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Free Hydrogen
and Helium:

Dark Matter:

25%

Dark Energy:
710%

Dark Matter is ~25% of the universe.
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What do we know about Dark Matter?

Dark Matter Halo

Galactic Disk

.ma.., Jocelyn Monroe

Solar System

optically dark
density ~ 0.3 GeV/cm3

dark matter particle
mass: ~unknown

interactions: very weak,
~collision-less

Nov. 23, 2021 p.4



_ The Standard Model of Particle Physics

\ The nucleus is
—

[ "4 ma:jde of protons
; and neutrons
‘e

N\

Atoms are made of
electrons and a nucleus

<

Protons and neutrons

/ are made up of quarks

The Standard Model:
point-like “elementary particles”

Leptons | Quarks
Force Carriers

Dark Matter! None of the above.
.5"'%:’ Jocelyn Monroe Nov. 23, 2021 p.5



(thanks to
H. Murayama)

Model Space: Theorist’s View

o O o o o o o o mass
| | | o et
bt N S o o S S S S [GeY]
| | | | | | | _

too fluffy

mass
%

- 901

>

gravitino non-thermal

QTFP Direct Detection

New sociology: dark matter definitely exists, naturalness problem may be
optional? Need to explain dark matter on its own.



Gravitational Detection "
. yom ‘ 3 i@ ' '

Electron

Nucleus

Accelerator Production je




Dark Matter Direct Detection

Signal: XN =>xN
Electron ““Y“‘ X

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

.% Jocelyn Monroe Nov. 23, 2021 p.8



Detection

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

(how much dark matter)

(how likely it is to interact)

(how long you look)

.ma... Jocelyn Monroe Nov. 23, 2021 p.9



Particle Physics

Scattering rate Sun's velocity around the galaxy WI/MP velocity distribution

\ /
o L V{m,n2) F Q) T(Q)

WIMP energy density, 0.3 GeV/cm3

Nuclear Physics

Nov. 23, 2021 p.10



photon
Measurement 100,000 scattering
natural
10,000 radioactivity
S, neutron
/)/}/‘{9 1,000 scattering
%
% ” .
" 4 neutrino
. .p{,‘f 100 scattering
. .
r .4;;‘ ) 1 smallest dark
© 8 ?&f" AN matter signal
W | ‘ '9"'.{""' ‘ I | | | 1 I 1
ﬁ 100 GeV/c2 WIMP mass

1E-45 cm2 WIMP-nucleon Sl o
—Xe
-—Ge
- Ar
—Si

10}

experimental requirements:

dR/dE , [ton"'keV™" year™']

keV-scale energy threshold +
background discrimination 0.1}
at the ppm-ppb level :

1 1
0 10 20 30 40 50 60 70 80
Recoil Energy () [keV]

B Jocelyn Monroe Nov. 23,2021 p.11
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Observables Er threshold now O(10s eV),

Er ~ T1E-6 X Mpu 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

.'-"&“‘w Jocelyn Monroe Nov. 23, 2021 p.12



Backgrounds

Gamma ray interactions: electron recoil final states N

rate ~ Ne X (gamma flux), O(1E7) events/(kg day)
mis-identified electrons mimic nuclear recoils ... part-per-billion level particle ID!

Contamination: ' } modified from Malling, UCLA DM’16
2381 and 232Th decays,

recoiling progeny and
mis-identified alphas, betas : CDMS Il Ge
mimic nuclear recoils -

222Rn in Dark Matter experiments:

XENONIT DEAF, +PSD  Borexim

pp solar neutrinos

10pBa/kg
*= PandaX-ll: PHYSICAL ¢ , E y 102 103

* | UX: Physics Procedia S \
e XENON1T XeSAT 2017 o 4 & e Energy [keV..]

Amaudruz et al, Phys.Rev. I
maudruz et al, Phys.Rev, + large, active veto detectors

.3?% Jocelyn Monroe Nov. 23, 2021 p.13



The sun shines 100,000,000,000 v/cm?2/s,
1 in a million/kg/day are backgrounds

o)
£ to dark matter searches. photon
kS 10,000 scattering
S events background
X
3
Q.
3
> ]04 | O R Tt | B R R | TeyT |7 FLE | 9.5 0K -0 X L radioaCtive
T FMP Fisher, PRD76:033007 (2007)" 1000 decay
~ —"C i events background
o ...19F
® 10°F ;-
> - “Ar 3
e [5 TGe |
.2 102:_' B%e = neutron
o 100 scattering
° ] events background
L
o 10 E
QO E ]
E ol :
— i ] [
o 1E E neutrino
o ] 10 scattering
* i : : I
10.] IR IS PO PN PP % IIVPIOPN Y . 1 P P events baCkground
5 10 15 20 25 30 35 40
Threshold Recoil Kinetic Energy (keV)
neutrino floor: impossible to shield a 1 event smallest dark matter
detector from neutrino scattering! scattering signal?

."-ét““w /oce/yn Monroe Nov. 23, 2021 p.14



Backgrounds

photon
10,000 scattering
events background
experiments
are here radioactive
1000 decay
) . events background
neutrino floor: depends on electron recoil
discrimination, both v-N and v-e contribute!
Projected Electronic Recoil Backgrounds neutron .
100 scattering
events background
~
g
E] neutrino
2 10 scattering
2 events background
2 -
é Maternals
1 event smallest dark matter
50 100 150 ‘ scattering Signal?

Electronic recoil energy [keV]

..ﬂ?&mf Jocelyn Monroe Nov. 23, 2021 p.15



AL

v ‘Modulation Signatures
‘:“ .5!" 2 ‘. .
AR e Annual event rate modulation:
~ < o June-December asymmetry ~2-10%
”: * Drukier, Freese, Spergel, Phys. Rev. D33:3495 (1986)
¢ 4 A

7 June
JWL WIMP Wind

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

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

®iw Jocelyn Monroe
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Direct Detection Status

European Strategy for Particle Physics, Physics Briefing Book (2019)
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Heat ++ Detector Technology

crystals with eV-scale
1400 / 800 gm Ge (SuperCDMS / EDELWEISS) 300 gm CaWQO4 (CRESST) band gap instrumented
Phonon rails: TES for Erecoil & R (timing) Phonon side: TES for Eecoill

with Transition Edge
Sensor readout at

O(10 mK) for phonon +
scintillation/ionization
signal detection

Charge electrodes: biased at +/- 2V, measure Scintillation side:
Erecoil, configured to reject surface events TES for particle ID

detectors reach
energy thresholds
of 30 eVnr (crEsST)
70 eVnr (cDMSlite)

.% Jocelyn Monroe



Charge + Light

— ‘_/# ;
Incoming
Particle

.,ﬂﬁw Jocelyn Monroe

—}
Qutgoing
Particle

Drift time
indicates depth

S1

https://lz.slac.stanford.edu/our-research/lz-research

Detector Technology:
dual-phase

Time Projection
Chambers

with multi-tonne
liquid Xe, Ar targets

read out primary
scintillation: “S1” +
proportional gas
scintillation from
drifted electrons: “S2”

Goal: zeptobarn ->
yoctobarn sensitivity
to dark matter!

Nov. 23, 2021 p.20
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=gl

Energy Partition § \ _

Quasiparticles (heat)

(e
‘ IP
He example 4 253 | ‘ /\M

_ ' Singlet UV 3
(Thanks: S. Hertel, \\ / Photons (16 eV)

D. McKinsey) f ’\k — o — _

lonization - Excitation /
Triplet

/ ./ O\ | I— .(/ —J Molecules
AN / N

~100% recombirfation — IR photons

“Nuclear Recoil ~ Electron Hecoll X-

&
o

QP

O
o

O
F N

5 ~

“Mean Energy Fraction

triplet singlet

O
(¥

10° 9

] True Reconl Energy [eV] True Recoil Energy [eV] |
e Jocelyn Monroe T R Nov. 23, 2021




Liquid Noble Targets: ST

Table 3: Scintillation parameters for liquid neon _areon _and xenon.

particle identification: Parameter Ne | Ar Xe
light vs. time depends on ionization density. Yield (<107 photons/MeV) I3[ 20 42
prompt time constant 7y (ns) 2.2 6 22
o late time constant 73 15pus% 1.59 pus ’lns
S I,/Is for electrons 012 § 03 03
Early Photon-— ' I /15 for nuclear recoils 056 ¢ 3 1.6
- Alpeak) (nm) 77 128 174 |
- Rayleigh scattering length (em) 60§ 90 30 |
Diatomic—. 0.2 | '
Molecule ™~ g 8 . o, (Argon example)
- S [
; © . .
s > 0.1 Electronic Recoll
Nucleus —, )
- .
|t'\" I 1\0'1 p
Argon-/ "k , /
Atom o f Nuclear Recoil
£02
hlgh light yield, o1f
purifyable target, : : l { J | J
self-shielding, 0.0 rmpipaoblliatrotasriob bbbttt ety s
0 20 40 60 80

transparent to VUV scintillation, Time (s)

Amaudruz et al. Astropart.Phys. 85 (2016) 1-23

Main dark matter backgrounds: target radiopurity, cryostat, PMTs.

Biw Jocelyn Monroe Nov. 23, 2021 p.22



From Deposited Energy to Observable ... S1+52
Thanks: P. Agnes

PHYSICAL REVIEW D 99, 112009 (2019)
e — 15

5 ——— —
Ar example: = o

e Aprile 2005 (0 V em™!)
Wion = 23.5 eV

[ @ Aprile 2006 (2kV cm™1)

&4 ¥ Aprile 2009 (0 V em™1)
e Plante 2011 (0 V cm™")

| il Sorenson 2009 (730 Vem ™)
A & Manzur 2010 (0 Vem™!)
V¥ Manzur 2010 (1 kV cm")
O O LUX 2017 (180 Vem™ ')

|- == NESTv2.0(82Vcm™Y

photon detection efficiency
~0.1-0.15

LYer ~ 7 PE / keVee

LYng ~ 2.5 PE/keVnr N S

Energy [keVy,] Energy [keV ]
.
(high energy) S ———
w=== XENONIT this result (82 V cm™!)
XENON100 (CH3T, 92 V em ™, cred. region
L0} {3 LUX (CH;sT, 105 Vem™)
o e LUX ('2"Xe, 180V cm™!)
<4 % PIXeY (*'Ar, 200 Vem™Y)
| m=—= NEST v2.0(82Vcm™)
Error bars are stat. + sys.

NR Photon yield[ph keV 1]
NR charge yield[e~ keV~!]

charge is multiplied in the gas,
with typical gain of 10-20

g2 ~ 10-20 PE/e-

30

20

ER photon yield[ph keV 1]
ER charge yield[e ™ keV~!]

10

i o>10% efficiency P> 10% cfficiency
:—» .

light DM nuclear recoil searches: S2-only ;7544 T R B S
look at the ionization only S2 spectrum prem e prem e
Below 3 keVee: give up the scintillation S1 signal

(too small to trigger the detector), thus minimal fiducialization (only radial), no particle ID

Biw Jocelyn Monroe Nov. 23, 2021 p.23



Xenon Detectors

proportiona WIMP

developed for gamma ray astrophysics (LXeGRIT) Gas Xe % Y | o
Aprile et al., IEEE Trans.Nucl.Sci. 37 (1990),

drift time

Challenge: electronic backgrounds (Rn, Kr++)
electron-nuclear recoil discrimination from S1/S2 iroct | g
of 3x10-2 at 1.4 keVee threshold (XENONTT) drift time

leading SI constraint at >5 GeV/c2

Il ER M Surface Neutron I AC W WIMP

IIIII[I T T T T TTT

PandaX-4T 2021 (this work)
PandaX-II 2020

XENONIT 2018

LUX 2017

PandaX-4T 2021 Median Sensitivity

NN

XENONIT 2018 Median Sensitivity

=

SI WIMP-nucleon cross-section [cm?]
=

T IITIIH]
| Illlllll

WIMP-nucleon o
=

T 1 IIIIH]
| lIlI[llI

| Le - | | ) 3
40 50 60 70 10 10
cS1 [PE] WIMP Mass [GeV/c?]

Aprile et al, arXiv:1805.12565 Meng et al., arXiv:2107.13438v2

| Illllll 1 1 IlIIIlI




Xenon Detectors
Thanks: P. Agnes

Example: Xenon-1t projections vs real data
. 2l4pp - Solar v

. . . . . 85 133
Beautiful agreement in most rates with predicted Kr ““Xe
- Materials 131my e

: - ﬂ |
backgrounds.... but with a surprise! 136x . 125 SR1 data

1 1 I 1

SR1 (226.9 days)

(d) Solar axion vs. tritium background
T T

T T I
= Hy: Bp + 3H Ll ABC axion

- H: By + 3H + axion 57Fe axion
Primakoff axion

>
[}
4
>
-
<
0
Ih
c
[}
=
=

Events/(t-y-keV)

100 125 150 175 200
Energy [keV]

| https://arxiv.org/pdf/2006.09721.pdf

Energy [keV]

Events/(t-y-keV)

15
Energy [keV]

ROYAL

Biw Jocelyn Monroe
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https://arxiv.org/pdf/2006.09721.pdf
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Xenon Detectors

y (

Aprile E., etzal. SPIE,Vol. No. 4140 (2000)

3

1]

10 kg XENON 10 (LNGS)
ZEPLIN 111,111 (Boulby)

(M

Al

XENON 100 (LNGS) A&
LUX (250 kg,
SURF)

00 kg, &
CJPL

S SN ML ALl edsdidadisc Ll
T i Y ,
- AMMAMMARARARAS Lhaks ke -l‘
Al -

B A

| Wik i ' / -
_—_.__'—.—-,._-,.—,-4.':‘3. -
lva
- AN
C

‘ —= i REMMS——. .
', A v‘.nl\“ o -
A 2

XENON 1T
(1t, LNGS)

-

PandaX-4:(4t, (CIPL). g
. ",
XENONNT: (6t, LNGS) 72,
LZ: (7t, SURF)

WIMP-nucleon cross-section, pb
]
>

20009: 10,000 kg JARWIN:

Bl end of Ge dominance!
10 } . . .
WIMP mass, GeVic Era of liquid nobles begins....



Argon Detectors

electronic recoils nuclear recoils

—

QpmT

Liquid Ar TPCs developed for neutrino oscillation searches |
Rubbia C., CERN-EP-INT-77-08 (1977) /

Challenge: intrinsic Ar-39 at 1 part per 10> in natural Ar

DM searches: particle ID power from light vs. time

DEAP: electron-nuclear recoil discrimination at 15 keVee
threshold is 3.5E-11 (50% nuclear recoil acceptance)

DS-50: developed underground argon (UAr) extraction

& distillation to deplete Ar in Ar-39 by >x1400

—_ _1
2 1 e o 1 0
5 107 B R T
w] ~ iy ]
o 10° | ® E —: -3
Q.3 - O ] 10
o 10 R 1w
g10* B 1o 10°
= i Data(15.61016.6 keV_) = 8
3 10'5 —— Model =2 7 - 5
10° & 1~ 10
107 - 42 10°
108 [ 1Jeakage eventin3tonneyears | N\ | ] 8
10° R N 38 07
0 g S SN S SN R 1 ? 5 8
01 02 03 04 05 06 07 10
Fprompit

+r<10 cm && 50% loss S2/S1 cut (704)

70

60

50

40

30

20

10

0\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ 0
0 50 100 150 200 250 300 350 400 450 500

S1 [PE]

— AAr Data
— UAr Data

—— UAr MC Total

negy g 6
609 kev 1.17 Mev “°co MC ®°Kr

C+P C+F 1.33 MeV
AL S T ) o ———— MC *Ar

- 2080y

F - 2.62 MeV
E (P)

L C: Cryostat

= P: PMTs

o F: Fused Silica

—4 MU DR S I "N YR T T AT TN U RN YN TN MU T N A |

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20C

S1 [PE]

Ajaj et al, arXiv:1902.04048

Agnes et al, Phys. Rev. D.93.081101 (2015)



DS-50: leading Sl limit at 1-5 GeV/c2 for
WIMP-nucleus and WIMP-e scattering

Agnes et al., Phys. Rev. Lett.121.081307 (2018)

Argon Detectors

Astropart.Phys. 22 (2005) 355-368

New AstrdniRey. 49 (2005) 265-269 103
4

10 kg DarkS|de-50 4 .10

(50 kg/ 10—40

LNGSY

10—41
=== DS-50 2018
DS-50 Binomial Fluctuation
10—42 DS-50 No Quench:.ng Fluctuation
— MEWE—-G 2018 - = CDEX-10 2018
- LUK 2017 — XENOR1T 2017
PICO-60 2017 PICABBO 2017
10—43 CDMELite 2017 —— CRESBT-III 2017
EDELWEISS-III 2016 PandaX-II 2016
XENON100 2016 DAMIC 2016
CDEX 2016 CREEST-II 2015
- BuperCDME 2014 CDMBlite 2014
COGENT 2013 CDME 2013
CREEST 2012 DAMA/LIBRA 2008

1 0—44

T

Heutrino Floor
1

ark Matter-Nucleon Gg; [cm?]

<
[ 3
ﬁ

P DEAP-3600 (3.6t

1 . | . R .
SNOLAB) 6x10 1 W2 [Ge:‘%”cz‘i] 5 6 7 8910

)"
[ Clobal Argon Dark Matter o

Collaboration formed  \x, Al
N
10,000 kg / N

DEAP-3600: demonstrated
“S1” particle ID, and
ultrapure acrylic cryostat

(x100 lower radioactivity) 100,000 kg




DEAP Planck-Scale Dark Matter Search

Planck-scale DM (m,, = 10'°GeV/c?) may be produced non-thermally through GUTs, primordial
black hole radiation or extended thermal production in a dark sector

Unlike standard WIMPs, which scatter at most once in a detector, Planck-scale DM has a high
enough mass to scatter multiple times as it traverses a detector...

5060861 c-NXIE

DEAP-3600
(extrapolated)

Thanks: A. Kemp

Extrapolation: scales flux with nx and regions of mx consistent with null result

B Jocelyn Monroe Nov. 23, 2021 p.29
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Direct Detection: Candidate Signal WM Wind

predicted modulation A~0.02-0.1, to=152.5 days

C.0B

Using the same target (Nal):
ANAIS (LSC), SABRE (AU), COSINE-100 (Y2L)
~consistent at 10, project 30 test in 5 years.

o
o L
a 0.04 | ®
i -
0.0z o\
ﬁ- il §
= )
:E — E
g ~
ol 004 f G
APORS S SN S NS S T SO S N O A S TS S S B P YIS Z
ThE 1000 A000 nlw] 7000 BOO0 d
Time {day) )
— 0.06
é‘ COSINE-100, 1.7 yrs
many other searches, on Ge, Csl, Xe, etc. > #— Single-hit
. . S 0.04 Mlultlplle hit
observe no evidence of modulation. 3 DAMAVLIBRA-Phasef
5 DAMA/LIBRA-Phase2
C L4
S 0.02 i l
In the same underground laboratory: < ‘-
XENON100: Xe, 4.80 exclusion (arXiv:1507.07748) 2 T L ok e kbt 4
g- i i PO * 3 } !
S 1
5
=
g

COSINE-100, arXiv:1903.01198

—0.045 5 10 15

20
Energy (keVee)

Biw Jocelyn Monroe Oct. 24, 2019 / p.6



Newstead et al., PRD D 88, 076011 (2013)

C()mplemen’[ari’[y (] ): Direct Detection DARWIN, JCAP 10 (2015) 016

Scalar DM - Scalar Mediator

=XAMPIe: =100 GeV

A single target cannot determine the DM mass and couplings

The Xe

experimental
response is very
sensifive to the
farget

02
my, |

I
1=

|

0
1

logyq(c
|
en
|

.l'

i

logyq (cpmy

Combining data
some

degeneracies ,
can be | j
removed

—6 —3 —4

D. Cerdeno, IPPP April 2018

1
2
logyp(my /[GeV]) log (] m?)
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Complementarity (2): Collider Searches

Ellis et al., ESPPU Physics Briefing Book,
CERN-ESU-004 (2019)

()Sl WATHIAGICUH ) (et

10 - T T s CRESST Il
39
1 0 - XENON1
PR 120 (08 111 K
10 40 — ;’.?r?n.x
1 O a1 — UarkSce 50

11 CRESS LUX

13 TeV 360

\ DarkSkle 50

\

~ 14 ToV. 29 4
HL-LHC, 14 TeN ‘.:;‘rl'a“'\

limits on branching
ratio translated

to limits on cross
section vs. mass

107 |
\
1074 ‘ X
18 -
10 v . -
\ Caveat: EFT validity
107 ' in Higgs-O'M
> - o o - R interaction not
e . a7 : - XENONTT
10 S o - - < :_— —»\ ) E guarar:fiigeyund PR HH B 111308
- - ar C 00 10r0).) =t - B pandaX
48 P T FAL 16T (3010 15130
10 Scalar model, Dirac DM g LU
o S o 3 -
10 oM su g s — DarkSide-Argo (proj.)
Collider limits at 95% CL, direct detection limits at 90% CL ] 10 Dmckiisa-Aoge FPPL nbmimson
51 \ \ N 25 DARWIN-200 (proj )
10 o 2 o JOAF 1 S 7
1 10 105 10° =] ~— HL-LHC, BR=2 8
107* Hige PP, a5 N
ya 5= HL-LHC+LHeC, BR<2.3
L HigEge PP, ariie 005 (0
P f —— CEPC, FCC-w,, LG, BRed
q 0_47 s - Higge PG, e 1005 08
= ' FCC-salshihh, BR<0.025
- j—\ Higge PPG, srite 005 (00
] % -
- % -
107% . .
s -[;arlr.Sida-f‘.rg: {prog.)
107
Higgs Portal model
Direct ssarches, Majorana DM
107™% Collider Bmits at 85% CL. direct detection mits at 803 GL
" a1 a3l 1 1 L1 a1l " 1 a3 3l |
1 10 107 10° European ':"""'""”J

Biw Jocelyn Monroe

Doglioni - 2019/05/13 - European Strategy Update

m, [GeV]
24



Complementarity (3): Indirect Detection

Direct Detection: leading WIMP-p constraints at low mass from PICO-60 kg. Best WIMP-n limits at
high mass from Xenon-1T, at low mass from collider searches (for specific operators)

Indirect Detection: leading WIMP-p limit at high mass from neutrino telescopes, via WIMP scattering

on p, +capture in the sun, leading to annihilation signatures.

i PICASSO, ,
107 & PICO-2, PICO-60 (CF3l),
— - ICECUBE, SUPER-K,
(\E -
5 .
= i
5107 1
3 E ‘-..o“
a : RS :
o i anent"""
R T . Ne+""
$10% |
o -
a i N\
= X ~J AN
g 40 — — — * —
ol N '
@ - N /
- PICO-60 CF, e —
| Complete Exposure |
1 1 11 1 | 1 1 1 1 1 11 1 l 1

1074 e
10 10°

Amole et al., arXiv:1902.0403 1 WIMP mass [GeV/c?]

Biw Jocelyn Monroe
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Mediator mass [Ge

103

102

Détector

T T IIIIIII 1

Axial-vector mediator
Dirac WIMP

ATLAS (2018)

Aprile et al., arXiv:1902.03234

102

103 10/

WIMP mass [GeV/c?]
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New Technologies:
DarkSide-20k

50 t liquid Underground Ar (UAr)
dark matter target, inside a 700 t liquid |
Atmospheric Ar (AAr) outer detector

Gran Sasso Underground Laboratory
(LNGS) (outside L'Aquila, IT)

Two key innovations:

1. first large-scale use of large-area
cryogenic Si photon detection
modules (PDMs) instead of PMTs.

2. liquid AAr outer detector to veto the |
limiting background: neutrons

ROVAL
.m Jocelyn Monroe



New Technologies:
DarkSide-20k

50 t liquid Underground Ar (UAr)
dark matter target, inside a 700 t liquid |-
Atmospheric Ar (AAr) outer detector

|

Gran Sasso Underground Laboratory
(LNGS) (outside L'Aquila, IT)

Two key innovations:

1. first large-scale use of large-area
cryogenic Si photon detection
modules (PDMs) instead of PMTs.

|

2. liquid AAr outer detector to veto the |
limiting background: neutrons ‘
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New Technologies:
DarkSide-20k

50 t liquid Underground Ar (UAr)
dark matter target, inside a 700 t liquid |
Atmospheric Ar (AAr) outer detector

Gran Sasso Underground Laboratory
(LNGS) (outside L'Aquila, IT)

Two key innovations:

1. first large-scale use of large-area
cryogenic Si photon detection
modules (PDMs) instead of PMTs.

2. liquid AAr outer detector to veto thel
limiting background: neutrons

ROVAL
.;,,:‘g,: Jocelyn Monroe



New Technology Collaborations

Cryostat technologies: DarkSide-20k cryostat + cryogenics systems use refrigeration,
purification, recirculation and HV technology demonstrated by ProtoDUNE
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New Technology Collaborations

Isotopic enhancement: ARIA facility for x1000 A 350-metre-tall tower to purify
depletion of Ar-39 in UAr, CERN Vacuum argon

Group CO”abOl‘atlon on dlst[”atlon Column CERN isparticipatingiT\ARIA,aprojecttobuilda35(.)-metrecolumntoproduceextra
for UAI‘, medlcal lSOtOpeS ln SerUC| m|ne pure argon to be used in a dark-matter search experiment

12 DECEMBER, 2017 | By Stefania Pandolfi

Aalseth et al. Eur.Phys.J.Plus 133 (2018)

— -1
n 10 —— AAr Data
— UAr Data

—— UAr MC Total
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MC ®5Rr
(C+P C+F 1.33 MeV
A ) ( [ ) (CHF) 4o MC *°*Ar
7 1.46 MeV
/ - (P) T
s 1.77 MeV 208,
\ _—7 (C+F) 2.6% MeV
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-—
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Events / [50 PE x kg x

On Friday, 24 November, ARIA’s top and bottom modules plus one standard module were brought to Building 180 and lined up to
precisely test their alignment and interconnections. (Image: Max Brice/CERN)

AN TR T ST S N TN TS NN SO S S NS S Arn—ran N | ‘
2000 4000 6000 8000 10000 12000 14000 16000 18000 2000

S1 [PE]

L. CERN is taking part in a testing-phase project, called ARIA, for the construction of a 350-metre-tal

distillation tower that will be used to purify liquid argon (LAr) for scientific and, in a second phase
medical and possibly other uses.
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New Technology Collaborations

Photon Sensors: low noise, high efficiency, tiled arrays of cryogenic Si sensors developed
in collaboration with FBK, achieving 45% PDE and 1T mHz/mm2 dark noise

compared with::

radioassay:
2 mBg/tile _tiled Si / | radioassay:
e £ ,/ 120 mBq/8” PMT

o —

o { 3t f & DEAP

Data € = MUET Prelimi® -

1 PE fit | o8 e o . —— " TIDO

2 PE fit - N N N \ - yF Data

3 PE fit / ] g0 e 1 ' [

4 PE fit SRl I — Full fit

5PEfit  FESSSORI - Pedestal
PRI e — R - 1 1 PE contribution

--------- 2 PE contribution

Charge (Arb. Units) ‘ Charge [Arb. Units]

Aalseth, IM, et al. JINST 12 (2017) no.09, PO9030 Amaudruz, IM, et al. NIM A 922 (2019) 373

>3x photon detection efficiency, 10x lower noise, >10x lower radiogenic backgrounds than PMTs.
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Experiments Exploring Cryogenic SiPM Technology
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New Signatures

DM-Electron Absorption/Mixing:

Yy

e search for keV-scale axion-like particles
interacting via the axio-electric effect arxiv:1404.1455 . g o pociad Moan Racol =nergy [veV]

e search for 0.1-100 MeV-scale vector particles
via kinetic mixing to hidden sector (arxiv:1901.10478)

e search for 10-100 keV-scale sterile neutrinos

via coupling to v. in background beta decays,
or scattering with electrons (arxiv:1605.02918)

e search for strongly interacting sub-GeV dark
matter using electronic recoils (arxiv:1905.06348)

=
o
I
o

DM-Electron Scattering:

e Search for excess in electron recoil
spectrum, ~exponential distribution,
sensitivity depends strongly on DM-e
scattering form factor assumed!

.,ﬂ?’w Jocelyn Monroe

W
Q
'_|
o
(=
<
o
c
-
b
-
=
O]
-
i)
0}
a
-
N

1 10 100
Dark Photon Mass [keV/c?]

(arXiv:1901.10478)



New Signatures

Electron + Nuclear Recoil Final States:

Additional energy associated with acceleration /

de-excitation of target atom’s electron cloud
(arXiv:1907.12771)

Both nuclear recoil Er (quenched) AND electronic
recoil contribution (not quenched) up to ~keV
(arXiv:1707.07258)

Reaches ~0.1 GeV dark matter sensitivity...

Migdal Scattering vs. Electron Scattering, Xenon

10° o A (arXiv:1907.12771)
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_%c 10 Q -
| 21035
E?jc 1% 5
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T T ! 10381 EDELWEISS (MIGD) -
S 9 —  CDEX (MIGD) NEWS-G
i T 4| — CRESSTN — CDMSlite = S$2-only data (XENONIT)
nal my = 100 MeV = 10~ LUX (MIGD) —  DarkSide = S1-S2data(XENONIT)
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E. [eV]  (arXiv:1908.00012) mX[ EVv/C ]
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Lighter Targets

kinematic advantage to detect low-mass dark matter scattering —
on a lighter target il

In noble liquids:

1) detectors optimised to reduce single e-
backgrounds (LBECA, DarkSide-LowMass ++)

2) dope Xe target with a lighter species (He or
Ne), to improve kinematic matching
PoS ICHEP2016 (2017) 275 ++

2 0.4 0.6 0.8 1 1.2 1.4
Recolil Energy [kevw]

Use the lighter species as the target:

1) Si: DAMIC, SENSEI +new ideas

2) Helium

e gas: NEWS-G

e liquid:
—HeRALD: superfluid He-4 at ~1 mK
temperature (Phys. Rev. D 100, 092007 (2019))
—QUEST-DMC: superfluid He-3 at 0.1 mK
temperature with quantum sensors
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Lighter Targets

kinematic advantage to detect low-mass dark matter scattering

on a lighter target

In noble liquids:

1) detectors optimised to reduce single e-
backgrounds (LBECA, DarkSide-LowMass ++)

2) dope Xe target with a lighter species (He or
Ne), to improve kinematic matching
PoS ICHEP2016 (2017) 275 ++

Use the lighter species as the target:

1) Si: DAMIC, SENSEI +new ideas

2) Helium

e gas: NEWS-G

e liquid:
—HeRALD: superfluid He-4 at ~1 mK
temperature (Phys. Rev. D 100, 092007 (2019))
—QUEST-DMC: superfluid He-3 at 0.1 mK
temperature with quantum sensors
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QUEST

DMc Quantum Enhanced Superfluid Technologies for Dark Matter and Cosmology

Goal: reach 10 eV recoil energy threshold in spin-
dependent (SD) dark matter search for scattering in
Superfluid He-3 (pairing energy ~1E-7 eV)

-current constraint at 1 GeV in SD scattering is ~1E4 pb
(CRESST-iI, PRD100, 10200 (2019))

Heat partition measurement

e Quasiparticles generated by a scattering event
propagate until they are detected by a nano-
electromechanical resonator (NEMS)

e NEMs coupled to SQUID readout reaching quantum-
limited displacement measurement

e Operation at 80 uK in U. Lancs platform

lonisation partition measurement
 Detect scintillation in TES
e TES with 3.5 eV resolution demonstrated by HeRALD

UK Quantum Technologies for Fundamental Physics project,
builds on European Microkelvin Platform ULTIMA

.'-"é“‘w Jocelyn Monroe
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} * Conclusions & Outlook

“Direct detegtion searches are rapidly expanding physics reach:
to lower cross sections, probing new parameter space,

to lower masses, testing new models,

to higherimasses, complementary with the LHC,

to new particle candidates (axions, ALPS, ...)

Many new ideas for non-standard searches in direct detection!

Experiments running now or under construction will improve sensitivity
reach by 1-2 orders of magnitude in next few years,
aiming to continue to beat Moore’s Law by 2x.

... and today’s background may be tomorrow’s signal. (T. Kajita, 2015)
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Complementarity (3): Indirect Detection

Direct Detection: leading WIMP-p constraints at low mass from PICO-60 kg. Best WIMP-n limits at
high mass from Xenon-1T, at low mass from collider searches (for specific operators)

Indirect Detection: leading WIMP-p limit at high mass from neutrino telescopes, via WIMP scattering
on p, +capture in the sun, leading to annihilation signatures.

10—22 .
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Direct Detection: Is the Neutrino Bound the End? No.

e sensitivity scales with sqrt(time) instead of linearly in time (with zero background)

(energy, angle, time) of neutrino
background vs. DM signal differ.

® no v bound for directional detectors
Grothaus, Fairbairn, M, Phys.Rev.D90 (2014)
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