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1. EFFECTIVE LAGRANGIANS FOR CHARGED AND NEUTRAL CURRENT

PROCESSES

After over thirty years of research on the structure of the interaction
responsible for g-decay, we have reached the point where an impressively
simple and successful phenomenological theory well represents a wealth of data
on decays of nucleons, nuclei, and strange particles, as well as data on neu-
trino interactions with energies from 1 to 50 GeV. All this can be summarized

in an effective Lagrangian density, to be used in lowest order, as follows

& o= % PRCEAY (1.1)
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G=1.02-107 M;)z is the Fermi constant. 6 is the Cabibbo mixing angle

(sin2 90 = (.,055), while u, di’ s; are the fields of fractionally charged colored
quarks. The last term in curly brackets is the conjectured (but not fully estab-
lished) charm current involving a fourth quark S about which we shall elaborate

later.
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Again and again this model, as described by Eq. (1.1), has successfully

survived experimental tests. This is not to say it is beyond challenge. It is
well beyond the scope of these lectures to review the status of the phenome-
Mnolog‘iﬁcal theory. However, before leaving it, we do wish to mention recent
developments which bear on the question of its validity:

1. In a recent LBL experiment, 1 the polarization of the muon emitted in
KL — U VIJ has been measured, and agrees with the phenomenological theory
(supplemented with the PCAC hypothesis). This mitigates a long-standing and
vexing discrepancy existing from earlier measurements. 2

2. Recent experiments on g-transitions in light nuclei3 have indicated a
need for additional anomalous-moment coupling and/or second-class currents4
of opposite G-parity from that given in Eq. (1.2) in the effective Lagrangian.
Such currents are difficult to incorporate in the theoretical structures we dis-
cuss in these lectures. It is clearly of great importance to clarify tl_lis issue.

3. How to interpret the success of the AI=1/2 rule in AS=1 nonleptonic |
decays remains an ambiguous issue. There is still room for fresh ideas and
unconventional interpretations in this area.

4. While there is some experimental evidence for existence of '"diagonal"
ch;rged—current couplings (e.g., Ee'yx(l—'ys)e 5’}/}\(1—')/5)118 or
i,jz=1 1"11')/7\(1--3/‘,__))di aj'y}\(l—'yk_))uj ), it is more qualitative than quantitative. A
strict current-current structure as written in Eq. (1.1) is far from experi-
mentally established.

5. The algebraic properties of the currents, i.e., their commutation rela-
tions among each other (e.g., SU(3) ® SU(3) or chiral SU(6) ® SU(6)) suggest the
identification of quark fields made in Eq. (1.1). However it may be a little too
strong a conclusion to infer the presence of quark-fields from those algebraic

properties alone. In particular there is no evidence from the weak interaction

phenomenology for the color degree of freedom.
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With the discovery of neutral-current phenomena a few years ago and their
apparent connection with weak interactions in general, we now face a situation
similar to that encountered in the early days (t < 1957) of g-decay: we now must
determine the nature of the effective Lagrangian governing neutral -current
phenomena. The processes which have been observed include
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The most vital assumption made here is that the neutrino emitted in y-induced

neutral current processes is the same type as the incident neutrino. This

_comment is meant to include helicity: at present there is no evidence at all that

a right-handed VM (or left-handed Du) exists as a physical particle. If neutral

currents proceed according to

VUL + N — VMR + hadrons (1.5)

this would imply existence of a heretofore unknown degree of freedom, and con-
comitant scalar, pseudoscalar, or tensor neutral-current couplings.5 There
does exist some evidence against pure scalar or pseudoscalar couplinf_i:s.6 In
any case we here assume they are absent,
Also possible are the reactions
v + N — L° + hadrons
1!
B - -0 _ (1.6)
p te -L +e
7]
with L° some new neutral lepton. Existence of T/M—e neutral curreilt processes
at GeV energies argues that the mass of L° must be small, 7 under 50 MeV
(because /s < 100 MeV).
There are many coupling constants in Eq. (1.4) to be determined. But

this is the basic problem. There are two main routes that may be followed in

trying to solve it. They in fact were identified in 1957 for charged-current
processes, after the discovery of parity violation provided the impetus

needed to straighten out the mess present in that field at that time. One option
was simply to measure many, many processes directly and reduce the couplings
to a unique form purely from experiment. This program has not been fulﬁlled
to this day, despite its supremely logical nature. (For example, even for
muon-~decay the couplings have not been uniquely determined. 8) The other

9,10

approach was to guess the answer, The masters spake: ""Let there be V-A."
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And there was V-A, A simple working hypothesis, tested over and over again,
has by now become a phenomenological theory,
It is too early to know which path will be the most successful with regard
to neutral currents, although we do have a good working hypothesis. Again the

10,11
masters

spake: '"Let there be SU(2) ® U(1)." And thus far the SU(2) @ U(1)
gauge theory has done very well. In these lectures we shall travel some dis-
tance down both paths—sometimes the straightforward, cautious phenomenological
path, and sometimes the hypothetical path of the specific SU(2) ® U(1) gauge
theory. In a situation (as at present) of relatively little data and relatively many
phenomenological parameters, the latter path is the most powerful and useful
(as long as it survives). However whenever possible the former path is to be
preferred: itis safer.121 was surprised to find how far it is possible to proceed
down the phenomenological path., In particular it may turn out that elastic yup
and Eup scattering will play a pivotal role in disentangling the various couplings.

But before embarking upon specifics, we again warn the réader that already
in Eq. (1.4) there contain untested implicit assumptions, which if wrong would
greatly influence our present conception of neutral-current phenomena. These
include:

1. The identity of the outgoing neutrino, a question we have already
addressed.

2. Nonexistence of off-diagonal neutral current reactions, e.g., charm
changing neutral current processes, such as y” + u —~ y“ + C;- While the
absence of AS=1 neutral currents and the motivation for charm (GiM mechanism,
discussed in Section II) suggests their absence, this is not an inevitability and
should be tested.

3. Correctness of the 4-fermion nonderivative coupling structure of

Eq. (1.4). This can be tested by observation of the E, and Q2 dependence of

v

neutral current processes.
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4. TUse of the color-singlet fractionally charged quark structure. One
might be able to build a Pati-Salam-like scheme, 13 with broken color degrees
of freedom, which might look quite different from Eq. (1.4).

II. HIGHER ORDERS OF THE WEAK INTERACTION

A. High Energy Cutoffs. The charged-current effective Lagrangian rivals

the Lagrangian of quantum electrodynamics in predictive power. Given a weak
process, short—usually straightforward—calculations (supplemented with the
PCAC hypothesis) leads to results in good agreement with experiment. However,
it has been known for a long time 14 that such a phenomenological theory is at
best only a provisional description valid at low energy. As soon as one con-
siders higher orders in the Fermi coupling, or equivalently weak processes at

/2

energies s > G-1 ~ 300 GeV, the phenomenological theory does not make
sense, This can be seen best by looking at pure leptonic scattering processes,15
for example, e + V“ — ye+u—. Neglecting lepton mass, one he_zlicity—amplitude
evidently controls this process. And the total helicity is zero because e and

VM are both left-handed and have equal and opposite momenta. Because the point
Fermi interaction allows no orbital angular momentum the cross section is non-
vanishing only in the J=0 partial wave, Compute the invariant amplitude 4 in

—

the forward direction (I—;e :Fv = -pu= -f)’u ) and in the center-of-mass frame:
e 1

G - -~ A
M = \—[— (uye'y?\(l—v5)ue> <u“v (1—75)uvu>

2

G <2(pe)7\> <2(p”)*>
J2 \ Fe Ee
4G Pe’Py _ 8G

2.1

T

(We normalize u'u=1, not to m/E in order to avoid awkwardness in handling

massless fermion states.) This amplitude should (but does not) fall with
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energy in order not to violate unitarity (# <const/s). The problem is better

seen by computing the differential cross section (from an unpolarized incident

‘electyon):
d3pv 3p
1\/1 2 4
o = () 1 —22 T o o m, 5, 3,
\ 2m-  (2n) pooe
A
2 Q
= o 25 2.2)
1287
e  spin average
— flux factor = 2¢
or
2
9% -G8 ; (2.3)
47
and
2
=5
Tt = 7 (2.4)
. -1 +1 . .
Thus instead of Tiop ¥ 5 W have Tt ™S - Something must happen before

300 GeV in the center-of-mass. We now discuss possible fixes for this situation:

1. Simple unitarization: If rescattering corrections are included in

a mamner parallel to what might be done in strong interactions (Bethe-Salpeter
equation, K-matrix approximation, N/D method, etc.), the amplitude would be

-1/2

damped at energies J_ s ~G ~ 300 GeV. This puts an effective cutoff

A ~ 300 GeV. By dimensional analysis, higher order effects would occur as

M~ G+ @‘(G2A2)+... =G[1+ 0(GA2)+ ] (2.5)
which is as large as the lower order effects. Just this much leads to some
qualitative predictions (or at least expectations):

a) Neutral currents (as generated by second order loops Vﬂe— — u-ye—»uﬂe—)
should be of the same order of magnitude as charged currents.
b) There is no a priori need to incorporate electromagnetic currents into

the scheme.
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c) The neutral currents induced by known charged currents acting in
higher orders would be expected to be pure V-A.
4) The effective Lagrangian describing the lepton-lepton scattering

matrix would contain derivative coupling terms, e.g.,
/ (2) ~ 2 7- ___a___ RN A _a_ e ‘
£ G ﬂ'yk 5 (1-')/5)£ Iy B (1—')/5)2 (2.6)

which would become significant at very high energies. 16
e) Similar neutral current and derivative coupling terms would be
expected to be generated in the effective Lagrangian for lepton-hadron interac-
tions, provided the short distance behavior of such interactions parallels that
of lepton-lepton interactions (as evidenced by the existence of scaling behavior
in deep-inelastic processes). This would, if followed straightforwardly, imply
a term16
. - . - A
' ~ - -
L' ~G [(3 cos 6 +§ sin 60> 7, (1 'y5).<d cos §+s sin 94_3)] wy” (1-yg)u
2.7
. S + + -
leading to AS=1 neutral current processes such as KL —ppu, K —-—7pp,
etc.

2. Simple charged intermediate boson exchange; strong W-W couplings.

With an intermediate W exchanged between the lepton pairs (Fig. 1la) the ampli-
tude in Eq. (2.1) is multiplied by a factor m3V<m\2N+t>-l. This factor, in addi~
tion to damping the amplitude, distributes it into many partial waves so as to
postpone any unitarity crisis to unobservably (i.e., exponentially) high energy.
However, without any other restriction it turns out that pair—production pro-
cesses (Fig. 1b) such as ete — W+W—, with at least one W having helicity zero
(longitudinal polarization) in the cms, again violates unitarity in the J=1 wave at
NERS c 172, (We shall see this in detail later on.) The simplest panacea

(which does not reduce to the previous case) involves supposing that W-W scat-

tering becomes strong17 but that W couplings to leptons and quarks remain weak



(a) (b) (c)
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3081A1

Fig. 1. (a) Weak lepton-lepton scattering via intermediate-boson exchange.
(b) Pair production of intermediate bosons by leptons. (c) Intermediate
boson rescattering. (d) Lepton-lepton scattering in higher order. The
divergence in the loop integration (or in the dispersion integral over
o(tl — WW)) is damped out by the strong W-W rescattering.

N\

3081A2

Fig. 2. Amplitudes for ete - WW ina gauge theory. Couplings are arra}nged
so that the sum of these diagrams have a smooth high-energy behavior.
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(Fig. 1lc). If A is the energy for which W -W scattering phase-shifts become of
-ordewunity, this will generate higher-order neutral current effects according
to Fig. 1d:
,/t{(z) ~ G(GAZ) (2.8)
just as in the previous case. (We again will see this in some detail later on.)
With A unknown, it is hard to estimate the size of such induced neutral current

18
effects. However it is a safe bet that A > m Note also that in this option

W
there could be many W-W resonances of various spins, the W's could like on
Regge trajectories, there could be a strong interaction W bootstrap, etec.

3. Simple W-exchange, but cancellations between diagrams to keep

the high-energy amplitude growth small (Gauge theories). Under suitable cir-

cumstances, it is possible to arrange the couplings of the set of intermediate
bosons to fermions (quarks and leptons) and to each other such as to effect can-
cellations between the individual diagrams19 shown in Fig, 2. A necessary
and sufficient condition that this occur is that the couplings be those of some
nonabelian gauge theory. These gauge theories are an elegant starting point
for a weak (or for that matter, strong) interaction theory. They are generali-

0 and

zations of quantum electrodynamics introduced long ago by Yang and Mills2
designed to handle systems with internal degrees of freedom. It is not our inten-
tion to describe this basic starting point in detail. A feeling for it can perhaps

be ascertained by the following parallelism:

Quantum Electrodynamics Nonabelian Gauge Theories
a) Electromagnetic potential A“ Gauge potentials Bl(f'), one for each

generator T in the group algebra:

[Ta, Tb} _ z fabc °
c



b)

d)

f)

Electromagnetic coupling e

Electromagnetic field

T F =0A -0 A
pv Ky vH
Free Lagrangian density

Y

137
) MVF +gauge terms

Gauge invariant substitution

Symmetry under local gauge
transformations

A R)

Px) —e P(x)

eA (X) —eA (x)+a—A
H L
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Gauge coupling g

Gauge fields

6@ _ 5 5@ _p p@), o5 bep®)5(0)
194 BV v H be BV

1 (@), @uy
-4 g Gqu +gauge terms

where the ta are an appropriate matrix
representation (of the generators Ta)
for the multiplet on which the deriva-

tive operator acts,

[ itaAa(x)]
8,0 — e V) = U (909

-1 00

o

gta.B(;‘) ~yt gt(a).B‘(La)U— U

One salient feature to notice is that gauge potentials couple trilinearly (and

quartically) to each other as a consequence of the nonlinearity in the definition

(c) of Guv' That is, unlike electrodynamics, the gauge fields themselves carry

quantum numbers and therefore must couple to themselves (just as the gravita~

tional field carries energy and momentum and therefore couples to itself). This

allows for couplings as needed in Fig. 2c. However, we shall go no further in

this direction, it being sufficient for our purposes to point out the distinguished

pedigree of this class of theory.
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More significant perhaps is the inevitable unification of weak and electro-
magnetic interaction coming from this approach. The amplitude in Fig. 2c¢ for
electromagnetic production of ww” by e+e—, taken by itself, violates unitarity.
It must be cancelled by diagrams involving the weak couplings g. Furthermore,
invoking only the charged-current weak coupling of e~ to Ve is not enough: it is
present for only negative-helicity e ; the electromagnetic amplitude for annihi-
lation of a positive-helicity e~ with the (negative-helicity) e into WW™ is
unaffected. There are two basic options open at this point. The first is to
introduce at least one neutral lepton E° (or, more extravagantly, a doubly
charged Eii) coupled (at least in part) via a V+A interaction to e (and W+).

The other basic option is to introduce at least one neutral intermediate ZO, with

at least some V+A coupling, to the e-e+ system. We repeat: the gauge-theory

solution requires
a) either a neutral heavy lepton E° (with coupling not pure V-A)
b) or a doubly charged X (with coupling not pure V-A)
c) or a neutral intermediate boson 7.° (with coupling to e+e- not
pure (V-A)
d) or some combination of the above (including more than one of
any kind)
e) and the coupling constant g of W's and Z's to fermions of the
same order of magnitude as the electromagnetic coupling e.
Again, as in the previous scheme, neutral currents are generated. Indeed they
typically appear in lowest order, although it is possible to concoct, 21 with the
help of heavy leptons, a scheme with no extra Zo's. (However, such a scheme
is artificial and even in trouble with experiment. 22) All this will be treated in

detail in Section IHI. 23
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B. The Motivation for Charm. The charm concept was introduced origi-
24,25

nally both on aesthetic considerations (lepton-hadron parallelism) as well
~asonan attempt to get closer to the 3 in the then newly-established eightfold
way: SU(3). It attained real operational significance only in 1970 when Glashow,
Hiopoulos, and Maian126 showed its usefulness in alleviating the problems of
strangeness-changing neutral currénts and higher orders of weak interactions,
We saw that all options treated above require at some level the presence of
a neutral-current coupling and that this in turn suggested strongly the existence
of semileptonic |AS=1]| neutral current couplings as in Eq. (2.7). In addition,
given leptonic neutral currents parametrized phenomenologically as
L= Q% @? [Er,0rp)e] [2 )¢ (2.9)

we would a priori expect similar nonleptonic terms of the same order of magni-

tude

P~ op? Ay o :
Lo~ = (G0 CENCEALE RN (2.10)

with

d =dcos 6 +ssind (2.11)
c c c
Eq. (2.10) contains a AS=2 piece

AS=2_2G .2 2 2[4 N
L et R [dvx(l—'y5)s] [dv (1_-y5)s] +h.c.
2.12)

which has matrix elements between K and K and contributes to the KL—K mass

S
difference. Estimates of this2 28729

lead to the limit
A < 4 GeV (2.13)
a remarkably low value. This is where charm enters. Given a fourth charmed

quark c coupled with a V~A coupling to the combination

s =scosf -dsind (2.14)
c c c
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as well as a modest amount of permutation symmetry in their couplings, it is
possible to show that anywherego one has a neutral-current coupling
- dc I‘ch (2.15)
one should generalize it to
L3
aCI‘)\dc SRUEH
= dI‘}\d + sI‘As (2.16)
That is, the Cabibbo strangeness mixing can be rotated away, and with it AS#0
neutral-current effects. This is only true in the limit of vanishing quark masses.
In order to remain compatible with the KL-KS mass difference limit, the
charmed-quark mass necessarily had to be less than a few GeV.
This simple and elegant solution to the problem is the GIM mechanism. We

emphasize that it is more general than and logically independent of the gauge-

theory option of high energy behavior for weak interactions. It was in fact con-

structed before the flourishing in 1972 of the renormalizable gauge theories. 31

C. The Higgs Sector. The introduction of gauge-theory couplings is

necessary but not sufficient for curing the singular high energy behavior of

weak scattering amplitudes. Production of three intermediate bosons in lepton~

2

lepton collisions (Fig. 3) again causes difficulty. 3 Without any cancellations,

the cross section would behave as

2
g® 2= ~ a(@Gs)? 2.17)
My

Cancellations do occur after introduction of the quartic coupling between W's in
Tig. 3c but they are not complete: there is a residual piece to the J=1 ampli-
tude which gives rise to a cross section of order

6 s 22
—5 ~ G my,(Gs) (2.18)

My
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Y

3081A3

Fig. 3. Typical amplitudes for the production of three gauge bosons in
ete~ collisions.

H

3081A4

Fig. 4. Diagram for the decay Z° —h%*u~,
where h° is a neutral J=0 Higgs-boson.
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To fix up this situation without reverting to a previous case involving large
phase-shifts, it is necessary to introduce J=0 particles coupled principally to

33,34
also

'thegauge»bosons W. Such particles, the so-called Higgs particles,
play a role in the more fundamental field-theoretical approach. Just as in

quantum electrodynamics, the pristine nonabelian gauge bosons are massless.

To generate mass, the J=0 Higgs fields qbr are introduced into the Lagrangian

in such a way as to undergo spontaneous breakdown, i.e., the ground state con-
tains a superfluid condensate of some of these J=0 bosons such that <0 i(f)I_(X) 10>#0.

This generates a mass term for gauge bosons. There is a solid-state analogy in

the Ginshurg-Landau model35 for superconductivity:

Gauge Theory Ginzburg~Landau
Higgs particle Lagrangian density Free energy density
—— —— 2
1./ a 2 + (p-eA
=1 |<15H—gtaBL No 1P~v(@)+... F= " B=BAL iv(g)+. ..

After spontaneous breakdown

2 2
g (a) 2 - & 22
k4 5 ItaBu <> | F 5 I<p>1" A" +..
Boson mass term Meissner effect
2 2 2 w1 2 2 1,.2 _2
po~ g ko> | F=g—e <¢p> +2(E+B)

=>Ax) =€ e
London penetration depth
2 2 1/2
3 ~ [e j<o>] ]
m
= "effective photon mass"

Again we digress., The main point is that the exchange of a J=0 boson (coupled
in the way appropriate to the spontaneously broken gauge theory) does restore

acceptable high energy behavior to this order. Studies to all order523 have
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shown that this continues to be true, with one qualification, Diagrams contain-
ing a fermion loop with three external boson lines may, because of the super-
ficial linear divergence, produce additional problems: this is the triangle
anomaly. 36 Discussion of this subtle issue is also beyond the scope of these
1ec’cures;37 it suffices to say that the problem can only be disposed of by again

appealing to algebraic cancellation. 38

The trouble in such loop diagrams is
independent of fermion mass, and the amplitude, summed over all left-handed

fermions which can be inserted in the loop, is multiplied by a factor

Tr ta{tb’ tc}

where the fermion coupling to the gauge-boson in question is

@' =g 37 (v t yBY

(Without loss of generality we include only left-handed fermions (and ipso facto
right-handed antifermions) in the loop. All fermion degrees of freedom can be

included just by redefinitions using CP transformations.) The condition

Tr ta{tb,tc} =0 (2.19)

then removes any problems with triangle diagrams, and renders the theory a

weak-coupling theory at all practical energies; i.e., it is renormalizable. 39

Renormalizability (including the above condition, Eq. (2.19)) is widely used
as a criterion for a successful gauge theory. If consistently followed, we would
be forced to abandon general relativity.40 A much more persuasive reason for
consideration of gauge theories is the underlying gauge principle, which links the
gauge theories to electrodynamics at a much deeper level.

However, it is not clear what level we reach when we enter this gauge theory
scheme of high energy behavior. We have seen that the sector (of Hilbert space)
containing the J=0 Higgs particles appears to be unavoidable. The renormaliza-~

bility requirement, as we saw, demands them, And if renormalizability is
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abandoned then some other set of particles (fermions in option 1 in Section IIA
above, bosons in option 2) interact strongly at some energy. They may be
expected to dynamically generate new J=0 resonances. In any model I know,
something like the Higgs sector seems to be present, and on a mass scale

< 300 GeV. The full theory, including the Higgs sector, can be a weak-coupling
theory provided the masses of Higgs particles are small compared to 300 GeV,
W 1)

However, this option leads to ugly-duckling, cumbersome Lagrangians with a

perhaps < m_, or even less. (This seems to be preferred by Weinberg.4
host of rather ad hoc degrees of freedom. Thus, I believe even the gauge
theories do not really solve the problem of high energy behavior in a self-con-
tained way; they instead move it into a more inaccessible region, the Higgs
sector.

Is there hope of finding real Higgs bosons experimentally? It appears to be
very difficult, 42 The coupling of Higgs bosons to fermions is proportional to
fermion mass: the Yukawa coupling to a fermion of mass m, is typically

m
Hr e —L Fyp (2.20)
w
The Higgs bosons are coupled more substantially to gauge bosons. There is a
quadratic coupling similar to the A2¢2 seagull in scalar electrodynamics. In
addition there is a trilinear BMB“ ¢ coupling proportional to emy,. One hope for
entering the Higgs sector is to resonantly produce some neutral 7° in e+e— colli~
sions, and look for the Higgs boson h in the decay 7° - he+e_ or z° —~ hu+u_
(Fig. 4). There are other ideas as well, 43 but they are also futuristic and

difficult. More thought on these general issues might well be fruitful.
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III. THE SU(2) ® U(1) MODEL

A. Introductory Generalities. We now turn to construction of the

‘simplést and most successful gauge theory model., It consists of no extra
fermions (other than a charmed quark), one charged intermediate boson Wi,
and one (massive) neutral boson z°. Asa prelude to its construction we con-
sider the general case in order to exhibit how the gauge theory algebra arises.

Let

L.=1yp 3.1)

be a column vector for the fermions in some internal symmetry space and the
coupling to a set of gauge bosons B‘(La) given by
., To@ 7 |5 A ()
| -
H [Lf e Li Uy (1 'ys)uin . (3.2)
Similarly, for the coupling of gauge bosons a,b,c¢ with polarizations e(a) , e(b),

€(c) to each other, WriteLj“LL (with the momentum conventions in Fig. 5)

ot = £30> ¢ [e(a)- e(b)] [e(c-)- (pa-pb)]

+ cyclic permutations of a,b, ¢ 3.3)

Hence

ab,c _ /ba,c

i ~f (3.4)

as follows from Bose symmetry. With these conventions we may write down
amplitudes (in the limit of vanishing fermion mass) for the processes & — WW
corresponding to Fig. 2 and again to Fig, 6 where momentum labels and indices

have been carefully included. The amplitude for Fig. 6a is

S () ] o

fn ®°ni i

A C
(pi+k(b))
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cr=¢ 3081A5

Fig. 5. Trilinear coupling of gauge bosons

Fig. 6.

to each other.

€a.Ka

€O7k0 q

P, P 2 Pt

General amplitudes for the process £I — WW.

€b,Kb

(c)

N

3081406
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Similarly for Fig. 6b, the amplitude is

)
_ ®B~K"") 1y
_ Jz(z):uf#(b)mé(a) ( __5_5_) “i[LEgg)gff?LJ .6)
-

For the intermediate propagator in Fig. 6c we use

D = <—g1.w * m_zquqv)
by q2_m2

(3.7

Because of current-conservation at the bottom vertex, the q“qv term can be

dropped. This leaves

(b, c (a) () @)

1y )
=LA 5 T_(c)
w3 i ( 22 zui[Lfgfi L;J ) +fbc,a€§\b) e(a)«(—k(b)+q) (3.8)
q-m,

4+ §C3P E;\a) e(b)_(_q_k(a))

with

q=p,-p = K&k | (3.9)
Why do these amplitudes misbehave at high energy, when they differ from the
form of the amplitudes for e+e— — vy (which does not) only by algebraic factors ?

The crucial difference is the form of the polarization vector 6# for a massive

longitudinally polarized gauge boson. If the boson has four-momentum

k}\= (kO, 0,0,k 1), and mass m, then the polarization vector is

A1,
€ = —(IK1,0,0,-k) (3. 10)

in order that €.k=0 and €2=-1. Thus 67\ is O(k/m), not unity at high energy and,
without special cancellation, leads to the singular behavior. Actually the singu-

lar part of €>\ is proportional to kxz

A
Ak 1, o
€ = (1=K, 0,0, k- 1K)
A A
_k m _k m
=== (1,0,0,-1) ===+ o(k) (3.11)

|12’|+k0
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It therefore suffices that 4 vanish upon setting one of the boson polarization

vectors equal to k)\/m. Let that vector be e(b). We get for the first two terms

D L5 @ (1 V5> o [Lle e L]

e

(3.12)
- g o (2T0) et ]

m 2 gfn ni

A little more algebra, using €(r}k(r)=0 and momentum conservation yields

2€(a).k(b)af}((b) (1';5) 0 (P25,

T_(c)
PO
m 2 2
<ma+mb—2ka'kb-mc> +fca b( k(a) k(b)+m > ¢(av) <1 75) u.
i

(3.13)
This leads to two conditions. The first is

fbc,a fa.b c_ __fb (3. 14)

That is, we can remove the comma;: fabc must be fully antisymmetric. Then as

L@ 0

1-y
P 25 g <——5-) u, £8P i1, [E éf)L] (3. 15)

Putting together Egs. (3.12) and (3.15) and demanding the cancellation gives

(@), () _ {) (@) _ cabc (C) _
f{gfn €ni ~8fn 8ni - }L 0 (3.16)

or in matrix language

[g(a) : g(b)] = 2% ' (3.17)

This is the defining relation for a Lie algebra,and the gauge-coupling constants

(up to a factor) are the structure constants for the algebra.

The condition Eq. (3.14), when applied to the coupling of v to any charged

W, turns into a restriction on its magnetic moment45: the gyromagnetic ratio
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3081A7

Fig. 7. Yukawa couplings of W to fermions and each other in the SU(2) ® U(1)
model.



- oh .

must be 2 (just like the electron gyromagnetic ratio in the absence of radiative
corrections).

B. The SU(2) @ U(1) Model in Detail. We now apply this technique to gen-

erate by construction all the couplings needed for the Weinberg-Salam SU(2) ® U(1)
model. We assume the only gauge bosons are Wi, 7° (and photon), and consider
W couplings to u and d quarks. We shall endow these quarks with charge

Qu=2/ 3and Q d=—1/ 3 but keep the notation general in order to be able to apply the
results to leptons as well. Again we neglect fermion masses, a good approxi-
mation at high energies. For the Yukawa couplings illustrated in Fig. 7, we

write for the vertices

e
V(a)=gd¢ >/ u W «— ud

1-1/)
— 5 o)

1=y
V(C):gu ﬁﬁl( 25>u Zoﬂuﬁ
1-y 1+y
Viay = % [‘34 25) “*ﬁf( 25)11] Y ~ ull (3.18)

1-75 _ 1+'>’5 -
reqite()arae(2) ol v
Vi)™ e[(e‘- € e (®_-p,)+ (€.e) e (P,-P) + (€= €) ¢ (P-P_)]

Vi =17 e _p )+ e o, op) + (e ) € oop )]
Now we can again write out the diagrams as we did in the general case. We con-
sider only the left-handed helicity amplitudes first; the others can be handled
independently later. The overall factor depending on the spinors, polarization
vectors, y-matrices, and the like should be evident and we will not write it
explicitly. Instead we consider, for each diagram in Fig. 8 (note how many of

them have potential physical significance!), the relationship among the coupling
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308188

Fig. 8. Diagrams for fermion-antifermion annihilation into two gauge-bosons
in the SU(2) ® U(1) model.
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constants, as expressed in an excessively succinct way by Eq. (3.17). They

are
- g(eQ) - (eQ e = eg
gg -g:8=1g
u ~d (3.19)
~2 2
g -0:"[(3 Qd+fgd]
~2  [2
0-g ——[e Qu+fgu]
Subtracting the last two equations yields the relation
252 = o2 4 12 = g2 | (3. 20)

g is the intrinsic SU(2) gauge coupling constant connecting W+ and W~ to WO’

which is a mixture of A and Z. Indeed letting

e=g sin 8

w (3.21)
f =g cos 9W
we see that
WO = A gin GW + Z cos BW (3.22)
couples with full strength to Wi, while
B=Acos6,.,-%Zsind (3.23)

W '

decouples from W=, The angle 0., is the Weinberg angle, the most important

W
parameter of the model.
Solving for the couplings gives

g___f_;Q :-L[%-Qu sin2 9W:|

u cos GW
(3.24)

= - g_ — 9__ = .__L l - .2 ]
87T T % s oy [‘ 5~ Qg st Oy
We may now repeat these calculations for the right-handed amplitudes. In this

case there is no coupling of W to the (u, d)R doublet. If there is no other heavy

quark coupled to u or d and W, with right-handed coupling, thenall the terms on the
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left-hand sides of Egs. (3.19) vanish, and the solutions for the appropriate
right-handed couplings g§ and gg of u and d to Z are evidently

2

- R_ e, __ g [ .2 ]
gu_"fQu cosBWO—QuSln GW
(3. 25)
R__e2o __g [0 Q. sin? 6 1
€T~ d_coseW =g S Uy

This has the same structure as Eq. (3.24). While we refrain from a proof, it
should come as no surprise that for any constituent its coupling to the Z is like-

wise
e

2
g = [T - Q@ sin” 0 ] (3.26)
q sin GW cos GW 3 AW q

where T3 is the third component of the weak isospin of the constituent q. The

conventional assignment of weak isospin is

/ 1
T3 -2 Ve v b ¢
Doublets : ( ) ( “) (3.27)
Y - ‘
\T3"2 e/ WL \%/n \ScL

Singlets eg{ u;{ up dp Sp cp (3.28)
The singlet assignments should, however, be considered tentative. Heavy lep-
tons46’ 47 or heavy quarks with new flavors might exist and provide "weak-isospin"

partners for the purported singlets. It is one of the fascinating features of the

SU(2) ® U(1) model that within that model the measurement of neutral-current

processes is able to provide information regarding unseen, heavy fermion degrees
of freedom which possess charged-~current couplings to the observed fermion

degrees of freedom.
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With all the couplings determined in terms of the Weinberg angle, the mass

of the W™ can be estimated. Look, for example at muon decay:

- — ___G_ - - }\.
L. RACATI AR
N2
(3.29)
~2 Ly 1-y
2 [ ) J
- m2 [Vury?\ 2 ) H %Y 2 /e
Therefore, using Egs. (3.20) and (3.21),
& _4G_ g% ” 3.30
2 ”T” 2 2 _2 (3.30)
My 2 me ZmW sin GW
or
2
m\zNz(zwoéIz)_ 1 ___<74.6 GeV> (3.31)
4sin GW 2sin GW -

The mass of the ZO, in general, is not determined without further assumption.
A conservative approach is to consider the model a two-parameter theory and fit
data to it in that manner. However, what is commonly done is to assume a

mass formula relating the Z-mass to the W-mass (and 6 This mass relation

W) )
occurs in the simplest model of spontaneous breakdown involving a minimum
number of Higgs bosons. 10 It can also be obtained by the following general

picture48:

In the beginning we suppose that we have an SU(2) triplet (W+, W, WO)
degenerate in mass and a singlet B with possibly different mass. Then an addi-
tional term mixing B 0 and W° is included, The crucial point is that in the ab-

sence of the B- W mixing the W and W° are assumed to be degenerate. This

means the mass-term in the effective hamiltonian must be

s =l (Ww s 2 w2) +

1 2,2, 2
270 1

S B +].L2BW0 (3.32)

Into this we may insert Eqgs. (3.22) and (3. 23) expressing BO and W° in terms of
A and Z. We then demand the coefficient of Az as well as the term mixing A with

Z be zero, because A and Z are mass eigenstates and the photon is massless.
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This gives two equations, which can be solved for pci and ug. Given y‘i and ug,

one may then further solve for m One obtains, after a short amount of alge-

7z
bra L
m
Ty (6-39)
w
It is evident that this is the right answer, because the resultant H;nass is
2 Ao~ 1 2.2
! = =
‘%mass mWW W+ 2mZZO
R I | 1 . 2
= my, {W W+ R — (cos OWWO -sin OWB)]
cos 0
w
(3.34)

which clearly satisfies (uniquely) the hypotheses we made.

Knowledge of the mass of the Z allows us to reconstruct the form of the
neutral-current effective Lagrangian. From Eq. (3.26) we have (dropping an
overall minus sign)

2 1y ) 1y )
= € i 5 - A 5 . 2
geff_ 2 .2 P) [1/117}\(——'2 ZPl] [IPZY (T ZPZ](T?)—Qsm GW)

mZ gin BW cos GW

1
T Qsin29 (3.35
3" W +39)
2
But using Eq. (3.33) for the Z-mass and Eq. (3.30) relating the W-mass to the

Fermi coupling G gives the neat result

» _G - — A <1i75) 2 2
Logr = V=) ¥ 8oy 57 ¥y Z(Ts‘Qsm 9W> (T3'Qsm 9W)
2 1 2
(3. 36)
The neutral current structure is the same as the charged-current one, with only

the extra coefficient

€=2 (T3-Qsin2 9W)1 (T 3_Qsin2 ew)2 (3.37)

to normalize the strength for any given choice of fermions and their helicities.

For y-induced neutral currents (the only processes for which there in fact exists



positive evidence!), we have

.2 _
2(T3-Qsm 9w> T 1 (3.38)
v, OF Vg

R

and the amplitude strength relative to the charged current strength is simply

_ .2
€= TS—Qsm QW (3.39)

If one only remembers this one result, that is sufficient to reconstruct predic-
tions for y-induced processes in the SU(2) Q U(1) model.

With an additional assumption, even the final parameter in this model, OW’
can also be estimated theoretically, as shown by Georgi, Quinn, and Weinberg.49
The assumption is that the SU(2) & U(1) model is only a small portion of the full
weak-interaction theory, and that there is a simple group G within which
SU(2) ® U(1) resides as a subgroup. Such a situation is natural50 in a truly
unified weak-electromagnetic theory, for then there is only one independent
coupling constant (instead of the two coupling constants of SU(2) &® U(1)).

The main consequence of this embedding of SU(2) ® U(1) into G is a large
proliferation of the gauge~bosons in the model; one assumes50 that all the re-
maining bosons have masses large compared with the Wi and Z2° and contribute
negligibly to present-day phenomenology. This is not an especially disagreeable
possibility; there exists a hierarchy of masses in the fermion sector
(me < mu KMy mu’ gEmy < mc) which is not at all understood. A similar such
hierarchy in the intermediate-boson sector may bear some relationship. Butin
any case, assuming such an embedding, the result of Georgi, Quinn, and Weinberg
is the following: Let % be the basis of some fermion representation of the group

G; i.e., & is some multiplet of fermions appropriate to the group G. It there-

fore can be decomposed according to the SU(2) ® U(1) subgroup. Then the GQW
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result is
X Ty
- sin® g, = LK (3. 40)
W 2
s q
iin%®

where the sum goes over all chiral (two-component) degrees of freedom in the
multiplet &2, TSi is third component of weak isospin of the ith fermion, and Qi
is its charge.

The proof of Eq. (3.40) is short. We note first that w° and B, gauge bosons
appropriate to SU(2) ® U(1), are also gauge-bosons of G. The coupling of W0 to
fermion i is proportional to TBi' The coupling of B is a weak isosinglet; call its
coupling to the ith fermion TOi' Because WO and B are both gauge particles for

the group G, we must have, for any representation of G

2 2
> Ty, = > v (3.41)

iin# iina®

because a symmetry operation U of the group G can transform WO into B; U
however transforms 22 into itself. (Another way to see this is to look at the
W0 and B propagators; the vacuum polarization insertions (in the symmetry
limit) in Fig. 9 must be the same. But they are proportional to the quantities
in Eq. (3.41).)

Completion of the proof is now simple algebra. The photon is a gauge par-
ticle for G; furthermore it lies in the SU(2) ® U(1) subgroup (by construction; see
the previous sections). Therefore the charge Qi must be a linear combination

of T3i and TOi; indeed from Egs. (3.22) and (3.23), itis clear that

A + BA cos 8 (3.42)

A A W

=W
= WO sin 6
and necessarily

Qi = (const) [TSi sin GW + TOi cos QW] (3.43)
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f;

3081A9

Fig. 9. Vacuum polarization insertions in gauge boson W, and B propagators.

Note that they are proportional to T%i and Tgi respectively.

wT W™ wt W™

3081A10

Fig. 10. Triangle diagrams in SU(2) @ U(1) model.



need the constant to be (sin GW) 1; i.e.,

- Qi=T3i+ cot BWT (3.44)

0i
Now we square Eq. (3.44), and sum over members i in the multiplet & of G.

The cross term vanishes

Z:T3i Ty; =0 (3.45)
when summed over any weak-isospin submultiplet. We obtain

2 2 2 2
2 Q= X To+cot®e Y T (3.46)
iR+ im&R O Wit 0

and upon utilizing Eq. (3.41), we obtain the main result, Eq. (3.40).
It is fun to estimate sin2 GW using the known fermions., We take 3 or 4

examples:

1. All leptons form a basis & for a representation of the group G. Then

L Hi, Yy Ve _1+2?
= 5 =
w () _+() _+() _+(1) _+7 4+7

°L %R Hy, )

where the ? signifies the contribution of unknown degrees of freedom we have

.25+ 7 (3.47)

omitted.

2. All quarks separately form a basis for a representation % of G. Then

2 2 2 2
S AR ARt N
sin? 0. = L L L L~ 3% _ 4549 (3.48)
R R R M
u d 8 c

Consistency demands that these two values be the same. This requires
either proliferation of fermion degrees of freedom or else combining both lepton

and hadron degrees of freedom in all representations of G. Elegant examples of
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this concept have been given by Georgi and Glashow, 51 and by Gursey and

Sikivie. 52,53 Combination of all fermion degrees of freedom—quarks and

leptons—leads to the estimate

L2
0 (—2-) {avsa+2} .,
sin” 6, = - =gy = 3754 7 (3. 49)
2u{2+3.-§-+?} 2o

Such fully unified models require intermediate bosons of fractional charge and
baryon number (leptoquarks) and in at least many cases tend to destabilize the
proton via reactions such as q+q—q+4. This requires such leptoquark gauge-
bosons to be extremely massive, typically with mass > 1015 GeV.

A panacea which is considerably less grand in scope is to increase the
leptonic estimate of sin2 GW by presuming the existence of massive neutral
heavy leptons E° and M° coupled via right-handed currents to e~ and i~ respec-
tively. This leads to the estimate

1
_Z'(8+ ?)
W Z @2+ ?)

2

sin” 0 = .50 + ? (3.50)

which is more in line with the estimate from the quarks. However both values,
as we shall see, are in rather marginal agreement with the data, which prefers
a value of sin2 BW somewhat smaller. Nevertheless, all these estimates are
not all that far from the data, and may be taken as another argument in favor of
gauge theories, and in particular the SU(2)® U(1) model, as a correct descrip-
tion of weak-interaction phenomena,

Before closing this section, we should mention the question of triangle
anomalies in the SU(2) Q U(1) model. The only triangle diagrams involve
W-‘-W"ZO and W+W—'y. We see that upon summing over all fermions, the condi-
tion for cancellation of the W+W_'y triangle-anomaly is, from Eq. (2.19)

> AT, r7lQus =0 (3.51)
left-handed fermions i
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There is no new information that comes from the wwz triangle couplings,

because automatically

; <i I{T+,T_}T3I1> =0 (3.52)
With the assignment of the standard model, Eq. (2.19), this means we should

have

2 Q. =0 :_1+o-1+o+3(-2--1_l+§) (3.53)
(all fermions i in
left~handed weak

doublets) eveb v, uwdsc

©

which actually works! Such a condition is widely considered a boon, and a posi-
tive indication of the relevance of SU(2) ® U(1), charm, and nothing else as a
correct model of nature. However, the only basis for demanding anomaly-
cancellation is renormalizability, and in a rather high order of perturbation
theory at that. As mentioned before this may not be a safe criterion to demand
of a physical theory.

IV. INTERMEDIATE BOSONS IN GENERAL

The apparent current-current structure of charged-current weak interac-
tions-—and perhaps of neutral-current reactions as well—strongly suggests the
intermediate boson hypothesis, even in the absence of some underlying gauge
theory. However, the hypothesis of an underlying gauge theory is more predic-
tive. We saw that in the SU(2) ® U(1) model the masses of W' and Z° are
determined rather well, My typically in the range 50-75 GeV, and m,o in the
range 75-85 GeV. |

It turns out that such estimates can be generalized beyond the SU(2) ® U(1)
model. 54 The main assumption needed for such a generalization is, as in the
preceding discussion, that the underlying gauge group G be simple, i.e., have

only one coupling constant. Another is that the low-energy effective weak
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Lagrangian is of current-current form and built from tricolored fractionally
charged quarks. With a few more relatively innocuous assumptions, it is pos-
-sible 40 construct upper and lower bounds for the masses of W and upper bounds

for the mass of the Z. Here the W and Z are defined as the least massive

charged and neutral gauge-bosons in the theory (apart from the photon) which
couple the known fermions. Before stating these bounds define
R = basis for some fermion representation of G, as before.

R 0~ Z Q12 (as in the usual definition of R for ete” —hadrons)
iin&#R

(4~component fermions summed).
M = number of independent terms in f; J(A coupling in the effective

charged-current Lagrangian,

Bf = branching ratio of W into fermion pair { (assuming My, >> M,
for all f in 97).
Then the result is
o o RO
I. 75 GeVVB _ R. <m_.< 75 GeV [ == (4.2)
ev, 0= " "W-— M

A less restrictive result, which can be obtained without assuming the current-
current structure of the effective Lagrangian, but only that the effective

Lagrangian for semileptonic processes is of the usual form, is

1/4 [R
. 4 0
II: mW_<_ 75 GeV ('g) m-'— (4. 3)

where

>3 if only u,d, s quarks are accepted as members of "(geff‘
M' =
>6 ifu,d,s,c quarks, along with the GIM coupling, are
accepted.
4.4)

Examples of what these formulae mean are given in Table I for various choices

of the representation .
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Table I: General Bounds on My (in GeV).

Upper Bound 1T

Representation R Lower Bound 1 TUpper Bound I (fewer
assumptions)
e’”e’”’l’y""? >75 % ? <75+ ? _—
ui’di’si""?
>61x7? _<_6l:& ? —
(color)
u.,d.,s,,C.,...7
117 17 1% 2_56 + 9 _<-56 + ? ——
(GIM, color)
- - ?
e ,Ve,I.L ,Vﬂ’.“ t
Uy, 4y, 85,0002 >67+7? <67+ ? _ <687
(color)
- - ?
€ ,Ve,ﬂ ,V“s°°°-
u,,d.,S.,C,,...7 >61+ ? <61+ ? <71+ 7
A L RS | -~ - =
(GIM, color)
- - 0 .0
e v,k ’VH’E M7, ... 2
(E®,M°, coupled to e, p” >53% ? <53+ ? -

with right-handed currents)

The method for deriving these bounds is to first embed G in an SU(N) group

(with N = numbers of 2-component fermion degrees of freedom in the multiplet

R), and then to use straightforward Schwartz inequality methods. One sees

that the results are very similar (not surprisingly) to those obtained within the

SU(2) & U(1) scheme.
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The bounds on the Z° mass, regrettably, are less restrictive. Defining

0, ("N — v hadrons) <but below new- >
R = ot ,
- Gtot(VN —p hadrons) Evlarge flavor thresholds
_ 0 (VN — v hadrons)
R=—tt (4.5)
Gtot(UN —p hadrons) E large
1
o, (3N —u" had
5 - tot(V —u hadrons)
ce -
atot(vN — [ hadrons) Evlarge
we find, under the previous assumptions
1/2 2 (I—Ric) A
m,o < (75 GeV)R0 —5 4.6)
M'<R-RRCC> )

This turns out to be a rather poor restriction in comparison to what is obtained
within the SU(2) & U(1) model. Competitive bounds are obtained with the strong
assumption that only one 7° mediates the observed neutral-current phenomena.

Then

1/2 (I+R cc) e

0 (4.7)

IV: m,o < (75 GeV) R,/ |——SC—
4M' @R R)

If in addition Vu—ve universality is presumed, one can gain an additional improve-

ment of a factor %/—2:

172] TRee v
V: mo < (75 GeV) R /% [——2 — , (4.8)
SM'®R+R_ R)

Finally, with all assumptions but the last one, a direct estimate (via the tech-

nique used to obtain lower bounds for mW) gives

1/4
B . Bhad(1+Rcc)

v .V
VI: m,, ~ (75 GeV) Ré/ 2| pp ; 4.9)
M'(R+RCCR)




- 39 -
We summarize these bounds and estimates in Table II.

Table II: Bounds and Estimates of M0 (in GeV).

Upper Bound IV Upper Bound IV

. , . a

Representation Upper Bound ITI  (only one Z (as in IV, Estlmate VI
(general) for observed plus v,-vg (as in IV)

phenomena) univer sality)

e sVe’“ ,V“s°"

ui’di’si"" <189 x ? <107+ ? <90 = ? -

(color)

€ sVe:,J' ’Vu)"'

ui’di’si’ci"" <184+ ? <104+ ? <88+ ? 69 £ ?

(GIM, color) -

We use B - =8%, B =75%, in accord with the simplest of guesses using

V“Vu had

only statistical weights.
Can the W and Z actually be produced in any foreseeable future? There is
considerable reason to believe that, if these estimates are correct, the answer

is yes. In hadron-hadron collisions, the Drell-Yan mechanism55’ 56

appears
thus far to provide a good description of the electromagnetic production of
massive dilepton pairs. This mechanism is a parton model process in which
pointlike quarks and antiquarks annihilate into the lepton pairs. It is beyond the
scope of these lectures (however, cf. the lectures of D. Hitlin; these proceed-
ings) to describe this. Suffice it to say that, if the process q+<—1—»ﬁ++£— can be
observed, so also can the resonant processes q+q—W or q+c_1—->Zo. One only
needs the width for W —~q+q or Z —~q+q to calculate the cross sections.,57 which
33 -35

turn out to be in the range 10° ~° - 10 cm2 and accessible to future pp storage

rings.
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It is a straightforward, model independent, calculation to estimate the
width of the W as a function of its mass. The simplest of Feynman-diagram

.calculations gives

IT(W —e5 )= (4. 10)

with a branching ratio (assuming u,d, s, ¢, color, and GIM charm) of

By, = 1+ 1 +3+3+2>8 (4.11)

o7, () (ud) (c8)
or

Bel_je < 12.5% (4.12)

Staying within the SU(2) @ U(1) scheme and taking the experimental (as well as

theoreticall) limits on sin2 ) to be discussed in Section V,

W’
.25 ¢ sin” 0y < .50 _ (4.13)
leads to
m.,, = 64 £ 11 GeV
w (4.14)
m, =80+ 6 GeV
Z
and
F(\N-»e-'ﬁe) ~ 115 MeV (4.15)
Thus
I'(W— all) > 900 MeV (4.16)

The W is rather broad!

For the Z we estimate, in the SU(2) Q U(1) scheme

1, e )
L(Z — vuvu) ) <mz> (2 sin 0, cos Oy

I‘(W——»e_z"ze) \m e 2
J2 sin -

mn 3
<m Z> 4.17)
W

W



T

The ratio (mZ/ mw) comes from dimensional analysis; evidently

T = m x (factors 2, 7, etc. from phase-space) X (coupling constants) (4. 18)

-

The coupling constant of Z to VHT/“ is the second factor in the numerator,
obtained from Eq. (3.26), while the W coupling to eie in the denominator is
found in Eq. (3.30). Finally we have used the mass formula relating m,, and
My Eq. (3.33).

This yields the estimate (using My, = 65 GeV, m,, = 80 GeV)
rz-— VH;M) ~ 110 MeV 4.19)

Then, remembering that Z-couplings are proportional to (T3-Qsin2 GW), all

other partial widths are immediately written down:

2 2
+ - (—%+sin2 GW) +(sin2 GW)
D(Z—pp) _ LH RH _ 4 4sin?p_+8sin” 6
- ) W W
Z—v 7 ) 1
e (3)
(4. 20)
2
ofbzentay) o(Bants)
I(Z—ul) _ LH RH] _ . 2 32 . 4
= = 3-8sin 06 . +—sin 4
. = 5 w3 W
(Z—v7p) 1
Ko 9
(4.21)

(Notice the factor 3 for color; it must be there if one includes it in describing

R in e e  — hadrons.) Finally

2
11 2 1 4
- 3{(—-+—sin ) >+—sin 0 }
(e—dd QA 23 W/ 9" W3 4sine +Esin® 0
- 2 W 3 W
TZ—v D) 1
KK 5)
(4.22)
For sin2 OW = (.36, one calculates
4+ - - -
TE—pp)_ o5 Iz —uwy _ 5 T(Z—dd) _ 4 (4.23)

T(Z —v 7 CZ -1 3 CZ—v7
Z =y @—wv,») @ =y
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and therefore, using GIM, color, and charm:

r
—O S 1 4+ 1 +0.6+0.6+1.5+1.5+1.9+1.9=10.0 (4.24)
T(Z—v 7
R v w) @ w @ @ @ @

or

ZO
e~ 1.1GeV
(4. 25)
BZ—-e"'e‘ 50.06

In addition to W and Z production in strong interactions, resonant production
0f 2% in e'e” colliding beams would clearly be an extraordinary powerful and
clean way58 of studying all objects of moderate mass coupled to 7°. To get an
idea of what is involved, we need only look at the peak cross section, as follows

from the Breit-Wigner formula:

4+ -
o (e+e——>Zo) _12rl'(Z—~e e )I'(Z —1) (4. 26)
BW 22 2 2
(S“mz> *my Dot
At the resonance peak, this means
o= _ g0y - 127
T earl® © 72 )_mz B_+-Bs (4.27)
Z

Notice, for m, ~ 80 GeV and I‘Z > 1 GeV, the finite machine-resolution («< 1%)
does not lower significantly the peak cross section (unlike the case of resonant
production of the ). Taking the SU(2) Q U(1) estimates

Be+e“ ~6%

B.~1-B _ -B _ =~80% (4.28)
f Vo Ve VMVM

mZ ~ 80 GeV

along with a luminosity &£ ~1032 cm-2 sec"1 (a typical futuristic estimate for

such rings) this gives

Rate of Z-production ~ 10 Z's/sec . (4.29)
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With such a yield of pure Z's, one should think hard about rare decay-modes

of the Z°. One that comes to mind is the decay 7° . W+e_17€. However, with
-SU(2y® U(1) parameters, a crude estimate gives a discouraging number

(B(Wep) < 10-6). More interesting is the decay Z° — hou+u—, with b the Higgs
boson in the simple SU(2) ® U(1) model. A straightforward calculation (slightly
beyond the scope of these lectures), optimistically assuming that a single Higgs

boson is responsible for the Z mass, gives

2 2\1/2
1 X+ﬁ+-2--xﬁl— X2 : h
- 12 3 _2 - mz
1 dr_ a | Tz z 430
PZ—pdx 620 cos?p mZ\? (%50
W W h
K e
m2
Z
where
2Ehi s
X = ——aB85 (4.31)
m
7 .
and the kinematic limits are
th ml?;
<X < 14 —= (4.32)
m, -~ - 2
Z mZ

Rough numerical integration provides the yield shown in Fig. 11, We see that

for m; <40 GeV, the branching ratio relative to u pairs B(Z — h0u+u—) /

Bz® -~ u+u—), is » 8 x 107°, Recalling that a 6% u+u- branching ratio still means
~0.6 2°—~ p,+u— events/second, this leaves a tolerable production of Higgs bosons.
The signature evidently is very good; one looks at a peak in the mass recoiling
against an energetic acoplanar dilepton pair. We must, however, point out that
this estimate, as is any estimate which directly involves the Higgs sector, is
very unreliable: the theoretical status is very poorly understood.42 Indeed

there is no certainty that my < 40 GeV; Higgs bosons could be ten times more

massive. 59 And there could well be several.
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Fig. 11. Estimated branching ratio of Z — hOu*yu~ relative to Z° — ptp~.
We have taken sin2 Oy = 1/3. ‘
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. e 1 4 . L0 0, <
On the other hand, 1ii mh < 3 mZ, the decay LO — nono has a very large
branching ratio, nearly competitive with z° . [.L+u—. Observability of this pro-
cess depends upon the dominant decay modes of ho, an uncertain matter indeed.

V. SOME NEUTRAL CURRENT PHENOMENOLOGY

Thus far, we have only laid the groundwork for describing the observations
on charged and neutral-current phenomena. We now discuss some of the rele-
vant experimental information. Regrettably, there is not the time to discuss
even all the neutral-current data which bears on the issues. We sacrifice any
extensive discussion of resonance and/or single pion production, i.e., reactions
such as

vp — VA+

yh — ypT - (6.1)

vp — vpT T
This is not to be interpreted that these reactions are not of interest; on the con-
trary it should be possible to learn a great deal, especially isospin-structure of
the neutral current couplings, by such studies. An excellent and most authori-
tative introduction to the subject can be found in the lectures of Adler60 at the
1975 Hawaii Summer School. We shall instead concentrate on what might be
learned from existing deep-inelastic data, from the new data on elastic yp and
vp scattering, and from the experiments on parity-violation in atomic physics
which are now in progress.

We shall approach the phenomenology from two points of Vievy:

1. Can we determine the neutral-current couplings (as defined in the effec-
tive Lagrangian in Eq. (1.4)) in a model independent way?

2. Is the SU(2)® U(1) gauge theory model (or variants thereof) in accord

with the data??
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A. Leptonic Neutral Currents. There are three channels for which there

v e - e 5. 2

The first two have been studied in the CERN PS neutrino beam, both in the heavy
liquid bubble chamber Gargamelle, 61 and in a counter experiment (Aachen-~
Padua) behind it. 62 The Gargamelle data consist of three E“e_ events and no
yue' events above background, from which come the estimates

+.21

95 =~ ( L o9

v

> X 10"41 E cm2 GeV_l‘
u v

(5.3)

41 E, em? Gev™t (90% conf.)

O'V e~ < .26 X 10

The Aachen-Padua group, on the other hand, find a considerably larger yield,

and quote63

41 1

017 e_=(.54i .17 x 10

EV cm2 GeV~
U

(5.4)

6 =(24+.12)x 10" E cm? gev!
v, € v

The theoretical cross section for upe- scattering is easily derived from the

effective Lagrangian written down in Section I; Eq. (1.4). It is (at high energy)

2
2G"m E
R 2,1 2}
0 = — {leL(e)I + £leg (@) 5.5)
u ,
while
2
2G'm E
_ e v[1l 2 2}
95 e_———r{SIGL(G)l + |€R(e)| (5.6)
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Putting in the numbers gives the estimates

| 2 1 5 [<.15 (90% cont.) GaM
+ bl =
@b +gleg @ .31+.10 AP

- 5.7
067 12 gam

2,1 2 -.05
e + = =
leg @1+ 3le (@)l ‘.14i.O7AP
The SU(2) ® U(1) model, from the rule in Eq. (3.39) that (for neutrino-induced

. _ .2 .
reactions) e—TS—Q sin OW’ gives

_ 1 .2
eL(e) —-2+sm 9W

(5.8)

_ a2
eR(e) = sin 9W

provided el_% is a weak singlet; if it is a weak doublet (i.e., e;{ is coupled via w*
to a heavy lepton EO) evidently eR(e) = eL(e). The present limits, as quoted by
Gargamelle, give rise to the allowed regions in Fig. 12. Clearly these meas-
urements are not yet good enough to draw much of any quantitative conclusions.
However knowledge of the very existence of the neutral current reaction

;“e_ — Z“e_ is, of course, of very great importance.

Data on the reaction Zee- — Zee- at low energy (using reactor De's of a few
MeV energy) has recently been reported. 64 The ordinary diagonal charged-
current coupling is expected to contribute here as well as any additional neutral
current coupling. Adding this to Eq. (1.4), along with a Fierz transformation,
gives

L= = T v, (=) v [ (1+ € () 87 (1y)e
eff J2 e’ 5 7e L 5
(5.9)
+ eg(©) 'e'fyh(l+fys)e

with again a differential cross section of a form as in Eq. (5.6); when E >> m,

2G2m E

0 gm = i {IeR(e)lz + 311+ eL(e)lz} 5. 10)
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Fig. 12. Allowed values of the coupling constants ej(e) and eg(e) governing the
processes y,, e~ —yp, e~ and Zue’ —-Eue‘. We have used the limits as
quoted by G#rgame e.
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Because the detection efficiency is dependent upon positron energy, the one-
standard deviation limits on the coupling constants are actually quoted. These
are reproduced in Fig. 13, along with the SU(2) @ U(1) predictions, for both the

weak-singlet and weak-doublet options for er

Consistency exists for both

options over a considerable range of s:'Ln2 0..,, as well as for the pure charged-

W!

In general, it is clear that, while the existence of these processes appear
to be established and to have a reasonable magnitude, it is difficult to draw
decisive quantitative conclusions.

B. Deep-Inelastic Neutral Currents. There exist three measurements of

the processes yN — p hadrons and yN — p hadrons at relatively large

. 65,66,67
energies,

where the scaling concepts used in charged-current deep-
inelastic scattering are found to be of use. In interpreting these measurements,
we shall make a few simplifying assumptions (which should not introduce errors
of much more than 10% or so). We shall first of all adopt the naive quark-parton
model description of the cross section. This is probably not too terrible an
assumption, inasmuch as this description reproduces charged-current data, and
much of the neutral-current phenomena are isospin (and SU(3) rotations) of the
charged current phenomena. Secondly we shall neglect any contribution of strange
quark-partons (or strange antipartons), as well as any new currents involving
charmed quarks or other new flavors. The neglect of new charged currents, as
well as neutral currents, is especially dangerous when considering y-induced
processes. The experimentalists measure the ratio of the vN neutral current
cross section to the pN charged-current cross section. If there is anomalous
behavior in the pN charged-current process (cf., the lectures of S. Wojecicki,
these Proceedings), this will reflect itself in the numbers quoted for the neutral -

current measurements. However most of the neutral-current data is for



~50=

exle) sin28W
SU(2)®U(1)
*0.8 Standard Model
.5<E,<3MeV o2 sin28y,
— < Su(2)®U(l)
SRS & "’:NO“Mn
" /q, \\ VecTor Like
//1 \ | € ( )
—0.8 204 //// \X\é\éf 08 L°
/‘gvrl :;é%é;{C
n{o 0‘0’0‘ “ ”“’ 25\
Py R L os 3 0<E,<4.5MeV
O _
1-0.8 3081A13

Fig. 13. Allowed values of the coupling constants EL(e) and eR(e) as determined

from 'ﬁee" scattering.
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El_} <50 GeV, while the anomalous behavior is probably only large for E'IJ > 50
GeV.

Ws. now turn to the expressions for the cross sections for charged and
neutral current processes. Using the simple parton model calculations, 68 one
obtains for the charged-current process yp — i hadrons

P =

9G*ME ( 1
1%
CcC ™

[ dx[d(x) +s ﬁ(x)]] G.11)
0
where
dN
%}9 = -d—;d = number of down quarks in an energetic proton

possessing fraction x (in dx) of the proton total

momentum 7 (5.12)

with similar definitions for u(x), u(x), and d(x). The experiments we shall dis-

cuss are on complex nuclei, and using charge symmetry, i.e.,

u®) proton = d(x) neutron
- (5.12)
u(x)proton - a(x) neutron
we write for the cross section per nucleon N
2
2G"ME 1
Gcc = - [0 dx[q(x) + 3q(x) (5.13)
with
1
a® =3 [u@E) + dx))
(5.14)
- 1 - -
) =5 [ue) + d)
Likewise

2
- 2G°ME 1
ng = ____W___.lijo dx [—%q(x) +?1(x)] (5. 15)
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Using the effective Lagrangian, Eq. (1.4) we can immediately write down the

corresponding neutrino cross section on a proton:

g =

- 2G2MEV 1 1
NC

b |eL(u)12fO dx[u(x)+%1—1(x)] + leR(u)lzjo dX[% u(X)+ﬁ(Xﬂ
+ IeL(d)IZJ(;ldx [d(x)+% a(x)] + IER(d)lszldXB-d(X)+c—l(X)]]

(5. 16)
On an average nucleon N, this is
2
2G°ME 1
01611(\;{ = _.T_’_} [EeL(u)|2+ I€L(d)12]f0 dx[q(x)+%<'i(x)]
2 2| 1 1 -
+lg@®+ 1@ [ axffaeorded . 6.
0
and for antineutrinos
2
-w 2G°ME 1
aVNléz__;.l “:leL(u)12+ leL(d)lz] /0 dx[-gl-q(x)+61(xi|
2 g 1 1-
+ EER(U.H + leR(d)i]jO dx[q(x)+§q(xﬂ 5. 18)

Define again the ratios R, R, Rcc already introduced in Eq. (4.5). The experi-

mental values quoted for these quantities are

Gargamelle HPWF CITF

40

R:T§= .95 + .04 .29+ .04 .24+ .04
v
O-CC

L

R=—5§= .39 .06 .39+ .10 .35+ .11 (. 19)
UCC
ol

RCC:W: .38 £ .02

Q

CcC



Inasmuch as

Ji ldx[é a0+ )]
R, = 01 (5. 20)
“[() dx[q(x) + % a(x)] .

we find from Egs. (5.17) and (5. 18) that

R=le @I+ leg @17+ R fleg @1+ 1ep@1?)
5.21)
R = le, (@ 12+ IEL(d)|2+R;:‘:{IeR(u)l2+ |eR(d)|2}

These can be solved for the basic couplings

2 2 R;éR_RccR
fer ™ + e (DT =

L L -1
R "-R
ce Tce

_ (5.22)
B-R

R‘l-R
(¢16] CcC

lep @17+ leg (@17 =

Putting in the numbers gives

I€Ll2 = IeL(u)!2 + |€L(d)|2 =.26+,04

(5.23)
e = leg @17+ leg (@17 = .06+.05
The error-assignments here are not to be taken seriously, especially for the
value of |€R|2. It would be best for the experimental groups to directly quote
their estimate of these quantities. Especially important is to firmly establish
that IeR(u)I2 + leR (d)Iz# 0. It is my understanding that in fact there is evidence
both from Gargamelle and CITF that, at a level approaching two standard devia-
tions, a pure left-handed (V-A) neutral-current coupling is ruled out. In the case
of the CITF experiment, this is exhibited in Fig. 14. The quantities gi and gl‘?{
in that plot are defined by the expression

GZME

T

d(flfrlc\I/dy =[gL + gR(l—y)z] . 24)
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Fig. 14. Range of left and right helicity coupling allowed by the CITF
neutral-current data. See text for definitions of gy and gR-
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with
hadron
= =g~ 0gyc<1 (5. 25)
- 14 14
Hence
1 -
dx q(x)
g~ le 1P+ =5 leg
[ axam
0
(5. 26)
1 —
[ exam
2,70 2
g ~ gl +—— teg |
[ axa
70

The antiquark content is best determined by studies of the charged-current y-
distributions, and is conventionally parametrized by the quantity

1
JRECIOREEY |
B =% 5.27)
jo dx [q(x) +q(x)

Estimates of B, in the appropriate energy range, vary from ~0.7 to ~0.95,
giving an antiquark content varying from

1
[a<x>dx
.16 > 0

> =% > .05 (5. 28)
[ a0 ax
0

~

(See the lectures of S. Wojcicki, these Proceedings; in particular Fig. 28, for

more details.)
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What is theoretically expected for . and eR? In the SU(2)® U(1) model,

L
the values are easily calculated from Eq. (3.39), which states that

' .2
= - 6 i
€(q) é‘I‘S Qsin W>q' Evidently up and d. form a weak doublet (we here

L
ignore effects of Cabibbo mixing); however one must decide upon the assignments
of Up and d‘R Without introducing new quarks of charge greater than unity, this
leaves four basic variants to consider69

1. Up and dR weak singlets: this is the standard model.

2. dR is singlet and (u b)R a doublet; b is a heavy "bottom" quark of charge
-1/3. This model (with m, -~ 4 GeV) gives a good account of the anomalous be-
havior of p-induced charged current processes at high energy. 70 It has been

70,71 including Gursey and Sikivier“2 who embed

discussed by several authors,
it into a fully unified theory based on the exceptional group E7. We shall see
that this model is consistent with most neutral-current data.

3. up 2 singlet and (t d)R a doublet involving a new heavy '"top'" quark.

This model fares poorly when compared with experiment, as we shall see.

4. (u b)R and (t d)R both weak doublets. This leads to a parity-conserving
vector neutral current, 73 which is in considerable disagreement with experi-
ment. In particular the HPWF group has tested this hypothesis against their
data74 and claim it is ruled out by at least 3 standard deviations. Models based

upon this scheme have been quite popular.

The coupling constants for the schemes are given below. 1In all variants

12 .2

eL(u)—2~§s1n GW . (5.29)
_ 1.1 .2

e‘L(d)—--2-+3s1n HW (5.30)
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For the right-handed currents we have

Standard model ‘R (u) = --32— sin:2 9W R @ = % sin2 HW

(umb)R ‘R (w) = %—-% sin2 BW €R (d) = -31- sin2 9W

(t A %wg=g§mﬁew ﬁ4m=_%+%mﬁew ¢-31
Vector-like R () = %—-23- sin2 GW eR(d) = —%+% sin2 OW

These are plotted in Fig. 16. We see that the vector model and (t d)R models
do not agree well with the data. It should also be kept in mind that we have
assumed the mass formula, Eq. (3. 33) relating My and m, . Changing m,, by
a factor 2 changes IeLl2 and IeRl2 by a factor 16. We see therefore that the
standard model not only agrees remarkably well with the data, but that no other
choice of m,, than that given by the mass-formula would give agreement. This
is also true of the vector-like, and to some extent, of the (t 01)R models but not
of the (u b)R model which could accommodate a change in m,, provided it were
accompanied by a change in sin2 QW'

As an additional complication, it is also possible to introduce mixing of Up
and dR with additional heavy quarks which have a different weak isospin. This
will evidently allow predictions which interpolate between the cases we have
discussed.

75,7

C. Elastic Neutrino-Proton Scattering. Two experiments 6 have

recently been performed at Brookhaven in which the elastic scattering processes

y“p — Vﬂp and Eup — Dup have been observed. These experiments are especially
useful in determining the isospin-structure of the neutral-current couplings. The

formalism for describing this process as well as a comparison with data has

77,78, 79

been discussed in several recent theoretical papers. Usually this is

done in the context of models. Here we shall first approach it from the general

point of view of finding additional restrictions on the couplings ¢ (w) and

LR)
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€1, (R)(d)' We write the effective Lagrangian in terms of vector and axial
coupling:
7 =& {e W+e (u)} Uy, u+ {e (u) - € (u)} uy.v,u
eff L R A R L 5

V2 b YN 1=y ) v (5.32)

2 _ Y 57 m M
+ {EL(d) + ER(d)} 'y)\d + {GR (d) - eL(d)} d'ysfy}\d
We again ignore all contributions of the strange quark current, even for this

elastic process. When matrix-elements of Qe are taken between proton states,

ff
we shall have to deal with amplitudes <p Iﬁ'yxu lp> and <p !'c'l'y}\d lp>, which in turn
are related to the electromagnetic form factors of the proton and neutron.

Specifically80
<p2iyv,u-Lay, dips = 1) [y, P, @) -2y, A1, @) ) (5.33)
FUY\U-54Yy 2 1p o [ 4]F 9p @) :
and from charge symmetry

K
<p l-g- afy}\d —731-1'17?\11 Ip> = u(p") [VKF 1n(qz) "Zﬁ\% [y ?f] ¥ 2n(q2.)] u(p) (5.34)

with p'=p+q and Kp=1. 79, Kn=l. 91 the anomalous magnetic moments. The Dirac
form factors are normalized to unity (or zero) at q2=0. For the axial form fac-

tors, we know the I=1 portion from B~decay and from analyses of the quasi-

elastic processes v“+n — u +p:
- a _ =y 2.1=1
<pluygy,u-dyyy,dlp>= 1.24u®")y;v,u) F , @) (5.35)

Note there is only one form factor; there can be no induced pseudoscalar piece
that contributes (because of the conserved v-currents).

For the I=0 axial form factor, there is considerable uncertainty.81 In this
discussion we shall use what we consider a "best guess'. We choose the ratio
of isoscalar and isovector axial matrix elements to be the same as the ratio of

the isoscalar and isovector magnetic contributions (proportional to the total

moments of proton and neutron, i.e., to G, ~F_+«F

M 1 2). The reasoning is that
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this choice is in accord with étatic SU(6), the naive quark model, and the
improvements given by the Melosh transformation. 82 This is equivalent to the
statement that the F/D ratio for axial form factors (as measured in hyperon
p-decay processes) is the same as the F/D ratio for magnetic moments. The
theoretical justification, such as it is, is that in the static limit, both the axial
current and the magnetic moment operator reduces to E’Ai (with )‘i the SU(3)
matrices); hence all matrix elements are proportional.

There is some additional experimental justification for this choice. An old
sum 1"u1e83 relates the (intrinsic) asymmetry A in deep~inelastic scattering of
longitudinally polarized electrons by longitudinally polarized protons to a matrix

element of I=0 and I=1 axial-vector currents between protons at q2=0:

o0
- d 4~ 1
u'y5'y7\uf1 —(5)— [VWZ(w)]- A= <p l-g-uvs'yxu+-§a'y5'y>\d Ip>
(5.36)

1 - 5 -
=5 (L.24) uygy,u+5<p Iu’y5'y}\ujl~ a'y5'y7\d Ip>
With the SU(6) prediction of +0.6 for the isoscalar-to-isovector mixture, it turns
out that the isoscalar contribution should approximately equal the isovector (with

the same sign). The weighted asymmetry should be approximately zero for the

neutlc'on84 while for the proton

~1 g
]0 =2 yW, A :Slgvl 5 (1.24) (5.37)

Recent dat385 show a large asymmetry of the cbrrect sign, and my own

rough estimate of the sum gives a value between ~0.5 and ~1.0 of-the right-
hand side of Eq. (5.37). This would imply a value of the isoscalar form factor
(at q2=0) somewhere between zero and the SU(6) prediction which we use. In
any case what we do use for the isoscalar axial form factor is explicitly

_ _ 3(L+k +k ) 9 '
<p Iu'y5'y>\u+ d'y5'y7\d Ip> = (1. 24)--——9———(1+KP_Kn) UysY,U FA(q ) (5.38)
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Here we blindly assume the same q2 dependence for I=0 and I=1 axial form fac-
tors. The justification this time (a not very good one) is only that this works for
the magnetic form factors reasonably well.

At this point, one has all the ingredients for estimating the cross sections.
The matrix elements needed are given in Egs. (5.33), (5.34), (5.35) and (5. 38)
and can be inserted into the matrix element of geff in Eq. (5. 32), taken between
proton states. The resultant amplitude is then squared, spin~sums taken, and

phase~space calculated. As in elastic electron-proton scattering, there is great

advantage in utilizing the Sachs form factorsso
2 F _+xF
3 kQ R
GE_F1+_—4M2 F2 GM~-—-—-—1+K (5.39)

and, in accord with experiment, 86 approximating them with the dipole form

2\=2
—G —g. =[1+90)
GrEp G‘rl\/[p_ GMn_ <1+ 2
my /
(5.40)
2 _ 2
my, = . 71 GeV
(Note the Drell definition Q2=—q2>0 is used here.)
Likewise the axial form factor is conventionally written
9\=2
G, (@) =F () = (1+ 25 (5.41)
A A 2 :
'Y

with typically mi ~ 0.9 GeV2 from experiment although values from 0.7 to

1.2 GeV2 might be entertained. 87 When all this is put together one finds the
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differential cross section:

aw”? 2 2 2\~4 2 2
P _C (13 1+9—- |:(1+7')— 1-T=] - ’T—l\i-]
Q- e < \% V> m% \ ) £
1 o>2 2\ - ( M>2 2M?
+<4.7 €V+2.6€V 1+—? T';_’l.' 1-'T—E— +—E—§—
My
1 02 [ g\ M\2 M2
b (1297 (L +0.558) <1+_§> (1-7 ) s
. mA E
1 0\ /1 v/ @\ @2 My M
+ (1. 24) <4.7€V+2.66V> <€A+.556A> <1+-—§-> <1+—-) 4 (1-Ti>
my; \
L
(5.42)
with
r=Q%/aM? (5.43)
and, in a hopefully obvious notation,
1
€y = -%- [EL(U) + eR(u) - eL(d) - ER(d)]
% = -él- [ L(u) + eR(u)+ eL(d)+ ER(d)]
(5.44)
e = -;: [eL(u eR(u)— €L(d)+ eR(d)]

h =3 [en -+ e @ - e (@)
The various contributions should be fairly recognizable. The first line is the
contribution proportional to the electric coupling G%, the second line to the
magnetic coupling GZ , and the third to Gi. The only V-A interference occurs
between the (spin-dependent) magnetic and axial form factors. To go from pp
to pp scattering just involves changing the sign of the V-A interference term.
To go from pp to yn elastic scattering, it is only necessary to change the sign of

e‘ll. and ei. If one wishes to test the dependence of this cross section on the
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magnitude of the isoscalar axial-vector form factor, one simply multiplies e%
by an appropriate scale factor n (with, probably, 0< 7 < 1 according to the rough
indications from polarized electroproduction). In order to get an idea of the

sensitivity of the BNL data to the four e-parameters, we first average over the

neutrino specirum

(%;A)m.S <M-2->w.4 (5. 45)
v EV

and then average the kinematical factors dependent on 7 over the range
0.3 GeV2 < Qz <0.9 GeVz, using m%:mi: 0.71 GeV2 for simplicity. This gives

<r>=0,13 and a cross section dependence

G~ o.syi + 2’)/1%/[+ 1.4&& 1477,

with
YE = E%’+ 36%
M = 6%7+.55€% (5.46)
Yy = ei+.55€g

The experimental piece of information we shall use is the small ratio of

o__to o _reported by the HPW experiment:
7p vp
o.
FL=0.420.2 (5.47)

vp
This requires a large interference term; in particular

2. 8'yM'yA

0. 8y]2§+2'y§/l+ 1. 4yi+ 1. 4'yM'yA

> 0.6+ 0,2 (5.48)

The ratio above is maximized when Y SV 'yE=0, giving the value ~0.58.
Large excursions away from this value are not tolerable, and without belaboring
the point here with numerical examples, the result is that

B vy Al cannot be too large
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ii) fyM+'y A 18 large and is rather well determined from ot

iii) YE cannot dominate the total cross section.

These.xresults are not sensitive to the choice of mi. Upon noticing that (from

Eqgs. (5.46) and (5.44))

il

YprtYa = 155 € (@ -0.45€; (d) 1.55[€L(u) -O.3eL(d)]

(5.49)

it

YprYa = 1-55 €g (W) ~0.45¢(d) 1-55[€R(u) -0. 3€R(d>]

we see that it is simply eL(u) -0. 3€L(d) which is required fo be as large as pos-
sible in order to maximize the interference term.

We may visualize this better by looking at €. space and €p Space as shown

L
in Fig. 15. The regions allowed (at the one-standard deviation level) by the
deep-inelastic data are shown shaded, along with predictions of various
SU(2) ® U(1) models. A crude estimate of the limits on EL(u) -0. 3€L(d) from
the line of arguments given above is shown as the shaded band on the right.
However, it is clearly better to simply search all values of €'s in the allowed
regions and ask how acceptable the fit to the elastic scattering data is. A some-
what cursory search reveals that the only region in €1, space in which there is a
large ratio of vp to pp scattering is the lower right quadrant eL(u) >0, eL(d) < 0.
There is a little restriction on eR(u) and eR(d), in general, although there is
considerable correlation between allowed values of ?R with the precise value of
—e'L. However these lectures are an inappropriate place to perform a serious
analysis of the allowed values of the couplings. Suffice it to say that the values
of eL(u) and eL(d) are constrained to lie fairly near that predicted by SU(2) ® U(1)
models, and that more accurate data is needed to meaningfully restrict further the
right-handed couplings.

Several serious analyses have been performed to see how the data compares

with popular SU(2) ® U(1) models. We exhibit selections from the work of

Albright, Quigg, Schrock, and Smith, 78 which compares the observed differential
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Fig. 15. Allowed regions (a) in € (u)-€y1,(d) space, and (b) in € (W)-€R (d)
space from the deep-inelastic neutral-current data. The shaded
panel on the right is the allowed region (at ~1 standard deviation)
coming from the yp and pp elastic scattering measurements.
Predictions of various SU(2) ® U(1) models are given as a func-
tion of sin? O+
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cross sections of HPW ' © with their calculations. These are shown in Figs. 16-
18, Evidently vector-like theories (for which there is no interference term and
therefore dgrjp/sz = davp/sz) have difficulty with experiment. Even the
dependence on Q2 is poor. The standard SU(2) ® U(1) model, as well as the

(u, b)R variant, are acceptable fits to the data, given the uncertainties in choice
of G A(Qz) and the limited statistics of the yp measurement as well as the diffi-
culty inherent in measuring such a process.

The cross section for yp elastic scattering has been determined by both the
HPW and CIR experiments. The number quoted is the ratio of the neutral cur-
rent elastic to the quasi-elastic process Vun — u p. They quote (see also the
reports of H. Williams and of W, Y, Lee in these Proceedings)

.23+ .09 CiR .

o
E_@‘*_lip. = (5.50)
yvn— U p .17 £ .05 HPW

(These are cut over ranges of Q2 and/or Gp; see the reports of H. Williams and
W. Lee for the details.)

The theoretical expectation is somewhat lower, but not seriously so, as
shown in Fig. 19. The model-independent analysis we gave suggests it may not
be completely simple to find (within the assumption of a local V-A effective
Lagrangian), any choice compatibie with deep-inelastic data, a small value of
(r;;/cri), and a value as large as above. This underlines my belief that as the
elastic scattering data becomes more accurate, it will become a powerful tool

is disentangling the possible neutral current couplings in a largely model-

independent way.

D. Resonance Production. Careful study of the production of single-pion

and double pion production by the neutral current should reveal additional infor-
mation on its isospin structure. Regrettably there was not the time (nor did I

have the energy) to review the subject in these lectures in detail. In addition to
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Expected ratio of o(vp —vp)/o(yn — u~p) as calculated by Albright
et al. compared with the HPW and CIR measurements.
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a considerable body of data, a large amount of very careful and thorough work

has been done by Stephen Adler and his collaborators on the theory. 88

We
reiterate that Adler's lectures at the Hawaii Summer School last year serve as
an excellent introduction to the subject. We note here only a few salient features
from the experiments:

1. Aproduction: The CIR counter experiment at BNL, while observing a
clear A peak in charged-current processes, do not have any clear evidence for
a A peak in the neutral-current processs9 vp — vpvro. Absence of this peak
would be quite disquieting, given the indication of a large isovector left-handed
neutral current from the elastic neutrino scattering. It is not easy to see how

this would lead to a small A-production cross section by the neutral current.

2. Evidence for isovector neutral current: The Gargamelle experiment90

has measured the 7r0/ 7 ratio for single pion production by the neutral current
(in heavy liquid). Were the neutral current pure isoscalar this_ ratio should be
unity, whereas it is found to be 1.8+0.4 for v incident and 2.5:&0.6 for y inci-
dent (after background corrections). (For pure isovector they expect a value of

2.6.)

3. Evidence for isoscalar-vector interference: In an exposure of the

BNL seven-foot bubble chamber filled with DZ’ double-pion production by inci-

dent neutrinos has been observed. 91 The measurement of the n/p ratio is

+ -
g{yn — ynm T ) _

= .49+ .19 (5.51)
o(vp — vpTw T)

It should be unity if the neutral current is either pure isovector or isoscalar.
This follows from the fact that the two amplitudes are equal by charge symmetry
(up to an overall sign) if the neutral current has definite properties under iso-
spin rotations (either I=1 or I=0 but not both). In addition, at Argonne National

Laboratory a deuterium exposure of the 12-foot chamber to neutrinosg2 yielded
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events of the single-pion production processes

yn — ypm

+ (5.52)
- vp — vnmw

The rates for these processes are in reasonable agreement with the calculations

- +
of Adler et al. using the SU(2) ® U(1) model, but the 7 and = momentum spectra,
which should be similar if isovector amplitudes dominate (as expected in this
region) look rather different, again indicating some isoscalar interference.

E. Parity Violation in Atomic Physics. The presence of a parity-violating

neutral current coupling the electron to hadrons, as exists in the standard

SU(2) ® U(1) model, can give rise to observable effects in atomic radiative tran-
sitions. Three experiments which are in progress were repor’r;ed93 recently at
the International Conference on Atomic Physics held at the University of
California at Berkeley. Two experiments, both involving the same radiative
transition in Bi, have reached a sensitivity which has impact on the neutral cur-
rent models which we have been discussing,

The relevant effective Lagrangian is constructed from Eq. (1.4). Before
writing it all out, we note that since the experiments attempt to detect a parity-
violating effect, only the axial electron current x vector hadron current (or vice
versa) need to be considered. Furthermore, only the time component of the
vector hadron current gives a contribution which is coherent over the A nucleons
in the bismuth (Z=83, N=126). (This is one reason a heavy nucleus is used;
another is the large value of [y(0) |2.) Thus we need only keep the time-

component of the electron-axial current multiplied with the time componeni of

the hadron vector current. Noticing that

—

e(x)y.y e(x)z—ie+(x) ©y 0¥ e(x) (5.53)
0'5 2me 2me
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we obtain (up to a difficult overall minus-sign, which we do not here attempt to

trace) the effective Hamiltonian density

PR _ o (2Z+N)e(e,u)
- Hh =) —o— ') [0V -0-Tlew n
2J’2me +(Z+2N)e(e,d),
(5.54)
with
EA, V(e, u) = eRL(e, u)+ eRR(e, u) - eLL(e, u) - ELR(e,u)
(5.55)

€A, V(e, d) = eRL(e, d)+ eRR(e, d) - eLL(e, d) - eLR(e, d)

?=0o0r1
There is little reason at this stage to try to hold to the general case; there isn't
enough information to warrant such generality. Within an SU(2) ® U(1) picture
we may reduce the couplings further. For example, using the <T3‘—Qsin2 9W>

rule of Eq. (3.37)

_ .2 1 2 .2, )
eRL(e,u) = 2<T3+ sin 9W>e (TZ'_ 3 sin GW
(5.56)
_ 1, .2 ) 12 .2
eLL(e,u) =2 <—2+ sin 9W e(z_ 3 sin GW)
Only the difference of terms as above occur in Eg. (5.55) for H] because only

PV’

the axial electron current contributes. Thus if, as in the standard model, ei is

a weak isosinglet we get

ERL(e,u) - GLL(e,u) = eL(u) = <T3—Qsin2 GW)u
(5.57)

sin? b

Do =t
[N

On the other hand, if e'l;\ is a member of a weak isodoublet (EO, e—)R, the electron
current is vector-like, the terms in Eq. (5.56) for H' cancel pairwise, and Hi’V

vanishes. A sufficient condition for the absence of a parity-violating effect in

this atomic transition is a vector-like electron theory. If this is the case, there
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is of course little more to say theoretically. We hereafter restrict our attention
to the standard SU(2) ® U(1) model for leptons, which gives, according to
‘Egs. (5.55) and (5.57)

cle,wy v = €0+ )
(5.58)
e(e, d)A, V= eL(d)+ eR(d)

with eL(u) and eL(d) defined in the previous discussion of neutrino processes.
This gives, 94 finally

H = -—0 T )@ . T-7.9) elx Qu(Z, N) (5.59)
PV afam ) €]y

with the coupling~strength Q defined by
Qu(Z, N) = 2(2Z+N)[e (w)+ep (W] + 2(Z+2N) [eL(d)+eR(d)]V ) (5.60)

For the four SU(2) ® U(1) variants we discussed before, we may evaluate the

coupling strength

Standard model QW =7 (1—4sin2 6W> - N
2
(u b) Q.,, = Z{3 -4sin” 6
R W < W> (5.61)
B .2
t dy Qy = ~3N-4Z sin” 6,

Vector-like = 27 (1 - 2sin? ew) ~2N

QW
These are plotted in Fig. 20, In general an effect at least as large as the stan-
dard model is anticipated. %

The relevant transition is an M1 transition between 2D3 /2 and 483 /2 levels
in the (6p)3 shell. One looks for an E1 admixture caused by mixihg of the atomic
((;’»p)3 wave functions with (6p)2 ns states. The atomic physics calculations96 are
considered reliable at least to a factor two, although it is also said that not

nearly enough theoretical work has yet been done. Any E1 mixing with M1 leads

to a preference of one circular polarization over the other in the radiative decay.
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This in turn means that the resonant absorption of left and right circularly
polarized light will differ slightly. Rather than measure the absorption, the
experimmentalis‘cs97 prefer to observe the difference in the anomalous dispersion
by utilizing the Faraday effect. Linearly polarized laser light (modulated by a
standard Faraday cell) is passed through bismuth vapor, thereafter through a
crossed polariod, and then detected. One then searches for a rotation of the
polarization vector by the Bi vapor in addition to that provided by the Faraday-
cell modulator. Using the standard SU(2) ® U(1) model as a prototype, the
calculations predict a rotation of the polarization vector of about 3.5 x 10—7
radians/absorption length. Both experimental groups (University of Washington,
Seattle and Oxford University) set an upper limit of 1 x 10-7 for any parity
violating effect, 93 with residual effects observed at a level 2 or 3-times lower.
However these residual effects may be attributable to systematic errors which
are not yet understood. At present these experiments pose a serious challenge
to the correctness of the SU(2) & U(1) scheme. |
It is probably a little too soon to draw far-reaching conclusions from these
experiments, which are still not complete. Nevertheless, if we accept uncriti-
cally the result, what does it mean? As we saw in Fig. 20, none of the four
basic SU(2) ® U(1) options survive. However, it is possible in the (u b)R option
to, for example, mix the u quark with some other weak isosinglet with charge
2/3, for example, the charmed c~quark. If we do this, the only change in the
neutral current coupling which involves nonstrange quarks is as follows:
Logs — % '13“ 5, (1-v5) vy u! 'y}\(1+ly5) u' <—;—— -gsin2 9W>
(5.62)
+ ¢! v'y}\(1+~y5) c‘<-—§- sinz 9W>
with
u'=1ucos @ + ¢ sin «

(5.63)
c'=-usina+ ccos o
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This implies

1 2 2 .2
ER(u)—»E cos” o -5 sin 9W (5.64)

‘and c¢Onsequently

W>+ N(coszoz-l) (5.65)

Qy(Z,XN) = Z(1+2c05” @ - 4sin” 0
This clearly is an interpolation (cf., Eq. (5.61)) between the standard model
(cos a@=0) and the (u b)R option (cos a@=1), each of which do reasonably well in
accounting for other neutral-current and charged-current phenomena. Inas-
much as these models predict atomic parity-violating effects of opposite sign,
it is possible to choose the mixing angle such that QW(Z, N)=0. A choice of
a~45° does quite well; this is plotted in Fig. 20 as the dashed line.

Such a mixed neutral-current coupling has other implications, the most
direct being the existence of charm-changing neutral current processes, e.g.,
p" 7r+e+e_; D° - e+e', etc. The nonleptonic effective Lagrangian could also
contain terms with AC=1, AS=0 leading to hadronic final states not containing

strange particles as well as AC=2, AS=0 which induces D-D mixing.

We have already discussed another alternative compatible with the atomic

R

the parity-violating atomic effect vanishes. This choice changes the predicted

physics results which is to assign e, to a weak isodoublet (Eoe_)R. In this case
cross section for Zee- — Eee- scattering, but the revised value is compatible
with the data, as we have already discussed. The predicted cross section for
Eue_ scattering is lowered, but the data are sufficiently sparse that this does
not yet pose an insurmountable problem (unless the Aachen—Padué numbers are
accepted).

A third alternative is to abandon SU(2) x U(1) and posit a pure isovector
neutral-current coupling. 99 If one does this, assumes single-Zo exchange, and

assumes the axial coupling of 7Z° to the electron has the same strength as the
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axial coupling of z° to vy one finds the result (for bismuth)

QW(Z, N) = (Z-N) [_EL(u)+ eR(u)] = —43[6L(u)+ eR(u)] (5.66)

compared with the experimental limit of |QWI <50. Given the limits on eL(u)
and ER(U) from the deep-inelastic data (Eq. (5.29)), there is evidently no problem
with experiment.

Finally, one might ask what might be said in a model-independent way. It
is not too much, Assuming that the electron neutral current coupling is related
to the VH neutral current coupling by the previous assumptions of single—Z0 and
equal axial couplings of 7° to e and ~ it is easy to see that given any choice of
R (u) and eR(d) compatible with deep inelastic data, it is possible to find a very

small range of values of eL(u) and eL(d) in the vicinity of the pure isovector point

—

eL(u) =—€L(d) ~ 0.35 such that IQWI <50. Varying over all possibilities for €R>

the estimated bound on a left-handed isoscalar coupling is not very strong.
IeL(u) + e:L(d)l < 0.4 . (5.67)
This is to be compared with

bep (@) - g (@I~ 0.7 (.68)

VI. CONCLURSIONS

Given the rapid experimental progress taking place in this field at the present
time, it is probably the wrong time to try to draw any firm conclusions. But
certainly the SU(2) & U(1) model has survived the first round of reasonably quan-
titative neutral-current experiments remarkably well. At present, only the
atomic-physics experiment provides a serious challenge to its validity.

If the SU(2) ® U(1) model can be trusted for a basis of weak interaction
phenomenology (and that is a big if), then we can use the neutral current informa-
tion to help limit the nature of new flavor degrees of freedom, i.e., hadronic
constituents beyond the charmed quark. Here this field appears to be as yet tied

to the phenomenology: new quarks are added as required by the data, without
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any underlying Grand Scheme. Even the question of the necessity of more than
four quarks remains open.

This is not to say that there are not candidates for Grand Schemes—only
that as yet the evidence does not clearly point to any particular one. The Grand
Principle 100 of the vector-like models, based on the idea that all constituents be
weak isodoublets, appears to be in trouble with experiment. Another Grand
Scheme72 is that of Gursey and collaborators. It is a superunified theory based
on the exceptional group E7. It does not have trouble with experiment as yet (it
essentially belongs to the (u b)R option), and has nice esthetic features: a
natural place for the color degrees of freedom, in particular. But the E7 repre-
sentations are big; predicted are two new charged heavy leptons, five (4-
component) neutral leptons, 35 weak-electromagnetic gauge bosons, and 133
leptoquarks, presumably of very high mass (> 1015 GeV). Leptoquark masses
are necessarily large in order to protect the stability of the proton. Even if such
a scheme is true, we ha‘ve a long way to go to find out.

Among these conclusions, there is one that is unassailable: since the
emergence of the existence of neutral currents from the Gargamelle data a few
years ago, the field has made truly remarkable progress. The impact of neutral
currents on physics has been similar to the impact of the §-r parity violation
puzzle on g-decay: revolutionary progress has been made in many fields on
many different energy scales. In the case of the neutral currents, we have seen
that important information is coming from experiments using photon beams of
energy 10-10 GeV, reactor neutrino beams of energy ~10—3 GeV,‘ BNL and ANL
neutrino beams of energy ~1 GeV, as well as the higher energy CERN and FNAL
beams of energy 5-100 GeV. It is a good reminder of the unity of physics: pro-
gress comes from experimentation across a broad front, not only from the

cutting edge of the very highest energies.
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