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Direct Detection

Signal: xN =N

Electron » X

Backgrounds:
ve=ve
NN=nN
N=> N+ a,e
Orbit Yy N=> v N

SN
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Detection

Number of Events = (Flux) x (Cross Section) x (Exposure)

(how much dark matter)

(how likely it is to interact)

(how long you look)
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Flux Estimate

® = pv = (0.3GeVem ™ /M[GeV]) v ~ 0'3.‘% em ™2 57!

I 3
-

where the WIMP mass M is in GeV. For M = 100 GeV,

- 03GeV em 3

o = x (100 km s™) x (102 emkm™) = 3x 10 % em™2 s 1.

100 GeV
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Cross Section

probability of interaction per unit target area

WIMP - proton
Interaction cross section

0(Xp) < 1E-45 cm?

/

\

proton - proton
Interaction cross section

o(pp) ~1E-25 cm?2 \

ST
»@ Jocelyn Monroe




Cross Section Estimate

Starting from Fermi’s Second Golden Rule:

j—g(a+b—>c+d) ~ |Tif|




Cross Section Estimate

Starting from Fermi’s Second Golden Rule:

do

ﬂﬂa+b%t+d)

and working in the CMS frame, this is

where v, is the relative velocity of WIMP and nucleus, whichis v = p,/p in

this case. So

da

aq ~ Cr




Cross Section Estimate

Starting from Fermi’s Second Golden Rule:

g—g(a+b—>c+d) ~

and working in the CMS frame, this is

where v, is the relative velocity of WIMP and nucleus, whichis v = p,/p in
this case. So

do 5 o
7 "~ Gp”

since the non-relativistic elastic scattering cross section is isotropic in the
CMS frame, 0 ~ GZpu?.

Gr ~ 107° GeV~—2 and when My = M = 100 GeV,

n = MyM/(My+ M) = M/2 = 50 GeV
. and so

P oo~ (107° GeV2)? (50 GeV)? = 25 x 107" GeV ™2 ~ 2 x 107* em?,
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Scattering rate Sun's velocity around the galaxy WIMP velocity distribution

\

dR/AQ = (Cyp, N vom, m2) F Q) T(Q)

WIMP energy density, 0.3 GeV/cm3 Form factor
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Observable: Small Energies

Recoil Nucleus Kinetic Energy

30‘,’“
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1 bullet fired 1E3 J
lift an apple 1 meter 1 J
1E-7 J 1 flying mosquito
1E-11 J 1 nuclear fission
l1E-16 J dark matter-induced
nuclear recoil
(100 keV)
1E-19 J 1 visible photon



Measurement
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Measurement
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Measurement
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Measurement
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Measurement
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Detector Technologies
for Small Energies



Cryogenic Bolometers

phonon, ionisation or scintillation readout of crystals at O(10 mK), using Ge, Si, CaWQO4
Phonon sensors: transition edge sensor measures Erecoil & R (timing)

Scintillation side:

Si absorber + 300 gm
CaWOy, TES readout
for particle ID

Charge electrodes: biased at +/- 2V, measure
Erecoil, configured to reject surface events

Phonon side: measure Erecoill
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Cryogenic Bolometers

phonon, ionisation or scintillation readout of crystals at O(10 mK), using Ge, Si, CaWQO4
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Cryogenic Bolometers

phonon, ionisation or scintillation readout of crystals at O(10 mK), using Ge, Si, CaWQO4

Dark Matter: rejects surface backgrounds by x105

EDELWEISS FID - 133Ba calibration (411663 y)

e
®

lonization/Phonon yield

E -
0.6 % :x

B e e e L s L
0 50 100 150 200 250 300 350 400 450

Erecoil (keV)
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Cryogenic Bolometers

phonon, ionisation or scintillation readout of crystals at O(10 mK), using Ge, Si, CaWQO4

Dark Matter: rejects surface backgrounds by x105
Gravitational Wave Search Experiments

Herschel Space Observatory: Galaxy Evolution

Cosmology, Curvature of Space Time: Boomerang

SER
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(Thanks: S. Hertel,
. . D. McKinsey)
Liquid Nobles

5

He example
Quasiparticles (heat)

Singlet UV -
> Photons (16 eV)

v !
\ >

' lonization R _
~ Triplet
| e %‘\ " _B—"7 Molecules
' ': e ] 000 ) —
[ '\\1 ,/“"‘v .

/~1 00% recombir'ation

IR photons
(1eV)

identify, reject electronic backgrounds via
(i) ionization vs. scintillation (Xe)

(ii) + pulse shape vs. time difference (Ar)

Jocelyn Monroe
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(Thanks: S. Hertel,
D. McKinsey)

Liquid Nobles

He example

Nuclear Recoil Eleciron KHecoil N,

0.6

0.4 , .
triplet smnglet

0.2 /\
0 . R

10"  10° 10° 10° 10" 10 10° 10
True Recoil Energy [eV] True Recoll Energy [eV]

A'C
Q
O
O
—
L
>
o
—
T,
C
AN
=
,
]
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2 B

identify, reject electronic backgrounds via
(i) ionization vs. scintillation (Xe)
(ii) + pulse shape vs. time difference (Ar)
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lonization Partition

Table 3: Scintillation parameters for liquid neon, areon, and xenon.

) : e Parameter Ne Ar Xe
particle identification: Yield (< 107 photonsMeV) 15 | 40 | 42
light vs. time depends on ionization density. prompt time constant 74 (ns) 2.2 6 22

late time constant 73 15pus? 1.59pus! 21ns
Late Photon—,_ I, /15 for electrons 012 ¢ 03 03
Early Photon-— & ' I1/I5 for nuclear recoils 056 [ 3 16
' A(peak) (nm) 17 128 174
b Rayleigh scattering length (cm) 60 90 30
Diatomi 02" ' [ I I I T I
Molecule ™~ ¢ o
g 0
. S
Nucleus ) g
O — L
WIMP _ t.()
Argon a 3
Atom N Nuclear Recoil
£ )2
S|t
)1 { '
0.0) bremed |~¢: {#J;_ LJJ e e e, LwL, pibimoreinpie

0 20 40 60 80
Time (us)

Lippincott et al., Phys.Rev.C 78: 035801 (2008)
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Pulse Shape Discrimination in Liquid Argon

QpmT

electronic recoils  nuclear recoils

» 1

Prompt fraction, [

Jocelyn Monroe

Lrec qPE
+— Fprompt nSc
—A— Lrec nSc

| Adhikari et al, Eur. Phys. J. C 80, 303 (2020)
, Energy [keVee]
/ 24 26 28
F ¢— Fprompt qPE

'5U. | .h.'l . . . .
Encrgy (keVee) identify, reject electronic backgrounds

via pulse shape vs. time difference at
parts-per-billion level

23



Pulse Shape Discrimination in Liquid Argon

electronic recoils  nuclear recoils

Adhikari et al, Eur. Phys. J. C 80, 303 (2020)
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05 | parts-per-billion level
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Pulse Shape Discrimination in Liquid Argon

electronic recoils  nuclear recoils

Adhikari et al, Eur. Phys. J. C 80, 303 (2020)

Energy [keV ]
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Liquid Noble Detectors

o Dual Phase Detector:
— - / Primary scintillation (S1) and proportional
® & & é & & gas scintillation from drifted electrons (S2)

WATER SHIELD

PMTS

FILLER
BLOCKS

Drift
field

REFLECTOR

rerrePrYPrYTrYYr”Y

N\ C

\\(0

YT TTTTTTTTrTrTrTrTy

\ O
LA
\ 2.

Single Phase Detector:
no electric fields... ST only,
but, no recombination in E field
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Liquid Noble Detectors

AV NECK

a‘ L. }

i ”ﬁu}/c‘ &\\\\\

Single Phase Detector:
no electric fields... ST only,
but, no recombination in E field

SER
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Dual Phase Detector:
Primary scintillation (S1) and proportional
gas scintillation from drifted electrons (S2)

Drift
field
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Liquid Noble Detectors

Dual Phase Detector:
Primary scintillation (S1) and proportional
gas scintillation from drifted electrons (S2)

| "ﬁ*m:% At

Single Phase Detector:
no electric fields... ST only,
but, no recombination in E field

SIS
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Liquid Noble Detectors

Dual Phase Detector:
Primary scintillation (S1) and proportional
gas scintillation from drifted electrons (S2)

TTTf

\\(0

.
N\ C

b
b
b
-
-
.
.
b
b
b

R
.

Single Phase Detector:
no electric fields... ST only,
but, no recombination in E field
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Liquid Noble Detectors

Dual Phase Detector:
Primary scintillation (S1) and proportional
gas scintillation from drifted electrons (S2)

Single Phase Detector:
no electric fields... ST only,
but, no recombination in E field

2
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Noble Liquids

.....

Diatomac

u;,l "
\A~ 3
VOIS LIt
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Energy Detection Strategles Er threshold now O(10s eV),

Nuclear recoil Er ~ TE-6 x mpm potential to reach meV

Heat

Al203: CRESST-I
ROSEBUD

Ge, Si: SuperCDMS CaWOg, Al2Os:
Ge: EDELWEISS CRESST
C,F,I, Br: PICASSO, Nal: DAMA/LIBRA
COUPP, PICO, SIMPLE 3 Nal: ANAIS, SABRE,
DM-Ice
CS,, CFs, *He: DRIFT,  LXe: LUX, XENON, CsI: KIMS
DMTPC, MIMAC PandaX
Ar+CzHe: Newage LAr: DarkSide, e
ArDM Lar: DEAP/CLEAN
Charge Light
Er threshold now O(10 eV), Er threshold now O(keV),
potential to reach eV potential to reach 10 eV

Jocelyn Monroe 27



Key Experimental Systematics: Quenching

Current status of measurements of
visible/recoil energy in Direct method: LXe Plante et al.,

Phys. Rev. C 84, 045805, 2011

-ionization on Ge _ ' ' ! ' N DR
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........... Mei
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measurement in the experiment energy region of interest required
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Key Experimental Systematics: Quenching

Current status of measurements of
visible/recoil energy in Direct method: LXe Plante et al.,

Phys. Rev. C 84, 045805, 2011
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Backgrounds
in Rare Event Searches

29



DM Interaction Rate is Tiny!!

In dark matter experiments...

Anything else that does this
can mimic a dark matter signal!

L’o‘,“
Jocelyn Monroe

100,000
events

10,000
events

1,000
events

photon
scattering
background

natural
radioactivity
background

neutron
scattering
background

neutrino
100 scattering
events background

1 event smallest dark matter
scattering signal?

30



In this room:

photon

100,000 scattering
e 10,000,000 photon events background
* I scattering events/kg/day!
natural
10,000 radioactivity
events background
neutron
1,000 scattering
events background
neutrino
100 scattering
events background
experiments use lead
Shie/ding to block 1 event smallest dark matter

photons

Seon
Jocelyn Monroe 31

scattering signal?



photon

100,000 scattering
events background
Underground Ar
L 111400x reduction
'
& natural
14 0,000 radioactivity
~g vents background
2
x, 10-3
b
8 LUX
T K neutron
533 w O TR s T T AR R it ) 0 scattering
z 107 P-p solar \ ts background
3 LUX-ZEPLIN (Xe 5.6 Tonne Fid.)
irriducibile pp solar
107°
/ neutrino
L : y scattering
10 10 - \ 10 background
D. Malling, UCLA DM’16 Energy [keV, | g
+ discrimination between e~ vs. N
1 event smallest dark matter

scattering signal?
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photon

100,000 scattering
events background
natural
: 10,000 radioactivity
'Overburden AR events background
\;J’e_ll
Drain neutron
1,000 scattering
events background
Fractured
Bedrock
neutrino
In your basement: 200,000 radon 100 scattering
decays/kg/day set off the alarm! events background
experiments use high-purity materials
to control radon concentrations
1 event smallest dark matter

scattering signal?
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Natural Radioactivity Backgrounds

Can't shield a detector from uranium and thorium present in trace amounts
inside detector materials, however daughters and associated decay particles
can mimic dark matter signals...

so dark matter experiments “screen” to identify low-radioactivity materials.

#o‘,“
Jocelyn Monroe

- _ RADON-222
@ 222 3.8 days )
< 221
= Iph
= 220 wphe
5.48 M
= 219 “
o - POLONIUM-218
5 218 { 3 minudes )
5 % Ioh short-lived
2 26 o radon progeny
T 600 Sev { principal hazard
T 215 " to uranium workers )
b LEAD-21 | W[ EISMUTH-214 heta [BOLONIUM-214
c 214 { 27 minutes ) { 20 minutes ) { 180 microsec )
B 213
- Iph
s alpha
a 212 7.69 Mev
£ 21 - long-lived
5 10 LEAD-210 |l BISMUTH-210 |het[pOLONIUM-210 radon progeny
2 209 from fallout )
Q alpha
= 208
) 5.30 Mev
5 207
LEAD-204
E 206 { stable )
1 ] | | ]
82 83 84 85 86

ATOMIC NUMBER ( hnumber of protons in the nucleus )
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Material Screening,

DENIE

Table 8: 222Rn emanation results for components used in the I
3600 detector contained within the stainless steel shell. A desa

for many of the components can be found in Section 4.

Unci

ties arise from counting, sample emanation times, and detect:

trapping efficiency.

Source

Emanation

Tahle 7:
Activities are reported with 1-sigma uncertainties.

Gamma assay results for tooling used during construction and manufacture of detector components.
A 90% confidence limit is placed when the measurement is

below the background sensitivity of the detector. It is assumed that secular equilibrium is broken between 20Th

27 . 8171 :
and " Ra in the ***U decay chain.

[mBq/m?|
Filler blocks 1.6 0.5
FINEMET PMT magnetic shielding [37] 0.84+0.2
ESR film reflector 2 <22
Tyvek diffuse reflector < 0.1
Black tyvek absorber 0.4+4+0.2
PMT mount PVC (McMaster-Carr stock) < 0.7
PMT polyethylene foam < 0.9
Teflon sheets (McMaster-Carr stock) 04+0.2
High density polyethylene pipe 35408
304 Stainless Steel (McMaster-Carr stock) < 1.6
Carbon steel (McMaster-Carr stock) 0.6 £0.1
White PMT mount adhesive styrofoam sheet < 1.5
Stycast 1266 A/B (Emerson & Cuming) < 4.2

[mBq/m]
RG59 PMT cable (Belden E82241) 0.026 £ 0.001
Steel shell EPDM O-ring 16.1 £ 1.8
Viton O-ring 1.3+0.2
Buna 451 O-ring 17+2

[mBq/unit]
Hamamatsu R5912 PMTs < 0.3
PMT mount O-ring 0.3+0.1

Jocelyn Monroe

Component 2381 Jlower ZEEJupper  Z32Th 23577
(mBaq,/kg]

Purification System Welding

TIG weld sample T.7E5HT < 27 252+ 78 < 16

SMAW weld sample < 23 < 1255 519+122 <13

Welding electrodes A (Blue Demon TE2C-116-10T) 221 + 65 < 493 1800+ 184 < 56

Welding electrodes B (Blue Demon TE2C-116-10T) 66.6 £ 426 < 1300 TI0+£ 103 < 138

Welding electrodes C {Blue Demon TE2C-116-10T) 26,1+ 21.8 < 642 011+ 73 < 108

Weld filler rods < 4.8 < 157 3025 < 1.8

Inner AV Sanding

Brazed diamond sanding pad (Superabrasives) 141 + 24 < 845 498179 3119

Plated diamond sanding pad (Superabrasives) 4680 £ 283 < 4130 6180+ 300 218+ 64

3M 6002 flexible diamond pads 25,1+ 154 < TES = 10.8 < 33

Diamond sandpaper (Diamante Italia) 3120+ 136 < 2300 3370+ 1256 15722

Red sandpaper (RPT) 487+ 197 = 335 < 10.1 < 32 3;

LG Acrylic Polishing ;

Diamond lapping film (3M 661X) 142 + 38 < BEZ B6+£350 <31

Diamond lapping film (3M 661X) 4.0+ 165 = 276 105. £ 181 < 33
Component 238 L']cwcr 238 Jupper 232 2357

[mBq,/kg]

Methyl methacrylate monomer (LG bonding) 14 £1.0 <15 < 0.9 < 1.8
AV acrylic < 0.1 < 2.2 < 0.5 < 0.2
Acrylic beads (RPT) < 3.1 16 £ 15 0E+03 0.6+ 05
LG acrylic < 0.1 < 9.0 < 0.3 < 0.6
304 welded stainless steel (steel shell) l4+11 <50 47+15 <33
304 stainless steel stock (steel shell) 21+11 40+ 56 1.9+ 1.1 < 5.4
316 stainless steel bolts (steel shell) < 6.1 < 315 9419 < 17
Carbon steel (stock) 2007 111 + 43 10,010 2619
R5912 HQE PMT glass 021 + 34 225+ 114 130+ 7 2513
R5912 HQE PMT ceramic O78 £ 56 15500 £ 2800 245 + 28 503 + 51
R5912 HQE PMT feedthrough pieces 1140 £ 60 2350 + 1460 430+ 32 E+0
R5912 HQE PMT metal components < h.Ah — < 3.3 —
RG59 PMT cable (Belden EZ2241) 454+1.3 01 + 46 1.2+ 09 34+14
PMT mount PVC (Harvel) 215 232 +130 186125 5H6L15
PMT mount copper < 0.5 < 10 < 0.8 < 1.3
Filler block polyethylene 0.4+03 < 14 < 0.1 < (.15
Filler block Styrofoam [39] 335+34 115+64 < 1.5 <14
White Tyvek paper (diffuse reflector) < 0.3 al + 37 1.3+ 08 < 2.2
Black Tyvek paper (LG wrapping) < 1.8 < 127 H6+23 < 3.8
Black polyethylene tube (upper neck) 13.7 +18 <60 32+11 2614
TPB (Sigrau Aldrich) < 3.9 — < B.T7 -




photon

100,000 scattering
events background
natural
10,000 radioactivity
events background
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222Rn in Dark Matter experiments: photon
100,000 scattering
events background
=0.2 uBg / kg LAr
6.6 uBqg/ kg LXe natural
g . v 10,000 radioactivity
Z [ kg =
"mﬁéHtL;igmmmmkgim" events background
10 uBqg / kg LXe
* PandaX-ll: PHYSICAL REVIEW D 93, 122009 (2016)
s | UX: Physics Procedia 61 (2015) 658 — 665 neutron
e XENON1T XeSAT 2017 talk [link] 1,000 scattering
events background
Control of Detector Contamination:
238U and 232Th decays, recoiling progeny 106 neutilnc_’
and mis-identified alphas, betas sca-ter-id
. . events background
mimic nuclear recoils
1l event smallest dark matter
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photon

100,000 scattering
events background
natural
10,000 radioactivity
events background
neutron
1,000 scattering
events background
neutrino
scattering
——dnts background
experiments go 1-2 km
underground to shield
1 event smallest dark matter

detectors from neutrons

scattering signal?
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Backgrounds

100,000

(Super-Kamiokande) events

10,000
events

1,000

The sun shines 100,000,000,000 events
neutrinos/cm?2/s, 1 in a million

photon
scattering
background

natural
radioactivity
background

neutron
scattering
background

events/kg/day are backgrounds neutrino

to dark matter searches. 100

scattering

events background

1 event smallest dark matter
scattering signal?
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Irreducible Backgrounds

impossible to shield a detector from V\/
coherent neutrino scattering!
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Background Sources

experiments
are here

neutrino floor: depends on electron recoil
discrimination, both v-N and v-e contribute!

LZ Projected Nuclear Recoil Backgrounds

J. Dobson, UCLA DM 2018
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Background Sources

experiments
are here

neutrino floor: depends on electron recoil
discrimination, both v-N and v-e contribute!

Projected Electronic Recoil Backgrounds
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Background Strategies

Akerib et al, Phys.Rev.Lett. 112 (2014) 091303
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Modulation Slgnatures Annual event rate modulation:

o June-December asymmetry ~2-10%.
Drukier, Freese, Spergel, Phys. Rev. D33:3495 (1986)

" B June
) WIMP Wind

-V,

December

Sidereal direction modulation:
asymmetry ~ 20-100% in
forward-backward event rate.

Spergel, Phys. Rev. D36:1353 (1988)

detector requirements: achieve + measure

stability vs. time to a very high level!

Saen
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