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LZ (LUX-ZEPLIN) Collaboration, 
38 Institutions →  250 scientists, engineers, and technical staff

● 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
● University of California Berkeley 
● University of California Davis
● University of California Los Angeles
● University of California Santa Barbara
● University of Liverpool
● University of Maryland
● University of Massachusetts, Amherst
● University of Michigan
● University of Oxford
● University of Rochester
● University of Sheffield
● University of Sydney
● University of Texas at Austin 
● University of Wisconsin, Madison
● University of Zürich

     US        Europe        Asia        Australia Thanks to our sponsors and participating institutions!

https://lz.lbl.gov/

@lzdarkmatter
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WIMP Direct Detection with a Dual Phase TPC

3

Electron 
Recoil (ER)

Nuclear Recoil (NR)

Arbitrary Detector Response Simulated 
with NEST

>99% ER,NR Discrimination at 50% Signal 
Acceptance

● The Time Projection Chamber (TPC) allows for Reconstruction of the Number of Scatters, Interaction Position, and Energy
● Measures the Scintillation (S1) and Ionization (S2) response of LXe following an energy deposit
● LXe targets: 2.9 g/cc → Low-rate of penetration of  ER backgrounds into the inner volume: “self-shielding”
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4850’ below the surface of Lead, SD, USA
At the Sanford Underground Research 

Facility4
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LZ’s First Results: Recap and Overview
Detector Conditions

● Drift field: 193 V/cm
● Extraction field: 7.3 kV/cm
● >97% of PMTs operation
● LXe Temperature: 174.1 K
● 3.3 t/day Xe purified through a hot 

getter

Dataset
● Data collected between Dec. 2021-May 2022
● 60 ± 1 live days
● 5.5 ± 0.2 tonne fiducial volume
● Light Collection Efficiency: g1=0.114 ± 0.002 

phd/photon
● Charge Gain: g2=47.1 ± 1.1 phd/electron

Analysis
● ER Calibration (tritium)
● NR Calibration (D-D Fusion neutrons)
● Backgrounds well modeled (see Phys. Rev. D 

108, 012010)
● Unbinned profile likelihood analysis in 

log10(S2c)-S1c space
● Results: Phys. Rev. Lett. 131, 041002

DD neutron data

Tritium data

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012010
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041002
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LZ’s First Results: Recap and Overview
● 335 Events Observed
● Consistent with background-only hypothesis, using two-sided PLR analysis framework
● Most stringent cross-section limit at 36 GeV/c2: 9.2x10-48 cm2

○ Power-constrained at -1σ
● World-leading exclusion limit for masses above 9 GeV/c2

● See M. Hernandez’s talk from yesterday’s VHEPU session for more details and results from our First Dataset

 

Phys. Rev. Lett. 131, 041002

https://arxiv.org/abs/2207.03764
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No WIMPs Observed… What’s Next?
1. Collect More Data (ongoing)

2. Look Elsewhere!
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No WIMPs Observed… What’s Next?
1. Collect More Data (ongoing)

2. Look Elsewhere!
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No WIMPs Observed… What’s Next?
1. Collect More Data (ongoing)

2. Look in More Places!
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• Spin Independent and Spin Dependent interactions rely on the assumption of a 
zero-momentum transfer. But what if there is some momentum dependency?

• Use an EFT where we treat the WIMP-nucleon elastic scattering as a four-field 
interaction

• 4 Galilean-invariant, Hermitian quantities which describe the interaction

• Linear combinations up to second-order of momentum →15 operators which 
contribute to the interaction Lagrangian 

JCAPO2 (2013)

 

 

 

Phys. Rev. C 89, 065501 (2014)

Going Further: Operators in a Non-Relativistic Effective Field Theory

https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.065501
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Recoil Rates from NREFT Operators

● Simplest case: assume no interference between 
operators: cicj = 0 for i≠j

● Typical SI WIMP Search: 0-50 keV     
○  Poor search window for NREFT 

Interactions!   
● Shaded regions are where detection threshold falls 

below 50% after final data selection criteria

11

Differential rates in evts/kg/day/keV normalized at ~10 keV 
for shape visualization

m𝜒 = 1 TeV/c2

WIMP-isoscalar 
interactions
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Extending the Energy Window
● ER Response Model extended to higher energies with a 212Pb calibration (injection of 220Rn)
● NR Response Model extrapolated using NEST (github.com/NESTCollaboration/nest)

○ NR Uncertainty (pink) beyond D-D endpoint quantified by comparing NEST to ex situ datasets of AmBe neutrons 
(Phys. Rev. D 83, 063501) and D-T fusion neutrons (Phys. Rev. D 106, 052013)
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DD neutron data

Tritium data

DD neutron data

Tritium data

212Pb data

http://github.com/NESTCollaboration/nest
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.063501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052013
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Assessing Newly Introduced Backgrounds
● Extending the search window introduces more backgrounds than in the Spin-Independent 

Search
○ Additional Xe decay contributions: 124Xe, 136Xe, and 127Xe
○ Electron capture on 125I
○ Increased rate of ERs from detector components (observed near the fiducial volume 

edges)
○ More Detector ER pathologies (due to things such as field non-uniformity and 

multiple scattering)

13
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● 𝛾-X Events: Multiple S1-contributing scatters, one S2-contributing scatter
○ Can mimic a nuclear recoil
○ Custom simulation framework utilizing LZ geometry, field maps, and NEST 

response models to simulate 𝛾 propagation and yields for multiply-scattering events
● Boosted Decision Tree trained on simulated data and tested on calibration and 

side band datasets
○ Expected 1.6 ± 0.3 events below S1c = 600 phd → two were tagged and 

removed

WIMP-like ER Pathologies: 𝛾-X Events

14

DD Calibration

WS-ROI 
Sideband
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Observed Data
● 835 events after selection criteria and implementation of Skin and OD vetoes
● 3 < S1c [phd] < 600                log10(S2c) < 4.5
● Same 5.5 ± 0.2 tonne fiducial volume definition as the Spin-Independent WIMP search

15
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Results
● With our region of interest set and models prepared, we can test a range of models

○ Operators 1 through 15
○ Isoscalar and isovector couplings
○ Elastic and Inelastic WIMP recoils

● Consistent with the Background-Only Hypothesis
○ World-leading limits for each operator (except O13)

16

Elastic Scattering: O6

Inelastic Scattering: O4
(Circles are LUX Results 

Phys. Rev. D 104, 062005) 

LUX WS2014-16
XENON100 (2017)

LZ (2023)

Elastic Scattering: O1 (Similar to SI)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.062005
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This Work:
3 < S1c [phd] < 600
log10(S2c [phd]) < 4.5

m𝜒 = 1000 GeV/c2

Horizontal lines show
±2𝜎 CLs on expected limit

Operator Results at m𝜒=1000 GeV/c2

Stronger Exclusion Limit
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Summary

With its first science run, LZ has set 
world-leading limits for dozens of WIMP 

models

Backgrounds are well-understood and 
accurately modeled

Data collection ongoing! Stay tuned for 
more results! 

Paper on arXiv:
arXiv:2312.02030

Accepted to  Phys. Rev. D this week!

https://arxiv.org/abs/2312.02030
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Thank you 
for your time!

Questions?
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Backup Slides
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• Spin Independent and Spin Dependent interactions rely on the assumption of a 
zero-momentum transfer. But what if there is some momentum dependency?

• Use an EFT where we treat the WIMP-nucleon elastic scattering as a four-field 
interaction

• 4 Galilean-invariant, Hermitian quantities which describe the interaction

• Linear combinations up to second-order of momentum →15 operators which 
contribute to the interaction Lagrangian 

• Differential Recoil Rate in this case

• This framework can also be mapped onto covariant Lagrangians, allowing for more 
complex interactions to be studied (coming in a future paper).

JCAPO2 (2013)

 

 

  

Phys. Rev. C 89, 065501 (2014)

Going Further: Operators in a Non-Relativistic Effective Field Theory

https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.065501
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Recoil Rates from NREFT Operators
● Simplest case: assume no interference between operators: cicj = 0 for i≠j
● Solid lines: Isoscalar couplings               Dashed lines: Isovector couplings
● Typical SI WIMP Search: 0-50 keV      →    Poor search window for NREFT Interactions!   
● Shaded regions are where detection threshold falls below 50% after final data selection criteria
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Fit results
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WIMP-like ER Pathologies: 𝛾-X Events
● As the energy window increases, the observed rate of ER contributions from 

detector components increases
○ 𝛾 radiation: can multiply scatter in the target volume

● 𝛾-X Events: Multiple S1-contributing scatters, one S2-contributing scatter
○ Custom simulation framework utilizing LZ geometry, field maps, and NEST 

response models to simulate 𝛾 propagation and yields for multiply-scattering events

24
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Removing 𝛾-X Events: Boosted Decision Tree Classifier
● BDT trained on simulation data and tested on calibration data in a 

six-dimensional parameter space:
○ S1c, log10(S2c), Radial Position, Drift Time, Cluster Size (spread of hit pattern in 

the bottom PMT array), Max Peak Area Fraction, Top-Bottom Asymmetry
● WS sideband + simulation used to inform the rate in the EFT search window

○ Expected 1.6 ± 0.3 events → two were tagged and removed

25

  DD Calibration

WS-ROI 
Sideband
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Benefit from an wider energy window
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Impacts from updated nuclear density matrices
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Signal PDFs in S1c,log10(S2c) space
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Impact of ER leakage differs for 
various Operator models

ER leakage into the NR signal 
region primarily occurs between 
~10-50 phd

Less impactful for WIMP models 
with a dominant contribution at 
higher energies
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All 14 isoscalar limits 
from 10-4000 GeV/c2 
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All 14 isovector limits 
from 10-4000 GeV/c2 
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Equating Older Results: Dealing with differing conventions


