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Anomalous magnetic and quadrupole moments of the # boson in the two-Higgs-doublet model
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We present limits on the anomalous magnetic and quadrupole moments of the W boson in
SU(2)® U(1) models with two Higgs doublets. We give the contributions to these moments from the
charged and neutral Higgs bosons beyond the standard model. The main result is that these extra
components increase the moments by 0.1% and 0.03%, respectively.

I. INTRODUCTION

The two-Higgs-doublet extension' of the standard mod-
el (SM) has been studied for various reasons. These in-
clude spontaneous CP violation,” and supersymmetric ex-
tensions of the SM.> It is also possible that the two Higgs
doublets are among the debris left over from the breaking
of some grand unified physics. Whatever the deeper
reason for its existence may be, we deem that the effects
of the two-Higgs-doublet extension are worth examining.
In this paper we focus on its contributions to the anoma-
lous magnetic moment « and the anomalous quadrupole
moment AQ of the W boson. The important reasons for
studying these quantities are well emphasized in the litera-
ture* and we shall not repeat them here. It suffices to
mention that «k will be measured in experiments at CERN
LEP II (Ref. 5), at the Superconducting Super Collider
(S8SC), possibly at Fermilab Tevatron, at the Stanford
Linear Collider® (SLC), and also at high-energy photon-
electron colliders.”

In the SM, « is one at the tree level and AQ =0. It is
well known that a useful quantity to probe the physics
beyond the SM is the deviation of « from unity. We
denote this deviation by Ax. In particular, Ak >1 is not
ruled out by current data.® Theoretically, in some models
of composite W bosons a value as high as 3 can be ob-
tained.” Moreover, in most weakly coupled, renormaliz-
able theories, Ak is expected to be of order a/w, in
marked contrast to composite models. An upper bound
of Ak=1.5% and AQ =0.25% has been obtained in Ref.
10 for the SM, for favorable values of z-quark and Higgs-
boson masses.

The modest aim of this paper is to obtain similar
bounds on Ax and AQ for the two-Higgs doublet model.
This is done with the assumption that perturbation theory
holds for the model, which in turn implies that the masses
of the three neutral and two charged Higgs bosons are less
than a few TeV/c? (Ref. 11). Otherwise, the theory be-
comes strongly interacting and invalidates our calculation.
Furthermore, for technical simplicity, we will assume that
all neutral Higgs bosons have the same mass: M,. As we
shall see later, the masses of the neutral Higgs bosons
enter as My>/My?, where My is the mass of the W bo-
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son, in logarithmic functions. Hence, using an average
mass will not introduce large inaccuracies and reduces the
number of free parameters. This enables us to see more
clearly the physics that enters into the calculation.

As we shall see, an upper limit on Ak of the order of a
percent is obtained and is less than the contributions of
the ¢ quark. This is in agreement with expectation from a
weakly coupled theory. It also means that Ak cannot be
used experimentally to distinguish between different weak-
ly coupled theories such as the SM with extra fermion
families or a two-Higgs-doublet model, unless a measure-
ment better than 5% is achieved. This will probably be
very difficult with the above-mentioned machines. On the
other hand, if Ak >20% is measured, it would likely im-
ply that nonperturbative physics is at work. This would
be very interesting indeed.

In Sec. II we give a brief description of the two-Higgs-
doublet model. We shall only present the contributions
beyond the SM. Section III contains numerical results for
Ak and AQ over the mass range 50 GeV/c? to 1 TeV/c?
both for the neutral and charged Higgs bosons. Our con-
clusions and the relevance of the calculation when the
model is embedded into the supersymmetric version are
discussed in Sec. IV.

II. CALCULATION OF Ax AND AQ

We begin by writing down the terms we need in the
two-Higgs-doublet model. The Lagrangian involving the
scalar fields @, and &, is given by

2
L=3 (D, ®) (D'D)+V (P, D)) ,

i=1

(2.1)

where

—3. _i%p _i&;
D#:a#—t > B, —i 27' A,
with 4, and B, denoting the SU(2) and U(1) gauge fields,
respectively. The Yukawa terms are omitted and the
specific form of the scalar potential is not relevant to us.
After spontaneous symmetry breaking (SSB) we get

(2.2)
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_ 0 _
(@)= a,/v2
and
0
()=, > (2.3)

We shall assume CP invariance and set ¢; and a, to be
real. Usually, one proceeds to translate the fields and
derive the Feynman rules. We find it convenient to first
rotate the fields via

H,;=® cosa+ P,sina (2.4a)
and

H,=—®sina+ P,cosa , (2.4b)
such that (H,)=v/v2 and (H,)=0, where

v?=a,?+a,* and tana=a,/a,. H, can be interpreted as

the real Higgs field. The advantage of rotating the fields
first can be seen when H; and H, are written in terms of
the physical and unphysical would-be Goldstone fields.
Explicitly, we write

.
H = U/\/§+iG°+H?] , (2.5a)
_| HT
Hy= | go g | (2.5b)

where HY and HY are physical scalar fields and HY is a
physical pseudoscalar field. The unphysical fields G *
and G are just the SM ones. The usual gauge-fixing con-
ditions hold. Substituting Egs. (2.5a) and (2.5b) into (2.1),
it can be shown that G° does not mix with H and simi-
larly for G and H . Then, it is clear that new contri-
butions come entirely from H*, HY, and HY. Because of
the assumed CP invariance HY will not mix with either
HY or HS. However, H{ and HY can in general mix. We
can parametrize this mixing with yet another angle 6.
Denoting the mass eigenstates by 49 and 79 we get

h?=H%o0s0+ HYsinb , (2.6a)
h9=—H%in6+ HIcos6 . (2.6b)

Henceforth, we shall work only with these physical states.

The vertices can be easily derived from the Lagrangian
when expressed in the fields defined in Egs. (2.5) and
(2.6). The useful ones are listed in Fig. 1. Using these we
obtain the one-loop contributions to the y W™ W = vertex,
which are depicted in Fig. 2, where the kinematics is also
defined.

Following previous notation we can write the most
general CP and electromagnetic gauge-invariant vertex as

10,12

Ta=ie | A[2p"g" +4(Q g™ — Q¥ g™)]

+2(k—1)(Q gM — QHghY)

AQ
My?

+4 ka;le) .

+
/H (p+)
Ap - .
il g sin Bw(p+—p_)/1.
NH(p)
Wff’ /Hg(po)
vvvvvv>vvv‘<‘\ g/2 (p_—po),u_
N H(p)
h?(p_)
W’Uf /,/ ' o
vvvvv\&vvvv<\\ —ig/2(p_—p°)lu,
A NH (p)
n
~HY(p)
A/ 3% .
W - -g /2sin9ngV
14 -
S\H (p)
wt ~H*(p)
M =g *
W, ASU
v SSH (p)
W /H+
/2 .
~_ . 1/72ig sm@wg/’w
~
W, Hz(po)
FIG. 1. Vertices involved in the one-loop correction of the
yWHtW ~ vertex.

It can be shown that the diagrams of Figs. 2(b)-2(d)
contribute to gauge terms and are not relevant to Ak or
AQ. The sole contribution comes from Fig. 2(a). After
some calculation and using standard techniques of dimen-

A, (2Q) \)%A#
AN H+(/ \\H_
VARITTRRN )

Hgf—<—V N

wt W~ ﬁ
wt w-

(p-Q) (p+Q)

(a) (b)

(c) (d)

FIG. 2. Feynman diagrams to the one-loop correction to the
YW W vertex.
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sional regularization in the ’t Hooft—Feynman gauge we
obtained

1[=2t*4 24+ F)t® —Ft?ldt

Ak= —3a , (2.8)
fo t?—tF+8
183t —1)dt
AQ=2a T IE— (2.9)
Q fo t2—tF +8
where a=g?/967> and F=1+86—€ and where

8=My*/My? and e=M  */M,>.

From these we derive the upper bound on Ak and AQ
for the two-Higgs-doublet model. The above equations
were given for one neutral Higgs boson. One sums over
h9, hY, and HS to obtain the total contribution.

III. RESULTS

The main results of this paper are contained in the pre-
vious equations. For completeness, the contributions in
the SM are also given below:!?

1[26% =23 4412 — 128 (¢t —1)]dt

Axk=3 (3.1)
o afo 12 4+8%1—1)
and
1 (3 —tHde
AQ=2 —_— (3.2)
Q=2a fo t24+8%(1—1)

where 8% is now Mg, /My ?. From Eqgs. (2.8) and (2.9)
we see that the main uncertainty comes from the un-
known masses of the Higgs bosons; the dependence is log-
arithmic. In the limit of an infinite M, and finite M, we
get

Axk—2a , (3.3)

AQ—0. (3.4)
Similarly, when reversing those limits one gets

Ak— —a , (3.5)

AQ—O0 . (3.6)

In the case where both masses are large and equal Ax and
AQ are 0. The maximum value of AQ is 0.6a in our mass
range and occurs when all masses take the minimum
value allowed by current data. This peak decreases very
quickly and by the time the masses are 300 GeV/c? the
contribution is almost 0. These limits also serve as a use-
ful check on the numerical integrations. In Figs. 3(a) and
3(b), we show the dependence of Ak and AQ as a function
of M, for fixed values of M ., while Figs. 4(a) and 4(b)
show the behavior of Ak and AQ as a function of M | and
M,. Clearly, one sees that large contributions can come
from small values of My and M. We have loosely
chosen 50 GeV/c? as the lower limit for both masses.
This is indicated by considerations' involving muon de-
cays asymmetries in e e ~ annihilations, and other reac-
tions. Direct searches of charged Higgs bosons set a
much lower limit at 25 GeV/c? from e *e ~ annihilations.
From Figs. 4(a) and 4(b), we see that the maximum con-
tribution to Ax and AQ from the extra Higgs bosons are
0.1 and 0.03%, respectively. These values allow us to
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FIG. 3. (a) Ak as a function of M . for different values of M,:
100 GeV/c? (continuous line), 500 GeV/c? (dash-dotted line),
1000 GeV/c? (dashed line). The vertical scale is in units of
a(g?/961*). (b) AQ as a function of M, for different values of
mo: 100 GeV/c? (continuous line), 200 GeV/c? (dash-dotted
line), 500 GeV /c? (dotted line). The vertical scale is the same as
in (a).

conclude that the bound on Ax and AQ from the two-
Higgs-doublet model is

(AK)max=32a=1.6% , (3.7)
(AQ)max=5.6a=0.28% . (3.8)
This is to be compared with the SM values of
(AK)max=30a=1.5% , (3.9)
(AQ)max=5a=0.25% . (3.10)

These are absolute maximum since we simply added the
maximum value from the extra Higgs bosons of the two-
Higgs-doublet model to the maximum value of SM. We
see that the extra Higgs bosons add insignificantly to Ak
and AQ, from an experimental point of view.

IV. CONCLUSIONS

We have calculated one-loop corrections to the magnet-
ic and quadrupole moments of the W boson in the two-
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Higgs-doublet extension of the SM. It is found that the
maximum contribution to Ax and AQ in this extension
are, respectively, 1.6 and 0.28 %. This is in accordance
with the expectation of perturbation theory if the Higgs
boson is not strongly interacting. It was found previously
that each possible heavy fermion is an SU(2) doublet gives
a contribution to Ak less than 0.4%. It is interesting that
heavy-fermion doublets give a larger contribution to Ak
than Higgs bosons. We can conclude that extending the
SM by adding one extra fermion family and/or one extra
Higgs doublet cannot add to Ax by more than 0.03. To

get a large correction to the anomalous magnetic moment

this way would require a ridiculously large number of
Higgs bosons or fermion families. Enlarging the scalar
sector by adding SU(2) singlets will not affect Ak or AQ
significantly at the one-loop level. Therefore, if a Ak of
10% or more were measured, it would be a very strong
indication that nonperturbative physics is at work; such as
compositeness of the W boson or strongly interacting
Higgs boson. We have certainly not exhausted all possi-
ble extensions of the Higgs sector in SU(2)® U(1) theories
and determined their contribution to Ax and AQ. Our
work does indicate that Ak and AQ are not sensitive to
variations in this sector as long as it remains a weakly
coupling one. It would be interesting to determine at
least semiquantitatively Ax and AQ for other, more
elaborate embeddings of the standard model. In particu-
lar, the supersymmetric standard model with broken su-
persymmetry and a plethora of superparticles may add to
Ak and AQ beyond the contributions we calculated. Ex-
act calculations will be interesting and our work will be of
use in such an attempt.
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