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XENONnT

XENONnT used not only as Dark Matter detector

⇓

XENONnT also used to detect neutrinos through:

coherent elastic neutrino-nucleus scattering (CEνNS) on
Xe nuclei in the TPC (sensitive to all neutrino flavors);

inverse beta decay interactions on protons in Gd-doped
water at 0.2% mass concentration (involving ν̄e only).
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XENONnT

neutron Veto: 120 PMTs;
muon Veto: 84 PMTs.

13
A.P. Colijn

Time Projection Chamber (new)

• 5.9 t liquid target in TPC

• 494 PMTs
1. Hamamatsu 3” R11410-21
2. 253 top + 241 bottom
3. 1T recycled + new

• 1.48 m drift length

• 1.33 m diameter

• PTFE reflectors & Cu field 
shaping rings

3” R11410-21 

5.9t xenon

Top PMT array

Bottom PMT array

Field shaping

Teflon reflectors
−200𝑉𝑉/𝑐𝑐𝑐𝑐

XENONnT TPC
Top array: 253 PMTs;
Bottom array: 241 PMTs.
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SN neutrinos spectra

Core collapse Supernovae originate from the death of
stars with mass M > 8M�;

99% of emitted energy is released by ν and ν̄ of all flavors,
with mean energy of tens of MeV;

Focus the attention:

SN of mass M = 27M� in LS220 Equation of state;

Distance from the Earth: 10 kpc .
The SN neutrino data used in this study are available from
https:
//wwwmpa.mpa-garching.mpg.de/ccsnarchive/.
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SN neutrinos spectra

Integrated fluxes of ν and ν̄ over time:

0 10 20 30 40 50 60 70 80 90 100
Energy [MeV]

0

20

40

60

80

100

120

140

160

180

200

220

240
1210×

-1 ]2
 [M

eV
 m

νφ

 in LS220 EoS flux for 27MνIntegrated 

)
e

ν(φ
)

x
ν(φ

0 10 20 30 40 50 60 70 80 90 100
Energy [MeV]

0

20

40

60

80

100

120

1210×

-1 ]2
 [M

eV
 m

νφ

 in LS220 EoS flux for 27MνIntegrated 

)eν(φ
)xν(φ

Federica Pompa Alma Mater Studiorum · Università di Bologna

Supernova neutrino detection in XENONnT neutron Veto and muon Veto 5



XENONnT SN neutrinos spectra CEνNS IBD Detection efficiency Conclusions

SN neutrinos spectra

In case of oscillations the integrated fluxes are modified:
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CEνNS

CEνNS events in the TPC previously studied in Phys.Rev. D94
(2016) no.10, 103009:
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TABLE I: Expected number of SN neutrino events per tonne
of xenon target above various S1 and S2 thresholds. The SN
burst occurs at 10 kpc from Earth and the neutrino flux has
been integrated over the first 7 s after the core bounce. The
light and charge yields, Ly and Qy, respectively, have been set
to zero below recoil energies of 0.7keV. The number of events,
for the case in which the threshold includes 0 PE (‘� 0’) and
when it does not (‘> 0’), have been separated to show that
many of the events have an S1 or S2 signal that is exactly zero.
The symbol (?) indicates the most likely threshold values (see
discussion in sections IV and VI for details). An S2-only
search for CE⌫NS from SN neutrinos is optimal as it results
in a higher number of detected events.

27 M� 11 M�

LS220 Shen LS220 Shen

S1th [PE] hNphi
� 0 0 26.9 21.4 15.1 12.3

> 0 0 13.3 9.8 6.9 5.2

1 8.3 11.0 8.0 5.6 4.1

2 16.7 7.3 5.1 3.6 2.6

3 (?) 25 5.2 3.5 2.4 1.7

S2th [PE] hNeli
� 0 0 26.9 21.4 15.1 12.3

> 0 0 18.5 14.0 9.9 7.6

20 1.2 18.4 14.0 9.8 7.6

40 2.4 18.1 13.7 9.7 7.4

60 (?) 3.6 17.6 13.3 9.4 7.2

80 4.8 17.0 12.8 9.0 6.9

100 6.0 16.3 12.2 8.6 6.5

is reported for our four SN progenitor models located
10 kpc from Earth and for tpb integrated in the range
[0, 7] s. We have separated the number of events for the
case in which the threshold includes 0 PE and when it
does not to show that approximately 50% and 30% of
the events have an S1 or S2 signal that is exactly zero,
respectively, and are therefore not observable even in an
ideal detector. Generally, the number of S2 events is
much higher than the number of S1 events, and the event
rate drops more slowly as the S2 threshold is increased,
compared to an increase in the S1 threshold. This trend
reflects the fact that the S2 signal from low-energy de-
positions is easier to detect in a dual-phase xenon TPC
due to the amplification that is inherent to the process
of proportional scintillation. For example, the mean S1
signal of a 1 keV energy deposition is hS1i ' 0.5 PE,
while the mean number of electrons and mean S2 signal
are hNeli ' 7.4 and hS2i ' 150 PE, respectively. Since
dual-phase xenon detectors are sensitive to single elec-
trons [90, 91], even very small energy depositions result
in detectable S2 signals.

On the basis of these preliminary results, we show in
the next section that an S2-only analysis is the optimal
channel for detecting CE⌫NS from SN neutrinos. We
discuss realistic values of the S2 threshold and show that

an S2-only search is not limited by background events.
In section VI, we also show the signal uncertainty is not
a limitation.

IV. S2-ONLY ANALYSIS

The canonical dark matter search in a dual-phase
xenon experiment requires the presence of both an S1 and
an S2 signal. This stipulation reduces the background
rate by two primary means. Firstly, measuring both S1
and S2 enables discriminated between the dominant elec-
tronic recoil backgrounds and the expected nuclear recoil
signal, based on the ratio S2/S1 at a given value of S1.
Secondly, the S1 and S2 signals allow for a 3D reconstruc-
tion of the interaction vertex, based on the time di↵er-
ence between the S1 and S2 signal events and the PMT
hit pattern. The latter means that events can be selected
from the central region of the detector, where the back-
ground rate is lowest. In these canonical dark matter
searches, which utilize data collected over O(100) days,
the S1 threshold is typically 2 PE or 3 PE, while the S2
threshold is typically ⇠ 150 PE (see e.g. [82, 92, 93]).

For SN neutrinos though, the brevity of the O(10) s
burst enables the signal to be discrimination from back-
ground based on the timing information rather than the
charge-to-light ratio. Although the requirement of de-
tecting both an S1 and an S2 signal has the e↵ect of fur-
ther reducing the background rate, it also significantly
reduces the signal rate, especially for processes such as
SN neutrino scattering where the nuclear recoil energy
is small [94–99]. For example, for S2th = 60 PE and
any value of S1 (including no S1 signal), the number of
SN neutrino events for the 27 M� SN progenitor with
the LS220 EoS is 17.6 events/tonne. However, when ad-
ditionally requiring an S1 signal with S1th = 2 PE, the
number of events drops to only 7.2 events/tonne. Requir-
ing both an S1 and an S2 signal therefore significantly
reduces the rate of CE⌫NS compared to an S2-only anal-
ysis.

We now show that, for a SN burst, the expected back-
ground rate in a tonne-scale detector is small enough
such that an S2-only analysis does not require the ad-
ditional discrimination capabilities otherwise a↵orded by
the S1 signal. Although the low-energy S2 background
in dual-phase xenon experiments is not yet fully under-
stood, the dominant contribution is believed to arise from
photoionization of impurities in the liquid xenon and the
metal surfaces in the TPC [91], caused by the relatively
high energy of the 7-eV xenon scintillation photons. An-
other background contribution may be from delayed ex-
traction of electrons from the liquid to gas-phase [90].
Such processes create clusters of single-electron S2 sig-
nals and, occasionally, these single-electron signals over-
lap and appear as a single S2 signal from multiple elec-
trons. The resultant low-energy background S2 signals
are very similar to those expected in the case of a SN
neutrino interaction. The background rate for these lone-
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FIG. 5: The detection significance is given as a function of
the SN distance for a 27 M� progenitor with LS220 EoS.
The SN signal has been integrated over [0, 7] s. The di↵erent
bands refer to XENON1T (red), XENONnT and LZ (blue),
and DARWIN (green). The band width reflects uncertainties
from our estimates for the background rate, discussed in sec-
tion IV. The vertical dotted lines mark the centre and edge
of the Milky Way as well as the Large and Small Magellanic
Clouds (LMC and SMC, respectively). For this SN progeni-
tor, XENONnT/LZ could make at least a 5� discovery of the
neutrinos from a SN explosion anywhere in the Milky Way.
DARWIN extends the sensitivity beyond the SMC.

the first 7 seconds after the core bounce. We calcu-
late the detection significance following the likelihood-
based test for the discovery of a positive signal described
in [101]. Our null hypothesis is that the observed events
are only due to the background processes described in
section IV, while our alternative hypothesis is that the
observed events are due to both the background processes
and from SN neutrino scattering. A detection signifi-
cance of 5� means that we reject the background-only
hypothesis at this significance, which we therefore regard
as a 5� discovery of the SN neutrino signal. The bands in
Fig. 5 show the detection significance for a background
rate spanning the range (1.4�2.3)⇥10�2 events/tonne/s,
our assumption for the background rate discussed in sec-
tion IV, based on the measured rates in XENON10 and
XENON100.

Figure 5 shows the detection significance for the 27M�
LS220 EoS progenitor, which gives the highest event rate
among the four progenitors that we consider. However,
from this figure and Table I, it is straightforward to cal-
culate the detection significance for the other progeni-
tors. The expected number of events simply scales with
the inverse square of the SN distance, which implies that
the distance d2|n� for an n� detection of an alternative

SN progenitor is related to the distance d27,LS220|n� for
an n� detection of the 27 M� LS220 EoS progenitor

by d2|n� = d27,LS220|n�
p

events2/events27,LS220. Here
‘events’ is simply the number of events calculated from
the S2th = 60 PE row in Table I (which gives the number
of events per tonne and thus must be multiplied by the
detector size). With this formula, we estimate that the
SN burst from the 11 M�, Shen EoS progenitor can be
detected at 5� significance at 16 kpc, 26 kpc and 44 kpc
from Earth for XENON1T, XENONnT/LZ and DAR-
WIN, respectively.

B. Distinguishing between supernova progenitors

Besides spotting a SN burst, we are also interested in
investigating whether dual-phase xenon detectors could
help us to constrain the SN progenitor physics and the
neutrino properties. Given the sensitivity of xenon de-
tectors to SN neutrinos and the expected insignificant
background, detection should allow the progenitor mass
to be discerned. With the neutrino flux from only four
progenitor models, we cannot perform a detailed study
of the precision with which the progenitor mass could
be reconstructed. However, we can make some general
statements on the performance of the di↵erent xenon ex-
periments.

For a SN at 10 kpc, the expected numbers of events in
XENON1T, XENONnT/LZ and DARWIN for the 27M�
LS220 EoS progenitor are 35, 123 and 704, respectively,
which are 3.8�, 7.1� and 16.9� higher than the 11 M�
LS220 EoS progenitor, where the expectations are 19, 66
and 376 events. This demonstrates that when the SN
distance is well known, DARWIN will be able to discern
between these progenitor masses with a high degree of
certainty, while even XENON1T’s ability will be reason-
ably good.

C. Reconstructing the supernova neutrino light
curve

We now discuss the reconstruction of the SN neutrino
light curve from a Galactic SN burst. Figure 6 shows the
neutrino event rate for the most optimistic of the four
SN progenitors (27 M� with LS220 EoS) as a function
of the time after the core bounce. The rate has been
obtained for a SN at 10 kpc from Earth by adopting an
S2-only analysis with a benchmark threshold of 60 PE
for XENON1T, XENONnT/LZ and DARWIN. In this
analysis, we neglect the small background rate.

The left panel of Fig. 6 shows the light curve dur-
ing the full time evolution of the SN burst with 500 ms
bins. For a Galactic SN, a detector the size of DARWIN
clearly shows the characteristic behaviour of the Kelvin-
Helmholtz cooling phase where the event rate slowly de-
creases between 1 to 7 s, following the same neutrino lu-
minosity trend (cf. Figs. 1 and 2). This behaviour is
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IBD

Interactions of ν̄e with protons in water through Inverse
Beta Decay process: ν̄e + p −→ n + e+ ;

Energy of emitted positrons: Ee+ = Eν̄e − 1.8 MeV;
Neutrons energy capture on Gd: γ cascade of ' 8 MeV;
Oscillations modify slightly the expected number of IBD
interactions:
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No oscillation:  IBD interactions   =  174.9

NO-ad:   IBD interactions   =  174.3

IO-ad:   IBD interactions   =  172.9

Federica Pompa Alma Mater Studiorum · Università di Bologna

Supernova neutrino detection in XENONnT neutron Veto and muon Veto 8



XENONnT SN neutrinos spectra CEνNS IBD Detection efficiency Conclusions

IBD

Interactions of ν̄e with protons in water through Inverse
Beta Decay process: ν̄e + p −→ n + e+ ;
Energy of emitted positrons: Ee+ = Eν̄e − 1.8 MeV;

Neutrons energy capture on Gd: γ cascade of ' 8 MeV;
Oscillations modify slightly the expected number of IBD
interactions:

0 10 20 30 40 50 60 70 80 90 100
Energy [MeV]

0

1

2

3

4

5

6

7

8

]
M

eV
ev

en
ts

 R
at

e 
[

eν

 in LS220 EoSComparison between IBD Rate in case of 27M

No oscillation:  IBD interactions   =  174.9

NO-ad:   IBD interactions   =  174.3

IO-ad:   IBD interactions   =  172.9

Federica Pompa Alma Mater Studiorum · Università di Bologna

Supernova neutrino detection in XENONnT neutron Veto and muon Veto 8



XENONnT SN neutrinos spectra CEνNS IBD Detection efficiency Conclusions

IBD

Interactions of ν̄e with protons in water through Inverse
Beta Decay process: ν̄e + p −→ n + e+ ;
Energy of emitted positrons: Ee+ = Eν̄e − 1.8 MeV;
Neutrons energy capture on Gd: γ cascade of ' 8 MeV;

Oscillations modify slightly the expected number of IBD
interactions:

0 10 20 30 40 50 60 70 80 90 100
Energy [MeV]

0

1

2

3

4

5

6

7

8

]
M

eV
ev

en
ts

 R
at

e 
[

eν

 in LS220 EoSComparison between IBD Rate in case of 27M

No oscillation:  IBD interactions   =  174.9

NO-ad:   IBD interactions   =  174.3

IO-ad:   IBD interactions   =  172.9

Federica Pompa Alma Mater Studiorum · Università di Bologna

Supernova neutrino detection in XENONnT neutron Veto and muon Veto 8



XENONnT SN neutrinos spectra CEνNS IBD Detection efficiency Conclusions

IBD

Interactions of ν̄e with protons in water through Inverse
Beta Decay process: ν̄e + p −→ n + e+ ;
Energy of emitted positrons: Ee+ = Eν̄e − 1.8 MeV;
Neutrons energy capture on Gd: γ cascade of ' 8 MeV;
Oscillations modify slightly the expected number of IBD
interactions:

0 10 20 30 40 50 60 70 80 90 100
Energy [MeV]

0

1

2

3

4

5

6

7

8

]
M

eV
ev

en
ts

 R
at

e 
[

eν
 in LS220 EoSComparison between IBD Rate in case of 27M

No oscillation:  IBD interactions   =  174.9

NO-ad:   IBD interactions   =  174.3

IO-ad:   IBD interactions   =  172.9

Federica Pompa Alma Mater Studiorum · Università di Bologna

Supernova neutrino detection in XENONnT neutron Veto and muon Veto 8



XENONnT SN neutrinos spectra CEνNS IBD Detection efficiency Conclusions

Detection efficiency

Monte Carlo simulation with XENONnT GEANT4 code:

105 events generated in water;

Details of simulation:
primary particle:

e+

n

angular distribution: isotropic
energy spectrum:

Ee+ = Eν̄e − 1.8 MeV
En = 1 keV (to reproduce the neutron capture)

volume of mVeto: 611.3 m3;

volume of nVeto: 52.5 m3.
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Detection efficiency

Detection efficiency (Preliminary):

hNumPMTsHitInt
Entries  2050

Mean    38.03
Std Dev     25.55
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εe+ = 0.99
εn = 0.87
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Detection efficiency

Mass EoS Ordering Expected IBD Detected IBD

27M�

LS220
NO 174.3 173.9
IO 172.9 172.5

Shen
NO 135.0 134.7
IO 121.7 121.4

11.2M�

LS220
NO 87.4 87.2
IO 87.9 87.7

Shen
NO 71.9 71.8
IO 68.1 67.9

Different numbers of expected and detected IBD interactions
requiring 10 PMTs in coincidence.
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Detection efficiency

(Preliminary)

neutron Veto detection
efficiency:

h_eff_nv_only_integral
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muon Veto detection
efficiency:
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Detection efficiency of mVeto PMTs about mVeto events - Integral
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With 10 PMTs in coincidence:
εe+ = 0.99
εn = 0.85
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Detection efficiency

Deposited energy in water by positrons and their tagging
efficiency (Preliminary):
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Tagging Efficiency vs ER Energy deposited in Water 

For E > 6 MeV all events are tagged.
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Conclusions

Dual-phase Xe detectors will provide complementary
information on the SN neutrino signal that is not obtainable
with existing neutrino telescopes;

mVeto and the new nVeto contribute to detect neutrinos
interacting in water via IBD.
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Conclusions

Dual-phase Xe detectors will provide complementary
information on the SN neutrino signal that is not obtainable
with existing neutrino telescopes;
mVeto and the new nVeto contribute to detect neutrinos
interacting in water via IBD.
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