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Xenon Science

Main science channel: WIMPs

Dark Matter

* Dark photons
* Axion-like particles
* Planck mass

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

* Inelastic

Weakly Interacting Massive Particle
Most sensitive to O(100 GeV)
Nuclear recoil energies < 50 keV

Sun Neutrino Nature

* pp neutrinos * Neutrinoless . .

* Solar double beta decay Neutrino PhySICS
metallicity # + Double electron

* "Be, ®B, hep capture

(Neutrinoless) double weak decay
CEVNS (coherent scattering)
Solar neutrinos

* Magnetic Moment

Sensitive to other dark matter

candidates

e Dark Photon

Supernova Cosmic Rays e Axion
* Early alert * Atmospheric
neutrinos * ...

* Supernova neutrinos /( &g
* Multi-messenger astrophysics >

J. Phys. G: Nucl. Part. Phys. 50 013001 (2023)
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XENONRT Detector

Muon Veto
(Water Cherenkov)

Neutron Veto
(Water Cherenkov)

* Doped with gadolinium

T,

Dual-phase xenon TPC

Field shaping
elements

e 5.9t Xe active target (8.6 total)
* 494 PMTs to measure UV signal
e 23 kV/cm electron drift-field

[y

ST

/1
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E drift time E
N (depth) —— tlme

ST S2

e Prompt e Delayed
scintillation light electron signal

TPC Working Principle

* X-Y by S2 pattern on PMTs
* Z by electron drift-time

Position

Amount of light

Energy E=W. (S1/g9,+52/9,)

Interaction (ﬂ) <(5_1)
type S2/NR \52/ER

Nuclear Recoil (NR) & Electronic Recoil (ER)
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Science Data 220Rp wem 222Rp  —— WIMP: 288.3 d

83mp 232Th mmm AmBe —— CEvNS: 324.2d
Signals & Calibration SV
g 300 |
XENON
250 F
= 200}
)
E
=]
.GEJ 150
—
100
50
1 L 1 1 1 1 1 1
Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar. Jun.
2021 2021 2021 2022 2022 2022 2022 2023 2023

Nuclear Recoils (NR)
* AmBe, YBe (low energy)

52 [PE]

Electronic Recoils (ER)

102 1 L L o — : e 220Rn, 37Ar (low ener

0 20 40 00 80 100 120 ( 8y)
ool [RE] Other

Phys. Rev. Lett. 131, 041003 (2023)

e LED, 8mKr, 232Th, ...
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WIMP BaCkgrOu nds — SRO Electronic Recoils (ER)

e 214Pp (from 226Ra chain)

BEN ER BB Wall BEAC W WIMP 8B CEvNS * 85Kr (commercial xenon)

104 3 Surface

e PTFE walls collect long-lived
210Pp (from 22°Ra chain)

Accidental Coincidences (AC)

cS2 [PE]

e Accidental pairing of isolated S1 & S2

Nuclear Recoils (NR)

e Radiogenic neutrons
e Neutrinos (solar, atmospheric)

cS1 [PE]
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T “w i WIMP Backgrounds — SRO

Neutrons 1. 1J_Fg_-§’ 1.1+04
g]é”NS 0.23+006 0.23 iﬂ;% Phys. Rev. Lett. 129, 161805 (2022)
43+09 4‘4—0:3 _ __ 214 136 _ 124 __ 83m
Surface By Pb Xe Xe Kr
____________ li‘ 33_3_ L 1_2_:|:_2_ _ } Data 85Kr Solar v Materials — 133Xe
: Total background 154 152 + 12 : 50
I WIMP 26 1
| ) | 20k
! Observed 152 ~ ] [
1 )
2 30f } l
B ER I Wall Neutron [l AC WIMP e ]
wn
104 - E 20F [ l }
5 = } - —
o I
10 } /\/X ] —
. .ot ,.' :: :_-', o e _'.'. = '-..;':'. = :' 0 A '//ji \\ //- \\//
— o * e g .' oe ....- .:. .I-.‘ ‘ete S e ¢ L 2F ' - e, *e s : * oo
e A ) e b 0 ., 0 e O° et et B - ..‘. '-.-.'. e " o.'-. eee *)
E 00.’. * 'p ,‘9- —2r 1. 1 1 ‘I 1. ]
o 3 " X ¢ 0 20 40 60 80 100 120 140
© 10 7 Energy [keV]
SRO low ER Search
5 Lowest ER background in direct
. ' . . detection DM searches (in ROI
0 20 40 60 80 100 ( )

Phys. Rev. Lett. 131, 041003 (2023)  ¢S1 [PE]
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WIMP Sea rCh amiv:2502.18005
- SRO & SR1

I ER W Surface NR Il AC m WIMP

m— XENONNT (this work)
10745 ——XENONNT 2023
—— 1.7 2023

—— PandaX-4T 2025

—
o
|

e

(=)]

10% F SRla

10—47 .

103 [

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

ouL(Mpnm = ].T'BV}’Cz]' =
—_ - Mpm
= 3.7 x 10-46 cm? X v
el 104 . SR1b
3 1048 i
S . 10 102 103
w nbeinl Y '::-F...o: )
e DY WIMP mass Mpy [GeV/c?]

10° g 3.1 ton x year exposure

0 20 a0 80 80 100 Improved SRO-only sensitivity by factor 1.8
cS1 [PE]
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Nature 562, 505-510 (2018)

1018

1012
<101
(l‘w1010
10°
108
107 =
108
10°
10*
108
102

pp [£0.6%]
"Be [+6%)]

pep [£1%]

Solar neutrino flux (cm™

= e I

e |

I sBx129%] |

10"

Neutrino energy (MeV)

Coherent Elastic neutrino-
Nucleus Scattering (CEVNS):

A, ~ nucleus

6 GeV WIMP has similar recoil

spectrum to 8B CEVNS -
“Neutrino Fog”

Special calibration with 152 keV
neutrons from 8%YBe

/
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Solarv
spectra

(\'l_| 10—42 -

Phys. Rev. D 108, 022007 (2023)
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Phys. Rev. Lett. 127, 251802 (2021)

Neutrino Fog

8B CEVNS
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Phys. Rev. Lett. 133, 191002 (2024)

CEVNS ReSUltS 2.70 measurement of solar CEVNS

* 11 events observed above background,

C t E tati Best fit 0 . . .
omponen rpectation o 37 in total, consistent with expectations
Tofal baskground 26-43.‘3: 203 14 e Complements COHERENT (spallation
B 914 s
11922 10.75%3 source) and CONUS+ (reactor source)
Observed 37
Fix o to theory > determine flux: Fix flux to measurements > determine o:
compatible with SNO measurements compatible with expectations
COHERENT
n SNO, 2013 il Cst, 2022
7] '
< | XENONIT, 2021 Z —+ ! Ge, 2024
H4—  Ar 2021
| xEnon
ey . XENONNT, 2024 S ——+—1 Xe, 2024 (This Work)
: ' (This Work) » L | Xe, 2021
1 1 1 [ IIIII..|I L T | . e
0 5 10 15 20 10739 1038 10737
8B neutrino flux [10°% cm™2s7!] Flux-weighted oceons [cm?]
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Phys. Rev. Lett. 134, 111802 (2025)
10—41

Light Da rk M atte I in - (A): SI DM-nucleon scattering

. _ 1042
the Neutrino Fog %
% 10743
S
DM sensitivity approaches S
the “neutrino fog” & 107
&)
|
e 37 events observed ; 10-45
o

e CEVNS as background

e No excess found 1046
> New parameter-space excluded

DM mass [GeV/c?]

Component “B-only 4GeV/c* 6GeV/c® 10GeV/c
SI DM - 3.2 0.0 0.0

5B CEVNS 11.472% 102427 114737 11.47%7
Total background  37.7'3% 364730 37730 37.753%
Observed 37 37 37 37

2 June 2025 Kai Boese - DM 2025 12



r
— SRO+SR1 WIMP Results arxiv:2502.18005

— First solar CEVNS measurement pays. rev. Lett. 133, 191002 (2024) Su mMima |"y
g — Neutrino ng light DM search phys. Rev. Lett. 133, 191002 (2024) )
4 — SR2 now concluded A
OUthOk — More neutrino physics to come
— S2-only just published (e.g. dark photons limits)
k Phys. Rev. Lett. 134, 161004 (2025) )

Thank You!
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Accidental Coincidences Not detected

Isolated S1

Dominant Background at low energies .

Isolated S1 & S2 paired just by chance

Time
Isolated S2

Not detected

Raw AC rate: ~400 per day
 “Isolated” S1:~15Hz
* “Isolated” S2: ~0.15 Hz Time

Data driven model: Validated by sideband
unblinding and measurement of light yield of
37Ar L-shell EC

Accidentally Paired

2 June 2025 Kai Boese - DM 2025 15



Accidental Coincidences e——

S2prev / Atprev

* |solated S1 often follow large S2

Time
* Define “Time Shadow” as 0.5- _
additional variable — Sl
S2prev / Atprev 0.4
f‘ﬁ: 0.3f
* |solated S1 closerto larger S2 are o
excluded/disfavored £ 0.2F
0.1r

0.0%F0=110% " "16=""61 1 10
S2prev/Atprey [PE/MS]

2 June 2025 Kai Boese - DM 2025 16



SR1 Backgrounds

#(6,0) =

SR € {SR0, SR1a, SR1b}

[1

E?SR((F 9) — gﬂfﬂl‘ Wll’B(J 6) >< ;:"fnear Wll’E(O. 6) >< gﬂan(:(g)

SRO SRla SR1b

Nominal Best fit Nominal Best fit Nominal Best fit
ER (flat) 134 136 + 12 430 + 30 450 + 20 151 + 11 154 4+ 10
ER (*H-like) 62 40 + 30 101 80115
ER (°*"Ar) 58 + 6 HEE
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 0.019 +0.006  0.019 + 0.006
CEvNS (atm.+DSNB)  0.04 4+ 0.02 0.04 + 0.02 0.024 +0.012  0.024 4+ 0.012 0.05 4 0.02 0.05 +0.02
AC 4.31+0.9 44103 2.12 +0.18 2.10 £0.18 3.8+0.3 3.84+0.3
Surface 13+3 1142 0.43 4+ 0.05 0.42 +0.05 0.77 4+ 0.09 0.76 + 0.09
Total background 152 152 +12 553 050 £+ 20 257 239+ 15
WIMP (200 GeV/c?) — 1.8 - 1.1 - 2.1
Observed 152 560 245

2 June 2025

Kai Boese - DM 2025

cS2 [PE]
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Phys. Rev. Lett. 133, 191002 (2024)

CEVNS Analysis
= 1]z y,@)xHﬁ

i=0,1

u: 8B-flux @ or oCEYNS

i: two science runs,

®: nuisance parameters, m: nuisance terms

Require three or two hits
for S1 signals
(120, 500) PE
for S2 signals

Differentiate AC & Signal via
time-shadow and Boosted
Decision Trees (BDTs)

2 June 2025

Acceptance

Events [t~ly~'keV~1]

10

10

1.0 1.5 2.0 2.5
Nuclear recoil energy [keV]

Kai Boese - DM 2025

B CEvNS mmmAC Neutron MM ER ¢ Data

100 2 300 500
20 SRO
10

SR1
500
052 [PE]
20 l
10
0.0 0.2 0.4 0.6 0.8 1.0

Quantile of S2pre / Atpre

20 {
10
. 0.2 0.4 0.6 0.8

0.0 1.0

Events per bin

Quantile of S1 BDT score

20 {
10
0.0 0.2 0.4 0.6 0.8 1.0

Quantile of S2 BDT score
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Bl ER N Wall Il AC W WIMP

8B CEvNS

cS2 [PE]

104 3

103

1 02 1 1 | 1

0 20 40 60 80 100
cS1 [PE]

Component Expectation Best fit
AC (SR0) 75407 7.4 407
AC (SR1) 17.8 £ 1.0 179+ 1.0
ER 0.7 +0.7 o,sjg_-g
Neutron 0.5:92 05+03
Total background 26,4“_“11_-;‘ 263+ 14
B 11.9743 10.7+3]

Observed

37

2 June 2025

CEVNS Background

AC
ER
RG

B |

Electronic recoils (ER)

« Flat spectrum from 0 to 10 keV

+ Response of LXe to low energy
ERs uncertain. Assign a
conservative 100% uncertainty

Radiogenic neutrons (RG)

+ 58% uncertainty from side band
of neutron veto tagged events

Kai Boese - DM 2025

15 20 25

Surface background

+ Reduced to negligible levels by
spatial selection (fiducial volume)

« Not included in the likelihood

8B neutrino signal

+ 35% uncertainty from detection
efficiency and signal yield in LXe.

+ Fluxis kept as a free parameter

19



CEVNS
Background ;

RG

B |

0 1 3 10 15 20 25
Component Expectation Best fit
' i rface background

AC 5RO oo o Electronic recoils (ER) Su grou
AC (SR1 178+ 1.0 179+ 1.0 . -
e R 0.7 + 0.7 05107 + Flat spectrum from 0 to 10 keV + Reduced to negligible levels by

02 1 1 1 1
Neutron 0.5+02 05403 - Response of LXe to low energy spatial selection (fiducial volume)

1.4 . . . . . .
o backeround 20 e ERs uncertain. Assign a - Not included in the likelihood
on o B conservative 100% uncertainty

served 37

B neutrino signal

Radiogenic neutrons (RG
5 (RG) + 35% uncertainty from detection

« 58% uncertainty from side band efficiency and signal yield in LXe.
of neutron veto tagged events « Fluxis kept as a free parameter

2 June 2025 Kai Boese - DM 2025 20



Phys. Rev. Lett. 134, 111802 (2025)

Neutrino Fog
— Analysis

0.5 1.0 2.0 3.0 4.0
10? l‘li;-l-. ! ! '
S T LT T

10 ._:.._: _________________ 10 GeVy,
—_— . e, T e
> . el e
g 10 et
:>_’ .c.v? + ?V/Cg
£ 1 . X .
= "
= "= . *
8 01 3y )
8 H= .

1072 o E

1073

AN
2O
5
Event p

0.8
& 0.6 /
=
[<b}
g
B 0.4
[54]
()"
0.2 s B Combined
0.0 / ! !
0.5 1.0 2.0 3.0 4.0 5.0

Recoil Energy Er [keVnr]

2 June 2025

Component Expectation Background only 4 GeV/c? 6 GeV/c? 10 GeV/c?
SI-DM e e 3.2 (1.6) 0.0 (0.0) 0.0 (0.0)
B CELNS 11953 11.4720 102+27 (25+07) 114127 (60+£14) 114727 (5473
AC 253+ 1.2 253111 251412 (37+0.1) 253+12 41+02) 253+12 (3.340.1)
ER 0.7 +0.7 0597 06107 (00£00) 05198  (03£03) 05197 (04793
Neutron 0.5102 0.5+03 05+03 (0.1£0.1) 05+03 (02+01) 05+03 (0240.1)
Total background — 38.3+}7 37772 364550 (6.310] 37759 (10.647) 377538 (924
Observed 37 37 (10) 37 (10) 37 @)

m DM m °B m AC Neutron M ER

Events
=
o

¢S2 [90-500 PE] quantile
ot o o o
b = o o]

o
o

]
o

_;
oo

B © B e - @
® . ~—~ .
i PR N L\
y \ \ .
N
i i / o @ e e .
Ve ~ B
L B W \ | e . ,51
/ \ : S L X 2%
® .
[ :_- —— . / - :-——;‘U-—-—".:_J- e -/
0.0 0.2 0.4 06 0.8 1.00.0 0.2 04 0.6 08 1000 02 04 06 08 100 10 20
S1 BDT score quz_antile S2 BDT score quantile S2pre/Atyre quantile Events
I anc
L(0,0) = Lsro(0,0) x Lsg,(0,0) x | |£’m (Om)
m
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