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Motivation of SNν study in XENONnT
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Core collapse Supernova CCSN

• CCSN Spectroscopic

classification:

Types II (H-line),

Types Ib(He-line), Ic(No

He-line)

• CCSN Progenitors:

Massive Stars 8 - 50 M⊙
gravitational core collapse

• Neutrino emission is the energy

loss mechanism (99%) for CCSN

[1]:

∆(EG .) ≃
(

3GNM
2

5R

)
core

≃ 3 × 1053 erg , (1)

• ∼10-15 MeV neutrino burst of all flavours

• ∼ 10 -20 s after bounce of the core

• Neutrino burst detected from SN 1987A 20 events (Kamiokande-II and

IMB) [2]

Figure 1: SN 1987 A 2



Supernova Neutrinos Flux at the earth

Nνe > Nν̄e > Nνx with x = µ, µ̄, τ, τ̄ [3]

Neutrino Flux
dN

dEdt i
=

1

4πd2

Lν(t)i

< Eν(t)i >
Φi (E , t)ψi (t) (2)

Neutrino energy distribution Φi (E , t) =
Eα(t)i

< Eν(t)i >α(t)i
e
−(α(t)i+1)

Eν
<Eν (t)i> (3)

• d distance of Supernovae

• Luminosity Lνβ (tpb)

• Neutrino mean energy ⟨Eνβ (tpb)⟩

• pinching parameter α(tpb):

α =
⟨E 2
ν(tpb)⟩ − 2⟨Eν(tpb)⟩2

⟨Eν(tpb)⟩2 − ⟨E 2
ν(tpb)⟩

(4)

Transport effects:

• Matter effects MSW [4]

• Flavor Oscillations

A lot of CCSN models since SN1987A...

SNEWPY [5]

Normalisation ψi (t) =
1∫

Φi (E , t)dE
(5)

Figure 2: differential flux from Nakzato simulation Model with

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

SNEWS SuperNova Early Warning System [6]

Several detector network advantages

• Multiple Detector coincidences

• Directionnal information

• Time signal reconstruction

Requirements

• Reduction of Non-poisonian background

• High false alert rejection

• GPS synchro-data

Communication

• Alerts

• Mail list

• Astronomical community & amateur astronomers

• 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

SNEWS

• Time GPS

• online DAQ

• Trigger Alarms

• Comunication

• Test alarms

• Mail lists

CCSN ν signal

• TPC (S2 only)

• CSNνNS simulation

• Sensitivities as a function of distance

• Vetos

• IBD GEANT 4 Simulation

• Digitalization & Background item

Include Veto in SNEWS?

• Time reconstruction of SN signal

• SNEWS requierements:

• False alarms rates

• Background rates
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XENONnT: Direct Dark matter research Experiment
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XENONnT TPC CCSN Neutrino Interactions

NC All flavors i= e, ē, x, x̄ :

- CEνNS

• νi + Xe → νi + Xe∗

• σ ∝ A2

• CCSNν low recoils (0-5 KeV)

- Electron Scattering ES: νi + e− → νi + e−

• Directional information

• Low interaction rate for XENONnT

CC e (ē) flavor

- ES : νe (ν̄e ) + e− → νe (ν̄e ) + e−

• ≈ 1/3 of the total SN neutrino flux

- Inelastic Scattering IE: νe+
132 Xe → e− +132 Cs∗ [7]

• Only sensible to νe

• 1.1 MeV γ and neutron emission in a 0.9 fraction

• Large S2 signal
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CCSN CEνNS rate in XENONnT TPC

CEνNS Energy recoil ER differential rate[3]

dN

dtdER

= NXe
1

4πd2

∫
Emin

dN

dEνdt

dσ(E , ER )

dER

dE (6)

Figure 3: Events for a given threshold at 10 kpc Nakazato 30 M⊙ ,

Sukhbold and Bollig 27 M⊙

• Signal / Bakcground discrimination using SNν high

frequency instead of S2/S1 ratio

• S2 Only(0.7 KeV)

Figure 4: Energy Recoil Rates at 10 kpc Nakazato

30 M⊙ , Sukhbold and Bollig 27 M⊙

Figure 5: Time Rates at 10 kpc Nakazato 30 M⊙ ,

Sukhbold and Bollig 27 M⊙ 8



CCSN Neutrino Interaction in XENONnT Water Tank

Electron scattering
νe,x + e− → νe,x + e−

All flavors −→≤ 10 events at 10 kpc

Directional information from NC channel

No CC channels for x flavors

Inverse beta decay IBD:

ν̄e + p → e+ + n

100-200 events at 10 kpc

e+ allow reconstruction of ν̄e spectrum

No directional information e+ emission isotropic

Figure 6: Cross section of neutrino proces in Water tank

Figure 7: Cosinus of Scattering angle ν̄e − e+ distribution

for Nakazato model 9



CCSN IBD Spectrums

Eνth = 1.806 MeV ≪ ⟨Eν⟩

e+ Cherenkov threshold Eechth
= 774KeV → β = 1

nw
nw=1.33

Eνchth
≈ 2.06MeV

dN

dtdE
= fpNH2O

1

4πd2

L(t)

< E > (t)
ϕ(E , t)ψ(t)σ(E) σ(E) =

∫ Ee2

Ee1

dσ(E , Ee)

dEe
dEe (7)

E1,2 = Eν − δ −
1

mp
ECM
ν (ECM

e pCM
e ), δ ≡

m2
n − m2

p − m2
e

2mp
fp = 2 (8)

NH2O
≈ 3.3271028

Figure 8: IBD Energy spectrum rates at 10 kpc Figure 9: IBD Time spectrum rates at 10 kpc
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CEνNS vs IBD rates

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

• Total IBD and CνNS rates are similar Vveto ≈ 100VTPC

• Different time evolution : CνNS (ve peak around 10ms ) vs IBD (v̄e peak around 100ms )

Figure 10: CEνNS vs IBD Time Spectrum Rate for Nakazato

and Bollig models at 10 kpc

Figure 11: CEνNS vs IBD Energy Spectrum Rate for

Nakazato and Bollig models at 10 kpc
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GEANT4 IBD GENERATOR
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IBD Cerenkov light

In Water most of Cerenkov light is produced by

e+, 2.2 MeV γ from nCapture produced

compton scattered e- close to the Ech.

In Water with Gd More Cerenkov light from 8.2

MeV γ-cascade neutron Gd capture, due to the

contribution of e-/e+ .

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 distributions

Figure 13: Muon Veto PMT hits depositions

e+ event O 10 (ns)

n event 0-1 ms (Water)

and 0-100 µs (Gd).

Pile up for neutron (in

Water) and next

positron event.

Pmt hit Time cut

fmax O(102Hz).

τcut = 1ms

Figure 14: IBD Rates for SN from Nazato model 30M⊙
around the ν̄e peak 0.05-0.20 s Figure 15: n and e+ hits for an IBD event 14



nVeto vs Muon Veto
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Next Steps

Figure 16: Efficiencies for nVeto(right) and µVeto (left) as a function of

PMT coincidences

• GEANT4 PMThits digitalization:

• Detection efficiencies:

• PMT coincidences

• e+ Energie

• Background analysis for µ and neutron Vetos

• Reconstruction SN neutrino signal in time:

• PMTs response as a function of e+ Energy

• Sensitivity Study

• Inclusion of Vetos in SNEWS... Veto Trigger

Figure 17: Detection signifiance as a function of

SN distance

CEνNS Events ( 5σ / SN 27M⊙ (S2

Only, Eth=0.7 KeV))[3]

XENON1T XENONnT DARWIN

25 kpc 35 kpc 65 kpc

35 events 123 events 704 events
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BACKUP

BACKUP
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Neutrino burst from CCSN

• Collapse and Bounce 0-0.1s

O(1053ergs)

p + e− −→ νe + n

Increase of e- pressure reduced,

collapse accelerates

Core bounce

• Accretion 0.1-1s O(1053ergs)

Density increases and shock wave

out of the core

e− + e+ → νe + ν̄e
νe + ν̄e → νµ,τ + ν̄µ,τ
N+N → N+N + νν̄

• Cooling 1-10s O(1053ergs)

Luminosity decreases Charge

current interactions are supressed

Proto-neutron Star PNS

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

Figure 19: Light curves from Nakazato 30 M⊙

2 Different phases after bounce:

Accretion [0, 1 s]:

• 0 - 0.05 s: νe

• 0.05 - 1 s: ν̄e , νx

Cooling phase [1,10 s]

⟨Eνe ⟩ ≈ 12MeV

⟨Eν̄e ⟩ ≈ 14MeV

⟨Eνx ⟩ ≈ 15 MeV

⟨α⟩ [2, 3.5 ]

Figure 20: Number of Emissions from

Nalazato Model 30M⊙
20



CCSN Neutrino Flux Models

• EOS : LS 220, SHEN, BH...

• Metallicity: Solar (Z=0.02) and Small Magellanic Cloud SMC (Z=0.004)

• Mass range :8-50 M⊙

• Time burst duration:0.5 to 20 s

21



GEANT 4 IBD Spectrums

Figure 21: Simulate G4 Neutrino

Spectrum at time 0.1s for Nakzato Model at 10

kpc

Figure 22: Simulate G4 Positron Energy and Angular Spectrum at time 0.1s for

Nakzato Model at 10 kpc

Figure 23: Simulate G4 Neutron Energy and Angular Spectrum at time 0.1s for Nakzato Model at 10 kpc 22



SN neutrino Electron Scattering

dN

dtdE
= NH2O

fp
1

4πd2

L(t)

< E > (t)
ϕ(E , t)ψ(t)σ(E) σ(E) =

∫ Ee2

Ee1

dσ(E , Ee )

dEe
dEe (9)

With fp 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 νe and ν̄e .

The allowed values of Ee , E1 < Ee < E2, correspond to the possible scattering angles θCM in the center of mass

(CM) frame:

Ee = mE +
(2mEE

2
ν cos(θ)

2)

((mE + Eν )2 − E2
ν cos(θ)

2)
(10)

E1 = Ech E2 = mE +
2E2
ν

(2Eν + mE )
(11)

Figure 24: ES vs IBD Energy spectrum at 10 kpc for

Nakazato model 30 M⊙
Figure 25: ES vs IBD Time spectrum at 10 kpc for Nakazato

model 30 M⊙
23



SN neutrino Electron Scattering Angular distribution

cos(θ)) =
(Eν + mE )(Ee − me )

Eνpe
(6)

The expression of
dσ(E,cos(θ))

dcos(θ)
is obtained from

dσ(E,Ee )
dEe

[2]:

dσ(E , cos(θ))

dcos(θ)
=

dσ

d cos θ
(Eν , cos θ) =

dcos(θ)

dEe

dσ

dEe
=

4mEEν eNu(mE + Eν )
2cos(θ)

((mE + Eν )2 − E2
ν cos(θ)

2)2

dσ

dEe
(8)

• NES ≈ 10%NIBD

5-15 Events per burst at 10 kpc

• Directional information:
Not enough rate at 10 kpc, but d¡5 kpc (20-60

events).

Electron scattered contribution signal for kinetical

energies T¿1 MeV far enough for the Eth .

• Discrimination between IBD and ES

Cerenkov depositions.

Figure 26: Spectrum for ES cosinus scattering angle, at time

=0.1s for Nazazato model 30 M⊙

XENON Note:

[https://xe1t-wiki.lngs.infn.it/doku.php?id=xenon:xenonnt:layos:sn_neutrino_electron_elastic_scattering]
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SN neutrino Transport effects: Neutrino flavor oscillation

SN Neutrino oscillations: neutrino propagation is described by 3 mass eigenstates: v1, v2, v3, with

masses m1 < m2 < m3 in Normal mass hierarchy.

In vaccuum

The eigenvalues of each state H0i
vi = Eivi with Ei =

√
pi + mi

The projection of each flavor β using the PMNS unitary matrix U [9] becomes:

vβ =
∑

i=1,2,3

Uβivi v̄β =
∑

i=1,2,3

U∗
βi v̄i (12)

The transition probability between two states is:

Pα→β = |vαvβ |2 = δαβ − 4
∑
j>k

Re
{
U∗
αjUβjUαkU

∗
βk

}
sin2

(
∆jkm

2d

4E

)
+

2
∑

j>k Im
{
U∗
αjUβjUαkU

∗
βk

}
sin

(
∆jkm

2d

2E

)
(13)

For example, parametrizing for two mixing angles θ̄12, θ̄13, we have for ē:

Dē1 = |Uē1|2 = cos2θ̄12cos
2
θ̄13 Dē2 = |Uē2|2 = cos2θ̄12sin

2
θ̄13 Dē3 = |Uē3|2 = sin2θ̄13

(14) 25



SN neutrino Transport effects: Matter Effects

In matter

Hamiltonian becomes: Hi = HOi
+ Vi

Propagation eigenstates changes: vi → vim and θij → θijm

sin 2θ̄13m =
sin 2θ13√

(cos 2θ13 + cos2θ12V/k)2 + sin2 2θ13
(15)

cos 2θ̄13m =
cos 2θ13 + cos2θ12V/k√

(cos 2θ13 + cos2θ12V/k)2 + sin2 2θ13
k =

∆m13

2E
(16)

sin 2θ̄12m =
sin 2θ12√

(cos 2θ13 + V/k)2 + sin2 2θ12
(17)

cos 2θ̄12m =
cos 2θ12 + V/k√

(cos 2θ12 + V/k)2 + sin2 2θ12
k =

∆m12

2E
(18)

CC (νe,ē + e → νe,ē + e) at SN energies lead to a difference of potential V:

∆V = Ve − Vx =
√
2GF ne (19)

This add a resonance, depending on density ne , with the condition [10]:

nRe = cos(2θm)n0 n0 =
∆m2

ij

2
√
2EGF

(20)

26



SN neutrino Transport effects: MSW Effect

SN environnemment:

The density variation, ne(t) leads to

H(t)= H0 + V (t)

MSW effect : Adiabatic or partially adiabatic neutrino

flavor conversion in medium with varying density [11].

Adiabaticity condition:

γ = |
θ̇m

Him − Hjm
| ≪ 1 (21)

Figure 27: SN Neutrino potential profile [12]

At this point, several approximations can be done:

1)In high densites SN medium V
k ≫ 1 and cos2(θ̄m) ≈ 1 sin2(θ̄m) ≈ 0

2)The assumption of Nµ ≡ Nτ = Nx leads to non observable effects of the transformation 2-3,

i.e. θ23m = 0 in NMO. 3 flavor oscillation case with θ12m and θ13m.

3) In Vaccum : P̄ex ∝ sin2∆ij = sin2
∆m2

ij d

2E

At long distances 1 pc the factor d
E averages out: P̄ex −→ ⟨P̄ex⟩(θij )

Mean Probability will only depend on vaccum mixing angles θij . 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 ν̄e in Normal mass ordering NMO [5]

p̄ee = De1 = cos2(θ12)cos
2(θ13) p̄ex = 1 − p̄ee p̄xx = (1 + p̄ee)/2 p̄xe = (1 − p̄ee)/2

(22)

For Inverted mass ordering IMO :

p̄ee = De3 = sin2(θ13) p̄ex = 1 − p̄ee p̄xx = (1 + p̄ee)/2 p̄xe = (1 − p̄ee)/2 (23)

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⊙

Earth spectrum becomes:

dN

dEdt
= p̄ee

dN

dtdE ν̄e
+ p̄xe

dN

dtdE ν̄x
(24)

Values of mixing angles [13] θ12 = 33.44

θ13 = 8.57

Figure 29: NMO and IMO neutrino mass

eigenstates population
28



IBD Positron Energy distributions

Diferential cross section

dσ(E , Ee )

dEe
=

dt

dEe

dσ

dt
t = m2

n + mp − 2mp(Eν − Ee ) (25)

With dσ
dt

from [14]
Cherenkov light Threshold Eeth

= β ¿ 1/n with n=1,333 = 0.7742 MeV
∗ For the neutrino Ech = 2.0684 MeV

Limits of Ee , E1 < Ee < E2, correspond to the possible scattering angles θCM in the

center of mass (CM) frame:

E1,2 = Eν−δ−
1

mp
ECM
ν (ECM

e ±pCM
e ), with δ ≡

m2
n − m2

p − m2
e

2mp
(26)

Positron Energy in the Lab frame

Ee =
(E − δ)(1 + ϵ) + ϵcos(Θ)

√
((E − δ)2 − m2

eκ)

κ

ϵ = E/mP κ = (1 + ϵ)2 − (ϵcos(Θ))2 (27)

Positron spectrum rate at a time t

dN

dEedt ibd

|t = NH2O
∗fp∗

1

4πd2

∫ Emax

Emin

L(t)

< E > (t)
ϕ(E , t)ψ(t)

dσ(E , Ee )

dEe
dE

Emin = Ee + δ Emax =
Emin

(1−2
Emin
mp

)
fp = 2 (28)

Figure 30: Positron spectrum at time 0.1

at the ν̄e peak production for Nakazato Model

at 10 kpc

Figure 31: Total Positron spectrum for

Nakazato Model at 10 kpc 29



IBD Positron Scattering angle distributions

Positron scattering angle in the Lab frame

cos(θ) =
(m2

n − m2
p − m2

e + 2mp(Eν − Ee ) − 2EνEe )

2Eνpe
(29)

Diferential cross section

t = me2 − 2Eν (Ee − pecos(θ)) (30)

Using the Jacobian transformation from dσ
dEe

using the values of the

implicits function of t and cos(θ):

∂cos(θ)

∂Ee
=

1 + ϵ(1 − Ee
pe

cos(θ))

ϵpe
(31)

dσ(E , cos(θ))

dcos(θ)
= (

∂cos(θ)

∂Ee
)−1 dσ

dEe
=

peε

1 + ε(1 − Ee
pe

cos θ)

dσ

dEe

(32)

cos(θ)[−1, 1]

dN

dcos(θ)dt ibd

|t = NH2O
∗fp∗

1

4πd2

∫
E

L(t)

< E > (t)
ϕ(E , t)ψ(t)

dσ(E , cos(θ))

dcos(θ)
dE

(17)

Figure 32: Scattering angle cosinus spectrum

for Nakazato model at 10 kpc

At SN neutrinos energies,

positron emission is barely

isotropic.
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IBD Neutron Energy distributions

Diferential cross section

dσ

dEn
(Eν, En) =

∂t

∂En

dσ

dt
= −2mp

dσ

dt
(33)

Limits of En , E1 < En < E2 for an Eν and Ee :

En1,2
=

m2
n + m2

p − m2
e + 2Eν (Ee

−
+ pe )

2mp
(34)

Using the CM :

En1,2
= Eν − ∆ −

EνCM

mp
(EnCM

−
+ pnCM

) (23)

Neutron Energy in the Lab frame

En =
−(1 + ϵ)(∆ − Eν ) + ϵcos(θN )

√
(∆ − Eν )2 − m2

N
κ

κ

∆ =
−m2

p−m2
n+m2

e
2mp

(35)

Neutron Energy Spectrum at a given time

dN

dEe dt ibd

|t = NH2O
fp

1

4πd2

∫ Emax

Emin

L(t)

< E > (t)
ϕ(E, t)ψ(t)

dσ(E, En)

dEn
dE

Emin =
−2mp (En+∆)

(2(−pn+En−mp ))
Emax = 100 (36)

Figure 33: Neutron spectrum at time 0.1 at the

ν̄e peak production for Nakazato Model at 10 kpc

Figure 34: Neutron total energy spectrum for

Nakazato Model at 10 kpc
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IBD Neutron Scattering angle distributions

Neutron scattering angle in the Lab frame

cos(θN ) =
∆ − (Eν − En) + ϵEn

ϵpn
(37)

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

cos(θNmax )

cos(θNmax ) =

√
(2EνδS − (δ2

S
− m2

e ))

Eν
δS = mn − mp (38)

Differential cross section

∂cos(θ)

∂En
= −

1 + ϵ(1 − En
pn

cos(θN ))

ϵpN
(39)

dσ(Eν , cos(θN ))

dcos(θN )
= (

∂cos(θ)

∂En
)−1 dσ

dEn
= −

pnε

1 + ε(1 − En
pn

cos(θN )

dσ

dEn

(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

dcos(θ)dt ibd

|t = NH2O
fp

1

4πd2

∫
E

L(t)

< E > (t)
ϕ(E , t)ψ(t)

dσ(E , cos(θN ))

dcos(θN )
dE

(28)

Figure 35: Neutrino cosinus scattering angle

distribution
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Back up PMNS Matrix

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

U =

 c12c13 s12c13 s13e
−iδ

−c23s12 − s23c12s13e
iδ c23c12 − s23s12s13e

iδ s23c13
s23s12 − c23c12s13e

iδ −s23c12 − c23s12s13e
iδ c23c13

 ,
K = diag(1, e iϕ2/2, e iϕ3/2), (41)

where cij = cos θij and sij = sin θij and θij represents a νi -νj mixing angle (i, j=1,2,3). Some experimental

observation of three mixing angles are summarized as follows [16]:

sin2 θ12 = 0.304+0.013
−0.012 (NH or IH),

sin2 θ23 = 0.452+0.052
−0.028 (NH), 0.579+0.025

−0.037 (IH),

sin2 θ13 = 0.0218+0.0010
−0.0010 (NH), 0.0219+0.0011

−0.0010 (IH),

δ(◦) = 306+39
−70 (NH), 254+63

−62 (IH), (42)
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