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We compute the electric dipole moment (EDM) of the W boson in the two-Higgs-doublet exten-
sion of the standard model. The calculation is performed at two loops with all the relevant Feynman
diagrams included. We find that the W-boson EDM may be as large as 10~2! — 1072% cm, for rea-
sonable masses of the top quark and Higgs boson. Our results disagree with previous calculations

done by He and McKellar and Vendramin.
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L. INTRODUCTION

Electric dipole moments (EDM’s) of elementary parti-
cles have become an important area of speculation in the
ongoing search for an explanation of the still mysterious
phenomenon of C'P violation. Its appeal comes from two
observations. First, the reality of CP violation in nature
(the neutral kaon system is the only place in which it has
been observed) suggests that all non-self-conjugated par-
ticles may possess EDM’s, albeit small ones. Second, the
standard model (SM) can accommodate C P-violating in-
teractions by means of the Kobayashi-Maskawa mech-
anism (through a single phase for three generations of
quarks), but the predicted EDM’s are extremely small.
Yet, this is not so in many interesting extensions of the
SM (such as multi-Higgs models, supersymmetry, etc.)
which include, for the most part, a plethora of additional
C P-violating phases and tend to produce much stronger
C P-violating effects [1].

The advantage of studying EDM’s is then twofold. We
can restrict, in some cases, the parameter space of a the-
ory by comparing the predicted values with experimental
upper bounds. On the other hand, if an (elementary par-
ticle) EDM is observed, that would almost surely signal
physics beyond the SM.

Among the SM particles, most of the interest has been
centered on the neutron and the electron [2], because of
the relative ease with which tight EDM bounds can be
established in low energy experiments. By contrast, par-
ticles such as the W boson require the analysis of C P-odd
asymmetries in high energy processes and good bounds
may be hard to come by. Still, given the increasing ener-
gies and luminosities of current and proposed accelerators
it may be possible in the near future to supply stronger
constraints on the EDM of the W boson (for investiga-
tions on these matters, see Refs. [3] and [4]). Further-
more, starting with the work of Marciano and Queijeiro
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[5] it has become clear that a W-boson EDM can induce
large fermion EDM’s and in some theories the dominant
contribution to the electron EDM may come from this
mechanism. For instance, this seems to be the case in
the SM [6].

The importance of studying the properties of a non-
minimal Higgs sector cannot be overstressed, in view of
its potential richness and the fact that we still do not
know if the simplest (i.e., one-Higgs-doublet in the min-
imal SM) version is the one chosen by nature.

The current interest in EDM’s arising from (CP-
violating) Higgs-boson exchange was initiated, to a large
extent, a few years ago by the papers of Weinberg [7,8].
In [7] he showed that neutral-Higgs-boson exchange could
induce a very large neutron EDM, through a class of
Feynman diagrams previously neglected. Inspired by
this, Barr and Zee [9] found another class of graphs (at
the two-loop level) which turned out to give the dom-
inant contribution to the EDM of the electron, several
orders of magnitude above the one-loop result.

The upper bound, dw < 107° ecm, for the W EDM
comes from the experimental upper bound for the neu-
tron EDM [d,, = (—3 +5) x 10726 e cm [10]] after apply-
ing the Marciano-Queijeiro method of computing the in-
duced fermion EDM’s. This is not a direct measurement
and should be taken with reservations since the calcula-
tion, although model independent, involves many uncer-
tainties [11] (additional comments in the conclusions of
this paper). The W EDM predicted by the SM has been
estimated to be no larger than about 1072° ecm [6]. By
contrast, we find that in the two-Higgs-doublet model its
value may be as large as 10721 — 1072° e cm, for reason-
able masses of the top quark and neutral Higgs boson and
without overstretching the values of the CP-violating
phases that enter the calculation. He and McKellar [12]
and Vendramin [13] computed in detail one of the dia-
grams [see Fig. 1(a)] but our calculations contradict both.
Our result is larger than that of He and McKellar and
smaller than Vendramin’s, in both cases by about an or-
der of magnitude. We contacted He and McKellar on this
issue and they revised their calculations. They now agree
with our results for this diagram and have published an
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erratum [14].

Chang et al. [15] made an estimate that has too strong
a dependence on the neutral-Higgs-boson mass. For more
details see the conclusions at the end of this paper.

This paper is organized as follows. In Sec. IT we intro-
duce some notation and definitions, paying particular at-
tention to a description of those aspects of the two-Higgs-
doublet model relevant to our calculation. In Sec. IIT we
discuss the Feynman diagrams that give contributions to
the W EDM at the two loop level, deferring a discussion
of those that do not contribute to the Appendix. Then we
move (Sec. IV) to the analysis of the calculations them-
selves, giving the concluding remarks in Sec. V.

II. DISCUSSION OF MODEL AND NOTATION

The possession, by an elementary particle, of an elec-
tric dipole moment violates both parity (P) and time
reversal (T) symmetries [16]. This is the only (P,T)-
violating moment that a spin-; particle can possess.
However we find additional (P, T)-violating moments as
we move to higher spins. A spin-1 particle (such as the
W boson) can have one more P and 7 odd moment, the
magnetic quadrupole (MQM) in addition to the EDM.
It may also carry a CP-violating (but P conserving) mo-
ment [3]. In this work we confine ourselves to the EDM
and MQM.

The matrix element of the electromagnetic current J*,
between identical initial and final one-particle states, can
be decomposed into a linear combination of form factors.
For a W boson (spin-1) this matrix element is [17,18]

(W|JH|W) = —iee) (p2)T7"*(p1, p2)ew (P1) , (1)

where the (P, T)-violating piece of the tensor I is

L) oaa = —Fr(a")e7%,

1
——59(a®)P*e"* " qppr . (2)
My,

The notation is as follows: p; and p, are the initial and
final four-momenta of the W boson, respectively; the
€u(pi)’s are the polarization vectors; ¢ = p; — pe and
P = p1 + p2; and the form factors f,(¢*) and g,(g?) are
related to the W boson EDM (dw) and MQM (Qw)
through

e

dw = {£+(0) — 4g,(0)} , (3)

2mW

Qw = ——51+(0) . (4)
myy

We shall work in the two-Higgs-doublet extension of
the standard model [8]. In this theory the SU(2)xU(1)
electroweak symmetry is broken by two Higgs doublets.
In order to avoid excessive rates of flavor-changing neu-
tral current processes we will allow one of the doublets to
couple to the up-type quarks only and the other to the
down-type quarks (the so-called model II scheme [19]).
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This can be achieved by imposing a discrete symmetry
enforcing the aforementioned couplings, but in a renor-
malizable Lagrangian such an exact symmetry rules out
CP violation and therefore has to be softly broken.

Let

o
*%

be the scalars that couple to the quarks, with vacuum
expectation values A\; = (¢9)vac, £ = {1,2}. Then, the
Yukawa sector of the Lagrangian is given by

o = , where k = {1,2}, (5)

1

Y DrmpDré?*
1

1 -
Ly = —)‘—URmUUL¢(z) -
2
_ 1 -
_%DRmDV"ULqS;L* + +-UrmuVDyéf +He. ,
2

1 (6)

where U and D are the up- and down-type quark triplets,
respectively, with my and mp the diagonal mass ma-
trices. V is the Kobayashi-Maskawa matrix. (We will
assume Vi, = 1, for simplicity.)

The unphysical Goldstone bosons and the charged
Higgs bosons are defined as

1 2 . .
Gt = (Mol +M67), G0 = %Im(w‘l’ +A343)
(7
and
1
HY = 2 (o] — Xad) (8)

respectively, where R = [A1]2 + |A2]2. To simplify
the notation we shall define, as has become usual,
tanB8 = |A2/A1]. The Fermi coupling constant is given
by 2v/2GF = (JA1]? + |A2|?) "1, where a factor of 2, miss-
ing in Ref. [8], is included.

The “propagators” for the scalars are defined by

(nE)q = / d42(0|T{n(2)£(0) }[0)e'® (9)

and, following Weinberg, we write

<¢0¢0> — _()\ )2 Z \/EGFzz,n ~ _\/iGF()\Z)ZZZ
e s T s T
(10)
V2GrZon V2GrA1 X2 Z
($960)q = —A1A2 D o mg N
(11)
. . V2GFrZo,, V2GEAIALZ
@308)0 = A0 3 o n & 2N

(12)
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\/iGFZI,n
q* —mi,

 V2Gr(M)*Z

~ 2
q2—mH

)

(B380)g = —(M1)* D
(13)

where the sum is over all mass eigenstates and the ex-
pression on the right of each definition corresponds to
the approximation in which one of the scalars (with mass
mp) dominates over the other (presumably) more mas-
sive ones. (We will employ this assumption in what fol-
lows.) G is the Fermi constant. The dimensionless co-
efficients Z,, Z3, Zy, and Zo are in general complex, and
C P violation will show up if they possess (nonzero) imag-
inary parts. The corresponding propagator for charged
Higgs bosons is real in the two-Higgs-doublet case, and
so there is no CP violation in the exchange of charged
scalars. However, diagrams with neutral Higgs bosons
and charged Higgs bosons do violate, in general, CP
invariance. Given that the inclusion of those diagrams
introduces one more unknown parameter in the calcu-
lations and does not appreciably affect our conclusions,
we shall disregard them in what follows, with the excep-
tion of an important subtlety examined in Sec. IV. We
will also employ the following relation between the CP-
violating amplitudes,

[A2)2ImZ, + |A1]2ImZo = | A2 ImZ, , (14)

which is a direct consequence of the definitions for the
Z’s and the unitarity gauge condition [8]. And finally,
in order to be able to compare the contributions propor-
tional to different Z;’s, we make use of the bounds found
by Weinberg:

1
[ImZo| < 5('/‘1”\2[ + |A2/A1]) (15)
~ 1
|ImZy| < §(|A1//\2| + A2/ A1l) (16)
MmZa| < (|Ar/X2)? + [Ar/A2|*)Y/2 . (17)

(A missing factor of 2 in Ref. [8] has been corrected.)
These expressions give an upper bound of order unity to
ImZ,, ImZ,, and ImZ,, when A; and A, are of the same
order of magnitude. The same is true of the quantity
2 cos? fImZ, that shows up in the calculation of many of
our diagrams.

III. DIAGRAMS

The dominant contributions to the EDM of the W bo-
son come, in the two-Higgs-doublet model, from two-loop
diagrams. In order to generate a Levi-Civita tensor (to
violate P invariance) a fermion loop is required and in
addition at least one neutral Higgs propagator insertion
is needed to violate CP invariance. These two condi-
tions are impossible to satisfy at less than two loops.
At this level the number of potentially contributing di-
agrams is rather large (in the hundreds), but a careful
analysis reduces it to a manageable size. For a given
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FIG. 1. Class 1 diagrams (see Sec. III). The diagrams
shown are the only ones in this class and they both contribute
to the EDM of the W boson. However 1(b) is strongly sup-
pressed relative to 1(a) by the couplings of the bottom quark
to the Higgs boson.

diagram there are several possible neutral Higgs prop-
agator insertions [see Eqgs. (10)-(13)], according to the
admissible couplings in the theory. For instance, there
is no coupling of ¢ to the top quark and consequently
the only possible insertions in diagram (a) of Fig. 1 are
(¢949) and (#3*¢3*). In other cases there may be up to
six different neutral Higgs propagator insertions. (Each
one corresponds essentially to a different diagram.)

We have divided the contributing diagrams into classes
labeled 1 through 4 (see Figs. 1-4), according to how the
external W bosons and internal scalar propagators are
attached to the fermion loop. Classes 1 and 2 have both
external W’s directly connected to the quark loop. Class
3 has one external W attached to it. In class 4 no ex-
ternal W’s touch the loop. In all cases (the ones that
produce P and CP violation) the neutral Higgs propa-
gator is attached to the fermion loop.

In class 1 there are only two diagrams. Only 1(a)
[Fig. 1(a)] gives a sizable contribution (proportional to
ImZ,) since 1(b) is strongly suppressed relative to 1(a)
by a factor of (my/my)?.

Class 2 diagrams (in Fig. 2 we show only a few of them
to illustrate their topology) are again small relative to
1(a) because of the presence of a bottom-quark-neutral-
Higgs-boson coupling. Moreover, the suppression in these
diagrams is also of order (mp/m;)? since two top-quark
mass factors get replaced by bottom masses, one from the
couplings to the scalars and the other from the traces.

Class 3 (Fig. 3) contains, naively, 36 diagrams plus an
equal number of symmetric ones, with identical contri-
butions, in which the neutral Higgs propagators are at-
tached to the incoming W boson. Since we are working

FIG. 2. Class 2 diagrams (see Sec. III). Only two of them
are shown (out of 16, if all possible scalar propagator inser-
tions and photon attachments are considered). These dia-
grams are also suppressed relative to 1(a).
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FIG. 3. Class 3 diagrams (see Sec. III). Only the four main
topologies are shown. To these, we need to add diagrams with
unphysical Goldstone bosons in place of the internal W bosons
and symmetric diagrams in which the neutral Higgs boson is
attached to the incoming W boson. In each case, several
different neutral Higgs propagator insertions are possible (6
for internal W diagrams and 4 for Goldstone boson diagrams).

in the 't Hooft-Feynman gauge, diagrams with unphysi-
cal Goldstone bosons have to be included in order to get
a gauge invariant result. A careful analysis of the dia-
grams shows that most of them can be computed from
a set of just nine different parametric integrals. This ex-
cludes diagrams with charged Higgs bosons (more on this
later). All their contributions are comparable to that of
diagram 1(a), barring the fact that they are proportional
to the quantity cos?8ImZ, (as we show later), not ImZ,.

Finally, class 4 (see Fig. 4) contains diagrams with in-
ternal W bosons and photons or Z° bosons and related
diagrams with unphysical Goldstone bosons. Diagrams
with the top-quark running in the opposite direction and
diagrams with the scalar propagator attached to the out-
going W boson produce the same contributions. (Note
that crossing the legs of the fermion loop is equivalent
to reversing its flow together with switching the attach-
ment of the scalar from one external W boson to the
other one.) Again, naively, the total number of diagrams
to be computed is large (> 100), but everything can be
reduced to the evaluation of only two parametric inte-
grals. Their contributions are, once more, comparable in
magnitude to that coming from the diagram of Fig. 1(a)
and proportional, as in class 3, to cos?8ImZ,.

Tove

where

1
T odd = EGF‘/Egzm%VImZZ(mt/mW)Z
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FIG. 4. Class 4 diagrams (see Sec.

IIT). “Barr-Zee”-like
diagrams with internal photon or Z° particle. Diagrams with
the top loop flow reversed and symmetric diagrams with the
neutral Higgs boson connected to the outgoing W boson are
part of this set. Those graphs in which the Z° is replaced with
an unphysical neutral Goldstone boson do not contribute.

In Fig. 7 we give a few examples of diagrams that do
not contribute to the EDM of the W boson. The expla-
nation is relegated to the Appendix.

IV. CALCULATIONS

For each diagram there are several possible contribu-
tions depending on what scalar propagator insertions are
acceptable. All such contributions must be summed and
from the resulting total amplitude we pick those pieces
proportional to the imaginary part of the neutral Higgs
propagators (to violate C P) and containing a Levi-Civita
tensor (to violate P). We can then look for the coeffi-
cients of the specific tensor structures corresponding to
the form factors of Eq. (2). This task is simplified if we
express from the start all quantities in terms of the in-
dependent momenta p = p; + p2 and ¢ = p; — p2, where
p1 and p, are the momenta of the incoming and outgoing
W bosons, respectively.

It is worth mentioning that we have made use of pro-
grams we wrote in MATHEMATICA [20] to symbolically
perform the traces of Dirac v matrices and convert the
momentum integrals into integrals over Feynman param-
eters [21]. The final numerical multidimensional integra-
tions were done with MATHEMATICA’s own algorithms.

For diagram 1(a) [Fig. 1(a)] the tensor amplitude
77" 4 (which becomes that of Eq. (2) after selecting the
P-odd part) is given by the integral

d*k  d* (T — T@))ove
(2m)4 (2m)4 D )

(18)

TS = e[ (1= 7s) (= B/2 + me)vo (1 — v5) (J— 4/2 + me) (1 + 7s)

(19)

XK= d/2+me)vu(K+ 4/2 4+ me) (1 + v5)(J+ 4/2 + me)]
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TP, = Tr[y, (1~ 7s)(J~ B/2 + ms)vo(1 — vs) (J~ /2 + me) (1 — 7s)
(20)
X (= d/2 4+ me)yu(K+ 4/2 +me) (1 — v5)(J+ 4/2 + me)]

(=) ot [(=30) =] (e 30) ]
x [(k— éq)z —mf] {(H éq)z —mf] [ — k) = m] .

In these equations, ¢ = p; — ps is the momentum of the photon and p = p; + p2 is the sum of the momenta of the
external W’s. The other parameters are self-explanatory and a factor of 3 (for the quark colors) is already included
in Eq. (18). In this particular diagram, we can make ¢ = 0 in D, since after the evaluation of the traces (before
integration) every (P-odd) term contains at least one power of ¢ and that is all we need in order to compute f,(0) and
g~(0). This reduces the number of terms in the denominator from 6 to 4 which, in turn, simplifies the final parametric
form. For other diagrams this is, in general, not true and the number of Feynman parameters is in consequence larger.

Performing the traces and selecting the P-odd pieces, we get, from (18),

and the denominator

D

(21)

d*k  dl
(2m)* (2m)

oV 1
TPT oda = ’ﬁGF\/5!12"112zVImZ2(mt/mw)2

T""“/D' s (22)
where

T = 32m2(—2e"" 1l - q + 26V7%k,l0q, — 26¥7%Pllaq, — €77 kuprg, + €7 1uD24,) » (23)

and D' is D from (21) with ¢ = 0. After rewriting D’ in parametric form and doing the momenta integrations, we
look for contributions to f, and g,, according to the definition (2) and get

GrV2g?m?
£(0) = ZEV2I W 1) 7 Fra(me, ma) (24)
12874
GrV2g*m}
9-(0) = —FIZ;TW—ImZZGM(mt,mH) , (25)

where the functions Fj, and G;, are given by the Feynman parameter integrals

Fio(me,mpy) = (my/mw)? /01 dzx /01 dy /01 dz(1+2z2)(1 —y)

(26)
x[(1=2)/y — 2 + & + (mag /me)?(1 = 2) (1 = 2) /2 — (mw /m)?2(1 — &) (1~ y2)] 7",

Gua(mesma) = | i / Cdy / Cd2(1 - 2)(1 - 9)(1 - y2)(=/22)

(27)
X[y = 1)/y + (z = 1)/z + (mw /me)*2(1 — y2) — (ma/me)*(y — 2)/(1 - 2)] 7% .

In these (and future) expressions, the mass of the bot-
tom quark is set equal to zero. The relative error intro-
duced is typically no larger than 10~3. We have evaluated
numerically these integrals for different combinations of
masses. The results, converted to the EDM of the W
boson, are shown in the plots of Fig. 5 [curve (a) in each
graph] where ImZ, is taken to be equal to one. The main
contributions come from f,(0) and that happens to be
true for all the diagrams. In fact, the values for g.,(0)

are small, typically 10 to 100 times smaller than those
for f4(0). Moreover, the contributions to g,(0) from di-
agrams with unphysical Goldstone bosons and from all
class 4 diagrams are null. We will disregard g-(0) in what
follows and compute the EDM of the W boson from f.(0)
alone. This together with setting the mass of the bottom
quark equal to zero and the assumption of one domi-
nant Higgs boson are the only approximations employed.
Everything else is exact, to within the precision of the
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numerical integrations.

We can see from the expression for Fj, that the be-
havior of dw is roughly quadratic in m; and decreases
as my increases. This is expected and consistent with
our assumption that the contribution from the lightest
neutral-Higgs-boson mass-eigenstate is dominant. How-
ever, for large values of the mass of the top quark, the
tree-level vertices of Eq. (6) will be significantly modi-
fied by higher order corrections, and therefore we cannot
expect the quadratic dependence to hold [22].

The contribution from these diagrams is proportional
to the quantity ImZ,, which can be of order one, as-
suming the vacuum expectation values A; and A, to be
comparable in magnitude (see Sec. II). For the partic-
ular choice m; = 180 GeV and myg = 100 GeV we
get f,(0) = 1.4 x 10~° ImZ, and ¢,(0) = 1.1 x 1077
ImZ,, which correspond to an EDM, dw = 1.7 x 10~}
ImZ; ecm. This is approximately seven times larger than
the value obtained by He and McKellar [12] for this di-
agram. As noted in the introduction, they have checked
their calculations and found some errors. Their results

T

——————
2k m,= 180 GeV b

®)

dy (107*'e cm)

50 200 400 600 * 800 1000
my (GeV)

LS R UL N AL B SRR R
2 L mp= 100 GeV .
_ @ -
S ®)
:l L
o °r
—
N
&L ]
= L
[ © ]
2+ E
I T T R T L]
100 120 140 160 180 200
m, (GeV)

FIG. 5. Electric dipole moment of W boson contributed
by the different sets of diagrams, for the cases m; = 180
GeV (upper plot) and my = 100 GeV (lower plot). In both
plots, curve (a) shows the contribution of diagram 1(a) [see
Fig. 1(a)], with ImZ; = 1. Curve (b) corresponds to class 3
diagrams (see Fig. 3), with 2cos’8ImZ, = 1. Curve (c) is the
one coming from class 4 diagrams (see Fig. 4), again with the
assumption 2 cos? fImZ, = 1.
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now agree with ours [14].

Class 3 diagrams are more difficult to compute. They
contain internal W bosons and the corresponding dia-
grams with unphysical Goldstone bosons. Except for
some of the diagrams, the expressions for F' and G are
very complicated and the integrations are over four or five
Feynman parameters. Their explicit forms are not very
illuminating, but a few words are in order. Diagrams
with internal W bosons vary slowly with m; (or mpy),
but diagrams 3(a),(b),(d) (see Figures) with an unphys-
ical Goldstone boson replacing the W boson behave like
diagram 1(a); that is, they are approximately quadratic
in m;. Diagram 3(c) with Goldstone bosons is, like its
parent diagram with W’s, slowly varying.

We also found that many Goldstone boson diagrams
are divergent. This, of course, does not make sense since
we are computing the lowest order contributions to the
EDM of the W boson in this model, and therefore they
should be finite. Fortunately, the infinities cancel with in-
finities coming from similar diagrams with charged Higgs
bosons replacing the unphysical Goldstone bosons, leav-
ing a finite remnant (see Fig. 6). It therefore appears im-
perative to include those diagrams in a consistent calcu-
lation. However a new parameter would be introduced in
the computations, namely, the mass of the charged Higgs
boson. To avoid complicating the calculations unneces-
sarily, we shall ignore these finite remnants. We will also
neglect the whole set of finite charged-Higgs diagrams.
Nevertheless, it seems clear that their contributions are
about the same size as those from the other diagrams,
for values of the charged-Higgs-boson mass comparable
to the W-boson mass. In fact, in the case of the divergent
charged-Higgs diagrams, for a mass of the charged Higgs
boson equal to mw the contributions are the same, but of
opposite sign, as those from the corresponding diagrams
with unphysical Goldstone bosons. (And hence not only
do the infinite pieces cancel, but also the finite remnant
becomes zero.)

All contributions from this set can be written in terms
of ImZ,. For example, for diagram 3(a), after consider-
ing the three possible neutral Higgs propagator insertions
(and their complex conjugates), we find

f+(0) = ﬁ%/EGF

x (| A2|2ImZ; + |A1|2ImZo + |A1|?Tm Z,)
xF3a(mt,mH) (28)
g4

= W(Z cos? BImZ) Fsq(my, mp) (29)

after applying the identity (14). For the same combina-
tion of masses as before, m; = 180 GeV and mgy = 100
GeV, we get f,(0) = 1.2 x 107%(2 cos? fImZ,). All dia-
grams in this set contribute roughly the same (in mag-
nitude) and there is partial cancellation among some of
them. Adding all diagrams and multiplying by 2 (in order
to include the symmetric diagrams mentioned in the pre-
vious section) we find f,(0) = 2.6 x 1075(2 cos? SImZ,),
for the above masses of the top quark and the neutral
Higgs boson. The EDM coming from this and other com-
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FIG. 6. An example of divergent diagrams whose infinities
cancel mutually, leaving a finite residue. (See Sec. IV). The
one on the left has an unphysical Goldstone boson and the
other a charged Higgs boson. The diagrams cancel altogether
when the mass of the charged Higgs boson is equal to the
W-boson mass.

binations of masses is depicted in Fig. 5 [curve (b) in
both plots], where the quantity 2cos? SImZ, is taken to
be equal to one. We can appreciate from the plots that
the net dependence on mpy for this class of diagrams is

J

rather weak and, as explained in the conclusions, this will
probably cause important suppressions.

Moving on to class 4, we see that they are analogous
to the diagrams studied by Barr and Zee [9] which give
the dominant contributions to the EDM of the electron
(and possibly the neutron) in this model. The contribu-
tions can be expressed, as in the class 3 case, in terms of
ImZ,. The analytic expressions for the Feynman param-
eter integrals are relatively simple. For the diagram with
a photon inside we have

e2g?
3274

f‘Y(O) = (2 COS2 ﬁImZO)F4,'y(mt7 mH) ’ (30)

with the parametric integral given by

1t 1 1 1
Fy(my,myg) = 5/0 dw/0 dw/o dy/o dzzy?z

x[wyz + (mw/mt)z(l —z)(1 - y)zx + (mg/mt)z(l —z)(1 - w)acyz]_1 s

(31)

where the contributions from the unphysical Goldstone bosons have already been included. We still have to multiply
the value of f,(0) in (30) by 4, to take care of the symmetric diagrams. Doing so, and evaluating it for m; = 180 GeV
and myg = 100 GeV we arrive at a total f,(0) for this case of —1.2 x 107°ImZ,. This is close to the contribution of
diagram 1(a), assuming ImZ, and ImZ, to be comparable in magnitude.

In the case of an internal Z° boson (Fig. 4), only the vector part of the coupling of the Z° to the top-quark happens
to contribute, but unlike the Barr-Zee case this does not entail a strong suppression relative to the photon diagram.
This is because in the calculation of the electron EDM the coupling of the Z° to the electron is small, while in the case
at hand the coupling is to the W boson and the suppression factor is only about 65%. Consequently, these diagrams

have to be included. Computing them, we find

f+(0) = (1 - %tan20w> (g - sin20W>

where the Feynman parameter integral is given by

g*
12874

(2 cos? BImZo)Fy zo(me, mpy) , (32)

1 1 1 1
Fy zo(mg, my) = / dw/ da:/ dy/ dzxy?z[wyz + (mw /me)?(1 — z)(1 — y)*z
0 0 0 0

+(mu/m)?(1 —z)(1 — w)zyz + (mz/m:)*(1 —z)(1 — 2)zy]™t . (33)

This includes, as in the photon’s case, the contributions
from unphysical Goldstone bosons. Including symmet-
ric diagrams (multiplying by 4) we get f,(0) = —4.5 x
10~¢ ImZ,, for m; = 180 GeV and my = 100 GeV. As in
the previous diagram the result is negative, but we need
to keep in mind that we do not know the relative sign
between ImZy and ImZ, and so these results may add to
or subtract from diagram 1(a). The EDM contributed by
these diagrams (all of class 4) is shown in Fig. 5 [curve (c)
in both plots], under the assumption 2 cos? SImZ, = 1.

V. DISCUSSION AND CONCLUSIONS

We have computed the W EDM in the two-Higgs-
doublet extension of the SM. All the relevant diagrams

M
have been included and the results are exhibited in Fig. 5,

where the CP-violating quantities ImZ, and 2 cos? fImZ,
are set equal to one. We can see from the plot for
m; = 180 GeV, that a value for dyw of about 5x10~2'ecm
can be easily achieved for relatively small masses of the
dominant Higgs boson. This is below the current up-
per bound of ~ 107 e cm, which comes indirectly from
the experimental upper bound for the neutron EDM,
d, = (-3 £ 5) x 1072%ecm [10], after applying the
Marciano-Queijeiro technique [5]. Nevertheless, this pro-
cedure involves the introduction of an ultraviolet cutoff
and the corresponding bound may be misleading [11]. It
also suffers from the well-known problems present in any
calculation of the neutron EDM. To remedy part of these
deficiencies, one of us (T.W.) undertook the exact calcu-
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lation of the induced fermion EDM coming from the W
EDM in the minimal supersymmetric extension of the SM
and in the two-Higgs-doublet extension of the SM [23]. In
spite of being model dependent, these calculations elim-
inate the uncertainties involved in the use of cutoffs to
regularize divergent integrals and provide a more secure
footing for comparison with experiment. No constraints
were found on the CP-violating phases in either theory.

Our results differ considerably from those of He and
McKellar. For example, taking m; = 200 GeV and myg =
100 GeV, Eq. (4) of Ref. [12] yields f,(0) = 2.7 x 10—6
(assuming their ImZ = 1) for diagram 1(a). By contrast,
we get f(0) = 1.8 x 10~ (with ImZ, = 1) for the same
diagram. After adding the contributions from the other
diagrams (under the assumption that ImZ, and ImZ,
are of opposite sign) our result is more than 10 times
larger than that of Ref. [12]. (As noted in Sec. IV, He
and McKellar now agree with us on the results for this
diagram [14].)

Likewise, Vendramin [13] computed the W EDM in-
duced by the diagram of Fig. 1(a). For m; = 200 GeV,
ms = 30 GeV (corresponding to our dominant Higgs-
boson mass mpg), tan8 = 10, m; = 273 GeV, and
my = 187 GeV [these are the other two neutral-Higgs-
boson masses whose contributions we neglect in our cal-
culations, computed from the parameters sin¢ = 0.6 and
k = 2 by means of Eq. (33), Ref. [13]], he finds (see
Fig. 11 in Ref. [13]) dw =~ 1072%c cm. The value we find
for diagram 1(a), assuming m; = 200 GeV and mpy = 30
GeV, is dw =~ 2.4 x 107%! ImZsecm. Taking the other
two mass eigenstates into consideration should reduce this
value (because of the sum rules we discuss below). On
top of that, the choice tan = 10 implies an upper bound
for ImZ; of ~ 1071, The value we find is therefore 1 to 2
orders of magnitude smaller than Vendramin’s, for this
particular choice of parameters.

Chang et al. [15] also made a rough estimate of the
W EDM induced by Higgs exchange. Their inequality
[Eq. (12) of Ref. [15]]

dw < 107%°(m, /100 GeV)?(10 GeV/mpg)?ecm , (34)

yields, for m; = 180 GeV and myg = 100 GeV, a dipole
moment dw < 3x 10722e cm which is roughly an order of
magnitude smaller than what we get. For smaller Higgs
boson masses the value is closer to ours. This is due, in
part, to the inverse quadratic dependence on my in their
expression for dw. Our results indicate a much milder
dependence to the point of being almost disturbing, be-
cause the CP-violating amplitudes in the sums over mass
eigenstates [Eqs. (10)—(13)] obey the sum rules [8]

ZZO,n = ZZO,n = Z VAT Z Zapn =0 (35)

that may be the cause of strong suppressions if the de-
pendence on the neutral-Higgs-boson masses is too weak.
Fortunately, for diagrams in classes 1 and 4 this will not
appreciably affect our conclusions, as long as the Higgs-
boson masses are well spaced. However, the contributions
from class 3 diagrams will be highly suppressed if the
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mass of the lightest neutral Higgs boson is above ~ 200
GeV.

We know neither the magnitude nor the signs of the
quantities ImZ; and ImZ,. Nevertheless, for vacuum
expectation values A; and Az of about the same size,
the constraints found by Weinberg give for |ImZ,| and
2 cos? 8|ImZ,| upper bounds of v/2 and 1, respectively.
No constraints come from the comparison of the domi-
nant contributions to the EDM’s of the electron and the
neutron in this model [9] with the present experimen-
tal upper bounds; and the estimate tan8 > 0.3 made
by Barger et al. [24] places no restrictions, either. So,
we can assume |ImZ,| and 2 cos? 8|ImZ,| to be of order
unity (as we did for the graphs of Fig. 5). Of course, for
values a little larger than one, the W EDM could reach
10~2% cm. However, for |Az| 3> |A1| both upper bounds
are much smaller than one and the contributions to the
EDM will be strongly suppressed.

A dw < 1072% cm is too small to be seen at current ac-
celerators. The form factor f,(0), corresponding to this
EDM, is ~ 10~%. At the CERN e*e™ collider LEP II the
sensitivity to this form factor may reach 10~! and it is
somewhat better at some proposed colliders such as the
Next Linear Collider (NLC) [3,4]. Since good prospects
exist for improvement of the EDM bounds for the elec-
tron and the neutron in the near future, the best chance
of observing the consequences of a nonzero W EDM is,
for now, through the induced fermions EDM’s.
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FIG. 7. A selection of a few noncontributing diagrams (for
a discussion, see the Appendix). Many more could be added
to this set.
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APPENDIX

As mentioned in Sec. III, there are many diagrams that
do not generate contributions although they apparently
possess all the necessary ingredients. For completeness,
we give here a brief discussion of some representative di-
agrams.

The diagram of Fig. 7(a), and all other similar graphs
with only two lines attached to the fermion loop, does
not violate P invariance. This is because the number of
~ matrices in the loop is insufficient to produce a Levi-
Civita tensor. It therefore does not contribute to the
EDM since we require CP and P violation.

Diagram 7(b) has a neutral Higgs propagator inside
the fermion loop, reminiscent of class 1 diagrams in the
notation of this paper. Still, there is no CP violation in
this case because the final amplitude is proportional to
ReZ;. An equivalent explanation would be to consider
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the effect of the neutral Higgs boson connected to the top
quark. Since the photon is on the other side of the loop
[see Fig. 7(b)] the presence of the Higgs boson amounts
only to a correction of the self-energy of the virtual top,
and this of course is CP invariant.

The case of Fig. 7(c) is somewhat analogous to the
previous one. The amplitude for the diagram becomes
proportional to ReZ; (where k depends on which neu-
tral Higgs propagators are inserted) when the sum of the
diagrams with a given Higgs propagator and its complex
conjugate is performed.

Finally, Fig. 7(d) has two neutral Higgs bosons at-
tached to the top quark. As happened for Fig. 7(a), there
are not enough v matrices in the fermion loop to produce
a Levi-Civita tensor. We could add many more diagrams
to this list (for example, attaching the photon to differ-
ent parts of the diagrams in Fig. 7), but in all cases the
absence of contributions to the EDM of the W boson is
due to mechanisms analogous to the ones discussed.
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