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Light lepton number violating sneutrinos and the baryon number of the universe
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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 gaudihpsvi,=500 GeV and opposite sign
gaugino mass parameters.

PACS numbes): 14.80.Ly, 12.60.Jv, 14.60.Pq

I. INTRODUCTION light sneutrino mass states exhibit a mass splitting the light-
est sneutrino could account for the cold dark mat@&DM)

There are hints from neutrino oscillation experiments thain the universe. This is due to the fact that the sneutrino mass
the neutrino is massivé [1] and references therein. For a states couple “off diagonally” to th&° on grounds of Bose
recent overview see, e.¢2]). In most neutrino mass models statistics and angular momentum conservation so that the
the neutrino is of Majorana type; i.e., it violates lepton num-arguments excluding ordinary sneutrinos from constituting a
berL. If this is indeed the case the next generation of experisubstantial fraction of the CDM are not valid in the case of
ments searching for neutrinoless double betagB) decay, light sneutrinos exhibiting a mass difference. However, it has
which are the only experiments capable of deciding on thédeen shown i{10] that the mass difference should be of
nature of the neutrino, possibly will be able to indeed ob-order O(few GeV).
serve a @BB3-decay signalfor a recent overview see, e.g.,  On the other hand sneutrino mediatedviolating reac-
[3]). tions, like any othel-violating process, may be dangerous
On the other hand, it has been shown[4] that if the  for the BAU due to sphalerorid1]. The constraints on the
neutrino is a massive Majorana field the low energy effectivd--violating sneutrino properties stemming from the require-
theory of the supersymmetric extension of the standardnent that a BAU generated at some early epoch in the evo-
model (for a phenomenological overview see, e[®)]) will lution of the Universe should not be destroyed by sneutrino-
contain mass terms for the sneutrino which violateéoo, induced interactions during a later epoch are the subject of
regardless of the mechanism which is responsible for théhis article.
generation of sneutrino masses in the unbroken theofya]In
a model containing heagU(2) singlet sneutrino fields and !l LEPTON NUMBER VIOLATION IN THE SNEUTRINO
L-violating mass terms involving these fields has been exam- SECTOR
ined [such models have been considered previously in con- |, the following the discussion will be restricted to the
nection with the generation of the baryon asymmetry of the,ne_generation case. We plan to investigate the impact of
universe(BAU) at some high temperature; see e[@]].. In ossibleCP violation in a multi-generation scheme for the
both cases below the electroweak symmetry breaking scaFﬁJht sneutrino sector elsewhere. It has been pointed out in
the weak stateg,»* are no longer mass states and the re{4] that the low energyfi.e, below the scale where the
sulting mass states violate exhibit a mass splitting, and SU(2), xU(1)y gauge group is broken intdJ(1)eml
give rise toL-violating processes which have been analyzedgneutrino mass terms can be written as
e.g., for the next linear collider i8] and for Ov3B decay in .
[o]. et __Lioomoy npn -
It has been pointed out {r10] that in a scenario where the Lmass™ ~ E(mD vvp F Myt HC). @
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Heref’hﬁ contains as usual contributions frory,¢; and from
the D term, whereasn?, violatesL explicitly and may have

PHYSICAL REVIEW D 62 035014

2
m
Am2=m? —m§|1=4VD(AV—,u cotB—By)

i ©)

its origin at some high energy scale. Furthermore, loops con- )
taining Majorana neutrinos and neutralinos induce contribuin accordance witt6].

tions tomg, radiatively. Expressioril) is valid if no right-

handed sneutrino sector is present in the theory an
of the mechanism which generates th

independent
L-violating sneutrino mass. Writingy, =1/\2(v1+i7v5)
Where7/1,2 are real, the resulting mass states are sirﬁ@]y
with massesm?,=m3+m% and the mass difference is
Am?=2mZ, .

If a right-handed sector is included the sneutrino mass

In the following it will not be distinguished further be-

HNeen the model$l) and (2) and the light sneutrino mass
gtates will be denoted b&llz. Note that the mass difference

Am of the light states is related thm? by
(6)

Am=my —mg =Am?/(mg +mg).

I1l. BARYON NUMBER DEPLETION BY SNEUTRINOS
BELOW THE CRITICAL TEMPERATURE

terms after electroweak symmetry breaking without an ex-

plicit L-violating mass term for th&U(2) doublet sneutri-

()

where ¢= (7, ,N;))T and N=(N;+iN,)/\2 is the SU(2),
singlet field. The matrices12 are defined as

0
M2

M
0

¢1

2
b 2

1
Liass — E(d’l ' P2)

MZ

1
—m2cos28+m3 Mp(A,—ucotB=M)

2
mp(A,—ucotBEM)

2
m: +

M2+m3 +mZ = 2B\M

©)

The parameterm% andA, are contained V4, in analogy
to the charged sfermion sectors. Furthermdggy, contains a

termMByNN + H.c. which violated_. The remaining entries
of the mass matrix2) are theF terms stemming from the

In both scenarios Eqs(1),(2) sneutrinos give rise to
L-violating processes, e.g., sneutrino decays-«er2scatter-
ings. These scatterings have the potential to erase an asym-
metry in the number of baryons and antibaryons in the early
Universe. Such an asymmetry has to be generated sometime
during the evolution of the Universe in order to explain the
absence of antimatter in the observed univéfsean over-
view see, e.g9.[12]). In the following it is assumed that at
some high temperature above the electroweak symmetry
breaking scale the BAU has been generated by some mecha-
nism in the right amount. One example of such a mechanism
is the decay of heavy right-handed neutrinos and/or sneutri-
nos which incorporates the three basic conditions for the
generation of the BAU: baryon or lepton number violation,
CP-violation, and out of thermal equilibrium circumstances.
All three conditions may be satisfied by the decayaf(2),
singlet sneutrinos; in particular the out of equilibrium condi-
tion requires them to be very massiy&®(10° GeV)] in
accordance with the considerations mentioned akbidve
>0(my)].

However, at temperatures below the electroweak symme-
try breaking scald ~ (100 GeV the light sneutrino states
violate L, too, and sneutrino interactions may bring the dis-

superpotential which in comparison to the MSSM containdributions of leptons and antileptons into equilibrium. An es-

an additional termMNN. The Dirac neutrino mass isi,
=\v,, N being a Yukawa couplingy;/+/2 is the vacuum
expectation value of the neutral component of 8E(2)
doublet HiggsH;, and tan3=uv,/v,. It is natural thatM
>my sincemﬁszlM, w,A, ,m;~0O(m;) since sfermions
with nontrivial SU(2), X U(1)y transformation properties

should not be much heavier than 100 GeV to 1 TeV, wherea1SSM) andMp,

By .My maya priori be much larger since they pertain to the
SU(2), X U(1)y singlet fieldN; cf. the discussion ifi6].
For the matrix(2) the mass states read

§|l,2: COS@ t;1,2+ Sil‘l@ iNI,Z!

&l ;= —sin®. v, ,+c0sO Ny 5,

(4)

where the angle$) . diagonalize/\/li and the indiced,h

timation of interactions induced by Majorana neutrinos be-
low T¢ has been given ifiL3]. The approximate criterion for
equilibration is that the rate of the process in question should
be larger than the expansion rate of the univelrser)
=1.7Jg, T?/Mp, (in a radiation dominated universeshere
0,~200 in the minimal supersymmetric standard model
~10" GeV.

As long as sphaleron-mediated processes are operative the
lepton and baryon numbers are both proportional to the com-
binationB-L [11]. As a consequence the asymmetry in bary-
ons vanishes if the asymmetry in leptons is somehow erased.
Hence, if there is a temperature range between the critical
temperature of th&U(2), X U(1)y—U (1), phase transi-
tion and the temperatur€,,; at which sphaleron-mediated
processes drop out of equilibriunfie., T'spdTou)
<H(Tou) Wherel's,(T) is the sphaleron rateso that

Tou<T<Tc, 7

refer to light and heavy sneutrino mass states. In leading
order in 1M the mass difference of the light sneutrino statesthenL-violating interactions are potentially dangerous for the

IS

BAU. The presence of a temperature range satisfyifigs
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not possible in models where the BAU is generated during T.—T
the electroweak phase transition itsélectroweak baryo- 50
genesi$ since in such models the sphaleron-mediated pro-
cesses must be switched off immediately belby. There- 10
fore any constraints on the-violating properties of light
sneutrinos da priori not hold in the context of electroweak
baryogenesis or any other model where sphaleron-mediated
processes are out of equilibrium immediately after the elec-
troweak phase transition.

In order to estimate the temperature raiggethe follow- 50 100 150 200 250  30¢
ing assumptions are made: the evolution of the vacuum ex- T.[GeV]
pectation value(VEV) of the Higgs fields(v(T)) is de-
scribed by FIG. 1. The difference of the critical temperatuFg and the

sphaleron freezing-out temperaturg,,; determined by, 1( Ty

(v(T)=(v(0))N(1-TZT2)Y2 (v(0))=246 GeV. =H(Tou) in dependence offic.
(®)

n; ,
O ?FD(Z )

+nolv])

Zout
This behavior of the VEV is valid for a second order phase L@)=L exp{ B LC dz'z
transition and approximately valid for a weak first order

phase transition. The exact behavior{(ofT)) depends on / H(T=m)] (12)

the supersymmetr§SUSY) parameters, but for our phenom- vl

enological purposes we will satisfy ourselves with E8j.

Lattice simulations suggest that~150 GeV for a Higgs where z=nm;/T, 'y is the L-violating sneutrino decay
boson mass of 70 GeM4] and that it should be higher for width, (o|v|) is the thermally averaged cross section of
larger values of the Higgs boson mass, but in order to keepneutrino mediated_-violating scatterings, anah; is the

the results general we will vary. freely between 50 GeV number density of particle(in the scattering term the num-
and 250 GeV. In models of electroweak baryogenesis sphalder density of the initial state particles has been assumed to
rons have to drop out of equilibrium immediately after thebe the photon number densityn order to derive bounds on
phase transition which translates into the condit{d®] L violation we will allow that during the epoci,,<T
(v(T=T¢))/Tc>1 in contrast to(8); see the comment <T., L may be depleted by a facté<1; that is, we as-

above. sume the preliminary. density to ben /n,~10"*%k.
The sphaleron rate beloW, is described by [15] and
references therejn IV. CONSTRAINTS ON THE SNEUTRINO
, , MASS-SPLITTING
@ 2my(T Eso(T
[spr~2.8X 105T4K(4—W) ( WEI_ )) ex;{ - S‘_)IE )), In the following two different cases will be distinguished:
™ Aw ) () at least one gaugin@ee belowor slepton other than the

sneutrino is lighter thaf¢; that is, the number density of
particles satisfying this condition is approximately the pho-
ton number density(ll) all gauginos and sleptons besides the
. sneutrino arésubstantially heavier tharT - so that the num-
_ -t ber density of these particles is exponentially suppressed and
Mw(T) = 292<U(T)>’ (10 one sneutrino is the lightest supersymmetric partitigpP).
The discussion will be focused on the case of sneutrino
the free energy of the sphaleron configuration is given by CDM, that is, on a mass difference of order 5 GeV and a
sneutrino LSP mass ah, sp~70 GeV[10].
) (I) In order to keep the results as general as possible only

where

(11) scatterings will be taken into account in what follows, since
these depend to a smaller extent on the exact mass relations
of the particles involved thah-violating decays do. Then

B(0)=1.52,B()=2.72, andk=exp(—3.6) [16]. In Fig. 1  relevant processes capable of depletingre 2—2 scatter-

the temperature rang€-—T,, is plotted as a function of ings as, for example, scattering of neutralinos or charginos

Tc. It becomes smaller than one for small valuesTef into leptons mediated bl-violating sneutrinogsee Fig. 2

=100 GeV but is of orde®(10 GeV) for To~200 GeV. -

For L-violating sneutrino decays ardviolating sneutrino xiXi<=llm,  xili=xilm, (13
mediated scatterings the damping of the preexisting lepton

number(per comoving volumelL; is described by the Bolt- where x, represents any of the chargino or neutralino mass

zmann equation for the evolution &fand is given by(see, fields present in the plasma @& T andl, is a charged or

e.g.,[12]) uncharged lepton. In the one generation dase. However,

Egpy(T)= el T) B(%

vy, My
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T Am [GeV] Am [GeV]
\ N 50 \\ ~

FIG. 2. Graphs for 2-2 scatterings of gauginog and leptons
| mediated by the light sneutrino statégz.

50 100 150 25¢C 50 100 150 25C
since the entries of the neutralino mixing matrix connecting T.[GeV] T [Gev]

gmeiliigllgc\)/jillwl;tg :Jlgpg)rsér;g: dal;;u?;? p(?rrtlc:)r;?z;(().rth%);/i\r/] dthls FIG. 3. The limits on the zero temperature light sneutrino mass
ou splitting Am(T=0) in case(l) (see text in dependence on the

thereforey will be assumed to b& with associated mass citical temperaturd . from Eq.(14) (the regions above the curves

M, and W3,W with associated madd ,. are excludegfor k=0.3 (left) andk=0.01 (right) and for different
The following discussion will be restricted to the processvalues of the sneutrino massia=70 GeV (solid curvg, mq

Eq. (13), but for other examples 4T+ W W= the same = 150 GeV (dotted curvg mx=300 GeV (short-dashed curye

arguments hold. The constraint on the mass splitting foIIow§n§' 500 GeV (long-dashed curye ma=1 TeV (dot-dashed

from the relation ve.

Zout 1 (I In the case that all gauginos and sleptons but the
f 'z nolv|)>Ink. (14 sneutrinos have already decayed away at temperatures above
zc H(nm, T the processes depletihgare 2— 2 scatterings of sneutri-

nos into neutrinos and.-violating decays of non-LSP
sneutrinos into the LSP sneutrigd— ¢-SPvy mediated by
neutralinos.

The zero-temperature cross section of this reaction is propor-

tional to (Am?)? since[4]
~ T The cross section for gaugino-mediatediolating scat-
(O[TLv(x)¥(y)]|0) tering of sneutrinos into neutrinos can be approximated by

i d*k e ik(x=y) (compare with[10])
=Am? f
(2m)* (m3 —k2)(m}

—kd)+ie 5

. (18

oKy (AmZ(T))?

<U|v|>% ayM, awM,
(15) T4

T?+M{ T2+M3

where for model(2) the contributions of the heavy states

have been neglected. Therefore the final bounddamde- ~ Whereay is the coupling associated withh(1)y . This cross
pends only weakly on the precise value(efu|) (and onk)  Section depends sensitively on the relatida/M ;. In Fig. 4
and for our purposes it is sufficient to approximate the therthe bounds on thém are shown for several values bf,
mally averaged scattering cross section by and for the cases dfl,/M; considered in[10,18 which

s ad T? Am[GeV] My/M;=1  Am[GeV] M,/M;=3 0y /50y
(olv])=(Am*(T)) RE (16) y

2 ’
n,};)ll 0P 10
b
where ayy, is the weak coupling constant and for non- |
vanishing temperatures and a second order phase transitic o5

[see Eq(6)]

50 100 150 200 25C 50 100 150 200 25¢C

AMT)  AMAT)  (u(T))? T2 TelGeV] TelGevl
AM(T=0) :AmZ(T—O) :<U(T—O)>2:( —T—z) Altnr:[GeV] My/M;=-3ay/Soy AllnTnl[GeV] My/Mi= - aw/oy
= = C \\\ - T
O e
The full zero temperature cross section can be found@jn " ' 10
The results, which hold for any generation, are plotted in , s

Fig. 3 for several values for the sneutrino mass &nit 1
dependence o which has been varied freely between 50 s 1o 1% E
GeV and 250 GeV. For example, fog~ 150 GeV the lim-

its range fromAm=O(few 100 MeV) to Am=O(few GeV) FIG. 4. The limits onAm(T=0) from Egs.(18), (14) in case

for the chosen sneutrino masses. The limit on the mass splity)) (see text for several values of the ratil,/M, in dependence
ting becomes less stringent for smaller valuesTgf[since  on the critical temperature and for a depletion fadter1/3. The

the temperature rang) becomes small¢rand for larger  regions above the lines are excluded. The limits correspond to the
values ofnm;,. For small values of ¢ and large values afy;  parameter$/; =300 GeV(solid line), M; =500 GeV(dotted ling,

the mass splitting is basically not constrained. andM ;=1 TeV (dashed ling

50 100 150 25¢

00 50
[GeV] T [GeV]
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have been shown to be compatible with the sneutrino CDMyeneration case for plausible values B¢ baryogenesis
hypothesis as long dd ;=200 GeV(see next sectign yields more stringent limits than neutrino masses do.

The resulting limits are more stringent than the bounds in  The constraints on the sneutrino mass splitting are espe-
(1) if M, andM,, have the same sign. This is simply due to cially interesting for the hypothesis of sneutrino CDM. In
the propagator structure of the two different scattering pro{10] it has been shown that a sneutrino with mass of around
cesses. Even for very large gaugino masses of adi§&eV) 70 GeV may be a viable CDM candidate if the mass splitting
the mass splittingAm(T=0) is only of orderO(few GeV) exceeds about 5 Ge¥so thatZ®-mediateds-channel coan-
for plausible values of . This statement is also valid in the nihilation of the LSP sneutrino with its heavier partner is
limit M,—0. On the other hand, 1, andM, are of oppo- sufficiently suppress@dand M, is larger than about 200
site sign there is a partial cancellation of the contributionsGeV (so thatL-conserving LSP-sneutrino pair annihilation is
and the resulting limits oldm(T=0) become weaker. In sufficiently suppressedTherefore the low energy limits Eq.
particular for Tc~200 GeV for M,/M;=—3ay/5ay  (20) imply that the light third generation sneutrino is a viable
(— aw/ay) a mass differencAm~ O(few GeV) is allowed CDM candidate. On the other hand, in cdbediscussed in
if M;~500 GeV (300 GeV. the preceding section the results displayed in Figsdid

The decays of non-lightest supersymmetric particeP)  line) imply that sneutrino CDM is firmly ruled out for plau-
sneutrinos into the LSP sneutrino have been discussed #ible values of the critical temperatufg =150 GeV.
detail in [18]. Neglecting gaugino mixing the zero-  The same conclusion is valid in scenafib for plausible
temperature decay width of tHeviolating mode to leading values ofT¢ if M; andM, bear the same sign, as long as the

order in the parametekxm? is gauginos are not exceptionally heawl{=1 TeV). How-
ever, in cas€gll) the bound on the sneutrino mass splitting
a\ZN [AmA(T)]° T2\° could become sufficiently large to allow for sneutrino CDM
~———— ~[AM¥(T=0)]%| 1—- — | , if M, andM, are of opposite sign. For plausible values of
167 (m2—m?2)4\/m2 T2 =150 GeV the ratioM,/M,=—3ay/5ay (M,/M,;

(19 —ayw/ay) allows for a sneutrino mass splitting being
Iarge enough to be compatible with the sneutrino CDM hy-

wherem? =m gLSP"" m‘fh This expression does not result in a pothesis as long akl, is larger than about 500 Ge{800
constraint when inserted into E(L2) due to its dependence GeV). In particular, this statement is compatible with the
on the fifth power of the suppression factor{Iz/T ):e.g., lower limit on M, from the requirement that the sneutrino
for Tc<250 GeV the constraint on the mass-splitting isrelic abundance should be sufficiently high to account for the
Am=(0O(100 GeV and for smaller values of - becomes CDM.
even less stringent.

VI. SUMMARY
V. COMPARISON WITH LOW-ENERGY CONSTRAINTS . . . ) ) L )
AND IMPLICATIONS FOR SNEUTRINO COLD In conclusion, in scenarios with violation in the light
DARK MATTER sneutrino sector it has to be ensured that sneutrino-induced

interactions which take place in the early Universe at tem-
In [4,6] it has been shown thatviolating sneutrinos give  peratures below the electroweak symmetry breaking scale do
rise to loops containing neutralinos arlight) sneutrinos not erase the BAU generated at some higher temperature.
which contribute to théMajorana mass of the neutrino. In - This may happen if the electroweak phase transition is sec-
[9] a scan over a wide range of the SUSY parameter has beeshd or weakly first order, so that sphaleron-induced pro-

carried out and “average” upper limits cesses are still operative at temperatures below the critical
temperatureT. The L-violating interactions considered
Am(e)<8 MeV, Am(u)<6 GeV (200 here result in constraints on the mass splitting of the light

sneutrino mass states which are less stringent than the ones
have been deducedor neutrino mass limitsn(e)<15 eV which can be derived from the contribution bfviolating
andm(u) <170 keV] while the third generation mass split- sneutrinos to neutrino masses for the first generation. For the
ting remains virtually unconstrained. The current bound orsecond generation the limits are more stringent for plausible
the effective Majorana neutrino mas@neg=3/Uim  values ofT¢=150 GeV and for superpartner masses smaller
<0.36 eV(90% C.L) from the Heidelberg- Moscow experi- than 500 GeV except for the case of an almost complete
ment [17] yields in the caséJ =~ &, the relationAm(e) cancellation of the bino and wino contributions for a
<13 keV for an average sneutrino mass of 100 GeV. Direcsneutrino LSP of mas®(100 GeV.
contributions to @B have been considered [A] and the In particular, the constraint on the third generation mass
resulting limits onAm(e) are less stringent. Therefore the splitting is of interest for the sneutrino cold dark matter hy-
limits from baryogenesis are considerably less severe thapothesis. Low energy limits on the sneutrino mass splitting
the ones from neutrino masses in the first generation case fauggest that the lighter of the third generation sneutrino
plausible ranges of c and superpartner masses. For the secstates with mass of around 70 GeV may serve as a CDM
ond generation the limit is comparable or slightly more strin-candidate ifM ;=200 GeV. This hypothesis is not compat-
gent for values off; not much smaller than 150 GeV and ible with the observed baryon asymmetry if the gauginos or
superpartner masses not bigger than 500 GeV. In the thirflirther sleptons other than the sneutrino are still present in
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