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We discuss the radiative corrections that induce a parity-violating electron-nucleus interaction' in gauge
theories. These higher-order effects are shown to be much larger than one might anticipate in a wide class of
models. In particular, for an SU(2) X U(1) gauge model in which the electron’s neutral-current coupling is
pure vector, they lead to an optical rotation in bismuth which is about 11% as large as that predicted by the
standard Weinberg-Salam model and opposite in sign—an experimentally testable consequence. Similar
results are also found for an SU,(2) X SUg(2) X U(1) model in which parity-violating neutral currents are
naturally absent in lowest order. General formulas for the dominant radiative corrections which are
applicable to most models are presented. The relevance of our results for experiments on ordinary hydrogen

and deuterium is also discussed.

'I. INTRODUCTION
A variety of ingenious experiments have been
devised to search for and measure weak parity-
violating effects in transitions between atomic
levels.!™ Already, two independent experiments
" have yielded interesting results for the optical
rotation of polarized light in bismuth,

Rgrg gm = (=0.7+£3.2)x 107, (Washington exp.)
Rgyg 1 =(2.7£4.7)x 107, (Oxford exp.) (1.1)

where RAEImEI/Ml, the ratio of electric and mag-
netic dipole transition amplitudes between atomic
states with the same parity.* These vzlues are to
be compared with the theoretical predictions of the
standard SU(2) x U(1) Weinberg-Salam model®’®

RYS . ~-9.2x 107, for sin?6, ~0.24

RY = ~_12x10", for sin®6,~0.24.

(1.2)

(For definiteness we take sin®6,,~0.24, the most
recent experimental value,” throughout this paper.
Our numerical results can easily be modified to
accommodate other values for sinzew.) Both experi-
ments disagree with these predictions by about 3
standard deviations and seem to pose a serious
problem for this heretofore extremely successful
model of weak and electromagnetic interactions.
However, a detailed knowledge of bismuth’s atomic
wave function is necessary to obtain (1.2); a non-
trivial matter because of the presence of three
valence electrons in its outermost shell. In fact,
(1.2) includes a recent revision® due to electronic
shielding which reduced the theoretical predictions
by a factor of 0.55 and even these modified values
require further study to ensure their credibility.®
One way to circumvent this difficulty is to per-
form similar experiments on simple atomic sys-
tems such as ordinary hydrogen and deuterium.

Such experiments are already underway at several
laboratories and may begin to produce results

in the near future.? In addition, experiments with
cesium and thallium which are less complicated
than bismuth are in progress.?

Motivated by the high precision of existing and
forthcoming experiments and optimistic that the
validity of the atomic physics calculations for bis-
muth will be clarified, we have investigated the
parity-violating effects induced by radiative cor-
rections in a variety of gauge models. For mod-
els where the neutral currents conserve parity or
have pure vector couplings to the electron in low-
est order, these one-loop contributions determine
the magnitude and sign of parity violation in bis-
muth. Indeed, all weak interaction theories must
exhibit a parity-violating electron-nucleus inter-
action even if only through higher-order correc-
tions. For example, the exchange of two charged
W bosons between an electron and constituent
quark will induce parity-violating neutral-current
effects in all models. In addition, a detailed know-
ledge of the radiative corrections will become
important in experiments on ordinary hydrogen
and deuterium when very high accuracy is achieved.

In this paper we address ourselves to the follow-
ing questions: How large are the one-loop radiative
corrections for models in which they are the dom-
inant source of parity violation in atoms? Can
these effects be detected in the bismuth experi-
ments? What do they imply for experiments on
ordinary hydrogen and deuterium ? . We find in
general that such effects are considerably larger
than naive estimates might indicate and are often
opposite in sign from the standard model; thereby
implying a distinct experimental signature. For
concreteness we illustrate our results for two par-
ticular models which exhibit features common to
most theories.
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The outline of the remainder of this paper is as
follows: In Sec. II we set down some general for-
malism for parametrizing parity-violating effects
in the electron-nucleus interaction. This provides
a convenient means of comparing the predictions
of different gauge theories. In Sec. III we examine
a specific SU(2) X U(1) model in which the elec-
tron’s neutral current coupling is purely vector in
lowest order. In this case box diagrams give the
largest parity-violating radiative corrections;
these amount to about 11% of the predictions of the
standard Weinberg-Salam model for the optical
rotation in bismuth and are opposite in sign. In
Sec. IV we investigate the radiative corrections
to an SU,(2) x SU.(2) x U(1) model which has a nat-
uval absence of parity-violating neutral currents
in lowest order. The leading effect in this case is
proportional to InM,/M, (the ratio of the masses
of the two distinct charged vector bosons) and also
opposite in sign from the standard model. In Sec.
V we comment on the relevance of our results for
experiments on ordinary hydrogen and deuterium.
We conclude in Sec. VI with a discussion of our
findings. In addition, as a supplement, we have
included an Appendix in which we present our box-
diagram calculations for arbitrary couplings in a
manner that allows their easy application to other
theories. !

II. GENERAL FORMALISM
- Parity violations in atoms due to the exchange
of a single neutral vector boson arise from an ef-
fective Hamiltonian of the form?:%1°

G _ — _ _
Hy v = —EF (C,&7,75eBY*p +Cy &Y, eBY™V b
+C ey, v,enrn+C,, 87, enytymn),
(2.1)
' where G is the Fermi constant, C,,, C,,, C,,, and

C,, are constants that depend on the gauge model
and e, p, and n are electron, proton, and neutron
field operators. In principle, each orf the C’s will
be determined by the experiments on ordinary hy-
drogen and deuterium?:%:1%; go they provide both
an experimentally relevant and a convenient means
of parametrizing neutral-current parity-violating
effects, We have found that the dominant one-loop
corrections can be parametrized in terms of this
same effective Hamiltonian. This enables us to
directly compare the parity violation predictions
of various models by comparing their C’s. It also
assuves us that the atomic physics calculations
pevformed for single-Z-boson exchange ave ap-
plicable to the vadiative corvections. [We are only
interested in corrections of order Gpa not
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Gpa(m?/M,?), where m is a generic fermion mass.
Therefore, terms of order Gpa(m?/M,?) are re-
garded as being of order G.® and are neglected in
our analysis.!'] _

In actual fact, the quantity that we have calcul-
ated is the electron-quark parity-violating effec-
tive Hamiltonian

Gr

V2

HyFE = (C, 27, Yseurtu+C,, &y, eur*yu

+0,,87,Y,edy*d+C, ey edy v d),
(2.2)

where « and d are up- and down-quark field oper-
ators. This Hamiltonian is obtained by multiply-
ing the amplitude that comes from the Feynman
diagrams by ¢, H=iM. The constants in (2.1) are
then found via the relationships'® ’
Clp =2C,,+C,,,
C,=C,+2C,,
C,,= (2F)C,, +(F = D)C,,,
C,,=(F - D)C,, +(2F)C,,,

where D~0.825, F~0.425, and F+D=g,=1.25.

In the case of heavy atoms such as bismuth where
coherence effects are important, another useful
quantity for comparing models is the weak charge

Qy(z,A)=2[C, z+C, (A-2Z)]. (2.4)

(2.3)

The R, given in (1.2) are directly proportional to
Q(B7) and the bounds quoted in (1.1) imply (ac-
cepting the atomic physics calculations)

-52<Qy(Bi) <33, from Ry yn
~20<Q,(Bi) <74, from Ry, ., (2.5)
(Z =83, A=209 for Bi).

We have listed for comparison in Table I the
predicted values of the C’s, @, and R,’s in the
Weinberg-Salam model*? and for two other mod-
els in which the parity-violating effects in bismuth
arise from radiative corrections. The sources
and salient features of the dominant one-loop cor-
rections to these models will be discussed in the
next two sections.

HI. SU(2) X U(1) VECTORLIKE MODEL

If the standard SU(2)x U(1) model is modified
so that the right-handed component of the elec-
tron transforms as part of an isodoublet rather
than a singlet under SU(2) gauge transformations,
then the electron’s neutral-current coupling be-
comes pure vector. This is the case we consider
here. That is, the fermion field representations
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TABLE I. A comparison of parity-violation parameters and predictions for the Weinberg-Salam model, vectorlike

SU(2) XU(1) model, and SU.(2) XSUR(Z) XU(1) model.
>4, and InMg/Mg 1.

Numerical results quoted are for sin®6y ~0.24, sin’t~0.5, InMz/m

Weinberg-Salam Vectorlike Left-Right
Quantity Experiment SU(2) XU(1) SU(2) XU(1) SUL(2) XSUR(2) XU(1)
= 5 cos26, In(Mz/m) +—-—r—
m 8 sin“fy o 7
C . 11 in2 — ———
B z(1 - 4sin"6y) + (5 cos20y — 4)(cot20w)2> T <7 In(Mg/My) + 4sin’¢ >
2 (4 cos26yIn(Mz/m) +—92—
C . i s W 8 sin“fy _&( )
in -2
+(2 cos29W+1}-)(cot29W)2> ™\ 2sin’
o TF +D
KR (7 AT
Cyp e ¥ ga(1—4 s5in%9y) £4C0S20y
+4D ln(ML/m)>
—3‘—<7 In(Mp/My) + —-——;—
7 \(8alMp/My)+—om oy P
Cyp — 1 ga(1-4 5in%9y) —g4cos20y 6F + 2D
=2 In(My /m)
9
Qu(Bi) —52<Qy<33 g 13.9 4.6
—20<Qy <74
Rgeum  (=0.7£3.2)x1078  —9.2x1078 1 x107% 0.35x107°
Reyg om (2.7£4,7)x107% —12 x107° 1.4x1078 0.47 x1078
are taken to be'd g — _ .
Ll 2 cosb, Z4[-cos26, &, e +7y,,(v.~$sin®6,)u

(),

(ye) ,(Ne> , NeL’
e/ \e/pg

dg, cg, Sy, etc.,

c
().
(3.1)

so that the coupling of the electron to the neutral
‘'vector boson Z is ~Z  ev"e, pure vector. [we
have listed in (3.1) only those lepton and quark re-
presentations necessary for our considerations.
Others must be included in a complete theory in
such a way that unwanted triangle anomalies are
canceled.] This type of model has been recently
considered in connection with the possibility of
muon-number violation'?; its novel feature is the
presence of relatively heavy neutral leptons.
Variations of this model are possible by placing
either u, or dj.in a doublet representation, there-
by making its neutral-current coupling also pure
vector (not both, since such vector models are
ruled out expemmenta.lly), we will comment on
these alternatives later on.

Some parity-violating neutral- current effects are
present in lowest order for this model. They
arise from the single Z exchange diagrams in
Fig. 1 through the interaction couplings

Ug,

- dy, (v.- §sin*8,)d],

_1-%

v.= , (3.2)

where 6, is the SU(2) x U(1) mixing angle. The
parity-violating amplitude obtained from these

diagrams (using g2/8M,?=G,/V2, M,? cos®6,,=

'

e e
- T t
|
{

I

| Z

[

I

|
> . >
u u
d d

FIG. 1. Lowest-order parity-violating diagrams in
which a neutral vector boson is exchanged between an
electron and up or down quark.
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Gr

o cos26,ley, euYH Y~V e dyey,d].

Mpy==-1i

(3.3)

(We will always give our amplitudes as the sum of
up- and down-quark diagrams.) This leads to the
values for C,, and C,, given in Table I for this
model. Note that C,, and C,, are expected to dom-
inate parity violation in bismuth because of coher-
ence effects®'®; these constants, however, are
zero in the lowest order. Therefore, this model
naturally predicts small values for R, in bismuth
relative to the standard model.

The dominant one-loop radiative corrections for
this model come from the box diagrams'® in Figs.

2, 3, and 4. These give rise to the parity-violating

amplitudes (see Appendix A for the evaluation of
these box graphs and some justification of our use
of free quark results).

G a
WW_— _ s il 2 (e S > YR 5 T lb
Mpy=~i \/j(S'n sin29W>(3eyu75e“7 u+5ey, ewy vsu

+3ev,vsedrtd
- 52y, edytv,d), (3.4)
mZz=_i SE[® (o126, )2| [(cos26, —1) &7, v, et v
pv——zﬁﬂ cot26,)?|[(cos268y, —3) ey, vseu v u

+3(cos26, +3) ey, v, edyHd],

(3.5)
_ . Gr[2a |
MY =—i E[—’T coszewln(Mz/m]
x [y, v, eurhu+ ey, vsedy d), 3.6)

where m is a typical hadronic mass scale ~1-2
GeV. As explained in Appendix A, there are ad-
ditional corrections of O(Gra) to M%% that depend
on the dynamics of the strong interactions. How-
ever, these are expected to be much smaller than
those exhibited in (3.6) and will be neglected. Con-
tributions to C,, and C,, from one-particle-reduc-
ible diagrams for this model are of order G.* be-
cause of cancellations between loops involving v,

e e e e
B
| | ( A
1 /
L] N
Wy iw WY W
: [ / \\
|
u u d d

(a) (b)

FIG. 2. Box diagrams involving the exchange of two
charged vector bosons.
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—— ————
| | ’ \ /
| | \\ /
| /
Z! | 2 Z X Z
| 7\
| | / AN
| | / \
> 1y -t N
u u u u u u
d d d d d d

(a) (b)

FIG. 3. Box diagrams 'mvolizing the exchange of two
identical massive neutral vector bosons.

and those involving N,_; therefore they need not be
considered. )

The values for C,, and C,, quoted in our Table
I are obtained from the sum of the amplitudes in
(3.4)-(3.6) using HYy™ =iM, and the relation-
ships in (2.3). We have not included in our table
corrections to quantities that are nonvanishing in
lowest order, although some of the corrections to
C,, and C,, in this model can be easily obtained
from (3.4).

As illustrated in Table I, this model predicts
the magnitude of parity violation in bismuth to be
about 11% of the standard-model prediction. The
size of this effect is considerably larger than a/#
because of several sources of enhancement: (1)
The quantities C,, and C,, obtained from (3.4)—(3.6)
have the same sign; so coherent effects such as
parity violation in heavy atoms are sensitive to
the number of quarks in the nucleus 34 rather
than merely Z or A-Z.'" We call this enhance-
ment “the quark-coherence effect.” (2) The weak-

e e e
|
n
y |2
|
—»—2——:—»—
u u u
d d d
(a)
e e e
[
1
',
Z | Y
|
|
u u u
d d d

(c) (d)

FIG. 4. Box diagrams involving the exchange of a
photon and a massive neutral vector boson.



coupling g is larger than the electric charge, g2
~4e?, this leads to a large MY¥¥. (3) Most import-
antly, the photonic box diagrams in Fig. 4 give rise
to a large logarithm In M ,?/m*~8 and the exist-
ence of four distinct diagrams gives another factor
of 4.

Large M4 amplitudes will be found in most theo-
ries where the electron’s neutral-current coupling
is pure vector whereas the quark’s couplings are
not. )

Just as significant as the magnitude of our re-
sult is the fact that this model predicts @, and R,
with opposite sign from the standard model, an
experimentally testable consequence.

If either u, or d, is put into a right-handed iso-
doublet, its contribution to (3.4)-'3.6) vanishes
(to the order we consider); in either case the mag-
nitudes of @, and R, are reduced by about 50%
(these two possibilities lead to @,,=6.0 and @,
=7.9, respectively), but their signs are unchanged.

IV. SU, (2) X SU, (2) X U(1) MODEL

A variety of left-right—symmetric SU,(2)x SUL(2)
x U(1) models have been recently considered in the
literature.'® Here, we restrict ourselves to a
model suggested by Mohapatra, Paige, and Sidhu.'®
Their version has a natural absence of parity-vio-
lating neutral currents in lowest order, so the.rad-
iative corrections are calculable.

In this model there are two heavy neutral vector
bosons Z, and Z , which have pure vector and pure
axial-vector couplings, respectively, to fermions
in lowest order. In addition there are two species
of charged vector bosons W, and W, which have
the property M %<My? (a recent analysis®® finds
the phenomenological constraint M,;2/M ;% <0.13).
Because of this inequality of masses, low-energy
charged current phenomena are dominated by W
exchange. Since W, couples almost entirely to the
* left-handed components of fermion fields, this
model predicts parity violations at low energies
even though its Lagrangian is manifestly left-
right symmetric.

For this model, all of the C’s are naturally
zero in lowest order. The dominant radiative
corrections come from three sources: (1) box
diagrams involving two W, bosons, (2) induced
effects proportional to 1n(MR/ML) resulting from
the difference between the renormalized coupling
constants g, and g, and (3) charge-radii effects.
We comment separately on each of these contri-
butions.

"The box diagrams in Fig. 2 involving the exchange
of two W, vector bosons give rise to a parity-vio-
lating amplitude (see Appendix A)
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. Gr. a _ _ _ _
My == vz TH_SIBEQ @r,vsemrtutey, euryou
- 3@y, v,edyd
- iey edyryd), (4.1)

where & is a mixing angle which approximately
satisfies sin®£ ~2 sin®6,~0.5. (Box diagrams in-
volving two W, bosons are down by a factor of

M ?/Mg? relative to these and those involving one
W, and one W, are of order G.*; both contribu-
tions are neglected. In addition we have neglected
small mixing effects between W, and W,.)

The somewhat larger and more subtle contri-
bution comes from induced parity-violating neu-
tral-current effects which result from the inequal-
ity of the renormalized couplings g; and g, assoc-
iated with the gauge groups SU,(2) and SUL(2), re-
spectively. The bare couplings are equal g7 =g%
and deviations from equality for the renormalized
couplings result mainly from M, #M,. (We as-
sume that M is much larger than any other mass
scale in this theory.) The parity-violating ampli-

" tude due to this effect has been cleverly analyzed

by ‘Shafi and Wetterich®* employing the decoupling
theorem.?? That is, they used the fact that at low
energies W, decouples from the theory except for
coupling-constant-renormalization effects. In this
way the model becomes an effective SU,(2)x U(1)
x U(1) theory with g, #g,. Diagonalization of the
neutral boson’s mass matrix then leads to neutral
currents that violate parity. The effective coup-
lings of Z , and Z, found by Shafi and Wetterich®!
carry over to the model we are considering and
we find that these give

2__, Gr <2Ag2 sin2§>

Mg =i S (208 SIS

VI 3¢

X (€Y, Ys ey u+3 &y, eity™yu (4.2)

— 387, Y,edyrd- 32y edyryyd),
Ag?=g Lz—gR.z‘ )
The size of Ag® can be estimated using the al-
ready calculated beta function®® for non-Abelian
gauge theories or computed directly.?* In either
case one finds

22 1\g;*
Ag?=g,%—gp° B(E - 4_8)% In(M5*/M?)

L7 g
= 75 S a2/ ).

0 (4.3)

The first part, 2, comes from the pure gauge

field beta function, while the second contribution,
-2, results from the effect of one Higgs triplet

of unphysical scalars which become the longitudinal
components of the massive vector bosons. Numer-
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ically, this Higgs-scalar contribution is small;
but as a point of principle it is important. It re-
minds us that applications of the decoupling theo-
rem must be cognizant of the effect of Higgs scal-
ars (in this case their role in giving mass to the
vector bosons). Also, as another point of princi-
ple, it is important to note that parity violation
in atoms is not calculable in the technical sense
for the version of the model considered in Ref.
21. This is because the parity-conserving prop-
erty of the neutral current in that model is not
natural.'®

The final contribution that we must consider
comes from charge-radii effects as depicted in
Fig. 5. Retaining only the leading logarithm, which
has been given in a previous publication,?® we find
that the diagrams in Fig. 6(a) (for the case f=u,d)
give rise to the parity-violating amplitude

(4.4)

(Again we neglect contributions that are down by .
a power of M;?/M.? and those that depend on the
dynamics of the strong interactions.) The type of
diagram in Fig. 6(b) does not give rise to a log-
arithm,? so we do not list its contribution. Direct
calculation (for the case f=¢) indicates that its
effect is ~6% of those listed in Table I for C,, (it
does not contribute to C,,); so its neglect is in
keeping with the other approximations we have
made throughout this section.

From the sum of the three amplitudes in (4.1),
(4.2), and (4.4) using the relationship g, =2e2/
sin?£, we find the C’s in Table I for this model.

Qur table indicates that for lnMR/ML =1, this
model predicts parity-violating effects in bis-
muth with magnitude ~4% of that predicted by the
standard model. However, the values quoted are
really lower bounds; they can be increased consid-
erably if InM /M, is larger. For example if M,/
M, =15 our predicted values for @,(Bi) and R, are
doubled. Also note, that once again we find the
opposite sign from the standard model.

X(ey, euytyu - 2ey e dyry d).

FIG. 5. Charge-radii diagrams.
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V. HYDROGEN AND DEUTERIUM

Let us briefly discuss some implications of our
results for experiments on ordinary hydrogen and
deuterium.?*'° Clearly the first series of experi-
mental findings will determine only the gross fea-
tures; i.e., whether or not C,,,C,,,C,,,C,, are of
0(1). We consider three possible outcomes of the
initial experiments and discuss possible further
studies implied by our results:

(a) Large parity violation (PV). in deuterium and
small PV in ordinary hydrogen. This is expected
in the Weinberg-Salam model, since for sin?6,,~ %,
C,, and C,, are very small while C,, is not. Al-
though we have not explicitly given the contribution
to the parity violation induced by the one-loop
graphs for this model, they can be easily com-
puted. Because of the somewhat accidental sup-
pression of C,, and C,, = (1 - 4 sin®6,) for sin’6,
=%, contributions from the radiative corrections
may be comparable to the lowest-order effect

“(Fig. 1) for ordinary hydrogen. Thus a very pre-
cise determination of parity violation in hydrogen
will provide a test of this model at the loop level.
Also, attempts to extract a value for sin®6, from
these experiments must take into account the rad-
iative corrections. ‘

(b) Small PV in deuterium and large PV in ordin-
ary hydrogen. This is expected in the vectorlike
model, since C,, is large while C;,+C,,=0. How-
ever, we do not expect parity violation in deuteri-
um to vanish completely; Table I indicates that
C,, and C,, can be as large as ~5% of C,,. There-
fore an accurate determination of C,,+C,, is very
important.

(c) Small PV in both ordinary hydrogen and deu-
terium. This is expected in the left-right—sym-
metric SU,(2)x SUL(2)x U(1) model. This model
does, however, predict parity violation at the
level of C,,~0.024. Note that the contribution of
WW exchanges (Fig. 2) alone give approximately
C,,~0.01 and these diagrams are present in all
models; therefore, parity violation at the level
of at least C,,~0.01 is to be expected in almost
all gauge models.

W
f o f f f
F_F F ——
\\//
Y Y

(a) (b)

FIG. 6. Contributions to the charge radii for an
arbitrary fermion'f .
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It is clear from these general considerations
that precise experiments, sensitive to C’s at the
level of +0.01, will provide significant information
which will help us determine the correct theory
of weak and electromagnetic interactions.

VI. CONCLUSION .

We have seen that for the models considered
where parity violation in bismuth is primarily
due to radiative corrections, the predictions are
about 4-11% in magnitude of those in the standard
Weinberg-Salam model and have opposite sign.
These sizeable effects will clearly occur in other
models where the types of radiative corrections
that we have described dominate.?®:?” Therefore
models of this variety tend to predict values for
R, which are very close to the present experimen-
tal accuracy. For this reason, an order-of-mag-
nitude increase in the precision of the bismuth
experiments will be very important.?® Such mea- ~
surements should determine the actual sign of the
optical rotations R, and its approximate magnitude;
thereby eliminating the kinds of models we have
described or giving them credibility. (Of course,
the signpredictions of each model must be individual-
ly checked.) If parity-violating effects ave not
discevned at that level, it would probably indicate
Suvther problems with the atomic physics calcula-
tions. .

The experiments on ordinary hydrogen and deu-
terium will be of prime importance if they can
yield precise values for all four C’s. A glance at
our Table I indicates that it is among these quan-
tities where one finds the biggest variations from

- model to model. A precise determination of these
constants will eliminate many models and help
pinpoint the correction structure of the weak and
electromagnetic interactions. In the future, per-
haps we can look forward to these experiments
providing the same kind of precise quantitative
check of unified gauge theories as the g - 2 ex-
periments have supplied for quantum electrody-
namics.
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APPENDIX A. BOX DIAGRAMS

Because the box diagrams in Figs. 2-4 play such
an important role in our findings, we present here
some of the details of their evaluation. In so doing,
we keep the couplings rather arbitrary; so that
our results can be easily applied to other models.

In all cases external momenta are negelected
and fermion masses are set to zero. This is cer-
tainly permissable for low-energy phenomena
when two very massive vector bosons are ex-
changed (Figs. 2 and 3), since in that instance
all of the corrections of order Gpa come from
large internal-loop momentum (short distances),
and so only contributions of order G,® are ignored.

(If one of the vector bosons is replaced by a
Higgs scalar, it contributions are of order G2
and thus neglected.) In addition, because these
corrections come from very short distances where
the quarks are basically free, we can neglect the
effect of strong interactions on our results. These
hand waving arguments can be made rigorous if
one extends the recent analysis of Sirlin'! to the
cases considered here.

For box diagrams involving one massive vector
boson and one photon (Fig. 4), the above argument
does not apply. However, for such diagrams,
large loop momenta give rise to corrections of
order Gpa InM?/m? where M is the vector boson
mass and m ~1 -2 GeV, the scale at which the

-strength of the strong interactions is considerably

diminished. (In quantum chromodynamics®® m

is the scale at which asymptotic freedom sets in.)
Therefore, if we are only interested in these lead-
ing corrections, they can be extracted using free
quark diagrams and the approximations mentioned
above.** The corrections of order Gpa which this
procedure neglects are expected to be much small-
er than those obtained.

(i) WW diagrams: The diagrams in Fig. 2 can
be computed using the following charged-current
interaction Lagrangian®:

Lr=Wrey, (cov, +cor )l +qvy (47, + 'y Ju
+dy,(cty,+c%v.)q']+He., | (A1)
1+ '

s
v = 2
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where the ¢, are arbitrary and /, ¢, and ¢’ are
lepton and quark fields with charges 0, -4, and
+%, respectively, which occur as internal fermi-
ons in Fig. 2. In addition, the ’t Hooft- Feynman
gauge is used for all vector-boson propagators

W Zg v :

iD,, =~ 22 _usz s (A2)
while with the approximations mentioned above,
the fermion propagators become

: 1 :

iS(k) =1 7 (A3)

Under these conditions the amplitude in Fig.
2(a) becomes :
d*k kok?
(271)4 k4(k2 - MWZ)Z

WW —
M,

X ( Do (kP Er, VY, eﬁy"y“r"y,.u) .

T4y~
T =4, =
(A4)
This expression is evaluated using
d‘e kokP B 1 1 5
| G wEwr  w g sh 89
and the identities
YOYEY =g PuY — g PTY Y + g ATy —GeP¥ By Y
(AB)

€pmﬂ‘yt’ym'}’a = 6i7875r (60123 =1)
so that (A4) becomes

[4(cscvy ey, v, eitrry u

+a(coch? ey, Y. ety y
+(cicP ey, vy ewr yu
+(cichey, v ewriyul. (A7)

From this amplitude the up-quark—electron parity-
violating effective Hamiltonian, (2.2), can be read
off for any model which supplies ¢¢ and c*.
The down-quark diagram in Fig. 2(b) is evalu-

ated in the same manner. Major differences are

a relative () sign from the fermion propagators
and a reversal of the Dirac matrices in the quark
part of the amplitude #y?y*y°y,u ~dv°y*y*y,d. Tak-
ing into account these differences, the amplitude
from Fig. 2(b) using the couplings in (Al) becomes

l —_ -
MY =— 167 375, [(cecty ey, v, edyiy,d
+(coc?)? e"yu“/_eii-y“y_d
+4(coctey,y.edriyd

+4(coct)?ey,y,edy*yd]. (A8)

In some models there is more than one 7, ¢, or
g’ which gives rise to the diagrams in Fig. 2; in
that case all the resulting amplitudes are added.

To illustrate the use of formulas (A7) and (A8),
consider the SU(2) x U(1) model of Sec. III. For
this theory the relevant charged-current interac-
tion Lagrangian is I

£p=- —é— weley,yv,+ev,v,N, +dy,yul+H.c.

(A9)

(Our result is independent of the Cabibbo angle;

so we have chosen 6,=0 for simplicity.) Compar-
ing (Al) and (A9), the values of c¢, c¥, and c% are
determined. [For this model there are separate
contributions from v, and N, to both Figs. 2(a) and
2(b).] Inserting these couplings into (A7) and (A8), -
using g2/8M,2=G,/V2, g?/4m=a/sin?6,,, we ob-
tain

. Gr 6 . _
i S
’ +ev, Y, ewyry. ul, (A10a)
Gr o _ -
WW _ .
M=~ E(Zn Sin? 9W> [e7,7.edy+y.d
+4egy,v,edy*y.d]. (A10b)

From these, the parity-violating amplitude in
(3.4) follows.

For the SU,(2)x SUL(2)x U(1) model of Sec. IV,
there is only a v, diagram; so only the first of the
two terms in (A10a) and (A10b) contribute. These
lead to the amplitude in (4.1) (with a different over-
all factor).

Some theories may contain leptons with charge
-2 and quarks with charges & or —% (e.g., the
Wilczek-Zee model?®). For such models there
are crossed diagrams like Fig. 2(b) involving up
quarks, and uncrossed diagrams like Fig. 2(a)
involving down quarks. Their contributions are
obtained from (A7) and (A8) by interchanging «
and d. '

(ii) Z Z diagrams: A neutral vector boson can
give rise to the diagrams in Fig. 3. For gener-
ality, we will first consider the case of two differ-
ent neutral vector bosons Z, and Z, with Mz, = Mgz,.
(When Z, and Z, are distinguishable, there are
really four diagrams to consider, just as in Fig.
4, due to the interchange of Z, and Z,; so for this
possibility we multiply MZ1%2+MZ1%2 by 2.)

For this case, it is convenient to consider the
following neutral-current interaction Lagrangian:

£1=Zf[e—7u(a1 +0,Y5)e +577“(A‘11 +B‘1175)q]
+Z¢[ey (a, +D,75) e + TV u(AL+ By )q], (A11)

where g =u or d. These interaction couplings give,
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for the amplitude in Fig. 3(a),

d*k kak?
Z1Z9 = _
MZ1%2 J’(zﬂ_)q 2 __MZIZ)(kZ_M

2 2) {_é'ypyﬂ‘ya[(alaz + blbz) + (a1b2 + a2b1)75]e
2

x gv*y*r°[(A3 Ag+ B3 BY) + (A3 B + A% BS)y o . (A12)
Now using '
d'k kak® _ =i 1 (sz .
| @ R =M, NP =M, ) 64w M, P MZ:)gm (A413)
and the identities in (A6), we find
i 1 Mz,2
Mflzz= ! 3 2 2 l.n( l2>
64m MZ1 —MZ2 MZ2
x{10&y [(a,a,+0,b,) + (a,b, + a,b,) v, ] eqv*[(AT AZ+ B BY) + (A? B+ A BY) v, ] q
+627 [(ab, +a,b)) + (a,a, +b,b,)y,]eqy*[(A? Bl + Ag BY) + (Al A2+ BI BY)Y,q}. (A14)

The diagram in Fig. 3(b) gives the same result with 10 replaced by —10; therefore we find for the sum

3i 1 Mz?
(MGZ122 +Mf122)pv = Ton? i 5 M, 5 ln(MZ12>
1 2 2
x [(alaz +b,b,)(A{ B + A BY) ey, Yseqr'q
+(a,b, +a,b,)(A? A3+ BI BY) &y, eqv*v5q]. (A15)
As we mentioned, this result is doubled for distinguishable Z, and Z,, so we finally obtain for Z, #Z,,
7125 _ 31 1 Mz ® } _ _
Mev™= g 21,70, ln<Mz;"’>[(“‘“2+b1”2’(‘4’f‘33 +AIBY @Y, YseTr"
+(a,b, +ab,) (Al AL+ BI BY) ey, eqy vy ). (A16)

When Z, =Z, we find from (A15) (now @, =a,, b,=b,,
A=A, B,=B,),

zz_ 3t 1

BT e M [(a®+b2)A{ Biey, v eqriq

+ (AT +B)a,b, &y, eqr ry)-
(A17)

From this amplitude, the result in (3.5) can be
obtained using the couplings in (3.2).

(iii) vZ,diagrams: Consider the following neu- |
tral-current interaction Lagrangian involving the
photon field A and massive neutral vector boson
field Z ut

L =eAr(-er,e+Qq7,q)

+2%[ey (a+by)e +qv,(AT+By,)q],  (A18)

where g =u or d and @ =% for the up quark and

Q@ =-7% for the down quark. Using the couplings

in (A18) we can evaluate the diagrams in Fig. 4.
Their evaluation is the same as that which led to
(A16) with M 2,2 replaced by m?, the scale at which
quarks behave as though they were essentially
free.!! Making the appropriate coupling-constant
replacements in (A16) that follow from (A18), we
find

. 3a. 1 Mzz — —
Mey==igr Qa2 ‘“(Wﬁ“”’”u’ﬁ“”“q
+bAgY, eqr vyl
(A19)

When the Zee and Zgq couplings given in (3.2) are

~ inserted into this expression, they yield the ampli-

tude of (3.6). As we mentioned previously, con-
tributions of order Gpa which depend on the dy-
namics of the strong interactions are not included .
in (A19); but those are expected to be much small-
er than the corrections given in (A19).

For models which have more than one massive
neutral vector boson, the amplitudes M;;Zv‘ that
follow from each are added.

The amplitude in (A19) exhibits a noteworthy
feature: Recalling that the exchange of a single
Z boson as in Fig. 1 gives rise to a parity-violat-
ing amplitude of the form [using the couplings in
(A18)]

1
M,

MEy=—i [bAsZY, vseqr g +aBiey eqr vsq).
(A20)

" Comparing (A20) with (A19) we see that the photon-
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ic correction interchanges the role of bA? and aB?.
Therefore models constructed with the property
b=0 eliminate a large coherent effect in lowest
order; however, aB? gets promoted to a potential-
ly significant effect in (A19). It can lead to signif-
icant parity violation because of the large loga-
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rithm 1nM ,2/m?~8 and the “quark-coherence ef-
fect,” i.e., the fact that £B* and —$B? often have
the same sign [for example in SU(2) x U(1) models
B? is proportional to the third component of weak
isospin #,] so that all quark amplitudes add to give
a sizeable effect in heavy atoms.
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