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An old idea…
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• The original direct detection paper:



An old idea… Inelastic scattering
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• What is it?
• Why is it interesting?
• Why consider it now?

Can it ever be detected?
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Christopher McCabe    GRAPPA - University of Amsterdam

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



What is a good target?
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XENON



Why Xenon?

Christopher McCabe    GRAPPA - University of Amsterdam

Inelastic scattering is not A2 enhanced

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

★ Ideal target should have
i. good spin-dependent sensitivity 
ii. a low lying excitation

Vietze et al arXiv:1412.6091 

(. EDM�kinetic ⇡ 100 keV)

http://arxiv.org/abs/1412.6091
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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.
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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]
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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.
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FIG. 1. (Color online) Comparison of calculated spectra of
129Xe and 131Xe with experiment.

Why Xenon?

Christopher McCabe    GRAPPA - University of Amsterdam

• 47.6% of xenon sensitive to spin-dependent interactions:

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



Previous studies

Christopher McCabe    GRAPPA - University of Amsterdam

• Previous searches with single phase-detectors
• No limits or studies for two-phase detectors (LUX, XENON)



Why is it interesting?

Christopher McCabe    GRAPPA - University of Amsterdam

Inferring properties of dark matter is difficult!
We should search for all signals that provide information

• A detection should:

- give independent evidence for dark matter scattering
- point strongly to a spin-dependent interaction
- help with mass reconstruction (because of different kinematics)



Why now?

Christopher McCabe    GRAPPA - University of Amsterdam

We can accurately quantify the signal and background

- Structure functions known (needed for cross-section)
- Backgrounds are more-or-less known
- Future detector properties are more-or-less known



An old idea… Inelastic scattering

Christopher McCabe    GRAPPA - University of Amsterdam

Can it ever be detected?



Scattering rate
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129Xe 131Xe

Mass [GeV] ER,min

ER,max

ER,min

ER,max

10 � � � �
25 1.5 31 � �
50 1.2 110 6.8 81

100 1.1 285 5.4 244

250 1.1 659 4.9 601

500 1.1 954 4.7 885

TABLE I. Minimal and maximal recoil energies, in keV, be-
tween which inelastic scattering is allowed (see Eq. (13)) for
the two xenon isotopes and various WIMP masses.

1

2

µv

2

i ! E

⇤, the domain of recoil energies over which
the recoil spectrum is defined shrinks, converging to the
value (µvi)2/2mA = µE

⇤

/mA. Table I gives the minimal
and maximal recoil energies for the two xenon isotopes
and various WIMP masses.

We calculate the nuclear recoil spectra for elastic and
inelastic, spin-dependent WIMP scattering o↵ 129Xe and
131Xe following Ref. [21]:

dR

dER
=

p
⇡v

0

2

R

0

m�mA

g(v
min

)

E

0

r

⇥ �

10�36 cm2

⇢

0

0.3GeVcm�3

v

0

220 km s�1

, (14)

where the WIMP-nucleus cross section � is given by [17]:

� =
4

3

⇡

2Ji + 1

✓
µ

µ

nucleon

◆
2

SA(q)�nucleon

. (15)

R

0

= 361 events/(kg d) is the total event rate per unit
mass for the Earth being at rest and an infinite escape
velocity, E

0

is the most probable kinetic energy of an
incident WIMP (given in terms of the the characteristic
parameter of the Maxwell-Boltzmann distribution v

0

), ⇢
0

is the local WIMP density in our galaxy [22], and r is a
kinematic factor r = 4µ/(mA + m�). Ji is the nuclear
spin in the initial state, µ

nucleon

is the WIMP-nucleon
reduced mass, and �

nucleon

is the zero momentum trans-
fer cross-section for the nucleon. g(v

min

) is the integral
containing information about the WIMP velocity distri-
bution f(v + v

Earth

) [23]:

g(v
min

) =

Z
1

vmin

f(v + v
Earth

)

v

d

3v , (16)

where the integral is from v

min

, and the velocity distri-
bution f(v + v

Earth

) is truncated at v
esc

.
Figure 3 shows the normalized velocity integral,

g(v
min

)/g(0), for three WIMP velocity distributions [25]:
the Standard Halo Model [25], the Double Power Law
profile [26], and the Tsallis model [27, 28]. The di↵er-
ent types of interactions are sensitive to di↵erent veloci-
ties. While for elastic scatters, the lowest v

min

is deter-
mined by a detector’s energy threshold, in the inelastic
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FIG. 3. (Color online) g(v
min

)/g(0) as a function of v
min

for several WIMP velocity distributions. The lowest values
of v

min

are shown for elastic Xe (magenta), inelastic 129Xe
(cyan), and inelastic 131Xe (yellow) scattering. In the elastic
case, v

min

is calculated at XENON100’s nuclear recoil energy
threshold of ⇠ 7 keV (neglecting the di↵erence in the nuclear
mass number A) [24].
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where the bands include the uncertainties due to WIMP-
nucleon currents.

case the lowest v
min

occurs at
p
2E⇤

/µ (or recoil energy
ER = µE

⇤

/mA, see the discussion above).
Figure 4 shows the di↵erential recoil spectra for scat-

tering o↵ 129Xe and 131Xe for “neutron-only” couplings
and for the structure factors that include chiral 1b+2b
currents. The elastic structure factors are taken from
Ref. [15]. The widths of the bands reflect the theoretical
uncertainties in the WIMP-nucleon currents. The elas-

Baudis et al 1309.0825

dR

dER
/ g(vmin) =

Z

vmin

d3v
f(v)

v

• Rate depends on the DM velocity distribution:

• vmin is higher for inelastic      
(DM kinetic energy must
 also excite the nucleus)

• This suppresses 
the inelastic rate
by factor ~10

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


Structure functions

Christopher McCabe    GRAPPA - University of Amsterdam

Baudis et al 1309.0825
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• Known for axial-vector interaction:
• Rate depends on the structure functions

• Smaller for inelastic
(Small ER most relevant)

• This suppresses 
the inelastic rate
by factor ~10

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


The rate

Christopher McCabe    GRAPPA - University of Amsterdam

• Rate as a function recoil energy (not directly measured)

• Inelastic rate smaller by factor ~100
➡ Always see an elastic signal first
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Two-phase xenon detectors

Christopher McCabe    GRAPPA - University of Amsterdam

• 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



Mock detectors

Christopher McCabe    GRAPPA - University of Amsterdam

• I’ll consider two benchmark scenarios:

• Number of photons & electrons modelled with 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

http://arxiv.org/abs/1106.1613


• Include detector and recombination fluctuations

• For same energy, electronic recoils produce a much 
larger  S1 and S2

Mock signals

Christopher McCabe    GRAPPA - University of Amsterdam
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Mock signals

• Looks like real data…
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FIG. 1: The PE distribution of the smallest S2 signals (cor-
rected for horizontal non-uniformity), summed over all top
and bottom PMTs. The single electron gain is determined by
fitting two constrained Gaussians, shown as the dashed green
lines.
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FIG. 2: Distribution in uniformity-corrected S1 and S2 for the
de-excitation gamma peaks in the neutron calibration runs.
The anti-diagonal lines are the anti-correlation fit at the two
energies. The dashed vertical and horizontal lines indicate
the mean NR energy in mixture with the gamma energies at
40 and 80 keV.

be reconstructed from the light and charge outputs as

E
rec

= (S1/PDE + S2/SEG/EEE)⇥W, (1)

where E
rec

is the reconstructed energy in keV
ee

splitting
into scintillation and ionization parts, and W = 13.7 eV
is the average energy to produce a scintillation photon or
to liberate an electron [20]. The anti-correlated fluctua-
tions in the light and charge outputs due to electron-ion
recombination is naturally accounted for in Eq. 1. Sim-

ilar to Ref. [13], we performed anti-correlation fits using
Eq. 1 to the 40 and 80 keV de-excitation peaks, as well
as the neutron-induced meta-stable 129mXe (164 keV) de-
cay gamma rays after the neutron calibrations 2. The
PDE (EEE) determined with the 40 keV

ee

peak is 9.6%
(82.1%). The fractional uncertainties are estimated to
be 10% and 9%, respectively, based on the di↵erence in
values obtained at other two energies, as well as those in
Ref. [13].
To facilitate the comparison of our data with model

prediction, we convert the peaks in S1 and S2 into a per
unit energy total photon yield (L

y

) and charge yield (C
y

),
using

L
y

= hS1i/PDE/E
rec

,

C
y

= hS2i/SEG/EEE/E
rec

, (2)

where hS1i and hS2i here refer to the location of corre-
sponding peaks in the distribution. In Fig. 3, our mea-
sured data is compared to the mean values in NEST-
0.98 [21] under the same drift field. Reasonable agree-
ment is found at all four energy peaks in 252Cf data (40,
80, 164, 236 keV). The uncertainties shown in the fig-
ure, aside from the statistical uncertainties in the peak
determinations, arise from the systematic uncertainties
of the PDE and EEE determination through the anti-
correlation fits.
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FIG. 3: The Ly (blue) and Cy (red) (in units of quanta per
keVee) extracted based on PDE and EEE obtained at dif-
ferent energies overlaid with corresponding curves predicted
by NEST-0.98. The reconstructed energy spectra for the de-
excitation peaks and meta-stable xenon isotopes are also over-
laid with y axis scaled for visual clarity with fitted energy
resolutions indicated in the figure.

In the 252Cf NR calibration runs, the single events at
very low energy with S1< 30 PE are expected to have

2 We did not perform anti-correlation fits for the 131mXe 236 keV
gamma lines since it was di�cult to separate the peak cleanly
from the background.

Data from PandaX-I arXiv:1505.00771
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Background
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• Background spectra expected in LZ/XENONnT:

• 2-neutrino — 2-beta decay of 136Xe dominates above 20 keV
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http://arxiv.org/abs/1509.02910


Reminder: Usual signal plane
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LUX arXiv:1310.8214

electronic 
recoil band

nuclear
recoil band

signal region
S1 < 30 PE

http://arxiv.org/abs/1310.8214


• Signal region at higher values of S1

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

Background versus signal

Christopher McCabe    GRAPPA - University of Amsterdam
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• Quantify the sensitivity of future experiments with a 
‘discovery limit’ 

The smallest cross-section at which 90% of 
experiments can make a 3σ detection of the signal

• Profile likelihood ratio:

- Include background uncertainties

Discovery limit

Christopher McCabe    GRAPPA - University of Amsterdam

Billard et al 1110.6079

�(0) =
L(�0

n = 0,
ˆ̂
~ABG)

L(�̂0
n, ~̂ABG)

http://arxiv.org/pdf/1110.6079.pdf


• Compare discovery limit with current/future (elastic) constraints

• Detectable if XENON1T make discovery in next run

Discovery limit

Christopher McCabe    GRAPPA - University of Amsterdam
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Summary
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• Dark matter can excite the 129Xe and 131Xe isotopes
➡ signal is nuclear recoil + photon

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

Yes! 

…need an (elastic) discovery signal 
in the next run of XENON1T



Thank you
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Backup
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where n
quanta

= n
i

+ n
ex

is the total number of ions n
i

and excitons n
ex

respectively and

W = 13.7 eV is the average energy to produce a quanta. The quenching factor (to account

for energy lost to atomic motion) is

L =
kg(✏)

1 + kg(✏)
, (A.2)

where k = 0.1394, ✏ = 11.5EZ�7/3 (Z = 54 for xenon) and g(✏) = 3✏0.15 + 0.7✏0.6 + ✏.

The number of ions and excitons follows the ratio

n
ex

/n
i

= ↵F�⇣(1� e�✏) , (A.3)

where ⇣ = 0.0472, ↵ = 1.240 and � = 239. The probability that an ion recombines is

r = 1� ln(1 + n
i

%)

n
i

%
, (A.4)

where % = �F��, � = 0.01385 and � = 0.0620.

The number of electrons ne and photons n� is given by

ne = n
i

� rn
i

(A.5)

n� = fl(nex

+ rn
i

) , (A.6)

where

fl =
1

1 + ⌘e�
, (A.7)

is another quenching factor (accounting for the Penning e↵ects, when two excitons interact

to produce one exciton and one photon), ⌘ = 3.3 and � = 1.14.

A.2 Electronic recoils from incident beta particles

The equivalent formulae for electronic recoils are generally simpler since there are no

quenching factors. Our treatment follows [72]. The number of quanta is

n
quanta

=
E

W
, (A.8)

where W is the same as in eq. (A.1), the ratio of excitons to ions is

n
ex

/n
i

= 0.15 , (A.9)

the probability that an ion recombines is

r = 1� ln(1 + n
i

%̃)

n
i

%̃
(A.10)

and the number of electrons ne and photons n� is

ne = n
i

� rn
i

(A.11)

n� = n
ex

+ rn
i

. (A.12)

– 18 –

Gammas have shorter tracks,
more recombination (r bigger)
so ne smaller, ngamma bigger
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4 Characterising the detection sensitivity

In this section we describe our method for characterising the sensitivity of two-phase xenon

experiments to the inelastic scattering process. We will do this by calculating the ‘discovery

limit’ or as we will call it, the discovery reach. This was introduced in [67] and has been

used extensively to characterise the limiting e↵ect of the neutrino background (see e.g. [18]).

We first describe the formalism behind this frequentist approach and then provide specific

details of our calculation.

The discovery reach is the smallest cross-section for which 90% of experiments make

at least a 3� discovery of the signal under consideration. To calculate it, we make use of

the frequentist test statistic for the discovery of a positive signal [68]:

q
0

=

(
�2 ln�(0) �̂0

n � 0

0 �̂0

n < 0
(4.1)

where the profile likelihood ratio is

�(0) =
L(�0

n = 0,
ˆ̂
~A
BG

)

L(�̂0

n, ~̂ABG

)
(4.2)

and the hats (ˆ,ˆ̂) indicate that the parameters are those that maximise the extended

likelihood L. Here ~A
BG

= {A
2⌫�� , App, A

Kr

, A
Rn

, A
Be

, A
mat

} are the amplitudes of the six

background components discussed in section 3.

In our case the extended likelihood [69] (for a given value of the dark matter mass) is

L(�0

n, ~ABG

) =

⇣
µ
DM

+
P

6

j=1

µ
BGj

⌘N

N !
exp

0

@�µ
DM

+
6X

j=1

µ
BGj

1

A ·
6Y

m=1

Lm(A
BGm)

·
NY

i=1

"
µ
DM

µ
DM

+
P

6

k=1

µ
BGk

f
DM

(S1i, log
10

(S2
b

/S1)i)

+
6X

j=1

µ
BGj

µ
DM

+
P

6

k=1

µ
BGk

f
BGj(S1i, log

10

(S2
b

/S1)i)

#
,

(4.3)

where µ
DM

/ �0

n and µ
BGj / A

BGj are the mean number of events from dark mat-

ter and the background processes respectively, f
DM

and f
BG

are the unit normalised

two-dimensional probability distribution functions for the signal and background pro-

cesses in the S1 vs log
10

(S2
b

/S1) plane, N is the total number of observed events and

{S1i, log
10

(S2
b

/S1)i} are the values for a single event. Finally, Lm(A
BGm) are the individ-

ual likelihood functions for the background normalisations, which we assume are Normal

distributions with a standard deviation given by the respective error quoted in figure 5.

As we are dealing with hypothetical experiments, we generate the unit normalised two-

dimensional probability distribution functions f
DM

and f
BGj from Monte Carlo by gener-

ating 1.5 million events for each process in the S1 vs log
10

(S2
b

/S1) plane. More information:

– 16 –

�(0) =
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n = 0,
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L(�̂0
n, ~̂ABG)



Single-phase experiments
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• Detecting this signal could be difficult…

…impossible for single phase (S1-only)?
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Improvements?
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• Could have a larger exposure 
➡ background dominated so only scales with the 

square root

• Could reduce backgrounds
- Largest: 2-beta—2-neutrino decay of 136Xe 

➡ Remove the 136Xe isotope

- Try to search for displaced the S2 signal from the 
recoil and photon?


