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Whatis LZ?

Direct dark matter detector

1 Mile underground at the
Sanford Underground
Research Facility, South
Dakota

Liquid xenon target for
detection of WIMPs

Detector deep
underground at
SUREF, South
Dakota

Sanford Underground
Researc h Facility

LUX-ZEPLIN (L2)
Experiment

Liquid xenon tank

\_/ used to detect
WIMPs!




Weakly Interacting Massive Particle - WIMP!

o 1GeV-1TeV

e |nteracts viaweak force and gravity
o Hence — Dark

e Very stable-doesn’'t decay on

cosmological timescales

Very difficult to detect




Dark Matter

When we look at the universe, it seems like
there should be more matter than we can see

This phenomenon is what we're referring to
when we discuss Dark Matter

WIMPs — A theory of dark matter




Galaxy curves

e Plot orbital velocity of galaxy stars/gas Observations

from starlight

vs. distance from galaxy center .
o Expected: Velocity curve decreases [ S i
with distance from centre BT 1 2 e P the visible disk
o Observed: curve remains flat | P
e Luminous matter accounts for only L E
~10-20% required mass e ol B 20,900° . 30,000 - 40,000
e Must be more matter we can’t see? T 70 LA ey

T
Sa NGC 4594 X
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— Dark matter?

Rotation velocity (km s ')




Bullet Cluster

Bullet cluster
o Two galaxy clusters collide
o Gasfrom clusters collides and slows

Gas is luminous — Emitting a lot of
X-rays

Mass can be mapped using
gravitational lensing

Gas makes up most of visible mass-
not galaxies

Mass is not where it ~should~ be?
Seen in many cluster collisions

— Dark matter?




Temperature fluctuations [ 1 K2 ]

Cosmic Microwave Background

e Radiation from the early universe
e Temperature fluctuations at different
angular scales across the CMB

wol (@) Curvature 11 (b) Dark Energy

— Dark matter?
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Current state of affairs..

e WIMPs fit cosmological data very well
o “WIMP miracle”
e Seemed like the perfect solution until..
We didn’t find them

SI DM-nucleon cross section [cm?]

—
(=

Gradient of discovery limit, n = —(dInc/dIn N)~!
3 -+ 5 6 7 8 9 10 11

5
H

1 LI ] I ll[\lllll 1 Ty 1 LI | 1 L — gL

Reactor

Neutrino fog
Xenon Y DsNB

10! 10?
DM mass [GeV /c?]



Limit curves

Gradient of discovery limit, n = —(dIn¢/dIn N)~! .
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Current state of affairs..

Gradient of discovery limit, n = —(dInc/dIn N)~!
3 -+ 5 6 7 8 9 10 11

N

e WIMPs fit cosmological data very well
o “WIMP miracle”
e Seemed like the perfect solution until..
We didn’t find them
e Getting dangerously close to neutrino
fog
o WIMP signal becomes near
indistinguishable from neutrino
background
e Still plenty of parameter space!!
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Back to LZ...

Detector: Dual-phase liquid
xenon time projection chamber
(TPC) \
7 tonne liquid xenon target
gaseous xenon layer

PMT arrays above and below

Outer detector —

Used to
characterise

and veto
background /
Skin detector

12




Veto Detectors

e Outer Detector (OD)
o Acrylic tanks filled with
Gadolinium loaded liquid
scintillator
o ODPMTs
e Skindetector
o Thin layer of liquid xenon
outside TPC
o Additional PMT array

e OD — Tags neutron
events

e Skin— Tags gamma
background events




Interaction in the TPC

e Incoming particle produces
electron/nuclear recoil

e Twosignals produced
o Scintillation light (51)
o lonisation electrons (S2)

e Electrons drifted to gaseous xenon
o S2signal produced by

ionisation of electrons

e 3D reconstruction

o XY from PMT hit pattern
o Zfrom time electrons take to
drift

T Electrons

&Y
'w
A' L.
: =

Extraction

PMT Array

Region

Drift |E| = 97 V/em
Region

145.6 cm
Cathode
-18 kV

Reverse

Field

Region

Bottom Grid
-1.5kV

PMT Array
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Pulses

. s N MPE Il SPE BN S2 I SE B Other
TPC Top array

g S2 ’
Interaction in the TPC Lol oo e
3 g | s

e S2 |arger than S1 -800 -600 -400 -QooTim:)[ps] 200 400 600 800

e RatioofS1sizetoS2 size used
to distinguish ER vs NR events

TPC Boftom array

S2

11373 phd

Amplitude [phd/ns]
o —_ N w »

o - N «w KN

o ER-Electron recoil Sl
o NR-Nuclear Recoil \
o Larger relative S2 for ER events 476 -4712  -46b 0 4
o Smallerrelative S2 for NR events Tmlvl Time [us]
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Analysis pipeline - Data
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Reconstruction
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amplitude [phd/ns]

Position dependence:
Drift field not totally

[ ] o [ ]
AnalySlS plpellne - Data uniform » Event signal
I varies depending on

position

amplitude [phd/ns]

) Ssiss s W oo o Reconstructed
position
"""""""""" T Area under pulse Area corrected for
reau u oy
Reconstructed pulses ——  position dependent
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Reconstruction Corrections

PMT Dataset
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Analysis pipeline - Data

e “Fiducial volume” cut

e Keep events only from volume
with lowest background from
detector materials

e Roughly the centre of the
detector

e 5.5tonne fiducial volume

e Described more onslide 28

Cuts




Analysis pipeline - Data

e Live time exclusions
o Highrate activity
o Detector instability
e \etocuts
o Remove events with veto
detector coincidence
e Physics cuts
o Event topology studied to cut
events likely to be background

Corrections

PMT Reconstruction S 1 & 52
readouts pulses




Analysis pipeline - Data

e Region of interest (ROI) cut

o Focus analysis only on region R
of parameter space that is S 3.
WIMP-y E

& 3,

T B
40

Slec [phd]

Region of interest
boundary

Corrections

PMT Reconstruction S 1 & 52
readouts pulses




Observable space plots Energy deposited for

particular S1c/log(S2c)
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Analysis pipeline - Data

Reconstruction

Corrections

logy(S2¢ [phd])

Sic [phd]




Likelihood Function

(Gaussian)

background counts background PDFs constraints

In[L] = —ul— Z v+ Zln pfu(cS1,eS2) + Zl/jfj(cSI,cSZ) + In{[C(v;)]
e J

signal counts J signal PDF

Likelihood: Rare event
search

observed dataset given
a certain signal )
strength and set of Unbinned

background strengths? likelihood

How likely is a certain

23




How we get the PDFK’s

e Backgrounds & signal modelled in order
to produce templates
o Finely grained histograms in cS1,
log10(cS2) space
o Givesdifferential event rates
o Filled by Monte-Carlo simulations

e Template for each source

Zln am

log10(cS2 / phe)
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w
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How do we get the templates?

log9(S2¢ [phd])
B &

| 28V

30

40
Sle [phd]
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Backgrounds



Backgrounds

Expected makeup:

. ' Other ER
o ~60%Pb-214 Pb A's
e OtherER

o Solar neutrinos (rate known

from previous measurements)

o Otherf’s

o Materialy’s
e 0.18 NRCEVNS events
e Small but problematic:

212Pb+218P0 ﬁls

13¢Xe ubb
124-)(e

o *¥e — leaksinto NR space
o Accidentals — Appear in
WIMP region

27
S



Xe - Double Electron Capture

° 124)(e
o Natural abundance 0.095%
e Double electron capture
o Recombination of excitons & ionisation

electrons

o Floating charge suppression ratio for
LL-capture

o Higher charge suppression droops into
WIMP region

— Shape varying parameter
e WS2024 ratio: QLL/QB =0.70+0.04

First analysis to incorporate this!
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Unphysical drift time

Accidentals

e Unrelated S1 & S2 pulses mistakenly Slh _/E

paired as event during reconstruction
e Events with unphysical drift time cut g1
o Population used to predict total _L
accidental rate
e Shape constructed by applying all
analysis cuts to manufactured accidental
events
e 2.8=0.6accidental events expected in
WS2024
e Lowrate, but prominent in WIMP region

Max drift time

»4"'!I """" EVETLTEL T BT LA B T T3 130
: LZ Preliminary

S

&S

events/bin
S o o

log10(S2c [phd])
w =
W (=)

o 5
o
" DL B e e

0 10 20 30 40 50 60 70 80 10° 107 30
Slc [phd] events/bin



Wall

e U-238 & Th-232tracesindetector

materials
o Gammas from decay chains
produce ER background
o Neutrons from spontaneous fission
produce NR background
e Fiducial Volume cut reduces wall event
rate to <0.01 in WS52024

e Cutvaries azimuthally to account for
e-field irregularity

X Prompt tag O Delayed tag
WARN RRARN REARARS RALEARLNA LALRAAALALN RARELLRAAR AR REAL
140 s bl e
12050 ¢ 5.0 .
B o %S % & %, A< |
ro.' .. 1’.':’ : ¢ .. "o
100 sole, Sape o o] - |
— :::: * "o.’?’-: ! 5“.'. . * .'lo.-.. .
e :. ..S-:. . . ., 2
* 60 ¢ ]
40 :-: : ]
20" b |
Depth & g N
in TPC 0 111 111 l ¢ B 0 T T T ll-l Ll l_l
0%20% 30> 40%  50? 602 702
R? [cm?] Removed
Distance from _/ events

TPC centre

200

400

600

800

1000

Drift Time [ps]
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Pb214/Pb212 from Radon decay chains

e Radon contamination in the liquid xenon
o Originating from detector materials
(i.e., wall) and accumulated dust
o Strict cleanliness during
construction to minimise
contamination

° 220Rn —)212Pb

e 222Rpn s 2*Pph —

Alkaline Earth Metals
nnnnnn

Radon

Astatine

Polonium

Bismuth

Thallium

Transition Metals

Mercury

32




Radon tagging

e WS2024 data collected in two

states:
o High mixing - uniform
distribution of Rn and

injected sources
o Low mixing - laminar-like
flow, creates convective
cells
e Flow mapped using coincident

222Q_218p
— 214pp efficiently tagged

Totally novel!!

High Mixing
e S

Low Mixing
o e
| 100<z<130cm_g

b

R e e
1 100<z<130cm

sof

222 +
Rn FV=7 um/s )
& | |

HH————+—+
1.20<z<50cm

214
ol ffor P
2% i \ + g
.1 mins gl
" °
é@ 1T ]
214pp il Nt
=50 0 50
X [em]

2 3 4 5
Observed 28Po Activity [uBq/kg]

Tir

214Pb+
26.7 mins 2
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Mixing states

Electron Lifetime [ms]

LZ Preliminary
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Combined likelihood

ln[LSR?)] = ln[Lmix] + ln[Linact] + ln[Ltag] + ln[Luntag]

V214pp jow mixing

&
1
G

s
=3
3

V212pp jow mixing

5
9
S

ol
n
S

logy(S2c [phd])

0 10 20 30 40 50 60 70 80

Ewn Shared parameters

' High-Mixing
"\ State

log1(S2¢ [phd])

V2pp high mixing

V222pp high mixing 35




Analysis pipeline - Model

Also need to know
what S1c’s and S2c¢’s
models will yield?

log10(cS2 / phe)

36
34
32
3.0 r
2.8
2.6
2.4
10 20 30 40 50 60 70
51/ phe

We know about the events,
now we need to know how

the detector will respond to
those events...
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Detector response model

S U L L B L L BB B AL

A i::j“"-~~~--\::_‘ ~~~~~~~~~~~~~~~~~~ LZ preliminary _
e Noble Element Simulation Technique (NEST) e e, g
o Predicts light and charge yield

Understand ER and NR bands

O
o Widely used across DM experiments
O

..h

(=3

(=]
TT : R )
]

i

~

W
T

log10(S2¢ [phd])
w w
o 3

Calibration data used to tune NEST
parameters to define ER/NR bands 3002
. . . . oy _,~ ! ‘. ! .
e ERDband calibrated by injecting tritiated 2758 s eV L28keVe  1s0keVe  172keVe |2
methane (homogeneous {3 source) - el ik i TR T Tk
e NR band calibrated with DD neutron o s a Slc4[(1))hd] S
-:mean DD (sim.)
generator --:10-90 DD (slim.)
Light gain: 0.112 + 0.002 phd/photon - mean CH3T (sim.)

Charge gain: 34.0 £ 0.9 phd/electron == 10-20 CHBT (G

Single electron size: 44.5 phd - mean DD (data)

:10-90 DD (data)
: mean CH3T (data)
: 10-90 CH3T (datap7

ODome



Analysis pipeline - Model




Dataset

Reconstruction Corrections




Back to stats

In[L] =

signal counts

14

background counts

-2

Vj

J

+-§E:ln

f.(cS1, cS2)

signal PDF

background PDFs

+ Zl/jfj(CSLCSQ)
J

values of

(Gaussian)
constraints

+ Inl[C(v;)]

S

1
exp
\ \V2mo
Expected Systematic /

(9—9)2>

252

error

constrained
parameters
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Profile Likelihood Ratio

l

~
kS

—21In

conditional
best fit

L(plo(u)

=
unconditional L @ V)

best fit

—21In

L (1, 5(1))
£(0,5(0))

Test statistic:

Scalar function of the
data: profile likelihood
ratio. Function of a
given hypothesised

signal strength, and the
data (via maximum
likelihood fits). Larger
value indicates
disagreement with
hypothesised u
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e Throw MC toys from our

ol Hesw) 45 g conditional best fit
p—ValueS [, = Yo 0 = e Calculate a TS for each
—21n L(/J’vlg(u')), /’l <0 t0y
L(0,7(0))

e Calculate the p-value
from the distribution of
the test statistics

Observed data TS

Counts

P-value is the proportion of
toys with TS values *higher*
than that observed

Test Statistic 42



Setting a limit

Confidence
level: if a
signal
exists, will
lie within
the

fraction a
of the time

0.8 1

s

0.4

conﬁdenN_
interval a

0.01

oo

robs
by

I ()

-——a
@ Upper limits
@ Lower limits

/

~SA

10

12 14

p-value:

Under the assumption of the signal

strength being tested, what is the
probability to find a test statistic at least as
high as that observed?

We don't see signal events:
disagreement with the data when
signal too high: upper limit

We see signal events: disagreement
with the data when signal too high or
too low: “lift-off”
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Discovery

e Slightly different test statistic definition. Larger value indicates more

statistically significant signal
L0,
bl s >0

go = —21In ¢ L(a,V) -
0 1 <0

=

Test statistic:

Larger values indicates disagreement with
the background-only hypothesis; used to
quantify discovery significance

Probability (g | )

Discovery significance:

Convert a p-value to an equivalent
Gaussian significance » discovery
significance

q
Test Statistic Value, g




GOOdneSS Of Fit e Data counts per bin

mm Best fit model counts per

bin
U R R T B AL B A
L e Data — 124Xe DEC ]
= Total Bk — 12X 4 125X | ]
J—— Pt Baker-Cousins y* test
[~ OtherER B ] statistic for Poisson

. counts within bins.
simulated counts

g oL = .
& . / p-values calculated
H_ 1 TS=2Y L-n+In (%) non-asymptotically via
- ] Yine ‘\ toy MCs
observed counts
,Z-J,_,,_P,r,', e S 1 N We take a p-value > 5% to
e —4 =2 0 2 4 indicate a sufficiently
(log10(S2¢) — pgr)/oER “oood” fit

Test statistic » Roughly a
measure of how well the model
fits the observed data
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Events/keV

Goodness of Fit

Data == Other ER
= Total Bkg ~—— !*Xc DEC

10’

e 2MPh s e 2TXe 4 BXe EC == 40 GeV WIMP

Accidentals
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Bias mitigation?



Bias mitigation

e Very helpful in our background model
analysis to be able to see the data
o Still needed to mitigate bias
e Salteddata
o Fake WIMP-like events scattered
through data at WIMP-like rate
o Analysts unaware of which events
aresalt
o Events constructed using old
calibration data
e Salt events removed once inference
inputs frozen

PDF

§ 1041 @
e ]
(NU il
%2} 41 a
Salt
103 ] L] 1
(0] 20 40 60
Slc [phd]
A . e-E/E
|
L. o

Energy [keV]

80
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Results



WS2024 data

o WS2024 datataken over ~1.5 years

e 3.3 tonne-year exposure

o 220live days
o 5.5tactive volume

e 1221 eventsremained after salt

removed

o 8saltevents total
o 1salt event removed by analysis cuts

Results paper available here

3.00F events
C *
275 t 08KkeVee | 2.8KkeVe 15.0keVee 72%keVe

5keV,, 15 keV,, 25 keV,,
i 1 1 1 1 1 I
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https://arxiv.org/pdf/2410.17036

Data components
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Fit results

Source Pre-fit Constraint Fit Result 425F

21pp Bs 743 + 88 733 + 34 g

212py, 4 218pg Bs 62.7 £ 7.5 63.7 + 7.4 400

85Kr + 3%Ar Bs + det. ys 162 + 22 161 + 21 =

Tritium+ 4C Bs 58.3 & 3.3 59.7 + 3.3 237

Solar v ER 102 + 6 102 + 6 & 950

127Xe + '?°Xe EC 3.2+ 0.6 2.7 + 0.6 <

'24Xe DEC 19.4 + 3.9 214+ 386 0 3.25

136Xe 2v8p3 55.6 + 8.3 55.8 + 8.2 - ]
8B+hep v NR 0.06 &+ 0.01 0.06 &+ 0.01 3.00 a
Atm. v NR 0.12 + 0.02 0.12 =+ 0.02 S LA, A .
Accidentals 2.8 + 0.6 2.6 + 0.6 ZI5E ):Ik” . .k‘VVI | ;g’:;x;: I;ﬁ,@;l 3
Detector neutrons = ().0'*'0'2 OI B ‘IOI - |20' - I30| - I4OI - ISOI - I6OI - I7OI - |80
i GeV/c2 WIMP _ 0'0+0.6 0 WIMPs for all masses Slelphd]

Total 1210 + 91 1203 + 42

Radon tagging efficiency — 62 + 3%

Veto efficiency — 92 + 4%
QLL/QB=0.70+0.04 52




Limit curve

e World leading limit for
all tested masses

e Unconstrained limit
lower under-fluctuation

— Limit constrained to 1
sigma below median
expected upper limit
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What's next?



The future of L.Z

e Continuing to take data
o Goal of 1000 livedays
o Datataking until 2028
o Continued salting
e Future analyses with existing data
o Low mass WIMPs
o Boron-8 neutrinos
o Neutrinoless double beta decay

e Future WIMP searches!
e Working toward XLZD..
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XLZD: The next generation

Snowmass Summary Chapter - arXiv 2209.07426

e XENON, LZ, DARWIN super-collaboration e o Resul (0% C1)

107 .NDM X Projection (20% exposure)
e Planned 40-100 tonnes Xenon TPC

Projection (Full
1074 xﬁﬂoﬂ\ O Projection (Full exposure)
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e Looking below the neutrino fog 2 we %
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.. 5 L. pEAPD
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If WIMPs exist above the systematic limit of £ 1o e
astrophysical neutrinos, XLZD will observe them. e e l[.,N?“.Hl......l...?‘.U.L[....
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.. ..
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Conclusions

e World’s most sensitive WIMP direct detection
experiment with combined total exposure of 4.2
tonne-year

e World leading interaction limit for all WIMP
masses tested!

e Novel background modelling

o First observation of suppressed charge yield from LL-shell
DEC of 124Xe
o Flow based radon tagging

e Onwards to future LZ searches and XLZD!
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Thanks!
Questions?



