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The Case for WIMP Dark Matter

+yf+f etc. tins)
X X 100 101 102 103

v WIMP DM as thermal relic at the T _ R
“right” density via freeze-out 104 =100 GeV -
v Appears as natural candidate in 106
well motivated, UV-complete 10t
theories (geared towards solving 108 freeze-out 3
other particle physics puzzles) v a,
v Traditional example: SUSY, but also ' 109
UED, little Higgs, ... o2
02
= Expect new physics at the TeV scale 1
10714 10
107 . Lo 0 . oo v 0
10 T(GeV) 19 ) Feng, ARAA 2010
@ Problem: nothing found so far — It's more complicated!

» at the LHC
» with direct searches
» with indirect searches
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Evolution of Dark Matter Models *
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Classic WIMP

Mies van der Rohe, German Pavillion in Barcelona

Uwe Oberlack Strategy Workshop PP Bonn 03-05-18 Hundertwasser house, Vienna

I5SMOMUOIWDY| "W WO} PaMOIIO] DBPI 4



WIMP Dark Matter Direct Detection

* Elastic scattering of WIMPs y off nuclei A.
— nuclear recoil
» spin-independent (~A?) or spin-dependent? ... EFT op's
* Mass range
»m ~ 10 — few 103 GeV/c? (“traditional”)
» <1 GeV/c?to 104 GeV/c? (extended)

* Energy spectrum:

» “Standard” spherical halo
» DM relative velocity: v~ 230 km/s

— exponential recoil spectrum

<E> ~ O(10 keV)

> large nuclei: coherence ~A2 for small q
> nuclear form factor reduction at higherq  10°
> Local number density of WIMPs: p,/m,

p, ~ 0.3 GeV/c2/cm3
> p,/m, ~100/L* (30 GeV/c?/m, )

18 evts/100-kg/year Xe (A=131)
(En=5 keVr) Ge (A=73)
8 evts/100-kg/year — Ar (A=40)
(Ep=15 keVr)

10°

Rate [evis/keVr/kg/day]

?'IIIIIIIIIlIIIIlIIIIlIIII|IIIIIIIII|IIII
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Recoil Energy [keVTr]

Rate < 10 events / kg / day



Backgrounds in Direct DM Search

Cross-sections are very small: <104 cm? (spin-independent).
Without background, sensitivity «c (mass x exposure time)
With background subtraction oc (M t)'2 until limited by systematics.

Backgrounds by origin: Backgrounds by radiation type:
* external - gamma rays: long range
> cOSMicC — depth, veto
. : * beta decays
» radiogenic .
— shielding, self-shielding, veto, * adecays from natural decay chains
material selection + nuclear recoils
e surface — localization, veto * neutrons from (a, n) reactions and
. internal - minimize! spontaneous fISSIOI’l.(up to ~10 MeV)
» distillation * neutrons from cosmic ray muons
> depletion >~ 100 MeV
» purification, surface treatment * neutrinos!

» store materials underground to
reduce cosmogenic activation

» discrimination
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Dark Matter Searches: Status
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Neutrino Floor:
Nuclear Recoils from Solar, Supernova, and Atmospheric v's

spin-independent WIMP-nucleon interactions
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some results are missing...
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Cross Section [cm?]

Neutrino Floor:
Nuclear Recoils from Solar, Supernova, and Atmospheric v's

JCAP 01, 044 (2014)
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DM Detector Overview
Detection Principles
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Cryogenic Detectors — CRESST-III

Uwe Oberlack

©R. Lang/MPP

Scintillating cryogenic (15 mK) CaWO, crystals as target

Separate cryogenic light detector

Detectors optimized for low mass dark matter
Absorber volume reduced by a factor ~10 (= 24Q)
100 eV threshold goal

Veto surface-related background

particle discrimination

== =
/ ‘@:\ CawOy, sticks with
holding clamps (with TES)

Cawao, target crystal
(with TES)

Reflecting and
I - scintillating housing

-4 ! lightdetector

(with TES)
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Cryogenic Detectors — CRESST-III

Scintillating cryogenic (15 mK) CaWO, crystals as target

\
\
[ ]

—— ‘_ Separate cryogenic light detector

Detectors optimized for low mass dark matter
Absorber volume reduced by a factor ~10 (= 24Q)
100 eV threshold goal

Veto surface related background
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Particle discrimination
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Light Yield= Light signal
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Excellent discrimination between

potential signal events (nuclear recoils)
: . : | |

and dominant radioactive background 0 40 50 100 150

(electron recoils) Energy (keV)




Future: Upgrade to CRESST-IIl Phase 2

Goals:

« 100 x background reduction.
material screening and purification of
raw material for crystal production 5 10
Exposure 1000 kg days in 2 years. = 4
facility upgrade to operate 100
detectors
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Coherent Neutrino Scattering on CaWoO,

—10 Lo | | | ] —46
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Planning, prototyping and testing ongoing

Start data taking after a major upgrade of the setup in 2020
Leading sensitivity in the low mass region

SFB1258, BMBF, GroBgerateantrag @ MPG
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The Dual Phase Noble Liquid TPC

(Ar, Xe)

e WIMP recoil on nucleus in dense
liquid

— lonization + UV Scintillation Shielding
o Detection of primary scintillation e

signal (S1) with PMTs. mesh
 Charge drift towards liquid/gas PTFE'

interface at
low field: ~0.1- < 1 kV/cm.

e Charge extraction liquid/gas at

high field between ground mesh cathode

(liquid) and anode (gas)

* Proportional scintillation signal
(S2) in the gas phase
high field: ~10 kV/cm

* 3D position measurement
» X/Y from S2 signal. Resolution few mm.
» Z from electron drift time (~ 1 mm).

‘PMT ‘
BXE e oo GXe
Ptk e ks ke ket et e b s et ek i IZZ'?ZIIZIZI:ZZIIZZIIZIZZZIZZIIZ """""" [ ““““ _’ ++“E:
§ e Eext ‘
LXe ¢ LXe Ed,.ﬂl
drift -+ l
— y-ray event: high S2/S1
a

WIMP event: low S2/S1

shielding{

mesh bot. w

PMT
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log (cS2/cS1)

Background Discrimination
in Dual Phase Liguid Xenon TPCs

lonization/Scintillation Ratio 3D Position Resolution:
S2/S1 fiducial cut, singles/multiples
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Liquid Xenon Dual Phase TPCs @ PRISMA
Present Experiments

¢ /}I Ll e\ N
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Liquid Xenon Dual Phase TPC
XENONA1T >2 ton sensitive

« 2016 — present
« Mass: >3 ton / 2.2 ton sensitive

e Background in FV: ~0.2 mdru*
dominated by #?2Rn

» exposure: 35 ton-day published,
result with ~1 ton-yr upcoming

* predicted sensitivity @2 ton-yr:
~210% cm?

* min. of limit curve:
7.7x107* cm? at 35 GeV/c?

— Lowest background,
most sensitive DM detector operating.

»

.r"ll ’

IIII

|

|

| .
{

German XENON groups provide leading
contributions
MPIK Heidelberg

Universities Freiburg, Mainz, MUnster
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Liquid Xenon Dual Phase TPCs
Near Future

Panda X-4T XENONNT LZ
~ 4t sens ~ 6t sens ~7 t sens
= .
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Ne

The next step: XENONNT XEN O N

Matter Project

« A rapid upgrade to XENON1T, with a new TPC
with 4 x target mass than XENON1T

+ Most sub-systems, already operative, designed
with this upgrade in mind

| 8tLXe @180 K

5.9 t active target * Main challenge: reduce Radon by x 10
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Sensitivity with XENON and beyond
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DARWIN The ultimate WIMP Detector

High-voltage
feedthrough ™

"

array . |

Double wall

oryostat -eetef

FTFE
reflector

Uwe Oberlack

“....Connection to cryogenics,

purification, data acquisition

- TPC with
central dark
matter target

* Cathode
- Bottom

array

DARWIN

JCAP 11, 017 (2016)

aim at sensitivity of a few 10™*° cm2,
limited by irreducible v-backgrounds

international consortium, 24 groups
XENON + new groups

Baseline scenario
~50t total LXe mass
~40 t LXe TPC

~30 t fiducial mass

Timescale: start after XENONNT

R&D within XENON collaboration

plus two ERC projects g
ULTIMATE (Freiburg) —-:itsess:
Xenoscope (Zirich) ‘QI C

«® L ...-:
.........
. .

photosensor o Part of two excellence cluster proposals

www.darwin-observatory.org
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SUSY Dark Matter

SUSY under pressure because not found at LHC? plots: Sven Heinemeyer (MasterCode 2015)
— true for some very constraint models (CMSSM etc.) but looks different
when more parameters are left unconstrained

Example: pMSSM10 -~ 10 SUSY parameters, e.g. EPJ C75, 422 (2015)

* =— = pMSSM10: best fit, 10, 20 10_41 * ———— = PMSSM10 w LHCS: best fit, 1o, 20
700} solid: current LHC limits - a2l ma@_
dashed: HL-LHC prospects 10
600' "" / N 10'43 |
500} PO g - 104 |

0 5¢ 0C | 2000

i

neutralino chargino

WIMP out of reach of HL-LHC (best-fit regions not covered), but accessible by DARWIN
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DARWIN
Dark Matter Searches to the Neutrino Floor * —

—38
10 CRESSTII

CRESPT-111
D

107
1 0—4(}

&

SuperCDMS

Flﬂ““ CDMSlite
E 10—42

(&
—_

g 1074

Cross Secti

S o © o o o
L L L L L L
k= e -1 =] Ln -

'Illll 1 1 IIIIIII \.--ql__"i"_‘lllllll 1 1 IIIIIII 1 1 1 111

1 2 3 5 10 2030 50 100 20 500 1000 20'.'}0r I50'.'}{}! 10*
WIMP mass [GeV/c?]

Uwe Oberlack Strategy Workshop PP Bonn 03-05-18 23



Rate [evts x t! x y! x keV™']

Neutrino Physics with DARWIN: \D’Q_‘_RWIN

Ovpp Decay with *¢Xe |

* 8.9% natural abundance

IIII] Fo T TTTTH

— 3.5 t "%Xe in 40t without enrichment SO %/
° QBB = (24587 + 06) keV ; // [ dH//////h/////////////////// 5:-,DA'RW'I'N
= nverte 1erarchy
* Assume: _%m.: 5/ 777 7
> 6t fiducial £ F
> energy resolution at Q ; ~ 1% 10° = Normal Hierarchy

214gj = 214Pg + e + y (2448 keV)

-_J

4.6 events/year within +30

102 107 |
L

" OvBp

» Sensitivity @ 95% CL.:
»30t'yr: T,,>5.6-10%yr
» 140 t*yr: T, , > 8.5 - 10*" yr

DARWIN might become a powerful,
cost effective and time-wise
competitive OV experiment

P (no enrichment!)

—
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2100 2200 2300 2400 2500 2600 2700
Energy [keV]
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DARWIN
Solar pp-Neutrinos with DARWIN v

o

JCAP 11, 017 (2016)

Differential Recoil Spectrum in Xe Neutrino interactions
: sum VS pp 'Be  pep "B
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* neutrinos interact with Xe electrons 30t target mass, 2-30 keV window
—electronic recoil signature — 2850 neutrinos per year (89% pp)

* continuous recoil spectrum — achieve 1% statistical precision
— largest rate at low E on pp-flux (—Pee) with 100 t x yr

~0.26 v evts/t/d in low-E region (2-30 kev)



Direct Detection in Germany

iy -
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U Munster
2 EMauNe, F?oi:,'t (XENON / DARWIN)
DARWIN 3 e IU Dresden (DARWIN)
“ S
- ‘ / L
X > U Mainz (XENON/DAI;\.’\NIN)

N o MPIK Heidelberg (xENON, DARWIN)

-'\...\ ® KIT (EDELWEISS / DARWIN)
® U Tubingen (CRESST) ™

e U Freiburg % MPP"Minchen (CRESST)
AXENON / DARWIN) '[_lg_MUnchen (CRESST)
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Conclusions

« WIMP direct searches are a highly active field with tremendous progress in
sensitivities, covering large fractions of relevant parameter space

Updates since Mainz workshop 2017:
> first results from XENON1T (world-leading) and Panda-X2
> first results from CRESST-III (world-leading)

Low masses: cryogenic detectors (CRESST, Super-CDMS).

High masses (>5 GeV/c?): liquid xenon TPCs.
» Completion of search and analysis with XENON1T.
» Construction of XENONNT

Key technologies and strong groups in Germany
» Longer term future: DARWIN, ...
Concluding statement from Strategy Workshop Non-Collider Physics 5/'17:

WIMPs waren auf natlrliche Weise beim Urknall mit der richtigen Dichte erzeugt worden. Zur Zeit
fihren die Experimente CRESST-III (niedrige Massen) und XENONI1T (mittlere und grofe Massen) die
direkte WIMP-Suche an. Mit dem weiteren Ausbau von CRESST-III auf 100 Detektoren und XENON1T
auf XENONNT wird diese Suche deutlich empfindlicher werden. Abhangig von den Ergebnissen sollte
der groRe Flissig-Xenon-Detektor DARWIN, der auch ein breites Neutrinophysikprogramm hat,
realisiert werden.




