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WIMP Detection Principle with LUX-ZEPLIN

Nuclear Recoil (NR)

Electron Recoil (ER)

*arbitrary detector response

Dual Phase Time Projection Chamber

- Primary scintillation light (S1)

- Secondary scintillation induced from free 

charge (S2)

- 3D reconstruction allows for fiducialisation

- ER/NR discrimination from S1:S2 ratio
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Calibrations

- Electron Recoils (background -like) 

o Methane injection: 

Ą ((0-18.6 keVee)

Ą #(0-156 keVee)

o 2Îinjection: 0Â(0-569 keVee)

o Monoenergetic injections: 

Ą +Ò(32.1 + 9.4 keVee)

Ą 8Å(164 keVee)

- Nuclear Recoils (signal -like)

o D-D neutrons (0-74 keVnr)

o AmBe neutrons (0-350 keVnr)

D-D

AmBe

ɓfrom 3H & 14C

ɓfrom 212Pb
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D-D

AmBe

Going to higher energies

- Typical WIMP searches focus on SI & SD scattering

o ~exponentially decreasing spectra

o analyses focus on < 55 keV recoils

- Previous LZ analysis set world leading limits on SI 

interactions: Phys. Rev. Lett. 135, 011802

ɓfrom 3H & 14C

ɓfrom 212Pb

https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
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Going to higher energies

- Typical WIMP searches focus on SI & SD scattering

o ~exponentially decreasing spectra

o analyses focus on < 55 keV recoils

- Previous LZ analysis set world leading limits on SI 

interactions: Phys. Rev. Lett. 135, 011802

ɓfrom 3H & 14C

ɓfrom 212Pb

https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
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Interaction models at higher energies

- DM scattering can result in recoil spectra peaked at higher energies if:

o Interaction has momentum dependent coupling

o inelastic scatter

Å DM models with nearly degenerate mass states, separated by 

delta [keV] 

Fitzpatrick et al. J. Cosmol. Astropart. Phys. 02, 004 (2013)

Smith et al. Phys. Rev. D 64, 043502 (2001)

Bramante et al. Phys. Rev. D 94, 115026 (2016)
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https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.043502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.115026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.115026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.115026
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NREFT Recoils

In our latest analysis, weôve performed a search for:

- Signals described through an EFT 

- 616 models in total

- fl fl
- Inelastic SI (ַײ) + inelastic SD (ַײ)

- This talk will use fl as an example

Ą A magnetic moment interaction

Fitzpatrick et al. J. Cosmol. Astropart. Phys. 02, 004 (2013)

Anand et al. Phys. Rev. C 89, 06551 (2014)

https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
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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Analysis Data Period

Acquired data for ~370 days

Å95.2% detector up-time

Å220 live-days of exposure after data quality 

cuts
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Analysis Selection

On collected data, apply a series of selections:

Region of Interest

- 3 < S1c < 600 phd

- S2 > 645 phd

- 102.75 < S2c < 104.15

Time exclusions

- Periods of high rate

- Detector instability

S1 and S2 cuts

- Pathologies targeting unphysical waveforms

- Acceptance quantified on calibration data
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Backgrounds
- Dissolved ɓemitters (Internal)

o 0Â, 0Â, +Ò, 8Å

- Dissolved EC decays

o Neutron activated: 8Å, 8Å, )
o 8Ådouble EC

- Instrumental

o Accidentals coincidences

o Multiple scatter single ionisation (MSSI)

- Solar Neutrinos

o ER: pp + "Å
o NR: "+ hep, Atmospheric

- Detector Components (long -lived sources)

o 5chain, 4Èchain, +, #Ï

- Calibration

o Injected: +Ò, (ȟ #

- Neutrons from detector materials

o Spontaneous fission

o (Ŭ,n)
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Fiducial Volume

To limit backgrounds from detector materials, plateout, 

and abnormalities from non-uniform electric fields near 

the edges

Wall backgrounds

Å Limit wall contribution to < 10-4 events in exposure
Å At least 4 MFP for Ē-rays from the dominant MSSI 

source (352keV from 214Pb)

Cathode
Å At least 4 MFP for Ē-rays from the dominant MSSI 

source (352keV from 214Pb)

Analysis volume
Å 4.7 +/ - 0.2 tonnes
Å Analysis exposure:2.8 tonne-years

LZ Preliminary
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Datasets

Data are separated into 3 samples based on Skin/OD tag

- Delayed veto

o Skin signal > 300 keV or OD signal > 200 keV

o Within 600 ʈs of S1

o Tags and constrains neutrons

Contours: Neutrons

ER Backgrounds 
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Datasets

Data are separated into 3 samples based on Skin/OD tag

- Prompt veto

o Skin signal > 2.5 phd and within +/- 0.25 ʈs of S1

o OD signal > 4.5 phd and within +/- 0.3 ʈs of S1

o Tags and constrains 127Xe, Detector ɔ-rays, MSSI, and 

neutrons

Contours: Detector ER    
127Xe MSSI
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Datasets

Data are separated into 3 samples based on Skin/OD tag

- Science

o No tag in veto systems

Contours: L10s 1000 GeV/c2 

Accidental Coincidences    MSSI
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Datasets

Data are separated into 3 samples based on Skin/OD tag

- Science

o No tag in veto systems

- One high energy signal-like event remains

o S1c = 540.1 phd

o S2c = 103.98 phd

Contours: L10s 1000 GeV/c2 

Accidental Coincidences    MSSI

LZ Preliminary
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A single event - LZ230616

- Occurred on 16 June 2023 (LZ230616)

- 248 23stat 23sys keV compatible with elastic 

nuclear recoil

- 26.4 cm from cathode

- 26.9 cm from TPC wall 
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Topologies that can cause NR-like events

S1 enhancement
Ć ǵ ǱǑǒǍphd

1. NR background
Å Neutrinos and neutrons

2. Accidental backgrounds

3. S1 enhancement
Å A double scatter where no charge from 

one of the scatters is collected - this is 
an MSSI

4. S2 suppression
Å A single scatter where not all the 

charge is collected, such as blocked 
grid cell, surface emission problem, or 
S2 gain sagging

LZ Preliminary
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Backgrounds: Neutrinos

- Coherent elastic neutrino-nucleus scattering (CEɜNS) 

produce NR signals

- A large momentum transfer is required to produce 

LZ230616. 

- In this region, the CEɜNScross section is suppressed 

It is highly unlikely to see a single high energy 

neutrino scatter and no low energy scatters

Location of LZ230616
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Backgrounds: Neutrons

- Neutrons > 8 MeV can produce 250 keV elastic scatters

- Sources of neutrons

o (Ŭ,n)

o spontaneous fission

o muon cascades

- Elastic scattering is highly forward peaked

- There is a high tagging efficiency for neutrons in 

Skin/OD

o Detector component simulations: 92 %

It is highly unlikely to see a single high energy neutron 

scatter and no low energy scatters, and also no 

tagged neutrons in the veto samples

Expected neutron recoil spectrum from 

detector materials

Location of LZ230616

LZ Preliminary
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Backgrounds: Accidentals 

- Accidental coincidence of uncorrelated S1 and S2 pulses: 

PhysRevD 108 012010

- Accidentals model

o Rate: Measure rate of unphysical drift time single 

scatters. Analysis cut efficiencies analysed using 

manufactured accidental events

o Shape: Created by combining isolated S1 and S2 

waveforms and applying analysis cut efficiencies

- Expectation

o 2.7 0.6 

o Analysis cuts have 99.5% rejection power

LZ230616 is in low probability region of accidentals. Contours: L10s 1000 GeV/c2 

ER Backgrounds

Location of LZ230616

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/prd/abstract/10.1103/PhysRevD.108.012010
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Backgrounds: MSSI

Multiple scattering single ionization (MSSI) event is a multiple 

scattering where at least one vertex is in a region of incomplete 

charge collection:

Å Reverse field region

Å Near the TPC walls

Dominant sources are:

Å ɾ-rays from detector components

Å PbO Bi Å ’where Bi is not in the ground 
state
Ą 352keV most often and 839keV maximum

- Expectation
o FV aggressively removes MSSI events
o 0.005 0.005 in science sample
o 94 2% prompt tagging efficiency 

RFR MSSI

Reverse Field 

Region

Fiducial Volume

Bottom PMT Array

RFR MSSI

Wall MSSI
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Backgrounds: MSSI

If the event is from MSSI

- S2 of event is a 12 2 keV scatter in FV

- Missing ~450phd (S1) must be from

o 204 40 keV in RFR, or

o 78 7 keV by Wall

To be caused by MSSI, the ɔ-ray must:

1. Travel ~25cm

2. Scatter an additional time that doesnôt produce 

an S2

3. Not be seen in the veto detectors

Each of these scenarios are unlikely
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Background Fit

- As energy increases, separation between ER/NRs increases

- Projections of background model compared to NR band mean

- Above S1 > 250 phd background rate drops off significantly

- Integrated background count in 500 < S1c < 600 region is 0.0106±0.0008sys
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Fit Result: science sample

- The 3 samples are simultaneously fit

- Best fit no. of WIMPs is 1 for masses > 100 GeV/c2

- Similar result for any signal model with expected 

recoils at high energy

LZ Preliminary
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Limit on Lagrangians

We set 90% upper and lower confidence-level intervals 

on all models probed:

- fl fl
- Inelastic ַײÁÎÄַײ up to 350=‏keV

- isoscalar, isovector basis

Confidence intervals on all models probed will be 

provided in the data release

Baxter et al. Euro Phys J C (2021)

https://link.springer.com/article/10.1140/epjc/s10052-021-09655-y
https://link.springer.com/article/10.1140/epjc/s10052-021-09655-y
https://link.springer.com/article/10.1140/epjc/s10052-021-09655-y
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Limit on Inelastics

We set 90% upper and lower confidence-level intervals on all models probed:

- Inelastic ַײÁÎÄַײ up to 350=‏keV

- These can be recast into cross-sections

1 TeV/c2 1 TeV/c2
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Result significance + Look elsewhere effect

- 616 models tested

- 3.4 ůlocal significance

- 2.6 ůglobal significance

Multiple models have >3 local significance

The local significance for all models will be provided in the 

data release

LZ Preliminary

Baxter et al. Euro Phys J C (2021)

https://link.springer.com/article/10.1140/epjc/s10052-021-09655-y
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Summary

Å SI/SD searches

Ą Phys. Rev. Lett. 135, 011802

Å Light DM + neutrinos

Ą Dan K talk: 31 Aug

Å 0ɜɓɓ

Ą Aiham M talk: 2 Sept

Å Cosmic-ray Boosted DM

Ą Yongheng X talk: 2 Sept

- Latest LZ search result extends the energy window for 

DM up to 270 keVnr

o Total exposure 2.8 tonne-years

- An event was observed in tension with background model

o on 16 June 2023

o consistent with a 248 +/- 23 keVnr nuclear elastic 

scatter

- LZ will continue to take data until at least 2028

o Towards 1000 live-days

Additional LZ analyses

https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/427/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/482/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/253/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/253/
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Summary

Å SI/SD searches

Ą Phys. Rev. Lett. 135, 011802

Å Light DM + neutrinos

Ą Dan K talk: 31 Aug

Å 0ɜɓɓ

Ą Aiham M talk: 2 Sept

Å Cosmic-ray Boosted DM

Ą Yongheng X talk: 2 Sept

- Latest LZ search result extends the energy window for 

DM up to 270 keV

o Total exposure 2.8 tonne-years

- An event was observed in tension with background model

o on 16 June 2023

o consistent with a 248 +/- 23 keV nuclear elastic 

scatter

- LZ will continue to take data until at least 2028

o Towards 1000 livedays

Additional LZ analyses

Paper available on Collaboration website later today

Sept 1, 0700 US Pacific Daylight Time

http://lz.lbl.gov 

https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/427/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/427/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/427/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/482/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/482/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/482/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/253/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/253/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/253/
https://indico-icehap.phys.s.chiba-u.ac.jp/event/3/contributions/253/
http://lz.lbl.gov/
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Backup
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Bias Mitigation ïñsaltingò

- Inject fake signal events at randomly during science 

data collection

- Events manufactured using S1s and S2s from 

sequestered calibration data

- Events follow exponential + flat spectrum

- Exact parameters are randomly generated and kept 

hidden

- Identity of salt events is revealed after analysis inputs 

are finalised for final inference

- 7 salt events from the exponential component were 

already revied as part of Phys. Rev. Lett. 135, 011802

https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
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Salt sample

- Un-salting occurred after finalising all selections and 

models

- Salt is injected as data is acquired

o This occurred prior to AmBe calibrations

o An assumption is made on the NR model

- Upon collection of AmBe, the NR model is improved,

o As such consider this analysis unblind

- Un-salting

o 4 salt events were revealed

o 7 salt events from Phys. Rev. Lett. 135, 011802

Contours : L10s 1000 GeV/c2 

ER Backgrounds 

https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
https://journals.aps.org/prl/abstract/10.1103/4dyc-z8zf
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LZ230616 Waveform

LZ Preliminary
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Detector conditions around LZ230616 

Previous calibrations in source deployment tubes:

- 57Co removed 25 mins earlier

Ą not a concern as occurred on opposite side of detector

Ą
57Co are low energy ɔ-rays used for calibrating the Skin and OD.

- AmBe on 8 June 2023

Ą one week before

Legend: 57Co 83mKr AmBe 22Na    54Mn 228Th    131mXe LZ230616

LZ Preliminary
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Calibrations

- Electron Recoils (background) 

o Methane injection: ((18.6 keV), #
(156 keV)

o 2Îinjection: 0Â
o Monoenergetic injections: 

+Òȟ 8Å

- Nuclear Recoils (signal -like)

o D-D neutrons (0-74 keV)

o AmBe neutrons (0-350 keV)

- Detector Modelling with NESTv 2.4.5

o Tuned to match calibration data

o Ç πȢρρππȢππςÐÈÄȾÐÈÏÔÏÎ
o Ç στȢυ ρȢρÐÈÄȾÅÌÅÃÔÒÏÎ
o Single Electron Size: 44.5 phd

D-D

AmBe

ɓfrom 3H & 14C

ɓfrom 212Pb
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Backgrounds: MSSI

If the event is from MSSI

- S2 of event is a 12 2 keVee scatter in FV

- Missing ~450phd (S1) must be from

o 250 80 keVee in RFR, or

o 78 7 keVee by Wall

Both S1 and S2 observed

S1 observed and S2 not observed

LZ Preliminary
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MSSI validation

- MSSI model

o Rate: Derived from simulations. Validated in 

higher energy region

o Shape: Validated in looking at high energy 

region and closer to charge dead regions

- Expectation

o FV aggressively removes MSSI events

o 0.0049 0.0049 in science sample

o 94 2% prompt tagging efficiency 


