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Recent experimental progress in the search for atomic electric dipole moments (EDMs) d& of cesium and

thallium leads in particular to a substantially increased sensitivity to a possible electron EDM d, com-

pared with existing upper bounds. Further considerable improvement in the measurement of d+~ is likely.
After a brief synopsis of the theory of atomic EDMs, the authors discuss —in view of the expected experi-
mental sensitivity to d, —the predictions for the electron EDM in various models of CP violation.

CONTENTS
I. Introduction

II. Electric Dipole Moments of Atoms and Molecules
A. Induced EDMs of polar molecules
B. Permanent atomic EDMs

1. Schiff's theorem
2. Relativistic enhancement of the

contribution of d,
3. Nuclear contributions
4. Future possibilities

III. The Electron EDM in the Standard Model
IV. Nonstandard Models of CP Violation and d, : Overview

V. Supersymmetric Models
VI. Left-Right Symmetric Models

VII. Higgs Models
A. Lee model
B. Weinberg model
C. Hybrid models

VIII. Lepton Flavor-Changing Models
A. d, and @~ed
B. Flavor-changing neutral Higgs couplings
C. Dilepton models
D. Leptoquark models
E. Mirror-fermion models
F. Horizontal gauge interaction models

IX. Composite Electron
X. Concluding Remarks

Acknowledgments
Appendix: One-Loop Contribution to the EDM of an Elemen-

tary Fermion
References

313
315
315
315
315

316
316
318
318
319
320
323
326
326
327
329
330
330
331
331
332
333
334
335
335
336

336
338

I (q)=Fi(q )y&+F2(q )io'& q /2m

+F~ (q')(1'p'sq' —2m' sq„)

+F&(q )0 ysq /2m,

with q =p' —p, and where m denotes the mass of f.
The EDM off is then given by

(1.2)

df = —Fs (0)/2m .

This corresponds to the eQ'ective electric dipole interac-
tion,

LI = df 4&„.)'sV—F—" (1.4)

that a nonzero EDM of a particle requires violation of
both CP invariance and P invariance. As CPT is known
to be a good symmetry for the models of CP violation we
consider below, we shall henceforth interchange T and
CP violation.

The EDM of a particle is de6ned by one of its elec-
tromagnetic form factors. In particular, for a spin- —,

' par-
ticle f, the form-factor decomposition of the matrix ele-
Inent of the electromagnetic current J„is

(f(p')I J„(0)lf(p) ) = (p')&„(q) (p),

where

I. INTRODUCTION

A stable particle, elementary or composite, cannot
have an electric dipole moment (EDM) unless both time-
reversal (T) and parity-reAection (P) invariances are bro-
ken. This is because the expectation value of the EDM
operator D = Jxp(x)d x in a particle state at rest is pro-
portional to the particle's spin (or, more generally, total
angular momentum), but spin is odd under T and even
under P, while D is even under T and odd under P (Lan-
dau, 1957; Zeldovich, 1960). This argument applies to
atoms and molecules as well, if their respective stationary
states have no energy degeneracies other than those due
to rotational invariance.

If the CPT theorem holds, the above statement implies

which reduces to I I = —Hl =df o. .E in the nonrelativis-
tic limit.

In renormalizable theories of CP violation, the in-
teraction (1.4), where f denotes a quark or lepton, must
be induced by loop diagrams because it is nonrenormaliz-
able. The EDM interaction (1.4) Hips the fermion chirali-
ty and is not invariant under the electroweak symmetry
group SU(2)L. Hence a nonzero df requires, in addition
to CP violation, electroweak symmetry breaking, which
in a gauge theory Inust occur spontaneously. The chirali-
ty Rip that is also necessary to yield a nonzero df comes
from fermion mass terms. The relevant mass terms
can —but need not —arise from spontaneous breaking of
the electroweak symmetry.

In a gauge theory CP invariance may be violated spon-
taneously (usually parametrized by complex vacuum ex-
pectation values of Higgs fields) or it may be broken ex-
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plicitly, for instance, if the theory contains CP-
noninvariant couplings involving scalar fields. This is as-
sumed to be the case in the three-generation Standard
Model of electro weak interactions. In the Standard
Model, CP violation manifests itself by a complex quark
mixing matrix, the Kobayashi-Maskawa matrix
(Kobayashi and Maskawa, 1973), which originates from
complex Yukawa couplings. The Kobayashi-Maskawa
model can accommodate the CP violation found in the
neutral kaon system, which is the only place where this
phenomenon has been observed so far. According to the
Kobayashi-Maskawa model, not only EDMs of leptons,
but also those of the neutron and other baryons, are too
small to be observable by experiments in the foreseeable
future. Therefore, if a nonzero value for the EDM of a
particle should be established at the presently discussed
levels of sensitivity, it would be evidence for a new CP-
violating interaction. '

Experimentally one can search for a permanent EDM
of a particle by placing it in an external electric field E
and by looking for a shift AE linear in E of the interac-
tion energy of the particle with the external field. In the
weak-field limit,

DE=a;E;+b; E;E +. . . (1.5)

where the term linear in E is the signature of a per-
manent EDM. The term quadratic in E is an induced
EDM contribution that has nothing to do with CP viola-
tion.

As to experimental searches, much e6'ort has been and
is being expended to measure the neutron EDM. The
Leningrad group obtained d„=(—1.4+0.6) X 10 ~~ e cm
(Altarev et a/. , 1986), whereas the Grenoble group re-
cently reported d„=( —0.3+0.5) X 10 e cm (Smith
et al. , 1990). This value yields the upper bound

~d„~ (1.2X10 e cm . (1.6)

'If a nonzero EDM of the neutron or some other baryon
should be observed, it might be due to the P- and T-violating
gluonic interaction (Og /32m )G" G„, which can be present in
the Standard Model. If so, we might also call this a new CP-
violating interaction.

The tightest upper limits on the electron EDM d, were
and are being deduced from the null results so far of the
searches for atomic EDMs. However, this assumes that
the contribution of d, to the respective atomic EDM d „
is not accidentally cancelled by other T-violating contri-
butions to dz (see Sec. II). Previous searches, for in-

stance for an EDM of Hg (Lamoreaux et al. , 1987), re-
sulted in upper bounds for ~d, ~

of about 2X10 e cm.
Recently an experiment searching for T violation in thal-
lium Iluoride obtained d, = (

—1.4+2.4) X 10 e cm
(Cho et al. , 1989), and from an experiment which mea-
sured the EDM of Cs it was deduced that (Murthy et al. ,
1989)

d, =( —1.5+5.5+1.5) X 10 e cm, (1.7)

which corresponds to an upper limit of about 10 e cm.
An experiment on the EDM of Tl is in progress, and its
result for dT&, based on the first-round data-taking period
(Abdullah et al. , 1990), gives an upper limit on d, that is
already more restrictive than the one resulting from Eq.
(1.7). The current value of d, from this experiment (Ab-
dullah et al. , 1990) is

d, = ( —2.7+8.3 ) X 10 e cm . (1.8)

The Tl experiment is expected to reach an accuracy to d,
of about

5(d, ) = 10 e cm (1.9)

5P(g —2)]= 1 X 10 (1.10)

which corresponds to

5(Fz(0)/2m, ) =2 X 10 e cm .

That is, d, will presumably be known about five orders of
magnitude more accurately than the anomalous magnetic
moment of the electron within a few years.

In the case of the neutron EDM, uncertainties in low-
energy strong-interaction physics prevent a precise com-
parison between an experimental value for d„and CP-
violating parameters at the quark level (Shabalin, 1983;
He et al. , 1989). In contrast, the electron EDM is free
from such uncertainties and can be computed unambigu-
ously once a model is fully specified. In this respect, an
experimental value for d, is, in principle, capable of test-
ing models of CP violation more directly. However, in
many models, d, turns out to be smaller than d„, so that
a higher experimental accuracy is called for. Moreover,
the CP-violating parameters of the quark and lepton sec-
tors are a priori unrelated, except in simplified versions of
some models. Therefore the data on the observed CP
violation in the El decays or the upper limit on d„can-
not be used without further assumptions to constrain the
CP-violating couplings that generate d„and firm predic-
tions about the magnitude of d, cannot be made. Typi-
cally, only upper bounds on d, are obtained for a given
model. Nevertheless, knowledge of d, with a precision of
Eq. (1.9) and other existing and upcoming data on CI'
violation in hadrons will help us in understanding this
feeble phenomenon.

within a year or two. Even a null result at this level of
accuracy will provide very useful information and will
contribute to our understanding of CP-violating forces,
as we shall review below. To appreciate this number, we
may compare it with the precision with which the anom-
alous magnetic moment of the electron,
—,'(g —2)=Ez(0)/e, is known. [A nonzero contribution
to F2 requires an SU(2)L-breaking and chirality-Ilipping
interaction just as in the case of F3, but of course no CP
violation. ] The current precision is (Cohen and Taylor,
1987; Van Dyck et al. , 1987; Hernandez et al. , 1990)
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Here we attempt to survey models of and ideas on the
electron EDM in view of the anticipated experimental
sensitivity (1.9). Our review overlaps somewhat with a
recent article by Barr and Marciano (1989). This article
is organized as follows: In Sec. II, we review the relation
of the electron EDM to atomic EDMs, from which the
former is usually deduced. Then we survey the predic-
tions for d, of "nonstandard" models of CP violation
(Sec. IV). In Secs. V, VI, and VII we discuss supersym-
metric models, left-right symmetric models, and Higgs
models of CP violation, respectively. Various interac-
tions that are CP- and lepton-number nonconserving are
treated in Sec. VIII. Section IX contains a remark about
d, and CP-violating effective four-electron interactions,
which may arise if the electron is composed of subconsti-
tuents. We end with some conclusions in Sec. X.

II. ELECTRIC DIPOLE MOMENTS
OF ATOMS AND MOLECULES

A permanent EDM of a stable atomic or molecular
state can arise only when P and T invariances are broken.
However, it is often said that molecules known as polar
molecules have large "permanent" EDMs. Let us begin
by recalling how this comes about.

A. Induced EDMs of polar molecules

Molecules such as ammonia and water have, in a
simplified picture, a pair of nearly degenerate states with
opposite parities, the lower of which is the ground state.
Since their energy splitting is less than the thermal ener-

gy kT at room temperature, the two states act practically
like a two-fold-degenerate ground state. When an exter-
nal electric field E is applied, the two states of opposite
parities, ~+ ) and

~

—), mix with each other and form
new energy eigenstates, ~r ) =( ~+ ) +

~

—) )/&2 and
~1) =(~+ ) —

~

—) )/&2 (unless the electric field is ex-
tremely weak) with energy eigenvalues

E„I= ,'(E++E )—+[—,'(E+ E) +(e(r)—.E) ]'~

(2.1)

where ( r ) is the transition-matrix element between
~
+ )

and
~

—) of position r. Because E+ are almost degen-
erate, e (r ) E dominates inside the square root in Eq.
(2.1), and the energy eigenvalues are given approximately
by E„I

= ,'(E+ +E )+e (r).E. S—ince in this approxima-
tion the energy shift is linearly dependent on E, the pro-
portionality constant is called the permanent EDM of
this molecule. However, this EDM is not an indication
of P and T violation. If measurements were carried
out with an infinitesimally weak E at zero temper-
ature, one would find only a quadratic dependence
of the energy eigenvalues on E, that is,
E„I =E++(e ( r ).E) /(E+ E)+ . . by a—power-
series expansion in E. Thus there is no linear dependence

on E of the energy shift. If T invariance holds, a mole-
cule acquires only an induced EDM, which is enhanced
by a small energy difference between opposite parity
states.

What we are interested in below is not an EDM of this
kind, but a permanent EDM which causes a linear Stark
effect even for an infinitesimally weak E. Such an EDM
is a genuine signature of P and T violation or CP viola-
tion.

B. Permanent atomic EDMs

A permanent EDM of an atom (or molecule) can be
due to EDMs of electrons and/or nucleons, P and -T

violating nucleon-nucleon forces, and/or P and -T
violating electron-nucleon and possibly electron-electron
forces. In other words, measurements of atomic EDMs
provide information about several CP-violating effects.
But in general EDM measurements for various atoms
and —for a given model of CP violation —reliable atomic
and nuclear physics calculations are needed to disentan-
gle the above-mentioned effects. The new improved
bounds on the electron EDM d, referred to in Sec. I rely
on the theoretical result that relativistic effects enhance
the contribution of d, to the EDMs of cesium and thalli-
um by two orders of magnitude and more, respectively
(see below). For that reason we discuss the contribution
of d, to an atomic EDM dz in some detail and mention
the nuclear contribution to dz only cursorily.

1. Schiff's theorem

H =HO +HEDM =Ho +I [Q Ho ] (2.2)

Given the eigenstates P„of Ho with eigenvalues E„,
the corresponding eigenstates of H are e'~P„ to the
lowest nontrivial order in d, since

To put the relativistic enhancement into perspective, it
is useful to recall a theorem due to Schi8' (1963) which, if
it applies, would amount to exactly the opposite. Schiff
showed that the EDM of a nonrelativistic atom vanishes
irrespective of whether the atomic constituents have
EDMs or not. The theorem is based on two assumptions:

(1) Atoms consist of nonrelativistic particles, which in-
teract only electrostatically.

(2) The electric dipole moment distribution of each
atomic constituent is identical to its charge distribution.

An atomic nucleus is treated here as a single charged
particle. The two assumptions are not completely in-
dependent of each other.

The theorem can be proven by use of a simple relation
between the Hamiltonian H containing the EDMs of the
constituents and the Hamiltonian Ho that does not when
an external electric field is present. With the translation
operator Q= i+~(djl—e~) V, where e and d. are the
charge and EDM of the jth constituent, H can be ob-
tained from Ho by
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e '~He'~$„=[Ho+0(d~) JP„

=E„P„+O(d~ ) . (2.3)

That is, the energy eigenvalues of the states P„and e'~P„
are equal up to O(d, ). There is no energy shift linear in
the constituent EDMs, even in the presence of an exter-
nal electric field, which means the constituent EDMs
cannot produce a net atomic EDM. Note that the
theorem is valid even when a nucleus has an EDM, as
long as it is treated as a nonrelativistic pointlike particle.

2. Relativistic enhancement of the
contribution of d,

The P-violating and CP-conserving standard neutral current,
that is, Z boson exchange, can produce a nonzero EDM (D~ )
of an unstable state (Zeldovich, 1960; Bernreuther and Nacht-
rnann, 1983). However, this does not lead to a linear Stark
effect.

The theorem works quite well for the ground-state hy-
drogen atom, for instance, but it fails badly for many
atoms. In fact, enhancement of the contribution of an in-
dividual constituent by more than two orders of magni-
tude is not uncommon in heavy atoms. Let us consider
light atoms first (Salpeter, 1958; Sandars, 1968). The
above assumptions are violated by relativistic effects such
as the relativistic kinetic energy of electrons and the
spin-orbit interaction which are formally of 0 (a ). The
spin-orbit interaction violates in particular the second as-
sumption of the theorem. For instance, the charge distri-
bution of a p, &2 state is spherically symmetric while its
spin distribution is proportional to cos(28).

States with opposite parities mix with each other
through P-violating interactions. Such mixing can be
caused both by T-conserving and T-violating interac-
tions. However, only the portion of mixing due to P- and
T-violating interactions, such as those induced by per-
manent EDMs of electrons and nucleons, gives rise to an
energy shift linear in the external electric field E. The
EDM interaction due to d, AO mixes, for instance, the
hydrogen ground state 1s,&2 with 2p, ~2 and 2p3/2 When
relativistic effects in the binding force are taken into ac-
count, 2p, &2 and 2p3/2 are split by the spin-orbit interac-
tion. Then the cancellation that leads to Schiff's theorem
is no longer exact. This yields a contribution to the hy-
drogen EDM d~ of O((KEIR/R )d, ), where EErs is

the spin-orbit energy splitting and R =13.6 eV. This
means that the contribution of d, to d~ is suppressed by
EEL&/8 =a . When states of opposite parities are
closely spaced such that bE=O(EELY), there is no

suppression, contrary to the naive expectation from
Schiff's theorem (Sandars, 1965, 1966). The failure of the
theorem is more spectacular for the first excited state of
hydrogen, as 2s&&2 and 2p&&2 are split only by the Lamb

shift. With AEz, mb/R =a, we expect that the contri-
bution of the electron EDM to the atomic EDM will ac-
tually be enhanced by b EL& /AEL, b

—1/a = 137, which
is confirmed by an explicit calculation (Sandars, 1968).

Enhancement occurs most conspicuously in heavy
atoms with an unpaired electron. In such an atom a
valence electron feels an unshielded strong Coulomb field
when it comes close to the nucleus. Since the electron ve-
locity is comparable to the velocity of light in the inner
core region of a heavy atom, the nonrelativistic approxi-
mation breaks down completely, and the contribution of
d, to d~ is not suppressed at all. Qn the contrary, the
singular behavior cc1/r of the electric dipole interac-
tion at short distances makes the mixing between
opposite-parity states very strong. This results in a
strongly enhanced contribution of d, to d„.Some of the
enhancement factors calculated in the past are tabulated
in Table I. For instance, for thallium, where the 6 p, &2

state mixes with 7 s, &z among others, an enhancement of
500 to 700 has been predicted. First-order Hartree-Fock
calculations (Johnson et a/. , 1986) yield a larger number,
but this approximation is unreliable (Johnson et al. ,
1986; Kraftmakher, 1988). This large enhancement fac-
tor and an enhancement factor of about 100 in the case of
cesium were the incentives for undertaking precision
measurements of the atomic EDMs of Tl (Cho et al. ,
1989; Abdullah et al. , 1990) and Cs (Murthy et al. ,
1989), respectively.

For atoms with electrons paired, electron EDMs sum

up to zero naively. However, a hyperfine interaction
prevents complete cancellation, and a small net atomic
EDM results from a nonzero d, (Fortson, 1983). Atomic
EDMs of paired electron atoms, i.e., those of Hg and
ground-state Xe, were measured much more accurately
than those of unpaired atoms. In fact, before the recent
measurement of the EDM of Cs, the best upper bound on
the electron EDM had been deduced from the atomic
EDM of the 'So ground state of Hg. The last column of
Table I tabulates the values of the electron EDM de-
duced from the measurements of various atomic EDMs.

3. Nuclear contributions

Schiffs theorem also fails for realistic nuclei. A nu-
cleus is not a pointlike particle. Once the structure of a
nucleus is taken into account, the first assumption of the
theorem is violated because nuclear forces have nothing
to do with electrostatic forces. Furthermore, if the pro-
ton and neutron have EDMs, the EDM distribution of a
nucleus is quite different from its charge distribution be-
cause nuclear forces are strongly spin dependent. Nu-
clear contributions to an atomic (or molecular) EDM d~
are usually discussed by considering P- and T-odd nu-
clear multipoles which interact with the atomic electrons.
These P- and T-odd interactions can induce mixing be-
tween opposite-parity states and can thus lead to a
nonzero dz. Two T-odd nuclear moments are usually
taken into account in this context: a nuclear magnetic
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TABLE I. The enhancement/suppression factor R, defined by d& =Rd, + (nuclear contribution),
where d„ is the atomic EDM and d, is the electron EDM. The calculated values of R are subject to un-
certainties due to methods of calculation. Some references quote more than one value of R for a given
atom. For the uncertainties involved in the calculation of R, the references should be consulted. The
last column lists the values for d, deduced from the experimental results on atomic EDMs.

Atom

Li
Na
K
Rb

Cs

Fr

Xe('P, )

Xe('So)
Hg

Enhancement/suppression factor R

4.5X10,' 4. 19X10
0.33'
2.65,' 3.04
27.5,' 27.2 16-24'

133 ' 159 131 80- 106'

1150'

—700+ 100,' —500, ( —502) —( —607)'

130g
—0.8X10-' "'
—1.4X 10

d, (e cm)

&3X10 "j
( —2.7+8.3)X10 ""
(1.9+3.4) X 10
( —1.4+2.4) X 10
(0.1+3.2) X 10
(0.7+2.2) X 10
(4+14)X 10
( —0.5+1.1)X10-"~

'Sandars, 1965, 1966.
Sternheimer, 1969.

'Johnson et a/. , 1986.
Ignatovich, 1969.

'Sandars and Sternheimer, 1975.
Flambaum, 1976.
Player and Sandars, 1970.

"Flambaum and Khriplovich, 1985.

'Martensson-Pendrill, 1985.
"Weisskopf et al. , 1968.
"Murthy et al. , 1989.
'Gould, 1970.

Cho et al. , 1989.
"Abdullah et al. , 1990.
'Void et al. , 1984.
Lamoreaux et al. , 1987.

quadrupole moment (Khriplovich, 1976) and a so-called
nuclear "Schiff moment" (Sandars, 1967; Hinds and San-
dars, 1980; Coveney and Sandars, 1983; Dzuba et al. ,
1985; Flambaum et al. , 1985), which arises if the charge
and EDM distributions of a nucleus are different. (The
total EDM d of a nucleus is not relevant here: In a sta-
tionary atomic or molecular state the average electric
field E at the nucleus vanishes; i.e., the interaction d.E is
absent. However, nucleon EDMs distributed over a finite
size in a nucleus can contribute to the Schiff moment. )

The magnetic quadrupole moment of a nucleus contrib-
utes to an atomic EDM only if the electron cloud has
nonzero angular momentum. Furthermore it should be
recalled that atoms with spin- —,

' nuclear ground states,
e.g. , ' Xe, ' Hg, Tl, and Tl, have zero magnetic
quadrupole moments.

At the nuclear level these moments can be generated
by P- and T-violating effects such as proton and neutron
EDMs and P- and T-violating nucleon-nucleon interac-
tions. For instance, calculations of the magnetic quadru-
pole moments and Schiff moments of various nuclei in
terms of the parameters of a general P- and T-odd
nucleon-nucleon interaction were made by Sushkov et al.
(1984). A systematic attempt to identify the contribution
to the Schiff moments at the level of quarks and gluons
and to estimate the strength of these P- and T-odd ha-
dronic interactions in some models of CP violation was
made by Katsymovsky et al. (1988).

Not only P- and T-violating hadronic interactions, but

d~ =R d, +cz, (2.4)

where the enhancement/suppression factor R depends on
the given atom, whereas the contribution c& involving
nucleons depends on the given atom and on the mecha-
nism of CP nonconservation. Obviously, if a nonzero dz
for some atom should be found, elaborate theoretical in-

put would be necessary but possibly not sufFicient to pin
down its origin. So far only d~ s consistent with zero
have been measured. It is customary to deduce from
these measurements upper bounds on the electron EDM
(see Table I) and on the parameters appearing in c~ [see,
for example, the compilation by Barr and Marciano
(1989)], barring accidental cancellations between the
different contributions in Eq. (2.4). We may feel less un-

also P and T-violatin-g electron-nucleon (or quark) in-
teraction can produce a nonzero d ~ . At the level
of dimension-six operators, one can define three inde-
pendent CP-violating local electron-nucleon interac-
tions aT(iNo& y&N)(eo e), a&(iNy5N)(ee), and

as (NN )(ie y 5e ) (Bouchiat, 1975; Hinds et al. , 1976;
Flambaum and Khriplovich, 1985). Bounds on aT, as,
and a&, respectively, or linear combinations thereof, have
been derived by Flambaum et al. (1985), Martensson-
Pendrill (1985), Lamoreaux et al. (1987), Schopp et al.
(1987), Cho et al. (1989),and Murthy et al. (1989).

In view of the above discussion, the EDM of an atom
(or molecule) can be written schematically
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comfortable with this approximation for unpaired elec-
tron atoms such as Cs and Tl, where the electron EDM
contribution is enormously enhanced. However, from a
measurement of, say, d T~ with a sensitivity of order 10
e cm, one can infer a sensitivity to d, of a few times
10 e cm only if

I cz I
8 10 e cm can be established

for Tl. Further theoretical studies are thus desired on
this point. The danger of an accidental cancellation can
be reduced by analyzing the implications for d, and c&
from dz 's of several di6'erent atoms.

4. Future possibilities

Hadronic P- and T-nonconserving interactions can be
considerably enhanced in certain rare and actinide nuclei,
in which nearly degenerate opposite-parity ground-state
doublets exist which are mixed by these CP-violating
forces. Haxton and Henley (1983) find nuclear EDMs
and magnetic quadrupole moments that are more than 10
and more than 100 times larger, respectively, than the
moments generated by the unpaired valence nucleon.
However, Sushkov et al. (1984) appear not to be in com-
plete accord with these endings. Whether the EDMs of
these atoms can be measured with high precision remains
to be seen.

Spectacular enhancements of the contribution of d, to
dz can occur in certain diatomic molecules with very
closely spaced rotational levels of opposite parities (Sush-
kov and Flambaum, 1978; Ciorshkov et al. , 1979). For
instance, for BiS it was estimated (Sushkov and Flam-
baum, 1978) that there is an enhancement factor
R = 10 —10". If experiments are feasible, this opens the
possibility of a substantial increase in sensitivity to d„
even compared with Eq. (1.8).

III. THE ELECTRON EDM IN THE
STANDARD MODEL

In the remainder of this article we review the predic-
tions of various models of CP nonconservation for the
electric dipole moment of the electron. We begin with
the Standard Model of particle physics.

In the three-family SU(3)c XSU(2)L XU(1)r model of
electro weak interactions, CP violation arises —apart
from the "0 term" in quantum chromodynamics, which
is of no concern to us here —from the complex couplings
of the charged weak quark currents, i.e., the Kobayashi-
Maskawa matrix V. All CP-violating phenomena ob-
served so far in the neutral kaon system can be accounted
for by the Kobayashi-Maskawa mechanism. This mecha-
nism generates, however, only tiny electric dipole mo-

ments of baryons. For instance, for the neutron one ex-

pects Id„ I KM & 10 ' e cm (Shabalin, 1978, 1980, 1983;
Morel, 1979; Nanopoulos et a/. , 1980; Deshpande et ajt. ,

1982; G-avela et al. , 1982; Khriplovich and Zhitnitskii,
1982; Eeg and Picek, 1983, 1984; McKellar et ah'. , 1987;
He et al. , 1989). If neutrinos are massless, no CP

d, =eGFm, a a,J/(4~) (3.1)

where GF is the Fermi decay constant, u, is the strong
interaction coupling, and J cic2c3sis2s3$s(c;=cosO;,2

s, =sinO;, ss=sin5) is the invariant combination of the
Kobayashi-Maskawa angles to which all observable CP-
nonconserving effects are proportional in the Standard
Model (Greenberg, 1985; Jarlskog, 1985; Botella and
Chau, 1986). Using IJI &2X10,we obtain

Id, I

~10 e cm . (3.2)

At this point we may note that it is possible to set a quite
model-independent upper limit on the electron EDM
arising from hadronic CP violation through an induced
EDM of the 8'boson. CP nonconservation in the had-
ron sector can induce CP-odd terms in the y F+ W ver-
tex. In particular, it can generate an EDM of the W bo-
son, which corresponds to an interaction term of the
form i (e/2)A, ice" 'i'WtW F, where F„ is the elec-
tromagnetic field tensor. This interaction will in turn
lead to EDMs of fermions, in particular, of the neutron
and the electron. From the upper bound on the neutron

FIG. 1. An example of a three-loop quark contribution to the
electron-photon vertex in the Standard Model. The cross
denotes a mass insertion.

violating couplings occur among leptons. Nevertheless
CP violation in the hadron sector can induce nonzero
EDMs of leptons, in particular, of the electron. This
eRect was studied within the Standard Model by
Hoogeveen (1990). In the Standard Model with massless
neutrinos, CP violation in the lepton sector originates
from quark loops. The Feynman diagrams which gen-
erate a nonzero d, must be at least of three-loop order
(see Fig. 1). (If only two W bosons couple to the quark
loop, the diagram is independent of the CP-violating
Kobayashi-Maskawa phase as its dependence on the
Kobayashi-Maskawa matrix is of the form

I V;. I
.) In the

limit that two-charge- —', quark masses or two charge- —,
'

quark masses are equal, CP violation vanishes in the
quark sector and d, must vanish, too. However, it was
recently demonstrated by Khriplovich and Pospelov
(1990) that d, is zero even to three-loop order. Yet they
expect a nonzero d, if gluonic corrections to quark lines
in diagrams like that of Fig. 1 are taken into account. A
very crude estimate of d, can be made using simple
power counting arguments:

Rev. Mod. Phys. , Vol. 63, No. 2, April 1991



W. Bernreuther and M. Suzuki: Electric dipole moment of the electron 319

This conclusion remains valid even if extra generations
with heavy neutrinos exist. Therefore, if future experi-
ments should find a nonzero EDM of the electron of
0 ( 10 e cm) or larger, it would signal a new CP-
violating interaction. Of course, failure to observe d, at
this level cannot necessarily be regarded as a positive
proof of the Kobayashi-Maskawa model of CP violation.

FIG. 2. One-loop Standard Model contribution to the lepton-
photon vertex.

EDM, Marciano and Queijeiro estimated that
~A, ~~ & 10 . This limit implies that the electron EDM
generated by this interaction is smaller than 10 e cm
(Marciano and Queijeiro, 1986).

After this digression let us now discuss the possible
CP-violating leptonic couplings in the Standard Model.
If at least two of the three neutrinos are massive and
their masses are different, then CP violation can occur in
the lepton sector —in analogy to the quark sector—
through complex couplings of the weak leptonic currents
due to a lepton mixing matrix VI. The charged current
interaction is

LI = (g/+2)—NI y"HEI 8'„+ +H. c. , (3.3)

d, =e(a /m )Gzm, f, =6X 10 9f, e cm, (3.4)

where E=(e,p, ~) and N=(vt, v2, v3) are mass eigen-
states. If the neutrinos are Dirac particles, then, in corn-
plete analogy to the Kobayashi-Maskawa matrix of the
quark sector, VI has four observable parameters —three
Euler angles and one CP-violating phase. If the neutrinos
are Majorana particles, V& contains two more CP-
violating phases (Bilenky and Petcov, 1987). However,
the resulting lepton EDMs are too tiny to be interesting:
To one-loop order the lepton-photon vertex cannot pro-
duce an EDM because it is proportional to (V&)t;( VI*)&;,

and possible CP-violating phases cancel (see Fig. 2). In
two-loop order with respect to the weak couplings, each
single diagram can contribute to an EDM, but the sum of
all diagrams yield a zero EDM. This was shown for the
electron (Donoghue, 1978) and for quarks (Shabalin,
1978). As no symmetry argument is known that extends
to higher orders, one expects the EDM of a lepton (or a
quark) to be nonvanishing in three-loop order The esti-.
mate of the leptonic three-loop contribution to d, can be
expressed in the form

IV. NONSTANDARD MODELS
OF CP VIOLATION
AND eke e OVERVIEW

Many "nonstandard" CP-violating interactions involv-
ing leptons are conceivable once we depart from the
Standard Model with a single complex Higgs doublet.
Various models of CP nonconservation have been pro-
posed and analyzed in the literature. A posteriori CP-
violating interactions are weaker than CP-conserving
weak interactions. In view of the experimental sensitivi-
ty, we are therefore mainly interested in models that gen-
erate an electron EDM to one-loop order. However,
higher-loop effects on d, may also be important. In fact,
it was recently pointed out (Barr and Zee, 1990) that in

Higgs models of CP violation some two-loop contribu-
tions to d, are by far more important than the one-loop
effect (see Sec. VII.B). In renormalizable gauge models,
the generic one-loop diagrams that can give rise to a
nonzero EDM d, are depicted in Fig. 3. The boson B
must couple both to el and to e~ with complex couplings

gI and gz, respectively, such that Im(gLg~)WO. More-
over, the necessary chirality Aip must come from the
mass term of the intermediate fermion F, which can be
much larger than m, . The formulas for d, corresponding
to the diagrams of Fig. 3 are given in the Appendix.

It is convenient (Barr and Marciano, 1989) to distin-
guish between Aavor-conserving and Aavor-changing
models of CP violation. Models whose most significant
one-loop effect on the EDM of the electron (and/or of
the neutron) is represented by the amplitudes of Fig. 3,
where I" is not necessarily a fermion from the second or
higher generation, are assigned to the first category.
Among them are some popular models: (1) Supersym-
metric models, in which E can be the scalar electron (sca-
lar electron-neutrino) and 8 can be a neutralino (chargi-
no); (2) Left-right symmetric models, in which I' can be
the electron-neutrino (more precisely, the light v,L slight-
ly mixed with a heavy N,~) and B can be a charged weak

where f, denotes a product of small mass ratios and lep-
ton mixing angles that must also be small. For compar-
ison, the corresponding factors f for quarks are of the or-
der of 10 or smaller. From data on the e —p —~
universality and from the experimental upper bounds on
m „m„„, and m, one concludes that ~f, ~

&& ~fq~.
eL eR eL 8

Barr and Marciano (1989) give an

~d, ( « 10 ' e cm, which translates to
~f, ~

&& 10
estimate

FIG. 3. Generic one-loop diagrams that can generate a nonzero
EDM of the electron. I" denotes a fermion and 8 denotes a bo-
son of spin zero or one.
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vector boson; (3) Higgs models, in which F is the electron
and B is a Higgs particle with indefinite partity. These
models will be discussed in the following sections. On
the other hand there are many models that can generate
a large electron EDM, that is, ~d, ~

~ 10 e cm, by the
exchange of an intermediate heavy fermion F from a
higher generation in the diagrams of Fig. 3. These mod-
els are put into the second category, and some of them
will be discussed in the section on lepton-flavor-changing
models.

V. SUPERSYMMETRlC MODELS

One of the main theoretical motivations for consider-
ing supersymmetry in particle physics is that it may ex-
plain how two distinct, and widely different, energy
scales (the electroweak scale and the Planck scale) can be
sustained. In the supersymmetry approach to this so-
called gauge hierarchy problem, the electroweak scale is
generated by the dynamics of the supersymmetric theory,
which at the Planck scale is usually assumed to be X = 1

supergravity. One usually considers models that are a
minimal supersymmetric extension of the Standard Mod-
el, in which supersymmetry is broken by soft terms in-
duced by X=1 supergravity (Chamseddine et al. 1982;
Ibanez, 1982; Alvarez-Gaume et al. , 1983; Ellis et al. ,
1983a, 1983b; Ibanez and Lopez, 1983; Nilles et al. ,
1983; the word "soft" refers to terms that break super-
symmetry without reintroducing quadratic divergences
into the unrenormalized theory. ) What are the sources of
CP violation in these models~ As in the Standard Model,
there is the Kobayashi-Maskawa phase 5 in the quark
mixing matrix, possibly an analogous phase (or phases in
the case of massive Majorana neutrinos) arising from a
lepton mixing matrix, and the @CD 0 parameter. In ad-
dition, supersymmetry models can have a few more in-
teresting CP-violating phases, which arise from complex
parameters in the super potential and in the soft
supersymmetry-breaking terms (see below). While the
Kobayashi-Maskawa mixing is of importance for CP
nonconservation in quark-flavor-changing processes, its
eifect on EDMs is bound to be very small (Chia and Nan-
di, 1982; Duncan, 1983). However, nonzero "supersym-
metric phases" generate fermion EDMs already to one-
loop order, irrespective of generation mixing (Ellis et al. ,
1982; Buchmuller and Wyler, 1983; del Aguila et al. ,
1983; Frere and Gavela, 1983; Polchinski and Wise,
1983; Franco and Mangano, 1984; Gerard et al. , 1984;
Petcov, 1986). Since the purpose of this section is to
focus on predictions on the electron EDM that are
characteristic of supersymmetry models, neutrino masses
are not of primary interest in what follows. We therefore
set them to zero and comment on the effects of nonzero
neutrino masses at the end of this section. Then our sur-
vey is based on a popular supersymmetry model, often re-
ferred to as the supersymmetric standard model, which is
specified below (for reviews, see Nath et al. , 1984; Nilles,
1984; Haber and Kane, 1985; Lahanas and Nanopoulos,
1987).

The model involves gauge supermultiplets of the gauge
group G, =SU(3)CXSU(2)L XU(1)r and three genera-
tions of left chiral matter supermultiplets for quarks, lep-
tons, and their supersymmetry partners and two Higgs
supermultiplets. The quantum numbers of the matter su-
permultiplets with respect to 6, are

Q;(3, 2, —,'), U;(3*,1, ——', ), D;(3*,1,—,'),
L;(1,2, —

—,'), E;(1,1, 1),
8, (1,2, Tt), 82(1,2, —

—,'),
(5.1)

where Q;=(0;,D;), L; =(8;,E;), the index i refers to
generations, and each supermultiplet consists of a parti-
cle and its supersymmetric partner, such as E, =(er, eL )

and E;=(ez, e z ), with e and e denoting the electron and
its spinless supersymmetric partner, respectively. The
Lagrangian of the model is

Lo+Lw+L (5.2)

where Lo denotes the kinetic terms and gauge interac-
tions and L~ is obtained from the superpotential 8' of
the Higgs multiplets,

—W= 0' 'h UQH, +D 'hD QH2+E 'hFLH~

+pB,H~+ H. c.

The supersymmetry breaking terms are

L soft U R k U QL H i +D Jt kD QL H2 +E tt CELL H2

(5.3)

+pBH, Hz+ —,'gp;z z;+ —,'gm, A,,A,, +H. c.

(5.4)

g~= Ah~ (X= U, D, E), (5.5)

where A is some complex mass parameter. Then, apart

In Eqs. (5.3) and (5.4), h and g are 3 X 3 matrices in gen-
eration space, H& and H2 denote the scalar Higgs dou-
blets, z,. is the scalar partner of any matter field, and the
last sum in Eq. (5.4) is over the Majorana mass terms of
the gauginos.

Following Dugan et al. (1985), let us now identify the
CP-violating phases: The complex Yukawa coupling ma-
trices hU and hD lead, after diagonalization of the quark
mass matrices, to the Kobayashi-Maskawa phase 5.
Here hE will be taken to be real and diagonal. Further-
more, in Eqs. (5.3) and (5.4), the matrices JUDE, the
mass parameter p, 8, and the Majorana masses m, are
complex in general. Moreover, there may be off-diagonal
complex scalar mass terms p, . for z; in Eq. (5.4). By
redefining the phase of, say, H„we can make the term
pB in Eq. (5.4) real, and therefore the mass tM has a fixed
phase p= ~tM~ exp( itptt). T—he Majorana masses m, can
also be made real by absorbing their phases into k, .
These phases are then shifted into interaction terms (see
below). Often one considers models in which at tree level
all m, have a common phase and
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=&2ey(e, e,* e, e R )+—H. c. , (5.6)

where e & 0 is the positron charge, y is the four-
comPonent Majorana sPinor field y =( i i.r, i k—,r ) of the
photino, and eI ii

=
—,'(1+ys)e. In the ground state of the

model, where the Higgs fields H, and H2 acquire vacuum
expectation values U, and U2, respectively, the terms in
Eqs. (5.3) and (5.4) yield the following selectron mass ma-
trix:

from the Kobayashi-Maskawa phase 5 and the QCD pa-
rameter 9, there are two more CP-violating phases (Du-
gan et a/ , 1. 985; Barr and Masiero, 1988), namely those
of A and 8, which can be expressed in terms of
Pz =arg(Am, *) and Pe =arg(Bm,*) without a specific
phase convention (Dugan et al. , 1985). However, in gen-
eral the phases of gU, gz, and gE are not related to each
other, nor are those of m, .

Let us now come to the electron EDM. In the model
specified above, it is generated by the one-loop neutralino
and chargino exchanges depicted in Figs. 4 and 5. (More
precisely, one should consider neutralino and chargino
mass eigenstates, respectively, rather than treating gaugi-
no mixing to first order as indicated in Figs. 4 and 5.) As
too many unknown mass and mixing parameters are in-
volved, the general expression for d, resulting from these
diagrams is not very illuminating. To assess the typical
order of magnitude of a supersymmetry contribution to
d„we restrict ourselves to the photino exchange contri-
butions in Figs. 4(a) and 4(b). (This may be justified by
assuming that the photino is the lightest supersymmetric
particle. ) As hz=h;5; and gz=g', 5,", the leptonic terms
in Eqs. (5.2)—(5.4) are fiavor diagonal. In particular, Lu
in Eq. (5.2) contains the photino-electron-selectron cou-
pling (in the convention of Haber and Kane, 1985)

eL lfL

FIG. 5. One-loop chargino contribution to d, .

A, m, =g, uz+p*h, u,

=m, (g, /h, +p*u, /u2)

by use of m, =h, U2. In what follows we shall put

A, =
l A, l exp(iyz ) .

(5.8)

(5.9)

eL =exp( —2iy„)(ceei+see2),

eR =e"p( 2'O'2 )( e 2 e i ) .
(5.10)

Then the mass matrix in Eq. (5.7) has the eigenvalues

M2i, =
—,
' [p2L+ @~+2m 2+ [(p2L —p~ )2+4m 21 A, 12]'~2],

(5.11)

and the mixing angle 0 is given by

tan2&=21 &, Im, /(p& —pg ) . (5.12)

The photino mass term, resulting from Eq. (5.2), is, in
two-component notation,

The mass parameters l A, l,pL, pit —and others appear-
ing in I.„«—are expected to be of the order of the 8'
mass. We may transform eL and e~ to mass eigenstates
e i and e2,

I L™e ~erne eL
L = —(e*,e')M' ' Am p +m e

where we have defined

(5.7)

LM= —
—,'my', A. +H. c. .

y y y

The Majorana mass m is in general complex:
y

mz =M~ exp(iy ),

(5.13)

(5.14)

(b)
where M )0. In the basis of mass eigenstates with real

y
mass eigenvalues, the photino interaction reads

eL y, z

I
L ~I
I

eL 7 'R

(d)

L =&2e g y(eL I I, +evil z, )e,*+H.c. ,
a =1,2

where

I L, =exp[ —,'i(q&„—p )](ce,se),

I ii =exp[ ,'i(V w F—)—](se,—ce) . —

(5.15)

(5.16)

eL

II
eR I

I
%P 4

7,Z 'R

II
eL I , eL

I
%j

The EDM d, generated by the interaction (5.15) arises
from the diagram Fig. 14(a) of the Appendix. Using Eqs.
(5.15) and (A5), we obtain

FIG. 4. One-loop neutralino exchanges that contribute to d, .
Diagrams in which H & couples to electron-selectrons at both
ends are much smaller because they are of a higher order in rn, .

4This is demanded by "naturalness, " i.e., the requirement that
the electroweak symmetry-breaking scale be stable against radi-
ative corrections up to the Planck scale.
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d, = —e(a/2n)M. g [Im(I L, I z, )/M, ]I3(r„0)
a =1,2

12f(x)= —+1 3

(x —1)2 2 x —1

2x +1
lnx

(x —1)
(5.19)

= —e(a/2~)M~cesesin(y„— y )

X[I3(r»0)/M, —I3( py )/ 2] (5.17)

where r, =(M /M, ) . As mentioned above, we expecty'

p~ =pic =
I 2, I =O(Mii ). Then m, I &, I /M2i, 2 « I, so

we can expand Eq. (5.17) to first order in this quantity.
For simplicity, we set pl =pz =p and therefore
M', ,=p'+2m, l~, l

and ce=se=l/&2. In t»s case,
we obtain d, to first order in m, I 2, I /M i z.

(5.18)

where

d, = e(a/2—4n. )(m, I A, l/M' ) sin(y„—q& )f(M, /M ),

The function f(x) is smooth across x=1, where
f(x)=1. Equation (5.18) corresponds to Figs. 4(a) and
4(b).

Estimating d, numerically is not straightforward be-
cause no completely model-independent experimental in-
formation is available on M and M . Experimentaly'
analyses usually assume that y is the lightest stable su-
persymmetric particle. VA'th this proviso the tightest
limits on M and M to date were recently obtained byy

experiments at LEP (Adeva et al. , 1989; Akrawy et al. ,
1990a; Decamp et al. , 1990a). For instance, for the
mass-degenerate case M~, =M~2, the ALEPH and OPAL
experiments exclude M (43 GeV for photino masses up
to 35 GeV and 30 GeV, respectively, with 95% CL. Qn
the other hand, it is appealing to postulate
I A, l =M, =M =O(Mirz) from the viewpoint of "natu-
ralness. " With this postulate, Eq. (5.18) becomes

d, = —1.0X10 X(M /100 GeV) (I A, l/100 GeV) sin(q&„—y ) e cm . (5.20)

For comparison we estimate the supersymmetry contribution to the EDM of the neutron. %'e consider only the valence
quark contribution to d„. Among the various contributions to the EDM d of a quark, gluino contributions are expect-
ed to be the most important, as gluinos couple with the strong-interaction coupling constant [see Figs. 4(a) and 4(b) with
y~g, e~u, d, and e —+u, d]. Neglecting generation mixing and denoting the parameters of left-right squark mixing
uL++uti and dL++dz by A„m„and Ad md, respectively, in analogy to Eq. (5.7), we can compute d„and dd in analogy to
d, . In the nonrelativistic valence approximation d„=4dd /3 —d„/3, we obtain

d„=—e(2a, /81m. )(mdl Adl/M ) sin(gr„d —p )f(Md/M ) e(a, /81m)(—m„l A„l/M~) sin(p„„—y )f(M~/M ) .

(5.21)

Although the recently published experimental lower bounds on M and M are model dependent (Abe et al. , 1989), the
q

region M, M (75 GeV seems to be excluded on fairly mild assumptions. For an estimate we substitute m„=5 MeV,
q

md= 10MeV, a, =0.1, I A„l = IAdl, p~„=p„d, and M~ =Md =M~. Then

d„=—2X10 ( M~ /1 00GeV) (IAdl/100 GeV)sin(gad —y ) e cm . (5.22)

Long-distance strong-interaction effects tend to enhance
this valence-quark estimate (He et al. , 1989). Compar-
ison with

I d„ l,„~& 1.2 X 10 e cm suggests that, bar-
ring accidental cancellations between the two terms in
Eq. (5.21), the supersymmetric phases yz and y, more
precisely the supersymmetry phase difference yz
must be very small, or the masses of supersymmetric par-
ticles Inust be much larger than 100 GeV, or the squark
mixing parameters

I A~ I
&(100 GeV. However, choosing

M to be much larger than 1 TeV or choosing

I A~l &&100 GeV runs against the naturalness of the su-
persymmetric Standard Model. If M =

I 3 I
=100 GeV

and sin(pAq —
qy z)=O(1) then the photino and zino

contributions to d„already contradict its experimental

upper limit. If the phase difference y~ —
cp in the lepton

y
sector is comparable to those in the quark-gluon sector,
and if all supersymmetric particles have roughly the same
masses, Eqs. (5.20) and (5.22) imply

d, =10 d„. (5.23)

Substituting the experimental upper bound on ld„l, we
find from Eq. (5.23) ld, l(10 ecm. Note, however,
that Eq. (5.23) involves many assumptions. For instance,
if it happens that the gluinos are substantially heavier
than the photino, the ratio

I d, /d„ I would be much closer
to unity.

The present experimental upper bound on ld„l —and,
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to a lesser degree, that on ~d, ~

—indicates that the super-
symmetric phases times the sfermion mixing parameters
A may be quite small. Although no compelling reason
exists why this should be the case in general, it appears
that some mechanism ought to operate to suppress these
supersymmetric phases in viable supersymmetry models
of electroweak interactions.

Finally a remark about the effect of generation mixing
on EDMs: Suppose that all intrinsic SUSY phases, in
particular those of the left-right sfermion mixing terms
A, were zero, but the fermion and sfermion mass ma-
trices were complex. Because the quark and squark mass
matrices are diagonalized in general by different sets of
unitary rotation matrices, complex Aavor-nondiagonal
quark-squark-gluino (photino or zino) couplings arise in
the mass eigenbasis. These couplings lead to quark
EDMs at two-loop order (Duncan, 1983). With very gen-
erous assumptions about the strength of the Aavor-
changing gluino couplings, Duncan (1983) estimates the
resulting contribution to the neutron EDM to be less
than 8X10 e cm.

If the neutrinos are massive Dirac particles, then there
can also be CP-violating flavor-nondiagonal lepton-
slepton-photino (zino) couplings which generate a contri-
bution to d, in two-loop order. However, we expect it to
be of little relevance because we have for the correspond-
ing EDM contributions d, /d„~ (a/a, ) .

As to the charged currents that couple to the 8'bo-
sons and its supersymmetric partners, Chia and Nandi
(1982) showed that this contribution to quark and lepton
EDMs vanishes to two-loop order —as in the Standard
Model. Hence Kobayashi-Maskawa-type contributions
are expected to be as small as those estimated in Sec. III.

Vl. LEFT-RIGHT SYMMETRIC MODELS

Left-right symmetric models are based on the gauge
group SU(2)l X SU(2)z X U(1) (Pati and Salam, 1974;
Mohapatra and Pati, 1975; Senjanovic and Mohapatra,
1975; Mohapatra and Sidhu, 1977; Senjanovic, 1979;
Mohapatra and Senjanovic, 1980, 1981; Mohapatra,
1989). They are invariant under parity reflection before
spontaneous symmetry breaking. In the minimal version
(Mohapatra and Senjanovic, 1980, 1981), the large vacu-
um expectation values of two Higgs multiplets break the
gauge symmetry. A triplet Higgs gR transforming like
(1,3) under SU(2)L XSU(2)z is assumed to develop a
large vacuum expectation value to break parity symme-
try at the scale of 1 TeV or above, generating masses of
the right weak bosons, which are much larger than the
electroweak scale. The vacuum expectation values of a
complex multiplet P transforming like (2,2) contribute to
the masses of both left and right weak bosons and cause
mixing between them. The vacuum expectation values of
P are also responsible for the masses of quarks and lep-
tons. Because of parity symmetry, models contain right-
handed neutral leptons, i.e., right-handed neutrinos as
parity partners of left-handed neutrinos. The right-

WL

R

FIG. 6. Electron EDM in the minimal left-right symmetric
model in weak eigenstates.

(6.1)

where the summation is over the lepton families and the
charged leptons l; have been chosen to be mass eigen-
states. Since 8'I and O'R mix with each other through
the mass matrix

( WL+, W~+)
R 8 R

(6.2)

handed neutral leptons acquire large Majorana masses
from the vacuum expectation value of gR and mix with
left-handed neutrinos through Dirac masses, which are
generated by the vacuum expectation values of P. The
vacuum expectation value of a left-handed triplet
yz —(3, 1) must be very small, if nonzero, in order to
keep the left-handed neutrinos light. We shall ignore the
vacuum expectation value of yL in the following.

In left-right symmetric models, CP violation may exist
in the Higgs couplings even before spontaneous symme-
try breaking or may arise spontaneously, i.e., from the
phases of the complex vacuum expectation values of y
and (t upon symmetry breaking. CP violation manifests
itself in particular through phases of the complex 8'L-

transition mass term and of the complex Dirac
masses of neutral leptons. Not all of these phases are
physical, however (see below). The electron EDM arises
to one-loop order from mixing between the left and right
weak bosons and from complex neutral-lepton masses
(see Fig. 6; Ecker et al. , 1983; Liu, 1986; Nieves et al. ,
1986). For contributions to d, from Higgs exchange, see,
for example Liu (1986). In order to generate an EDM of
a magnitude of interest for experiments in the near fu-
ture, one needs a sizable Dirac mass connecting the left-
handed electron neutrino v,L and a right-handed heavy
neutrino NR. Such a large Dirac mass term can be ac-
commodated only if XR has a large Majorana mass and if
the mass eigenvalue of the light neutrino is suppressed by
the seesaw mechanism (Gell-Mann et a/ , 1979; Yan.agi-
da, 1979; Mohapatra and Senjanovic, 1981).

Let us parametrize the relevant interactions in the
minimal SU(2)t X SU(2)z XU(l) model. The charged
weak-current interaction of the leptons is given by

LI = (g/ 2)g(l I y"v L Wl.„+1gy"N g Wg„)+H. c. ,
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the two mass eigenstates 8'1 and 82 are related to 8'L
and 8 & by a unitary matrix U,

=U
2

cosg —sing

sing cosg
(6.4)

where we require, for the eigenvalues of (6.2),
M1 ——M~ &M2. The off-diagonal element 6 of the mass
matrix is complex in general. However, 6 can always be
chosen to be real by a suitable redefinition of the relative
phases of the O'I and Wz fields. We shall adopt this

phase convention for the 8' fields in the following. Then
the unitary matrix U is actually an orthogonal matrix,

where both v and N carry a generation index i =1 . n.
This 2n X2n mass matrix is a complex symmetric matrix.
The phases of its elements generate CP violation. Note
that a genuine CP-violating phase exists, even in the case
of a single generation, because the Dirac mass P~ can be
complex. (More precisely, there are two independent
phases: that of pD and, conventionally, that of p .) By
diagonalizing the neutral-lepton mass matrix by a
2n X2n unitary matrix V

(6.6)

~L,with V=( +), or explicitly

The neutrino mass matrix is represented by (Mohapatra
and Senjanovic, 1981)

(i =1, . . . , n) (6.7)

Pv PD v
(v', N)z T, +H. c. ,

PD Px
(6.5)

one obtains the charged current interaction in terms of
the mass eigenstates

n 2n

I.= —(g/ 2) g g g IV,"(Ul, VL; 1 I y„pl + U~, V~~l ~@„f/~ )+H. c.
i =1j= la =1,2

Comparison of Eq. (6.8) with the standard form in Eq. (Al) of the Appendix gives us

Gl',J
= —(g/&2) UL, VL;i, Gg;. = —(g /&2) U~, V~;. .

With Q, = —e and Q =0, we obtain from formula (A4)

eM~GF
d, = —

2 g (UL, U~, /M, )gm Im(VI, Vg, )I, (m /M„m, /M2) .e
4 2 2 La Ra a

(6.8)

(6.9)

(6.10)

The parameters appearing in Eq. (6.10) are constrained
by data from low-energy weak-interaction experiments
(see Table II; Donoghue and Holstein, 1982; Wolfenstein,
1984; Stoker et al. , 1985). The constraints imposed by
nonleptonic processes are based on the assumption that
the quark mixing matrices are identical for the left and
right sectors. On the other hand, semileptonic and lep-
tonic decays can constrain the parameters without such
assumptions. If the right-handed neutral leptons are too
heavy to be produced in known weak decays, one can set
a stringent limit on ~g~ because these leptons would nev-

ertheless cause a departure from universality. This limit
1S

(6.1 1)

Lower limits on the mass of 8'2 have been derived under
various assumptions (Mohapatra, 1989). Unless one re-

quires a high numerical precision, it is safe to assume

(M, /M~) ((1 and to ignore the IV& exchange processes
compared with the IV, ( = 8'I ) exchange processes.

TABLE II. The upper limit on the W'L —8'a mixing parameter g.

0.041
0.0055

I 0.OS
I- 0.004

for rn~ ~ ~ ig parameter of p~evv)'
(nonleptonic decays)
(validity of Adler-Weissberger relation)'
(Kobayashi-Maskawa matrix elements for b quark)'

'Stoker et al. , 1985.
Donoghue and Holstein, 1982.

'Wolfenstein, 1984.
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The simplest case of a single lepton generation —or of
many generations with negligible generation mixing—
deserves a detailed study, since it illuminates quantitative
implications of Eq. (6.10). In this case, we may keep in
the sum over j only the heavy neutral lepton of the first
generation. In order to keep the electron neutrino light,
we must exploit the seesaw mechanism. With p =0 and

Ipal « fp„l in Eq. (6.5), the electron neutrino mass is
given by

I'i, I'R;; =(/ D /~~, )&;, . (6.13)

e6~
& I, (mg, , /Ma, 0) sin2$ Impa .

8 2m

Numerically

d, =2. 1 X 10 I)(m~, /M~, ())

(6.14)

By substltutlllg Eq. (6.12) and UL ) Ua )
——~ sin2$ in Eq

(6.10), one obtains

~., =I/ D/@~I=I/ DI/m~, (6.12)
Xsin2$(lmpD/1 MeV) e cm . (6.15)

where m&, is the mass of the heavy right-handed neutri-
no

I ve =Q)L, Ne =1/')a 111 the notation of Eq. (6.6)]. The
lepton mixing is then

The integral I, (x, O) takes values from 2 to —,
' as x varies

from 0 to Oo. With the current experimental upper limit
fsin2( I &0.008 from Eq. (6.11),Eq. (6.15) gives

'8. 2X10 (ImpD/1 MeV) e cm for (mz, /M~) ))1,
3.3X10 (Impn/1 MeV) e cm for (mz, /M~) &&1 .2

It is often speculated the pa should be comparable to a
charged lepton mass, namely, the electron mass in our
case. From tritium beta decay, we have the upper limit
m &18 eV. For mz„a theoretical argument, namely,v

vacuum stability against the %~ loop correction to the
Higgs potential, requires that p& be less than, or at most
of the order of, 1 TeV (Hung, 1979; Mohapatra, 1986).
When we combine these bounds, Eq. (6.12) implies that
IpDI 4 MeV, which is consistent with the speculation.
Therefore pD =0(1 MeV) seems to be reasonable.

In some simple versions of left-right models, we can re-
late Id, I to the e' parameter of the E +2vr decay a—nd to
d„. Let us consider, for example, a model with no expli-
cit CP violation in which CP violation is spontaneously
broken by the vacuum expectation values of the Higgs
6elds. Such a model is often referred to as a pseudo-
manifest left-right symmetric model (Mohapatra, 1989).
For simplicity, we assume that mixing of the first and the
second quark generation to the third generation can be
ignored. Furthermore, we do not take into account pos-
sible generation mixing in the lepton sector. In this mod-
el the e' parameter arises entirely from 8'L-8'z mixing.
Therefore a nonxero value of e' would imply a lower
bound on the mixing parameter (He et a/. , 1989), which
in turn would yield, through Eq. (6.14), a lower bound on
fd, f. Unfortunately, present data are inconclusive on
whether e' is nonzero or not. Whereas the NA31 experi-

5Neutrinoless double beta decay does not provide us with a
direct constraint on m, . Only if we are willing to assume that
generation mixing is negligible, is the upper limit m„((1-2)
eV obtained (Caldwell, 1986; Fritschi eI; a/. , 1986; Vergados,
1986; Kayser, 1989).

ment at CERN obtained (Burkhardt et a/. 1988)

e'/E = ( 3.3+1. I ) X 10 (6.17)

the E731 experiment at Fermilab recently announced
(Patterson et a/. , 1990)

e'/e= —(0.4+1.4+0.6) X 10 (6.18)

(6.19)

where y and 6& are CP-violating phases from the quark
mixing matrices (Mohapatra, 1989), 81 z are the Cabibbo
angles for the left- and right-handed quarks, respectively,
and only the c quark intermediate state has been retained
in obtaining Eq. (6.19). Although the sources of CP
violation are cornrnon in the quark and lepton sectors,
the relation between Impn and the angles (y, 5&) is non-
trivial because of the di6'erence in the lepton and quark
mass matrices. Therefore, the CP-violating phases do not
cancel out in the ratio in Eq. (6.19). With

f sin(y+5&) I
& 1 and OL = Hz = Oc, Eq. (6.19) implies

1.5X10 IlmpD/1 MeVI for mN, ))M~
fd, /d„f) .

6X10 3flm/~/I Mevf for m&, «W~
(6.20)

In more general models of left-right symmetry, there is
no simple relation between d, and d„, nor a reliable
bound on Igf imposed by e' that leads to a lower bound
on fd, f.

In the model specified above one may also relate d,
and d„. If d„ is computed in the valence quark approxi-
mation (Beall and Soni, 1981; Ecker et a/. , 1983), one
gets

9 ImpD
e/ n 40 '

g g ( ~g )
1( Ne/ 8&
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When mixing between difFerent lepton generations is
included, the numerical analysis is complicated. Howev-
er, if the squares of all intermediate lepton masses m are
either much larger or much smaller than M~, the formu-
la for d, simplifies, thanks to the relation (Nieves et al. ,

1986)

Pm j ~L lj ~R 1j (PD ) 11
J

(6.21)

and Eqs. (6.14)—(6.16) remain valid. On the other hand,
if only a single term other than the first generation dom-
inates in the summation j over generations in Eq. (6.10),
it is likely that the prey decay is induced by a Aavor-
changing counterpart of the diagrams generating d, . Ac-
cording to the argument in Sec. VIII.A, id, ~

is naturally
bounded by 2.8X10 e cm in this case. If one adopts
the hypothesis that

~ Vj~ =(m, /m )'~ for m, ((mj, this
upper bound is lowered to 2. 5 X 10 e crn.

One can extend left-right symmetric models by incor-
porating more exotic fermions. Then a large electron
EDM can be generated by processes other than 8' ex-
change. One model that was recently proposed (Bose and
Mohapatra, 1989) contains charged leptons EI R which
are singlets of SU(2)L X SU(2)R. They couple to the light
leptons through Higgs doublets pL and pR, which trans-
form as (2, 1) and (1,2), respectively. Upon symmetry
breaking, pL and &pR mix with each other, and the elec-
tron EDM is generated by the diagram shown in Fig. 7.
CP violation arises from the Yukawa couplings and the
mass matrices. The electron EDM d, is given by

d, = g gm. Im(I'L, jI R*, )I4(mj /M„O)
)216m M, J.

(6.22)

in the notation of the Appendix, where the summation j
is over the exotic singlet charged leptons. When the

pL
—

pR mixing is small, the two terms in Eq. (6.22) tend
to cancel each other. It was suggested (Bose and Moha-
patra, 1989) that if the 8'R mass is about 1 TeV, then

mj =10 TeV and ~I L,j.l R*,~~ =4X10 . With these pa-
rameter values Eq. (6.22) gives d, =O(10 ecm). We
mention this model as an illustration of how, within the
basic idea of left-right symmetry, nonminimal models can
be built that produce an electron EDM larger than the

prediction of Eq. (6.14).
To summarize, in left-right symmetric models of CP

violation the electron EDM can be naturally in the range
of 10 to 10 e cm. As is the case in most models of
CP violation, d, tends to be smaller than d„because the
mass scale responsible for the electron chirality Aip is
generally smaller than the mass term that causes the
quark chirality Aip.

VII. HIGGS MODELS

Higgs models of CP violation were motivated by the
idea of linking the origin of CP nonconservation to the
mechanism that is also responsible for the absence of
SU(2)L XU(1) gauge symmetry in the spectrum of states,
i.e., spontaneous symmetry breaking (Lee, 1973, 1974;
Sikivie, 1976; Weinberg, 1976). Of course, spontaneous
CP violation need not necessarily be related to the elec-
troweak symmetry breaking scale; it could occur at
higher energies when some larger gauge group is broken
to SU(3)c XSU(2)L XU(1). One considers gauge theory
models with several Higgs multiplets whose Lagrangians
are CP invariant before spontaneous symmetry breaking.
The ground state of such a model is assumed to break CP
invariance. This is parametrized by vacuum expectation
values of Higgs fields which are complex relative to each
other. The complex vacuum expectation values lead,
after diagonalization of the fermion mass matrices, to
CP-violating Yukawa couplings of Higgs particles to fer-
mions. There may be additional sources of CP violation,
depending on the model under consideration. The sim-
plest models of spontaneous CP violation are extensions
of the SU(2)L XU(l) Standard Model by two or more
Higgs doublets of SU(2)L, some of which are discussed
below. (For a recent review, see, for instance, Bigi and
Sanda, 1989.) A major concern in the construction of
these models is Aavor-changing neutral currents induced
by neutral Higgs boson exchanges. Natural Aavor con-
servation is usually enforced in these models by imposing
a set of discrete symmetries on their Lagrangians. Then
at least three Higgs doublets are needed in order to have
spontaneous CI' violation (Weinberg, 1976). Models in
which CP violation is solely due to spontaneous syrnme-
try breaking face, however, various difhculties, some of
which are discussed below. "Hybrid" Higgs models, i.e.,
models whose Harniltonian is already CP noninvariant
before spontaneous syrnrnetry breaking, seem to be more
viable phenomenologically. Both classes of models allow
for CP violation among leptons in a natural way and, in
particular, for a sizable electron EDM of the order of
10 e cm.

A. Lee model

FIG. 7. Electron EDM generated by Higgs mixing in weak
eigenstates.

The two-Higgs-doublet model of Lee (1973,1974),
which is the simplest model of spontaneous CP violation,
has Aavor-changing neutral Higgs exchanges. Two possi-
bilities were discussed in the literature in order to bring
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this model into accord with experimental constraints on
natural fiavor conservation: (i) to assume large Higgs
masses of the order of 10 TeV (Sikivie, 1976; Lahanas
and Vayonakis, 1979; Branco et al. , 1985), or (ii) to as-
sume that the Yukawa couplings that lead to the viola-
tion of natural flavor conservation are very small (Liu
and Wolfenstein, 1987). Neither approach is unprob-
lematic theoretically. A source of leptonic CP violation
in the Lee model can arise from Aavor-conserving neutral
Higgs couplings. Such couplings will be discussed in the
context of the Weinberg model in Sec. VII.B. Moreover,
there are also CP-violating and lepton-Aavor-changing
neutral Higgs couplings. The effect of such coupling on
the electron EDM will be studied in a general framework
in Sec. VIII.

B. Weinberg model

This n1odel contains three Higgs doublets N; which al-
low for natural Aavor conservation and spontaneous CP
violation simultaneously (Weinberg, 1976). Several cou-
pling schemes of the doublets @; to the right-handed fer-
mion fields are possible. We mention only two possibili-

ties here:

1 R & @2 DR & +3 +R ~+R (7.1a)

+1 UR & +2 DR &ER & @3 +R (7. lb)

where U=(u, c t), D=(d, s, b), E=(e p, r), and N
= (v„v„,v, ). We assume for definiteness that the neutri-
nos are massive Dirac particles. The coupling schemes
(7.1a) and (7.1b) are enforced by imposing an appropriate
set of discrete symmetries. Before spontaneous symme-

try breaking, the Lagrangian of the model is CP invari-
ant. For the number of generations nG =3, it turns out
that natural Aavor conservation leads to a real quark
mixing matrix (Branco, 1980). CP violation arises then
from neutral and charged Higgs boson exchange only.
[However, this need not be true for nG )4 (Ecker et al. ,
1987).] The model contains four charged and five neutral
physical Higgs bosons, H —, z and P, , respectively. In the
basis where all fermion and scalar boson mass matrices
are diagonal, the Yukawa interactions of the physical
Higgs bosons are given by (Deshpande and Ma, 1977; Al-

bright et al. , 1980; Cheng, 1982)

and

LH= —(2v'26~)'~ g [U(a; VMDPz+p, MUVPL )DH; +N(y; VIMFP~+5;M&V&PL )EH;+]+H.c.
i =1,2

5

L~ = —( 26~)' g (gp~ UMU U+tg~~ Uy~MU U+gDJDMDD+igDJDy~MnD
j=l

+g~~EMEE+t g~ Ey ~MFE+g~~NM~N+t $~~Ny5M~N)$~ .

(7.2)

(7.3)

In Eqs. (7.2) and (7.3), MU, MD, Mz, and M~ are diago-
nal quark and lepton mass matrices, respectively, V
denotes the real orthogonal Kobayashi-Maskawa mixing
matrix, and VI is its leptonic analog. The parameters
a, p, y, 5 and the real parameters g, g depend on the mag-
nitudes and phases of the three vacuum expectation
values (Ol+; ~0), on the parameters of the Higgs poten-
tial, and on the coupling scheme. For instance, in the
case of (7.1a) one obtains y; =5, , whereas in the case of
(7.1b) one gets y; =p;.

CP violation generated by charged Higgs exchanges to
one-loop order is characterized by the parameters
Im(a;p,*) in the quark sector and Im(y;5,*) in the lepton
sector. The relations Im(aipi ) = —Im(a2p2 ) and

Im(y, 5; ) = —Im(yz5z ) hold (Albright et al. , 1980; Bran-
co et al. , 1985; Cheng, 1986, 1988). [Note that
Im(y;5,*)=0 in the coupling scheme (7.1a).] The neutral
Higgs particles P; can generate P and CP-violating -in-

teractions as they couple both to CP-even scalar and CP-
odd pseudoscalar densities. The mass eigenstates P; are
realized by the mixing of CP-even and CP-odd states
(Deshpande and Ma, 1977).

In the Weinberg model, strangeness-changing
~

hS
~

= 1

Im(a, P*, ))9, (7.4)

which is uncomfortably large.
As for EDMs, let us examine that of the neutron first.

and ~hS
~

=2 charged Higgs exchange amplitudes at one
loop must account for the observed CP nonconservation
in the K~ decays; i.e., for the parameter e, Moreover,
these amplitudes must account for the fact that
~e'/e~ &&1 if nonzero at all [cf. Eqs. (6.17) and (6.18)].
Several investigations (Dupont and Pham, 1983; Branco
et al. , 1985; Donoghue and Holstein, 1985; Cheng, 1986,
1988) indicate that this is possible in a semiquantitative
way, although predictions are that ~e'/el ) a few X 10
which is barely compatible with the data (6.17) and
(6.18). Fitting e to its experimental value requires a rela-
tively light charged Higgs particle, say H„with sizable
coupling Im(aipi ). However, recent searches at LEP
(Abreu et al. , 1990; Akrawy et al. , 1990b; Decamp
et al. , 1990b) for charged scalars exclude charged Higgs
particles with mass below 43 GeV. (The precise limits
depend on assumptions about the decay n1odes of the
Higgs particles being investigated. ) Then if mHi)45
GeV one obtains from the analysis of Cheng (1986, 1988)
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The charged Higgs interaction (7.2) generates EDMs of
quarks to one-loop order. The resulting EDM estimated
in the nonrelativistic valence quark approximation,
d„=O(10 e cm) (Cheng, 1986, 1988; Bigi and Sanda,
1987), is dangerously close to the present experimental
upper limit 1.2X10 e cm. The estimate by He et al.
(1989), which takes into account long-distance strong-
interaction effects on d„, is even larger: d„=O(10
e cm). Equally important are contributions from the neu-
tral bosons P;. Naively one expects their contributions to
d„ to be nonhazardous because they generate EDMs of
light quarks q which vanish like d -g; g; GFm /m &; as

m~ —+0 (see below). However, it was pointed out (Anselm
et al. , 1985) that the correct estimate of the low-energy
P;-nucleon couplings yields couplings proportional to the
nucleon mass. Hence these couplings are considerably
enhanced with respect to the quark couplings and do not
vanish in the chiral limit m„and md ~0. Assuming that
one of the neutral Higgs particles, say P„dominates the
contribution to d„, and choosing gq, g~, =O(1), one ob-

tains, following Anselm et al. , (1985), Cheng, (1986,
1988), and Cheng and Li (1990), approximately

anomalous dimension for the operator 0 (Braaten et al. ,
1990), which is necessary to scale c to low energies, and
with g„.g„+0(1), the effect of 0 on d„ for neutral Higgs
exchange is expected not to exceed 10 e cm. Howev-
er, when c is generated by CP-violating H +—exchange in
the Weinberg model, it is proportional to Im(a;P, *. ),
which is bounded from below by Eq. (7.4). In this case
the value for d„generated by 0 can potentially be larger
than the present experimental upper limit. Precise state-
ments are hampered by the fact that the matrix element
of 0 between neutron states cannot be evaluated reliably.

In view of all these difficulties, especially with CP
violation with H +—exchange, the Weinberg model hardly
seems to be viable any longer. The next round of experi-
ments on d„and e'/e should decide conclusively the fate
of this model.

Let us now discuss the contributions of charged and
neutral Higgs exchanges arising from Eqs. (7.2) and (7.3),
respectively, to the electron EDM. The one-loop effects
are bound to be very small. Using Eqs. (A2) and (A5), we
obtain for the contribution of the charged Higgs boson
H)

/d„/ =10 X(100 CxeV/m~, ) e cm, (7.5) (7.6)

which requires P, to be heavier than 100 GeV. Recent
results from LEP, summarized by Dydak (1990), imply
the lower bound m&& & 44 GeV.

Moreover it has been pointed out (Weinberg, 1989)
that the dimension-six, P- and T-violating effective gluon
interaction 0 =cf,„,G'"~6" 6 ' (where 6„ is the
gluon field-strength tensor and 6„ its dual), which is

generated in a large class of models of CP violation, can
have a sizable effect on the neutron EDM. In Higgs
models of CP violation the coeKcient c is generated by
two-loop diagrams with a top quark in the loop and a
neutral Higgs particle with indefinite parity being ex-
changed [Figs. 8(a)]. Specifically in the Weinberg model
of CP violation, c can also be generated to two-loop order
by charged Higgs exchange (Dicus, 1990); in which a r

quark is converted into a b quark in the loop by emitting
a charged Higgs H+ and then is transformed back into a
t quark by reabsorbing 0+ [Fig. 8(b)]. With the correct

Since the product m;( V& ) i, is severely bounded by the ex-
perimental data on the m —+pv branching ratio (Shrock,
1981;Bryman et al. , 1983)

im, (V, )„i'&3X10 ' Mev', (7.7)

3

g, ig„I4(m, /m~, , m, /m~, )
8m m~)

e &26~m,'
g„g„ln(m~, /m, ),

4m m~)
(7.8)

where I~ is defined in Eq. (A10). With I&, =100 GeV
[cf. Eq. (7.5)] and g„g„=1, Eq. (7.8) yields

the value of d, (H, ) computed from Eq. (7.6) cannot be
larger than 10 e cm.

The one-loop contribution of a neutral Higgs particle
is shown in Fig. 14(b) in the Appendix. Using Eqs. (7.3),
(A2), and (A5), we obtain for a neutral Higgs boson P,

d, = —4.4X10 e cm . (7.9)

FIG. 8. Examples of two-loop contributions of neutral and
charged Higgs particles to the e6'ective gluon interaction
f,b, G'"~G""~G „'„. Here P, and 0& are neutral and charged
Higgs particles, respectively, of indefinite parity.

Recently, however, it has been observed (Barr and Zee,
1990) that the suppression by m, /m& of the one-loop
neutral Higgs contribution is overcome at two loops. A
representative diagram is depicted in Fig. 9. The chirali-
ty fiip necessary for generating d, is provided by the P,ee
vertex and yields d, ~ m, . Barr and Zee (1990) find that
the amplitude of Fig. 9 contributes

(d, ), i
= G~m, F(m, /m ~, g„g„,g„g„), (7.10)

3(4m. )

where the function F is of order one or larger if
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FIG. 9. A two-loop diagram contributing to the electron EDM.
Here P, denotes a neutral Higgs particle of indefinite parity.

m, /m& & 1 and g, ig, i =g, ig, i =O(1). The factor in front
of F in Eq. (7.10) is about 3X10 e cm. In addition to
the t quark, 8'and charged Higgs bosons in the loop are
also significant. Barr and Zee (1990) find that the W con-
tribution is about five times larger than (7.10). This indi-
cates that the Weinberg or other Higgs models of CP
nonconservation can yield a substantial electron EDM at
the level of the present experimental sensitivity—
contrary to naive expectations. This will be discussed in
more detail in the next subsection.

C. Hybrid models

The Weinberg model assumes spontaneous CP viola-
tion as the sole origin of CP violation. In view of the
difBculties of this model discussed in the previous subsec-
tion, it is reasonable to consider a more general class of
models; i.e., Higgs models having, as well, hard CP viola-
tion through the couplings of the scalar fields. (After all,
CP violation may not have an aesthetically satisfactory
"unique" explanation. ) That is, one may consider Higgs
models with natural Aavor conservation in which CP
nonconservation results from 8'exchange as well as from
the charged and neutral Higgs exchanges. For three gen-
erations, the Kobayashi-Maskawa phase 5 provides an
extra CP-violating parameter. 8' exchange, which in-
volves 5 alone, can explain the observed CP violation in
KLdecays. Because of the experimental constrains aris-
ing from d„and e'/e, CP violation in charged Higgs par-
ticle mixing parametrized by Im(a;P,*) is likely to be
small, as discussed above. It may be avoided altogether
by considering models with just two Higgs doublets 4I
and @z (and any number of singlets). A model that has
been much discussed recently, and that is phenomenolog-
ically viable, is the two-Higgs-doublet extension of the
Standard Model in which, say, @2 gives mass to the

With the proviso not to enforce natural Aavor conservation
by a discrete symmetry, in order to allow for CP violation in
neutral-Higgs-particle mixing.

Q =
—,
' quarks (we ignore neutrino masses in this section)

and @, gives mass to the Q= —
—,
' quarks and charged

leptons. The spectrum of physical Higgs particles con-
tains a charged H +— which carries the Kobayashi-
Maskawa phase 6. CP-violating terms in the scalar po-
tential lead to three neutral mass eigenstates P; (with
indefinite CP parity) that couple to both scalar and pseu-
doscalar quark and lepton densities similar to Eq. (7.3);
here, for the charged leptons and Q = —

—,
' quarks, there

are now six couplings g„, g„(i = 1,2, 3 ), and for the
Q =—', quarks we denote the couplings by
(i =1,2, 3). Weinberg (1990) has introduced parameters
for measuring CP violation in neutral Higgs mixing
which are related to these couplings in the following way:

ImZO;+ ImZO, =2('„g„,
ImZo; —ImZO, =2g„g„,
ImZ „=2(„g„,
ImZ2, =2(„g„.

(7.1 1)

These parameters satisfy various sum rules and also
upper bounds, depending on the ratio of vacuum expecta-
tion values tanp=lvz/v,

l
(Weinberg 1990). "Maximal

CP violation" in neutral Higgs mixing is natural in these
models in the sense that these bounds can actually be
reached. The dominant contributions to the electron
EDM are the two-loop amplitudes discovered by Barr
and Zee (1990), which were discussed in Sec. VII.B. In
subsequent investigations by Gunion and Vega (1990),
Chang et al. (1991), Leigh et al. (1991), the W-boson
contributions were treated more carefully and other con-
tributions were taken into account. Definite numerical
predictions are hampered by unknown values of parame-
ters Even .if one assumes that the lightest P dominates
the efFect, d, depends on four unknowns (assuming
m, —140 GeV), m&, tanP, ImZO, and ImZO. Taking
lvpl » lv, I (suggested by m, »mb, m, ) and lImZol near
its upper bound of about lv2/2v; l (Weinberg, 1990), one
obtains ImZo ———ImZO. Choosing, for instance,

l
v 2/v, l

= 10, Gunion and Vega (1990) obtain

ld, l
&4X10 lImZol e cm=2X10 e cm

if m ~ (3m ii, , (7.12)

which is in conQict with the experimental upper limit Eq.
(1.8). Gunion and Vega point out that, for other parame-
ter values, ld, l is likely to be somewhat smaller, even if
CP violation is maximal; that is, if 2m~(m&; & 1 TeV
(i =1,2, 3), ld, l,„ is of the order of a few times 10 27e

cm for lvz/v, i=10. This is because d, is rather slowly

varying with m& above m&=2m~, and d, vanishes due
to sum rules for the CP-violating parameters (Weinberg,
1990) if the P; are mass degenerate. Nevertheless,
measuring d, at the level of a few times 10 e cm is a
very important and clean test of these models of CP
violation.
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The neutron EDM in this model is also dominated by
two-loop efFects, the most important ones being presum-
ably not due to quark EDMs but to chromoelectric di-
pole moments of light quarks and to steinberg's three-
gluon operator (see Sec. VII.B); the latter contribution is
proportional to ImZ2, whereas the chromoelectric dipole
moments depend on ImZ, and ImZ2). Using the renor-
malization group, CP-odd efFective low-energy interac-
tions can be constructed in terms of light quarks and
gluons, but a reliable calculation of d„based on these in-
teractions is not possible at present. [For chromoelectric
dipole moments one may resort to nonrelativistic valence
quark approximation (He et a/. , 1989) as one does for the
EDMs of the constituent quarks. ] Estimates yield
d„—10 e cm (Bigi and Uraltsev, 1990; Gunion and
Wyler, 1990), with large uncertainties, however.

As Higgs-fermion couplings grow with the mass of the
fermion, the EDMs of heavy quarks and leptons may be-
come substantially larger than d, . However, because the
one-loop contributions to df of a fermion f are propor-
tional to mf /m

&
[see Eq. (7.8)], whereas the two-loop

contributions discussed above [see Eq. (7.10)] are propor-
tional to amf, there is no simple scaling relation. For
the EDMs of the muon and the tau lepton, this manifests
itself as follows: For illustration let us assume that the
lightest Higgs particle with indefinite parity, say P„has a
mass of 50 GeV and that gfigfi O(1). Then
d, =1X 10 e cm is generated by the two-loop contri-
bution. For the muon we obtain (d„), i„-2X10
e cm and (d„)2i„—-2X10 e cm. Eventually, for the
tau lepton the one-loop contribution is somewhat larger
than the two-loop effect, namely, (d, ), „,~ = 1

X10 e cm, whereas (d )2i„—-3X10 e cm.
%Shat about the experimental sensitivity to d„and d 7

A forthcoming experiment aims at improving the mea-
surement of the anomalous magnetic moment of the
muon by about a factor of 20 (Hughes and Kinoshita,
1985). As a byproduct, sensitivity to d„will increase by
a similar factor. At present one has the 95% C.l.. upper
bound ~d„~ (7.3X10 ' e cm (Bailey et al. , 1979).

As to the ~ lepton, information on d can be obtained
by measuring CP odd correlat-ions (involving ~ momenta
and polarizations) in e+e ~~+& (Bernreuther and
Nachtmann, 1989). Because we expect that a large num-
ber of ~+~ pairs are produced at the Z resonance by the
LEP collider, it is sensible to examine another CI'-
violating form factor of the ~, namely, its electric dipole
form factor d', '(q )cr„,y5q, which can be present in the
Z~+~ vertex. If 10 Z bosons are produced, a sensitivi-
ty to d, (q =Mz ) of a few times 10 ' e cm might be at-
tainable by measuring appropriate CP-odd correlations in
Z —+~+~ . Although there is no model-independent re-
lation between d and d', ', most models of CI' violation
predict d and d' ' to be of the same order of magnitude.
Specifically, the interaction (7.3) generates a form factor
d' ' whose magnitude is of the order of d, given above.
Therefore it is unlikely that this interaction can generate

a nonzero d„, d„and/or d', ' at the sensitivity level of
present experiments or of experiments in the near future.

VIII. LEPTON FLAVOR-CHANGING MOOELS

%e now come to interactions that may generate a siz-
able electron EDM to one-loop order by a generation-
changing transition from the electron to some heavy fer-
mion I' from a higher generation in the amplitude depict-
ed in Fig. 3. Before surveying specific models it is ap-
propriate to discuss the constraint on ~d, ~

which, as not-
ed by Barr and Masiero (1987), arises for such interac-
tions under fairly general assumptions from the experi-
mental upper limit on the branching ratio of the rare de-
cay p~eQ.

A. d ancl p ~e y

If the interaction vertex eI'"8 exists, it is likely that the
transition pFB also occurs. This means that the decay
@~ed is induced by one-loop magnetic and electric tran-
sition dipole moments, which arise from diagrams analo-
gous to Fig. 3 in which the incoming electron is replaced
by a muon (Barr and Masiero, 1987). Note that a
nonzero transition EDM does not signal CI' violation. If
we define in analogy to Eq. (1.1) the amplitude
(e(J' ~p) =u, t u„with I =Fi2'io @~/(m„+m, )

+F3'cr ~y&q /(m&+m, )+ . , then the branching ra-
tio for p —+e y is given by

8(p~ e y ) = [24vr /6~m „(m„+m, ) ]

X[~Fi2'(0)~ + ~Fi3'(0)~ ]

The experimental bound (Bolton et al. , 1986)

(8.1)

8(prey ) ( 5 X 10 (8 2)

As our experience with quark generation mixing suggests
that the @~I' transition should be favored over the
e ~I' transition, we expect the electron EDM
d, = —F3(0)/2m, to be smaller in magnitude than
F2 3 (0) /( m„+m, ), even if the CP-violating phase in-
volved in d, is of order one. If so, we obtain from Eq.
(8.3) that

~d, ~
(2.6X10 e cm . (8.4)

On the other hand, we now know directly from the ex-
periment on Cs that ~d, ~

cannot be larger than 10
e cm (Murthy et al. , 1989), and the upper limit set by the
ongoing Tl experiment (Abdullah et a/. , 1990) is
1.1 X 10 e cm. Therefore, unless we introduce a
stronger assumption on the ratio of the pI' and eI' transi-
tions, the prey decay does not impose a much stronger

implies

[~F~'(0)['+ ~Fy'(0) ~']'"/(m„+m, )

(3.7X10 e cm . (8.3)
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constraint on d, in flavor-changing models of CP viola-
tion. Several examples of such interactions will be dis-
cussed in the following subsections.

B. Flavor-changing neutral Higgs couplings

I(af ),d /MH I
& 3 X 10 GeV (8.6)

The imaginary part of (af),d contributes to the CP
violating amplitudes of Kz decays. Comparison of the
CP-violating

I
b,S

I
=2 amplitude mediated by H with the

experimental value of the e parameter gives the estimate

IIm(af )gd /MH I
& 10 GeV (8.7)

Detailed analyses of fIavor-changing neutral Higgs cou-
plings with two neutral Higgs bosons can be found in
Lahanas and Vayonakis, 1979; Shanker, 1982; Branco
et al. , 1985; and Liu and Wolfenstein, 1987. If the
fIavor-changing neutral Higgs couplings to leptons are of
the same order as those of qoarks, their contribution to
d, is too small to be observable. By substituting the in-
equality IIm(af ), /MH I

& 10 GeV in the formula
for d, given in Eq. (A5), we obtain Id, I (O(10 e cm)
from the ~ intermediate state. Since d, is proportional to
m& of the intermediate lepton l, a lepton much heavier

2

than ~, if it exists, can enhance d, .
If we abandon the assumption that the Aavor-changing

neutral Higgs couplings of the quark and lepton sectors
are comparable, the upper bound on

I d, I
is relaxed

significantly. The direct experimental constraints on the

In the Lee model (Lee, 1973, 1974) of spontaneous CP
violation, Qavor-changing neutral Higgs couplings arise
because both Higgs doublets couple to right-handed
quark and lepton fields. Many variations of models with
Aavor-changing neutral Higgs exchanges can be con-
structed. Taking for simplicity a single Aavor-changing
neutral Higgs particle H of definite mass, we
pararnetrize its couplings to charged leptons E =(e,p, r)
and quarks U=(u, c, t), D =(d, s, b) as follows:

L,= —(&2G~)' g fzMfaf fLH +H. c. , (8.5)
f =E, U, D

where Mf are the diagonal ferrnion mass matrices, and

af are the nondiagonal complex coupling matrices Isee
also Eqs. (Al) and (A2)].

The interaction (8.5) can generate one-loop quark and
lepton EDMs through both the flavor-diagonal and the
flavor-changing couplings contained in Eq. (8.5). The
flavor-diagonal contributions have already been discussed
in Sec. VII in the context of Aavor-conserving Higgs
models. Here we consider only the off-diagonal cou-
plings in Eq. (8.5). The effective couplings af /MH of the
Aavor-changing four-fermion interaction generated by
(8.5) are constrained by various data. In the quark sector
the most stringent constraint comes from the K —E
transition. By requiring that the transition amplitude
through H not be larger than the value determined by
the K& —K2 mass difFerence, we obtain

flavor-changing neutral Higgs couplings to leptons are
available from the data on rare decays of leptons. The
constraint from the p —+ey decay (Bolton et al. , 1986)
has been given in Eq. (8.4). The experimental upper limit
on the p~eee branching ratio (Bellgardt et al. , 1988)
does not give a stringent bound on the coupling czf be-
cause the coupling of H to the electron is severely
suppressed by the electron mass. The required upper
bound on the effective four-fermion coupling is

I(af )„(af),„/MH I
& 3 X 10 ' GeV (8.8)

which leads to Id, I
(O(10 e cm). Therefore Qavor-

changing neutral Higgs models of CP violation still have
a chance to generate an electron EDM large enough to be
observed in the near future if the fIavor-changing neutral
Higgs couplings to leptons are much larger than those to
quar ks.

C. Dilepton models

LI=Xg~;~lre L,ezj+Xgsij. t l z;r".ltj+H. c. ,
ij ij A

(8.9)

where lL are lepton doublets and ez are lepton singlets
(the primes denote weak eigenstates), i and j are genera-
tion indices, and ~" are the Pauli matrices. Upon sym-
metry breaking, ~++ and t ++ mix with each other to
form the mass eigenstates 5, and 62. In terms of the mass
eigenstates for dileptons and leptons, the relevant part of
the interaction is

It=+5, (l L,;1 ~; l~. +1~;I I,; lL )+H.c. ,
aij

(8.10)

where the couplings I"z;. and I I;. are complex in general
as a result of mass diagonalization.

The dileptons 5& 2 generate many fIavor-changing neu-
tral interaction processes. The experimental upper limits
on rare leptonic decays set upper bounds on the effective
four-fermion couplings mediated by 5& 2. Barring an ac-
cidental cancellation as usual, we find from the experi-
mental upper bounds on rare p decays, for example,
B (p~eee ) & 1 X 10 ' (Bellgardt et al. , 1988),

I
I „I f2I /Ms & 4X 10 "GeV (8.11)

and from rare r decays, for example, B(r~eee)&4
X 10 (Albrecht et al. , 1987),

Ir»l f, l/M', &SX10-' Gev-'. (8.12)

A more exotic possibility of lepton-Aavor-changing in-
teractions is encountered in the so-called dilepton mod-
els. Dileptons are bosons that carry two units of lepton
number and up to two units of electric charge. To be
specific, we examine the model of Zee (1985). This model
introduces two sets of dileptons, a singlet and a triplet of
SU(2)L, which mix with each other when the
SU(2)L XU(1) gauge symmetry is broken. When these
scalar dileptons are denoted by ~ and t, their
SU(2)I XU(1) symmetric interaction with leptons reads

Rev. Mod. Phys. , Vol. 63, No. 2, April 1991



332 W. Bernreuther and M. Suzuki: Electric dipole moment of the electron

eL

(8.11) applies to the r intermediate state as well, the r
contribution is bounded by

l(d, ), l
& 1 X 10 lMs, —Ms, l(Ms, +Ms2 ) e cm .

(8.16)

Since the dilepton couplings are not constrained by pe
conversion or lhSl =2 processes, this dilepton model is

capable of generating a large electron EDM without in-

troducing a heavy fourth generation.

ei eR
D. Leptoquark models

K

eL )c

FIG. 10. Generation of d, through dilepton exchange. A
chirality Hip is understood along the antilepton intermediate
line.

In Eqs. (8.11) and (8.12) I;J stand for the Yukawa cou-
plings defined in Eq. (8.10) with chirality I. or 8 and
dilepton index a = 1 or 2.

The dilepton interaction of Eq. (8.9), or equivalently of
Eq. (8.10) generates an electron EDM through the dia-
gratns shown in Fig. 10. We obtain from Eq. (A5)

I,,=yy, (lLJ I „,„UR.„+lR/I R)„UL„)+H.c.
ijk

(8.17)

Let us turn now to leptoquarks. Leptoquarks are
spin-zero or spin-one bosons that turn leptons into
quarks (or antiquarks) and vice versa. Leptoquarks with

CP-violating couplings arise in a variety of models
(Nieves, 1985; Barr, 1986; Hall and Randall, 1986). Re-
cently, the "superstring-inspired" E(6) gauge model has
attracted much attention among model builders (Derend-
inger et al. , 1986; Ellis et al. , 1986), and some CP
violating effects arising from scalar leptoquarks have
been pointed out (Barroso and Maalampi, 1987; Camp-
bell et al. , 1987; Kizukuri, 1987; Geng and Ng, 1990).
This model has a set of color-triplet, SU(2)L -singlet and

charge ( —1/3) scalar leptoquarks P;. Their couplings to
charged leptons are

e
d, = —gg m, Im( I L, I R*,, )

16m Mg,

X [2I3(mj /Ms„O)+I„(m~ /Ms„O)] .

(8.13)

The two contributions from 6, and 52 tend to cancel each
other, in particular, when the mass difference between 5,
and 62 is smaller than the masses of 6& and 52 themselves.
If we consider for simplicity a special case in which the
diagonal elements of the v —t mass matrix are equal, we
obtain by expanding Eq. (8.13) to first order in the 5t —52
mass difference

III, ttlR'211/Mp;&2xlo "Ge& '. (8.18)

With this bound, we obtain an upper bound on d, by tak-

ing into account only the c quark intermediate state in

Fig. 11,

in the mass eigenstate basis after symmetry breaking. In
Eq. (8.17}, Ui stands for the up quark of the jth genera-

tion. As to the bounds on the effective Aavor-changing
four-fermion coupling s generated by the interaction
(8.17), this specific model does not induce the decay

KL ~pe(Pe). However, pe conversion can occur and its
experimental upper bound sets the stringent bound
(Masiero et al. , 1986)

e Im(rLlirR*lJ ™51™52)
16~' ' M' (8.14) l d, l

& 1 X 10 sinqr ln(M& /m, ) e cm, (8.19)

which corresponds to the diagrams of Fig. 10.
By use of Eq. (8.11), the contribution of the p inter-

mediate state is bounded by

l(d, )„l &1X10 lMs, —Ms, l/(Ms, +Ms~) e cm .

(8.15)

If one uses the bound (8.12) deduced from rare r decays,
one may conclude that the ~ intermediate-state contribu-
tion could be gigantic. However, the experimental sensi-
tivity to lepton-Aavor violation is so far much lower in ~
decays than in p decays. If we assume that the bound

FIG. 11. Generation of an electron EDM through leptoquark
exchange. A chirality Aip is understood along the intermediate
antiquark line. The diagram in which the photon couples to P;
is not shown.
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where y=arg(I L, ,21 z;&z). Because of its large mass the
contribution of the t intermediate state could be much
larger than that of the c intermediate state.

One interesting feature of the leptoquark models of
EDMs is that chirality Aip is caused by an antiquark for
a lepton EDM and by an antilepton for a quark EDM.
Therefore, contrary to most other models, in the lepto-
quark models it is likely that d, is larger in magnitude
than d„. In the E(6) model, the d, s, and b quarks cannot
have large EDMs through leptoquark exchange because
the accompanying intermediate states are antineutrinos,
while the u, c, and t quarks acquire EDMs through e+,
p+, and ~+ intermediate states. Because the signs of the
electric charges of u, c, t and e+,p+, ~+ are opposite, the
sign of d, is also opposite to that of d„ in the valence ap-
proximation (Barroso and Maalampi, 1987).

mass matrices contain terms other than those originating
from the vacuum expectation value of the Higgs doublet,
the Yukawa couplings of neutral Higgs particle(s) H are
flavor nondiagonal in general. Therefore H, 8', and Z
couple to both the left- and right-handed states of fer-
mions and their couplings are complex in general. Con-
sequently the one-loop diagrams of 8' Z, and H ex-
changes depicted in Figs. 13 and 14 in the Appendix can
generate EDMs of fermions. We are interested in the
contribution of the mirror-fermion intermediate states to
the one-loop amplitudes.

The contribution of 8'exchange to d, can be obtained
from Eq. (A4),

2

d, (W)= gm. Im(VL) VR, )
~w j

XI, (m /M~, O), (8.20)

E. Mirror-fermion models

For the known fermions the left-handed states are as-
signed to SU(2) doublets and the right-handed states are
assigned to singlets, but there is no a pviori reason why
this rule should apply to new fermions yet to be
discovered. The electroweak SU(2) assignment is deter-
mined by the weak-interaction properties of new parti-
cles. Some models actually postulate heavy fermions
with SU(2) assignment opposite from that of the known
quarks and leptons, namely, left-handed fermions being
singlets and right-handed fermions being doublets. Such
fermions are called "mirror fermions" (Maalampi et al. ,
1982; Maalampi and Mursula, 1982; Enqvist et a/. , 1983;
del Aguila, 1985; Fabbrichesi et al. , 1988).

In mirror-fermion models weak-isospin-conserving
EI=O terms are allowed for off-diagonal elements in the
mass matrices of the ordinary and the mirror fermions.
In order to render the ordinary fermions light enough
and the mirror fermions heavy enough to be compatible
with experiment, some tuning of the mass matrix ele-
ments is required. In the charged-lepton sector, e,p, and
~ can stay light if one assumes the XI=0 off-diagonal
mass matrix elements to be negligible, or else one may in-
voke the seesaw mechanism (Gell-Mann et al. , 1979;
Yanagida, 1979), with bI=O off-diagonal masses much
smaller than the AI =—,

' diagonal terms of the mirror fer-
mions. In the neutral-lepton sector, three generations of
left-handed neutrinos can remain light if, for instance,
one adds a right-handed (left-handed) SU(2) singlet neu-
trino to each (mirror) family (del Aguila, 1985; Fabbri-
chesi et al. , 1988).

After we diagonalize the mass matrices, a generalized
Kobayashi-Maskawa matrix appears in the charged weak
currents. Since the charged weak currents of the mirror
fermions are right-handed, mixing between the ordinary
and the mirror fermions generates 8'+—couplings to the
right-handed states of the light fermions. The neutral
weak current is not Aavor diagonal after mixing because
the SU(2) XU(l) quantum numbers of the ordinary and
the mirror fermions are different. Furthermore, since the

~VL g~ ~
O((m&/m ) ) (8.21)

With this bound and taking into account only one mirror
generation with m =Mw, we estimate

3eg vn~
~d, (8')~ ~ siny=3X 10 sing e cm,

64m Mw
(8.22)

where y=arg(VL1j VR1j)'
Z exchange can generate d, through the neutral

Aavor-changing interactions between the electron and
charged mirror fermions. The p and ~ intermediate
states are unimportant because not only are their masses
much smaller than those of mirror fermions but also
their fIavor-changing couplings to e are severely con-
strained by rare-decay data. The contribution of Z ex-
change to d, takes a form similar to Eq. (8.20), where

g VL & Vz& is replaced by the corresponding expression
for the neutral current. In general d, (Z) can be of the
same order of magnitude as d, (W) estimated in Eq.
(8.22).

The contribution of a Higgs boson H is obtained from
Eq. (AS) and reads

where VL and V~ are analogs of the Kobayashi-Maskawa
matrix in the left and right sectors, respectively, and in
the sum over j only mirror-fermion contributions are of
interest. Mixing between the ordinary and mirror fer-
mions is subject to various experimental constraints
(Maalampi et al. , 1982; Maalampi and Mursula, 1982,
1986; Enqvist et aI., 1983; del Aguila, 1985; Fabbrichesi
et al. , 1988; Langacker and London, 1988). The upper
bound gj ~ VL jt» ~

50.02 has been obtained from a de-
tailed analysis of experimental data (Langacker and Lon-
don, 1988). However, theoretical considerations indicate
much tighter bounds on such mixing. When two fer-
mions mix with each other slightly and produce two mass
eigenstates with vastly different mass eigenvalues m and
M())m), the sine of the mixing angle is of the order of
(m/M)' or less. Therefore we expect
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Im(aL)jag)j )

X I4(mj /M. ~,O),

64~'~H2 j ~w

(8.23)

symmetry must be broken at a rather high Inass scale,
i.e., the horizontal gauge boson mass must be very heavy.
When quarks and leptons are rotated from weak eigen-
states g,' to mass eigenstates f;, the interaction Eq. (8.25)
turns into

where aL ~ &J. are the Higgs couplings defined in Eq. (8.5).
More precisely, aL =af and az =af [see Eq. (A2)]. By
the argument leading to Eq. (8.21), we expect for mirror
fermion j that

~aL, a~, ~ SO((m, /m. )'~ ) . (8.24)

Since the mirror-fermion mass terms are not SU(2) in-
variant, the mirror-fermion masses cannot be much
larger than M~. Therefore d, (H) is expected to be
smaller than d, ( W) and d, (Z). It is not easy to improve
the estimate of d, unless parameters of models are
specified in detail.

If one modifies mirror-fermion models such that both
chiral states are either SU(2) singlets or doublets (Lee and
Schrock, 1977; Donoghue, 1978; del Aguila and Bowick,
1982), quite different conclusions emerge in some cases
on the relative importance of d, ( W), d, (Z), and d, (H).
If, for instance, only one heavy generation is added with
both chiral states being doublets (del Aguila and Bowick,
1982), d, ( W) and d, (Z) become negligible and only the
Higgs contribution d, (H) remains relevant. Then this
case reduces to that of the Aavor-changing neutral Higgs
couplings in Sec. VIII.B.

F. Horizontal gauge interaction models

Before spontaneous symmetry breaking, the Standard
Model with n generations is symmetric under global
SU(n) rotations among generations. When this global
symmetry, often referred to as horizontal symmetry, is
gauged, an interaction arises that is mediated by spin-one
neutral gauge bosons (Mohapatra et al. , 1975; Maehara
and Yanagida, 1978, 1979; Wilczek and Zee, 1979;
Davidson and Wali, 1981;Joshipura and Montvay, 1982;
Zoupanos, 1982). One motivation for introducing a hor-
izontal gauge symmetry was to explore the possibility of
explaining quark and lepton mass spectra by the self-
energies they receive from horizontal gauge boson ex-
change. For this purpose, it is necessary for the horizon-
tal gauge bosons to couple to both left- and right-handed
states of quarks and leptons. These couplings are

~I gHQXxp(CLi GLij Y CLj + PRi GRjiY PRj )
a ij

(8.26)

GL vLL vL, GR vRR vg, and vL, R are ihe u»-
tary matrices that diagonalize the fermion mass matrices.
As the mass matrices need not be Hermitian, VL

%Vent

in general. The Aavor-changing gauge couplings in Eq.
(8.26) can be complex and therefore CP violating. The
interaction (8.26) can generate fermion EDMs to one-
loop order. The diagram relevant to the electron is de-
picted in Fig. 12.

The magnitude of the effective four-fermion couplings
mediated by X' exchange is severely constrained by ex-
perimental bounds on Aavor-changing neutral-current
processes (Maehara and Yanagida, 1978, 1979; Cahn and
Harari, 1980). Let us assume for simplicity that all the
X' masses are approximately equal. The experimental
upper limit (Ahmed et al. , 1987) on the pe conversion
cr(pTi +eTi )—/a(pTi —+all) (4.6X 10 ' requires

g'/M' &5X10 "Gev '. (8.27)

gH QGt', „Gg,„ /Mx & I X 10 "GeV . (8.28)

The e parameter of EL decays sets a stringent bound on
the CP-violating part of these couplings. It was estimat-
ed that (Gavela and Georgi, 1982)

gH QIm(GL, d GJ't, d ) /M~ S 10 ' GeV . (8.29)

The sum g, GL,d G„',d is nonzero only to the extent that
VL differs from V~. If the nondiagonal elements of
VL Vz are of the same order of magnitude as those of the
Kobay ash i-Maskawa matrix, g, GL,d Gg,d

=0 ( sin 8C ),

Strangeness-changing
~
b,S

~

=2 processes, which can
occur at tree level when VL A Vz, impose tighter bounds
on the couplings if the off-diagonal elements of VL Vz are
non-negligible. The K& —E2 mass splitting demands

gyIty+p(q L(Lily yLJ +y Jii~/Jy

where g~ is the coupling of the horizontal gauge group
GII,I.' and R' are the n Xn representations of the Her-
mitian generators of G~ associated with left- and right-
handed quarks and leptons gL; and 1'„',. respectively, in

the weak-eigenstate basis, and X„' are the neutral hor-
izontal gauge bosons. Because of the flavor-changing
couplings contained in Eq. (8.25), the horizontal gauge

FIG. 12. Generation of an electron EDM by a horizontal gauge
boson X. A chirality Aip is understood along the internal lepton
lane.
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where 0C is the Cabibbo angle. Then the constraint
(8.28) turns into

g'/M'(2X10 "Gev '

and the constraint (8.29) reads

gH ~sing~/Mx (2X10 ' GeV

(8.30)

(8.31)

~h~~e y is the phase ~~gl~ of Gl',„G~,d.
Let us now examine the electron EDM. We obtain

from Eq. (A4)

2

d, = —gg ~ 2 m/ Im(Gt', J Gg,*j )I~(mj~/M~, O),
16m M~

(8.32)

A, ~ 1 TeV. For the electron, the most stringent bound
on A, has been deduced from wide-angle Bhabha scatter-
ing by comparing the experimental cross section with
the Standard-Model prediction. If, for instance,
Lt =A,(2'/A, )(eL y„eL )(eL y"et ) is chosen to represent
the effective four-electron interaction induced by the dy-
namics of subconstituents (Eichten et al. , 1988), one ob-
tains from the data (Braunschweig et al. , 1988) A, ) 1.4
TeV for A, =+ I and A, )3.3 TeV for A, = —l.

The relation between the electron EDM and A, is
more model dependent, since the dynamics of subconsti-
tuents need not violate CP invariance. If it does, it
should induce CP-violating effective four-fermion interac-
tions among composite leptons. As an example, let us
consider the effective four-electron interaction

where the function I2 —+2 when Mz —+ ao. From the con-
straint (8.27) we obtain

Lt =(2m/A, )[ 2'(eL eR )+ 2'*—(ezeL )] (9.1)

~d, ~
(2X10 e cm . (8.33)

With the bound (8.30), which involves a plausible but ex-
perimentally untested assumption, the upper bound on d,
gets a little more stringent:

~d, ~(1X10 e cm . (8.34)

~d, ~
(10 e cm . (8.35)

Horizontal-interaction models often postulate very heavy
generations beyond the third one, in order to generate
masses for quarks and leptons of the first three genera-
tions. If (8.31) applies, however, it needs a charged lep-
ton with a mass of about 1 TeV in order to push (8.35) to
the level of 10 " e cm.

Horizontal interactions may also be mediated by spin-
less bosons. However, such couplings are indistinguish-
able from those of flavor-changing Higgs models (cf. Sec.
VIII.B).

IX. COMPOSITE ELECTRON

If we assume further that the phase of Q, GL,,JGg,j is
comparable to that of g, GL,&G+,d, Eq. (8.31) leads to the
upper bound on d,

d, =e (m, /8m A, )sin25 ln(A, Im, ), (9.2)

where 5=argy. Given an experimental value of d, or an
upper bound on ~d, ~, Eq. (9.2) implies

A, )400X ~sin25~' (~d, ~/10 e cm) ' TeV . (9.3)

When g is real or purely imaginary, the interaction
(9.1) reduces to a CP-conserving scalar or pseudoscalar
interaction, respectively, so that no lower bound on A,
results from (9.3).

where g is a complex parameter normalized to unity.
This interaction contains the P- and CP-violating term
(ee)(eiy~e). In fact, this is the only independent CP
violating operator of dimension six that involves four
electrons. (However, Lt —A, is an ansatz. The dynam-
ics of subconstituents might actually lead to Lt-m, IA,
because LI does not conserve chirality. ) Although the in-
teraction (9.1) does not conserve chirality, it can be ac-
commodated in composite models since its contributions
to the electron self-energy and (g —2), are proportional
to m, and (m, /A, ) ln(A, /m, ), respectively, when the
divergent integrals in the loop diagrams are cut off at A, .
With this ultraviolet cutoff, the interaction (9.1) yields
the one-loop EDM

So far, we have treated models of CP nonconservation
in which the electron is considered to be an elementary
particle. There are speculations that the electron—
among other particles —is composed of subconstituents.
This substructure would first of all affect its anomalous
magnetic moment at some level. The dynamics of com-
posite models, characterized by the energy scale A„ is
usually assumed to conserve electron chirality and lepton
Aavor. Then the electron's substructure leads to a
correction to the magnetic form factor Fz/2m, of the or-
der of m, /A, (Brodsky and Drell, 1980; Shaw et al. ,
1980), which yields a contribution of the order of
(m, /A, ) to (g —2), . When this argument is applied to
the muon, comparison of the current experimental value
of (g —2)„with its Standard-Model prediction leads to

X. CONCLUDING REMARKS

In a spontaneously broken gauge theory with scalar
fields, CP nonconservation occurs quite naturally either
through complex vacuum expectation values of scalar
fields or through explicit CP noninvariance in nongauge
couplings —apart from the P- and T-violating non-
Abelian "0 term" of nonperturbative origin. In the Stan-
dard Model, which contains only a single Higgs doublet,
CP nonconservation in the Yukawa coupling of quarks is
transformed into the Kobayashi-Maskawa phase and is
related to the hierarchy of the quark mass spectrum.
However, if the nongauge sector (i.e., Yukawa interac-
tions and scalar self-interactions) is richer than that of
the Standard Model, the CP violation is not necessarily
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connected with the nondegeneracy of the quark mass
spectrum. Then CP-violating e6'ects are potentially
much larger than in the Standard Model. In such models
near-degeneracy of the neutrino mass spectrum and lack
of experimental evidence for lepton generation mixing do
not imply that CP-violating phenomena among leptons
are doomed to be unmeasurably small. This has been re-
viewed in detail above.

The ongoing measurements of the EDM of thallium
and future measurements of atomic EDMs and possibly
of molecular EDMs are important in that they provide a
unique means for studying ihe question of whether CP-
violating forces among leptons actually exist or not. It
should be emphasized that these measurements a1so yield
information on P- and T-violating hadronic and semilep-
tonic interactions. If in the future the experimental
upper bound on the electron EDM is 1owered to the level
of 10 e cm (recall, however, the caveats involved in
the extraction of d, from atomic EDMs), such a bound
would impose a tight constraint on parameters of super-
symmetric models, left-right symmetric models, Higgs
models, and lepton-flavor-changing models of CP viola-
tion. In fact, the present upper bound ~d, l S1X10
e cm, resulting from Eq. (1.8), together with the upper
bound Eq. (1.6) on d„, casts strong doubts on the hy-

pothesis that genuinely supersymmetric sources of CP
violation play a significant role in Nature. Moreover, the
projected sensitivity Eq. (1.9) will provide an important
touchstone for the Higgs models of CP violation dis-
cussed in Sec. VII.C.

In many models the electron EDM is expected to be at
least two orders of magnitude smaller than the neutron
EDM. The reasons for this are smaller chirality fIip and
weaker gauge couplings for leptons. However, these esti-
mates usually rely on a naturalness argument or an edu-
cated guess about magnitudes of relevant parameters, in
particular, CP-violating phases, for leptons in compar-
ison with corresponding quantities for quarks. There are
no conclusive arguments leading to

~ d, /d„~ (& 1 that re-
sult from solid experimental information. If a model
contains nonstandard interactions and/or exotic parti-
cles, this assumption often fails. For instance, d, can be
made as large as d„ in left-right symmetric models
without sacrificing much naturalness. In leptoquark
models neither chirality Rip nor coupling strength
suppresses d, relative to d„. Therefore the present exper-
imental limit on the neutron EDM, ~d„~ (1.2X10
e cm, does not imply that d, must be below the sensitivi-

ty level of the ongoing measurement of the EDM of thal-
lium. If a nonzero EDM of an atom, for instance, of
thallium were to be found, it would be clear evidence of a
new CP-violating interaction other than that due to the
Kobayashi-Maskawa phase. Yet even if high-sensitivity
measurements of other atomic EDMs and the neutron
EDM were eventually to conclude that the thallium
EDM is due to a nonzero d„ it would be impossible to
i,race back the origin of this symmetry violation. But in
conjunction with ongoing and future searches for CP-

violating interactions in other places, such as K and 8 de-
cays, and with searches for lepton-Qavor-changing de-
cays, it would make an important contribution to a
deeper understanding of this feeble phenomenon.
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APPENDIX: ONE-LOOP CONTRIBUTION
TO THE EDM OF AN
ELEMENTARY FERMION

+p; ( I'I „PL + I'~; P~ )g H, ]+H. c. , (A 1)

where PL „=(I+@~)/2. If the fields 8;" and H, are
chosen to be Hermitian, then the Hermitian conjugate
terms are absent in Eq. (Al), and GL z;J and I'L z;j, con-
sidered as matrices in the space of all fermions

f, (i = 1 . n ), have t.he properties

Gag Ga Gay Ga I af I a
L L& R R& L R (A2)

The EDM df of a Dirac fermion f is defined by means
of the form-factor decomposition of the electromagnetic
current, Eqs. (1.1)—(1.3). In a general gauge theory, df
can be generated to one-loop order by exchange of spin-
one gauge bosons or spin-zero bosons. Their contribu-
tions to df have been calculated by Ecker et al. (1983),
whose formulas are presented here for convenience. Let
ijj, , W,", and H, denote the fields of the fermion (e.g., lep-
tons, quarks, photinos, zinos, Higgsinos, etc. ), the spin-
one boson (e.g. , JV—,Z, spin-one leptoquarks, etc.), and
the spin-zero boson (e.g. , Higgs bosons, sfermions, scalar
leptoquarks, etc.), respectively. These fields are assumed
to be those of mass eigenstates at the tree level. The
relevant interaction Lagrangian for the boson-fermion
couplings is written
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Wg

Wg

FIG. 13. Gauge boson diagrams for the EDM of fermion i.
The S' bosons include the unphysical Higgs fields associated
with them in general gauges.

FIG. 14. Scalar boson diagrams for the EDM of fermion i.

The electromagnetic couplings of 8'" are taken to be the
gauge couplings of SU(2)L R XU(1), and the electromag-
netic couplings of H, are the minimal couplings of scalar
fields.

The one-loop contributions of 8;" and H, to the elec-
tromagnetic form factors of a fermion f; arise from the

amplitudes depicted by the Feynman diagrams of Figs.

d; =g[d;( W, )+d;(H, )], (A3)

where the 8'-loop contributions are

13 and 14. Specifically, the EDM d; of the fermion f; is

found to be

d;( W, )=
2 2 gmj. Im(GL,"Gg,~. )[(Q —Q;)I&(r , s, )+Q I. z(.r, s, )],1 (A4)

with r =m /Miv and s, =m; /Mii, and the H-loop contributions are

d, (H, )= —. gm Im(I'I;J I~+*;.)[(Q~ —Q;)I3(r/s; )+QJI4(rj, s; )],
16m MH

(A5)

with r =m /MH ands. ;=m; /MH.
In Eqs. (A4) and (A5), the electric charge of f; is denoted by QJ. The functions Ik(r, s) are defined by

I, (r, s) = ,'+3Fo(r, s ) ——6F&(r,s)+(3—s)F2(r, s)+sF3(r, s)

22», 2 3r lnr

(1—r)2 2(1 —r)
(A6)

I (r,s)=(4+r —s)F (r, s) 4F (r,s)=—2
2 ~ 1 ~ 2 ~

(1 r)2
3r lnr

4 2(1 r)— (A7)

I3(r,s) =F, (r, s) F2(r, s ) = — 1+r+1 2r lnr

2(1 r)—1 r
(A8)

I~(r, s) =F2(r, s) =— 1 + 2lnr
2(1 r)— (A9)

where
1

F,(r, s) = f dx x'/[I —x+rx —sx(1 —x ) ] .
0

The approximate expressions in Eqs. (A6) —(A9) hold for s =0, that is, if the external fermion is very light compared

with the boson in the loop. Finally, the integral I4(s, s), needed in Sec. VII.B, is

with

1 1 —2s
I~( , )s=s1+ lns+ K(s),

2$ 2$
(A10)

1 1+(1—4s)'~
ln for s&4,

(1—4s)'i' 1 —(1—4s)'i'
2(4s —I)'~ arctan(4s —1)'~ for s ) 4
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