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Supernova neutrinos in the light of flavor changing neutral currents
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Department of Physics, Purdue University, West Lafayette, Indiana 47907

~Received 24 November 1997; published 5 June 1998!

We study the effect of including flavor changing neutral currents~FCNCs! in the analysis of the neutrino
signal of a supernova burst. When we include the effect of the FCNCs which are beyond the standard model
in the study of the MSW resonant conversion, we obtain dramatic changes in theDm22sin22u probability
contours for neutrino detection.@S0556-2821~98!04313-6#

PACS number~s!: 14.60.St, 13.15.1g, 14.60.Pq
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I. INTRODUCTION

It is well known that there is considerable discrepan
between the observed solar neutrino fluxes and their theo
ical predictions based on the standard solar models. To s
the long-standing solar neutrino problem@1#, the most natu-
ral scenario is to include the effect of matter on neutr
oscillations@the Mikheyev-Smirnov-Wolfenstein~MSW! ef-
fect# @2#. The standard model~SM! interaction between the
neutrinos and the electrons in solar matter would enhance
ne↔nm,t conversion and that could account for the appar
deficit in the solar neutrino flux. If indeed the MSW effect
the cause of the solar neutrino problem, a similar situat
would exist for the neutrinos produced in supernova exp
sions, such as those detected from the supernova 1987A
effect of the MSW effect in the light of the SM on the s
pernova neutrino signal has been studied extensively@3,4#.

Recently, there has been a lot of discussion on poss
new neutrino interactions beyond those of the SM. If the
interactions do exist, they would have to be included in
study of neutrino propagation in matter. Interest in this s
ject has heightened especially after the recent announce
of observing an excess of large-Q2 e1p scattering events a
the DESYep collider HERA @5#, with a possible signature
for leptoquark formation. Also, possible flavor changing ne
tral currents~FCNCs! and flavor diagonal neutral curren
~FDNCs! arise naturally in a number of extensions of t
SM, such as the left-right symmetric models@6# and super-
symmetric models withR-parity violation @7#. In fact, they
have been recently discussed in a study of solar neutr
@8–11#.

In this paper, we study the effect of these new phys
interactions on the supernova neutrino signal. It will be a
other test of these new models which covers a wider rang
neutrino parameters compared to the solar neutrino anal
We neglect the nonstandard FDNC interactions as the
rent limits on them make their effect negligible if neutrin
have mass. In Section II, we use the three-flavor formal
to derive the survival probability for neutrinos in the pre
ence of FCNCs beyond the SM. The three-flavor formali
is appropriate for describing supernova neutrinos becaus
the large range of densities in the supernova which the n
trinos must traverse. This means that, for all conceiva
neutrino mass differences, bothne↔nm andne↔nt conver-
sions will go through the resonance regions@3#. In Sec. III,
we show the results of our calculations for the suppress
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~enhancement! ratio of the neutrino events due to superno
bursts which can be observed by the SuperKamiokande~SK!
@12# and the Sudbury Neutrino Observatory~SNO! @13# ~al-
ready in the construction phase!. The latter detector has th
advantage of being sensitive to all neutrino flavors, not j
ne’s. We use typical values for the initial fluxes of the di
ferent neutrino flavors produced during a supernova colla
based on theoretical models describing supernova colla
and which are in good agreement with the 1987A event
our dm22sin2 u contours, we emphasize the case where
have onlyn-d scattering; however, other new physics inte
actions can be easily included in the analysis.

II. NEUTRINO FCNC INTERACTIONS

The only relevant SM interaction which is effective in th
MSW effect is the standardW-exchange charged curren
nee→nee. However, in supersymmetric theories withoutR
parity and other non-SM models, new types of possible n
trino interactions with matter enter the picture. We can
vide these interactions into two types: flavor changing n
tral currents and flavor diagonal neutral currents. To
specific, we will present an analysis based onR-parity vio-
lating supersymmetric models. However, similar results
well as our parametrization of the effective interactions w
follow had we chosen to use other theoretical models.
particular, we will be interested in the following lepton
number violating contributions to the superpotential@8#:

l i jkLiL jEk
c , ~2.1a!

l i jk8 LiQjDk
c , ~2.1b!

whereL,Q,Ec,Dc are the usual lepton and quark SU~2! dou-
blets and singlets, respectively, andi , j ,k are generation in-
dices. Because of the contraction of the SU~2! indices, the
coefficientsl i jk should be antisymmetric under the exchan
of i and j . We will assume the coupling to be real to co
serve CP. The superpotentials, Eqs.~2.1!, lead to the
Lagrangians

LL5l i jk@ ñL
i ēR

k eL
j 1ẽL

j ēR
k nL

i 1~ ẽR
k !* ~ n̄L

i !ceL
j 2~ i↔ j !#1H.c.

~2.2!

and
© 1998 The American Physical Society12-1
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LQ5l i jk8 @ ñL
i d̄R

k dL
j 1d̃L

j d̄R
k nL

i 1~ d̃R
k !* ~ n̄L

i !cdL
j 2ẽL

i d̄R
k uL

j

2ũL
j d̄R

k eL
i 2~ d̃R

k !* ~ ēL
i !cuL

j #1H.c. ~2.3!

These interactions can give rise ton-d and n-e scattering,
via squark and selectron exchange, respectively, if the c
plings l i jk and l i jk8 are nonzero. The current limits onl i jk

andl i jk8 can be determined from charged-current universa
constraints, the branching ratios of lepton-number violat
interactions, etc. A detailed account of the limits onl i jk and
l i jk8 is given in @14#.

To obtain the neutrino survival probability, we start wi
the three-flavor propagation equation for neutrinos~see Ref.
@15#!:

i
d

dxS ne

nm

nt

D 5
1

2E
M2S ne

nm

nt

D 5
1

2EF US m1
2 0 0

0 m2
2 0

0 0 m3
2
D U†

1S A B C

B 0 0

C 0 0
D G S ne

nm

nt

D , ~2.4!

whereA[2&EGFNe is the SM squared-induced mass,E is
the neutrino energy, andNe is the electron density in the
supernova core, whileU is the three-flavor mixing matrix
given by

U5exp~ icl7!G exp~ iwl5!exp~ ivl2!

5F 1 0 0

0 Cc Sc

0 2Sc Cc

GF 1 0 0

0 eid 0

0 0 e2 id
G

3F Cw 0 Sw

0 1 0

2Sw 0 Cw

GF Cv Sv 0

2Sv Cv 0

0 0 1
G . ~2.5!

Herel i are the Gell-Mann matrices whilec, w, andv are the
mixing angles corresponding tonm↔nt , ne↔nt , and
01301
u-

y
g

ne↔nm oscillations, respectively. For simplicity, we will se
theCP violating phased to zero in our calculation. The new
physics parametersB and C describe the additional FCNC
contributions due tone↔nm andne↔nt interactions, respec
tively. They are given in terms of the couplings as

B[2&E~GN
e Ne1GN

u Nu1GN
d Nd!

52&EGFNeFee12eu1ed1~eu12ed!
Nn

Ne
G ,

~2.6a!

C[2&E~GN8
eNe1GN8

uNu1GN8
dNd!

52&EGFNeFee812eu81ed81~eu812ed8!
Nn

Ne
G ,

~2.6b!

whereNf denotes the number density of the fermion typef ,
and GN

f and GN8
f are the effective couplings of the reactio

nef→nm f and nef→nt f , respectively, while e f(e f8)
[GN

f /GF(GN8
f /GF). Note that we assumed an equal numb

density of protons and electrons inside the supernova c
The order of the new physics corrections can be at m
1022 and this is due to the current bounds from rare deca
atomic parity violation, etc. The largest corrections would
due to transitions between the first and third generati
@10#. The relevant parameters in terms of theb squark mass
mb̃ , are

ed5
l2318 l1318

4&GFmb̃
2 ,

ed85
l3318 l1318

4&GFmb̃
2 . ~2.7!

They are currently bounded from above at the order of 1022.
To find the effective mixing angles in matter, we diag

nalize M2. We can rotate the flavor basis by the fact
exp(-iwl5)exp(-icl7) and find the eigenvalues of the tran
formed mass matrix
M̃2[exp~2 iwl5!exp~2 icl7!M2 exp~ icl7!exp~ iwl5!

5
1

2 S S2DC2v12ACw
21d0 DS2v1d1 AS2w1d2

DS2v1d1 S1DC2v d3

AS2w1d2 d3 2~m3
21ASw

2 !2d0

D , ~2.8!

where

S5m1
21m2

2 , D5m2
22m1

2 ,

d0522S2w~BSc1CCc!,

d152Cw~BCc2CSc!,
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d252C2w~BSc1CCc!,

d352Sw~BCc2CSc!.

We are using the same notation of Ref.@3# with Cw[cosw, Sw[sinw, etc. To zeroth order inA sin 2w, the first matter-
enhanced mixing angle due to the first resonance region is given by

tan 2vm5
D sin 2v1Dl

2A cos2 w1D cos 2v
, ~2.9!

with the new physics correctionDl[d152(B cosw cosc2C sinc cosw). The lower resonance occurs atA cos2w
5D cos 2v.

We now turn to the higher resonance region; we rotate the flavor basis by exp(-icl7), and we obtain, forM̃2,

M̃25
1

2 S 2~A1m3
2Sw

2 !1LCw
2 DS2vCw1b0 ~m3

22L/2!S2w1b1

DS2vCw1b0 S1DC2v 2DSwS2v

~m3
22L/2!S2w1b1 2DSwS2v LSw

212m3
2Cw

2
D , ~2.10!
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whereL5S2DC2v , b052(BCc2CSc), andb152(BSc
1CCc). The second matter-enhanced mixing angle is~to
zeroth order inD sin 2v/2m3

2!

tan 2wm5
m3

2sin 2w1Dh

2A1m3
2cos 2w

, ~2.11!

where Dh[b152(C cosc1B sinc) and the higher reso
nance is atA5m3

2cos 2w. Note that our expressions for th
mixing angles lead to the SM three-flavor solutions@15#
when Dl ,h→0. If we assume a mass hierarchy, wherem3

2

@m2
2@m1

2, we can separate the two resonance regions, e
resembling a two-flavor resonance, and the three-flavor
vival probability can be written as

P3~ne→ne!5Pl~ne→ne!P
h~ne→ne!, ~2.12!

wherePl andPh are given by@16#

Pl~ne→ne![
1

2
1S 1

2
2Q~A cos2w2D cos 2v!Pc~g,v! D

3cos 2v cos 2vm ~2.13a!

and

Ph~ne→ne![
1

2
1S 1

2
2Q~A2m3

2cos 2w!Pc~g,w! D
3cos 2w cos 2wm . ~2.13b!

The level-crossing probabilityPc is given by

Pc[u^n2~x1!un1~x2!&u5expF2
p

2
gF~u!G , ~2.14!

g being the adiabaticity parameter andF(u) a function de-
pendent on the density profile which reduces to unity fo
01301
ch
r-

a

linear density function. Note that the adiabaticity parame
g is modified from its MSW form; it is given by@11#

g5gSMu11e0cot 2uu2, ~2.15!

where gSM5d sin22u/@2E cos 2u(dNe /dx)/Neures# , while
d5(D[m2

22m1
2 ,m3

2) and u5(v,w) for the lower and
higher resonances, respectively. We used the two-flavor
sult as bothPl and Ph have the two-flavor form with just a
redefinition of variables. The parametere0 is given by

e0[ee12eu1ed1~eu12ed!
Nn

Ne
U

resonance

. ~2.16!

III. SUPERNOVA NEUTRINOS

We will now apply our results to neutrinos emitted in
supernova explosion. As neutrinos come out of the core
the supernova, they would traverse through a medium wh
density decreases to zero from a maximum value of ab
1012 g/cm3. This means that the resonance conditionA
5D cos 2u will be satisfied for all conceivable neutrin
masses. Thus, unlike the case of solar neutrinos, super
neutrinos will go through two resonance regions as th
stream out from the core and, hence, the three-neutrino
malism presented in the previous section is necessary to
scribe them.

During a type II supernova burst, we have two types
neutrino emission processes, neutronization and thermal
cesses. The former is due to the electron capture pro
e21p→n1ne , while the latter occurs during the implosio
of the supernova inner layers, leading to the thermal prod
tion of neutrinos of all flavors in equal amounts. We w
assume a Fermi-Dirac distribution for both the neutroni
tion and thermal fluxesFa

0n andFa
0t with the following initial

temperatures and luminosities@17#:
2-3
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La
t 5L ā

t , Te
t 5Tē

t
53 MeV,

Lm
t 5Lt

t [Lx
t , Tx

t 5Tx̄
t
56 MeV,

Le
t 52Lx

t , Te
n53 MeV, ~3.1!

where the superscriptst and n stand for thermal and neu
tronization, while the subscriptse, x, anda denote the elec-
tron flavor, muon or tau flavors, and any flavor, respective
Of course, there are uncertainties related to these values
to the rarity of supernova events and the complication
theoretical calculations and there are now more detailed
merical calculations on the time evolution of superno
However, our approximate approach seems reasonable
there are very few neutrino events available at the pre
and the results shown are quite insensitive to the mo
dependent quantities for a supernova. In addition, we
need the density profile of the core and mantle after the c
collapse; it is given approximately by@18#

r~r !5C/r 3, 1025,r,1012 g/cm3, ~3.2!

with C varying weakly with r over the range
1,C/1031 g,15. We assume the ratioNe /Nn;0.4 @19#.

Knowing the survival probabilityP3(ne→ne) ~see Fig.
1!, we can plot the ratio of the number of events in a detec
with oscillations present to the number of events witho
oscillations. For a light-water Cherenkov detector there
two kinds of neutrino events: inverse beta decay which
isotropic andn-e scattering which is extremely directiona
and occurs for all flavors. These two classes of events c
bined with the two supernova emission processes lea
three relevant ratios to calculate. We show our plots for
rectional events from neutronization; the relevant ratio
given by @3#

RSK5
*dEnFe

0n@P*eds~ne1e!1~12P!*eds~nx1e!#

*dEnFe
0n*eds~ne1e!

.

~3.3!

FIG. 1. The survival probabilityP3(ne→ne) versus the neutrino
energy E ~in eV! for the case ofed50 ~solid curve!, ed50.01
~dashed curve!, anded520.01 ~dotted curve!.
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Here *eds represents an integral over electron energ
~from 0 to En! of the differential cross section timese, the
energy-dependent detector efficiency;nx representsnm or
nt . P is the survival probability of electron neutrinos give
by the three-flavor expression, Eq.~2.12!, which depends on
four independent parametersUe2 , Ue3 , d and m3 ; so in
order to make a two-dimensional~2D! plot, we will have to
constrain two of the four parameters. In the case of a D2O
detector, of which the SNO detector is an example, we w
have the following important reactions with the deuteriu
nucleus in addition to the usuale-n scattering:

n~n̄ !1d→n1p1n~n̄ ! ~3.4a!

and

ne~ n̄e!1d→p~n!1p~n!1e2~e1!. ~3.4b!

Of course, the cross sections for these processes are
difficult to obtain analytically and we will use fit functions i
our calculations to represent the cross sectionss(n1d)
given in @20#. The ratio of events with oscillations to thos
without will be equal to unity for the first type of event as
is equally sensitive to all flavors of neutrinos while the co
responding ratio for the second type is given by

RSNO5
*dEne@PFe

0t1~12P!Fx
0t#s~ne1d!

*dEneFe
0ts~ne1d!

, ~3.5!

where againe is the efficiency of our detector. We assume
our calculationse to be the same for the SuperKamiokan
and SNO detectors. The efficiency of detection depends
the electron energy as@21#

e~E!512exp$2@~E24.2!/4#2%, ~3.6!

whereE is measured in MeV.
Figures 2 and 3 show the contour plots for the SuperK

miokande detector and the SNO detector. Plots for differ

FIG. 2. Contour plot for the SuperKamiokande and SNO det
tor for eu5ed5ee50.
2-4
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values ofed[GN
d /GF , the ratio between the new physic

coupling to the SM coupling, are shown. Note that we ge
similar behavior in the case of the study of solar neutrin
~see Ref.@11#!. We use the following constraints:m150,
(m3 /m2)5250 and (uUe2u2/uUe3u2)5100. We neglect the
Earth regeneration effects in our plots. In Fig. 2, we have
expected SM behavior with the upper part of the cont
corresponding to the adiabatic solution and the lower
side of the triangles corresponding to the nonadiabatic s
tion. Note the two resonance regions correponding to
conversions between different flavors. The isocontours
the two experiments are the same since we assumed the
efficiency for the two detectors which is only an approxim
tion. Figure 3 shows the effect of including non-SM co
plings. At ed561022, the shape of the contours is signifi
cantly different from the SM case. We have a central reg
occurring at all values of the mixing angle where the ev
ratio is maximally different from 1.0~0.2 in the case of SK
and 2.3 in the case of SNO!. Note that we have an enhanc
ment in the number of observed events in the case of
SNO detector. Ated51024, we regain the adiabatic solutio
at largedm2; also the central region divides into two re
gions. For negative couplings, we have an additional bu
due to the divergence occurring at tan 2u522ed ~leading to

FIG. 3. Contour plots for the SuperKamiokande and SNO
tectors fored561022, 61024 and61026.
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g5gSM!. Note that for large values of the mixing angle, th
effect of the new physics coupling becomes negligible a
the large angle solution in the far right part of the plo
becomes the same as the SM solution. Finally as we re
very small values of the couplings,ed;1026, we start to
regain the SM solution.

We should note that there are preferred regions in
parameter space (dm2,sin22u) favored by other experiments
e.g., SuperKamiokande studies of solar@22# and atmospheric
@23# neutrinos. The regions favored by solar neutrinos obs
vations are arounddm2;1025, sin22u;1022 ~small angle
MSW solution! or sin22u;0.5→0.9 ~large angle MSW so-
lution!, as for the atmospheric neutrinosdm2;0.005 and
sin22u;1. Also, the presence of FCNC interactions wou
not have a significant effect on solar neutrinos forne→nm
oscillations@11# due to the existing bounds on the couplin
e. In addition, we have exclusion regions for larg
(dm2,sin22u) values from oscillation experiments such
the CHOOZ experiment@24# ~for a comprehensive review o
the bounds on the masses and mixing of different flavors
Ref. @25#!.

IV. CONCLUSION

Supernova explosions provide us with a very useful la
ratory for testing the ideas of neutrino oscillations in mat
as after their production in a supernova core; neutrinos tra
through a wide range of densities not available anywh
else. In this paper, we include nonstandard FCNC neut
interactions into the treatment of neutrino propagation in
supernova. We may parametrize these effects as f
fermion effective interactions (;eGFnn̄ f f̄ ). Depending on
the process, stringent bounds already exist one, typically of
the order of 1022 or less. However, it is found that th
changes in the rates of neutrino signals are appreciable
for e as small as 1026– 1024. We have shown numerica
results in connection with the SuperKamiokande and
SNO detectors. It should be noted that the dependence oe is
intertwined with that of the neutrino mixing angles. Our r
sults are therefore especially useful when combined w
other measures which determine the bounds on mix
angles or when more definitive information one is available
from direct measurements@5#. In conclusion, observing neu
trino signals from supernovas would be another test for n
standard models which include FCNC interactions, such
the R-parity violating SUSY models. It may impose ne
constraints on the nonstandard neutrino couplings or, m
interestingly, signal new experimental evidence for the
models. This treatment is complementary to other studie
FCNC interactions in supernovas where the bounds on th
interactions are inferred from their effect on electron a
tineutrino spectrum andr processes@26#.
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