% University of
|4 BRISTOL
UNIVERSITY OF

o MICHIGAN

First Result of the
LZ Dark Matter Experiment

Sam Eriksen

TeVPA 2022
11™ August 2022




WIMP Detection Principle with LZ

Incoming
particle

Sam Eriksen

Outgoing

particle
———

® Direct detection of dark matter via nuclear recoils

¢ Scintillation and charge signals

® 3D event reconstruction
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Calibration Source Deployment Tubes (3 Total)

60,000 gallons of

17T Gd-loaded ultrapure water

liquid scintillator

120 Outer

Detector PMTs \ 494 LXe PMTs

7T Active
LXe Target

VAR

Skin Veto
N Neutron Calibration

Conduit (2 total)

131 Skin
PMTs
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® Large Detector

¢® l15mdiameterx 1.5m
height

® 7 tonnes active Liquid
Xenon

® High Light Collection
Efficiency
® 253x 3"PMTs fortop array
¢ 241x 3"PMTs forbottom

array
®* PTFE everywhere
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LZ Vetoes i

® 2tonnesLXe

93x1” and 38x2” PMTs
® Anti-coincidence for y-ray

® 17 tonnes Gd-loaded
scintillator
1208” PMTs
anti-coincidence for
neutrons and y-ray
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LZ timeline

Spring 2019
Gid Construction

October 2019

June 2021
Moved Underground

Autumn 2020 oD Fill
Electronics
Installation

March 2017

August 2021
CD3 and TDR

Xenon Fill

December 2018
FFR Assembly

2017

2022
Science!

August 2019
TPC Complete

,mLHiml !

March 2020
HV connected

Early 2021
OD Complete

Autumn 2021
Commissioning

December 2018
January 2019 P
PMT arrays arrive k

2021
Kr Removal
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2 Science Run 1 (SR1)

Goals for SR1 or o : ™
. o 8:_ ! E ' -10.890
1. Demonstrate physics capability _ T : : il |
2. Demonstrate competitive Eqf | ; I 0.875
sensitivity o f | | :H—H _
3 6F [ i I
% I i li i0.850
Esb i 1
T T |':§ g S Q1 § ]
Key Info; 2.t :gﬁ = £5! E%: 2 o800
: r i I = d i =1 B2 ]
* 116 Calendgr QIays_, 60 live days 5 lEé = E5 | = 5| = To.750
® Electron drift live time 5-8ms 3¢ :“’N © © mg:: © 0700
® Stable detector conditions: 122021 012022 022022 032022 042022 052022
® Liquid temperature 174.1K (0.02%) _ _
® Gas circulation at 3.3t/day Englneerlng run
* Driftfield: 193 V/cm (32kV cathode) ® Not blinded or salted
® Data cuts developed on calibrations and
outside WIMP region
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TPC Calibrations

Injected tritiated methane 4_50—| LN B S S B B B L L B L B B B I(l UL ll:ﬁll | IR N R B
B 09 0 /\L‘ : 2. I\U 4 T

® Source of B ERs - o {\5 ke Var, e, o e
® 0-18.6keV S Tritiumdata (ER) ) - i daaelet I G
- R e i (O SOP T X PO 1D P X,

B SINCRTINE Ly, e o vt Yoy L o AL 2 L

400k . RSO TEREE E E T T

% - :."..._3;-_."3 ey 5 S 3‘.:&:'1.“? : . ﬁ_ ,. :- - g

. . - v ¥5 % LR dag » *e < 4

External Deuterium-deuterium (DD) = 375 (AR ; E
® Monoenergetic 2.45MeV S [k ‘ ]
° 9 n B i
Up to 10° neutrons per second 23501 3

OD -

2 C ]

3.25-% .

Tuning detector response model Pt ]
®* Noble Element Simulation 3.00 '—,/i, | ]
. 1 i r, 0.9 keVe 2.9 keVee 5.1 keV 7.4 keV ]
Technlque (NESTV2'3'7) L 5keVy, 15 keVy, 25 keVy, 35 keV,, ]

_ 2 U NI 1Y VRO - I 1 T MR | (e L AP
g1 = 0.114 £ 0.002 phd/photon 2.75, 0 0 30 20 50 p 20 20

g> = 47.1 + 1.1 phd/electron Sle [phd]

® 80.5% extraction efficiency
1 NEST: https://nest.physics.ucdavis.edu/
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https://nest.physics.ucdavis.edu/

&3 Backgrounds

ER backgrounds

450 LN T T T T T T T T T T T T T
e Sk Bdkey Dissolved B-emitters
4.25F Blev, 1 * Dissolved EC
I ® vy emitters
_400F ® Solar Neutrinos
&)
B35k
s NR backgrounds
Z3.50F | ® Neutrons from (a,n) and
g Fu spontaneous fission
— r
32501 ® ®B solar CEVNS
b
3.00F 8 700 ey ooy A :
2 | Do Bt b Rl Accidentals
2.7571 1 1 l‘ I L -LI L I 1 1 ] 1 l ln-l 1 1 I Il L‘ 1 L ;Ll L 1 1 l I_ _l 1 |‘.II 1 1 1 1 . Coincident Sl and SZS
0 10 20 3 40 50 60 70 80
Sle [phd]
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Backgrounds

4-50_""|“"|""|""|‘_‘“|";'|""|"“_
i . 9.8 ke 00 ke Bdkev, ] Source Expected Events
4251 >kev, - 3 decays + Det. ER 218 + 36
i 1 v ER 273 £ 1.6
CA00F ] 127X e 9.2 + 0.8
F’E‘ ................................................... : 124X_e 5‘0 :I: 14
&, 3.750 0 N\ DT S e - 136X e 15.2 +£ 2.4
S F e e ] *B CEvNS 0.15 £+ 0.01
@03‘50'_ !',/; B Accidentals 1.2 + 0.3
5 P : Subtotal 276 £ 36
T35k . STAr [0, 291]
C ::’I 1 Detector neutrons 0.079-2
3.00F .:”. 0.9 keV 2.9keVe, 5.1keVee 7.4 keV . 30 GeV/CE WIMP -
E e skev,, 15 keV,, 25 keV,, 35 keV,, ] Total -
2 7571 o e b e b b o b by 1
0 10 20 30 40 50 60 70 80
Sle [phd]
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Radon Backgrounds

Rn-222
(3.82 d)

a
(5.6 I‘ieV)

Po-218
(3.1 m)

a
(6.1 r\leV)

Pb-214
(27 m)

Naked B is the main WIMP background

Po-214 Po-210
B (164 ps) B (138 day)
Bi-214 a Bi-210 a
(20 min) (7.8 MeV) (5 day) (5.4 MeV)
B Pb-210 | © Pb-206
(22.3y) (stable)
Isotope (decay) Activity (uBg/kg)
Rn-222 (a) 4.37 + 0.31 (stat)
Po0-218 (a) 451 + 0.32 (stat)
Po-214 (a) 2.56 + 0.21 (stat)

Counts

Rate constrained by:
® «atagging
® Spectral fit

T T T T T T T T T T T

10* £ =

F Rn-222 Po-218 E

10° b Po-214 _

E Po-210 {9 ;

102 Pon E

op ioE iR A L : f' 3
- Sl :

30000 40000 50000 60000 70000 80000

Corrected-S1 Area [phd]
Sam Eriksen 11 August 2022 11



Internal Backgrounds

® Activated Xenon and other
contaminants

® Rates informed via spectra fits
above ROI

Isotope (decay) Activity (uBq/kg)
Rn-222 (a) 4.37 +0.31 (stat)
Po-218 (a) 451 +0.32 (stat)
Pb-214 (B) 3.26 £ 0.13 (stat) £ 0.57 (sys)
Po-214(a) 2.56 £ 0.21 (stat)
Sam Eriksen

+Data [JModel

10°
= e 1125 -+« Kr85 s Pb212 Pb214
10° &~ SolarER Xe125 - Xel27 Xe129m
~ - Xe131m - Xe133 - Xe136
g10te
= =
> E
x —
o108 =
o E
E L
=10 &
w —
=
ik}
& 10

s -
T "-If [T |

= m e e e T T T S

;. beea o 7 r..:.:'-—:.‘!:l-.?- "Famara, |I..-,...“'h.
=
o

LT L
" na

re
'-...-':
L]

Lo bt e

III.I]ﬁI-FI'r-II|IIII|Illllllllllf.'llllllll

0

—

11 August 2022

200 250 300 350 400 450 500
Reconstructed Energy [keVee]

12



Electron capture *1*Pb
® Monoenergetic 2.8 keV ER Al T i
° _Ii =

35 d half-life 2 40| |
. . o

Naturally occurs in atmosphere £ 35t 1
® Also by cosmic spallation of natural Xenon & 'Y 40 GeV/c® 51 WIMP

E 30 B .
[ 8B CELNS

=1L 1 1 1 1 1 I 1
_d8E 230 10 20 30 40 50 60 70 80
on
:\% b S1. [phd]
EN: ® Activity constrained based on Xe
£ -l delivery schedule to SURF
S
g | Individual batch S
5 10 F —— Average activity, 100% removal _

- = Average activity, 0% removal ~100 events expected in SR1
=] 1 1 1 1 I i 1 1 1
107 e T with a large uncertainty

Sam Eriksen

Time since last delivery [day]

1LZ Collaboration, Phys. Rev. D 105, 082004 (2022), 2022.02858
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https://arxiv.org/abs/2201.02858

| Cuts and Data Quality

Cut development 10— i !
® Non-WIMP ROI jf
® Calibration data 05l —— Trigger i
L + S1 threshold
Event Selection I ——— + SS & data analysis cuts
® Single Scatter > 0.6 — 20
® Fiducial Volume g I S ——
® Region-of-Interest = 0.4l ’
® S1/S2 shape cuts |
® Veto detector anti-coincidence _ 50% efficiency:
0! 53 keVy, E
Rejection of livetime = ]
® When detector was unstable 0.0 2 4 6 8 10
® High TPC rates ) S T S R R
0 10 20 30 40 50 60 70
Recoil Energy [keV ]
60.3+£1.2 live days
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z Fiducial Volume

Region of Interest

® 3 < S1c <80 photons detected
® three-fold PMT coincidence

® S2>600 phd

® Logl0(S2c)<5

Fiducial Volume

® Radial cut for <0.01 wall BGs
® 86 us < drift < 936.5 us

® wall BGs negligible

® 5.5+0.2 tonnes

Key
@ Events surviving all selections
X Skin-prompt-tagged events
O OD-prompt-tagged events

Sam Eriksen
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¢ 335events

® PDFs created via energy
deposit and detector
response simulations

® Profile Likelihood Ratio
analysis

Sam Eriksen
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Best fitis with zero WIMP events

Solar v ER — 177Xe Sys. rate unc.
;:E’Xe — 3 Dgcays & Det. ER Sys. & stat. rate unc.
Source Expected Events Best Fit 124/;;@ — ?jf;f‘ E;;fgsmund * b
g decays + Det. ER 218 4+ 36 222 + 16 2B
v ER 273 +£ 1.6 273+ 1.6 F 1
127x ¢ 9.2 + 0.8 9.3 + 0.8 f
1Xe 5.0 + 1.4 5.2 + 1.4 .
130X e 15.2 + 2.4 15.3 £ 2.4 £ ok
*B CEvNS 0.15 + 0.01 0.15+0.01 3T |
Accidentals 1.2 £ 0.3 1.2 £ 0.3 > r
Subtotal 276 + 36 B81+16 5 |
STAr [0, 291] 52.1725 = 0k
Detector neutrons 0.070-2 0.0102 -
30 GeV /c* WIMP - 0.079° !
Total — 333 + 17 I
-1 \d b bl b b b b il b b L WIS

o 1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17
Reconstructed Energy [keV .. ]
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SR1 Limit

10
® 90% CL upper limit on WIMP-
nucleon ag; at 5.9 x 10~ *8¢cm? .
NE ]0—'15:
® Frequentist, two-sided profile- g :
likelihood-ratio (PLR) test _% 10
statistic = -
%L Lo\ e
= 107 ¢ 4
Key E
—— Observed limit TR e
. . 10 10” 10 10
- == Median expected sensitivity WIMP Mass [GeV/c?]
Reporting Conventions: EPJC 81, 907 (2021)
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https://link.springer.com/article/10.1140/epjc/s10052-021-09655-y

SR1 Limit

Spin-dependent WIMP-neutron scattering Spin-dependent WIMP-proton scattering
-37
T — T 107 P
107 =
%a 10°%° - 5
] <Y
g 1 =
g | £
= 41
g 10 E 3 ‘CI—L
] (a1
% “““““ ] -
Z 0" = =
—'13_.I L ool L ool | 41 1 Lol L ol L L
10 SE— 10 5
10’ 10° 10° 10° 10’ 10° 10’ 10'
WIMP Mass [GeV/c?] WIMP Mass [GeV/c?]
Uncertainty band theoretical uncertainty on Xe
arXiv:2207.03764 nuclear form factor
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https://arxiv.org/abs/2207.03764

Conclusions and the future

¢ All LZ systems are performing well!
® World-leading WIMP sensitivity

® Preparations for year long run and eventual
1000 live days of data

® More physics to be done

S2-only, Migal effect, Effective Field Theory
Mirror DM, leptophilic DM, etc...

Astrophysical neutrinos

Rare decays; OvBp from Xenon isotopes etc...

® XLZD consortium formed

® Next-generation project PN NeRN
[ ] Wh|te paper Matter Project

/

DARWIN
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https://xlzd.org/
https://arxiv.org/abs/2203.02309

2 Thanks For Listening

35 Institutions, 250 scientists,
engineers, and technicians

*Black Hills State University
*Brandeis University
*Brookhaven National Laboratory
*Brown University
«Center for Underground Physics
*Edinburgh University
*Fermi National Accelerator Lab.
sImperial College London
sLawrence Berkeley National Lab.
sLawrence Livermore National Lab.
sLIP Coimbra
*Northwestern University
*Pennsylvania State University
*Royal Holloway University of London
*SLAC National Accelerator Lab.
*South Dakota School of Mines & Tech
*South Dakota Science & Technology Authority
*STFC Rutherford Appleton Lab.
*Texas A&M University
*University of Abany, SUNY
*University of Aabama
*University of Bristol
*University College London
*University of California Berkeley
*University of California Davis
*University of CaliforniaLos Angeles
*University of California SantaBarbara
*University of Liverpool
*University of Maryland
*University of Massachusetts, Amherst
*University of Michigan
*University of Oxford
*University of Rochester
*University of Sheffield
*University of Wisconsin, Madison

us UK Portugal Korea
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Projected Sensitivity
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2002 (202
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002

Low E excess

120 T T T T 90 P T T T T e e e T e
Xe no an 80 3 Solar v ER — [ Decays & Det. ER
100 l . e g kg
S 60 i t:li; . SD};I& stat. rate unc. E
o i T L - e
_E? I I I ! l I I I I I - { jf SUE_ LZ SRl _E
EBO_ l ll Illlll l | r £ a0 . 3
% 40 R - 0t . E
& I 20 = . :
20_ — Bo m Iﬂ;— L] . -]
I SRl data B i e S
0 | : | | I 01 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17
N ' ! ' ' ! ] Reconstructed Energy [keV..]
B . ol - . .. S e e . . o * . ' . 25
_2L . o — B
0 5 10 5 20 25 30 _20f L beta
Energy [keV] = [ L
2 st B -
® XENONLIT possible excess of ER at low energy < /._H_H,l/ ]UHLJH[ H {
= 10F
® XenonNT saw excess no excess di ﬁ XenonNT SR1
. - . g-‘“ = I ' Iq -
® LZ analysis of region ongoing e
0 5 10 15 20 25 a0
XENONIT excess XENONNT SR1 Energy [keV]
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https://arxiv.org/pdf/2006.09721.pdf
https://arxiv.org/pdf/2207.11330.pdf

| Accidentals

Isolated S1 pulses Physical drift Unphysical drift

Isolated S2 pulses Slk 82

® Occasionally can be within 1ms of each
other

® Events with >1ms drift time are accidentals

450
f . | Sl 52
4251 =
L =)
L c
C e
4.00F Z
= 8
g5 [ .. )
2375 . .
< Drift Time (ms)
o - -
] | Rois
=350
g

325}

1.2 £ 0.3 events estimated in SR1

3.00F 7

2.75-\IIIIIII\II\II\I\IIII\II\II\II\I
0 10 20 30 40 50 60 70 80

Sle [phd]
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Unusual shape

10 :'I T LEES B W RUEY | 4.50_lv T LA | fi=Ao- i L T o4 o USSR IR | W ! I
A - WS data Tritium ' DD - Skin-tagged
Al 4251 - 5 ~"Xe
’.‘I'E y - ) :_ :
3 :4.00_ > : /{.‘/
73 =] C -
S a o g
g %3.75 . ~
L o -
2 < 350k
& & -
-9 ) C
= 3.25 B
= : \ Outside
3.001 &, i of FV
‘ ks 0.9 keV "-“';' 5 keV E 1.1 keV
48 L1 e | 2750 Ly 1 L ol T Y72 s S Wt N AP P o
10 i i 0 10 20 0 10 20 0 10 20 0 10 20
WIMP Mass [GeV/c?] Slc [phd]
Possible reasons: ® Calibrations and Xel27 M-shell
® Background under-fluctuation counts are as expected under
® Unaccounted for signal inefficiency signal acceptance
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Calibrations:

® Optical calibration system
¢ External y-ray

® Neutron sources

OD Veto:

® TPC-OD veto window: 1200 us
® OD veto threshold: 200 keV

® Neutron Veto efficiency: 89+1%

Skin Veto:
* 127xe Veto efficiency: 78+5%

Sam Eriksen

—~ 100
(o] I
93: 200 keV threshold: avg. eff. across positions: 88.5 + 0.7 %
0 E P
i
80—
7004
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60 ",* ——+— Z=0cm
+ . Z=70cm
_ Z =140 cm
501
i L L T | | 3 ‘ | i
0 200 400 600 800 1000 1200 1400
OD Veto Window (us)
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2 Outer Detector Neutron Tagging

Neutron backgrounds with OD tag
are 7.75 times larger than without

Only 5% of non-neutron
backgrounds should be OD
tagged

Fit to events passing all WIMP
search cuts except OD-Veto for
data driven constraint on Det. NR

<0.2 neutrons in SR1

Consistentwith simulation-derived
estimate of 0.06 events in 60 live days

Sam Eriksen

log10(S2. [phd])

M 40 GeV WIMP m YiXe | TAr B [ Decays Accidentals
B Solar v ER Det. NR m Xe
5.0 | T 1 1 T I T 1 T T I T T T T | T T T T | T T T T
! SR1 data passing all cuts, except OD veto
4.5 .
i o . o
- ‘ ‘
4.0 © -~ b b -
- (] ™
- e ® s
L
35~ e |
3.0 -
i L 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 10 20 30 40 50 60 70 80
S1. [phd]
11 August 2022

28




S1 and S2 position-corrected
using ¥'™xe and #™Kr
Doke

600+

Szchm‘hmi >/E [phd/keV]

W

(=]

<
T

1 T
Simyr. 41.5 keV ~- *YBi: 609 keV

1#]: 67.3 keV *Ac: 911 keV
B "xe: 164 keV P 9Co: 1173 keV
P~ Xe: 208 keV #Co: 1332 keV
B "Xe: 235 keV B YK: 1460 keV
B “Xe:276 keV B~ *''Bi: 1764 keV
R ~@- 'Xe:380kev  ~B- *“Bi: 2204 keV
@ 2TXe: 408 keV —B- *TI: 2614.5 keV |

From Doke Plot:
g,=0.1133 + 0.0030 phd/ph o 1
ghttom=14.75 + 0.56 phd/e- s

From NEST Tuning: ]
g,=0.1149 + 0.0021 phd/ph

S2c bot [phd]

-" -. - -
B
-t 2N -
s -

e L T

glrttem=14.89 + 0.48 phd/e-
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g Livetime Vetos

® Large S2s induce pulse trains. |
Longer than event window
® High pulse rates lead to pile-up. _ :10"§
Mimic real S1s and S2s 2 1 =
o g
N -
®* Remove periods after S2s. ~ z
. . 7] =
Excludes ~30% live time 10" =
® Area to optimize
26"
“Progenitor” 52 E-trains (electron trains) Progenfor 82 ph-trains (photon trains)
o SE 2 - Currently thought to be due to
g LOES - E-attachmentand releaseon 2 fluorescence
= /\/W\ —~— impurities to impurities g—
E: rd ) ~— - E- delayed extraction e
) A A _ .
| Time Time
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