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The LUX-ZEPLIN (LZ) experiment

LZ is a dual-phase time projection chamber (TPC) featuring 7
tonnes of liquid xenon (active mass) instrumented with 494
3-inch-diameter PMTs (Hamamatsu R11410-22).

The aim is to detect a dark matter particle interaction within its
active target.

The Skiffand @U@ Detector surround the TPC serving as veto
systems.

When a particle interacts in the TPC, we read two different signals:

1. Sisignal > primary scintillation signal (VUV photons) from
excitation in the liquid.

2. S2signal > secondary scintillation (also VUV photons) as
ionised electrons get extracted into the gas phase.
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Accidental events background

One of the main background which limits our sensitivity to low
particle masses are
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Accidental events background

One of the main background which limits our sensitivity to low
particle masses are events originating from the “accidental”
pairing of isolated S1 and isolated S2 events.

A CA ™

Within maximum drift time
Knowing the origin of isolated pulses:

1. Helps mitigate the accidental events background in
current science searches
2.  Will help design future detectors!
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Accidental events background

One of the main background which limits our sensitivity to low
particle masses are events originating from the “accidental”
pairing of isolated S1 and isolated S2 events.
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Within maximum drift time
Knowing the origin of isolated pulses:

1. Helps mitigate the accidental events background in
current science searches
2.  Will help design future detectors!
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Challenges: very small S1s are hard to study because they have no robust spatial reconstruction.
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Analysis method and the DPE effect

Given the poor spatial reconstruction the analysis method is based on photon analysis leveraging the
double photon electron (DPE) effect which is observed at VUV wavelengths in these PMTs.
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Given the poor spatial reconstruction the analysis method is based on photon analysis leveraging the
double photon electron (DPE) effect which is observed at VUV wavelengths in these PMTs.

DPE

Generally: 1 photon - 1 photo electron

VUV light: 1 photon can produce 2 (or 3) photo
electrons

LZ PMTs: ~20% of having DPE
Our unit of photons measured is_not photons
emitted, but instead photons detected (phd)!

_I dynodes

photocathode

Image taken from [1]

[1]Low-Energy Signals in the LUX-ZEPLIN (LZ) Experiment and Spectral Measurements of Xenon Luminescence [PhD thesis], A. Baker, 2024
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VUV light: 1 photon can produce 2 (or 3) photo
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Studying the mean response of single photons within the S1:

Amplitude [phd/ns]

e  VUV? Likely coming from xenon processes.
e  NonVUV? Likely not coming from xenon processes >
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Analysis method and the DPE effect -

Using WS2024 science run data (220 live days) and corresponding calibration campaigns
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Analysis method and the DPE effect -

Using WS2024 science run data (220 live days) and corresponding calibration campaigns

Response of the detector: using single photons
from and processes to know where
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Analysis method and the DPE effect - results

Using WS2024 science run data (220 live days) and corresponding calibration campaigns

1.

Response of the detector: using single photons
from and processes to know where
we expect these populations

Get a calibration response spanning the VUV and
non-VUV regimes for several PMT coincidence
levels:
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Analysis method and the DPE effect - results

Using WS2024 science run data (220 live days) and corresponding calibration campaigns

1.

Response of the detector: using single photons
from and non-VUV processes to know where
we expect these populations

Get a calibration response spanning the VUV and
non-VUV regimes for several PMT coincidence
levels:
For the VUV regime is used. Tritium is
an isotope which undergoes B-decay, with
characteristic low Q-value (18.6 keV).
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Analysis method and the DPE effect - results

Using WS2024 science run data (220 live days) and corresponding calibration campaigns
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Analysis method and the DPE effect - results

Using WS2024 science run data (220 live days) and corresponding calibration campaigns

1.

Response of the detector: using single photons
from and non-VUV processes to know where
we expect these populations

Get a calibration response spanning the VUV and

non-VUV regimes for several PMT coincidence

levels:
For the VUV regime is used. Tritium is
an isotope which undergoes B-decay, with
characteristic low Q-value (18.6 keV).

b.  Forthe non-VUV regime blue LED

calibration data is used.

Study the response of isolated S1 events.
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Analysis method and the DPE effect - results

Using WS2024 science run data (220 live days) and corresponding calibration campaigns

1.  Response of the detector: using single photons
from and non-VUV processes to know where
we expect these populations

2.  Getacalibration response spanning the VUV and
non-VUV regimes for several PMT coincidence
levels:

For the VUV regime is used. Tritium is
an isotope which undergoes B-decay, with
characteristic low Q-value (18.6 keV).

b.  Forthe non-VUV regime blue LED
calibration data is used.

3.  Study the response of isolated S1 events.
a. Generally, isolated S1 events agree
reasonably well with the VUV calibration.
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Analysis method and the DPE effect - results

Using WS2024 science run data (220 live days) and corresponding calibration campaigns

1.

Response of the detector: using single photons
from and non-VUV processes to know where
we expect these populations

Get a calibration response spanning the VUV and

non-VUV regimes for several PMT coincidence

levels:
For the VUV regime CH_T is used. Tritium is
an isotope which undergoes B-decay, with
characteristic low Q-value (18.6 keV).

b.  Forthe non-VUV regime blue LED

calibration data is used.

Study the response of isolated S1 events.
a. Generally, isolated S1 events agree
reasonably well with the VUV calibration.
b. Clear effect at 3-fold level: significant
contamination from non-VUV light!
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Analysis method and the DPE effect - results

Using WS2024 science run data (220 live days) and corresponding calibration campaigns
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Investigating the origin of the 3-fold

Key clue:
3-fold coincidence events (rate of 0.55 Hz in WS2024) are contaminated
by a significant amount of non-VUV photons.
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Investigating the origin of the 3-fold

Key clue:
3-fold coincidence events (rate of 0.55 Hz in WS2024) are contaminated
by a significant amount of non-VUV photons.

Continuous trigger
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Need to find a population of events which could explain this:

heightened single (non VUV) photon rate is observed after
large y-ray interactions.
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Investigating the origin of the 3-fold

Is the downward shift in channel pulse area justified by these
enhanced rates?

Using poissonian statistics can recover what is the probability of obtaining a

3-fold S1 based on a rate of uncorrelated single photon. Knowing my
dataset livetime | can then evaluate the number of pile up S1s | get.
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103

Cont

inuous trigger

—_———
| LZ Preliminary

T

Bpoe o oo

e

~ Vetoed Interval [

T—T

Single photons ||

S2 pulses i

202.0 2025
Time (s)

6

S2 size [pﬁd]

20



Investigating the origin of the 3-fold

Is the downward shift in channel pulse area justified by these
enhanced rates?

Using poissonian statistics can recover what is the probability of obtaining a

3-fold S1 based on a rate of uncorrelated single photon. Knowing my
dataset livetime | can then evaluate the number of pile up S1s | get.

~48% of 3-fold coincidences come up
from pile up of non-VUV single photons
outside of the vetoed periods
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Investigating the origin of the 3-fold

Is the downward shift in channel pulse area justified by these
enhanced rates?

Using poissonian statistics can recover what is the probability of obtaining a
3-fold S1 based on a rate of uncorrelated single photon. Knowing my
dataset livetime | can then evaluate the number of pile up S1s | get.

~48% of 3-fold coincidences come up
from pile up of non-VUV single photons
outside of the vetoed periods
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Investigating the origin of the 3-fold

Is the downward shift in channel pulse area justified by these
enhanced rates?

Using poissonian statistics can recover what is the probability of obtaining a
3-fold S1 based on a rate of uncorrelated single photon. Knowing my
dataset livetime | can then evaluate the number of pile up S1s | get.

~48% of 3-fold coincidences come up
from pile up of non-VUV single photons
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Channel pulse area [phd]

Channel pulse area [phd]

1.10

1.05}

1.00

LZ Preliminary

0.95

0.90-

0.851

0.80

0.751

0.70

¥ CHST -¥ LED
¥ VUV photons ¥ non VUV-photons
=4 Isolated S1

1.10

8

15 25 45 60
Coincidence level

1.05F

1.00]

LZ Preliminary
Removing the pile

4
A\

p effect at 3-fold coincidence

0.95-

0.90!

0.85-

0.80

0.751

0.70

¥ CHRT ¥ LED
¥ VUV photons  -¥ non VUV-photons
=4 Isolated S1

15 25 45 60
Coincidence level

23



What is causing this enhanced rates?

Hypothesis: photoluminescence of detector materials, most likely to be from PTFE walls of the TPC

Average single photon rate per PMT [Hz]

Alarge S2 produces several VUV photons (low
irradiation):
° ~10% will be detected by the PMTs

° Some of the remaining photons will be absorbed

by the PTFE
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What is causing this enhanced rates?

Hypothesis: photoluminescence of detector materials, most likely to be from PTFE walls of the TPC

When the UV irradiation is low (i.e. large S2) >

power law behaviour dominates
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What is causing this enhanced rates?

Hypothesis: photoluminescence of detector materials, most likely to be from PTFE walls of the TPC

e When the UVirradiation is low (i.e. large S2) >
power law behaviour dominates
o  Previously observed in LUX [2]

This matches with what was
previously measured in LUX [2]

Fit model < t°+¢ /

Results:[b = -0.83 *0.07]| [c =14 2 HZ |

[2] Investigation of background electron emission in the LUX detector, LUX collaboration, Oct 2020
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What is causing this enhanced rates?

Hypothesis: photoluminescence of detector materials, most likely to be from PTFE walls of the TPC

e When the UVirradiation is low (i.e. large S2) > Muon veto window
power law behaviour dominates
o  Previously observed in LUX [2]
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[2] Investigation of background electron emission in the LUX detector, LUX collaboration, Oct 2020
[3] Principles of fluorescence spectroscopy, Joseph R. Lakowicz, 1983 27



What is causing this enhanced rates?

Hypothesis: photoluminescence of detector materials, most likely to be from PTFE walls of the TPC

e When the UVirradiation is low (i.e. large S2) >
power law behaviour dominates
o  Previously observed in LUX [2]

e When the UVirradiation is high (i.e. ) >
exponential decay dominates
o  Direct de-excitation to the ground state [3]

[2] Investigation of background electron emission in the LUX detector, LUX collaboration, Oct 2020
[3] Principles of fluorescence spectroscopy, Joseph R. Lakowicz, 1983

Average single photon rate per PMT [Hz]
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What is causing this enhanced rates?

Hypothesis: photoluminescence of detector materials, most likely to be from PTFE walls of the TPC

e When the UVirradiation is low (i.e. large S2) >
power law behaviour dominates
o  Previously observed in LUX [2]

e  When the UVirradiation is high (i.e. ) >
exponential decay dominates
o  Direct de-excitation to the ground state [3]

[2] Investigation of background electron emission in the LUX detector, LUX collaboration, Oct 2020
[3] Principles of fluorescence spectroscopy, Joseph R. Lakowicz, 1983
[4] Long-lasting photoluminescence in polymers, E. Peik, May 2007

Same order of magnitude as that
measured by Peik at room
temperature,7=5.4+0.3 s [4].

Different temperature (LZ ~175K),

different type of PTFE and surface

treatment will all have an effect on
the decay constant.

- J

Fit model o< %"+ ¢ /
Results: [T=2.3%0.2s
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What is causing this enhanced rates?

Hypothesis: photoluminescence of detector materials, most likely to be from PTFE walls of the TPC

e When the UVirradiation is low (i.e. large S2) >

power law behaviour dominates
o  Previously observed in LUX [2] Same order of magnitude as that
measured by Peik at room
e When the UVirradiation is high (i.e. )> temperature,7=5.4+0.3 s [4].
exponential decay dominates
o  Direct de-excitation to the ground state [3] Different temperature (LZ ~175K),
different type of PTFE and surface
@ treatment will all have an effect on
the decay constant.

Currently studying competing \ /

effects due to migration of carriers.

Fit model o< %"+ ¢ /
Results: [T=2.3%0.2s

[2] Investigation of background electron emission in the LUX detector, LUX collaboration, Oct 2020
[3] Principles of fluorescence spectroscopy, Joseph R. Lakowicz, 1983
[4] Long-lasting photoluminescence in polymers, E. Peik, May 2007



Conclusion

Motivation for the work:

Studying the origin of isolated S1s is very important to mitigate the accidental
backgrounds in current science searches but also to steer the design of future detectors.

Analysis methods and results:

e Leveraging the DPE effect and performing a photon analysis of the isolated S1

population | found:
o  Majority of isolated S1 comes from xenon interactions
o ~48% of 3-fold coincidence photons come from the pile up of non-VUV single photons

e One of the hypotheses which could explain the heightened single photon rate is
PTFE fluorescence. Other hypotheses are being investigated
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Calibration data selection

Selection of event from CH.T and LED calibration campaigns
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Rate of isolated S1 events in WS2024

Rate [Hz / phd]
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Muon pile up S1s

During a muon tail several
single photons pile up to make
up an S1, as predicted this falls
in the non-VUV regime
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Enhanced SPE rate in nominal trigger

Average single photon rate per PMT [Hz]
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Checks on the 4-fold coincidence

Is the downward shift in channel pulse area justified by these
enhanced rates?

Using poissonian statistics can recover what is the probability of obtaining a
3-fold S1 based on a rate of uncorrelated single photon. Knowing my
dataset livetime | can then evaluate the number of pile up S1s | get.

~48% of 3-fold coincidences
come up from pile up of
non-VUV single photons
outside of the vetoed periods

Only 1% of the 4-fold
coincidences come up from
this pile up mechanism

This agrees with what observed from the isolated S1 population!

Channel pulse area [phd]

Channel pulse area [phd]

1.10

1.05}

LZ Preliminary

1.00

0.95

0.90-

0.851

0.80

0.751

0.70

1.10

1.05F

1.00]

0.95-

0.90!

0.85-

0.80

0.751

0.70

¥ CHiT - LED
¥ VUV photons  —¥- non VUV-photons
== Isolated S1
I I . L . !
1 4 5 8 15 25 45 60
Coincidence level
LZ Preliminary
Removing the pile up effect at 3-fold coincidence
A
V- N
\4
VN
¥ CHRT ¥ LED
¥ VUV photons  -¥ non VUV-photons
%= Isolated S1
I I | L . : :
1 3 4 5 8 15 25 45 60

Coincidence level

39



PTFE fluorescence - Peik 2007

Exponential decay witht=5.4+0.3s

Power law decay o< t!
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