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Sneutrino Mixing Phenomena
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In any model with nonzero Majorana neutrino masses, the sneutrino and antisneutrino of the
supersymmetric extended theory mix. We outline the conditions under which sneutrino-antisneutrino
mixing is experimentally observable. The mass splitting of the sneutrino mass eigenstates and sneutrino
oscillation phenomena are considered. [S0031-9007(97)03063-9]

PACS numbers: 12.60.Jv, 14.60.Pq, 14.80.Ly

In the standard model, neutrinos are exactly masseharge of the outgoing lepton. The relevant scale is
less [1]. However, a number of experimental hints sugthe sneutrino width (as emphasized in the context of
gest that neutrinos may have a small mass. The soldepton flavor oscillation in Ref. [9]). If the sneutrino mass
neutrino puzzle can be solved by invoking the Mikheyev-splitting is large, namely,

Smirnov-Wolfenstein (MSW) mechanism, with the neu-
trino squared-mass difference dfm> = 6 X 107¢ eV? X =—=1, 1)

[2]. The atmospheric neutrino puzzle could be explained s

if Am?> = 1072 eV? [3]. The Liquid Scintillation Neu- and the sneutrino branching ratio into a charged lepton is

trino Detector (LSND) experiment has reported a signakignificant, then a measurable same-sign dilepton signal is
that, if interpreted as neutrino oscillations, implie&> ~  expected.

O(1 eV?) [4]. To accommodate this data, the standard The neutrino mass and the sneutrino mass splitting are
model must be extended; the simplest models simply adcklated as a consequence of the lepton number violating
Majorana neutrino mass terms that violate lepton numbeinteractions and supersymmetry breaking. Thus, we can

(L) by two units. use upper bounds (or indications) of neutrino masses to set

One must also extend the standard model in order tbounds on the sneutrino mass splitting. At present, neu-
accommodate light Higgs bosons in a more fundamentrino mass bounds obtained from direct laboratory mea-
tal unified theory that incorporates gravity. Models of surements imply [8]:m,, = 10 eV, m,, = 0.17 MeV,
low-energy supersymmetry [5] are attractive candidatesnd m,, = 24 MeV. Cosmological constraints require
for the theory of TeV scale physics. However, in thestable neutrinos to be lighter than abdQd eV. For ex-
minimal supersymmetric extension of the standard modedmple, models of mixed dark matter require a neutrino
(MSSM), neutrinos are also exactly massless. In this pamass of orderl0 eV [10]. For unstable neutrinos, the
per, we wish to consider a supersymmetric extension ofnass limits are more complex and model dependent [11].
an extended standard model that contains Majorana neln this paper we will consider the consequences of two
trino masses. In such models, the lepton number violatioosases: (i)v, with a mass near its present laboratory upper
can generate interesting phenomena in the sector of supéimit, and (ii) light neutrinos of mass less than 100 eV.
symmetric leptons. The effect &dfL = 2 operators is to Some model-independent relations among the neutrino
introduce a mass splitting and mixing into the sneutrino-and sneutrincAL = 2 masses (and otheXxL = 2 phe-
antisneutrino system (this observation was also made reiomena) have been derived in Ref. [6]. However, in
cently in Ref. [6]). The sneutrino and antisneutrino will order to derive specific results, it is useful to exhibit an ex-
then no longer be mass eigenstates. plicit model of lepton number violation. In the following,

This phenomena is analogous to the effect of a smallve concentrate on the seesaw model for neutrino masses
AB = 2 perturbation to the leadindB = 0 mass term [1], as it exhibits all the interesting features. We compute
in the B system [7]. This results in a mass splitting the sneutrino mass splitting in this model and discuss its
between the heavy and ligl8° (which are no longer implications for sneutrino phenomenology @te~ col-
pure B® and B states). The very small mass splitting, liders. (We also briefly mention some consequences of
Ampg/mp = 6 X 10”4 [8], can be measured by observing lepton number violation arising frorR-parity nonconser-
flavor oscillations. The flavor is tagged fhdecays by the vation.) A more complete presentation will be given in
final state lepton charge. Singg = Amp/T'p = 0.7 [8], Ref. [12].
there is time for the flavor to oscillate before the meson The supersymmetric seesaw modeConsider an
decays. Then the time-integrated same sign dilepton signaktension of the MSSM where one adds a right-handed
is used to determinAmg. neutrino superfield,N, with a bare massM > my.

The sneutrino system can exhibit similar behavior. Tha=or simplicity we consider a one generation model
lepton number is tagged in sneutrino decay using théi.e., we ignore lepton flavor mixing) and assume CP
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conservation. We employ the most genefparity ric mass parameters associated with particles with nontriv-

conserving renormalizable superpotential and attendanmal electroweak quantum numbers to be roughly of order
soft-supersymmetry-breaking terms. For this work, then; [14]. Thus, we assume that, A,,, andm; are all of
relevant terms in the superpotential are (following theorder the electroweak scale. The parameiérsny, and

notation of Ref. [13]) By are fundamentally different since they are associated
o L L with the SU2) x U(1) singlet superfieldv. In particular,

W = e;[\HLL/N — pwHIH )+ s MNN.  (2) M > my, since this drives the seesaw mechanism. Since

The D terms are the same as in the MSSM. The relevanly IS a supersymmetry-conserving parameter, the seesaw

terms in the soft-supersymmetry-breaking scalar potentiagIerarChy is technically natural. 'I_'he parameter;s. and_
are y are soft-supersymmetry-breaking parameters; their or-

der of magnitude is less clear. SinSeis an electroweak
Veoft = m%;”;*f/ + mva*N gauge group singlet superfield, supersymmetry-breaking
~ s terms associated with it need not be tied to the scale
+ (M, H;pN* + MByNN + H.c). (3)  of electroweak symmetry breaking. Thus, it is possible
%hatmﬁ, and By are much larger tham;. SinceBy en-
ers directly into the formula for the light sneutrino mass
splitting [Eq. (6)], its value is critical for sneutrino phe-
nomenology. IfBy ~ @ (my), thenr, ~ ©(1), which
ﬁﬁplies that the sneutrino mass splitting is of order the

When the neutral Higgs field vacuum expectation value
are generated(f/;) = v;/~/2, with tang = v,/v; and
v} + v3 = (246 GeV)?], one finds that the light neu-
trino mass is given by the usual one generation seesaw r

—_ 2 =
sult, m, = mp/M, wheremp = Av, and we drop terms o oo mace, However, By > m,, then the sneutrino

higher order inmp /M. oo
! . . ._._mass splitting is significantly enhanced.
The sneutrino masses are obtained by diagonalizing We hF;ve :glso ansidereg other possible models of lep-

a 4 X 4 squared-mass matrix. Here, it is convenientt C :
RN . o e on number violation [12]. For example, in models of
to definew = (¥ + i#)/v2 andN = (N + iN,)/V2. parity violation (but with no right-handed neutrino), a

I:Eg;/ézeaﬁg%gjgg:g;ifsd mass matrix separates 'nf%eutrino mass splitting is also generated whose magni-
’ tude is of order the corresponding neutrino mass. Thus,
1 M2 0 b1 in models whereR-parity violation is theonly source of
Limass = 3 (¢ ¢2)< 0o M2 > < ¢2>’ ) lepton number violation;, = ©(1), and no enhancement
L - . . of the sneutrino mass splitting is possible.
whereg; = (7 N;) and M3 consist of the following | o0 effects—In the previous section, all formulas
2 X 2 blocks: given involved tree-level parameters. However, in some
mi + %né cos2B + m%) mpl[A, — wcotB = M] cases, one-loop ef‘fects can substantia_lly modify Eq: (_6).
mplA, — pcotB = M] M?*+ mb +m[2v +2ByM )’ In general, the existence qf a sneutrino mass splitting
generates a one-loop contribution to the neutrino mass.
In the following derivation we assume thaf is the  Note that this effect is generic, and is independent of the
largest mass parameter. Then, to first orderljt¥,  mechanism that generates the sneutrino mass splitting.
the two light sneutrino eigenstates afe and 7, with  Similarly, the existence of a Majorana neutrino mass gen-
corresponding squared masses, erates a one-loop contribution to the sneutrino mass split-
2 _ .2 1 2 — 1, 2 ting. However, the latter effect can be safely neglected.
P =M+ gmzCOS2B = 3 Am;, ©) Any one-loop contribution to the sneutrino mass splitting
where the squared-mass difference? = m%2 - m,%l is  must be rougthAm(ﬂl) ~ (g?/167%)m,; thus the tree-
of order 1/M. Thus, in the largeM limit, we recover level resultr, = O(1) cannot be significantly modified.
the two degenerate sneutrino states of the MSSM, usually contrast, the one-loop correction to the neutrino mass
chosen to b’ and?. For finite M, these two states mix is potentially significant, and may dominate the tree-level
with a 45 mixing angle, since the two light sneutrino mass[m®©) = mp/M]. We have computed exactly the
mass eigenstates must also be eigenstates of CP. Thae-loop contribution to the neutrino mags"] from
sneutrino mass splitting is easily computed using? =  neutralino-sneutrino loops shown in Fig. 1. In the limit
2myAmy, wherem; = %(m,;l + mj3,) is the average of
the light sneutrino masses. We find that the ratio of

m

the light sneutrino mass difference relative to the light X?
neutrinomass is given by (to leading order iri;1)
r, = Am,-, - Z(AV — /.LCOtB — BN) (6) C L :
ny my ~
v 2 1

The magnitude ofr, depends on VariQUS SUpPErsym- FiG. 1. One-loop contribution to the neutrino mass due to
metric parameters. Naturalness constrains Supersymmeineutrino mass splitting.
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of m,, Am; < mj, the formulas simplify, and we find ined two cases depending on whether the domifadé-
20 cays involve two-body or three-body final states.
m) = ‘i—gz.f(yj)lzizlz, 7) . If the dominant sneutrino decay involves two-body
327" cos Ow final states, then we must assume that < my+ < m;.

_ Then, the widths of the two leading sneutrino decay
where f(y;) = /y;[y; — 1 = In(y)])/(1 = y;)*, with  channels are [16,17]

= 2 /o =7 — Z; sinfy i
yj = mV/mX?, andZ;; = Zj cosfy — Z;j sinfy is the 2\ZiglPms

neutralino mixing matrix element that projects out the L7 — ¥jv) = 327 co% B B(mf;g/m,%),
eigenstate from thgth neutralino. One can check that 2V, P NW

f(yj) < 0.566, and for typical values of; between 0.1 IF'v— y™¢) = MB(m)z?+/m%), (10)
and 10,f(y;) > 0.25. SinceZ is a unitary matrix, we 167

find m{) = 107°m? (", wherer?) is the tree-level ratio  (assuming m¢ = 0), where B(x) = (1 — x)%, Vi
computed in Eq. (6). Ifr{”) = 10°, then the one-loop is one of the mixing matrix elements in the
contribution to the neutrino mass cannot be neglectecshargino sector, andz;; is the neutralino mixing
Moreover,r, cannot be arbitrarily large without unnatural matrix element defined below Egq. (7). For ex-
fine-tuning. Writing the neutrino mass as, = m¥ + ample, for m; ~ O(mz) we find I'(z — )(,QV) ~
m{V, and assuming no unnatural cancellation between th@[IZ,-ZIZB(m%o/mﬁ) X 1GeV] and T(5 — y*6) =

: i

two terms, we conclude that O[|Vii*B(m3-/m3) X 1 GeV]. We require that the

_ Am; =2 % 103 (8) sneutrino and chargino are sufficiently separated in mass,

om, : so that the emitted charged lepton will not be too soft
and can be identified experimentally. This implies that

Phenomenological consequenecesBased on the an- B = 1(.) in EQ' (.1.0)' Thus, fo_r the'thlrd generation

alysis presented above, we takte< r, < 10°. If r sneutrino, a significant same-sign dilepton signal can
1 v - . 14 . _ . —

is near its maximum, and if there exists a neutrinoP® gl;.euera;ed .W'th"”f - l!(’ Me_\/,_ even llf "y I@and
mass in the MeV range, then the corresponding sneutrin[?e Ight chargino-neutralino mixing angles are .(1)'
mass difference is in the GeV range. Such a larg 'the'l|ghFest chargino a’.“?' wo lightest neuFraImos are
mass splitting can be observed directly in the laboratory. iggsino-like, tgenFthe mixing angle fact_ors in Eq. (10)
For example, ine*e annihilation, third generation '€ Suppressed. Fdu|~ m; and gaugino mass pa-
sneutrinos are produced viZ exchange. Since the rameters not larger thah TeV, the square of the light

two sneutrino mass eigenstates are CP-even and C hafg‘”"'”e”tfa””.o mixin.g angle_s must be@t10*2)3or

odd, respectively, sneutrino pair production occurs onl arger. Thus, ifr, IS near its maximum valug, ~ 10°),

via e*e” — 717,. In particular, the pair production then one can achieve, ~ 1 for neutrino masses as low

processee*e” — 7;7; (for i = 1,2) are forbidden. If aslflbOUUOO ev. bodv d hannel exists. th

the low-energy supersymmetric model incorporates some no open two-body decay channel exists, then we must

R-parity violation, then sneutrinos can be produced incon3|der the pos§|ble sneutrino d.ecays into three-body fi-

e*e~ via an s-channel resonance [15,16]. Then, for anal states. In this case we require that < mgo,mg:.

sneutrino mass difference in the GeV range, two sneutrin@‘ga'_n’ We assume tha’F there exists a S|gn!f|cant S:hargmo-

resonant peaks could be distinguished mediated decay rate with charged leptons in the final state.
' The latter occurs in models in which thg is lighter than

A smaller sneutrino mass splitting can be probed in . : : .
e* e~ annihilation using the same-sign dilepton signal ifthe sneutrino. In this case, the rate for chargino-mediated

o+ I
xy = 1. Here we must rely on sneutrino oscillations. AS_'Ehree-body decay¢ — £ 7g v can be significant. The

sume that the sneutrino decays with significant branchingR with mz < m; can occur in radiative electroweak
ratio via chargino exchang@é:— ¢~ + X. Since this de- reaking models .Of low-energy supersymmetry if s
cay conserves lepton number, the lepton number of th@rge. However,'ln the context O.f the MSSM, such a sce-
decaying sneutrino is tagged by the lepton charge. Thearo would require th".ﬁ".'*. is the I|ghte§t supersymmetric
in e*e” — #,7,, the probability of a same-sign dilepton part|<_:le (LSP), a possibility strongly disfavored by astro-
signal is phyglcal bounds on the abundance of stable heavy charged
particles [18]. Thus, we go beyond the usual MSSM as-
PUTCT) + P €7) = x3[BR(?» — ¢* + X), (9) sumptions and assume that thedecays. This can occur
in gauge-mediated supersymmetry breaking models [19]
where y; = x2/[2(1 + x2)] is the integrated oscillation where 7z — 7 + g3/2, Or in R-parity violating models
probability, which arises in the same way as the correwhere7z — 7v. Here, we have assumed that intergen-
sponding quantity that appears in the analysi® oheson erational lepton mixing is small; otherwise thd. = 2
oscillations [7]. We have considered the constraints orsneutrino mixing effect is diluted.
the supersymmetric model imposed by the requirements We have computed the chargino- and neutralino-
thatx; ~ O(1) and B# — €~ + X) ~ 0.5. We exam- mediated three-body decays of,. In the analysis
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