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LZ Experiment @ Sanford Underground
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Solar Neutrmo A Long History at SURE

Solar neutrinos were first detected at the Davis experiment
in the Homestake mine (SURF), leading to the discovery
of neutrino oscillations and the 2002 Nobel Prize

Davis Experiment Results
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Solar 3B Neutrino Signals
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*B neutrinos occupy a sweet
spot: sufficiently high energy
and relatively high flux

Energetic enough to produce
detectable keV-scale Xe
nuclear recoils via coherent
scattering

Abundant enough to yield an
observable event rate in a
modest 5-tonne fiducial target
originally designed for dark
matter (DM) searches



Coherent Elastic Neutrino-Nucleus Scatter (CEVNS)

Well-predicted neutral current Standard
Model process proposed in the 1970s where Va Ve
neutrino “sees” whole nucleus

e Cross-section scales with neutrons A
squared
e First measured by the COHERENT
experiment in 2017 using the Spallation (A, 2) / \ (A, 2)

Neutron Source Science 357, 6356 (2017)

e Additional measurements with reactor

neutrinos by Dresden-l| e Firstindications (< 30) of CEVYNS
with solar neutrinos from

PRL 129, 211802 (2022), PandaX-4T PRL 133, 191001

CONUS+ Nature 643, 1229-1233 (2025) C20242’ XENONNT PRL 133. 191002

(2024) ]
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https://www.science.org/doi/10.1126/science.aao0990
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.211802
https://www.nature.com/articles/s41586-025-09322-2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002

The L“X-ZEPLIN (LZ) Detector LZ Detector Design: NIM A, 953 163047 (2020)

17 tonnes Gd-loaded
| liquid scintillator OD

Xe Skin & Outer Detector (OD) characterize
and reject y + neutron backgrounds

Water Tank 7 tonnes active liquid xenon in
Dual-Phase Time Projection Chamber
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http://dx.doi.org/10.1016/j.nima.2019.163047

LZ TPC Characteristics

GXe Side

e Key Central TPC Detector: Skin Region

O

O

TPC dimensions: 1.5 m tall x 1.5 m dia.

7 tonnes active Xe mass - LXe Side
biggest TPC currently operating!

494 PMTs (single-photon detectors) in TPC
PTFE walls ~97% VUV reflectivity
4 custom-built woven electrode grids

Skin Region

e Operational parameters:

©)

o
o
o

Temperature: ~175 K
Gas Pressure: 1.86 bara
Drift Field: 97 VIem for this dataset (cathode at ~20 kV)

Electron lifetime ~15 ms (max drift time ~1 ms)
e- could drift >20 m in Xe of this purity before capture
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Drift Region

Reverse Field
Region

PMT Array

LZ electrode grid design:
NIMA, 165955 (2022)
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https://www.sciencedirect.com/science/article/abs/pii/S0168900221009062?via%3Dihub

Liquid Xenon TPC Basics
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e Two signals: S1 (prompt scintillation) and S2 (scintillation from ionization = drifted electrons)
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Liquid Xenon TPC Basics
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e Two signals: S1 (prompt scintillation) and S2 (scintillation from ionization = drifted electrons)
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Liquid Xenon TPC Basics
Soml Fd

1"‘ - ;.%

Run 16948, Event 38128
® S1 @ S2 @ SE

Drift time
indicates depth

-4.00 -2.00 0.00
time [us]

Incoming

Particle

e 3D position reconstruction: x-y from S2 hitmap, z (depth) from drift time

e Xenon is self-shielding = reduced background near center

e Further discrimination from single vs multiple scatters

192 PMTs = 0.1 phd

Dongqging Huang - LZ/UCLA



Liquid Xenon TPG Basics

(B decays, y rays, v-€’)
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(CEvNS, WIMPs, neutrons)
e S1-S2 ratio — Particle discrimination
o Many backgrounds are electron recoils (ER)
o  WIMP and neutrino signals are nuclear recoils (NR)

o Instrumental (accidental) backgrounds also fill a distinct region of this 2D space
(approximately indicated by the gray region) 12
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What Are The Backgrounds for 2B

CGEVNS Search in LZ7?

4.50

4.25

iy
(=}
S

T,

e Electron recoil (ER) backgrounds

(betas, gammas) are negligible

e Neutron backgrounds are <1 event (tag
with OD and Skin)
e Dominated by accidental coincidence

events

o Isolated S1s and S2s (where the $1 and S2 do
not come from the same energy deposition)
can pile-up to fake a true single scatter.

Possible Physical Event
Max Drift Time
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cathode to liquid surface (~1 ms)



e Data quality cuts:
o time-based exclusions, hold-offs after large
energy depositions, operational issues

e Fiducial volume:
o reject external backgrounds and detector edge
effects

e S1and S2 based cuts:
o target accidental coincidence backgrounds

e External vetoes:
o target neutrons which produce coincident
signals in the OD/Skin

e Optimization technique (CMA-ES") used to
simultaneously tune several selections across
multiple parameter spaces for improved
accidental rejection

'Covariance Matrix Adaptation Evolution Strategy
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Accidental Goincidence Modeling

Photon and electron rates
vary on ms time-scales=
necessitates model that
captures time-varying
environment

Fabricate S1-S2 events from
lone S1s and S2s according
to ambient photon + electron

rate environment

Run 13732, Event 244668
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Resulting S1-S2 spectrum is normalized by rate in sideband of known
accidental events (> max drift time)

Prediction: 6.6 * 0.3 events in full exposure (5.7 tonne-years)
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Galibrating Nuclear Recoil Response

e Need to carefully calibrate low-energy nuclear recoil response and quantify systematic
uncertainties associated with 8B CEvVNS signal modeling in LZ

e Nearly mono-energetic 2.45 MeV Iiﬁl?f;‘e'i‘iiii??pc
neutronS are Used from 2.45 MeV monoenergetic neutrons
well-characterized Adelphi “’lw”‘“ :
deuterium-deuterium (DD) source BPE shicld At grreil s oard

o DD Neutrons produce nuclear E :
recoils from 0-74 keV 11 I

Portable

o Constrain both high and low i
energy nuclear recoil behavior in NHH

xenon
ol

Schematic of DD neutron generator and
the neutron’s path into the TPC

16
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Best-fit Yields and Fluctuations

LUX*/LZ Collaboration have directly calibrated the LXe response to
very low energy nuclear recoils, down to 0.27 keV (green points)

HY : —— NEST v2.4.0 (97 V/cm) 4 LUX RUNO3 DD (180 V/em) 4 LLNL DT (200 V/cm)
® We q uan tlfl ed SySte m atl C —— LZ WS2025 DD (97 V/em) §  LUXRUNO4 DD (400 V/cm) 4 LLNL Li(p,n)Be (220 V/cm)
. . XENONNT YBe (23 V/em) ¢ neriX DD (190 V/cm) 4 LZ YBe (193 V/em)
uncertalnty associated 1 B A %g‘ R
16 - . - L .

. . . - 1 h Yiel
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and detection efficiencies sk

L . . 8 [ >-~Ill -
%, 10k LZ Preliminary % é\iﬁ'
% o S 6F TR
1 median ,_>f L 6 : // )
10 2 lo 6'_ B
>< E === NEST v2.4.0 i 4-—
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10°F r 5l A
A R T T T T R L P ST 2:" ] I
10° 10" 10° i P ] . .
Mean Excitons 0_1 * * """IO ! . ‘l""ll : EE— 0_1 * * ""”IO ! : """ll
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Nuclear Recoil Energy [keV] Nuclear Recoil Energy [keV]
Best-fit model for exciton (photon) quanta Best-fit light yields (left) and charge yield (right) from this analysis (black)
fluctuations as a function of quanta produced compared to other experimental results
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8B CEVNS Recoil Spectrum and Detection
Efficiency in LZ

95% trigger efficiency to 4e
sized S2s

Threshold predominantly set by
3-fold S1requirement

Reconstruction and selection of
S1s and S2s determined with
calibration events

Gray uncertainty band shows
quadrature of uncertainties as
discussed in next slide
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8B CEVNS recoil spectrum 9 GeV WIMP recoil spectrum
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Signal Expectations and Uncertainty Budget

Monte Carlo simulations to predict rates and
o sgE LZ Preliminary — -
uncertainties g |
DetNR:- h
. 3GeVDME— r———l
Total systematic on detector response : . :
. . . 4 GeVDMFE » ; .
contains uncertainties from: s cov ol
e Yields : i
. 7GeVDME . [r————
e Fluctuations 8 GeV DM Ejjzysys;.sl.mcertamty —_—-d
e Detection ability 9GeV DM[ ;ﬁggiﬁz&s o
(reconstruction and selections) S0 s so s 0 25 50 75 100
Relative change in rate by =10 uncertainties [%]
8B CEVNS expectation in full exposure (5.7 Total percent uncertainty and its breakdown by

+8.9 contribution for each simulated NR component

tonne-yrs): 20.6°:3 events

DetNR: Detector Neutron Recoils 19
Dongqging Huang - LZ/UCLA



Final dataset with Signal and Background Models
- ’B I:l Accidentals

L I B B B B
. o L LZ Preliminary
e 20 events in dataset after all selections 800
o 1revealed to be an injected artificial I 7%~ |
B | ® N T
signal ("salt") event (red) 600 - \ .
— i oo |
. . . = -~
e 19 events with which to perform science <5 | |/, \‘ :
— . I \ i
search S 1o
«» 400 | Vo -
H 111 . 2 - | \ [} i
e Sideband dataset of “neutron-rich” data: | e '.’
. . B 1 -
passing all selections except delayed veto R l |
... / I
200_ . J / i
o 1 event =» in-situ constraint for neutrons : ‘;_-:,,/' . -
1 1 1 1 I 1 1 1 1 I 1 1 I 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
o Neutron expectation in main dataset: 0 2 30 o 7['15)}1 i 104 123
C
+0.25
0.04 -0.04 events Final science dataset (black) with the one injected
and recovered salt event (red) 20
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Searching for 2 BCE/NS =" DOee

b 155— E
§ 10;_ = p-Val = 0.57 _;
m - =
(5)é L1 [ |i ] R NI R R R g p-val = 0-49
L I L I L L BN N NN TN LR
e Search for 8B CEVNS events, [ L2 Preliminary 1 1 ‘
assuming zero DM events cool CARN i
T el |
e °B CEvNS rate is unconstrained, S [ ie®. 11
. o 4001 | \ R
floating freely in fits T @ L) 1t
1
I , I
. 200~ / / J
e Best-fit number of 8B CEVNS events: [ e ——
+7.0 00 25 50 75 100 125
12.354 S1c [phd]
o Consistent with prediction of Components Expectation Fit Results
8 _ 12. +7.0
20.6'§8 events B CEVNS 379
Accidental coincidences 6.6 + 0.3 6.6 + 0.3
Detector neutrons 0.0415:2% 0.1792
Total 6.6 + 0.3 18.9772
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Evidence for 2B CE/'NS

9\

Events

- ’B I:I Accidentals

15
10E s

LA L B B B I B B

p-val = 0.57

1 p-val = 0.49

| T T T T | T T T T
LZ Preliminary q r

12

e Background-only [
model rejected with | :

4.50 significance = |
(expected 6.70) Al .
'Lgn I 670 |
20 i

- g | Discovery
e Demonstrationof : [T o 57 ]
LZ’s ability to =i M )
detecta = [ ]
low-energy signal! |
LZ (WS2025)

https://arxiv.org/html/2512.08065 [also
submitted to PRL]
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Slec [phd]
Components Expectation Fit Results
8B CEvNS 12.31%9
Accidental coincidences 6.6 = 0.3 6.6 + 0.3
Detector neutrons 0.0415:2% 0.1792
Total 6.6 + 0.3 18.9772
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https://arxiv.org/html/2512.08065v1

Measurements with 2B CE/NS

Measurement of 8B CEvNS can be used to

e Make a flavor-independent
measurement of 8B solar neutrino flux
e Measure weak-mixing angle (sinzew) at

low momentum transfer (Q)

These measurements will improve with

increased statistics and improved

detector modeling (e.g. NR response)
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LZ Low-Mass DM results

In the same ROI used for the Solar 8B CEVNS search, we also searched for
low-mass dark matter, with the ®B rate constrained in the fit.

Limit setting for Spin Independent (Sl)

DM-nucleon interaction strength
using two-sided
profile-likelihood-ratio test statistic

World-leading DM limits for masses
above > 5 GeV/c?

The resulting limits reach into the
neutrino fog, as shown in the figure
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CGonclusion and Future Neutrino Physics with LZ

e LZ reports the strongest evidence to date for Solar °B
CEvVNS interactions (4.50)**

e CEvVNS opens a portal to

o flavor-independent solar neutrino flux measurements
o Sensitivity to weak-mixing angle at low-Q
o Non-standard neutrino interactions

o Supernova neutrinos

m For 27 solar-mass progenitor, 10 kpc
(V33 light-years) away, predict “80
CEVNS events in V10 s

**For reference: First indications (< 30) of CEvNS with solar neutrinos from
PandaX-4T PRL 133, 191001 (2024), XENONNT PRL 133, 191002 (2024)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.191002

