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• getting bigger (x 100)
• becoming quieter (background x 0.01)
• better understood (calibrated to ~ 0.1 keV)
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Figure 1. (left) The attainable bound on spin-independent WIMP nucleon cross-section as a function
of the WIMP mass of present and future nobel liquid detectors. Shown are upper limits from PandaX-
II [28], DarkSide-50 [31], XENON100 [25], and LUX [27] as well as the sensitivity projections for
DEAP3600 [16], XENON1T [32], XENONnT [32], LZ [33], DarkSide-20k [34] and DARWIN [35], for
which we also show the 1-� (yellow band) and 2-� (green band) regions. DARWIN is designed to
probe the entire parameter region for WIMP masses above ⇠5 GeV/c2, until the neutrino background
(⌫-line, dashed orange [36]) will start to dominate the recoil spectrum. (right) Upper limits on the
spin-dependent WIMP-neutron cross section of ZEPLIN-III [19], XENON100 [37] and LUX [38] as
well as projections for XENON1T, XENONnT, LZ and DARWIN. DARWIN and the high-luminosity
LHC will cover a common region of the parameter space. The 14 TeV LHC limits for the coupling
constants g� = gq = 0.25, 0.5, 1.0, 1.45 (bottom to top) are taken from [39]. The LHC reach for spin-
independent couplings is above 10�41 cm2. Argon has no stable isotopes with non-zero nuclear spins
and is thus not sensitive to spin-dependent couplings. Figures updated from [35], using the xenon
response model to nuclear recoils from [27] for the DARWIN sensitivity.

in the LUX programme, which plans to operate a 7 t LXe detector with an additional scin-
tillator veto to suppress the neutron background [33]. The DarkSide collaboration proposes
a 20 t LAr dual-phase detector, with the goal to reach 9 ⇥ 10�48cm2 at 1TeV/c2, based on
extrapolations of the demonstrated PSD efficiency of the smaller detector [34, 40].

The DARk matter WImp search with liquid xenoN (DARWIN) observatory, which is the
subject of this article, aims at a ⇠10-fold increase in sensitivity compared to these projects.
Figure 1 (left) summarises the status and expected sensitivities to spin-independent WIMP-
nucleon interactions as a function of the WIMP mass for noble liquid detectors including
DARWIN. Figure 1 (right) shows the situation for the spin-dependent case, assuming WIMP
coupling to neutrons only. DARWIN and the high-luminosity LHC will cover common pa-
rameter space [39] in this channel.

This article is structured as follows: After a brief introduction to the DARWIN project
in Section 2, we discuss its reach for several astroparticle and particle physics science channels
in Section 3. DARWIN’s main background sources are introduced in Section 4, followed by a
detailed discussion on design considerations and the status of the ongoing R&D towards the
ultimate WIMP dark matter detector in Section 5.

2 The DARWIN project

DARWIN will be an experiment using a multi-ton liquid xenon TPC, with the primary goal
to explore the experimentally accessible parameter space for WIMPs. DARWIN’s 50 t total
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of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Z
e↵

(r)/r. Z
e↵

(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l0, L once it converges.
Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, n

e

, (unobserved)
scintillation photons, n

�

, and heat. To calculate n
e

, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, N

i

, and
a number of excited atoms, N

ex

, whose initial ratio is
determined to be N

ex

/N
i

⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, f

R

, is essentially zero at low energy,
resulting in n

e

= N
i

and n
�

= N
ex

. The fraction, f
e

,
of initial quanta observed as electrons is therefore given
by f

e

= (1 � f
R

)(1 + N
ex

/N
i

)�1 ⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = E

er

/W , where E
er

is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with f

R

and N
ex

/N
i

, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use N

ex

/N
i

= 0.2, f
R

= 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < f

R

< 0.2, 0.1 < N
ex

/N
i

< 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
N

ex

/N
i

are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for f

R

is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n(1) =
Floor(E

er

/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus n

e

= n0

e

+ n00

e

, where n0

e

represents the
primary electron and is thus 0 or 1 with probability f

R

or (1 � f
R

), respectively, and n00

e

follows a binomial dis-
tribution with n(1) + n(2) trials and success probability
f
e

. This procedure is intended to reasonably approxi-
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FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and F

DM

= 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
f
R

, N
ex

/N
i

and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the m

DM

-�
e

plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(F

DM

= 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by

Essig et al arXiv:1206.2644
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FIG. 2. Elastic (dR/dER) and photon-emission (dR/d!) rates
in xenon. The ionization threshold is 12 eV. The dotted line
is derived from the näıve cross section (3).

spin-independent DM-nucleus cross section �SI
0

'
A2�n(µN/µn)2 where �n is the DM-nucleon elastic cross
section and µn the DM-nucleon reduced mass. Making
the excellent approximation that the nuclear form factor
at low recoil is unity, F 2 ' 1, the di↵erential cross section
can be integrated to yield,

d�

d!
=

4↵|f(!)|2

3⇡!

µ2

Nv2�SI
0

m2

N

r
1� 2!

µNv2

✓
1� !

µNv2

◆
.

(9)

In a final step, we take the average of the cross section
over the velocity distribution of DM in the frame of the
detector and compute the event rate,

dR

d!
= NT

⇢�
m�

Z

|v|�v
min

d3v vfv(v + ve)
d�

d!
. (10)

Here, NT is the number of target nuclei per unit detec-
tor mass and ⇢� = 0.3GeV/cm3 is the local DM mass
density. For fv(v) we take a truncated Maxwellian with
escape speed v

esc

= 544 km/s [14] and most probable
velocity v

0

= 220 km/s; ve is the velocity of the Earth
relative to the galactic rest frame and v

min

=
p

2!/µN .
The penalty for going to the inelastic channel is of

course very large. Whereas a factor of ↵ is compensated
by Z2 in (3) [or by f2

1,2 in (9)], the factor ER/mN

may be overcome by a quasi-exponential rising event
rate dR

el

/dER ⇠ e�ER/E
0 with decreasing ER where

E
0

= few ⇥ keV for WIMPs and typical target masses.
The spill over from photons into the higher energy region
is the key that allows us to exploit the inelastic channel
in the electron recoil band experimentally.

The prospective parameter space where the method of
Bremsstrahlung emission yields an improvement of sen-
sitivity, is best identified by demanding that no elas-
tic nuclear recoil event (with rate dR/dER) has been
induced above the detector-specific nominal threshold
recoil energy ER,th, N(ER > ER,th) = exposure ⇥R1
ER,th

dER
dR
dER

< 1, and by computing from there the

number of bremsstrahlung-induced electron recoil events
via (10). It is important to note that N(ER > ER,th) < 1
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FIG. 3. (m�,�n) plane of DM mass and DM-nucleon cross
section. Regions labeled CRESST-II and CDMSlite were pre-
viously excluded from elastic DM-nucleus scattering [17, 18];
regions labeled XENON10 and XENON100 show newly de-
rived constraints based on (1b). Above the line “m.f.p.” lim-
its are invalidated as DM scatters before reaching the detec-
tor. The region XQC is excluded from rocket-based X-ray
calorimetry data [19]. Projections for CRESST-III and for a
dedicated liquid Xe experiment, labeled LXE, are also shown;
see main text. The monojet constraint CDF is model depen-
dent; CMB constraints can be evaded [20] and are not shown.

becomes trivially fulfilled for any value of DM-nucleon
cross section once the DM mass falls below the kine-
matic threshold imposed by the maximum relative veloc-
ity between DM and target nucleus, v

max

= v
esc

+ ve '
750 km/s. For example, N(ER > ER,th) < 1 for any
value of �SI

0

once the DM mass falls below 900MeV in
a xenon experiment with nominal threshold of ER,th =
1.1 keV such as in LUX [15, 16]. Figure 2 shows the
theoretical rates for elastic scattering, dR/dER, and the
photon emission rate dR/d! as labeled resultant from
nuclear recoils of a DM particle of mass m� = 1GeV
and a DM-nucleon cross section of �n = 10�35 GeV. The
dotted line is the rate according to the naive estimate (3).
Probing low-mass DM. We now explore the sensitiv-

ity to Bremsstrahlung in the usual (m�,�n) plane. Here
we focus on the ionization-only signal in liquid scintil-
lator experiments, for which XENON10 [21], and most
recently XENON100 [22], have presented results. The
ionization threshold of xenon is ⇠ 12 eV, hence the emis-
sion of a 100 eV photon can already produce multiple
ionized electrons. For XENON10 we neglect the concrete
electron multiplicity and simply demand a photon emis-
sion rate that respects R < 19.3 kg�1 day�1, the rate of
events in a large bin that covers 1-80 ionized electrons;
for details see [23, 24]. For XENON100 we convert the
reported ionization spectrum in photoelectrons (PE) to
electron recoil energies using the yield of 19.7 PE/e� [22]
and assume that it takes on average 13.8 eV to produce
an ionized electron [25]; the conversion factor is hence
1.43 PE/eV. Although signal formation at lowest en-
ergies is poorly understood, a recent measurement at
200 eV electron recoil energy supports such naive expec-
tations of charge yield, with recombination of ions and

Kouvaris et al arXiv:1607.01789
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Interaction: neutral current (Z-exchange)

From kinematics:

Neutrino signal similar to low-mass dark matter signal
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Supernova neutrinos: an old idea

Supernova observation via neutrino-nucleus elastic scattering in the CLEAN detector
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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.
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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
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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
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high energy #e . However, deducing the oscillation probabil-
ity may depend crucially on knowing how hot the #x were to
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A neutral-current detector:
1. gains from a coherence factor: the cross-section is proportional                 

to (neutron-number)2

2. responds to all types of neutrinos equally
3. responds to neutrinos in a known way so that the incoming neutrino 

spectrum may be inferred
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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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I. INTRODUCTION
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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
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“Elastic scattering detectors can have yields of a few or more 
neutrino events per tonne for a supernova at 10 kpc”
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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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Supernova neutrinos: a timely perspective

Why is it timely to think about this?
Tonne scale experiments are starting to run:

commissioning: XENON1T (~ 2 t)
in design/construction: XENONnT & LZ (~ 7 t)

R&D/early plans: DARWIN (~ 40 t)
What physics can we do with these detectors?

“Elastic scattering detectors can have yields of a few or 
more neutrino events per tonne for a supernova at 10 kpc”

Christopher McCabe    GRAPPA - University of Amsterdam



Outline

1. Simulating the supernova neutrino signal 
in a dual-phase xenon detector

Extracting information from:
2. the number of events
3. the shape of the spectral
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1. Simulating the supernova 
neutrino signal in a dual-
phase xenon detector

Christopher McCabe    GRAPPA - University of Amsterdam



Supernova burst neutrino signal
Use results from four 1D simulations by the Garching group:
• Two progenitor masses (11 & 27 MSun) 
• Two equation of states (LS220 & Shen EoS)
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Supernova burst neutrino signal
Use results from four 1D simulations by the Garching group:
• Two progenitor masses (11 & 27 MSun) 
• Two equation of states (LS220 & Shen EoS)
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Supernova burst neutrino signal
Use results from four 1D simulations by the Garching group:
• Two progenitor masses (11 & 27 MSun) 
• Two equation of states (LS220 & Shen EoS)
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Supernova burst neutrino signal
Use results from four 1D simulations by the Garching group:
• Two progenitor masses (11 & 27 MSun) 
• Two equation of states (LS220 & Shen EoS)
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Signal simulation
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• Detectors calibrated to 
low energy (0.7 keV)

• Use LUX light and 
charge yields:

3

in the absence of signal charge loss to impurities during
drifting, have a mean of S2 detected S2 photons. Cal-
ibration relative to these reference points accounts for
position dependence in the e�ciency to extract an elec-
tron into the gas, electroluminescence yield, and photon-
detection e�ciency, and for time-dependent xenon pu-
rity. In [6], ionization was estimated using only the bot-
tom PMT array, over which S2 light is quite uniform.
However, a subsequent large-sample calibration with a
dissolved tritiated methane source [16] has demonstrated
that using all PMTs reduces by 20% the rate of leakage
ER events below the Gaussian mean log(S2/S1) of NR
calibration at a given S1. We find that, after flat fielding,
the reduced variance from measuring more photons out-
weighs residual nonuniformity in the top array response.
The sum of top and bottom arrays is thus adopted for
S2.

The detector-specific gain factors g
1

and g

2

are defined
via the expectation values hS1i = g

1

n� and hS2i = g

2

ne,
given n� initial photons and ne initial electrons leav-
ing the interaction site. Their values in LUX were ob-
tained by the technique of [17] using a set of monoen-
ergetic electron-recoil sources as in [18]. The sum of
the photon yield and the electron yield is observed to
be constant with energy, equal to the reciprocal of the
W value as defined in [19]; however, the individual yields
do vary, because charge recombination probability de-
pends upon energy, E. In a plot of S2/E versus S1/E,
the sources trace a line and a fit to this line measures
the gain factors: g

1

= (0.117± 0.003) phd per photon
and g

2

= (12.1± 0.8) phd per electron, with anticorre-
lation ⇢ = �0.6. Calibrating S1 and g

1

in units of de-
tected VUV photons results in a numerical shift relative
to the previous, smaller units of photoelectrons (phe)
but is preferred because g

1

thus defined is the proba-
bility for an initial photon to cause a detectable PMT
response. Using yields at many discrete energies is also
more robust than the single spectral fit used to esti-
mate values of g

1

= (0.14± 0.01) phe per photon and
g

2

= (16.0± 0.3) phe per electron in [6].

The fiducial range in drift time, mitigating radiogenic
backgrounds from detector materials, is unchanged from
[6] at 38–305 µs (48.6–8.5 cm above the faces of the bot-
tom PMTs in z). A data-driven model of events originat-
ing on detector sidewalls allows a larger fiducial radius
of 20 cm. The fiducial mass was measured as a frac-
tion of the known active xenon mass by counting tritium
events: the result of (145.4±1.3) kg is consistent with the
147 kg expected from geometry. S1 pulses are required to
have two-PMT coincidence and S1 in the range 1–50 phd.
Normalizing to the detector center means that S1 can be
below 2.0 phd even with two photons detected. A lower
analysis threshold of 165 phd raw S2 size (6.7 times the
mean SE response) is applied to mitigate the random
coincidence background from smaller, isolated S2s.

The LUX NR response in S2 and S1 has been measured
in situ using monoenergetic neutrons from an Adelphi
DD108 deuterium-deuterium (D-D) fusion source. The
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FIG. 1. Top, middle: yields of electrons and photons, re-
spectively, for nuclear recoils in LUX, measured in situ with
D-D neutrons. Error bars are statistical. Bottom: e�ciencies
for NR event detection, averaged over the fiducial volume and
estimated using LUXSim with parameters tuned to D-D cal-
ibration. In descending order of e�ciency—red: detection
of an S2 (�2 electrons emitted); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing thresholds in S1 and
raw S2 size. The 97.5% ± 1.7% event-classification e�ciency
is applied as an additional, energy-independent scaling. The
vertical line at 1.1 keV marks the low-energy cuto↵ applied in
the signal model. All panels: solid lines show the best fit of
the Lindhard parametrization; shaded regions span its 1- and
2-� uncertainty used for the final result. Dashed lines show
the best fit of the alternate, Bezrukov NR parametrization.

yields are presented in Fig. 1. The dominant systemat-
ics in these charge and light calibrations correspond to a
uniform 9% and 3%, respectively [15, 20, 21]. The NR
response in S2 was measured with an absolute determi-
nation of the deposited energy from scattering angles in
multiple-vertex events. This calibration of the NR signal
yields directly improves sensitivity to low-mass WIMPs
over [6].

To compute WIMP signal probability density functions

3

in the absence of signal charge loss to impurities during
drifting, have a mean of S2 detected S2 photons. Cal-
ibration relative to these reference points accounts for
position dependence in the e�ciency to extract an elec-
tron into the gas, electroluminescence yield, and photon-
detection e�ciency, and for time-dependent xenon pu-
rity. In [6], ionization was estimated using only the bot-
tom PMT array, over which S2 light is quite uniform.
However, a subsequent large-sample calibration with a
dissolved tritiated methane source [16] has demonstrated
that using all PMTs reduces by 20% the rate of leakage
ER events below the Gaussian mean log(S2/S1) of NR
calibration at a given S1. We find that, after flat fielding,
the reduced variance from measuring more photons out-
weighs residual nonuniformity in the top array response.
The sum of top and bottom arrays is thus adopted for
S2.

The detector-specific gain factors g
1

and g

2

are defined
via the expectation values hS1i = g

1

n� and hS2i = g

2

ne,
given n� initial photons and ne initial electrons leav-
ing the interaction site. Their values in LUX were ob-
tained by the technique of [17] using a set of monoen-
ergetic electron-recoil sources as in [18]. The sum of
the photon yield and the electron yield is observed to
be constant with energy, equal to the reciprocal of the
W value as defined in [19]; however, the individual yields
do vary, because charge recombination probability de-
pends upon energy, E. In a plot of S2/E versus S1/E,
the sources trace a line and a fit to this line measures
the gain factors: g

1

= (0.117± 0.003) phd per photon
and g

2

= (12.1± 0.8) phd per electron, with anticorre-
lation ⇢ = �0.6. Calibrating S1 and g

1

in units of de-
tected VUV photons results in a numerical shift relative
to the previous, smaller units of photoelectrons (phe)
but is preferred because g

1

thus defined is the proba-
bility for an initial photon to cause a detectable PMT
response. Using yields at many discrete energies is also
more robust than the single spectral fit used to esti-
mate values of g

1

= (0.14± 0.01) phe per photon and
g

2

= (16.0± 0.3) phe per electron in [6].

The fiducial range in drift time, mitigating radiogenic
backgrounds from detector materials, is unchanged from
[6] at 38–305 µs (48.6–8.5 cm above the faces of the bot-
tom PMTs in z). A data-driven model of events originat-
ing on detector sidewalls allows a larger fiducial radius
of 20 cm. The fiducial mass was measured as a frac-
tion of the known active xenon mass by counting tritium
events: the result of (145.4±1.3) kg is consistent with the
147 kg expected from geometry. S1 pulses are required to
have two-PMT coincidence and S1 in the range 1–50 phd.
Normalizing to the detector center means that S1 can be
below 2.0 phd even with two photons detected. A lower
analysis threshold of 165 phd raw S2 size (6.7 times the
mean SE response) is applied to mitigate the random
coincidence background from smaller, isolated S2s.

The LUX NR response in S2 and S1 has been measured
in situ using monoenergetic neutrons from an Adelphi
DD108 deuterium-deuterium (D-D) fusion source. The
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FIG. 1. Top, middle: yields of electrons and photons, re-
spectively, for nuclear recoils in LUX, measured in situ with
D-D neutrons. Error bars are statistical. Bottom: e�ciencies
for NR event detection, averaged over the fiducial volume and
estimated using LUXSim with parameters tuned to D-D cal-
ibration. In descending order of e�ciency—red: detection
of an S2 (�2 electrons emitted); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing thresholds in S1 and
raw S2 size. The 97.5% ± 1.7% event-classification e�ciency
is applied as an additional, energy-independent scaling. The
vertical line at 1.1 keV marks the low-energy cuto↵ applied in
the signal model. All panels: solid lines show the best fit of
the Lindhard parametrization; shaded regions span its 1- and
2-� uncertainty used for the final result. Dashed lines show
the best fit of the alternate, Bezrukov NR parametrization.

yields are presented in Fig. 1. The dominant systemat-
ics in these charge and light calibrations correspond to a
uniform 9% and 3%, respectively [15, 20, 21]. The NR
response in S2 was measured with an absolute determi-
nation of the deposited energy from scattering angles in
multiple-vertex events. This calibration of the NR signal
yields directly improves sensitivity to low-mass WIMPs
over [6].

To compute WIMP signal probability density functions
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3

in the absence of signal charge loss to impurities during
drifting, have a mean of S2 detected S2 photons. Cal-
ibration relative to these reference points accounts for
position dependence in the e�ciency to extract an elec-
tron into the gas, electroluminescence yield, and photon-
detection e�ciency, and for time-dependent xenon pu-
rity. In [6], ionization was estimated using only the bot-
tom PMT array, over which S2 light is quite uniform.
However, a subsequent large-sample calibration with a
dissolved tritiated methane source [16] has demonstrated
that using all PMTs reduces by 20% the rate of leakage
ER events below the Gaussian mean log(S2/S1) of NR
calibration at a given S1. We find that, after flat fielding,
the reduced variance from measuring more photons out-
weighs residual nonuniformity in the top array response.
The sum of top and bottom arrays is thus adopted for
S2.

The detector-specific gain factors g
1

and g

2

are defined
via the expectation values hS1i = g

1

n� and hS2i = g

2

ne,
given n� initial photons and ne initial electrons leav-
ing the interaction site. Their values in LUX were ob-
tained by the technique of [17] using a set of monoen-
ergetic electron-recoil sources as in [18]. The sum of
the photon yield and the electron yield is observed to
be constant with energy, equal to the reciprocal of the
W value as defined in [19]; however, the individual yields
do vary, because charge recombination probability de-
pends upon energy, E. In a plot of S2/E versus S1/E,
the sources trace a line and a fit to this line measures
the gain factors: g

1

= (0.117± 0.003) phd per photon
and g

2

= (12.1± 0.8) phd per electron, with anticorre-
lation ⇢ = �0.6. Calibrating S1 and g

1

in units of de-
tected VUV photons results in a numerical shift relative
to the previous, smaller units of photoelectrons (phe)
but is preferred because g

1

thus defined is the proba-
bility for an initial photon to cause a detectable PMT
response. Using yields at many discrete energies is also
more robust than the single spectral fit used to esti-
mate values of g

1

= (0.14± 0.01) phe per photon and
g

2

= (16.0± 0.3) phe per electron in [6].

The fiducial range in drift time, mitigating radiogenic
backgrounds from detector materials, is unchanged from
[6] at 38–305 µs (48.6–8.5 cm above the faces of the bot-
tom PMTs in z). A data-driven model of events originat-
ing on detector sidewalls allows a larger fiducial radius
of 20 cm. The fiducial mass was measured as a frac-
tion of the known active xenon mass by counting tritium
events: the result of (145.4±1.3) kg is consistent with the
147 kg expected from geometry. S1 pulses are required to
have two-PMT coincidence and S1 in the range 1–50 phd.
Normalizing to the detector center means that S1 can be
below 2.0 phd even with two photons detected. A lower
analysis threshold of 165 phd raw S2 size (6.7 times the
mean SE response) is applied to mitigate the random
coincidence background from smaller, isolated S2s.

The LUX NR response in S2 and S1 has been measured
in situ using monoenergetic neutrons from an Adelphi
DD108 deuterium-deuterium (D-D) fusion source. The
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FIG. 1. Top, middle: yields of electrons and photons, re-
spectively, for nuclear recoils in LUX, measured in situ with
D-D neutrons. Error bars are statistical. Bottom: e�ciencies
for NR event detection, averaged over the fiducial volume and
estimated using LUXSim with parameters tuned to D-D cal-
ibration. In descending order of e�ciency—red: detection
of an S2 (�2 electrons emitted); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing thresholds in S1 and
raw S2 size. The 97.5% ± 1.7% event-classification e�ciency
is applied as an additional, energy-independent scaling. The
vertical line at 1.1 keV marks the low-energy cuto↵ applied in
the signal model. All panels: solid lines show the best fit of
the Lindhard parametrization; shaded regions span its 1- and
2-� uncertainty used for the final result. Dashed lines show
the best fit of the alternate, Bezrukov NR parametrization.

yields are presented in Fig. 1. The dominant systemat-
ics in these charge and light calibrations correspond to a
uniform 9% and 3%, respectively [15, 20, 21]. The NR
response in S2 was measured with an absolute determi-
nation of the deposited energy from scattering angles in
multiple-vertex events. This calibration of the NR signal
yields directly improves sensitivity to low-mass WIMPs
over [6].

To compute WIMP signal probability density functions

3

in the absence of signal charge loss to impurities during
drifting, have a mean of S2 detected S2 photons. Cal-
ibration relative to these reference points accounts for
position dependence in the e�ciency to extract an elec-
tron into the gas, electroluminescence yield, and photon-
detection e�ciency, and for time-dependent xenon pu-
rity. In [6], ionization was estimated using only the bot-
tom PMT array, over which S2 light is quite uniform.
However, a subsequent large-sample calibration with a
dissolved tritiated methane source [16] has demonstrated
that using all PMTs reduces by 20% the rate of leakage
ER events below the Gaussian mean log(S2/S1) of NR
calibration at a given S1. We find that, after flat fielding,
the reduced variance from measuring more photons out-
weighs residual nonuniformity in the top array response.
The sum of top and bottom arrays is thus adopted for
S2.

The detector-specific gain factors g
1

and g

2

are defined
via the expectation values hS1i = g

1

n� and hS2i = g

2

ne,
given n� initial photons and ne initial electrons leav-
ing the interaction site. Their values in LUX were ob-
tained by the technique of [17] using a set of monoen-
ergetic electron-recoil sources as in [18]. The sum of
the photon yield and the electron yield is observed to
be constant with energy, equal to the reciprocal of the
W value as defined in [19]; however, the individual yields
do vary, because charge recombination probability de-
pends upon energy, E. In a plot of S2/E versus S1/E,
the sources trace a line and a fit to this line measures
the gain factors: g

1

= (0.117± 0.003) phd per photon
and g

2

= (12.1± 0.8) phd per electron, with anticorre-
lation ⇢ = �0.6. Calibrating S1 and g

1

in units of de-
tected VUV photons results in a numerical shift relative
to the previous, smaller units of photoelectrons (phe)
but is preferred because g

1

thus defined is the proba-
bility for an initial photon to cause a detectable PMT
response. Using yields at many discrete energies is also
more robust than the single spectral fit used to esti-
mate values of g

1

= (0.14± 0.01) phe per photon and
g

2

= (16.0± 0.3) phe per electron in [6].

The fiducial range in drift time, mitigating radiogenic
backgrounds from detector materials, is unchanged from
[6] at 38–305 µs (48.6–8.5 cm above the faces of the bot-
tom PMTs in z). A data-driven model of events originat-
ing on detector sidewalls allows a larger fiducial radius
of 20 cm. The fiducial mass was measured as a frac-
tion of the known active xenon mass by counting tritium
events: the result of (145.4±1.3) kg is consistent with the
147 kg expected from geometry. S1 pulses are required to
have two-PMT coincidence and S1 in the range 1–50 phd.
Normalizing to the detector center means that S1 can be
below 2.0 phd even with two photons detected. A lower
analysis threshold of 165 phd raw S2 size (6.7 times the
mean SE response) is applied to mitigate the random
coincidence background from smaller, isolated S2s.

The LUX NR response in S2 and S1 has been measured
in situ using monoenergetic neutrons from an Adelphi
DD108 deuterium-deuterium (D-D) fusion source. The
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FIG. 1. Top, middle: yields of electrons and photons, re-
spectively, for nuclear recoils in LUX, measured in situ with
D-D neutrons. Error bars are statistical. Bottom: e�ciencies
for NR event detection, averaged over the fiducial volume and
estimated using LUXSim with parameters tuned to D-D cal-
ibration. In descending order of e�ciency—red: detection
of an S2 (�2 electrons emitted); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing thresholds in S1 and
raw S2 size. The 97.5% ± 1.7% event-classification e�ciency
is applied as an additional, energy-independent scaling. The
vertical line at 1.1 keV marks the low-energy cuto↵ applied in
the signal model. All panels: solid lines show the best fit of
the Lindhard parametrization; shaded regions span its 1- and
2-� uncertainty used for the final result. Dashed lines show
the best fit of the alternate, Bezrukov NR parametrization.

yields are presented in Fig. 1. The dominant systemat-
ics in these charge and light calibrations correspond to a
uniform 9% and 3%, respectively [15, 20, 21]. The NR
response in S2 was measured with an absolute determi-
nation of the deposited energy from scattering angles in
multiple-vertex events. This calibration of the NR signal
yields directly improves sensitivity to low-mass WIMPs
over [6].

To compute WIMP signal probability density functions
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3

in the absence of signal charge loss to impurities during
drifting, have a mean of S2 detected S2 photons. Cal-
ibration relative to these reference points accounts for
position dependence in the e�ciency to extract an elec-
tron into the gas, electroluminescence yield, and photon-
detection e�ciency, and for time-dependent xenon pu-
rity. In [6], ionization was estimated using only the bot-
tom PMT array, over which S2 light is quite uniform.
However, a subsequent large-sample calibration with a
dissolved tritiated methane source [16] has demonstrated
that using all PMTs reduces by 20% the rate of leakage
ER events below the Gaussian mean log(S2/S1) of NR
calibration at a given S1. We find that, after flat fielding,
the reduced variance from measuring more photons out-
weighs residual nonuniformity in the top array response.
The sum of top and bottom arrays is thus adopted for
S2.

The detector-specific gain factors g
1

and g

2

are defined
via the expectation values hS1i = g

1

n� and hS2i = g

2

ne,
given n� initial photons and ne initial electrons leav-
ing the interaction site. Their values in LUX were ob-
tained by the technique of [17] using a set of monoen-
ergetic electron-recoil sources as in [18]. The sum of
the photon yield and the electron yield is observed to
be constant with energy, equal to the reciprocal of the
W value as defined in [19]; however, the individual yields
do vary, because charge recombination probability de-
pends upon energy, E. In a plot of S2/E versus S1/E,
the sources trace a line and a fit to this line measures
the gain factors: g

1

= (0.117± 0.003) phd per photon
and g

2

= (12.1± 0.8) phd per electron, with anticorre-
lation ⇢ = �0.6. Calibrating S1 and g

1

in units of de-
tected VUV photons results in a numerical shift relative
to the previous, smaller units of photoelectrons (phe)
but is preferred because g

1

thus defined is the proba-
bility for an initial photon to cause a detectable PMT
response. Using yields at many discrete energies is also
more robust than the single spectral fit used to esti-
mate values of g

1

= (0.14± 0.01) phe per photon and
g

2

= (16.0± 0.3) phe per electron in [6].

The fiducial range in drift time, mitigating radiogenic
backgrounds from detector materials, is unchanged from
[6] at 38–305 µs (48.6–8.5 cm above the faces of the bot-
tom PMTs in z). A data-driven model of events originat-
ing on detector sidewalls allows a larger fiducial radius
of 20 cm. The fiducial mass was measured as a frac-
tion of the known active xenon mass by counting tritium
events: the result of (145.4±1.3) kg is consistent with the
147 kg expected from geometry. S1 pulses are required to
have two-PMT coincidence and S1 in the range 1–50 phd.
Normalizing to the detector center means that S1 can be
below 2.0 phd even with two photons detected. A lower
analysis threshold of 165 phd raw S2 size (6.7 times the
mean SE response) is applied to mitigate the random
coincidence background from smaller, isolated S2s.

The LUX NR response in S2 and S1 has been measured
in situ using monoenergetic neutrons from an Adelphi
DD108 deuterium-deuterium (D-D) fusion source. The
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FIG. 1. Top, middle: yields of electrons and photons, re-
spectively, for nuclear recoils in LUX, measured in situ with
D-D neutrons. Error bars are statistical. Bottom: e�ciencies
for NR event detection, averaged over the fiducial volume and
estimated using LUXSim with parameters tuned to D-D cal-
ibration. In descending order of e�ciency—red: detection
of an S2 (�2 electrons emitted); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing thresholds in S1 and
raw S2 size. The 97.5% ± 1.7% event-classification e�ciency
is applied as an additional, energy-independent scaling. The
vertical line at 1.1 keV marks the low-energy cuto↵ applied in
the signal model. All panels: solid lines show the best fit of
the Lindhard parametrization; shaded regions span its 1- and
2-� uncertainty used for the final result. Dashed lines show
the best fit of the alternate, Bezrukov NR parametrization.

yields are presented in Fig. 1. The dominant systemat-
ics in these charge and light calibrations correspond to a
uniform 9% and 3%, respectively [15, 20, 21]. The NR
response in S2 was measured with an absolute determi-
nation of the deposited energy from scattering angles in
multiple-vertex events. This calibration of the NR signal
yields directly improves sensitivity to low-mass WIMPs
over [6].

To compute WIMP signal probability density functions
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rity. In [6], ionization was estimated using only the bot-
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the reduced variance from measuring more photons out-
weighs residual nonuniformity in the top array response.
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the gain factors: g
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and g
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= (12.1± 0.8) phd per electron, with anticorre-
lation ⇢ = �0.6. Calibrating S1 and g
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in units of de-
tected VUV photons results in a numerical shift relative
to the previous, smaller units of photoelectrons (phe)
but is preferred because g

1

thus defined is the proba-
bility for an initial photon to cause a detectable PMT
response. Using yields at many discrete energies is also
more robust than the single spectral fit used to esti-
mate values of g

1

= (0.14± 0.01) phe per photon and
g

2

= (16.0± 0.3) phe per electron in [6].

The fiducial range in drift time, mitigating radiogenic
backgrounds from detector materials, is unchanged from
[6] at 38–305 µs (48.6–8.5 cm above the faces of the bot-
tom PMTs in z). A data-driven model of events originat-
ing on detector sidewalls allows a larger fiducial radius
of 20 cm. The fiducial mass was measured as a frac-
tion of the known active xenon mass by counting tritium
events: the result of (145.4±1.3) kg is consistent with the
147 kg expected from geometry. S1 pulses are required to
have two-PMT coincidence and S1 in the range 1–50 phd.
Normalizing to the detector center means that S1 can be
below 2.0 phd even with two photons detected. A lower
analysis threshold of 165 phd raw S2 size (6.7 times the
mean SE response) is applied to mitigate the random
coincidence background from smaller, isolated S2s.

The LUX NR response in S2 and S1 has been measured
in situ using monoenergetic neutrons from an Adelphi
DD108 deuterium-deuterium (D-D) fusion source. The
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FIG. 1. Top, middle: yields of electrons and photons, re-
spectively, for nuclear recoils in LUX, measured in situ with
D-D neutrons. Error bars are statistical. Bottom: e�ciencies
for NR event detection, averaged over the fiducial volume and
estimated using LUXSim with parameters tuned to D-D cal-
ibration. In descending order of e�ciency—red: detection
of an S2 (�2 electrons emitted); green: detection of an S1
(�2 PMTs detecting photons); blue: detection of both an
S1 and an S2; black: detection passing thresholds in S1 and
raw S2 size. The 97.5% ± 1.7% event-classification e�ciency
is applied as an additional, energy-independent scaling. The
vertical line at 1.1 keV marks the low-energy cuto↵ applied in
the signal model. All panels: solid lines show the best fit of
the Lindhard parametrization; shaded regions span its 1- and
2-� uncertainty used for the final result. Dashed lines show
the best fit of the alternate, Bezrukov NR parametrization.

yields are presented in Fig. 1. The dominant systemat-
ics in these charge and light calibrations correspond to a
uniform 9% and 3%, respectively [15, 20, 21]. The NR
response in S2 was measured with an absolute determi-
nation of the deposited energy from scattering angles in
multiple-vertex events. This calibration of the NR signal
yields directly improves sensitivity to low-mass WIMPs
over [6].

To compute WIMP signal probability density functions

Signal simulation

Recoil Energy [keV]
0 1 2 3 4 5 6 7 8 9 10

D
iff

er
en

tia
l R

at
e 

[c
ou

nt
/to

nn
e/

ke
V

]

0

2

4

6

8

10

12

14

16

<7.0 [s]pb0<t
, LS220 EoSSun27 M
, Shen EoSSun27 M
, LS220 EoSSun11 M
, Shen EoSSun11 MRecoil  

spectrum
Detector 

MC
S1, S2 
spectra

S1 [PE]
0 1 2 3 4 5 6

D
iff

er
en

tia
l R

at
e 

[c
ou

nt
/to

nn
e/

PE
]

0

1

2

3

4

5

6

<7.0 [s]pb0<t
, LS220 EoSSun27 M
, Shen EoSSun27 M
, LS220 EoSSun11 M
, Shen EoSSun11 M

S2 [100 PE]
0 1 2 3 4 5 6

D
iff

er
en

tia
l R

at
e 

[c
ou

nt
/to

nn
e/

10
0P

E]

0

1

2

3

4

5

6

<7.0 [s]pb0<t
, LS220 EoSSun27 M
, Shen EoSSun27 M
, LS220 EoSSun11 M
, Shen EoSSun11 M

threshold

threshold

More events from the S2 channel:
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S2 only analysis

• Advantage: higher event rate

• ‘Disadvantages’: no background discrimination…         
…but not an issue for this signal:
- Signal is short (<10 seconds)
- Background rate small compared to signal

Background estimate:
XENON10: 2.3×10-2 events/tonne/s 
XENON100: 1.4×10-2 events/tonne/s

signal: 1-2.5 events/tonne/s (40-100 x background)

arXiv:1104.3088

arXiv:1605.06262

Christopher McCabe    GRAPPA - University of Amsterdam

https://arxiv.org/abs/1104.3088
https://arxiv.org/abs/1605.06262


Extracting information from:
2. the number of events

Christopher McCabe    GRAPPA - University of Amsterdam



Discovery significance
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Neutrino light curve
• Distinguishing the phases of the (10 kpc) supernova neutrino emission

See also: 
Chakraborty et al 

1309.4492
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Accretion phase Kelvin-Helmholtz cooling

• Clear differentiation of phase with DARWIN
• Partial differential with XENONnT/LZ but none with XENON1T

Christopher McCabe    GRAPPA - University of Amsterdam

http://arxiv.org/abs/1309.4492


Extracting information from:
3. the shape of the spectral

Christopher McCabe    GRAPPA - University of Amsterdam



Spectral rate
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• Use S2 spectral information to constrain the neutrino flux
• Flux parameterisation ansatz (motivated from simulations): 
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Keil et al 0208035

AThET i

Supernova 
at 10 kpc

Supernova 
at 10 kpc
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http://arxiv.org/abs/astro-ph/0208035


Spectral rate
• Use S2 spectral information to constrain the total neutrino energy 
• Flux parameterisation ansatz (motivated from simulations): 

������� (��)

�������/�� (��)

������ (���)

�� ����� ����� ���� � ≤ ���≤ �[�]
�σ ���������

���� �����
� � � � � �

����� ������ ������� ���� ��������� [���� ���]

�
��
�
��
��
���
��
��

precision

⇠ 20%

⇠ 10%

⇠ 5%

• Excellent reconstruction 
with DARWIN

• XENON1T also good

Keil et al 0208035

AT ⇠T
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◆
with                ,         ,       determined from fit↵T = 2.3 AThET i

Supernova 
at 10 kpc:

Christopher McCabe    GRAPPA - University of Amsterdam

http://arxiv.org/abs/astro-ph/0208035


Physics summary

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)

Christopher McCabe    GRAPPA - University of Amsterdam

• Unique-selling-point: sensitive to all neutrino flavours 
(not the case for IceCube, DUNE etc)



Outline

Christopher McCabe    GRAPPA - University of Amsterdam

• Motivation

• Thing 1:
Supernova neutrino 
detection

• Thing 2:
DM exciting the xenon 
nucleus



Motivation

Christopher McCabe    GRAPPA - University of Amsterdam
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Figure 3: The same as inf Fig. 2, but for the benchmark point L-SI.
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26 

A single experiment cannot determine all the WIMP couplings, a combination of 
various targets is necessary. 

Example: reconstruction in the usual SI-SD-mass plane 

M1, M2, M3 (1.18)

m2

L1,3
, m2

E1,3
(1.19)

m2

Q1,3
, m2

U1,3
, m2

D1,3
(1.20)

AE, AU , AD (1.21)

m2

Hd
, m2

Hu
(1.22)

M, m, A, tanβ, sign(µ) (1.23)

tanβ ≡
⟨Hu⟩

⟨Hd⟩
(1.24)

σSI
0

= 10−9 pb

σSD
0

= 10−5 pb

mW = 50GeV

ϵ = 300 kg yr (1.25)

3

We use s imulated data to assess the 
reconstruction of DM parameters 
 
Prospects for SuperCDMS (Ge) 

Recent talk by David Cerdeno



An old idea…

• The original direct detection paper:

Christopher McCabe    GRAPPA - University of Amsterdam



Outline

1. What is it?
- Excite nucleus: measure recoil + photon

2. Why is it interesting?
- Discriminate between SI and SD interactions

3. Can it ever be detected?
- Yes

Christopher McCabe    GRAPPA - University of Amsterdam



What is it?

N
N recoil

DM

DM

N
N* recoil

DM

DM

N

γ

elastic scattering:

inelastic scattering:

measure:
N’s recoil energy

measure:
N’s recoil energy
+ photon energy

Christopher McCabe    GRAPPA - University of Amsterdam



Xenon is an ideal target

6

and the parity of axial-vector one-body currents Π(JA) =
+1. For elastic scattering, where the initial and final
states of the nucleus are identical (J = Ji = Jf ), only
the multipoles with positive parity (Π = +1) contribute
to the structure factor, so that we have

Π(L5
L) = (−1)L+1 ⇒ L odd ,

Π(T el5
L ) = (−1)L+1 ⇒ L odd ,

Π(T mag5
L ) = (−1)L ⇒ L even .

Hence, for elastic scattering only the odd-L multipoles
of the longitudinal and transverse electric operators and
only the even-L multipoles of the transverse magnetic
operator contribute. This is also the case for inelastic
scattering between initial and final states of the same
parity. For inelastic scattering involving different parity
states, the above constraints get reversed.

C. Time-reversal constraints

For elastic scattering, time-reversal invariance also
constrains the multipoles that contribute to the struc-
ture factor. We can write the reduced matrix elements
of the sum over one-body operators OL(i) as [13]

⟨J∥
A∑

i=1

OL(i) ∥J⟩ ∼
∑

j,j′

ΨJ(j, j
′)
(
⟨j∥OL∥j′⟩

+(−1)j−j′⟨j′∥OL∥j⟩
)
, (25)

whereΨJ(j, j′) denotes the one-body density matrix, and
the sum is over single-particle total angular momenta
j, j′ (for simplicity, we have suppressed the sums over ra-
dial quantum numbers n, n′ and orbital angular momenta
l, l′). Therefore, the symmetry properties of the matrix
elements under exchange of initial and final states de-
termine the allowed L contributions to elastic scattering.
The relevant operator for SD WIMP-nucleus scattering is
ML,L′, whose matrix elements are given in Appendix C.
They transform as

⟨n′l′
1

2
j′∥ML,L(pri)∥nl

1

2
j⟩

= (−1)j+j′ ⟨nl
1

2
j∥ML,L(pri)∥n′l′

1

2
j′⟩ , (26)

⟨n′l′
1

2
j′∥ML,L±1(pri)∥nl

1

2
j⟩

= (−1)j−j′ ⟨nl
1

2
j∥ML,L±1(pri)∥n′l′

1

2
j′⟩ . (27)

Therefore, from Eq. (25) it follows that only the multi-
poles with ML,L±1 contribute to elastic scattering. Con-
sidering the different multipoles in Eqs. (22)–(24), we
thus have

⟨J∥T mag5
L ∥J⟩ = 0 , (28)

so that the transverse magnetic multipoles do not con-
tribute to elastic scattering.

D. Structure factor for elastic SD scattering

As a result, the structure factor for elastic SD WIMP
scattering off nuclei is given by [5]

SA(p) =
∑

L odd

(∣∣⟨J∥L5
L(p)∥J⟩

∣∣2 +
∣∣⟨J∥T el5

L (p)∥J⟩
∣∣2
)
,

(29)
and only odd-L longitudinal and electric transverse mul-
tipoles contribute.

IV. RESULTS

A. Spectra

The calculation of the structure factors requires a re-
liable description of the nuclei involved in the scattering
process. We perform state-of-the-art large-scale shell-
model calculations of the nuclear states using the code
ANTOINE [47]. For each nucleus, we solve the many-
body problem in an appropriate valence space, which de-
pends on the nuclear mass region. In all calculations, we
use nuclear interactions that have been previously em-
ployed in nuclear structure and decay studies. To test
the quality of the structure calculations, we first com-
pare the theoretical with the experimental spectra for all
relevant isotopes.

1. 129Xe, 131Xe, 127I

For the heaviest nuclei for SDWIMP scattering, 129Xe,
131Xe and 127I, the valence space for both protons and
neutrons comprises the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and
0h11/2 orbitals on top of a 100Sn core. For 131Xe we per-
form an exact diagonalization in this space. However,
in order to make the calculations feasible for 129Xe, the
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and the parity of axial-vector one-body currents Π(JA) =
+1. For elastic scattering, where the initial and final
states of the nucleus are identical (J = Ji = Jf ), only
the multipoles with positive parity (Π = +1) contribute
to the structure factor, so that we have

Π(L5
L) = (−1)L+1 ⇒ L odd ,

Π(T el5
L ) = (−1)L+1 ⇒ L odd ,

Π(T mag5
L ) = (−1)L ⇒ L even .

Hence, for elastic scattering only the odd-L multipoles
of the longitudinal and transverse electric operators and
only the even-L multipoles of the transverse magnetic
operator contribute. This is also the case for inelastic
scattering between initial and final states of the same
parity. For inelastic scattering involving different parity
states, the above constraints get reversed.

C. Time-reversal constraints

For elastic scattering, time-reversal invariance also
constrains the multipoles that contribute to the struc-
ture factor. We can write the reduced matrix elements
of the sum over one-body operators OL(i) as [13]

⟨J∥
A∑

i=1

OL(i) ∥J⟩ ∼
∑

j,j′

ΨJ(j, j
′)
(
⟨j∥OL∥j′⟩

+(−1)j−j′⟨j′∥OL∥j⟩
)
, (25)

whereΨJ(j, j′) denotes the one-body density matrix, and
the sum is over single-particle total angular momenta
j, j′ (for simplicity, we have suppressed the sums over ra-
dial quantum numbers n, n′ and orbital angular momenta
l, l′). Therefore, the symmetry properties of the matrix
elements under exchange of initial and final states de-
termine the allowed L contributions to elastic scattering.
The relevant operator for SD WIMP-nucleus scattering is
ML,L′, whose matrix elements are given in Appendix C.
They transform as

⟨n′l′
1

2
j′∥ML,L(pri)∥nl

1

2
j⟩

= (−1)j+j′ ⟨nl
1

2
j∥ML,L(pri)∥n′l′

1

2
j′⟩ , (26)

⟨n′l′
1

2
j′∥ML,L±1(pri)∥nl

1

2
j⟩

= (−1)j−j′ ⟨nl
1

2
j∥ML,L±1(pri)∥n′l′

1

2
j′⟩ . (27)

Therefore, from Eq. (25) it follows that only the multi-
poles with ML,L±1 contribute to elastic scattering. Con-
sidering the different multipoles in Eqs. (22)–(24), we
thus have

⟨J∥T mag5
L ∥J⟩ = 0 , (28)

so that the transverse magnetic multipoles do not con-
tribute to elastic scattering.

D. Structure factor for elastic SD scattering

As a result, the structure factor for elastic SD WIMP
scattering off nuclei is given by [5]

SA(p) =
∑

L odd

(∣∣⟨J∥L5
L(p)∥J⟩

∣∣2 +
∣∣⟨J∥T el5

L (p)∥J⟩
∣∣2
)
,

(29)
and only odd-L longitudinal and electric transverse mul-
tipoles contribute.

IV. RESULTS

A. Spectra

The calculation of the structure factors requires a re-
liable description of the nuclei involved in the scattering
process. We perform state-of-the-art large-scale shell-
model calculations of the nuclear states using the code
ANTOINE [47]. For each nucleus, we solve the many-
body problem in an appropriate valence space, which de-
pends on the nuclear mass region. In all calculations, we
use nuclear interactions that have been previously em-
ployed in nuclear structure and decay studies. To test
the quality of the structure calculations, we first com-
pare the theoretical with the experimental spectra for all
relevant isotopes.

1. 129Xe, 131Xe, 127I

For the heaviest nuclei for SDWIMP scattering, 129Xe,
131Xe and 127I, the valence space for both protons and
neutrons comprises the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and
0h11/2 orbitals on top of a 100Sn core. For 131Xe we per-
form an exact diagonalization in this space. However,
in order to make the calculations feasible for 129Xe, the
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and the parity of axial-vector one-body currents Π(JA) =
+1. For elastic scattering, where the initial and final
states of the nucleus are identical (J = Ji = Jf ), only
the multipoles with positive parity (Π = +1) contribute
to the structure factor, so that we have

Π(L5
L) = (−1)L+1 ⇒ L odd ,

Π(T el5
L ) = (−1)L+1 ⇒ L odd ,

Π(T mag5
L ) = (−1)L ⇒ L even .

Hence, for elastic scattering only the odd-L multipoles
of the longitudinal and transverse electric operators and
only the even-L multipoles of the transverse magnetic
operator contribute. This is also the case for inelastic
scattering between initial and final states of the same
parity. For inelastic scattering involving different parity
states, the above constraints get reversed.

C. Time-reversal constraints

For elastic scattering, time-reversal invariance also
constrains the multipoles that contribute to the struc-
ture factor. We can write the reduced matrix elements
of the sum over one-body operators OL(i) as [13]

⟨J∥
A∑

i=1

OL(i) ∥J⟩ ∼
∑

j,j′

ΨJ(j, j
′)
(
⟨j∥OL∥j′⟩

+(−1)j−j′⟨j′∥OL∥j⟩
)
, (25)

whereΨJ(j, j′) denotes the one-body density matrix, and
the sum is over single-particle total angular momenta
j, j′ (for simplicity, we have suppressed the sums over ra-
dial quantum numbers n, n′ and orbital angular momenta
l, l′). Therefore, the symmetry properties of the matrix
elements under exchange of initial and final states de-
termine the allowed L contributions to elastic scattering.
The relevant operator for SD WIMP-nucleus scattering is
ML,L′, whose matrix elements are given in Appendix C.
They transform as

⟨n′l′
1

2
j′∥ML,L(pri)∥nl

1

2
j⟩

= (−1)j+j′ ⟨nl
1

2
j∥ML,L(pri)∥n′l′

1

2
j′⟩ , (26)

⟨n′l′
1

2
j′∥ML,L±1(pri)∥nl

1

2
j⟩

= (−1)j−j′ ⟨nl
1

2
j∥ML,L±1(pri)∥n′l′

1

2
j′⟩ . (27)

Therefore, from Eq. (25) it follows that only the multi-
poles with ML,L±1 contribute to elastic scattering. Con-
sidering the different multipoles in Eqs. (22)–(24), we
thus have

⟨J∥T mag5
L ∥J⟩ = 0 , (28)

so that the transverse magnetic multipoles do not con-
tribute to elastic scattering.

D. Structure factor for elastic SD scattering

As a result, the structure factor for elastic SD WIMP
scattering off nuclei is given by [5]

SA(p) =
∑

L odd

(∣∣⟨J∥L5
L(p)∥J⟩

∣∣2 +
∣∣⟨J∥T el5

L (p)∥J⟩
∣∣2
)
,

(29)
and only odd-L longitudinal and electric transverse mul-
tipoles contribute.

IV. RESULTS

A. Spectra

The calculation of the structure factors requires a re-
liable description of the nuclei involved in the scattering
process. We perform state-of-the-art large-scale shell-
model calculations of the nuclear states using the code
ANTOINE [47]. For each nucleus, we solve the many-
body problem in an appropriate valence space, which de-
pends on the nuclear mass region. In all calculations, we
use nuclear interactions that have been previously em-
ployed in nuclear structure and decay studies. To test
the quality of the structure calculations, we first com-
pare the theoretical with the experimental spectra for all
relevant isotopes.

1. 129Xe, 131Xe, 127I

For the heaviest nuclei for SDWIMP scattering, 129Xe,
131Xe and 127I, the valence space for both protons and
neutrons comprises the 0g7/2, 1d5/2, 1d3/2, 2s1/2, and
0h11/2 orbitals on top of a 100Sn core. For 131Xe we per-
form an exact diagonalization in this space. However,
in order to make the calculations feasible for 129Xe, the
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FIG. 1. (Color online) Comparison of calculated spectra of
129Xe and 131Xe with experiment.

• Two isotopes are good candidates:

129Xe
Natural abundance: 26.4%
Lowest excitation: 39.6 keV

Lifetime: 0.97 ns

131Xe
Natural abundance: 21.2%
Lowest excitation: 80.2 keV

Lifetime: 0.48 ns

Christopher McCabe    GRAPPA - University of Amsterdam



Previous studies

• No limits/studies for two-phase detectors (LUX, XENON)

Christopher McCabe    GRAPPA - University of Amsterdam

• Previous searches with single phase-detectors:



Outline

1. What is it?
- Excite nucleus: measure recoil + photon

2. Why is it interesting?
- Discriminate between SI and SD interactions

3. Can it ever be detected?
- Yes

Christopher McCabe    GRAPPA - University of Amsterdam



Why is it interesting?

Christopher McCabe    GRAPPA - University of Amsterdam

Tells us about the dark matter-quark interaction
Inelastic scattering is not A2 enhanced

Only measurable for spin-dependent interactions
➡  Elastic and inelastic scattering rates comparable

Baudis et al 1309.0825 Vietze et al 1412.6091

http://arxiv.org/pdf/1309.0825.pdf
http://arxiv.org/abs/1412.6091


• Rate depends on the structure functions (SF)

Spin dependent (SD)

Baudis et al 1309.0825
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• Inelastic SF factor ~10 
smaller than elastic SF

Naive estimate: after 
discovery, need a 
detector at least ~10 
times larger to detect 
inelastic signal ✔

http://arxiv.org/pdf/1309.0825.pdf


• Rate depends on the structure functions (SF)

Spin Independent (SI)

Christopher McCabe    GRAPPA - University of Amsterdam

• Inelastic SF factor ~104 
smaller than elastic SF

Naive estimate: after 
discovery, need a 
detector at least ~104 
times larger to detect 
inelastic signal ✗

Vietze et al 1412.6091

129Xe Structure functions
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Only measurable for spin-dependent interactions



Outline

1. What is it?
- Excite nucleus: measure recoil + photon

2. Why is it interesting?
- Discriminate between SI and SD interactions

3. Can it ever be detected?
- Yes

Christopher McCabe    GRAPPA - University of Amsterdam



Spin dependent signal rates
• Rate as a function recoil energy (not directly measured)

• Inelastic rate smaller by factor ~10-100
➡ Always see an elastic signal first
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Background rate
• Background spectra expected in LZ/XENONnT:

• 2-neutrino — 2-beta decay of 136Xe dominates above 20 keV

�νββ (±�%)
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136Xe

LZ Design: 1509.02910129Xe 131Xe
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http://arxiv.org/abs/1509.02910


Two-phase xenon detectors

• Express the signal in terms of measured quantities:

g1, g2 and drift field are the crucial parameters

E
field

Particle
e-

γ

S1 S2

52 phe 4540 phe

S1 = g1n� S2 = g2ne

Christopher McCabe    GRAPPA - University of Amsterdam



Mock detectors
• I’ll consider two benchmark scenarios:

• Model of photon & electron numbers based on NEST

γ

XenonA200 

g1=0.07 PE/ 

g2=12.5 PE/e 
(50% extraction efficiency) 

drift field=200 V/cm 

XenonB1000 

g1=0.12 PE/ 

g2=50 PE/e 
(100% extraction efficiency) 

drift field=1000 V/cm 

γ

Szydagis et al 1106.1613

Christopher McCabe    GRAPPA - University of Amsterdam

Lenardo et al 1412.4417

http://arxiv.org/abs/1106.1613
http://arxiv.org/pdf/1412.4417.pdf


Reminder: Usual signal plane

LUX arXiv:1310.8214

electronic 
recoil band

nuclear
recoil band

signal region
S1 < 30 PE

Christopher McCabe    GRAPPA - University of Amsterdam

http://arxiv.org/abs/1310.8214


• Signal region at higher values of S1

• Large backgrounds…some signal-to-background discrimination
• Better discrimination for higher drift fields

The signal regions

Christopher McCabe    GRAPPA - University of Amsterdam
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• Smallest cross-section for a discovery: XENONnT/LZ exposure

Discovery limit

Christopher McCabe    GRAPPA - University of Amsterdam
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• Compare discovery limit with current constraints (elastic scatters)

Discovery limit

Christopher McCabe    GRAPPA - University of Amsterdam
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• Compare discovery limit with current/future (elastic) constraints

• Detectable if XENON1T make (elastic) discovery in next run

Discovery limit

Christopher McCabe    GRAPPA - University of Amsterdam
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• Discovery limit for DARWIN exposure

• Detectable if XENON1T make (elastic) discovery in next run

Discovery limit

Christopher McCabe    GRAPPA - University of Amsterdam
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Outline

1. What is it?
- Excite nucleus: measure recoil + photon

2. Why is it interesting?
- Discriminate between SI and SD interactions

3. Can it ever be detected?
- Yes

- Yes

Christopher McCabe    GRAPPA - University of Amsterdam



Physics summary

• Dark matter can excite the 129Xe and 131Xe isotopes
- signal will help to distinguish spin-independent and spin-

dependent interactions

• Signal is always smaller than elastic rate
➡ Could it be detected?

Yes! 

Requires an (elastic scattering) 
discovery signal in XENON1T

Christopher McCabe    GRAPPA - University of Amsterdam



New things to do with lots of xenon

Christopher McCabe    GRAPPA - University of Amsterdam

• Thing 1:
Supernova neutrino 
detection

• Thing 2:
DM exciting the xenon 
nucleus



Thank you

Christopher McCabe    GRAPPA - University of Amsterdam


