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Single-phase liquid argon WIMP detector
3279kg Liquid Argon

Acrylic Vessel

0.5 m of plastic shield
Light guides
Filler blocks

255 Hamamastu R5912 HQE
(75% coverage)

Water tank (μ veto)
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Single-phase liquid argon WIMP detector
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Single-phase liquid argon WIMP detector

1. Energy deposition
2. Scintillation (128 nm)
3. Absorption by wavelength shifter
4. Re-emission (~400 nm)
5. Detection by photomultiplier
6. Digitization of the waveforms
7. Photoelectrons (PE) counting

χ
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NPE = Nelectrons – Nafterpulsing –Ndark noise

10 μs
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Accuracy of the energy calibration critical

WIMP search: what is left in the region of interest when all the 
backgrounds have been subtracted
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Think further
Ø Identification/Quantification of 
background

ØEnergy response of the detector: 
NPE = f(Edeposited)

arXiv:1905.05811CAP 2019



Limited energy calibration means
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LYSO crystal
PMT

3.3 kBq 39Ar (β-)
end point 565 keV

Calibration tube
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Limited energy calibration means
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22Na source (2x511 keV + 1.27 MeV)
LYSO crystal
PMT

3.3 kBq 39Ar (β-)
end point 565 keV

Suppressed 
by shielding

Calibration tube
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Number of PE parametrized by Gaussian function

Mean: 𝜇 =< 𝑁%& > +𝑌*+ ∗ 𝐸
Sigma: 𝜎/ = 𝜎*+/ ∗ 𝜇 + 𝜎012,45/ ∗ 𝜇/
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< 𝑁%& > the non-correlated electron pulses
𝑌*+ the light yield  * light collection efficiency
𝜎*+ related to Fano factor and PE counting noise
𝜎012,45 variance of 𝑌*+

with
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Spectra used to fit:

• J. P. Davidson (1951).

• M. Morita (1963).

• J. Kostensalo, et al. (2018).

• L. Hayen et al. (2018).
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è Best fit: ⁄𝜒/ 𝐷𝑜𝐹 = ⁄1252 534

< 𝑁%& > the non-correlated electron pulses
𝑌*+ the light yield  * light collection efficiency
𝜎*+ related to Fano factor and PE counting noise
𝜎012,45 variance of 𝑌*+

with
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Empirical correction to 39Ar spectrum
𝑆A0B 𝐸 = (1 − 𝑎F 1 − ⁄2𝐸 500 ) 𝑆A0(𝐸) (𝑎F constrained near zero) 
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A parameterization of the 39Ar spectrum to ER
data describes a response function that relates the
energy deposited in the detector, E to the number of
detected PEs. It assumes a Gaussian response with
mean µ and variance � defined as follows,

µ = hNDNi+ YPE · E,

�2 = �2

PE
· µ+ �2

rel, LY
· µ2,

(2)

where hNDNi is the average number of PEs produced
by dark noise and uncorrelated photons in the PE in-
tegration window, YPE is the light yield of the detec-
tor, �2

PE
is a resolution scaling factor that accounts

for e↵ects such as the Fano factor and PE counting
noise, and �2

rel, LY
accounts for the variance of the

light yield relative to its mean value.
YPE, �2

PE
, and �2

rel, LY
are treated as fit parame-

ters. hNDNi is constrained by looking at PMT sig-
nals preceding scintillation events. When perform-
ing spectral fits, hNDNi is allowed to float, while a
penalty term maintains that it stay within uncer-
tainty of its nominal value. The value of hNDNi is
found to be (1.1± 0.2)PE in standard physics runs.
For data taken with a 22Na source, it is measured
to be (2.1± 0.2)PE. hNDNi is higher when a cali-
bration source is present due to the higher scintilla-
tion rate during these runs producing uncorrelated
background photons from slow TPB fluorescence on
millisecond time-scales [24].

The 39Ar �-decay spectrum used in this anal-
ysis was calculated in [27], in which the shape
factor is computed using nuclear shell model and
the Microscopic Quasiparticle-Phonon Model codes.
This spectrum was fit to the observed PE distribu-
tion, with additional contributions from 39Ar pileup
events and �-ray backgrounds, generated by Monte
Carlo simulations. The �-ray spectrum is normal-
ized to the observed rates of events coming from de-
cays of 40K, 214Bi, and 208Tl seen at higher energies.

Uncertainties in the spectral shape of the 39Ar en-
ergy spectrum were probed by fitting spectra evalu-
ated from [28–30] to the data. These calculations ap-
proximate the shape factor following the prescription
in [28] while making additional finite nuclear size and
mass corrections and radiative corrections. The best
fit was obtained using the spectrum from Kostensalo
et al. [27], which converged with �2/NDF=1252/534
in the 80–4500PE range. Further studies to bet-
ter understand the 39Ar spectral shape are currently
planned. These e↵orts include studying the e↵ects of
additional nuclear e↵ects such as weak magnetism,
as alluded to in [30], and applying additional radia-
tive corrections to the spectrum computed in [27].

To account for potential mis-modeling uncer-
tainty, additional fits were performed, allowing for
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FIG. 4. 39Ar model (blue line) fit to data (black). In-
cluded in the fit is the expected background contribution
from �-rays and 39Ar pile-up events (green).

first-order corrections to the 39Ar spectrum SAr(E)
with a slope treated as a nuisance parameter a0. An
additional penalty term of (a0/0.01)2 was added to
�2, to constrain its value close to 0. The modified
�-spectrum is described by

S0
Ar
(E) = (1� a0 (1� 2E/500))SAr(E), (3)

where E is the energy of the � particle in units of
keV. While such excursions may be due to deviations
in the 39Ar spectrum from the tested models, further
studies are needed before a physical interpretation
can be assigned to the value of a0.

TABLE I. Best fit response function parameters from a
fit to 39Ar events collected throughout the data collec-
tion period. The fit converged with �2/NDF of 542/433.
The value shown for hNDNi is derived from direct mea-
surements, as described in the text.

PE mean
hNDNi YPE

(1.1± 0.2)PE (6.1± 0.4)PE/keVee

Resolution
�2

PE �2

rel, LY

(1.4± 0.1)PE 0.0004+0.0010
�0.0004

With this nuisance parameter, the fit was found to
converge with �2/NDF⇡542/433, with a 7–9% devi-
ation from the spectrum derived in [27]. The origin
of this deviation is not yet understood, and is still
being investigated. It is found to have little e↵ect on
the best fit values of the response function parame-
ters or on the final WIMP search result. The results
of this fit are shown in Figure 4. The di↵erences be-
tween the best fit values for each parameter with and
without the nuisance parameter are propagated into

⁄𝝌𝟐 𝑫𝒐𝑭 = ⁄𝟓𝟒𝟐 𝟒𝟑𝟑

Deviation from model < 9%
Satisfactory for “231 days” results 
(arXiv:1902.04048)

PE Mean
< 𝑁%& > 𝑌*+

(𝟏. 𝟏 ± 𝟎. 𝟐) PE (𝟔. 𝟏 ± 𝟎. 𝟒) PE/keVee

Resolution 
𝜎*+/ 𝜎012,45/

(𝟏. 𝟒 ± 𝟎. 𝟏) PE 𝟎. 𝟎𝟎𝟒V𝟎.𝟎𝟎𝟎𝟒W𝟎.𝟎𝟎𝟏𝟎
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Good consistency with higher energy γ lines

Linear up to 1.46 MeV, some saturation at higher energies
04 June 19 24
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the parameters’ uncertainties. The best fit response
function parameters are shown in Table I.
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FIG. 5. The energy response function (red), showing
the number of detected PE for an event depositing en-
ergy E in the LAr. The uncertainties of the response
function are also shown (yellow band). The response
function agrees with the number of PE detected from
known mono-energetic sources of �-rays from the detec-
tor materials.

A 22Na source was lowered into the calibra-
tion tubes outside the stainless steel shell to com-
pare the consistency of the response function cal-
ibrated with 39Ar to the spectrum produced by
events from tagged 22Na decays, which contains a
prominent 1.27MeV �-ray and a low energy spec-
trum feature resulting from �-rays attenuating in
acrylic [6]. A cross-check using the �-ray lines
from 40K (1.46MeV), 214Bi (1.76MeV), and 208Tl
(2.61MeV) is also performed. These isotopes are
naturally present in detector materials and are vis-
ible in standard physics runs. Figure 5 shows the
estimated number of detected PEs using the light
yield from 39Ar extrapolated out to these energies.
As shown in this figure, the energy response function
remains very linear over a wide range of energies,
with non-linearities starting to arise above 1.46MeV
due to digitizer saturation.

Data were also collected with an AmBe neutron
source deployed in order to validate the NR quench-
ing and PSD models. NR quenching factors were
derived from SCENE measurements [31], using the
Lindhard-Birks model fit to the measured NR light
yields relative to 83mKr ERs. The estimated uncer-
tainties for these quenching factors were dominated
by the uncertainty in the Birks factor.

This model is implemented in the simulation and
validated by comparing the observed PE spectrum
of neutron-induced NRs in the AmBe neutron source
data to the simulated one. The agreement between
the model and data can be seen in Figure 6.
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FIG. 6. Comparison of the detected PE distribution
for high-Fprompt NR-like events from an AmBe neutron
source simulation (pink) and data (black). The peak at
low PE is due to the Fprompt cut that removed ERs. Un-
certainties shown are all statistical, using nominal values
for the quenching and detector optics models.

B. Fprompt distributions

Following a particle interaction, excimers form in
the LAr, and the singlet/triplet population ratio is
a function of the nature and the energy of the inter-
action. Due to the di↵erent decay times of the two
types of excimers, di↵erent particles produce di↵er-
ent Fprompt distributions that vary with their energy.
In this analysis, PSD is used to di↵erentiate between
NRs, ERs, and ↵ particle interactions.

1. Electronic recoils

An empirical function has been developed that
characterises the Fprompt distribution for ERs. For
an ER event in which q PE are detected, the proba-
bility of observing an Fprompt value of f is described
by the empirical function,

FER(f, q) = �(f ; f̄ , b) ⇤Gauss(f ;�),

f̄(q) = a0 +
a1

q � a2
+

a3
(q � a4)2

,

b(q) = a5 +
a6
q

+
a7
q2

,

�(q) = a8 +
a9
q

+
a10
q2

,

(4)

where �(f ; f̄ , b) is the Gamma distribution with
mean f̄ and shape parameter b, and Gauss(f,�) is a
Gaussian distribution with standard deviation � and
a mean of 0. The parameters ai are fit parameters
that describe how f̄ , b, and � vary with q.

The parameters ai are fit to the distribution of
Fprompt vs. PE. Within each PE bin, the re-
sulting values of f̄ , b, and � describe the shape
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Need for new low-energy calibration sources

For WIMP search, need to calibrate below 33 keV
è39Ar alone not good enough for more elaborate analysis

ØProposed sources
• 83mKr à 9.4 keV and 32.1 keV γ-rays, 200 ns apart in average (τ1/2=1.8 h)
• 37Ar   à 2.8 keV X-ray (τ1/2=35 d)

Ø Can be injected through argon purification system 
• 83mKr: fall 2019
• 37Ar: end of blind data taking (spring 2020) because of longer τ1/2
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