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experiments

Physics aim of dark matter and double beta

+ Observe the collision of invisible
particles with atomic nuclei

< 30keV

N 2mN

* Observe an extremely rare
nuclear decay process

(A, Z+1)
(A, 2)
1575,
(A, Z+2)
Tf/”fﬁ > 10%y



Main characteristics

 Nuclear recoils: ~ keV-scale Er - Q-value: ~ MeV-scale
* Featureless recoil spectrum » Peak at the Q-value of the decay
 Very low event rates: < 0.1/(kg y) * Very low event rates: <0.1/(kg vy)
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Main requirements

- Low energy threshold - Excellent energy resolution

- Ultra-low backgrounds & nuclear - Ultra-low backgrounds &
vS. electronic recoll discrimination gamma/beta discrimination

- Large detector masses  Large detector masses and

high isotopic enrichment
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—mployed nuclel

Nucleus
19|:
23Na
27A|
298i
7SGe
127|
129Xe
131Xe

0Ge, 2Ge, 74Ge,
6GQe

124 g 126X g 128X
130Xg. 132Xe,
134 g 136X

Spin
1/2+
3/2*
5/2*
1/2+
9/2*
5/2*
1/2+

3/2+

Abund [%]
100
100
100
4.7
7.76
100
26.4
21.2

99.6

Candidate*
48Ca -> “8Ti
6Ge -> 76Se
82Se -> 82Kr
9%Zr -> PMo
1OOMO - 100Ru
110Pd -> 11OCd
11GCd -> 1168n
124Sn -> 124Te
130Te -> 130Xe
136Xe - 1368a

150Nd -> 190Sm

Q [MeV]
4.271
2.040
2.995
3.350
3.034
2.013
2.802
2.228
2.530
2.479

3.367

Abund [%]
0.187
7.8
9.2
2.8
9.6
11.8
7.5
5.64
34.5
8.9

5.6




Main uncertainties (|)

Structure factors .

Astrophysics: p, f(”U), Vesc °
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uncertainties from WIMP currents in
nuclei (in chiral EFT)
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Main uncertainties (ll)

Mass and cross section of the - Neutrino mass eigenstates and
dark matter particles neutrino mixing matrix terms
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Sackgrounds

« Cosmic rays & cosmic activation of detector materials

» Natural (#°°U, 2°2Th, 4°K) & anthropogenic (®°Kr, 3’Cs) radioactivity: 7y, € , Tl, (¥

- Ultimately: neutrinos (+ 2 5 3-decays, depending on the energy resolution)
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—xperimental techniques: dark matter

lonisation
Tracking: _
DRIFT MIMAC. gg’;(a's'
DMTPC. NEWAGE COGaNT
TPC: . / SuperCDMS
LUX, PandaX, XENON .. EDELWEISS

ArDM, Darkside-50

Phonons

Scintillation ot
. cintifiating Bolometer:
Crystals: :
Noble liquids: DXI\/IA/LIBRA ........... bolometers: ... CRESST-

DEAP-3600
ANAIS
XMASS SABRE CRESST-I




—xperimental techniques: double beta

lonisation
: Crystals:
Tracking:
SuperNEMO fAEBDA
ajorana
COBRA
TPC:
NEXT (tracking)
EXO, nEXO
Scintillation Scintillating Phonons
bolometers: Bolometer:
Isotope in LS: O L CUORE
glillrgLAN D-Zen CANDLES AMORE
" Lucifer

Lumineu }CUPID



=Xperimental status: overview

» No evidence for WIMPs » No evidence for the 033 decay

(11 . b} . .
+ Several “anomalies”, mostly gone » Signal claim by HVKK et al. excluded
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Dark matter: cryogenic detectors at T ~ mK

« Goal: reach energy thresholds < 100 eV
* Probe low-mass WIMP region (sub-GeV to few GeV)

WIMP-Nucleon Cross Section (SI) (cm?)
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Dark matter: single-phase noble liquid detectors

position
resolution: ~cm

)
“‘ [
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ST

PMT array

__________
- ~~
-

ey

.........

+ PSD (mostly in LAr)

> time

XMASS at Kamioka:

835 kg LXe (100 kg fiducial),
single-phase, 642 PMTs
new run since fall 2013
several results

DEAP at SNOLab:

3600 kg LAr (1t fiducial)
single-phase detector
100 t d exposure

first results in 2017 ”



Dark matter: dual-phase noble liquid detectors

photosensors

ST

S2

> time

- XENON100 at LNGS, L

PandaX at CJPL

Talk by P. Agnes

Minimum at 0.1 zb

LUX collaboration, PRL 116, 161301 and arXiv:1608.07648
PandaX collaboration: PRL, August 2016
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Dark matter: new & future noble liquid detectors

e Acquiring science data: XENON1T 3.2 t LXe Talk by J. Masbou
* In construction (LXe): LUX-ZEPLIN 7t, XENONNT 7t
* Proposed (LAr): DarkSide-20k, DEAP-50T; Proposed LXe: XMASS 5t

 Design & R&D: DARWIN 50 t LXe; ARGO 300 t LAr, DEAP-50T LAr

XENONNT: 7t LXe DarkSide: 20t LAr DEAP-50T: 50 t LAr | /: 7t LXe DARWIN: 50 t LXe

15



Amplitude (pe/bin)

Dark matter: the XENON1T experiment

Talk by J. Masbou
« 3.2 t LXe in total; commissioned & acquiring science data since December 2016
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Dark matter: directional detectors

- R&D on low-pressure gas detectors to measure the recoil direction
(~30° resolution), correlated to the Galactic motion towards Cygnus

- Challenge: good angular resolution + head/tail at 30-50 keVnr

« One common technology to be proposed in 2017

CYGNUS: coordination of directional R&D

DRIFT, Bouloy Mine ~~ 2MTPC, MIT MIMAC 100x100 mm?
3 T . Optical and charge readout
1 m*°, negative ion drift CF4 gas 51 chamber at Modane

CS2 +CF4 gas CF4Qgas

commissioning 1 m3 module

CCD

NEWAGE, Kamioka
CF4 gas at 0.1 atm
50 keV threshold 17



Jouble beta: cryogenic detectors at I ~ mK

- CUORE: All 988 crystals (206 kg *°Te) built and assembled in towers Talk by V. Singh

- Cryostat: stable base temperature reached, allows operation of bolometers at 6.3 mK

 Detector installation completed, commissioning now

« Background goal: 0.01 events/(kg keV vy)
« Energy resolution goal: 5 keV at 2.6 MeV [FWHM]

- Sensitivity aim (after 5 y): T1/2 ~ 9.9 X 10259

CUORE: TeO>

Counts / keV
—_ = 4 < S

_.
<

216 g natural CaMoO, crystal SQUID

Metallic light reflector

Copper holder

AMORE: 49Ca'%MoQg4

77" = [8.2 4+ 0.2(stat.)

+ 0.6(syst.)] - 1020y

P

] Experimental (M)
—— BOTe2vBB
............. — 40K (Crystals)

500 1000 1

500 2000 2500

Energy (keV)

LUMINEU: Zn1%%Mo0Q4



counts / 25 keV

counts / 25 keV

Jouble beta: HPGe detectors at 77 K

—
2

enriched Coax - 5.0 kg-yr

[ prior liquid argon (LAr) veto
[ after LAr veto
Monte Carlo 2vBp (T =192- 10" yr)

GERDA 16-07

1500 2000

1480 1500 1520 1540

3500 4000 5000
energy [keV]

GERDA: ®Ge (37 kg HPGe)
arXiv:1703.00570

Majorana: "®Ge (30 kg HPGe)
arXiv:1610.01210

Talk by M. Misiaszek
GERDA Phase Il data: Dec 2015 - June 2016

Background in BEGe detectors:

« (0.7*1195 x 10-%) events/(kg y keV)
No hint for a signal and:

* T12> 5.3 x 10y (90% CL)

* Meff < 0.15eV -0.33 eV
Manuscript accepted in Nature

Stable running conditions, currently acquiring
data towards the 100 kg y exposure goal

GERDA + Majorana = LEGEND: 200 kg
stage at LNGS; ton-scale experiment
(location tbd)



Double beta: liquid scintillators

* First phase: 0.3% natural Te (~ 800 kg '3°Te) « Phase 1+2 (1 79 kg + 383 kg);

- Detector and cavity are filled with light water, e Ti/o> 2.6 x 1025 y (90% CL)

data taking ongoing (24/7 shifts)
« Commissioning of LS plant ongoing
* Load 0.3-0.5% Te in 2017

+ Future: upgrade PMTs and 3% load -> to cover
inverted hierarchy scenario
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w
e}

20

10

0
22 23 24 25 26 27 28 29 3
T/gﬁ (MeV)

SNO+: 139Te in LS

mpap < 0.14 — 0.28eV

- Started 800 kg phase

« Sensitivity: 2 x 1020 yr after 2 y exposure

OvpBB (200 meV)
2vBpB

U Chain

Th Chain

(a,n)

External

8B v ES
Cosmogenic
Residuals

KamLAND-Zen 36Xe in LS



Double beta: SNO+

First neutrino candidate: 2017-02-05, upward-
going, no outward-looking PMTs triggered

Info from Mark Chen and Nigel Smith



Double beta: xenon TPCs

. N 27

mgs < 0.19 — 0.45 6V Parameter | nEX0__| EX0-200

100 Fiducial mass (kg) 4780 98.5
f Enrichment (%) 80-90 80
| EX0-200 Nature 2014 Data taking time (yr) 5 5
Lot | EXO-200 Phase-I| Energy resolution @ Qg 58 88 (58)
S (keV)
Q
A Depth (m.w.e) 6010 1500
g i
Y 102 [ / Background within FWHM of 6.1x10* 0.022
EXOI5 Yehrshu B endpoint (events/yr/mol, ;) (0.0073)
n r
- b %E Background within FWHM of  1.6x10*
' o endpoint inner 3000kg

10° (events/yr/mol, ;)

EXO-200 136Xe nEXO 136Xe NEXT '36Xe (HP gas) (+tracking)



Can we do both? =>

DA

SWIN

/

DARWIN
N -

« 50 tonnes "atXe, 8.9% 136Xe

High-voltage
feedthrough

S| | e
]

- TPC with
central dark
matter target

- Cathode

- Bottom
photosensor
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« Sensitivity (140 t y exposure, "2Xe)
Ty /o ~ 8.5 x 10°7y

« Assumptions:

Im ﬁﬁl [eV]

« 222Rn: 0.1 uBg/kg (~ 0.036 events/(t y))

- (®B rate is ~ 0.036 events/(t y))

- sigma/E = 1% at Q-value

- materials: sub-dominant background source
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DARWIN collaboration, JCAP 1611 (2016); LB et al, JCAP 1401 (2014)



L Baudis

CERN Courier March 2017

Dark-matter searches

Testing WIMPs to
the limit

A surface building at Gran Sasso National Laboratory in Italy, which hosts a network of caverns shielded from cosmic radiation.

The DARWIN observatory proposed to be built
at Gran Sasso in the mid-2020s promises to be
the ultimate dark-matter detector, probing the
WIMP paradigm to its limit.

DARWIN, the ultimate dark-matter detector using the noble ele-
ment xenon in liquid form, will be in a unique position to address
these fundamental questions. Currently in the design and R&D
phase, DARWIN will be constructed at the Gran Sasso National
Laboratory (LNGS) in Italy and is scheduled to carry out its first
physics runs from 2024. The DARWIN consortium is growing,
and currently consists of about 150 scientists from 26 institutions
in 11 countries.



Conclusions

Direct searches for particle dark matter and for the neutrinoless double beta
decay share many common features

Due to very low expected event rates:
- large detector masses, ultra-low backgrounds, good energy resolution, particle ID

- in general, dm detectors optimised at keV-scale energies, bb-experiments optimised
at MeV-scale energies

So far, no convincing evidence for positive signals, however:

technologies have matured and reached stages where they can be scaled up to
large masses with unprecedented low backgrounds

- eventually, limited by solar & atm & diffuse supernovae neutrinos

- ideally, large detectors which can search for both signals

25



The end

Of course, “the probability of success is difficult to estimate,
but if we never search, the chance of success is zero”

G. Cocconi & P. Morrison, Nature, 1959

26
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What is the observable decay rate”?

Phase Axial-
sSpace vector NME

Tl gbl/c ‘MOI/‘Q‘mﬁﬁ‘z

1 /2 Can be Difficult: m@
calculated: ~ Q° factor 2-3

FOI/

- with the effective Majorana neutrino mass:

mag| = |UZmy + UZymaee 1 72) 4 UZimge' =1 720,

= a coherent sum over mass eigenstates with potentially CP violating phases
= — a mixture of m1, mz, ms, proportional to the Ue?, with ai,a02 = Majorana CPV phases

« Uei = matrix elements of the PMNS-Matrix, m; = eigenvalues of the neutrino mass matrix



=Xperimental requirements

- Experiments measure the half life of the decay, T1/,2 with a sensitivity (for non-zero
background)

M -1 1
B.-AE (mgp)

Tlo/”2<><a-e-

Additional tools to distinguish signal

Minimal requirements: from background:

large detector masses

high isotopic abundance
ultra-low background noise
good energy resolution

event topology
pulse shape discrimination
particle identification



90% prob. lower limit T12 [1025 yr]

GERDA phase Il and beyond

- Demonstration that a background of < 103 events/(keV kg yr) is feasible
« Will explore T+/2 values in the 1026 yr range, probing the degenerate mass region
« A ton-scale experiment (in collaboration with Majorana in the US) is in design phase

Alonso, Gavela, Isidori,Maiani, JHEP 1311 (2013) 187
Blankenburg,lsidori, Jones-Perez, EPJC 72 (2012) 2126
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Physics reach

- Ton-scale experiments are required to explore the inverted mass hierarchy scale

+ Several other technologies also move into this direction

-« 8Ge experiments have the advantage of an excellent energy resolution coupled to ultra-low
backgrounds

0.08 | I I I I | I I I I 1 1 1 1 1 1 1 1

0.06
3 0.04 Experiments in
40 meV % . construction
S
0.02
10 meV Future experiments

(ton-scale)




Bubble chambers

 Detect single bubbles induced by high dE/dx NRs in superheated liquid target:

- acoustic and visual readout; measure integral rate above threshold

- large rejection factor (~10'9) for MIPs; scalable to large masses; high spatial granularity
* New results: PICO-2L (PICASSO + COUP), 2.9 kg CsFs target, best SD WIMP-proton limit

« PICO-60L running since 2016; proposed: PICO-250L CsFs target at SNOLAB

PRD 93, 061101 (2016)
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Coherent neutrino-nucleus scatters in XENONT1T
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10

Nuclear Recoil Energy [keV]

XENON collaboration: JCAP04(2016)027

* 90 events/(t yr) > 1 keVnr
« 9x 102 events/(ty) > 3 keVnr
* 1.8 x 102 events/(t y) > 4 keVnr

« 1.2 x 1072 events/(t y) > 5 keVnr
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X

—NON1T background predictions

- Materials: based on screening results for all detector components

« 8Kr: 0.2 ppt of "aKr with 2x1071" 8Kr; 222Rn: 10 uBag/kg; '%®Xe double beta: 2.11x10°1 y

* ER vs NR discrimination level: 99.75%; 40% acceptance for NRs

= Total ERs: 0.3 events/year in 1 ton fiducial volume, [2-12] keVee

= Total NRs: 0.6 events/year in 1 ton, [5-50] keVnr (muon-induced n-BG < 0.01 ev/year)
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WIMP physics: complementarity with the LHC

« Minimal simplified DM model with only 4 variables: mpwm, Mmed, gom, gqg

- Here DM = Dirac fermion interacting with a vector or axial-vector mediator; equal-strength
coupling to all active quark flavours

2 2. 2
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7DD % A
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Spin independent Spin dependent »
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