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Supernova neutrinos in the light of flavor changing neutral currents
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We study the effect of including flavor changing neutral curréRSNCs 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 ikntRe sirf26 probability
contours for neutrino detectiofS0556-282(98)04313-4

PACS numbegps): 14.60.St, 13.15:g, 14.60.Pq

I. INTRODUCTION (enhancemeitratio of the neutrino events due to supernova
bursts which can be observed by the SuperKamioka8#g
It is well known that there is considerable discrepancyl12] and the Sudbury Neutrino Observatd§NO) [13] (al-
between the observed solar neutrino fluxes and their theoreteady in the construction phasé@he latter detector has the
ical predictions based on the standard solar models. To soh&dvantage of being sensitive to all neutrino flavors, not just
the long-standing solar neutrino problgf, the most natu-  v.'s. We use typical values for the initial fluxes of the dif-
ral scenario is to include the effect of matter on neutrinoferent neutrino flavors produced during a supernova collapse
oscillations[the Mikheyev-Smirnov-WolfensteitMSW) ef-  based on theoretical models describing supernova collapse
fect] [2]. The standard modéBM) interaction between the and which are in good agreement with the 1987A event. In
neutrinos and the electrons in solar matter would enhance theur Sm?—sin? 6 contours, we emphasize the case where we
ve— v, , conversion and that could account for the apparenhave onlyr-d scattering; however, other new physics inter-
deficit in the solar neutrino flux. If indeed the MSW effect is actions can be easily included in the analysis.
the cause of the solar neutrino problem, a similar situation
would exist for the neutrinos produced in supernova explo- Il. NEUTRINO ECNC INTERACTIONS
sions, such as those detected from the supernova 1987A. The
effect of the MSW effect in the light of the SM on the su-  The only relevant SM interaction which is effective in the
pernova neutrino signal has been studied extensias4j. MSW effect is the standar@V-exchange charged current
Recently, there has been a lot of discussion on possible.e— v.€. However, in supersymmetric theories withdrit
new neutrino interactions beyond those of the SM. If theseparity and other non-SM models, new types of possible neu-
interactions do exist, they would have to be included in therino interactions with matter enter the picture. We can di-
study of neutrino propagation in matter. Interest in this subvide these interactions into two types: flavor changing neu-
ject has heightened especially after the recent announcemein@al currents and flavor diagonal neutral currents. To be
of observing an excess of lar@#? e* p scattering events at specific, we will present an analysis basedRxparity vio-
the DESYep collider HERA[5], with a possible signature lating supersymmetric models. However, similar results as
for leptoquark formation. Also, possible flavor changing neu-well as our parametrization of the effective interactions will
tral currents(FCNC9 and flavor diagonal neutral currents follow had we chosen to use other theoretical models. In
(FDNCs9 arise naturally in a number of extensions of theparticular, we will be interested in the following lepton-
SM, such as the left-right symmetric modé& and super- number violating contributions to the superpotenf&it
symmetric models wittR-parity violation[7]. In fact, they

have been recently discussed in a study of solar neutrinos NijkLiL Eg, (2.18
[8—11).
In this paper, we study the effect of these new physics )\i’jkLinDcv 2.1b

interactions on the supernova neutrino signal. It will be an-
other test of these new models which covers a wider range of

neutrino parameters compared to the solar neutrino analysi let d sinalet tvely. and k ton i
We neglect the nonstandard FDNC interactions as the cu JIELS and Singlets, respectively, angi.k are generation In-
dices. Because of the contraction of the(3Uindices, the

rent limits on them make their effect negligible if neutrinos S . :
have mass. In Section Il, we use the three-flavor formalisn?oemc'ent&”k should be antisymmetric under the exchange

to derive the survival probability for neutrinos in the pres- of i andj. We will assume the coupling to be real to con-
ence of FCNCs beyond the SM. The three-flavor formalisnp€'Ve CP- The superpotentials, Eq€2.1), lead to the
is appropriate for describing supernova neutrinos because bAgrangians

the large range of densities in the supernova which the neu- . o L .

trinos must traverse. This means that, for all conceivableL, =\ [V, ekel + €l ekpl + (ef)* (v))%el — (i+)]+H.c.
neutrino mass differences, both— v, and v~ v, conver- (2.2
sions will go through the resonance regid$ In Sec. lll,

we show the results of our calculations for the suppressioand

hereL,Q,E® D¢ are the usual lepton and quark @Jdou-
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Lo\ 0 dhdl + T d& ol + (T5* (D)ol — o dkul ve+ v, oscillations, respectively. For simplicity, we will set
Q= Nl Vi drdi+didgyi +(dr)™ (v)"dL — e dgu the CP violating phasesto zero in our calculation. The new
—uldkel — (d&)* (el)cul ]+ H.c. (2.3y  physics parameterB and C describe the additional FCNC

contributions due te.« v, andve« v, interactions, respec-
These interactions can give rise tod and v-e scattering, tively. They are given in terms of the couplings as
via squark and selectron exchange, respectively, if the cou-

= d
plings \jjc and\{;, are nonzero. The current limits onj B=2v2E(GRNe+ GyN,+ GyNg)
and\{; can be determined from charged-current universality N
constraints, the branching ratios of lepton-number violating =2VZEGEN| €.+ 2€,+ €4+ (e,+ 2€4) _”}
interactions, etc. A detailed account of the limitsi and Ne
i« is given in[14]. (2.69

To obtain the neutrino survival probability, we start with

— re ru rd
the three-flavor propagation equation for neutrifese Ref. C=2v2E(Gy'Net Gy'Ny+G'Na)

[15]: I A
L ) . ) m 0 0 2V2EGEN, ee+26u+ed+(6u+26d)(|;el;))

ax| VT M| =g U] 0 me O U | -
v, v, 0 o m% whereN; denotes the number density of the fermion tfpe

and Gl and G| are the effective couplings of the reaction
A B C vef—v,f and v f—v.f, respectively, while e(ef)
B o o e 2.4 EGL/GF(G,(lf/GF). Note that we assumed an equal number
density of protons and electrons inside the supernova core.
c oo The order of the new physics corrections can be at most
102 and this is due to the current bounds from rare decays,
atomic parity violation, etc. The largest corrections would be
due to transitions between the first and third generations
[10]. The relevant parameters in terms of thequark mass

T

whereA=2v2EGN, is the SM squared-induced massis
the neutrino energy, anbl, is the electron density in the
supernova core, whil&J) is the three-flavor mixing matrix

given by m;, are

U=expiyA7)T expli ohs)exp(iw)s) L,

IRV S
1 0 o]t o o Ed_4ﬁGFn%'

=l0 Cc, S,[|0 €% o0
0o -S, C,Jl0 0 e? , Mgz
o “ G 20
c, 0 s,J[c, S, O FMy

x{ 0 1 0 =S, C, 0. (25 They are currently bounded from above at the order 6°10
-s, 0 C, 0 0o 1 To find the effective mixing angles in matter, we diago-
nalize M2. We can rotate the flavor basis by the factor
Here\; are the Gell-Mann matrices whilé ¢, andw are the  exp(iphs)exp(i¥A;) and find the eigenvalues of the trans-
mixing angles corresponding te,«v,, ve—v,, and formed mass matrix

M2=exp(—iphs)exp(—i¥A7)M? exp(i \;)expiohs)

. 3 —AC,,+2AC.+dy AS,,+d; AS,+d,
=5 AS,,+d; 2+AC,, ds : (2.9
ASy,+d, ds 2(m5+AS]) —do

where
S=m?+mj, A=ms—m3,
do=—25,,(BS,+CC,),
d;=2C,(BC,—CS)),
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d,=2C,,(BS,+CC,),
ds=2S,(BC,—CS,).

We are using the same notation of Rf] with C ,=cos¢, S,=sin ¢, etc. To zeroth order i sin 2p, the first matter-
enhanced mixing angle due to the first resonance region is given by

A sin 2w+ D,

tan 2om="4"02 o+A cos’

(2.9

with the new physics correctioD,;=d;=2(B cos¢ cosyy—Csinycose). The lower resonance occurs & coSe
=A cos .

We now turn to the higher resonance region; we rotate the flavor basis byex(-and we obtain, foiM?,
. 2(A+m3S2)+ACL AS,,C,+by (M5—A/2)S,,+Db,y
|\/|2=E AS,,C,+ by 3 +AC,, —AS,S,,
(M3—AJ2)S,,+b;  —AS,S,, AS2+2miC2

: (2.10

whereA=2—-AC,,, by=2(BC,—CS,), andb,;=2(BS, linear density function. Note that the adiabaticity parameter
+CC,). The second matter-enhanced mixing angldtes 7y is modified from its MSW form; it is given by11]
zeroth order inA sin 2w/2m3)

= 2
m3sin 2+ Dy, ¥=ysul1+ €ocot 26|, (2.19
tan 2em= A mZcos 25 O |
Ysu= O SIF20/[2E cos 2(dNg/dX)/Ng|,es], While

6=(A=m3—m?,m3) and =(w,¢) for the lower and
higher resonances, respectively. We used the two-flavor re-
sult as bothP, and P}, have the two-flavor form with just a
redefinition of variables. The parametey is given by

where D;,=b;=2(C cos¢+Bsing) and the higher reso-
nance is alh=m3cos 2». Note that our expressions for the
mixing angles lead to the SM three-flavor solutiogis)]
when D ,—0. If we assume a mass hierarchy, wheng
>m3>m3, we can separate the two resonance regions, each N

resembling a two-flavor resonance, and the three-flavor sur- €0=€ot 26, + €4+ (€,+ 2€4) — . (2.19
vival probability can be written as elresonance

P3(ve— ve) =P (ve— 1) PN (ve— ve), (2.12
I1l. SUPERNOVA NEUTRINOS

whereP, and P,, are given by{16 . . . .
! h ¢ M16] We will now apply our results to neutrinos emitted in a

1 /1 supernova explosion. As neutrinos come out of the core of
Pi(ve—ve)= > +(§ —O(A cogp—A cos ) P( 'y,w)) the supernova, they would traverse through a medium whose
density decreases to zero from a maximum value of about
X COS 2 COS oy, (2.133 107 g/en?. This means that the resonance conditian
=A cos ¥ will be satisfied for all conceivable neutrino
and masses. Thus, unlike the case of solar neutrinos, supernova
neutrinos will go through two resonance regions as they

1 ) stream out from the core and, hence, the three-neutrino for-
Ph(ve—ve)=7+| 5~ O(A—m;zcos 2p)Py( %(P)) malism presented in the previous section is necessary to de-
scribe them.
X Cc0s 2p COS 2p,. (2.13b During a type Il supernova burst, we have two types of
neutrino emission processes, neutronization and thermal pro-
The level-crossing probabilit?. is given by cesses. The former is due to the electron capture process

e +p—n+wv., while the latter occurs during the implosion

of the supernova inner layers, leading to the thermal produc-
. (214 tion of neutrinos of all flavors in equal amounts. We will

assume a Fermi-Dirac distribution for both the neutroniza-
v being the adiabaticity parameter aRd6é) a function de- tion and thermal quer§2n anngt with the following initial
pendent on the density profile which reduces to unity for aemperatures and luminositi€$7]:

™

PcE|<V2(X+)|V1(X—)>|:eXF{ 5 YF(0)
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FIG. 1. The survival probabilitf3(v.— v,) versus the neutrino
energyE (in eV) for the case ofe;=0 (solid curve, e4=0.01 -10 = — = = —

(dashed curve andeg= —0.01 (dotted curve )
log,, sin® 2w

t t
PR Tte:TEZ 3 MeyV, FIG. 2. Contour plot for the SuperKamiokande and SNO detec-

tor for €,= €4= €,=0.

L =L

t_ gyt t t__ gt
Lui=L=Lx, Tx=T,=6 MeV, Here [edo represents an integral over electron energies
(from O to E,) of the differential cross section times the

Li=2L), Ti=3 MeV, (3.2 energy-dependent detector efficienay; representsv,, or

v,. P is the survival probability of electron neutrinos given

where the superscriptsand n stand for thermal and neu- by the three-flavor expression, E&.12, which depends on
tronization, while the subscripts x, and« denote the elec- four independent parametet$e,, Uesz, 6 and ms; so in
tron flavor, muon or tau flavors, and any flavor, respectivelyorder to make a two-dimensionéD) plot, we will have to
Of course, there are uncertainties related to these values dgenstrain two of the four parameters. In the case of,@ D
to the rarity of supernova events and the complication ofletector, of which the SNO detector is an example, we will
theoretical calculations and there are now more detailed nlhave the following important reactions with the deuterium
merical calculations on the time evolution of supernova.nucleus in addition to the usuetv scattering:
However, our approximate approach seems reasonable since _ _
there are very few neutrino events available at the present v(v)+d—n+p+(v) (3.49
and the results shown are quite insensitive to the model-
dependent quantities for a supernova. In addition, we wiIIand
need the density profile of the core and mantle after the core

- —(at
collapse; it is given approximately 8] Ve(Ve) +d—p(n)+p(n)+e (e). (3.4b

Of course, the cross sections for these processes are very
p(r)=CIr3, 10 °<p<10 glcn?, (3.2 difficult to obtain analytically and we will use fit functions in
our calculations to represent the cross sectiotig+d)
with C varying weakly with r over the range given in[20]. The ratio of events with oscillations to those
1<C/10*! g<15. We assume the ratld,/N,~0.4[19]. without will be equal to unity for the first type of event as it
Knowing the survival probabilityP3(v.— v,) (see Fig. is equally sensitive to all flavors of neutrinos while the cor-
1), we can plot the ratio of the number of events in a detectoresponding ratio for the second type is given by
with oscillations present to the number of events without ot ot
oscillations. For a light-water Cherenkov detector there are _ JdE,e[PFg +(1-P)F, Jo(vet+d) 3
two kinds of neutrino events: inverse beta decay which is SNO™ JAE,eF%o(ve+d) . (39
isotropic andv-e scattering which is extremely directional
and occurs for all flavors. These two classes of events conwhere agaire is the efficiency of our detector. We assume in
bined with the two supernova emission processes lead tour calculationse to be the same for the SuperKamiokande
three relevant ratios to calculate. We show our plots for di-and SNO detectors. The efficiency of detection depends on
rectional events from neutronization; the relevant ratio isthe electron energy d21]
given by[3]

e(E)=1—exp—[(E—4.2/4]%}, (3.6)

:devan[Pffd‘T( vete)+(1-P)[eda(vte)] whereE is measured in MeV.

fd EVFg”feda(ve+ e) ' Figures 2 and 3 show the contour plots for the SuperKa-
(3.3 miokande detector and the SNO detector. Plots for different

SK
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=107 ¢a=-107 v=vysw). Note that for large values of the mixing angle, the
s 10 4 10 effect of the new physics coupling becomes negligible and

2 the large angle solution in the far right part of the plots
0 becomes the same as the SM solution. Finally as we reach
0.2(2.3) ﬂ
r

very small values of the couplinggs~10~°, we start to
regain the SM solution.

We should note that there are preferred regions in the
parameter spaceS(n?,sirf26) favored by other experiments,
e.g., SuperKamiokande studies of sq22] and atmospheric
[23] neutrinos. The regions favored by solar neutrinos obser-

—o -7 -5 -3 -1 —o 7 -5 -8

sin? f2o
1051212% liffiﬂﬂm vations are aroundm?~10"°, sirf26~102 (small angle
\ 01,20(23) ) 10 — MSW solution or sinz20~0.5—_>0.9 (Iarge angle MSW so-
o - lution), as for the atmospheric neutring®n?~0.005 and
; % sirf20~1. Also, the presence of FCNC interactions would
not have a significant effect on solar neutrinos fQr- v,
oscillations[11] due to the existing bounds on the couplings
0228 e. In addition, we have exclusion regions for large
(6m?,sirf260) values from oscillation experiments such as
10 the CHOOZ experimerj24] (for a comprehensive review on
I - ‘;Og ‘;inz 2;3 - the bounds on the masses and mixing of different flavors see
E:Z 10-¢ cdl=0—10*6 Ref. [25])

0.2(2.3) N\ 0.22.3) IV. CONCLUSION

Supernova explosions provide us with a very useful labo-
ratory for testing the ideas of neutrino oscillations in matter
as after their production in a supernova core; neutrinos travel
through a wide range of densities not available anywhere
else. In this paper, we include nonstandard FCNC neutrino
interactions into the treatment of neutrino propagation in a
supernova. We may parametrize these effects as four-

fermion effective interactions+ eG,:v?ff_). Depending on
FIG. 3. Contour plots for the SuperKamiokande and SNO de-the Process, St”gge”t bounds already'exlsts,:ll@ pically of
-~ ) - 6 the order of 10° or less. However, it is found that the
tectors foreyq==*=10"°, £10 * and =10 °. . . . .
changes in the rates of neutrino signals are appreciable even

for € as small as 10°~10"*. We have shown numerical

log,o sin? 2w log, sin? 2w

values ofedEGﬂj/GF, the ratio between the new physics Its | . ih the S Kamiokand d th
coupling to the SM coupling, are shown. Note that we get esulls In connection wi € ouperiamiokande an €

similar behavior in the case of the study of solar neutrinos NO detectors. It should be noted that the dependeneesof

(see Ref[11]). We use the following constraintsn, =0 Intertwined with that of the neutrino mixing angles. Our re-
(ms/m )'_250' and (U |%/|U|?)=100. We neglelct tr’le sults are therefore especially useful when combined with
3 2) — e2 e3 - '

Earth regeneration effects in our plots. In Fig. 2, we have thé’ther measures which fjgt_ermlne the_ bouf‘ds on mixing
expected SM behavior with the upper part of the contour"’mgles.or when more definitive mformanon ens av_aulable
corresponding to the adiabatic solution and the lower Ieﬂ:i%m di'riCtl n}fa;uremerr:1E§\]/. Invsonlt(:jlubsmnr,] Otzsfrtv |n§1fnrelrj]— -
side of the triangles corresponding to the nonadiabatic solu- 0 sIgnais from supernovas would be another test for no
tion. Note the two resonance regions correponding to th tandard .mod.els ‘.Nh'Ch include FCNC mteracpons, such as
conversions between different flavors. The isocontours fof ' R-parity violating SUSY models. It may impose new

the two experiments are the same since we assumed the sa stra@nts on _the nonstandard_neutrino cpuplings or, more
efficiency for the two detectors which is only an approxima-In erestlngly, signal new experimental evidence for t_hese
models. This treatment is complementary to other studies of

tion. Figure 3 shows the effect of including non-SM cou- . . .
9 9 FCNC interactions in supernovas where the bounds on these

plings. At e4=*+10 2, the shape of the contours is signifi- . . . \
cantly different from the SM case. We have a central regio nterac_tlons are inferred from their effect on electron an-
ineutrino spectrum and processe$26].

occurring at all values of the mixing angle where the even
ratio is maximally different from 1.00.2 in the case of SK
and 2.3 in the case of SNONote that we have an enhance-
ment in the number of observed events in the case of the S.M. was supported in part by a research grant from the
SNO detector. Akg=10"4, we regain the adiabatic solution Purdue Research Foundation, Grant No. 690 1396-2714.
at large 6m?; also the central region divides into two re- T.K. is supported by Department of Energy Grant No. DE
gions. For negative couplings, we have an additional bumFG02-91ER 40681. We would like to thank Sven Bergmann
due to the divergence occurring at ta#r2— 2¢4 (leading to  for his useful comments.
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