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Dark matter direct detection

Evidences for dark matter:

— Astronomical, astrophysical,
cosmological

DARK
MATTER

— 5x more dark matter than baryonic
matter
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https://arxiv.org/abs/1904.07915

WIMP spectrum and detection efficiency
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Astrophysical inputs

« Local DM density py ~ 0.3GeV/cm?®
+ DM velocity distribution f()
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— Assumption: DM is collisionless with
isotropic velocity distribution

— lIsothermal sphere (Maxwell Boltzmann
distribution)
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http://dx.doi.org/10.1088/1475-7516/2014/10/023

WIMP spectrum and detection efficiency
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Astrophysical inputs

« Local DM density py ~ 0.3GeV/cm?®

WIMP speed distribution f(v)
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— Assumption: DM is collisionless with
isotropic velocity distribution

— lIsothermal sphere (Maxwell Boltzmann
distribution)
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WIMP spectrum and detection efficiency

dR MT Po /Vesc — dO’ N
= — — €(Erecoit) Vv - f(V) ——X= dv
dE ecoil my my Vit ( Recoﬂ) ( ) ERecoil
Astrophysical inputs
« Local DM density py ~ 0.3GeV/cm?®
+ DM velocity distribution f()
do my [ ) SD 2
; o == = oo F5 + o F: }
Particle physics dEp ~ 2p2v2 0TS TTOTSP
+ WIMP - nucleon cross section oy,n 5
4
or = [z + (4- D)
x A?
— Fs & Fsp are nuclear form factors
(material specific)
— At low momentum transfer: A? scaling
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WIMP spectrum and detection efficiency

dR My po /"es
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Astrophysical inputs

« Local DM density py ~ 0.3GeV/cm?®
+ DM velocity distribution f()

Particle physics

+ WIMP - nucleon cross section oy,n
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http://dx.doi.org/10.1088/0954-3899/43/1/013001

WIMP spectrum and detection efficiency
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Astrophysical inputs
« Local DM density py ~ 0.3GeV/cm?®
+ DM velocity distribution f()
Particle physics

+ WIMP - nucleon cross section oy,n

Detector physics

+ Target material: atomic mass m, and
total mass Mr

+ Energy threshold: vmin and detection
efficiency e(Erecoil)
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https://doi.org/10.1103/PhysRevLett.131.041003
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Dual-phase TPC principle
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— Electron drift time = z-position
— Distribution of S2 signal = x-y-position

— S1/S2 ratio = signal discrimination WIMP,n,v
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The XENON-family

/4
— ~ 200 scientists
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The XENON family-tree

15 kg 161 kg

XENON10 XENON100 XENON1T

2005 - 2007 2009 - 2016 2016 - 2018

ltxyr

0.87 kg x yr
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The XENON family-tree

15 kg 161 ka 32t

Moore's law of liquid xenon detectors DARWIN/
XLZD
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Bigger detector = less background =- better sensitivity!
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Some subsystems of the XENONNT detector
Dual-phase TPC

JCAP11(2020)031 & arXiv: 2007.08796

Outer vessel

Inner vessel

l
Top electrodes |

I

Field cage

PTFE re-
flectors

Bottom
PMT array

Bottom
electrodes
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https://arxiv.org/abs/2205.11492
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Some subsystems of the XENONNT detector
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Science Data

Science Data 220Rn 222Rn —— CEVNS: 324.2 d
83mKy 232Th s AmBe S1-only mode
88yBe 88y 37Ar

— Using data from first
two science runs of

XENONNT 300
— SRO: 108.0 days 250

— SR1:208.5 days -
o = 200

— Fiducial mass: e
~ 4 tonnes *5’; 150

. a
— Exposure: 100

3.5tonnes X years

— Performing the analysis 50

blind

1 1 1 1 1 1 1 1 1
Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar. Jun.
2021 2021 2021 2022 2022 2022 2022 2023 2023
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8B Solar neutrinos in XENONNT

pp chain
Pp-v pep-v
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Neutrino energy (MeV)
Nature volume 562, pages505-510 (2018)
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-1 160 1ll)l
Recoil Energy [keV,/]

Phys.Rev.D 108 (2023) 2, 022007 & [2304.06142]

The B spectrum is (almost)
identical to the one of 6
GeV/c? WIMPs!
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https://doi.org/10.1103/PhysRevD.108.022007
https://arxiv.org/abs/2304.06142
https://doi.org/10.1038/s41586-018-0624-y

Efficiency to low recoil energies

—— 52 accoptance g o acceptance — 8B spectrum drops steeply
O-S—Combmed acceptance belOW 3 keV|
04 — Looking only at events with: S1:
g 2 or 3 PMT hits and S2: Between
g 03 120 - 500 PE ~ 4 - 17 electrons.
§02 — ~20x higher CEVNS rate

°
o

compared to our "standard"
analysis (3-fold PMT
coincidence, dashed lines)!

T 102 .

3 — But: Higher background, need
i to calibrate low energy

Lt repsonse

£

g 01

5]

1 1 1
0.5 1.0 1.5 2.0 2.5
Nuclear recoil energy [keV]
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Calibration at lowest energies

0.16} — Calibration with an external YBe

0.14 source

0.12f — Y emits a high energy gamma:
EO-IO' v+°Be —n+%Be
: 0.08
= tool — Delivers quasi-monoenergetic

: low energy neutrons (~ 152

0.04} N 83y/Be NR keV)

0.02f /

. — Similar recoil spectrum like 8B

0.5 1.0 1.5 2.0 2.5 3.0 neutrinos
Recoil Energy [keVngr]
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Calibration at lowest energies

[ YBe Best Fit YBe NR Sim JYBe Best Fit YBe NR Sim
x102 1 YBe AC Sim ¢ YBe Data x10! 1 YBe ACSim ¢ YBe Data

51
Prliminary 2t Peliminary

—-
IS

1.0f {
=] =]
208 { sl +
2 2
g 06 g
goor EE & af Tt
gy F
1k
o2f i, by,
0.0 I —— SR L L L L 0 1 L L 1 1
2 3 4 5 6 7 8 9 10 200 300 400 500 600 700 800 900
# of hits in S1 cS2 [PE]

= Constrain of light and charge yield at lowest energies

— Still, the uncertainty is the dominant systematic in the study
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Calibration at lowest energies

YBe Fit — NEST v2.3.5 YBe Fit — NEST v2.3.5
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= Constrain of light and charge yield at lowest energies

— Still, the uncertainty is the dominant systematic in the study
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Accidental Coincidence (AC) Background

, “Isolated” S1 Not detected
— Dominnant background close to
threshold R
— Events from incorrectly paired S1 Time
and S2 signals , ,
— Raw AC rate ~ 400 per day Isolated” 52

_ "solates" S1: ~ 15 Hz Not detected

— "Isolates" S2: ~ 0.15 Hz

— Events are mitigated using: T T TTTTTTTmmmmmmmmmes 1
1
— Boosted decision tree using S1 1 Reconstructed ,
1
waveform - . . AC event |
— Boosted decision tree using S2 1 ]
waveform : :
1 1
1

— S2 time shadow (see next slide)
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Accidental Coincidence (AC) Background

AA A A A

\_  High chance of
delayed electrons
after large signals

— S2Time shadow: 2, /At

Time

Rate [A.U.]

0.5

e
S~

e
w

e
¥

©
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—— Signal
—— Isolated S1

0.0

1 1 al
1072 0.1 1 10
S2prev/Abprev [PE/ns]

To- 1 103

— Large value = close to a large secondary S2
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Validation of AC background

— Data driven AC model:
Resampling lone S1/S2 pulses
into synthetic events

— Dominant background, needs
validation!

— Use a AC sideband by inversion
of anti-AC cuts

SRO: 121 (122.7)
SR1: 310 (290.0)

— Propagate uncertainties from
the sideband into background
prediction
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L i L L
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150 —t i
100 | i i
| |
1 : 1 1 : 1
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100 F i i
1 1
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50 ; ;
I I
1 1 1 1 1 1
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Quantile of S2 BDT score
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Signal and background prediction

AC
ER
RG

B8 [0
01 5 10

Electronic recoils (ER)

« Flat spectrum between 0 and 10
keV

» Conservative assumption of 100%

Radiogenic neutrons (RG)

» 58% uncertainty from side-band
unblinding
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15 20 25

Surface Background

« Fiducial volume chosen to make
negligible
« Not included in the likelihood

B8 Signal

+ 35% uncertainty due to the yield &
efficiency

« Fluxis kept as a free parameter
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The Likelihood function

AC-like

— Binned likelihood in 4D parameter 90 S2[PE] 500
space ' | '
—81bi 0.0 1.0

— 3x3x3x3=81bins +————— Quantile of 52/ At ———

— Separate terms for SRO & SR1
— Constraints on rates and yields
from ancillary measurements AC-like

— Data-driven AC background
— Other background and signal

0.0 1.0

models from simulations S1BDT Score
~0.8 1.0

$2 BDT Score
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Discovery Potential

--- Median discovery significance
------ Pure counting (median)
Band containing 68 % & 95 % of toys

1.0
— Expected background:
(26.4 £ 1.5) events = 08r
— Expected signal: 3 o6l
(11.9 & 3) events 2
— Our chances to detect g 04k i
8B CEVNS: g |
1
— > 20:80% Aol |
— > 30:48% i !
H 1
0-05 1 2 3 4 5 6

Discovery significance [o]
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Discovery Potential

— Expected background:
(26.4 £ 1.5) events

— Expected signal:
(11.9 £ 3) events

— Our chances to detect
8B CEvNS:

— > 20:80%
— > 30:48%
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Discovery potential

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

Band containing 68 % & 95 % of toys

1 2 3 4 5 6
Discovery significance [o]
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Unblinded dataset 8B CEVNS HEMAC Neutron MBMER ¢ Data

100 200 300 400 500
20 T T T T SRO
10
Observed events: 37
777777777777777777777777777 100 200 300 400 500
cS2 [PE]
Expected events: 2 {
— Background: (26.4 + 1.4)
10k
— Signal: (11.9 + 4) £
g 00 02 04 06 08 1.0
3 Quantile of S2pre / Atpre
— Goodness of fit (GOF) test 5
g 20} {
performed to check for 2
mismodelling (95% CL) 10K
— Szp,e/At below GOF threshold, 0.0 0.2 0.4 0.6 0.8 1.0
but no further sign for issues. Quantile of S1 BDT score
— Note: Removing this dimension T {
from analysis would increase 10k

the sensitivity to 3.22¢0
0.0 0.2 0.4 0.6 0.8 1.0
Quantile of S2 BDT score

Florian Jérg | Recent results from the XENONNT experiment December 2, 2024 - INFN Seminar (Sapienzia) | 18/22



8B CENS Results

— Fix cross-section — Measurement
of the solar 8B flux:
(4.7735) x 106 cm 257!

— Compatible with SNO

measurement
'] SNO, 2013
{ XENONI1T, 2021
XENONNT, 2024
(This Work)
a
<6
8
2
2
= 4
- CLt
3 _ I ”
% 2k
O 68% CL threshold
[l
0 \\_l/ 1 1 1

10 15 20
8B neutrino flux [10% cm~2s71]

o
[&]

Almost simultaneous, PandaX: Phys.Rev.Lett. 133 (2024) 19, 191001
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https://doi.org/10.1103/PhysRevLett.133.191001

8B CENS Results

— Fix cross-section — Measurement

of the solar 8B flux:

(4.7735) x 106 cm 257!
— Compatible with SNO
measurement
'] SNO, 2013
{ XENONI1T, 2021
XENONNT, 2024
(This Work)
S
8
54T
» 7 o - 7 Lt
%,2— 68% CL threshold
E—‘ \—l/ d resno.
00 5 10 15

8B neutrino flux [10% cm~2s71]
Almost simultaneous, PandaX: Phys.Rev.Lett. 133 (2024) 19, 191001
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SNS Solar Reactor
— 103
= COHERENT (CsI)
[3) ; 3
3 102 -
5 T COHERENT (Ge)
= 10k COHERENT (Ar)
g XENONNT (Xe)
5 1F
S CONNIE (Si)
3 CONUS (Ge)
= 0.1F
I
[
% 102U
5 Red
E 10—3 1 1 1 1
0 20 40 60 80
Neutron number
— Fix flux — First measurement of the

CEvNS cross-section in xenon:

( 1+0§)X10 39 2

— Compatible with standard model

prediction

do. 2
dEg ~ N
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Additional event distributions - Analysis dimensions

= DM m °B m AC Neutron = ER

Events
- n
o o

T
—T
T
’

oo

08 N\ o PN

g ) LN\
& el Y \ N '
go6r /. 4 LT / o & |\ - R® -
o ‘ / | N z
204l ﬂ,/.' /\\ P =4 ,'\‘/_/\\ '\ \-\ g
g | 3 o ® || / 4| o e ® ~ 7B
= L L s o © Plooe - © e®) | & © e\
Q02 S DY 5 ] ® c o .-’ ) | & e 1
© L ® 0, e N ‘/ .._o-:_/.‘//
0.0F, .\_.“.‘7/.‘. o N ) ) el
00 02 04 06 08 1.000 02 04 06 08 1000 02 04 06 08 100 10 20
S1 BDT score quantile S2 BDT score quantile S2pre/Atpre quantile Events
Component 8B-only 4GeV/c* 6Gel//c* 10GeV/c?
SI DM - 3.2 0.0 0.0
8B CEvNS 114739 102427 114730 114757
Total background  37.773% 364739 377739 377139
Observed 37 37 37 37
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LightWIMP results

— Upward fluctuation below 5
GeV/c?

— Downward fluctuation
above 5 GeV//c?

— Apply Power constrain
(PCL) to "clip" reported
limit at the —10 sensitivity

— Data & software for
re-casting will be released
soon!

— Exclude metallic

components of "mirror DM",

specifically mirror oxygen
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(C): SD DM-neutron scattering
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LightWI M P resu I.ts X (B): Light mediator m, < 10MeV/c?

10737

10738
— Upward fluctuation below 5

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

GeV/C2 10-39
— Downward fluctuation »

above 5 GeV//c? 10
— Apply Power constrain T & A 5 o

(PCL) to "clip" reported DM mass [GeV/c?]

limit at the —10 sensitivity “essee.. (D) q"-dependent o = (q/qo)"cy 1070

— Data & software for
re-casting will be released
soon!
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— Exclude metallic
components of "mirror DM",
specifically mirror oxygen
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Summary & Outlook

— XENONNT & PandaX-4T are first to 1074
measure CEvNS on xenon from
astrophysical source
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— Measurement of 8B CEVNS at 50 is in
reach within the lifetime of the
experiment!
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— XENONNT becomes the first to carry
/ out dark matter search in the

D "neutrino fog"

Discovery significance [o]
S
T

\

. Thank you very much for your at-
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Backup slides



Neutron background

-=-=- CEvVNS fiducial volume
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Additional event distributions - SR0O vs. SR1
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Additional event distributions - Event position
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