
Learning about Supernova Neutrinos 
with Xenon Dark Matter Detectors

 INT Workshop “Flavor Observations with Supernova Neutrinos” 
Institute for Nuclear Theory, Seattle, August 16, 2016

12/26/15 6:01 PM

Page 1 of 1http://www.nbia.dk/sites/nbia.dk/files/nbia-logo-black.svg

Irene Tamborra
Niels Bohr Institute, University of Copenhagen



Outline

• Neutrinos from core-collapse supernovae.

• Dual phase xenon detectors. 

• SN neutrino signal in a dual-phase xenon detector. What can we learn?

• Conclusions.

Based on work in collaboration with R. Lang, C. McCabe, S. Reichard and M. Selvi (arXiv: 1606.09243).



General Features of Neutrino Signal

Figure: 1D spherically symmetric SN simulation (M=27 M    ), Garching group. sun
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Figure 4-1: Three phases of neutrino emission from a core-collapse SN, from left to right: (1) Infall,
bounce and initial shock-wave propagation, including prompt νe burst. (2) Accretion phase with
significant flavor differences of fluxes and spectra and time variations of the signal. (3) Cooling of
the newly formed neutron star, only small flavor differences between fluxes and spectra. (Based on a
spherically symmetric Garching model with explosion triggered by hand during 0.5–0.6 ms [168,169].
See text for details.) We show the flavor-dependent luminosities and average energies as well as
the IBD rate in JUNO assuming either no flavor conversion (curves ν̄e) or complete flavor swap
(curves ν̄x). The elastic proton (electron) scattering rate uses all six species and assumes a detection
threshold of 0.2 MeV of visible proton (electron) recoil energy. For the electron scattering, two
extreme cases of no flavor conversion (curves no osc.) and flavor conversion with a normal neutrino
mass ordering (curves NH) are presented.
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Detectors Sensitive to SN Neutrinos

Recent review papers: Scholberg (2012). Mirizzi, Tamborra, Janka, Scholberg et al. (2016). 

Expected number of events for a SN at 10 kpc and dominant flavor sensitivity in parenthesis.
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Dual-Phase Xenon Dark Matter Detectors

Are these detectors sensitive to SN neutrinos? 

XENON1T (2 tons). Commissioning. XENONnT & LZ (7 tons). In design.

DARWIN (40 tons). Early plans.



Neutrino-Nucleus Elastic Scattering

PHYSICAL REVIE%' D VOLUME 30, NUMBER 11 1 DECEMBER 1984

Principles and applications of a neutral-current detector
for neutrino physics and astronomy

A. Drukier and L. Stodolsky
Max Plan-ck Insti-tut fiir Physik und Astrophysik, Werner Heis-enberg Insti-tut fiir Physik,
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We study detection of MeU-range neutrinos through elastic scattering on nuclei and identification
of the recoil energy. The very large value of the neutral-current cross section due to coherence indi-
cates a detector would be relatively light and suggests the possibility of a true "neutrino observato-
ry." The recoil energy which must be detected is very small (10—10 eV}, however. We examine a
realization in terms of the superconducting-grain idea, which appears, in principle, to be feasible
through extension and extrapolation of currently known techniques. Such a detector could permit
determination of the neutrino energy spectrum and should be insensitive to neutrino oscillations
since it detects all neutrino types. Various applications and tests are discussed, including spallation-
sources, reactors, supernovas, and solar and terrestrial neutrinos. A preliminary estimate of the
most difficult backgrounds is attempted.

One of the most fascinating and challenging problems
of experimental physics at present is connected with the
detection of low- and medium-energy neutrinos. Of the
greatest interest is the nascent field of neutrino astrono-
my. Despite the impressive efforts of Davis and colla-
borators, ' some intriguing indications, and some ambi-
tious proposals, the subject is still in its infancy. The
outcome of the solar neutrino problem is still unclear and
the question of neutrinos from stellar collapse is com-
pletely open. Second, many important questions of par-
ticle physics revolve around the question of neutrino mass
and neutrino mixing, for which studies with low- or
medium-energy neutrinos are particularly suitable.
In this paper we would like to discuss the possibility of

a new kind of detector for such neutrinos, using the
neutral-current process of neutrino-nucleus elastic scatter-
ing for neutrino detection.
The advantages or special features of detection via the

neutral-current process are as follows.
(a) Due to the coherence factor for neutrino-nucleus

scattering and the E increase of the total cross section,
the rates are orders of magnitude greater than that for
other detectors of the same weight.
(b) The neutral-current detector responds to all (known)

types of neutrinos equally. For example, muon neutrinos
may be studied below the energy to produce a muon. The
detector should therefore also be insensitive to neutrino
oscillations.
(c) The neutral-current detector responds to neutrinos

of all energy, and in a known way so that the incoming
neutrino spectrum may be inferred.
The central difficulty, of course, of such a neutral-

current device is that detection can only take place by ob-
servation of a very-low-energy nuclear recoil. This gives
both a small and, at first glance, rather unspecific signal.
In the following we will argue that nevertheless these

difficulties might be overcome using a de]'inite detector
principle, that of the superconducting-grain (or -colloid)

detector. Many of our considerations are quite general,
however, and would apply to any system proposing to use
neutrino-nucleus elastic scattering.
In the superconducting colloid, metastable supercon-

ducting grains of micron dimensions are held in a dielec-
tric filler material in a magnetic field. The field and tem-
perature are so adjusted that a small temperature jump 5T
will flip the grain into the normal state. Owing to the
very small value of the specific heat at low temperature
the energy of a single particle, such as our recoil nucleus,
can suffice to flip the grain, as we show below. As the
grain goes normal, the magnetic field around the grain
collapses, due to the disappearance of the Meissner effect.
This in turn leads to an electromagnetic signal which can
be picked up by a readout loop.
As evident from the brief explanation, the method is

essentially calorimetric and provides no inforination on
direction. Thus, except for short neutrino pulses, as from
supernovas, where timing from several stations might be
used, it is not possible to determine the direction of the
neutrinos. Such a detector, using fast electronics, will
have good timing information, however.
For explanation of the detector principle and its various

tests we refer to the literature. Our object in this paper is
to investigate the ultimate possibilities and limitations of
the device as a neutral-current neutrino detector. We
shall leave for a later time a discussion of its detailed con-
struction and instrumentation. We shall, however, at-
tempt to identify the major advantages and disadvantages
set by basic physics. Thus, in the discussion of noise and
background we will leave aside instrumental noise but will
attempt some estimates of particle backgrounds and their
rejection. When necessary, we shall assume ideal func-
tioning of the instrument and extrapolation or extension
of its properties to theoretically possible but as-yet-
untested areas. We begin by describing neutrino-nucleus
elastic scattering.
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Neutrino-Nucleus Elastic Scattering

Supernova observation via neutrino-nucleus elastic scattering in the CLEAN detector

C. J. Horowitz*
Nuclear Theory Center and Department of Physics, Indiana University, Bloomington, Indiana 47405, USA

K. J. Coakley
National Institute of Standards and Technology, Boulder, Colorado 80305, USA

D. N. McKinsey
Physics Department, Princeton University, Princeton, New Jersey 08544, USA

!Received 5 February 2003; published 28 July 2003"

Development of large mass detectors for low-energy neutrinos and dark matter may allow supernova detec-
tion via neutrino-nucleus elastic scattering. An elastic-scattering detector could observe a few, or more, events
per ton for a galactic supernova at 10 kpc (3.1!1020 m). This large yield, a factor of at least 20 greater than
that for existing light-water detectors, arises because of the very large coherent cross section and the sensitivity
to all flavors of neutrinos and antineutrinos. An elastic scattering detector can provide important information on
the flux and spectrum of #$ and #% from supernovae. We consider many detectors and a range of target
materials from 4He to 208Pb. Monte Carlo simulations of low-energy backgrounds are presented for the
liquid-neon-based Cryogenic Low Energy Astrophysics with Noble gases detector. The simulated background
is much smaller than the expected signal from a galactic supernova.

DOI: 10.1103/PhysRevD.68.023005 PACS number!s": 97.60.Bw, 95.85.Ry

I. INTRODUCTION

Rich information on neutrino properties, oscillations, the
supernova mechanism, and very dense matter is contained in
the neutrinos from core-collapse supernovae &1'. Existing de-
tectors such as Super-Kamiokande &2' should accurately
measure the # e component of the supernova signal. How-
ever, the very interesting #$ , #% , # $ , and # % !collectively
#x) components may be detected without direct energy infor-
mation and or in the presence of significant backgrounds
from other neutrino induced reactions. Therefore, additional
#x detectors could be very useful.
Perhaps the ‘‘ultimate’’ supernova detector involves

neutrino-nucleus elastic scattering &3,4'. The count rate in
such a detector could be very high because the coherent elas-
tic cross section is large and all six neutrino components
(#e ,# e , and the four #x) contribute to the signal. In particu-
lar, the detector is sensitive to #x , which are expected to
have a high energy and large cross section. Elastic scattering
detectors can have yields of a few or more #x events per ton
for a supernova at 10 kpc (3.1!1020 m). This is an increase
by a factor of 20 or more over existing light-water detector
yields of hundreds of # e and tens of #x events per kiloton.
Furthermore, the energy of nuclear recoils provides direct

information on the #x spectrum. Existing detectors measure
#x via neutral-current inelastic reactions on oxygen &5', deu-
terium &6', or carbon &7'. Here the observed energy deposi-
tion does not depend on the neutrino energy as long as it is
above threshold. Perhaps neutrino-proton elastic scattering
&8' can be detected in KamLAND &7'. This is similar to
neutrino-nucleus elastic scattering but has a smaller cross
section.

Alternatively, it may be possible to detect #x using inelas-
tic excitations of Pb. Proposals include using lead perchlor-
ate, as suggested by Elliott &9', OMNIS &10' and LAND &11'.
Here some information on #x energies may be obtained by
measuring the ratio of single- to two-neutron knockout.
However, the inelastic Pb cross sections are somewhat un-
certain. In contrast, neutrino-nucleus elastic cross sections
can be calculated accurately with very little theoretical un-
certainty.
The #x spectrum depends on how neutrinos thermalize

with matter in a supernova, and is somewhat uncertain. Keil,
Raffelt, and Janka have studied the effects of NN brems-
strahlung, pair annihilation, and nucleon recoil on the #x
spectrum &12'. These effects can be measured with an
elastic-scattering detector.
Obtaining direct information on #x energies may be very

important because the difference in energies for #x compared
to #e or # e is the primary lever arm for observing neutrino
oscillations. For example, #x→#e oscillations could lead to
high energy #e . However, deducing the oscillation probabil-
ity may depend crucially on knowing how hot the #x were to
begin with. Neutrino-nucleus elastic scattering itself is ‘‘fla-
vor blind.’’ Therefore, the signal should be independent of
neutrino oscillations !among active species". Thus elastic
scattering may provide a baseline with which to characterize
the supernova source. Comparing this information to other
flavor-dependent information and theoretical simulations
may provide the best evidence of oscillations.
The kinetic energy of the recoiling nuclei is low, typically

below 100 keV. It is difficult to detect such low-energy
events in the presence of radioactive backgrounds. Further-
more, scintillation signals from the nuclear recoils may be
reduced by quenching because of the very high ionization
density. However, recent progress in designing detectors for
low-energy solar neutrinos suggests that detection may be*Email address: horowitz@iucf.indiana.edu

PHYSICAL REVIEW D 68, 023005 !2003"

0556-2821/2003/68!2"/023005!7"/$20.00 ©2003 The American Physical Society68 023005-1

See also Beacom, Farr & Vogel, PRD (2002). 



Dual-Phase Xenon Detectors

S1= Prompt scintillation light (in LXe).

S2= Ionization charge signal converted to 
scintillation signal (in GXe).

PMTs

GXe

LXe

From kinematics: ER ⇠ 2.4 keV
⇣ mDM

5 GeV

⌘2
Recoil energy from a WIMP particle:

Recoil energy from a SN neutrino:
Comparable recoil energies.

Interaction: neutral current (Z-exchange)

From kinematics:

Neutrino signal similar to low-mass dark matter signal

ER ⇠ 2.4 keV

✓
E⌫

12 MeV

◆22

Because of low background, all Xe instrumented volume can be used for SN neutrinos.



Supernova Neutrino Inputs

Figure: 1D spherically symmetric SN simulations, Garching group.

Four 1D simulations to gauge astrophysical uncertainty of the expected signal:
• Two progenitor masses (11 & 27 M     ) 
• Two equations of state (LS220 & Shen EoS).
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Scattering Rates

4

luminosities gradually decrease as the proto-neutron star
cools and de-leptonizes. As the explosion is artificially
triggered in these simulations, the exact transition time
from the accretion to the Kelvin-Helmholtz cooling phase
should be taken with caution. The neutrino signal during
this phase is sensitive to the progenitor mass and the EoS.
In fact, while the di↵erences among the neutrino proper-
ties from di↵erent progenitors during the neutronization
burst are small, at later times they become considerable.

B. Neutrino flavour conversion

The neutrino transport in SN hydrodynamical simula-
tions is solved within the weak-interaction basis for all
three neutrino flavours. Neutrinos oscillate while they
are propagating through the stellar envelope as well as
on their way to Earth. This a↵ects the neutrino flavour
distribution detected on Earth. In particular, neutri-
nos undergo the Mikheev-Smirnov-Wolfenstein (MSW)
e↵ect [55, 56], which a↵ects the survival probability of
each neutrino flavour according to the adiabaticity of the
matter profile. The MSW e↵ect could be modified by tur-
bulence or significant stochastic fluctuations in the stellar
matter density (see e.g. [57–60]). In addition, neutrino–
neutrino interactions are believed to be important and
can a↵ect the neutrino flavour evolution and therefore
the expected energy distribution [3, 4, 61].
For our purpose, however, the details of the oscillation

physics are not important. This is because CE⌫NS is
sensitive to all neutrino flavours and the total neutrino
flux is conserved. Hence, the same total flux produced at
the SN core will reach the detector on Earth.
Non-standard physics may lead to situations where

the total flux is not conserved, such as a scenario with
light sterile neutrinos [5, 6, 62, 63], non-standard neu-
trino interactions [7, 8, 64], or light dark matter parti-
cles [9, 65, 66]. All of these cases a↵ect the heating of the
star, implying that the total neutrino flux reaching the
Earth could be di↵erent from the total neutrino flux at
the neutrinosphere. In this paper, we will not consider
these scenarios further but focus on the Standard Model
scenario.

III. SUPERNOVA NEUTRINO SCATTERING
WITH DUAL-PHASE XENON DETECTORS

With the launch of the XENON1T experiment [38],
which contains two tonnes of instrumented xenon, di-
rect detection dark matter searches have entered the
era of tonne-scale targets. The detection principle
of this experiment is similar to smaller predecessors,
including LUX [67], PandaX [68], XENON100 [69],
XENON10 [70], and the three ZEPLIN experiments [71–
73]. Future experiments using the same technology in-
clude XENONnT [74] and LZ [39] with each planning
for approximately seven tonnes of instrumented xenon.

The DARWIN consortium [40, 75, 76] is investigating an
even larger experiment to succeed XENONnT and LZ
with approximately 40 tonnes of instrumented xenon. In
principle, the technology can be extended to even larger
detectors at comparatively modest cost.
These experiments consist of a dual-phase cylindrical

time projection chamber (TPC) filled primarily with liq-
uid xenon and a gaseous xenon phase on top. The energy
deposited by an incident particle in the instrumented
volume produces two measurable signals, called the S1
and S2 signals, respectively, from which the energy de-
position can be reconstructed. An energy deposition in
the liquid xenon creates excited and ionized xenon atoms,
and the prompt de-excitation of excited molecular states
yields the S1 (or prompt scintillation) signal. An electric
drift field of size O(1) kV/cm draws the ionization elec-
trons to the liquid-gas interface. A second electric field of
size O(10) kV/cm extracts the ionization electrons from
the liquid to the gas. Within the gas phase, these ex-
tracted electrons collide with xenon atoms to produce
the S2 (or proportional scintillation) signal. The S1 and
S2 signals are observed with two arrays of photomulti-
plier tubes (PMTs) situated at the top and bottom of
the TPC. A measurement of both the S1 and S2 sig-
nals allows for a full 3D reconstruction of the position of
the energy deposition in the TPC. In typical dark mat-
ter searches, only an inner volume of the xenon target is
used to search for dark matter (the “fiducial volume”),
but the background rate for the duration of the SN sig-
nal is su�ciently small that all of the instrumented xenon
can be used to search for SN neutrino scattering (see sec-
tion IV for further discussion). In the following, we will
thus always refer to the instrumented volume.
The general expression for the di↵erential scattering

rate dR in terms of the observable S1 and S2 signals for
a perfectly e�cient detector is

d2R

dS1dS2
=

Z
dt

pb

dE
R

pdf (S1, S2|E
R

)
d2R

dE
R

dt
pb

. (4)

The di↵erential rate is an integral over the time-period
of the SN neutrino signal, expressed in terms of the post-
bounce time t

pb

, and an integral over the recoil energy E
R

of the xenon nucleus. The di↵erential scattering rate in
terms of E

R

is convolved with the probability density
function (pdf) to obtain S1 and S2 signals for a given
energy deposition E

R

. In subsections IIIA and III B,
we describe the procedure to calculate d2R/dE

R

dt
pb

and pdf(S1, S2|E
R

) respectively. Subsequently, in sub-
section III C, we present the expected neutrino-induced
scattering rates in terms of the S1 and S2 observable
quantities.
Before moving on, we briefly comment on single-phase

xenon experiments, such as XMASS [77], which only have
the liquid phase. The absence of the gas-phase implies
that there is no S2 signal, so any generated ionization
only adds to the S1 signal. Thus, the instrument is
more sensitive in S1 but lacks the inherent amplification
of the S2 signal using proportional scintillation. Ulti-

Differential rate as a function of the measured S1 and S2 signals
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mately, due to quantum e�ciencies of photon detection
and some sources of background, single-phase detectors
have a higher energy threshold compared to dual-phase
detectors. As we demonstrate in the next subsection,
the recoil spectrum increases rapidly at low energies; so,
dual-phase experiments are significantly more sensitive to
SN neutrinos. For this reason, we do not consider single-
phase detectors and refer the reader to the literature for
further discussion [36].

A. Scattering rates in terms of recoil energy

The interaction of a SN neutrino with a xenon nu-
cleus through CE⌫NS causes the nucleus to recoil with
energy E

R

. The di↵erential scattering rate in terms of E
R

is given by

d2R

dE
R

dt
pb

=
X

⌫�

N
Xe

Z

E

min
⌫

dE
⌫

f0

⌫�
(E

⌫

, t
pb

)
d�

dE
R

, (5)

where the sum is over all six neutrino flavours, N
Xe

'
4.60⇥1027 is the number of xenon nuclei per tonne of liq-
uid xenon, Emin

⌫

' p
m

N

E
R

/2 is the minimum neutrino
energy required to induce a xenon recoil with energy E

R

,
m

N

is the mass of the xenon nucleus, and f0

⌫�
(E

⌫

, t
pb

) is
as defined in Eq. (1). Finally, d�/dE

R

is the coherent
elastic neutrino-nucleus scattering cross-section [10]:

d�

dE
R

=
G2

F

m
N

4⇡
Q2

W

✓
1� m

N

E
R

2E2

⌫

◆
F 2(E

R

) , (6)

where G
F

is the Fermi constant, Q
W

= N � (1 �
4 sin2 ✓

W

)Z is the weak nuclear hypercharge of a nucleus
with N neutrons and Z protons, sin2 ✓

W

' 0.2386 is the
weak mixing angle at small momentum transfer [78], and
F (E

R

) is the nuclear form factor. For xenon, the Helm
form factor provides an excellent parametrization for the
small values of E

R

induced by CE⌫NS with which we are
concerned [79]:

F (E
R

) =
3j

1

(qr
n

)

qr
n

exp

✓
� (qs)2

2

◆
, (7)

where q2 = 2m
N

E
R

is the squared momentum trans-
fer, s = 0.9 fm is the nuclear skin thickness, r2

n

=
c2 + 7

3

⇡2a2 � 5s2 is the nuclear radius parameter, c =

1.23A1/3 � 0.60 fm, a = 0.52 fm, A is the atomic number
of xenon, and j

1

(qr
n

) is the spherical Bessel function.
The di↵erential scattering rates dR/dE

R

as a function
of the xenon recoil energy E

R

for the four progenitor
models are shown in the upper panel of Fig. 2 for t

pb

integrated over [0, 7] s. As evident in all of this figure’s
panels, the event rate is larger for the 27 M

�

SN pro-
genitors, while there is a smaller di↵erence owing to the
di↵erent equations of state, with the LS220 EoS resulting
in a slightly larger predicted event rate.

The middle panel of Fig. 2 shows the di↵erential scat-
tering rate dR/dt

pb

as a function of the post-bounce

FIG. 2: The upper panel shows the expected di↵erential re-
coil spectrum dR/dE

R

as a function of the recoil energy E
R

.
The di↵erential rate dR/dt

pb

as a function of the post-bounce
time t

pb

is plotted in the middle panel. The lower panel rep-
resents the number of observable events R as a function of the
detector’s energy threshold E

th

. All panels show results for
11M

�

and 27M
�

progenitors with LS220 and Shen EoSs for
a SN at 10 kpc. In the upper and lower panels, the neutrino
flux is integrated over [0, 7] s after the core bounce, while the
middle panel assumes E

th

= 0 keV. All panels show that the
event rate is larger for the 27 M

�

SN progenitors while the
LS220 EoS results in an O(25%) larger rate than the Shen
EoS. Note that these rates are not directly observable since it
is S1 and S2 that is measured, rather than E

R

.
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mately, due to quantum e�ciencies of photon detection
and some sources of background, single-phase detectors
have a higher energy threshold compared to dual-phase
detectors. As we demonstrate in the next subsection,
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dual-phase experiments are significantly more sensitive to
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of the xenon recoil energy E
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for the four progenitor
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integrated over [0, 7] s. As evident in all of this figure’s
panels, the event rate is larger for the 27 M
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SN pro-
genitors, while there is a smaller di↵erence owing to the
di↵erent equations of state, with the LS220 EoS resulting
in a slightly larger predicted event rate.
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FIG. 2: The upper panel shows the expected di↵erential re-
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as a function of the recoil energy E
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.
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time t
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is plotted in the middle panel. The lower panel rep-
resents the number of observable events R as a function of the
detector’s energy threshold E
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�

and 27M
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.
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Coherent elastic neutrino-nucleus cross-
section
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mately, due to quantum e�ciencies of photon detection
and some sources of background, single-phase detectors
have a higher energy threshold compared to dual-phase
detectors. As we demonstrate in the next subsection,
the recoil spectrum increases rapidly at low energies; so,
dual-phase experiments are significantly more sensitive to
SN neutrinos. For this reason, we do not consider single-
phase detectors and refer the reader to the literature for
further discussion [36].

A. Scattering rates in terms of recoil energy

The interaction of a SN neutrino with a xenon nu-
cleus through CE⌫NS causes the nucleus to recoil with
energy E

R

. The di↵erential scattering rate in terms of E
R

is given by

d2R

dE
R

dt
pb

=
X
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N
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Z
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where the sum is over all six neutrino flavours, N
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'
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' p
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N
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as defined in Eq. (1). Finally, d�/dE

R

is the coherent
elastic neutrino-nucleus scattering cross-section [10]:

d�

dE
R

=
G2

F

m
N

4⇡
Q2

W

✓
1� m

N

E
R

2E2

⌫

◆
F 2(E

R

) , (6)

where G
F

is the Fermi constant, Q
W

= N � (1 �
4 sin2 ✓

W

)Z is the weak nuclear hypercharge of a nucleus
with N neutrons and Z protons, sin2 ✓

W

' 0.2386 is the
weak mixing angle at small momentum transfer [78], and
F (E

R

) is the nuclear form factor. For xenon, the Helm
form factor provides an excellent parametrization for the
small values of E

R

induced by CE⌫NS with which we are
concerned [79]:

F (E
R

) =
3j

1

(qr
n

)

qr
n

exp

✓
� (qs)2

2

◆
, (7)

where q2 = 2m
N

E
R

is the squared momentum trans-
fer, s = 0.9 fm is the nuclear skin thickness, r2

n

=
c2 + 7

3

⇡2a2 � 5s2 is the nuclear radius parameter, c =

1.23A1/3 � 0.60 fm, a = 0.52 fm, A is the atomic number
of xenon, and j

1

(qr
n

) is the spherical Bessel function.
The di↵erential scattering rates dR/dE

R

as a function
of the xenon recoil energy E

R

for the four progenitor
models are shown in the upper panel of Fig. 2 for t

pb

integrated over [0, 7] s. As evident in all of this figure’s
panels, the event rate is larger for the 27 M

�

SN pro-
genitors, while there is a smaller di↵erence owing to the
di↵erent equations of state, with the LS220 EoS resulting
in a slightly larger predicted event rate.
The middle panel of Fig. 2 shows the di↵erential scat-

tering rate dR/dt
pb

as a function of the post-bounce

FIG. 2: The upper panel shows the expected di↵erential re-
coil spectrum dR/dE

R

as a function of the recoil energy E
R

.
The di↵erential rate dR/dt

pb

as a function of the post-bounce
time t

pb

is plotted in the middle panel. The lower panel rep-
resents the number of observable events R as a function of the
detector’s energy threshold E

th

. All panels show results for
11M

�

and 27M
�

progenitors with LS220 and Shen EoSs for
a SN at 10 kpc. In the upper and lower panels, the neutrino
flux is integrated over [0, 7] s after the core bounce, while the
middle panel assumes E

th

= 0 keV. All panels show that the
event rate is larger for the 27 M

�

SN progenitors while the
LS220 EoS results in an O(25%) larger rate than the Shen
EoS. Note that these rates are not directly observable since it
is S1 and S2 that is measured, rather than E

R

.

Emin
⌫ '

p
mNER/2

Recoil differential rate



Recoil Spectra
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Different progenitors are distinguishable. Neutrino light-curve is reconstructable. 



S2 [100 PE]
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Observable Signals

The measured signal is the one in the S1 and S2 channels rather than the recoil spectrum.
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An S2-only search is optimal for SN neutrinos. By combining S1&S2, event rate is ~ 2-3 times lower.



Observable Signals

S2 background rate is small compared to signal.
Background (XENON10, XENON 100):                 events/tonne/s.
Signal: 1-2.5  events/tonne/s.

O(10�2)

8

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, L

y

and Q
y

, 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.

27M
�

11M
�

LS220 EoS Shen EoS LS220 EoS Shen EoS

S1
th

[PE]

� 0 26.9 21.4 15.1 12.3

> 0 13.3 9.8 6.9 5.2

1 11.0 8.0 5.6 4.1

2 7.3 5.1 3.6 2.6

3 (?) 5.2 3.5 2.4 1.7

S2
th

[PE]

� 0 26.9 21.4 15.1 12.3

> 0 18.5 14.0 9.9 7.6

20 18.4 14.0 9.8 7.6

40 18.1 13.7 9.7 7.4

60 (?) 17.6 13.3 9.4 7.2

80 17.0 12.8 9.0 6.9

100 16.3 12.2 8.6 6.5

and are therefore not observable even in an ideal detec-
tor. 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 depositions
is easier to detect in a dual-phase xenon TPC due to the
amplification that is inherent to the process of propor-
tional scintillation. For example, the mean S1 signal of a
1keV energy deposition is hS1i ' 0.5 PE, while the mean
number of electrons and mean S2 signal are hN

el

i ' 7.4
and hS2i ' 150 PE, respectively. Since dual-phase xenon
detectors are sensitive to single electrons [88, 89], even
very small energy depositions result in detectable S2 sig-
nals.

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 will
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 back-
ground rate by two primary means. Firstly, measuring
both S1 and S2 enables discrimination between the dom-
inant electronic recoil backgrounds and the expected nu-
clear recoil signal, based on the ratio S2/S1 at a given
value of S1. Secondly, the S1 and S2 signals allow for
a 3D reconstruction of the interaction vertex, based on
the time di↵erence 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 background rate is lowest. In these canon-
ical 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. [80, 90, 91]).
For SN neutrinos though, the O(10) s burst of the sig-

nal requires less stringent discrimination capabilities to
reduce the background signal. Although the requirement
of detecting both an S1 and an S2 signal has the e↵ect
of reducing the background rate, it also significantly re-
duces the signal rate, especially for processes such as
SN neutrino scattering where the nuclear recoil energy
is small [92–97]. For example, for S2

th

= 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 S1

th

= 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 background rate

is small enough that an S2-only analysis does not require
the additional discrimination capabilities otherwise af-
forded by the S1 signal. Although the low-energy S2
background in dual-phase xenon experiments is not yet
fully understood, the dominant contribution is believed
to arise from photoionization of impurities in the liquid
xenon and the metal surfaces in the TPC [89], caused
by the relatively high energy of the 7 eV xenon scintilla-
tion photons. Another background contribution may be
from delayed extraction of electrons from the liquid to
gas-phase [88]. Such processes create clusters of single-
electron S2 signals and, occasionally, these single-electron
signals overlap and appear as a single S2 signal from mul-
tiple electrons. 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
events has been characterized by XENON10 [93, 97] and
XENON100 [98], which found background rates of ap-
proximately 2.3 ⇥ 10�2 and 1.4 ⇥ 10�2 events/tonne/s,
respectively. These rates are consistent with the general
expectation that the S2-only background rate is inde-
pendent of the detector size. Based on these measure-

Number of events/tonne for a SN at 10 kpc.



What Could We Learn?



Detection Significance

DARWIN will be sensitive to a SN burst up to the Small Magellanic Cloud.
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Neutrino Light Curve
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Kelvin-Helmholtz cooling phase

DARWIN will be able to clearly reconstruct the neutrino light-curve and to differentiate among phases 
of neutrino signal. Partial sensitivity with XENONnT/LZ. 

Excellent timing resolution:                 .O(100)µs



Neutrino Spectral Information
Ansatz on flux parametrization for time-integrated flux:

Excellent reconstruction of neutrino properties with DARWIN. Good prospects for XENON1T.
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FIG. 5: Event rate from an S2-only analysis as a function of the post-bounce time for a SN burst at 10 kpc. The event rate is
shown for a 27M

�

SN progenitor with LS220 EoS for three target masses: 2, 7, 40 tonnes in red, blue, and green respectively.
The left panel covers the full time evolution with 500ms time bins, including the Kelvin-Helmholtz cooling phase. The right
panel shows the early evolution with 100ms time bins and focuses on the neutronization and accretion phases.

ity between xenon detectors and traditional neutrino ex-
periments should, therefore, allow for tests of oscillation
physics as well as the possible existence of non-standard
physics scenarios (e.g. [100]). We leave a detailed study
of this feature for future work.

D. Neutrino di↵erential flux

Up to this point, we have extracted information using
the event rate integrated over the S2 range for a given
threshold S2

th

. However, xenon detectors are also able to
accurately measure the S2 value of an individual event.
For the first time, we investigate the physics that can be
extracted from this spectral information. In particular,
in this subsection, we demonstrate that xenon detectors
can reconstruct the all-flavour neutrino di↵erential flux as
a function of the energy and, in the next subsection, that
the total SN energy emitted into all flavours of neutrinos
can be reconstructed.

The neutrino di↵erential flux, f0

⌫�
(E

⌫

, t
pb

), defined in
Eq. (1), enters the calculation for the rate of events in
a xenon detector in Eq. (5). From this equation, we see
that it is the time-integrated di↵erential flux summed
over all neutrino flavours that determines the number
of SN neutrino scattering events in a detector. This
quantity may therefore be reconstructed. It depends
on the SN progenitor and the time window of the ob-
servation, but we would like to reconstruct it by mak-
ing as few assumptions as possible about the initial SN
progenitor. We thus make the following ansatz for the
time-integrated di↵erential flux summed over all neutrino

flavours:

X

⌫�

Z
t2

t1

dt
pb

f0

⌫�
(E

⌫

, t
pb

)

⌘ A
T

⇠
T

✓
E

⌫

hE
T

i
◆

↵T

exp

✓�(1 + ↵
T

)E
⌫

hE
T

i
◆

.

(17)

With this ansatz, we assume that the time-integrated
di↵erential flux can be parametrized with three free pa-
rameters: an amplitude A

T

, an average energy hE
T

i, and
a shape parameter ↵

T

. Here, ⇠
T

is a normalization pa-
rameter defined such that
Z

dE
⌫

⇠
T

✓
E

⌫

hE
T

i
◆

↵T

exp

✓�(1 + ↵
T

)E
⌫

hE
T

i
◆

= 1 . (18)

With these definitions, A
T

has units of area�1, ↵
T

is di-
mensionless, and hE

T

i has units of energy. As suggested
by our notation, hE

T

i is the average neutrino energy of
the time-integrated flux summed over all flavours.
In practice, however, the shape parameter ↵

T

is dif-
ficult to constrain experimentally since it is degenerate
with hE

T

i, which also controls the shape of the observed
recoil spectrum i.e. dR/dS2. We therefore make a sim-
plifying assumption motivated by the observation from
SN simulations that the di↵erential neutrino flux can be
approximated by a Fermi-Dirac distribution with zero
chemical potential [42, 43, 101]. For this distribution, the
relation hE2i/hEi2 ' 1.3 holds [42], and from Eq. (3), im-
plies ↵

T

' 2.3. This value of ↵
T

is fixed in the subsequent
results. This should be a reasonably good approximation
everywhere, except during the very short neutronization
burst phase (t

pb

. 10ms), where the spectrum is signif-
icantly pinched with respect to a Fermi-Dirac distribu-
tion [43].

with ↵T = 2.3
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Supernova Explosion Energy
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Precision

~ 5%

~ 10%

~ 20%

Excellent reconstruction of energy emitted into neutrinos with DARWIN. Good for XENON1T.
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FIG. 7: The reconstructed 1� band of the total energy emitted
into neutrinos in 30 mock experiments for each of XENON1T
(red), XENONnT/LZ (blue) and DARWIN (green). The true
value for the 27M

�

LS220 EoS progenitor integrated over the
total time of the SN burst (taken as the first 7 s) is shown by
the dashed vertical line.

ansatz by (see Eqs. (1) and (17))

E
tot

=
X

⌫�

Z
7s

0s

dt
pb

L
⌫� (tpb) = 4⇡d2A

T

hE
T

i . (20)

This relation follows from noting that

A
T

hE
T

i =
Z

dE
⌫

E
⌫

X

⌫�

Z
dt

pb

f0

⌫�
(E

⌫

, t
pb

) , (21)

and using Eq. (1) to express f0

⌫�
(E

⌫

, t
pb

) in terms
of L

⌫� (tpb).
Figure 7 shows the 1� range of the reconstructed total

energy emitted into neutrinos in 30 mock experiments for
each of XENON1T, XENONnT/LZ and DARWIN. As in
the previous subsection, we use the ML method to find
the estimators of the parameters A

T

and hE
T

i for the
signal integrated over the first 7 s of a 27M

�

LS220 EoS
progenitor at 10 kpc from Earth. Then, we calculate E

tot

from Eq. (20) and the 1� range using the propagation
of errors as described in [102]. We do not include any
uncertainty on the distance d in our reconstruction.

The dashed vertical line shows the total energy from
the SN simulation of the 27 M

�

LS220 EoS progenitor.
As we would expect, each mock experiment results in a
di↵erent mean and variance with the property that the 1�
region covers the true value in approximately 68% of the
mock experiments. The typical uncertainty on the re-
constructed energy for all four SN progenitors is given in

TABLE II: The typical uncertainty of the reconstructed total
energy emitted in neutrinos over the first 7 s, assuming our
four SN progenitors situated 10 kpc from Earth, for di↵erent
current and upcoming detectors.

27M
�

11M
�

LS220 Shen LS220 Shen

XENON1T (2t) 20% 25% 30% 36%

XENONnT/LZ (7t) 11% 13% 16% 20%

DARWIN (40t) 5% 6% 7% 9%

Table II. This number is the average of the ratio of the
1� error over the mean for 250 mock experiments. The
uncertainty is smallest for the 27 M

�

LS220 EoS pro-
genitor since it results in the highest number of events,
and is largest for 11 M

�

Shen EoS progenitor, which
gives the lowest number of events. Unsurprisingly, the er-
rors decrease substantially as the target mass is increased
from 2 tonnes in XENON1T to 40 tonnes in DARWIN.
However, even XENON1T can give a reasonably precise
estimate of the total energy emitted into neutrinos for
a SN at 10 kpc.

F. Comparison with dedicated neutrino detectors

We briefly compare the expected number of events
of the forthcoming xenon detectors with existing or fu-
ture neutrino detectors (see also Table 1 of [3] for an
overview). For a SN burst at 10 kpc, XENON1T and
XENONnT/LZ will measure approximately 35 and 120
events in total. This is approximately one order of mag-
nitude less than DUNE, which is expected to measure ap-
proximately O(103) events mostly in the ⌫

e

channel with
a 40 tonne liquid argon detector (see Fig. 5.5 of [23]).
In the ⌫̄

e

channel, a larger event rates are expected from
IceCube which should see approximately 106 events (see
Fig. 52 of [17]), Hyper-Kamiokande which is expected to
measure approximately 105 events (see Fig. 54 of [17]),
and JUNO which should detect about 6000 events (see
Figs. 4-7 of [20]). The proposed DARWIN direct detec-
tion dark matter detector, with 40 tonnes of liquid xenon,
will measure approximately 700 events for all six flavours,
and is thus starting to be competitive in terms of the
event rate with these dedicated neutrino detectors. Of
course, the quoted numbers depend on di↵erent assump-
tions for the adopted SN model and therefore have to be
viewed only as rough estimations of the expected number
of events.
For what concerns the reconstruction of the SN

neutrino light curve, IceCube, Hyper-Kamiokande and
JUNO will all measure many more events [O(104 �
105) events/s] compared to DARWIN, which will see ap-
proximately 330 events during the first second and 370
events in the remainder of the SN burst. Even though
the number of events is smaller for DARWIN, it is impor-
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High 
significance 

discovery
Light curve 

reconstruction
Total nu-energy 
reconstruction

nu-spectrum 
reconstruction

XENON1T (2t) ✔ ✗ ∼ ∼
XENONnT/LZ 

(7t) ✔ ∼ ✗ ∼ ✔ ∼ ✔

DARWIN (40t) ✔ ✔ ✔ ✔

For a SN at 10 kpc from Earth:

(Recall: SN at 2.2 kpc in XENON1T = SN at 10 kpc in DARWIN)

Table: Courtesy of C. McCabe.



Conclusions

• First self-consistent modeling of the SN neutrino signal in dual-phase Xe detectors. 

• SN neutrinos will be detectable through proportional scintillation signal (S2) with low-energy 
threshold and negligible background. 

• Features in the neutrino light curve can be discriminated with next-generation Xe detectors.

• Neutrino emission properties can be reconstructed.

• Xenon detectors sensitive to all neutrino flavors. Complementary information wrt to 
dedicated flavor-sensitive detectors.
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