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Looking for WIMPs
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In LAr detectors, PSD removes ERs
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DEAP-3600 reported ~9 orders of magn) yield in low bkgd experimentsitude suppression) yield in low bkgd experiments of ERs with 50% WIMP acceptan) yield in low bkgd experimentsce in) yield in low bkgd experiments lowest 1 keV bin) yield in low bkgd experiments

Note: LXe TPCs also highly suppress ERs by a factor of ~200,n) yield in low bkgd experiments by comparin) yield in low bkgd experimentsg scin) yield in low bkgd experimentstillation) yield in low bkgd experiments an) yield in low bkgd experimentsd ion) yield in low bkgd experimentsization) yield in low bkgd experiments chan) yield in low bkgd experimentsn) yield in low bkgd experimentsels



S. Westerdale (INFN) (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) yield in) yield in low bkgd experiments low bkgd experimen) yield in low bkgd experimentsts 4

NRs may perfectly mimic WIMPs… 
● α-decays on) yield in low bkgd experiments detector surfaces

– If the even) yield in low bkgd experimentst’s position) yield in low bkgd experiments can) yield in low bkgd experiments be recon) yield in low bkgd experimentsstructed accurately,n) yield in low bkgd experiments these can) yield in low bkgd experiments be 
removed

● Neutron) yield in low bkgd experimentss scatterin) yield in low bkgd experimentsg on) yield in low bkgd experiments target n) yield in low bkgd experimentsuclei
– If they scatter multiple times at differen) yield in low bkgd experimentst Z-coordin) yield in low bkgd experimentsates,n) yield in low bkgd experiments TPCs can) yield in low bkgd experiments veto 

them by detectin) yield in low bkgd experimentsg the time between) yield in low bkgd experiments the ion) yield in low bkgd experimentsization) yield in low bkgd experiments sign) yield in low bkgd experimentsals at each 
vertex

– If they scatter on) yield in low bkgd experimentsce,n) yield in low bkgd experiments they can) yield in low bkgd experiments be exactly WIMP-like
● Neutron) yield in low bkgd experiments vetoes,n) yield in low bkgd experiments like DarkSide-50 used,n) yield in low bkgd experiments can) yield in low bkgd experiments mitigate this
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Neutron sources: Cosmogenic

n
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nMuon) yield in low bkgd experimentss can) yield in low bkgd experiments in) yield in low bkgd experimentsteract with the detector or its 
en) yield in low bkgd experimentsviron) yield in low bkgd experimentsmen) yield in low bkgd experimentst to produce high en) yield in low bkgd experimentsergy n) yield in low bkgd experimentseutron) yield in low bkgd experimentss 
that pen) yield in low bkgd experimentsetrate shieldin) yield in low bkgd experimentsg.

We go deep un) yield in low bkgd experimentsdergroun) yield in low bkgd experimentsd to decrease the flux 
of these muon) yield in low bkgd experimentss.

Water Cheren) yield in low bkgd experimentskov detectors are common) yield in low bkgd experimentsly an) yield in low bkgd experimentsd 
successfully used as vetoes to detect passin) yield in low bkgd experimentsg 
muon) yield in low bkgd experimentss or their associated electromagn) yield in low bkgd experimentsetic 
showers
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Neutron sources: Radiogenic
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May be produced by:

● Spon) yield in low bkgd experimentstan) yield in low bkgd experimentseous fission) yield in low bkgd experiments of 238U

● (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) reaction) yield in low bkgd experimentss

● Other rarer processes:

● β-delayed emission) yield in low bkgd experiments from 210Tl

● (γ,n) yield in low bkgd experimentsn) yield in low bkgd experiments) reaction) yield in low bkgd experimentss

This is why we are 
all here!
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A tale of 3 detectors… 
DarkSide-50 DEAP-3600 ArDM

Dual-phase LAr TPC

50 kg LAr in) yield in low bkgd experiments 30 ton) yield in low bkgd experimentsn) yield in low bkgd experimentse boron) yield in low bkgd experiments-
loaded liquid scin) yield in low bkgd experimentstillator veto

At LNGS

Sin) yield in low bkgd experimentsgle-phase LAr detector

3.3 ton) yield in low bkgd experimentsn) yield in low bkgd experimentses of LAr in) yield in low bkgd experiments 50 cm of 
passive acrylic shieldin) yield in low bkgd experimentsg

At SNOLAB

Dual-phase LAr TPC

850 kg of LAr in) yield in low bkgd experiments 50 cm of 
passive polyethylen) yield in low bkgd experimentse shieldin) yield in low bkgd experimentsg

At Can) yield in low bkgd experimentsfran) yield in low bkgd experimentsc 
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… with 3 approaches to neutrons

Multiple scatter discrimin) yield in low bkgd experimentsation) yield in low bkgd experiments

Active boron) yield in low bkgd experiments-loaded veto (also 
provides in-situ measuremen) yield in low bkgd experimentst)

Minimize material aroun) yield in low bkgd experimentsd LAr

Self-shieldin) yield in low bkgd experimentsg/fiducialization) yield in low bkgd experiments 

50 cm passive acrylic shieldin) yield in low bkgd experimentsg 
(in situ measuremen) yield in low bkgd experimentst via (n) yield in low bkgd experiments,n) yield in low bkgd experimentsγ) )

Maximize material aroun) yield in low bkgd experimentsd LAr

Multiple scatter discrimin) yield in low bkgd experimentsation) yield in low bkgd experiments

50 cm passive polyethylen) yield in low bkgd experimentse 
shieldin) yield in low bkgd experimentsg

Maximize material aroun) yield in low bkgd experimentsd LAr

DarkSide-50 DEAP-3600 ArDM
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DarkSide-50
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Neutrons in DarkSide-50
Mitigate n) yield in low bkgd experimentseutron) yield in low bkgd experiments even) yield in low bkgd experimentsts by removin) yield in low bkgd experimentsg… 

● Multiple scatters in) yield in low bkgd experiments the TPC
● Scatters n) yield in low bkgd experimentsear the edges of TPC
● Coin) yield in low bkgd experimentsciden) yield in low bkgd experimentsce with n) yield in low bkgd experimentseutron) yield in low bkgd experiments veto

S.F. n) yield in low bkgd experimentseutron) yield in low bkgd experimentss (238U) 
● Average multiplicity: 2.01
● Easy to tag with veto!
● (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) are main) yield in low bkgd experiments con) yield in low bkgd experimentscern) yield in low bkgd experiments

Tag n) yield in low bkgd experimentseutron) yield in low bkgd experimentss in) yield in low bkgd experiments veto usin) yield in low bkgd experimentsg
● Prompt thermalization) yield in low bkgd experiments sign) yield in low bkgd experimentsal
● Delayed capture sign) yield in low bkgd experimentsal 95% pseudocumen) yield in low bkgd experimentse 

5% trimethyl borate
 → 22 μs thermal neutron capture time, mostly on s thermal n) yield in low bkgd experimentseutron) yield in low bkgd experiments capture time,n) yield in low bkgd experiments mostly on) yield in low bkgd experiments 10B
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DarkSide-50: In situ γ band fitting confirms and 
improves on the assayed activities

DarkSide Collaboration) yield in low bkgd experiments. “DarkSide-50 532-day dark 
matter search with low-radioactivity argon) yield in low bkgd experiments”. Phys. Rev. 
D 98,n) yield in low bkgd experiments 102006 (Nov 2018)
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DarkSide-50: Neutron veto
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Primary cuts for taggin) yield in low bkgd experimentsg n) yield in low bkgd experimentseutron) yield in low bkgd experimentss:
1) Prompt cut: >1 PE in) yield in low bkgd experiments veto in) yield in low bkgd experiments [-50,n) yield in low bkgd experiments 250] n) yield in low bkgd experimentss 

win) yield in low bkgd experimentsdow aroun) yield in low bkgd experimentsd TPC sign) yield in low bkgd experimentsal
2) Delayed cut: >6 PE in) yield in low bkgd experiments veto in) yield in low bkgd experiments a 500 n) yield in low bkgd experimentss 

slidin) yield in low bkgd experimentsg win) yield in low bkgd experimentsdow coverin) yield in low bkgd experimentsg [0,n) yield in low bkgd experiments189.5] μs thermal neutron capture time, mostly on s 
win) yield in low bkgd experimentsdow after TPC sign) yield in low bkgd experimentsal

Thermal n) yield in low bkgd experimentseutron) yield in low bkgd experiments capture time: 22 μs thermal neutron capture time, mostly on s

Lon) yield in low bkgd experimentsg win) yield in low bkgd experimentsdow used for n) yield in low bkgd experimentseutron) yield in low bkgd experimentss that thermalize in) yield in low bkgd experiments TPC 
materials an) yield in low bkgd experimentsd capture more slowly
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DarkSide-50: Veto efficiency estimated two ways
● Calibration) yield in low bkgd experiments with AmC n) yield in low bkgd experimentseutron) yield in low bkgd experiments source

(n) yield in low bkgd experimentso γ’s from source,n) yield in low bkgd experiments un) yield in low bkgd experimentscertain) yield in low bkgd experimentsties from en) yield in low bkgd experimentsergy depen) yield in low bkgd experimentsden) yield in low bkgd experimentsce an) yield in low bkgd experimentsd n) yield in low bkgd experimentseutron) yield in low bkgd experiments in) yield in low bkgd experimentsteraction) yield in low bkgd experimentss in) yield in low bkgd experiments veto before reachin) yield in low bkgd experimentsg TPC)
– Efficien) yield in low bkgd experimentscy from prompt cut on) yield in low bkgd experimentsly: 99.27±0.05%
– Efficien) yield in low bkgd experimentscy from delayed cut on) yield in low bkgd experimentsly: 99.58±0.04%
– Combin) yield in low bkgd experimentsed efficien) yield in low bkgd experimentscy: 99.64±04%

● Mon) yield in low bkgd experimentste Carlo simulation) yield in low bkgd experimentss
(Un) yield in low bkgd experimentscertain) yield in low bkgd experimentsties in) yield in low bkgd experiments the detector respon) yield in low bkgd experimentsse model an) yield in low bkgd experimentsd Gean) yield in low bkgd experimentst4 n) yield in low bkgd experimentseutron) yield in low bkgd experiments & n) yield in low bkgd experimentsuclear physics)
– Efficien) yield in low bkgd experimentscy from prompt cut on) yield in low bkgd experimentsly: ~98.5%
– Efficien) yield in low bkgd experimentscy from delayed cut on) yield in low bkgd experimentsly: ~99.74%
– Combin) yield in low bkgd experimentsed efficien) yield in low bkgd experimentscy: ~99.86%

Systematic un) yield in low bkgd experimentscertain) yield in low bkgd experimentsties still to be evaluated – some are sign) yield in low bkgd experimentsifican) yield in low bkgd experimentst!
“Efficien) yield in low bkgd experimentscy” defin) yield in low bkgd experimentsed to be the fraction) yield in low bkgd experiments of even) yield in low bkgd experimentsts passin) yield in low bkgd experimentsg TPC cuts that are removed by veto cuts
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DarkSide-50: Dominant neutron sources

Ceramic an) yield in low bkgd experimentsd borosilicate 
glass in) yield in low bkgd experiments PMTs 

Viton) yield in low bkgd experiments o-rin) yield in low bkgd experimentsg in) yield in low bkgd experiments outer cryostat flan) yield in low bkgd experimentsge

These are the domin) yield in low bkgd experimentsan) yield in low bkgd experimentst n) yield in low bkgd experimentseutron) yield in low bkgd experiments 
sources,n) yield in low bkgd experiments due to high 
con) yield in low bkgd experimentstamin) yield in low bkgd experimentsation) yield in low bkgd experiments from upper 238U 
chain) yield in low bkgd experiments an) yield in low bkgd experimentsd high (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) yield.

These also con) yield in low bkgd experimentsstitutes ~90% of 
radiogen) yield in low bkgd experimentsic n) yield in low bkgd experimentseutron) yield in low bkgd experiments backgroun) yield in low bkgd experimentsds 
expected,n) yield in low bkgd experiments due to proximity to LAr 

High n) yield in low bkgd experimentseutron) yield in low bkgd experiments flux,n) yield in low bkgd experiments 
but far from TPC
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DarkSide-50: Counting neutrons in 532 days

Neutron) yield in low bkgd experiments taggin) yield in low bkgd experimentsg efficien) yield in low bkgd experimentscy ~79% with modified cutsNeuCBOT an) yield in low bkgd experimentsd SOURCES-4C both 
predict more even) yield in low bkgd experimentsts than) yield in low bkgd experiments are seen) yield in low bkgd experiments,n) yield in low bkgd experiments with 
a bigger excess predicted by NeuCBOT. 
Systematic un) yield in low bkgd experimentscertain) yield in low bkgd experimentsties are still bein) yield in low bkgd experimentsg 
assessed,n) yield in low bkgd experiments an) yield in low bkgd experimentsd the sign) yield in low bkgd experimentsifican) yield in low bkgd experimentsce of both 
excesses falls in) yield in low bkgd experiments an) yield in low bkgd experiments ambiguous area 
un) yield in low bkgd experimentstil then) yield in low bkgd experiments.
 
NB: NeuCBOT yields are ~2x higher than) yield in low bkgd experiments 
yields calculated by SOURCES-4C with 
JENDL for 27Al. This drives the differen) yield in low bkgd experimentsce 
between) yield in low bkgd experiments both prediction) yield in low bkgd experimentss,n) yield in low bkgd experiments due to the Al 
in) yield in low bkgd experiments PMT ceramic

There is also sign) yield in low bkgd experimentsifican) yield in low bkgd experimentst un) yield in low bkgd experimentscertain) yield in low bkgd experimentsty in) yield in low bkgd experiments boron) yield in low bkgd experiments con) yield in low bkgd experimentsten) yield in low bkgd experimentst of PMT ceramic
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DEAP-3600
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Neutrons in DEAP-3600

Ar40

n

Ar40 n
γ

 𝜏 ~ 250 μss

In situ data-driven) yield in low bkgd experiments approach Ex situ assay-driven) yield in low bkgd experiments approach
Material assay 

campaign) yield in low bkgd experiments
(α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) an) yield in low bkgd experimentsd fission) yield in low bkgd experiments 

yield calculation) yield in low bkgd experimentss

Neutron) yield in low bkgd experiments flux from 
each compon) yield in low bkgd experimentsen) yield in low bkgd experimentst

Mon) yield in low bkgd experimentste Carlo 
campaign) yield in low bkgd experiments

Prediction) yield in low bkgd experiments

Can) yield in low bkgd experiments be don) yield in low bkgd experimentse before the detector is built,n) yield in low bkgd experiments helps 
with design) yield in low bkgd experiments,n) yield in low bkgd experiments sets baselin) yield in low bkgd experimentse for what to expect

Can) yield in low bkgd experiments test if n) yield in low bkgd experimentseutron) yield in low bkgd experiments bkgds match expectation) yield in low bkgd experimentss or 
if there was some un) yield in low bkgd experimentsexpected source
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DEAP-3600: Data-driven approach

n

Neutron scatter
(Nuclear recoil)

𝜸

● Neutron scatter
● Backgrounds:

● α decay
● Cherenkov
● Etc.

Step 1) Iden) yield in low bkgd experimentstify n) yield in low bkgd experimentseutron) yield in low bkgd experiments scatter can) yield in low bkgd experimentsdidates with n) yield in low bkgd experimentseutron) yield in low bkgd experiments selection) yield in low bkgd experiments cuts
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DEAP-3600: Data-driven approach

● 1H(n,γ))2H      :  (2.2 MeV)
● 40Ar(n,γ))41Ar  : (6.1 MeV)
● Backgrounds:

● Uncorrelated backgrounds 
with high energy γ)-raysrays

Step 2) Iden) yield in low bkgd experimentstify n) yield in low bkgd experimentseutron) yield in low bkgd experiments capture can) yield in low bkgd experimentsdidates with γ selection) yield in low bkgd experiments cuts

𝜸

n

Capture γ) scatter
(Electron recoil)

1 ms win) yield in low bkgd experimentsdow followin) yield in low bkgd experimentsg even) yield in low bkgd experimentst
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DEAP-3600: Data-driven approach
Step 3) Measure un) yield in low bkgd experimentscorrelated ER rate with γ selection) yield in low bkgd experiments cuts

n

𝜸

● Backgrounds:
● Uncorrelated backgrounds 

with high energy γ)-raysrays

1–20 ms after even) yield in low bkgd experimentst
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DEAP-3600: Tagging efficiency calibrated with AmBe 
neutron source – 22.5±0.5% (consistent with simulation)

From
AmBe
source

In) yield in low bkgd experiments 231 days of physics data: 
● 7 coin) yield in low bkgd experimentsciden) yield in low bkgd experimentsces tagged 
● Expect 1.8±0.3 ran) yield in low bkgd experimentsdom 

coin) yield in low bkgd experimentsciden) yield in low bkgd experimentsces

Correctin) yield in low bkgd experimentsg for efficien) yield in low bkgd experimentscy:
● Even) yield in low bkgd experimentsts in) yield in low bkgd experiments n) yield in low bkgd experimentseutron) yield in low bkgd experiments con) yield in low bkgd experimentstrol 

region) yield in low bkgd experiments: 23
● Even) yield in low bkgd experimentsts in) yield in low bkgd experiments WIMP search 

ROI,n) yield in low bkgd experiments after all cuts: 0.10 -0.09
+0.10

-14
+17
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DEAP-3600: Ex situ assay-driven prediction
● Exten) yield in low bkgd experimentssive material assay campaign) yield in low bkgd experiments of every detector compon) yield in low bkgd experimentsen) yield in low bkgd experimentst provided 

measuremen) yield in low bkgd experimentsts (or limits) on) yield in low bkgd experiments 238U,n) yield in low bkgd experiments 235U,n) yield in low bkgd experiments 232Th  con) yield in low bkgd experimentstamin) yield in low bkgd experimentsation) yield in low bkgd experiments levels
● Neutron) yield in low bkgd experiments yield calculation) yield in low bkgd experimentss with SOURCES-4C an) yield in low bkgd experimentsd NeuCBOT 
● Exten) yield in low bkgd experimentssive prelimin) yield in low bkgd experimentsary roun) yield in low bkgd experimentsd of simulation) yield in low bkgd experimentss iden) yield in low bkgd experimentstified domin) yield in low bkgd experimentsan) yield in low bkgd experimentst n) yield in low bkgd experimentseutron) yield in low bkgd experiments 

backgroun) yield in low bkgd experimentsd sources for more detailed simulation) yield in low bkgd experiments campaign) yield in low bkgd experiments:
– Borosilicate glass in) yield in low bkgd experiments PMTs (relatively high activity,n) yield in low bkgd experiments high (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) yield)
– Ceramic in) yield in low bkgd experiments PMTs (relatively high activity,n) yield in low bkgd experiments high (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) yield)
– PVC PMT moun) yield in low bkgd experimentsts (relatively high activity,n) yield in low bkgd experiments high (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) yield)
– Polyethylen) yield in low bkgd experimentse filler blocks (Close to LAr,n) yield in low bkgd experiments very large mass makes small activities sign) yield in low bkgd experimentsifican) yield in low bkgd experimentst)
– Polystyren) yield in low bkgd experimentse filler foam (Close to LAr,n) yield in low bkgd experiments very large mass makes small activities sign) yield in low bkgd experimentsifican) yield in low bkgd experimentst)
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DEAP-3600: Validation of assay results in γ spectrum

DEAP Collaboration) yield in low bkgd experiments. “Electromagn) yield in low bkgd experimentsetic 
backgroun) yield in low bkgd experimentsds an) yield in low bkgd experimentsd potassium-42 activity in) yield in low bkgd experiments the 
DEAP-3600 dark matter detector”. Phys. Rev. D. 
100,n) yield in low bkgd experiments 072009 (Oct 2019)
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DEAP-3600: Total predictions agree with both 
approaches, albeit with large uncertainties

Ex situ assay-driven) yield in low bkgd experiments approachIn situ data-driven) yield in low bkgd experiments approach

CR prediction) yield in low bkgd experiments: 23
ROI prediction) yield in low bkgd experiments: 0.10 -0.09

+0.10
-14
+17

Un) yield in low bkgd experimentscertain) yield in low bkgd experimentsties driven) yield in low bkgd experiments by statistics,n) yield in low bkgd experiments 
due to low n) yield in low bkgd experimentseutron) yield in low bkgd experiments rate in) yield in low bkgd experiments detector

Un) yield in low bkgd experimentscertain) yield in low bkgd experimentsties driven) yield in low bkgd experiments by un) yield in low bkgd experimentscertain) yield in low bkgd experimentsties 
in) yield in low bkgd experiments filler block foam assays

DEAP Collaboration) yield in low bkgd experiments. “Search for dark matter with a 
231-day exposure of liquid argon) yield in low bkgd experiments usin) yield in low bkgd experimentsg DEAP-3600 at 
SNOLAB”. Phys. Rev. D. 100,n) yield in low bkgd experiments 022004 (July 2019)
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ArDM
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ArDM: Neutron flux calculations
From R. San) yield in low bkgd experimentstorelli
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ArDM: Neutron flux calculations
From R. San) yield in low bkgd experimentstorelli

Neutron) yield in low bkgd experimentss in) yield in low bkgd experiments 100 live days
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Conclusions
● Radiogen) yield in low bkgd experimentsic n) yield in low bkgd experimentseutron) yield in low bkgd experiments backgroun) yield in low bkgd experimentsds form on) yield in low bkgd experimentse of the domin) yield in low bkgd experimentsan) yield in low bkgd experimentst 

backgroun) yield in low bkgd experimentsds for LAr dark matter experimen) yield in low bkgd experimentsts
● Differen) yield in low bkgd experimentst experimen) yield in low bkgd experimentsts take differen) yield in low bkgd experimentst approaches to han) yield in low bkgd experimentsdlin) yield in low bkgd experimentsg them

– Everyone has exten) yield in low bkgd experimentssive material qualification) yield in low bkgd experiments campaign) yield in low bkgd experimentss to design) yield in low bkgd experiments radiopure 
materials – Requires kn) yield in low bkgd experimentsowin) yield in low bkgd experimentsg how to con) yield in low bkgd experimentsvert activities to n) yield in low bkgd experimentseutron) yield in low bkgd experiments fluxes!

– Some experimen) yield in low bkgd experimentsts prioritize vetoin) yield in low bkgd experimentsg n) yield in low bkgd experimentseutron) yield in low bkgd experimentss,n) yield in low bkgd experiments while others focus on) yield in low bkgd experiments 
passively shieldin) yield in low bkgd experimentsg them

● Whatever backgroun) yield in low bkgd experimentsds remain) yield in low bkgd experiments after all of this n) yield in low bkgd experimentseed to be modeled… 
– Need to be able to calculate (α,n) yield in low bkgd experimentsn) yield in low bkgd experiments) yields!
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END
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