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Recent results of neutrino oscillation experiments point to a non-vanishing neutrino mass. Neutrino mass
models favor Majorana-type neutrinos. In such circumstances it is natural that the supersymmetric counterpart
of the neutrino, the sneutrino, bears also lepton number violating properties. If the amount of lepton number
violation is large enough the sneutrino may be the cold dark matter in the universe. On the other hand, the fact
that the universe exhibits an asymmetry in the baryon and antibaryon numbers poses constraints on the extent
of lepton number violation in the light sneutrino sector if the electroweak phase transition is second or weak
first order. From the requirement that the baryon asymmetry of the universe should not be washed out by
sneutrino induced lepton number violating interactions and sphalerons below the critical temperature of the
electroweak phase transition, we find that the mass splitting of the light sneutrino mass states is compatible
with the sneutrino cold dark matter hypothesis only for heavy gauginosM1 ,M2*500 GeV and opposite sign
gaugino mass parameters.

PACS number~s!: 14.80.Ly, 12.60.Jv, 14.60.Pq
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I. INTRODUCTION

There are hints from neutrino oscillation experiments t
the neutrino is massive~ @1# and references therein. For
recent overview see, e.g.,@2#!. In most neutrino mass mode
the neutrino is of Majorana type; i.e., it violates lepton nu
berL. If this is indeed the case the next generation of exp
ments searching for neutrinoless double beta (0nbb) decay,
which are the only experiments capable of deciding on
nature of the neutrino, possibly will be able to indeed o
serve a 0nbb-decay signal~for a recent overview see, e.g
@3#!.

On the other hand, it has been shown in@4# that if the
neutrino is a massive Majorana field the low energy effect
theory of the supersymmetric extension of the stand
model ~for a phenomenological overview see, e.g.,@5#! will
contain mass terms for the sneutrino which violateL too,
regardless of the mechanism which is responsible for
generation of sneutrino masses in the unbroken theory. In@6#
a model containing heavySU(2) singlet sneutrino fields an
L-violating mass terms involving these fields has been ex
ined @such models have been considered previously in c
nection with the generation of the baryon asymmetry of
universe~BAU! at some high temperature; see e.g.,@7##. In
both cases below the electroweak symmetry breaking s
the weak statesñ,ñ* are no longer mass states and the
sulting mass states violateL, exhibit a mass splitting, and
give rise toL-violating processes which have been analyz
e.g., for the next linear collider in@8# and for 0nbb decay in
@9#.

It has been pointed out in@10# that in a scenario where th
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light sneutrino mass states exhibit a mass splitting the lig
est sneutrino could account for the cold dark matter~CDM!
in the universe. This is due to the fact that the sneutrino m
states couple ‘‘off diagonally’’ to theZ0 on grounds of Bose
statistics and angular momentum conservation so that
arguments excluding ordinary sneutrinos from constitutin
substantial fraction of the CDM are not valid in the case
light sneutrinos exhibiting a mass difference. However, it h
been shown in@10# that the mass difference should be
orderO(few GeV).

On the other hand sneutrino mediatedL-violating reac-
tions, like any otherL-violating process, may be dangerou
for the BAU due to sphalerons@11#. The constraints on the
L-violating sneutrino properties stemming from the requi
ment that a BAU generated at some early epoch in the e
lution of the Universe should not be destroyed by sneutri
induced interactions during a later epoch are the subjec
this article.

II. LEPTON NUMBER VIOLATION IN THE SNEUTRINO
SECTOR

In the following the discussion will be restricted to th
one-generation case. We plan to investigate the impac
possibleCP violation in a multi-generation scheme for th
light sneutrino sector elsewhere. It has been pointed ou
@4# that the low energy@i.e, below the scale where th
SU(2)L3U(1)Y gauge group is broken intoU(1)em#
sneutrino mass terms can be written as

L mass
e f f 52

1

2
~m̃D

2 ñLñL* 1m̃M
2 ñLñL1H.c.!. ~1!
©2000 The American Physical Society14-1
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Herem̃D
2 contains as usual contributions fromVso f t and from

the D term, whereasm̃M
2 violatesL explicitly and may have

its origin at some high energy scale. Furthermore, loops c
taining Majorana neutrinos and neutralinos induce contri
tions to m̃M

2 radiatively. Expression~1! is valid if no right-
handed sneutrino sector is present in the theory
independent of the mechanism which generates
L-violating sneutrino mass. WritingñL51/A2(ñ11 i ñ2)
whereñ1,2 are real, the resulting mass states are simplyñ1,2

with massesm1/2
2 5m̃D

2 6m̃M
2 and the mass difference i

Dm252m̃M
2 .

If a right-handed sector is included the sneutrino m
terms after electroweak symmetry breaking without an
plicit L-violating mass term for theSU(2) doublet sneutri-
nos are@6#

Lmass52
1

2
~f1 ,f2!S M1

2 0

0 M2
2 D S f1

f2
D , ~2!

where f5( ñ i ,Ñi)
T and Ñ5(Ñ11 iÑ2)/A2 is the SU(2)L

singlet field. The matricesM 6
2 are defined as

M 6
2

5S mL̃
2
1

1

2
mZ

2 cos 2b1mD
2 mD~An2m cotb6M !

mD~An2m cotb6M ! M21mD
2 1mÑ

2
62BNM

D .

~3!

The parametersmÑ
2 andAn are contained inVso f t in analogy

to the charged sfermion sectors. FurthermoreVso f t contains a
termMBNÑÑ1H.c. which violatesL. The remaining entries
of the mass matrix~2! are theF terms stemming from the
superpotential which in comparison to the MSSM conta
an additional termMN̂N̂. The Dirac neutrino mass ismD

5lv2 , l being a Yukawa coupling,v i /A2 is the vacuum
expectation value of the neutral component of theSU(2)
doublet HiggsHi , and tanb5v2 /v1. It is natural thatM
@mZ sincemn'mD

2 /M , m,Am ,mL̃;O(mZ) since sfermions
with nontrivial SU(2)L3U(1)Y transformation properties
should not be much heavier than 100 GeV to 1 TeV, wher
BN ,mÑ maya priori be much larger since they pertain to th
SU(2)L3U(1)Y singlet fieldÑ; cf. the discussion in@6#.

For the matrix~2! the mass states read

j1,2
l 5cosQ6ñ1,21sinQ6Ñ1,2,

j1,2
h 52sinQ6ñ1,21cosQ6Ñ1,2, ~4!

where the anglesQ6 diagonalizeM 6
2 and the indicesl ,h

refer to light and heavy sneutrino mass states. In lead
order in 1/M the mass difference of the light sneutrino sta
is
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Dm25mj
2
l

2
2mj

1
l

2
54

mD
2

M
~An2m cotb2BN! ~5!

in accordance with@6#.
In the following it will not be distinguished further be

tween the models~1! and ~2! and the light sneutrino mas
states will be denoted byj1,2

l . Note that the mass differenc
Dm of the light states is related toDm2 by

Dm5mj
2
l 2mj

1
l 5Dm2/~mj

1
l 1mj

2
l !. ~6!

III. BARYON NUMBER DEPLETION BY SNEUTRINOS
BELOW THE CRITICAL TEMPERATURE

In both scenarios Eqs.~1!,~2! sneutrinos give rise to
L-violating processes, e.g., sneutrino decays or 2↔2 scatter-
ings. These scatterings have the potential to erase an a
metry in the number of baryons and antibaryons in the ea
Universe. Such an asymmetry has to be generated some
during the evolution of the Universe in order to explain t
absence of antimatter in the observed universe~for an over-
view see, e.g..@12#!. In the following it is assumed that a
some high temperature above the electroweak symm
breaking scale the BAU has been generated by some me
nism in the right amount. One example of such a mechan
is the decay of heavy right-handed neutrinos and/or sne
nos which incorporates the three basic conditions for
generation of the BAU: baryon or lepton number violatio
CP-violation, and out of thermal equilibrium circumstance
All three conditions may be satisfied by the decay ofSU(2)L
singlet sneutrinos; in particular the out of equilibrium cond
tion requires them to be very massive@O(1010 GeV!# in
accordance with the considerations mentioned above@M
@O(mZ)#.

However, at temperatures below the electroweak sym
try breaking scaleT;O(100 GeV! the light sneutrino states
violate L, too, and sneutrino interactions may bring the d
tributions of leptons and antileptons into equilibrium. An e
timation of interactions induced by Majorana neutrinos b
low TC has been given in@13#. The approximate criterion for
equilibration is that the rate of the process in question sho
be larger than the expansion rate of the universeH(T)
51.7Ag* T2/M Pl ~in a radiation dominated universe! where
g* '200 in the minimal supersymmetric standard mod
~MSSM! andM Pl'1019 GeV.

As long as sphaleron-mediated processes are operativ
lepton and baryon numbers are both proportional to the c
binationB-L @11#. As a consequence the asymmetry in ba
ons vanishes if the asymmetry in leptons is somehow era
Hence, if there is a temperature range between the crit
temperature of theSU(2)L3U(1)Y→U(1)em phase transi-
tion and the temperatureTout at which sphaleron-mediate
processes drop out of equilibrium@i.e., GSph(Tout)
,H(Tout) whereGSph(T) is the sphaleron rate# so that

Tout,T,TC , ~7!

thenL-violating interactions are potentially dangerous for t
BAU. The presence of a temperature range satisfying~7! is
4-2
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LIGHT LEPTON NUMBER VIOLATING SNEUTRINOS . . . PHYSICAL REVIEW D 62 035014
not possible in models where the BAU is generated dur
the electroweak phase transition itself~electroweak baryo-
genesis! since in such models the sphaleron-mediated p
cesses must be switched off immediately belowTC . There-
fore any constraints on theL-violating properties of light
sneutrinos doa priori not hold in the context of electrowea
baryogenesis or any other model where sphaleron-medi
processes are out of equilibrium immediately after the e
troweak phase transition.

In order to estimate the temperature range~7! the follow-
ing assumptions are made: the evolution of the vacuum
pectation value~VEV! of the Higgs fields^v(T)& is de-
scribed by

^v~T!&5^v~0!&~12T2/TC
2 !1/2, ^v~0!&5246 GeV.

~8!

This behavior of the VEV is valid for a second order pha
transition and approximately valid for a weak first ord
phase transition. The exact behavior of^v(T)& depends on
the supersymmetry~SUSY! parameters, but for our phenom
enological purposes we will satisfy ourselves with Eq.~8!.
Lattice simulations suggest thatTC'150 GeV for a Higgs
boson mass of 70 GeV@14# and that it should be higher fo
larger values of the Higgs boson mass, but in order to k
the results general we will varyTC freely between 50 GeV
and 250 GeV. In models of electroweak baryogenesis sph
rons have to drop out of equilibrium immediately after t
phase transition which translates into the condition@15#
^v(T5TC)&/TC.1 in contrast to ~8!; see the commen
above.

The sphaleron rate belowTC is described by~ @15# and
references therein!

GSph'2.83105T4kS aW

4p D 4S 2mW~T!

aWT D 7

expS 2
Esp~T!

T D ,

~9!

where

mW~T!5
1

2
g2^v~T!&, ~10!

the free energy of the sphaleron configuration is given b

ESph~T!5
2mW~T!

aW
BS mH

mW
D , ~11!

B(0)51.52,B(`)52.72, andk5exp(23.6) @16#. In Fig. 1
the temperature rangeTC–Tout is plotted as a function o
TC . It becomes smaller than one for small values ofTC
&100 GeV but is of orderO(10 GeV! for TC;200 GeV.

For L-violating sneutrino decays andL-violating sneutrino
mediated scatterings the damping of the preexisting lep
number~per comoving volume! Li is described by the Bolt-
zmann equation for the evolution ofL and is given by~see,
e.g.,@12#!
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L~z!5Li expH 2E
zc

zout
dz8z8Fg*

nñ

s
GD~z8!

1ng^suvu&G Y H~T5mñ !J , ~12!

where z5mñ /T, GD is the L-violating sneutrino decay
width, ^suvu& is the thermally averaged cross section
sneutrino mediatedL-violating scatterings, andni is the
number density of particlei ~in the scattering term the num
ber density of the initial state particles has been assume
be the photon number density!. In order to derive bounds on
L violation we will allow that during the epochTout,T
,TC , L may be depleted by a factork,1; that is, we as-
sume the preliminaryL density to benL /ng'10210/k.

IV. CONSTRAINTS ON THE SNEUTRINO
MASS-SPLITTING

In the following two different cases will be distinguishe
~I! at least one gaugino~see below! or slepton other than the
sneutrino is lighter thanTC ; that is, the number density o
particles satisfying this condition is approximately the ph
ton number density;~II ! all gauginos and sleptons besides t
sneutrino are~substantially! heavier thanTC so that the num-
ber density of these particles is exponentially suppressed
one sneutrino is the lightest supersymmetric particle~LSP!.
The discussion will be focused on the case of sneutr
CDM, that is, on a mass difference of order 5 GeV and
sneutrino LSP mass ofmLSP;70 GeV @10#.

~I! In order to keep the results as general as possible o
scatterings will be taken into account in what follows, sin
these depend to a smaller extent on the exact mass rela
of the particles involved thanL-violating decays do. Then
relevant processes capable of depletingL are 2↔2 scatter-
ings as, for example, scattering of neutralinos or chargi
into leptons mediated byL-violating sneutrinos~see Fig. 2!

x ix j↔ l l l m , x i l l↔x̄ j l̄ m , ~13!

wherexk represents any of the chargino or neutralino m
fields present in the plasma atT,TC and l n is a charged or
uncharged lepton. In the one generation casel 5m. However,

FIG. 1. The difference of the critical temperatureTC and the
sphaleron freezing-out temperatureTout determined byGsph(Tout)
5H(Tout) in dependence onTC .
4-3
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since the entries of the neutralino mixing matrix connect
gauginos with Higgsinos are proportional to the VEV th
mixing will be suppressed bŷv(T5Tout)&/^v(T50)& and
thereforex will be assumed to beB̃ with associated mas
M1 andW̃3,W̃6 with associated massM2.

The following discussion will be restricted to the proce
Eq. ~13!, but for other examples asl̃ 6 l̃ 6↔W6W6 the same
arguments hold. The constraint on the mass splitting follo
from the relation

E
zC

zout
dz8z8

1

H~mñ !
ng^suvu&. ln k. ~14!

The zero-temperature cross section of this reaction is pro
tional to (Dm2)2 since@4#

^0uT@ ñ~x!ñ~y!#u0&

5Dm2
i

2E d4k

~2p!4

e2 ik(x2y)

~mj
1
l

2
2k2!~mj

2
l

2
2k2!1 i e

,

~15!

where for model~2! the contributions of the heavy state
have been neglected. Therefore the final bound onDm de-
pends only weakly on the precise value of^suvu& ~and onk)
and for our purposes it is sufficient to approximate the th
mally averaged scattering cross section by

^suvu&'„Dm2~T!…2
aW

2 T2

~T21mñ
2
!4

, ~16!

where aW is the weak coupling constant and for no
vanishing temperatures and a second order phase trans
@see Eq.~6!#

Dm~T!

Dm~T50!
5

Dm2~T!

Dm2~T50!
5

^v~T!&2

^v~T50!&2
5S 12

T2

TC
2 D .

~17!

The full zero temperature cross section can be found in@8#.
The results, which hold for any generation, are plotted

Fig. 3 for several values for the sneutrino mass andk in
dependence onTC which has been varied freely between
GeV and 250 GeV. For example, forTC'150 GeV the lim-
its range fromDm&O(few 100 MeV! to Dm&O(few GeV!
for the chosen sneutrino masses. The limit on the mass s
ting becomes less stringent for smaller values ofTC @since
the temperature range~7! becomes smaller# and for larger
values ofmñ . For small values ofTC and large values ofmñ

the mass splitting is basically not constrained.

FIG. 2. Graphs for 2↔2 scatterings of gauginosx i and leptons
l mediated by the light sneutrino statesj1,2

l .
03501
g

s

r-

r-

ion

n

lit-

~II ! In the case that all gauginos and sleptons but
sneutrinos have already decayed away at temperatures a
TC the processes depletingL are 2↔2 scatterings of sneutri
nos into neutrinos andL-violating decays of non-LSP
sneutrinos into the LSP sneutrinojh→jLSPnn mediated by
neutralinos.

The cross section for gaugino-mediatedL-violating scat-
tering of sneutrinos into neutrinos can be approximated
~compare with@10#!

^suvu&'
„Dm2~T!…2

T4 S aYM1

T21M1
2

1
aWM2

T21M2
2D 2

, ~18!

whereaY is the coupling associated withU(1)Y . This cross
section depends sensitively on the relationM2 /M1. In Fig. 4
the bounds on theDm are shown for several values ofM1
and for the cases ofM2 /M1 considered in@10,18# which

FIG. 3. The limits on the zero temperature light sneutrino m
splitting Dm(T50) in case~I! ~see text! in dependence on the
critical temperatureTC from Eq.~14! ~the regions above the curve
are excluded! for k50.3 ~left! andk50.01 ~right! and for different
values of the sneutrino mass:mj l570 GeV ~solid curve!, mj l

5150 GeV ~dotted curve!, mj l5300 GeV ~short-dashed curve!,
mj l5500 GeV ~long-dashed curve!, mj l51 TeV ~dot-dashed
curve!.

FIG. 4. The limits onDm(T50) from Eqs.~18!, ~14! in case
~II ! ~see text! for several values of the ratioM2 /M1 in dependence
on the critical temperature and for a depletion factork51/3. The
regions above the lines are excluded. The limits correspond to
parametersM15300 GeV~solid line!, M15500 GeV~dotted line!,
andM151 TeV ~dashed line!.
4-4



DM

i
to
ro

e

n

d
-

a
e

is

e

t-
o

i-

ec

e
th
e
ec
in
d
hi

pe-
In
und
ing

is

is
.
le

-

he

g
M
of

g
y-

e
o
the

ced
m-

e do
ture.
ec-
ro-
tical
d
ght
ones

the
ible
ller
lete
a

ss
y-
ing
ino
DM
t-
or

t in
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have been shown to be compatible with the sneutrino C
hypothesis as long asM1*200 GeV~see next section!.

The resulting limits are more stringent than the bounds
~I! if M1 andM2 have the same sign. This is simply due
the propagator structure of the two different scattering p
cesses. Even for very large gaugino masses of orderO(TeV)
the mass splittingDm(T50) is only of orderO(few GeV)
for plausible values ofTC . This statement is also valid in th
limit M2→0. On the other hand, ifM1 andM2 are of oppo-
site sign there is a partial cancellation of the contributio
and the resulting limits onDm(T50) become weaker. In
particular for TC'200 GeV for M2 /M1523aW/5aY
(2aW /aY) a mass differenceDm;O(few GeV) is allowed
if M1'500 GeV~300 GeV!.

The decays of non-lightest supersymmetric particle~LSP!
sneutrinos into the LSP sneutrino have been discusse
detail in @18#. Neglecting gaugino mixing the zero
temperature decay width of theL-violating mode to leading
order in the parameterDm2 is

GL”'
aW

2

16p

@Dm2~T!#5

~mx
22m1

2 !4Am1
2

;@Dm2~T50!#5S 12
T2

TC
2 D 5

,

~19!

wherem1
2 5mjLSP

2
1mjh

2 . This expression does not result in
constraint when inserted into Eq.~12! due to its dependenc
on the fifth power of the suppression factor (12T2/TC

2 ): e.g.,
for TC&250 GeV the constraint on the mass-splitting
Dm&O(100 GeV! and for smaller values ofTC becomes
even less stringent.

V. COMPARISON WITH LOW-ENERGY CONSTRAINTS
AND IMPLICATIONS FOR SNEUTRINO COLD

DARK MATTER

In @4,6# it has been shown thatL-violating sneutrinos give
rise to loops containing neutralinos and~light! sneutrinos
which contribute to the~Majorana! mass of the neutrino. In
@9# a scan over a wide range of the SUSY parameter has b
carried out and ‘‘average’’ upper limits

Dm~e!,8 MeV, Dm~m!,6 GeV ~20!

have been deduced@for neutrino mass limitsm(e),15 eV
andm(m),170 keV# while the third generation mass spli
ting remains virtually unconstrained. The current bound
the effective Majorana neutrino masŝmee&5( i8Uei

2 mi

,0.36 eV~90% C.L.! from the Heidelberg-Moscow exper
ment @17# yields in the caseUei'dei the relationDm(e)
,13 keV for an average sneutrino mass of 100 GeV. Dir
contributions to 0nbb have been considered in@9# and the
resulting limits onDm(e) are less stringent. Therefore th
limits from baryogenesis are considerably less severe
the ones from neutrino masses in the first generation cas
plausible ranges ofTC and superpartner masses. For the s
ond generation the limit is comparable or slightly more str
gent for values ofTC not much smaller than 150 GeV an
superpartner masses not bigger than 500 GeV. In the t
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generation case for plausible values ofTC baryogenesis
yields more stringent limits than neutrino masses do.

The constraints on the sneutrino mass splitting are es
cially interesting for the hypothesis of sneutrino CDM.
@10# it has been shown that a sneutrino with mass of aro
70 GeV may be a viable CDM candidate if the mass splitt
exceeds about 5 GeV~so thatZ0-mediateds-channel coan-
nihilation of the LSP sneutrino with its heavier partner
sufficiently suppressed! and M1 is larger than about 200
GeV ~so thatL-conserving LSP-sneutrino pair annihilation
sufficiently suppressed!. Therefore the low energy limits Eq
~20! imply that the light third generation sneutrino is a viab
CDM candidate. On the other hand, in case~I! discussed in
the preceding section the results displayed in Fig. 3~solid
line! imply that sneutrino CDM is firmly ruled out for plau
sible values of the critical temperatureTC*150 GeV.

The same conclusion is valid in scenario~II ! for plausible
values ofTC if M1 andM2 bear the same sign, as long as t
gauginos are not exceptionally heavy (M1*1 TeV!. How-
ever, in case~II ! the bound on the sneutrino mass splittin
could become sufficiently large to allow for sneutrino CD
if M1 and M2 are of opposite sign. For plausible values
TC*150 GeV the ratio M2 /M1523aW/5aY (M2 /M1
52aW /aY) allows for a sneutrino mass splitting bein
large enough to be compatible with the sneutrino CDM h
pothesis as long asM1 is larger than about 500 GeV~300
GeV!. In particular, this statement is compatible with th
lower limit on M1 from the requirement that the sneutrin
relic abundance should be sufficiently high to account for
CDM.

VI. SUMMARY

In conclusion, in scenarios withL violation in the light
sneutrino sector it has to be ensured that sneutrino-indu
interactions which take place in the early Universe at te
peratures below the electroweak symmetry breaking scal
not erase the BAU generated at some higher tempera
This may happen if the electroweak phase transition is s
ond or weakly first order, so that sphaleron-induced p
cesses are still operative at temperatures below the cri
temperatureTC . The L-violating interactions considere
here result in constraints on the mass splitting of the li
sneutrino mass states which are less stringent than the
which can be derived from the contribution ofL-violating
sneutrinos to neutrino masses for the first generation. For
second generation the limits are more stringent for plaus
values ofTC*150 GeV and for superpartner masses sma
than 500 GeV except for the case of an almost comp
cancellation of the bino and wino contributions for
sneutrino LSP of massO(100 GeV!.

In particular, the constraint on the third generation ma
splitting is of interest for the sneutrino cold dark matter h
pothesis. Low energy limits on the sneutrino mass splitt
suggest that the lighter of the third generation sneutr
states with mass of around 70 GeV may serve as a C
candidate ifM1*200 GeV. This hypothesis is not compa
ible with the observed baryon asymmetry if the gauginos
further sleptons other than the sneutrino are still presen
4-5
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the plasma at temperatures belowTC or if the masses asso
ciated to the bino and wino bear the same sign. On the o
hand, a scenario with opposite sign gaugino mass param
and both gauginos sufficiently heavyM1 ,M2*500 GeV
~and slepton masses larger thanTC) is compatible with the
sneutrino CDM hypothesis.
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