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Effects of the neutrino B term on slepton mixing and electric dipole moments
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The supersymmetric standard model with right-handed neutrino supermultiplets generically contains a soft

supersymmetry breaking mass term:dL5BnM ñRñR/2. We call this operator the ‘‘neutrinoB term.’’ We show
that the neutrinoB term can give the dominant effects from the neutrino sector to lepton-flavor-violating
processes and to lepton electric dipole moments.
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM!,
like the standard model itself, predicts a zero mass for n
trinos, and this is not compatible with the recent neutr
observations. One of the most promising methods to attrib
a tiny but nonzero mass to neutrinos is the seesaw me
nism @1#, which requires three extremely heavy right-hand
neutrinos. In the MSSM with right-handed neutrino sup
multiplets, the leptonic part of the superpotential is

W5Yl
i j eabH1

al Ri
c L j

b1Yn
i j eabH2

anRiL j
b1

1

2
Mi j nRinR j ,

~1!

whereL j
b is the supermultiplet corresponding to the doub

(nL j ,l L j ). Without loss of generality, we can rephase a
rotate the fields to make the matricesYl

i j and Mi j real and
diagonal: Yl

i j 5diag(Ye ,Ym ,Yt) and Mi j 5diag(M1 ,M2 ,
M3). In this basis,Yn can have off-diagonal and comple
elements. Soft supersymmetry breaking terms of the
grangian in the context of this model can include

2L ñR

so f t
5~m0

2! j
i ~ ñR

i !†ñR
j 1F1

2
BnMi j ñR

i ñR
j 1H.c.G . ~2!

The second term in Eq.~2!, the ‘‘neutrino B term,’’ is a
lepton-number-violating term@2# which can cause profoun
effects including sneutrino-antisneutrino oscillation@3,4#.
The parameterBn is allowed to be much larger than th
electroweak scale because it is associated only withñR ,
which is an electroweak singlet. It has been shown tha
nonzero neutrinoB term can create neutrino mass throu
one-loop diagrams@3#. The upper bound on the neutrin
mass can then be translated into a bound onBn ,

Bn,103m0 . ~3!

If Bn is large, some new effects are expected both in
e1e2 accelerator experiments@3# and in cosmology@4#. In
particular, values ofBn close to the saturating bound~3! can
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induce observable slepton-antislepton oscillation. In this
per, we show that large values ofBn can also affect other
observables.

It is well known that nonzero flavor-number-violatin
slepton mass terms in the soft Lagrangian (mab

2 L̃a
† L̃b , a

Þb) can give rise to rare decays such as (m→ge), (t
→ge), and (t→gm). One way to avoid flavor changing
neutral current effects is to choose the off-diagonal m
terms to be small. In fact, theories such as minimal sup
gravity ~MSUGRA! suggest that at the grand unified theo
~GUT! scale the soft supersymmetry breaking terms are
vor blind; that is, at the GUT scale

2Lso f t5m0
2~ L̃La

† L̃La1 l̃ Ra
† l̃ Ra1 ñRa

† ñRa1H1
†H11H2

†H2!

1
1

2
m1/2~B̃†B̃1W̃a†W̃a!1~bH1H21H.c.!

1a0~Yl
i j eabH1

a l̃ Ri
† L̃L j

b 1Yn
i j eabH2

añRiL̃L j
b !

1S 1

2
BnMi ñR

i ñR
i 1H.c.D ~4!

with universalm0
2 , m1/2, anda0.

The off-diagonal elements of the neutrino Yukawa co
pling radiatively produce nonvanishing off-diagonal ma
terms for the left-handed slepton doublet:

m(1)ab
2 52(

k

Yn
ka~Yn

kb!*

16p2 H m0
2S 3 logFLGUT

Mk
G2

21D
1a0

2 logFLGUT

Mk
G2J . ~5!

This effect was first noticed and studied in@5# and then
worked out in a series of papers~e.g., see@6#!. However, the
contribution tomab

2 from the neutrinoB term was ignored. In
Sec. II, we study this effect and show that ifBn is large, its
contribution will dominate over the effects in Eq.~5!.

In the MSSM with flavor blind soft supersymmetry brea
ing terms, in addition to the phases in the Yukawa couplin
there are two other independentCP-violating phases, usually
chosen to be the phases of thea0 andm parameters. These
phases can create electric dipole moments~EDMs! for
©2004 The American Physical Society09-1
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charged leptons and for the neutron@7#. In the presence o
the neutrinoB term, there is one more phase that can a
give a contribution to the EDMs of charged leptons. In S
III, we show that, even if at the GUT scale noA term is
present (a050), through one-loop corrections, the neutri
B term createsA terms for leptons at the electroweak sca
This effect could be the dominant term in lepton EDMs.

In Sec. IV, we explore the upper bounds on the imagin
and real parts ofBn resulting from the upper bounds on th
branching ratios of the rare decays@BR(l a→ l g1g)# and the
EDMs of the charged leptons. The main limitation will be t
uncertainty in the pattern of neutrino Yukawa couplingsYn .

II. EFFECTS OF THE NEUTRINO B TERM
ON SLEPTON MIXING

It has been shown that the off-diagonal slepton mas
(mab

2 L̃La
† L̃Lb ,aÞb) at the one-loop level can give rise t

lepton-number-violating rare decays such as (m→eg), (t
→mg), and (t→eg) @6,8#. In the mass insertion approx
mation, a simplified formula can be derived@9#:

BR~ l a→ l b1g!;
a3

GF
2

umab
2 u2

mSUSY
8

tan2b. ~6!

The upper bounds on the branching ratios of the rare de
@10# can be interpreted as bounds on the off-diagonal
ments ofumab

2 u:

umem
2 u,

231023

tanb S mSUSY

200 GeVD
2

mSUSY
2 ,

umtm
2 u,

0.7

tanb S mSUSY

200 GeVD
2

mSUSY
2 , ~7!

and

umte
2 u,

1

tanb S mSUSY

200 GeVD
2

mSUSY
2 . ~8!

The next generation of experiments@11# is expected to im-
prove Eq.~7! to

umem
2 u,

631025

tanb S mSUSY

200 GeVD
2

mSUSY
2 ,

umtm
2 u,

0.07

tanb S mSUSY

200 GeVD
2

mSUSY
2 . ~9!

The off-diagonal mass terms for left-handed sleptons
ceive a contribution from the neutrinoB term through the
two diagrams shown in Fig. 1. The two lepton-numb
violating vertices on the neutrino line are the neutrinoB term
and the standardñR mass term. The neutrinoA term is also
needed. The amplitude corresponding to diagram~a! is equal
to
07300
o
.
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2 iM5(
k

iYn
kai ~a0Yn

kb!* E d4k

~2p!4

i

k2

i

k22Mk
2

3~2 iBnMk!
i

k22Mk
2 iM ki

5(
k

i

~4p!2 a0* Yn
ka~Yn

kb!* Bn . ~10!

Similarly, diagram~b! gives

2 iM5(
k

i

~4p!2 a0Yn
ka~Yn

kb!* Bn* . ~11!

The mass correction is given by the sum of the two am
tudes:

m(2)ab
2 522(

k

Yn
ka~Yn

kb!* Re@a0Bn* #

~4p!2
, ~12!

which has to be added tom(1)ab
2 presented in Eq.~5!. For

Re@a0Bn* #*10m0
2 , m(2)ab

2 exceedsm(1)ab
2 . Note that the

contribution we have found does not depend on the he
right-handed masses at all. This can be traced back to
form of the neutrinoB term assumed in Eq.~4!. Had we
defined this term asBn

2ñRñR , the result would have bee
proportional to Re@a0(Bn

2)* #/Mk .
Up to factors of log(LGUT/Mk), m(1)ab

2 and m(2)ab
2 @see

Eqs.~5!, ~12!# have the same flavor structure. The structu
can be different only if the masses of the right-handed n
trinos are hierarchical (M1!M2!M3). Although the one-
loop mass matrix presented in Eq.~5! is enhanced by a facto
of 6 log(LGUT/Mk);10, the neutrinoB term contributions
given in Eq.~12! dominate ifBn;103m0 as allowed by Eq.
~3!.

The dependence ofm(2)ab
2 on Bn involves the combina-

tions (kYn
ka(Yn

kb)* . To derive conclusive bounds onBn ,
first we have to find some lower bounds on the(kYn

ka(Yn
kb)*

combinations; however, this information is not available
the moment. IfYn are so large thatm(1)ab

2 @see Eq.~5!#
saturate the bounds~7!, ~8!, Bn has to be smaller than 10m0
@to be compared with Eq.~3!#. In Sec. IV, we will discuss
this further.

FIG. 1. Diagrams contributing to slepton masses.Fn
k represents

the auxiliary field associated withñR
k . The An vertices are marked

with black circles.
9-2
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EFFECTS OF THE NEUTRINOB TERM ON SLEPTON . . . PHYSICAL REVIEW D69, 073009 ~2004!
In the discussion above, we have assumeda0;m0
;mSUSYbut it is possible thata0 is much smaller thanm0.
In this case,m(2)ab

2 given in Eq.~12! will not be the domi-
nant effect. At the one-loop level, there is no contribution
mab

2 proportional to uBnu2: it can be shown that the two
one-loop diagrams that are proportional touBnu2 ~depicted in
Fig. 2! cancel each other at zero external momentum. Ho
ever, at the two-loop level, there is a contribution prop
tional to uBnu2 which can dominate overm(1)ab

2 @Eq. ~5!#
provided thatuBnu2YnYn* /(4p)2.m0

2 .

III. EFFECTS OF THE NEUTRINO B TERM ON A TERMS

In this section, we show that the neutrinoB term creates
an A term for leptons through one-loop diagrams. We th
discuss how this will affect the EDMs.

As is discussed in the literature@7#, the phases ofm and
a0 can create electric dipole moments for charged lepton
well as for the neutron. The current bounds on lepton ED
are

de,1.5310227 e cm @12#, dm,7310219 e cm @10#,

~13!

and

dt,3310216 e cm @10#. ~14!

Proposed future experiments are expected to set stro
bounds:

de,10232 e cm @13#,

dm,10224 ~5310226!e cm @14# ~@15#!. ~15!

The bounds on the electric dipole moments of the char
leptons yield strong bounds on the imaginary parts ofm and
a0 @16#.

The phase of the neutrinoB term can provide yet anothe
source ofCP violation.1 When we fixed the mass matrixM
to be real, the phases ofñR were fixed; therefore, the phas
of Bn in this convention cannot be removed. We expect
imaginary part ofBn to give contribution to EDMs.

1Within the extended MSSM, the Yukawa couplings (Yn) are an-
other source ofCP violation. This effect has been discussed in@17#.

FIG. 2. Diagrams proportional touBu2 contributing to slepton
masses.FH2

represents the auxillary field associated withH2.
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The parameterBn contributes to theAl term through the
diagram shown in Fig. 3. Adding this correction to the tr
level Al @see Eq.~4!#, we find

2 iAl
j i 52 ia0Yl

ji d i j 1~ iYl
j j !~ i !i ~Yn

k j!* ~ iYn
ki!E i

k2

i

k22Mk
2

3~2 iBnMk!
2 iM k

k22Mk
2

d4k

~2p!4

52 ia0Yl
ji d i j 2

i

~4p!2 Yl
j j ~Yn

k j!* Yn
kiBn . ~16!

Similarly, the neutrinoB term contributes to theAn term
through the diagram shown in Fig. 4:

2 iAn
ki52 ia0Yn

ki1~ iYn
qi!~ i !i ~Yn

q j!* ~ iYn
k j!E i

k2

i

k22Mq
2

3~2 iBnMq!
2 iM q

k22Mq
2

d4k

~2p!4

52 ia0Yn
ki2

i

~4p!2 Yn
qi~Yn

q j!* Yn
k jBn . ~17!

According to@16#, for m0;200 GeV, the present boun
(de,10227 e cm) implies

FIG. 3. Diagram contributing toAl . Fn
k and FL

j represent the

auxiliary fields associated withñR
k and L̃ j , respectively.

FIG. 4. Diagram contributing toAn . Fn
q and FL

j represent the

auxiliary fields associated withñR
q and L̃ j , respectively.
9-3
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Im~Al
ee!^H1&/~mem0!&0.1. ~18!

Since the dependence ofde on Im(Al
ee) is linear, if in the

future the boundde,10232 e cm is obtained, the abov
bound will be improved to

Im~Al
ee!^H1&/~mem0!&1026. ~19!

Assuming thatBn is the only source ofCP violation, the
bound in Eq.~18! can be translated into

Im@Bn#(
k

Yl
ee~Yn

ke!* Yn
ke,15m0me /^H1&, ~20!

which can be improved by five orders of magnitude in t
future.

The present experimental data do not lead to any con
sive bounds on the values of the neutrino Yukawa couplin
In Sec. IV, we will discuss how future observations and d
velopments can improve our knowledge onYn . In principle,
Yn can be as large as order 1.~In fact, Yn can be even large
than 1; however in this case we cannot treat it pertur
tively.! For Yn

ke(Yn
ke)* ;1, the present bound~18! gives

Im@Bn#,10m0 @we have used Eq.~16! and me5^H1&Yl
ee].

Future EDM experiments can make the bound dramatic
stronger.

Discovery of a lepton EDM could provide invaluable in
formation onBn . The neutrinoB term gives a contribution to
Al ; however, it has no impact on theA term of quarks. As a
result, Im(Bn) will not affect the EDM of the neutron. On th
other hand, Im(a0) and Im(m) give contributions to both the
EDMs of charged leptons and neutrons. It is possible that
contributions of Im(a0) and Im(m) cancel each other. How
ever, it has been shown@18# that cancellation in the electro
EDM occurs in the same regions as cancellation in the n
tron EDM. Therefore, ifde turns out to be nonzero while
dn!de , the effect cannot be attributed to the contribution
Im(a0) or Im(m). Such a situation can be explained with
nonzero complexBn .

There is another point that is noteworthy: EDMs are p
portional to (kuYn

kau2, and BR(l a→ l bg) are given by
u(kYn

ka(Yn
kb)* u2, which are both independent ofMl . To the

author’s best knowledge, there is no other observable
depends on these combinations. IfuBnu is large, by studying
these observables we can extract additional information
Yukawa couplings which will improve our current unde
standing of the seesaw mechanism and leptogenesis.

If the neutrinoB term gives the dominant contribution t
the electric dipole moments, we expectdt /(mt(kuYn

ktu2)
5dm /(mm(kuYn

kmu2)5de /(me(kuYn
keu2); therefore, if de is

close to its present upper bound,de;10227 e cm, we expect
dm;10225 e cm, which can be tested in proposed expe
ments@15#.

IV. BOUNDS ON Bn

In Secs. II and III, we have shown that large values ofBn

can lead to flavor-violating rare decays and EDMs of char
leptons. However, the dependence of these observable
07300
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Bn is through the unknown combination of Yukawa co
plings Yn

ka(Yn
kb)* . To derive upper bounds onBn , we have

to find other observables that provide lower bounds on th
combinations. In this section, we combine various pieces
information on the Yukawa couplings~some of them yet to
be obtained! to derive a lower bound on the factor
Yn

ka(Yn
kb)* . We will then use the current upper bounds

the branching ratios of the rare decays and the values
EDMs to extract upper bounds onBn .

Neutrino masses depend on the Yukawa couplin
through

mab
(n)5(

k
Yn

ka 1

Mk
Yn

kb^H2&
2. ~21!

All the parameters involved have to be evaluated at the e
troweak scale. The effect of running from the GUT scale
the electroweak scale can change the details of the neu
masses and mixing@19#; however, the order of magnitude o
the masses will not be affected. Since, here, we wan
estimate only the order of magnitude of the Yukawa co
plings, we will neglect the running effects.

Currently, we have only bounds on the neutrino mas
@20#:

ADmatm
2 ,( mn,1 eV,

where Dmatm
2 52.531023 eV2 @21#. Future terrestrial and

cosmological experiments will improve these bounds. O
knowledge of the masses of the right-handed neutrinos (Mk)
is even less complete than the information onmab

(n) . If lep-
togenesis is the mechanism behind the baryon asymmetr
the universe@22#, it will be possible to derive a lower boun
on Mk @23#. For a given value ofmab

(n) , there is at least onek
such that

uYn
ka~Yn

kb!* u.
1

3 S mab
(n)

0.1 eVD231026

sin2 b
S Mk

63108 GeV
D .

~22!

The parametermee
(n) can be extracted directly from neutrino

less double decay observations. Ifmee
(n) is relatively large

(mee
(n);0.1 eV), its effect should be observable in future e

periments@24#. Using Eq. ~16!, de,10227 e cm @see Eq.
~18!# yields

Im~Bn!

m0
,33107S 0.1 eV

mee
(n) D S 63108 GeV

Mk
D .

In future, if the boundde,10232 is obtained, this bound will
be improved by five orders of magnitude@see Eq.~19!#
which means it can be more restrictive than the bound in
~3!.

Extracting bounds onYn
ka(Yn

kb)* , aÞb, will be more
challenging because, unlikemee

(n) , mab
(n) , aÞb, cannot be

directly measured. Even if forthcoming experiments find th
the overall neutrino mass is of order of 0.1 eV~quasidegen-
9-4
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erate mass scheme!, it will be difficult to derive definite
lower bounds on@mab

(n) , (aÞb)#. In the case of a quaside
generate mass scheme~the scheme for which the absolu
values of the mass eigenvalues are much larger t
ADmatm

2 ) with zero Majorana phases we expe
mem

(n) ,mmt
(n) ,met

(n)!mee
(n) ,mmm

(n) ,mtt
(n) . Only in the framework of

the quasidegenerate neutrino mass scheme with at leas
nonzero Majorana phase, it is possible to have large

diagonal neutrino massesmem
(n) ,mmt

(n) ,met
(n)@ADmatm

2 ~a
phase equal top also works!. On the other hand, determin
ing the values of Majorana phases is very challenging
possible at all@25#. Nevertheless, let us suppose that in t
future some hypothetical experiment will be able to det
mine mem

(n) . Then, assuming that the factorsYn
ke(Yn

km)* do
not cancel each other, the present bound onumem

2 u given in
Eq. ~7! implies

Re@a0Bn* #/m0
2,

105

tanbS m0

200 GeVD
2S 0.1 eV

mem
(n) D

3S 63108 GeV

Mk
D . ~23!

The future possible bounds@inferred from Eq.~9!# can be
more restrictive than Eq.~3!:

Re@a0Bn* #/m0
2,

33103

tanb S m0

200 GeVD
2S 0.1 eV

mem
(n) D

3S 63108 GeV

Mk
D ; ~24!

however, as we pointed out earlier, at the moment, measu
mem

(n) seems to be impossible.

V. CONCLUDING REMARKS

We have studied the effects of the neutrinoB term on the
slepton mixing and EDMs of charged leptons in the fram
d
,

in
d

o,

s.

07300
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ne
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work of seesaw model embedded in the MSSM with univ
sal soft supersymmetry breaking terms.

If Bn.10m0;10a0 but a0.BnYn(Yn)* /(4p)2, the
dominant flavor-violating slepton masses are given by
~12! rather than Eq.~5!. For values of Bn satisfying
BnYn(Yn)* /(4p)2.a0 and uBnu2Yn(Yn)* /(4p)2.m0

2, the
two-loop contribution proportional touBnu2 can be dominant.
The bounds on the Yukawa couplings and neutrinoB term
which have been discussed in the literature allow quite la
contributions to the slepton masses, violating the up
bounds from rare flavor-violating decays. However, sin
there is no direct lower bound on the combinations of n
trino Yukawa couplings appearing in the formulations, it
not possible to derive any upper bound on the Re@a0Bn* #.

The parameterBn can be considered as another source
CP violation and therefore EDMs. In fact, we have show
that the neutrinoB term directly createsA terms for both
neutrinos and charged leptons—but not quarks—even ifa0
50 at the GUT scale. The imaginary part ofAl gives a
contribution to the EDMs of charged leptons. If theBn effect
is dominant, we expect dt /(mt(kuYn

ktu2)
5dm /(mm(kuYn

kmu2)5de /(me(kuYn
keu2); therefore, if de is

close to its present upper bound, we expect that the propo
experiments@15# will be able to measure the value ofdm .
The discovery of nonzerode and dm while dn!de can be
explained with large Im(Bn). In this case, de

}(kYn
ke(Yn

ke)* Im(Bn). If Im( Bn) is determined through
some other observation, information onde and Im(Bn) com-
bined with mee

(n)5(k^H2&
2(Yn

ke)2/Mk ~extracted from neu-
trinoless double beta decay searches! can provide us with
information on the values ofMk , shedding light on the ori-
gins of neutrino masses and on leptogenesis.
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