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Dark matter

Evidence for dark matter:
e galaxy rotation curves
e cosmic microwave background
e Bullet cluster collision
e And more
All from gravitational and collective effects.

|

Strongest evidence for beyond standard model

|

Many theoretic candidates with mass range
from 1022 eV to 10 times sun mass.
e Weakly interacting massive particles
(WIMP) — LZ’s main target
e Axion
Many others, see
arXiv:2211.09978
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What is it? In the sense of elementary particle

Indirect Detection
uo11dNpPoUd 33.1Q
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Direct Detection

Rare eventssearch

A 4

Weak interaction
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Direct detection of WIMP

Dark Matter Searches: Past, Present & Future
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Sanford Underground Research Facility (SURF)

LZ at SURF in Lead, South Dakota, USA

Shielded by an overburden of 4300m water-equivalent
Muon flux reduced by O(1076)
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https://Iz.Ibl.gov/
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LZ

60,000 gallons of

/ultrapure water

17T Gd-loaded liquid
scintillator

\:i

120 veto PMTs 494 1L.Xe PMTs

— 7T active LXe target

A

Neutron calibration
conduit (2 total)

|
2T LXe skin veto ,] ‘
l =

131 skin PMTs
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Main detector: the dual-phase time projection chamber

Detector mechanism:
e Prompt scintillation photons— “S1”

Time
p

i e |onization—electroluminescence—

= “S27
e Energy reconstruction from S1/S2
size
Outgoing | o e Position reconstruction from drift
Gaie dbe gt time and PMT hit pattern
|
L S1
LZ specs:
° 1.5 m in diameter and height

Incoming

Particle 7 t active xenon (5.5 fiducial)

[ ]

° 494x 3" PMTs in two arrays

° 4 wire mesh electrodes + Ti field cage for uniform
electric fields

2023-06-28
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LZ for real
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LZ timeline

Cold gas, March 2021
TPC Complete =

PMT arrays arrive
o First
1538 " Xe Fill Result
g Kr Operation
CD3and TDR Underground. Jan-Aug 2021 Aug-Sep 2021
Oct2019 . Science
ectronics Fal
Running!

2020

Circ Test
July 2020

2017 2020 2021 2022
Sealed Up OD Construction
O uctio
March 2020 \\. . 2020-2021 oD Fill
Cryostat o June 2021 Commissioning
arrives 4] ‘ Fall 2021
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First science run (SR1)

T T T T T T T T T T ' T T T T T T I T T
= Before analysis cuts
= = After all analysis cuts

Goal: Demonstrate physics capability of the LZ
detector

Live time (d)

\

Key parameters during this run:
° Data taken starts 23 Dec 2021 g
5.5 t fiducial mass 60—
Drift field: 193 V/cm
Gas extraction field: 7.3 kV/cm at center
174.1 K (at the TPC bottom) and 1.791 bar with <0.2% 40
fluctuation i
Continuously purified at 3.3 t/day through a hot getter system L
° Electron lifetime between 5000 ys and 8000 us, much longer S
than the 951 pus maximum drift time in the TPC 20+

LZ detector reached the expected condition, it was i

. . OIIII...........I«
stable during SR1 o 20 0 60 30 100

Days since start of SR1
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Understand the tool — calibration

° Neutron sources: DD, AmLi,
AmBe, YBe

Photo-neutrons
Lowered via crane through custom

* Injected sources: CH,T, cut-out in the acrylic vessel

83mKr 131 "Xe 220Rn

Calibration Source Deployment (CSD)
3 dedicated source tubes accessed from

e External gamma sources:
57C0 22Na 228Th 54Mn

the top deck
e  Additionally, background (e.g.
alphas and cosmics), used
for: energy scale calibration Internal Sources
and other purposes Introduced into Xe circulation
and carried into TPC
DD Generator

Conduit through side of water tank

—
- ™
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Detector response

L B BN o e L BN IR Powerful tool to remove beta/gamma
background
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Low-energy signal calibration

Yttrium-beryllium
photoneutron source:

‘Be++v — ®Be+n

Q value = -1.667 MeV
Neutron energy: ~152 keV

>
o1

LZ Preliminary P
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log10(S2c¢ [phd]) (electron)

Energy deposited in Inner can !
liquid xenon<4.6keV (@ oo |
s0f “nsort
inse
209 events What we get:
e Demonstrate LZ’s
25| YBe Data itivity to | Tungsten
: —— 1, 2, 30 YBe expectation sensiuvity to low shielding
—— NEST flat NR 90% energy WIMP signals. block
e Ly . |STESHEERS0E e Calibrate the detector
0 20 40 60 80 100 response for 8B solar
Slc[phd] (photon) neutrinos and < 10
YBe expectation based on geant 4.10.3.2 and GeV dark matter.

NEST 2.3.10
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WIMP-search data

WIMP-search events (black points) after all analysis cuts
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Understand the enemy—background inSR1

85Kr, 3"Ar, solar neutrinos

e ' Neutron: same detector !
| : ' response as WIMP! <0.2in
' Radon daughters: ; ' SR1 !
. e Emanate from detector 5 !
| 1 | Source Expected Events  Fit Result ' e . i
! rl—rllatgrtlalb t q : /G:Pb 164 + 35 J = ' Mitigation: |
! [ 12py, . . . . . |
| M?t' t_""r _ °| e lagge : -t A ) . e Passive shielding |
. Wigation: clean, | L o o : . e Active neutron veto: !
! urlflcatlon dlscrlmlnatlon | B decays + Det. ER 215 £ 36 222 £+ 16 I i
P ’ | v ER 271 £ 16 M2+ 16 | measures 89+/-3% !
| | 127Xe 9.2+ 0.8 9.3+0.8 | . . !
I ! 1250 5.0 + 1.4 5.2+ 1.4 ; tagging efficiency .
| ! 1955 15.1 + 2.4 15.2 + 2.4 T
! : 8B CEvNS 0.14 £001  0.15 % 0.01

! ! Accidentals 1.2 £ 0.3 124103

: : Subtotal 273 £ 36 280 £ 16

| ! STAr [0. 288] 52i6:2 8

| ! [ Detector neutrons 0.0+0:2 0.010:2

| ! 30 GeV/c? WIMP - 0.070¢

: ! Total - 333 £ 17

| | | Other leading i

! ! ' backgrounds: ;

PASCOS 2023 HAO CHEN 2023-06-28




First WIMP search result from LZ

10 “e ————r —
| | | e Consistent with a

PR ; background-only hypothesis,

e Setting new limits on
spin-independent
WIMP-nucleon for WIMP
masses above 9 GeV/c?

e arXiv:2207.03764 (accepted
in PRL)

WIMP-nucleon og; [cm?]

® Frequentist, two-sided
10_48 | I 1 Lo 1 I ool 1 [ B A B A prOﬁle-likelihOOd-ratiO (PLR) teSt StatiStiC
! 10° 10° 10 e Power constrained

WIMP Mass [GeV/c?] e Followed conventions of
Eur.Phys.J.C 81 (2021) 10, 907
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The next step of LZ

. . 10_42 5_ T L WL II T T T LI II| T T T T T 17T II ?
e Next science run started, with LZ sensitivity (1000 live days) —Luxaon
: : 0 r0j imit (90% CL one-si — XENON i
real discovery potential ! g 105\ — zlj:e:;;:cltedt@oq CL one-sided) B
e Broad science program: = W +20 expected .
) e —=
o Low-threshold searches £107E =
o  WIMP EFT searches 5 10-5L
o Non-WIMP DM candidates 2 E E
. : 5 10746 -
o Astrophysical neutrinos 3 =
o 0vpp of *Xe £ F
s 10 =
o And more = 0
7 10

d  XLZD: LZ and XENONNT formed

10—48

a consortium to build the ultimate 107 10 100 1000

liquid xenon dark matter detector Phys. Rev. D 101, 052002 WIMP mass [GeV/c’]
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R&D for possible upgrade
HydroX: H or He doped xenon for low mass
detection@LBNL, SLAC and UCSB

& 107% 10" =
109 10° =
& 10 N 101 @
e 10-° §10~2 =
810% 107% 2
g 10740} CRESST-I 104 g
S 10-41 5 COMSLite 10-5 L
% 10742 Superfiuid sDzso?\?y 1078 £
LHe proposal

=107 " e — =T —=%F 1072
x 10+, Sl _— 1025
© e N

0107 .0

0.05 050 5 50
Dark Matter Mass [GeV/c?]

CrystalLiZe: freeze xenon to exclude radon@LBNL

Crystallization ~+  Liquid
o B0 + + Crystal
g 14
< 300f
o~
=)
< 250F =
E 128
B 200 °
£ 2
w
E 150F 1.0 §
A R S
4 § RN - o  100F
= 4 0.8
S sof 9,
Improved Rn removal@SLAC S = oM,
=300 =260 =160 100 200 300

0
Time (hours)
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Summary

LZ is operating and taking high
quality physics data
o  All detectors are performing
well
o Backgrounds are within
expectation
With its first run, LZ has achieved
world-leading WIMP sensitivity
Broad physics program still lies
ahead for LZ
Exciting R&D in progress to
improve xenon dark matter
searches
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Backup
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Data Selection

Single scatter: 1 S1 + 1 S2, one L L A 0 AR A 0 O O
interaction vertex (
S1 & S2 Accidentals Cuts: remove i
events whose S1 or S2 is not consistent 08
with a real event ( shape, timing)
S1 and S2 thresholds:

e S1c>3phdin atleast 3 PMTs, S1c

< 80 phd

e S2>600 phd & S2c < 10000
Fiducial Volume: remove external & wall
backgrounds
Skin & OD Vetoes: remove events with
corresponding signal in veto detector .
Data quality: Muon holdoff, T T o T o T
electron/photon train holdoff, hot spot 0 10 20 30 40 50 60 20

exclusion, etc. Recoil Energy [keV ]

- Trigger

+ 81 threshold
+ 8S & data analysis cuts
+ ROI

ol
(=)

b
=
T

Efficiency

50% efficiency:
5.5 keV,,

=
)

[ i1 | koo e I
- 6 8 10
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OUTLINE

Dark matter search and LZ experiment
LZ experiment

Results from the first science run
Outlook

PASCOS 2023 HAO CHEN 2023-06-28
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Background in LZ

10°

E
e Dissolved beta emitters: 2'*Pb (*?2Rn L owE
daughter), 2'2Pb (*°Rn daughter), 8Kr, 4
136X e (2 beta) y YFE
e Dissolved e-captures (monoenergetic > - -
x-ray/Auger cascades): '*’Xe, 12*Xe (2 “y
e-capture), *’Ar S 1 Ar
e lLong-lived gamma emitters in detector g
materials: 238U chain, 232Th chain, 4°K, 8°Co ~ 1 ET;":‘-::JJ
e Neutron emission from spontaneous : : “‘xl L.
fission and (a,n) s 3;2 [#l
e Solar neutrinos: 8B (NR), pp (ER) 5z 5% % { ; Hw }bqfﬂﬂ §
e Accidental coincidences. 'Ego §§ ﬁﬂ{'ﬂf}ﬂ #r-*-.* H* *ﬂ Mﬁvﬂ #‘H {*HM%
100 200 300 400 500 600 700
Reconstructed Energy [keV_ ]
Background model
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First Science Run (SR1)

Goal: Demonstrate physics capability of the LZ
detector

Key parameters during this run:

PASCOS 2023

Data taken between 23 Dec 2021 to 11 May
2022—60 live days for WIMP search

5.5 t fiducial mass

Drift field: 193 V/cm

Gas extraction field: 7.3 kV/cm at center
174.1 K (at the TPC bottom) and 1.791 bar
with <0.2% fluctuation

Continuously purified at 3.3 t/day through a
hot getter system

electron lifetime between 5000 us and 8000
Ms, much longer than the 951 ps maximum
drift time in the TPC

HAO CHEN

Live time (d)

60

40

20

(o]
o
T

- T T T T T
= Before analysis cuts

| == Afterall analysis cuts

|

80

2023-06-28

| 100 -
Days since start of SR1
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Beat the enemy—Background mitigation

e Cleaning:
o rigorous program of cleanliness

management
o  Xenon circulation and purification
e Shielding:

o Underground operation
o  Water tank for shielding
o liquid xenon self-shielding
e \eto system
o  Liquid xenon skin: gamma
o OD (gadolinium-loaded liquid scintillator
(GdLS) : neutron
e Event selection:
o 3D position reconstruction —
background-light fiducial volume
o  Electronic/nuclear recoil discrimination
o Various analysis cuts

PASCOS 2023 HAO CHEN 2023-06-28




Understand the tool — Calibration

e DD neutron generator: 2.45
MeV neutrons, collimated,

used for: NR band, trigger “
efficiency, S1 cut acceptance Photo-neutrons |
I

e  Ame-Li: continuum neutrons, Lowered via crane through custom

isotropic, used for: Outer cut-out in the acrylic vessel
Detector (OD),
neutron-tagging efficiency, S2
cut acceptance

e  CH,T: continuum betas up to
18.6 keV, used for: ER band,
fiducial volume, S1 cut
acceptance

e MKy monoenergetic ERs,
32.1 and 9.4 keV, used for:
energy scale, xy spatial
corrections

e 13ImXe: monoenergetic ER,
164 keV, used for: energy
scale, electron lifetime

e  Additional background | = [EAEEAL - - - o
sources (e.g. alphas and
cosmics), used for: energy
scale, electron lifetime

Calibration Source Deployment (CSD)
3 dedicated source tubes accessed from

the top deck

Internal Sources
Introduced into Xe circulation
and carried into TPC

DD Generator
Conduit through side of water tank
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Background in SR1

Radon daughters: 2'*Pb,

219 : Accidentals: Unrelated S1s & S2s Neutron: same detector
hardeioflta:gbeand in low energy, can accidentally combine to produce response as WIMP! <0.2 in
Mitigation: clean, purification single scatter events. SR
Analysis cuts developed to combat Mitigation:
observed pulse/event pathologies e Passive shielding
e >99.5% efficiency in removing e Active OD veto:
accidentals measures 89+-3%
e SR1 WIMP search counts: 1.2 £ tagging efficiency
0.3 Other leading
backgrounds:
Definite Accidental 85Kr7 37Ar’ solar neutrinos

l e a
<

Max. Drift Time

Event

S2

y

Time
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Detector response

_I TH I LU I LI I I TT ISP LT I TT 11T 1T rrrrr I Trrrrrrrrrrr I TIrrrrrrr 0
140 -2 i
- BmKr: 41.5keV B~ 2VBi: 609 keV L :
1251, 673 ke¥ 26c: 011 key 120 1200
D~ 1BImxe: 164 keV D~ 99Co: 1173 keV L |
600 D~ ?7Xe: 208 keV ~- 59Co: 1332 keV B
\89@ B~ 7Xe:235keV D~ 1OK: 1460 keV 1007s )
o) B mxe: 276 keV P~ 21Bi: 1764 keV - o® 7 3
— S D~ 7Xe:380 keV D~ 24Bi: 2204 keV = g0k =400 o
E 500 B 7Xe: 408 keV P~ 208TI: 2614.5 keV g o §
5 = e ~
<= 60 A o=
S > r 21600 ‘£
= L E A
= 100 = 40+ 4
g = i !
£ o C
S Z 20 {800
Q
@30 g =0.114 + 0.002 phd/ph . N ; aak .
2 = 47.1 i 1.1 hd e— bI i I 1111 I 111111 I T ] I | T l bl bl Ll Lk I Ll b Ll L 1000
& phd/ 0 20% 30 407 502 60? 70°
200 (ﬂ) - (&) — (g) (ﬂ) Reconstructed 2 [cm?]
E w’) ~\E/\g,
=5 =5 0 o =5 == == ® Eventssurviving all selections

(Sic)/E [phd/keV] % Skin-prompt-tagged events

O OD-prompt-tagged events

PASCOS 2023 HAO CHEN 2023-06-28 28




