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Motivation of SNv study in XENONnT

3 Sensitive SNv Detection Volumes : Core Collape Supernova CCSN
TPC with 5.9 T LXe

; ~3x10e53 ergs v emission
n and pVetos with total 700 T Water

L

Vize,p,1

Neutrino -Xe Coherent Scatttering CUNS
Sensible to all v flavours (90-190 evts. at 10 kpc )

Vv +Xe ——» v+ *Xe (Scintillation S1, S2)

Inverse Beta Decay IBD (70-175 evts. at 10 kpc)

Ve+p ——» €+ + 1N (Cerenkov light)




Core collapse Supernova CCSN

e CCSN Spectroscopic
classification: N “E"géSgNHMS
Types Il (H-line), ‘

Types Ib(He-line), Ic(No
He-line)

e CCSN Progenitors:
Massive Stars 8 - 50 Mg,

gravitational core collapse ”gina]ry \ Type I, Ib, Ic
' ystem
e Neutrino emission is the energy ‘/‘/‘”/ﬁType la Mass>8Ms| |
loss mechanism (99%) for CCSN g\ é cesN
[1]: Py &
M
3GyM?
A(Eg.) ~ ( :R ) ~ 3 x 10° erg, (1)
core

e ~10-15 MeV neutrino burst of all flavours

e ~ 10 -20 s after bounce of the core

o Neutrino burst detected from SN 1987A 20 events (Kamiokande-Il and
IMB) [2]
Figure 1: sn1s7a 2



Supernova Neutrinos Flux at the earth

N,, > Ng, > N, with x = u, i, 7, 7[3]

Neutrino Fl N L L (E, t)hi(t) (@)
eutrino Flux — = ————®;(E, i
dEdti 4nd? < E,(t); >
Ea(®); _ 1 Ey
Neutrino energy distribution (E,t)= ——— e (i) =g, (o> (3)
< E,(t); > a(t);
Normalisation (1) )
ormalisation i(t) = ————

e d distance of Supernovae ' [ ®i(E, t)dE
o Luminosity Lyﬁ(tpb)
o Neutrino mean energy <E”B (tpb)> 1el4 Flux attime 0.1 s from 10 kpc Nakazato model SN 30Mg

e pinching parameter o(t,p):

o= (EZ(tpb)) — 2(E(tpb))*
(Ev(tpp))? — (EZ(tpb))

Flux (1/s/MeV)

Transport effects:

o Matter effects MSW [4]

e Flavor Oscillations 0 10 20 30 40 50 60
Energy(MeV)

A lot of CCSN models since SN1987A...

Figure 2: differential flux from Nakzato simulation Model with
SNEWPY [5]

a progenitor mass of 30 M@ at a time of 0.1s after the bounce



SNEWS

SNEWS SuperNova Early Warning System [6]

Several detector network advantages
e Multiple Detector coincidences

e Directionnal information

e Time signal reconstruction

Requirements

IceCube

e Reduction of Non-poisonian background

e High false alert rejection ““h
i

e GPS synchro-data \
Communication l
o Alerts

e Mail list
e Astronomical community & amateur astronomers
e SN neutrino* experiments
Neutrino detectors:
Super-Kamiokande, IceCube, KM3NeT, KamLAND, SNO+,NOvA, HALO
Gravitational waves detectors: alerts from LIGO and Virgo

and Dark Matter detectors.. XENONNT soon! 4



XENON Working group SNMultimessenger

E Done

\:| Current

Type of analysis

Communication

Simulations

Trigger

Sensitivity

MMA

Task

GPS timestamps
Communication scheme
Alarm procedure

DAQ integration

Comm Testing

SNv in TPC wisim

Sims varying with SN distance

SNv in geant4 sims

MV & NV sims in wisim

Peak level cuts

Time window cuts

Cut optimization check with SN distance

MV & NV background study

Define thresholds

Inject sim into background run

Sensitivities as a function of distance

Charge current interactions
False alarm rate
Light curve reconstruction

Fire drills with SNEWS

Connect with LIGO server and stay active with TPC

SNEWS
e Time GPS
e online DAQ
e Trigger Alarms
e Comunication

® Test alarms
e Mail lists

CCSN v signal
e TPC (S2 only)

® CSNvNS simulation
e Sensitivities as a function of distance

e Vetos

IBD GEANT 4 Simulation
Digitalization & Background item
Include Veto in SNEWS?

e Time reconstruction of SN signal
e SNEWS requierements:

e False alarms rates
e Background rates



XENONNT: Direct Dark matter research Experiment
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= Muon veto PMTs

Support structure
Cryostat and TPC

Neutron veto PMTs

Neutron veto reflector

XENONNT TPC is surrounded by 700 T of pure Water :

- MVeto (update of XENON1T)

for muons surviving ~1.5km LGNS rock <Ep>~270 GeV

- nVeto (update in XENONNT) :
radiogenic neutrons from detector materials

WIMP — Xe nuclear (e) recoil :
Dual Phase Time Chamber TPC (5.9 T Xe)

S1 (prompt) scintillation
S2 (proportional) from lonization

Ratio (S2/S1) allows NR and ER discrimination

Sensible to low Recoils ~1 keV(S2 Only)

500 — e —— 500

5]

01 02 05 1 2 5 10 20 50
Recoil energy [keV]

Events / (tonne x day x keV)



XENONNT TPC CCSN Neutrino Interactions

NC All flavors i= e, &, x, X:

vi &
- CEvNS \ Zo /
o v+ Xe — v + Xe* / \
o o x A? vi A
o CCSNv low recoils (0-5 KeV) vi vi

- Electron Scattering ES: v; + e~ — vj + e~ \/

e Directional information

e Low interaction rate for XENONnT

CC e (&) flavor /\

e- e-
- ES:ve(Pe)+e” — ve(Pe) +e™
) 10 Ve(Ve) Ve(Ve)
e =~ 1/3 of the total SN neutrino flux 1¥Xe differential recoil spectrum
10° 18M. SN distance = 1kpc \/
s
- Inelastic Scattering IE: ve+132 Xe — e~ 4132 Cs* [7] £ ] Y
£ |
LTS ] | WH(W)
e Only sensible to v, z i
E 10°| E| i
e 1.1 MeV ~ and neutron emission in a 0.9 fraction Um, 1 /\
e Large S2 signal R R T TR R R R T Ce e

Recoil Energy (keV)



CCSN CEvNS rate in XENONnT TPC

CEvNS Energy recoil Eg differential rate[3] —— CUNS Nakazato 30 M,
20 —— VNS Bollig 27 Mo
dN N 1 / dN  do(E, Eg) dE (6) |\ ~— CVNs Sukhbold 27 M,
= — NX \
dtdEg “and? J¢ . dE,dt  dEg
min s
¢
200 - &
—— Nakazato 30 M,
175 - —— Bollig 27 Mo
~—— Sukhbold 27 M,
150 - 2 A .
Recoil Eneraies (KeV)
125
‘ﬂﬁ) 100 - Figure 4: Energy Recoil Rates at 10 kpc Nakazato
2 30 M®, Sukhbold and Bollig 27 MQ
75—
50 - s Bolig 27w,
- CVNS Nokazato 30 Mo
25 200 > VNS Sukhbold 27 Mo
0o- | | | | | 150

0 1 2 3 4 5
Recoil threshold (KeV)

Rate (1/s)

Figure 3: Events for a given threshold at 10 kpc Nakazato 30 M),
Sukhbold and Bollig 27 M®

e Signal / Bakcground discrimination using SNv high
frequency instead of S2/S1 ratio

107 102 107! 10° 10!
times ()
Figure 5: Time Rates at 10 kpc Nakazato 30 M,
: oy
® 52 Only(0.7 KeV) Sukhbold and Bollig 27 M)



Electron scattering
Vex + € — Vex+ e

All flavors — < 10 events at 10 kpc
Directional information from NC channel
No CC channels for x flavors

Inverse beta decay IBD:

Detp—e +n

o
>

100-200 events at 10 kpc
e+ allow reconstruction of 7, spectrum
No directional information e+ emission isotropic

CCSN Neutrino Interaction in XENONnT Water

10747~
E —— EStotal
— ESx
— ESe
—— ESeb
1BD
| | ’ | |
0 20 40 60 80 100
Energy (MeV)

Figure 6: Cross section of neutrino proces in Water tank

60 —
50 —
)
o
L
J4-_
I
7
o«
30 -
20 | l | |
-1.0 -0.5 0.0 0.5 1.0
cos 6

Figure T: Cosinus of Scattering angle e — e+ distribution
for Nakazato model



CCSN IBD Spectrums

E,,, = 1.806 MeV < (E,)

e+ Cherenkov threshold Eecy,, = 774KeV — B = L

o n,=1.33
Evgy, & 2.06MeV
dN 1 L(t) Ee, do(E, E.)
—— = f,Npo—— ————(E, t)y(t)o(E oE:/ — "’ dE, 7
dtdE P2 47rd2<E>(t)¢( P De(B)o(E) (E) Eey dE. -
2 2 2
1 M cm cm m, —m, —m
Eip=E, —§— —E(ES p™), b= ——-—F = f, =2 (8)
mp 2m,
Niyo = 3.32710%°
8- —— IBD Bollig 27 M, 174 events —— 1BD Bollig 27 M,
~—— IBD Nakazato 30 M, 82 events ~—— IBD Nakazato 30 M
~——— IBD Sukhbold 27 M, 170 events 250- ~—— 1BD Sukhbold 30 M,
200-
glso
1100
50
0
(5 lb Zb Bb 40 Sb Gb 7b 80 10"1 ' ' “10’7 ' 18’] o 16“ L 1‘01
Neutrino Energy (MeV)

times (s)

Figure 8: 18D Energy spectrum rates at 10 kpc

Figure 9: 1BD Time spectrum rates at 10 kpc
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CEvNS vs IBD rates

e High rates in a 10s window in TPC/Veto

e Total IBD and CvNS rates are similar Vieto 2 100V7pc

e Different time evolution :

CVNS Bollig 27 Mo
CVNS Nakazato 30 My
—— IBD Bollig 27 Mo,

—— IBD Nakazato 30 Mo

Rate (1/s)

100-

1073 102 107t 10° 10t
times (s)

Figure 10: CEuNS vs IBD Time Spectrum Rate for Nakazato
and Bollig models at 10 kpc

CuNS (ve peak around 10ms ) vs IBD (V. peak around 100ms )

CVNS Bollig 27 Mo 181 events
CVNS Nakazato 30 M, 110 events
—— IBD Bollig 27 Mo 174 events

—— IBD Nakazato 30 M, 82 events

| | | ’
[ 10 20 30 40 50 60 70 80
Neutrino Energy (MeV)

Figure 11: CEuNS vs IBD Energy Spectrum Rate for
Nakazato and Bollig models at 10 kpc
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GEANT4 IBD GENERATOR

- IBD interaction is homogenously distributed in Water tank

y | - e+ emission is isotropic
o - n, e+inthe same vertex or n and e+ alone simulation

- Water or Gd (0.2%) Water configurations

6
// 0
: >
G Ve %4’
_________ F 7
Input : 2
m IBD Ev spectrum at
agiven time t 0
| ,
or 0 10 20 30 40 50
Mono-energetic Ev Kinetical (MeV)

Charge depositions in Water from n and e+
Opticals parameters for Cerenkov light

7 3 0 H
Energie (Mev] ~

Neutron and Muon Veto PMThits
(1D, Energy, time )

12



IBD Cerenkov light

In Water most of Cerenkov light is produced by
e+, 2.2 MeV ~ from nCapture produced
compton scattered e- close to the Ey.

Water 1 In Water with Gd More Cerenkov light from 8.2
) MeV ~-cascade neutron Gd capture, due to the

contribution of e-/e+ .

IBD Cherenkov emissions

[——
Newton n. Cretenkos waer
Neuton nd. Chrerkos Gt
Comptor ttered e-
Ee~E_ch(0.77 MeV)
108
Water with Gd
H
~30us 3
10
Ve
(<1ns)
| e (<1ns) gum;ftmvv scattering 300 200 500 600 700 800
aif creation e+/e- et (om)

Figure 12: cerenkov emission in Water vs Gd Water. Positron
(blue), neutron GdWater (Green) and neutron Water (orange)
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IBD Event time distribution

mVeto PMT hits Time deposition in Water mVeto PMT hits Time deposition in Water

§ [ Positron hit time PMT [ Neutron hit time PMT in Water e+ event O 10 (ns)
o [ Neutron hit time PMT in Gd Water
n event 0-1 ms (Water)
0 and 0-100 ps (Gd).
Pile up for neutron (in
102
Water) and next
o positron event.
Pmt hit Time cut
w0 TTTIH] 5
00 02 04 06 08 10 400 600
ime us] ime fus) fmax O(10°Hz).
Figure 13: Muon Veto PMT hits depositions Teur = 1ms
* neutron hit
0.25- *  positron hit
_ 020
K] fe >
Z 015 g
i o o mmamin oo . 2
El +
go.10 <
= 9
z
0.05-
0.00 -
107 102 e 10-5 107 10- 1072 107 100 10!
. fimesinms PmtHittime in ms
Figure 14: 1BD Rates for SN from Nazato model 30M .
around the ¢ peak 0.05-0.20 s Flgure 15: 1 and e+ hits for an IBD event
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nVeto vs Muon Veto

000

2000

4000

N-PMT
I
0 w0 @ ow o

000

2000

2000

4000

a0 -2000 3 2000
N-PMT
0 ) E) ®

000

Neutron Veto

120 PMTs (Hammatsu R5912)
V_w~55m?

5-12 IBD Events

Muon Veto

84 PMTs (Hammatsu R5912ASSY)

V_w~645 m*
80-150 IBD Events

Mvol/ Nvol ~ 11
Mcov / Ncov ~ 0.06

2000

-a000

000 2000 3 w0 w00
N-PMT
B} ) ) ) 100
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Next Steps

Datection efficiency with Myeto PMTs Detection efficericy with riveto PMTs in Events of nveto

. " rostron o 3e0ms i
[ Fetnto ma
== neutron G100 us)
as - e beiael]| 18 30 2 I[‘)'[i";{":;lsﬁz&}f)"s
. N — XENONNT/LZ (7t)
Fae {. N : — XENONIT (29
; g
g ] £ :
fo I 2
2 :
» — a3 st
0 | B itge z :
=== neutran Ga[0-200 =] S :
_________ B el £ 3l e o
i - 10 antnautrin ga [0 100 2 5: =%
T cincaences. T coincistnces § : g H 3
Figure 16: Efficiencies for nVeto(right) and pVeto (left) as a function of z :
F X ®] 9}
PMT coincidences 1 : ﬁ § E;
0 20 40 60 80

e GEANT4 PMThits digitalization: SN distance [kpc]

e Detection efficiencies: .
Flgure 17 Detection signifiance as a function of

SN distance

CEvNS Events ( 50 / SN 27M, (S2
Only, E;=0.7 KeV))[3]

e PMT coincidences
e e+ Energie

e Background analysis for ;1 and neutron Vetos

e Reconstruction SN neutrino signal in time:

PMT f . ¢ £ XENON1T | XENONnT DARWIN
° s response as a function of e+ Energy 25 kpc 35 ke 65 knc
e Sensitivity Study 35 events 123 events | 704 events

e Inclusion of Vetos in SNEWS... Veto Trigger
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THANK YOU !

Remerciements: Elisa Radjabou Internship M1 PFA - Sorbonne Université
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BACKUP

BACKUP
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Neutrino burst from CCSN

e Collapse and Bounce 0-0.1s
O(10°%ergs)

pte —vetn

Increase of e- pressure reduced,
collapse accelerates
Core bounce

o Accretion 0.1-1s O(10%ergs)

Density increases and shock wave
out of the core

e” +et = v+ De
Ve+ Ve = Vy,r +Vp,r
N+N — N+N + v

e Cooling 1-10s O(10*%ergs)

Luminosity decreases Charge
current interactions are supressed
Proto-neutron Star PNS

Amd  Inlial Phase of Collapse

.- 3000,

Si-buming shel

Afnl| Bounce and Shock Formation
___(t-0115, 95 20)

+ Wi

At Neutrino Trapping
Ry (1~ 0.15, 910" glom)

/ Meto A MG
heavy uces
S-buming et

Shock Propagation and, Burst
i
Sy 7

W’ , A

A i

Explosion (1~ 0.25)

PNS 13 | ganlayer 15 MO
coving layer

i Si-buming shell Si-burming shell
Shock revive mechanism ?
Shock Stagnation and v Hoating,  AmA__ Neutino Cooling and Neutrino-

Diiven Wind - 105)

Figure 18: schema of core collapse[8]
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Light Curves & Emission time evolution

L(tMev/s)

<E(t) > [MeV]

200
175
150
125
100
75
50
25
00

Accretion phase Cooling phase
e —— Total
10% S~ — Ve

/ ~ %
/{ ! ~

L(tIMeV/s)

00 02 04 06 08 10 10 10t
time s time s

Ve
n — — v
3 NN
210 S
iy
So —
) i —
yi s ~_ \
=y
/ 7 ~
N
00 02 04 o6 08 10 10 10

04 06
time s time s

Figure 19: Light curves from Nakazato 30 Mg,

2 Different phases after bounce:
Accretion [0, 1 s]:

e 0-0.05s: v

e 0.05-1s: v, vy
Cooling phase [1,10 s]

(E,,) ~ 12MeV
(Es,) ~ 14MeV
(E,.) ~ 15 MeV
() [2,3.5]

Number of neutrino emissions

. P § — o
/ N v
/ : o
\ —
10° — e
/
10% /
Zac |
H |
10 |
W |
e )
)

Figure 20: Number of Emissions from
Nalazato Model 30M®
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CCSN Neutrino Flux Models

e EOS : LS 220, SHEN, BH...

e Metallicity: Solar (Z=0.02) and Small Magellanic Cloud SMC (Z=0.004)
e Mass range :8-50 Mg

e Time burst duration:0.5 to 20 s

7 - 20 s neutrino burst 0-0.5 s neutrino burst
7 leld lel4
12} ~ — Bollig_2016 112M, 25 —— Kuroda_2020 20.0M
= R —— Nakazato 2013 13.0M5 —— Tamborra_2014 20.0M,
~ Sukhbold 2015 9.6M co Zha 2021 20.0M,
- =
Y% s .% ©
L Sy =
Z s 5L :
0 = Xo =
Q 3 (G =g
o = e
2 % BE ?
© £ g
) 1 2
2 . 79
8 ) S | | 23
w o 10 20 30 % 50 L 0 10 20 30 40 50 60
Energies(Mev) Energies(MeV)
1le14 1.0-1e15
o — solig 2016 270m, [ — Nekesato 7013 S0,
= . — e | ~— OConnor_2015 40.0M.
~ Sukhbold 2015 27.0M, g 08 Walk 2019 40.0M,
—
N o
@ I s
A 2o
P4 s
0 2 %
O o =z
O 50
= i
3 e
° o 02
f =
I
4] 0o - ||
0 10 20 30 40 50 60 o 10 2 40 50 60

0 30
Energies(MeV) Energies(MeV)
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GEANT 4 IBD Spectrums

- neutrino Spectrum
800 } neutrino GaSpectrum
700
600

Counts/MeV
5
13
S

40 60
Energie [MeV]

Figure 21: simulate G4 Neutrino
Spectrum at time 0.1s for Nakzato Model at 10
kpc

~ neutron Spectrm
+ neutron Gaspectum

CountsiMev

Countsfkev.

100

| e+ Gaspectrum (s0)

800/ ﬂ
600 {
3
3 ﬁ
2
3400
8
2001
o
0 10 20 50 60

30 40
Energie [MeV]

Figure 22: Simulate G4 Positron Energy and Angular Spectrum

Nakzato Model at 10 kpc

- neutron Spectrum
b peutron Gatiso)

200

- cos © Spectrum
Vo564 Simu (s0)

-100 -0.75 -0.50 ~025 000 025 050 075 1.00
056

at time 0.1s for

— cos heta Spectrum
b cosheta G Simu

2 3
Energie [MeV]

Figure 23. Simulate G4 Neutron Energy and Angular Spectrum at time 0.1s for Nakzato Model at 10 kpc

a0 60 100
Energle [KeV]

06
050

o7

22



SN neutrino Electron Scattering

dN 1 L(t) o(E) = /Ee2 do(E, Ee) ©)

— =N, fp——7F —————&(E, t)yY(t)o(E

ddE 0P and2 < E > (1) (E, yu(t)o(E) £y dEe
With f, a factor related to layer external electrons in Water equal to 10.

The differential cross section takes into account the NC and CC. However, at SN neutrino energies only CC
interaction is possible for the v and .

The allowed values of Ee, E; < Ee < Ej, correspond to the possible scattering angles €M in the center of mass

(CM) frame:
2mg E2 cos(6)?
Eo = mp+ ( Ez,, (2)) . (10)
((me + Ev)? — EZcos(6)?)
E =E E E 2 (11)
1= Ecn 2= mE + ———
(2E, + mE)
4.0 — ESwe3 — ES_t3
— ES;,O 175 —— ES_the O
35 ESV 0 ES_t, 0
—— ESP.0 150 ES_tie 0
ESTotal 7 ES_tTotal 7
3.0 18D 82 18D 82
125
25
s 5100
s20 T
< - 75
15
1.0 0
05 25
\7\\\\7 '/\77,
0.0- — 0 -
o 10 20 30 40 50 107 102 10° 10° 10°
—
Figure 24: Es vs IBD Energy spectrum at 10 kpe for Figure 25: ES vs IBD Time spectrum at 10 kpc for Nakazato 23

Nakazato model 30 M~ model 30 M~



SN neutrino Electron Scattering Angular distribution

E, +m Ee — m,
cos(t‘))) _ ( v E)( e e) (6)
Ey pe
. do(E,cos(6)) - . do(E,E, X
The expression of %&zg]) is obtained from ”(Tee)[Z].
do(E, cos(0)) do (€ 0) dcos(0) do 4mgE, eNu(mg + E, )?cos(6) do ®
_ = ,cos ) = — =
dcos(0) dcos6 dE. dE.  ((mg + Eu)? — E2cos(0)?)? dEe
cos(®) IBD spectrum for Nakazato 30(100ms)
— Esv.
—— EST.
100 ES ¥
— ESh
£5 Total
o Ngs =~ IO%N/BD 80
5-15 Events per burst at 10 kpc _
=)
g 60 |
e Directional information: iﬁ |
Not enough rate at 10 kpc, but dj5 kpc (20-60 = - |
events). |
Electron scattered contribution signal for kinetical
energies T;1 MeV far enough for the Ey,. 20
e Discrimination between IBD and ES 0
Cerenkov depositions. 00 02 Lo 0.8 10

Figure 26 Spectrum for ES cosinus scattering angle, at time
=0.1s for Nazazato model 30 M, 24


https://xe1t-wiki.lngs.infn.it/doku.php?id=xenon:xenonnt:layos:sn_neutrino_electron_elastic_scattering

SN neutrino Transport effects: Neutrino flavor oscillation

SN Neutrino oscillations: neutrino propagation is described by 3 mass eigenstates: vy, v», v3, with
masses my < mp < ms in Normal mass hierarchy.

-

In vaccuum
The eigenvalues of each state Ho,v; = Ejv; with E; = /p; + m;

The projection of each flavor 3 using the PMNS unitary matrix U [9] becomes:
vg = Z Ugjvi Vg = Z UZ;,-V,' (12)
i=1,2,3 i=1,2,3
The transition probability between two states is:

Ajm?d
2 * s .2 k
Po—sg = |vavs|” = dap *4§Re{uaiUﬂJUmUBk}s'“ (JT> +

. . [ ByemPd
257 Im { Ui Usi Uan U sin (57— ) (13)
For example, parametrizing for two mixing angles 012, B13, we have for &:
Dz = \U51|2 = cos?01pcos’ 013 Dz = \U52|2 = cos?O1psin’013 Dg3 = |Ug3\2 = sinf13
(14) o5



SN neutrino Transport effects: Matter Effects

In matter

Hamiltonian becomes: H; = Ho, + V;
Propagation eigenstates changes: v; — v, and 0;; — 0jjm

sin 2913

sin 2013, = 15
" V/(cos 2013 + 052601,V /k)? + sin? 20,3 (%)
_ 20 201,V /k A
08 20137, = cos 2013 + cos 612V / k= my3 (16)
V/(cos 2013 + cos201,V / k)2 + sin? 2013 2E
_ in 20
sin 2012m = S 2012 (17)
V/(cos 2013 + V /k)? + sin? 201,
_ 20 V/k A
cos 2013m = cos 2612 + V/ k= Sm2 (18)
V/(cos 2015 + V/k)? + sin? 201, 2E
CC (ve,e + € — e,z + €) at SN energies lead to a difference of potential V:
AV =V, — Vi = V2Ggn, (19)
This add a resonance, depending on density ne, with the condition [10]:
" = cos(20,) o (20)
n, = cos n ng=——"4_
¢ m T S REGE
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SN neutrino Transport effects: MSW Effect

neutrino potential profile

SN environnemment:

The density variation, ne(t) leads to

H(t)= Ho + V/(t)

MSW effect : Adiabatic or partially adiabatic neutrino
flavor conversion in medium with varying density [11].
Adiabaticity condition:

ém
=|— 1 21
T= g ) < (21)

Figure 27: SN Neutrino potential profile [12]

At this point, several approximations can be done:
1)In high densites SN medium ¥ > 1 and cos2(0m) ~ 1 sin2(0) = 0

2)The assumption of N, = N, = N, leads to non observable effects of the transformation 2-3,
i.e. 023, = 0 in NMO. 3 flavor oscillation case with 012, and 613,,.

_ - . ZAmI?jd

3) In Vaccum : Pe, o sin“Aj; = sin” —Z

At long distances 1 pc the factor ¢ averages out: Pey — (Pex)(0))

Mean Probability will only depend on vaccum mixing angles 0;;. 27



SN neutrino Transport effects: Observable spectrums

At SN distances(d>1kpc) and neglecting matter effects in the SN core,
oscillations probabilities depend only on the mass ordering;:

For 7 in Normal mass ordering NMO [5]
Pee = De1 = cos”(612)cos” (613) Pex = 1 — Pee
For Inverted mass ordering IMO :

Pee = Dez = sin®(6013)  Pex = 1 — Pec

—— IBD Nakazato IMO 30 Mo
—— IBD Nakazato NMO 30 Mo
250" gD Nakazato 30 MoNoTrans. |/ |

200

@
=150 -
v
©
-4
100 -
50-
0-
1073 1072 107t 10° 10t
times (s)

Figure 28: SN neutrino IBD rates including Non Adiabatic and Adiabatic
MSW effect for NMO and IMO, at 10 kpc for Nakazato model 30 M@

Poc = (1 + Pec) /2

P = (1 + I3ee)/2

Pxe = (1 - F_’EE)/Z
(22)

Pxe = (1 —Pee)/2  (23)

Earth spectrum becomes:
dN dN
—— =Pee—— +
dEdt " dtdE 5,

B Pxe GedE o,

Values of mixing angles [13] 01, = 33.44
013 = 8.57

(24)

normal hierarchy (NH) inverted hierarchy (IH)
YHZ ,"2
Lo — [ vy
IAmg,,
= 2
A,
Ami,

T 2

Am2,

B ] V3

2 Yy vr

Figure 29: NMO and IMO neutrino mass
eigenstates population
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IBD Positron Energy distributions

Diferential cross section
do(E, E) dt do

2
= t=m, + mp, —2my(E, — E, 25
dE. dE. dt n P p(Ev = £ (25)

Rate(/MeV/s)
EN
|

With 22 from [14]
Cherenkov light Threshold Eeth = B ¢ 1/n with n=1,333 = 0.7742 MeV 2-
* For the neutrino E.j, = 2.0684 MeV

Limits of Ee, E] < Ee < Ep, correspond to the possible scattering angles GCI\/I in the |

|
center of mass (CM) frame: 0 10 20 30 40 50
Kinetical (MeV)

2 2 2 H
1 mp — mp —m Figure 30: posit t t time 0.1
_ _ s~ (CM CM_, CM . _ " P e g : Positron spectrum at time 0.
Fip=E =9 m £ (B Epg ), with § = 2m (26) at the ¢ peak production for Nakazato Model
P P
at 10 kpc
Positron Energy in the Lab frame
(E — 8)(1+ €) + ecos(©)y/((E — )2 — m2r) 4-
Ee =
¢ K
3-
e=E/mp k=(1+¢)? — (ccos(®)?  (27) ’;;
32
Positron spectrum rate at a time t §
1-
dN | N ‘ 1 /Emax L(t) S(E, (1) do(E, E) dE
_— t = Ny, o*fp*x —— —_— t t) —————
dEcdt jpg 0 ard? Je,, <E>(0) ) dEe 07 | | | |
10 20 30 40 50
Kinetical (MeV)
Emin = Ee +6 f,=2  (28)

Figure 31: Total Positron spectrum for

Nakazato Model at 10 kpc 29



IBD Positron Scattering angle distributions

Positron scattering angle in the Lab frame

2 2 2
my — m5 — ms + 2mp(E, — Ee) — 2EL E, 60 —
cos(0) = (mn P < p(Ev e) vEe) (29)
2E, pe
50 —
Diferential cross section &
o
t=me? — 2E, (Ee — pecos(0)) (30) %40 |
5
o
Using the Jacobian transformation from jﬁ using the values of the 30 —
implicits function of t and cos(6):
E. 20 | | |
dcos(9) 1+ e(l— ;Ecos(6)) -10 -05 0.0 0.5 10
= e (31) cos
OE, €pe
Figure 32: scattering angle cosinus spectrum
do(E, cos(0)) _ Ocos(0), 1 do _ Pe€ do for Nakazato model at 10 kpc
dcos(6) OE. dE. 1+¢e(1— 5—: cos ) dEe
(32)
cos(6)[—1, 1] At SN neutrinos energies,
positron emission is barely
dN 1 L(t do(E, cos(0 . .
o= Niyorfpr —s / e, o ZZEOD o Isotropic.
dcos(8)dt 2 and? JE < E > (t) dcos(6)
(17)
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IBD Neutron Energy distributions

Diferential cross section

do ot do do
—(Ev, En) = — — = —2mp— (33)
dEp OE, dt dt
Limits of Ep, E; < Ep < Ep foran £y and Eg:
2 2 2 —
m2 + m2 — m2 + 2E, (E pe)
Epp, = ——F—= e s = (34)
’ 2m,
P
Using the CM :
E —
Enyp =Ev — D — (E"CM + p”CM) (23)
, mp
Neutron Energy in the Lab frame
—(L+ €)(A — Ey) + ecos(O)y /(A — Ep)2 — m%VK,
Ep =
K
2 2 2
—m® —m4+m;
_ p—MnTMe
A= pm (35)
Neutron Energy Spectrum at a given time
N Emax  L(D) do(E, En)
e |t:NH20fp72/ ————¢(E, t)y(t) ————dE
dEedt by 4xd? JEpi, < E > (t) dEp
—2mp(Ep+A
Epmin = p(EntD) Emax =100 (36)

(2(—pn+En—mp))

| | !
0

2
Kinetical (MeV)

Figure 33: Neutron spectrum at time 0.1 at the
e peak production for Nakazato Model at 10 kpc
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IBD Neutron Scattering angle distributions

Neutron scattering angle in the Lab frame

— En) + €Ep
€Pn

A — (Ey
cos(Oy) =

(37)

The recoil of the neutron direction angle domain is bounded My >> E,,
in backwards angles, having a maximu apperture angle, related to

cos(GNmaX)

(2E, 65 — (62

c0s(On oy ) = ds=mp —mp  (38)
Ey
Differential cross section
dcos(6 1+e(l— *COS(QN))
® __ L (39)
OE, €pN

do(Ey, cos(Oy)) (8605(0) )_1 do p,,s do
dcos(0y) OE, dE, l1+e(l— =0 cos(GN) dE,
(40)

We see that the distribution of the neutron scattering angle give us, some
(poor) information about the arrive, that may be complemented with
directional information of NC elastic scattering [15].

dN B L(t) do(E, cos(0p))
deonit ¢ = a0 i e G HE OO T
(28)

cos(@y) IBD spectrum at time t=0.1s

dN/dtdcos(@n)
8
g

02 03 04 05 06 07 08 09 10
cos(@n)

Figure 35: Neutrino cosinus scattering angle
distribution

dE
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Back up PMNS Matrix

The standard parameterization of Uppys PDG is known to take the following form given by Uppys = UK with

—is
[SPISE! 5 s12€13 s e !
vo= —c23512 — Sp3€128513€" c23c12 — S3512513€"° s23€13 ,
s23512 — C3C12513€" —$3¢12 — C3512513€" ©3€13
K = diag(1,e®2/2 ¢3/2) (41)
where c;; = cos 0; and s;; = sin 6; and 0;; represents a v;-v; mixing angle (i,j=1,2,3). Some experimental
observation of three mixing angles are summarized as follows [16]:
sin?0, = 0.3041%%3 (NH or 1H),
sin 63 = 045204 %% (NH),0.5797% %% (1H),
sin? 013 = 0021874 %0 (NH), 0.0219 TG WL (11,
5(°) = 306% (NH), 2547%, (1H), (42)
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