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Flavor Oscillations of Supernova Neutrinos

SUPERNOVA

VACUUM
EARTH

v/Neutrino cross the mantle and envelope of the SN
v/Neutrino might cross the earth
/Matter effects are crucial

v/In this talk we will assume that they do not cross the earth
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Neutrino Flavor Oscillations in Matter

v/Evolution equation of neutrinos In matter Is given by:

v/For oscillations between active neutrinos:

- (—Am? c08 204+2v/2G g N, E Am? sin 20 )
m _

B Am? sin 26 Am?2 cos 20—2/2G p N, E
v/Mixing angle in matter changes to:

Am? sin 26

tan 20,, =
Am? cos 20—2v/2Gr N . E
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Neutrino Flavor Oscillations in Matter

v/For oscillations between active neutrinos:

m [ —Am?cos20+2v2GpNE Am? sin 20
E Am? sin 26 Am? cos 20—22G N E
v/Mixing angle in matter changes to:

Am? sin 26

Am? cos 20—2+/2GrN . E

tan 20,, =

Am? cos 20 = 2¢/2Gp N, E = Maximal Mixing

L. Wolfenstein, Phys. Rev. D 17, 1978
S.PMikhyev, A.Yu.Smirnov, SINP 42 1985

/Resonance condition possible only for | Am? > 0

SANDHYA CHOUBEY SUPERNOVA SHOCK WAVES AND STERILE NEUTRINOS JIGSAW 2007, 17.02.07 -




Neutrino Flavor Oscillations in Matter

\/For oscillations between active

m —Am? cos 20 Am? sin 20
B Am? sin 26 Am? cos 20
v/Mixing angle in matter changes to:
Am? sin 26
tan 20,,, =
Am? cos 20

Am? cos 20 = —2v/2GpN.E = Maximal Mixing

L. Wolfenstein, Phys. Rev. D 17, 1978
S.PMikhyev, A.Yu.Smirnov, SINP 42 1985

v/Resonance condition possible only for
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Neutrino Flavor Oscillations in Matter

v/For oscillations between v, and vgzepje:

m [ —Am?cos20—/2Gp Ny, E Am? sin 20
E Am? sin 26 Am? cos 20+v2G N, E
v/Mixing angle in matter changes to:
Am? sin 26
tan 260,, =
Am? cos 204+v/2G N, E

Am? cos 20 = —/2G N, E = Maximal Mixing

L. Wolfenstein, Phys. Rev. D 17, 1978
S.PMikhyev, A.Yu.Smirnov, SINP 42 1985

/Resonance condition possible only for | Am? < 0
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Neutrino Flavor Oscillations in Matter

v/For oscillations between 1/, and vy;c,.;;.

F = Am? sin 26 Am? cos 20—/ 2G N, E

- (Am2 cos 20+v2G N, E Am? sin 20 )
v/Mixing angle in matter changes to:

Am? sin 260
Am?2 cos 20—v/2G N, E

tan 260,, =

I Am? cos 20 = v/2G N, E = Maximal Mixing

L. Wolfenstein, Phys. Rev. D 17, 1978
S.PMikhyev, A.Yu.Smirnov, SINP 42 1985

/Resonance condition possible only for | Am? > 0
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Neutrino Flavor Oscillations in Matter

v/For oscillations between . and 7.,

m [ —Am?cos20—2v2GpN.E + V2Gp N, E  Am?sin 20

e Am2sin20  Am?cos204+2v2GrN.E — 2Gp]
o /Mixing angle in matter changes to:

I Am? sin 260

tan 20,, =
Am?2 cos 2042v2GrN.E — \/2Gp N, E

I Am? cos 20 = —2v/2GpN.E + V2G N, E = Maximal Mixing

L. Wolfenstein, Phys. Rev. D 17, 1978
S.PMikhyev, A.Yu.Smirnov, SINP 42 1985
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Flavor Oscillations of Supernova Neutrinos

v/ Three flavor scenario

Normal mass hierarchy Inverted mass hierarchy

Dighe and Smirnov (2000)
/L always lies in the neutrino channel

v/ H will be in the neutrino channel for Am3,(<)>0
v/Net flavor conversion depends on the “jump probability” P;
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Flavor Oscillations of Supernova Neutrinos

—1
Am?

i)

din N,
dx

Py~ exp(—~ sin6); y=n=

L—Tres

E ¢
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Flavor Oscillations of Supernova Neutrinos

Py ~ exp(—~ sin?6); ~
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Am?|din N, !

E dx

L—Tres

Bandyopadhyay,S.C.,Goswami,K ar,hep-ph/0312315

SUPERNOVA SHOCK WAVES AND STERILE NEUTRINOS




Flavor Oscillations of Supernova Neutrinos

1
Am?

i)

din N,
dx

Py~ exp(—~ sin6); y=n=

L—Tres

VP, = 0and P, = 0always
/Py depends on sin® 613

I ¢

Bandyopadhyay,S.C.,Goswami,K ar,hep-ph/0312315
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Flavor Oscillations of Supernova Neutrinos

PJ%

1
Am?
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exp(—v sin®6); y=m
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Explaining LSND
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Explaining LSND

/IS there an evidence for oscillations on very short length

scales? = Am? ~eV?
v/Can It be accommodated with the solar and atm data?
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Explaining LSND

/IS there an evidence for oscillations on very short length

scales? = Am?* ~eV?
v/Can It be accommodated with the solar and atm data?

v/Add one sterile neutrino — 2+2 and 3+1 mass schemes

2 2
m, F | > 3 m,
' AT !
m 2 4 aim :
= A ﬂ
| LSMD
|
|
|
ﬂLSND |
| ¥ =
' i m3
' Am |
B | 0o §
e - 4 z M m,
o L Am | o
m, ¥ sol m,
2+ 2 3+ 1
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v/ The 2+2 scheme is ruled out by the solar and atm data
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Explaining LSND

99 CL (1 dof)

b
M T M
al

*2
2
O

x

\

%
11 | 1 1 1 | 1 1 1 | 1 1 1 | ] !

Q
=
Y

@
N

"

0.6

0.8

-,
e

0.2 0.4

"

0.6

0.8

Lo ]

Maltoni et al, hep-ph/0405172

v/ Oscillations to pure sterile states is strongly disfavored by
both the solar and atmospheric data
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Explaining LSND

v/ The 3+1 scheme is strongly disfavored by the SBL data
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Maltoni et a, hep-ph/0405172

v/ Very small area allowed at the 99% C.L.
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The (3+2) Scenario to Explain LSND

VvAddition of a 2nd sterile v state reduces the tension

—~ 10%¢
I
£ L Wh ¥
S | \/Best-Fit: v/BF2:
: Ami; = 0.92€V?, 0.46 eV/?
. AmZ, =22eV?,  0.89 eV?
Us.g = 0.121, 0.090
1 Ezu&,mm Dﬂ;ﬁgﬂ UM4 = 0204, 0.226
s U.5 = 0.036, 0.125
- Uys = 0.224 0.160
1070 L Ll IR
10 107 . o 10

2 (a2
Am,, “ (V")
Sorel, Conrad, Shaevitz, hep-ph/0305255
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Survival Probability of SN 7, In (3+2) Scenario

o)
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Survival Probability of SN 7, In (3+2) Scenario

vMass Spectra Possible within (3+2)

N2+N3: Am3, >0 ,Amj; >0and Amz; >0,
N2+13: Ami <0 ,Am3; > 0and AmZ; >0,
H2+N3: Am3, >0 ,Amj; >0and Amz; <0,
H2+13: Am2, <0 ,Amj; >0and Amé, <0,
[2+N3: Am%, >0 ,Am3; < 0and AmZ, <0,
12+13: Am3, <0 ,Amj; <0and Amz; <0,

VAm3, > 0 at more than 60 from solar neutrino data
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Survival Probability of SN 7, In (3+2) Scenario
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v/Multiple resonances involving the steriles
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Survival Probability of SN 7, In (3+2) Scenario

N2+N3 H2+N3

\/
A

o )=
—

=]

2
P.P.P.c°F + (1-P,c,)F

2 0
P.c .F +

{PsP,(1-Po)c” ,+[(1-Py(1-P )P, +Py(1-P,)(1-P,)Is" ,}F,

v/ Two terms in F¢: (1) remainder of 7, (i1) conversion from v,
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Survival Probability of SN 7, In (3+2) Scenario
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v/ The resonances are all adiabatic
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Shock Wave and Level Crossing
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Shock Wave and Level Crossing

15
147
13- - o
12l v/Density profile shows a
wE "nf sharp jump at the shock front
101
0 | . .
M| v/ This sharp change in den-
27 Sity causes:
@ 5t
-
8ol v/More than 1 resonance
3 3f driven for a given Am?
il
i ./The additional resonances
i are non-adiabatic
oS 1+ [V 1 1 S [ 1

Radius (cm)

Schirato and Fuller, astro-ph/0205390
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v/Reverse Shock is a generic feature of all SN models
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Shock Wave and Level Crossing
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v/Density profile shows a
sharp jump at the shock front

v/ This sharp change in den-
Sity causes:

v/More than 1 resonance
driven for a given Am?

v/ The additional resonances
are non-adiabatic

Tomas,Kachelriess,Raffelt,Dighe,Janka,Scheck, hep-ph/0407132
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Impact of Shock on the Survival Probability

_________

7 0.7
~ 108 5 L
£ - -
% B contact i 0.6
~ 105 discontinuity |
< & reverse & 0.5
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I iﬁz_b ............................. E
.. 37_______ ,7 03
10 2 =
B . 0.2/
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L R
By En B, =P

Tomas,Kachelreiss,Raffelt,Dighe,Janka,Scheck, hep-ph/0407132

—1

P~ ex —Tr

Am?sin® 0 ‘ din N,

dx

L—Tres
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Impact of Shock on the Survival Probability

P(t) (E = 45MeV)

forward shock

forward+reverse shock

sin?8,5=1072 ||

v/Sudden broad “dip”
lin £ and ¢ is the sig-
I nature of the forward
shock

v/ ‘Double Dip” in E
1and ¢ Is the signature

— of the forward and re-

fwd front
arefaction
one

r
Z

" static

| profile

| fwd front _
| fwd+rev

L | S
O 2 4

| b o] L | L
6 8 10 12 14

verse shock

time (s) Fogli,Lisi,Mirizzi,Montanino, hep-ph/0412046

V/In principle, position of the dips can be mapped to the
density profile of the SN and hence to its shock dynamics
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SN Neutrinos in Megaton Water Detectors

~ 1 Mton water Cherenkov detector at Kamioka

Plat form
| pa et

Liner Naber [urafication System

il

3

El

@S

i A
i o L
_ﬂt\"‘-" e
[F S I
T LM
--.'_nrr;__._,.,!‘ _“_H?' T[T
il

A Water Cherenkﬂ\f Detector
optimized for o

- Light attenuation length limit | % “40 Institution
* PMT pressure limit ' % i -.

« Cost (built-in staging) L .Countries

§ 60x60x60m3x3
"' Total Vol: 650 kton

e ¥ Fid. Vol- 440 kton (20xSuperk)
o OnIy opIJcaI # of 20" PMTs: 56,000
separation [J] # of 8" PMTs: 14,800
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IceCube as a Supernova Detector
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos ~,, ~ 150 GeV/

o)
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos ~,, ~ 150 GeV/
v/ However, it can be used as an efficient detector for SN

o0 e
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos
v/ However, it can be used as an
v/ SN v’s cause an excess in the observed photons in PMTs
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos
v/ However, it can be used as an
v/ SN v’s cause an excess in the observed photons in PMTs

v/ Total number of photons expected due a galactic SN
~ 1.5 x 109
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos
v/ However, it can be used as an
v/ SN v’s cause an excess in the observed photons in PMTs

v/ Total number of photons expected due a galactic SN
~ 1.5 x 109

v/ Total number of background photons during that period
~ 1.44 x 107
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos
v/ However, it can be used as an
v/ SN v’s cause an excess in the observed photons in PMTs

v/ Total number of photons expected due a galactic SN
~ 1.5 x 109

v/ Total number of background photons during that period
~ 1.44 x 107

v/ Assuming bkgds have Poisson fluctuations: error in bkgd
~ 3800
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos
v/ However, it can be used as an
v/ SN v’s cause an excess in the observed photons in PMTs

v/ Total number of photons expected due a galactic SN
~ 1.5 x 109

v/ Total number of background photons during that period
~ 1.44 x 107

v/ Assuming bkgds have Poisson fluctuations: error in bkgd
~ 3800

v/ Should be very easy to detect the SN signal above the
PMT background
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IceCube as a Supernova Detector

v/ Itis designed to detect UHE neutrinos
v/ However, it can be used as an
v/ SN v’s cause an excess in the observed photons in PMTs

v/ Total number of photons expected due a galactic SN
~ 1.5 x 109

v/ Total number of background photons during that period
~ 1.44 x 107

v/ Assuming bkgds have Poisson fluctuations: error in bkgd
~ 3800

v/ Should be very easy to detect the SN signal above the
PMT background

Halzen, Jacobson, Zas (1995)
Dighe, Kell, Raffelt (2003)
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IceCube as a Supernova Detector

v/ Measuring the E of the v events might not be possible

Lot e
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IceCube as a Supernova Detector

v/ Measuring the E of the v events might not be possible
v/ However, IceCube will have excellent time resolution
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IceCube as a Supernova Detector

v/ Measuring the £ of the v events might not be possible
v/ However, IceCube will have excellent time resolution

L E, =& :'

broros ] | ceCube Collaboration
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SN v Signature In IceCube for Three Neutrinos
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SN v Signature In IceCube for Three Neutrinos

—— 13: No shock
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SN v Signature In IceCube for Three Neutrinos
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SN v Signature In IceCube for Three Neutrinos
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SN v Signature In IceCube for Three Neutrinos
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SN v Signature in IceCube for Five Neutrinos
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SN v Signature In “Hyper-K” for Five Neutrinos
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SN v Signature In “Hyper-K” for Five Neutrinos
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SN v Signature In “Hyper-K”
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Comparing early and late time signal

Spectrum Early Times Late Times
Events | Shock Effect | Events | Shock Effects

N3 L X L X

13 L % L v/

N2+N3 L v/ S X

N2+I13 S vV S vV

H2+N3 S v/ S X

H2+13 L Vi S X

12+N3 L v/ S X

12+13 L % L v/

/L= Large events;
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Comparing early and late time signal

Spectrum Early Times Late Times
Events | Shock Effect | Events | Shock Effects

N3 L X L X

13 L % L v/

N2+N3 L v/ S X

N2+I13 S vV S vV

H2+N3 S v/ S X

H2+13 L vV S X

12+N3 L v/ S X

12+13 L % L v/

VAl sterile cases (except 12+13) have shock effects at early

times
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Comparing early and late time signal

Spectrum Early Times Late Times
Events | Shock Effect | Events | Shock Effects

N3 L X L %

13 L % L v/
N2+N3 L v/ S X
N2+I13 S vV S vV
H2+N3 S v/ S X
H2+I13 L v/ S X
12+N3 L v/ S X

12+13 L % L v/

v/N3 has a unique signature and hence can be identified
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Comparing early and late time signal

Spectrum Early Times Late Times
Events | Shock Effect | Events | Shock Effects

N3 L X L %

13 L % L v/
N2+N3 L v/ S X
N2+13 S Ya S Va
H2+N3 S v/ S X
H2+13 L Vi S X
12+N3 L v/ S X

12+13 L % L v/

v/N2+13 has a unique signature and hence can be identified
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Comparing early and late time signal

Spectrum Early Times Late Times
Events | Shock Effect | Events | Shock Effects

N3 L X L %

13 L % L v/
N2+N3 L v/ S X
N2+13 S Ya S Va
H2+N3 S v/ S X
H2+13 L Vi S X
12+N3 L v/ S X

12+13 L % L v/

v/H2+N3 has a unique signature and hence can be identified
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Comparing early and late time signal

Spectrum Early Times Late Times
Events | Shock Effect | Events | Shock Effects

N3 L X L %
13 L % L v/
N2+13 S v/ S v/
H2+N3 S vV S X
12+13 L % L v/

V (13, 12+13) are similar & ( , , ) are similar

v/Model dependent analysis can differentiate between them
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v/ Supernova neutrinos are free
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Conclusions

v/ Existence of sterile neutrinos can be tested model
independently using shock effects in SN neutrinos — even
when (Ep,) ~ (Ep,)

v/ Different possible mass/mixing schemes can be tested

v/ Supernova neutrinos are free
v/ Built the detectors and be patient!
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