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In any model with nonzero Majorana neutrino masses, the sneutrino and antisneutrino o
supersymmetric extended theory mix. We outline the conditions under which sneutrino-antisne
mixing is experimentally observable. The mass splitting of the sneutrino mass eigenstates and sn
oscillation phenomena are considered. [S0031-9007(97)03063-9]
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In the standard model, neutrinos are exactly ma
less [1]. However, a number of experimental hints su
gest that neutrinos may have a small mass. The s
neutrino puzzle can be solved by invoking the Mikheye
Smirnov-Wolfenstein (MSW) mechanism, with the ne
trino squared-mass difference ofDm2 . 6 3 1026 eV2

[2]. The atmospheric neutrino puzzle could be explain
if Dm2 . 1022 eV2 [3]. The Liquid Scintillation Neu-
trino Detector (LSND) experiment has reported a sig
that, if interpreted as neutrino oscillations, impliesDm2 ,
O s1 eV 2d [4]. To accommodate this data, the standa
model must be extended; the simplest models simply
Majorana neutrino mass terms that violate lepton num
sLd by two units.

One must also extend the standard model in orde
accommodate light Higgs bosons in a more fundam
tal unified theory that incorporates gravity. Models
low-energy supersymmetry [5] are attractive candida
for the theory of TeV scale physics. However, in t
minimal supersymmetric extension of the standard mo
(MSSM), neutrinos are also exactly massless. In this
per, we wish to consider a supersymmetric extension
an extended standard model that contains Majorana
trino masses. In such models, the lepton number viola
can generate interesting phenomena in the sector of su
symmetric leptons. The effect ofDL  2 operators is to
introduce a mass splitting and mixing into the sneutrin
antisneutrino system (this observation was also made
cently in Ref. [6]). The sneutrino and antisneutrino w
then no longer be mass eigenstates.

This phenomena is analogous to the effect of a sm
DB  2 perturbation to the leadingDB  0 mass term
in the B system [7]. This results in a mass splittin
between the heavy and lightB0 (which are no longer
pure B0 and B̄0 states). The very small mass splittin
DmBymB  6 3 10214 [8], can be measured by observin
flavor oscillations. The flavor is tagged inB decays by the
final state lepton charge. Sincexd ; DmByGB ø 0.7 [8],
there is time for the flavor to oscillate before the mes
decays. Then the time-integrated same sign dilepton si
is used to determineDmB.

The sneutrino system can exhibit similar behavior. T
lepton number is tagged in sneutrino decay using
0031-9007y97y78(18)y3438(4)$10.00
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charge of the outgoing lepton. The relevant scale
the sneutrino width (as emphasized in the context
lepton flavor oscillation in Ref. [9]). If the sneutrino mas
splitting is large, namely,

xñ ;
Dmñ

Gñ

* 1 , (1)

and the sneutrino branching ratio into a charged lepton
significant, then a measurable same-sign dilepton signa
expected.

The neutrino mass and the sneutrino mass splitting
related as a consequence of the lepton number viola
interactions and supersymmetry breaking. Thus, we
use upper bounds (or indications) of neutrino masses to
bounds on the sneutrino mass splitting. At present, n
trino mass bounds obtained from direct laboratory me
surements imply [8]:mne & 10 eV, mnm

# 0.17 MeV,
and mnt

# 24 MeV. Cosmological constraints requir
stable neutrinos to be lighter than about100 eV. For ex-
ample, models of mixed dark matter require a neutri
mass of order10 eV [10]. For unstable neutrinos, the
mass limits are more complex and model dependent [1
In this paper we will consider the consequences of t
cases: (i)nt with a mass near its present laboratory upp
limit, and (ii) light neutrinos of mass less than 100 eV.

Some model-independent relations among the neutr
and sneutrinoDL  2 masses (and otherDL  2 phe-
nomena) have been derived in Ref. [6]. However,
order to derive specific results, it is useful to exhibit an e
plicit model of lepton number violation. In the following
we concentrate on the seesaw model for neutrino mas
[1], as it exhibits all the interesting features. We compu
the sneutrino mass splitting in this model and discuss
implications for sneutrino phenomenology ate1e2 col-
liders. (We also briefly mention some consequences
lepton number violation arising fromR-parity nonconser-
vation.) A more complete presentation will be given
Ref. [12].

The supersymmetric seesaw model.—Consider an
extension of the MSSM where one adds a right-hand
neutrino superfield,N̂ , with a bare massM ¿ mZ .
For simplicity we consider a one generation mod
(i.e., we ignore lepton flavor mixing) and assume C
© 1997 The American Physical Society
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conservation. We employ the most generalR-parity
conserving renormalizable superpotential and attend
soft-supersymmetry-breaking terms. For this work, t
relevant terms in the superpotential are (following th
notation of Ref. [13])

W  eijflĤi
2L̂jN̂ 2 mĤi

1Ĥ
j
2g 1

1
2 MN̂N̂ . (2)

The D terms are the same as in the MSSM. The releva
terms in the soft-supersymmetry-breaking scalar poten
are

Vsoft  m2
L̃ñpñ 1 m2

Ñ ÑpÑ

1 slAnH2
2 ñÑp 1 MBNÑÑ 1 H.c.d . (3)

When the neutral Higgs field vacuum expectation valu
are generated [kHi

i l  yiy
p

2, with tanb ; y2yy1 and
y

2
1 1 y

2
2  s246 GeV d2], one finds that the light neu-

trino mass is given by the usual one generation seesaw
sult, mn . m2

DyM, wheremD ; ly2 and we drop terms
higher order inmDyM.

The sneutrino masses are obtained by diagonaliz
a 4 3 4 squared-mass matrix. Here, it is convenie
to defineñ  sñ1 1 iñ2dy

p
2 andÑ  sÑ1 1 iÑ2dy

p
2.

Then, the sneutrino-squared mass matrix separates
CP-even and CP-odd blocks,

L mass 
1
2 s f1 f2 d

µ
M2

1 0
0 M2

2

∂ µ
f1
f2

∂
, (4)

wherefi ; s ñi Ñid andM2
6 consist of the following

2 3 2 blocks:√
m2

L̃ 1
1
2 m2

Z cos2b 1 m2
D mDfAn 2 m cotb 6 Mg

mDfAn 2 m cotb 6 Mg M2 1 m2
D 1 m2

Ñ 6 2BNM

!
.

In the following derivation we assume thatM is the
largest mass parameter. Then, to first order in1yM,
the two light sneutrino eigenstates areñ1 and ñ2, with
corresponding squared masses,

m2
ñ1,2

 m2
L̃ 1

1
2 m2

Z cos2b 7
1
2 Dm2

ñ , (5)

where the squared-mass differenceDm2
ñ ; m2

ñ2 2 m2
ñ1 is

of order 1yM. Thus, in the largeM limit, we recover
the two degenerate sneutrino states of the MSSM, usu
chosen to bẽn and ¯̃n. For finiteM, these two states mix
with a 45± mixing angle, since the two light sneutrino
mass eigenstates must also be eigenstates of CP.
sneutrino mass splitting is easily computed usingDm2

ñ 
2mñDmñ, wheremñ ; 1

2 smñ1 1 mñ2 d is the average of
the light sneutrino masses. We find that the ratio
the light sneutrino mass difference relative to the lig
neutrinomass is given by (to leading order in1yM)

rn ;
Dmñ

mn

.
2sAn 2 m cotb 2 BN d

mñ

. (6)

The magnitude ofrn depends on various supersym
metric parameters. Naturalness constrains supersymm
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ric mass parameters associated with particles with nont
ial electroweak quantum numbers to be roughly of ord
mZ [14]. Thus, we assume thatm, An, andmL̃ are all of
order the electroweak scale. The parametersM, mÑ , and
BN are fundamentally different since they are associa
with the SUs2d 3 Us1d singlet superfield̂N . In particular,
M ¿ mZ, since this drives the seesaw mechanism. Sin
M is a supersymmetry-conserving parameter, the see
hierarchy is technically natural. The parametersmÑ and
BN are soft-supersymmetry-breaking parameters; their
der of magnitude is less clear. SinceN̂ is an electroweak
gauge group singlet superfield, supersymmetry-break
terms associated with it need not be tied to the sc
of electroweak symmetry breaking. Thus, it is possib
that mÑ andBN are much larger thanmZ . SinceBN en-
ters directly into the formula for the light sneutrino mas
splitting [Eq. (6)], its value is critical for sneutrino phe
nomenology. IfBN , O smZd, then rn , O s1d, which
implies that the sneutrino mass splitting is of order th
neutrino mass. However, ifBN ¿ mZ , then the sneutrino
mass splitting is significantly enhanced.

We have also considered other possible models of l
ton number violation [12]. For example, in models o
R-parity violation (but with no right-handed neutrino),
sneutrino mass splitting is also generated whose mag
tude is of order the corresponding neutrino mass. Th
in models whereR-parity violation is theonly source of
lepton number violation,rn . O s1d, and no enhancemen
of the sneutrino mass splitting is possible.

Loop effects.—In the previous section, all formulas
given involved tree-level parameters. However, in som
cases, one-loop effects can substantially modify Eq. (
In general, the existence of a sneutrino mass splitti
generates a one-loop contribution to the neutrino ma
Note that this effect is generic, and is independent of t
mechanism that generates the sneutrino mass splitt
Similarly, the existence of a Majorana neutrino mass ge
erates a one-loop contribution to the sneutrino mass sp
ting. However, the latter effect can be safely neglecte
Any one-loop contribution to the sneutrino mass splittin
must be roughlyDm

s1d
ñ , sg2y16p2dmn; thus the tree-

level resultrn * O s1d cannot be significantly modified.
In contrast, the one-loop correction to the neutrino ma
is potentially significant, and may dominate the tree-lev
massfms0d

n . m2
DyMg. We have computed exactly the

one-loop contribution to the neutrino massfms1d
n g from

neutralino-sneutrino loops shown in Fig. 1. In the lim

FIG. 1. One-loop contribution to the neutrino mass due
sneutrino mass splitting.
3439



VOLUME 78, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 5 MAY 1997

a

t
a

-

in
tr
r
o
n
e

n
n

o

r

l
s

h
n

n
rr

e

y

ay

e

x-

ass,
oft
at
n
an

re
0)
-
t

ust
fi-

ino-
ate.

ted

k

ce-
c
o-
rged
s-

r
19]

n-

o-
of mn , Dmñ ø mñ, the formulas simplify, and we find

ms1d
n 

g2Dmñ

32p2 cos2 uW

X
j

fsyjdjZjZ j2, (7)

where fs yjd 
p

yj f yj 2 1 2 lns yjdgys1 2 yjd2, with
yj ; m2

ñym2
x̃

0
j
, andZjZ ; Zj2 cosuW 2 Zj1 sinuW is the

neutralino mixing matrix element that projects out theZ̃
eigenstate from thejth neutralino. One can check th
fs yjd , 0.566, and for typical values ofyj between 0.1
and 10,fs yjd . 0.25. SinceZ is a unitary matrix, we
find ms1d

n ø 1023ms0d
n r s0d

n , wherer s0d
n is the tree-level ratio

computed in Eq. (6). Ifr s0d
n * 103, then the one-loop

contribution to the neutrino mass cannot be neglec
Moreover,rn cannot be arbitrarily large without unnatur
fine-tuning. Writing the neutrino mass asmn  ms0d

n 1

ms1d
n , and assuming no unnatural cancellation between

two terms, we conclude that

rn ;
Dmñ

mn

& 2 3 103. (8)

Phenomenological consequences.—Based on the an
alysis presented above, we take1 & rn & 103. If rn

is near its maximum, and if there exists a neutr
mass in the MeV range, then the corresponding sneu
mass difference is in the GeV range. Such a la
mass splitting can be observed directly in the laborat
For example, in e1e2 annihilation, third generatio
sneutrinos are produced viaZ exchange. Since th
two sneutrino mass eigenstates are CP-even and
odd, respectively, sneutrino pair production occurs o
via e1e2 ! ñ1ñ2. In particular, the pair productio
processese1e2 ! ñiñi (for i  1, 2) are forbidden. If
the low-energy supersymmetric model incorporates s
R-parity violation, then sneutrinos can be produced
e1e2 via an s-channel resonance [15,16]. Then, for
sneutrino mass difference in the GeV range, two sneut
resonant peaks could be distinguished.

A smaller sneutrino mass splitting can be probed
e1e2 annihilation using the same-sign dilepton signa
xñ * 1. Here we must rely on sneutrino oscillations. A
sume that the sneutrino decays with significant branch
ratio via chargino exchange:ñ ! ,6 1 X. Since this de-
cay conserves lepton number, the lepton number of
decaying sneutrino is tagged by the lepton charge. T
in e1e2 ! ñ1ñ2, the probability of a same-sign dilepto
signal is

Ps,1,1d 1 Ps,2,2d  xñfBRsñ ! ,6 1 Xdg2, (9)

wherexñ ; x2
ñyf2s1 1 x2

ñdg is the integrated oscillatio
probability, which arises in the same way as the co
sponding quantity that appears in the analysis ofB meson
oscillations [7]. We have considered the constraints
the supersymmetric model imposed by the requirem
that xñ , O s1d and Bsñ ! ,6 1 Xd , 0.5. We exam-
3440
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ined two cases depending on whether the dominantñ de-
cays involve two-body or three-body final states.

If the dominant sneutrino decay involves two-bod
final states, then we must assume thatmx̃

0
1

, mx̃1 , mñ.
Then, the widths of the two leading sneutrino dec
channels are [16,17]

Gsñ ! x̃0
j nd 

g2jZiZ j2mñ

32p cos2 uW
Bsm2

x̃
0
j
ym2

ñd ,

Gsñ ! x̃1,2d 
g2jV11j

2mñ

16p
Bsm2

x̃1 ym2
ñd , (10)

(assuming m,  0), where Bsxd ; s1 2 xd2, V11
is one of the mixing matrix elements in th
chargino sector, andZjZ is the neutralino mixing
matrix element defined below Eq. (7). For e
ample, for mñ , O smZd we find Gsñ ! x

0
j nd ø

O fjZjZ j2Bsm2
x̃

0
j
ym2

ñd 3 1 GeVg and Gsñ ! x1,d ø
O fjV11j

2Bsm2
x̃1ym2

ñd 3 1 GeVg. We require that the
sneutrino and chargino are sufficiently separated in m
so that the emitted charged lepton will not be too s
and can be identified experimentally. This implies th
B * 1022 in Eq. (10). Thus, for the third generatio
sneutrino, a significant same-sign dilepton signal c
be generated withmnt

 10 MeV, even if rn , 1 and
the light chargino-neutralino mixing angles are ofO s1d.
If the lightest chargino and two lightest neutralinos a
Higgsino-like, then the mixing angle factors in Eq. (1
are suppressed. Forjmj , mZ and gaugino mass pa
rameters not larger than1 TeV, the square of the ligh
chargino-neutralino mixing angles must be ofO s1022d or
larger. Thus, ifrn is near its maximum valuesrn , 103d,
then one can achievexñ , 1 for neutrino masses as low
as about100 eV.

If no open two-body decay channel exists, then we m
consider the possible sneutrino decays into three-body
nal states. In this case we require thatmñ , mx̃

0
1
, mx̃1 .

Again, we assume that there exists a significant charg
mediated decay rate with charged leptons in the final st
The latter occurs in models in which thet̃R is lighter than
the sneutrino. In this case, the rate for chargino-media
three-body decaỹn, ! ,2t̃

1
R nt can be significant. The

t̃R with mt̃R , mñ can occur in radiative electrowea
breaking models of low-energy supersymmetry if tanb is
large. However, in the context of the MSSM, such a s
nario would require that̃tR is the lightest supersymmetri
particle (LSP), a possibility strongly disfavored by astr
physical bounds on the abundance of stable heavy cha
particles [18]. Thus, we go beyond the usual MSSM a
sumptions and assume that thet̃R decays. This can occu
in gauge-mediated supersymmetry breaking models [
where t̃R ! t 1 g̃3y2, or in R-parity violating models
where t̃R ! tn. Here, we have assumed that interge
erational lepton mixing is small; otherwise theDL  2
sneutrino mixing effect is diluted.

We have computed the chargino- and neutralin
mediated three-body decays of̃n,. In the analysis
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presented here, we have not considered the case
,  t, which involves a more complex final state deca
chain containing twot-leptons. For simplicity, we
present analytic formulas in the limit where the mediatin
chargino and neutralinos are much heavier than thet̃

6
R .

In addition, we assume that the lightest neutralino
dominated by its bino component. We have checke
that our conclusions do not depend strongly on the
approximations. Then, the rates for the chargino- an
neutralino-mediated sneutrino decays are

Gsñ, ! ,2t̃1
R ntd 

g4m3
ñm2

t tan2 b fx̃1 sm2
t̃ym2

ñd
3 3 29p3sm2

W sin2b 2 M2md2
,

Gsñ, ! n,t̃6
R t7d 

g04m5
ñ fx̃0 sm2

t̃ym2
ñd

3 3 210p3M4
1

, (11)

for ,  m, e where theMi are gaugino mass parameters
fx̃1 sxd  s1 2 xd s1 1 10x 1 x2d 1 6xs1 1 xd ln x and
fx̃0 sxd  1 2 8x 1 8x3 2 x4 2 12x2 ln x. As an ex-
ample, for tanb  20 (consistent with a lightt̃R as
noted above) andm2

t̃ym2
ñ  0.64, reasonable values for

the other supersymmetric parameters can be found su
that Gsñ, ! ,2t̃

1
R ntd , Gsñ, ! n,t̃

6
R t7d , Os1 eVd.

In this case, forrn , 1 f103g, a significant like-sign dilep-
ton signal could be observed for light neutrino masses
low as1 eV f1023 eVg.

In conclusion, nonzero Majorana neutrino masses imp
the existence ofDL  2 phenomena. In low-energy
supersymmetric models, such phenomena also lead
sneutrino-antisneutrino mixing with the correspondin
mass eigenstates split in mass. The sneutrino m
splitting is generally of the same order as the ligh
neutrino mass, although an enhancement of up to
orders of magnitude is conceivable. If the mass
the nt is near its present experimental bound, then
may be possible to directly observe the sneutrino ma
splitting in the laboratory. Even if neutrino masse
are small (of order1 eV), some supersymmetric models
yield an observable sneutrino oscillation signal ate1e2

colliders. Remarkably, model parameters exist whe
sneutrino mixing phenomena are detectable forneutrino
masses as low asmn , 1023 eV (a mass suggested by
the solar neutrino anomaly). Thus, sneutrino mixing an
oscillations could provide a novel opportunity to prob
lepton-number violating phenomena in the laboratory.

This project was initiated after a number of conversa
tions with Jens Erler. We are also grateful to Jonath
Feng, Scott Thomas, and Jim Wells for helpful discu
sions. This work was supported by the U.S. Departme
of Energy under Contracts No. DE-AC03-76SF00515 an
No. DE-FG03-92ER40689.
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