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Bullet cluster

Colliding clusters of
galaxies

X-rays reveal location
of hot baryonic gas

Gravitational lensing
reveals distribution of
mass, showing it is
coincident with
collisionless galaxies

Majority of matter is
collisionless


https://chandra.harvard.edu/resources/illustrations/blackholes.html
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Collider production

Detecting particle dark matter

Direct detection
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models

Possibilities for particle dark matter

Gravitational interactions —> massive (particle)
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Weakly interacting massive
particles (WIMPs)

Dark matter freeze-out
Moy ~ 100 GeV
(o,v) ~ weak-scale

Supersymmetry provides candidates

Currently viable GeV-TeV dark
matter models
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https://arxiv.org/pdf/2203.08084.pdf
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Dark matter scattering rate

A? enhancement from coherent
interaction with nucleus

— Use xenon

0 10

20
Energy Threshold [keV]

30

40

Coherent nuclear scattering rate ~
o A? Fg?

Spin-dependent scattering rate ~
(J+1)/J (ap(Sp)+an(Sn>) FSD2

Current best limits at
o, N~1O'47 cm? for m ~ 100 GeV

Looking for just a few events per
tonne per year!

— Large detector

— Low threshold

— Low background rate
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Xenon xenon -

X 130,128 126
Many isotopes inc '%°Xe & 3'Xe (26.4% & e 136\
21.2%) with unpaired neutrons and '*¢Xe, 54 134

a candidate for Ovgp

132

131
Few problematic radio-isotopes 129
131.293(6)
Boils at cryogenic temperatures (~ -110 C)
Dense (~3 g/cm?) @ — @ N, =N, *rNg,
Inert / Irecombination (r)
@ =@6 Ne=(1_r)Nion

Scintillates \
thermal excitations 11
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Layered detector

Tank
- High purity (HP) water

Outer detector (OD)
- Gadolinium loaded liquid scintillator
(Gd-LS)
- 120x 8" PMTs

Skin
- 2 Tliquid xenon
- 93x 17 and 38x 2” PMTs

Liquid-gas Xe time projection chamber (TPC)
- 7 Tliquid xenon
- 494 3" PMTs
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Lined with PTFE (skin) or
tyvek (OD) to maximize
light collection

~8/2.2 MeV of y-rays from
thermal neutron capture
on °Gd/H

88+0.7% neutron tagging
efficiency

5% livetime reduction

Veto detectors

WIiMP

LXe TPC




Before vetoing

Veto detectors

Simulated single-scatter nuclear recoils in region of
interest relevant to a 40 GeV WIMP, 6-30 keV
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TPC design

1.5 m dia x 1.5 m height
PTFE everywhere for light collection
7 T active LXe (5.5 T fiducial)

4x wire-grid electrodes
- By =190 Vicm
- ER/NR discrimination = 99.9%
- E 1T kV/cm

ext,ga .
- Extraction efficiency = 80.5%

“----—---—--——————-@aB----—-—---#1

Liquid level

<— Field cage

=~ <— Reverse-field region

Bottom PMT array

Vapor

Liquid
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X,Y calculated from localized S2
light pattern in top photomultiplier
tubes (PMTs)

« O
Delayed electroluminescence (S2) a c>%
' Outgoing
. particle
Prompt scintillation (§1) ———§= :
; -
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Liquid-gas xenon (LXe)
time projection chamber (TPC)
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Xenon is dense, ~ 3 g/cm?®

Short neutron/y attenuation length (~few cm for
y) compared to size of LZTPC (1.5 mx 1.5 m)

Reject events from the high-background rate
regions near the edge of the TPC

Reject multiple scatters
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Electron/nuclear recoil discrimination
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Timeline: Design—Construction—Operation

CD3 and TDR,
March 2017

Cold gas, March 2021

TPC Complete,
Aug 2019

Began

designing PMT arrays arrive
detector Dec 2018, Jan 2019
2012 ,

Xe Fill

D

Undergrund, v
Oct 2019

Aug-Sep .
2021 Science

Electroni Running!
all 2020

£ Circ Test
July 2020
2020

Sealed Up 2021
March 2029 OD Construction

2012 2017 2018

. . OD Fill
[ Winter 2020-2021 June 2021 Commissioning
Cryostat } I Fall 2021
arrives,
May 2018 Spring 2018
FFR o
Assembly . 21

Dec 2018



Construction of
electric-field grids

Critical to achieve desired electrostatic
parameters for high ER/NR discrimination
and ~uniform electron extraction efficiency

At SLAC, woven in custom loom,
precise tensioning of wires, limit
deflection of wires in electric field

Citric acid passivation of the gate to
mitigate field induced emission of
electrons that limits fields we can
apply in extraction region



TPC
construction
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Surface level at SURF

Class 100 (ISO 5)
cleanroom with radon
reduction, < 4 mBg/m?3
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Installing OD
’ s




p. Wy i d Acrylic vessel holding

- £ 2N, ] / N\ 17 tonnes of RN .
P 4 / gadolinium loaded N\ 1
\ / ‘liquid scintillator , RN
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Background mitigation

Material screening: HPGe, ICP-MS, NAA, radon
emanation (arXiv:2006.02506)

Gas chromatograph to remove 8°Kr beta decay,
reduced to 0.1 ppt g/g "®'Kr/Xe (TDR, CDR)

Adsorption of xenon gas on charcoal for Rn removal

Clean assembly:

Rn reduce
cleanroom

Deionizing fans
Nitrogen purge

components in
storage



https://arxiv.org/abs/2006.02506
https://arxiv.org/abs/1703.09144
https://arxiv.org/abs/2102.02032
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Noble Element Simulation Technique
(NEST) to model detector response

CH,T to validate accuracy of ER
/ leakage model to 4¢

- ER/NR mean
--10 & 90% contours

Light gain g1: 0.114 £ 0.002 phd
Charge gain g2: 47.1 £ 1.1 phd
Single electron size: 58.5 phd
Extraction efficiency: 80.5%

99.9% rejection of ERs below the
median of a 40 GeV WIMP
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Source Expected Events
B decays + Det. ER 218 + 36
v ER 2734 1.6
22%e 9.2 + 0.8
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*B CEvNS 0.15 £ 0.01
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Fit res

ults
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v ER 27.3 + 1.6 273+ 1.6 i
127%e 9.2 + 0.8 9.3 + 0.8 425
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Fit results

TAr ()
Source Expected Events Best Fit
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WIMP-nucleon og; [cm?]

WIMP sensitivity

"48 II 1 1 1 1 1 L1 Il 1 1 1 1 1 L1 II 1 1 L 1 L L1l
10 - ,_
10’ 10° 10° 10"

WIMP Mass [GeV/c?]

90% CL upper limit on WIMP-nucleon
0, is 5.9 x 10*® cm? at 30 GeV

Frequentist, two-sided
profile-likelihood-ratio (PLR) test
statistic

Signal rate must be non-negative
90% confidence bands

Power constraint at T = 0.32
No salting or blinding
Recommended conventions for

reporting results from direct dark
matter searches (arXiv:2105.00599)
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https://arxiv.org/abs/2105.00599

Downward fluctuation
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Next steps for LZ

First science run complete

Ultimate goal to accumulate 1000 livedays

Continue producing science results with existing data

Look further into the future
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Memorandum of Understanding
between members of

XENON, LUX-ZEPLIN, and DARWIN (XLZD)
towards a next generation liquid xenon experiment

More than 100 senior scientists from 16 countries signed MoU on July 6, 2021

z @

LUX-ZEPLIN DARWIN

Currently operating with 10 tonnes of Leading many R&D projects designing a

liquid Xenon at SURF in South Dakota future 50 tonnes liquid Xenon detector
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Memorandum of Understanding
between members of

XENON, LUX-ZEPLIN, and DARWIN (XLZD)
towards a next generation liquid xenon experiment

Website: https://xlzd.org/

==3===5

XENON
DARWIN
LUX-ZEPLIN




Science with liquid xenon

White paper released (arXiv:2203.02309)
(particular thanks to Rafael Lang, Purdue)

~600 authors from 146 institutes

Details the breadth of physics enabled by
a next-generation xenon observatory

arXiv:2203.02309v1 [physics.ins-det] 4 Mar 2022

A Next-Generation Liquid Xenon Observatory for Dark Matter and Neutrino Physics

J. Aalbers,2 K. Abe,** V. Aerne,® F. Agostini,® S. Ahmed Maouloud,” D.S. Akerib,"2 D.Yu. Akimov,® J. Akshat,?
AX. Al Musalhi,' F. Alder,'! S.K. Alsum,'? L. Althueser,' C.S. Amarasinghe,'# F.D. Amaro,'> A. Ames,"2
T.J. Anderson,"2 B. Andrieu,” N. Angelides,'® E. Angelino,'” J. Angevaare,'8 V.C. Antochi,' D. Antén Martin,?
B. Antunovic,?"'?? E. Aprile,?® H.M. Arajo,'® J.E. Armstrong,* F. Arneodo,® M. Arthurs,'* P. Asadi,?®
S. Baek,” X. Bai,® D. Bajpai,?? A. Baker,'® J. Balajthy, 30 S. Balashov,*! M. Balzer,?? A. Bandyopadhyay,”

J. Bang,** E. Barberio,*> J.W. Bargemann,* L. Baudis,’ D. Bauer,'® D. Baur,*” A. Baxter,*® A.L. Baxter,’

M. Bazyk,* K. Beattie, " J. Behrens,*! N.F. Bell% L. Bellagamba,® P. Bel 42 M. Benabderrah 25
E.P. Bernard,*> %0 G.F. Bertone,'8 P. Bhattacharjee,*! A. Bhatti, 2 A. Biekert,* % T.P. Biesiadzinski,":2
AR. Binau,” R. Biondi,** Y. Biondi,® H.J. Birch,' F. Bishara,*6 A. Bismark,® C. Blanco,* 19 G.M. Blockinger,*s
E. Bodnia,*® C. Boehm,*® A.L Bolozdynya,® P.D. Bolton,'! S. Bottaro, 50,51 @} Buurgeois,52 B. Boxer,* P. ans,SJ
A. Breskin,* P.A. Breur,"® C.A.J. Brew,” J. Brod,’® E. Brookes,' A. Brown,”” E. Brown,’ S. Bruenner,"

G. Bruno,* R. Budnik,* T.K. Bui,* S. Burdin,® S. Buse,5 J.K. Busenitz,?® D. Buttazzo,”! M. Buuck,!2
A. Buzilutskov,¥":5 R. Cabrita,®* C. Cai,® D. Cai,® C. Capelli® JM.R. Cardoso,'® M.C. Carmona-Benitez,%
M. Cascella,'’ R. Catena,” S. Chakraborty,”? C. Chan,* S. Chang,* A. Chauvin,* A. Chawla,* H. Chen,*
V. Chepel,%¥ N.L Chott,?® D. Cichon,® A. Cimental Chavez,® B. Cimmino,%” M. Clark,’ R.T. Co,% A.P. Coll_]n
J. Conrad,'® M.V. Converse,%? M. Costa,’*®! A. Cottle,'®™ G. Cox,” O. Creaner,” J.J. Cuenca Garcia, !

J.P. Cussonneau,*® J.E. Cutter,** C.E. Dahl,”™ V. D’Andrea,”® A. David,"' M.P. Decowski,' J.B. Dent,™
F.F. Deppisch,!! L. de Viveiros,®® P. Di Gangi,® A. Di Giovanni,?> S. Di Pede,'8 J. Dierle,3” S. Diglio,?*
J.E.Y. Dobson,!'! M. Doerenkamp,** D. Douillet,”> G. Drexlin,” E. Druszkiewicz,% D. Dunsky,* K. Eitel,*!

A. Elykov,%” T. Emken,"® R. Engel,*! S.R. Eriksen,™ M. Fairbairn,”” A. Fan,":? J.J. Fan,* S.J. Farrell,™
S. Fayer,'® N.M. Fearon,'® A. Ferella,” C. Ferrari,’> A. Fieguth,'® A. Fieguth,” S. Fiorucci,*® H. Fischer,’”

H. Flaecher,”® M. Flierman,'® T. Florek,® R. Foot,*® P.J. Fox,” R. Franceschini,* E.D. Fraser,*® C.S. Frenk,®!
S. Frohlich,*? T. Fruth,'" W. Fulgione,*> C. Fuselli,'® P. Gaemers,'® R. Gaior,” R.J. Gaitskell,** M. Galloway,’
F. Gao,* 1. Garcia Garcia,% J. Genovesi,® C. Ghag,'! S. Ghosh,** E. Gibson,'® W. Gil,*! D. Giovagnoli,** 84
F. Girard,” R. Glade-Beucke,3" F. Gliick,*! S. Gokhale,* A.de Gouvéa,™ L. Graf,%6 L. Grandi,®® J. Grigat,*"
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M. Horn,% J. Howlett,?® D.Q. Huang,'* Y. Huang,*® D. Hunt,'® M. Iacovacci,*” G. laquaniello,’ R. Ide,*®
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Massive
— 50-100 tonnes

Yet compact
— 2-4m height x diameter

Science

Dark Matter

WIMPs

* Dark photons
* Axion-like particles
* Planck mass

Sun

* pp neutrinos

* Solar
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Supernova

* Early alert
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* Spin-dependent
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capture
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Detector and siting
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Considering 5 underground sites

Detector size requires significant space for
underground fabrication

41



Backgrounds

Goal is to be dominated by
neutrino backgrounds

222Rn challenging but there
is R&D to fix it

8Kr purity levels sufficient
for next generation
achieved

Self-shielding from y-ray
and neutron backgrounds

ER Background [evts x (t d keV)'']

10

4

[am—y
S
w

[
S

—
=)

[}

[—y

o
=

e
<

[
=

(3%

w

arXiv:2203.02309

Target Mass [t]

E

- @XENONI0

—— @ZEPLIN-III

E

= @XENON100

- oLUX

= ePandaX-II

s XENONIT PandaX-4T

I @ D

= XENONNT

= "n

- LZ

E solar neutrinos (pp, "Be) DARWIN / G3
- ==
'_ll 1 1 l[lllll L L IIllllI L 1 IIllIlI 1 1 | . A it |

102 107! 1 10

42



https://arxiv.org/abs/2203.02309

Solutions for Rn removal
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Two collaborations—two solutions to every problem
LZ uses adsorption of xenon gas on charcoal

XENONNT uses cryogenic distillation enhanced for
radon removal (arXiv2205.11492) 43
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Evolution of sensitivity
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10—44
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- Massive Particles
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g L0-47 Spin independent interactions
Ay 10748
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% Estimated neutrino fog Chase WIMPs to the neutrino floor!

102 103
WIMP mass [GeV/c?]

Solar neutrino electron scattering
8B, HEP, diffuse supernovae, atmospheric coherent neutrino-nucleus scattering

136Xe double beta decay i
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Summary

LZ is operating and taking high quality physics data
a. All detectors are performing well
b. Backgrounds are within expectation

With its first run, LZ has achieved world-leading WIMP sensitivity
Broad physics program still lies ahead for LZ

The xenon community is uniting into the XLZD Consortium to build the
ultimate xenon rare event observatory
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maximum deposited energy
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Event rate above threshold (ton! yr_l)

Astrophysical neutrinos

8B solar neutrinos
— ready for supernova neutrinos
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Rate [events -t=1-yr=1.kev~1]
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136X e neutrinoless
double beta decay

p-ray backgrounds from detector
components and external environment
o 2987|2614 keV — impact strongly
mitaged by 1% o/E
o 21%Bj 2447 keV — impact mitigated
by self shielding of larger detector

137Xe from neutron capture and
cosmogenic activation
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Events / bin width

Fit results
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Doke Plot - energy

calibration
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3TAr
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Livetime

60 live days exposure after cuts collected over
the beginning of 2022

The cuts form high rates of photons and
electrons following larger S2 signals is dominant

: — Bcforc analysis cuts
== Afler all analysis cuts

Live time (d)
]
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Days since start of SR1

Hotspot cut 3.1
Muon event veto | 0.2
Electron train 29.8
High S1 rates 0.2
Undetected 0.5
muons

Electronics noise | <0.001
Veto cuts 5
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BaCkg roun d S Mono-energetic spectra

dissolved electron captures

~Flat energy spectra 37Ar (activation)
within ROI

Dissolved radiogenic contaminants
e 21%Ph(222Rn daughter) 124%e (double e-capture)
e 212pp (220Rn daughter)
o BKr

136Xe (2vpp)

ER backgrounds
Dominated by
e ’Be 214pp and 3’ Ar

e N Expected in ROI:

Solar neutrinos (ER)
¢ DpPp

ER: 276 + [0, 291] for 37Ar
NR: 0.15




Next for LZ

LZ plans to take 1000 live days of data (x17 more exposure):

Extending the reach: S2-only, Migdal effect, EFT

Non-WIMP DM candidates

Astrophysical neutrinos: 8B CEVNS, solar-pp, supernova, and more
Rare decays: Ovf3f3 of 136Xe, 2v/s and Ovpp of 134Xe, and more
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First science run

e Goals:
1. Demonstrate physics capabilities
of the detector (not blinded)

2. Perform competitively with other °F Vo e
similar experiments af ; | 0890 2
1 1 . w L I I J t
e Key information: 8.5 i 1 Josrs
1. Livetime 60 days (Data from 23rd Dec 2 { | :M | <
2021 to 12th May 2022) :é 6;— i :i —o.ssoé
2. PMTs: >97% operational throughout run = ¢ i 1 1 e
3. Liquid temperature: 174.1 K (0.02%) %5;‘ :*:'N* p < 3 N:i - -
4. Gas pressure: 1.791 bar(a) (0.2%) o af 1SS 2 25! E%li S o800
5.  Gas circulation: 3.3t/day :Eg 2 §§ : E:%:i 2 _0.7505
6. Dirift field: 193 V/cm (32 kV cathode, L :“’“N’ - -1 "’2:; = E
uniform to 4% in fiducial volume) 122021 012022 022022 032022 042022 062022

7.  Extraction field: 7.3 kV/cm in gas
(8 kV gate-anode AV)
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Calibrations

« Many sources:

. 8MKr: monoenergetic ERs, 32.1 keV and 9.4 keV

. ¥mXe: monoenergetic ER, 164 keV

«  CH,T (tritium): beta spectrum - Q-value: 18.6 keV

. Deuterium-deuterium (DD): triggered 2.45 MeV neutrons
. Activation lines

. AmLi: continuum neutrons, isotropic

. Alphas

. And more (?*°Rn, YBe, 2°°Cf, ?°Na, ??8Th, etc)

e Some uses:

o  Tune the position reconstruction algorithm in horizontal plane
o Flat fielding of S1 and S2 signals

o  Energy reconstruction and detector response

o Measure efficiencies

| o Light gain g1: 0.114 £ 0.002 |
| phd/photon :
: o Charge gaing2: 47.1 £ 1.1 i
i phd/electron :
i o Single electron size: 58.5 phd :
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