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Dual Phase TPC

University of
Zurich™

Nuclear Recoil (NR): WIMPs, neutrons

Tm:e
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~
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~
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Drift time
indicates depth
— ||
Outgoing L S1 ER/NR
Particle discrimination
| — from ratio of
ncoming
Particle S1 and S2

Electron Recoil (ER):

9 and B backgrounds
e 3D position reconstruction from

o Self-shielding A A

PMT hits and At
EDSU
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e 10t LXe target mass, 7t
active

o 1.5m height

o 494 TPC PMTs
(R11410-22)

o PTFE field cage

o 4 HVgridsto
establish drift field &
extraction region

e Active veto system
230t DI wateg
shield

Bjoérn Penning
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The Outer Detector

The Outer Detector
encloses hermetically the
TPC

Using Gadolinium based
liquid scintillator (Gd-LS) - internal

heutron

OD views Gd-LS using 120
8”-PMTs, surrounded by
reflector system

Capturing neutron created
7.9 MeV cascades of about
3-4y

-~ 0

About doubles the fiducial characteristic_ >

Bjoérn Penning




University of Background Mitigation

LZ is located at SURF 1 mile
deep

Historic (and future) place

Need to go deep to avoid
suppress cosmic rays
backgrounds

Bjoérn Penning
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Background Mitigation
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University of Background Mitigation

nSn|
Bia * _JaUZH
<@gy Zurich

e Need also to avoid all type of internal contaminants

1 o Use purest materials obtainable, screen all materials
o Build everything in clean room, reduce dust on
» surfaces to O(ng/cm?)
@ o Keep circulating and purifying target material:

aim Xenon contaminants to O(0.015 ppt)
1 Banana = 15 Bq

e Bananas are actually somewhat radioactive
due to potassium

o 15Bqg/Banana

e Our target activity in the Xe: 2 uBqg/kg -
1/750,000 Bananas

e Cleaning, cleaning, cleaning, cleaning!

Bjoérn Penning EDSU 7



University of .
Zurich™ Construction
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Underground Transport
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44 University of
L) Zurich™ Outer Detector
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Outer Detector
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University of '
Zurich™ Datal

Let’s look at some Datal!
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Zurich™

First Science Run

+4.0 KV

-4.0 kV

-32 kV

-1.5 kV

Top PMTs

GXe
Extraction ﬁe*ld (7.3 kV/cm)

LXe

Drift field (193 V/cm)
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0' | | | ! | ] !
12-2021 01-2022 02-2022 03-2022 04-2022 05-2022

Stable detector:

o Temperature= 174.1 K

o (@Gas pressure= 1.791 bar
97% PMTs operational

Continuous purification: 3.3 t/day through hot getter system

Bjoérn Penning
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University of
Zurich™ TPC Event

SR

e Cartoon waveform:

S1 52

—
Outgoing
Particle

A
Incoming
Particle

Bjorn Penning EDSU



University of
Zurich™ TPC Event

e Cartoon waveform:

S1 52

—
Outgoing
Particle

e Actual waveform:

Incoming
Particle

S1 ,:
Pha

0-951 ps
Bjorn Penning EDSU




University of
Zurich™

Calibrations

Backgrounds predominantly
ERs, WIMPs produce NRs

ER band: Tritiated methane
(CH3T) injection, spatially
homogeneous 3 source

NR band: DD neutron
generator (NR band),
Monoenergetic 2.45 MeV
neutrons

Photon detection efficiency:
g1 =0.114 £ 0.002 phd/yY

lonization channel gain:
g2=47.1+ 1.1 phd/e

99.9% discrimination

log19(S2c [phd])
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University of
Zurich™ Backgrounds

https://arxiv.org/abs/2211.17120 }Data  ~Model
sl 3 “pes g ‘ Y 10* £ =
10° £ K85 -**Pb212 Pb214 SolarER ***Xel25 E Rn222 Po218 1
Xel27  Xel29m Xel3lm -+Xel33 -+Xel36 .
Astatine Iy r
$ 10 0 L Po-214 ]
L - E Po-210 3
Polonium = 10° .
. sw % 102 Po-216 -
Bismuth £ 100 £ S g
8 i PE :
2] §Inoin % or ‘
Lead B W0 peenadt L LR 10 E ;off L& %3 H '1
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e ‘Naked’ ?"Pb B-decays (no-y ) from Rn emanated in Xe are the main ER background

e Constrain B-decay rate by bracketing with Rn-chain a-tagging & spectral fit of all internal
background components

e 222Rn activity within assay expectation

Bjérn Penning EDSU 17
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University of

& UZH
<z Lurich

Event Selection

e Event selection:
o S1/S2 shape and topology selection
o Veto detector, anti-coincidence °

o Fiducial Volume, ROI, single scatter cuts
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Not blind, but selection criteria developed

non-WIMP ROI background & calibration data
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University of
Zurich™ Veto

TpcHighGain & iR P a
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e We actually observed more NR background (now understood) than expected — successfully
vetoed by the OD
Bjoérn Penning EDSU 19




University of Result
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University of
) Zurich™ Results
44
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https://arxiv.org/abs/2207.03764

Spin-Dependent Limits

University of
Zurich™

' 107 g —— ———
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; Neutron : Spin-Dependent (SD)
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e Only 60 days out of a 1000 days exposure published, considering extension to 2028

Bjérn Penning EDSU 22
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Zurich™

Projected Sensitivity

SI WIMP-nucleon cross section [cm?]
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University of

Zurich*™ Is that it?

e We can do more than standard WIMP

searches
Dark Matter
e Multi-purpose detectors for rare/ r— * Spin-independent
low E phenomena | ok Al ¥ R\
e High-energy NR: T / Big Bang
+ Solar pp'neutrinos AR i o L AN N \- ¢ Neutrinoless double
o EFT-motivated searches e ST Y . N B et on

capture

e Low-energy ER
o Axions and ALPs

) ) Supernova N \ - Cosmic Rays
o Neutrino physics < Supernovs ‘ ; JyT—
neutrinog = neutrinos
o The Migdal Effect - messenger

e Ultra-heavy dark matter

Bjoérn Penning EDSU 24
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High NR Searches

10°
>
2 qp°®
< ‘standard SI’
i (‘Higgs-like’)
§ DM operator
> -10
< 10
5 Typical ROI
=
oc
w" 1012
2 | | >
0 10 102 103
E_[keV]
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“) University of
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High NR Searches

10°

% momentum

X 108 ‘ , dependent

e standard SI operators
- (‘Higgs-like’)

§ DM operator

> -10

< 10

5 Typical ROI

=
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u 1072

9 | | >
i 10 102 10°

E_[keV]
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High NR Searches

10°

> momentum

_qz) 108 dependent

e ‘standard SI’ operators
- (‘Higgs-like’)

§ DM operator

> -10

< 10

5 Typical ROI

=
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9 ! | >
o 10 102 10°

E_[keV]
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<) Zurich™

]

Events/kg/day/keV

Events/kg/day/keV

- (), m (), — (913

eyl l " " a2 aaal 2
10 10
True Nuclear Recoil Energy [keV] True Nuclear Recoil Energy [keV] True Nuclear Recoil Energy [keV]

e Effective Field Theory (EFT): Lagrangian written in terms of 16 operators, 15 being non-relativistic

Bjorn Penning EDSU 28



University of .
Zurich™ High NR Results

https://arxiv.org/pdf/2312.02030.pdf
T S b YA o et 450 T T T T T
" Pb-212 in green: required . :
5.0 . . e ¢ B
- ER model modification 4 f 425F
e Loy - K
= °  Maximum allowed S2 # = 4'00: 1
= (dashed line) < - 1
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o 4.0 IS F- % \ -
o 2] - e 1
‘% ‘ Z350F > ; Red haze = detector neutrons |
&350 o - | Beige = detector ER ]
I T 35k Blue = all other ER sources =
I . sle B2 2% |5 L \ Black dash = 1 TeV O6 isoscalaf
3.0 B ’;\ % 5 &2 & extrapolated robustly 3.00 . Ef = Red lines = generic NR E
SAUTEE N - using NEST, and - r 54 Ty B z& EBEF BEF 3
= ° prior NR calibrations| - ae i) & ‘ > = > 1
2 5 | 1 r ! 1 1 | ! .I 1 1 | 1® 1 L 9 L L 275 | L i L | L 1 L 1 | 1 1 1 1 | 1 1 1 ! | ! 1
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
log1o(S1c [phd]) log19(S1c [phd])

e Effective Field Theory (EFT): Lagrangian written in terms of 16 operators, 15 being non-relativistic

e Extended analysis region by factor 7.5, new calibrations, new backgrounds, signals etc

Bjoérn Penning EDSU 29
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Zurich™

University of

High NR Results

https://arxiv.orq/pdf/2312.02030.pdf
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e LZ provides the strongest upper limits for all but one operator
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University of
Zurich™ Ultraheavy DM

Spin-independent scattering (A* scaling) 10-18 Spin-independent scattering (No scaling)
£ DE \‘ ///
107 [ DAY U““go// DAMA -DEAP
:\T L\'l_‘ 220 / -
g 10_28 i EI 10 - / )[(ENONI[
=) =
S ~XENONIT| 2
2 10 . 2107
g S 4 2
3] sYs\N‘ e 2 24
€107 oW 2107 |
3 %‘3}/ 3
: o> :
> 210 et > 107
i A Shape given by SS/MS probability fo A
highrcross sections and resolution
10-40 P 1 l 1 10-28
10° 10" 10" 107 10” 10* 10" 10" 107 107
DM mass [GeV/c?] DM mass [GeV/c?]
e Multiply Interacting Massive Particles (MIMPs):
o Very heavy mass (> 10* GeV)
o Large cross section (>10°" cm?)
https://arxiv.org/pdf/2402. e Maximum mass probed by LZ extended to 3.9 x 10" GeV

08865.pdf
e Competitive per-nucleus limits and world-leading per-nucleon limit

Bjoérn Penning EDSU 31



https://arxiv.org/pdf/2402.08865.pdf
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University of
Zurich™

Low ER Searches

e Low energy searches
o 1-15 keV_,

e 8 BSM signals tested
with line-features or
characteristic spectra

e Same data, selections
and background models
as WIMP search

e Time dependence
added to fit 3’Ar & 1?"Xe

https://arxiv.orq/pdf/2307.15753.pdf
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University of
Zurich™

N

Low ER Searches
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Neutrino magnetic moment

A non-zero neutrino magnetic moment or
effective millicharge would increase the rate
of solar neutrino ER interactions
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https://arxiv.org/pdf/2307.15753.pdf

g:riivc?\ruf"ityd Low ER Searches
https://arxiv.ora/pdf/2307.15753.pdf
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e Extend DM searches towards lower DM masses
e Sl and SD WIMP searches using the Migdal" mechanism
* worldwide calibration effort underway
EDSU 34
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University of
Univers XLZD

e Leading DM experiments come together:

o Probing WIMP DM across the entire natural phase space

e Had first meeting in Karlsruhe, LA and Oxford

e \White paper published, design and sensitivity paper in preparation
o https://xlzd.org/

o  White paper (2203.02309)
e k-

Bjorn Penning EDSU 35


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

FU4™) University of

Summary

e DMis out there and will transform our understanding of
the universe

e LZ has 60 out of 1000 days of data published
e Continue data taking, stay tuned for larger data sets soon

e Probing new type of DM models, including new masses,
new signatures and previously unprobed parameters
space

o Adiscovery might come any day
e The field is being transformed right now:
o Xenon TPCs are the most sensitive detector today

o New low mass DM searches will within a few years
push sensitivities to yet entirely unprobed energies

o XLZD preparing to explore to the neutrino fog

Vi

Bjorn Penning EDSU




ety of The LZ Collaboration
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“) University of
. 3 ZurichUlH SURF

e |Zislocated at SURF 1 mile
underground

o SUREF has an illustrious
history in underground
physics

o Future home of DUNE

e Need to go deep to avoid
suppress cosmic rays
backgrounds

Bjoérn Penning
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Dual Phase TPC

Drift time
indicates depth

—  |'s1
Outgoing
Particle .
i : 3D position
ncomin .
Particleg reconstruction from

At and PMT hits
&
self-shielding

Prompt scintillation light collected by PMTs

Electroluminescence from liberated electrons
extracted into gas layer by uniform electric fields

Nuclear Recoil (NR): WIMPs, neutrons

A .

ER/NR
discrimination
from ratio of
S1 and S2

Electron Recoil (ER):
. and B backgrounds

T
A A
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University of
Zurich™

Low Mass Dark Matter

. WIS ] near-term
SCAliENing longer-term
Electromagnetic
scattering
Absorption
< - A
meV eV KeV MeV GeY TeV
Light Mediator Heavy Mediator
10-25
10 Stellar = 1020 Near- —
- 10 Bounds Halo DM g 10 collider+cosmor+astro 'é
£ Direct-Detection S, un 8, Cosmic-Ray
"% Bounds .E . AE 10-30 DM Bounds
5] 5 10 5 _ HaloDM
O qp12 3 2 Direct-Detection
2 2 Halo DM a
= S . 30 Cosmic-Ray & Direct-Detection 8 -35
E Far-term S 10 Solar-Reflected Boun S 10
= DM Bounds =l
g 1o 2 g
g 2 10 2 1040
g 5 z "
£ 2 g
£ 107° S qo% S
[a] —,_; o 10
A &
18 107
10° 2
meV vV 100 eV keV MeV GeV 10 keV MoV Gev TeV

¢
DM mass

e Sub-Gev (low mass) DM barely explored

e DM masses in the MeV regime and cross sections approaching or below 104 cm? in reach

DM mass DM mass
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Results Fit

® Clean B
® Auger & EC

Neutrino ER
® Neutrino NR x 10
© Accidentials

— Solar v ER — 12TXe I Sys. rate unc.
— 136xe — [3 Decays & Det. ER Sys. & stat. rate unc.
— STAr — Accidentals e Data
— 12Xe =— Total background
DY il R Mal Cisal Ltk RASAN s et B L L2 Ak Rt Lok Rasa LRSS Rack
10" E

Events / keV .,

Liiy il NI FETRE SRR N WY S e N i |||M|Hl|||l||1|||||lvl'

2 3 4 5 6 7 8 9 1011 12 13 14 15 16
Reconstructed Energy [keV ]

e Electron energy equiv. distribution, systematics are blue band

e Best fit with no WIMP signal
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102_' T T T T T T T T [T G[TERT] T T T T T ]
0k
Source Expected Events Best Fit e b
B decays + Det. ER 218 + 36 222 + 16 >
v ER 27.3 + 1.6 273+ 1.6 5
127%e 9.2 + 0.8 9.3 + 0.8 =
129%e 5.0 + 1.4 52+ 1.4 E
135%e 15.2 + 2.4 15.3 + 2.4
8B CEvNS 0.15 £+ 0.01 0.15 £+ 0.01
Accidentals 1.2:40.3 1.2 + 0.3 j | T i
Subtotal 276 £+ 36 281 + 16 0 1 273 4 5 67 8 9101 121314151617
3TAr [0, 291] 52,1f2:g Reconstructed Energy [keV..]
Detector neutrons 0.0+9:2 0.0+%:2 o= g " "_'B‘De'cay'séﬁet.'m'{‘ R
30 GeV/c2 WIMP - 0.0_‘_0'6 102__— 1S;:zlarl/ER — Accidentals 5 =
E— 16y — Total background E
Total - 333 £17 F war W oSy v
L 124xe Sys. & stat. rate unc.
g ]01__— 127Xe e Data i
-
g r
= 0
@ 100:— E
=] E B
O =
- [
- - =1
Best fit with zero WIMP ==
events i =
10-...t|...v...‘J\..l...lvv
for all masses o8 6 4 20 2

(LogS2c - ppr) / oER
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e Total expected ER counts in ROl in first run: .
Dissolved e-captures

276 + [0, 291] from 3"Ar !
(mono-energetic x-ray/Auger
e Total expected NR counts in ROl in first run: 0.15 cascades):
o 3Ar
o '27Xe
Dissolved B-emitters e '2%Xe (double e-capture)

° 214Pb (222Rn

daughter) ER
e 212pp (?Rn backgrounds _
daughter) Dominated by Solar neutrinos (ER)
o Kr 214Pp and "Ar

o ¥Xe (2vBB)

NR backgrounds:
Includes y-emitters in e Neutron emiss_ior? from
detector materials spontaneous fission and («,n)
o 233y chain, 232Tnh Flat-spectrum (in e 8B solar neutrinos
chain, 4°K, %°Co ROI) ERs
Accidental coincidence
backgrounds
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Signal (WIMPs)
recoiling nucleus % e |onization/excitation (charge/light) depends on dE/dx
e o e Signal ratio allows to discriminate particles

o Electron scatter tend to produce more charge
o Neutron scatter create more light

e Excellent discrimination of signal and most backgrounds: 99.5%
discrimination before statistical methods

Background (v, B) N TR T s '._, ) ' '
gamma % 03 e,
o]
>
0
n
S 2 0.3
2
o
©-0.6
electron
v/c = 0.3
gamma S1 detected photons
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Recoil

e Momentum transfer
crucial

e Low mass difficult

e LXe dual-phase
TPCs demonstrated
best sensitivity for
WIMP type DM

nucleus DM

O
A &
o (47 > + @y

recoil

Ilght DM @ 4-° 4.@)
(< GeV) small
recoil
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