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0l.a Meet Sn1987A

Supernova 1987A (SN1987A) is the only
gravitational collapse observed with neutrinos. 29
events in 30 seconds were recorded, plausibly due
to electron antineutrinos.

We examine their distributions in energy, time and
angle, using a new model for the emission.




01.b Motivations and setup

* SN1987A only case of a measured neutrino sighal from stellar core collapse

* many large-scale detectors running or in preparation to provide a high-statistics data from next
nearby supernova.

* progress in theory and simulations with respect to original analysis of SN1987A--need to revisit
data and enhance precision

« addressing the time structure of the neutrino emission (accretion and cooling)

« operating in the context of a parameterized model

Motivations




01.c CCGSN physics

General consensus towards 4 phases:

1) Infall(~100 ms):

iron core growth

* Photodissociation of heavy nuclei

* Electron Capture

gravitational collapse ——+ iron core compressed and heated

y+°°Fe > 13a+4n & a—> 2n+2p

e +p—->n+y,

Neutrinos get trapped

When density O(101?) % neutrino trapping

2) Neutronization Burst (~10 ms)

Shock-wave passes the neutrinosphere, v, release |e"+p—->n+y,

* strong peakin v, flux, about 1% total SN luminosity

CCSN features




0l.c CCGSN physics — Bulk of neutrino production

3) Accretion (t, = 0.5 s):

below the shock matter falls on the surface of the proto-neutron star (PNS), accreting it

Nuclear Fe dissosaction goes on » shock stalls outside the neutrinospheres

 CC and thermal processes in PNS et+n-p+v, et + e >V +v, ...
p 1 1

neutrino-mediated energy transfer in the gain region — shock revives —— SN explosion

4) Cooling(t, = 10 s)

PNS cools and emits all-flavour thermal neutrinos

CCSN features
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02. The interactions

Priors on the occurrence of reactions other than Inverse

Beta Decay (IBD):: NiargX0 [cm?|

* 15.11 MeV photon from C12 de-excitation: expected 1x10*f
events 0.05-0.12 ety

* 5-6 MeV photon from N15 or O15 de-excitation: expected i
events 0.03-0.07 sxiof

* Elastic Scattering in Kamiokande-Il: 30% for the event K1

1xio™®
sx10™

Posteriors on the occurrence of reactions other than Inverse
Beta Decay (IBD):
* No events other than IBD in the data set: 80-90% chance

Figure: Cross section of the processes relevant for the SN1987A neutrino burst inside a

water cherenkov detector (1 Kton of water)
1) F.Vissani, Comparative analysis of SN1987A antineutrino fluence, J.
Phys. G42(2015) 013001 [1409.4710].

A new cross-section




02. The interactions

* We adopt the IBD hypothesis for the analysis

* We exploit a new refined computation of the

IBD cross section

G. Ricciardi, N. Vignaroli and F. Vissani, An accurate evaluation of electron
(anti-)neutrino scattering on nucleons, JHEP 08 (2022) 212[2206.05567].

A new cross-section

NiargXo [cm?)

ix1w0'}
Sx10'}

Ixio”*
Sxio0™}

1xio™®
sx10™

Figure: Cross section of the processes relevant for the SN1987A neutrino burst inside a
water cherenkov detector (1kton of water)
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04. The time-structure We describe the electronic antineutrino emission

with a parametric model

The spectrum is given by the superposition of two

N * Motivated on physical basis
contributions:

* Easilyadaptable to future observations
* theaccretion spectrum (positron capture) ¢, = the fraction of the mass of neutrons contained in
dNV’a Mg one solar mass partecipating to the positron

(Ey,t) C En X X (E,) x Sm capture
Vs — n - Oetn v .
iE, (he)? ma 0 Ut oxp(Be/Ta)

T,=the temperature of the positron-electron

* the cooling spectrum (neutrino-antineutrino population during the accretion phase.

production) T.=the temperature at the proto-neutron star
- surface.
1) = X Tr X
dE, Y (hC)3 " 1+ GXP(EV/TC) R, s=the radius of the proto-neutron star.

Vissani and A. Gallo Rosso, On the time distribution of supernova
antineutrino flux, Symmetry 13 (2021).




04. The time-structure

We describe the variation in time of the spectrum by means .

An initial increasing signal until t = t,,,4x
of the function F (t, t,;nqx, T, @) Where a = 1 for cooling .

A decreasing signal after t = t,,4x
7 a = 2 foraccretion « Two different time scales for the accretion (7,) and the

101 cooling (t.) emissions
08 * A more rapidly decreasing of the accretion emission
0.2 | ___time|s]
0.0 0.2 0.4 0.6 0.8 10 T.(t) = Tox YV F(t, tmax, Te, 1), R.s(t) = Ry,
which allows to reproduce the essential features of the &n(l) = &0 X F(t bmax, Ta, 2), To(t) = 0.6 xTo.

temporal structure of the emission predicted by simulations

(Vissani and A. Gallo Rosso, On the time distribution of supernova antineutrino flux,
Symmetry 13 (2021))
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04. The time-structure

The role of oscillations:

* Oscillation in the dense supernova enviroment is still an

open topic M.C. Volpe, Neutrinos from dense environments: Flavor

mechanisms, theoretical approaches,
observations, and new directions, Rev. Mod. Phys. 96 (2024) 025004 [2301.11814].

* Limited statistics and astrophysical uncertainties

hinder the ability to draw firm conclusions

M. Kachelriess, A. Strumia, R. Tomas and JW.F. Valle, SN1987A and the status of
oscillation solutions to the solar neutrino problem, Phys. Rev. D 65 (2002) 073016

[hep-ph/0108100].

* Limited effect for normal ordering, relevant effects for
the inverse ordering during the accretion but the
question remains open

e |n view of the current uncertainties, we do
not model oscillations

* Limited effect for normal ordering,
which is favored and we assume it.

* Our fit can be interpreted as a flux
effectively including oscillations

P. Dedin Neto, M.V. dos Santos, P.C. de Holanda
and E. Kemp, SN1987A neutrino burst:

Limits on flavor conversion, Eur. Phys. J. C 83
(2023) 459[2301.11407].
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03. The neutrino collectors A I O I B 2 D .
T TR L L e
An ideal detector would measure the following signal, triply ,/;/ mh B ; _///
differential in time, energy and cosine of the scattering angle '/-"‘" '
3 ot ion T
doBD ;
Se(Bercos8,1) = Ny X Dy, (Byt) x S (B B) X J(Ey,cos). - / o //
We account for non-ideal behaviour by means of / == N // i
* The intrinsic efficiency function n(E,)
* The convolution with a gaussian kernel G(E, — E;(0(E,))) Eain ) o(E.)
[MeV] e [MeV]
1+ erf ( Eo—FEin Kamiokande-I1 | 4.5 | 0.93 [1— (ozptev) — (%M)z] 1.27 (55) /% + 1.0 (5E2y)
V20 (E. 0.379 (=5iy —
S(Ee) Emin) — n(Ee) X ( ) ’ _(-:5 eE 1) 4 1/2
2 IMB 15 6107 (r5ifew — 1) 3.3 (1ofew) '* + 02 ()
+10~2 25y — 1)°
1.0 2.0 (my)




03. The neutrino collectors

The total number of events above a certain threshold is We adopt the optimal procedure where

* Thedifferential signal dependsonn(E,)

Niot (Bain) = Noig +/ ((c080) &(Eo, Euin)Se(Eo, cos 0, ) dE, dcos 0 dt * Thetotal number of events depends on €(E,)
J]E‘min

We account for

N gz E min baﬂkgr Ound Tyrat asyat
* Thetotal number of background events [1077] [MeV] eventsin30s [MeV] [MeV]

* The angular efficiency of IMB (1+0.1cos 0)

Kamiokande-11 | 1.4 7.5 0.55 1.27 1.0
atthe time of the burst “ - 4.5 56 - “
* The contribution from electron-positron IMB 4.6 15 0.01 3.0 0.4

annihilation to E, for Baksan

Baksan 0.2 10 1.0 0.0 2.0




05.The likelihood analysis



v’ function for t,..,
05. The likelihood analysis
264.5 t
264.0
Nd B | i 263.5
Lg=e e Now s T e8(at0litral2)ma o [73 + S(Ej,cos0j,tqg + dt;)| =
7 262.5
0.000 0.025 0.050 0.075 :)': i)[(:] 0.125 0.150 0.175 0.200
* Unbinned poissonian likelihood tmax = 100 ms
* Differential background
* Dead-time and muon contamination for IMB 1 km < Rpe <100 km 0 < &,0 < 40% 9 MeV < T}, < 6 MeV

(4=0.035 s fi;p, = 0.9055)

s ! . _ . 1s<7.<10s 100 ms <7, <1s 10 ms < tpmax < 200 ms
* Delaytimes with respectto the first arrived neutrino

0<% <0.5s 0<¢,<0.9s 0<% <0.5s




05. The likelihood analysis

Ayx? function for «, Ay functien for T,

s e sy - \\ |
Il 1 \ ]
0.7 0.025 0.5 5 5 i
Ry = (17.0) Tpskm &0 = (0.018) 15577 To = (4.6) T’y MeV - \_ // % 4, | //
0.24 | a 3 "
tmax = 0.1 s = (0.52)F924 ¢ =(56)fr3s P % 2 e it/
0.065 0.102 0.152 _ , - ' ' .
tk — (0.035)+0 024: S t’i — (0-043)—'_0 029 S tb — (0-054)_'_0 04:1 S D‘uﬂ.‘i n4 D5 ne a7 ne na o 0ll(‘ID nos 010 DA% 020 D24 D30 035 Dan ¢ 20 25 1np 35 a0 45/5: 5% A0
7 [s] £a Ty [MeV]
* We predict that only a small portion of the accreting Z /,/ Z Z
mass (0.03 M) partecipates to the positron capture 3. A 1l % // %,
4 1 4 1 /
2 2 3 ’ /
. . . 5 ::-:m L . / . /
* We predict a smaller radius for the neutron star, in great ; = TN T 'K 1
agreement with the expectation v - " - a
| - / ] : hQAI":‘:‘ n vnln‘u E

10 CL

* First estimation of the delay timesin areliable

Ax?

temporal description of the flux : \ | /

Ay’

e = N W & m e u & ©
|
: T
> I
- I



05. The likelihood analysis

Ay ? function for Ay functive for £, Ay’ function for T,

A s : l / f el :,.,,,,, ol : T :... % wluw \ J
3.0 "'C'L ‘ oL : "FL \
0.7 0.025 0.5 it ] z
Rnso = (17-0):).5 km &0 = (0-018)J—r0.011 Iy = (4-6)J—r0.4 MeV .. s t \‘ /1,
; t | |
0.24 1.8 gt B /] o ‘
tmax =0.1s Ta = (052)1_015 S Te = (56)1_13 S qLS\\ // P /. g /
0.065 0.102 0.152 _ " g . -
ti, = (0.035) 5024 t; = (0.043) Tppag s ty = (0.054)Tg o1 s o] /’/ 1 // 2 ilEL/
0o il | 3 A
a3 n4 D5 nsr" Mﬂ? ng na o 000 nos 010 Dah (I{:D D.25 130 035 pan 20 25 30 3'|T" ?J"V.‘ﬁ 50 55 A0
» Likelihood ratio test: the statistical significance of the , /,/ Z _ Z .
accretion phase is confirmed at (99.2-99.8)%, with %, 2 %, 1] %,
2 1 4 / ) ‘ ]
Ay* = 8.2 j ; P 1 =
1 e R 1 / 1 /
a - - o - n i - - - n \ - ‘ =
* The duration of the cooling is in agreement with the " - " |
results of the simulations ‘ ' | T 1 =

D.F.G. Fiorillo, M. Heinlein, H.-T. Janka, G. Raffelt, E. Vitagliano and R. Bollig, Supernova
simulations confront SN 1987A neutrinos, Phys. Rev. D 108 (2023) 083040

10 CL
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05. The likelihood analysis

Till here we answered the question: What are the best
values of the parameters to describe the data?

Now we address the question: How good is the model
to describe the data?

Goodness-of-fit tests to compare the empirical energy,
angular and temporal distributions with the theorical
expectations of the model

Excellent agreement with the theoretical energy and
temporal distributions

Tension with the empirical angular distribution, perhaps due
to statistical fluctuations of ES events in the Kamiokande-II
data set but the IBD hypothesis cannot be excluded with
enough statistical significance

Goodness of fit: K-S and CVM

p-values Baksan | IMB | Kamiokande-II | Kamiokande-II
Cramér—von (including all (excluding K13-
Mises test events) K14-K15-K16)
Rate TT8% | 89.4% 60.9 % -
Energy 55.0 % | 10.9 % 18.3 % -

Angle N/A 5.9% 38.0 % 7.0%
p-values Baksan | IMB | Kamiokande-II | Kamiokande-II
Kolmogorov- (including all (excluding K13-
Smirnov test events) K14-K15-K16)
Rate T7T9% |91 % 45.6 % -
Energy 573% | 44 % 159 % -

Angle N/A | 11.9% 19.0 % 11.9%




05. The likelihood analysis

Combining the three data sets:

1.0{ = Mainly Accretion
w== Only Cooling

* P-values 50.7% (Kolmogorov-Smirnov) 77.7% — Model+Bkg

== Cumulative SN1987A data

(Cramer-Von Mises) for the energy distribution

* P-values 5.5% (Kolmogorov-Smirnov)
2.0% (Cramer-Von Mises) for the angular
distribution

CDF

* P-values 82.8% (Kolmogorov-Smirnov) 88.4%
(Cramer-Von Mises) for the temporal distribution
(see figure)

10-1 100 10!
Time [

Combined goodness of fit




06. Summary

The most refined IBD'cross section at date;

A new model for.the emission, featuring an initial
increasing ramp;

Eirst estimation of'the.delay times in a retiabltetemporal
description of the emission

State-of-art modelling of the neutrino detectors

Novelties

Comprehensive analysis of the entire data set on
SN1987A neutrino emission (energy, time, angle and
background);

Best-fit values ofithe parameters of the model.

Analysis

Confidence.level on the existence of the accretion
phase

Goodness of fit test
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