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Core Collapse Supernova

* When astar > 8 Mg comes to the end of its life, often
the core of the star collapses and it explodes with huge
energy and luminosity.

* Neutrinos of different flavours are produced in the
energy range around few tens of MeV

* Tillnow we are only able to detect neutrinos from
SN1987A supernova occurred at a distance of 50 kpc
from Earth

* Only 24 events are detected by:
(i) water Cherenkov Kamiokande II,

(ii) water Cherenkov Irvine-Michigan-Brookhaven (IMB)
(iii) scintillator Baskan

Tarantula Nebula in the Large Magellanic Cloud. Supernova 1987A visible as the very bright star




Neutrino Production in
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a Supernova

Neutrinos are produced in three stages

Neutronization or the breakout: In the first tens-of-milliseconds
of the collapse, v, is produced from the electron capture i.e.,

e+p-oV.+n

Accretion phase: Lasts tens to hundred of milliseconds long.
Production of v, dominates.

Cooling phase: Lasts few tens of second. Dominated by vv pair

(Eve) < {Ev,) < (Bv,) x=p1



Neutrino Flux

X

-

(=)
o

iE: - CID—N(Ev)aexp[ (a+1) By
4500 — - o = —
g E Vy (vu+vu+vr+vr) (Ev> <Ev>
3 4000 Ve
E | —_
Y a0k Ve N = Normalization constant related to lumonosity
g - a = Pinching parameter related to supressed tails
@ 3000
£ -
3 2500 N and a are Model Dependent: Figure is for GKVM Model
c -
8 2000 e Evol , : , ,
£ : volves the neutrino wavefunctions up to a radius using
2 1500 supernova density profiles at different times during the
- supernova explosion
1000—
5001 * Neutrinos will go through multiple matter resonance areas.
Y I I | | I I | | I I | | 11 | I

oo

10 20 30 4?\1 trin E?'nor M V60
eutrino Energy (MeV) Many other models are available



Flavour Oscillations Inside Supernova

“Collective” effects

MSW transition

H = Hygc + Heoy + Hysw New Effect

Collective Effects: v — v neutral current forward scattering

MSW Transitions: v — e charged current forward exchange scattering



Collective Effects

Depends on neutrino mass ordering

orvering | pew | Peoi

For normal ordering: No effect Normal 1 1
Inverted p.=1if E<8 MeV 0
For inverted ordering: v, — v, forall E = 0 otherwise

Ve — Vi for E> 8 MeV

_ 0 0
Fvce = Pcoll Fve + (1 - pcoll) va FO = Intial flux
c 0 0 F¢ = Flux after collective effect
2 k) = (1-Dpeout) Fy, + (1 + peour) Ey Peon = Survival probability due to collective effect

Collective effects can also alter the flavour oscillations in other non-trivial ways: active research topic

S.H. Chiu, C.C. Huang and K.C. Lai, PTEP (2015), 063B01



MSW Transitions

Also Depends on neutrino mass ordering
F.=p Fvce +(1-p) Fvcx

(orerng |l
2 F) = (1-p) Fvce + (1 +p) Fvcx

Normal sin?6,; c05260,,c05%03
. 2 2 . 2
F = Flux after colective effect + MSW transition, Invented Sin”01,€05"013 Sin“1z
Fc = Flux after collective effect
p = Survival probability due to MSW transition
1004 100+
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A.S. Dighe and A.. Smirnov, Phys. Rev. D 62(2000), 033007, P. Panda, M. Ghosh and R. Mohanta, arXiv:2304.13303



Detection of the Supernova Neutrinos

For water cherenkov detectors (T2HK, ESSnuSB)

v_e+p—>n+eJr (A)
v_e+016—>e++N16(B)

v,+ 0% >e +F(C)
For liquid argon detectors (DUNE)

v, + Art0 > e + K4 (A)
Vet Artl > e T4 QI (B)

v,+e —e +v,(C)
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P. Panda, M. Ghosh and R. Mohanta, arXiv:2304.13303




SNOWGLOBES

Depends on Model

|

A software to calculate supernova neutrino event rates at the detetcor

Collective
Unoscillated Flux - Mass ordering
%N
7 Oscillated Flux
MSW

SNOWGLOBES | e | Evet Rates | mmmp | Study phenomenology

Migration Matrices / J

t Flux fits
Depends on detector technology Cross-section

|

Depends on detection process




Supernova study by

events / 0.22Mt

events / 0.22Mt / MeV
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K. Abe et al. [Hyper-Kamiokande],Astrophys. J. 916 (2021), 15

* They study the first 500 ms of the neutrino
burst (accretion phase)
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K. Abe et al. [Hyper-Kamiokande], Astrophys. J. 916 (2021), 15 11



Supernova study by
DUNE collaboration
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B. Abi et al. [DUNE], Eur. Phys. J. C 81 (2021), 423

Events per bin

e They study Garching model with SNOwWGLoBES
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SU pemova StUdy by * They fitted the flux parameters
DUNE collaboration
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Our Work

Capability of DUNE and T2HK to determine neutrino mass ordering

(i) Considered GKVM flux model
(ii) Considering both collective effecs and MSW transitions
(iii) Defined a y2 formula:

test t t Njest
xX2=2 Z?:l Ni e Ni e — Ni e n (N_érue)]
l
i = number of energy bins, N/"*€ = Normal ordering, N;** = Inverted ordering

(iv) Considered a 5% overall normalization error for systematics
(v) Plotted y2 as a function of supernova distance
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Mass ordering sensitivity: Channels [Tooe [w=oala=oal
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T2HK-(Collective+MSW)
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Mass ordering sensitivity: Systematics
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Mass ordering sensitivity: Smearing

—— DUNE(A)-with-smearing
—-— DUNE(A)-without-smearing
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P. Panda, M. Ghosh and R. Mohanta, arXiv:2304.13303




Plans for ESSnuSB

* Prepare migration matrices relevent to supernova energies
(can assume Gaussian smearing for preliminary analysis)

e (Calculate event rates at ESSnuSB FD for relevant channles

e Study different physics scenarios
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Thank You



