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LZ (LUX-ZEPLIN) Collaboration 1 @) W exmomste

35 institutions; 250 scientists, engineers, and technicians "htesizibl.gov

Black Hills State University

Brandeis University

Brookhaven National Laboratory
Brown University

Center for Underground Physics
Edinburgh University

Fermi National Accelerator Lab.
Imperial College London

Lawrence Berkeley National Lab.
Lawrence Livermore National Lab.
LIP 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 Albany, SUNY
University of Alabama

University of Bristol

University College London

University of California Berkeley
University of California Davis
University of California Los Angeles
University of California Santa Barbara
University of Liverpool
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LZ Collaboration Meeting - September 8-11, 2021
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Sanford Underground Research '
Facility (SURF) in Lead, SD
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* Excellent 3D imaging capability
+ Z position from S| - S2 timing
+ XY positions from S2 light pattern

=

* charge / light ratio

=> Signal vs Background discrimination
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ual Phase Noble Li

Incoming
Particle
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Outgoing
Particle
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Electron Recoil
(gammas)

Nuclear Recoil
{neutrons, WIMPs

quid TPC

Time
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(charge)
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e Xenon TPC

+ Total mass: 10 tonnes

LZ detector design:
NIMA, 163047 (2019)

+ Active mass: 7 tonnes ) _ & _
+ Fiducial: 5.6 tonnes B
| Existing
water tank
Titanium =
cryostats \\/ . Gadolinium-loaded
AT liquid scintillator veto
| \ .1E
LXe heat LiL
LT A R 120 Outer
exchanger —» U
A T detector
tower .
PMTs
| L ] .“Q-:: ity c:n::
* 3-compohnent veto system:
+ Water tank
.. Cathode high :
+ Gd-loaded scintillator sh 7 tonne active volume
voltage connection liquid XeTPC. 10 tonnes total
+ Instrumented LXe Skin (50 kV cathode)
Carmen Carmona - Penn State ‘CSS'UVF‘2‘22' o


https://www.sciencedirect.com/science/article/pii/S0168900219314032

Xenon TPC

" , ‘ R e 7 t of active xenon (5.6 t fiducial)
Top PMT arra\g et B BRI AR + 1.5 m diameter x |.5 m height
. :"'6‘.5««?},"'. e fo I = OREURR T R )
N hpE s e 494x 3” PMTs
Anode grid sT . .
7~ * 4 high-voltage grids for
+ Drift field

+ Extraction region

~ Photo by M. Kapust (SURF)

\,-_,‘
=
a s

Q
‘Gate grid

A

e

\

A

Cathode grid

i o el o e
2.

A\ b% == ) 3
S @/./,,,//' =
e

Full TPC=August-26-
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Hamamatsu R11410 (3”)
e Top array: 253 PMTs

e Bottom array: 241 PMTs

Carmen Carmona - Penn State

PM'T arrays
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TPC & Skin Integration in the Surface Assembly Lab

Detector integration

started in December
2018 at Surface
Assembly Laboratory
(SURF) ~13,500
working hours

Insertion
into inner
cryostat

vessel *

Carmen Carmona - Penn State
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Lowernsinner! cryostat vessel Ra” ——emelL ) AR

into outer c}‘yostat vessel — e, | gl | Making up cathode connections
= g, . = (under N2 purge)

Carmen Carmona - Penn State




Outer detector

(veto system)

|
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Z Cryogenics

L~ - - . Sop——

* Cooling provided by thermosyphon technology ‘zControl P
(also used in LUX) |

Thermosyphon :
nosSYP Sketch of cooling system
principle
| Heat Cryocooler
Chilled water | =+ 1 ~
Q
H \
Te L;(caoking) Liquid nitrogen bath \
Condenser 5
N LN stprage %
Heat vessel N

q o

\ AN

§ o Condenser

TAY LA (adiabatic)

§‘ Evaporator

‘\\ (attached to

- - LXe tower /

detector) \
y Hea:

Q . Ly (heating) U
s Evaporator

i 4 (Cold Head)
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Xenon Circulation System

Storage and Recovery
] A

"—)>—> Getter Radon Removal <
<

Compressors
< Cable
Cable
Breakout = Breakout -
_— Xe V;por\
Liquid v
Weir
Xenon =
u
Tower 3
£
N r-\ Cablg o g
Stan
c o ==
N = Pipe & LXe-TPC 3|2 .ioe
2 S c J) :
5] s — x High
S % o Voltage
] (=4 ()
a L
HX/ = TPC PTFE
Gas Gap —~ | Walls
}9 }9 Cryovalves i‘ $ w /
\ *
>
< Water Tank
Sampling Systems | —
(Mobile and Stationary) ;
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* Design gas circulation rate: 500 slpm
+ Turnover full Xe mass every 2.4
days
+ Underground commissioning
completed
e Up to 600 slpm demonstrated
* Purification using hot zirconium
getter

+ Removes non-noble impurities

7~ Xe Circulation
Compressors

Carmen Carmona - Penn State

5
5 Cry

600
550
500
450
400
L35
300
250
200
150
100

T
B O N

H Wi = N L W

WTENX

Wat

RERE 2 Bl LIRS

er tank

o-tower for xenon condensing (shown here in a test setup) &=
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500-600 slpm
demonstrated in
testing
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LZ Commissioning

P = / -8 S o= < A\l

295 1

e TPC detector filled and leveled - — s S

270 4

¢ Grids biassed: extraction & drift fields established =

255 1

<

= 2501
[ ] @

~ 5 2451 Accelerated End of cool
+ Drift field ~190V/cm

g 235

£ 230
o

225 4
22014
2154

+ Extraction field ~7.5 kV/cm gas
e Data processing chain exercised with first SI+S2s =

N’\.
195 | x__
190 1 Sl
4 L“"

* Data acquisition & trigger settings tuned

First 10 K of cool down Main part of cool down

TpcHighGain

* PMT operations & characterization : 222

1.5e-1 e S1 @ S2 e SE MPE SPE e Other

+ LED measurements for after-pulsing and single
photoelectron (SPE) studies

+ PMTs gain-matched and gain drifts monitored

+ Dark count & double photoelectron emission (DPE) S oow e o
analyses 1es

amplitude [phd/ns]
P
IR T T T T T T Y
¢

-- Mean = 1.98e+06 +/- 1e+03

-- Intended Operational Gain: 2.0e+06 +/- 10%
Top Array PMTs
Bottom Array PMTs

] N * i
o sl o bbb

N
o

* Event reconstruction algorithms highly reliable,
with an accuracy >95%

N
N

* Bias mitigation techniques
+ See talk by D.Woodward

* Application of machine learning to find
anomalous events
+ See talk by C.Amarasinghe

=
©

PMT Gain across 25 Q
N
o

=
o

Preliminary

0 253 300 541
PMT Channel ID
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Calibrations

e Different calibration systems available —

5.0 1

+ |Internal sources
+ Commercial rod sources

4.5 4
+ Photo-neutrons =
=
+ DD neutron generator < 10
wn
e See talk by M.Timalsina 5 Rn-220 ER Calibration
- D-D NR Calibration

Low energy neutron calibration source >
AmLi Calibration Spectrum Preliminary
—— Simulation
}  Data 30
50 100 150 200 250
10" ] Sic [phd]

\H

¢ Calibrations used to inform

| + Energy scale & thresholds in TPC,
V|l Xe skin and OD

+ Position reconstruction

——————
————

100 ]

1071 + Inter-detector timings
Preliminary ulﬂ + NR & ER bands in the TPC

0 10 20 30 40 50 60 70 80
Reconstructed Energy [keVnr]

Carmen Carmona - Penn State



Detector Response Characterization LD iminary
e Mono-energetic ER peaks used to find: P m
+ g1, photons detected (phd) per prompt % ‘ |
scintillation photon g '

+ g2, phd per ionisation electron

S1.  S2,
_|_
81 82

E=W

Slc [phd]

214Bj: 609 keV
2287c: 911 keV 2081-'
60Co: 1173 keV
60Co: 1332 keV
40K: 1460 keV

214Bj: 1764 keV
214Bj: 2204 keV

83mMKr: 41.5 keV
1251: 67.3 keV
13Imxe: 164 keV
127X e: 208 keV
127xe: 235 keV
125mxe: 276 keV
127xe: 380 keV

GOO\%Q
O)

POPPOOTD
PPPPOO0 P

% 127Xe: 408 keV 208T]: 2614.5 keV
2 5001

3

< _

B Preliminary
I 400

I

$

g

O

& 3001

2 g1=0.105 = 0.002 phd/ph -

gbottom=13.06 + 0.25 phd/e- \
200

1000 3090 &000 6000 6000 1000 %()00 9000

Slc [phd]

3.0 3.5 4.0 4.5 5.0 5.5 6.0
(S1c)/E [phd/keV]



Background Sources and Mitigation

* Detector materials
+ Nothing went into the detector without screening

+ Radio-assay campaign with |3 HPGe detectors, Many methods for BG mitigation
ICPMS, neutron activation analysis

* Rn emanation
+ Four screening sites

Many sources of BG

+ All major parts emanated before assembly

* Rn daughters and dust on surfaces

+ TPC assembly in Rn-reduced cleanroom

+ Dust <500 ng/cm? on all LXe wetted surfaces

+ Rn-daughter plate-out on TPC walls <0.5 mBg/m?
e Xenon contaminants — 85Kr, 3%Ar

+ Charcoal chromatography at SLAC

e Cosmogenics and externals
+ 4300 m.w.e. underground at SURF in Lead, SD
+ Instrumented Xe skin region

+ Gd-LS outer detector
+ High purity water shield Eur. Phys. |. C, 80: 1044 (2020)

Central part (1) Weld (2) Weld (3)

Carmen Carmona - Penn State



https://epjc.epj.org/articles/epjc/abs/2020/11/10052_2020_Article_8420/10052_2020_Article_8420.html

* Gas chromatography to remove Kr from Xe

+ natKr can be reduced to 0.1 ppt g/g natKr/Xe
and "2tAr to a negligible level

Concentration

- Recovery |
c; 5|o -160” ” 1;o ” ”2<I)om 2&;6 ”3;30
Time (min)

Chromatography Recovery

Storage
loop loop
’ Compressor
Cold
krypton
trap Freezer
Purified
Xenon xenon
w/ trace
krypton
Circulation P Vacuum
pump pump

Carmen Carmona - Penn State



Xenon “Skin” Veto

Active TPC

WimviP

O

=

—

®

=

m Q

D

—

®

Q

—

» g

1 =
—
>
®
2
)
>

| 1Xe skin 1”4
Wk ALY, "55:*""

%s‘tat

® Anti-coincidence detector for y-rays

PEAS
Lt

e 2 tonnes of LXe surrounding the TPC
e Optically isolated from the TPC
e |” and 2” PMTs at the top and bottom

e Lined with PTFE to maximize light N

. . 193 |” PMTs Top Xe skin PMTs
collection efficiency B : Skin P
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Outer Detector

* |7 tonnes Gd-loaded liquid
scintillator in acrylic vessels

e |20 8’ PMTs mounted in water tank

* Observe ~8 MeV Y-rays from
thermal neutron capture

* 95% design efficiency for tagging
neutrons

Carmen Carmona - Penn State



Outer Detector Calibrations

e OD backgrounds slightly lower than expected
4 Allows threshold < 200 keV

Rate (Hz / 2 phe)

CE Background data
Cf252 spontaneous fission neutron source
i 2.2 MeV H- 8.5 MeV 155Gd
L ~ capturepeak capture
- endpoint
10" = /
o L L Y
- Preliminary | |
0 I 5(1)0 - 10100 | | 1SIOO | | 20100 | 2500

Carmen Carmona - Penn State

OD Pulse Area (phe)

OD Background Rate (Hz)

350

300

250

200

150

100

50

]

*
+/*

t

Preliminary

P SR SR N NN N N N

——e—— 0D Background Data, 08/11/21
< 100 Hz Requirement

100 keV / 17.7 phe

200 keV / 35.5 phe

Prediction for 200 keV, 60 Hz

*{'
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! ! ! ! I |
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5.66 events after
99.5% ER discrimination

Distributions of
single-scatter nuclear
recoils in 40 Gev

WIMP ROI (6-30 keV)

Carmen Carmona - Penn State

mRn-222 Phys. Rev. D 101, 052002 (2020)
W Rn-220 m Atmospheric v
WAr-33 m Diffuse supernova v
m Kr-85 0

38% 1.03 NR 44% m Detector
W Xe-136 2vpBpB

events m Surface

m Solarv

B Environment

m Surface

* Solar v below 6 keV

m Det+Env NR threshold used

0.52 events after
50% NR acceptance

Without veto (3.2t Fid. Vol.) With vetoes (5.6t Fid. Vol.) -

140 L 102 140 3 : -LIL ; 'l e ‘

120 - 120 - 2 i ~

[ _ )

100 - 10" g 100 - E 10! 4
r— : % — I 1 %
5 “f = —» § w0 g -
—_— = — [ 1 8
N 60 o 2 N o 1.03cts/1000 ] e 2

, 3 [ :
4f S wf days 3 s
: gy [ :
20_— Gy - o1 20} ; - o
02202 302 402 50° 60? - 00; ;0“2';0;“43 - 52"--;)52 -—--—:J;'(.)?J L
2 lom?l r2lem2l


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002

Backgrounds Analy31s Rn chain backgrounds

J Rn 222 and Rn 220 emanates from U 238 and Th 232
contamination in detector materials and diffuses into
the Xenon

+ Inline radon reduction system further reduces radon
concentration

* The “naked betas” from Pb-214/ Pb-212 are a WIMP
background
+ Pb-214 is the largest background contribution

* Preliminary analysis shows Rn-222 rate within expected
range

=
2,
N

80

BiPo coincidences are 10°

P

i A Alphas are densely ionizing gVe”FS }erwlere tg? Bi-2_1lfr
1 Rn-222 Y. and energetic leading to eta is followed in quic
(3.82 d)

succession by a Po-214
alpha giving rise to an

distinct S1 signals in the TPC

coincidence

Counts

Po-210
B (138 day)

a
(5.4 MeV)

Pb-206
(stable)

Carmen Carmona - Penn State ~~ CoSSURF2022

identifiable beta-alpha 102
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Constralmng Xenon Activation Backgrounds

. Xenon can become actlvated by cosmogenics Ieadlng to background contrlbutlons from
Xe-127, Xe-129m, Xe-13Im, Xe-133 (other Xe activation products are much shorter lived)

e Activation rates can be estimated via extrapolations from LUX results and Activia calculations
(open-source package for estimating activation)

108

— —k —k —
o o - o
4% [ #4] BN (]

Events [evis / 4 keVee]

—
o

+Data | |Model
= .. Pb-214 - Xe-127 - Xe-129m - Xe-131m -~ Xe-133
= . Xe-136
N Preliminary
= o,
= ¥ ¥
- L . o 2{".-;
_ |1 /s P2
= PL 281 | M
— i 1 I B » i
. N > L
Mﬂ-l.:. ... ;
_llllllllllllllIllIII|IIII|IIII|I':.!II|IIIII
100 150 200 250 300 350 400 450 500

Reconstructed Energy [keVee]

Xe-127 decays by electron capture

1/2+
<135 ps

3/2+
0.39 ns

7/2+
1.86 ns

5/2+
stable

618.4

375.0

202.9

N 57.6

\

L\ 0.0

1271

127Xe 1,2+
00143% # 36.4d

47.6%

....................

Qec = 662.3

WIMP background arises from rare case where Xe-127 gamma
escapes the TPC and low energy cascade occurs within bulk
= Highly veto suppressed and strong positional dependence

Carmen Carmona - Penn State
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Projected Sensitivity (5.6 t exposure, 1000 live days)

e e ? . St = < A o - , - g e

S ST < ~ =

LZ sensitivity (1000 live days) — LUX 2017
10- 43 Projected limit (90% CL, one-sided) —— XENONIT 2018 . .
] +lo expected PandaX-4T 2021 Simulation of a 1000 day run of LZ

5.0 LA L R N L L L L R B N L B B | T T T LA L R
- > °
°

+20 expected (corrected) L)
L e o 3% .0 a5

107+

107%

Nuclear
Recoil Band

10746

log,0(S2¢ [phd])

1074

SI WIMP-nucleon cross section [cm?]

_....I....I.I..I....I..l.ll.lxl...lll..l
23 40 50 60 70 80

S1c [phd]

0%

W

10748 Neut®

| IIIIIII| | 11 IIII| |
)
ek
)
o
-
(O8]
)

1000

90% CL minimum of

-49 Lo
10 10 100

WIMP mass [GeV/c?]

|.4 x 10-48 cm?2 at 40 GeV/c2

Phys. Rev. D 101,052002 (2020)

Carmen Carmona - Penn State



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002

LZ Physics Reach

Lﬁp;i;cs ra;-t.eyn» bed o

vanilla WIMPs:

e CEVNS
See talk by M. Szydagis

e Solar axions

e Axion-like particles (ALPs)
e |_eptophilic dark matter

e Neutrino magnetic moment
e Mirror dark matter

e DM-EFT Couplings

*2v[p of **Xe with competitive
sensitivity to Ovf33

e Sensitivity to the OvpBp decay of
136X e

e Enhanced sensitivity to low
mass DM through Migdal effect

e Annual rate modulations
See poster by J. Genovesi

e And more!

Phys. Rev. D 104, 092009 (2021)
Phys. Rev. C. 104, 065501 (2021)
Phys. Rev. C. 102, 014602 (2020)

..................................................... SILD) Lo ]
2 = |
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% e ccaccaancaenes= == A e e e e Y = = = = = s == == a =} === -
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https://arxiv.org/abs/2102.11740
https://arxiv.org/abs/2104.13374
https://arxiv.org/abs/1912.04248

Outlook

e | Zisa muIti-phsic eperi\en, primed teI

e Commissioning completed, currently taking science data, and extensive
analyses underway

* First Science Results expected this year

2022 will be an exciting year for LZ!
Stay Tuned!

Carmen Carmona - Penn State
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Thanks to our sponsors and
35 participating institutions!

1461 mm

Science and
Technology
Facilities Council

® .
F C I Institute for
1 Basic Science

Fundagio para a Ciéncia e a Tecnologia

Liquid Xenon

U.S. Department of Energy
Office of Science

JS@W@@W@]

Underground Research Facility
South Dakota Science and Technology Authority

Incoming
particle

e B s
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Backup Shdes
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Expected backgrounds for 5 6 t f1duc1a1 1000 days

TPC only

Background Source 140 [ 1
120 | :

Detector Components ool i .
Surface Contamination = 4 10.31 events/5.6 tonne. g
: S, Fiducial Volume - = 8
Laboratory and Cosmogenics N 60f v 0 2
- 2
Xenon Contaminants 40} -

Radon is the
dominant
background!

10!

0
02 202 30> 40> 50>  60° 70?

O O O O | =

r2 [cm?2]
natKr (0.015 ppt 9/9/) 24.5 TPC + Xe skin + Gd-scint.
natAr (0.45 pub g/g) 2.5 p T
Physics 258 0.51 Ty i
136Xe 2vBp 67 0| o | 10"
_ | & l1-.03events/56tonne | )
Solar neutrinos (pp+7Be+13N) 191 0*| = Fiducial Volume | £
N ~ 1 3
Diffuse supernova neutrinos 0 0.05 ot e T s
Atmospheric neutrinos 0 0.46 ; i
20 - 1
Total 1131 1.03 i s a1
. . . %2202 302 402 502 602 700
with 99.5% ER discrim., 50% NR eff. 5.66 0.52 2 [cm?]
"6 keVNRThreShdd used ....D:S. Akerib et al (LZ collaboration) Phys. Rev. D 101, 052002 (2020)
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Sensitivity reach vs Pb-214 rate

Impact on 40 GeV WIMP sensitivity with increasing Pb-214 rate, as a proxy for increasing flat ER backgrounds

X

—

o
A
o

N
»

Estimates from Sims
LZ Sensitivity 1000 live days, 5.6 tonnes

N
N

E— Projected Limit (90% CL one-sided)

N

" payosioid

'3 10199190 X0

—_
(@)

nEn l& ILIZI :Iqlé lal ilelllul !Illsl lal ltlI lﬁlllﬁl

—_
NN

S| WIMP-nucleon Cross Section for 40 GeV [cm?]
. o

—
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4
Pb-214 Rate [uBqg/kg]
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