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Dark matter evidence 2

Carnegie Institution -

Evidence at all scales: of Washington
- Galactic rotation curves (Rubin and Ford,

1970s)
- Dynamics of galaxy clusters (Fritz Zwicky,

1930s)
- Cluster collisions (“Bullet cluster”) N L B S
- Large scale structure of the Universe L e e A
. Cosmic microwave background (Planck) P b
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Dark matter candidates
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Small coupling to
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Dark matter candidates
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Dark matter in the UK

https://www.dmuk.ac.uk/ D

Astronomy & Cosmology:

Active:
Euclid (VIS, NISP)
Dark Energy Survey (DES)
VLT MUSE, MOONS
Rubin-LSST
Gemini (GMOS)
VISTA
Square Kilometre Array
(SKA), MeerKAT, LOFAR-UK
Legacy:

Planck
Gaia

Where is the dark matter?
What are its dynamics?

How did it influence the evolution of
cosmic structures?
What can we learn about its properties?

Kilo-Degree Survey (KiDS) ’

Theory & Phenomenology:

Particle theory; BSM models,
collrder phenomenology
Astropartrole and cosmology
theory 4

Darks matter detectlon theory and
quantum sensrng conoepts
Indiréet- oIeteotlon |nter|oretat|on

Vi “and astrophysroal srgnal
affff:__,.rl,~_,:modelllng e
~ "‘Collrder and. Iong Ilved/portal
phenomenology for olark seotors

i

How does dark matter fitinto | "=

our models? What should we
look for and how?

Experiment:
Collider:

ATLAS, CMS, LHCb, FASER, SHiP
Belle Il
Electron-lon Collider (EIC)

Indirect detection

HESS, HAWC, CTAO, SWGO
LOFAR-UK, MeerKAT

Direct detection:

LUX-ZEPLIN (LZ), MIGDAL,
DarkSide 20k, XLZD
NEWS-G, DarkSPHERE
QSHS, QUEST-DMC, AION,
QSNET, QUEPA, MOLeQuTE,
Levitated Quantum Sensors

Produce or detect dark matter
by particle interactions.



Dark matter in the UK
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Astronomy & Cosmology:

Active:
Euclid (VIS, NISP)
Dark Energy Survey (DES)
VLT MUSE, MOONS
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3 Produce or detect dark matter
by particle interactions.

8

Experiment:
Collider:
ATLAS, CMS, LHCDb, FASER, SHIiP
Belle Il
Electron-lon Collider (EIC)
- Indirect detection
HESS, HAWC, CTAO, SWGO
LOFAR-UK, MeerKAT
* * Direct detection:
LUX-ZEPLIN (LZ), MIGDAL,
DarkSide 20k, XLZD
NEWS-G, DarkSPHERE
QSHS, QUEST-DMC, AION,
QSNET, QUEPA, MOLeQuTE,
/ Levitated Quantum Sensors



Experimental dark matter searches
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Experimental dark matter searches
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Experimental dark matter searches
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Experimental dark matter searches
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Experimental dark matter searches
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Many thanks to Ed

Quantum Sensors for the Hidden Sector =z 6

Radio antenna sticks

Slie ce and

Technology | iy ‘.ﬁ g Move tuning rod inside into cavity volume

il | cavity to scan over

multiple resonant
frequencies

Tune radio to match
resonant frequency
of cavity

AM radio

10011

-‘"\[\/\w Q 01011 g )l[1f]:1s

10111

- Condensed matter physicists, quantum
technologists, theorists and experimental
astro-particle physicists from NPL,
Sheffield, Oxford, Lancaster, UCL, RHUL.

- Halo axions convert to radio waves in a
magnetic field via the inverse Primakoff
effect, exciting a tunable high-Q resonant
cavity.

- Measure excess power from axions over
noise from blackbody radiation (mK
temperatures) and amplifier noise
(quantum electronics).

Frequency

Magnetic field

Axion to photon conversion rate

enhanced if photon frequency Storage / analysis
matches cavity resonant frequency



Status of QSHS

ALDMX

AXION DARK HMATTER EXPERRIENT

In collaboration with

= One cavity in QSHS and the other running as
sidecar of ADMX.

- Apparatus assembled and commissioned.

= Currently preparing for tests of first quantum
amplifiers, one from Boon Kok Tan (Oxford), the
other from VTT and the Lancaster group.

- Some issues with mechanical tuning rod
mechanism and antenna insertion mechanism
getting jammed at low temperatures. Newly
polished and aligned hardware may resolve the
Issue.

- In-situ measurement of stage 2 HFET amplifier
yielded a noise temperature of 3.2K.

- First axion search run with HEMT amplifier
Imminent.

- First two Ph.D. students (Claude Mostyn, Mitch
Perry) writing up to submit this year.

Annora Sundararajan
Poster A2
Jamie MacDonald
Thur10:45

-
'
|
]
||



Direct WIMP detection

Q ) WIMP properties

dR P00 2 (

E.=k’2/2m;, — =M X
dE. m)Amr2

A

N /// Astrophysics
@ Detector

Detect WIMPs directly by measuring
a O(1) keV nuclear recoil after
scattering in a detector with:

- large exposure
- low background
- low threshold



Direct WIMP detection
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Er=k,2/2mr

Detect WIMPs directly by measuring
a O(1) keV nuclear recoil after
scattering in a detector with:

large exposure
low background
low threshold
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Direct WIMP detection 8

[
o
o

S - |

1o-40| CDMSlite (2018 DAMIC (2020)
CRESST (2019) 1074
/ 10742 { DarkSide-50 (2023) ]
E.=k’2/2m, 10-
017)
_ — =~ XENONLT (2020) cuperCDMS (2

N
&
=,
-
ks
e
O
)
n
n
n
O
| -
O
-
o
Lo
O
)

)
N

[
9
(o0}

021)

SI WIMP-nucleoncross section [pb]

10746 L1010
WAVILE)
> @ Neutrino coherent scattering —e e e ————T T -10-12
P : : ———— : : S — : 0—14
10° 101 102 10}

WIMP Mass [GeV/c?]

Detect WIMPs directly by measuring
a O(1) keV nuclear recoil after
scattering in a detector with: with a nucleus

- large exposure = SD: coupling to

m Sl: spin-independent

coherent scattering

unpaired nucleon

- low background Spins

- low threshold



Direct WIMP detection 8
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Detect WIMPs directly by measuring
a O(1) keV nuclear recoil after
scattering in a detector with:

Xenon dual-phase TPCs are
world-leading here:
= Thermal relics

m Sl: spin-independent

coherent scattering

with a nucleus

- large exposure = SD: coupling to = SUSY (bino, higgsino),
minimal DM

= Complementarity to collider

searches

unpaired nucleon

- low background Spins

- low threshold




Direct WIMP detection 8

10-2
tl_ DAMIC (2020)
CRESST (2019) 107
E.=k’2/2m, \_ 10-6

ENAN

1078

ucleon cross section [cm?]

10—46 i

==
—

S| WIMP-nucleoncross section [pb]

P : w00 —-14
10° 10 10 10}0
WIMP Mass [GeV/c?]

Detect WIMPs directly by measuring

: = Sl: spin-independent What About low- Xenon dual-phase TPCs are
a 0(1) k_eV !‘“dear recoll _after coherent scattering mass WIMPs? world-leading here:
scattering in a detector with: with a nucleus = Production more = Thermal relics
- large exposure = SD: coupling to complicated than = SUSY (bino, higgsino),
unpaired nucleon thermal relic at minimal DM
* low background spins weak scale? = Complementarity to collider

- low threshold Asymmetric DM searches



Spherical proportional counters

Many thanks to Patrick Knights
and Kostas Nikolopoulos for 9

providing material!

\

Drift Region

e_

Pump and filter assemblies

, «—— Avalanche Region

<+ Grounded Rod
Grounded Cathode

} Cugnotes Cathode/Part

being plated

= Light target gases for kinematic matching to light

particle DM

= First results from NEWS-G @1.3m detector

= World-leading constraint on spin-dependent proton

= DarkSPHERE: Proposed @3m, fully electroformed

coupling

Cu detector in Boulby

= Sensitivity to Sl, SD-p and SD-n interactions
= Awaiting outcome of STFC medium-scale DM call
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Many thanks to
Jocelyn Monroe -1 O
for providing

material!

Light DM with superfluid 3He: QUEST-DMC

* DM masses in MeV range only kinematically
accessible with new technologies 10°

= Quantum Technology for Fundamental Physics 10°

arXiv:2203.0829

] ] . ‘ Dilution
(QTFP) collaboration: RHUL, Lancaster, Liverpool, s ‘ refrigerator
Oxford, RAL PPD, Rheinmann Hochschule, Sussex, & going to 2 mK
radioassay at Boulby il

= Detection of sub-GeV dark matter with 1072
quasiparticles (heat) in superfluid 3He target using  *”
superconducting nanowires P P R

. Mass (MeV)
= SQUID readout of nanowire resonators
n - Re Z
1.5 - ——= lmZ \ —_
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resonance g 0 ‘ — Q g
width S 0.5 |I Vibrating- S
proportional '; e 1 “
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energy. 0.5 - | " orifice, Copper demagnetisation

e | @~Imm stage for single-shot

_rad | .\' | r | cooling to 100 pK
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Frequency [Hz]

Eur. Phys. J. C (2024) 84:248



Many thanks to

Light DM with superfluid SHe: QUEST-DMC  “ois” 11

material!

:‘_‘ -

= 4 prototype detector runs, most recently reaching 110 pK 4He bath: X L
» Development of veto technology compatible with operation at 4 K ;':‘3*
10 mK stage - Relevant to radiation impact on superconducting r?'g]‘
qubits. arxiv:2512.16769 4He evaporation I ’.i{iF
. . =& 4 o
» Next step: nano-fabricated resonators stage: 1.4K 7 -1 —
arXiv:2310.11304 | 2;____:.% | Neda Darvishi
— Distillation L Wed 16:30
c 10-30f XENONIT 52-Only MIGD | |, ks A
S chamber: I A<y JL Adam Ting
S A b
.§ 10-32} CRESST Il Lil (2022) 0.6K T = Poster A1
% Mixing | 1, Lizzie Bloomfield
@ 10-34 chambar: l 1} [ Poster A6
S conv. ' ' ) :
g B "QTJ.ESTCOW few mK f& Lizzie I_3Ioomf|eld
5 10 R PPt Use unpaired » Fri 11:30
z \—QTJEST-SQUID randaX :He ““:lear_SPi“
1038} o probe spin-
o dependent DM Nuclear
Q XENONI1T . - ’
D o-s0 , _ interactions. stage:
102 10-1 100 10!
Dark matter mass [GeV/c?] <100pK

Eur. Phys. J. C. 84 (2024) 3,248
JCAP 10 (2025) 044
J. Low Temp. Phys. 222 (2026) 2, 39
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What does the data look like?

Combine scintillation (S1) and ionization (S2) for:
= Position reconstruction from hit pattern and drift delay (x, y, z)
 Energy measurement from signal sizes
«  Background discrimination by interaction type (ER/NR)

Phys. Rev. Lett. 131, 041002 (2023)
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Large exposure, low background 14

J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 Tt Tttt e et .
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Large exposure, low background 14
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Large exposure, low background 14
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LUX-ZEPLIN 19

128Xe 129xe 130Xe 131xe 132Xe
Slable L L ble Slable

= 38 Institutions

= 250 scientists, engineers, technical
staff

= UK: Edinburgh, Imperial, King’s
College, RHUL, STFC Rutherford
Appleton Lab, Bristol, UCL,
Liverpool, Oxford, Sheffield

= Science operations since 2021



The LZ experiment/at SURF

16

NIM A Volume 953,163047 (2020)

Sanford Underground
Research Facility (SURF)

]
111

it 3 3.

LZ Experiment

= 4300 mwe. overburden
= Three nested detectors inside
water tank:
= Quter detector with Gd-
loaded liquid scintillator
= |nstrumented xenon veto
outside of TPC
= TPC with 7 t active Xe
volume
= 92 + 4 % neutron veto efficiency
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= Three nested detectors inside
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NIM A Volume 953,163047 (2020)

Sanford Underground
Research Facility (SURF)

LZ Experiment

= 4300 mwe. overburden
= Three nested detectors inside
water tank:
= Quter detector with Gd-
loaded liquid scintillator
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. Instr_umented Xenon veto @\ \4 Gamma-rays from‘r
outside of TPC BB radioactive trace ..,

» TPC with 7 t active Xe . contaminations T
= 92 + 4 % neutron veto efficiency
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NIM A Volume 953,163047 (2020)

Sanford Underground
Research Facility (SURF)

LZ Experiment

= 4300 mwe. overburden
= Three nested detectors inside
water tank:
= Quter detector with Gd-
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LZ physics

17

WIMP-nucleon og; [cm?]

Phys. Rev. Lett. 135, 011802 (2025)

DEAP-3600 (2019)
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Ne—. ===+ Median 3¢ discovery potential
--=-=- Median expected upper limit

Power constrained upper limit

=== = Unconstrained upper limit
1 | L1 11 I | | | | L1 11 I | 1 1 1 L1 11

: 10 10° 10

WIMP Mass [GeV/c?]

[—
-

WIMP search in 4.2 tonne x years of data from
second WIMP science campaign
Data salting for bias mitigation
Active tagging of 214Pb beta decay
backgrounds
World-leading constraints for WIMP masses
above 9 GeV/c2
LZ as a multi-purpose observatory:
= High-energy nuclear recoils, inelastic
scattering
= Axion-like particles, dark photons or
neutrino magnetic moment
= Neutrinoless double-beta decay
= Coherent elastic neutrino-nucleus
scattering

Robyn Evren || Simran Dave Kate Lawes
Poster A8 Fri 11:00 Fri 11:15



Beyond WIMPs: coherent neutrino scattering 18

Detect WIMPs directly by measuring a O(1) keV
nuclear recoil after scattering in a detector featuring:

» large exposure
* low background

e low threshold




Beyond WIMPs: coherent neutrino scattering 18

Physik-Journal 03/2024

Rate (keV~1t~ly~1)

Nuclear recoil energy (keV)

Coherent elastic neutrino-nucleus Coherent elastic neutrino nucleus
scattering (CEVNS) scattering (CEVNS) of solar 8B neutrinos
mimics light WIMP scattering.
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Not only a background, but a signal:

neutrinos from the sun,
atmosphere and supernovae.

Physik-Journal 03/2024

Rate (keV~1t~ly~1)

Nuclear recoil energy (keV)

Coherent elastic neutrino nucleus

scattering (CEVNS) of solar 8B neutrinos
mimics light WIMP scattering.




L. Z CEVNS search

19

Isolated S1s...

S1

Mostly PMT

dark counts

...get paired with
isolated S2s

S2

Spurious electron
emission from high-

voltage electrodes

arXiv:2512.08065
0
10 F
—— 10
—— Trigger | _
‘—— + Single Scatter |
' iD e 3100 >
| | . — ata Se:lectlonsE O
10 , P N —— FROICut ] =
S - | | : | | 2>
= 410 o©
.3 =
2 =
= .
7))
=, 110 2
10 18 0 \V T A, NS g
aa
=0
107 . S DU P 107

Nuclear Recoil Energy [keV]

Balancing act of energy threshold vs.
accidental coincidence background

Salted analysis

Extended ROI

New data selection criteria

Large exposure: 417 live days, 5.09 +0.15 t

0 | 2 3 4 5 6 7 8



L. Z CEVNS search
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Isolated S1s...

S1

Mostly PMT

dark counts

...get paired with
isolated S2s

S2

Spurious electron
emission from high-

voltage electrodes

arXiv:2512.08065
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S1c [phd] Events

Expected signal

20.6+8'9

—6.8
Observed

7.0
18.9%7

Best-fit number of
8B signal events

7.0
12.3+79




World’s smallest solar neutrino detectors

Largest cross-section
of all neutrino <«—
interactions

Tiny (sub-)keV
recoil energies
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Slide courtesy of R. Hammann (modified)



World’s smallest solar neutrino detectors

Slide courtesy of R. Hammann (modified)

LT L
I
L »

/D A0

e Ya%a

“oa® @
a¥ m‘g%
»

1 I I | |
B16-AGSS09met (Low Met

—e— allicity
I ® | B16-GS98 (High Metallicity)
&4 SNO (2013)
PandaX-4T (2024) |} o |
I ® |  XENONNT (2024)
I @ | LZ (This Result)
1 I 1 | | I 1 1 1 I | | | | | 1 1 I | | |
2 4 6 8 10
8B neutrino flux [10% cm~2s571]
i | I I I LI I | 1 I | LI I I I I I LI I I I I |
| COHERENT |
- CONUS* (CsI + LAr) -
- APV-PDG SLAC E158 Standard Model -
S A —— = o el e E T L
B Qweak eDIS i
i Dresden-11 |
i 91 LZ (This Result) T
__ | | | | 1 11 I - '|' 1 | | 1 11 I | | | | 1 1 1 I | | 1 __
10 10°
Q [GeV]

LUX-ZEPLIN

JAOR:

_
:



World’s smallest solar neutrino detectors
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XENON, LZ and DARWIN become i F

TPC baseline design
- 60-80 t xenon target

- Phased approach 40t -
60t - 80 t considered

- 2362 PMTs

= 240 - 290 V/cm drift field
- =3 m height and diameter
- Double-walled Ti cryostat

= Three world-leading
collaborations joining forces to
build the ultimate dark matter
detector

» =500 scientists from 84
Institutions in 16 countries

= Four possible underground sites:
- SURF (USA)
= Boulby (UK)
- LNGS (IT)
- Snolab (Canada)
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XENON, LZ and DARWIN become i [

TPC baseline design
- 60-80 t xenon target

- Phased approach 40t -
60t - 80 t considered

- 2362 PMTs

= 240 - 290 V/cm drift field
- =3 m height and diameter
- Double-walled Ti cryostat

= Three world-leading
collaborations joining forces to
build the ultimate dark matter
detector

» =500 scientists from 84
Institutions in 16 countries

= Four possible underground sites:
- SURF (USA)
= Boulby (UK)
- LNGS (IT)

] 3 XLZD@Boulby Pre-Construction project:
* Snolab (Canada) | R = Develops UK contribution to XLZD

| = Prepares possible hosting at Boulby

= ~100 people at 14 UK institutes



WIMP dark matter sensitivity 22

Exclusion @ 90 % CL Signal at 30 Eur. Phys. J. C 85,1192 (2025)
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Probe WIMP dark matter

down to the neutrino fog.



Beyond WIMPSs: neutrinoless double-beta decay 23

Annu. Rev. Nucl. Part. Sci. 2013.63:503-529 ZVB B

\ Even-A

M(A,Z)

—————

-2 Z-1 Z Z+1 Z+2
= |n double-even nuclei where a

lower energy state on the isobar
cannot be reached via a single beta

decay

= Two neutrino Standard Model

Number of decays

process with extremely long half

lives ~1020 yr

= BSM process without neutrinos Energyae
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Beyond WIMPSs: neutrinoless double-beta decay 23

Annu. Rev. Nucl. Part. Sci. 2013.63:503-529 ZVB B

\ Even-A

M(A,Z)

—————

-2 Z-1 Z Z+1 Z+2
= |n double-even nuclei where a

lower energy state on the isobar

= Majorana neutrinos give
access to neutrino
masses.
Lepton number violation
related to matter-
antimatter asymmetry of
lives ~1020 yr the Universe.

cannot be reached via a single beta

decay

= Two neutrino Standard Model

Number of decays

process with extremely long half

= BSM process without neutrinos Energyae



136Xe neutrinoless double-beta decay in XLZD

24

Rate [(tonne yr keV)™]

102

137X e (Kamioka)
137Xe (LNGS)

_137Xe (Boulby)
N—

137Xe (SURF)

97Xe (SN OLab)

Ov5p

signal
T12=5x10%" yr

|
2300

Cosmogenic
xenon activation
background
depends on
depth of
underground lab

2400

| | | |
2450 2500 2550 2600

Energy [keV]

= Compete with purpose-built 136Xe Ovf3f3

experiments.

= Cover inverted neutrino mass hierarchy.
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Astroparticle physics with XLZD 25
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What is Dark energy What is the nature

dark matter? /68% Q = @ ? of neutrinos and

their interactions?

Baryonic matter

5% p’o

Wed 15:45

/ Huan Zhang

Dark matter
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Why is there
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Universe?

:'I Antimatter

. What are the properties
cosmic neutrino sources?




Astroparticle physics with XLZD
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XLZD will be the the Swiss Army
knife of low-energy astro-
particle physics!
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IMPERIAL www.xlzd.org
Department of Physics
Abundant evidence for particle dark DarkSide 20k
matter at all scales AS"V'\‘,“:':;‘:‘?“S A“gv‘\',s;'l";;_'gg““ Underground
edis: ealsr physics at Boulby

UK groups heavily involved in theory,

: : Haoxiang Zhan ||Emma Ellingwood
astronomy and particle physics Poster AL Thur 11-15

Direct searches:
Axions: i+ h fum- Emma Ellingwood|| Daria Santone
XIONS: CaVvIly Searcnes, guantum Thur 11:30 Fri 11:45

limited readout electronics

Alice Hamer
Wed 16:30

Beth Green
Poster A3

Paolo Franchini

Low masses: spherical proportional Fri 12:00 Jonat:g:t(e;:lltdt;ridge
counters, quantum sensors
High masses: xenon and argon Levitated quantum Kayl:‘l)ilti ;3:15'150“
dual-phase time projection Sensors
chambers Andrzej Gawdzik

Wed 16:00

Large upcoming experiments with

XLZD possibly hosted in the UK

Thank you very much for listening!
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Many thanks to

Argon TPCs: DarkSide 20k “orrovang. 28

material!

= 54 institutes in 14 countries, UK ~10% of collaboration BAr B OAr
= Construction advanced:
= Cryostat and cryogenics infrastructures in LNGS Hall C complete
= Major infrastructures for extraction + purification of 130 tonnes of
underground argon target complete
= Fabrication of huge acrylic components of TPC complete

Stable : Stable

JINST 19 CO3058 (2024)

= DarkSide-UK STFC project delivering 7 m2 of SiPM array detectors (>50,000
sensors!)
= Production/qualification: Birmingham, Edinburgh, Lancaster, Liverpool,
Manchester, Oxford, RAL PPD, RHUL, STFC Interconnect, Warwick +
radioassay at Boulby.
= UK production complete, with 95% vield, exceeding target.

. TARIN TRARER TRRAER PRRER

} N = = S : 3 ‘ >
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Low noise + radioactivity, high photon detection efficiency UK ambassador to Italy visits DarkSide-20k

\



Argon TPCs: DarkSide 20k

29

Communications Physics | (2024) 7:422

10-34
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Dark Matter-Nucleon Oy [cmzl

DM electron scattering

Probe dark matter candidates from
keV/c2 to Planck mass =1028 eV/c2.

DS-20k - 1 year
QF - No-=2
DS-20k - 1

“"™ ER Migdal - Ne- =2

DS-20k - 1 year
QF - Ne- =4

DS-20k - 1 year

“ ER Migdal - No- =4

DS-50 - QF - 2023
LZ 2023
PandaX-4T 2023
XENONNnT 2023
PandaX-4T 2023
XENON1T 2021
Cresst-III 2019
XENONLIT ME 2019
Excluded region

Phys.Rev.Lett. 130 (2023) 10,10

-a4
10 : ,
pMSSM11 [EPT C 78 256 2018]

N Complex WIMP [EPJ C 8 992 2023 /
B 10745 W mea1 wner  [mRJ C 82 1 2022)
— 2 1 B JS S
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é 10-47 .
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(=]

M, [Tev/c?]
DM nucleus scattering

= Hidden sector DM, warm DM: Nat.Comms. Phys.7 422 (2024)
= Elastic DM: CERN Yellow Rep.Monogr. 8 (2025),

= Composite DM: arXiv:2602.09421,

= Primordial black hole DM: Phys.Rev.D 112 (2025) 12,123058,
= Spin-dependent DM: Eur. Phys. J. C 83, 914 (2023)



Evolution of xenon dual-phase TPCs 30

China - . PandaX-4t PandaX-30t

EEE e e oow

USA,
Asia,
Europe

USA, Europe, Asia




Where do we go from here?

ON
—

Now Future

No evidence for
WIMPs, but
stringent exclusion
of parameter space

Measure down to
neutrino fog.

Measure solar neutrinos
comprehensively and be

First indication of
solar neutrino
coherent scattering

Demonstrated
neutrinoless
double-beta decay
search

Become world-
leading experiment
for these searches.

Many other physics
searches in nuclear
and electronic
recoils

Improve all
existing results
and probe exciting
new physics!

ready for the next supernova.
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YOU'RE GONNA NEED A BIGGER BOAT!



Low-energy electronic recoils in XLZD 32

Physik-Journal 03/24
104 » Unprecedentedly low background at few keV

dominated by neutrinos and double-beta

[ decays of xenon

Ty = 1.2 X 10 yr o » Physics searches:

| = Neutrino magnetic moment

= AXxions, axion-like particles, dark
photons

= Solar pp-neutrinos below Borexino
energy threshold Eur. Phys. J C 80, 1133 (2020

= Precision measurements of rare SM
processes (e.g. 24Xe double-electron
capture with longest half-life measured to
date by XENON1T/nT)

0 20 40 60 80 100 120 140
Energy [keV]


https://link.springer.com/article/10.1140/epjc/s10052-020-08602-7

Why xenon?

33

128 129 130
Stable Stable Stable

Inert and purifiable
Scalable
“Easy” cryogenics

No relevant radioactive isotopes; naturally occuring double-
beta emitters have extremely long half-lives and their own
physics potential

Excellent scintillator and ionization medium (W =13.7 eV)
Transparent to its own scintillation light

No wavelength shifters needed with A =175 nm
Self-shielding with high atomic number (Z = 54)

Different nuclear spins allow probing spin-dependent dark
matter interactions

Coherent WIMP interaction rate goes with ~ A2

131Xe

Stable

132Xe

Stable

[
S

Rate [t x y! x keV]
>

1073

Marc Schumann 2019 J. Phys. G: Nucl. Part. Phys. 46 103003

I IIII'II|

m,=100 GeV/c®> o0 =1x10"*" cm?

)

|1 | 1 1 | | 11 1
30 40 50
Recoil Energy [keVnr]
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70

30



Measuring light: photosensors

Scintillator
emits light

Focusing Charge amplification
electrode

along dynodes HIoCe

Incident
radiation

LZ collaboration,

LUX collaboration,
XENON
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“See” individual photons.

= Convert measured photons to
measurable electric current.

Reflectors ensure maximum light
collection




Measuring electrons 59

collaboration

Xenon purity Drift and extraction fields
e ﬁf uz z u; X Farrin Abbott/
25/ XENON -(_%ig ,g g 8 SLAC National
Preliminary §§ gg E ®| Accelerator
2ol £ A Laboratory, LZ
i ] " collaboration,
; .. XENON

electron lifetime [ms]
—
(@) ]

[EN
o
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1
i ¢ 222Rn W Purity Monitor with sys. uncertainty,
| ¢ 8mKr - -—-Fitted line !
! b YAr !
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o> g g N g ¥ Mg
Time [UTC]

= Electrons and photons may by lost due to chemical impurities inside __ |
the xenon. - Need homogeneous electric field for straight

drift of electrons.

- Large parallel wire, hexagonal mesh or woven
electrodes

- High-voltage delivery:
= Drift: ~100 V/cm
- Extraction: few kV/cm

- Effective electron drift lifetime
- Need: liquid and gas purification with turnaround cycle of few days
- Challenges:

=  Clean pumps

- Liquefaction for gas purification

-  Low-radon materials for liquid cleaning



Low background: radiopure materials 36

G. R. Araujo et al 2022 JINST 17 PO8010

- Neutrons and y-rays come from

radioactive trace contaminations o 1'3 1R = cackground (1379
in detector construction g R LR
materials g o f “‘““"“WW .
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« Measure activity of every % Eia | s
material in underground HPGe ool A mm mm“ﬁ"l ‘m
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Energy [keV]

detectors and select most
radiopure materials

Goal:1uBq/kg - 1mBq/kg

1decay/kg/12 days - 1 decay/kg/hour
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Low background: radiopure materials 36

G. R. Araujo et al 2022 JINST 17 PO8010

- Neutrons and y-rays come from

3 %: 3 %: %% % 3 3 === R12699 PMTs (41.7 d)
radioactive trace contaminations S S H= f ‘;“f ;;f ? : = eagond 7279
in detector construction TSI L ' :
materials 107 | ‘“ r'. ek l MM“ MM*W w ? )
|!
ﬁ H ‘Hl

uhdH‘HH

+ 40K, 60Co, 238U, 232Th, ...

- Measure activity of every
material in underground HPGe
detectors and select most
radiopure materials

fo eeeeee R12699 -
o PMTs - Background :

Rate [Counts/(keV-day)]

wm o,

500 1000 1500 2000 2500
Energy [keV]

Goal:1uBq/kg - 1mBq/kg

1decay/kg/12 days - 1 decay/kg/hour

D. Ramirez Garcia et al 2022 JINST 17 PO4005



Active intrinsic background removal

- 85Kr from atmospheric nuclear
testing and nuclear reprocessing
entered xenon during extraction
from air.

- Radon continuously emanated
from all detector materials as part
of the natural uranium and thorium
chains.

- Remove by cryogenic distillation.

apinbi ay

85Kr

PTEP, 053HO1
(2022)

E )
once

EPJC 82,1104 (2022), 2205.11492

Remove continuously before it
decays to reach <1 uBqg/kg
(4 decays per tonne per hour)

Radon concentration in air ~ 8 Bq/kg
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Active Intrinsic background removal 37

- 85Kr from atmospheric nuclear
testing and nuclear reprocessing
entered xenon during extraction
from air.

- Radon continuously emanated
from all detector materials as part
of the natural uranium and thorium
chains.

- Remove by cryogenic distillation.

222Rn down to the level of
irreducible solar pp-
neutrino background!

PTEP, 053HO1
(2022)

E )
once

Xenon

Radon

EPJC 82,1104 (2022), 2205.11492

Remove continuously before it
decays to reach <1 uBqg/kg
(4 decays per tonne per hour)

Radon concentration in air ~ 8 Bq/kg



Neutrinoless double-beta decay In xenon

33

126Ba 127Ba 128Ba 13OBa 131Ba 133Ba 134Ba 'IBSBa 136Ba 137Ba 138Ba
B+ B+ B+

e- capture 2B+

e- capture Stable Stable Stable Stable Stable

‘IZSPS 126{3(:8 127BCS '129ﬁc:S 130[3(38 131CS 132[3(33 133CS _ 135CS

e- capture Stable
124 125 126 127 128
2B+ B+ 2B+ e- capture Stable
123 124| 125| 127|
B+ B+ e- capture Stable

122Te 123Te 124Te 125Te 126Te

Stable e- capture Stable Stable Stable

131Xe 'I32Xe

Stable Stable

'IBOXe

Stable

129Xe

Stable

The Colourful Nuclide Chart, https://people.physics.anu.edu.au/~ecs103/chart/




Neutrinoless double-beta decay Iin xenon 38

128Ba 13OBa 131Ba 133Ba 134Ba 'I3SBa 136Ba 137Ba 138Ba
B+

e- capture 2B+

e- capture Stable Stable Stable Stable Stable

'129ﬁc:S 1306(38 131CS 'IBZBCS 133CS

e- capture Stable

~8.9 %

~1.0 % 127 128
Xe Xe 1 36Xe/natXe

131 X 132
e Xe
1 24Xe/natXe e- capture Stable

Stable Stable

130Xe

Stable

129Xe

Stable

125| . 127|

e- capture Stable

'I26-|-e

Stable

125Te

Stable

122Te 123Te 124Te

Stable e- capture Stable

The Colourful Nuclide Chart, https://people.physics.anu.edu.au/~ecs103/chart/



Neutrinoless double-beta decay Iin xenon 38

126Ba 127Ba 128Ba 13OBa 131Ba 133Ba 134Ba 'IBSBa 136Ba 137Ba 138Ba
B+ B+ B+

e- capture 2B+

e- capture Stable Stable Stable Stable Stable

‘IZSPS 126{3(:8 127BCS '129ﬁc:S 130[3(38 131CS 132[3(33 133CS _ 135CS

e- capture Stable
124 125 126 127 128
2B+ B+ 2B+ e- capture Stable
123 124| 125| 127|
B+ B+ e- capture Stable

122Te 123Te 124Te 125Te 126Te

Stable e- capture Stable Stable Stable

~8.9 %

131 132
Xe Xe 136Xe/natXe

Stable Stable

'IBOXe

Stable

129Xe

Stable

The Colourful Nuclide Chart, https://people.physics.anu.edu.au/~ecs103/chart/



Double-electron capture of 124Xe

39

Electron capture Neutrino emission

ﬁ
KX LMN

Atomic R/ RS &/
relaxation K)(./
\ 4

KLMN

Measure X-rays and Auger-Meitner electrons from
atomic relaxation:

KK-capture: 64.3 keV (72.4 %)
KL-, KM-, KN-capture: 32.4 - 37.3 keV (25.3 %)

LL-capture: 8.8 -10.0 keV (1.4 %)

— . 13Imygq

— 83mKr

—_— 85Ky
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N w

Rate
[keV~1t=iy—1]
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o
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Residual

214Pb
—  Solar v

136Xe

—— Materials — 2VECEC
- == |nterpolation B Blinded region
— Fit -

Nature 568, 532—535 (2019)
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PMT Array

LUX-ZEPLIN

Xenon TPCs
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CEVNS to light dark matterin LZ 41
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CEVNS to light dark matterin LZ 41
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XENON, LZ and DARWIN become XLZD
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