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Vacuum oscillations in the supersymmetric standard model

Anjan S. Joshipura*
Instituto de I"asica CorpuscuLar, CSIC, Departament de Fisica Teorica, Universitat de Valencia,

$6100 Burjassot, Valencia, Spain

Marek Nowakowskit
Theoretical Physics Group, Physical Research Laboratory, Navarangpura, Ahmedabad, 880 009, India

(Received 2 August 1994)

We analyze the spectrum and mixing among neutrinos in the minimal supersymmetric standard
model with explicit breaking of R parity. It is shown that (i) the mixing among neutrinos could
be large and (ii) the nonzero neutrino mass is constrained to be ( 10 eV from arguments based
on baryogenesis. Thus vacuum oscillations of neutrinos in this model may oKer a solution of the
solar neutrino problem. The allowed space of the supersymmetric parameters consistent with this
solution is determined.
PACS number(s): 14.60.Pq, 12.60.Jv

I. INTRODUCTION

The neutrino masses [1] are known to solve some out-
standing problems, notably, the solar neutrino, the atmo-
spheric neutrino, and the dark matter problems. Theo-
retically, the presence of a nonzero neutrino mass pro-
vides a window into physics beyond the standard elec-
troweak model. The generation of neutrino masses is
possible either in the presence of neutral Higgs bosons
transforming as an SU(2)1, triplet and/or if there exist
additional neutral fermions with which the conventional
neutrinos could mix. The most popular example of the
latter kind is provided by the seesaw mechanism [1] in
which left-handed neutrinos obtain their masses through
mixing with right-handed neutrinos. Another example is
provided in supersymmetric theory [2] which automati-
cally contains additional neutral fermions, namely, gaug-
inos and Higgsinos. However, in this theory neutrinos
cannot mix with the latter if the Lagrangian possesses a
symmetry, called R parity (B) [3], which distinguishes be-
tween matter and supermatter. But breakdown of B par-
ity can lead to mixing of neutrinos with gauginos and Hig-
gsinos [4, 5] and hence to the mass of neutrinos. In fact,
as long as the terms associated with Bparity breaking are
small, the natural seesaw mechanism is operative, with
gauginos and Higgsinos playing the role of the "right-
handed neutrino" of the conventional seesaw mechanism.
The possibility of the generation of a nonzero neutrino
mass in supersymmetry (SUSY) models with broken R
parity is extensively discussed in the literature, both in
the supersymmetric standard model (SSM) [5, 6] and in
some of its extensions [7]. The neutrino masses have in
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fact been used to put constraints on the amount of ad-
missible violation of R [5—8]. There exist independent
constraints on the strength of B breaking. They arise by
requiring [9] that the (B —L) violation associated with
B breaking should not erase the baryon asymmetry in
the presence of the sphelaron-induced (B + L) violation
[10]. This can impose severe restrictions on the neutrino
masses. In this paper we wish to systematically analyze
the structure of neutrino masses and mixing in the SSM
with explicitly broken B parity utilizing the restrictions
imposed on B-parity-violating interactions.

The neutrino mass can offer a solution [1] to the solar
neutrino problem if the relevant (mass) z difference A lies
either around 10 —10 eV or around 10 eV . The
matter-induced resonant oscillations [ll] deplete the neu-
trino Aux in the former while vacuum or "just so" oscil-
lations [12] are responsible for the depletion in the latter
case. Moreover, the vacuum solution is feasible only if
the mixing angle 0 between oscillating neutrinos is large,
typically sin (28) 0.75—1 [1]. Such solutions therefore
require extremely tiny neutrino masses which can arise,
for example, from Planck scale physics [13]. We shall
show that the constraints coming from baryogenesis in
the SSM in fact restrict the neutrino mass to be as small
as 10 eV, a value just required in order to solve
the solar neutrino problem. The large mixing required
for this purpose also follows naturally in the SSM with
broken B parity, as we will see. While restrictions on
B parity breaking coming &om the baryogenesis are well
known, their implications for obtaining the vacuum solu-
tion to the solar neutrino problem have not been stressed
before. The purpose of the present note is to point out
this possibility and at the same time determine the al-
lowed region of parameters which realize it.

We discuss the SSM with B parity violation and sum-
marize the constraints coming from baryogenesis in the
next section. In Sec. III we discuss the structure of neu-
tralino masses in the presence of B parity violation. An
effective seesaw mechanism allows one to reduce the 7 x 7
mass matrix to a 3 x 3 effective neutrino mass matrix and
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makes it possible to discuss the mixing among neutrinos
analytically. We determine in this section restrictions
imposed on the conventional parameters of the SSM if
one wants to solve the solar neutrino problem. The R
violation causes the neutralinos to decay into Z* and a
neutrino. We determine this coupling and discuss its im-
plications in Sec. IV. Conclusions are presented in the
last section.

II. R-PARITY VIOLATING SSM

We shall conGne ourselves to the SSM. This is charac-
terized by the following superpotential in standard nota-
tion:

Wp = eb'h, ;,.L, Hi E +h, ', Q. , Hi D

+h' Q, H2U,. + @Hi H2

In addition to SU(2)L, U(1)y, this potential is also in-
variant under the discrete B parity under which quarks,
leptons, Higgs bosons, and gauge bosons are even while
their superpartners are odd. R can be broken in SSM
explicitly by the terms

W~ = s~b A;~bL; L E„+A',,„.L, Q D„+e.,L;. H2

(2)
The presence of both lepton- and baryon-number-
violating terms in Eq. (2) leads to difficulties with the

proton lifetime. From now on we therefore set the cou-
pling A',.'.

& to zero. The full superpotential W is now the
sum of Wo and Wg.

Even in the absence of R-parity-violating terms W~, R
can be broken spontaneously if the sneutrino acquires a
nonzero vacuum expectation value (VEV) vL, [14]. This
possibility is allowed in the SSM [15], but the resulting
VEV of the sneutrino Geld is large, typically around the
weak scale for a natural range of parameters. Moreover,
one generates a Majoron which is strongly coupled to Z.
Such a Majoron is in conflict with the invisible width of
the Z. Hence one must abandon the idea of spontaneous
B violation in the the SSM. Restrictions on parameters
of SSM implied by this requirement were worked out in
[16]. We shall assume these parameters to lie in the range
determined in [16] and hence (vL, ) would be assumed zero
in the absence of R-breaking terms. But now if one intro-
duces a small explicit R-breaking term c ge;L, H2 then
the sneutrino VEV automatically gets generated [5, 18].
In this case, the VEV is related to the explicit rather
than to the spontaneous violation of R parity and hence
is not accompanied by a massless Majoron. Moreover, as
long as the R-breaking parameters are small, the sneu-
trino VEV's also remain small and one avoids conflict
with phenomenology which requires the sneutrino VEV
to be small independent of the existence of the Majoron
[17]. On the other hand, the R breaking induced by e;
and the consequent sneutrino VEV can lead to interest-
ing predictions for neutrino masses.

The scalar potential following from W and general soft
supersymmetric breaking terms has the form [18]

&H «. = ~ilail'+ s '1421'+ vi, (v,'v *) + 2&i 1&ii'+ 1&21'+ (v,'v ')'+ 21&iI'(&,'v') —21&21'(v,'v*)

+&21&iI'1421' —(&i + &2) 14i4zl'+ &s(4'i42) + H.c.

+ «;(Q, ~2y;) + H.c. + xv.,'(gF2~2p;) + H.c. + 0 ~ ~

where y; = L;, P2 = H2, and Pi = —iw2Hi, and the
ellipsis indicates terms of the potential not relevant for
minimization. In deriving Eq. (3) we have assumed for
simplicity that all e; are equal. Then the parameters of
the Higgs potential are (we will neglect all possible CP
violating phases)

p'i m'1 + le I s 2 YD2 + l~l + e'e'2 2 2 2 2 2

Ai = —(g +g' ), A2 ———g —Ai,
4 2

2
A3 ——mg2) Kq —PC~.

The parameters m, , m&2, m&, , and ~,' are soft breaking
parameters. K;'gets related to e; at the Planck scale in
the SSM. The g and g' are the gauge couplings.

Because of the presence of the v,, and v'; terms in (3)
the minimization invariably leads to nonzero VEV's ~; =
(v,L, ) of the sneutrino. These are given by [18]

KzVy + K.V2
I

+ 2&i I I"il 1~21 + El~&l

We are working here in the unconventional basis in which
the e term in W is not rotated away. Even if one chooses
to utilize this freedom of rotation, the essential ingredi-
ents remain unchanged. In particular, the VEV for the
sneutrino gets generated independent [5] of the basis one
chooses. Note from Eq. (5) that cu; vanish when the R-
breaking terms K, , v. ', , and e, are taken as zero. In this
limit the model reduces to the minimal standard model
and thus has two scalars and a massive pseudoscalar.
The spectrum does not contain a Majoron since R is not
spontaneously broken. The majoron of the SSM with
spontaneously broken R symmetry [15., 16] in fact now

has a mass [16] ""'+""' which is of the order of the
weak scale from Eq. (5).
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As we will see in the next section, the parameters
e, and cu, determine the tree level neutrino masses and
mixing. We therefore summarize the restrictions [9 on
these parameters which follow from the baryogenesis 10].
Lepton number violation induced by e, , r, , or K,'. could
erase the existing baryon (or B —L) asymmetry if the
(B + L)-violating sphaleron interactions are simultane-
ously in equilibrium with the lepton-number-violating in-
teractions. The constraints on e;, r.,-, and r,'. follow by
demanding that the corresponding interaction be out of
thermal equilibrium when the sphaleron interactions are
in equilibrium, i.e. , for T & 100 GeV. The rates for the
L-violating interactions characterized by ~; are typically
given by I'3 e /T Thes. e interactions are out of ther-
mal equilibrium for T ) 100 GeV if I', ( 20HT'/M„ for
T T~ 100 GeV (H is the Hubble constant). This
immediately implies [9]

In addition to the three neutrinos, the SSM contains
two gauginos (B,Wq) and two Higgsinos (HI, Hz). The
neutralino mass matrix has the following form [2, 4, 16]
in the basis y' = (v, i,B—, —iW3, Hl, H2):

$o ml
(m 4)

where m is a 3 x 4 matrix given by

m = ——w2 2w20g g

l
I—

&
Cds &(d3 0 —E3)

and M4 is the usual neutralino mass matrix [2] describing
neutralino mixing in the absence of B parity breaking:

~; & 10 GeV. (6)

Likewise, requiring the rates for dimension-3 interactions
characterized by v, , v,'. to be less than the expansion rate
H at T Tc; one obtains

cM
0

—2g v11

2g V2

0
M

2 gV1
1

—2gV2
'1

—2g V1
1

2gV1
1

0

—,'g'v, )—
2 gV2

'1
—p
o

u; & 10 GeV. (8)

The exact limits on u; depend upon the model parame-
ters. But we shall regard the limit on u; as given in Eq.
(8) as indicative of the typical limit and work out the
consequences of Eqs. (6) and (8) in the next section.

The restrictions displayed in Eqs. (6) and (8) are
generic constraints which hold in a general situation. If
some of the e; and K,' are zero then the theory automat-
ically possesses a global lepton number symmetry corre-
sponding to the ith lepton number. The presence of such
a global symmetry could prevent [19] the erasure of the
baryon asymmetry. The other nonzero e, would not be
constrained in this case. We shall disregard this possibil-
ity and assume no global symmetry L, to be exact.

K;, r',. & 10 GeV .

The constraints on v;, v,' can be translated into con-
straints on the VEV 1v; through Eq. (5). If one takes
vl vz pL, , 100 GeV then Eq. (7) implies

l Al A3 A2A3 A3 )
where we have defined

and

A = POP —V16

detM4 2 &2D = 4 = 2p 2cMp+ vlv2 —(cg + g )

M is the common gaugino mass parameter and
5nl/n2 ——0.5 [16]. Since the parameters (e;, w, ) en-
tering m are expected to be much smaller than the ones
appearing in M4, the neutralino mass matrix Mo has
a seesaw structure. Hence the the neutrino masses and
mixing are derived from an efFective mass matrix of the
form

—1 Tmy ———mM4 m

( Al AIAz AI A3 )
=(" +' )

III. NEUTRINO MASSES IN THE SSM

Neutrino masses arise in the SSM of the last section
through three different sources. First, the nonzero e,.

directly induce mixing of the neutrino with Higgsinos.
Secondly, the VEV ~, induced by the presence of e, gives
rise to mixing between neutrinos and gauginos. These
two sources contribute at the tree level. But since the
lepton number is violated, one could radiatively generate
the direct Majorana mass term among neutrinos [5, 6].
Their strength is also controlled by the basic parameters
e, and other B-breaking parameters in Eq. (2). We shall
assume that the tree level contribution dominates over
the radiatively generated masses. Since the baryogenesis
constrains the tree level mass very significantly & 10
eV, it is reasonable to neglect the radiative contributions
and concentrate on the tree level masses.

m = tr(m, Ir) = fAf
(cg2 + g'3)

D
The matrix 0 can be parametrized by

( cos 013 0 —slI1 013
O —

,'siIl 023 sin 013 cos 023 slIl 023 cos 013
sill 013 s111033 cos 013 cos 023 )

with the mixing angles given by

(16)

(17)

Although the 7 x 7 neutralino mass matrix is quite
complex, the neutrino masses can be approximately de-
scribed by a simple structure displayed in Eq. (12). m, Ir
can be diagonalized by an orthogonal matrix 0:

0 m, 0 = diag(0, 0, m, ),
with the only nonzero neutrino mass given by
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Ag
tan og3 ——— A2tan 023 ——

3

for arbitrary x3 and x6. This feature of the neutralino
masses is a direct consequence of the restricted structure
of Mp implied by the particle and charge assignments in
the SSM.

The nonzero eigenvalue is typically given by

2

m~ M (20)

For e 10 GeV and M 100 GeV one has m
10 eV. This is in the right range for a solution of the
solar neutrino problem through vacuum oscillations [20].

If e; do not display any hierarchy then both mixing
angles are automatically large. In fact for cy 62 c3
and u)g ~2 ~3 we have

tan 023 1,
1

tan His
2

Thus if all e, and ~; are fiavor independent and near
their limit coming from baryogenesis then one naturally
generates the (mass) difference and the mixing angles
required for the vacuum solution to the solar neutrino
problem. The details depend upon other parameters as
well and we will now present the quantitative analysis.

Given the mixing matrix 0 and the mass m, the sur-
vival probability for the solar v, after time t is given by

We note the following.
Two of the eigenvalues of m, g are zero. This is not

an artifact of the seesaw approximation, but follows in
a more general situation with the full 7 x 7 matrix ~p.
It is easy to see that the following @o represents two
eigenvectors of JHp with zero eigenvalues:

vjo = ((e h (u)ixs —A2xs,

(e A ~)2xs + Aixs, (e n, ~)sxs, 0, 0, xs, 0)
(»)

the above range are possible for e; and u, near the limit
from baryogenesis.

Various observables in the SSM can be expressed in
terms of the three basic parameters p, M, and tang.
Observations at LEP and pp colliders have been used
[19] to restrict these parameters. In the following we fix
the u, , e; near their limit coming from baryogenesis and
then show that it is possible to obtain the 4 in the band
required for the vacuum oscillation solution to the solar
neutrino problem, for a range of values (p, M) allowed by
the other observables. Specifically we choose w, = e, =

independent of the Aavor. As already remarked, for~3
these values, the mixing angle tan Ois ———1/~2 and is in
the allowed band.

The constraints on p, M, and tang coming from the
nonobservation of the decay Z ~ y+y (y+ being the
chargino) is found [21] to be very restrictive among vari-
ous restrictions that are possible on the SSM parameters
from the LEP and pp collider experiments [22]. As an il-
lustration, we reproduce in Fig. 1 (solid line) the allowed
values of p and M for tanP = 4, obtained by requiring
that the lighter of the charginos be heavier than 45 GeV.
To be specific, we have taken (u = 2 x 10 GeV and
plotted the curves in the p, M plane corresponding to
E = 10 io eV and A = 0.5 x 10 i eV (broken line).
It is seen that there exists a sizable region in the p, M
plane which is allowed by various observations and which
ofI'ers a solution to the solar neutrino problem. The al-
lowed region is dependent on the chosen values of e and

This dependence is displayed in Fig. 2, which shows
the variation of 4 with the basic parameters e, and u, .
We once again assume e, = ~ and w, = ~ independent~3
of i. and plot the region in the e and b—:e/w plane, for
which A lies between 10 eV and 5 x 10 eV . tan P
is chosen to be 4 and the curves are shown for two typical
values of the pair (p, M). This figure highlights the fact

200

~ LtP„=1 —sin Oq3 sin
2p

(22)

where 4 = m . This displays a simple two-generation-
like structure due to the fact that there is only one non-
trivial (mass) difFerence. The restrictions on the pa-
rameters cia and E have been worked out in detail [12]
combining observations of all the four solar neutrino de-
tectors. The allowed ranges of these parameters are given
by

100

(0.5—1.0) x 10 eV,
sin (28is) 0.75—1.0 . 0

-200 —100 100

Note that the expected value of tangis —1/~2 when
e, and ~; are fiavor independent falls within the allowed
range. The exact value of L depends upon the parame-
ters of the SSM in addition to e; and ~;. These SSM pa-
rameters are tightly constrained by various observations
at the CERN e+e collider LEP and the pp collider. We
shall use these constraints and show that values of L in

p, (Gev)

FIG. 1. The allowed region in the p,-M plane corre-
sponding to the chargino mass ) 45 GeV {solid line) and
5 x 10 ( A ( 10 eV (broken line). tang is chosen to
be 4 and cu = 2 x 10 eV . The region above each curve is
allowed.
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I

I
I

II
I

I

particles (neutrinos and gauginos) transforming difFer-
ently under the SU(2) x U(l) group. As is well known,
the coupling of Z to fermions no longer remains flavor
diagonal in this case. Neutralinos couple to Z through
the following equation in the weak basis y'.

g
[X pT3 X ] + 7

2 cos 0~ (24)

where Ts = (1, 1, 1, 0, 0, —1, 1) . Let U be the matrix
which diagonalizes the JHo of Eq. (1):

U Mo U = diap(0, 0, m, m4, ms, ms, m7)

m, o. = 4, 5, 6, 7, are neutralino masses. The form of U
is well known in the seesaw approximation:

0
0 (0 (1 —-'pp )

Opp (1 —0„pp) )—
(26)

FIG. 2. Band of values of w and —' allowed by 5 x 10
10 eV . The solid and the dotted curves are for

(p, M) = (100, 100) GeV, and (—100,100) GeV, respectively.
tan P is chosen to be 4. The region above each curve is al-
lowed.

Here p—:m M4 . 0 (Op) diagonalize m, s (M4) of Eqs.
(11) and (12).

The flavor nondiagonal coupling of neutralinos to Z
follows from Eqs. (24)—(26) after some algebra:

that for e w and e in the range allowed by the baryo-
genesis constraint, one could get 4 in the range required
for solving the solar neutrino problem.

The bound on the neutrino mass (m & 10 eV) fol-
lowing here from the baryogenesis constraint is to be
contrasted with an analogous bound [23] on the (Ma-
jorana) masses of neutrinos in the generic seesaw type
model. The lepton number violation appears in this
model through a large Majorana mass for the neutrino.
It generates the left-handed neutrino mass through a
dimension-5 operator. Baryogenesis constraints on this
operator lead to a typical mass m„& 50 eV. In contrast,
dimension-2 and -3 terms are responsible for the neutrino
masses and the baryogenesis constraint on them trans-
lates into a much stronger limit, m ( 10 eV, in the
context of the SSM considered here.

IV. NEUTRALINO DECAY

The lightest B-odd particle is not allowed to decay in
the SSM with B symmetry. Because of its stability and
neutrality, the lightest supersymmetric particle (LSP) is
considered an ideal candidate for the dark matter of the
universe [24]. Usually, one expects a combination of neu-
tralinos to be the LSP [2]. The presence of even a tiny
amount of B violation such as the one considered here
can make the LSP unstable on a cosmological scale. The
couplings which make the LSP unstable have been con-
sidered in the literature [4, 8, 16]. The treatment of the
neutralino mass matrix based on the seesaw approxima-
tion makes it possible to write down the couplings of
neutralino to neutrino analytically without neglecting the
intergenerational mixing. We give these couplings below
for completeness and discuss their consequences.

B parity violation causes mixing between two neutral

~vg = (+~o&il, 'YpXol. I'icx&iR'7~XnR] +
4 cos 0~

(27)

where

—2p/A/
[g'(Oq) 4 —cg(Oq) s]8,3

—(g' + cg )(0 ),~A,'. —4ce~M (0),)
p

(28)

with A',. = A, + 2e;vi and ~A~ and D defined before.
The elements 0 p appearing in the equation above de-

pend upon the composition of the LSP in terms of neu-
tralinos. They are given as in the MSSM [2]. But it
follows from the structure of the above equation that
couplings of the LSP to Zv are not suppressed by the
mixing factor coming from the neutralino mixing [25].
Thus, irrespective of its composition, the LSP will decay
into a real (or virtual) Z and the neutrino. The typical
strength is given &om Eq. (28) by g'. For e 10 s GeV,
this strength is great enough to make the LSP decay on
the cosmological scale but is not large enough to cause
its decay and hence any signature in the laboratory. The
lifetime following from Eqs. (27) and (28) is typically
given by

&g& /MLsp l7
E m„)

50 GeVp

100 GeVI'
( )

where 7~ is the muon lifetime. It is seen from the above
that the typical LSP with 50 GeV mass will not be able
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to decay inside the detector but it will be too short lived
to have any cosmological signature. The I.SP in this case
would contribute to the invisible Z width but this contri-
bution is suppressed by the factor ( —') compared to other
fermion contributions and thus is practically negligible.

V. CONCLUSIONS

We have discussed in this paper the possibility of ob-
taining a solution to the solar neutrino problem through
vacuum oscillations in the SSM. This requires an ex-
tremely tiny (mass) difference A 10 eV . As we
have discussed, the limit on the neutrino masses com-
ing from baryogenesis implies A & 10 eV . Hence if
R-breaking parameters are near this limit then the SSM
overs a vacuum solution to the solar problem. This be-
comes more interesting due to the fact that the relevent
mixing angle predicted in this model can be large as re-
quired for the vacuum solution if the R-parity-breaking
parameters do not display any hierarchy in flavor space.

A similar analysis of the Mikheyev-Smirnov-
Wolfenstein (MSW) solution to the solar neutrino prob-
lem in supersymmetric theory has been earlier carried
out in an extension of the SSM involving right-handed
neutrinos and other gauged singlet superfields [7]. This

analysis concentrated on the spontaneous rather than the
explicit violation of R. In such a case the baryogenesis
may not restrict the amount of R violation. In contrast,
it is not possible to break R spontaneously in the mini-
mal case considered here, and one should then consider
baryogenesis constraints. In spite of its strength, these
constraints do allow interesting physical effect namely a
solution to the solar neutrino problem as we we have ar-
gued here.

It is hard to explain why the R-parity-breaking param-
eters e, are as small as is required from the baryogenesis
limit. But if they do have such values then they may be
responsible for causing vacuum oscillations of the solar
neutrinos.
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