons, a final sample of 313 events exhibiting isolated forward 

electromagnetic showers. Fig. 4.16 shows their angular distribution. Events with angles 

smaller than 10 mrad are candidates for vp.e scattering; events with larger angles are assumed 

to represent the background, mainly due to quasi~elastic 1Ve, interactions. Extrapolating the 

background in the region 0 < 10 mrad yields 34 events for the process vi' e~ -+ v" e-. From 

this. a cross section of 

a(v, ')/ Ev ~ (1.40 ± 0.30) ' w-" ,m2 jGeV 

has been evaluated, applying corrections for the electron detection efficiency (54 %), for 

the electron energy cut at 4 GeV and for the trigger efficiency for the monitor reactions 

(vJl N-+ Jl.- X and 1/p. N-+ IJp. X) /271/. The quoted error is statistical only. 
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Distribution in 02 of showers which 
(a) are selected as e-candidates and 
(b) as y-candidates by the e/y algo-
rithm. (c) distribution in 02 of the 
y-induced sample (E734 Coll. /267/). 

A measurement. with similar precision was reported recently by the E734 Collaboration 
/267/ using neutrinos (anlineutrinos) of mean energy 1.5 (1.4) CeV from the Brookhaven 
National Laboratory alternating gradient synchrotron and a massive (75 tons fiducial target 
weight), predominantly active(> 90 %), high~ resolution detector. It is composed of vertical 
planes of liquid scintillator and proportional drift tubes measuring the lateral positions. This 
set~ up provides a measured angular resolution for ele-ctron showers of 16 mrad/ -v'1fe", about 
half the kinematic limit {4.73) for elastic scattering. Out of....., lOG neutrino and ...... 2 ·lOG 
antineutrino events a primary event sample of 316 (735) events has been selected with a 
single, clean electromagnetic shower at angle 0 :::; 0.18 rad. 

To separate electron and photon showers an algorithm based on the energy deposited in 
the first scintillator plane fo!lowing the shower vertex and a minimized average of the pulse 
heights in the adjacent propotional drift tube cells was used. Fig. 4.17 shows the distribution 
in 9 2 for isolated forward showers identified as electron showers (a) and photon showers 
(b). The energy of the selected showers is limited to the interval 210::::; Ee ::::; 2100 MeV to 
reduce backgrounds. For comparison, the 0 2 distribution for a control set of unambiguously 
recognized photon-showers is shown (Fig. 4.17c). The electron sample exhibits a clear peak 
in the forward region, while the photon distributions are fiat in this region. The signal of 
51 ± 9 electrons from vJl e- -+ vJl e- scattering, extracted from the 0 2 distribution, can be 
translated into a cross section of 

a(v,e)/E" ~ [!.60±0.29 (stat) ±0.26 (syst)j x 10- 42 cm 2/GeV. 
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For VJl.e- ----+ D11 e- scattering a cross section of 

a(v,e)/Ev ~ [1.16 ±0~20 ('tat)± 0.14 (,y,t)] X w-" cm 2 /GeV. 

is quoted. The fully corrected ratio of the normalized cross sections for viJ.e and v,.e scattering 
yields the value 

+0.40 ( ) ( ) R = 1.38 _
0

_
31 

stat ± 0.17 syst , 

that determines the electroweak mixing angle to 

sin 2 ew = 0.209 ± 0.029 (stat) ± 0.013 (syst). 

4.3.1.2. CHARM exPeriment 

The CHARM Collaboration /266/ has measured the cross sections for the two reactions 
vJJ e- ___, v

11 
e- and V~'- e- -• v,. e- using the same detector (with a fiducial target mass of 

80 tons). The detector consists mostly of marble, has an average density < p >::::: 1.3 gfcm3 

and the average atomic number < Z >-:::::: 13. The same criteria are used for the selection 
of neutrino and antineutrino events and lhP same cuts are applied. The ratio of the cross 
sections therdore determines the coupling constants of the leptonic weak neutral current with 
an experimental uncertainty which is smaller than in a measurement of a single cross section. 
In particular, many of the systematic errors tend to cancel out in the ratio. 

Both the v~<e and DJle candidate events have been selected out of about 2 million neutrino 
and antineutrino interactions. respectively, by searching for isolated forward electromagnetic 
showers. The electron direction was determined by measuring the spatial distribution of the 
energy deposition of the shower in the calorimeter, using I em wide streamer tubes, 3 em 
wide proportional tubes and 15 em wide scintillators. The apparatus measures the angle of 
the fina!~state electromagnetic shower with the resolution given in Table 4.6. For a part of 
the data /272/ the resolution is somewhat worse, since the detector was not fully equipped 
at that time. 

Table 4.6. Measured angular resolution for electron showers 

Eelectron (GeV) 5 7.5 10 15 20 30 

0(0) (mrad) 12.9 10.9 9. 7 8.3 7.6 6.8 

This resolution, o(9) . ..., 32 mrad/VEe/GeV, turns out to be sufficient to reject most of 
the background reactions which are expected to have a much wider angular distribution due 
to the kinematics of scattering on a heavy target mass (nucleon). 
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Electromagnetic and hadronic showers are separated by the characteristic difference of 

their transverse energy profile. The results of measurements of the width of showers induced 

by electrons and pions are shown in Fig. 4.18. The lateral shower profile, as measured by 

the scintillator system, was used to calculate the width r of a Cauchy distribution fitted to 

the central part of the shower. A second parameter, o, was determined by the rms width 

of the shower profiles as measured in a larger fiducial area by the proportional drift tubes. 

Correlations among the two width estimators are expected, as they measure both the same 

aspect of the shower. However, f parametrizes the width of the shower core, while o is more 

sensitive to the tails of the shower profiles. Selecting events as indicated in the figure (f < 1.6 

em and o < 9 em) reduces the background due to semileptonic neutrino interactions by a 

factor of "" 100. 

The candidates for neutrino and antineutrino scattering on electrons have been searched 

for among events appearing as narrow showers (f and o cuts), which is the characteristic of 

showers initiated by a single electron, photon, or n° /273/. Moreover, the angle 9 between 

the shower axis and the direction of the incoming neutrino beam was required to be smaller 

than 100 mrad. Only events with a shower energy Ee deposited in the calorimeter between 

4 GeV and 30 GeV have been retained in the final sample, where the upper cut is applied 

to eliminate high~energy events due to elastic and quasi~elastic charged~current reactions 

induced by the Ve (v.) component of the beam; the lower cut is applied to limit the energy 

dependence of the angular resolution for electron showers (Table 4 .6). The E}e 2 distributions 

of the selected neutrino and antineutrino events are shown in Fig. 4.19. The E}0 2 variable 

was chosen because it emphasizes the different characteristics of the signal with respect to 

the background. A clear peak in the forward direction (E}9 2 < 0.12 GeV 2 ) demonstrates a 
l-1 1- I 

genu me vpe -+ v"e signal over a background which is assumed to be due to two sources: 

(a) Elastic and quasi-elastic charged-current events induced by the v. and De contami

nation of the beam. 

(b) Neutral-current events with 1 and/or n° in the final state produced by coherent 

scattering of muon-neutrinos on nuclei. 

The normalization of background (a) and (b) was obtained by a study of the energy deposition 

{EF) in the first scintillator plane following the shower vertex. 

As shown in Fig. 4.20, electromagnetic showers initiated by one or more photons tend 

to deposit in this scintillator plane an energy larger than one minimum ionizing particle (6 

MeV), whilst a large fraction of the showers due to single electrons gives an energy deposition 

corresponding to one minimum ionizing particle. 

The number of events attributed to background (a) is obtained from the number of events 

with EF < 8 MeV in the region 0.12 < E}0 2 < 0.54 GeV 2 and from the known efficiency 

of this cut for elastic and quasi-elastic (Ve~induced events. The remainder is attributed to 

background (b). 

The shape of the two backgrounds has been studied carefully (Fig. 4.19). The E}0 2 

distribution of background (a) has been determined by folding the measured e;e2 distri

butions of elastic and quasielastic charged-current reactions induced by vi' and D~ with the 

measured electron energy and angular resolutions. The E}0 2 distribution of background (b) 

was calculated using a model for coherent n° production by neutrinos on nuclei /246/. 
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Fig. 4.20 Measured distributions of the energy deposition in the first scin
tillator plane following the shower vertex: (a) Showers induced by 

Fig. 4.21 

IS GeV electrons traversing on the average half a radiation length, 
(b) Photon-induced sho~ers produced by neutrino and antineutrino beams 
in a kinematic range where photon-induced ~howers due to coherent 
processes dominate (7.5 < Ee < 17.5 GeV, Ee02 > 0.54 Gev2). By 
Monte Carlo extrapolation, the contamination due to electron-induced 
showers is estimated to be JSX /266/. 

a) b) 

30 
Ef < 8 MeV EF < 8 MeV 

~ 
~ 
% 
w 
> 20 w 
c 
0 

• w 
m , 
0 
z 

0 12 0.36 0 60 084 

E2. e2 Gev2 J 

2 2 . . . . ( ) Ee0 d1str1but1on of the neutrlno- a and 
candidate events satisfying the additional 
deposition in the first scintillator nlane 
EF < 8 HeV (CHARM data) /266/, In this. case 
to rv~ quasi-elastic scattering. 
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antineutrino-induced (b) 
criterion that the energy 
traversed by the showers is 
the background is only due 

After subtraction of these backgrounds and correction for the contamination by wrong
kind neutrinos,(83 ± 16) events could be attributed to reaction v~e- -----> v 11 e- and (112 ± 21) 
events to reaction iille- ---> ;;lle- assuming that the forward peaks are due to events with a 
single electron in the final state. This has been confirmed by employirig an alternative method 
of analysing the data, which is selectively sensitive to electrons. It is based on the selection 
of events with one minimum ionizing particle close to the interaction vertex as expected for 
eleCtron-induced showers (with reduced efficiency of course} in contrast to photon-induced 
showers. This is achieved by the requirement EF < 8 MeV. The E;e 2 distributions for the 
neutrino and antineutrino events, selected by this method, are shown in Fig. 4.21. 

Since the background induced by n°'s and/or 1's is cut by the requirement Er < 8 MeV, 

the background can be subtracted by fitting the shape of the quasielastic 
1ii: background to 

the events outside the signal region (E;e2 > 0.12 GeV 2 ). The signals extracted by this 
procedure (24±6 and 35±9.events from the neutrino and antineutrino exposures, respectively) 
are in good agreement with the signals derived from the full sample of events, taking into 
account the di.fferent efficiencies for detecting electrons. This confirms the assumption that 
the forward peaks are due to events with a single electron in the final state. 

The normalization of the {83± 16) v 11 e and (112± 21) v,.e events to the number of incom~ 
ing neutrinos and antineutrinos, respectively, was done by making use of the known /274/ 
neutrino (antineutrino)~nucleon total cross section and the quasi-elastic charged-current v11 N 
cross section. Correding the observed Vp.e and llp.e events for acceptance and for the selection 
criteria, the following cross sections have been obtained: 

o(v,e)jE, ~ [1.9±0.4 (stat) ±0.4 (syst)j x 10_., cm 2 /GeV 

o(v,e)/Ev ~ [1.5 ± 0.3 (stat)± 0.4 (syst)] x 10_., cm 2 jGeV. 

The systematic errors are due to uncertainties in the knowledge of the background, in the 
normalization procedure and in the efficiency in seleding electrons. They partially cancel in 
taking the ratio of the two rates, R = u(v11 e)jo(v,.e). 

Within the framework of the Slh x U1 theory the two cross sections can be expressed in 
terms of the electroweak mixing angle, sin 2 91-\·, and the multiplying factor, p 2 , equal to the 
ratio of the over-all strengths of neutral-current and charged-current. couplings. It follows that 
the cross-section ratio R provides the most direct determination of the parameter sin2 9w 
without any hypothesis on the value of p: 

o(v11 e) 
R~~-~3 

o(v,.e) 
1-4sin2 9w +(16/3)sin 4 9w 

] - 4 sin 2 ew + 16sin4 
el{' 

(4.74) 

Fig. 4.22 shows 1he expected behaviour of th-e cross-section ratio Rasa function of sin 2 9w. 
From this, one can extract 

sin 2 0w = 0.215 ± 0.032 (stat-)± 0.012 (syst). (4.75) 

84 
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Cross-section ratio R as a function of sin
20w compared to the 

expectation for full energy acceptance (dashed line) and for 
events in the energy range 7.5 to 30 GeV (full line) /266/. 

The simultaneous measurements of R and a(i/pe) allow a determination of p with the 

result 
p ~ 1.09 ± 0.09 (stat)± 0.11 (syst), (4.76) 

consistent with p = 1 as f('quired by the standard model {Eqs. 2.30/2.31). 

The measurements of v.,e~ -~ v.,e and v.,e ---> v.,e~ constrain the neutral-current 

coupling constants g~ and g~ 

a(v.,e) 

E" 

a( ill' e) 

E" 

, I 2 ~ " e _ ZG me [g\,- + g~'gA + 9A 
- 3n 

2 ~ , e 2] _ 2G me [g~,-- g~,gA + 9A ' 
- 3n 

(4.77) 

(4.78) 

where Eqs. (•1.18) have been integrated from y = 0 toy= 1, assuming only V, A components 
in formulae (4.11). Four values of the neutral-current coupling constants can be obtained ,_, 
from the measurements of Rand a( v.,e), as show~l in Fig. 4.23. These four solutions reflect 
the sign and vector-axialvector ambiguities in the couplings gy and gA_. The sign ambiguity 
can be resolved by including data from reactor neutrinos. 
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gX and g~ obtained from the 
measurement of R and of the 
vue and Vve cross sections. 
The 687. confidence limits from 
the measurement of the Vee scat
tering cross section allo~ two 
solutions /266/. 

The U.C.-Irvine (Savannah River) experiment /215/ on Pee scattering presents separate 
cross sections for low (1.5 MeV< Ee < 3.0 MeV) and high energy recoil electrons (3.0 MeV< 
E, < 4.5 MeV). The results are /276/: 

a(v,e, E, > 3 MeV)= (1.86 ± 0.48) X w-46 cm2 

a(D,e, E, < 3 MeV)= {7.6 ± 2.2) x 10- 46 cm2
• 

{4.79) 

It has been pointed out by Avignone and Greenwood /276/ that these two results can 
be treated to some degree as independent experiments, since the background interferences in 
these two energy ranges are different. 

The gy, g~ dependence of the differential cross section for V,e~ ---> iJ,e-

do(D,e)_G
2
m,[c' A'( E,)' D'm,E,l ----- + 1-- + --

dE, 211" Ev E~ 
{4.80) 

can be derived from Eqs. {4.14) assuming that only V and A currents contribute to the 
interaction and replacing gv and 9A by 1 + gv and 1 + 9A, respectively. The "1" comes from 
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the charged-current contribution: 

c~ = (g~- g~)2 

Ae = {2 + g~ + g~)2 (4.81) 

n~ = (g~ - 9~ )(2 + 9~ + 9~) 

Different contibutions from integrals over the antineutrino spectrum lead to different numer
ical coefficients in Eq. {4.80) /276,277/: 

o(v,e, E, > 3 MeV)~ F I 0.1014 C' + 0.0053 A'+ 0.0077 D'], 

o(v,e, E, < 3 MeV) ~ F I 0.4008 C' + 0.0404 A' + 0.0373 D'] , 
(4.82) 

where F = 43.0534 x w- 46 cm2. The uncertainty in each coefficient is approximately 4 % 
/29/ and therefore negligible compared to the experimental uncertainties. 

The Vee data (4.79) define then bands (evaluated in ref. /275/) in the g~-g~ plane. 
Because of the correction term De which is not negligible at reactor energies, the iite bands 
are slightly tilted with respect to the V-A axis (45° diagonal). As displayed in Fig. 4.23, the 
V,e bands resolve the sign ambiguity but leave the vector-axial vector ambiguity intact. This 
ambiguity can experimentally only be resolved by combining the neutrino-electron results 
with other (essentially non-neutrino) results in a model-dependent way. It will be seen below 
that inclusion of the results on e+ e- scattering or likewise the data on the asymmetry in 
polarized electron scattering uniquely selects the dominantly axialvector solution if factor

ization is assumed. A combined fit /266/ to the data (V~e, ii,e and e+e-) selects a unique 
solution: 

g~ = -0.08 ± 0.07 (stat) ± 0.03 (syst) 

g~ = -0.54 ± 0.05 (stat) ± 0.06 (syst), 

in excellent agreement with the standard model which, for sin 2 0w 
2.3) 

(4.83) 

= 0.22, predicts (Table 

g~ = -0.5, e 1 · 2 
Yv = -2 + 2sm 0w = -0.06. 

The dominantly vector solution (gv ~ -1/2, 9A ~ 0) which is experimentally ruled out if 
factorization holds, corresponds to a su2 X ul model witheR in a weak isospin doublet /29/. 

4.3.1.4. Neutral current-charged current interference 

The rection iiee- - Dee- (and v~e- __, v~e-) turns out to be of particular interest 
in studying the neutrino identity (Chap. 4.1) and resolving the VA/SPT ambiguity of the 
neutral-current space-time structure (Chap. 4.2.1). The most important thing to be learned 
from ii,e (v,e) scattering is the sign of the neutral current-charged current interference in 
this reaction, depending on the sign of the coupling of the electron in the neutral current 
/214/. There is no other way of observing the absolute sign of the neutral current couplings 
of electrons and neutrinos in a model-independent way. 

The various theories predict, with considerable agreement, destructive neutral current

charged current interference in 
1 i/~

1

e-scattering. But one can think of models with two vector 

87 

bosons /214/ which reproduce almost all the results of the standard model but give construc
tive neutral current-charged current interference. In such models one boson couples to leptons 
and quarks exactly as in the GWS model while the other couples only to leptons with such a 
coupling strength that the sign of the interference term amplitude is reversed without chang
ing its magnitude. Such models will yield a forward-backward asymmetry in e+e-- Jl.+Jl.

thi;ll is several times larger than the standard model prediction if jJ.-e universality holds. 

Table 4.7. Cross sections for the Vee +Vee reactor experiment 

/215/ in units of aV-A' the pure charged-current cross 

section, compared vith theoretical expectations /278/. 

~ 1.5 MeV< E < 3 MeV 3 MeV< E < 4.5 MeV 
e 

y 
e e 

Destructive interference 
( . 2 s1n ew " I /4) 0.85 1.1 

Constructive interference 2.2 2. 7 

Incoherent interference 1.5 1.9 

Experiment 0.87 ± 0.25 1. 70 ± 0.44 

In Table 4.7 the on-ly published Vee-measurements /215/ are compared with the theoret
ical possibilities of destructive neutral current-charged current interference as predicted by 
the standard model for sin 2 E>w < 1/2, or constructive interference allowed by models with 
at least two neutral b~sons, or no coherent interference between charged and neutral currents 
applying to the situation that the outgoing neutrino in the neutral-current case is different 
from the incident one. Owing to the large errors in the experimental data, no definite answer 
can be given concerning the absence or presence of an interference term. 

Taking into account the measured neutral-current cross sections o(v,..e) and o(DJ.<e), the 

dominant term in o(Ve
1
e) should be the charged-current contribution, followed by an expected 

- 50 o/c correction due to coherent neutral current-charged current interference, whereas the 
neutral-current term will amount to a - 5 % correction only. Therefore, if the charged

current contribution is assumed to be known from universality, a(Ve
1
e) measurements of 

- 25% accuracy would be sufficient to distinguish desttuctive from constructive interference, 
if coherent interference is assumed to be present. But greater precision, at the level of 10-
15% accuracy, would be necessary to prove that coherent interference occurs /214/. 
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In the LAMPF experiment /216/ neutrinos of intermediate energy have been produced 

by intense (a few hundreds of microamperes) proton beams which are dumped in a massive 

target, where the 1r-'s are captured and the 1r+'s generate three types of neutrinos: 

,+ ~ Jl+ + l/J.l 

Le+ + 
{4.84) 

Ve + Vp 

The spectrum, as shown in Fig. 4.24, consists of a monoenergetic muon~ type neutrino 

v 11 (coming from a two-body decay), and of an electron-type neutrino Ve and muon-type 

antineutrino V11 , each with an energy spectrum characteristic of muon decay at rest, ranging 

from zero to 53 MeV. 

Vp 
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u ve/ \ • c. 
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Fig. 4.24 

The energy spectra of the 
neutrinos emitted from a 
beam dump /226/. 

In this experiment 17.0 ± 7.4 events have been assigned to the reaction Vee 

giving a cross section of 

o(v,e)j E" ~ [10.6 ± 4.6 (stat)± 1.9 (syst)] X w-" 'm' /GeV. 

Vee-, 

This value excludes a constructive interference of the charged- and neutral-current contri

butions, with a confidence level greater than 95 %. But negative interference as well as no 

interference is allowed. A more decisive result will be possible with improved statistics. 

A possibility to study elastic vee {Vee) scattering at high energy { ,.... 10 GeV) could be 

provided by the use of a 
1

Vel enriched beam from the decay of accelerated Kf 's. A selection 

of the semileptonic Kf decays 

K£ _... 7r- Jl+ v~', JT+ 11- v~'' 

and 
K2--> 1r- e+ V 0 1r+ e- i/e, 
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yields a mixed neutrino beam of about 60% v, and i/e and about 40% vJ.L and V 11 , where both 

v and V are produced with equal probability and have the same energy spectrum. The excess 

of 
1 V~l is caused by the decay kinematics /279/. However, the beam intensity is expected to be 

low and there is no possibility to distinguish between 
1

Vel and\~~. Therefore, the investigation 

of neutrino-electron elastic scattering will be limited to the measurement of the total cross 

section. 

4.3.2. Results from neutrino-hadron scattNing 

Ideally the electrm,eak mixing angle is determined in purely leptonic reactions, which are 

free of hadronic corrections and uncertainties. Leptonic experiments, however, have not yet 

reached the desirable df'gree of accuracy {Chap. 4.3.1 and Chap. 7). One therefore considers 

semi-leptonic reactions and has then- because of the fact that hadrons are complex structures 

to rely on a hadronic model to connect theoretical predictions and experimental reality. 

Fortunately, the internal structure of the nucleons is now quite well known from the 

analysis of high-energy charged-current neutrino-nucleon and electron-nucleon reactions. The 

quark parton model turns out to be a very good approximation for the nucleon structure and 

all relevant deviations from it, such as scaling violation of the structure functions and the 

fraction and composition of the quark-antiquark sea as a function of Q 2 , are reasonable well 

known {uncertainties from this sector arc comparable or small compared to experimental 

errors of neutral-current studies). But serious theoretical and calculational difficulties still 

remain, e.g. in analysing exclusive pion production channels because of the existence of 

significant nuclear corrections and theoretical uncertainties short of reliable models of single 

and double pion production. 

Nevertheless, the n<'utrino-hadron reactions are among the most essential factors in the 

analysis of neutral-current data. The methods /29,68,280-289/ commonly used to extract 

the neutral-current couplings determine the coupling constraints imposed by various sets of 

reactions separately, and obtain then a final allowed coupling region by taking the intersection 

of the regions allowed by individual sets of reactions. It has become widely customary to 

extract from the data the values of the various coupling constants defined by the general 

four-fermion Lagrangians in chapter 2.9. From a comparison of the behaviour of v and v 
interactions the chiral structure of the quark currents may be infcred, whereas searches for 

effects of isoscalar-isoYCclor interference may finally reveal their isospin structure. The results 

are then compared with the predictions of the standard model. This strategy is also pursued 

in the following discussion. 

4.3.2.1. Deep-inelastic scattering on isoscalar targets 

The first important piece of information is obtained from data on neutrino and antineu

trino inclusive scattering on isoscalar targets at high energy 

Vp + N _... l/~ +X, V11 + N _... Vp +X, 

where Jl.; represents an isoscalar target. The measurements of the total cross sections from v 

and P beams can be directly translated into a separate measurement of the left-handed (gL) 
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and right-handed (gR) coupling constants with 

gi = £i(u) + tl(d), 

g~ = t~(u) + t~(d), 
(4.85) 

or' equivalently, in the framework of a su2 X ul theory (Table 2.3), in which no specific value 
for the relative strength p of the neutral-current to charged-current coupling is assumed: 

' '(I., 5., ) gL = P 2- sm 9w + g sm 9w 

(4.86) 
2 5 2 . -4 

gR = g p sm 9w. 

In fact, the simplest part on model formalism in which the effects of QCD and the neutral
current coupling to s and c quarks are ignored, leads to 

G' ME J { 2 I 2 - . I , 2 } a,-c(v/'1) ~ -,- dxx ]u(x) + d(x)J lh + :JgR] + ]u(r) + d(x)]I:JgL + gR] + .. , 

G' ME J { . I ' ' - ' I ' } a,c(vN) ~ -,- dxx ]u(x) + d(x)j [
3

gL + gRJ + ]u(x) + d(x)]]gL + 3gR] + ... , 

. G
2
ME J { I - . } Occ(vA) ~ -,- dxx ]u(x) ~ d(x)i + 31u(r) + d(x)J + ... , (4.87) 

acc(v/'\") ~ G';JE J dxx { ~]u(x) + d(x)] + ]U(x) + d(r)l + ···}, 

integrating Eqs.. (4.44) and assuming a pure \'-A structure for the charged currents (i.e. 
9L~I,gR~D). 

The values of the coupling constants. are usually deduced from the ratios of the total cross 
sections from which the part on distributions drop out in the valence parton approximation. 
The most commonly used ratios and their Born approximation values are then 

R" :== 
a,.,.c(vX) 2 1 2 1 2 ( . 2 40 . 4 ) 

( ,.) = 9L + -gR = -p 1- 2s1n Bv.: +- sm Bw 
ace vn 3 2 27 

(4.88) 

R., :== aNc(iiN) 2 2 1 2 ( . 2 40 . 4 ) 
acc(DN) = 9L + 3gR = 2p 1- 2sm 9w + 9 sm 9w (4.89) 

_ aNc(v/\') + o,...c:(vN) = ~ (o:2 + 132 + 
1

2 + 62) = gf + g~ 
R+ = ~cc(vN) + occ(vN) 4 

'{I., 10.,} = p 2 -Sin 9w + 9 Sin 9w (4.90) 
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R ~ aNc(vN)- ONc(DN) I 
- - acc(vN)- acc(DN) ~ 2 (nil+ 16) ~ g£- g~ 

~p' {~ _,in'e } 2 w . (4.91) 

R+ determines the overall-strength of the neutral-current interactions using the charged
current interactions as a reference standard, whereas Eq. (4.91), proposed by Paschos and 
Wolfenstein /290/, measures the VA interference of neutral-current interactions as can be 
seen most easily from Sakurai's notation. 

This Paschos-Wolfenstein formula for sin2 9w in the GWS model is attractive theoret
ically in that it is almost independent of the structure functions and their scaling violations 
provided that ,they are equal in neutrino and antineutrino interactions. The main correc
tions to the formula involve the kinematic suppression of c {or s) quarks in charged-current 
interactions since relation (4.91) holds only if the charmed sea is negligible. However, these 
uncertainties arising from the hadronic model turn out to be small /291/, and will be re
duced by future experiments determining the Kobayashi-Maskawa matrix elements (2.40) in 
a more refined way. A theoretical uncertainty of only 2 % due to hadronic corrections in 
the determination of the electroweak mixing angle seems to be feasible. However, R_ (and 
R+) suffers from large experimental systematic effects due to the difficulty of normalizing 
neutrino and antineutrino fluxes since it involves a difference (sum) of cross sections that are 
measured with different spectra. 

The ratios of cross sections, Rv and Rv, on the other hand, are free from systematic errors 
due to uncertainties in absolute flux determination. But the neutral-current parameters 
extracted from these ratios depend on knowing the shape of the neutrino spe<:trum since 
one has to correct for the fact that each experiment imposes a minimum hadron energy 
cut and a minimum muon-momentum cut to discriminate neutral-current events against 
hadronic background and to differentiate neutral-current events from charged-current events, 
respectively. In either case, the spectrum shape has to be known. Uncertainties arising from 
the hadronic model employed to correct the data will tend to cancel in taking the ratios. 

The most useful ratio to abstract the value of sin2 E>w is therefore R" since d~i~lJew ~ 
-0.67 whereas d~i~i!'Sw ~ 0.02 for sin 2 6w "" 0.22 and p = 1, so that Rv is 30 times as 

5ensitive to sin 2 Bw as Rv. 

Currently there· exist essentially six high-energy experiments (i.e. < Ev > ~ 40 GeV), 
performed by the HPWF (Harvard-Pennsylvania-Wisconsin-Fermilab) /242/, CITF (Califor
nia Institute of Technology-Ferrnilab) /243/, CDHS /212,292/, ABCDLOS (Aachen-Bonn
CERN~Demokritos-London (I.C.)-Oxford-Saday) /244/, CHARM /213,274/ and CCFRR 
{Calirorr1ia Institute of Technology-Columbia-Ff'rmilab-Roche5t.er~Rockefeller) /293/ Collab~ 
oration~. that have presented measurements of the cross section ratios (Table 4.8). 
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Table 4.8. 

Experiment 

HPWF 
/242/ 

CITF 
/243/ 

CDHS 
/212,292/ 

BEBC 

ABCDLOS 

/244/ 

CHARM 
/213,274/ 

CCFRR 
/293/ 

Measurements of the cross-section ratios R 
v 

experiments (i.e. <Ev> 

ing on (approximately) 

> 40 GeV) studying v 

and Rv from high-energy 

and V inclusive scatter-

isoscalar targets and the neutral-current 
. 2 ( parameter s~n GW and p) of the GHS model extracted from these ratios. 

(Ecut denotes the hadron energy cut applied to the data. The first 

error quoted is the statistical one, the second the systematic one) 

Target E 
cut 

Cross-section ratio sin
2 

0 p 

(GeV) 

CH
2 

4 
Rv : 0.30 t 0.04 b) 

Rv ~ o.33 ± o.o9 b) 
0.23 ± 0.06 I .o a) 

R = 0.28 ± 0.03 
0.33 ± 0,07 d) 1.0 a) Iron 12 v 

R-"' 0.35 ± 0.11 
v 

R = 0.301 ± 0.007 0.221 ± 0.030 e) 0.996 ± 0.026 
Iron 10 v 

Rv = o.363 ± o.ol5 0.226 ± 0.012 e) I .o a) 

R = 0.345 ± 0.015 0. 182 ± 0,020 

l v ± 0.009 ± 0.012 
1.0 a) H

2
-Neon 15 

0.170 ± 0.030 c) R- = 0.364 ± 0.029 
v 

± 0.009 ± 0.010 

Rv = 0.320: g:gg; 0.247 ± 0.038 1.027 ± 0.023 

Marble 2 
Rv = o.377 ± o.o2o 

± 0.003 
0.220 ± 0.014 ) 
0. 230 ± 0.023 c l 1.0 a) 

R+ = 0.319 ± 0.007 0.234 ± 0,026 c) 0.991 ± 0.025 
Iron 20 

I .0 a) R - = 0.243 ± 0.015 0.242±0.011) 
± 0.005 c 

a) Value fixed in calculation. 

b) Numbers presented have been corrected for the energy cut (by the experimenters). 

c) From the Paschos-Wolfenstein realtion, see Eq. (4.91) 

d) Determined from an over-all fit including the observed distributions in 

hadron energy. 

e) The results for sin 2 ~ (~) are given. 
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The low-energy experiments by GARGAMELLE /294/ (< E 11 >-:::- 2 GeV) and other 
groups can be very helpful in studying a possible energy dependence. But the effect of the cut

off at low hadronic energy is more severe for these low-energy data compared to data taken 

in the 40 GeV domain. The R,_. and Rc; values from GARGAMELLE ((Rv = 0.26 ± 0.04, 

Rv = 0.39±0.06) and the R+ and R_ values from the SKAT Collaboration (R+ = 0.33±0.03, 

R_ = 0.27 ± 0.07 /295/) show no significant difference from the high-energy values (Table 

4.8). From these cross-section ratios sin 2 0w = 0.32 ± 0.05 has been extracted assuming 

the energy to be below the charm threshold, in contrast to the analyses of the high-energy 

experiments. 

In order to achieve measurements of at least moderately high precision, experiments with 

large statistics and good acceptance for final-state muons, if there are any, are necessary. If 
also differential cross sections are to be studied, narrow-band beam experiments, with the 

advantage of the known energy-radius relation, are almost indispensable. The over-all cross

section ratios, however, can be determined without major problems also in wide-band beam 

experiments. 

Experimentally neutral-current events are differentiated from charged-current events on 

the basis of penetration: the muon in the charged-current event, vi-'+ N --+ Jl- + anything, 

must penetrate through the calorimeter and beyond the hadron cascade, thus imposing a cut 

in y = 1 - E11 / E,.. ( < 1). The fine spatial resolution of the CHARM calorimeter allows, like 

in bubble chamber experiments, the classification of events as neutral-current or charged

current candidates on an event-by-event basis, whereas for the high-density (CITF, CDHS, 

and CCFRR) detectors in general a statistical method, based on the total event length, is 

used to perform this event classification. 

The thus selected events have then to be corrected for backgrounds and for various 

effects mixing neutral-current and charged-current events. Owing to the different methods of 

event classification and event selection, these corrections vary from experiment to experiment. 

Quite generally, the backgrounds for which corrections are needed are due to events induced by 

wrong-kind neutrinos or by the non-narrow-band component of the beam which is unavoidably 

present in narrow-band beam experiments. In addition, for bubble chamber experiments the 

background from neutron interactions has to be taken into account, though it can largely be 

reduced by suitable kinematic cuts. 

Applying these primary corrections to the raw event numbers leads to the cross-section 

ratios listed in Table 4.8. Relating these values to the relative strength of the neutral-current 

to charged-current coupling p and the electroweak mixing angle sin 2 0w, or, in a model

independent analysis, to the chiral coupling constants (£L(u), £L(d), £n(u), and cn(d)), re

quires theoretical analysis of deep-inelastic neutrino scattering, incorporating scaling viola

tions predicted by QCD and sea-quark distributions. For illustration the order of magnitude 

of the theoretical uncertainties /292/ on sin2 0w is listed in Table 4.9. 

Fig. 4.25 shows a comparison of the results of various experiments on R,.. and Rv with 

the expectation from the GWS model, based on a calculation /29/ which incorporates the 

effects of QCD, assuming A = 0.47 GeV, as """Sjfi. = 0.5 and r = o(DN--+ Jl+ X)jo(vN--+ 

11- X) = 0.47. For the theoretical prediction also the E,,_ 1 > 2 GeV cut of the CHARM 

experiment has been applied. The value of R,.., and hence the best value for sin 2 9w, turns 

out to be affected very little by varying these parameters; Rv serves as a check on the model 

consistency, and is indeed sensitive to the values of as and rand to QCD effects. 
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Table 4.9. Order of magnitude of essential theoretical uncertainties 

in analysing neutral-current neutrino scattering /292/. 
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Fig. 4.25 

Comparison of measurements of Rv and 
RV with the GWS model. The rectangles 
indicate the ± I cr limits. The data 
are taken ~ith different cuts in 
shower energy EH (the cuts are listed 
in Table 4.8). The curve is obtained 
for the CHARM conditions /274/ follow
ing the model calculations of ref. /26/, 
for different values of sin2eW. 

As can be seen from Table 4.8 and Fig. 4.25, all experiments are in reasonable agreement. 
A weighted average of most of these measurements gives within the context of the standard 
model/292/ 

sin2 9w = l.006sin 2 9w(Mw) = 0.224 ± 0.007 (exp) ± 0.006 (theor), (4.92) 

where sin 2 f>w(Mw) is the MS definition of the renormalized quantity (which is convenient 
for grand unification). 

Within the framework of a SU2 x U1 gauge theory in which no specific value of the 
parameter p is assumed, a fit /29/ to most of the measurements in Table 4.8 yields: 

p o= 0.999 ± 0.025, sin 2 Sw = 0.232 ± 0.027. (4.93) 

In a model· independent analysis the measurements of Rv and Rv as well as the mea~ 
surements of the y~distributions ~(vl\' ---+ vX) and ~~(oN ---+ oX), determine the over~ 
all strength of the left- and right-handed couplings: YL = [!i{u) + d(d)jlf2 and YR = 
!d? { u) + fk (d) ]112 , using the simplest par ton model formalism, in which the QCD correc
tions, hadron energy cuts and neutral-current couplings to s and c quarks are ignored (Eqs. 
4.88/4.89). The allowed regions of coupling constants are restricted by these determinations 
to two annuli in the lL{u)~lL(d) and lR(u)~cR(d) planes, respectively. The effects of QCD 
corrections, deviations from isoscalarity of the targets (i.e. neutron excess) and the coupling 
to s and c quarks, which have to be included in a detailed analysis, is to modify slightly the 
two annuli. Fig. 4.26 shows the restrictions imposed by Rv and R;; measurements used in 
the mentioned fit of Kim et al. /29/; they correspond to the values 

YL = 0.543 ± 0.015, gR ~ 0.172 ± 0.027, (4.94) 

demonstrating the existence of the right~handed coupling (g~ = 0.030 ± 0.009) with more 
than 99 % confidence. This is shown in Fig. 4.27 for the results of the CHARM experiment 
(gf = 0.305 ± 0.013, and gk = 0.036 ± 0.013) manifesting that this experiment alone extracts 
a non-zero value of gh with more than 90 % confidence without constraining the value of p 
/274/. 

\\'ithin the context of the quark-parton model, the CHARM Collaboration /213/ has 
extracted the left- and right-handed couplings of the weak neutral current in addition from 
a simultaneous analysis of the differential cross sections dafdy for events induced by both 
the neutral and charged~current interactions of neutrinos and antineutrinos. The values 
gi = 0.32 ± 0.02 and g1 = 0.05 ± 0.02, obtained by necleting strange quark contributions, or 
equivalently the electroweak mixing angle sin 2 0w = 0.222±0.016, obtained by assuming that 
the couplings of the u. d, and s quarks can all be described in terms of the G WS prescription, 
are consistent with the values extracted from the cross sections alone. 

In the £L(u)-£L(d) and fR(u)-(R(d) plane the standard model limits the allowed region 
to a straight line segment, each on which corresponds to a different value of sin 2 9w (Fig. 
4.26). Interpreting the chiral coupling constants (4.94). in the context of the standard model 
leads to the values for p and sin2 9w quoted in (4.93). 
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Fig. 4.26 

Fig. 4.27 

-0.6 
\I 
'\ 1.0 

.... "" 
-0.6 

E A (d) 

E L (u) 

DEEP INELASTIC 

DATA 

{ lsoscalor Target) 

-0.3 f//J:""i '~ ~ R I ul 
' ' 0.3 

-0.3 

Constraints imposed on the hadronic neutral-current couplings 
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scattering on an isoscalar target /29/. The prediction of the 
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It is possible to interpret the results (4.94) also within the framework of the left-right 
symmetric su2L X su2R X Ut model (Chap. 2.8) since the chiral coupling constants 9L 
and 9R ar£' determined by the three parameters 'lv = (PL ~ PLR), 'lA = (PL + PLR) and 
sin 2 0w (Eq. 2.46), since all the coupling parameters, except hvv and hAA, are the same 
as in the standard model, modulo the factors r]V,f1A and fpv = (PL ~ PR) multiplying the 
vector, axialvector, and parity-violating coupling parameters, respectively /116/. Eliminating 
sin 2 0w, one obtains the allowed domain in the f1V-11A plane /68/ shown in Fig. 4.28. 

Fig. 4.28 
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Constraints imposed on parameters ~V• nA of the SU2LxSU2RxU1 
model by the data on deep-inelastic v and V scattering from an iso
scalar target supplemented by other neutrino data (dashed lines) /68/~ 

The allowed region in the r]v-TJA plane by taking the intersection of the regions allowed by 
deep-inelastic neutrino scattering on isoscalar targets and other neutrino data, is compatible 
with 'lv = 'lA = 1, defining the standard model limit of the left-right symmetric model. 

Usual!y, the correlations between left- and right-handed couplings are demonstrated by 
plotting the angle eL = arctan{rL(u)/rL(d)} vs. the angle E>R =- arctan{lR(u)/lR(d)} for 
the al!owed regions. But deep-inelastic scattering data on isoscalar targets cannot provide 
any information on E>L and GR. This is due t.o the fact that these data are only sensitive 
to £l(u) + (l(d) and c1(u) + c~(d) since no information about the isospin structure of the 
neutral current can be obtained. In order to determine the u and d coupling parameters 
separately and thus get information on the isospin of the neutral current, it is useful to study 
deep-inelastic scattering on neutrons and protons, n+ j1r- inclusive charge ratios, elastic 
scattering of v and Von protons and single pion production. 
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4.3.2.2. Deep-inelastic scattering on neutron and proton targets 

There are several measurements of deep-inelastic neutrino and antineutrino scattering 
on proton and neutron targets. Usually, the data are expressed in terms of the ratio of 
neutral-current to charged-current cross sections 

R~ = a(vp --I vX) 
o(vp ~~-X) • 

R~ = a(vp --1 vX) 
a( lip --I Jl+ x) ' (4.95) 

and similarly for the ratios on neutrons, or in terms of neutral-current cross sections for 
neutron and proton targets 

Rn/p" -
o(vn--+ vX) 

o(vp ~ vX)' 
R'}_IP-" -

o(iln --1 vX) 
o(vp ~ vX). 

(4.96) 

The presently available data are listed in Table 4.10. All the measurements have been 
obtained from bubble chamber experiments (BEBC, Fermilab 15-ft bubble chamber and 
GARGAMELLE). Therefore the sample of neutral-current candidates is contaminated by 
background due to i) the interaction of neutrons produced by neutrinos in front of the chamber 
and ii) unidentified charged-current events caused by non-trivial problems of muon identifica
tion (e.g. reduced muon efficiency at low muon momentum of the External Muon Identifier). 

Fig. 4.29 
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direction of the incident neutrinos, obtained by the ABCMO collabo
ration /296/. 
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Table 4. 10. Measurements of the cross-section ratios RP, R~, Rn/p, and R~/p ') ') ') v 

from high-energy experiments studying deep-inelastic v and V 

scattering on proton and neutron targets. 

Experiment Target Cross-section ratio 

ABCMO Collaboration /296/ BEBC Rp = 0.51 ± 0.04 
(Aachen-Bonn-CERN-Munich-Oxford) Hydrogen 

v 

FNAL-Berkeley-Hawaii- Fermilab 15-ft B.C. R9 = 0.48 ± 0.17 
~ichigan Collaboration /297/ Hydrogen 

v 

Bari-Birmingham-Brussels-London BEBC Rp = 0.47 ± 0.04 
(U.C.)-E.P. Palaiseau-Rutherford- Hydrogen 

v 

Saclay Collaboration /298/ (Track-Sensitive 
~ = 0.33 ± 0.04 

v 
Target) 

RP = 0.49 ± 0.05 
v 

ABBPPST Collaboration /299/ R~ ~ 0.25 ± 0.02 
Amsterdam-Bergen-Bologna-Padua- Deuterium 

Pisa-Saclay-Turin) 
R~ = 0.26 ± 0.04 

v 
n Rv = o.57 ± o.o9 

UlSTT Collaboration /300/ Fermilab 15-ft B.C. 
R~ = 0.49 ± 0.06 

(Illinois-Haryland-Stony Brook- Deuterium R~ = 0.22 ± 0.03 

Tohoku-Tufts) Rn/p = 1.01 ± 0.14 
v 

ANL-Carnegie Mellon~ Fermilab 15-ft B.C. 

Purdue Collaboration /301/ Hydrogen ~ = 0.36 ± 0.06 
v 

Berkeley-CERN-Hawaii- Fermilab 15-ft B.C. 
Rn/p = 1.22 ± 0.35 Wisconsin Collaboration /302/ Hydrogen-Neon v 

Aachen-Brussels-CERN-E.P. Palai- GARGAMELLE 
Rn/p = 0.76 + 0,17 

seau-Orsay-Padova Coll. /303/ Propane-Freon v - 0. 15 

FilM Collaboration /304/ Fermilab 15-ft B.C. 
n/p - + 

(Fermilab-IHEP-!TEP-Michigan) Hydrogen-Neon ~ -0.64- 0.18 

]()() 



Both sources of background can be strongly reduced by a cut in the total transverse momen

tum of the reaction products relative to the beam direction. Fig. 4.29 shows the variation 

of the raw ratio Rt, evaluated by the ABCMO Collaboration /296/, as a function of the 

detected transverse momentum and the result of corrections for the background effects. 

A cut at 1.5 GeV fc is chosen to equalize the statistical error, which increases with in

creasing pr, and the systematic uncertainty of the corrections, which is decreasing /271/. In 

addition quite high cuts(.-.... 5 ~ 15 GeV) in EH, the hadronic energy, are applied. In order 

to examine the ratio of neutron to proton cross sections some experiments /302,304/ elimi

nate backgrounds from charged-current events by selecting only those events where all tracks 

interact. The events with target neutrons are separated from events with target protons by 

looking at the event charge, defined as the sum of the charges of the tracks at the primary ver

tex. But nuclear effects of the target nucleus smear the expected charge distributions (charge 

0 for neutron events and charge 1 for proton events) considerably. Therefore, methods for 

unfolding the cross-section ratios from the smeared charge distribution have been developed, 

contributing considerably to the systematic uncertainties of the measurements. 

The accuracy _of the data is such that the simple parton model in valence parton ap

proximation can be used - neglecting the effects of QCD and sea quarks - in developing 

the theoretical formalism to abstract the neutral-current coupling constants. The analysis of 

totally inclusive scattering on proton and neutron targets requires the input of the quantities 

' 
and 

'-' 

' 

J~ xu(x) dx 
,--- o-2 
J0 xd(x) dx 

J dEH E!-1 ~1-1 fa' dy (I- Y)
2 

" " v 
fdE(-) E(- 1 41(- 1 fdy 

v v v a 

(4.97) 

(4.98) 

in order to take into consideration the effect of the hadron energy cut (EH > EJt). cll.,(Ev) 

and ¢1v(Eii) arc the actual neutrino and antineutrino Rux distributions of the experiments 

and a(E.,) = E'j/" 1/ Ev. For E'j,ut = 0 one gets ( (€) = I/3, whereas for the experimental data 

in Table 4.10 <(() i;;malb (e.g.<~ 0.21 for /297,302/ and ( ~ 0.13 for /301,304/). 

Then one has for the experimentally measured cross-section ratios the following expres

sions /29/: 

R"(<, ,) ~ ,[<l(u) + <•~(u)] + [<i(d) + <•~(d)] (4.99) 

R~((, ') ~ [<~(u)j( + <l{u)] + ~[<~(d)/(+ <i(d)j (4.100) 

+l.(d) + <•~(d)] + [<i(u) + <•h(u)j 
R~1'(<, ') ~ ,[•).(u) + <•~(u)j + [<i(d) + <•h(d)] 

(4.101) 

.;, _ _,[<~(d)+ (<i(d)] + [<~(u) + (<i(u)]. 

R, (<, ')- '[<h(u) + (•t(u)] + [<h(d) + <•i(d)] 
(4.102) 
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Region of allowed values of left
handed chiral coupling parameters 
obtained from isoscalar data (line 
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one standard deviation. Also shown 
is the prediction of the standard 
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Fig. 4.31 

Constraints imposed on the 
hadronic neutral-current 
couplings (90% confidence 
level) by the data on deep
inelastic ~. V scattering on 
both isoscalar and p, n targets 
/29/. The prediction of the 
GWS model is shown as a func
tion of sin2eW. 



In order to disentangle the u and d coupling parameters it. is therefore useful to compare 
the scattering on an i~oscalar target with that on protons. Sludies of this type have provided 
some separation of l~_(u) and li(d). This is illustrated, for example, in Fig. 4.30 where 
values of Rv measured in neon (ABCLOS Collaborati~n /244/) and RC measured in hydro
gen (ABCMO Collaboration /296/) deter·mine a region of allowed valUes of the left-handed 
chiral coupling constants. The ABBPPi:n Collaboration /299/ has measured neutral- and 
charged-current interactiori.s of neutrinoS and antineutrinos on protons and neutrons. From 
a combination of the ratios the neutral-current chiral coupling constants are extracted: 

<i(u) ~ 0.13±0.03, 

(i(d) = 0.19 ± 0.03' 

<~(u) ~ O.Q2 ± 0.02, 

<~(d)~ 0.00± O.Q2. 

Using most of tlie dci.ta listed in Table 4.10, Kim et al. /29/ performed a fit to the 
parameters lL.(u), £L(d), lR(u), and lR(d) constrained by (4.99- 4.102). This results in a 
restriction of the regions in both the left-handed and right-handed coupling constant spaces, 
allowed by the data from isoscalar targets (Fig. 4.26), to those shown in Fig. 4.31. There is 
also a correiation between the allowed regions in the £L(u)-tL(d) plane and the (R(tt)-tR(d) 
plane which is displayed as a shaded region in the eL, eR plot. Significant information is 
provided on eL which measures the isospin of the left-handed coupling. eR, however, which 
determines the isospin nature of the right-handed coupling, is still essentially undetermined. 

4.3.2.3. Semi-inclusive pion production on isoscalar targets 

The analysis of charge ratios of final-state pions produced in semi-inclusive reactions on 
isoscalar targets 

v (D)+ N ~ v (v) + ,± +X, (4.103) 

provides another way to disentangle the u and d coupling parameters. This analysis is 
based on the a,ssumption that the composition of the hadronic system reflects in the "current 
fragmentation region" the composition of the quark beam produced in the primary neutrino
quark interaction /305/. The "current fragment pions" are defined as those going forward 
with respect to the momentum transfer, ij, from the lepton 1-o the hadron system. This 
implies that the current fragment pions appear as leading pions in the forward hemisphere 
(positive rapidity) as seen from the Breit frame (defined by a Lorentz transformation along 
I he direction of if with f3 = En j lt/1 /306/). But it is difficult to measure the vector if of 
neulral-current interactions. Fortunately, it turns out that the fragments of thf' target and 
the fragments of the current can also be distinguished by means of the fragmentation variable 
z = E,.j EH, provided that the energy transfered to the hadron system, EH, is not too small. 
(For EH 2: 1 GeV and z ~ 0.2-0.3 most of the target fragments are cut out /306/). 

As sketched in Fig. 4.32 for neutrinos, the charged- and neut.ral-rurrent reactions on 
isoscalar targets create quark beams containing u and d quarks in differen1 proportions ~ 
listed in Table 4.11 /305/. 
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Fig. 4.32 Fragmentation of quarks struck by charged and neutral currents 
in neutrino reactions. 

Table 4.11. Composition of the quark beam produced in the primary charged

and neutral-current v(~)-quark interaction. 

Reaction u d 

CC neutrino (\1 .... IJ-) 1 0 

CC antineutrino (V + ~+) 0 

NC neutrino (v + v) 
2 1 2 ci +.!. i) (uL + 3 uR) L 3 R 

NC antineutrino (V + V) 
2 1 2 <i +.!. d

2
) (uR + 3 uL) R 3 L 

In the elementary processes {using valence parton approximation) 

+ ,_, {"} <-< {"} VI'- + d ----f p.- + ti, VI' + t1 ----f /.1 --t d, VI' + d --t VI-' --t d , 

au-quark (d-quark) beam is produced in charged-current neutrino (antineutrino) interaction 
which then fragments into a pion characterized by a probability amplitude D~(z) (DJ(z)), 
the so-called fragmentation function. For neutral-current processes both quarks are involved 
- the righl-handed quarks, however, arc only one third as effective as the left-handed ones 

(because of J;(l- y) 2 dy ~ 1/3). 
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Since i~oscalar targets contain an equal amount ofu and d quarks, an observed asymme~ 

try between 1r- und 1r-t would provide information on the strength of the d quark interaction 

compared to that of the u quark. In the valence part on approximation one obtains for the 

charge ratios of final~state pions in 1.1 (v) induced reactions on isosca]ar targets /305,307~309/: 

( ,+) = o(vN ~ v•+ X).~ ry[cj,(u) + ~<j,(u)] + [<l(d) + ~<j,(d)] 
,- v~v o(vN ~ v• X) [<Uu) +E<j,(u)j + ry[<Ud) + ~<j,(d)] 

(4.104) 

('+) = o(vN~v•+X) ~ ry[€•i(u)+<l,(u)] + [€<l(d)+<j,(d)[ (4.10S) 

,- ,~, o(vN ~ v•- X) [ (<i(u) + <j,(u)] + ry[(<i(d) + <j,(d)] 

( ,+) = o(vN ~~-,+X) ~ ry 
1r- v_,r o(vN -+ p. 1r X) 

( 1r+) =: a(vN- 11+1r+ X) = ~-
1r- ·v ..... p+ o(vN-+ p.+1r X) T1 

(4.106) 

. J:,~ D~+ (z) dz 

T1 = f2 v~-(z)dz (4.107) 

is the ratio of the probability for a u-quark to fragment into a 1r+ to the probability for a u

quark to fragment into a 1r- (carrying a fraction z of the total hadronic energy). The integral 

extends over the range of z values allowed in the actual experiment. Integrated fragmenta

tion functions can be extracted from charged~current (Eqs. 4.106) and electroproduction 

experiments ('1 - 3 /305/). 

Taking into account the cut in hadronic energy, E'ftu 1, the factor 1/3 in Table 4.11 has 

to be replaced by €: 
~ _ J dEv Ev'~>v J,\e,.) (I- y)' dy 

- J dEv Evcl>v J:(E,.) dy 
(4.108) 

where a( E ... )= E'ft" 1,1E.,., and cl>(E..,) and .f,(Ev) are the fluxes for neutrinos and antineutrinos, 

respectively. 

The presently available measurements of the 1r+ j1r- ratio for inclusive pion production 

are summarized in Table 4.12. All experiments were performed in heavy liquid bubble cham~ 

hers. Thus corrections must be made for nuclear effects such as charge exchange reactions, 

which may occur before the pion leaves the complex nucleus and thus can affect the n+;11"
ratio. For comparison of the observed ratios with the predictions of the quark parton model 

(4.104·4.106), one has to ensure that most of the pions used in the analysis come from the 

current fragmentation region. Therefore, rather stringent kinematical cuts (in EH and z) 
have been applied which largely eliminate also the background from hadron~ induced events. 

The uncertainty due to ambiguities in the :~r/K/p separation for high~energy tracks has been 

resolved on a statistical basis by Monte Carlo calculations. 
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Table 4.12. Measurements of the ratios of n+ and n- produced in semi

inclusive v and V reactions on isoscalar targets. 

Experiment Target z Region Charge ratios 

( ::) = 0.77 ± 0.14 

GARGAMELLE /306/ Freon o.J~z.s-0.7 
v + v 

( ::) - - = 1. 65 ± o. 33 
v + v 

Fermilab 15-ft B.C. Hydrogen- 0.4 <z<0.9 
( ,+) + 0.36a) 

- = 1.27 
FliM Collab. /304/ Neon n- - 0.29 

v + v 

BEBC ( ::) "'0.69 ± 0.22b) 
ABCDLOS Collab. 
(Aachen- Bonn-CERN-

v + v 

Demokritos-London Hydrogen- z > o. 3 

(I.C.)-Oxford- Neon 
( ::) _ - = 1.37 ± O.Jlb) Sac lay) /310/ 

v + v 

a) Calculated from the measured ratio ( +n+-) = 0.56 ± 0.06 

' +n v + v 

b) Evaluated (by the experimenters) from the measured ratios 

(h+/h-) = 1.07 ± 0.17 and (h+/h_)_ _ = 1,54 ± 0.45 using 
~ ~ v v ~ v 

isospin symmetry and charge conjugation to estimate the number 

of background protons and kaons in the final-state hadrons (h). 

Only statistical errors are quoted. 

The fact that the ratios in Table 4.12 differ from each other (and from unity) is, without 

any model assumption, a demonstration that the weak neutral current is an isoscalar~isovector 

mixture /309,'. A quantitative analysis /29/ based on Eqs. (4.104)~(4.106) and the inclusive 

constraints given by Eqs. (4.88) and (4.89) determines the squares of the chiral coupling 

constants completely. The solution is shown in Fig. 4.33. 

106 



Fig. 4.33 
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Constraints imposed on the hadronic neutral-current couplings 
(907. confidence level) by the data on deep-inelastic v, V 
scattering on an isoscalar target and measurements of the 
n+;n- ratio in semi-inclusive pion production /29/. The pre
diction of the standard model is shown as a function of sin20W. 

The relative signs between the chiral couplings (L{u), cR(u), £L(d) and £R(d) still remain 
unmeasured in inclusive processes because of the incoherence assumption in the quark parton 
model, which implies that in high energy inelastic collisions, quarks of definite flavour and 
chirality act incoherently /68/. But a study of exclusive neutral-current channels provides 
independent constraints on the neutral-current couplings and allows finally to resolve these 
sign ambiguities left over from the analysis of inclusive and semi-inclusive measurements. 
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4.3.2.4. Exclusive neutrino channels 

With four constants of unknown signs 1 sixteen (:;::; 2'~)-fold ambiguities are expected. 
The incidental fact that I(R(d)l ~ 0 (Fig. 4.33) and the choice of the overall sign by taking 
cL(u) > 0, reduce these sixteen-fold ambiguities then to two essential sign ambiguities, viz. 
those of cL(u) · cL(d) and cL(u) · £R(u). Using formulae (2.59) one obtains: 

<L(u) · <L(d) - h +b)' - (a+ P) 2 (4.109) 

lsoscalar lsovector 

part part 

<L(u) · <R(u) - (a+ 1)2 (P + b) 2 (4.110) 

Vector Axialvector 

part part 

The four possible solutions (Fig. 4.33), obtained by choosing the sign of cL{u) · tL(d) 
and tL(u) · fR(d), have rather distinct properties with respect to their isospin and vec
tor jaxialvector character (Table 4.1 3), so that a discrimination should be possible by studying 
special channels. 

Table 4.13. Solutions allowed by inclusive and semi-inclusive data 

Solution 
Sign Sign 

cL (u) · c1 (d) £L (u) • £R (u) Isospin Property V,A Property 

A - - Isovector dominant A dominant 

B - + " " v dominant 

c + - Isoscalar dominant v dominant 

D + + " " A dominant 
I 

4.3.2.4.1. Elastic neutrino and antineutrino proton scattering 

Elastic scattering experiments of nf'utrinos and antineutrinos on protons, vp ___,. vp and 
Vp --+ Vp, were of great help in resolving the solution ambiguities. There are now se-.·eral 
measurements of the elastic cross sections normalized relative to the quasi-elastic reactions 
vn---> f.l.-P and Dp ___,. 11+n, respectively. The results for 

Rd = a(vp---> vp) R"-1 = a(Vp ___, Dp) 
" a(vn __, J1 p) ' v o(vp---> Jl+n)' 

are summarized in Table 4.14. 
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a(vp- vp) 
and RNc :;::; a(vp---> vp) (4.111) 



Table 4.14. Summary of neutrino-proton elastic scattering experiments 

Experiment Re1 Re1 'Nc 
Q

2 
Region 

v v (in GeV
2
/c

2
) 

Columbia-
Illinois-

Q2 < 1.0 Rockefeller 0.23 ± 0.09 - - 0. 3 < 
Collaboration 
(CIR) /311/ 

Harvard-Penn-
sy1vania-Wis- 0.11 .± o. 015 0.19 .±-0.035 0.41 .± 0.09 o. 4 ...,< Q

2
,<0.9 

consin Collab. 
(HPW) /312/ 

GARGAMELLE 0.12 ± 0.06 - - 0.3 ~ Q2.$1.0 
(Freon) /313/ 

Aachen-Padua 0.10 ± 0.03 - - 0.2 < Q2 < 1.0 
/314/ 

Columbia-
Illinois- 0.11 ± 0.03 - 0.44 ± 0.12 0.3$ Q

2 ~ 0. 9 
Brookhaven ) 
Co11. (ClB)a 
/315/ 

a)This experiment is a modification of the earlier CIR experiment. 

The dominant background in elastic scattering experiments arises from elastic neutron

proton scattering np ...... pn with a topology identical to that of 
1i/p -+ 

1
V

1
p. By measuring 

the time of flight of events to differentiate neutron- from neutrino-induced reactions, this 

background can be reduced drastically /311,312/. Another source of background is single 

pion production by neutrinos {antineutrinos), in particular vn ...... vn-p and vp ...... vpn° 

where either the charged pion has such a low energy that it cannot be distinguished from the 

proton, or both photons from the neutral pion fail to convert in the detector. For a small 

fraction of vn ...... vmr0 and vp-+ vnn+ events the nucleon and pion energy deposition may 

simulate an apparent single proton. A potential systematic uncertainty arises also from the 

normalization of the elastic cross section to the observed rate for vn ...... 1cp (op _, Jl+n) 

which may be simulated- to a certain percentage-:- by the single pion channels vn -• J.l- p7r0
, 

vp ...... J1-p7r+, vn _,J.l-nn+ (vp _, J1+n71"0, Vn-+ J.l+nll"-, Vp-+ J.l+P~~"-)-

109 

The flux-averaged elastic cross section is sensitive to all four parameters of the neutral 

current (e.g. o:, (J, 1 and b) /316/: 

a(V 1
p _, 1-1 G2 I 2 2 

v p) =- aE (o: + 3")) + aM (o: + O.S61) 
g, 

+a A (li + .11)
2 

,•, a1 (o + 0.561) (li +AI)]. 

(4.112) 

The coefficients aE, aM, a A and a, are functions of the incident flux shape, the dipole mass 

parameters of the electric, magnetic and axial form factors and the Q2 range available in a 

given experiment. The factor 0.56 (= 3jl + Kp + Kn]/[1 + K:p- Kn]) comes from the isoscalar

isovector ratio where K 1. = 1.79 and "-n = -1.91 are the proton and neutron anomalous 

magnetic moments, respectively. The ratio A of the isoscalar to the isovector axialvector 

matrix elements is determined from SU6 or the non-relativistic quark model to be ). = 

0.6 ( Ss contribution is ignored). Another approach uses SU3 symmetry (also ignoring .Ss 

contributions) giving A = (3F- D)j(F +D) = 0.14 where F = 0.45 and D = 0.80 /317 j. By 

assuming a Q2 -dependence of the form factors using eve and the charged-current reaction 

1m ...... Jl-p, the integrated cross sections {4.112) have been calculated. In Fig. 4.34 R~1 and 

RZ1 from the liP\\' measurements (Table 4.14) are compared with these predictions using 

the dipol mass parameters Mv = 0.84 Ge\' and MA = 0.84 GeV and 0.90 GeV, respectively 

/318;. 

c • "-

c. 

·~ 
0 

::: 
c. 
~~ 

I 
c. 
» 
0 

" 
• I> 

"' 

0.8 
I lk 

c)" 
06 r ; 

' 
0.4 ~" .,.,~·'l} 

•• ·M.:::Q!lO!GtVI Mv'~ 

,, 

0.2 or 
taf:HPW 

0 0.2 0.4 

R
01 =o!vp-vpl/o!vn-~·pl v 
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Fig. 4.34 

Comparison of HPW data on 'Vp-+ 'Vp 
and \ip-+ \ip with various coupling 
constant solutions /312,318/. 



It can be seen that the solutions (A,B) are favoured over (C,D) implying that the hadronic 
neutral current is dominantly isovector. 

In another approach the Q 2·dependence of the differential cross section dujdQ2 is ex· 
plaited. The matrix element of the hadronic neutral current in el~tic vp scattering takes the 
fmm /258,319/. 

< f fJ: I i >~ iu(pt) [ 1,F," (Q') + ia,"q" F~~~') + 1p1sGA(Q2)] u(p,), (4.113) 

where q = PJ - p, and Q2 = -q2 > 0. Here u(pi) and u(pj) are the initial and final 
nucleon wave functions. F('(Q 2 ), F{'(Q 2 ) and G.4(Q 2 } are nucleon form factors which are 
real dimensionless functions of Q 2 and have the following clean prediction at Q 2 = 0: 

GE(O) ~ F," (0) ~ ~In +3ol {4.114) 

N ' I I I 3 I I G M (0) = F1 (0) + F-i (0) = - o I + Kp - Kn + -1 I + K 1, + Kn 
2 2 

4.7 I I = 2 0 + 0.561 (4.115) 

J(GA)· · 1.25
1 

· G .. ,(O) = "2 Gv lt1 + >.6j = - 2- f3 + >.6j (4.116) 

where GA/Gv = F + D = 1.25. The factor 3 in (4.114) is due to the definition of the 

isovector and isoscalar currents which are Vj 3 l = ~(ii1·1.1u- d11'd) and vJ 0 l = ~(U1I'u+d11.1d) 
respectively /31/. The usual form factors GE and GM get only contributions from the vector 
currents while only axialvector currents contribute toG A. 

Unfortunately the differential cross sections dojdQ 2 are available for Q 2 > 0.4 GeV 2 jc 2 

only since for Q2 
-> 0 the kinetic energy of the proton becomes zero and it cannot be seen. 

To determine the form factors a least·squares fit to the differential cross sections for both 
nPutrino-- and ant.ineutrino--induced reactions has been performed. By extrapolating back 
to Q 2 = 0, one gets /312/ the values for the form factors listed in Table 4.I5. They are 
compared with those values predicted by the various coupling constant solutions. 

Clearly solution A ((L(u) ·lR(u) < 0) is favoured by the data. Fig. 4.35 shows the 68% 
and 95 % confidence contours for F{'' (0) and F.f (0), given that G A (0) = 0.615, and compares 
them to t.he prediction of the standard model. With 95% confidence, the model is consistent 
with sin2 E>w between 0.205 and 0.33 /312/. 
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Table 4. IS. Values of the elastic neutral-current form factors (Q2•0) for solu

tions A, B, C, and D compared with the experimental results /312/. 

Fom Data a) Solution A Solution B Solution C Solution D Factor 

F~(O) -o.oo5:~: :~ - o. 12 0.62 - 1.46 0. 75 

F~(O) 086+0.12 
. -0.16 I. 14 1.71 - 0.01 - 0.88 

GA(O) 0.615 
I 

0.615 0.29 0,01 0.32 

a)The experimenters quote /312/ two equally good fits, both with x2 = 9.7 for 

7 degrees of freedom: 

N F I (0) = 0. 30 ± 0. II, N +0. 12 
F2 (0) = 0.67_0 . 21 , GA (O) 0.56 ± 0.03 or 

N +0. 10 r 1(o) = -o.3o_0 _19 , N +0. 22 
F2(0) = I.Z_O,l7' GA(O) 0.57 ± 0.03. 

The quoted values correspond to fits with GA(O) fixed to the value predicted 

by the standard model independent of the value of sin20W, 

.J ( ,-':-::~{/ 
0.2 

c; o.8· .. 
ZN 

u.. 

0.4u1o• 

0.0 i. 
-0.8 -0.4 0 

F~ (0) 

0.1 

85"/oCL 

6&"/o CL 

0.4 0.8 
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Fig. 4.35 

Values of the neutral-cur
rent form factors F~(O), 
F~(O) allowed by a fit to 
the differential cross 
sections do(v,V)/dQ2, for 
GA(0)=0.615. The predictions 
of the standard model are 
superimposed (HPW data /312/}. 



4.3.2.4.2. Single pion production 

The cleanest way to determine the isospin properties of the weak neutral current is to 
study neutral current induced single-pion production: 

vp-+ 11p1r0 
• (iip- iip11'0 ) (4.117) 

vn-+ vn1r0 (iin-+ iimr0
) (4.118) 

vp-+ vn1r+ (iip- iin1r+) (4.119) 

vn -+ vp1T (Pn ~ Ppn-). (4.120) 

The isospin decomposition of these channels (by neglecting a possible isotensor part 
which is not expected from the simplest gauge models based on SU2 X Ut symmetry) is given 
by /321/ 

( 0 1 ~ Ampl vp-+ vp1r ) = - (2A 3 +Ad- - S 
3 3 

(4.121) 

1 ~ Amp] (vn-+ vn1r0
) = - {2Aa +AI}+ - S 

3 3 
(4.122) 

v'2 II Amp/(vp ~ vnn+) ~- (Aa- A.)+ - S 
3 3 

(4.123) 

v'2 II Amp/(vn ~ vpn-) ~- (A3 - A.)- - S. 
3 3 

(4.124) 

Here Aa and At are the reduced matrix elements for production of 1 = 3/2 and I = 1/2 
states by the isovector current, and S is the reduced matrix element of the isoscalar current 
inducing only a transitions to I= 1/2 states. From Eqs. (4.121)- (4.124) the sum rule 

Ampl(vp-+ vn1r+)-Ampl(vn-+ vp1r-) = -J2{Ampl(vp -+Vp11'0 )-Ampl(vn -+vn1r0
)} 

(4.125) 
can be derive.d giving rise to the inequality 

,la(vp--. vn1r+)::; y'a(vn ------1 vp1r ) + y'2a(vp-+ vptrO) + y'2~(vn-+ vn1r0 ) 

and its permutations. They are all fulfilled experimentally. 

The present experimental status of neutral-current induced weak single-pion production 
is summarized in Table 4.16. The data are preponderantly obtained on targets of complex 
nuclei, so that nuclear distortion effects (which can strongly affect the invariant mass distri
butions in their shape) may be important. Furthermore, nuclear reinteractions can lead to 
channel mixing, so that the observed ratios of r.+, 11'- and 1rr' can be difft'rent from those that 
would be produced on free nucleons. Such nuclea~ corrections can be taken into account us
ing Monte Carlo simulation methods /321,330/ or a simple model of the reinteraction effects 
developed by Adler, Nussinov and Paschos /331/. The final number of events is strong])' 
dependent on the adopted criteria which in general differ from one experiment to another. 
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Table 4.16. Summary of measurements concerning neutral-current induced weak 

single-pion production, 

Cross-section ratio Data 

o(vp + vpn°)/o(vp + vnn+) 3.1 ± 2.1 
1.65 ± 0.36 

0 - + 0.09 ± 0.05 o(vp + vpn )/o(vp + ~ pn ) 0.23 ± 0.03 

+ - + 0,13 ± 0.04 o(vP + vn~ )/o(vp + ~ pn ) 
0.15 ± 0.04 

- - + 0.38 ± 0.11 o(vn + vpn )/o(vn + ~ nn ) 
0.32 ± 0.11 

- - + o(vn + vpn )/o(vp + ~ pn ) 0,11 ± 0.02 

o(vp + vpn°) 297 ± 37 
o(vp .,. vnn+) 180 ± 31 
o(vn + vnn°) 177 ± 43 
o(vn + vpn-) 237 ± 59 

o(Vp + Vpn°)/o(Vp + ~+nn°) 0.30 ± 0.14 
o(Vp + Vnn+)/o(Vp + ~+nn°) 0.54 ± 0.22 
o(Vn + Vnn°)/o(Vp + ~+nn°) 0.49 ± 0.21 
o(Vn + Vpn-)/o(Vp + ~+nn°) 0.41 ± 0.20 

o(VE + VEn°}+o(vn + vnn°} 
1.4 ± 0.2 

o(vn + vpn-) 

o(V£ + V£n°)+o(Vn + Vnn°) ~ r 2.1 ± 0.4 

o(Vn+\ipn-) 1 2 4 + 0. 8 
. - 0.6 

o(vp + vpn°)+o(vn + vnn°) 0.47 ± 0.06 
= R 0.45 ± 0.08 

2o(vn + ~ pn°) 0 0.17 ± 0.04 

o(Vp + Vpn°)+o(Vn + Vnn°) -
0.62 ± 0.08 

= R 057+o. 11 
2o(Vp + fJ +nn°) 0 . - 0.10 

0.39 ± 0,18 

o(Vp. + Vpn°)+o(Vn + Vnn°) 
0.50 ± 0.09 = r 

o(vp + vpn°)+o(vn + vnn°) NC 
L__ _____ 

- --

a)Cross sections are given in arbitrary units 

b)Corrected for nuclear effects 
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In analysing the data quantitatively a model is needed that contains both I = 1/2 and 
I = 3/2 amplitudes, and which is applicable to single~ pion data up to an invariant N1r mass 
of W ~ 2 GeV (the range of the present data). Several models have been proposed in the 
literature. The isobar models /333/ which differ in terms of the different coupling constants, 
form factors and so on, give a phenomenological description of the resonant part of the 
amplitude in those single-pion channels which are clearly dominated by a resonance (e.g. 
t!.(1234 MeV) for the 3/2 amplitude). The model of Adler and co-workers /334/ is based 
on fixed momentum~transfer dispersion relations for the invariant amplitudes and includes 

all the m\!ltipoles which excite the .6.(1234 MeV) resonance and which are dominant in the 
Born approximation. This model, designed basically for the region W :S 1.4 GeV, is able to 
predict the non~resonant and the resonant pion production amplitudes in good agreement with 
the weak-pion production data. Recent approaches to single-pion production mechanism by 
Fogli and N"ardulli /332/ and by Rein and Sehgal/335/ extend the investigated invariant mass 
region far away from the .6.(1234 Me\') region and include 1 = 1/2 resonant and non-resonant 
contributions. All the models are in good agreement with the charged and neutral current 
data (using the standard theory with sin 2 9w = 0.22), but differ in detail, particularly in the 
vectorjaxialvector decomposition of the cross sections. Applying such a model to the total 
information on pion production, one can obtain useful constraints on the neutral-current 
parameters. Quantitative analyses by Abbott and Barnett /336/ and by Monsay /337/ 
show a preference for solution A of Table 4.13 (i.e. £L(u) · £L(d) < 0, £L(u) · (R(u) < 0). 
This is confirmed by a more recent analysis /338/ of the neutral-current induced single-pion 
production data with the view of extracting the isoscalar couplings 1 and 6. The following 
values are extracted: 

isovector couplings 

isoscalar couplings 

0: = 0.677"' 0.242 
- 0.452 ' 

I = -0.202+ 0.077 
-0.123, 

{3 ~ 0.993+ 0.372 
-0.453 

6 = 0.007+ 0.103 
-0.102' 

(4.126) 

A definite answer to the question whether the hadronic neutral current is pure isovector or 
pure isoscalar,·can already be given by a qualitative analysis of the data listed in Table 4.16: 

(I) If the neutral current is pure isoscalar (A 3 = A 1 = 0, S i- 0), only l = I/2 1f N final 
states are possible. So the following cross-section ratios for reactions (4.117- 4.120) 
are predicted: 

o(pn°) 'o(n.0
) 'o(nrr+) 'o(pn-) ~I' I' 2' 2. (4.127) 

A confidence level of< w-· 4 is obtained in testing the compatibility of this prediction 
with the GARGAMELLE data /321/. Such a current is also not favoured by the 
antineutrino cross sections /325/ and by the measurements of the n° j1r- ratio for 
single pion production on a Freon target /326/ 

a(vp--> vpn°) + o(vn --+ vn1r0 ) 

a(vn --+ vp1r ) 

a(Vp--+ i/p1r0 ) + a(Vn ___, Vn1r0 ) 

o(vn--+ Vp1r ) 

= 1.4 ± 0.2' 

=2.1±0.4 

which differ significantly from the ratio 0.9 expected for a purely isoscalar current. 
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(2) 

(3) 

If the current is pure isoveclor, both I = 1/2 and 1 = 3/2 1rN final states are 
possible. But, if the final 1r N system is dominated by the I = 3/2 A 3 amplitude 
(A 3 -:f- 0, A 1 ~ S = 0), one expects the ratios 

o(p>< 0
) 'o(n>< 0

) 'o(nn+) 'o(pn-) ~ 2' 2' I' I. (4.128) 

The probability for this hypothesis tested against the cross sections /321 j is found 
to be 2 · 10- 2 , so that one can conclude that this expectation is, although not 
incompatible, still very unlikely. This is confirmed by measurements of neutral
current two-pion production from nucleons in the BI'\L 7-ft. bubble chamber /31/, 

where the ratio 
a(vn __. vnJT+7r-) 
o(vp __. vpr.-+ 

71
-) = 0.51 ± 0.10. 

is expected to be one for a pure isovector current /339/. 

Evidence for an isoscalar-isovector interference term comes from the difference of the 
cross sections for the charge symmetric reactions measured by the GARGAMELLE 
Collaboration /321/ (in arbitrary units): 

a(p1r 0
)- a(nr.0 ) = -C · !RS" (A 3 +!AI)= 120 ± 60 

2 
o(prr-)- o(nrr+) = -C · !RS'(A 3 - AI)~ 57± 66 

gi\'ing C · ms· A 3 = -99::::46 and C · !RS" A 1 = -42 ±59 /321/. It thus indicates 
the existence of a non-vanishing isoscalar contribution at the level of two standard 
deviations. Further evidence for a mixed isospin structure of the hadronic neu

tral current comes from a measurement of the rr 0 /7r- ratio in antineutrino-induced 
reactions /327/ 

a(Vp--+ Dprr 0
) + a(Dn _____. Vntr 0 ) _ +0.8 

- 2 .4 0 6 ' a(im --+ Vp11 ) - · 

where the values 1.1 and 4.4 are expected for a pure isoscalar and pure isovector 
interaction ( with A 3 dominance) respectively, taking into account the different 
number of neutrons and protons in a Freon target (n/p = 1.22). 

(1) A clear signal of 6 production ha~ been seen in the reactions vp ___, vp1r 0 (vprr-) 
and Vp--+ Vp7r 0 (Vpn-). Figs. 4.36 and 4.37 show the differential cross sections for 
these processes plotted against the pion-nucleon mass. 

The experimental results /321,327/ for these mass plots are quite rough because of 
nuclear distortion effects due to reinteractions and because of limited statistics, but they 
clearly show a strong excitation of the 6(1234 MeV) resonance. This indicates, at least 
qualitatively. that the hadronic neutral current has a large isovector component (solutions A 
and ll in Table 1.13) and suggests strongly that (a+ {3) is dominant and thus lL{u)·lL(d) < 0. 
The remaining V /A ambiguity can only be resolved by a quantitative analysis of the data 
using one of the mentioned pion-production models. 
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Fig. 4.36 
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Differential cross sections for the exclusive pion-production 
processes vp ~ vpn° (a) and vn ~ vpn- (b) plotted against the 
mass of the final-state pn system /321/. 
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Fig. 4.37 Spectrum of invariant pn° (a) an_d pn- (b) masses in antineutrino
induced single-pion reactions /327/. 
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4.3.2.4.3. Antineutrino disintegration of the deuteron 

A study of the neutrino (antineutrino) disintegration of the deuteron (Fig. 4.38) 

v(P) + d-+ v(P) + p + n (4.129] 

at intermediate neutrino energies ( ::::; 500 MeV) can help to elucidate the isospin and Lorentz 

character of the neutral weak current. 

Fig. 4.38 

V!VI 

z• 
n 

d p 

Diagram for the neutrino (antineutrino) disintegration of the 
deuteron. 

At and near the threshold (Ev = 2.225Mel' = Eb =binding energy of the deuteron) 

only a Gamow~Te\ler type transition is possible between nondiagonal (nondegenerated in 

energy) nuclear levels /340,341/. For the deuteron, this is caused by the isovector part of 
the axialvector current since ncar the threshold only the isospin-flip and spin~flip transition 
3 SI(J = 0)-+ 15 0 (1 = 1) is important. Therefore, neutrino disintegration of the deuteron 

ncar the threshold is sensitive only to the coupling parameter {3 of the neutral current and is 

thus, in the framework of the standard model, independent of the electroweak mixing angle. 
Away from the threshold, the forbidden transitions {i.e. the pure isoscalar V, A transition 
3 5-+ 1 P and the pure isovector V, A transition 3 S-+ 3 P) have to be taken into account. 

But they are not appreciable unless the incident neutrino energy is very high /340/. 

A 4a signal of the weak disintegration of the deuteron via a neutral current, j)~ + d -+ 

Ve + p + n, has been observed by an Irvine group /342/ using a well~shielded instrumented 

target of 268 kg D~O exposed to an intense Ve flux of 2.5 · 1013cm- 2 sec- 1
. The reaction 

was detected with use of only the product neutron as signature (via the reaction 3 He + n .......j. 

p + 3 H + 764 keY in 3 He~filled gas proportional counters). The measured cross section of 
(3.8 ± 0.9) x 10- 45cm~, corresponds to 

[PI~ o.9 ± 0.1 (4.130] 
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which has to be compared to {3 = 0.92 ± 0.14 predicted for solution A and {3 = 0.58 ± 0.14 
expected for solution B, respectively. The experimental data are in excellent agreement with 
solution A and establish that 

'L(u) · 'R(u) < 0, (4.131) 

while solution B is excluded at the level of approximately two standard deviations (solutions 
C and Dare ruled out even more strongly). 

4.3.2.4.4. Coherent 1r
0 production 

The Aachen·Padova Collaboration /343/ has observed, in a spark chamber experiment 
at the CER!\ Proton Synchrotron (PS), a signal for 1r 0 production in a coherent interaction 
of the neutrino (antineutrino) with a complex nucleus as a whole: 

v"(i/p) + .4!27 ....... v"(i/p) + A/27 + 1ro. (4.132) 

As already pointed out /246,344/ (Chap. 4.2.4.5), this coherent process is dominated 
by the divergence of the isovector axial vector neutral current, and can be calculated using 
the PCAC theorem /345/. Thus the magnitude of the coherent n° cross section determines 
selectively the strength of this particular component of the hadronic current (parameter {3 in 
Sakurai's notation). 

Fig. 4.39 
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Angular distributions of neutrino (a) and antineutrino (b) produced 
~0 's (0,08 GeV ~ IDyy ~ 0.25 GeV) compared with a prediction for 
resonant production /335/ and a control sample with visible proton 
recoil /343/. 

I 19 

The analysis is based on fully reconstructed 21· events with no visible recoil. A resolution 
of - 33 % is achieved for the 2') invariant mass, and the 1r

0 can be reconstructed to ...... ±45 
mrad in polar angle elf" and in azimuth. Figures 4.39 show the angular distributions of 
selected trc' in both, neutrino and antineutrino interactions. These distributions exhibit clear 
forward peaks (for elf .. :::; 16°) as expected for 7r

0 's produced in coherent interactions. 

A control sample of 1r0 's accompanied by a visible proton recoil (essentially due to the 
I -I 1-1 

reactions vPp --+ Vp111r 0 ) does not show a comparable sharp peak in forward direction. This 
behaviour agrees quite well with the theoretical prediction for the angular distributions of 

1-1 1-1 1-1 1-1 
the incoherent background (dashed curves) coming from vPn ....... vpmr 0 and VpP ....... vPp1r0 

events with no visible proton recoils. This calculation is based on the resonance model of 
Rein and Sehgal /335/, in which the final pion-nucleon system is treated as a superposition 
of I= 1/2 and J = 3/2 resonances using the relativistic quark model of Ft-ynman, Kislinger 
and Ravndal /346/ to calculate the matrix elements. 

The excess of nak('d 1rr' in forward direction (e""" <;:; 16°) is attributed to coherent 1r0 

production, resulting in absolute cross sections /343/ 

o~oh = (29 :±. 10) x w-<~o cm 2 /Af 27-nucleus 

o~oh = (25 =::::: 7) X w-<IO em 2 / Al 27 ·nucleus 
(4.133) 

whert- the error is statistical only. The observation that (Oherent 1r
0 production occurs 

with equal cross sections for neutrino and anti neutrino {i.e. that coherent n° production is 
essentially a parity-conserving reaction) justifies the assumption that the vector contributions 
to these processes are negligible. 
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By comparing the Aachen-Padova results (4.133) with the theoretically expected absolute 
cross sections at E 11 = 2 GeV 1246,3481 

f3 ~ 0.93 ± 0.12 (4.134) 

is obtained in good agreement with the standard model prediction (3 = }. 

The absence of a '7° signal in the 21 events (Figures 4 .40) imposes a limit on the isoscalar 
axialvector coupling parameter b. Taking into account the difference of phase space and the 
t7°-+ 11 branching ratio (0.39), the limit on b is 1343/ 

6 < 0.7 (90% C.L.) 

which has to be compared with 6 = 0 as predicted by the standard model in lowest order. 

A recent analysis 134 7/ of isolated electromagnetic showers in the GARGAMELLE Freon 
experiment extracts also absolute cross sections for coherent tr 0 production which are com
patible with the numbers given in (4.133). 

The CHARM -Collaboration 13491 has also carried out measurements of coherent '11' 0 

production by vJ.' and i/1-'- on nuclei in marble using the CHARM neutrino detector in the 
CERN-SPS neutrino wide band beam ( < Ev >.-.... 31 GeV and < Ev >- 24 GeV). Out of 
.._ 1.3 x lOG neutrino and ...... 1.4 x lOG antineutrino interactions, respectively, ""600v and 
,.._. 1300 V candidates for coherent tr 0 production have been selected by following closely the 

procedure used in the analysis of fii~e scattering (Chap. 4.3.1.2). Taking the background 
processes into account and correcting for the efficiencies, this results in 

o~oh = (96 ± 42) x 10- 40 cm 2 I <nucleus in marble> 

o~oh = (79 ± 26) x 10- 4
(' cm 2 I <nucleus in marble> 

(4.135) 

Comparing these experimental·results to theoretical predictions 1348/ one obtains the isovec
tor axialvector neutral-current coupling constant 

lfJI ~ 1.o8 ± 0.21, {4.136) 

averaged over the neutrino and antinEmtrino results. The uncertainties of the theoretical 
calculation can partly be eliminated by comparing 13491 coherent tr 0 production by neutral
current interactions observed in the CHARM experiment to coherent '11'- production by 
charged-current interactions of antineutrinos measured in BEBC. Assuming p = 1 one finds 

lfJI ~ uo ± o.23. {4.137) 

Finally it can be concluded that the study of coherent 1r0 production favours again the 
solutions with t:L(u) ·ln(u) < 0. 
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4.3.2.4.5. Diffractive neutrino reactions 

The experimental study of diffractive production of vector and/or axialvector mesons in 

neutral-current interactions 

1i/ + N-+ \/ + p0 (w,10) + N, 
(-1 (-) 

v + N -+ v +At + N (4.138) 

can provide additional information about the vectorlaxialvector and isoscalarjisovector ambi
guities in the neutral-current sector (Chap. 4.2.4.6). The calculations performed to estimate 
the cross sections for reactions (4.138) are, unfortunately, highly model-dependent 1248,249/. 
But if one compares the neutral-current reactions with their charged-current analogues, the 
model uncertainties cancel out 1350/. One expects then: 

o(vN-+ vp0 N) 

o(vN-+ Jl p+ N) 

o(vN-+ vAt./\') 

o(vN -+p. A~N) 

ldiffractive 

ldiffractive 

I ' =- 0: 
2 

~ f3' . 
2 

(4.139) 

(4.140) 

To resolve the ambiguities in inclusive and semi-inclusive data (Table 4.13) already a 
rough knowledge of diffractive processes is sufficient, since one only wants to know whether 

in I > 111! or iai < I.B:. 
An experiment at Fermilab 1252/ measured the cross+section ratio of diffractive p0 pro

duction by neutral currents and p- production by charged currents in antineutrino-induced re
actions which is expected to be proportional to o: 2 (Eq. 4.139). The result is lo:l = 0.44±0.18. 
It fulfills the relation lo:l < 101 when 1!31 is taken from another analysis. Therefore, diffractive 
production of vector mesons favours once more the solutions with fL{u) · fR(u) < 0 (i.e. 
solutions A and C in Table 4.13). 

4.3.2.5. Determination of hadronic weak neutral current 

All the experimental data together offer a high degree of redundancy. They single out 
solution A (i.e. lL{u) · tL{d) < 0 and cL(u) · fR(u) < 0) as the favoured solution. Thus 
the hadronic weak neutral current is determined to be dominantly isovector-axialvector. One 
finds (within errors) a single set of coupling constants, both in left-handed and right-handed 
space (Fig. 4.41). Both solutions are consistent with the constraint imposed by the standard 

model (Table 4.li) and both correspond to the same value of sin 2 E>w = (0.2- 0.25) which, 
on the other hand, is consistent with that obtained from the purely leptonic reactions (Chap. 
4.3.1). 
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Constraints imposed on the hadronic neutral-current couplings 
(90% confidence level) by a simultaneous fit to the inclusive 
and semi-inclusive v, V-hadron data discussed above. Only the 
shaded region is allowed by exclusive neutral-current v, ~ data 
/281/,The prediction of the standard model is shown as a function 
of sin2ew. 

Table4.17. Summary of quark couplings determined by a fit to the v,V-hadron 

data /281/. The number in brackets are the predictions from the 

standard model with sin2 0W = 0.22. 

EL (u) = 0.344 ± 0.026 (0. 353) a = 0.533 ± 0.037 (0, 560) 

e:: 1 (d) = -0.419 ± 0.022 (-0.427) B = 0.992 ± 0.037 ( 1.0) 

ER(u) = -0. 153 ± 0,022 (-0. 147) y = -0.152 ± 0.089 (-0.147) 

e::R(d) = 0.076 ± 0.041 (0.073) 6 = 0.002 ± 0.049 (0) 

01 = 140.6° ± 3.6° (140°) 0 = 
R 

296.4 ± 14.2 (296°) 
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5. WEAK NEUTRAL CURRENTS IN MUON-QUARK SCATTER.ING 

Muon-induced weak neutral currents are expected in the standard model. At the energies 
presently available the weak interaction is overwhelmed by the electromagnetic one. But 
their interference may be used to get information about the properties of the neutral weak 
force. One of the aims of high-intensity deep-inelastic muon scattering experiments is thus 
to determine, by measuring possible interference effects, the parameters of the muon-quark 
interaction Lagrangian 

L':.qc = ~ [ f11a (c~ + C~15);;. · iit'r"'qi + f11als (C~ + C:i15) Ji· iJ,1u1sq.

+ p. (C~ + CZ'Js) J1 • q,q,- + P.15 (c~ + c;frs) 11 • iinsq.-

- (c" c'" ) - ·~ ] + W1ufJ T + T 15 J1 • q,cr q; , 

(5.1) 

where J1 and q, are muon field and i~b quark field, respectively. Cf and C:"' are the V, A, S, 
P, T-type coupling constants constrained by CZ' = C'j: = C'.j = 0 if CP conservation of the 
weak current is assumed. 

The determination of the muon couplings is of fundamental interest for neutral-current 
11-e universality, for the sing]"' Z-boson hypothesis (Chap. 2.9), for the existence of right
handed currents and of muon-induced parity violation /351/. 

5.1. Study of S, P, T-type neutral weak currents 

Deep-inelastic muon scattering offers in principle a possibility to discriminate directly 
between V, A and S, P, T contributions to weak neutral-current interactions by measuring 
helicity correlations between initial and final state muons. 

In the rest frame of the pion positive (negative) muons, originating from r. ___, IJ-V decays, 
are always left (right)-handed: r!, llR· By using a high-energy beam of pions as a source 
of muons, the helicity remains negative (positive) for those muons emitted forward. Muons 
t'mitted backward will have a positive (negative) helicity if the pion velocity in the laboratory 
system is larger than the mUon velocity in the pion rest system, /3" > /3;. In general the 
helicity ). of the muons is a function of the decay angle E>~ in the pion rest system /42/ 

>. 'f c-c_o,-cec:'~"-c-+c"(,'P .,.,· 1-'-P-=" )._ 

I+ (P;/P.)co,e; 
(5.2) 

whert' the upper and lower sign applies to 1r+ and 1f-, respectively. The helicity can thus be 
selected by momentum analysis of the decay muons. Muons with momentum PJJ ::::- p" and 
p~' ::::' (m~-'/m" )2p,. -corresponding to cos E>~ = +1 and -1 -have helicity ).JJ~ (I'-) = -1 ( + 1) 
and )." ~ ("- ) = + 1 (- 1), respectively, in the limit of /3" ___, 1. 

The helicity of the final state muons could then be measured using the parity-violating 
decay of stopped muons as helicity analyser, in complete analogy to the charged-current 
polarization experiment /181,182/ described in section 3.3.1. 
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The scattering of longitudinalJy polarized muons can proceed by electromagnetic and 
weak interactions (Fig. 5.1). The V, A coupling types of weak interaction can interfere with 
the electromagnetic interaction since both preserve the muon helicity, whereas S, P, T-type 
coupling interactions interfere with each other and change the helicity of the muon. Possible 
S, P, and T contributions could thus be detected by measuring the final-state muon helicity. 

~L,R X 

\ -~.-<: ;( 
I! L,R N 

y 

Fig. 5. I Feynman diagrams in muon scattering. 

Since the ratio of the helicity-changing cross section of muon scattering on a nucleon to 
the helicity-preserving cross section /352/ 

o("LN- "RX) o("RN- "LX) 
o("LN- "LXJ ~ o("RN- "RX) 

L: [,(x) I 2(c{ + c~')ai + c; (C~ + c;) a, + c;' a 3 J (5.3) 
' 

L:fo(r) l(e'/Q')eq,] 2 64(s-m~)' 11 + (1-y)'] 
' 

(neglecting the V, A weak interactions in the he I icily-preserving cross section) has a Q 4-

dependence, experiments carried out at high Q 2 (square of the momentum transfer between 
the muon and the struck quark) would be very sensitive to small helicity-flip amplitudes. sis 
the total energy squared in the center-of-mass ~ystem, eq, is the charge of the ith quark (i=u, 
d, s, ... ) and J,(x) is the probability of'finding a quark of type i with fractional longitudinal 
momentum x =- Q2 j2Mv in the nucleon. The a,'s are functions of the inelasticity y = 
vjE~n =I- E~" 1 jE~" /352/: 

a 1 = 16{s-m!} 2 y 2 +32m!(s-m~}y 

( 
') 2 1 a 2 = ~256 s- mJJ y(l- 2y) (5.4) 

a3 = 1024 [ (s- m!) 2 
(I - y + ~y 2 ) - m! ~ (s- m!) y]. 

The experimental requirements needed to study the polarization of scattered muons in 
deep-inelastic muon scattering have been examined /353/ for the high-intensity muon beams 
at CERI'\ and Fermi lab Tevatron (where Q 2 can reach up to ...... 600 GeV 2 jc2 ), with intent to 
elucidate the Lorentz structure of the neutral weak current in the manner discussed above. 
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5.2. Parity-violation asymm£>tries 

In deep-inelastic muon scattering parity-violating neutral-current effects are expected to 
be of the order of 

A,m · Aw,ok _ Aw,ok _ Gjy"i ~ ~ 179 10-<q' (. G V'f ') 
2 2 - - / 2 K • x me c 

IAeml + IAwMkl Aem 21Tll Q 
(5.5) 

resulting from the interference of (dominant) one-photon exchange (amplitude Aem) with Z
boson exchange (amplitude Auu .. k) /14,354/. Possible helicity-flip amplitudes are neglected. 
At Q2 = 200 Ge~T 2 jc 2 one expects therefore about 3% effects. 

For a given magnitude of beam helicity ,\ there exist three independent cross section 
asymmetries /351/ whose observation would manifest such expected interference effects. 
Varying the beam polarization and keeping the charge of the muons fixed gives two parity
violation asymmetries (which are of the type measured at the SLAC experiment described in 
Chap. 6.1)o 

A± 
do±(.\,) - do±(.l,) 
do±(.\,) + do±(.\2 ) 

~ -K (.II = .1,) 1 ±g~ V (x) + g~A(x)g(y)j • (5.6) 

with 
1-(1-y)' 

g(y) ~ 1 + (1 y)'. (5.7) 

g~ and g~ denote the vector and axialvector coupling of the muon, respectively, by rewriting 
the Lagrangian (5.1) in the form 

!HI G - ,... p. - 0 ' • 

CNC,VA ~ J2 l"oa(Yv+YA1;)"·q,.., (gv+YA1s)q.j (5.8) 

for V, A contributions only. V(x) and A (x) are ratios of structure functions which for isoscalar 
targets reduce to constants in the framework of the quark parton model (even if the quark 
distributions depend on Q2 ): 

v 

A 

6 

5r2•" -gtJ 

6 ( d ") 5 gA-2gA' 

whPre gV, g~ are the vector and axialvector couplings of the quarks (i 
Sakurai's notation /31/ read: 

•" 
d 

Yv 

1 -) - (o+o, 
2 

1 - -) -·(-n+')' 
2 

u 
9A 

d 
YA 

Inserting (5.9) in (5.8) one obtains 

v 

A 

3 ( - -) -3o:+l 
5 

3 - --- (3~ +6) 
5 
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1 -
2 (~+b) 
1 -2(-~+b). 

(5.9) 

u, d) which in 

(5.10) 

(5.ll) 



implying enhanced isovector (0, ;3) over isoscalar uJrrent contributions (1, 6) to the asym

metries (5.6). 

The only experiment to study these partity-violation asymmetries with muons was per

formed at Serpukhov /355/ using longitudinally polarized ,u-bear:ns (>. 1 ~ ->.2) with average 

muon momenta of 21 GeV /c. No statistically significant dependence of the 11N cross section 

on the longitudinal polarization of the muons has been found in this relatively low Q2-domain 

(Fig. 5.2). The magnitude of this cross-section asymmetry is given by 

A-~ (-4±6) X w-' < Q 2/(GeV 2 /< 2
) > 

8 
-

t 

,. 
6 • 

• ~ ~ 

0 b 2 I I + 

t+._ -t+t- f ~ :-- 0 

' -2 ... 
-4 

-6 
2 4 6 8 10 12 

o2 1Gev2tc 2 J 

Fig. 5.2 Dependence of the parity-violation asymmPtry 
A-""[o-(>,>0)- o-(;1,<0)]/[o-(A).O) + o-()..<OP on 
the average momentum transfer squared, Q /354/. 

5.3. Beam-conjugation asymmetry 

Variation of both the beam charge and the helicity defines a third asymmetry 

which is equal to 

da+(-1,) - do-(-\,) 
B(A,,A,) ~ do+(Ao) +do (A,) 

[ 
' )q - ),2 ),l + ),2 l 

B(A 1 ,A 2 ) ~ -K g~A(x)g(y) + -2-g~A(x)g(y)- -·-2-g~V(x) 

(5.12) 

(5.13) 

taking into account only one-photon and one-Z 0 exchange graphs /351/. This asymmetry is 

predominantly due to the parity-conserving A lepton· Aquark interaction while the asymmetries 

A:±- (Eq. 5.6) primarily explore the parity-violating A/eplon · Vqunrk interaction. 
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Fig. 5.3 

B [ '!. J 
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Measured B asymmetry after radiative corrections at 120 GeV and 
200 GeV ~earn energy as a function of g(y)Q2 /355/. For the 120 GeV 

data, circles represent data with q2).15 GeV 2/c2 and triangles data 
with q2).25 GeV2/c2. For the 200 GeV data a higher Q2-cut 
(Q2>40 GeV 2Jc2) has been applied. Solid lines are straight line 

fits to the data. 

The Bologna-CERN-Dubna-Munich-Saday (BCDMS) Collaboration has studied /356/ 

deep-inelastic scattering of polarized muons on nucleons 

f.LR+C-11-+X 

111 + C -~ JL+ +X 

at two energies 120 and 200 GeV using an isoscalar target (carbon). This experiment has 

established a statistically significant beam-conjugation asymmetry 

B ~ 
do+ (-A)- do-(A) _ _ , , 
do+(-A) + do-(A) - K(gA- Agv) A(x)g(y) (5.14) 
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by reversing simultaneously both the charge and the helicity of the muon (I..\ I - 0.81 at 
200 GcV and l..\1 ,...., 0.66 at 120 GeV). Figs. 5.3 show the measured asymmetries for the 
two beam energies as a function of g(y)Q2 • The data have been corrected for higher-order 
electromagnetic and weak-electromagnetic effects /357/. The following values for the slope 
b of the B asymmetry are obtained 

b ~ [-o:J47 ± 0.037 (stat) ± 0".02(syst)] X 10-3 (GeV fer' at 200 GeV 

b~ [-0.174±0.075(stat) ±0.03(syst)] X 10-3 (GeVfcr' at 120 GeV 

by fitting the two data samples independently to B = a+, bg(y) Q2
. 

The general gauge theory couplings of the muon, allowing for left- and right-handed weak 
isospin multiplets, can (Eqs. 2.36) be expressed as 

g~ = p[T3L+Tt -2sin2 E>wQ~] 

9~ ~ P [r,f - r,"] , 
(5.15) 

where Q ~ is the charge of the muon and p denotes the ratio of the over-all strengths of 
neutral- and charged-current couplings. 

These couplings are related to the slope b of the B asymmetry by 

G I . 
b ~ p[T:f(:..-1) + T,"(A+I) + 2Asin'ew] 10 -A(x), 

v2211"a 
(5.16) 

where the fact that p+ (p-) have negative (positive) helicity has been taken into account. 
This shows that the experimentally prefered helicity ~ ~ I implies sensitivity of b to the 
right· handed muon coupling and to sin 2 E>w. Therefore, the experimental results for the slope 
parameter b can be used either to determine the electroweak mixing angle in the framework 
of the standard model (T:f = -I/2, Tf = 0, p = I) giving /356/ 

sin' ew ~ 0.23 ± 0.07 (stat) ± 0.04 (syst), (5.17) 

or to determine the right-handed weak"charge T[ of the muon assuming sin2 E>w = 0.23 and 
T:f = -1/2. One finds r: ~ 0.00 ± 0.06 (stat) ± 0.04 (syst). (5.18) 

This result rules out a weak-isospin doublet of the form 

(~:L 
where M 0 is a heavy neutral lepton with no mass .restriction. 

The BCDMS Collaboration /356/ was moreover able to extract the weak-electromagnetic 
interference structure function xG3 (x) by measuring the beam-conjugation asymmetry B as 
a function of x: 

_ ( " ") xG3 (x) ( ) 
B-K gA->.gv F2(x) gy. (5.19) 
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For high x where effects of the sea-quark contribution can be neglected, one finds 

xG3 2 (g~Q" + g~Qd) 
F; = Q~ + Q~ 

(5.20) 

which in the standard model is equal to ~- Qi is the charge of the quark i (= u,d). Ex
perimentally one finds for the ratio (5.20) a value of 1.87 ± 0.25 (stat)± 0.24 (syst). This 
measurement can be used to impose constraints on the chiral coupling constants fR(u) and 
£ R (d), if factorization is assumed and the left-handed coupling constants are taken from other 
experiments /358/- It excludes regions in the tR(tt)-£R(d) plane as shown in Fig. 5.4. 

Eq. (5.16) makes clear that the quantities sin2 ew, p, and r3R can be determined 
simultaneously provided that the experiment can be performed at different values of the 
beam helicity ..\. 

V ~c 

I 
v hadron 
data 

-0.2 

(d) 

ERiul 

0.2 

Fig. 5.4 Allowed regions (at 90% C.L.) for the right-handed neutral-current 
couplings by a simultaneous fit to all neutrino-hadron data. The 
constraints given by the muon-carbon scattering experiments are 
shown, using the left-handed coupling constants from other experi
ments as input /358/. The prediction of the standard model is given 
as a function of sin2 8W 
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6. WEAK NEUTRAL CURRENTS IN ELECTRON-QUARK SCATTERING 

Substantial progress has been made in determining the neutral~current couplings by the 

study of interactions of electrons with hadrons (ultimately with quarks) as revealed in optical 

transitions of heavy atoms and in inelastic scattering of polarized electrons on deuterons 

(historically the most decisive experiment in eliminating various alternatives to the standard 

model). 

These non-neutrino reactions can be used to distinguish V, A couplings from alternative 

coupling types. The observed neutrino-antineutrino cross-section differences (Chap. 4}, for 

example, can be explained in both V, A and S, P, T current pictures. In the V, A coupling 

case the presence of such cross-section differences (implying the presence of V, A interference 

effects} is in general accompanied by parity-violating neutral-current effects in processes in 

which neutrinos are not involved. For S, P, T type couplings neutrino and antineutrino cross

sections can also differ since both even (S and P) and odd (T) charge conjugation pieces 

are present. But there would not be neutral-current induced parity-violating effects in non

neutrino reactions, since a CP-conserving S, P, T Lagrangian is still parity-conserving. In 

multiboson models neutrino-antineutrino inequalities are also possible /359/ for a strictly 

parity-conserving neutral force (e.g. VV + AA type} which, however, would not induce 

parity-violating neutral-current effects in non-neutrino processes. This may illustrate the 

importance of non-neutrino experiments such as Jlq, eq experiments in answering some very 

basic questions about the neutral weak interaction and in confirming some of the results 

extracted from neutrino physics, respectively. 

The electron-quark neutral-current interaction can be divided into a parity-conserving 

par\ containing \.leptc>n ·\'quark and Atept''" · Aquark terms and a parity-violating part, de

scribed by the Lagrangian (2.63), containing Alq·ton · Vquark and Vleptol'l · Aquark terms. At 

low Q 2 (5 104 Gel' 2 ;c2 ) the effect of parity-conserving neutral-current interactions is ex

pected to be completely overwhelmed by the much stronger electromagnetic interactions. But 

parity-violating· neutral-current interactions may be detected by looking for the dependence 

of experimenta'l observables on pseudoscalars as, for instance, the electron or photon helicity. 

Such parity-violating effects of the order,.._, 10- 4 Q 2 (Eq. 5.5) are expected to arise from the 

interference between the 1-exchange and Z 0 -exchange diagrams (Fig. 6.1). 

• q • q 

+ 
y z' 

• q • q 

Fig. 6. I Weak-electromagnetic interference in electron-quark interaction. 
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6.1. Scattering of polarized electrons on deuterons 

In this experiment performed at SLAC /40,41/ the parity~violating cross section asym

metry 

A(x,y,Qz) = doenD- daeLD 
doenD + doetD 

for the scattering of right~ handed and left-handed electrons on deuterium 

e[.,R + D ..... e- + X 

(6.1) 

(6.2) 

was measured. Here -Q2 is the virtual photon mass squared, xis the Bjorken variable and 

y = (E- E')/ E, where E and E' are the initial and final electron energies in the lab frame. 

The average momentum transfer was< Q2 >= 1.6 GeF 2 jc2 , and the inelasticity region 

0.15 ~ y 5 0.36 was covered. 

The dependence of A on x, y and Q2 is of the form 

I - (I - y)' l 
A(x,y.Q') ~ Q' [ a,(r) + a,(r) I+ (I- y)' . (6.3) 

a 1,a 2 are proportional to the interference of the weak and electromagnetic amplitudes. a 1 

is proportional to the axial coupling of the electron times the vector coupling of the quarks, 

while a 2 is proportional to the vector coupling of the electron times the axial coupling of the 

quarks. A calculation by Cahn and Gilman /360/ leads to 

OJ ""Adnlron · Fquark = Al [2Clu c,] =~A, [3a +~I 

02 ,.._ Vdeclr<>n · Aqua,.-k = A1 [ 2C2u c,] I - -

2A, [3P + o] 
(6.4) 

neglecting antiquarks as well as hcaYy quarks (valence parton approximation). The constant 

A 1 is given by 
3G 

A, = ~ = 1.08 X w-• (Gev/c)-'. (6.5) 
lOJTO'y 2 

Corrections due to sea quark effects, violations of the already discussed Callan-Gross 

relation /234/ (R = OL/,(JT i 0), logarithmic scaling violation, coherence between diagrams 

in which Z(' and 1 scatter from different quarks and higher-order weak effects appear to be 

small. They add up to a- 7% theoretical uncertainty in the coefficients a 1 and a 2 /29/. 

The first experiment /40/ wa...<> performed at y ~ 0.21 with < Q 2 >:::: 1.6 GeV 2 jc 2 and 

< x > ~ 0.15. A significant asymmetry 

AjQ' = (-9.5 ± 1.6) X w- 5 (GeV /,)-', (6.6) 

was found. This is compatibk with the w- 4 Q 2 rule from Eq.(5.5}, where maximal interfer

ence betwpen the weak and electromagnetic amplitudes is assumed. It demonstrates the V, 

A character of the neutral weak interaction for the same reason that observation of neutral 

current-charged current interferences in 
1
V.

1 
e scattering would do so. In both cases the inter

action with which the neutral-current term interferes, preserves the electron helicity. There 
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is no interference unless the neutral~current interaction does the same which requires that it 
is mainly V, A. Small admixtures of S, P and T contributions, however, are much harder to 
rule out. 

By changing the inelasticity y it is possible to determine /41/ the magnitude of a 1 

a2 separately, with the result shown in Fig. 6.2: 
and 

a, ~ (-9.7 ± 2.6) x 10- 5 (GeVje)·' 

a, ~ (4.9 ± 8.1) x 10- 5 (GeV /r)- 2 , 

or in terms of the coupling parameters 

ii + 'i/3 

jj + b/3 

-0.60 ± 0.16, Clu 

0.31 ± 0.51, C2u 

Cld/2 

C"/2 

The best determined quantity /31/ is the linear combination 

-0.45 ± 0.12 

0.23 ± 0.38. 

(ii + 'i/3) + 0.25(i3 + b/3) ~ -0.53 ± 0.05. 

(6.7) 

(6.8) 

(6.9) 

The errors in the relations (6.7/6.8) are highly correlated as demonstrated in Fig. 6.3. It 
turns out that the A.tectron · Vqt«lrk interactions are much stronger than the Velectron · Aquark 

interactions (compatible with zero), in contradiction with the hybrid model /360/ in which 
the axialvector coupling of the electron vanishes identically. This model which assumes a 

weak-isospin doublet of the focm ( :") R - N° being a heavy neutral lepton with no mass 

restrictions- appears to be ruled out by the SLAC data (best fit has a x2 probability of only 
6. 10" 4 ). 

By analysing the data in the framework of the GWS model (Table 2.3) one finds /29/ 

p ~ 1.74 ± 0.36, 

oc /41/ 

sin2 E>w = 0.293+0.033 
-0.100' 

sin2 
ell-' = 0.224 ± 0.012 (stat) ± 0.008 (syst) 

using the standard model (p = 1), respectively. 

(6.10) 

(6.11) 

The SLAC asymmetry experiment succeeded only in determining particular linear combi~ 
nations (Eqs, 6.8) of the four coupling constants 0:, ii, ;:;, 6 or C 1u, C2u, C 1d, Cu, respectively. 
For a complete and separate determination of all four parameters additional experiments are 
needed. Measurements of an electron~proton inclusive cross section asymmetry with longitu~ 
dinally polarized electrons could help, since a proton target provides a different mixture of 
quarks and is expected to give a different asymmetry than deuterium /360/. So far, however, 
the asymmetry on protons has only been measured for a fixed y value /40/. It yields 

A/Q' = (-9.7±2.7) X 10" 5 (GeV/r)- 2 , (6.12) 

where the error contains both statistical and systematic uncertainties. 
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Additional information can, in principle, be obtained by studies of parity-violating effects 

in elastic ep, eD and e-nucleus scattering at moderate energies /31 I and in optical transitions 

between atomic levels. 

6.2. Parity violation in atoms 

In atomic physics Q 2 is of order r- 2 , where r is the atomic radius, r- 2
,..... (m.ll37) 2

• 

This implies parity-violating effects of order 10-IS due to weak-electromagnetic interferences. 

Fortunately these effects can be greatly enhanced by working with heavy (high Z) atoms 

/3611. From the two possible contributions Ae~ectron · Vquo.rk and Velectron · Aquark to the 

parity-violating part of the interaction then only the first alternative (corresponding to the 

SLAC asymmetry at y = 0) is dominant and produces a detectable effect 13621. In fact 

the vector charges of all quarks in the nucleus (a huge number in a heavy atom) add up 

coherently. On the other hand, the axialvector couplings to quarks which correspond to 

charge times spin, give a negligible effect because the nucleus spin is small and different 

quarks with the same charge add up with different signs according to their spins. Thus, 

in heavy atoms the measurement of parity violation determines a quantity, called the weak 

charge Qw. It is given by the V('ctor coupling of u quarks times the number of u quarks in 

the nucleus plus the same quantity for d quarks: 

Qw ~ -I ('i + <>) N" + (1- <>) N,]. (6.13) 

Since there are two u (d) quarks and one d (u) quark inside the proton (neutron) one gets 

Qw - 1 11 + <>) (2Z + N) + 11- <>) (Z + 2N)] 

- [ o (Z - N) + 3'f (Z + N) J , 
(6.14) 

where Z and N are the number of protons and neutrons in the nucleus. 

The parity-violating lepton-quark interaction is described by a short-range effective 

Hamiltonian 1361/ 
ii, ·fie 

Hpv - Qw --O(f), 
m, 

(6.15) 

where iie, fie, and me refer to the spin, momentum and mass of the electron. Therefore the 

parity-violating effects are largely enhanced for atoms with high Z, since the weak charge Qw 

gives a factor of Z (Eq. 6.11). An additional factor of Z arises from the proportionality of 

Hpv to the electron momentum operator, since the velocity of the valence electron is known 

to scale like Z /311. Furthermore the parity-violating matrix clement depends on IWI 2 of the 

valence electron evaluated at the origin; this varies like Z if screening is taken into account. 

Altogether one thus gains a factor Z 3 which, for example, for bismuth amounts to ...... 5.7·105. 

The Hamiltonian (6.15) can mix atomic levels with opposite parities. The atomic levels 

are no longer expected to be pure eigenstates of parity. Instead one may have 

ln,P>'= ln,P> + Lhnp,,.,•sln',S>, (6.16) 

n' 

where ln,P > 1 is the energy eigenstate for the system. ln,P >and ln',S >are the parity 

eigenstates. The mixing parameter is then given by /363/: 

< n',SIHrvln,P > 
hnP, n 1 S 

Enp - l!Jn•s 
(6.17) 
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Consequently radiative transitions are expected to violate parity. In fact it is the interference 

between the parity-conserving magnetic (MI- connecting two P states) and parity-violating 

electric (El - connecting P and S states) dipol transitions in atoms that is sensitive to 

the photon handedness. Such an interference wi!l manifest itself in observable left-right 

asymmetry effects. This exhibits an additional possibility to enhance parity-violating effects. 

The expected tiny amount of El transition will not be completely masked by the normally 

much stronger Ml transition, if a transition is chosen where the parity-conserving transition 

is suppressed as in the so-called forbidden Ml transitions. One can gain a factor of order 104 

in this way. 

Another possibility 131/ to enhance parity-violating effects follows from formula (6.17). 

The parity mixing parameter 6 can be enlarged by choosing a level with an almost degenerate 

opposite-parity le\·e] nearby and by subjecting in addition the atom to an external magnetic 

field in order to achieve crossing of some of the hyperfine sublevels. This will make the energy 

denominator in Eq. (6.17) small. This tPchnique can be used in experiments with hydrogen 

or deuterium, where the nS 112 and nP1 ; 2 levels of opposite parity are nearly degenerate. It 

results in a mixing eff~ct of the parity-violating Hamiltonian which is by a factor of order 104 

greater than in other atoms. Experiments along this line are now in progress at Seattle /3641, 

Yale 1365/, Zurich 13661 and Michigan 1367 I, where the first results 1368/ constrain the C 21• 

parameter characterizing the l'eledron ·A proton interaction to: C2r = - !f~ (ff +0.66) < 620. It 

shows that the sensitivity is several orders of magnitude from providing a test of electroweak 

theory. 

Most proposed experiments, and the ones that have actually been carried out, involve 

the interaction of photons with atoms where the helicity of the photon is used as pseudoscalar 

quantity to investigate th£' expected handedness of the atoms, i.e. their non-invariance under 

space reflection. Essentially two different experimental techniques exploit the photon helicity 

to search for parity-violating effects in heaYy atoms. 

One approach originally proposed by Bouchiat and Bouchial 13691 involves the observa

tion of resonanc(' absorption of circularly polarized photons by a heavy atom such as Cesium 

or Thallium. The so-called circular dichroism is measured by comparing the cross sections 

for left-handed (s-· p-= --·1) and right-handed photons (.5· p-= +1) 

OR +OJ, 

2~! c{v · .M 1] ~ 2~tiv I .M1, 
, I PV I' IM,I + <, · 

(6.18) 0 
OR- OL 

where .M 1 is the MI amplitude and E{~' the parity-violating E1 amplitude. Any difference 

between the cross sections must be due to parity violations in atoms. 

But instead of studying the interference between E{v and .M 1 directly by measuring 

circular dichroism, it is experimentally easier to look for an interference between crv and a 

known parity-conserving Stark-induced EI amplitude tfnd, caused by a static electric field 

Er,. This results in an atomic polarization ft which is proportional to the circular polarization 

ii,,., · km of the incoming photons and to ~[{v / [1'nd - -;;:u{v I {J, where {J characterizes the 

vt·ctor part of the Stark-induced electric dipole. Pis directed perpendicular to both i() and 

k.n 1370/. The presence of f leads to circular polarization in fluorescence observed along 

£0 X fin· The actual pseudoscalar quantity detected is (iim · f,.,)(fm X Eo· fout)(iiout · kout). 
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Table 6. 1. Experimental results on parity violations in atomic physics /377/. 

The predictions are averages of recent theoretical estimates. 

Experiment Result Pre die tions 

0 
[10

8 
Im E~V /HI] Bismuth, A = 6476 A 

Novosibirsk (1979) /378/ -20.2±2.7 

) -12.5 ~ ~:~ 
Oxford (1984) /377/ -9.3±1.5 

/381-384/ 
Moscow (1984) /377/ -7.8±1.8 

0 
Bismuth, A = .875 7 A 

Seattle (1980) /379/ -10.4 ± I. 7 -10 ± 2.5 

/381-383/ 

Lead, A= 1.28 ~m 

Seattle ( 1983) /380/ -9.9±2.5 -13 ± 2 

/383,385/ 

Thallium [rm E~V;e] in mV/cm 

Berkeley (1981) /371/ -] 80 + 0.65 ) . - 0.60 -1.15±0.35 

/386-388/ 
Berkeley (1984) /371/ -1.73±0.33 

Cesium 

Paris (1982) /373/ -1.34 ± 0.33 

) -1.61 ± 0.2 

Paris (1984) /374/ -1.78±0.38 /389-391 I 

!37 

Experiments of this kind have been performed in Berkeley /371,372/ using the 6 2 P 112 -

7 2 P 112 transition in Thallium and Paris /373,374/ utilizing the 6S -7 P transition of Cesium, 
where a parity-violating effect of- 5 standard deviations has been found (Table 6.1). 

An alternative way /375,376/ to search for parity violation in atoms uses the Lorentz 
relation between the index of refraction n± of a medium with N atoms per unit volume and 
the forward scattering amplitude f±(w) of right-handed{+) and left-handed{-) photons at 
energy w : 

2• 
n± ~ l + --,Nf±(w). 

w 
' !'\ear the resonance line the forward scattering amplitude is given /31/ by 

f± 
w'[IM,I' ±n(E,"vM,)] 

w- wo + if/2 

(6.!9) 

(6.20) 

where w0 denotes the resonance energy and f the width of the line. If n+ and n_ are 
different, then linearly polarized light which is a superposition of the two opposite circular 
polarizations, will have its plane of polarization rotated by a tiny amount when traversing 
the medium of these atoms. Close to a Ml transition the rotation angle is given by 

I 
$p\· ,_ - R 

,\ 
with R 

~crv 

M, (6.21) 

where ). is the wavP-length and I is the path length traversed /370/. The ratio R, the so
called rotation parameter, is the quantity that is usually quoted in the various optical rotation 
experiments. The attenuation of the photon beam due to absorption of light limits the path 
length (to a few times the absorption length 10 ) and thus the attainable rotation angle. 

All groups following this approach to study parity non-conservation effects in atoms have 
used Bismuth atoms. The optical activity of Bismuth vapour was investigated in the region of 
the allowed MJ transitions 6p3 4 5 3 ; 2 -> 6p3 2 D 512 at).= 6476 A (Oxford /377/, Novosibirsk 

/378/ and Moscow /377/) and 6p3 4S 312 -> 6p3 2D 312 at).= 8757 A (Seattle /379/). The 
same method was used to search for parity-violating effects in atomic lead /380/ utilizing 
the 1.28 Jl.m 3 P 0 --+ 3 P 1 transition. The results are listed in Table 6.1 and compared with 
theoretical predictions based on the standard model. 

The status of atomic parity experiments has had a. rather confusing history and some 
of the discrepancies between the older and newer measurements are still not completely 
understood. But it can be seen that the experimental situation gives now a clear confirmation 
of the standard model predictions. 

6.3. Limits on parity'~ violating scalar-type neutral-current interactions 

The observations of parity violation in atoms and in the SLAC eD experiment imply 
that the relevant neutral-current interaction must have vector and axialvector components 
because of its interference with the electromagnetic interaction. Limits on dipole moments of 
atoms and molecules can now be used to impose constraints on still possible parity-violating 
scalar-type interactions. 
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Parity-violating S, P, T electron~nucleon interactions which must violate time-reversal 
inYariance as well /392/, can give rise to electric dipole moment effects in atoms and molecules. 
This is in contrast to V, A interactions /221/ where no static electric dipole moment can be 
induced but only non-diagonal transition eletric dipole moments between states of the same 

parity. 

In the non-relativistic limit which eliminates the pseudoscalar interaction, the Hamilto
nian Hs and Hr, describing SandT interactions respectively, may be written /222/ in the 
effective operator form: 

H~ff~_dsf.i, 
J 

H~ff =- dr f.£, 
I 

(6.22) 

where J is the angular momentum of the electrons in the shell, I the nuclear spin and E is the 
externally applied electric field. The electric dipole constants ds and dr are proportional to 
th(' scalar and tensor coupling constants gs and gy, respectively, with a proportionality factor 
depending on the particular atomic or molecular stale. Therefore an experiment sensitive to 
Hs requires an atom or molecule with non-zero electronic angular momentum (e.g. 5p5 6.s 3 P 2 

metastable state of Xe /393/), whereas an experiment sensitive to Hr requires non-zero 
nuclear spin (e.g. J = 1 rotational state of TlF /394/). The experimental limits on the 
electric dipole moments (a(!=- Bohr radius), e.g. 

lds(Xe)i ~ 4 ·10- 14 eao 

!dr(TJF)I:;:. 1 ·10- 12 ea0 

{90 % C.L.) /393/ 

(90% C.L.) /394/ 

can be translated into experimental limits (at 90 % confidence level) on the scalar and ten
sor coupling constants gs and 9T by comparing them with the theoretical expressions for 
ds(Xe) and dr(TIF} which one gets by evaluating Hs and HT in the appropriate atomic and 
molecular states /222,223/: 

IYsi ::; 3. w-4 

l9rl ~ 4. w-6. 
(6.23) 

Vsing the experimental limit on the electrif dipole moment of the Cesium atom /395/, an 
upper limit of the same order of magnitude has been evaluated /221 J for the effective coupling 
of weak interactions involving the product of an electronic pseudoscalar and a hadronic scalar 
neutral current. 

The effective coupling constants appropriate to S, P, T neutral-current interactions arc 
therefore at least three orders of magnitude sma!ler than the Fermi constant, provided that 
so-called second-rank currents can be excluded. This restriction is due to the fact that 
the essential conclusion, that parity-violating S, P, T interactions violate also time-reversal 
in variance (and give so rise to electric dipole moment effects), is not quite correct if one allows 
for non-diagonal structures of the hadronic currents, i.e. if several different quark fields with 
the same strangeness and charge are allowed. Experimental tests for the presence of such 
second-rank currents by studying neutrino-hadron scattering, can be found in Ref. /211/. 
With the presently available statistics, however, such tests are of no significance. 
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6.4. DetNmination of the parity-violating coupling constants 

A comparison of the SLAC measurements (Chap. 6.1) with the measurements of the 
atomic parity experiments (Chap. 6.2) provides further information about the relative 
strength and phase of the V and A components of the parity-violating electron-quark in
teraction. This can be done best by using the concept of weak charge (Eq. 6.14) which for 
the heavy atom (Cs, Tl, Bi) experiments is given by 

Qf;,' (N, Z) ~ Qw(78, 55) = 230:- 3991 

Q"{J (II', Z) ~ Qw(123, 81) ~ 42ii- 612'; (6.24} 

Q~.' (N, Z) ~ Qw(126, 83) ~ 43 ii - 627'i. 

The linear combinations of 0: and 1 ·measured by the SLAC experiment (Eq. 6.8) and the 
h('aYy atom experiments are almost orthogonal. This provides a model-independent way 
to determine Q (enhanced in the SLAC experiment) and 1 (enhanced in the atomic parity 
experiments) separately (Fig. 6.4). 

y 
1.0 

Stattle ( 
Bi 

• 2 
(Sin 6w=I.O 

Paris 
(Csl 

sin' e -o1 
w-

1.0 a 

Fig, 6.4 

._-..---' 
SLAC 

ia 1J 

-o.s 

-1.0 

v hadron data 

Region of a and Y allowed (at 68% confidence level) by i) the 
SLAC eD experiment, ii) the Berkeley and Seattle atomic physics 
experiments, and iii) v-hadron scattering (assuming factorization) 
/31/. 

140 



In drawing the atomic physics bands of Fig. 6.4 the results of two different experimental 

methods have been used. In terms of Qw the Seattle result for the rotation parameter R 

gives /31/ 
Q~i = -115 ± 19' (6.25) 

and the circular dichroism observed in the Paris Cesium experiment /377/ implies 

Q~! = -66.5 ± 7.2 (stat)± 5.1 (syst) ± 10 (atomic physics). (6.26) 

Eqs. (6.25) and (6.26) combined with Eqs. (6.24) contrain (i and 1 to the regions indicated in 

the figure. The intersection of the atomic physics band and the one determined by the inter

cept a1 measured in the SLAC eD experiment determines uniquely 0 and ;;;, the parameters 

of the Adectron · Vquark interactions, including the signs. From Fig. 6.4 one reads 

;; -0.65 ± 0.17 

~ +0.14 ± 0.05. 
(6.27) 

If a single vector boson mediates the e-hadron and v-hadron interactions, then the fac

torization relation (2.60) imposes constraints on 0 and 1 from measurements of the v-hadron 

coupling constants (Table 4.17). The allowed region is shown in Fig. 6.4, too. One sees that 

the intersection of the SLAG a 1-asymmetry band and the atomic physics band lies within 

the region allowed by factorization. Clearly the result is consistent with the standard model 

and a value of sin2 9w ~ 0.22. 

Fig. 6. 5 

i3 
"FACTORIZATION 

• SLAC aO!o 1l 

• v hod ron doto 

• v tl•ctron doto 

Region B and 6 allowed by i) the SLAC eO experiment, ii) v-hadron 
scattering (assuming factOrization) and iii) a simultaneous fit to 
the v-hadron, ve, and eO results (assuming factorization) /55/. 
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Unfortunately a similar isoscalar (6Hsovector (/1) separation is not available for the 

Vdectron · Aquark interactions. For this a measurement of the SLAC asymmetry on protons 

with x close to one is needed or a not less difficult atomic parity. experiment with hydrogen 

and deuterium. But if factorization (i(iJ = 0//3) is assumed, one can determine the regions 

in the ~:g plane allowed separately by Eq. (6.8) for the slope measured in the SLAC eD 

experiment and by the v-hadron data (Fig. 6.5). Also shown is the region allowed by a 

simultaneous fit /31/ to the eD, ve and v-hadron data assuming factorization: 

{ ~} ~ { ~} 9v (a + ~/3) . 
h h g~ (a + 1/3) 

(6.28) 

Both jj and 6 are vanishingly small. From Ref. /31/ one gets 

~ ~ 0.06 = 0.21 

6 = 0.00 ::!:: 0.02 

(-0.12) 

(0)' 
(6.29) 

where the values in brackets are the standard model predictions for sin2 ew = 0.22. 

The SLAC asymmetry measurement provides a further test of factorization which is 

displayed in Fig. 6.6, where the eD measurements taken together with the v-hadron data 

and the assumption of a single intermediate boson (Eq. 2.69) restrict the possible gy- g,A 
domain. It turns out that factorization is valid provided the vector-axialvector ambiguity is 

resolved in favour of an axialvector dominant solution. 

ge 
A 

ge 
v 

~-4~~~~~~1.0 
- \.0 

0.6 

ALLOW£0 BY 
II· HADRON+ 
e·HAORON 

Fig. 6.6 

Region of leptonic coupling con
stants g~ and gX allowed (at 90% 
C,L,) by a fit to the measurements 
of vve+vfle, iJ\Je+\i\Je and Vee+\iee• 
Also shown is the region allowed 
by the data on neutrino quark and 
electron quark scattering, assuming 
factorization /29/. 
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Since the signs of t.he couplings in the v-e sector (by interference with the charged-current 

contribution in Vee scattering) and in the e-q sector are fixed {because of interference with 
electromagnetism), the factorization hypothesis predicts the signs of the couplings in the 

v-quark sector. They turn out to correspond to the solution with t:L(u) > 0 (because the 

vi/____. vi/ amplitude is positive: c.?.= 2gA(o: + 1/3)/(0. + 1/3) =·0.86 ± 0.28/31/). 

The Bernabeu-Jarlskog relations (Eqs. 2.70/71) which must equal zero in any su2 Xu. 
model with the canonical values for the weak isospin of the left-handed fermions, can also be 
checked. One obtains 

2e~- (a+~)+ 3(1 + 6) ~ 0.03 ± 0.31 

2(g:·+g~)+(a+iJ)+3{1+6) ~ -0.17±0.35, 

and similarly for the Sidhu relation (Eq. 2.72) 

(a- ill+ 3{1- 6) + 2(9:,- 9~) ~ -o.oo1 ± o.35o 

compatible with zero as expected if the GWS model is correct. 
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7. WEAK NEUTRAL CURRENT EFFECTS IN,+,- ANNIHILATIONS 

The discussed lepton-lepton (ve) and lepton-quark (vq, J.lQ and eq) scattering experiments 

are characterized by relatively low space-like momentum transfers between w-ll and 102 

Ge\' 2 jc 2
. They indicate a parity-violating neutral current with contributions from vector 

and axialvector currents. In short, everything agrees quite well with expectations based on 
the standard model. 

The operation of the PETRA (1978) and PEP (1980) electron-positron storage rings 
opened up a new kinematic region- with time-like momentum transfers of 103 GeV 2 jc 2 - for 

the study of weak neutral-current effects in e.._e_ annihilations. Large weak-electromagnetic 

interference effects (10- 4 Q 2 - 0.1) are expected. Moreover, the pair production of leptons 

and quarks, neglecting fragmentation, provides a very clean way of testing electroweak theo
ries since no internal structure of projectile or target enters the interpretation of the results. 

7 .1. Observable elcctroweak effects in e-+ e- scattering 

The fermion-pair production processes e_._ e- ____. f I, where the f I pair stands for either 

a lepton pair (e+e-, 11+11- and r., r-) or quark-antiquark pairs, can proceed via one-photon 

exchange and via zco exchange (Fig. 7.1) in the s channel. The interference of the one-photon 

exchange amplitude with the weak amplitude gives rise to a number of effects in e+ e- -+ f f 
processes. For Bhabha scattering (e+e--+ e+e-) the neutral current appears in both the s 

channel and t channel; thus the momentum transfer can be time-like as well as space-like . 

• e,J,l;t,q 
. "'-._ /e 

z• / 
r·z· 

y, 

t,J,l,t,q • 
~ 

e • 

Fig. 7, l Lowest order weak and elect'romagnetic contributions to e+e- + ff. 

For Q 2 « M~ the most general Lagrangian /392/ which describes fermion-pair produc
tion in e-+e- annihilations (e.g. e+e- ----t J.l+Jl-) is given by 

.C" = e [ e1J1e + fl1J1JJ.] Ajl + G '\'' .,12 £.;-l~r."] [eri(c, + c;1 ,)e], (7.1) 
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including both the usual electromagnetic and the weak interaction. Hermiticity requires that 

the five coupling constants Ci (i = V, A, S, P, T) and also C~ and C~ are real and that 

cs, c~ and c~ are imaginary or vanish, respectively, if time-reversal invariance holds in 

addition. The matrices f.: can be found in Tab. 2.1. The relationship between the coupling 

parameters defined above and those introduced in Chap. 2 (Eq. 2.79) is 

[Cv,C~,C~,CA] ~ 2[-hvv,hvA,hAv,-hu]. (7.2) 

If e+ e- annihilation into fermion pairs proceeds only vias-channel exchange, the different 

transfer of helicity at the leptonic vertex for S, P, T and V, A currents implies that both the 

initial and final states involve particles of like helicity for S, P, T interactions and particles 

of opposite helicity for electromagnetism and V, A interactions. For Bhabha scattering (s

channel as well as t-channel exchange), however, V and A interactions contribute also when 

both the initial and final states contain particles of like helicity /68/. 

It is therefore obvious that a knowledge of the helicity of the incident leptons and/or 

produced fermions could help to reveal the space-time structure of the neutral currents. 

The polarization of produced muons, for example, could be deduced from the observation of 

parity-violating decays J1- evil (Chap. 3.3.1), whereas the r helicity in r-pair production 

(e+e- ---> r+r-) may be infered from the two-body decay mode r - v,.tr which favours 

emission of v,. in direction of the r helicity owing to helicity conservation. 

The idea to test the neutral-current structure in polarized colliding beam experiments 

1392,3961 is supported by the fact that transversally polarized beams are naturally obtained 

in storage rings due to a tiny spin dependence of synchrotron radiation /397,3981. Theoreti

cally a polarization of about 92 %can be achieved but se\·eral depolarizing effects come into 

play to limit the realistic final value. The transverse polarization can be rotated into a lon

gitudinal polarization with usual spin precession in a magnetic field 13991. This operation, 

however, requires strong bending magnets next to the beam crossing and the experiment, 

being thus a possible source for synchrotron radiation background. Furthermore, since both 

e- and e+ beams move in opposite directions in the same magnetic field and since their initial 

transverse polarizations are opposite, the only configurations which are possible in a single 

ring are those in which both electron and positron have like helicity eRe~ or ei,e! /400/ 

forbidden for electromagnetism and weak V, A interactions. 

7 .1.1. Muon and tau pair production 

If the e- and e+ beams have transverse polarizations s- and s+ (either positive or 

negative), respectively, along a common direction V, then the differential cross section for 

reaction e+ e- - Jl+ Jl-, r+ r- is given by /392/ 

do a
2 

[ Gjvf:j . 2 G/v'2 ] 
~=- (l-4--hvv)(l+cos2 0+S-s+sm Bcos2ell)-8~/ h.-~. ... cos0 
dO 4s e2 Is e s (7.3) 

where a= e2 I41T. The azimuthal angle ell between V and the fermion-pair production plane 

is defined SO that sin~= IJ·ti and cos$= ~·fi1 , where fi:::: fe- X k11 lfr X f/1 is the normal 

to the production plane and n' = n X ke- I In X kr I; kl (=kp, k,.) is the momentum of the 

final-state particle in the c.m. frame. 
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The average ~ \da(0, 41) +do(tr- 0, ell)] is deviating from the 1/s behaviour expected from 

one-photon exchange (QED) by an energy-dependent shift in counting rate. This deviation 

from the QED cross section measures hvv : 

t>.o 

OQED 

G 
- v'ztra hvvs (7 .4) 

where oqED = ~11o 2 js +radiative corrections and G/v'ztro ~ 3.5 x 10- 4 GeV- 2. The 

presence of a weak neutral current will thus not produce large deviations from the QED c;ross 

section for s « M~ (,...,. 0.3 % at PETRA energies JS,...,. 34 GeV). 

The angular distribution of Jl- (r-) with respect to the incident e- is expected to be 

forward-backward asymmetric. The fractional asymmetry 

do(0,4>) - do(rr- 0,4>) G ( 2cos0 ) 
A = - = --hAAS 2 

do(B, 41) + do(1r - 9, ell) v'z1ro 1 + cos2 e + S s+ sin e cos 2ell 
(7.5) 

is determined by the neutral-current coupling constant hAA· The integrated asymmetry 

between forward (F) and backward hemispheres (B) is 

F- B -
< AFB > = F + B -

3 G 
-4 y'21ra h.-~..-~.s 

thus predicting a substantial effect(~ 10% at PETRA energies). 

(7.6) 

If Pi(t+) denotes the longitudinal fermion polarization (f+ = Jl+, r+), Pn(l+) and P_1_(l+) 

the transverse t+ polarizations along nand n X k,+ I lri + k, .. :, respectively, one expects /3921 

P1 (l+)~ G ( v'z1To s hM' + 
2hv.-~.cos0 ) 

1 + cos 2 e + s s+ sin2 0cos 241 
(7. 7) 

+) G 1 
P"(l ~--;;;-- s 2 

2y271a 1 +cos2 e + s s+ sin 0cos2~ 

X { (s+ - s-) [sin 4>(Cp + 2Cr cos 0) -cos 4> cos 0; ( -C~ + 2C~ cos 0)] 

+ {s+ + s-) [sin <!>cos 0(Cs - 2Crcos 0) +cos 4> i (C~ + 2C~ cos 0)]} (7.8) 

p" (I+ ) ~ ~G- s :----;;-;::--c-;;c-;;c;-:--,-;::---;:-o 
2v'z11o 1 + cos2 0 + s s+ sin2 e cos 2~ 

X { (s+ - s-) I- cos 4> cos 0(Cp + 2Cr cos 0) -sin 4>; ( -C~ + 2C~cos 0)] 

+ (s+ + s-) I- cos 4>(Cs - 2Cr cos e)+ sin 4> cos e; (C~ + 2C~ cos 0)]}(7.9) 

This shows that the observation of a transversely polarized J1 (r) produced in e+e

annihilations is a cl€an signal for the presence of S, P, T couplings, whereas the observation 

of longitudinally polarized J1 (r) indicates the presence of parity-violating neutral currents 

from V, A coupling type. The experimental situation, however, is complicated by the fact 

that some of the physical phenomena can also be induced by higher~order electromagnetism. 

But it can be shown /3921 that higher-order electromagnetic contributions to the transverse 

polarizations P_1_ and Pn vanish at high energies. 
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If it finally will be possible to have longitudinally polarized beams, the parity-violating 
asymmetry 

H 
da(ef:e~)- da(eRe!) 
da(eLe"Jl) + da(~nei) 

G 

v'zm (h 2hA.vcose) 
VA + . 1 + cos 2 e (7.10) 

could be measured. This expression applies also if only one of the beams is longitudinally 
polarized and the other unpolarized or transversely polarized. The measurement of His thus 
also possible in storage rings with a single ring. The coupling parameters hvA and httv could 
then be extracted from such measurements. 

The formulae (7.3)- (7.10) ignore finite Z mass effects due to the Z boson propagator. 
If s is stilt small but not completely negligible compared to Mi:, one can correct for these 
effects by multiplying the prediction by Mi/(Mi ~ s) /31/. This results in an enhancement 
of the electroweak effects. The prediction for the asymmetry< AFB >,for instance, changes 
from -6.6% to -7.5% at s = 1000 GeV 2 and Mz = 90 GeV. 

Observation of the discussed electroweak effects (Eqs. 7.3- 7.10) may finally allow to 
extract all 10 structure constants ci and c; involved in weak neutral-current interactions. 
They would then provide tests for parity violation (i.e. the presence of c: coefficients), 
time-reversal non-im·ariance (i.e. the presence of C$, cp or C~} and the break-down of 11-e 
universality (i.e. violation of the relations h\-'A = hAv and Cf. = CS) /392/. 

7.1.2. Electron pair produrtion 

A formula analogous to (7.3) can be derived for Bhabha scattering e+e- __. e+e- by 
taking into consideration that the scattering amplitude consists of a time-like and a space
like part. For unpolarized beams (S+ = s- =D) one has /68,401/: 

where 

with 

do 

dcos e 

c::,et 

(de:: e) ant. 

~(s) 

(dc::e) ~.m. + (dc::e) ant. + (de:: e) w~ak 

s 
[(l+D'C+;o'e)' + c-;o'e)' + (~)'] no 2 

no 2 

[
3+cos2 9]' 2s l~cose 

•o'[( ')' (1+cose)' --
5
- 1 + t ~(s) 2(hvv + hAA) 

2 

(7 .11) 

(7.12) 

(
1 -cos e)' + •(s)(hvv - hAA) 

2 
+ (f) 2 

~(t)(hvv - hAA)] (7.13) 

G 
v'zna s' •(1) 

G s 
--I 
v'2tro ' 

-2 
l-ease· 

(7.14) 

Comparison between Eq. (7 .12) and (7 .13) shows that the weak-electromagnetic interfer
ence causes a slight distortion of the angular distribution of Bhabha scattering which depends 
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on the vector (hvv) and axialvector coupling constants (hAA)- The Eqs. (7.12-7.14) show 
that the electromagnetic contribution to the cross section is proportional to ~ and that 
the interference term is proportional to aG. The weak part behaves like G2 s and is thus 
negligible at the present available energies. Since the size of the interference term relative 
to the QED contribution is of order ~s and rises with s, one must measure at the highest 
possible energies in order to enhance the electroweak interference. 

7.1.3. Quark pair production 

The study of weak-electromagnetic interference in the production of qi'j pairs in e+ e
annihilations is a unique situation. All quarks are involved (not only u and d quarks as in 
neutrino scattering experiments) provided it is kinematically possible, and therefore weak 
couplings of all quarks can be determined in principle. Hadronic jets produced in 

e+ e- __. q ij 

~l 
(7.15) 

hadron jets 

are more copiously produced than 11- Jl-- pairs by a factor R ~ 3.9 (for five flavours and 
QCD corrections applied) and the quflrk production asymmetries- inversely proportional to 
the quark charges (7.21)- are larger than muonic asymmetries by a factor of 1.5 (3) for u, 
c (d, s, b) quarks /402/. However, the analysis of possible quark-jet asymmetries is model
dPpendent due to its dependence on the partirular quark·fragmentation model which is used 
to relate the quark asymmetries to the experimentally observable jet asymmetries. In spite 
of the experimental difficulty to identify unambiguously the quark and antiquark jets on an 
eHnt-by-event basis and to define properly the jet axes, results on quark asymmetries have 
recently been published. 

The normalized cross section for the production of a quark pair qij can be written /403/ 
as 

a(e+e--. ')·,Z 0 __. qJiiJ) 
Rf ~ o,. (7.16) 

3 [ Q} - sQ 1g~gtx + I6 (9~2 + g~) (gt~ + g~~) l] , 
where ap = 4r.o 2 J3s is the point.- like QED cross section for e+e- --> Jl+Jl-. QJ is the charge 
of the quark f, g~, and g~ are the weak vector and axialvector coupling constants of the 
electron and g{,, g{ are those of the quark f. The factor 3 stands for the number of colours. 

The 3 terms in (7.16) represent the photon term, 1-Z0 interference term and pure Z 0 

term, respectively. One sets X = sgP{s) and x' = s2 g2 P'(s), where g ::= Gj(SJ21ro:) ~ 
4.4-10- 5 Gev-z. P(s) is the propagator term for the 1-Z0 interference (taking into account 
the Z 0 -width effects) 

[( ' ) r' ]_, 
P(s) = M'1 - I ~ ~-=1fJ (7.17) 

and P'(s) for the pure zo exchange 

P'(s) ~ [( , )'. r~]-' --1 ,-
Mi: Mi 

(7.18) 
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In the quark parton model the total normalized cross section is given by the incoherent sum 
over all final state quarks including corrections for gluon contributions /404/ 

R~L:Rfi1 
J 

as a~ 
+- + c2-. •' +···]' (7.19) 

where 0: 8 (Eq. 2.43) is the coupling constant of the strong interaction. It has been measured 
to be 0.18 at ..[S ~ 33 Ge\' /405/ and changes slowly with energy. C 2 is the strength of the 
second order gluon diagrams and depends on the renormalization scheme used 

c2 = 7.35- 0.442N1 

c2 = 1.98- o.usN1 
c2 = o.739l\'(- 4.637 

/406/, 
/407/, 

/408/, 

(7.20) 

where N1 is the number of flavours contributing. 

In the framewOrk of the GWS model gr. and g{ arc functions ofsin 2 Sw (Eq. 2.36). The 
total cross section is thus expected to have a mild dependence on that parameter (Elw also 
comes in the propagator terms through M z). Therefore, if QCD corrections are believed to be 
known exactly, one can write the total normalized cross section as a function of sin 2 9w. Fig. 
7.2/409/ shows the dependence of Ron sin2 9w for different values ofs, the center-of-mass 
energy squared. 
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Fig. 7.2 

. Variation of the total cross section R 
with s and sin20w as predicted by the 
standard model. The horizontal line 
at R = 3.87 corresponds toy exchange 
only /409/. 

For small energies, where x,x' « 1, the ratio of quark to muon integrated asymmetry 
is given by /402/ 

< A<ldJ > 
< Ap+p- > 

g~ (BgC g( x- QJ) 

g~(8g(x+l) 

x,x' «I 
~ 

g~ 1 
- g~ . Qf 

1 + 8gV2 x + 16(gV2 + 9~2) x' 
' " I ( •' "')( I' !') ' Q!-8QJ9v9vX+16 9~o-' +gA 9v +gA X 

g-5 for u, c 
for d, s, b. 

(7 .21) 

The presence of the neutral current will lead to a change in R "" 1 % and is expected to be 
responsible for quark production asymmetries Ac~,8 ,b- -0.30 and Au,c "" -0.15. 

7.1.4. Polarized MolJer scattering e-e·---> e-e 

A study of neutral-current effects in M0ller scattering processes e-e- --> e-e- /410/ 
would provide another way of testing electroweak models /411-414/. It requires a machine 
such as the proposed Single Loop Collider (SLC) at SLAC ( ..[S ~ 100 GeV) with electrons 
in both beams and thC possibility of polarizing these beams longitudinally. 

There are four diagrams (two 1 and two Z 0 exchange diagrams, respectively) for the 
Moller scattering process - two (t channel) direct graphs and two (u channel) cross graphs 
(Fig. 7 .3) which are required by the Pauli exclusion principle. 

• .- e 

~ /e 
Y ,z• y,z• 

• .- ~ . .-
Fig. 7.3 Lowest order weak and electromagnetic contributions to electron

electron scattering. 

Unlike the e·~e- --> p.+p.- process, there is no forward-backward asymmetry for the 
e-e- --> e-e- process with unpolarized beams since the initial particles are identical (no 
annihilation contribution) /414/. One has therefore to use polarized beams. The differential 
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scattering cross section for longitudinally polarized electron beams is /4.15/: 

do)q ,\2 

dO 
sa'[! I )(' 'l']' ~- -+-+4.(Pt+P2 9v+9A 

2 lt t2 

s(1 + cos9)2 [I + ~ 

2 '• 
+ 4.pl (gc- g~2) r 

s(1 -cos 9) 2 

+ 2 [~ + 4P2 (gf- 9A
2

) ]

2 

(7.22) 

with the definitions 

u 

.I 

.I 

·' 
.2 

~ 
• ,, 

,, 
,, 
,, 
-I~ 

'• 
s(l -cos e) 

2 

Pi t 1 +Mi. 4.tra 

·' 

{5 • 100 GtV 

GWS modtl 

/1 Jin2 9w•0.211 

; 
(jWS mojjtl 

lsin2e.,.•0.2l) 

.. .I 
1 coset 

.I " 
l-R JymMt!ric modtl 
lsin2e~·0.171 

"' 
\ l·R •ymmttric modt\ 

(sin2ew•0.18) 
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,, 
P2 

s(I +cos 9) 

2 

t2 + Mi . 4.r.o: 

Fig. 7.4 

(U3) 

Parity-violating asymmetry as a function 
of lease) for e-e- ~ e-e- in the GWS 
model (sin2Gw=0.22 and 0.23) and in 
a left-right symmetric model (sin28w=0.27 
and 0.28) /414/. 8 is the center-of-mass 
scattering angle. 

The parity-violating asymmetry for the case of initially longitudinally polarized beams 

and unobserved final state polarizations is then given by 

32gfg~ (Pl + P2) [ t + l- + 4. {Pt + P2) (gf, + 9.4
2

)] 

A 
do++ -do 

da++ +do __ 
{ 2 [ (t + t; +4 (p, + p,) (g:;' + gA") )' +64 (p, + p,)'g;."g:.' l 

(I+ cos9)
2 

[I ( ,, •') ]' + - + 4.pt 9v - 9A 2 ,, 

(1-cose)' [I (•' •')]'} + 
2 

t; + 4p2 9v - 9 A (7.24) 

where++(--) means the electron helicities A1 = A2 = +1 (-1). 

Fig. 7.4 shows A as a function of 1cos9i predicted by two different models /414/: the 

standard model (sin 2 9w = 0.22 and 0.23) and a left-right symmetric model (sin 2 9w = 0.27 

and 0.28). As Ieos 91---> I, for all values of ..jS one gets the pure QED result alone since these 

regions are dominated by the photon u and t channel poles. Both models predict roughly 

the same magnitude for A {which has its maximum value at 9 = 90°) but opposite sign. 

This could be used to distinguish both models. But unlike the muon asymmetry in e+e

annihilations, the parity-violating asymmetry in M¢1ler scattering is expe<:ted to be small 

even when .,fS ~ Mz. 

7.2. Experimental results 

Measurements /418/ of electroweak effe<:ts in high-energy electron-positron collisions 

come from the five PETRA experiments CELLO /419/, JADE /420/, MARK J /421/, 

PLUTO /422/ and TASSO /423/ and from the PEP experiments HRS /424/, MAC /425/, 

MARK 11/426/ and TPC /427 f. 
The PETRA experiments have collected most of their data in the center-of-mass energy 

range 30- 37 GeV ( < ,IS> ........ 34.5 GeV). Smaller amounts of data have also been collected in 

the energy ranges 12- 14 and 22-25 GeV and recently 39-46.8 GeV. The PEP experiments 

ha\"e collected their evehts at .,fS = 29 GeV. 

All the detectors use similar techniques, viz. large volume magnetic solenoids which 

enclose charged particle tracking chambers and are surrounded by electromagnetic calorime

ters, muon identifiers, etc. Detailed descriptions of the individual detectors can be found 

somewhere else /4Ig..427/. 

7.2.1. Radiative corrections 

For the data discussed in the following both PETRA and PEP operated with unpolarized 

electron and positron beams. Since moreover the final-state fermion polarization has not 

been measured, all observed neutral-current effects are intrinsically parity conserving and 

may therefore be simulated by higher-order QED graphs. Figs. 7.5 show the muon graphs 

contributing up to order o: 3 to the purely electromagnetic process. 
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Fig. 7.5 Higher-order QED diagrams contributing to muon pair production /428/. 

These higher-order corrections contribute to the fermion-pair production cross sections 

and produce a forward-backward asymmetry by interference of C-odd graphs (such as Figs. 

7.5 a, band d-f) and C-even graphs (such as Figs. 7.5 g-j). In order to extract the neutral

current information one has thus to subtract the QED radiative correction which, in principle, 

is calculable J 429/. The magnitude of this correction depends on the experimental conditions. 

The QED contribution to the muon pair asymmetry, for example, is small (.-..... + l.S %) 
compared to the expected asymmetry of ....... -10 % at JS = 34.5 GeV from electroweak 

origin. 

In extracting electroweak effects in principle higher orders have to be taken into account 

also for the Z 0 exchange graph. But the modification of the forward-backward asymmetry 

is still expected to be small at PETRA and PEP energies /430/. In the following the QED 

contribution will always be subtracted, whereas the radiative correction to the weak diagram 

will not be applied to the results. 

7.2.2. Elektroweak effects in muon pair production 

1t has become traditional to parametrize possible departures from QED predictions in 

lepton pair production by introducing form factors 

F,(Q') 

F1(s) ~ 

Q' 
1 :r= QZ -·A~± 

s 
l:rs-Ai± 

(7.25) 

in the time· like and the space-like region, respectively, which modify lepton vertices or prop
agators. 
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Fig. 7.6 Ratio, ~~· of total measured ~-pair cross section to the QED point
like cross section /418/. 
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Fig. 7, 7 Differential cross sections for muon pair production measured by 
(a) the PETRA experiments and (b) the PEP experiment MAC /418/, 
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If A~ > s one gets for muon pair production 

2 ( 2s) 
tJp.jJ = OQED IF,(t)l ~ OqED 1 ± A~ 

assuming A, = A1 = A for simplicity. This leads to 

o,.p. ~ uqED = R,.p. ~ 1 ~ ±2s/ A± 
t1QED 

(7.26) 

(7.27) 

which by comparison with Eq. (7.4) shows that a lower limit on A_ implies an upper limit 

on hvv, as shown in Fig. 7.6. The experiments obtain lower limits for A_ around 150 GeV 

at the 95% confidence level, which correspond to upper limits on hvv around 1/4. 

Furthermore, the forward+backward asymmetry in the angular distribution of the reac+ 

tion e+e-----> Jl+Jl-, which is sensitive to hAA (Eqs. 7.5/7.6), has been measured at PETRA 

and PEP. In Figs. 7. 7 a and b the angular distributions of four PETRA experiments and the 

PEP experiment MAC, respectively, are displayed. Possible systematic errors of the angular 

asymmetries are found to be :S 1 %. The dotted lines show the symmetric prediction by 

QED, where only the normalization has been fitted. The full lines represent the QED plus 

fitted weak neutral-current contributions. A clear preference for this non-symmetric form is 

observed. The combined muon pair asymmetries /418/ seen at PETRA (y's....., 34.5 GeV) 

and PEP ( ,jS = 29 Ge V) are 

< A~:TRA > = (-10.8 ±I. I)% 

< A:;P > = ( -6.3 ± 0.9)%, 
(7.28) 

in good agreement with the values expected from the standard model,- 9.4 % and - 6.3 %, 
respectively. Such averaged values are of course only meaningful if the syStematic errors of 

the indiYidual experiments are small. 

The PETRA experiments also took data at lower (12- 14 GeV and 22- 25 GeV) and 

higher energies (39- 46.8 GeV) which turn out to be in good agreement with the standard 

model predictions. The energy dependence of the integrated forward-backward asymmetry 

is displayed in Fig. 7.8 and compared with GWS model predictions allowing for different Z 0 

masses in the Z boson propagator term which modifies formula (7 .6) to 

3 G M~ 
< AFB >~~-~hAAS. M2- s. 

4 y21l'O Z 

This propagator effect can be used to derive an unfortunately not yet very stringent limit on 

the Z0 mass from the measured asymmetries, assuming that hAA = 1/4 and p = 1 as in the 

standard model. The combined PETRA and PEP results lead then to 61 < Mz < 130 GeV 

at the 95% confidence level/418/. This is consistent with the UA1 and UA2 measurements 

/20/. 
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Fig. 7.8 Integrated forward-backward asymmetry <A~~> for muon pair production 

as a function of s. The curves represent theoretical expectations 

for different Z0 masses /418/. 

Assuming p = 1 and Mz = 93 Ge\' on the other hand, the axialvector coupling constant 

hAA can be extracted /418/ from the measured asymmetries 

h~~ = g~g~ = 0.266 ± 0.020. (7.29) 

Giving up lepton universality for a moment this leads to 

g~ = -0.53 ± 0.04 (7.30) 

for the standard model value g~ = -1/2. 

By using Eqs. {2.19) AFB can be rewritten as 

3 hAA __ ,_ . 

< AFB >:::=-- 8 sin2 0w cos2 E>w M'ffi: ~ s 

If one assumes that the weak isospin assignments in the standard theory are correct (i.e. 

g~ · g~ = ~). AFB determines sin 2 E>w and the Z 0 mass. The result of a fit to all muon 

pair production data is given in Fig. 7.9. It is compared /358/ to the limits imposed 

by the neutrino-electron scattering data which have been analyzed in an analogous way by 

determining the parameters sin2 0w and p simultaneously. Using the observed Z 0 mass one 

obtains /418/ 
sin 2 E>w = 0.18 ± 0.02. 
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Fig. 7.9 Allowed regions (at 68% C.L.) in the sin
2

8w-Mzo plane obtained 
from: a) a combined fit to all e+e--+IJ+IJ- data /418/ and b) the 
combined CHA~~ results on ~\Je and V\Je scattering /266/. The con
tours are comoared to the mass measurements of UAI and UA2 /20/. 
Curves of con~tant p are indicated /358/ (p =I for the standard 
model). 

7.2.3. E1ektroweak effects in r-pair production 

Since r's decay before they enter the detector (t,- = (3.1 ± 0.7) x 10- 13 s /431 f) and the 
decay neutrinos leave the detector unobserved, event selection and background rejection is 
more difficult in the analysis of r-pairs than in that of ~-pairs. Some groups have restricted 
their analysis to special decay modes of the T. This accounts for the smaller statistics. 

Fig. 7.10 shows the behaviour of the total cross-section ratio for r-pair production, 
R,-,- = c,-,-foqEo, as a function of s. As for the muon data the total cross section agrees 
with the QED prediction implying thus agreement with the standard model, too (i.e. hvv = 
[ -1/2 + 2sin 2 8w] 2 ~ust be small according to f:q. 7.4). 
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The r-pair angular distributions measured by the PETRA experiments and the PEP 
experiment MAC are shown in Figs. 7.11 a and b, respectively, together with the symmetric 
QED fits (dotted curves) and asymmetric electroweak predictions (full curves). The tau pair 
asymmetries seen at PETRA and PEP /358,418/ are 

{ 

l-6.6± 1.4)'" 

A 
- ( -4.2 ± 2.0)~~ 

< ,.,. >-- I . l"' -7.7 I }.9 /( 
I- 16.1 ± 9.o)% 

.ji; ~ 29.0 Ge V 
v's = 29.0 Ge V 
.jS- 34.5 GeV 
.ji;- 42.5 GeV 

MAC 
MARK II 
PETRA combined data 
CELLO. 

(7.31) 

These measured asymmetries are compatible with the standard model predictions (Mz ~ 
90 Ge\') as shown in Fig. 7.12 for the results of each group. At present, however, the r-pair 

data cannot be used to limit the Z 0 mass to a finite value. 

For p = I and Mz = 93 Ge\' the axialvector coupling strength can be extracted from 
17.31). One finds /358/ 

h~'A = g~g~ = 0.222 ± 0.031, (7.32) 

implying thus 
g~ = -0.44 ± 0.06' (7.33) 

if g_A is set to its standard model value, -1/2, and if one allows for violation of lepton univer
sality. 
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Fig. 7,\1 

Angular distributions of 
T-pairs for (a) PETRA ex
periments and (b) the PEP 
experiment MAC /418/. 

Fig. 7.12 

Integrated forward-back
ward asymmetry <ATT> for 
T-pair production as a 
function of s /418/. 

7.2.4. Elektroweak effects in Bhabha scattering 

The elastic scattering reaction e+e- ---> e+e- is complicated by the existence of additional 

t-channel exchanges. Vot1eak interaction effects are negligible at small scattering angles since 

the extra 1-exchange diagram produces a large increase in the cross section particularly in the 

forward direction. Measurements at large scattering angles, however, can be used to study 

neutral current effects. The QED normalized angular distributions of Bhabha scattering are 

shown /418/ in Figs. 7.13 for two PETRA experiments (TASSO, MARK J) and the PEP 

experiment MAC together with the best fits for a variation of the standard model parameter 

sin 2 9w. 

Since Bhabha events contain only electrons and positrons, these angular distributions 

determine directly (Eqs. 7.11-14) the vector (gV
2

) and axialvector coupling constant (g~') 
of the electron, if p = 1 is assumed. The MAC experiment /418/, for instance, finds the 

following, of course correlated values for these coupling constants: 

hvv = 9~2 = 0.09 ± 0.14 

hAA = gf = 0.33 ± 0.24. 
(7.34) 

Assuming lepton universality, Mz = 93 GeV and p = 1 the information from the indi

vidual leptonic channels can be added to impose more stringent contraints on the coupling 

constants and the electroweak mixing angle, respectively /418/: 

hv\/ = -0.01 ± 0.03 

hAA = 0.27 ± 0.03 

sin 2 9w = 0.25 ± 0.05, 

(0.004) 

(0.25) (7.35) 

where the values in parentheses are the standard model predictions for sin 2 0w = 0.23. 

One can use the constraint on hvv to put restrictions on theories of the type SU2 x V1 x G 

which lead to neutral-current interactions of the form of Eq. (2.51) with a richer boson 

structure (Chap. 2.8). As such extensions of the SU2 x V 1 model modify the vector coupling 

parameter 
hyv ---f hvv + 4C, (7.36) 

the result (7.35) implies 
c < 0.007 (95% C.L.). 

The normalized difference between the actual theory and the standard theory integrated over 

all energies is equal to 16 C (Eq. 2.52). Therefore, this limit on C implies that the actual 

theory of weak interactions is within ,.._ 89 % of the standard model. The magnitude of C 

is on the other hand determined by the mass spectra of the bosons in the different models. 

In \·iew of this interpretation Fig. 7.14 shows the limits placed by measurements (MARK J 

/434/) on the parameter space {Mz,, Mz~) for a su2 X vl X ul /21/ and a su2 X VI X sv2 
model /22/, respectively. 
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Fig. 7.13 
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Excluded mass range of the two 
neutral bosons Z1 and Z2 from 
MARK J /434/ for the extended 
gauge models su2 x U1 x UJ and 
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7.2.5. Elektroweak effects in quark pair production 

In the quark parton model hadron production in e+e- annihilations proceeds via a quark

antiquark pair qJilJ (Chap. i.1.3). At present center-of-mass energies the five quark flavours 

u, d, s, c and b contribute. Since the neutral time-like current (Fig. 7.1), electromagnetic 

or weak, couple~ directly to the quark-antiquark pair, the rate for pair production of heavy 

quarks - if kinematically possible - is expected to be equal to that for pair production of 

lighter quarks, if one corrects for the quark charges. Therefore, the study of electroweak 

effects in e+ e- annihilations offers the unique possibility of testing the couplings of the Z 0 to 

the heavy quarks. This cannot easily be done in lepton-hadron scattering which is dominated 

by light quarks. 

7 .2.5.1. Total hadronic cross section 

The presence of a neutral current causes an energy dependence of the total hadronic 

cross section predicted by the quark parton model as can be seen from Eq. (7.16). However, 

substantial effects("" 6 %) are also expected by first and second order QCD (Eq. 7.19) which 

give rise to an additional energy dependence ("" lny's) of the hadronic cross section due to 

contributions from gluon bremsstrahlung graphs. Both effects have to be disentangled. 

The energy dependence of the cross-section ratio measured by the PETRA experi

ment JADE /433/ is shown in Figs. 7.1S and compared to the predictions of the simple 

quark parton model (dashed line) and QCD including electroweak interference (full line for 

sin 2 8w = 0.23 and O:s = 0.20), respectively. 
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The value of sin 2 0w is obtained by fixing o:E, the coupling constant of the strong 
interaction, and fitting the cross-section ratios over the energy range with sin 2 Bw free. 
The precision of 

{ 
o.2s~g:g~ 

sin 2 ew - 0.23 ± 0.05 

o.3o~g:~~ 

(MARK J) 
(JADE) 
(TASSO) 

determined /433/ in this way is not yet comparable to those of fixed target experiments. 
But these measurements, which test the standard theory in the region of high Q2 , show that 
none of the quarks has an unexpected large vector coupling strength {Eq. 7.16) since the 
contribution of the heavy quarks to the ratio R is just as important as that of the u and d 
quarks. 

7.2.5.2. Quark pair asymmetries 

The axialvector couplings of the quarks can be determined by measuring the forward
backward angular asymmetry Aqq (Eq. 7.21) in the reaction e+e- -+ qfj---> 2 hadron jets. 
For this both the charge and flavour have to be tagged, restricting thus so far the study of 
charge asymmetries in quark pair production to the heavy quarks c and b. 
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Transverse momentum distributions 
for muons from c and b decay and 
decay background /434/. 

One method to tag primary heavy quark events exploits the fact that the semileptonic 
decay of c and b quarks produces a muon of relatively large transverse momentum, pj_, relative 
to the jet axis. The Monte Carlo muon pj_ distributions from primary weak c and b decays 
as well as from hadronic punch through and decay backgrounds are shown in Fig.7.16/434/. 
One sees that it is impossible to separate pure c and b quark samples by a pi_ cut. But by 
applying appropriate p~ cuts to the prompt leptons one can select samples of events enriched 
with primary c and b quarks, respectively. Other cuts {e.g. in the momentum distribution, 
in the thrust distribution, etc.) further enhance the b/c content in the event sample. The 
remaining contaminations affect the measured asymmetries because a 11- identifies a b or C 
and a p.+ identifies a b or c primary quark. The results extracted from recently observed 
quark pair asymmetries /418/ become therefore model dependent. They turn out to be in 
good agreement with the standard model couplings. 

The forward-backward asymmetry in cC production can also be studied in that way that 
the c quark tagging is done by the reconstruction of the v- mass /418/. The D" meson 
formation is the largest fraction of the c fragmentation. The primary D" mesons can be 
identified by means of the decay chain 

v· ---> D 0 + n 

K- n+ 

with a small Q value. The angular distribution of D" production in the reaction e+e- ---> 

v· X, as measured by the TASSO detector /418/, is shown in Fig. 7.17. 

At y:S ...._ 34.5 GeV the c-quark asymmetry /435/ is -14.2 ± 5.2 (stat)% {-14 %) aver
aged over all PETRA results, whereas the PETRA average of the b~!"}uark asymmetry yields 
-23.5::!: 5.5 (stat) % (-25 o/c); the predictions of the standard model are quoted in paren
theses. \\'ithin the errors the PEP results /435/ agree also with the theoretical predictions. 
Assuming that the electron weak axialvector coupling constant gA, = - ~ as given by the stan
dard theory, the quark coupling constants gA_ and g~ can be extracted from these measured 
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Differential cross section for 
o* production in e+e- ..,._ o* X 
measured by TASSO at PETRA Jq\8/. 

The standard model assumes that fermions of the same charge couple with the same 

strength to the neutral vector boson independent of the fermion generation. The lepton and 

quark vector and axialvector coupling constants predicted by the GWS model are listed in 
Table 7.2 (assuming p :::: 1), applying Eqs. {2.36) to the representations of the leptons and 

quarks defined in (2.10) and (2.11), respectively. 

Table 7.2. Standard model definitions of vector and axialvector coupling 

constants for leptons and quarks. 

Q gA gv 

\le' \1\.l, v, 0 1/2 1/2 

e, \.I, 1: . 1 . 1/2 - 1/2 + 2 sin
2 ow 

u, c, t 2/3 1/2 1/2 - 4/3 sin
2 ow 

d, s, b . 1/3 . 1/2 - 1/2 + 2/3 sin
2 

£'1W 
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The basis for this generation universality of the GWS model is provided by the GIM 

mechanism /19/ which implies that the weak hadronic neutral current is, by construction, 
flavour-conserving. Within this context the question of universality of the neutral-current 

coupling for the different generations of fermions can be studied experimentally by searching 

for small deviations from flavour conservation of the neutral current. 

7 .3.1. Limits on flavour-changing neutral currents 

Studies of strange particle decays and production put quite stringent limits on the exis

tence of strangeness-changing neutral currents (Chap. 2.7) /86,436/. 

The search for "wrong-sign"' muons in inclusive neutrino reactions has given a stringent 

limit /437 jon the cross section of the charm-changing reaction v,_.u --t v,_.c, where the c quark 
in turn decays semileptonically, c --t SJl+V,_.. This results in a wrong-sign muon: 

o(v,_.N --t v,_.C) < 0.026 
o(v,_,N---t v,_.X) 

(90% C.L.). (7.38) 

The ITEP-F:'\AL-lHEP-Michigan Collaboration /438/ quotes a corresponding limit for 

charmed particle production in antineutrino-nucleon neutral-current interactions, where the 
recognition signature used was e+ decay of the charmed particle, C---+ e+v~X: 

o(v,_.N --t D,_.C) DO < . 4 
o(vl' /\' --f vi' X) 

(90% C.L.). (7.39) 

Charm~changing neutral currents have also been searched for in the decay of charmed 

particles produced in charged-current neutrino reactions. One obtains /439/ 

r(c ~,+,-x) 
f(C ~ ,+vX) 

< 0.02 (90% C.L.). (7.40) 

Further contraints on the amount of c ...... u transitions can be provided by a search 

for D 0 -[f' mixing due to their neutral-current decay /440/. Such a mixing would lead to 
final states of D0 D0 or fY-'ffJ and hence to events with two leptons of equal charge from 

their semileptonic decays (in the quark parton model D 0 is a cit state). In the energy range 

3.72 GeV < Ecm < 4.14 GeV an upper limit for D 0 -D0 mixing has been determined in the 
reaction e+ e- --t e±e± X: 

N(,+,+J + N(,-,-) 
< 0.05 

N(,+,+) + N(,-,-) + N(,+,-) 
(90% C.L.). (7.41) 

From the search for "wrong" sign K 's (from a Dfl a single S=-1 kaon is expected with 
amplitude cos2 E>r, since c -~ sf+v1 ~ cos 0r) in e+ e- --f v·+ + ... , v·+ --t K+ or K

/411/ and e+e- --t D°K± + ... /442/ the MARK II Collaboration at SPEAR obtained an 

upper limit on D('D0 mixing. This can be translated /413/ in an upper limit on the coupling 
strength of charm-changing neutral currents of 

~co;to < w- 1 G. 
YNc - (7.42) 
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The CLEO group /444/ at CESR has set an upper limit on the neutral~current transition 
b f-1 d (s) by studying e+e- events with two leptons in the final state. Such events are 
expected from the semileptonic decay of both the B and iJ and, if flavour·changing neutral 
currents exist, from the decay B-> J+J- X. The numbers of observed dilepton events turn 
out to be consistent with the assumption that they arise only froin semileptonic B, B decays. 
From this an upper limit on b-changing neutral-current B decays can be extracted: 

Branching ratio (B---> z+J- X) :5 0.74% (90% C.L.). (7.43) 

Within the context of the GIM mechanism these limits imply quite stringent constraints on 
the generation universality of the neutral-current couplings. 

7.3.2. Universality of the neutral-current couplings 

The generation universality has furthermore to be established in a model-independent 
way manifesting that really all fermions of the same charge couple in the same way to the Z 0 

boson. There are new experimental results that confirm this hypothesis. 

;) From the asymmetries measured in e+ e- scattering the axialvector coupling con
stants gA (Eq. 7.34), g~ (Eq. 7.30) and g~ (Eq. 7.33) have been extracted, con
firming e-J.L-T universality within the errors. 
The fact that the QED predictions for the integrated muon pair and tau pair cross 
section agree with the data (Figs. 7.6 and 7.10) implies that g~ and gy are small, 
as expected in the standard model (gf, =- gy = -0.04 for sin 2 9w = 0.23). 
Combining /351,445/ the e-+-e- results with data from other experiments that in-

volve e and p. couplings (viz. polarized eD scattering, 11-±c and {V~e scattering) 
vector and axialvector couplings are obtained which confirm e-Jl universality: 

g~, = 0.02 ::.._ 0.06' 

g~ = -0.54 ± 0.03, 

g~ = -0.05 ± 0.16' 

g~ = -0.51 ± 0.05. 
(7.44) 

ii) From a comparative study of they distribution of both neutral-current and charged
current neutrino and antineutrino interactions on nucleons (Fig. 7.18) the CHARM 
Collaboration /213/ has extracted a contribution from the neutral-current coupling 
of strange quarks present in the sS sea. The coupling strength, when compared with 
that of the d quark, is 

~ = Ei{s) + f~(s) 
gd <i(d) +<~(d) ~ 1.39 ± 0.43 (7.45) 

consistent with GIM symmetry which predicts unity (Table 7.2). 

iii) The CDHS experiment /253/ has observed diffractive J /'It production in neutral
current neutrino-nucleon interactions (Chap. 4.2.4.6). The 11+ J.l- mass spectrum of 
the dimuon events produced in v~~.Fe -+ p+ p- X reactions is shown in Fig. 7.19. The 
peak at 3.1 Ge V is interpreted as the creation of the cC bound state J fiJI produced 
through Z 0 and g\uon fusion /254/. 
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Comparing the cross section for the diffractive process v~ + N -+ 11~ + N + J /111 with 

that of J1 + N _ _, J1 + N + J JW, and assuming the Z-gluon fusion mechanism also 

for the muon-induced events one gets an estimate of the neutral-current coupling 

strength of charmed quarks /252/: 

' g, 

9F 
£i(c) +£~(c) 
£l(u) + f~(u) 

2.1 ± 1.0 

compatible with that expected from universality (Table 7.2). 

(7.46) 

iv) The total hadronic cross section in e+e- annihilation, o(e+e--+ qij-+ hadrons), to 

which the c and b quarks contribute with almost one half total weight, is essentially 

sensitive to the vector coupling of the quarks (Chap. 7.1.3). One finds that in these 

data the weak vector couplings an~ consistent in strength with those measured in 

lepton-nucleon scattering which is dominated by light quarks. 

The results of quark pair asymmetries sensitive to the axialvector couplings of the 

quarks are confined at the moment to the heavy b and c quarks for which charge 

and flavom tagging techniques have been developed (Chap.7.2.5.2). The coupling 

constants extracted from the data (Eqs. 7 .37) agree quite well with the predictions 

of the standard model (Table 7.2) although the errors are still large. 

In summarizing it can be concluded that the direct experimental study of the generation 

universality of tht> neutral-current couplings confirms its validity already suggested- within 

the context of the GWS model- by the stringent limits on flavour-changing neutral currents 

(Chap. 7.3.1). 

7.4. Factorization test in the leptonic sector 

The factorization hypothesis {Chap. 2.9) allows to convert the coupling parameters 

h~-v and hAA extracted from e+e- annihilation data into the coupling constants gV and gA 
determined in neutrino-electron scattering (Fig. 7.20). For that purpose the model-dependent 

parameter c,.., (Eqs. 2.67) characterizing the strength of elastic 1111 scattering must be known. 

This constant c,.., is one in a large class of gauge models. Furthermore by combining neutrino

electron scattering with neutrino-hadron and parity-violating electron-deuteron scattering 

one can show that c~ is one to an accuracy of"' 15% (Chap. 6.4). In evaluating (7.30) and 

(7 .33) c~ = 1 has been assumed. 

But factorization can be studied in purely leptonic reactions alone /444/ by deducing 

from Eqs. {2.67) the ratio 

hvv /hAA = gV~ Jg~~ · (7 .47) 

Then, by the experimental fact that hvv is vanishingly small whereas hAA is sizeable (Eqs. 

7.35), the axialvector dominant solution in neutrino-electron scattering (gA~ » gf) is con

clusi\'ely selected (Fig. 7.20), in agreement with _the result already obtained by comparing 

the ve scattering data with neutrino hadron and electron-hadron data (Fig. 6.6). 
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8. SUMMARY OF NEUTRAL-CURRENT PROCESSES 

Assuming that the weak currents are arbitrary mixtures of V and A - a very reasonable 
working hypothesis in view of the data discussed above - model-independent analyses of 
the neutral-current data at low energies.(s, Q2 ~ MJ) have been performed. They aim to 
determine the measurable, a priori independent parameters needed to describe the neutral
current processes phenomenologically and then to confront them with model predictions. 
For this the neutral-current interaction is written in form of a current-current interaction 
with a certain number of coupling parameters which characterize the space-time and isospin 
structure of the currents. To proceed further it is necessary to exploit the hypothesis that all 
neutral-current interactions are mediated by a single Z boson (factorization hypothesis). 

Analyses of this type /29,31,68,447/ covering a very wide range of reactions, particles 
and momentum transfers have extracted the neutral-current parameters listed in Table 8.1. 
The agreemen~ with the expectations of the standard model is excellent. 

The data have also been analysed in terms of the standard model. In order to test the 
theory it must be shown that all experiments (v, ii, e+ e-, eN, 11N, Mw /Z) can be described 

by the same value of sin2 0w. If possible, this should be done to an accuracy which tests the 
second order corrections so as to establish the standard theory as a renormalizable theory and 
to distinguish it from other models with the same first order low-energy predictions /446/. 
Applying the procesS-dependent electroweak radiative corrections (W and Z propagator cor
rections, vertex corrections, two W exchange, real bremsstrahlung etc.), one extracts sin 2 Elw 
as listed in Table 8.2. All existing results are in quite good agreement with each other. From 
a global analysis /447/ of all data available in 1981 one obtained 

sin2 Elw = 0.217-± 0.014. (8.1) 

Using this value the mass of the Z0 is predicted to Mz = (93.s:::~:n GeV in excellent 
agreement with. the combined UAl and UA2 result Mz = (93.0 ± 2.0) GeY /448/. However, 
to make a significant distinction between the first order (leading to Mz = (89:::~:~) GeV) 
and second order predictions of Mz, the present uncertainty in sin 2 0w should be improved 
by a factor of at least 3. In order to achieve such a precision both the statistical and the 
systPmatic errors have to be reduced. In deep-inelastic neutrino-nucleon scattering both 
improvements could be obtained with a quadrupole-focused neutrino beam providing high 
intensity (anti)neutrino fluxes with a high average neutrino energy and low backgrounds. 
rsing this type of beam and deriving sin 2 0w from the Paschos-Wolfenstein relation (Eq. 
4.91), for example, a total (experimental and theoretical) uncertainty of ±0.005 in sin 2 9w 
seems to be achievable in semileptonic weak neutral-current int.erartions /449/. 

The most direct determination of sin 2 0w in the leptonic sector is provided by the 
measurement. of the noss sf'ction ratio R = a(v11 e),'a(v .. e) (Eq. 4.74). By using the fine
grain calorimeter proposed by the CHARM II Collaboration /450/, there seems to be no 
obstacle in measuring this ratio R to ±0.05 corresponding to an uncertainty of ±0.005 in 
sin 2 E>w. This would reduce the error on the predicted Z0 mass to 0.7 GeV, allowing thus a 
decisive test of the underlying electroweak gauge theory. 
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Table 8. 1. Empirical status of neutral-current couplings. The number 

in brackets are the expectations of the standard model 

with sin2 0w= 0.22. 

Neutrino-Quark Scattering 

EL(u} = 0. 344 ± 0.026 (0. 353) a = 0.533 ± 0.037 (0. 560) 

£L(d) = -0.419 ± 0.022 (-0.427) B = 0. 992 ± 0.037 (I) 

£R(u) = -o. 153 ± 0.022 (-0.153) y = -0.152 ± 0.089 (-0. 147) 

£R (d) ., 0. 076 ± 0. OLd (0.073) 8 = 0.002 ± 0.049 (0) 

Neutrino-Electron Scatterin£ 

e 0.02 ± 0.06 (-0.060) e -0.54 ± 0.03 (-0.500) g = g = v A 

Electron-Quark Scattering 

a = -0.65 ± 0.17 {-0.560) ? = 0.14 ± 0.05 (0. 147) 

6 = 0.06 ± 0.21 (-0. 120) 6 = o.oo ± 0.02 (0) 

Electron-Positron Scattering 

hvv = 0.002 ± 0.005 (0.004) 

hVA = 0.02 ± 0.02 (0.030) 

h = 
AA 

0.27 ± 0.03 (0.250) 
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Table 8.2. Measurements of sin2 GW from a variety of reactions. Where 

appropriate the results are quoted with radiative corrections. 

. 2 0 
Typical Q

2 

Reaction s1n -w 
[cev2] 

c\i'N --+cV'x /292/ 0.223 ± 0.007(exp) ± 0.006(theor) 102-103 

1V1
p --+1V1

p /358/ 0,26 ± 0.04 100 

c\i 1e --+1\i1e /266/ o. 22 ± 0.03(stat) ± 0.01(syst) 10-2 

e D asymmetries /358/ 0.215 ± 0.015(stat) ± O.OOS(syst) 100 

\J N asymmetries /351/ 0.23 ± 0.07(stat) ± 0,04(syst) 102 

atomic parity /377/ 0.205 ± 0.035(stat) ± 0.025(syst) 10-11 

e+e- /418/ 0.18 ± 0.02 103 

w, z /20,446/ 0.22 ± 0.01 10
4 

world-average /447/ 0,217 ± 0.014 

In grand unified theories (GUTS) in which the strong, weak and electromagnetic inter
actions are embedded in a larger underlying gauge theory, the arbitrary parameter in the 
standard theory, sin 2 9w, is predictable. In the SU5 model /25/, for example, one finds 

• • 2 .-
''" 8w(Mw) ~ 0.216 ± 0.004(NH - 1) + 0.006ln(O.l GeV / AMS). (8.2) 

For AMS ~ 0.1 GeV and Nu s; 4 (number of Higgs doublets) this prediction is in very 

good agreement with the experimental values (sin 2 8w = l.006sin 2 9w(Mw) if one defines 
sin 2 8w = 1 - Ma,JM1). For this reason as well a precise measurement of sin 2 E>w is of 
great interest. 

Jn order to check the usual assumption of the standard model that all the Higgs scalars 
belong to weak isodoublets, the data have also been analysed in two-parameter models. 
In addition to sin 2 8w, in these models p is a free parameter which describes the relative 
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strength of the neutral and charged current interactions. The p Yalues /358/ extracted from 
the different processes 

{ 

1.01 ± 0.02 

p ~ 1.09 ± 0.14 
1.17 ± 0.09 
1.00 ± 0.04 

semileptonic 
1
V

1 
scattering 

(-) . 
viJ.e scattermg 

e+e- ---> 11+ Jl.

Mw,Mz 

are in excellent agreement with each other and with the standard model (p = 1). In particular, 
all data are still compatible with the 1981 world average I 447 I 

p = 1.02 ± 0.02, sin2 E>w = 0.238 ± 0.030. (8.3) 

This value of p indicates that the data are quite consistent with a Higgs doublet struc
ture, i.e. the absence of any other multiplets for Higgs scalars. In addition, the result has 
implications on a possible existence of heavy fermions {Chap. 2.8, Eq. 2.45). With the 
assumption that p = 1 before renormalization effects, then the upper limit on p implies an 
upper limit on any heavy fermion of 300 Ge V, assuming that its partner is massless. 

Since the discovery of the w± and the Z 0 j20j, alternative models to the standard 
electroweak theory seem to be strongly restricted /448/ because of the very impressive agree
ment between the data and the standard model predictions. Similarly the generalized global 
SV2 current-current interaction model of Bjorken /23/, where discrete weak quanta need 
not exist, is already ruled out. The fact that the unification condition has to hold in the 
phenomenological ')'-W 0 mixing model of Hung and Sakurai /241 in order to satisfy experi
mental observation and theoretical prediction, implies furthermore that also this approach is 
no longer a real alternative /448/. 

If both Mw and Mz are as predicted by the standard model, also theories with enlarged 
gauge groups su2 X ul X G /21,22/ (Chap. 2.8) implying a richer boson structure are in 
trouble. From thee+ e- data (Chap. 7) one knows already that the effect of these alternatives 
in the low-energy range must be very small (Eq. 7.36). 

However, left-right symmetric models/116/ involving two W (viz. WL and WR) and two 
z bosons (Z; 1

, Z~1 ) cannot be ruled out at the present, provided that Mz" is identical to Mz 
of the standard model. Dramatic differences between this class of models and the standard 
model are expect.E>d to show up only at energies far above the first (lower) Z boson mass 
j31j. From the low-energy data Sehgal /68/ extracted the neutral-current parameters which 
describe left-right symmetric models (Eq. 2.46): 

sin2 ew = 0.22 ± 0.02 

constraining the weak boson masses to 

PL = 1.0 ± 0.06 

PR =- 0.1 ± 0.1 

PLR = 0.05 ± 0.06 

87 GeV <Mz;• < 90 GeV 

230 GeV <Mz~· < oo. 
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9. CONCLUSIONS 

A variety of weak neutral- and charged-current phenomena covering an enormously wide 
range of energy and momentum transfer has been reviewed: fro.m relatively low space-like 
Q 2 ,.,. 10- 11 GeV 2 in radiative atomic transitions and 10-6 GeV 2 in decay processes of 
elementary particles to Q2 ...... 102 GeV 2 in neutrino-induced reactions and recently to time
like momentum transfers exceeding 103 GeV 2 in electron-positron storage ring experiments. 

All experimental results concerning weak charged currents are well reproduced by a V-A 
structure of the interaction and mixing angles as given by the Cabibbo theory /3/ or by its six 
flavour generalization by Kobayashi and Maskawa /4/, respectively. A lot of progress has been 
made in determining or restricting the elements of the flavour mixing Kobayashi-Maskawa 
matrix /97/. D€spite of the good agreement between data and V-A theory predictions, right
handed (V+A) currents and/or S, P, T currents at the level of 10% cannot be ruled out by the 
results extracted from decay process and neutrino scattering experiments at the present. The 
discovery /20/ of thew± particles, which have the properties of the predicted mediators of 
the weak charged-current interactions, favours however the standard weak interaction theory 
that implies V-A charged currents. This is supported by the fact that the electroweak mixing 
angle sin 2 9w determined from the W mass is compatible- within the experimental errors
with the values obtained from low-energy neutral-current experiments. 

Since the discovery of neutral-current weak interactions in 1973 /7-10/ a large number of 
different experiments has been performed in order to reveal their space-time structure. Never
theless, up to now there is only limited information available concerning the question whether 
the final-state lepton in neutrino scattering processes is identical to th<' incident neutrino (neu
trino identity), and whether their helicities are the same (absence of S, P, T). Further higher 

statistic 'V~1e scattering experiments using 'Vc' enriched beams (e.g. at LAMPF) may provide 
some answers to thest> questions by the study of the interference between neutral-current 
and charged-current contributions. The experimental fact that the electroweak mixing an
gle determined in neutrino scattering processes- where helicity-Hipping S, P, T interactions 
may contribute- is in excellent agreement with the one extracted from weak-electromagnetic 
interference in electron-hadron and e+e- scattering- where scalar interactions cannot con
tribute- suggests that scalar neutral-current couplings are quite small /68/. This suggests 
that the neutral weak interactions are of the V, A type like the charged ones as assumed in 
electroweak theories. 

The cross sections for inclusive neutrino-hadron and (both reactor and accelerator) 
neutrino-lepton scattering processes are in very good agreement with the standard model 
predictions. But they are invariant under interchange of vector and ax:ialvector currents so 
that, in principle, an alternative form of the weak neutral current could exist. This vector
axialvector ambiguity has been resolved in studying both exclusive neutrino reactions and, 
assuming factorization, non-neutrino processes such as: the left-right asymmetry in polar
ized electron-nucleon inelastic scattering, the beam-conjugation asymmetry in deep-inelastic 
muon scattering and also the forward-backward asymmetry in e+e- _. p.+ Jl.-, r+r- and qq. 
All experiments together demonstrate that the weak neutral current is not purely V-A but 
has, in contrast to the weak charged currents, a significant right-handed part as predicted in 
models which unify weak and electromagnetic interactions. 

In particular, all experimental results are well reproduced by the one-parameter standard 
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su'l X ul model /15-18/' with sin 2 0w = 0.217 ± 0.014 /447 j. The parameter p, the ratio 
of the squares of the intrinsic neutral-current and charged-current couplings, is found to be 
1.02 ± 0.02. This is in good agreement with the standard model where p equals I in lowest 
order as a consequence of the choice of the Higgs representation (only one Higgs doublet). 
The question of how many Higgs doublets there are, what masses the physical scalars that 
survive the Higgs mechanism have and so on, can only be settled experimentally. Settling 
the questions concerning the Higgs sector is presumably one of the most important tasks of 
future high-energy physics experiments. 

The success of the standard model is quite significant since the selective power of the data 
is quite high now. This is proved by the failure of a large number of alternative models that 
have primarily been proposed to explain apparent disagreements between the standard model 
and some experimental observations, which have all been proven wrong by now. Since the 
discovery of W ± and zo· in pfJ collider .experiments /20/, alternative models are even stronger 
restricted because of the very impressive agreement between the data and the standard model 
predictions. 1\o equally simple alternative to the standard model appears to survive at 
present. One should however not forget that also the standard electroweak model for three 
generations contains 17 arbitrary parameters (24 if one allows the neutrino to have masses): 
the 3 model parameters e, G, and sin 2 E>w, the Higgs mass, 10 parameters from the quark 
mass matrix (6 masses, 3 mixing angles and one CP violating phase), and 3 charged lepton 
masses (with massive neutrinos one must add 3 neutrino masses, 3 lepton mixing angles and 
one phase). If the number of Higgs doublets or the number of generations are larger, the 
number of free parameters can grow to a significantly higher number. 

Among these 17 (or 24) parameters the electroweak mixing angle, sin 2 E>w, has been of 
greatest interest. Also future low-energy experiments /449-451/ aim to measure this parame
ter with high precision since an accurate value of sin 2 E>w is needed to distinguish significantly 
between the first and second order predictions of the W and Z masses. This will then allow 
a decisive test of the underlying electroweak gauge theory by comparing the predictions with 
the \V and Z mass measurements. 
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