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Dark matter overview
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Dark matter overview

Cosmological: Anisotropy of
the CMB

Evidence for dark matter

Astrophysical Gravitational lensing

(Bullet cluster)

Current observations: about 5 times more dark matter than visible matter
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Dark matter detection

Dark matter X X
A
Production
at colliders
Standard model P P
Particle
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Dark matter detection

Dark matter X
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Dark matter detection

Direct detection

Dark matter X > X
A
Production Indirect
at colliders detection
Y
Standard model P P
Particle
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Dark matter detection with DARWIN




WIMP direct detection

Weakly interaction massive particle
(WIMP): Nuclear recoil (NR)

* Arised naturally from certain
beyond the standard model
theories

* Production in WIMP model
naturally leads to 25% DM of the
total energy content of the
universe.

. . . \\
Interaction— elastic nuclear scattering \d
of WIMP with Xenon nucleus

Mass range: 1 to 10° GeV
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Limits and sensitivity of direct detection

Estimated sensitivity of
future experiments

DARWIN Goal— most
sensitive direct detection
experiment

Small cross section— need
to reduce background

Other possible science
channel
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DARWIN design

DARWIN: Future experiment -R&D phase (

50t liguid Xenon Time Projection Chamber T\ I
Water Cherenkov
shield

Main challenge— background reduction: j/

* Xenon: good self shielding, low internal O , ’ | CH
background, good scintillation and ionization JEE— O Cryostat
yield TG wreeemrensfronsassnnsnsnnsninns ; - | :

1 Fiducial region i
* Improved Xenon purification system o B
. SO —— Ca

* Detector material choice— reduce \

radioactivity \
' PMT \
* External muon shield Q f&’ﬁ&‘fﬁe\x 9

* Internal neutron shield
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Detection principle

Dual phase xenon TPC
_—Top Photosensor

Energy deposit (background and signal): T = { ATTHY
Anode (D5 Z
e Primary scintillation— S1 signal Xenon Gas
S — A
e lonization electrons: drift and A cate
proportional scintillation in the gas
phase of the TPC— S2 signal
. - H"“;NCQMW Liquid Xenon
Interaction position: RTICE=
e Xy from S2 pattern S ———— _OUTGOING
PARTICLE
e 7z from S1-S2 time delay Cathode O
$1/52 ratio: ER/NR discrimination _ ~ Botom Phot
(backgrou nd rejection) 0 omArrgyosensor
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DARWIN simulation pipeline




Motivation

-DARWIN is a future detector currently in the design phase— Input are needed to
make detector design choice (electrode design, photodetectors, important
parameters)

-Modular simulation framework: allow for easily testing different design choice

-Sensitivity: used as a tool to study impact of design choice and background
reduction one the capacity of DARWIN to detect a WIMP signal
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Simulation pipeline

Geant4

\ 4
S1 scintillation S1 photon Dark cotu L Tl’ay
delay propagation gemlra or
Energy Deposit Quanta Sensor Readout >
deposition clustering generation v efficiency simulation ?
T Electron L S2 photon L S2 photon
e drift scintillation propagation

Alea
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Data processing,
corrections,cuts




Geant4

Simulation of the passage of particle
trough matter

Two current uses for DARWIN:

— Simulate energy deposit:

* Recoil energy, interaction type,
position—>mainly used for neutrons

— Optical simulation:
* Propagation of S1 and S2 photons

* Generation of Light Collection
Efficiency maps (used for speed up)

Detector model

Physics list

>

Propagation
and interaction
of particles

Geant4
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Light collection efficiency

1000 0.48

Propagation of photons

uniformly generated in the 4
DARWIN TPC 500 0.44
LCE map—> position = 0.42
dependent fraction of g ° 0,409
photons hitting PMTs N
0.38
Used to speed up S1/52 ~>00
photon propagation 0.36
-1000:— 0.34
N T BT S [ 0.32
0 200 400 600 800 1000 1200
r [mm]
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Tray simulation

Ener_g_y
Detector response to an energy deposit for ER and NR de'°°f"'°“ Tray
Compute the S1 and S2 signal for different deposit type c',’ueslf;ffi‘;g
Simulation steps: (uanta e nesT
—Energy deposit: Energy,position,interaction type (ER/NR) S1 scinilaton Electror
elay ri
—Quanta generation: number of photons and electrons v
S2 photpn
—S1 simulation: Photons propagation using LCE maps ge"eiam"
—S2 simulation: Electrons drift and scintillation in the gas propagation seintillation
phase, photons propagation \/
S_epsor « | Dark count
—_ PMTS eﬁ:ects efflclency generator
Readout
simulation
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S2 electron propagation

PMT
Electron propagation: Drift, diffusion and electron anode
absorption GXe
Ee
Constant field: 200 V/cm gate A
Timing distribution: gaussian smearing Longitudinal
/Travel length , diffusion
el = 2Dt LXe
\%
Vg d E,
Drift velocity
Transverse diffusion —, "I'l/mlng
2Dt
xy distribution: gaussian smearing: o’'=—7
L Va
Electron survival probability: P=e *,7,=10ms cathode
PMT %
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PMT hit

2720 mm

PMT hit

propagation

light yield
scint. delay

scintillation

xy-distribution
drift time



S2 electrons scintillation
PMT

Photon yield :

/ Electric field

. E
Yield = (0.140—6 x 1017 —0.474) % N x 107 photon/cm

N / anode N
\ Density GXe

n ,=yield*gas length

4 mm
n,,=398 o
Gas length
S2 timing:
. Ldrﬁt
Drift delay: —— M
Vg gate
Scintillation delay: decay state 7, or 7, L Xe
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Realistic field

gate O

DARWIN realistic field:
simulated using COMSOL
(from Vera Hiu-Sze Wu)

-500

Electron diffusion: follow

the field line, done using &=
PyCOMEs (from E
Francesco Toschi) ™ 500

Integrate realistic field to

the simulation pipeline 2000

Impact on sensitivity:
uncertainty on the cathode
position reconstruction
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cathode
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cathode 1000 1200
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Red: successive
position of the
electron cloud

Electrons are
focused
between the
electrodes
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475
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PMTs effects

—— Underamplified (a=6.0, w =0.060)
— SPE Gaussian (o= 0.300)

—— DPE Gaussian (ppee =0.200)
mean=1.1603 PE, RMS=0.5588 PE

10

Simulation of PMT response: 08|

e Calculate number of
photoelectrons from
quantum efficiency

06

e Take into account Double
Photoelectron probability

0.4r

Probability distribution function

0.2

%90 05 10 15 2.0 25 30 35 40
Area [ PE ]
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Detector response

S1 and S2 timing

[ s2 (divided by 100)
Drift velocity: 200V .cm™' L1151
Electron lifetime: 10ms

1400 1

S2: Electron drift + absorption + scintillation
12001 yield + photon propagation
S1: Scintillation delay + Photon

el propagation

800 1

Photon hit

600 4

400 -

Sensor effect: Quantum efficiency,
double photoelectron probability

<Travel length=320 mm +

2001

0 50 100 150 200
time [ us ]
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Corrections

Motivation for correction: Compare signal generated on different parts of the
detector

1400

photons hit for E=100 kev
T ; -1270.0

¥ Ai¥ Wl . S1PMT hitvs Z
L X : cS1 PMT hit vs Z

9’1(3:: Y, Z) — ELCE(‘T: Y, Z) ' €QE; 1200 | L 910.0

€, : Light collection Efficiency

1000 4 F-550.0

€,r - Quantum Efficiency

800 4

y [ us]

r-190.0

Correction averaged over
the detection volume:

600 - r170.0

S2 drift dela

< g, >
gi(r,y,z)

cS1 =51 -

400 4

Z reconstructed [ mm ]

r530.0

200 1 r890.0

<g',>:Mean value of g,

1250.0

S2 correction: correct for o |
electron absorption S1 photons hit

260
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WIMP sensitivity studies




Background discrimination

Nuclear recoll (NR) Electronic recoil (ER) .

CS2 Area (PE)

Electronic recoil: interaction with electron of
xenon— background only " : ’ * cs1 avea (pe)

Nuclear recoil: interaction with xenon
nucleus— background + signal

ER/NR discrimination— ¢S1/cS2 ratio

21/02/2024
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NR and ER band separation

105
—— ER lo contours

ER leakage: fraction of ER events ---- ER median

—— NR lo contours

under the NR median band -~ NR median

with 30 < ¢S1 < 40

—

wi

[+

S

g ER/NR histogram

| - —— NR median

=T 1 beta
[T NR

™~

un

&

ER leakage

10000 15000 20000 25000 30000 35000 40000
cS2 Area (PE)
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|Isolated events

Isolated events: dark
count or isolated
photons— participate to
background

N4TW200 coincidence
criteria: four photons in
a time window of 200ms

Rejection of isolated
events:from 34kHz—
1.87 mHz
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ER leakage

102F C ' ' ' ' ot
- — ERleakage for 50 V.cm -
i — ER leakage for 100 V.cm
- — ER leakage for 200 V.cm 1
- ER leakage for 500 V.cm 1
103
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Backgrounds

ER background

For baseline design: 10° ]

ER background: : solar v,
Xe136 2vbb, Rn222 (baseline
rate: 0.1 uBg/kg)

NR background: CEVNS,
Radiogenic neutrons

107

Rate [(keV -t y) ']

-

—— Solarv
Xel36, 2vpp
—— Pb214

Rn222 | — Pb212
—— Kr85

107

0 5 10 15 0 2
Recoil energy [ keV ]

21/02/2024

Antoine Chauvin




Re-weighting

1e-3
Background and signal integration: _ 1000 GeV WIMP |
Re-weighting of NR and ER files i : 1.4
Normalization weight: ~ Detector mass 1.2
I 10*F -
norim ﬂ'{det - 1 o —
O’LL-‘i — . |E
p_/g'en-(Ei) * ngﬁn H_I_JI %
o — 0.8
Event probabiltiy ) { 3
Q § Q
Event weight: Background rate i 106
©
w; = Rbuckg:r‘:und(Ei) * ow; """ ] 1 | {04
Template: proportional to the pdf in 02
the ¢51/¢S2 space ]
102 PR T TN T T S AN TS U SO TN S N SN SN S NN O S W N 00
0 20 40 60 80 100 120 140
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Alea

Statistical inference package from Xenon collaboration (currently being developed)

Use templates to find sensitivity A —— 7
Template Simulate MC toys from d
i templates |
Toy data Compute likelihood ratio ¢
functions ST
Loglikeli}ood ratio . o |
Find upper limit (90% CL) 2’ /5ot phmpese)
90% CL per toy = )
l Find median of upper limits
Sensitivity - Sensitivity L~
_ | e Z . Z o “DARWIN, 200 V/cm, N4TW200, 200.0 ty
Alea Repeat for each masspoint it ol toas)

36/41
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Baseline sensmwty

108 L | R
\ DAF{WIN N4TW2000 2000’[}! —— DARWIN baseline design

—— XENONNT 2023
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Impact of Rn222

in.

cross section ag [ cm? |
S
®

1 0—49 |

DAF{WIN N4TW200 0 200 0 ty

— 0.1 muBqg/kg
— 1.0 muBqg/kg
3.5 muBg/kg

10!
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Impact of the field

10—43
\ DARWIN, N4TW200.0, 200.0 ty — 25 V/cm
— 50 V/cm
| — 100 V/cm
107441 '*-H — 150 V/cm
x’t A —_— 200 V/cm
AN 500 V/cm
AR \4 S\ ——— XENONNT 2023
S\
o |
g
—46 |
8 107
4
L
QU
(1]
ﬂ —47
| . 1
(W]
1048 |
10491

”101 | ------102 | | IIII”1EI3
WIMP mass [GeV]
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Conclusion

-Dark matter: One important missing element in our comprehension of our actual universe
-DARWIN: dual phase Xenon TPC for direct dark matter detection— Improved sensitivity to WIMP

-Development of a simulation pipeline for production of signal and background events in the
DARWIN TPC

-Estimation of the DARWIN sensitivity to WIMP
-Sensitivity used as a tool for estimating detector design impact
Next Steps:

-General improvement of the simulation pipeline: position reconstruction, additional background,
low field improvement

-Simulation and estimation of the impact of a realistic field

-Impact of photodetectors choice; SiPMs, other PMTs
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Thank you for your attention
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