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Direct detection of Dark Matter

<’ _~ - 7 T ~ darkmatter halo
~
tp s \ /
WIMP wind /’ )
220 kmls , ‘\
«  WIMP=nucleon,
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S ng \
Earth /
\ , Qalactic plane
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WIMPs and Neutrons
scatter from the
Atomic NucléUs

Standard Halo Model

|
® /| Photons and Electrons
- scatter from the
A Atomic Electrons

e Isothermal sphere of DM, p ©€
r? ;

e Local density p, ~ 0.3 GeV/cm3

e Maxwellian (truncated) velocity
distribution

iversity of Californiaf\Berkeley)

e Characteristic velocity v, =220
km/s — non-relativistic!
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Direct detection of Dark Matter
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e Characteristic velocity v, =220
km/s — non-relativistic!
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Liquid Xenon Time Projection Chambers

S1 summed across all channels 52 summed across all channels
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Backeround suppression in LXe-TP(

3D position: O~ O(cm), o, ~ O(mm) — fiducialisation + single-scatter ID

lim.dobson@kcl.ac.uk — 18th PATRAS - 3/7/23
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Backeround suppression in LXe-TP(

3D position: O~ O(cm), o, ~ O(mm) — fiducialisation + single-scatter ID

Self-shielding: here showing
low-energy neutron single scatters
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Backeround suppression in LXe-TP(

3D position: O~ O(cm), o, ~ O(mm) — fiducialisation + single-scatter ID

Self-shielding: here showing Electron-recoils (ER) [internal betas,
low-energy neutron single scatters auger/x-rays, external gammas]
2 \
1408 10 5.0\
or 45}
100 | 10" o =
s 3
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, > = 4.0
80 g <
wn
60 10° g %%’3.5‘ -
a0} 2 Nuclear-recoils (NR),
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LZ WIMP Sensitivity paper: Phys.Rev.D 101 (2020) 5, 052002
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Leading technology above a —]‘ew GeV

ZEPLIN-III XENON100 LUX PANDAX-II XENON1T

12 kg (7 kg) 62 kg (34 kg) 250 kg (100 kg) 580 kg (362 kg)
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n r@ Y @lzdarkmatter
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GAS PHASE AND
ELECTROLUMINESCENCE REGION

he LUX-ZEPLIN Detector

surf;
LXe ace

Nucl.Instrum.Meth.A 953 (2020) 163047

<«
. Weir trough
TPC field cage —>

] EQ'{in DMT

s Cathode grid
<—— Reverse-field region

- < Side skin PMT
mounting plate

Iy =~ Bottom PMT array

TPC key stats: S~-
e 1.456 m between cathode and gate grid
e 7 tonne active region
e 494 Hamamatsu R11410-22 3" PMTs
e High reflectivity PTFE for light collection
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Multi-detector active veto system

Optically separated Xe Skin detector + Outer Detector (OD) with 17 tonnes of
Gd-doped LS — BG suppression and in-situ characterisation

1o, osasibradiis <y ')

1 /i .
e
= -~ -
o
|
/]
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Multi-detector active veto system

Optically separated Xe Skin detector + Outer Detector (OD) with 17 tonnes of
Gd-doped LS — BG suppression and in-situ characterisation

T

6-30 keV nuclear recoils
before veto cut...
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Multi-detector active veto system

Optically separated Xe Skin detector + Outer Detector (OD) with 17 tonnes of
Gd-doped LS — BG suppression and in-situ characterisation

. e

6-30 keV nuclear recoils ...after veto cut
before veto cut...
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Backgrounds, backgrounds, backgrounds

1) Ultra-radio pure materials and construction

2) Take 1 mile
underground

Radiopurity is key:
=> Xe purification with chromatography

—> Extensive radioassay campaign > 1000 assays
=> Strict cleanliness controls

See Eur.Phys.].C 80 (2020) 11

3) Run until background limited , |, .\ @kcl.ac.uk - 18th PATRAS - 3/7/23
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Backgrounds, backgrounds, backgrounds

1) Ultra-radio pure materials and construction

1 — Projected backgrounds: 5.6 ton fiducial, 1000 live-days
b | ~1.5 - 6.5 keV, single scatters, no coincident veto

S

Background Source

Detector Components

Dispersed Radionuclides — Rn, Kr, Ar

2) Take 1 n
undergrou

Laboratory and Cosmogenics

Surface Contamination and Dust

Physics Backgrounds — 28 decay, neutrinos*

Total (after 99.5% discrimination and 50% NR efficiency) 6.49 )0 assays
* not including 8B and hep

See Eur.Phys.].C 80 (2020) 11

3) Run until background limited , |, .\ @kcl.ac.uk - 18th PATRAS - 3/7/23
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LUX-ZEPLIN Construction - a few highlights

O 090, 9.
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g

d d o

Bottom PMT aray after asskem‘bl); at
Brown University

928 %
82650 1
ceceled002 W

HV grids production at SLAC, see Nucl.Instrum.Meth.A
1031 (2022) 165955
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LUX-ZEPLIN Construction - a few highlights

\!
\ anies ¥
ANy es
o A0 V7t s c\‘\romatography
con® ) Ga ¢r red uced to
Ge i

LETS
3
HI

- -
’ - i

Offsite Kr removal of IOonnes of LXe at SLAC

Completed outer detector tank at Reynolds
Polymer Technology - USCB
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TPC Assembly at SURF surface laboratory

2019 2019

= L)%

Mating of the extraction region to central TPC Fully assembled TPC at SURF surface lab

Dust and Rn exposure control critical —
assembly in Rn-reduced surface lab cleanroom

jim.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23 12
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Moving to the Davis Campus

2021

TPC inside inner cryostat vessel (ICV) being ICV being lowered into the outer vessel inside
transported underground the water tank

jim.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23
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Fully assembled 1 mile UG in Davis Campus

Fully assembled detector
- OD ready for GdLS + water fill (at same time)

iim.dobson@kecl.ac.uk - 18th PATRAS - 3/7/23 14
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Fully assembled 1 mile UG in Davis Campus

2021
=

Y7 7 i J Commissioning complete late 2021 -
o & T

& first science run started December

Fully assembled detector
- OD ready for GdLS + waternir(atsameume)

jim.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23
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Detector state and stahility

Gas extraction field (i mu o iﬁi‘
of 7.3 kV/cm § B \ Liquid-level stable

within 10 pm
(~60 phd/extracted i

electron)

193 V/cm between
cathode-gate

(951 ps drift time)

LXe: 174.1 Kand 1.791 bar(a)
[stable within 0.2%)]

Composite overlay courtesy of Nicolas Angelides, Imperial

jim.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23 15
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Detector state and stahility

Py ; B -
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Gas extraction field

of 7.3 kV/cm § Liquid-level stable

within 10 pm
(~60 phd/extracted M

electron)

Xe continuously purified through hot
193 V/em B Zirconium getter — 3.3 tonnes/day to
catho remove electronegative impurities

(951 ps drift time)

{ LXe: 174.1 Kand 1.791 bar(a)
[stable within 0.2%)]

Composite overlay courtesy of Nicolas Angelides, Imperial
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Light and Charge collection

Electron/Nuclear
recoil
AN

Excitation Tonisation

Xe* Xe+
‘ +Xe ‘ +Xe
Xez* Xe2+
A ¥ i
’ (recombination)

2Xe 2Xe Xe** + Xe

Xe microphysics — light and charge
signals are anti-correlated:

S1l. 52,
E=W. (" + %)

Where:

g1 = photon detection efficiency
g2 = electron gain phd/e-

W = work function = 13.5 eV/quanta

jim.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23 16
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Detector [ESPONSE - monoenergetic SOUTCES

Noble Element Scintillation
Technique (NEST) 2.3.7

Tuned to reconstruct ER
mono-energetic sources:

o 83MKr (41.5 keV)
o 129MXe (236 keV)
o 131MXe (164 keV)

Detector (g1, g2) and Xe
response parameters varied

1.75

1.50

1.25

S2c bot [phd]
5
o

S1corrected VS., S2-bottomcorrected

000000

13imxe 164keV

Preliminary

2000

4000

jim.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23
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Detector response - ER/NR bands

5343 tritium
tagged methane
(CH3T). B with Q
value 18.6 keV

4.50
4255 e NEST simultaneously tuned to
i reproduce ER band mean and
=00 widths
%375'
g U e Tuned parameters propagated
3% into NR model
2
i e Consistent at 1% with neutron
3'002' 0.9 keV.e 2.9 keVee 5.1 keVee 74 keVee Callbratlon data (DD and Aml‘l)
5keVy 15 keV 25 keV 35 keVy,
ogslieth v v e e
0 10 20 30 40 50 60 70 80
Slc [phd]

Fitted det. parameters: g, = 11.4% and g, = 47.1 phd/liquid electron

im.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23 18
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Science Run 1 (SR1)
23rd December 2021 to 11th May 2022
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LZ Requirement ~1ms
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|
03-2022
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()] [e0] 0~ © n <t [4p] o
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1292021

Remove DAQ deadtime (3%), anomalous trigger rates (7%)

— 89 live-days left
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amplitude [phd/ns]

Time hold-off following large S¢s

TpcHighGain
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time [us]
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Time hold-off following large S¢s
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amplitude [phd/ns]

amplitude [phd/ns]
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Time hold-off following large S¢s
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SR1 WIMP-search data before analysis cuts

60 live-days and 5.5 tonne fiducial volume cut

4.50

L

o 3

IIII

Sty ey e by o by e by by

0 10 20 30 40 50 60 70 80
Sl¢ [phd]
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SR1 WIMP-search data before analysis cuts

60 live-days and 5.5 tonne fiducial volume cut
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Remove poorly
reconstructed/noisy events

e Removal “accidentals”

e \eto events with coincident

signal in Skin or OD

0‘ | 1 ‘ 20 30 40 ou ovU AV, ovU
Sle [phd]

jim.dobson@kcl.ac.uk - 18th PATRAS - 3/7/23

21


mailto:jim.dobson@kcl.ac.uk

1.0

e
o

Efficiency
e

0.2}

0.0

Nuclear Recoil Efficiency - all cuts

Recoil Energy [keV ;]

T T T T | T T T T T I T I I T
| Trigger |
+ S1 threshold
—— +SS & data analysis cuts
—— +ROI
...................
50% efficiency: E
5.5keV,, E
oy I RN AN AT RY M N Y ST RN AU RY M ]
0 2 4 6 8 10
1 i 1 | 1 1 1 1 | 1 1 1 1 | 1 | 1 1 I 1 1 1 1 I 1 I 1 1 1
0 10 20 30 40 50 60 70

DD neutron data to evaluate trigge
and reconstruction efficiency

CH3T for S1-cuts
AmLi(S2) + CH3T(S1) for S2-cuts
50% signal efficiency at 5.5 keV
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WIMP-search events surviving all cuts

60 live-days and 5.5 tonne fiducial volume cut

lim.dobson@kcl.ac.uk — 18th PATRAS - 3/7/23
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WIMP-search events surviving all cuts

60 live-days and 5.5 tonne fiducial volume cut
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0 207 307

WIMP-search events surviving all cuts

60 live-days and 5.5 tonne fiducial volume cut
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e Profile likelihood fit (in S1 vs S2 observable space)
e Pre-constraints on BGs (high-energy sideband, mass spec, OD tagged)

Backerounds: pre-and post-fit

Source Expected Events Fit Result
B decays + Det. ER 215 + 36 222 + 16
v ER 271+ 1.6 27.2 + 1.6
127X e 9.2 4+ 0.8 9.3+ 0.8
124%e 5.0+ 1.4 52+ 14
136Xe 15.1 + 2.4 15.2 + 2.4
8B CEvNS 0.14 £+ 0.01 0.15 4+ 0.01
Accidentals 1.2 4+ 0.3 1.2 4+ 0.3
Subtotal 273 + 36 280 £+ 16
3TAr [0, 288] 2.5 ¢
Detector neutrons 0.0T0:2 0.070:2
30 GeV/c2 WIMP — 0.0706
Total — 333 £ 17

“Background Determination for the LUX-ZEPLIN (LZ) Dark Matter Experiment” (11/2022), arxiv/2211.17120
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v ER 271+ 1.6 27.2 + 1.6
127X e 9.2 4+ 0.8 9.3+ 0.8
124%e 5.0+ 1.4 52+ 14
136Xe 15.1 + 2.4 15.2 + 2.4
8B CEvNS 0.14 £+ 0.01 0.15 4+ 0.01
Accidentals 1.2 4+ 0.3 1.2 4+ 0.3
Subtotal 273 + 36 280 £+ 16
3TAr [0, 288] 2.5 ¢
Detector neutrons 0.0T0:2 0.070:2
30 GeV/c2 WIMP — 0.0706
Total — 333 £ 17
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Spin-independent WIMP-nucleon

e Data consistent with the background-only hypothesis
e 2-sided PLR test statistic with power constraint (-10)
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Spin-independent WIMP-nucleon

e Data consistent with the background-only hypothesis
e 2-sided PLR test statistic with power constraint (-10)
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Not just WIMPsS
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ER band searches: mirror dark NDT- JUSt Wl M PS

matter, ALPs, hidden photons
Phys.Rev.D 104, 092009, 2021
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ER band searches: mirror dark NDT- JUSt Wl M PS

matter, ALPs, hidden photons
Phys.Rev.D 104, 092009, 2021
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ER band searches: mirror dark NDT— JUSt Wl M PS

matter, ALPs, hidden photons
Phys.Rev.D 104, 092009, 2021
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ER band searches: mirror dark NDT- JUSt Wl M PS

matter, ALPs, hidden photons
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ER band searches: mirror dark NO-[ JUSt Wl M PS

matter, ALPs, hidden photons
Phys.Rev.D 104, 092009, 2021
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ER band searches: mirror dark NO-[ JUSt W| M PS

matter, ALPs, hidden photons
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XLZD - a next-generation LXe ohservatory

https://xlzd.orqg

e Consortium of XENON, LUX-ZEPLIN &
DARWIN — MQOU July 2021

e Explore electro-weak parameter space
to neutrino fog in the 2030s
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A broad range of physics with 300+ tonne.years

Dark Matter

* Dark photons
* Axion-like particles
* Planck mass

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

* Inelastic

Sun Neutrino Nature
* pp neutrinos * Neutrinoless
* Solar double beta decay
metallicity ~ |I% #84 « Double electron
* "Be,®B,hep \§ J capture
* Magnetic Moment
Supernova Cosmic Rays
* Early alert » Atmospheric

* Supernova neutrinos neutrinos

* Multi-messenger astrophysics
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In summary:

LZ has released leading WIMP
constraints with 60 live-days
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In summary:

LZ has released leading WIMP
constraints with 60 live-days

Now collecting data towards
1000 live-days — exploring
new parameter space

Watch this space for WIMP
& other BSM searches
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In summary:

e LZ hasreleased leading WIMP
constraints with 60 live-days

e Now collecting data towards
1000 live-days — exploring
new parameter space

e Watch this space for WIMP
& other BSM searches

e Momentum building for XLZD
next-gen LXe observatory
(https://xlzd.org)
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In summary:

e LZ hasreleased leading WIMP
constraints with 60 live-days

e Now collecting data towards
1000 live-days — exploring
new parameter space

e Watch this space for WIMP
& other BSM searches

e Momentum building for XLZD
neXt-gen Lxe Observatory U.S. Department of Energy
(httpSZ//X|Zd.Ol’g) Office of Science
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Backups - SD results
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Spin-dependent WIMP-p(n])

Structure functions from Hoferichter et al [Phys. Rev. D 102, 074018 (2020)]

e Gray band — uncertainty from range of theory models
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