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TTpobnema perexktuposaHuas WIMP s
3KCNepuUMeHTax no NMOUCKY TeMHOU matepum

WIMP = weakly interacting massive particle

[eTekTopbl TeMHOU MaTepum ecTb CyTb AeTeKTOopbl aaep oTaauu. Sapa
OTAGYUM nNpOU3BOAAT B AeTeKTUpylolleid cpefe Tenno, csBeT WU
WOHU3ALMUIO, T.e. POHOHBI, (POTOHLI U 3SEKTPOHLI.

TTpenenbHas 4yecTBUTENbHOCTbL O3Ha4vaeT paboTy AeTeKTOpoB B pexume
cYeTa OAUHOYHBIX C(POHOHOB, (POTOHOB WUIIU 3NIEKTPOHOB, B YCNOBUAX
npeaenbHO HU3KOrO @OHa. Hu oavH U3 cyuwecTeyrowmX AeTekTopos
TEMHOU matepum Noka He AOCTUI npefesibHOU YyBCTBUTENbHOCTU.



Direct Dark Matter (WIMP) search experiments:
principles of detection

December




WIMP search experiments
Current experiments use:

crystals - CaWO4 (CRESST), CsI(Tl) (KIMS), Ge (CDMS,
CoGeNT, EDELWEISS), Si (CDMS Si) and NaI(TI)
(DAMA/LIBRA, COSINE, ANAIS, DM-Ice);

noble-gas liquids - Ar (DarkSide, DEAP) and Xe (LUX-LZ,
XENON, XMASS, PandaX);

superheated freon liquids - bubble chambers
(COUPP-PICASSO-PICO, SIMPLE):

directional (low-pressure gas and CCD) detectors (DAMIC,
DRIFT, MIMAC, NEWAGE).



WIMP search experiments geography
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WIMP search experiments:
detection techniques

‘f\e‘at (PhOHOQ)

To discriminate the
dark-matter signal
 CRESST.II o (Super)CDMS from background
(CaWO0,) (Ge,Si) processes, one
| e EDELWEISS exploits one or two
(Ge) ® PICO out of three possible
(el signals: heat
B GaNT (phonons), scintillation
(Ge) llgh"' (phO"'OﬂS) and
e DAMIC ionization (electrons).

F. Reindl, EPS-HEP 2015



WIMP search experiments:
room temperature crystals - DAMA/LIBRA

DAMA/LIBRA phase2 (2011-2018)

« PMTs replaced —
software energy
threshold at 1 keV

« 6 annual cycles

Laboratori Nazionali del Gran Sasso, ltaly
DAMA/Nal & DAMA/LIBRA (phase 1)

DAMA/Nal (1995-2002) DAMA/LIBRA (2003-2010)

=] . 9 x 9.7 kg
e Nal(T])
W (4 - Produced by St.
1 Gobain
» 7 annual cycles

« 25 x 9.7 kg Nal(Tl) R. Bernabei et al,
* 7 annual cycles l Nucl. Phys. At. Energy 19, 307 (2018)

R. Bernabei et al, Eur. Phys. J. C 73 (2013) 2648



Light WIMP puzzle:
possible signal in DAMA/LIBRA Phase I+IT

2-6 keV

%‘ -8 DAMA/LIBRA-phasel (1.04 tbnogr DAMA/LIBRA-phase2 (1.13 tonxyz)
= 004
éj 0.02 :— %
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Figure 3: Experimental residual rate of the single-hit scintillation events measured by
DAMA /LIBRA-phasel and DAMA /LIBRA-phase2 in the (2-6) keV energy intervals
as a function of the time. The superimposed curve is the cosinusoidal functional forms
Acosw(t — tg) with a period T = l—ﬂr — 1 yr, a phase tg = 152.5 day (June 2"%) and

modulation amplitude,

- DAMA/LIBRA [R. Bernabei et al. Eur.

Phys. J. C (2013) 73:2648]
- Einresholq=2 keVee corresponding to 7-
20 keVnr

- DAMA/LIBRA [R. Bernabei et al.
NUCL. PHYS. AT. ENERGY 19 (2018)
307]

- Einresholq=2 keVee corresponding to 7-
20 keVnr

A, equal to the central value obtained by best fit on the data

points of DAMA /LIBRA phasel and DAMA/LIBRA ph

o Ll 1 i 1 T~ fa

> 0.05 |
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Figure 10: Modulation amplitudes, Sy, for DAMA/LIBRA phase2 (exposure 1.13
tonxyr) from the energy threshold of 1 keV up to 20 keV (full triangles, blue data
points on-line) — and for DAMA/Nal and DAMA /LIBRA-phasel (exposure 1.33
tonxyr) [4] (open squares, red data points on-line). The energy bin AFE is 0.5 keV.
The modulation amplitudes obtained in the two data sets are consistent in the (2-20)
keV: the x? is 32.7 for 36 d.o.f., and the corresponding P-value is 63%. In the (2-6)
keV energy region, where the signal is present, the x2/d.o.f. is 10.7/8 (P-value = 22%).



Light WIMP puzzle: possi

WIMP-nucleon cross section [cm?|

ble signal in CoGeNT and
CDMS-Si: by 2015
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. o
curve represents a sinusoidal Gt to CoGeNT data. An analysis CDMS— II &
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. between the phase of their measured seasonal modulation in
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Other Nal experiments

In data-taking

COSINUS
@ LNGS

DAMA

@LNGS KIMS/COSINE

SABRE @ Yangyapg
@ LNGS

PICO-LON

AN @ Kamioka
@cCanfranc

SABRE

@ Stawell \
. *

In data-taking

DM-Ice @ South Pole

l

*

S. Cebrian, TAUP2019, 11 September 2019




Light WIMP puzzle:
COSINE-100 vs DAMA/LIBRA by 2019

0.06
- u COSINE-100, 1.7 yrs
o B —a— Single-hit
< B - Multiple-hit
Q 0.041— —% DAMA/LIBRA-Phase1
B B ~ DAMA/LIBRA-Phase2
15 u
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FIG. 5. Modulation amplitude as a function of energy in 1 keV
bins for the 1.7 year COSINE-100 single-hit (red closed circle)
and multiple-hit (orange open circle) events. DAMA/LIBRA
phase 1 (blue) and phase 2 (green) from Ref. [12] are also shown
B
Cosine-100 [Adhikari et al. Phys. Rev. Lett. 123, 031302 (2019)]




Light WIMP puzzle:
ANAIS vs DAMA/LIBRA by 2019

ANAIS

First results on annual modulation: August 2017-February 2019 (1.5 y)—157.55 kg.y

Least-squares fitto  R(t) =Ro+Ri-exp(—t/t)+ S -cos(@- (1 +¢))

0.2y mod hyp: Sm = (-0.0044 + 0.0058) (cpd/kg/keV) — x/NDF = 47.4 / 52 [pval=0.65] T fixed from baCkground mOdEI
(2-6] keV Il — INF = 48,0, 83 (vt 7 w fixed corresponding to 1 year period
0.1 Pt Al o fixed to have the cosine maximum in June, 2nd
'H"[' ‘l’ S, fixed to 0 in the null hypothesis and left
o =TT T ' T --——-' unconstrained for the modulation hypothesis
|
>
£ 01 . : . . - S,, best fits are incompatible with
s DAMA/LIBRA results at 2.50 (2-6 keV)
o DAMA mod hyp: Sm = 0.0105 (cpd/kg/keV) or 1 90- (1_6 keV)
0.1 .
H tad h
0 LT 1 - .-___ + Ll T 0.015
! 8 — *
-0.1 'l‘ + f 2 _ oo —=— DAMA/LIBRA result
0 100 200 300 400 500 g3 oo
Days after August 3, 2017 g 3 o | —=— ANAIS-112 best fit
=
. 3 o 1o sensitivity
Null hypothesis well supported by the ¥ test T §-000s- exposure 1.5y
. i " '8 - 20 sensitivity
Modulation hypothesis best fits for 2-6 and 1-6 keV e exposure 15 y
-0.015

[1-6] keV [2-6] keV

S, =—0.0044 +0.0058 cpd/kg/keV

S,, = —0.0015 + 0.0063 cpd/kg/keV Results for 2 y data to be presented
this afternoon by M. L. Sarsa

S. Cebrian, TAUP2019, 11 September 2019 J. Amaré et al, phyS. Rev. Lett. 123 (2019) 031301




al phase LAr TPC principles
o :_' | 1 - Nuclear Recoil excites and ionize Liquid Ar producing

scintillation light S1 detected by top and bottom photosensors

2 - ionization electrons are drifted to the Ar gas pocket region
where they induce a second delayed scintillation light S2 signal

- Time difference between S1 and S2 gives vertical position
while fraction of S2 in each photo-sensor gives x-y position.

- Scintillation light at 128nm: use of TPB wave-length shifter.

== \ Ionization' Excitation'

Recoil can be with electrons (ER) or nuclei (NR). lonization and
direct excitation of Ar* to form Ar,* dimer that emits light.

Electrons Ar* Ar’

——

Ar ions can recombine and form excited Ar** states. _Singlet i Triplet

Also, NR ion.+thermic energy loss 2> NR quenching (less S2) ReCOmbi"ation_' ‘?l

9/9/2019 Sandro De Cecco

Dimer excitons Ar,* emits light in singlet or triplets. Arst Alr?'
Different singlet/triplet fractions NR ~70% singlet, ER ~70% triplet. Ar
3




Dual phase LAr TPC Electron Recoil rejection

Due to Nuclear quenching, ionization signal
and hence S2 scintillation, is less intense for

NR than for ER $1-52 At ~ O(10 us) drift time > z position

<4 »
> separation power in 92/51 ET v

- NR

20}

gives an ER rejection factor of 200-300
(only at high energy transfers)

Typically used in Xenon experiment (same in S1 SZ
Argon) as only ER vs NR discriminant.

But, unique to Argon : Pulse Shape
Discrimination (PSD) due to longer tails in
ER S1 signal.

10t / Neutron L
- —— Electron 1of N
12 \'a\\

107

ER

o« > - ~ o
] T

Averaged Wave forms 14— (
9 O\ 06 1 1 | ‘ i
zd\O\ Yo/ 20 40 60 80 100 120

sample time [us)

10" F

107°

—> PSD ER rejection ~ 109

9/9/2019 R T Kandro De Cecco 4

Time [us]




Typical direct WIMP search experiment:
example of DarkSide




Liquid noble gas experiments

single phase

DarkSide-50

ArDM

'dualphase

29-08-2019 Marcin Kuzniak — LIDINE2019, Manchester



LAr detectors

* More than 300 scientists
from 15 countries and 60
institutions

« Officially supported by
underground labs: LNGS,
LSC, and SNOLAB

DEAP-3600 (3.3,
SNOLAB)
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Slide courtesy J. Monroe

Global Argon Dark Matter
Collaboration formed

DarkSide-20k
(50t, LNGS)

100000 kg

Argo: 400t




DarkSide-20k and beyond

® Sealed acrylic TPC filled
with Underground
Argon (UAr): 50 tonnes p iside-20k
in total

UAr Condenser

Gas Pumps

® Membrane cryostat
Optical & EM

filled with Atmospheric  barrier

Argon (AAr): based on
the ProtoDUNE cryostat  nveto -

® 2% Gd doped acrylic
panels as neutron veto

® SiPMs as photosensors:
8280 channels in TPC,
~3000 channels in Veto

Cryostat —

* Urania plant for
underground argon
extraction

- ARIA facility for chemical =
purification and isotopic
separation

* Key projects also for Argo

Seruci-0

29-08-2019 Marcin Kuzniak — LIDINE2019, Manchester



DarkSide-20k LAr veto concept

CERN Neutrino Platform:

» 2 almost identical cryostats built for
ProtoDUNE

* 8x8x8 m? inner volume, 750 t of LAr
each

* Technology and expertise taken from
LNG industry

» Construction time: 37-55 weeks

* Designed as installable underground

New approach: atmospheric Ar in
ProtoDUNE style large cryostat to provide
shielding and active VETO:

» Allows to eliminate Liquid Scintillator Veto

* New veto is a giant single phase LAr
detector

* Simplify the overall system complexity
and operation

» Design fully scalable to a 400 tonne
detector

29-08-2019 Marcin Kuzniak — LIDINE2019, Manchester




ENON1O (LNGS)
ZEPLIN Il (Boulby)

LUX (250 kg, S
PandaX

(500 kg, CJPL)

XENON1
(1t, LNGS)

LZ: (7t, SUR
10000 kg

DARWIN: 50 t

o
Susle

Slide murtesi J. Monroe =



Sanford lab (SURF),
South Dakota

10 tons total, 7 tons
active, ~5.6 ton
fiducial mass

Instrumentation

Water tank
conduits

Gadolinium
Loaded Liquid
Scintillator

HV feed-

through
120 Outer | , ;. P, Liquid Xe
Detector >N\ Xe-TPC Heat
PMTs | Exchanger

EA
iy

| Neutron Calib.
y + 131 skin-PMTs Tube + external
j | oo source tubes e 7

29-08-2019




WIMP search experiments:
“small-scale” low tem

CDMS, CRESST,

= Absorber masses from ~ 100 g to 1400 g (SuperCDMS at SNOLab)

=  Currently running at Soudan, LNGS, Modane

» Future: EURECA (multi-target approach, up to 1 ton mass), SuperCDMS (150
kg) and GEODM (1 ton Ge detectors)

CRESST detector: _ s
~300gCaW0: (g

EURECA multi-target
approach (Ge, CaWOs, ...)

3, Mienna

| i)
|

!

EDE

e

B

o}

B
&

s

2
Fz

Laura Baudis, University of Zurich, VCI201

10cm x 3.Bem, 1.4 kg
_ SNOLAB prototype iZIP




WIMP search results 2014
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WIMP search results 2019: PDG
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Light WIMP search results using "S2-only":
2016 vs 2019

Newish Idea: S2 only in LXe/Ar TPCs

® # electrons, photons comparable
* Light collection ~10%,

e- collection —100%

e Substantially reduce E threshold

“]

WIMP-nucleon cross section [cm
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Problems in light WIMP search using S2-only: DarkSide-50

Low Mass DM ionization only search background

E [keVnr
WIMP spectra 1 2 3 4 5 6 7 8 9 101112131415
lOttEd w/o 102 ' -
quenching ) . 1 -
fluctuations - % N E [keVee] o |
—_ E E DM spectra 0,=10"*° cm? = Data ___§1°2 -
BN 10 s ; ——— G4DS MC All =
5 . - M,=2.5 GeV/c s 4 <
» . . ) ——— Cryostat y-rays 107 X - %
& . ‘ M=5.0 GeV/c ——— PMTs y-rays g_=1° g‘
- 1 . M,=10.0 GeV/c? —— ¥Ar + ®Kr = = =
. F $9 4
o =
z s 2—=p £
-1 1__ - —] —
N g
0 ~ _p , 0 —=10'0
2 102K ' @ = @
ol B ot |
- l"-ll I_-—|_| —=107?
0—3 Ll A 11 11 1 I Lol il I Ll 1l Ul I Ll 1l 1 I Ll 1l l Ll 1l 1 l Ll 1 l I ) :
0 15 i 10 15 20 25 30 3% 40 45 50 N
! : Ne' Q
Excess of events wrt to |} :
background prediction |1} N, > 7 analysis threshold for My > 3.5 In high N, region, dominant ER
due to trapped/delayed || GeV in Data-MC good agreement region. backgrounds, level prediction
electrons peak. : with extrapolation from high
! . energy spectrum MC fit, in very
Also seen by XENON100. N, > 4 analysis threshold for My < 3.5 GeV. good agreement with data (at
Further studies ongoing. Region dominated by excess of Data over MC % level).

9/9/2019 Sandro De Cecco




Light WIMP search new ideas:
Migdal and Bremsstrahlung effects

I
Low energy “Nuclear” Recoils

* Lindhard - “adiabatic” overlap of electron shells
* Most energy goes to heat

New ldea: different channel

* Bigger effect at low energy

(PDB, 2016)
= | 7 7 7 - Migdal:nuclear kick relative to electron shell generates
| / \ et ionization. (lbe, et al., arXiv:1707.07258)
(5} E e -,
2 B/ ko fethe * Small probability, depends on shells w »
03) :-'. Ziedler = .
S [Ee i * Boosted energy in ER channel
c:u 10 P?;: J'L‘Lilt‘]']‘.l"r o 99
& B Minimum e Also “Bremsstrahlung” (Kouvaris, Pradler,
. arXiv:1607.01789) 4
é L l‘mw; e - 10-2 arkivi1907.12771
1 L l (LUX, arXiv:1811.11241)
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WIMP search prospects

Allowed 95% CL
region for CMSSM,
approx. *
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Small scale WIMP search experiments

Small scale

direct dark matter search experiments

* Annual modulation:
DAMA/LIBRA, COSINE, ANAIS, SABRE, COSINUS, PICOLON
* Directionality:
DRIFT, MIMAC, NEWAGE, DMTPC, CYGNUS, NEWSdm, other ideas

« Low mass dark matter: semiconductor or gas detectors
NEWS-G, TREX-DM

« SD interaction:
PICO

* New ideas

mP Susana Cebrian scebrian@unizar.es

2019)TOYAMA



Small scale WIMP search experiments: directional

Directionality

Challenge: to reconstruct the track being very short
(~1 mm in gas, ~0.1 um in solids) for keV scale
nuclear recoils

« Toregister direction (axis, sense) or at least a
head-tail asymmetry (by measuring the relative
energy loss along the track)

« Daily modulation of the WIMP direction due to
the rotation of Earth

/ Tail Head

”m
/ / f/

— Low pressure (-0.1 atm) gas targets in TPCs
with different electron amplification devices and track
readouts:

Multi-wire proportional chambers (MWPC)
Micro pattern gaseous detectors (MPGDs)
Optical readouts

J.B.R. Battat et al., Phys. Rep. 662 (2016) 1

— Nuclear emulsions

S. Cebrian, TAUP2019, 11 September 2019

WIMP _'"FW—
Wind —

.\ // /

o 00h \4” /,<

low-P -
gas

2-dim
readout

arXiv:1903.03026




Small scale WIMP search experiments: directional
Directional detectors

DM-TPC
R&D on low-pressure gas detectors to measure the recoil n-calibration
direction, correlated to the galactic motion towards Cygnus

177 keV,,
MicroTPCs: MIMAC (CF4, CHFg, H gas), NEWAGE (CFz gas)

TPC: DRIFT (negative ion, CS2), DM-TPC (CF4 gas)
New ideas: see talk by D. Nygren
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. , Pl i e ’.ﬁ P
; S5 4 P = L . R | J
; & P ¢ Ul pE— AN g ¥
} A\ = §- -7 DRIFT, Boulby Mine
MIMAC 100x100 mm< 18| DM-TPC at MIT
5l chamber at Modane

CCD readout NEWAGE, Kamioka




Small scale WIMP search experiments: PICO
- NiF_VP_P-N _
'PICO

Merging PICASSO and COUPRP collaborations since 2012 '

. arXiv:1903.03026
Bubble chamber: target liquids in metastable superheated state;
Acoustic

sufficiently dense energy depositions start the formation of bubbles; . @ Somer
read by cameras Liquid P

+ Almost immune to electronic recoil background sources

+ Different targets, most containing '°F, highest sensitivity to SD p couplings
- Threshold detector: no direct measurement of recoilenergy X 7 7" -
- Long deadtime to compress/decompress the chamber after each event

-
~ -
-
-
"

* Operation of a series of bubble chambers at SNOLAB:

PIfASSO Past

Future

PICO-60 PICO-500

PICO-2LRun1 &2

S. Cebrian, TAUP2019, 11 September 2019



Search for charged primordial black-hole dark
matter (not WIMP)

Direct detection of primordial black
hole relics as dark matter

Benjamin V. Lehmann, Christian Johnson, Stefano Profumo and
Thomas Schwemberger

Department of Physics, University of California, Santa Cruz,

1156 High Street, Santa Cruz, CA 95064, U.5.A.

Santa Cruz Institute for Particle Physics,

1156 High Street, Santa Cruz, CA 95064, U.S.A.

E-mail: blehmann@uese.edu, arcjohns@uesc.edu, profumo@uese.edu,
tschwemb@uese. edu
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Abstract. If dark matter is composed of primordial black holes, such black holes can span an
enormous range of masses. A variety of observational constraints exist on massive black holes,
and black holes with masses below 10 g are often assumed to have completely evaporated
by the present day. But if the evaporation process halts at the Planck scale, it would leave
behind a stable relic, and such objects could constitute the entirety of dark matter. Neutral
Planck-scale relics are effectively invisible to both astrophysical and direct detection searches.
However, we argue that such relics may typically carry electric charge, making them visible
to terrestrial detectors. We evaluate constraints and detection prospects in detail, and show
that if not already ruled out by monopole searches, this scenario can be largely explored
within the next decade using existing or planned experimental equipment. A single detection
would have enormous implications for cosmology, black hole physics, and quantum gravity.

Keywords: primordial black holes, dark matter detectors, dark matter experiments, dark
matter theory
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3apsxeHHbIe nepsuyHbIe YepHbIe
AbIpbI ¢ Maccou TInaHka,
1.2x101°T3B unu 22mkr, u
NNOTHOCTbIO NOTOoka B ConHe4HOU
cucteme 1 wTyka B roa Ha 4m?,
moryT obecneuuTtb BCHO TEMHYHO
mateputo B ["anakTuke.

Takue uepHble AbIpbr 6yayT
HabnroaaTbca B AeTeKTope B BUAe
NPSAMBLIX TPEKOB, MOXOXue Ha
TaXesble 3apsKeHHbIe UOHBI, C
YeTKOU U HeObBLIYHOU CUTrHATYpOU:
HanNpaBfeHHOCTbIO Ha co3Besaue
INebena, PUKCUPOBAHHOI CKOPOCTLIO
(200-300km/cek) u
dE/dx~90M3B/rcm?.

MHTepecHo, uTO ecnu Takas AbIpa
BAPYr noTepseT 3apsa
(ctabunusupyrowmii ee), To oHa

MrHoseHHO UCcnNapuTca C BbraesnieHneEmM

3Heprum sksusaneHTHou 450 kr
TpoTuUna.



3aknkoveHue

OXuaaroTca ABe OCHOBHbIE TeHAeHUUU B pa3BUTUU IKCMEPUMEHTOB MO
NMOUCKY TEMHOU MaTepun.

C OAHOU CTOpPOHBLI - 3TO CO3AGHUE MACLWITAOHLIX (AeCATKU-COTHU TOHH)
AeTeKTOpOoB Ha OCHOBe XUAKOrO GproHa U KCeHOHa.

C Apyrou CTOPOHBLI - 3TO 3KCNEepUMeHTbI Hebonbworo pasmepa, 3aTo
nubo npepenbHOU 4yscTBUTENbHOCTU B 06nacTm maneix macc BUMITT,
nubo JyscTBUTenNbHLIE K HanpasneHHOCTU notoka BUMITT.

Oxupaetca, YTO B TeyeHUue aecatunetus byaer AOCTUMHYTO «HeUTpUHHOe
AHO» Kak B 06nactu maneix, Tak u 6onbwmx macc BUMTT, u 6yaer
nuwbo noateepxaeHa, nubo onposeprHyTa 3araaka Dama/Libra.
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3TI-O,£II No MOTUBaAM TEMHOM MATEPUN. Actpodusmkun NnpeanonoKunm, 4To TeMHaa maTepua BOKpYr nnaHeT CoNHeYHON CUCTeMbI
npuHMmaeT Gopmy AAUHHBIX Bonoc. Mpu npnbankeHnn K 3emne, Kak paccumntan Mpu MNpeso (G. Prezeau, Astrophys. J. 814:122, 2015), yacTtuupl
bOKycHpytoTCA B CBEPXMN/IOTHbIE BOJIOKHA, MW «KBONOCKM». TakMe BONOCKM 06/1a4at0T KaK KOPHAMM (C Hanbonblueit KOHUEHTPaLMEN YacTuy, A0
MWANVApAa Pa3 Bbile CPeAHEero), Tak U KOHYMKaMKU. KOpHM BOIOCKOB TEMHOM MaTepuM PacrnofioXKeHbl MPUMEPHO B MUAIMOHE KUIOMETPOB OT
NMOBEPXHOCTU 3eM/I1, @ KOHYMKM — B ABYX MUAMOHAX. MoaennpoBaHue Nokasano, YTo nepenaspbl NJIOTHOCTU BELLECTBA BHYTPU 3eMaun (mexay
AAPOM, MaHTUEN U KOPOM) AOMKHbI OTPAXKATbCA HA CTPYKType «BONOCY», CO34aBaA B HUX XapaKTepHble U3rnbbl. ECAN yyeHble CMOryT NOAy4YnUTb
[O0CTYN K 3TON MHPOpMaLMK, TO Y HUX NONYYUTCA BbICTPAMBATb rEO/IOTMYECKME KapTbl HEOECHbIX Ten No TEMHOM MaTepun U Aaxke oueHUBaTb
rnybuHbl nogneaHbIX OKeaHoOB Ha cnyTHMKax CaTypHa u lOnuTepa.




Two-phase detectors for rare-event experiments:
principles of operation

PMT array
Prompt (§17) light signal after interaction in the

active volume

Charge is drifted, extracted into the gas phase
and detected as proportional light (S2)

Charge/light depends on dE/dx: particle
identification

3D-position resolution: fiducial volume cuts

= 51: 4 photoslecirons

& | detectsd from about S2 ]

3 100 S1 photons | PMT array
drift time of electrons |

Laura Baudis, University of Zurich, WCI201 3, Vienna

S2: 645 photoelectrons detected from 32
ionization electrons which generated about
3000 S2 photons

L. Baudis, VCI 2013 talk




Two-phase Xe and Ar experiments: by 2015

XENON100 at
LNGS:

161 kg LXe
(~50 kg fiducial)

242 1-inch PMTs

still in operation
new DM still
blinded
Modulation study
completed

i

LUX at SURF:

370 kg LXe
(100 kg fiducial)

122 2-inch PMTs
physics run and
first results in
2013

new run started
end 2014

Ve_.nice, March 2;
‘Elena Apri

PandaX-1 at

CJPL: | ki Aol
ArDM at DarkS|de at
125 kg LXe Canfranc: LNGS:

(37 kg fiducial) 850 kg LAY

143 1-inch PMTs (=500 kg fiducial)?
37 3-inch PMTs

first results in 28 3-inch PMTs
Aug 2014 Filled in Feb 15. 38 3-inch PMTs

80 days DM data | . .0 field. First first result in late
still blinded science run in 2014. First run with

Preparing 20152 DA in 2015
500kg PandaX-Il

50 kg LAr (dep in °Ar
(33 kg fiducial)




WIMP search experiments: single phase

Single-phase detectors (light only)

XMASS at Kamioka (LXe), DEAP/CLEAN at SNOLab (LAr)

Challenge: ultra-low absolute background

XMASS at Kamioka: MiniCLEAN at SNOLab: DEAP-3600 at SNOLab:
in water Cherenkov shield at 500 kg LAr (150 kg fiducial) 3600 kg LAr (1t fiducial)
gggn;fgkal_x o (100 kg fiducial sinjle-phaie o;:t)_etn volume single-phase de.tector
single-phase, 642 PMTs under construction under construction

soon to take science data to run in summer 2013 to run in 2014
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Proposed large-scale noble-gas liquids: by 2015

Liguid xenon and liguid argon
detectors

= Under construction: XENON1T at LNGS, 3 t LXe in total
» Future and B&D: XMASS (5t LXe), LZ (7 t LXe), DARWIN (20 t LXe/LAr)
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Light WIMP search:
future SuperCDMS experiment by 2016

increase sensitivity to light WIMPs with next
generation Cryogenic Experiments at T~ mK

SuperCDMS at SNOLab. Low-temperature Ge/Si
detectors. Focus on low mass 0.3-10GeV/c?

« Above 5 GeV/c2 6 towers ~50kg. Ge ful SuperCDMS SNOLAB Experiment

nuclear recoils recognition through ionization
+ athermal phonon

x 0.3-5 GeV/c?, 1 tower of e.g., 3 Ge, 3 i,
CDMS HV (Luke Neganov amplification of
ionization). No discrimination. Background
limited after 1 year

Start data taking in 2018. Ultimate goal (SI) : :
8x1 0_47 Cfﬂz Payload 50 kg of =

Ge & Si - capacity 400 kg (}c h <y - Ge Tower 8.4 kg

—

Collaboration with EURECA for multi-target
approach (CaWOQOzs, Ge) and increased target
mass. Potentially increase Ge mass to ~200 kg




Light WIMP detection threshold problem:
nuclear recoil spectrum, local DM density and
velocity in the Earth rest frame

In the Earth rest frame: poM [*vc-n f )d(r l
— vf(v dv.

dE,  mym, J, dE,

In the Galactic rest frame:

The dark matter velocity profile 1s commonly described by an 1sotropic Maxwell-
Boltzmann distribution

1 -2
f(v) = exp ( - M ) (12)

I 202

which 1s truncated at velocities exceeding the escape velocity. Here, the dispersion

velocity o 1s related to the circular velocity via o = U"S;’ 2v.. A standard value of
v, = 220km/s is used for the local circular speed. This value results from an average ol

v.=220 km/s; v,..=544 km/s; p,=0.3 GeV/c2/cm3

L. Baudis, arXiv:1211.7222 N M. Klasen, M. Pohlb, 6. Sigl, arXiv:1507.03800



Light WIMP detection threshold problem:

recoil energy spectrum cut-off

(/kg/day/keVr)
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E. Yakushev, Nanpinol3 talk

S. Cebrian, TAUP201 9, 11 September 2019




Problems in light WIMP search using S2-only: LUX

52 only electron background

(Sorensen, Kamdin, arXiv:1711.07025) g
sl e LT s VT ] PMTS

ad: ; - ; ] jemmam gL e
. . %5 . 4 | |_— Anode

“e-train” in LUX ~ - ] e suos] || T== — T xeou
. 3 | T Gate-grid
! 1 ~ N [ Shaping

i 1 Rings

e surface Acrylc

A Extarior Wall

time [us] graphene-coated fused silica
LBECA prototype - sealed
e Several sources of electrons chamber with high
e LBECA: dedicated S2 only experiment chemical purity

K. Ni, DM14
- Electron reduction methods under study

- 100 kg LXe detector planned

e LZ: major program to reduce emission from
grids (Stifter, DM16)

- electron signal ~4 times larger than LUX

LZ gridrunder test

. Shutt - TAUP 2019, Sept 11, 2019




Light WIMP search new ideas:

doping with low-Z admixture
Enhancing LXe sensitivity at low mass

NE 10-35 LZ He 101 E
£.107%} s2only,5e-  LZHe : {100 2
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Lippincott, talk at IDM 2018

29-08-2019

Dark Matter Mass [GeV/c?]

Marcin Kuzniak — LIDINE2019, Manchester

» Admixture of low-Z
dopant can dramatically
increase the sensitivity
to low mass WIMPs

* R&D ongoing

« Sensitivity and feasibility
studies on LXe mixtures
with hydrogen




Dark Matter search experiments:
room temperature crystals - DAMA/LIBRA

The DAMA/LIBRA set-up ~250 kg Nal(Tl)
(Large sodium Iodide Bulk for RAre processes)

As a result of a 2nd generation R&D for more radiopure Nal(Tl) by

exploiting new chemical/physical radiopurification techniques
(all operations involving - including photos - in HP Nitrogen atmosphere)

Residual contaminations in the new DAMA/LIBRA Nal(Tl)
detectors: 232Th, 238U and 40 12




Direct Dark Matter search experiments

Room temperature scintillators

DM-Ice
1‘ i)

= Nal: DAMA/LIBRA, ANAIS; Csl: KIMS @) toual muon veto
New idea: DM-Ice -> 17 kg Nal deployed as feasibility 250 kg Nal

detector array in
ressure vessel

study at the South Pole (look for annual modulation in the
southern hemisphere, 2.4 km deep in ice)

Goal: build a 250-500 kg Nal detector array, closely |/ local muon veto
packed inside a pressure VE)Sb@[, use lceCube as a veto il ===

DAMA/ETERA—

Amphtude of the modulation: ~ 0.018 counts day " kg’ keV"' 2-4 keV

\ ﬁ\MV

_oosk . : E
1 i i L i i I i | i i | i i L e TR 1 L I L i L i i

A5 ERH ] TR0 T 1250 150100 17500 000 PRETe

R.Bernabei et al, Eur.Phys.]. C67 lime (day)

TR,

Residuals (cpdfkp/kel )




Dark Matter search experiments:
bubble chambers by 2015

Bubble chambers

e Detect single bubbles induced by high dE/dx nuclear recoils in heavy liquid bubble chambers
(with acoustic, visual or motion detectors)

e Large rejection factor for MIPs (1079, scalable to large masses, high spatial granularity
¢ Existing detectors: COUPP, PICASSO, SIMPLE
e Future: COUPP-500 -> ton-scale detector

Example:

n-induced
event
(multiple
scatter)

WIMP: | S ;Ii. : /] ' "' fi
single . ” "
. m ;

scatter /
A
COUPP 60 kg CFl
COUPP 4 kg detector installed at PICASSO at SNOLAB
CFsl detector at SNOLAB; physics run
SNOLAB in March 2013

Recoil range << 1 ym in a liquid - very high dE/dx




On the other hand, light WIMPs disfavored by results
from CDMS-6Ge, XENON100, LUX, EDELWEISS, CRESST,
CoGeNT (updated), CDEX and PandaX: by 2015

CDEX; arXiv:1404.4946
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Nuclear recoil data in LXe
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Nuclear recoil data in LAr: scintillation yields are
conflicting

it
o

* Brunett: 2005 * Cao 2014
o Gastler 2012 m Creus 2015
o Regenfuss 2012

=
Lh

+ﬁﬁ?w<}§ @% "y

L
2

10
Recoil energy [keV ]

<
.

=
Lad
TTTT | TTTT | TTTT | ITTT | ITTT | T 1T

LAr relative scintillation yield
o
I

—
[

=

Scintillation quenching factor
in LAr [T. Undagoitia and L.
Rauch, arXiv:1509.08767]



Nuclear recoil data in LAr: ionization yields seems

to be conflicting

Figure 6. lonization yield of nuclear recoils in lig-
uid Ar at 0.56 kV/cm as a function of the energy,
measured in Joshi et al. [5]. Cao et al. [6] and this
work. The curve is drawn by eye.
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Figure 7. lonization yield of electron recoils in lig-
uid Ar at 2.4 kV/cm as a function of the energy. mea-
sured in Sangiorgio et al. [28] (at 0.27 keV, 2.8 keV
and 5.9keV), in Bondar et al. [14] (at 35keV). in
Scallettar et al. [29] (at 364 keV) and in Shibamura
et al. [30] (at 976 keV). The spline function fit for the
ionization yield is also shown. The figure is taken
from [14].

Tonization yield: results of LLNL [PRL 112, 171303 (2014)] and BINP [EPL
108 (2014) 12001] and SCENE [PR D 91, 092007 (2015)]




Nuclear recoil data in LNe and LHe

N B
= 0.5 1.2 p——r— . —_—
— 045 —+ MicroCLEAN result 10- |
0 45_ —+ PicoCLEAN result : Helium
e — Lindhard+Birks model (SRIM) (zero field) X
0.35E — Lindhard+Birks model (DM) 0.8 ¢ 1
0.3 T 0.6 . .
0.25F tl ~ )
0.2F - + 0.4 1
= Fal
0.15£ 0.2- Xenon (zero field) e -
D.lf— A éﬁw 4%+ + +
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Energy (keVr)  pra 1. (color online) The effective quenching factor L.

) e e L as a function of the recoil event energy. The x represents the
FIG. 13. (Color online) The observed nuclear recoil scintillation calculated L.ss for helium under zeto applied electric field.

efficiency vs nuclear recoil energy in neon, along with the Lind-  The measured data for liquid Xenon by G. Plante ef al. [88]
hard + Birks model described in the text. (/\) and by A. Manzur et al. [89] (+) are also shown.

Scintillation quenching factor in

Scintillation quenching factor in LNe, LHe, theory [W. Guo, D.N.

experiment [Lippincott et al. Phys. Rev. . -
C 86, 015807 (2012)] McKinsey arXiv:1302.0534]




Nuclear recoil data in NaI and Ge: confusing
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Local DM density, velocity
and nuclear recoil ener

The direct-detection rate depends on the local dark-matter density, cur-
rently estimated to be p =~ 0.39 + 0.03 GeV cm™* [127]. The systematic un-

distribution f(v). If we assume the velocity distribution at the solar circle to
follow a Gaussian and take into account the orbit velocity of the Sun around
the galactic center, vp = 220 km s~ ', and the orbit speed of the Earth around
the Sun, v., we obtain the normalized one-dimensional Maxwell-Boltzmann
distribution

o = o[ 5]l 53]

which must in addition be truncated at the local escape velocity from the
Milky Way vege = 533731 km s~! [129]. The dark-matter flux passing through
a detector on Earth can therefore be quite large, nv = pv/my =~ 10° cm ™

s for my = 100 GeV.

[130]. In the elastic case (§ = 0) and for mx < my, the maximum

. mx \2 {100GeV v \2
Eg™ = 90 (IOOGeV)( — )(200kms-1) e

ranges typically between 1 and O(100) keV, the upper hmit imposed by
Uese- Dark matter with masses below 1 GeV 1s typically below the detection

M. Klasen, M. Pohlb, 6. Sigl, arXiv:1507.03800




Light WIMP detection threshold problem: which DM
experiment does really match recoil energy cut-off?

[130]. In the elastic case (0 = 0) and for mx < my, the maximum
M. Klasen, M.
my 2 /100 GeV v W o ... Pohlb, 6. sigl,
Ema ~ 90 (—) ey ( ) keV (33 2
¥ 100 GeV ( my ) \200kms 1/ (#3)""arxiv:1507.03800

ranges typically between 1 and O(100) keV, the upper lmit imposed by

Uese- Dark matter with masses below 1 GeV i1s typically below the detection
[ .

Maximum Detection | Can see
recoil energy I GIEERGESEGEN Detector energy

for WIMP energy, UCIES threshold for
mass 6 GeV, keVnr WIMP nuclear recoils
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23 _
Na 20 DAMA/LIBRA 7-14 Yes Eyp < Egmex.
285; 17 CDMS-Si 7 Yes Which DM

experiment does

40AF 12 DarkSide-50 50 No really match such

726Ge 6.5 CDMS-Ge 1 Yes energy threshold?
CoGeNT 3 Yes
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