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The XENON Program

M31 galaxy rotation curves ] [ Planck CMB power spectrum of ]
temperature anisotropy

Observations
from starlight

Velocity
(km s-1)

Expected from
the visible disk

10,000 - 20,000 30,000 40,000

Distance (light years)

XENONNT
X 2020-2027

[ = DM makes up of 26.8% of total mass-energy content of the universe ]

X

Direct dark matter detection
Weakly Interactive Massive Particle (WIMP or X))
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XENON collaboration

XENON Collaboration

- 200+ scientists
- 29 institutions
- 12 countries
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XENONNT

Parmals

Genova Bologna
L]

Pisa San Marino

|.
Firenze
Italia A
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- Roma
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)

Olbia NaEiOlI
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. Electronics, Data Acquisition
¥ & Slow Control

Xenon Storage,
Recovery & Purification
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Detection principle Energy Reconstruction

Charge Yield

S1 52 S2 - S1
1 ime J— 2 2
4_@9 g1 92 E g E W
\ Eexfmcrron
@: : YEemm | \ _ N Light Yield
= Mean quantum energy (13.5 eV) Detector gain constants
=i drift time
Lxe (depth)
x*-fit +H Low energy lines
+10 ++ High energy lines (excluded)
’ 800 B +920
/ = % : Q
: v STAr o A A
. _ = N4 [N A
particle < E gook I Y Q%gvb\i%‘&ﬁ»@
< LRI NG
© 20 & o
' A S
< > S 400 2is
1.5m o
1.4 m S 13Imyg
163.9 keV
Dual Phase Time Projectio | 91=(0.1515+0.0014) PE/ph Xe g
j n Chamber (TPC) 2001 1645 - 0.64) PEJe 2362 keV e
% . . . | 41.5 keV
Position Reconstruction <
= %ol RIIT
| N SSS—— 5 £ E—— —
* 7 == Drift time = t(52) - t(S1) 5 72 . . . .
é 5 §) 7 8 9

Light Yield [PE/keV]

* X, S2 signal . .
y w— g Detector gain constants fit
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Particle discrimination

Weakly Interacting Massive Particle (WIMP or )
Solar Coherent Elastic Neutrino Nucleus Scattering (Solar CEVNS) )
Electronic Nuclear

Recoil (ER) Recoil (NR)
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Electronic recoil (ER) 10*
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cS2, [PE]

Nuclear recoil (NR)

\

Liquid Xenon

cS1 [PE]

Solar CEVNS
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Solar neutrinos fluxes

Nuclear reaction chains in solar core

4H' +2e~ — ‘He?" +[2v,

pp chain CNO cycle

-1013
pp-v pep-v — 1012 0.6
p+p—2H+et+, p+e+p—>2H+v, 2C4p o> BN +y 101 pp [+0.6%)]
2 ] 1 -
i [ 7
99.6% 2+ p o He + 7 0.4% 18N s 136 4+ e + Ncn-low Be [+6%]
I
— 9
85% 2x109% pep, | ——— 510 pep [+1%)]
. ” C+p—->""N+y < 108
*He + *He - “He + 2p|{|"He +p — "He + " + v, i =
= 7
pp-| 15% UN+p 150 +y 70 +p — "N + “He Q 106 8B [+12%]
SHe + “He — Be + v | ! = 10 %
7Boy 99.87% | 0.13% 50 —» 5N + et + TTF 5170 + et + 2 10° //
?B —f ?L' ?B : BB 1 * t_LU 104 i
e+e f—> i+, e+p'—> +v 15N 4+ p — *He + 12C 180 + p — 17F 4y c?) 103 hep [+30%]
Li+p—>2*He |®B-y|°B—>%Be"+e*+, 5 : " 102 —
pp-li 8pa* ‘ 44 99.96% 0.04% N+p—> O+v il 1 1 il MT’I’E/ 1

pp-lil Neutrino energy (MeV)
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What is Coherent Elastic Neutrino Nucleus Scattering (CEVNS)

scattered XENON
0 neutrino

7 l['_';".L
/
7

ot
—
|

5 Z nucle-_ar
0SON \ recoil

Coherence condition : gR< 1
@ Low-energy neutrinos (< 100 MeV)
y / 2
oceEyNs X N

@ secondary Low-energy NR events
recoils

._
p—
=
-

10—+
10-42

104

CEvNS cross section o(E,) [cm?]

10—

scintillation
1)1 : : . ! i
2 4 6 8 10) 12 14
standard Model Process Newtrino cueray E, [MeV]
First observation of CEVNS at 6.76 by COHERENT in XENONNT aims to detect world first
2017 at the Spallation Neutron Source (SNS) astrophysical CEVNS signal
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Solar neutrinos and DM experiments

In LXe TPC experiments, Solar neutrinos interact mainly in two ways :
Irreducible background

* Elastic electron scattering (ES) =% ER signal ]
for DM direct search

* Elastic coherent neutrino-nucleus scattering (CEVNS) == NR signal

XENONNT ER study

[ L L B N AL B L L EL AL R L L ]
140 * ]
: PandaX-4T : L.owest ER backgro.und
120L j inlow-energy region Solar pp Neutrino
- i ‘ °* . ] Elastic Electron
> 100E ) o _' —> Scattering Study
Q - ° . . .
. - . 1 Solar ES is the third most
> 80F ° XENPNlT ’ important background
\c\;; : o [ [} o
-;a’) 60 — A ;
E 40 F y . Potential improvement of solar neutrinos properties
I ] (PP flux, Pee, Weinberg angle, etc)
20f |/ XENONnT ey
oL A ' | . TR B . PRI B . Ly ] .
0 2 4 6 8 10 12

Energy [keV..]
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Science Runs

Background 220Rn 222Rn AT
SSmyy 232TH AmBe Maintenance x :
88yBe 88y & distillation Bllnd AnalySlS
(S1-only)
350 - - - L -
Science Livetime Fiducial Mass Exposure
300 - Run [Years] [Tonne] [Tonne-Year]
'@ 250 A
g SRO 0.296 3.97 1.17
5 2007 SR1 0.571 4.10 2.34
o || .
% 150 Science Science SRO+SR1 0.867 3.51
= Run 0 Run 1
& 100 1 » Datataken between 2021-07 and 2023-08: ~340 days of raw exposure
50 4 » Stable detector response: <1% (<3%) light (charge) yield variation
» High liquid xenon purity: Electron lifetime ~20ms
0 T T T ] T | L T T
2 2 9 2 2 2> 2 5 2
e TR e e R % % 09% 25

0y v, o, a, 7N A 0, 2 O
Time [YYYY-MM, UTC]

SR2 ongoing
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NR Calibration & Yield

¥(*#'Y) 4+ 'Be — n + °Be

» Low energy NR yield model significantly affects 8B CEvNS detection
efficiency

» 152 keV neutrons from photo-disintegration of 9Be by y-ray of 88Y
» Recoil energy spectrum similar to 8B CEv/NS
» Good match between simulation and data
» Light/charge yield model are constrained by 88YBe data at 23V/cm

» Yield model uncertainty leads to ~34% signal rate uncertainty
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CEvVNS Signal

Boost sensitivity by lowering our energy threshold

@ 8B eventrate in the conventional WIMP “3-fold analysis" (SR0): ~1% detection efficiency — 0.2 events / (t x yr)
@ Lowering our S1 and S2 threshold — improve our expected event rate to 3.7(3.3) events / (t x yr) in SRO(1)

Blinded Region of Interest

$1 ROI: 2 or 3 hits ; A hit corresponds to a recorded photon by PMT+DAQ+software
S2 ROI: [120 - 500] PE — Reject high rate of isolated S2 background signal

—— 51 reconstruction eff (2-fold) == This search

=B CEVrNS spectrum (w/o efficiencies
-+ S1 reconstruction eff (3-fold) p (w/ )

LI .
= B CEVNS spectrum (w/o efficiencies) 7k | ~unita ry
1.0 .
_ : reconstruction eff
30 F = 6k
4 0.8 ] |
'._'—| 25 L 1 . messssssssst E" 5 - I
| . w | I
> . 3]
T O20F : 406 & Th 4k |
= . 2, = |
2T foa s 231N
< o .
Z 10} 2af
s | _ < 0.2 L !
ROJ Excluded xcluded! ROI
D Adaaalssasas L —1T L t"[] 0 1 I I 1
2 3 4 5 100 200 300 400 500
Number of detected S1 hits S2 [PE]
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CEvVNS Signal

Boost sensitivity by lowering our energy threshold

@ 8B eventrate in the conventional WIMP “3-fold analysis" (SR0): ~1% detection efficiency — 0.2 events / (t x yr)
@ Lowering our S1 and S2 threshold — improve our expected event rate to 3.7(3.3) events / (t x yr) in SRO(1)

. : S1 acceptance 8B CEvNS w/o acceptance
Blinded Region of Interest —S2 acceptance U CEUNS w acceptance
m—O0mbined acceptance
$1 ROI: 2 or 3 hits ; A hit corresponds to a recorded photon by PMT+DAQ+software 0.5
S2 ROI: [120 - 500] PE — Reject high rate of isolated S2 background signal 04}k
g
, . : £ 03F
——$1 reconstruction eff (2-fold) <= This search 8B CEVNS spectrum (w/o efficiencies) g
-=+= §1 reconstruction eff (3-fold) - - o 02 b
— 9B CEVvNS spectrum (w/o efficiencies) 7L | ~unita ry E '
1.0 : )
_ : reconstruction eff 0.1} -
30 | T 6 [ /
4 0.8 ] | TR ot
—ao5k | 4 @ s a5 | I
> ] 9 T}} | -
TO20F : 10.6 5 4 | L 10%
. 8 = : E
% 15 4 0.4 ]_3 ‘E 3r : 110 2-fold (this search)
Z 10F < Z2F 1
5 , 4 0.2 1L | Lﬂﬂ
RO Excluded xcluded! ROI :
0 i J i —r \ 0.0 0 'l | i 1 [ed]
2 3 4 5 100 200 300 400 500 L L I L
Number of detected S1 hits S2 [PE] 0.5 1.0 1.5 2.0 2.5

Nuclear recoil energy [keV]
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Backgrounds

Main Source: Accidental Coincidences

I o i o |

S SRR e —_—

ﬂljr A Uif? "ACCidentaI" | 23I7U ] | 23I8'D 23I90
Time [us] Time [s]
® Accidental Coincidence (AC): Random pairing of isolated S1 and
isolated S2, whose exact origin is under investigation. Current culprit:

Isolated S1 signals: from pile-up induced single PMT hits,

misclassified single electrons,...

Isolated S2 signals: from few-electron pile-up events, notably s2

following high-energy interactions, ... >
Time
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Backgrounds

Accidental Coincidences Suppression:

0.4

1- Time Shadow 5.

@ Use space/time correlation with previous high-energy interaction gm
Isolated S1 rate: 15 Hz = 2.3 Hz

prey

Isolated S2 rate: 150 mHz = 25 mHz -,
NN A, 0o

At 0.1r

—— Signal
—— Isolated S1

. :nr'H'.'J"-\t:nrw [PEJ'{I"[S]
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Backgrounds

Accidental Coincidences Suppression: s
0.4
1- Time Shadow 3, ”
< £
® Use space/time correlation with previous high-energy interaction g oo fﬁ_rrﬂ R
Isolated S1 rate: 15 Hz = 2.3 Hz A odl o |
Isolated S2 rate: 150 mHz = 25 mHz N | L

S o - vy el
NN AN . 005 0= 10716261 1 10
51 s2

S2prev/ Atprey [PE/MS]

2- Two Boosted Decision Tree (BDT) A ==Signal ===AC —Signal =——AC
Excluded
® S1BDT: leverage S1 pulse shape and spatial L orer i ° (AC Sideband)
2 0.125 F =
distribution across the PMT arrays. 8 g !
e 0.100 F g
® S2 BDT: check that S2 pulse shape correlated with 5 0.07s} g o1
the diffusion of the drifting electron cloud law. E 0-050T E 102 | _
- “ Reject about AC with
0.025 | ) :
Expected # of AC events: oovokd , | , 1073 )70 signal acceptance
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
7.5=0.7(SR0O)and 17.8 = 1.0 (SR1) S1 BDT Score $2 BDT Score
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CEVNS Prediction

@ Use both science run to perform a blinded analysis, with 316.16 days of livetime and a fiducial mass of 4.0
(4.1) tonnes in SRO (SR1) leading to a total exposure of 3.51 t x yr
@ Extended binned likelihood in 4D parameter space 3 x 3 x 3 x 3 = 81 bins (cS2, S2,.,/At,e,, S1 BDT, S2 BDT)

--- Median discovery significance
------ Pure counting (median)

48% to observe > 3o significance Band containing 68 % & 95 % of toys

1.0
Component Expectation Best-fit 08
AC (SRO) 7.5 + 0.7 =
o}
AC (SR1) 17.8 £ 1.0 ‘g 0.6 |
ER 0.7 £ 0.7 g
> 04 F
Neutron 0.5%02 §
Total background ~ 26.4*14 202}
°B 119755 | 00 .
Observed — 0 1 2 3 4 5 6

Discovery significance [o]
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Events per bin

Events per bin

-—
U

Unconstrained fit SRO
5B CEuNS

=1]
T

200

300
cS2 [PE]

400

Q*
0.0

0.2

0.4 0.6
S1 BDT score

0.8

1.0

Events per bin

Events per bin

ER

7

6

on

2

1

b0

Unbliding (07/03/2024)

RG =—Total

=

0.2
Quantile of S2 / At

0.4 0.6

1.0

0.85

0.90
S2 BDT score
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17.5F
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Unbliding (07/03/2024)

® 8B neutrino flux: 4.63'2 X 10% cm-2s-1 at 68% C.L. no tension with literature value

XENON

® With constrain from SNO flux = Measure the flux-weighted CE¥NS cross section: l.lfgg X 1073 cm2

Background only hypothesis rejected
with 2.73c significance

Strong evidence of CEvNS Interaction

Test statistic q,

L SNO, 2013

| XENONIT, 2021

) . , XENONNDT, 2024
' - (This Work)

(§)
4k
2k
68% CL threshold
0 /_ \ |/ ] ] ]
0 5 10 15 20

8B neutrino flux [10° cm~2s7!]

Component, Expectation Best-fit
AC (SR0) 7.5 £ 0.7 74 £ 0.7
AC (SR1) 17.8 + 1.0 17.9 + 1.0
ER 0.7 £ 0.7 0.570¢
Neutron 0.5+9:2 0.5 + 0.3
Total background 26.47173 26.3 + 1.4
*B 1197435 |10.7ti;§ |
— C )
Observed 37
COHERENT .
4 CsI, 2022
i I
Z
U) u
|—:—0—| Ar, 2021
.| XENON
© .
E —+— Xe, 2024 (This Work)
> | | Xe, 2021
] 1

" 10-3°

" 10-28

10-37

Flux-weighted ocruns [cm?2]
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XENON
XENONNT performed a blind search for °B CEvVNS with 3.5 ton-years
* 37 events found with a background expectation of 26 events
e 2.730 discovery significance
FIRST detected astrophysical v in a dark matter detector DR el
104 3 »-N, NC Inelastic
FIRST measured CEVNS signal from an astrophysical source | — e in Liquid Scint,
| == »-N, CEpNS
. = SN +
FIRST measured CEVNS si et % 1°F  Homestako Kamiokands = =
=
Jid | g ) Gallex/GNO _
/ g 10 3 v Borexino
_ NEUTRINO £
. 7 I'IIYSI[:S :
.ﬁ 10 3
NEUTRINO y DARK | il
DETECTORS' SMATTER o
s | n“EcTons 1 1970 1980 1990 2000 2010 2020
Year
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What's next?

% Observed discovery significance
—e— Median discovery significance
Band containing 68 % & 95 % of toys

o]
T

&)
T

(N
I

/ Our search

0 1 1 1 1 1
0.0 2.5 5.0 7.5 10.0 12.5 15.0
CEvNS exposure [t x yr]

SRO+SR1+SR2 — >30 « First Solar CEVNS Evidence»

Discovery significance [o]
N
|
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Light DM

1.0—41 -
i (A): SI DM-nucleon scattering (B): Light mediator my « 10MeV/c? N
' {10737 §
10742 E o
o : E =
i @
E -4 | -38 E
Z 1075 F {10 :
: ' bt
e 44 | ]
E oo | 7=
E' 10-15 - ] %
a 1 10-40 E
—-46 L ] E
10 2
10-% F _
3 (C): SD DM-neutron scattering ~-__  (D): g¢°"-dependent o = (q/qo)*"oy 41074
o 10_3? ;F s Tl T CRESSTII n=1 (2016) 3 10_41 —
E _ n<3 Goigr 4 107
bﬁ 10-38 - J10% g
5 B
o ] 410 s
g 1[-}_39;- ; 10_45 E
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E 10740 | 41046 S
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DARWIN

g LI o T T T T T T T T T T TTTTT T T T T
107 L CRESST-III (2019)
" = (CDMSLite (2018)
LT —— DarkSide-50 (2023)
KGR (e o St i XENONIT (2018)

10-% L DAMA/I — L7 (2022) -
—— PandaX-4T (2022)
==z XENONnT (Projection)

DARWIN (Prc yjection

10 — W

1012 |- \

ll]—li

10 1

10) 15

101

10~

SI DM-nucleon cross section

c & ;
10 Neutrino fog
[ =]

—— i

i Xenon

10~

10! 10

m, [GeV/c’]

DARWIN — expected 90 CEuNS per tonnes-year =—>> 3000 CEvNS per year in a 40 tonnes fiducial volume
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Backgrounds

Accidental Coincidences Suppression: T aeast
0.4

1- Time Shadow =3 .

@ Use space/time correlation with previous high-energy interaction £ oo Jfrrrﬂ” 1
Isolated S1 rate: 15 Hz = 2.3 Hz ol e |
Isolated S2 rate: 150 mHz — 25 mHz s j L

/\ 0.0 PPTT —— h

, D=0 T g7 10701 1
52 SzPr.-\VIff‘\tpr.u; [PE!“S]

-------------------------------------------------------------------

2- Two Boosted Decision Tree (BDT)

!!!!!!!!!!!

Those 3 dimensions are used
in the inference

0.175F e —
‘ / Excluded
@ S1BDT: leverage S1 pulse shape and spatial R | (AC Sideband)
. , E 0.125 2
distribution across the PMT arrays. 5 2
0.100 3
® S2 BDT: check that S2 pulse shape correlated with .07 g o1
@ o
. . “ . g
the diffusion of the drifting electron cloud law. g 00%0 Eo2p _
0.025 [ z Reject about AC with
Expected # of AC events: 0.000 10-2 signal acceptance

7.5+0.7(SR0)and 17.8 £ 1.0 (SR1)

L i
0.4 0.6
S1 BDT Score

0.0

0.2

0.4 0.6
52 BDT Score

0.8 1.0



NR Calibration & Yield

Publication in preparation

» Low energy NR yield model significantly affects 8B CEvNS detection L L] YBo Bost-FitSim 3 YBe Deta x10!  [JYBe BestFit Sim § YBe Data

efficiency

12F
» 152 keV neutrons from photo-disintegration of 9Be by y-ray of 88Y 1ok '_l- Ij_‘—LL
2 o8} @l

» Recoil energy spectrum similar to 8B CELNS

[ w

Counts/Bin

Counts/Bin

. . 0.6
» Good match between simulation and data

S 5L
0.4
» Light/charge yield model are constrained by 88YBe data at 23V/cm —I—l_L 1F

al T | 1

» Yield model uncertainty leads to ~34% signal rate uncertainty oo ] — - - : : : :
2 3 4 5 6 7 8 9 10 200 300 400 500 600 700 800 900
S1 NHits ©S2 [PE]
YBe Fit —— NEST v2.3.5 YBe Fit —— NEST v2.3.5
8 8
0.16
0.14 e 7 —t
—- i
! -
0.12F E 6l 2 of
0.10} ; :
= < 5 o5
2 0.08f =
o =] =
T4 T af
0.06 F = =
1]
—
=3 K]
0.04f N 88Y/Be NR S 5
—
0.02} pd 2 ©2
1 1 1 L Preliminary Preliminary
0.5 1.0 1.5 2.0 2.5 3.0 05 1.0 1.5 20 25 30 35 40 45 5.0 05 1.0 15 20 25 30 35 40 45 50

Recoil Energy [keVyg] NR energy [keVyg] NR energy [keVyg]




Astrophysical CEVNS and Dark Matter Search

Astrophysical CEVNS

l” LI ") T EETT] T U UL | 1 | L s L R | T 1 Frrern T T L I A |

CRESST-III (2019)
=  (CDMSLite (2018)
e DarkSide-50 (2023)
= XENONIT (2018) 7]

==p |rreducible NR background i

10~ |

)

SI DM-nucleon cross section [t'm']

10) ® L [)\\I:\I‘Vd

DAMA/I

LZ (2022) q
PandaX-4T (2022)

==z XENONnT (Projection)
DARWIN (Projection)

== \VIMP Sensitivity limits, Neutrino Fog (blue area)

!
7

,._

CEVNS and solar neutrinos

e Background for Low-WIMP mass (< 10 GeV)

,_

Neutrino fog

— -

Xenon

1! 10" 10! 10)* 10° 10

* Only °B-v counts (pp Il chain) m, [GeV/c’]

Sensitivity of DM experiments in function of WIMP mass
Adapted from PRL 127, 251802 (2021)



XENONNT

XENON

3 Nested Detectors sharing the same DAQ

[ Xe - GXe time projection chamber Gd-doped water Cherenkov detector (NV) Gd-doped water Cherenkov detector (MV)

TPC NEUTRON VETO MUON VETO

5.9 t active LXe mass 33 t water contained 700 t water contained

1.3 x 1.5 m diameter x height ~2 x 3 m diameter x height ~10 x 10 m diameter x height

494 PMTs (3" Hamamatsu R11410-21) 120 PMTs (8" Hamamatsu R5912) 84 PMTs (8" Hamamatsu R5912-ASSY)
23 Vicm operating drift electric field 0.05% GdSO concentration (since 2023) Shares same water with NV but optically
2.9 kV/cm extraction field (e LXe 2 GXe) 0.5% GdSO concentration (final goal) separated detectors

All detectors” materials very carefully selected for excellent radiopurity
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» Validated by AC sideband unblinding (events that failed S2 BDT cuts) » Validated by 37Ar L-shell 0.27 keV ER calibration data

» The difference (<10%) is considered when determine systematic uncertainty »  Constrained ER light yield with 1598 observed events
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