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XENONNT Experiment | Direct detection of dark matter

~200 30 12
Scientists Institutions Countries

Main Objective:
Discover Weakly Interacting Massive
Particles (WIMPs)
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XENONNT Experiment | Direct detection of dark matter

Z position

drift time
(depth)

Szbottom

XY position

Dual phase Xe TPC
(Time projection chamber)

S1: Prompt scintillation light

S2: Secondary scintillation light by ionized electrons

3D Position reconstruction: Drift time + PMT pattern
Energy reconstruction:

S cS.
E=W(=L+ 22
g1 g2
W: Average energy to produce a quanta

cS1, ¢S2: Corrected area of S1and S2
gl,g2: Gainof S1(~0.1)and
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XENONNT Experiment | Direct detection of dark matter

Z position

drift time
(depth)

XY position

Detected Photoelectron [PE]

Dual phase Xe TPC
(Time projection chamber)

S1: Prompt scintillation light

S2: Secondary scintillation light by ionized electrons

3D Position reconstruction: Drift time + PMT pattern
Energy reconstruction:

S eSS
E=W(=L+ 22
g1 g2
W: Average energy to produce a quanta

cS1, ¢S2: Corrected area of S1and S2
gl,g2: Gainof S1(~0.1)and

Small S1 LargeS2
Low detection effciency Strong scintillation in gas
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= Motivation of S2-only analysis
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Motivation of S2-only analysis

S2-only analysis S1 + S2 analysis
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Motivation of S2-only analysis

S2-only analysis S1 + S2 analysis XENON
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electrons @ > 8 GeV/c? DM
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GeV/c? and O(keV) bosonic DM models

Challenges:

No z-Position due to the lose of S1 reducing the
ability to reject top/bottom backgrounds

= Difficult to build a complete background model



Motivation of S2-only analysis

Mean energy in flat ER spectrum [keV e
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le I | 1 1 1 I |
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Extend the parameter space to lighter DM [3, 8]

. GeV/c? and O(keV) bosonic DM models
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Challenges:
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ability to reject top/bottom backgrounds
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Signal Model

keV MeV )
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Signal Model

Nuclear Recoil

Nuclear Recoil

Light WIMPs energy

Elastic scattering
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Properties

DM Velocity Model Dependent
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Rate (events / kg - day - keV)
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Spin-Independent Spectrum (o, = 107%% cm?)
Spin-Dependent (neutron coupling) Spectrum (o, = 1074° cm?)
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Signal Model

Electronic Recoil XENON

Electronic recoil
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Signal Model

Absorption of bosonic DM

Axion-like Particle

Recoil ener
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Signal Model | Signal spectrum

Recoil Energy Spectrum

Rate (events / kg - day - keV)

Light DM

Spin-Independent Spectrum (o, = 10743 cm?)

Spin-Dependent (neutron coupling) Spectrum (o, = 10~*° cm?)
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Signal Model | Signal spectrum

] e Charge Yield
Recoil Energy Spectrum ‘ e Detection & Data Selection

Efficiency
Charge Yield:
. E _recoil = N_electrons
Light DM = -
——XENONNT SR1 #YBe (23 V/cm)
7F
—6F
g
Dl
&
> 4 -
Spin-Independent Spectrum (o, = 10743 cm?) <
Spin-Dependent (neutron coupling) Spectrum (o, = 10~*° cm?) %
G B R S T 23
g = e e Eaf
: eVic?, Event Ratefy: 1189 (5D, 75.9 (5D) =
5 “ap
J (88YBe source For NR)
< 113 L L L L
g 0 1 2 3 4 5
% Nuclear recoil energy [keV]
2
& g Q.c
: Data Selection Efficiency

4 5
Recoil energy Eg (keV) 1 ——— ———
% Q\O\ S1 ROI
& 52 Quality
5 e S1-82
g 01 S2-only " |
&
=4
10~ !

1
3.0 4.0 5.0
Recoil Energy Eg [keVyr]




Signal Model | Signal spectrum

e Charge Yield
Recoil Energy Spectrum ‘ o Detefﬁon & Data Selection - Signal Prediction
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BN ER M Wall © Neutron EEEAC W WIMP

What is the background
discrimination space? .
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Background

Suppression & Modeling

Top electrodes +
Top PMT (Gas
region)

Delayed electrons (DE)
Accidental electrons
(AE)

Cathode electrodes
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DM Signals
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Background
Suppression & Modeling

Top electrodes +
Top PMT (Gas
region)
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gate
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50% percentile
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Event Depth

1 1 1
200 400 600

cS2 [PE]
2D Background

1
800

1000

discrimination space

10

sl area [PE]

10



Background

Suppression & Modeling XENON
Top-eleetrodes—+
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Background
Suppression & Modeling

Cathode: s2 width ~ 10 us

Am large overlap with signal region
waveform-based BDT machine
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Background
Suppression & Modeling

S2

e Position & Time correlated with the parent S2
e Large S2 width due to the peak merging
e Correlation-based CNF and BDT machine

anode 40 - 40
gate .-

E‘ 30} 30 ‘g-l__“
£ g
Delayed electrons (DE) = 20 ©
Accidental electrons (AE) & >

(Electrons trapped in the o 10

impurities)
catnode 5’3.» 1 1 1 1
200 400 600 800 1000
cS2 [PE]
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Background
Suppression & Modeling

Delayed electrons (DE)
Accidental electrons (AE)
(Electrons trapped in the
impurities)

Catihode f=

DE:

DEs

S2

Position & Time correlated with the parent S2
Large S2 width due to the peak merging
Correlation-based CNF and BDT machine
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AE: pile-up of single DEs
e Poor pile-up PMT pattern
e Mitigated by pattern likelihood cut
e Modeled in data-driven way

sl area [PE]
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Background Modeling

What we have now:

S2 width

DE, AE, cathode background
modeling in full space

Enlarged ROI

e e

~
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Signal
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S2 width

Background Modeling

What we have now:

DE, AE, cathode background
modeling in full space

Enlarged ROI

e e

~
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e = = == —
-
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Signal

Objective:

Estimate the DE, cathode
background in blinded Signal ROI

S2 width

A Science ROI

. Background leakage

- .
Signal S2 area

13



Background Modeling

What we have now:

S2 width

DE,

modeling in full space

Enlarged ROI

cathode background

.
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~
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Signal

Objective:

Estimate the DE, cathode
background in blinded Signal ROI

S2 width

A Science ROI
" Background leakage
S 25
_____ I
b--
- >
Signal S2 area

Sideband technique:

Unblind the sideband region,
correct and normarlize the background

modeling in Signal ROI.
= Sidebands
S
; * x
S ot
%
: _ Cathode
=
S2 area
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Blinded analysis on 3 Science Runs

Science Mode 220pn 88y mmm AmBe W NG
. 22Th EEE**‘Rn BN *'Ar Livetime:
Upgrades and Status 88YBe —635.3d

SRO->SR1: 600

Liquid radon distillation, 1.8->0.9 uBq/kg //

500 | XENON
SR1->SR2:
400

= g
Injected Gd into the neutron Cherenkov veto, g r-/
doubling the neutron tagging efficiency 2 300k SR0 SR1 /_/ SR2

> 208.5 days 309.2 days
SR2-> SR3: =

200 |- | -

Detector upgrade and maintenance since early
2025, to enhance the drift field and fix flashing 100 F

PMT's

1 1 1 1

Jan. Aug. Mar. Oct. May. Dec.
2022 2022 2023 2023 2024 2024
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Unblinding

Validation of background model XENON
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k¢ Science ROI
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«» 1000 -
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2 500 F
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cS2 [PE] Events
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Unblinding

Validation of background model

5 A
Unblind 7.83 tonne-year of S2-only data E Science ROI
Good agreement between the observed AR
events and background model Lo signa
SZVarea
Cathode background is dominant while SEPU-  [OE ey —

AE primarily contribute to the lowest 1000
energy bin - ‘
0

12

Events

10

S2 width [ps]

100 200 400 0 200 400
cS2 [PE] Events
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Unblinding

Validation of background model

Unblind 7.83 tonne-year of S2-only data

Good agreement between the observed
events and background model

Cathode background is dominant while
AE primarily contribute to the lowest
energy bin

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

S2 width

Events

S2 width [ps]

Enlarged ROI

S2 width

Science ROI

o= = Signal
L~

S2 area

I Cathode [E DE [ AE [l °B DM

1000

500

0

12

10

0 200 400
Events

400

7300
¢S2 [PE]

200

S2 area

Cathode BDT sco

S2 CNF score

S2 width [ps]

Il Cathode

N DE [ AE

== °B
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1000
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08 f dea s -
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I . L 1
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Recoil energy NR [keV,]

100

L L ' 1 L i
0.1 0.2 0.3 04 05

Recoil energy ER [keV,,]

200 300
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400

0 10002000

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 47715 660 + 70 72615 1210 4+ 90 1080 + 30
Delayed electron 1.3:20.5 1.3+£0.5 0.34 £ 0.07 0.34 £0.07 17.2 1+ 2.3 1711+ 2.3
Accidental electron 97 +£17 89+ 13 108 =8 106 = 8 —
8B CEvNS 21+5 1815 29 + 7 2677 32.3+8 2978
Total background 600 + 80 586 + 28 800 £ 80 858130 1260 4+ 100 1130 + 30
Observed 533 864 ) T107

Good agreement

= No signal excess

16



Limits on light DM (NR channel)

Nuclear Recoil

Light WIMPs energy

Spin-independent + heavy mediator

Elastic scattering

DarkSide-50 (2023)

(a): SI DM-nucleon scattering

e Exclude cross sections above 6.0x10™ cmZatm_ = 5
5 X
GeV/c

e  Approaching the neutrino fog

DM-nucleonfos; [cm?]

e Downward fluctuations at low end

Xe neutrino fog

e PCL (Power-Constrained Limit) applied 10746 0 ol
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Limits on light DM (ER channel)

Electronic

./ Recoil energy

Light DM - S Electronic recoil + heavy mediator
/ .
l \ (d): DM-electron scattering |}
\ ! . 10-38
Darksid®
" N

/
N\
\_//

Inelastic scattering 10-39

1040

e Low-energy ER models benefit most from the

”

. T 1070
S2-only analysis Mork) §

DM-electron cross-section o [cm?]

e Excluding DM-electron scattering o above 2.4 x_—""

1 1 1 010—42
10" cm? at m, =04 GeV/c2.

1
0.1 GeV/c? 0.5 1 5 1
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Limits on light DM (ER channel)

Axion-like Particle Electronic
Dark Photon recoil energy

Axion-like particle

Absorption

-
o
|
-
o
T

10—11 3

Exclude the parameter spaces for bosonic DM: N
10712

e Axion-like particles (axioelectric coupling constant)

o g.=39x10"@ m =01 keV/c?

10—13 ,

10—14 _
e Dark photon (kinetic mixing constant) 5

Axioelectric coupling constant g,e

10715 ks

i XENON10
i (2013)
XENONI1T SE (2022)

XENONNT SE (2025)

i (2020)

0007,?)\
5

1S

Da{\@‘dxmom T S2-Only

SN
XENONNT (this work)
XENONNT Low-ER

(e): Axion-like Particles (2022)

: SuperCDMS

(2019) LZ Low-ER

o k=22x 10-17@mX = 0.1 keV/c? Oikeviz 03 05 1 BE

DM mass
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Summary

e S2-only analysis allows XENONNT to probe
lighter DM (3-8 GeV/c?) via NR channel, O(MeV)
DM O(keV) Bosonic Dark Matter via ER channel.

e First complete background model for S2-only
analysis in XENONNT is built. Advanced ML
techniques are used for background suppression.

e S2-only data of 7.83 tonne-year exposure are
unblinded, setting new limits across multiple DM
models.

Please see more details on the paper:

e https://arxiv.org/abs/2601.11296
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Calibration of g1 and g2

Charge Yield [PE/keV]

Residual [PE/keV]

x2-fit H Low energy lines
+1oc ++ High energy lines (excluded)
800 | 490
YTALR 0464 oy
600 i ‘-‘tb*é,%:*i@
B 8
Preliminary
400
1636 kov
| g1 =(0.1515+0.0014) PE/ph 1zmy e .
200 g, = (16.45+0.64) PE/e SRO 286:2.keV e
1 1 1 1 et
25F
0 --—-{r R ;L $8--3--
—25 i 1 1 1 1
5 6 74 8 9
Light Yield [PE/keV]
Science Run g1 [PE/ph] g2 [PE/e]
SRO 0.1515 +£ 0.0014 16.45 + 0.64
SR1 0.1367 + 0.0010 16.85 + 0.46

700
----- X2 Fit +lo
4 Energy Lines +20

600 =
= & |
R R cSnoned2
) e NN )
3 g’ | E=W-(—+—)
= 400 Nh|"--l=\\ g g
(] g
2 | 1 2
[
g 13.7eV
5 200} B i

@1 = (0.1367 +0.0010) PE/ph SR1 N

100F 92=(16.85+0.46) PE/e o '
%
< 20p
By e | 1 -y —
3 —
=}
2 20}
£ 60 6.5 7.0 7.5 8.0 8.5 9.0

Light Yield [PE/keV]

e Sl=g, X n, (photon detection efficiency)

« 52 = g, X n, (charge amplification)
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Gas cuts

Origin:
Pb-210 beta decay from 222Rn decay chain from gate, anode, top screening wires, top PMTs.

Primarily identified by the S2-width selection and cS2 AFT cut. Can be suppressed to negligible level.

S2 AFT upper boundary
S2 width lower boundary

Bulk . S2 AFT cut rejected

20.0 = Gas
0.95F
17.5F ’
2 15.0 g 0.90F
© -
g 125 § 085f
ol ©
3 10.0 £ 080 .
S 75 g
=1 ) 1 -
5 Gas event s 075
NI 5.0 . . e
3 Liquid event & 0.70 '
2.5 ..‘ _'"-'. ‘, LI NN ; i
Xk 373 B f?"" e RREan g o
0.0 2 iy ""“"'%ﬁ";& bt SO e 24’:"1'44;\ 0.65 1 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000

cs2_wo_elifecorr [PE] cs2_wo_elifecorr [PE]



Cathode background (decay chain)

210pp 84% [3 17.0 keV

223y
Q-63 5 keV

T |58% CE-L:30.2 keV
+ (Auger e 35% [ X-ray 23%)
16% B: 63.5 keV 14% CE-M: 42.5 keV

4% : 46.5 keV
4% CE-N: 45.6 keV

210B1
5d

counts

—— Bkg bulk ===222Rn (5.6 MeV)
—— Bkg cathode —-==-218Po (6.1 MeV)

--220Rn (6.4 MeV) ==-214BiPo (7.8 MeV)
----- 216Po (6.9 MeV)

103
102

10 F

1- [TENN |

csl [PE]

(a) High-Energy Alpha Spectrum in Background Run

1 1 ' |
20000 40000 60000 80000 100000
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Cathode BDT

signal cathode
Waveform features provide _ 200°r
discrimination power of =
. £ 15000 -

CathOde and Slgnal' g [ Bulk (train) Cathode (train)
® 82 area ﬁ‘ 10000 F [1Bulk (test) [1Cathode (test)
e S2 width (50p) E i
e S2 width (90p) @ ST |
e S2risetime ob =) :

100 200 300 400 500 600 700 800 2 01 1
S2 area [PE] 8 Cathode
— 1
— FUSE-Cathode SR1 | Bkg-Cathode SR1 10 2 :
(7)) 1
2 10-3 i
o 1 1 11 1 1
Fuse validation on waveform & !° 00 02 04 06 08 1.0
feature spaces o BDT score in probability space
P 10
. . o
= more statistics 10 s
[¢]
2 5
@©
L'\
(q\]
(7]

1 1 1
500 1000 1500

s2 area [PE] 41




Cathode BDT

e Better performance than simple S2 width cut
e Cathode rejection: 50%
e Signal acceptance: 80%

1.00

Acceptance
o
(@)
o

—— ROC Curve (AUC = 0.7498) in ROI

0.0

0.5
Cathode leakage

1.0

(0.3227, 48%, 80%)

Survival ratio

1.00

0.75

0.50

0.25

0.00

[— test (sim_bulk) —}— test (rn_cathode)

— validation (sim_bulk) validation (rn_cathode)
check (ar bulk) —4— check (bkg cathode)

e s e R R

Signal acceptance

1 1
250 500 750 1000 1250 1500
s2 area [PE]
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Cathode drift time veto cut

Low S1 detection efficiency —) Reject event with SO/S2 at
S1is reconstructed as SO or S2 cathode drift time

Cathode rejection: 15%

Signal acceptance: 99.5%
Jsum [Jpeak type=0

--- Main S2 peak type=1
1 I »
NR R max_drift time b(lefore [peak type=2
1.0F |
2000 :
o 1
> 1
£ 08f :
Q 1
g __ 1500} i
© 061 —> z :
o 1
5 g |
S 04l 5 1000 ;
3 i
% 1
— 02 B 500 -
wn
0.0 ™ 1 1 1 1 1 1 . IIL "
0 5 10 15 20 25 30 0 — > 0 2 1

51 area [PE] At [ms] (peak time - main s2 time)



Cathode Modeling comparisor.

p_area [ns]

e 50

g

s2_ran

20000

15000

10000

5000

Cathode BDT score

cathode

signal

BDT Sideband

1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800
S2 area [PE]

—— Sideband ——ROI
1.0

0.8
0.6
0.4

0.2

0.0

200 400

600
cs2 wo_elifecorr [PE]

800 1000

Cathode dominant region (sideband) selection:
e Small S1 Events with z at cathode position
e Events rejected by cathode BDT cut
For each S2 area bin, simulation can give the ratio of BDT
rejected events/BDT allowed events.
2.  Rescaling to ROI

——S1 area=[0, 5] PE
——S1 area=[5, 10] PE ——S1 area=[15, 20] PE

=1 area=[19. 1a11% Cathode background shape

0.20 F —'—l —— BDT sideband —— Small S1 sideband
- 3
£ 015} 503
8 3
3 < 02f
S o.10f N
E g
E £ 0.1F
2 0.05 e
= 0.0t 1 1 | I 1
0.00 L L L L 1 200 400 600 800 1000
200 400 600 800 1000

cs2_wo_elifecorr [PE] S2 area (PE)

S1 dependent spectrum not reliable
Smaller S1 predicts more cathode
background in low S2 region

BDT sideband predicts a S2 spectrum
weighting more towards the lower end.
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DE Modeling

A CNF (conditional-normalizing-flow machine) is built to
learn the multi-dimensional correlation between primary S2
and isolated S2.

Isolated S2s can be modeled:

e Simulated by feeding all primary S2s in real data,
getting their S2 waveforms

e Salted back to real data to build delayed electron
events by Straxen.

e Applying cuts to get DE background template

Shape determined by data-driven CNF simulation.

Count / bin / second

alized bin percentage

Norm:

Normalized bin percentage

primary_s2_area€[10000.0,100000.0]

primary s2_area€[100000.0,200000.(
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CNF machine

— Max dri e

. For each primary S2, generate isolated S2 simulations
based on CNF best fit, including their time, positions,
" g width, AFT, pattern, etc.
> 107 107 10° 100
Time dierence t primary 82 (na
2.2ms 1 second
” CNF model indt CNF micdel oltdt
Training
data: Background
Quiet times Runs: CNF
A A A A simulation

Cast isolated S2 up to 1s

Choose the maximum CNF score considering the area,
width, position, S2 pattern, etc

Background
Runs:
Compute
CNF score
A A A

Search backward up to 1s
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DE BDT

Main feature of DE:

Temporal + spatial correlation with large S2

Correlation
with preceding

large S2 CNF Feature:

e S2area, position of large S2 and DE

CNF Training dataset:
Pairing of large + DE from bkg data

Delayed electron BDT cut

CNF score:
Correlation with
preceding large S2

-

BDT training dataset:
e Simulated signal from F
e Simulated DE from CNF

BDT features:
e CNF score
e S2 widths
e S2area

Salted in dataset

BDT

machine

== Signal Test dataset
=== AC Test dataset

o
2

© o o o o o
w

Normalized percentage

-

o
o

Signal Training dataset
=== AC Training dataset

ul
T

[N}
T

+FEXCLUDED -
s Signal
| DE d
L s

L
0.0 02 04 06 08 1.0

Voting (signal=1, background=0)

~

/

Shadow
+ ambience

As in CEVNS search
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DE BDT

signal background
1072 1072
10-* 10-¢
BDT machine learns the features: e RS
% 10-26 ‘g % 10-26 |
e S2area M £ 5 10|
e S2 width T SR % 0w}
e CNF score |’ Y.t e
10 100 200 300 10 100 200 300 400 500
. . S2 area [PE] S2 area [PE]
evaluating the correlation to
== Signal Test dataset Signal Training dataset
preVIOUS primary st. === AC Test dataset === AC Training dataset
0.7 F - s2_cnf score [ |'|||
% 0.6 4 i
] 2 -
Can suppress the DE background S osf o
to near negligible level: 204r 2 range 90p area |
ﬁ 0.3F
e DE rejection: 97% j == s2_rise_time -
. . o 0.1fF
e Signal acceptance: 90% I . e | 22 renge S0p area ||
0.0 02 04 06 0.8 1.0

1 1 1
Voting (signal=1, background=0) 0.05 0.10 0.15
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Accidental electrons (AE) Model

srl Rn220 sy r—
: : |
40 & ; §ou E
= 40 £
@ .
3 2 }
~ 30| : m  ieesosgsimvach e
o, Time [ns] Time [us]
S : 30 &
= ©
[<H)
f‘; Lca‘ -=-=- S2 pattern cut
o] 20 | Accidental electrons leakage
; \;; Signal-like region 3
(9]
@ 10 &
S Poor S2 pattern @
7] ot} Q
g =) 000 i
1 1 1 1 'g e = &
<) P ©
200 400 600 800 1000 2 > 5
" i o ol
cs2_wo_elifecorr [PE] g DT ; g
o fo & oavis o w R . Z
2 HERN SIS
& %2 E;-j .".-Good S2 pattefn
I ) - 1 1 1
0'?00 200 300 400 500 L

S2 area [PE]

ge 50p _arda [ns]

s2_ran

signal

50000

o
40000+

300004

20000

100 200 300 400
S2 area [PE]

Poor S2 pattern (due to the pile-up) + Large range of width (merging in peak reconstruction)

e AE can be modeled on ¢S2 - S2 width with a data driven approach
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Z reconstruction model

e Position reconstruction is a key advantage for LXe TPCs to
fiducialize, rejecting the majority of backgrounds.

e A Boosted-decision-tree (BDT) model reconstructs event
depth (z) using S2 width.

e Gas and wall events can be excluded by fiducialization

0
L H
v “f
20} 3
i
4
—40F i
|
S2width-Z 7 -eo} E
reconstruction 2 5
N _gof I
o |
. . . i
Field distortion -100} ;
correction R ) :
—120}. -
!
—140 F vy -
1 L L] L
0 10 20 30 0 20 40 60
s2 range 50p area [us] S2 R [cm]

80
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Wall background

--- S2-only FV |} S1>500PE

--- TPC wall { S2-only events ===iS2<only BV i===TPCiwall
10% 7] 80 — 0 — 500
' . : - !
i i 60 [ —20}k Pt 450
103 F i i 1
i i 40 E —40 400 "
e 1 ; L -
1 -
g 102 E,__ : ;:\ E 20 il '[;] —60 F E 350
% 3 1§y S, 3
£ f ¥ :"! > Of g _gol £ 300
g if 5 , e 80 £
4 10% i1y ? 20 48 g S 250
s ] 1 & —100F
[ —a0} 2 200
LE | H ~120}
b —60} i 150
IHHHHHI nr LR o e | L 3E| AR R
’ 20 80 -50 0 50 0 20 40 60 80 50 60 70 80
SZ-corrected R [Cm] S2 X [cm] S2-corrected R [cm] S2-corrected R [cm]

A S2-only position reconstruction algorithm is developed using S2 waveform, allowing Z reconstruction
and field distortion correction.

Wall background reduced to negligible level using 2-fold analysis fiducial choices.

Number of entries



CEvNS/ER background

Simulation shows CEVNS and ER
are subdominant compared to
detector backgrounds.

e CEVNS prediction:

14.7 /ty, ~4 times of 2 fold.

e ER background is negligible.

B-8 CEVNS 335.6 events [t~1 yr~1] B-8 CEVNS 14.7 events [t~ 1 yr—1

10%

10

0.1

'10"3

10-2

Rate [t~! yr!]

107

10°°

0.0 2.5 5.0 7.5

of e

Recoil energy [keV]

——Pb214, 31.53 evt/(L y)
——Kr85, 3.81 evt/(t y)

Xel36, 3.03 evt/(t y)
—— SolarNeutrinos, 12.25 evt/(t y)

M

aterials, 10.50 evt/(t y)

—— Combined, 62.11 evi/(Ly)

2 4
Recoil energy [keV]

10.0

100 200 300 400 500
¢S2xycorr [PE]

ER 0.0658 events [t~ 1 yr~—1]

- I

T

1 1 1 1 1
100 200 300 400 500
Csz,\’)'(.‘nrr [PE]
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Summary of Backgrounds: Cuts

1. Background suppression

2. Background modeling

a. Reduce cathode + AE + DE to lower level a. Model cathode + AE + DE passing the cuts
b. Reduce gas + wall to negligible level b. Unable to model the background from

Background

Cathode

DE (Delayed electron)
AE (Accidental electron)
Gas

Wall

first-principle given our current knowledge!

Targeting cuts (Importance from high to low)
Cathode BDT cut, SO drift time cut

DE BDT cut, Shadow + Ambience cut, S2 width cut
S2 pattern cut, Shadow + Ambience cut, S2 width cut
S2 width cut, S2 AFT cut, SO drift time cut

FV cuton R
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Summary of Backgrounds: Cuts

Cummulative S2 efficiency

10—!"!'!"!

I
o
T
®

&
<]
T

e
S
1

o
[N
1

0.0

——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_bhdt cathode

cut bdt de

—
b4 O [ ] ) ®

1 L 1 1 1
100 200 300 400 500
S2 area [PE]

Cumulative cut acceptance

1.0

0.8

0.6

0.4

0.2

——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
——cut_bdt de
~——cut_competing

1 L 1 L 1
100 200 300 400 500
S2 area [PE]
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Summary of Backgrounds

Without S1 = No z-related data selection
Small S2 area = More sensitive to detector condition

Instrumental background

Delayed

Photo- electron

ionization Accidental

wall

electron

-~

Y -

Y Top }

N event A
/
P4

\
Data driven™

-_—_

Simulation
+ data driven

Physics background

Coherent Elastic neutrino
Nucleus Scattering of solar B

CEVNS 2pp, K.,

ER

Neutron

7/ -~
Counts‘ Unqertair)ties 55
N_v



Summary of Backgrounds

This is what we expect to see after unblinding:
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N
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(=]
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S2-Only Unblinding

Unblinding scope:
= S2:s2_area[100, 500] PE
m S1:NoS1orS1<3PE

Science search data: Combined SRO+SR1+SR2 (579.46 live days and 7.83 tonne*year of exposure)

chi2: 0.758, dof: 6.00, p-value: 0.999 chi2: 6.060, dof: 6.00, p-value: 0.529
| cCathode B8 CEVNS | Cathode B8 CEVNS
| Delayed electron Background model | Delayed electron Background model
| Accidental electron { Observed events | Accidental electron } Observed events
250
250 J
200
200
£ g ‘
Q - Q
S 190 S 150 t
=] =
2 g
o 100 F = 100
I
0T A _'—|_‘_|—.—|_‘7
3 | e =
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1
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50

chi2: 13.747, dof: 6.00, p-value: 0.051

| Cathode | Background model
| Delayed electron { Observed events
| B8 CEVNS
L
1 : 1 1
100 200 300 400 500

¢S2 wo elifecorr [PE]
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Background Model Challenge

Event/bin

Current background model can describe
better the data compared to XENON1T

p-value: 0.117

Delayed electrons | Background model Obgerved data
Cathode { Observed events (pOlI‘ltS) Mean energy in flat ER spectrum [keVe]
Accidental electrons B @ 0.15 0.2 0.3 05 0.7 1 2 3
OHserved|data 11.5 g R | | S | o
6ol (pepints) 110 S 3 10} 20 GeV/c?
: > o
~ = "
(9p]
H40.5 i ; 102 | Summed background model
40 § ° ; (line)
410.0 = 10!
Summped background model g 8§ Cathode
line 4-05 & >
2o lk- ( ) 0.5 q; Z g0
o [}
— g~ 107!
——s l > Flat ER
O 1, n ! — il 1.5 %J 90 120150 200 500 1000 3000
- o)
200 400 600 800 1000 $2 [PE]

cS2 area [PE]

Background validation in XENONnT
(SRO Rn220 calibration)

Background validation in XENONIT

58



Validation
SRO Rn220

We perform a two-step validation:

e Enlarged ROI: No S2 width
related cuts applied

e Science ROI: Apply complete
S2-only cut list

I Cathode

chi2: 5.459, dof: 13.00, p-value: 0.964 Il Delayed electrons
Cathode [ Background model Accidental electrons
Delayed electrons { Observed events [JDelayed electrons sideband

Accidental electrons

Accidental electrons sideband

= 3 9 - Observed events
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chi2: 6.386, dof: 18.00, p-value: 0.994
[ Cathode | Background model chi2: 15.635, dof: 18.00, p-value: 0.618 14
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Notice the BDT score and CNF score differences —
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Validation
SRO Rn220

We perform a two-step validation:

e Enlarged ROI: No S2 width
related cuts applied

e Science ROI: Apply complete
S2-only cut list

Event/bin
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Limits on light DM (NR channel)

Spin-independent + heavy mediator Spin-independent + light mediator

10-41 L (a): SI DM-nucleon scattering (b): Light mediator mg < 10MeV/c?

10-%7

% 10742

o

= DarkSide-50 (2023) 10-38
g 10743

=

o

S 107% 1073
5

a |

. =]
Exclude cross sections above 64 -

x107%5 cm? at m, =5 GeV/c? 104

DM-nucleon omg [cm?(MeV/c?)*]

-46 L Xe neutrino fog
10 O’Hare (2021)

Approaching the neutrino fog _scevic : . - . Sovi 4 3 . L .
Spin-dependent + heavy mediator

Downward fluctuations at low end

. o . 10736 (c): SD DM-neutron scattering
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Limits on light DM (ER channel)

Axion-like particle

Axion-like Particle Electronic
Dark Photon recoil energy

Absorption

Axioelectric coupling constant gge

Exclude the parameter spaces for bosonic DM:
e Axion-like particles (axioelectric coupling constant)
0 8,=39x10"@m, =01keV/c?
e Dark photon (kinetic mixing constant)
o x=22x10"@m, = 01keV/c?
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