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In this paper we study the neutron electric dipole moment due to Higgs-boson exchange in left-
right-symmetric models. In pseudomanifest left-right-symmetric models, the neutral Higgs contri-
bution is smaller than that from the charged Higgs boson. The charged-Higgs-contribution at the
two-loop level can be as large as the experimental upper bound. In non(pseudo)manifest left-right-
symmteric models, the neutral-Higgs-boson exchange contribution can reach the experimental upper
bound. The Higgs-boson exchange contributions can be more important than the ones from W-boson

exchange due to Wr-Wg mixing.
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One of the outstanding problems of particle physics
today is the origin of CP violation. CP violation has
only been observed in the neutral kaon system, and many
models have been proposed to explain it [1]. In order
to determine the source (or sources) responsible for CP
violation, it is important to find other processes which
also violate CP. The measurement of the neutron electric
dipole moment (EDM) D, is a very promising area of in-
vestigation. A very stringent upper bound on the neutron
EDM (D,,) has been obtained [2], | D,| < 1.2x10~?®¢ cm,
whereas the standard model [3] predicts a very small D,
(< 10~3'ecm). There are similarly stringent bounds on
the electron [4] and atomic [5] EDM’s. Assuming that the
strong CP 6 parameter is negligible, if a neutron EDM
within five orders of magnitude of the experimental up-
per bound should be detected, it signals physics beyond
the standard model. In extensions of the standard model
it is indeed possible to have a large neutron EDM (6, 7].
CP violation due to Higgs-boson exchange is an example
of such models. Recently, several authors have exploited
some new classes of two-loop diagrams which induce a
large neutron EDM [8-12]. In this paper we study these
new contributions due to Higgs-boson exchange in left-
right-symmetric models and compare them with the con-
tributions from W-boson exchange due to Wy-Wg mix-
ing [11,13-15]. The neutron EDM due to Higgs-boson ex-
change at the one-loop level in left-right-symmetric mod-
els has been considered before [16]. Here we will discuss
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both the one-loop and two-loop contributions.

The gauge group of the left-right-symmetric models
is SU(3)cxSU(2)xSU(2)rxU(1)p—r [17]. Under this
group the left- and right-handed fermions transform as

QL= (3! 2, 1, 1/3) , Qr= (37 1, 2, 1/3)v
1)
L, =(1, 2,1, —-1), Lp= (1, 1, 2, -1) s

where Q and L are quarks and leptons, respectively. In
order to give fermion masses through the tree-level Higgs-
fermion couplings, at least one bidoublet representation
of Higgs boson, transforming as ¢ = (1, 2, 2, 0), is
needed. It can be written as

_ (9 ¢T)
and its vacuum expectation value (VEV) is
@ = (o o) 3)

In this notation, ¢ transforms as U, Lr,zSU;‘2 under
SU(2)LxSU(2)g. In order to break SU(2)g at a higher
scale, additional Higgs representations are needed. There
are two traditional ways of introducing these Higgs rep-
resentations:
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(a') HL=(1’ 2, 1, 1)) HR=(1, 1, 2, l)a
(4)
(b) A =(1,3,1,2), Ar=(1 1,3, 2).

In case (a) neutrinos can have only Dirac masses. In
case (b) neutrinos can have both Dirac and Majorana
masses and the lighter neutrinos have naturally small
masses due to the seesaw mechanism. For this reason,
case (b) is usually favored in the literature. However, for
our purposes, the two cases result in similar phenomenol-
ogy. If the VEV of (Hg) ({(AR)) = vg is larger than v,
vg, and the VEV of (H) ((AL)) = vr , the symmetry-
breaking scales for SU(2)L and SU(2)r are well sepa-
rated. If vyvg # 0, there is a mixing between Wi, and Wr
with a mixing angle ¢ ~ viv2/v} for (a) and 2vyvy/v}
for (b). In the following, we shall adopt case (a) for il-
lustrative purposes whenever we need to. For simplicity
we will assume vy, = 0. In order to make this assumption
consistently, it is necessary to impose additional discrete
symmetries to eliminate the terms linear in Hy, in the
Higgs potential [18].
The Higgs-quark couplings are given by

Ly =QLf¢Qr + QLhT¢*T2Qr + H.c. , (5)

where f and h are 3 X 3 matrices. We obtain the mass
matrices for quarks,

M, = fuy + hvge™®, M) = fvse® + hvy , (6)
which can be diagonalized by the transformation
M, =VHMVE, M)=VHMVE, (7

where M, 4 are the diagonalized mass matrices for up
and down quarks, respectively. The mixing matrices for
the charged currents are

Ve = VRV, Ve = VRV, (8)

In general V7, and Vg are independent. One can always
parametrize Vi, in the conventional way in which there
is only one CP-violating phase for three generations of
quarks. Then, in general, Vg will have six CP-violating
phases. In special cases, the number of CP-violating
phases is reduced. For simplicity, we shall impose the
following left-right exchange symmetry S:

QLHQRa¢H¢T9 (9)

on the Lagrangian. It implies f = ff and h = At. In the
following we shall consider three cases.

(1) CP is broken explicitly; however, § = 0. In this case
the mass matrices are Hermitian and can be diagonalized
by unitary transformations. Therefore we have

Vi =Vg. (10)

We shall refer to this case as the manifest left-right-
(MLR-)symmetric case. Since the phases in V7, and Vg
can be simultaneously removed, we can assume that both
are transformed into Kobayashi-Maskawa (KM) form.
(2) CP is assumed to be spontaneously broken. In
this case, f and h are real and symmetric but § # 0.
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To diagonalize a symmetric matrix it is possible to use
Vi = Vg in the biunitary transformation. Therefore in
arbitrary basis one would have [19]

Ve =JuVEJ] . (11)
with

Jy = diag(e™*% , 7%, e7t)

(12)
Jq = diag(e™i@ | g7t | gTiar)

We shall refer to this case as the pseudomanifest left-
right- (PMLR-)symmetric case. We shall take the basis
in which V7, is in KM form.

(3) CPis explicitly broken and § is also nonzero. In this
case there is no simple relation between V, and Vg. If one
also does not insist on the S symmetry of Eq. (9), V7 and
Vg are completely independent. We refer to this case as
the nonmanifest left-right- (NMLR-)symmetric case. An
interesting special case of this which produces interesting
phenomenological consequences is one in which Vg can
be written as [20]

1 0 0
VR =10 VRcs Vee | - (13)
0 Vris Vaw

This form maximizes the effect of the flavor-changing
neutral Higgs boson as we shall show later.

In order to study Higgs-boson contributions to the neu-

tron EDM, we need to find out the physical-Higgs-boson
couplings to quarks. For simplicity we will choose case
(a) of Eq. (4) and assume that CP is broken sponta-
neously in case (2) or explicitly in case (3) from now on.
In that case, there is one charged Higgs eigenstate x+
which couples directly to quarks [21]:
* = 2 (08 ~ ) HE +vr(nidf +0e%])] . (19
where T2 = v?v} + (v —v2)?, v2 = v? +v2. The charged
Higgs boson associated with Hy does not mix with the
others because of the discrete symmetry [18] and does
not couple to fermions at all. There are three physical
neutral Higgs bosons which couple to quarks. We analyze
in a convenient basis ¢® and ¢4, which are linear combi-
nations of $9* and ¢ such that (¢;?) # 0 and (¢%) = 0.
The physical neutral Higgs bosons are then expressed as
linear combinations of H;, H,, and H3. Here H; is the
real part of ¢ while Hy, Hj are real and imaginary parts
of ¢%. They can be written explicitly as [21]

X

Hi=cos0 ¢1r +sinfcosé ¢ap +sinfsiné ¢or ,
Hj = —sinf ¢1p + cosOcosb ¢ap + cosfsiné ¢or , (15)
H3 =5sin6 ¢11 — cosfsiné ¢op + cosfcosé oy .

where cos@ = v, /v and sinf = vy /v, and ¢;g 1 denote
the real and imaginary parts of ¢?, respectively.

For case (b) of Eq. (4), the situation is more com-
plicated because it is harder to eliminate the term lin-
ear in Ay [22]. If these terms remain then (Ar) # 0
and the singly charged Higgs boson in Ay, will also mix
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with ¢ just as Ar does. The neutral components of
Ar,r will also mix with H; defined in Eq. (15) [23].
However, if vg > v; these mixings will be small. The
dominant components which couple to quarks are still
x* =~ cos 8¢ + sinfe*® 3 and H; just as in case (a).
The neutral Higgs bosons defined in Eq. (15) are in
general not mass eigenstates. However in order to sim-
plify the discussion, we will take these particles to be
mass eigenstates in the following for PMLR- and NMLR-
J

(V2GF)Y/?

LYukawa = cos 20

symmetric models. In these two cases, the mixings in
Eq. (15) already reflect the full complexity of the problem
as far as the CP-violating phenomenology is concerned.
If CP is explicitly broken in the Higgs self-couplings, as
is required in the case of MLR-symmetric models (since
6 = 0), the mixings between these neutral Higgs bosons
are more complicated and important. We will comment
on this later. The Yukawa interactions of these Higgs
bosons to the quark sector are

{ ﬁ[ﬁL(MuVR — Vi Mysin 206_i6)DR - UR(VRMd — M,V sin 296_i5)DL] X+

+Ur M, (cos 20H; — sin 20H, + isin 20 H3)Ugr
+DpMy(cos20H; — sin20H, — isin 20H3) D

+UL (Ve MaV})e (Hy — iH3)Ug + Dr(V] M, VR)e (H, + iH3)DR} +H.e. (16)

One should note that contrary to the multidoublet exten-
sions of standard model frequently discussed in the liter-
ature [9] the charged Higgs boson x* has right-handed
couplings M, Vg that are proportional to up-type quark
masses, in addition to the usual left-handed ones. In
particular, these new couplings depend on the Vg mixing
matrix which is not severely constrained experimentally.
Therefore the dg quark can in principle have a large mix-
ing with tr through charged Higgs boson. This fact has
been observed before [16] but has not been emphasized.
Similarly, in the last term the neutral-Higgs-boson cou-
plings are also proportional to M, Vg. They are partly
responsible for the large CP-violating effects that we shall
discuss later.

We will use the standard KM convention [24] for V,
with Im Vi = 0. We also set |Vyslo,r = |VuslL,r =
0.22, |Vid|z,r = 0.006, in PMLR-symmetric models. In
NMLR-symmetric models, Vg;; can be different from
Viij. We shall assume it is of the form in Eq. (13)
to maximize the effect of CP violation. For the quark
masses we will use m, (1 GeV) = 4.2 MeV, m4(1 GeV)
= 7.5 MeV, my(1 GeV) = 150 MeV, m.(m.) = 1.4 GeV,
mp(mp) = 5 GeV and my(m:) = 150 GeV. Since
mg > my, a natural value for 8 is sin 26 = 2—1L

The H; boson behaves like the Higgs boson of the
standard model. Its coupling does not mediate flavor-
changing neutral currents (FCNC’s) and does not vio-
late CP at the tree level. But Hy and Hs do both.
Note that in the usual multidoublet extensions of the
standard model, such FCNC-mediating Higgs bosons
can be avoided by introducing a discrete symmetry [25].
However they are essential parts of the usual left-right-
symmetric models [14]. Therefore, in this case, instead
of trying to avoid them, we shall investigate under what
circumstances their effect can be large and detectable.
Because H; induces FCNC’s at the tree level, its mass
must be sufficiently large in order not to yield a too large
mass difference between K, and Kg. This consideration
constrains the mass of Hy to be larger than 8 TeV [26]
in the MLR- and PMLR-symmetric models. In PMLR-
symmetric models with spontaneous CP violation, it was
difficult to get 6 # 0 if one used only minimal Higgs mul-

l

tiplets [27]). However it was also observed [27] that such
solution can indeed be obtained if one is willing to make
a slight extension of Higgs sector. The lower bound on
the mass derived from the absence of FCNC only applies
to neutral Higgs bosons. In our estimates, for PMLR-
symmetric models we will use 10 TeV for neutral-Higgs-
boson mass. The charged Higgs bosons x* can have a
smaller mass. When V; and Vg are independent from
each other, if one takes the special form of Vg in Eq. (13),
the experimental lower bound for the H; mass can be
smaller.

We are now ready to estimate the Higgs-boson contri-
butions to the neutron EDM. We shall consider the fol-
lowing three interactions which can give important con-
tributions to the neutron EDM:

the quark EDM, 0= — %‘ii@auﬂsF e,

Oqc = - %igsqauv'ysG‘wq y
17)

1
0 = - 5C ancGl GGy

the quark color EDM,

the gluon color EDM,

where F#¥ is the photon field strength GH is the gluon
field strength and G** = 2€uapGeP

There are many ways to estimate the contributions of
these operators to the neutron electric dipole moment,
D,,. Using SU(6) relations we have [6]

1
D,(dg) = §(4dd —dy),

s (3430

The estimate for OC is more uncertain than that of O”.
Various other estimates [10] and calculations using sum
rule techniques [28] give a range between 0.05 and 1 for
the ratio D,,(fq)/efq. A recent reevaluation [29] confirms
in fact the result of Eq. (18). For the contribution from
Of, we use the naive dimensional analysis (NDA) to es-

(18)
Dn(fq) =
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timate the neutron EDM ([8]:

D, ~ c, (19)
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where M = 4nf, = 1190 MeV is the scale of chiral-
symmetry breaking. An alternative estimate using QCD
sum rules [30] gives a value smaller by about a factor of
30. The sum-rule result involves additional assumptions
such as 7 dominance and its reliability is hard to assess.
However, the NDA estimate is also plagued by uncer-
tainties, in this case an arbitrary assumption about the
normalization. The comparison of these two estimates
may be used as an estimate of the uncertainty in the
calculation of hadronic matrix elements.

A nonzero value for f; will also generate a neutron
EDM. It was estimated to give [12]

D, (fs) = 0.03fse . (20)

As we will show later, in some scenarios, fs can give rise
to the dominant contribution.

In models of CP violation, the quark EDM d, and the
quark color EDM f; can be generated at the one- and
two-loop levels. The gluon EDM Of are typically gen-
erated at the two-loop level. The one-loop contribution
to dg and fi from the neutral Higgs boson, as shown in
Fig. 1, is given by [16]

2 2
dqg =~ (—le) mGr 2mt 5 In (T;;L)
37 8v/2n2 cos? 260m% m?

Xnglm (VithRthIfththeZi&) )

(21)
efam 314, .
Nd
Note that it is assumed that the neutral-Higgs-boson cou-
plings are dominated by the flavor-changing neutral cur-

rent, the last term in Eq.(16). In PMLR-symmetric mod-
els, using Egs. (11) and (12),

Im (V7,qVreaVae Vipe'™)

~ |Vial?sin(aq + ap + 26 — 20;) . (22)

D, (dg) = {3 x 10~28sin(a; — ag — §) ecm

my = 10 TeV,
1.3x 107%sin(a; — ag — §)cem, my =1 TeV,
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FIG. 1. One-loop contribution to dg,s(fs,s) due to the
neutral Higgs bosons Hz3s. The mZms dependence comes
from the couplings in Eq. (16) and the mass m; insertion in
the internal b quark line.

For the charged-Higgs-boson contribution in Fig. 2, we
obtain [16]

2\ m:Gr . m2 m2
~| = A T—| .4
da (3 e) 4+/272 sin 20 cos? 20m2 n m?

xngIm (Ve Viae ™ )

(23)
. 30y
efd ~ D) na dd .
In PMLR-symmetric models,
Im(VitaViia) = |Vaal* sin(as — aq — 6) . (24)

In Egs. (21) and (23), ng = [os(me)/as(1)]*®’* and
Ny = log(my) /as(u)]m/ 23 are the QCD correction factors
[10]. Note that dg is more suppressed by the QCD correc-
tion than f4. Following Ref. [8], we will use o, (u) = 4=
and as(m;) = 0.1. As we commented before, Eq. (23)
is characterized by its m? dependence, a feature which
distinguishes it from the usual multidoublet models.

Using the numerical values quoted before for the pa-
rameters, we find the contribution to D,, from neutral-
Higgs-boson exchange to be less than 10728 ecm with
mypg = 10 TeV. Using the same parameters for the
charged-Higgs-boson contribution in PMLR-symmetric
models, we have

(25)

where we have set-sin 26 = 2;’:‘1-5- ~ 0.04. We see that the one-loop level Higgs-boson contributions to the neutron
EDM are small. Of course if the mass of the charged Higgs boson is much lower than 1 TeV, it is possible to have a
larger neutron EDM. A similar contribution also comes from f; (about 60% of d4 contribution). The contributions
from d,, and f, are smaller because the couplings are smaller.

The contribution to the neutron EDM from f, due to the neutral Higgs boson is given by

mbG F mtz
8272 cos? 26m?;

m2 .
Dy (fs) ~ 0.03f,e~0.03¢ In (-;1%) nglm (Viy, VRtsVszVEtbe2l6)

= (2 x 10 %ecm) Im (V4 Vaes Ve Viwe®®) , mu =1 TeV. (26)

1
(0.04)2

There is also a similar contribution from the charged Higgs boson. We have
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m2 m2 * =1
n(f,) =~ 0.03e \;_ > 200082 2t6m2 In (E% T)fIm (VLtsVRtse 16)

=(2.7x 107 %ecm) ———Im (Vs Ve~

(0. 04)2

In the special case of Eq. (13), |Vrts| can be larger
than |Vis| ~ 0.04, and therefore these contributions
can be near the experimental upper bound. In PMLR-
symmetric models, |Vges| |Vits| and the neutral-
Higgs-boson masses are around 10 TeV. Then, only
Eq. (27) contributes significantly, with values near those
in Eq. (25).

We now turn to the two-loop contributions. Once
again in this case one can take advantage of the fact
that CP-violating neutral-Higgs-boson couplings can all
be proportional to m; instead of having at least one of
them proportional to m; as in the case of the multidou-
blet extensions of standard model. At this level, the
neutral-Higgs-boson exchange in Fig. 3 will generate a
quark color EDM f; which is given by [10]

_ Gr as(me) 37/23 m?
fa= 16\/§w3mqa3(”) ( as(p) ) ¢ (E'q) ’

G(z,u) = f(2)ImZy, + g(2)ImZ,; , (28)
G(z,d) = f(2)ImZiq + 9(z)ImZg; .
For z « 1,

7(2) = 9(2) ~ 5a(inz)? (29

where ImZ,; are defined through

Dy (fs) = 0.03fse

~ (2 x 107?"ecm)Im (VECSVRCSew + g—tVEmVRtse”) , mg=1TeV.
c

This contribution is small.

©®), my=1TeV.

(27)

ImZij = 27’iﬂj . (30)
with
Lin: = (2\/_GF 1/2( myYelt + imeBetyst + mayadd
+imgBadysd + myyuiiu
+imy Byiysu)Hs . (31)

In PMLR-symmetric models the largest contribution
to fg is from the term proportional to ImZ;4, we have

sm 29
ImZyy = 2 20 [( VLudVRud + VLchRcd
+ﬂV£thth>ei6] , (32)
md
and
V. 2
ImZ,;y =~ ——:z—z c[osc2d|26 sin26sin(ag — ac.+6) . (33)
The contribution to D, is again small, D, < 4 x

10~2%ecm for my =1 TeV. The f, contribution is even
smaller.

In the special case of Eq. (13), the contribution from
fs again dominates over other contributions. Changing
the subscript d to s in Egs. (28) and (32), we obtain f.
The resulting value of the neutron EDM is given by

(34)

The operator O¢ will also be generated at the two-loop level. We find the neutral-Higgs-boson contribution to D,

g
through this mechanism to be [8]

5%z (2)

=(52) (3 )

’,_‘—_‘\‘

D, ~eEM —

q=d,$ m(VLtq m[VR(q q=d,$

My

N =

7< >
§Y(g)

FIG. 2. One-loop contribution to dg,s(f4,s) due to the
charged Higgs boson x*. The m? dependence comes from
the couplings in Eq. (16) and the mass m; insertion in the
internal t-quark line.

—54/27
_0‘3(_“)_) / ~6x 1075
as(mc)

(35)

s
H - g
s
ds 7 N d,s

FIG. 3. Leading two-loop contribution to the quark color
EDM due to the neutral-Higgs-boson exchange and the virtual
top-quark loop effect.




46 NEUTRON ELECTRIC DIPOLE MOMENT DUE TO HIGGS- . .. 3881

For 2« 1,
h(z) = —zlnz (36)
We have
mp sin20 (Voo VE. g—i6
ImZu = —m m m( Ltb Y Rtp€ ) . (37)

This effect is extremely small D, < 10~3%cm. In the
special case of Eq. (13), this contribution can be larger
(~ 10~28¢cm) because the neutral-Higgs-boson mass is
less constrained.

The charged-Higgs-boson contribution in Fig. 4 to the
neutron EDM via the operator OY is given by [8]

2
Dnzeé’MﬁGF Im Z’h’( ) ,
m}y

(4m)?
i [ 9s(1) 3 oy (me)\ T [ ay(me)) T
$= ( 4m ) (as(mt)) (a,(mb))
() —-54/27 ~ D
8 (aa(mc)) ~3x 107 (38)
For z < 1,
h(z) =~ -zlnz (39)

ImZ’ is defined by
Lint = (2\/§GF)1/2 (ambbeR + bmtbeL)x+ ,

(40)
ImZ’ = 2Im(ab*) .
We have
mz' = 2™t 5820 f Vi e) (41)
- m mp cos? 20 RebPL6E )
and, in PMLR-symmetric models,
ImZ’ =2 sm2220 5 sin(6 + ap — ay) . (42)
The neutron EDM from this contribution is
2.5 x 10727 sin(6 + ap — o¢)ecm ,
_ my = 10 TeV
Dr = 10-%%sin(6 4+ ap — a¢)ecm , (43)
x =1TeV.

This result is also valid for the special case of Eq. (13).
Several comments about our results are in order.

FIG. 4. Leading two-loop contribution to the gluon color
EDM due to the charged Higgs-boson exchange.

(1) It is clear from our discussion that the neutral Higgs
contributions to the neutron EDM in PMLR-symmetric
models are small, while the charged-Higgs-boson contri-
butions can be as large as the experimental upper bound.
The one-loop contribution from the charged Higgs boson
is smaller than the two-loop contribution. However QCD
sum rule calculations show that the dimensional analysis
estimate for the Og" contribution may be overestimated
[30] and the contribution from f, may be larger than the
SU(6) prediction [28]. In this case, the contribution from
the charged Higgs boson at the one-loop level may be as
important as the two-loop contribution.

If Vi and Vi are independent from each other, the
neutral-Higgs-boson masses can be smaller. The contri-
bution to the neutron EDM can then be close to the
experimental upper bound.

In MLR-symmetric models, because V;, = Vp and
6 = 0 all the contributions discussed above are equal to
zero if there is no CP-violating couplings in the Higgs po-
tential. We have mentioned before that in general such
couplings exist. In this case even § = 0 exchange of
Higgs particle will violate CP. The calculations are sim-
ilar to those discussed before. One only needs to change
the CP-violating phases in the previous equations to the
CP-violating mixing parameters in this case. The Higgs-
boson contributions to the neutron EDM are similar to
those in PMLR-symmetric models.

(2) Many calculations for the neutron EDM in left-
right-symmetric models have concentrated on the contri-
butions from W -Wg mixing. All these contributions are
proportional to the mixing angle {. A large contribution
can be obtained from a four-quark operator generated by
exchange of the light W boson at the tree level. This was
estimated in Ref. [31] to be

D, =2x10" IQCIm(VLudVI;ud) .

It is interesting to note that unless there are fortuitous
cancellations, ¢ is bounded from experimental data on
€' /e to be less than 10~° if the CP-violating phase in-
volved is close to one [13]. In that case this contribution
will be smaller than the charged-Higgs-boson contribu-
tion if the charged-Higgs-boson mass is less than 1 TeV
and the phases of Vg V€% and ViygVruq are the same
order of magnitude.

(3) Exchange of Higgs particles in left-right-symmetric
models will also generate CP-violating electron-nucleon
and nucleon-nucleon interactions which will induce a
nonzero atomic EDM. The electron-nucleon interactions
will be generated by exchange of neutral Higgs boson
at the tree level. We find that these interactions are
small [32] (cs, cp < 1071%). The contribution to CP-
violating nucleon-nucleon interactions due to the oper-
ator Og" from the charged Higgs boson are the largest
contributions due to Higgs bosons. However it is also
very small [33] (7 < 10~%).

To summarize, we have studied the neutron EDM due
to Higgs-boson exchange in left-right-symmetric models.
We find that in PMLR-symmetric models the most im-
portant effect is from the charged Higgs boson at the
two-loop level. In NMLR-symmetric models, the neutral
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and charged-Higgs-boson contributions at the one-loop
level can reach the experimental upper bound. These
contributions can be more important than the contribu-
tions from Wiy-Wg mixing.
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