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The electric dipole moment (edm) of the muon (de
m) is evaluated in supersymmetric models with

nonzero neutrino masses and large neutrino mixing arising from the seesaw mechanism. It is found that
if the seesaw mechanism is embedded in the framework of a left-right symmetric gauge structure, the
interactions responsible for the right-handed neutrino Majorana masses lead to an enhancement in de

m

to values as large as 5 3 10223e cm, with a correlated value of �g 2 2�m � 13 3 10210. This should
provide a strong motivation for improving the edm of the muon to the level of 10224e cm as has recently
been proposed.

PACS numbers: 14.60.Pq, 11.30.Pb, 11.30.Er, 12.15.Ff
It has long been recognized that electric dipole moments
(edm) of fermions can provide a unique window to probe
into the nature of the forces that are responsible for CP vio-
lation [1]. Experimental limits on the edm of neutron have
reached the impressive level of 6 3 10226e cm [2] and
have already helped constrain and sometimes exclude theo-
retical models of CP violation. Electric dipole moment
of the electron has severely been constrained by atomic
measurements in Cs (de

e # 10226) and Tl (de
e # 4.3 3

10227e cm) [3]. The limits on the muon edm, on the other
hand, are much weaker, the present limit derived from the
CERN �g 2 2� experiment [4] is de

m # 1.1 3 10218e cm.
There has been a recent proposal to improve this limit on
de

m to the level of 10224e cm [5]. In this paper we will ar-
gue that there is a strong motivation for this proposed im-
provement, related to the observation of neutrino masses
and oscillations.

In a large class of models, a generic scaling law holds
for leptonic edm given by de

m�de
e � mm�me. The present

limit on de
e would then imply that de

m # 10224e cm. Ex-
amples where such a scaling law holds are (i) multi-Higgs
models where the dominant contribution to the leptonic
edm arises from a two-loop diagram involving g-V -Higgs
vertex, with V � Z, W [6], and (ii) the minimal supersym-
metric standard model (MSSM) with the usual assumption
of universality of scalar masses and proportionality of tri-
linear A terms [7]. In both cases, e 2 m universality in
edm is broken only by the lepton masses, and hence the
scaling law. (Recently an extended Higgs model [8] has
been analyzed, where it has been shown that for large val-
ues of the parameter tanb, the one-loop Higgs exchange
diagram can compete with the two-loop diagram [6], lead-
ing to order one violation of the scaling law.)

In the light of Super-Kamiokande [9], MSSM must be
extended to incorporate small neutrino masses. A natu-
ral place is left-right (LR) symmetric gauge theories [10]
with the seesaw mechanism. We have recently advocated a
simple supersymmetric realization of left-right symmetry
(SUSYLR) [11], where we simply embed the MSSM into a
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LR gauge structure at a high scale yR � 1011 1015 GeV.
The effective theory that emerges from this model at scales
below yR is a constrained MSSM with far fewer number
of phases. In particular, it has a built-in solution to the
SUSY CP problem [11,12]. In this paper we study de

m

in this class of models and show that the interactions re-
sponsible for the Majorana masses of the nR will lead to
an enhancement of de

m. Our main effect arises through the
renormalization group extrapolation from the Planck scale
to yR [13]. In this interval the Majorana Yukawa cou-
plings of the nR fields, as well as the associated trilinear
A terms, will affect the soft supersymmetry breaking pa-
rameters of the effective MSSM, leading to the enhance-
ment of de

m. Since the Majorana Yukawa couplings do
not obey e 2 m universality, the scaling law de

m�de
e �

mm�me is not obeyed by these new diagrams.
The model.—The electroweak gauge group of the model

is SU�2�L 3 SU�2�R 3 U�1�B2L with the standard assign-
ment of quarks and leptons —left-handed quarks and lep-
tons (Q, L) transform as doublets of SU�2�L, while the
right-handed ones (Qc, Lc) are doublets of SU�2�R . The
Dirac masses of fermions arise through their Yukawa cou-
plings to a Higgs bidoublet F�2, 2, 0�. We will confine to
the minimal version with only one such F�2, 2, 0� field.
The SU�2�R 3 U�1�B2L symmetry is broken to U�1�Y by
B 2 L � 2 triplet scalar fields, the left triplet D and right
triplet Dc (accompanied by D̄ and D̄c fields, their conju-
gates to cancel anomalies). These fields also couple to the
leptons and are responsible for inducing large Majorana
masses for the nR . The gauge invariant matter part of the
superpotential involving these fields is

W � YqQT t2Ft2Qc 1 YlL
Tt2Ft2Lc

1 �fLTit2DL 1 fcLcT it2DcLc� . (1)

Under left-right parity, Q $ Qc�, L $ Lc�, F $ Fy,
D $ Dc�, along with WSU�2�L $ W�

SU�2�R
, WB2L $

W�
B2L, and u $ ū. Here the transformations apply to

the respective superfields. As a consequence, Yq � Yy
q ,
© 2000 The American Physical Society
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Yl � Yy
l , and f � f�

c in Eq. (1). Furthermore, the tri-
linear Aq and Al terms will be Hermitian, the gluino mass
term will be real, and the supersymmetric mass term for
F (the m term) as well as the supersymmetry breaking
Bm term will be real. Departures from these boundary
conditions below yR due to the renormalization group
extrapolation is small. The model thus provides a natural
resolution to the supersymmetric CP problem.

Below yR , the effective theory is the MSSM with the
Hu and Hd Higgs multiplets. The single coupling matrix
Yq of Eq. (1) describes the flavor mixing in the MSSM in
both the up and the down sectors leading to the relations

Yu � gYd , YnD � gY� , (2)

which we call up-down unification [11]. Here g is a mix-
ing parameter characterizing how much of Hu and Hd of
MSSM are in the bidoublet F—in general, F will mix
with other bidoublets/doublets of the high scale theory.
The case of Hu,d entirely in F will correspond to g � 1
and tanb � mt�mb . The first of Eq. (2) will lead to van-
ishing quark mixings and unacceptable quark mass ratios.
We showed in Ref. [11] that including the one-loop dia-
grams involving the gluino and the chargino and allowing
for a flavor structure for the A terms, there exists a large
range of parameters (though not the entire range possible
in the usual MSSM) where correct quark mixings as well
as masses can be obtained consistent with flavor chang-
ing constraints. We found a class of solutions for large
tanb � 35 40 (g � 1), and for small tanb � 4 where all
quark masses mixings and CP violating phenomena could
be explained. The smaller value tanb requires larger val-
ues of g, since g tanb � mt�mb is fixed. In this paper,
we use small tanb scenarios which is less constrained.

A concrete example of the high scale theory which
results in g fi 1 and also maintains automatic R-parity
of the left-right model involves the addition of the fields
r�2, 2, 2� 1 r̄�2, 2, 22� and VL�3, 1, 0� 1 VR�1, 3, 0�. It
can be shown (see, e.g., Ref. [14]) that this model has
a ground state where �VR� � �Dc� � �Dc� � yR and
�VL� � �D� � �D̄� � 0. All the coupling and the mass
parameters in the superpotential are guaranteed to be real
by parity symmetry, P, defined earlier, in combination with
the charge conjugation symmetry C under which all super-
fields (except r and F) transform as C ! Cc, where C

stands for a relevant superfield in the theory; WL ! WR

and B ! 2B. The fields r and F transform as follows:
r ! t2r̄T t2 and F ! t2FT t2. We will assume that
the supersymmetry breaking terms respect only P and
not C. The superpotential terms W . l1 Tr��rDcF� 1

�r̄DF�	 1 l2 Tr��r̄DcF� 1 �rD̄F�	 mix the doublets
in F and r, resulting in MSSM fields given by Hu �
cosu1Fu 1 sinu1ru and Hd � cosu2Fd 1 sinu2rd .
Here u1 is the ru 2 Fu mixing angle, which is unrelated
(since l1 fi l2) to u2, the rd 2 Fd mixing angle. This
gives g � cosu1

cosu2
, which can take any arbitrary value.

We note that due to the combination of P and softly
broken C symmetry, all dimension four couplings are real.
The VEV’s (vacuum expectation values) of order yR are
also real, which will render all entries of the Higgsino mass
matrix to be real. The effective m and Bm terms are then
real, leading to a solution to the SUSY CP problem. Such
a scheme is completely stable under renormalization, since
only the dimension 3 and 2 terms of the SUSY breaking
Lagrangian are assumed to break C (but not P).

Unlike the large tanb case (corresponding to g � 1)
[15], we are finding that CP violation in the quark sector
has to arise from soft terms (due to C invariance of d � 4
terms). We have analyzed this possibility in Ref. [11] and
shown its consistency.

In the absence of the VR field, the doubly charged field
Dc11 in Dc (as well as its conjugate) will remain mass-
less —it will pick up mass of order y

2
R�Mstring if nonrenor-

malizable operators are included. Inclusion of VR lifts
the mass of Dc11 to the scale yR [14]. We will analyze
two cases, one with the inclusion of VL,R fields, and one
without.

Leptonic CP violation and muon edm.—To discuss CP
violation in the lepton sector, we need to specify, in addi-
tion to Eq. (1), the most general soft breaking Lagrangian
in the lepton superpartners:

2L �
soft � m2

LLL̃yL̃ 1 m2
RRL̃cyL̃c

1 �AlL̃FL̃c 1 Af�L̃L̃D 1 L̃cL̃cDc� 1 H.c.	 .
(3)

To generate a nonvanishing muon edm, one needs a
complex valued �Al�22 and/or complex soft mass-squared
terms. But above the scale where the parity symmetry is
valid, Al is Hermitian, and therefore its diagonal elements
are all real. This element can, however, be complex due
to radiative corrections below the parity breaking scale.
There are two ways this can happen: (i) if only parity sym-
metry is broken but gauge symmetry SU�2�L 3 SU�2�R 3

U�1�B2L is unbroken at the string scale by introduction
of parity odd singlets [16]; (ii) if both parity and the
left-right gauge symmetry are broken, but some remnant
of the f and Af couplings remain below the yR scale.
This happens in SUSYLR model without the VL,R fields
[14,17] where the Dc11 field from Dc will have a mass
of order y

2
R�Mstring � 1012 GeV. So between Mstring and

MDc11 , the effects of f and Af couplings will be felt, and
�Al�22 can become complex.

In case (i), �Al�ij become complex due to the RGE
(renormalization group equation) effect, 16p2 dAl

dt �
�4AffyYl 1 2ffyAl 1 . . .�. The first term will intro-
duce phase in Al . Note that Af is not constrained to be
Hermitian at the string scale by parity symmetry.

Below the D-parity breaking scale, the soft mass pa-
rameters m2

LL and m2
RR will evolve differently. In particu-

lar, m2
RR will feel the effects of f and Af couplings. In

order to explain the large oscillation angle needed for the
atmospheric neutrino data, we will find that f23 is not much
smaller than f33. �m2

RR�23 will then become large and com-

plex through the RGE 16p2 dm2
RR

dt � �2AfA
y
f 1 . . .�.
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The dominant contribution to the edm of muon arises
from a diagram which has right- and left-handed muon in
the external legs and a lighter stau inside the loop. It uti-
lizes the above-mentioned 2 3 mixing which is large and
complex. For example, the diagram can have mL 2 t̃R

and t̃L 2 mR vertices along with the stau mass flip inside
the loop or it can involve just the mL 2 t̃R and t̃R 2 mR

vertices. It might be suspected that similar diagrams will
also induce large edm for the electron. However, in this
model, since f13 and f12 are much smaller, such contribu-
tions are negligible. Essentially, we have a scenario where
e 2 m flavor symmetry is broken by a large amount by
the f and Af terms. As a result the scaling law alluded
to in the introduction does not hold. Because of the new f
couplings above the yR scale, the t̃1 mass is lower than the
usual SUGRA (supergravity) model for the same values of
the parameters. This is why the diagram involving the t̃

tends to dominate in de
m.
5066
Results.—First we discuss the neutrino mass fits. We
start with a basis where the charged lepton masses are
diagonal and Dirac neutrino masses are given by MnD �
g tanbMl , where Ml � Diag�me, mm, mt�. The light
Majorana neutrino mass matrix is then given by Mn �
g2 tan2b

yR
Mlf21Ml , where f is the right-handed Majorana

Yukawa coupling matrix.
In our fit, we first use the small angle MSW (Mikheyev-

Smirnov-Wolfenstein) oscillations for the solar neutrinos
with Dm2

em � �0.3 1� 3 1025 eV2 and 2 3 1023 #

sin22uem # 2 3 1023. We also use the nm ! nt oscil-
lation scenario for atmospheric neutrinos with Dm2

mt �
�0.1 1� 3 1022 eV2 and sin22umt � 0.8 1 [9]. For
tanb � 3, we find a good fit to the solar and atmospheric
neutrino data by choosing the matrix elements of f as
f̂ 
 � f11, f12, f13, f22, f23, f33� � �21.0 3 1024, 8.8 3

1024, 22.2 3 1025, 21.3 3 1022, 1.03 3 1021, 21.59�.
At yR � 1015.3 GeV. The resulting neutrino masses and
mixing angles are
�mn1 , mn2 , mn3 � � �6.27 3 1026, 2.5 3 1023, 5.2 3 1022� eV

�jUe2j, jUe3j, jUm3j� � �3.1 3 1022, 2.9 3 1022, 0.71� .
(4)
Here jUe2j is the mixing relevant for solar neutrinos, and
jUm3j is for atmospheric neutrinos. Note that we have
taken all Yukawa couplings to be real, consistent with
our assumption that C and P symmetry are respected by
d � 4 terms.

It is possible to obtain the large angle MSW solution
by choosing at yR � 1015.6 GeV, f̂ � �21.77 3 1027,
21.42 3 1026, 0, 23.9 3 1023, 26.4 3 1022, 21.28�.
The neutrino masses are then �1.7 3 1023, 2.0 3 1023,
3.4 3 1022� eV with �jUe2j, jUe3j, jUm3j� � �0.45, 2.8 3

1022, 0.72�.
We use the one-loop Yukawa and two-loop gauge RGE

to extrapolate all parameters between the string scale and
yR . For simplicity we choose a universal scalar mass m0 at
the string scale. We also assume a common trilinear mass
A0�3Yl� for all generations. For Af we use a structure
similar to f. But we do not impose Af ~ f. We demand
electroweak symmetry to be broken radiatively.

In this model, the neutralino-slepton loop contribution
dominates the edm of muon. Sizable de

m results if Af and
f are not proportional. We give an explicit example for this
case below. It should be mentioned that large values of Af

reduces stau mass while it increases de
m. So in exploring

regions of large de
m, we need to consider the experimental

limits on stau. In our calculation we take the lightest stau
mass (t̃1) to be $80 GeV (which is above the current
experimental limit of 70 GeV [18] at

p
s � 202 GeV).

In Fig. 1 (solid lines) we plot the muon edm parameter
km 
 log10�

de
m

1310223e cm 	 for case (i) for tanb � 3 and for
the small angle MSW fit given above (de

m is not much
different for the large angle MSW solution which is not
shown). This case corresponds to D parity broken at the
string scale, but left-right gauge symmetry broken at yR �
1015.3 GeV. At the string scale (taken to be 1017 GeV),
we have assumed (in GeV units throughout) the elements
of Af (in a notation analogous to f̂) to be Âf � �22 3

1023, 1 3 1022, 0, 21 3 102eip�2, 4.7 3 102eip�2, 3.3 3

102e2ip�2�. We put A0 � 2120 GeV (where Al � A0Yl).
The upper solid line in Fig. 1 is drawn for m0 � 160 GeV.
The extreme left corner of the curve corresponds to lighter
stau mass �t̃1� � 82 GeV. At the same spot in the pa-
rameter space, the lightest chargino (x6

1 ) and the lightest
neutralino masses (x0

1 ) are 106 and 52 GeV, respectively.
We see that the muon edm can be as large as �3 3

10223e cm in this case. The lower solid line is drawn for
m0 � 170 GeV for the same set of input values.

In Fig. 1 the dashed line is the muon edm parameter km,
for case (ii) with tanb � 3 and m0 � 160 GeV. This case
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FIG. 1. km�
 log10�
de

m

1310223e cm 	� is plotted against m1�2 for
tanb � 3. The solid lines are for case (i). The upper (lower)
solid line is for m0 � 160 (170) GeV. The dashed line (m0 �
160 GeV) is for case (ii). The dot-dashed line (m0 � 85 GeV)
is for the model with horizontal symmetry. The other inputs are
described in the text.
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corresponds to Dc11 surviving below yR , with its mass
taken to be 1012 GeV. We have used the universal scenario
for the slepton masses and the same f matrix as before. At
the string scale, we take Âf � �22 3 1023, 1 3 1022, 0,
21 3 101eip�2, 3.0 3 102eip�2, 1.1 3 102e2ip�2�. We
take A0 � 0. The extreme left corner of the dashed curve
corresponds to lighter stau mass (t̃1) mass of 80 GeV.
As can be seen from the figure, large values of de

m are
possible, as large as 2 3 10223e cm.

We have assumed nonproportionality of Af and f in the
preceding two examples. We will argue that this is not
unnatural. First of all, there are no strong experimental
hints that suggest proportionality of the two (unlike the
case of Al and Yl). Second, we have proposed recently a
model based on horizontal gauge symmetry H which al-
lows for all parameters of the soft breaking sector to be
arbitrary, subject only to the constraints of H [19]. The
symmetry H was taken to be SU�2�H 3 U�1�H , with the
first two generations of fermions falling into SU�2�H dou-
blets and the third generation into singlets. H is spon-
taneously broken by a pair of doublet �f�11�, f̄�21�	
and singlet �x�11�, x̄�21�	 scalar fields whose VEV’s
are below the string scale. We denote ef 
 �f��Mstring,
ex 
 �x��Mstring with ef � 1�7, ex � 1�25. The effec-
tive Yukawa couplings involving the light fermions will be
proportional to powers of ef and ex .

The dot-dashed line in Fig. 1 shows the enhanced muon
edm within this horizontal symmetric framework. We
have embedded the model of Ref. [19] into left-right sym-
metry at a high scale. Unlike in Ref. [19], all the CKM
(Cabibbo-Kobayashi-Maskawa) mixing will vanish at tree
level now. In a basis where the Dirac Yukawa couplings
are diagonalized, the elements of the Majorana neu-
trino coupling are taken to be f̂ � �0.81e4

x�e
2
f, 0.56e2

x ,
0.125e2

x�ef, 0.59e
2
f, 0.73ef, 21.59�. The light neutrino

masses are then �6.27 3 1026, 2.9 3 1023, 4.4 3

1022� eV, and �jUe2j, jUe3j, jUm3j� � �3.2 3 1022, 2.9 3

1022, 0.74�. The elements of the soft mass-squared matrix
are taken as 852�1, 1

2e2
x , 1

7e2
x�ef, 1, ef, 1.8� with m2

LL �
m2

RR . The elements of Al are taken as 30�e4
x�e

2
f, 1

2e2
x ,

1
3e2

x�ef, 1
3e

2
f, 1

3eip�3ef, 24�, while Âf � 500�e4
x�e

2
f,

1
3e2

x , 1
7e2

x�ef, 23e
2
feip�2, 4eip�2ef, 0.6e2ip�2�. Note

that Al is Hermitian, while Af is not. In this new sce-
nario, for case (i), the muon edm can be enhanced to
5 3 10223e cm.

Now we turn to the evaluation of �g 2 2� of the muon.
In MSSM, the �g 2 2�m gets contributions from the
chargino and neutralino diagrams. The relevant expres-
sions can be found in Ref. [20]. We find the chargino
contribution to be somewhat bigger than the neutralino
loop. The magnitude of �g 2 2�m is �6 13� 3 10210 for
the curves in Fig. 1.

As for other rare processes, the branching ratio of t !
mg is 1 to 2 orders of magnitude below the present ex-
perimental limit. Since this process cannot be made much
smaller, it will be of great interest to improve the present
limit by 2 orders of magnitude. In all cases that we stud-
ied, the edm for electron is of order 10228e cm. As for
m ! eg, it is 3 to 4 orders of magnitude smaller than
current limits for cases (i) and (ii), and 1 order of magni-
tude smaller than current limits in the case of horizontal
symmetry.

In conclusion, we have found that probing de
m at the

level of 10223e cm could reveal the underlying structure
responsible for CP violation as well as for the generation
of neutrino masses.

R. N. M. thanks K. Jungman for discussions, K. S. B. ac-
knowledges the Theory group at Fermilab for hospitality.
This work is supported in parts by DOE Grant No. DE-
FG03-98ER41076, NSF Grants No. PHY-9722090 and
No. PHY-9802551.

[1] For reviews, see S. Barr and W. Marciano, in CP Violation,
edited by C. Jarlskog (World Scientific, Singapore, 1988);
W. Bernreuther and M. Suzuki, Rev. Mod. Phys. 63, 313
(1991).

[2] I. S. Altarev et al., Phys. Lett. B 276, 242 (1992); K. F.
Smith et al., Phys. Lett. B 234, 191 (1990); P. G. Harris
et al., Phys. Rev. Lett. 82, 904 (1999).

[3] E. Commins et al., Phys. Rev. A 50, 2960 (1994); K. Ab-
dullah et al., Phys. Rev. Lett. 65, 2347 (1990).

[4] J. Bailey et al., J. Phys. G 4, 345 (1978).
[5] E821 Collaboration at BNL, Y. Semertzidis et al., “AGS

Expression of Interest: Search for an Electric Dipole Mo-
ment of the Muon” (unpublished).

[6] S. Barr and A. Zee, Phys. Rev. Lett. 65, 21 (1990); 65,
2920(E) (1990).

[7] See e.g., T. Ibrahim and P. Nath, Phys. Lett. B 418, 98
(1998), and references therein.

[8] V. Barger, A. Das, and C. K. Kao, Phys. Rev. D 55, 7099
(1997).

[9] The Super-Kamiokande Collaboration, Y. Fukuda et al.,
Phys. Rev. Lett. 81, 1562 (1998).

[10] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N.
Mohapatra and J. C. Pati, Phys. Rev. D 11, 566 (1975); 11,
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