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https://docs.google.com/presentation/d/1fxX0kmWPh1R0M8AxxzZu3yH9go2ALIvHxp7uFxtp-Sw/edit?usp=sharing

University of L Xe TPCs @

Zurich™
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e Dual phase TPC, two signals

o Promptscintillation light 81 (.
o Delayed proportional charge signal amplified in gas (S2)

e Depth (z) from time difference between S1/S2
and light pattern provides (x, y) position

—
Outgoing
Particle

e LXe is dense and self-shielding — fiducial volume (FV)

/
Incoming
Particle

TpcMixedGain

Sz Run 16948, Event 38128
S1 ® S1 @ S2 @ SE MPE

mpitude [phd/ns]

SPE

500.00

Background rate

Bjoérn Penning Moriond Electroweak 2026



Ty of LXe TPCs £

* 1
""""

e Dual phase TPC, two signals

IIIIII

o Prompt scintillation light (S1)
o Delayed proportional charge signal amplified in gas (S2)

e Depth (z) from time difference between S1/S2
and light pattern provides (x, y) position

—
Outgoing
Particle

e LXe is dense and self-shielding — fiducial volume (FV)

e | Zlocated 1.6 km deep at the Sanford Underground Research
Facility (SURF)

Incoming
Particle

Background rate
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University of

i) Zurich™ Sanford Underground Research Facility
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University of The LZ Detector |Z

i ' UZH
g Lurich

Water shield: LXe target:
e 230tDlwater o 7tlXe
TPC
A
I
I
Outer Detector: é6m :
e 17tGdloaded =~ !
scintillator T !
e Detect neutrons :
|
= |
|
|
|
|
|
|
LXe “skin” region: : I
e 2tlXe D \

e \VetoMeVy 7.6m
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University of Background Mitigation @
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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 0(0.015 ppt)
1 Banana = 15 Bq

e Bananas are actually somewhat radioactive
due to potassium

o 15 Bqg/Banana (100 g)

e Our target activity in the Xe: 2 uBqg/kg -
1/75M Bananas

e Cleaning, cleaning, cleaning, cleaning!
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Underground Transport
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University of . “
Zurich™ Particle ID @
Phys. Rev. Lett. 131, 041002 N
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(B decays, y rays, v-€’)
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/\ 4001
=) i i
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Electron recoil (ER) Time % 3.75 N ]
oY i ]
----------------------------------------------------- m | n
23.50[ :
en r ]
S2 = - ]
' — —
o /\ C ]
- o 3 g
° Time [/, 09 keVee 2.9 keVe, 5.1 keVee 74keVee )
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e Backgrounds predominantly electron recoils (ER), WIMPs produce nuclear recoils (NR)
o ER band: Tritiated methane (CH3T) injection, spatially homogeneous 3 source

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

Bjoérn Penning Moriond Electroweak 2026 9


https://arxiv.org/abs/2207.03764

Zurich™

University of
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Phys. Rev. D 108, 012010 (2023)
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10° Po-214
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e Calibrations via a series of y- and neutron sources
(?8Th, 8™Kr, 5’Co,%°Na, **Mn, DD, AmLi, AmBe, )

e Peaks from a-emitters bracket 3-emitters that are fitted

Bjoérn Penning
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Astatine

Polonium

Bismuth

Lead

Thallium

Mercury
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https://arxiv.org/abs/2211.17120

University of
Zurich*™ Neutron Veto @

AmLi neutron source event

TPC I Ky ~ <

2.0e+0 4 Run 6169, Event 16972
] ® S1 @ S2 ® SE @ MPE © SPE @ Other

amplitude [phd/ns]

0.0640 e }x__4._ P —
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S kl n time [us]
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Run 6169, Event 16972
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time fus]

Outer Detector + R

Run 6169, Event 16972
® Pulse

Neutron capture
gamma

amplitude [phd/ns]

e Neutrons are main WIMP background

o
°
g 7 &
T 2 2 2 2 2 2
b )

e OD and Skin serve as active vetoes to reject neutrons /‘ s o

time [us]

7

e Total neutron veto efficiency: 92 +4 % Proton recoil (LAB)
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University of WIMP Results (WS2024) 12
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e Total WS2024 exposure: 280 days (4.2
tonne-years)

o 220 days of new data %”5 ’H,, :
& 350F B 128y
o Combined with the WS2022 result (60 days) L AiDu

e Base/WIMP analysis selections
o 3 phd=<S1c <80 phd, S1 coinc. = 3,
o S2 2645 phd (14.5¢7), S2¢ < 10° phd
e Profile likelihood ratio (PLR) analysis
e World’s best sensitivity for S| WIMP-type DM

e Observed Sl exclusion:
aDMS' =2.2 x10% cm? at 40 GeV/c?

WIMP-nucleon og [cm?]

:xl L P SR |

10 10°
WIMP Mass [GeV/c?]

Bjorn Penning Moriond Electroweak 2026 Phys. Rev. Lett. 135, 011802 (2025) 12



https://arxiv.org/abs/2410.17036

University of
Zurich™

DM might also be at lower masses

Neutrino fog also much higher (CEVNS from
8B solar neutrinos) at lower recoil energies

Not a hard floor, a slowly rising fog
o Energy and position dependent
o Imagine: Going from e*e” — pp
First observation & novel SM measurements

First indications by Pandax-4T & XENONnT
(< 30)

= T

Bjorn Penning (A4, 2) (A, Z) Moriond Electroweak 2026

Low Mass DM @

Ciaran O’Hare
Phys. Rev. Lett. 127, 251802 (2021)

10!
WIMP mass [GeV/c?]

¥ DSNB

10%


https://arxiv.org/pdf/2109.03116
https://arxiv.org/abs/2407.10892
https://arxiv.org/abs/2408.02877

University of Low mass Searches [Z

Zurich*™
WIMP search

e Low energy signals are very challenging

[ | | I
e Single scatters at very low energies 4.25F
(ROl about 1-6 keV, ) . SV
4.00
e Different background composition: - C
- = 3.75F fls
o Betas, gammas (ER) are negligible o C e
O ol AT
o Neutron backgrounds are << 1 event 50 50;?«'{:: e ¢ !
. . o ET: All Dat
o Dominated by accidental coincidence 20 3.25 - [ i 1
events (very hard!) - |
3.00F 1
e Accidentials: S1s and S2s mostly from a large variety |
of instrumental effects, e.g. 275 [r— T \ et "
[ | 15k 15 keVy, 25 ke 35 ke
o PMT dark counts o BT I [ R e e

0 10 20 30 40 50 60 70 80

o Charge loss near walls Slc [phd]
o  Grid emissions Low Mass DM Search
o Photon/electron ‘trains’ after large energy deposits (WS2025)

Bjoérn Penning Moriond Electroweak 2026 14



University of ] ]
Zurich™ Event selection and Data Quality @

N8

Possible Physical Event
Max Drift Time

e Event selections:

o  Primary selection: 3-fold S1 coincidence

S1
/\ 2<S1c<15 phd, 3.5S2c<14.5 e (44.5 phd/e’)
Time’ o 417 live days, 5.1 T LXe FV
Definite Accidental Event 110°
Max Drift Time —— Trigger ;
: —— + Single Scatter |
S1 S2 + Data Selections§10 %
; —— +ROI Cut 1 =
g 110" &
Max drift time = time for electron to drift from cathode to liquid surface (~1 ms) _di g
Q =
e Selection criteria developed on non-WIMP ROI E J10° Z
background & calibration data ] §
g \ 1 m
e Rejection of live time with detector instabilities, hic B E 10"
TPC pulse rates , ]
e Apply data quality, FV, base selections 10'30‘ B e e R S 810'2

Nuclear Recoil Energy [keV]
arXiv:2512.08065

Bjoérn Penning Moriond Electroweak 2026 15


https://arxiv.org/abs/2512.08065

University of .
Zumr Final Dataset @

N

e Slightly tighter 5.1 tonne fiducial volume for lowest background and uniform signals

. ‘ H b . . . .
Blind’ the data by injecting data drive fake events Final data events, each pie chart represents the

relative fit contributions and weight

_' S EE RS A N S A ‘_ N T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
40 Z Preliminary ] i 1
. - _ I Bl :cev/csipv  [ll*B [ Accidentals
Taof + i v <y i — 600 ]
' . - ) i ]
g B —— ] "& i Il
w34 - 7 = I i
§ 1 S 400 d
— 321 — N | ) |

301 N |

; _ 200 - 1
e S SPET i PE PPTE DT TS PTRTE PR f - G arXiv:2512.08065

0 S 10 15 20 25 30 35 1 1 11 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 [ 1 1 1 1 l 1 1 1 1

Sic [phd] 0.0 2.5 5.0 5 10.0 12.5
_ Slc [phd]
e Expected yields:
o Bkgds: ~6.6 + 0.4 events Obs: 19 8 :
_ 0 4.50 o °B observation!
o B CEVNS: 20.6™%° _events Fit: 18.9"70_,

Bjoérn Penning Moriond Electroweak 2026 16


https://arxiv.org/abs/2512.08065

g:riiﬁruf"ityc’f Measurements with 8B

N

e Measurement of 8B CEvNS can
be used for ...

T I T T
—e— B16-AGSS09met (Low Metallicity)

. &< SNO (2013
o Flavor-independent , o

measurement of the 8B
solar neutrino flux | ® | LZ (This Result)

1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1

2 4 6 8 10
8B neutrino flux [10% cm~2s7!]

alldd A -4

o Measurement of the
weak-mixing angle (sin*6,,) ———

i P COHERENT N

at low momentum transfer ~ 03f CONUS+ T Csl+LAD ]

Q - - APV-PDG e l iEAC E158 Standard Model A

r————' ——————————— J —— — —— — T ——— ——————————————— —

o) L n

o . =02 Ll .

e Precision will improve with 2T LZ (This Resulf) ]

increased statistics and . 1: ]

. . e 1 I Lol 1 1 | | L L Lol 1 ! | 11
precision 1072 1071 100

Q [GeV]

arXiv:2512.08065

Bjérn Penning Moriond Electroweak 2026 17


https://arxiv.org/abs/2512.08065

University of
Zumr Low Mass DM results @

—41
1 O EI T lv T T T T | T T T T I T T T T I T T T T I T T T T ] T T T T I T T T T I T Ié
= R e Median 30 discovery potential
- arXiv:2512.08065 — == Median expected upper limit
—42 i 3
10 "k —— Observed upper limit

1 llllllll

T IIIIIII|
| IIIIlllI

PandaX-4T (2025)

T IIIIIIII
1 lIllIIll

DM-nucleon og [cm?]
=

O
L
"
"a
'

Idealized Neutrino Fog
% (O'Hare, 2021)

3 4 5 6 7 8 9 10
DM Mass [GeV/c?]
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https://arxiv.org/abs/2512.08065

University of
Zurich*™ Other results @

e | Zis the largest & most sensitive WIMP liquid xenon TPC (Phys.Rev.Lett. 135 (2025) 1, 011802)

e Other physics searches being performed in LZ...

o Effective field theory coupling of DM to xenon nuclei (Phys.Rev.D 109 (2024) 9, 092003,
Phys.Rev.Lett. 133 (2024) 22, 221801)

o Solar axions, axion-like particles, dark photons (Phys.Rev.D 108 (2023) 7. 072006,
arXiv:2511.17350)

o Ultra heavy dark matter (Phys.Rev.D 109 (2024) 11, 112010)

o  Cosmic ray boosted DM (Phys.Rev.Lett. 134 (2025) 24, 241801)

o  Atmospheric millicharged particles (Phys.Rev.Lett. 134 (2025) 24, 241802)

o Muon Flux measurement (arXiv.org:2602.16799)

o 13¢Xe 2vpp and Ovpp, also DEC

e And many more...

Bjoérn Penning Moriond Electroweak 2026 19


https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.221801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072006
https://arxiv.org/abs/2511.17350
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.112010
https://journals.aps.org/prl/abstract/10.1103/nr92-jvt3
https://journals.aps.org/prl/abstract/10.1103/zhs9-65ds

University of

Univers| XLZD |2
e XLZD = XENON + LUX-ZEPLIN + DARWIN for a future 60-80 tonnes DM and neutrino
experiment (Eur. Phys. J. C (2025) 85: 1192)

) DARWIN

e 17 countries, 76 institutions, 440+ members

e Four candidate sites:

Dark Matter Neutrino &

Rare Events

Supernova &
Multi Messenger.

LNGS

Bjoérn Penning Moriond Electroweak 2026 20


https://arxiv.org/abs/2410.17137

4" University of Conclusion |Z

e LZ has the world leading sensitivity for WIMP masses > 5 GeV/c?

e First 8B CEVNS observation with 4.50 ¢ (exp. 6.70 o)

e LZ continues towards 1000 live days of data and many more searches...
o Investigating extension beyond 2028

e Beyond LZ we are planning a next generation experiment with the XLZD collaboration

@@= f \‘V@"@ ) |

1©©©©®@ ®eCo®g @®®® |

05000303000 @Qgﬁg
Ce2elee%e%0%20%:%

Bjoérn Penning Moriond Electroweak 2026 21




University of Izdarkmatter
Zurich™ ﬁ @ @ e

Black Hills State University

Brookhaven National Laboratory

Brown University

Center for Underground Physics

Edinburgh University

Fermi National Accelerator Lab.

Imperial College London

King’s 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 PR e
University of California Berkeley S iy L/ .
University of California Davis . [Z Collaboration Meeting at UCLA,; March 2025
University of California Los Angeles _ — g e
University of California Santa Barbara 3 z T -2

University of Liverpool

University of Maryland https://i1z.Ibl.gov/

University of Massachusetts, Amherst SANFORD
Science and
% Technology f c -t Para s iancia @ gE‘SDEiRR%%IOU NP
Facilities Council — e a Tecnologia FACILITY

University of Michigan
Evilsei Ratlonsl o 1 institue for e
wiss National | 3
Science Foundation 1 Basic Science HER

University of Oxford
38 institutions, 250 scientists, engineers, and technical staff

University of Rochester
University of Sheffield
University of Sydney
University of Texas at Austin
University of Wisconsin, Madison
University of Ziirich

S Europe Asia Oceania
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PanhaN

University of 17
Zurich™ @

Backup
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University of 7‘7/

o) zurich™ Bias Mitigation
e Salting: ‘Blind’ the data by injecting fake events 4 Exponential energy distribution to
Ae = represent WIMP scattering with flat
e Generated by combining real S1 & S2 pulses pedestal to higher energies
from calibration data using exponential + flat
spectrum

o Events follow exponential+flat spectrum
(exact parameters randomly generated, kept

hidden)
4.0 ]
o Covers WIMP and higher-energy NR
regions of > -
2 36f 1

o Injected salt rate chosen to match Poisson i :

uncertainty on expected B CEvNS rate 2 1
based on WS2024 NR model = a2f 4
e Identity of salt events revealed after analysis is 3-0;— .
finalised 1| et TR rewe ol PRUIE PPTTE PR PO
0 o 10 15 20 25 30 35

S1c [phd]
Bjérn Penning Moriond Electroweak 2026 24



University of \
e Outer Detector [£
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University of i i I
e Final Data Set Reconstruction @

e  Salt ©  Delayed Tag
0'
E 200
oy
7] =400
— ()
> o= 600
-20 5 5
3 /7 :
—40 2, ) 800
T E 1000
Z Preliminary. | . e T . S
-50 0 50 0 20% 302 40?2 502 602 702
X [em] r2 [cm?]

e Gray: TPC edge
e Purple: FVrextents at the top and bottom of the FVz
e Purple circles: Resistor cutout

Bjoérn Penning Moriond Electroweak 2026 26



University of

Zurich™ NR Calibrations
—— NEST v2.4.0 (97 V/em) 4+ LUX RUNO3 DD (180 V/cm) 4+ LLNL DT (200 V/cm)
—— LZ WS2025 DD (97 V/cm) §  LUX RUNO4 DD (400 V/cm) 4 LLNL Li(p,n)Be (220 V/cm)
XENONNT YBe (23 V/cm) neriX DD (190 V/cm) =+ LZYBe (193 V/em)
[ T T vlvvv»] T T IIVVVVI T T T I 3 12_ T T IIVVVVI T ' lvlvvv]
161 % ] ~
L : 11 10 B
Heat 14 . .
- . . - 12 __ I
Excitation Recombination i 8
> 10f 5 a
Xe* —» Xe* Sl g0 2 R
< I S 6F A
= 8r 6‘ L N
._] i i 1 iy
Nuclear o I &
: o C 4 NS
Recolil lonization i :
AL i
Xe te - s
2b - 1
10" 10° 10' 10" 10° 10'
Nuclear Recoil Energy [keV] Nuclear Recoil Energy [keV]

e Carefully calibrate low energy NR response and quantify systematic uncertainties
e Use mono-energetic 2.45 MeV DD neutron source, additional AmBe and AmLi calibrations

e Quantified systematic uncertainty associated with yields, fluctuations and detection efficiencies

Bjoérn Penning Moriond Electroweak 2026



University of WS2025

Zurich™

Calibrations Detector operations Science data

Calendar time [days]

N

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
600:""I""I""I""l""I""I""I""I""I""I'"'I""I""I""l"" 25
= el T
> 500 |- i )
3 - . |H20 5
j400} . * woowp 5 1 o ° o ® 'Y b S ; qr;')
£ F I BRI 27 el e e X s IR ARy S N P =
= C '.o .oe 5 $6%00e%%%, %% ® o 282" Wee ! ‘:} ° Q...: o) & s i 155
© 300F e it hi LD gl 1 - | =
E :h o000® -~ : o‘ __ IO =
E 200 __.o.'d,o % K ; E
S 100F % I° =
C Maximum drift time ] g
0""' 'T'"'"['"'I"'T'"l"'"T"'T""I"'T"'l'"'T"'T"'I""T"']""']""T"'['"'I""T"W"'T"‘0
™ ™ [} ™ ™ ™ ™ ™ b3 ™ ™ 3
R N I A i i
Yg*' @‘bﬁ & & Yg"o’ S > QQA' Q@“’ W @‘b*' Y’Q& ’ @‘Zﬁ & & Y’\\% o > QOAI Qef" & & @‘b& Y’Q& )
e Data taken from April 2023 - March 2025: 417 days
e Dirift field of 97 V/cm, Extraction field of 3.4 kV/cm
e Dedicated AmBe and DD neutron calibrations
e Calibrated for uniformity in S1 and S2 response in time and space
Bjérn Penning Moriond Electroweak 2026 28



University of i
J Zurich™ Coherent Elastic

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

o Cross-section scales with neutrons
squared

e First measured by the COHERENT experiment
in 2017 using the Spallation Neutron Source
Science 357, 6356 (2017)
(4, 2)

e Additional measurements with reactor
anti-neutrinos, anti-neutrinos by Dresden-I| °

PRL 129, 211802 (2022), CONUS+ Nature 643,
1229-1233 (2025)

Bjérn Penning Moriond Electroweak 2026

Neutrino-Nucleus Scattering (CEvNS) Z

Vo

Z

Z S

First indications (< 30) of CEvNS with
solar neutrinos from

PandaX-4T PRL 133, 191001 (2024),
XENONNT PRL 133, 191002 (2024)

(4,2)



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://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.133.191002

University of

e |[solated S1s and S2s can pile-up to fake a scatter,
where the S1 and S2 do not come from the same energy
deposition

e Sources of S1s and S2s largely from a wide variety of
instrumental effects, e.g.:

o  PMT dark counts

o  Charge loss near the TPC walls which degrades
the S2 signal

o Large photon/electron rates after big energy
depositions

e Selections are designed and optimized using neutron
(AmBe) calibration and fabricated background datasets

e  Optimization technique (CMA-ES') used to
simultaneously tune several selections across multiple
parameter spaces

e Powerful, and not a black box!

Bjérn Penning
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University of

0 L o e e e I o
I Median 3¢ discovery potential -
10 7 F —— Observed upper limit
S =37
=10 F
2
A PandaX-II (2019)
S» 38
5 10 F
=
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=3 -39 PandaX- 2025
g 10
= R N G
A L LZ (This Result) " el
10_41 ;_ Band: Xe SD-n Nucl. Uncert.
E 1 | 1 1 1 1 | 1 1 1 1 I 1 L 1 L | 1 1 1 1 | 1 1 1 1 I 1 L 1 L | 1 1 L |
3 4 5 6 7 8 9 10

DM Mass [GeV/c?]

Constraining neutron-only or proton-only coupling to 129Xe (26%) and 131Xe (21%)

—

DM-proton o&p, [cm?

10

Spin-Dependent Results

L L B e e e
------ Median 30 discovery potential |

—— Observed upper limit

Band: Xe SD-p Nucl. Uncert.

‘e
.
.
.
‘e
.

PandaX-4T (2025)

L
e
Oy
L
O
e,
e,
e,
e,

LZ (This Result)

DM Mass [GeV/c?]

which have unpaired neutrons leading to non-zero nuclear spin

Bjérn Penning
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University of
O)

SANFORD
UNDERGROUND
RESEARCH
FACILITY

e Internal sources
o Rad. impurities in
e material

b = o Rn emanation from
N e Cosmlcays components

o Dust on surfaces
o Xe contaminants

e External sources
o Cosmogenics
o Radiation from rock
o Neutrinos

The IZ experiment
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TPC
PMT arrays arrive Complete,
Dec 2018, Jan 2019 Aug 2019 N
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Xe Fill

Kr Removal Aug-Sep Science
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March 2017

Underground, Running!
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2017 2019 2021 2022
Sealed Up .
March 2020 OD Construction
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Assembly . June
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Bjoérn Penning Moriond Electroweak 2026 33






P,

ng:i\::il;fﬂityof Sanford Underground Research Lab ‘@

N——

Bjoérn Penning Moriond Electroweak 2026 35



University of ) )
e Event selection and Data Quality @
e Event selections: Possible Physical Event
Max Drift Time

o Primary selection: 3-fold S1 coincidence :
2<S1c<15 phd, 3.55S2¢<14.5 & (44.5 phd/e’) | S A 52
o Apply data quality, FV, base selections '

Time

' : 310° Definite Accidental Event

—— Trigger 1 Max Drift Time

—— + Single Scatter |

+ Data Selections- 10 = S1 S2
. ~.—— +ROICut 1 §, /\
Q \\ i <2
= \\ 410 @ i . ) o
QL ] g Max drift time = time for electron to drift from cathode to liquid surface (~1 ms)
5 ]
= ] 3
i \ 110" £ Selection criteria developed on non-WIMP ROI
N\ ] 2 background & calibration data
[Sa)
410" e Rejection of live time with detector instabilities, high
TPC pulse rates
10—3 P PN BN 1 WP (T NI T 10-2
0 1 2 3 4 5 6 7 8 ] Key numbers:
. Nuclear Recoil Energy [keV] )

arXiv:2512.08065 o 417 live days, 5.1 T LXe FV

Bjoérn Penning Moriond Electroweak 2026 36


https://arxiv.org/abs/2512.08065

