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01. The Dark Matter Problem

DM evidence, properties, detections, mass regime

Our Universe What we can actually see (detect)

5% Planets, stars, etc__ _

R 7

26% Dark Matter - % A

69% Dark Energy

\ / What is the nature of dark matter?




Dark Matter Evidence
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Dark Matter Properties

Galactic Scale o .
e  Gravitationally active

Galaxy rotation curves e  Halo-distribution

e Bullet cluster
e  Weak Gravitational Lensing

Long-lived & clustering

Electrically neutral & non-baryonic
Dark matter: ~ 27% of the Universe and
84% of matter content

Cosmological Scale

e Galactic Large Scale Structure (LSS)
e Cosmic microwave background (CMB)
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Dark Matter Detection

x+T —=x+T

Direct detection

DM (X) > | DM (X)
Milky Way
SOLAR Production Indirect
SYSTEM 4 at colliders detection
Standard Standard
Model P Model P
Event rate:
— O =—~— —— U = f(V)d A\
ST | dER/// my Jo, . dER .- T T T T T T
Local mass density: : - may e e 1 Velocity distribution: |
~0.3 GeV/cm? | = | e Standard Halo Model |
In an Earth-sized volume: r o S I
-05kg | Astrophysics inputs
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Dark Matter Detection

Phonons
(Heat)

-

CRESST

Deposited
Energy

-~
-

Charge -7 Light

(Tonization) |- “XENON, L.Z, Pandax | (Scintillation)
— — (Xenon-based)

-7 DarkSide

(Argon-based)

B v - f(v)d*v
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Dark Matter Mass Regime

Few-GeV light WIMPs |

. _ . \ Weakly Interacting
Light DM Sub-Gev hgt.lt DL 4 \ Massive Particles
BosonicDM \ :
[
RGN .
| Ultralight DM | Light DM | WIMP | Composite DM |
.......... >
T | | | |
10720 eV keV GeV 100 TeV Mp,
Non-thermal boson field lukewe CDM
DM density I I I >
(#/L) 18 10° 10°
Recoil eneggy/(éV/) I — I I >
7 ev /" kev 100keV
_____ A
| | I .
Event rate: | | | dR I Bosonic DM:
| R o< opg | | dE. o Fion : e Axion-like particles
€ |

e Dark photon

Photoelectric Tonization factor
cross section
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02.
XENONNT Experiments

e Detector working principle
e Science data overview




The XENON Program
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XENONNT Experiment

INFN Laboratori W. /e e .

Nazionali 3:3%’3:? [ Time Projection Chamber \I
del Gran Sasso (LNGS) depth: 1400 | o 5.9 t active target |
;) o 86ttotal mass |
| e 15mdriftlength I
. |
I e 1.3 m diameter |
\ e  4943” PMTs )

N ;e

Neutron Veto
e Active Gd-water Cherenkov
veto (120 8”PMTs)

[ Muon Veto \:
|
I

4 e Active Gd-water Cherenkov
' veto (84 8”PMTS)
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XENONNT Experiment

XENON
Dual phase Xe TPC
(Time projection chamber)
4 time e S1: Prompt scintillation light
v & S2 > e 52 Secondary scintillation light by ionized electrons
drift time e 3D Position reconstruction: Drift time + PMT pattern
(depth)
S1 Zposition | o  Energy reconstruction:
""" cS, ¢S
, E=W(—+=22)
‘ 41 g2
W: Average energy to produce a quanta

¢S1, ¢S2: Corrected area of S1and S2
gl,g2: Gainof S1(~0.1) and 52 (~15)

XY position

XENONNT Experiment
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Event discrimination | Calibrations
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ER calibrations: XENON
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N X — 1083
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e Neutrons e (Gamma e = \\ e 2 2‘2
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e Neutrino elastic scattering 102 7 ooy B B R
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S1 NR S1 ER e 2YAmBe neutron source
=
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Science Data Overview

Science Mode 220pn 8y  mmm AmBe W NG
83mg 232Th == 222Rn I 37Ar _ Livetime:
Upgrades and Status 88YBe 635.3 d
' e
SRO->SR1: 600 ‘
Liquid radon distillation, 1.8509 | e :
uBq/kg 500 [ / D
SR1->SR2: = 400 | SR2
. . g LA 309.2 days Q
Injected Gd into the neutron ] Al
Cherenkov veto o 300
3 ,
SR2-> SR3: 200 F Q ‘
Detector upgrade since early 2025 100 H
to enhance the drift field and fix 0
flashing PMTs 3 \
1 1 1 S S5
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o
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Motivation & Outline A

XENON

. Anode electrodes Secondary scintillation o1. Pa}:amete}‘s calibration:
e mm M ,  Driftvelocity v,

Extraction )/ © Diffusion constant D,
of electrons -7
<77
LXe ... b e / Input
Gate electrodes . o - / Y
S2 width / 02. S2 width simulation

~ length of electron cloud //

(e ¥e) )
[ / 03.

S2 width cuts

. Drift & Diffusion of
* electrons

———————————— y General analysis:

| Detector dynamics tracking & Background rejection
____________ ]

S2-only analysis:
Main discriminator for signal vs. background

o | 16 |
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01. Parameters calibration:

Parameters Calibrations e Driftvelotity vy

s e Diffusion constant D,

s
s
SR2 - Kr83m — Drift velocity Internal #™Kr calibration dataset (uniformly distributed in detector)
0.690
=== SR1 (old definition) = 0.67700+0.00030 mm/ps === SR2 (new definition) = 0.68302+0.00009 mm/ps
0.688 - === SR2 (old definition) = 0.68403+0.00011 mm/ps
2 ooee Drift Velocity
= \ __Maximum drift length
E 0.684 o -
Z \o Zgate — Zcathode
§ o682 Vg =
E 0.680 Lcathode — tgate
£
[a)
0.678 \ Maximum drift time
0.676

——D=48.06+0.20 cm?/s + 50% percentile
12F scw=0.10+ 0.27 ps
102
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g
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1 -~ . : n
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A 2 — ﬁ 10
mod 2D - (t — tgate.5 2 4 i ~
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~ Y T~ L Non-linear™
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01. Parameters calibration:

Parameters Calibrations . Driftvelocity ey

e Diffusion constant D,

Key dependences:

3. Photoionization (PI) of impurities introduces

1. The primary dependency drift field is constant durin
P yoep y driftf & single electrons that merge into the S2 waveform

the data taking period | fitted diffusi
2. The temperature increase can explain the macroscopic = larger fitted diffusion constant
increase in drift velocity I !
I
| )
| |
1.39 } o ISR2-Kr83m
SRO II 48.2 " i
4 SR1la ° —_ B | e
S5 SRia 7 48.0 l g
E SR2 § a78F et
52 137 e 476 o ,;::'..
o'c ] : S
°8 5 e ¥
£> 1.36 i e P
=2 1.361 £ o it
55 ™ g 472t .
a ' 9 o 5%
S 1351 . £ 47.0F W
a &
£ ) A 168}
1.34 T T T . - . : 4 1 I 1 1 ] )
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LXe temperature PI strength
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Sz Width SimUIationS 02. S2width simulation:

e Standard S2 width modeling
e  Dealing with wire field distortions

o
N
a

t_drift=0.1 ms
—— t_drift=1 ms
— t_drift=2 ms

o
N
o

=3 =3
o o
=3 a

Standard Region:
Electrons undergo longitudinal diffusion in a uniform field.
Arrival times follow a normal distribution:

taritt;i ~ N (Lavise, Di)

o
o
@

Normalized height

0 10 20 10?
Time [us] \\ near wire region
Distortion Region:
0.25 10!
£ 0.20
— °
Transverse @
i S - wires o 05 ; 100
s —\ I 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
/ \‘ T 0.10 s rot_x [cm]
[ \ Parall £ 1V
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S2 width simulation:

Sz Width Simu}'a‘tions 02; Standard S2 width modeling

e Dealing with wire field distortions

Microphysics & Machine Learning &
simulation driven data driven R
Training and Validation Loss vs. Epoch
— Trallglng Loss.
| _ — Electric Field Map S2 Waveform & Coordinates e
& Electron Coordinates 000015
l g 0.00014
’bﬁ)l;‘
ni ° Microphysical - -
Propagation oo00tz
l o 20 40 £poch 60 80 100
Construct Maps (V_d, D_1)
& Sample Electron Arrival 0.25 —
20 times » —_ t:drift:l ms
= Predict Waveform PDF € o — il
2y =
g 15T £ 0.15
g ! 3
z 10F Distorted S2 » =
a © 0.10
3 5p¢ Waveform Direct Sampling // g
[9\]
» ol 1 1 1 1 1 1 electron arrival times // =0 A
2 0.00 T T T T T y
V4 =30 =20 =10 0 10 20 30
5 ol // Time [us]
_2 “l ” ”l “”HH]””“ I ”]””““” “ Distorted $2 )/
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S2 Rotated x (position uncorrected) [cm] O BN
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S2 Width Simulations 02, S2widthimulation:

e Dealing with wire field distortions

Microphysics & Machine Learning &
simulation driven data driven

Electric Field Map S2 Waveform & Coordinates

& Electron Coordinates ] . .
e  Bypasses complex diffusion

e  Built on first principles.
e  Compatible with simulation framework. I models.
e  Parameters can be tuned for varying - : e  Naturally matches data.
o icrophysical
detector conditions. Propigduon
Construct Maps (V_d, D_1)
& Sample Electron Arrival
x times x
. : . Predict Waveform PDF
e  Mismatch of field models with real Black-box
world (e.g., wire sagging). SO l e  Systematic Bias: Trained on
. . . . 1Storte
e Usesv, andD, in uncalibrated high-field observed features rather than
-4 ! Waveform Direct Sampling
regions. ) true features.
electron arrival times
Distorted S2
o Waveform
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S2 Width Cuts
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03. S2 width cuts:

e Simulation & machine learning based cuts

e  Background rejection

o~
X
II j\
y 4 \ == = new cut with S2=7000 PE, drift time: 0.5 ms
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04.
Search for Light Dark Matter
using S2-only Data

Motivation & Challenges
Background Model

Signal Model

Limits on light dark matter model




Motivation of S2-only analysis

S1 fails for Light Dark Matter

Photon generation

(3, 8] GeV light WIMPs | Light yield suppression L,

. \
Light DM Sub-GeV light DM \
. \
Bosonic DM \
I \\ \\ Photon detection
¢ ' o ) Low efficiency g;
| Ultralight DM | Light DM | WIMP | Composite DM |
.......... >
I | | | |
10720 eV keV GeV 100 TeV My, S1 reconstruction
Non-thermal boson field lukewarm DM CDM 3-fold EMT coincidence
)
"
i Waveform Simylation § Data-driven Method
1O //Iiiiiiiii!!
S x
3,16) S
electrons s /i
24}
g 0.6 |-
S1 S22 8
al
: g
S2-only analysis S1 + S2 analysis § ol
Sensitive to > 8 GeV/c2 DM Z
00 [ = 1 1 1 1 1 1 1 1
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Number of Photons Detected
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Challenges of S2-only analysis i

XENON
Losing S1 to reconstruct the depth (Z-coordinate)
Losing ER/NR discrimination using the S2/S1 ratio
Unmodeled instrumental backgrounds at low energies
/
/
) e Top components
Mean tr/lergy in flat ER spectrum [keV | anod
015 02,7 03 05 07 1 2 3 gate
Te /I T T T T T T
/
3 10° ¢ ' 4GeV/c? 20 GeV /¢?
5
’% 102 Delayed electrons
=
s 10
8 Cathode
g 10P cathode
£
& 1
1o Cathode electrodes
PTFE Wall
90 120 150 200 500 1000 3000
S2 [PE]
S
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The S2-only recipe & =

Data-driven BackgrouncD (Simulatcd SignaD /@ x E N o N

Stage 1. - P
g el Ingredient washing ¢/ b‘;

N

Ingredient Preparation

vl Bffc R
Background Model sigoal Bificiency Signal Model Template prepar ed
Stage 2:
.. . Profile Log-Likelihood
Statistical cooking Q
Unblinding Data in ROI ;
Stage 3: T =
Food serving e
Discovery or Upper Limits
@)
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Conclusions
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DM Signals

Backgrounds | Discrimination Space

Cathode
background

AE, DE XENON
backgrounds

Losing the S2/S1 discrimination space
= novel background discrimination space

S1+S2 analysis

. L —sDc:liB.l.llﬁztﬂ.?ZO;::;z/s * 50% percentile
S2-only analysis i B -
EENER NN Wall Neutron EEEAC Wl WIMP -
104 : e £
40 " =
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Backgrounds | 01. Top regions
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Backgrounds I 01. Top regions
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Backgrounds | o2. cathode
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Backgrounds | o2. cathode

20 F b
40F i ? 15 F Cathode ] XENON
anode A8 _‘ g
- &% 308 2
= 20 :
E 20 ‘;
I Z
= 10 £
athode %
Cathode electrodes 0 T a0 T ot z
a2 [PE] 0 2(;0 4(;0 660 860 1000
S2 area [PE]
o
| . N | [ Signal ] Cathode background
| Background rejection: | 10 T - .
|
I . ' 1
| e  S2width (upper boundary) : o |
} e Boosted Decision Tree (BDT) classifier | % 01 '
| o S2 pulse features (width 50%, 90% etc) : g Signal: Cathode
} o  Cathode rejection: ~50%, signal acceptance: ~80% | 1072 i
| e Temporal veto ! -3 !
! o  Cathode rejection: ~14%, signal acceptance: 99.5% : ol o , , ;
Lo | 0.0 0.2 0.4 0.6 0.8 1.0
Cathode BDT score
@)
Introduction XENONNT Experiment S2 pulse shape studies Search for Light Dark Matter using S2-only Data Conclusions




Backgrounds I 03. Delayed Electrons (DE)
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Backgrounds | 04. Accidental Electrons (AE)
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Backgrounds | 05. Physical background
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2. NR from neutron Neutrino energy (MeV)

3.  ER from radioactivity
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T 20y - .7 . backgrounds 20 ©
3 b . - m —ll
~ . Y 1 :r' w
e e
10p 10
O 1 1 1 1 0
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cS2 [PE]
1013 E
—————————————————————————————————————————— 102 - b [+0.6%]
,_ 8 : _i ~10"E =
| 1. B solar neutrino | T 100E- 7Be [+6%]
| Coherent Elastic Neutrino-Nucleus Scattering (CEVNS) signal : § 10K pep [£1%]
| 3 10k
. . | S 107k
: e  Neutrino Flux from the SNO (Sudbury Neutrino Observatory) | £ of- el ]
| experiment. : g 00 ]
: e  Energy distribution from standard ®B nuclear decay spectrum. | 3 12‘; 3 hep [:30%]
| e  Cross-Section from Standard Model interaction. : 1025
| E N
|
|
|
| |
! [

o
Search for Light Dark Matter using S2-only Data

Introduction XENONNT Experiment S2 pulse shape studies Conclusions



Cut efficiency

——cut s2 pattern s2 only
———cut_s2_single_scatter s2_only
——cut_cs2_area fraction top s2 only
——cut_hotspot_veto_s2 only
——cut_ambience _s2 only
——cut_time_veto_s2_only

—— cut_position_shadow_s2_only
——cut_time shadow _s2 only
———cut_width roi s2 only
——cut_bdt cathode

1. Salting: Simulate DM-like S2 peaks and cut bdt_de

inject these peaks into real science data. Lof PP PP
2. Calculate survival fraction as total~~ _ B osl ot e ! . 4 ! e ———
efficiency. T~E | e — _ s? ,
g T~ g o S2QuEY S1.52
3.  Efficiency gain (up to 5x) below 3 keV, =~ 06 g 01f/ 27 T Sronly
compared to traditional S1+S2 searches. ¢ PR o
S04 e of -~
4. Energy Reach [0.5,5.0] keV_and [0.04, é PN o i sy s wes )
0.7] keV = i )
ee © 02 Recoil Energy Er [keVy,]
0.0

1 1 L L 1
100 200 300 400 500
S2 area [PE]
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The S2-only recipe & =
(Dan-tiven Bckground) (Simameasigna) D XENON

| X Y.
Qialiby Cuts Ingredient washing ¢/ Q‘;

Stage 1:

Ingredient Preparation

vl Bffc R
Background Model sigoal Bificiency Signal Model Template prepar ed
Stage 2:
.. . Profile Log-Likelihood
Statistical cooking Q
Unblinding Data in ROI ;
Stage 3: T =
Food serving e
Discovery or Upper Limits
o

Search for Light Dark Matter using S2-only Data

Conclusions
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Background Modeling | Blinded Analysis

Data-driven modeling: Sideband technique:
DE, AL, cathode background Unblind science data in sideband
modeling in full space region, extrapolate the background
modeling to Signal ROL
) Backgrounds Modeling Sideband c
=l Enlarged ROI = Sidebands Cathode BDT Sideband |Main selection |7-15 %
S ' DE S o Delayed Electron |ML Generative |on background [43_40 o,
3k \\\ o (DE) discrimination
AE )~ - Accidental Data-driven space 8-17 %
N ARRRREE - Electron (AE)
III Cathode | node CEvNS (Physics) |First Principles |- ~4%
Ii/.i. = (E)p: electrodés temoved)” = " " " >
Signal S2 area i S2 area
o
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Background Modeling

Data-driven modeling:

DE, AL, cathode background

modeling in full space
< Enlarged ROI
§ r«
2 " DE
~ S -
AE 1" ~L
A
/ B
/
4 Cathode |
Ii/.i. =2 (E)p. electrodés temoved)” " " " " >
Signal S2 area

Introduction XENONNT Experiment

Sideband technique:

Unblind science data in sideband

region, extrapolate the background

modeling to Signal ROL

S2 width

S2 pulse shape studies

Sidebands

*"

Final Background Model

Estimate the DE, AE, cathode
background in blinded Signal ROI

S A Science ROI
=t
=
N
%)
L. Background leakage
N 7/ —
\
/ |
F //f _____ ]
L~
= |
Signal S2 area
(@)
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Background Summary

XENON

BN Cathode [ENIDE [0 AE [ 8B Final Background Model

7 SRO

Estimate the DE, AE, cathode

200 |
background in blinded Signal ROI

A Science ROI

S2 width

Events

Background leakage

— - —

= .
Signal S2 area

100 200 300 400 500
cS2 [PE]
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The S2-only recipe @) =
(Dan-tiven Bckground) (Simameasigna) D XENON

Stage 1: ; 2 r
& Qialiby Cuts IngredieRvashing 7 ‘)‘;

Ingredient Preparation N |
v R

Backgratind Model Signal Efficiency | Template prepared o
|

Stage 2:
Profile Log-Likelihood

Q

Statistical cooking

Unblinding Data in ROI =
Stage 3: 1 =
Food serving Final Fit:
Discovery or Upper Limits

Search for Light Dark Matter using S2-only Data

Conclusions
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Signal Model | Nuclear Recoil

Nuclear Recoil

Light WIMPs energy

Elastic scattering

d VUmax B
< floyp 2%

dE R mMyMXe Jy dE R
DM & Xe DM Velocity Model Dependent
Properties Cross section
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(3, 8] GeV light WIMPs
T vigheom] | wime
[
keV GeV

Spin-Independent Spectrum (o, = 107%% cm?)
Spin-Dependent (neutron coupling) Spectrum (o, = 1074° cm?)

—_—my=3 GeV/c?, Event Rate/t-y: 3.0 (SI), 1.9 (SD)

——m, = 4 GeV/c?, Event Rate/t-y: 21.7 (SI), 14.0 (SD)
m, =5 GeV/c?, Event Rate/t-y: 52.3 (SI), 33.6 (SD)

——m, =6 GeV/c?, Event Rate/t'y: 86.2 (SI), 55.1 (SD)
m, =7 GeV/c?, Event Rate/t-y: 118.9 (SI), 75.9 (SD)

103 , - S

s~ P

~

S

()

Y,

>

©

Pd N

. 10 E

= 3

~ i

g i

> 0.1

=

2102 |

& 3 GeV\WIMP Rate

10-—3 L 1 1 1

1 2 3 4 5
Recoil energy Egr (keV)
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Signal Model | Electronic Recoil (30, 1000] MeVlight DM i
T Ligm | WIMP 1
1 1 XENON

keV GeV

Electronic recoil (QEdark)
m,=0.1 GeV/c?, o= 10740 cm?, Fpy =1

Electronic 106 ¢
_ Recoil energy 5 =8
Light DM ~@= 10° ="
/ \
[ 1 = 104 —22
\\ ,’ g, 108 == = Total
~_-7 I
-— + 2
Inelastic scattering ~ 10
> 1ol
[}
=
PO |
IS
2 0.1
dR Nxep o 1072 §
— X € . 2
d]_ E - = 8 ) £ qdq n(vmln) 1 |FDM(Q)| : 'A(E7 q)’ 10-3 1 1 1 1
N Ler my Hye Form Atomni 0.1 0.2 0.3 0.4 0.5
Factor omnic Recoil Egr [keV
DM & ?(e DM Velocity related to Response ecoil energy Egg [keV]
Properties mediator Term
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Signal Model | Absorption of bosonic DM

" Li;t DM WIMP

|
Axion-like Particle / Recoi I
ecoil ener
Dark Photon e- gy keV GeV
. ﬁ Egr = My [0.1, 05] keV
@—» Bosonic DM
. x10-18
Absorptlon = a0fF —— Axion-like particle gge =10~
(Axio-electric or g — Dark photon k=10"16
kinetic mixing + photo-electric) § 35} Photoelectric ~ ol
g 30 cross section 3
R 12 OPE L 2 ;: Dark Photon Rate
DP 0.6 I I3 | g 10F
o 2.0
mpp
.. .. s 1.5 2
Kinetic Mixing constant - A ALP Rate
2 10} i
* 05 o1 02 03 0d 05 . . . : .
RALP 0.€ 9627,6 . mALP . O'PE 4 El(;,ctronic reco.il energy [k(;V] . 01 r(r)llz[keV/cz] 03 04 05

Axio-electric coupling constant

:
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Signal Model | Signal spectrum

e Charge Yield
Recoil Energy Spectrum ‘ o Signa%l Efficiency ‘ Signal Prediction XENON

Charge Yield:

. — 2
. E _recoil = N_electrons ek
nght DM 20F 5 GeV/c?
——XENONAT SR1 #YBe (23 V/cm) -~ — 6 Gev/c?
r S 7 GeV/c?
S5t
b L o
P :
st g 10f WIMPs NR
< 2
S4r H
Spin-Independent Spectrum (0, = 1045 cm?) ot & o5
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T i Ratoy. 1189 51,759 (D) Sl 100 200 300 400 500
=1 88
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The S2-only recipe @ =

Stage 1:

Ingredient Preparation

Stage 2:

Statistical cooking

Stage 3:

Food serving

Introduction XENONNT Experiment

P

Bi(‘n

r
(Data-driven BackgrouncD CSimulatcd SignaD /@ x E N o N

Y

5 2 (4
Qialiby Cuts IngredieRvashing 7 ‘)‘;

— —— s
Background Model Signal Efficiency Signal Model Template prepar ed
v

Profile Log-Likelihood

Q

Unblinding Data in ROI

v
Final Fit:
Discovery or Upper Limits
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Enlarged ROI EEN Cathode EEEDE [ AE B °B [ DM

S2 width

Unblinding

Validation of background model \

2 \ 8
< Ll > :
g1 Sarea 2
< . E
s Science ROI g
)
1. Unblind S2-only data of 7.83 L N
tonne-year combining SRO, SR1 and h RIS IO o v
SR2 // _____ —t Signal 2 Recoil energy NR |keV,,]
L~
S2 area 903
2.  Good agreement between the T S —— a
observed events and background z
model o

Events

1 1 & 1 1 il
0.1 0.2 0.3 04 05
Recoil energy ER [keV,,]

3. First complete S2-only background
model, validated across different
dimensions

S2 width [ps]
S2 width [ps]

0 10002000
cS2 [PE] Events

200 400
cS2 [PE] Events
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Unblinding Events

XENON

Science run (exposure) SRO (1.50t - y) SR1 (2.44t-y) SR2 (3.89t-y)
Component Expectation Best fit Expectation Best fit Expectation Best fit
Cathode 480 + 70 47758 660 + 70 726128 1210 + 90 1080 + 30
Delayed electron 1.3+0.5 1.3+0.5 0.34 +0.07 0.34 +0.07 1724 2.3 17.1+£2.3
Accidental electron 97+t 17 89 + 13 108 + 8 106 + 8 —
8B CEvNS 2145 18715 2947 2677 32.3+8 2918
Total background 600 + 80 586 + 28 800 + 80 858130 1260 + 100 1130 + 30
Observed [583 864 ) 1107 |

Good agreement

= No signal excess

o
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Limits on light DM (NR channel)

Spin-independent + heavy mediator Spin-independent + light mediator
10-41 b (a): SI DM-nucleon scattering (b): Light mediator my < 10MeV/c? N
1073 %
“g 1074 g
e  Exclude cross sections above 6.0 7 ;-1 DorSe M 107 %
x10® cm?atm_=5GeV/c2 _ £ <
X —‘é‘-m-ul_.___ 10-3° &
. . E =
e  Approaching the neutrino fog o el g
= 10-t0 £
e Downward fluctuations at low DM 10-s z

mass ‘3 GeV/c? 4 5 6 7 8 3 GelV/c2 4 5 6 7 8
Spin-dependent + heavy mediator

e PCL (Power-Constrained Limit)
applied 1055

(c): SD DM-neutron scattering

[y
o
|

w

N

-
o
I

w

&

Nuclear Recoil

Light WIMPs energy

DM-neutron osp [cm?]
i
[
&
©

—-
o
1
N
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Elastic scattering
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Limits on light DM (ER channel)

Electronic
./ Recoil energy
\\
\
1
/
- 4

Electronic recoil + heavy mediator

LightDM_ ¥
/
&
\

~

(d): DM-electron scattering

e Excluding DM—electron scattering ¢ above 6.3 x 10742
cm? at m, =0.2 GeV/c2. ———_

SNt
-

e Two signal models are adopted for comparison with XENONAT (this work)

other experiments.

DM-electron cross-section o [cm?]

e a gl N " L —a " " " o
0.1 GeV/c? 0.5 1 5 10

o
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Limits on light DM (ER channel)

Axion-like particle XENON

{ XENON10
10-10 L i (2013)
XENONIT SE (2022)

Axion-like Particle /
Dark Photon e-

O°e-

! SuperCDMS

-11
10 ! (2020)

XENONNT SE (2025)

Axioelectric coupling constant gge

10-12 _50\7‘013\
i £ ENONIT 52-0n1
10 - N\ z »\\*‘ (2019) o g
1= [ XENONNT (this work) ﬁ
(e): Axion-like Particles e

10_15 E 1 1 1 1 1

o 0.1 keV/c? 0.3 0.5 1 5

Exclude the parameter spaces for bosonic DM: eve iy
e Axion-like particles (axioelectric coupling constant) Dark photon, .., 1,13

XENONIT SE £ (2013)
(2022)

- -14 — 2 >
o gae =39x10 @ l'l‘lx =01 keV/C ----- 410-14 §
.. . . =
e Dark photon (kinetic mixing constant) 10-15 E
o xk=22x10"@ m, =01 keV/c? i

N~ ] 10_17
(f): Dark Photon
0.1 keV/c? 03 0.5 1 5

DM mass
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Summary

This four-year PhD research was conducted within the XENON collaboration, with the funding support from the China
Scholarship Council (CSC):

1. Technical Contributions: Deepened the understanding of ionization signals (S2).

e Characterized electron drift, diffusion, and local field distortions.
e Developed S2 pulse shape models and the data selections based on simulation and ML.
e Benefited not only the S2-only search but also improved the standard S1+S2 analysis.

2. Main Analysis: Contributed to the comprehensive S2-only framework for Light Dark Matter.

Overcame the loss of S1 by developing waveform, topological, and ML-based background suppression strategies.
Constructed the first complete, multi-dimensional background model (Cathode, DE, AE) for S2-only searches.
Achieved world-leading sensitivities for multiple Light Dark Matter candidates using an 7.8 tonne-year exposure.
Accepted by PRL, arxiv: 2601.11296: Responsible of this analysis, member of writing team, corresponding author.

Outlook

XENON

1. Pushing the energy threshold: Extend the current analysis methods to the fewer-electron regimes to construct a more

comprehensive background model.

2.  Refining background models: Address cathode background through hardware improvements and advanced software

techniques (simulation-driven cross-modeling) to lower prediction uncertainties.
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