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Dark matter evidence at all scales

Galaxy rotation curves Gravitational lensing of cluster merging

\

Dark matter: ~ 27% of the Universe and
84% of the matter content

56’

Consistent with a cold, non-baryonic faecty _
component " ’
Mass density ~0.3 GeV/cm?3 for halo B TR 8
. i = y : Distance (light years) u? W Rl TS
dark matter in the solar system : , S g g G 1
ApJ 159, L 379 (1970); ApJ 238, L 471 (1980) ApJL 648, L109-L113 (2006)
In an Earth-sized volume ~0.5 kg - Galactic large scale structure Cosmic microwave background
about the weight of a squirrel S N e
- 4000
::i 3000
;&; 2000 |
1000
600 FH—— f’ Teo
% 302: “‘ ﬁ { ‘ |“+ ﬂHiT‘%ﬁ* {ﬁHu’u"A TN 'A""""A¢+f f+“ gO
< 300 g -
o [T e ™ e
2 10 30 500 1000 1500 2000 2500
[
Nature 435 (2005) 629-636 A&A 641, AB (2020) 2
Shenyang Shi, Columbia University ss6109@columbia.edu KIPAC Seminar, 26/3/17


mailto:ss6109@columbia.edu

Search for particle Dark Matter candidates
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Laboratory-based direct search experiment

Event rate per unit target mass Velocity average
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Recoil energy ~ Dark matter mass  Target particle mass
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Dark matter candidates

US cosmic visions 2017 report

“Wave-like” “Particle-like”
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XENONNT Experiment
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The XENON Collaboration
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XENONNT detector
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XENONNT detector

Time projection chamber (TPC)

e 8.6tonne xenon in total, 6 tonne in
active volume

e 23 V/cm drift field, ~2.9 kV/cm
extraction field

—PTFE reflector

HV feedthrough—— i

Field shaping
elements

111 1 11

Drift Sensitive

Diameter Drift Field

Length Target

Bottom TPC grids

1.5m 1.32m 5.9 tonne 23 V/cm

Bottom
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Dual-phase Xenon Time Projection Chamber (TPC)

PMT array
A ~300 ns
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Dual-phase Xenon Time Projection Chamber (TPC)

PMT array
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Dual-phase Xenon Time Projection Chamber (TPC)
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Dual-phase Xenon Time Projection Chamber (TPC)

Detector observables
S$1: prompt scintillation photons in LXe
S2: proportional scintillation from electrons in GXe-LXe
Z: drift time x drift velocity
X, Y: from top PMT hit pattern
Energy : S1/ [# photons / keV] + S2 / [# electrons / keV]

Particle discrimination power

drift time
. (depth)
Nuclear recoil (NR): neutron, WIMP, ...

Electronic recoil (ER): beta, gamma, ... L]

Detectors:

XENONNT (Gran Sasso, Italy), LUX-ZEPLIN (SURF, US),
PandaX-4T (Jinping, China), XLZD/PandaX-xT (Planning), ...
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Energy calibrations and Particle discrimination
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Mono-energetic peaks from xenon activation lines 220Rn calibration - beta source
and calibration sources such as gamma-rays AmBe calibration - neutron source via (a, n) reaction
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XENONRNT Science Runs

Upgrades and Status Science Mode A20p7 85y  mmm AmBe WEE NG
83mKr 232Th == 222Rn — 37AI' _Livetime:
SRO->SR1: 85YBe 635.3 d
Liquid radon distillation, 1.8—0.9 uBg/kg 600 /
500 | /
SR1->SR2: =
S 400
Injected Gd into the neutron Cherenkov veto, % SR2
doubling the neutron tagging efficiency ‘a;s 300 309.2 days
—
200
SR2-> SR3: 1
Detector upgrade and maintenance since | '
early 2025, to enhance the drift field and fix Jan. Aug. M Oct. May. Ti6E.
flashing PMTs 2022 2022 2023 2023 2024 2024
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Probe Dark Matter from MeV to TeV scale using XENONnT

ALPs, Dark Photons DM-electron
(charge-only) (charge-only)
XENONNT is kinematically sensitive to a ) ad
wide range of dark matter candidates | .
DM - electron
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Search for Weakly Interacting Massive Particles (WIMPs)
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Background models

104} 200 GeV/c? WIMP 104k 200 GeV/c? WIMP
ER background i NR background
Background discrimination is = ‘ S :
i [ — B[ e
performed on the cS1-cS2 space s 102ty T L~
&} ! - i z
e Electronic recoil g = AR S “ .
e Nuclear recoil ¢ 55 a2 &£ & = 5 = =
g 102 1 11 e p 102 I 1 s I i
PY Su rface background tll 0 20 40 60 80 100 0 20 40 60 80 100
9 cS1 [PE] cS1 [PE]
: o o
* Accidental coincidence 10tk 200 GeV/c? WIMP 104k 200 GeV/c2 WIMP
Surface background HE AC background
In this section, | will focus on the WIMP B[ T i A .
search using 3.1 tonne*year of exposure 8103} e N 100 T
using SRO+SR1. C °  h
; = =
2. * 1 2 1 1 P 1 &
10 0 20 40 60 80 100 10 0 20 40 60 80 100
cS1 [PE] cS1 [PE]
Photons 19

Shenyang Shi, Columbia University

KIPAC Seminar, 26/3/17


mailto:ss6109@columbia.edu

Background model - electronic recoil

Background origins

e 2"Pp: dominant ER background, daughters of ?22Rn
e 8%Kr p-decays
e '?%Xe Double Electron Captures

e solar-pp v — e elastic scattering, subdominant but

irreducible

Shape modeled by ??°Rn ER calibration

Events/(t-y-keV)
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Background model — nuclear recoil

CELNS @ Single-site events B Multi-site events
v 104 | Tegged by neutron veto
YA F WIMP search data
L Neutron background .
: 103 F ; . | =
w 3
Background origins ° I @ .
L [ J
e Coherent elastic neutrino-nucleus scattering (CEVNS) i - B @ &
from solar neutrinos (irreducible e 3 3 3 3
| ’
e Radiogenic neutrons, suppressed by neutron veto, 102 = e L P ;7
single-site selection 0 20 &l 60 80 100
cS1 [PE]
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Background model — surface background : -
'g - -12000
é : } 1000S
n
19.9]3i1n Z I
: I 500

R [cm]

. Tosle 200 GeV/c? WIMP
Background origins - Surface background

e From plate-out of 210Pb daughters on PTFE wall

e Rejected by a radial cut % 103
e Near-wall electrons could terminate at the wall during drift — )
surface background features lower S2 7 J 7 7‘
e Modeled by a KDE on selected surface events o4 so 81 100

cS1 [PE]
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Background model — accidental coincidence (AC)

\ ~allps
£
5 S2 width o \/Z:
Background origins & A
e From accidental pairing of isolated S1 and isolated S2 1
e Will be dominantin the GeV DM searches (next section). fime

e AC origin understood in S2-only searches (the last section).
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Blinding strategy

e To avoid human bias, the dataset is initially blinded BB ER B Surface NR EEEAC W WIMP

e To verify the models, staged unblinding is applied 104 F

o  Multi-site and neutron-veto-tagged events are . .
§-=' 3.';.\‘{.5 i =

'0' eire
e

e 6"‘. o'tf

unblinded to test neutron model

cS2 [PE]

o Goodness-of-fit tests are applied for each 103

model.

e After all models are validated, the WIMP-like region

0 20 40 60 80 100
cS1 [PE]

is unblinded.
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After unblinding

e To avoid human bias, the dataset is initially blinded
e To verify the models, staged unblinding is applied
o  Multi-site and neutron-veto-tagged events are
unblinded to test neutron model g
o Goodness-of-fit tests are applied for each %
model.
e After all models are validated, the WIMP-like region

is unblinded.

I ER W Surface

NR EEEAC W WIMP

10|
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WIMP search result

= XENONNT (this work)

10745 ----XENONNT 2023
--- 172025
-=-= PandaX-4T 2025 -

e Unbinned likelihood function in (cS1, cS2, R) space
e No ssignificant excess

e We report the upper limit of WIMP-nucleon cross 10740 ¢
section (90% confidence level).

o  For higher masses, oy, ~ n];l%,[ ~ Mpym 10747 E

o For lower masses, the sensitivity is limited by the

. ~=7 ouL(Mpym>1TeV/c?) =

""" 46 2 M,
e 7x10™ X oM
3.7x107%°cm TTovicZ

WIMP-nucleon cross-section oS! [cm?]
—_

o

L

(o]

energy threshold Cl e
& 102 103
WIMP mass Mpy [GeV/c?]

—_
o
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Search for Solar Neutrino and Light Dark Matter
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Solar neutrinos

pp chain
pp'lv pep-l" 1013
2H + - 2 )
p+p— ' et p+e +p'—> H+v, 1012 pp [£0.6%]
99.6% [ = 0.4% P (o
L | 1010 "Be [+6%)]
85% 2x10°% 1o
; 3 P £ 10° pep [+1%]
3He + 3He — “He + 2p|{|®He + p — *He + e* + v, %’108 i
pp-l 15% % 107 E i,
3He + “He — "Be + v £ 106 B [£12%)]
-
"Be-y 99-87% | 0.13% ® 105 //—
Be+e - Li+v, Be+p—>8B+y g 104
T 1 D 108
Li+p—2%He |8B-y IBB —8%Be* +e* + Vel 102
pp-li ! e i il .
8Be* + p — 2%He 10~ S 1|
pp-il Neutrino energy (MeV)

e Neutrino flux on Earth predicted by the Standard Solar Model
e Measured by experiments such as Sudbury Neutrino Observatory and Borexino
e ERs viav-e scattering, and NRs via coherent elastic neutrino-nucleus scattering (CEvNS)

e Irreducible background for low-energy dark matter searches

Shenyang Shi, Columbia University ss6109@columbia.edu KIPAC Seminar, 26/3/17


mailto:ss6109@columbia.edu

Neutrino CEVNS and Dark Matter

Neutrino CEVNS and dark matter detection stories are

connected from the start:

e In 1984, Drukier and Stodolsky proposed to use coherent
elastic neutrino-nucleus scattering (CEVNS) to detect
low-energy neutrinos

e In 1985, Goodman and Witten proposed to search for the
scattering of DM particles with atomic nuclei in the same
formalism

e In 2017, observed by COHERENT with neutrino from

spallation neutron source

The main experimental challenge is the detection of keV

scale nuclear recoils

cS2 [PE]

CEVNS process

scattered
neutrino

td

'I

/4
nuclear
boson\ recoil i
q /
; f ,secondary
recoils

scintillation
D. Akimov et al, Science, 2017

N ER N Wall EEEAC B WIMP 8B CEVNS

104 3

Preliminary,

102 1 1 1
0 20 40 60 80 100

cS1 [PE] 29
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Neutrino fog and the low energy frontier

8B CEVNS neutrino fog

10—36 T hnlaloLE | 3 7 Ll | I LR | T I 1 LA | LA
10-% CRESST-III (2019)
. CDMSLite (2018)
DM/CEVNS recoil spectrum 5108 o
darkSide-50 (2018)
o o sg B> 2L A LSO — XENONIT (2018) 7|
Lt 103 - ha g 100 @ DAMA/I - LZ (2022 -
o —— DSNB § 10-11 y XENONnT (Projection) _|
3 T | IF= Atmospheric 2 10-12 ‘ DARWIN (Projection
g === WIMP (6 GeV) g .
T T~ | N ] [ WIMP (100 GeV) g 10~
> Rl
1077 - &
) T
c g 10"
5 T 107
2 . Rteaia,, % 10-47 Geo
— Reactol
11 D 10-18
o o Neutrino fog ] -
o 1074 i
T g | | ' Xenon
107 10° 101 102 1077 .
Recoil Energy [keV,/] PRD 108, 022007 m,, [GeV/c?]

PRL 127 (2021) 25, 251802

Neutrino CEVNS: Irreducible background for dark matter searches

Solar B neutrino fog ~ 6 GeV dark matter ~ 300 recoils/(tonne*year) in [0.5, 5] keV,,
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Physics at the detector threshold

200F |
8
o .« o - o. =
Challenges: Low detection efficiency 150 > w s g
s |E s = 26
E ° g £
e keV_ ~5photonsand 6 electrons / keV,, 2 100 g < > Z 4
. . - S ~ 2 3
e Light collection efficiency ~ 15% % sof * Z 2
e S1 photon detection is the limitation! ok _|—._ 0
0 1 2 3 4 0 100 200 300 400 500
S1 photons S2 [PE]
Solution: Lower S1 threshold \}/
e Two 2 photon S1-S2 (x20 signal) —Joieavy WIMP ——2 photon $1-S2 —— S2-only
e S2-only (x90 signal) F 710.30
— 10%
% 0.25
Challenges: keV NR model and instrumental background < 10} 020
5 E . O
: S 5
Solutions: = 5 015 8
2 =
. . . 8 0.1 0.10 ~
e Dedicated low-energy NR calibration s '
: e A 1072
e Advanced background modeling and mitigation S _ 0.05
Y =" 1
%510 20 30 40 50%
Recoil Energy Er [keVnr] 31
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YBe: keV-scale neutron calibration ater i e T %7

Cryostat

e A photoneutron source 8YBe is used to calibrate the
detector.

o %Y decays emit 1.84 MeV y-rays, producing 152 keV
quasi-monoenergetic neutrons via photointegration of Be

y+9Be—>8Be+n, Be » o+«

e On average, ~5 photon and ~6 electrons will be created per
keV nuclear recoils.

010 11 11
0.16 # Manzur 2010 (0 V/em) & LUX 2016 (180 V/om)
10 Plante 2011 (0 V/cm) 10} W LLNL 2019 (220 V/cm)
0.14 4 LUX 2016 (180 V/cm) # LUX 2022 (400 V/cm)
. 40.08 9 # LUX 2022 (400 V/cm) 9 =—NEST v2 (23 V/cm)
w NEST v2 (23 V/cm) g e This Work (23 V/cm)
0.12 '%' 8 == This Work (23 V/cm) > 8 s
— &
= . o <
L 0.10 10.06 & 2 7 o 7 - PR -k-—. Il —5—
[] @ = o]
’50.08 g = 6 3o
40.04 5 =5 © 5
2 0.06 2 s
% 4 £
(&)
0.04 40.02 3 3
0.02 88YBe NR 2 5
L L L 0.00 L L L L 1 L L L . L L L L L L L L L
05 1.0 15 20 25 3.0 0105 1.0 15 20 25 3.0 35 40 45 50 0. 0.5 1.0 15 20 25 3.0 35 40 45 5.0

Nuclear Recoil Energy [keV] Energy [keVnr] Energy [keVngr]
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Accidental background

NOT physically |
correlated ﬁ .
ML -------------- |
Main background: Accidentally pair of S1 and S2 oo CAccidental” | e ﬁme;f:}’ E

Time [us]
S1rate~15Hz S2 rate ~0.15 Hz \

Electrode charge emission?
Liquid xenon impurity?

Rate before mitigation => 400 events per day

An instrumental fog before reaching the physics

Solution: Machine-learning driven,

multidimensional mitigation campaign
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m DM m°B mAC Neutron B ER
—— TPC edge --- Fiducial volume 10 30 40 50 60 70

Observed events M &
—40 ° i
E E e © ° ]
S S -80f ‘A !
> N ife) . A
-100 F an ‘E
€ |
_120F © ) * N |
L M
L —140 f-__ZITSSESEEEEEE — i
Unbllndlng reveals 37 .Observed —-60 -40 20 0 20 40 60 500 1500 2500 3500
events, with expectation of 38 X [cm] R? [cm?]
eve nts = DM = °B | AC Neutron M ER
’ 9 20 B - {
g _
> 10 L
53]
0
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% 0.8 N
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204l s » .t .
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L SNO, 2013

A glimpse of the solar neutrinos

(=]

Component Expectation 6 GeV/c? XENONADT, 2024
™ | ' ! (This Work)
SI-DM e 0.0 ;00 . . , )
8B CELNS 11.9+43 114127 (6.0+14)
= >0 ! In signal-like region &
AC 2534+12 253+12 (41+£0.2)) . | bke! N 6
> o=
ER 07407 0508 03+03)! Neutrinos > Instrumental bkg! § Al
Neutron 051—83% 05£03 ‘02 + 01) : % , 90% CL threshold
Total background ~ 38.3*}7 8729 :( 10.6113) I é < 68% CL threshold
Observed e 37 p (10) ! L
| 0 5 10 15 20

8B neutrino flux [106 cm~2s~!] PRL 133 (2024) 19, 191002

No significant excess above the background model (A): SI DM-nucleon scattering

PandaX-4T S2-only (2023)
9 B
B FNONI T'S2-0p

Indication of solar neutrinos, significance 2.730

Measured B flux: 4.7-36 x 105cm2s~!

Further questions:

DM-nucleon og [cm?]
=
o
L
=

Origin of the instrumental backgrounds?

O’Hare (2021)

i ?
Ways to get closer to the neutrino fog? " L L n >
DM mass [GeV/c?] pri 134 (2025) 11, 111802 36
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Search for Light Dark Matter with lonizations
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Science case of “S2-only”

S2-only analysis

S1 + S2 analysis

Advantages

(3,16]
electrons

¢

S1 S2

Sensitive to
>3 GeV/c2 DM

unitarity limit
GeV

10TV Mp1

10 Mg

| >

Dropping S1 opens the door to a wide range S1 S2

of dark matter candidates of NR recoil [0.5, R

5] keV or ER recoil [0.04, 0.7] keV. 1022eV 5w keV
3 i t

DM-nucleon [3, 12] GeV
DM-electron [0.05, 10] GeV
Axion-like particles/dark photons

T >

“Ultralight” DM “Light” DM WIMP  Composite DM Primordial

10-36

[0.03, 0.7] keV
e Other neutrino physics...

._.
<
4
]

10-40
Challenges:

10-42

e No established analysis methods

10-44

e No event depth info without drift time

WIMP-nucleon cross-section [cm?]
=
o
IS
3

10-48

e Non-existent background model

se==T

10-50

10°

10t
WIMP Mass [GeV/c?]

10°

38
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Implication of a background model Are these dark matter or hackgrounds?

Mean energy in flat ER spectrum |keV|
0.1 0.2 0.3 05 0.7 1 2 3
T

{. T T T T T T

Without a complete background model:

10% i GeV/c? 20 GeV/c?

e Any excess can be DM signal
e Limit setting only, no discovery power

Known phenomenology includes:

Events/(tonne day keV,.)

e FElectron emission after high-energy events (delayed electron)
e Electrode radioactivity (cathode, gate, ...)

90 120 150 200 500 1000 3000
S2 |PE]| PRL 123 (2019), 251801
Pulses
1 100 10000
100 T
106 ok S1 o =
g o sof
a st L
E 105 SZ 2102'5" SZ E
a E F S,
@ 104 2105- 5 0
;'.E 10! | al i %
E 103 503.0 ﬁme[;o:].s ;
- —s0f
s 1 TP Y I I T I
0 100 200 300 400 500 _qoo =50 . 0 50 100
Time [ms] XENON PRD 106, 022001 X position [cm]
LUX-ZEPLIN arxiv2510.06500 39
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Instrumental background origins

Electrodes/Gas background
Suppressed by S2 width and optical pattern (negligible)

Suppressed by correlation and optical pattern

Wall background
Suppressed by spatial selection (negligible)

Cathode background
Suppressed by S2 width

Complex detector physics involved, solutions:

e Data-driven modeling instead of first-principle
simulations

e Five machine-learning models are developed to
model and mitigate instrumental backgrounds

Gas region (Top
electrodes)

Delayed electrons (DE)
Accidental electrons
(AE)

Cathode electrodes

gate

cathode

PTFE Wall
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Gas and wall events - 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
40 F
depth (z) using S2 width. 40
e Gas and wall events can be excluded by fiducialization g 30f 30 &
g g
o 20BN, @
e " & o »
1S . 1
—20} e v 10E ; 10
1 i@
_so} - Gas §
: 0 T
: —_ 1 1 1 1
S2 Wl?th ;.Z E —60f L 200 400 600 800 1000 °
reconstruction = i
:1] -80}k i. cS2 [PE]
%) ! :
Field distortion  -100} :
correction : ) -
—120 . i
1
=140 F ». inary .: _. LR
0 ) 10 3 20[ ] 30 0 20 40 60 80
SZ range P area [us
S2 width [ps] 52 & fom) A1
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Cathode background origins

0.8

Events near cathode electrode suffer strong photon and charge loss

o
o

e S1: distorted microphysics of electron-ion recombination, or optical

Z (cm)
Survival Probability

o
>

effect due to electrodes

e S2:charge loss of downward pointing electric fields

0.2

0.0

= Rn220 bulk ceees 216Po (6.9 MeV)
——Rn220 cathode === 212BiPo (9.0 MeV)
----- 212Bi (6.2 MeV) ===222Rn (5.6 MeV) —
220Rn (6.4 MeV) ===214BiPo (7.8 MeV) =
- - - - ) 10
—
103 g
7 5
c 102 p=
5 3, 2000
S) - -
(@] ™ i
10 % 1000 P
(@]
wn
1 ] o 1

| |
40000 60000 80000 100000
csl [PE]

T
20000

sl area [PE]

See also a recent paper by LUX-ZEPLIN
arxiv2602.21177 on the similar topic 42
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Cathode background - S2 cathode BDT

A waveform-based S2 BDT model is developed to suppress cathode

background
e Waveform simulation of the DM and cathode events 20 :
: : : . 40
e 70% cathode events rejected, with 80% signal efficiency. -
E 30 &
©
--=- Cathode --- Bulk Cathode % %
25 === Width ROI 10 S 20
20 F ’ o~ %
20 088 10
p— [ .
@ T i S Gas
= 2 158 0.6 & . 0
g S S 200 400 600 800 1000
E g 10 [ 04 < cS2 [PE]
3 2 : =
o > Y ! 02 5
Ok 0.0

L 1 1 1 O 1
250 500 750 1000 500 1000
cs2_wo_elifecorr [PE] s2_area [PE]
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Delayed electrons - DE conditional normalizing flow

——Large S2 1le4 PE —— Large S2 5e5 PE
—— Large S2 5e4 PE Large S2 1e6 PE
Large S2 1e5 PE ---'Max drift time
Isolated electrons emitted after a high-energy event 1
up to 1 second . 50 5 o1f !
e Widely observed in liquid noble gas detectors o 10T e
— [ o |_=
. . . oy . Lo -3 H
e Experiments points to impurities in LXe 2 T
: L N : 3 T T
e Asimple quantitative modeling is unavailable due to § :@ﬁﬁ% (
E 10-5F 1 WPV
multi-dimensional dependence, e.g., high-energy BN | |
108 107 108 10°

event energy, location, time difference, delayed

Time difference to primary S2 [ns]

electron properties, etc.

- Isolated S2 out of drift time threshold

75k & .. ) -. = .
Modeled by developing a generative model, conditiona sof - I o o
normalizing flow, data-driven method: e e
2 S o - Yol aﬁlﬁt-j? -
> . o = ] _q_
< S a ey :. 3 -:-"" -
e Simulate DE by a large S2 input. I I - T
= L ik ', _._.._ - ..._-.._ |
e Evaluate large S2-DE causality. ~75F & et
100/ 65 —"5 0 50 100
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Delayed electrons - DE BDT

Signal Background
signal
40 1.0 1.0
35 y " o
e 27k | . 2 \
é g25 : 0.6 g B 0.6 §
g Ew ? g :
T 432 % 04 2 :
= 5 15 - N 40k
i b e o 02 A 40
10 Signal-like . 02 [
5 : ; g 30 - o
100 200 300 400 500 0 o = - 30 &,
S2 area [PE] S2 area [PE] < a
ignal background % <
signa 10 1.0 E 20 (UI
1072 1072 e
c 10-8 -:= 10-8 n g 13 0.8 %
5 e, K _":_'_‘ 0.8 > ] B
g o, 10714} g o 1071} 10
) § 10-20 | ! 0.6 § 10-20 | 0.6 §
T : g g . . . . .
986 oa BT i 200 400 600 800 1000
I -32 | o~ -32L :
- signal-like & 107 = cS2 [PE]
g 10738 - ; 0.2 10738 1 0.2
8 10~ | 1044 |
1100 200 300 400 500 107750 200 300 200 500 0
S2 area [PE] S2 area [PE]
A DE BDT model is developed for DE mitigation (> 95%) using waveform and causal correlations (CNF score) 45
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Accidental electrons - S2 pattern likelihood

Accidental pile-up of random electrons

e Developed a data-driven S2 optical map ((x, y) -> PMT) using

multilayer perceptron (MLP), trained by single scatter 83™Kr
calibration data 5
e Single electron pile-up at different locations can be rejected — =
=2 30 &,
e Accidental pile-up at the same location -> irreducible = ©
= 2
---S2 pattern cut S 20 -
Accidental electrons leakage Top array ~ ®
7771 Signal-like region 80 175}
1.0 3 10
HE
08[% Resolved pile-ups ! L ! ! 0
5 e B 200 400 600 800 1000
0.6 7 - il cS2 [PE]

S2 pattern goodness-of-fit
Number of entries
y [em]

“WUnrésolved pile-ups
0.9 L L 1

00 200 300 400 _ 500
S2 area [PE]

-80 -60 40 -20 0 20 40 60 8¢

x [em] 46
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Background validation

Background model validated in

calibration data before unblinding
Enlarged ROI:

BDT cuts not applied

e Background enriched for validation

Science ROI:

e All cuts applied
e Gain maximum background rejection
e Perform dark matter search.

S2 width

Events

S2 width [ps]

Enlarged ROI

S2 width

Science ROI

-

[ Cathode

1000
500
0

12 F

10

S2 area

DM

I DE AE 8B

0 200 400
Events

200 3 400

cS2 [PE]

S2 CNF score

S2 width [ps]

I Cathode

3000
2000
1000

1.0

I DE [ AE

== ’B == DM

08F

0.6
0.4
0.2

0.0

10Y
10!
1072
102
1074
107°
1076
107"
1078
105

50

L il
05 1.0

il il il
2.0 3.0 40
Recoil energy NR [keV,]

5.0

a0t

20

10

30 |-

100

0.1

1 L 1
0.2 0.3
Recoil energy ER [keV,.]

200 300

cS2 [PE]

400

1 1
04 05

0 10002000

Events
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S2-only results

Science run (exposure)

SRO (1.50t - y)

SR1 (2.44t - y)

SR2 (3.89% - y)

Component Expectation Best fit Expectation Best fit Expectation Best fit
Cathode 480 + 70 477128 660 + 70 726122 1210 4 90 1080 + 30
Delayed electron 1.3+0.5 1.34+0.5 0.34 +0.07 0.34 +0.07 172+ 2.3 171+ 2.3
Accidental electron 97+ 17 89+ 13 108 +8 106 + 8 -

8B CEvNS 21+5 183 2047 2677 32.3+8 2918
Total background | 600 + 80 586 + 28 800 + 80 858739 1260 + 100 1130 + 30
Observed [ 583 864 ' 1107

Most stringent limit set on ~5 GeV light WIMPs

DM-nucleon og; [cm?]
[ — [y - -
o (e} <2 (] (e}
- e A A &
v L= w S —

-
o
|
N
(=)

3 GeV/c?

SI DM-nucleon scattering

DarkSide-50 (2023)

Xe neutrino fog
O’Hare (2021)

DM mass

Axioelectric coupling constant gge

[0.04, 0.7] keV axion-like particles (ALP)

: XENON10
1 (2013)

XENONIT SE (2022) :

-

9
e
o

|

- ! SuperCDMY
(2020)

0\1@ o
S
%> XENON1T S2-Onl

10-13 \ (2019) LZ Low-ER
(2023)
10—14 - XENONNT S2-only (2025)
XENONNT Low-ER
Axion-like Particles (2022) e
10-15 1 F 1 i L1 1 1
0.02 keV/c? 0.1 0.3 0.5 1 5

DM mass

Good agreement
= No signal excess

48
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Migdal and BremSStrahlung effECt 0.05 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

106 F
Search for sub-GeV dark matter using ER signals produced by NR .=
2%
Ei 102
. . . . . =N
e Migdal effect: sudden nucleus recoil can ionize atomic g 1
electrons 1o
o . . . 10_4
e Bremsstrahlung: recoiling positively-charged nucleus emits .
S 104
. .. o —
breaking radiations 27 102
= O
e World-leading constraints of MeV-GeV dark matter CEg
331072
<1E)._.
10-31 | X A 1o
X ray .’
— .+ Bremsstrahlun 1
G 1073 '
&)
E o 0.1
2 10735 | g
3 g 102
51077 &
EI: 1073k
= 1030 ;
A gRonen 10_(31.05 0.I20 0‘230 0:10 0‘:50 O.IGO 0.I70 0.;30 0.I90 1.00
10-41 i o e ow gl ; I e | Recoil Energy Eg [keVer]
0.1 GeV/c? 0.3 0.5 1 3
DM mass 49
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Conclusion

A large portfolio of XENONNT DM searches from TeV to MeV

e Search for Weakly Interacting Massive Particles (WIMPs): Phys. Rev. Lett. 135, 221003 (2025)

e Search for light dark matter in the neutrino fog with XENONRNT: Phys. Rev. Lett. 134, 111802 (2025),
Phys. Rev. Lett. 133, 191002 (2024)

e Search for light dark matter with lonization-only signals: arxiv. 2601.11296 (2026), submitted to PRL,
Sub-GeV DM searches with Migdal and Bremsstrahlung in preparation

Enabled by a set of hardware and analysis innovations:

e Record-low ER contaminations by liquid xenon distillation
e Accidental coincidence background mitigation

e Anionization-only background model using data-driven methods

More results to come in the future!
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Future science potentials

Dark Matter

* Dark photons
* Axion-like particles
* Planck mass

WIMPs
* Spin-independent
* Spin-dependent
* Sub-GeV

* Inelastic

Neutrino Nature

* pp neutrinos * Neutrinoless

* Solar double beta decay
metallicity * Double electron

* 7Be, ®B, hep capture

* Magnetic Moment

Supernova Lt N\ ) Cosmic Rays
* Early alert = * Atmospheric

>\,
* Supernova neutrinos /( her | neutrinos
» Multi-messenger astrophysics N 8
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Thank you for your attention!
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Backup slides
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SR1a SR1b

Nominal Best fit Nominal Best fit Nominal Best fit
ER (flat) 134 136 & 12 430 + 30 450 + 20 151+ 11 154 + 10
ER (*H-like) ~ = 62 40 + 30 101 g0t %
ER (*"Ar) ~ -~ 58 + 6 55+ 5 - -
Neutron 0.7+0.3 0.6 +0.3 0.47+£0.19  0.45+0.19 0.7+0.3 0.7+0.3
CEvNS (solar) 0.16+0.05  0.16 £ 0.05 0.010 +0.003  0.010 +0.003  0.01940.006 0.019 = 0.006
CEvNS (atm.4+DSNB)  0.04+0.02  0.04 + 0.02 0.024 +0.012  0.024 4 0.012 0.05+0.02  0.05+0.02
AC 4.3+0.9 440 2.124+0.18  2.10+0.18 3.8+0.3 38+0.3
Surface 13+3 11+2 0.43+0.05  0.4240.05 0.77+0.09  0.76 £0.09
Total background 152 152 + 12 553 550 £ 20 257 239+ 15
WIMP (200 GeV/c?) - 1.8 = 1.1 - 2.1
Observed arXiv: 2502.18005

Z(0,0) = H Zsr(0,0)

SR € {SRO, SR1a, SR1b}

Zsr(0,0) = L& V™(0,0) X LV(6,0) X LH(0)
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N ER EEN 20ECEC W Surface NR I AC

104 F SR1la

rLL = CYLL/CYﬂ rLM = CYLM/CYﬂ

Ly = Ly =1),0)

A=-2In el
L(riL, im 0)

» Test size is set to a=0.05 before unblinding, considering:

Maximize the rejection power in case of real 2vECEC CY suppression.
104 F SR1b

cS2 [PE]

Minimize the false WIMP discovery rate.
Keep the false rejection (test size) to a minimum.

» After unblinding, p-value = 0.09 -> failed to reject nominal CY model
103 |

» Best fit values: rp = 0-30’:8:83 nMm= 0-72t8:(1)411

0 20 40 60 80 100
cS1 [PE]
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Neutrino and CEVNS process

pp [+0.6%]

Solar neutrino flux (cm=2
—r
(@)
[}

"Be [+6%]

pep [+1%)]

8B [+12%]

)/\/1||/

hep [+30%]

pp chai
pp-v

n
pep-v

2 +
p+p—H+et+vy,

- 2
p+re+p—H+v,

1

¥
0.4%

99.6% 1

2H+p —3He +7v

85%
f

2x10%% pep.,

SHe + %He — “He + 2p

SHe+p » “He + e+,

pp-l  15%

SHe + “He - "Be +y

"Be-y 99-87% !

0.13%
)

Be+e - Li+v,

Be+p—>8B+y

1

¥

Li % p— 24He 8B~y

8B — 8Be* +e++ve|

1
Neutrino energy (MeV)

pp-l

A

8Be* + p — 2%He

pp-l

scattered
neutrino

)
’

4 nuclear
boson '\ recoil
q ﬁ/

/ secondary
recoils

scintillation
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Neutrino fog: Detector material and solar neutrino uncertainty

—
T

=)
lz
/
\
%
%
1

10—‘9 - === Xpnon === (Cermanium —_— A!sm - - il

107! 10° 10! 10 10° 10* 0
DM mass [GeV /c?] DM mass [GeV/c?]

S
3
s
g,
2
g
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Light dark matter [
zU\ light WIMPs — 3
=1} : gg m, [GeV] |
>  GeV-scale light dark matter (DM) is well-motivated: 21 = g
€ Low-mass WIMPs: Lee-Weinberg bounds ~2-3 GeV/c2. 3t , =
gl different mx for my=73
€ Asymmetric DM: Phys. Rev. D 79, 115016 (2009) 2 heavy WIMPs ]

€ Self-interacting DM: Phys. Rev.Lett. 84, 3760 (2000)

E, [keV]

€ Mirror DM: Phys. Lett. B 766 (2017)

— %8

103
—— hep

—— DSNB
Atmospheric
=== WIMP (6 GeV)
----- WIMP (100 GeV)

-> However the direct detection of GeV DM is challenging:

10!

€ An“irreducible background” called neutrino fog.

10-14

4 Near the detector energy threshold. Hard to detect,

10734

~keV recoil energy, <5 photons/electrons detected,;

dR/dE [ (tonne - year-keV,,) ™! ]

1075 T - T -
1071 10° 10! 102

Recoil Energy [keV,,]

more backgrounds.

PRD 108, 022007 (2023) 58
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Light WIMP analysis
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Electronic recoil energy [keVgr] 103 5
0 5 10 15 =
; T 7 T T T > :
Peak reconstruction 2 10
1.0 = 1
Event building & selection = 0.1
0.8 8
S BN B . S g 10 2
5 103 L
3 0.6 7 lg
o
M 0.4 1 &
g
2 0.1
0.2 - £ 3
[sd}
0.0

1 1
0.5 1.0 2.0 3.0 4.0 5.0
Recoil Energy Egr [keVy]

Nuclear recoil energy [keVnr]
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Neutrino fog vs Neutrino floor

Gradient of discovery limit, # = —(dlno/dIn N)~!
2 3 4 5 6 7 8 9 10 11

1074

._.

9
-
£

Neutrino “floor”
Neutrino fog

—_ —
- T
§ &

1048

SI WIMP-nucleon cross section [cm?]

10-9

10730 =
10! 10! 102 102 10° 108

WIMP mass [GeV /2] Number of 8B events
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Signal efficiency

Energy threshold is the major efficiency loss mechanism!

- S$1: 2 or 3 detected photons; $2: [120, 500] PEs ~ [8, 33] ionized electrons.

- Heavy WIMP analysis: S1 >= 3 detected photons; S2 >= 200 PE.

- Region of interest optimized by signal to background ratio. DM spectrum after efficiency
- Gain 17 times higher DM/CEVNS acceptance than heavier WIMP analysis. Efficiency decomposition

S1 efficiency vs CEVNS spectrum S2 range vs CEVNS spectrum
—— 51 reconstruction eff (2-fold) <= This search

. o S
«+++:S1 reconstruction eff (3-fold) B CFDNS Spectrim (wio efﬁClenCI?S) —E
=8B CEVNS spectrum (w/o efficiencies) 7k %: ~un|tary £
1.0 “=. - =
e o reconstruction efff 5
— ™ — ]
0.8 f = =
o A S5F =
I 9 | €.
'T>’ 0.6 £ e 4 o.
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Yield model
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Calibration of g1 and g2
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Background model AcRae.

Isolated ]
S1 ST W e R i N\
b Data ]—~ Pair 1 I.::I:gtts? :—nApply Cuts:—-lAC Dataset| fflelj
Rt Isolated — A— — A _ 4
ey a S2
Higher shadow: more "~ - ~‘?{’§dgw-- Identified as §1
isolated peaks Sy Identified as 52
i 52 h .‘~~‘.~ s LONE hits
WD AC background event e
e m " ' W A

Example event waveform shortly after a HE interaction

Nyc = [ 1Rs1(’f) *Rop(0) - Tyt

1)

Iso-S1 Rate Iso-S2 Rate T max Raw AC Rate
~15Hz ~0.15Hz 2.2 ms 5 mHz (~400/day)
23 V/cm drift field
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Background summary

Background dominated by AC and 2B neutrinos!

AC
‘ SRO SR1

B L]

ER

0 5 10 15 20 25
# of events
ER: Electronic Recoil Background
* Validated by AC-rich sideband * Flat energy spectrum at O(0.1)keV
* Uncertainty: 9% (SR0), 6% (SR1) * 100% conservative uncertainty
* Full-chain simulated * Yields calibrated from 88YBe neutron source
* 58% uncertainty from sideband * ~35% uncertainty from yields and efficiencies
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$1-S2: Other DM models

10-36 .
(B): Light mediator my < 10MeV/c? , N (C): SD DM-neutron scattering
410~ 7,
E S & 10737
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710 8 g 10738
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41073 © 5 10739
E g Sf:)
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Constrain Standard model o]
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S2-only analysis
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S2-only search

ALPs, Dark Photons

(charge-only)

DM-electron
(charge-only)

DM - electron
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DM - nucleon

With Migdal effect

Low-Mass
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High-mass

Multiple scatter
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S2-only search

Neutrino

Axion-like particle / Dark photon... |
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S2-only background model methodology

1. Distributions in parameter 2. Renormalization of background model 2. Application of full science cut
space through data-driven or 1.  Sideband selection '
simulation-driven approach 2. Unblind S2-only science data in sideband

=

3. Reweight the distribution

< .
= A < Sidebands < A
= |fr«—~ 9 = S
2 I\ pe -~ A . e
S | DE - z e uor 2
(V2T Y g wn Q wn
\\\ N
N \
1S~ o )
I S~ ___
II /7 K
AE, o Cathode, F
\ A gemm—TTTTTTTT /I _ 4 Signal
P N R -7
= = (top electrodes removedf > P-— >
S2 area S2 area S2 area
Enlarged ROI Science ROI
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Delayed electron background

. . . . o e Drift time threshold ——PI1 0.0056 - 0,0063
Primary S2s = isolated S2 following 1 second window LF — FLoddes 00067
. i —P1 0.0071 - 0,0123
(), causing the DE background. o ~
é 10~ T 50
Source of isolated S2s mostly from trapped single S 1o 240
electrons by impurities. 2 10 Z 30
, % 10-° E 20
Isolated S2s’ feature depends on: g .
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i g
. 1] 10‘7 1 i 1 1
e Primary S2s’ feature 105108 107 107 10 108
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° el
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5 = -

Machine-learning generative algorithm, predicting the ik -
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- Machine , 50 Bttt Fug™ . w
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(1) PhysRevD.102.092004, PhysRevD.106.022001
(2)  PhysRevD.111.012005 73
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Delayed electron background

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
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Delayed electron background

— Max drt e

o o 10° 100
Time difference to primary 52 (ns]

2.2ms 1 second

CNF model indt CNF model outdt

Training
data:
Quiet times

For each primary S2, generate isolated S2 simulations
based on CNF best fit, including their time, positions,
width, AFT, pattern, etc.

\\
N
Background \
Runs: CNF
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 A
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Search backward up to 1s
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Delayed electron background

BDT machine learns the features:

evaluating the correlation to
previous primary S2s.

Can suppress the DE background
to near negligible level:

S2 area
S2 width
CNF score

DE rejection: 97%
Signal acceptance: 90%
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Delayed electron background

signal DE signal DE signal DE
50000 F 35000 F
35000 | ¢
_ Sideband _ 30000
£ 30000 | £ 40000

= o @ 25000
=
& 25000 g =

5 a 30000 E 20000 F
2 20000 | 2 3,

g g £ 15000
£ 15000 [ £ 20000 - 20
E g »

% 10000 f S —— 10000 |

5000 | 5000 |

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

Delayed electron has wider S2 width due to unphysical SE pile-up, and exponential-decaying S2
area spectrum.

e Sideband selection: S2 area in [200, 500] PE, S2 width in [20, 40] us
e The DE rate can be renormalized by the observed events in sideband.
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Accidental electron background

--- S2 pattern cut
. Accidental electrons leakage
signal "I Signal-like region

50000 1.0 3
Random pile-up of single electrons from: 7 a0000 | % 08 )
5 2 B g
e Intrinsic detector SE emission not gl 30000 g 06 .l 5
. u;w |-| % . ’,,’/ : ;
correlated to primary S2. 2 ool £ 0afr :
e . . . = . % ','/‘_'\-_' " =}
e SE far from originating primary S2. g 2 oo B z
10000 2, a0y AR g 35 &
Irreducible compared to the DE components. 100 200 a0 400 s00 09 —ho—se0—to—z00 T
S2 area [PE] S2 area [PE]
Sideband selection: - ;.
e Events rejected by S2 pattern cut g —— ]
Time [ns]
Maybe the culprit of the excess of the AC e
. . . . i 3
sideband validation below 120 PE in CEVNS. 5. L
E i
- : Time (us) . “ 7 8
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Cathode background

Pb-210 (Rn-222 decay chain)

Cathodes
SRO Rn220
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Cathode background
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Cathode background

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

Cathode rejection: 50%
Signal acceptance: 80%

—— ROC Curve (AUC = 0.7498) in ROI

1.00

Acceptance

0.00 fj I I
0.0 0.5 1.0

Cathode leakage

Better performance than simple S2 width cut

(0.3227, 48%, 80%)
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CathOde baCkground 1. Cathode dominant region (sideband) selection:

' e Small S1 Events with z at cathode position
sone  cofode e Events rejected by cathode BDT cut

50006 | . For each S2 area bin, simulation can give the ratio of BDT
— BDT Sideband :
Z rejected events/BDT allowed events.
£ 15000 2. Rescaling to ROI
&
g 100001 J ——S1 area=[0, 5] PE S1 area=[10, 15] PE Cathod
g ——S1 area=[5, 10] PE — S1 area=[15, 20] PE athode background shape
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o 0.4 . . .
£ S1 dependent spectrum not reliable BDT sideband predicts a S2 spectrum
@) H . .
02 Smaller S1 predicts more cathode weighting more towards the lower end.
background in low S2 region
0:0 200 400 600 800 1000
cs2 wo_elifecorr [PE] 83
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Gate/gas background

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 ,
Gate Top PMT Bulk . S2 AFT cut rejected
Top Screening 20.0 — Gas
0.95F -
17.5F :
£ 15.0 2 0901
© b
£ 125 § 085
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§; 10.0 § 0.80 F
®| CU‘
S 7.5 3 i
3 . Gas event g 073
5. o~
o ' Liquid event 8 0.70F
o : 2.5 o PR et e
: DGR TRt a
102 302 452 557 0.0 Gy igewout oL L
9 2 00 400 600 800 1000 200 400 600 800 1000
r< [em?] cs2_wo_elifecorr [PE] cs2_wo_elifecorr [PE]
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Wall background

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

--- TPC wall { S2-only events --='S2-only FV ---TPC wall
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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.
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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.

Shenyang Shi, Columbia Uni
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Background Modeling

What we have now: Objective: Sideband technique:
DE, AE, cathode background Estimate the DE, AE, cathode Wi ELing tlzle sidebar;d re%io]r)l, K d
modeling in full space background in blinded Signal ROI correct and normarlize the backgroun
modeling in Signal ROI.
5 A Enlarged ROI S A Science ROI = Sidebands
AER (N = =
3 \\DE ; ; * x
o \ o o~ LUCKY
N P ) (vp)] W :en:\m; *
‘ ~
AE | T~e—el_ B . Background leakage
/ \ \\ ~ o . =
/ —_— . a
/ ___Cathode | v / ! Cathode
e ot gy .. B
| - : top electrodes removed) > I[,/ > >
Signal S2 area Signal S2 area S2 area

(1) Background modeling from simulation can be different from the actual distribution from data

(2) Science ROI (full cut list), enlarged ROI (loose cut list without BDT cuts) 87
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. I Cathode
chi2: 5.459, dof: 13.00, p-value: 0.964 B Delayed electrons
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H . Delayed electrons Observed events
® SClence ROI Apply Complete Accidental electrons @ { gif?;ff electrons % gﬁ‘;ﬁ%ﬁﬁ’ﬁ,ﬁgd
Sz_only Cu.t ||St 50 ] s g Accidental electrons 43
410 & 40f g
40l 1| - N
5 -| 405 30k i 1 =
& 301 2 i il 5
= 40.0 g i 10 2
‘q:_) H E § 20 F _a—-| .I. g
> 20} 1l S & mi g
i i {-05 & - 1Tl 11
: & 10 | E
10H7 ]! {-1.0 2 A | JinE £
It | : AT ey |1
| e e by (o152 o s
or 1 - - 1 | E 1077 1075 1073 4-3
0.2 0. 0.6 0.8 s2 cnf scor
Cathode S T score 4-4
Notice the BDT score and CNF score differences Lo

Shenyang Shi, Columbia University i KIPAC Seminar, 26/3/17


mailto:ss6109@columbia.edu

chi2: 3.788, dof: 5.00, p-value: 0.580 p-value: 0.001
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S2-only results
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S2-only results
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