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Matter and Energy Content of our Universe
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The dark matter puzzle

» [he dark matter puzzle Is fundamental:
dark matter leads to the formation of
structure and galaxies in the universe

x \\e have a so-called “standard model™ of
CDM, from “precision cosmology”:
however, measurement # understanding

» For 85% of matter in the universeisof ~ /\ .o
© JO/ /»” (@ // Q\
unknown nature N o — )
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What do we know about dark matter?

®x [he mass and cross section range span many orders of

magnitude
= Neutrino
%’ neutrino gegerel ssatetes
- WIMP
© 10 neutrino (neutralino, 5
S photon) e5at. ]
3 PN
= 1072 neutrino 205
B . =
S 1018 neutrino | /AXION Ster”? ~ SuperWIMP o35t
3 neutrino T 9% .
2 (gravitino, axino, KK
= sfefsteesstetstnatenatsranatanet Ll
& gravity| ‘Hiddensector: . >
o Bl e e e 3
= ueV meV eV keV MeV GeV TeV 10°-10'% TeV

In this talk | will focus on the

Particle mass

and on direct detection



How to detect a WIMP

= Direct detection

= nuclear recolls from elastic scattering

= dependance on A, J; annual modulation, d|rect
directionality i
y X q < 10sMeV
» |ocal density and v-distribution \
B
- - S eesesese:: e —
= |ndirect detection s a e e 03 355e%
SR =
x high-energy neutrinos, gammas, charged CRs 5 ‘*; mfedl'a‘tors EB
= |00k at over-dense regions in the sky Gy
= astrophysics backgrounds
» Accelerator searches oM states SM states
= missing ET, mono-jets, etc see talks by see talk by M. Cirell

M.M. Perego, M.G. Ratti,...
= can it establish that the new particle is the DM?



How to directly detect it In
the lab’/

= By searching for collisions of
Invisibles particles with atomic nucle
=> Euis (g ~ tens of MeV)

» Need very low energy thresholds

» Need ultra-low backgrounds, good
background understanding (no
“beam off” data collection mode) and
discrimination

: 4
Need large detector masses Ep = < 100 keV
(remember neutrino detectors) 2mny




What do we expect in a detector?
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Astrophysics

Density map of the dark matter halo Velocity distribution of WIMPs in
tho = [0.1, 0.3, 1.0, 3.0] GeV. cm3 elocity distribution o S
the galaxy

The Aquarius project, 6 halos Ag-A-1
MNRAS 395, 2009

High-resolution cosmological simulation with Halo restframe
baryons: F.S. Ling et al, JCAP02 (2010) 012
P(Ro) EeeTa0ss 00200 nioLar =R girss 1nes Cm—S From cosmological simulations of galaxy

formation: departures from the simplest case

Justin Read, arXiv:1404.1938 of a Maxwell-Boltzmann distribution

=> WIMP flux on Earth: However, a simple MB distribution is a good
~10° cm>2s (Mw=100 GeV) approximation, and yields conservative results



WIMP scattering cross section

Effective field theory approach,
Scalar (S) £ = G_\[S Yyl always valid for direct detection
2
Pseudoscalar (P) L = i Yo xfyst
/2
Vector (V) £ = ot Xty f
V2 :
: a8 GA = T 5)
AxialvectortAiR SRt
V2
Tensor (1) £ = ﬁ)‘((f‘“/%xfawv%
V2

X _‘/X o

g 10_39 Cm2
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Particle physics

x SUSY: scattering cross sections on nucleons down to < 1048 cm?(10-'2 pb)

10%* cm?: ~ 1 event kg ! year’

Strege et al. (2013)

CMSSM cMSSM

w/o g—-2

MasterCode, O.Buchmueller et al Profile likelihood
Eur.Phys.J. C72 (2012) 2243

XENON100

104" cm?: ~ 1 event t! year’



EXpected Interaction Rates

= Recoll rate after integration over WIMP velocity distribution

events | A oW N (v) 6
X o8 X .
kervear DS ena s Ot s e s e et o1

R~ 0.13

Mwive = 100 GeV

10" heavier own=1x10"4" cm?
— nuclei
>~ Nuclear recoill
i spectrum for
; different target
z | lighter ~ nuclel

nuclei

30 40 50
Recoil Energy (ER) [keV]

(Standard halo model with p= 0.3 GeV/cm?3)




The experimental challenge

= To observe a signal which is:
= very small ( few keV - tens of keV)
= extremely rare (1 per ton per year?)

= embedded in a background that is millions
of times higher

= Why is it challenging?

¢ Detection of low-energy particles - done!

=c.g. micro-calorimetry with phonon
readout

¢ Rare event searches with ultra-low
backgrounds - done!

=c.g Borexino, SNO, SuperK etc

 But: can we do both?

13



Backgrounds and signatures

= Backgrounds osmic rays: operate deep underground

= COSMIC rays; cosmic activation of detector
materials at the Earth’s surface

» natural (*3¥U, 232Th, 4°K) and anthropogenic
(8°Kr, 137Cs, etc) radioactivity

= ultimately: solar, atmospheric and
supernovae neutrinos (coherent neutrino-
nucleus scattering)

= Specific dark matter signatures

= rate and shape of recoll spectrum depend on
target material

WIMP 6 GeV/c

4x10™* em?

/ WIMP 40 GeV/c >

2x10™ em?

x motion of the Earth cause a

L/ WIMP 100 GeV/c >

2x107" em?

June

0,0, ) WIMP wind
» temporal variation in the rate —~

—

Rate [evts xt! x y! xkeV ']

» directional dependance | . v=220km/s ‘

Cygnus galactic plane

2 3 4 5678910
Energy [keV]

LB et al., JCAPO1 (2014) 044

December

14



Direct Dark Matter Detection lechniques
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The WIMP landscape In 2014

Sensitivity to
“Anomalies” at low masses up to 10 TeV
WIMP masses and abovel!
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The WIMP landscape In 2014
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What next’? We need a variety of techniques
to convincingly discover and constrain WIMPS!




DAMA/LIBRA annual modulation signal

The DAMA/LIBRA signal remains robust and generally consistent with a dark matter
interpretation (period = 1 year, phase = June 2 + 7 days)

R. Bernabel et al,
EPJ-C67 (2010)
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T Amplitude of the modulation: ~ 0.018 counts day~" kg™' keV' Seetale Dy Bl
3250 3500 3750 4000 4250 4500 4750 5000 5250 F' Cap pe”a

Time (day)

Several experiments aim to directly probe the results: KIMS, ANAIS, Sabre, DM-Ice

DM-Ice at the South Pole: only experiment in the southern hemisphere, where seasonal
variation different from DM modulation (lceCube provides muon monitoring)

N,=2
—N0=5

»& DM-lce: 500 kg yr —No=1

1, 2 and 5 ev/(kg keV yr)
Threshold = 2.0 keVee

Definitive (50) detection or exclusion with 500 kg-yr Nal(Tl)
(DAMA x 2 yrs) and same or lower threshold (< 2 keVee) my, [GeV/c’]

19



Cryogenic Experiments at T~ mK

» Detect a temperature increase after a particle interacts in an albsorber

& X
I_W.N

Absorber

T-sensor

® [-sensors: superconductor thermistors or superconducting transition sensors

20



Cryogenic Experiments at T~ mK

= High sensitivity to nuclear recolils, good energy resolution, low energy threshold
(keV to sub-keV) => low-mass WIMPs

= Ratio of light/phonon or charge/phonon:

» nuclear versus electronic recoils discrimination => separation of S and B

Ratio of Background region

charge
(or light)
to

=
R
-
c
=
o§
'E
=
—

Expected signal region

40 50 60 70 80 90 100
Recoil Energy (keV)
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Cryogenic Experiments at T~ mK

= Absorber masses from ~ 100 g to 1400 g

New CRESST detector

y =

= 10cm x 3.8cm, | .4 kg
NOLAB prototype iZIP

i

x  Collaboration between SuperCDMS and
EURECA (CRESST + EDELWEISS) at

SNOLAB, at the ~100 kg level (cryostat can
house up to 400 kg target material)

MT. \."‘ - e
10-% ‘Be & e .
Neutrincp " % .
1045 T "%
i Neutrinos & ™,
10~ ———

» Start data taking in 2018

WIMP—-nucleon cross section [::mg]

107 Excellent low- &
10~ Mass reach

» S| cross sections: 8x104" cm? 10~

10—5.[!



INngle-phase noble liquid detectors

Single phase

XMASS
at Kamioka

PMT array

: DEAP and
CLEAN
at SNOLAB

23



Double-phase noble liguid detectors

Double phase (TPC)  XENON100 LUR ottt Danoide
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Spieiis e i XENON100 (LXe) and DarkSide (LAr) at LNGS

- m m m ommEemememememommommom'E o EEEEEEEEEEE " . " .-

LUX (LXe) at SURF, PandaX (LXe) at CJPL

4 ArDM (LAr) at Canfranc

S/\1 /\ Target masses between ~ 50 kg - 1 ton

> time
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Example: XENON100 dark matter data

= ExXposure: ~ 225 days x 34 kg fiducial liguid xenon mass

= No dark matter signal: 2 events observed, 1 expected from backgrounds

Radius [cm]
12

I.-I..

. "
ll L] " ‘ '
1... _-

b

10

o
o]
=
4
e
~
—
90!
~
9\
N
~
en
®)
—_—

Radius? [cm?]

Phys. Rev. Lett. 109 (2012)

: : - Signal region:
Fiducial mass region: g g
2 events are observed

34 kg of liquid xenon 0.79 + 0.16 gamma leakage events expected
406 events in total 0.17 +0.12-0.7 neutron events expected 3t



Example: LUX dark matter data

= Exposure: 85.3 days x 118 kg fiducial liquid xenon mass

= No sign of dark matter, observed distribution consistent with backgrounds

= New run of 300 live-days planned for 2014/15, sensitivity increase by a
factor of 5
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|60 events observed (1.9 evts/d)
Expect 0.6410.16 leakage below NR mean
Distribution consistent withER backgrounds

’ *Background region
N ++
+ + #f

'¥
-, e
+H o+

Signal region
127Xe 5 keVee

20 30
S1 x,y,z corrected (phe)

2
CDMS 1l Ge

|

—
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ENON100(20112)-225 live days

LUX (2013)-85 live days
LUX +/-10 expected sensitivity
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2 3
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mWIMP

Accepted in PRL, arXix: 1310.8214
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Future noble liquid detectors

x Under construction: XENON1T at LNGS, 3.1 t LXe in total

x Future: LUX-ZEPLIN (7 t LXe), XENONNT (7 t LXe), XMASS (5 t LXe), DarkSide
(5 t LAY)

= Design and R&D: “ultimate detector” DARWIN (~20 t LXe and/or 50 t LAr)

darwin.physik.uzh.ch

i i = = — i i 7
A [ ] _4,_1:-"
X S & T
- s A o W ’ &
# i v
B\ /

XENONA1T: 3.3t LXe DarkSide: 5t LAr XMASS: 5t LXe : DARWIN: 20 t LXe/LAr

27



The XENON1T Experiment

»x Under construction at LNGS since fall 2013

= [otal LXe mass: 3.1 1, 1 m charge drift; 248 3-inch PMIs; background goal;: 700 x
lower than XENON100, ~5 x 10 events/(t-d-keV/) - s

= Commissioning and science run: mid and late 201 5
x Goal: 2 x 1047 cm?2 at a WIMP. mass of ~ 50 GeV.
I -l! 7 ‘

see talk by M. Selvi
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XENONNT: 20138 - 2020

= Double the amount of LXe (~7 tons), double the number of PMITs

x XENONTT is designed such that many sub-systems will be reused for the upgrade:

e \\Nater tank + muon veto

e Quter cryostat and support
structure

¢ Cryogenics and purification
system

¢ | Xe storage system

e Cables installed for
XENONNT as well

e More LXe, PMTs,
electronics will be needed

29



\ YARWIN DARK matter Wimp search with Noble liguids
S

- = R&D and design study for next-generation noble liguid detector for mw > 6 GeV

= Physics goal: build the “ultimate WIMP. detector?, before the possibly irreducible
neutrino background takes over; probe WIMP: cross sections down to ~10%° cm?

darwin.physik.uzh.ch

Detector
Connections

Cerenkov
Water Shield

Light sensors

WIMP Target

Double-walled
Cryostat

Inner Shield

~20 t LXe and/or 50 t LAr cryostat
in large water Cherenkov shield at LNGS

DARWIN Consortium: 28 groups from 10
countries (Europe, USA, Isragl)

On the European and Swiss astroparticle
physics roadmaps

Initial funding by ASPERA

Construction 2020; physics runs
2022-2026

30


http://xxx.lanl.gov/abs/1012.4764v1

The WIMP landscape: prospects

CoGeNT
(2012)

CDMS Si
(2013)

discovery
limit
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What can we say about the dark matter
should we find 1t?

x Different targets are sensitive to different directions in the my- osi plane

Xe: 2.0t xyr, 10 keV threshold
Ge: 2.2 1 x yr, 10 keV threshold

Ar: 6.4t x yr, 30 keV threshold

fixed galactic model including galactic uncertainties

3
=U. = = S k=1
p,=0-4 GeV/cm’, v, =544 km/s, =230 kms, p,=0.4£0.1 GeV/om’, v, =544+33 km/s, v =230+30 km/s, k=0.5-3.5

B xe
reconstructed probabilities
for Xe, Xe + Ge, Xe + Ge + Ar

Miguel Pato, Laura Baudis, Gianfranco Bertone, Roberto Ruiz de Austri, Louis E. Strigari and Roberto Trotta
Phys. Rev. D 83, 083505 (2011)
32



Comparison with accelerators

= \WIMPs produced at colliders will leave the detector unnoticed

= |f other particles (jets) are produced along with a pair of WIMPs, large
amounts of missing transverse energy can be observed

= Examples: dark matter that couples to SM patrticles (Z and Higgs)

DM couples to the Z

i s =8Tev
fLat=195m1 7
LHC fﬂa"? = 14 TeV

JLde =300 !

thermal
abundance

DM vector coupling to Z, gPM

10°
DM mass in GeV

DM coupling to Higgs, yvpm

9
DM couples to the Higgs

mE Vy =8Tev |
vy =35 Tevy
VMl oset | sy

1 JLdt=300fb"

| LHC

H‘mono—jet

therninal
abundance

o

R —TUx2013

|| Direct detection

DM mass in GeV

De Simone, Giudice, Strumia, JHEP 06, 2014

jet

33



Wil we detect WIMP dark matter
soon?

L. B., Physics of the Dark Universe 4, Sept 2014

Ge ionization XENON1 OO L X SuperCDMS

Csl and Nal
mk-Ge current
ZEPLIN
XENON

LUX LZ/

icGe e XENONnT  PARWIN

noble liq. double
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1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026
Time [year]

About a factor of 10 increase in sensitivity every 2 years

Who knows! Perhaps (hopefully?!) by 2026...
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Summary and Prospects

x  Cold dark matter is still here with us

= [t could be made of a new, heavy, neutral, stable and weakly interacting
particle

» Ve have entered the era of data: direct detection, the LHC, indirect
detection

= Direct detection experiments have reached unprecedented sensitivity (Cross
sections down to few x 102 pb) and can probe WIMP with masses from a
few GeV to tens of TeV

= “Ultimate” WIMP detectors might be able to prove or disprove the WIMP
hypothesis and provide complementary information to indirect searches and
the LHC

= However, we should be prepared for surprises!
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‘The constitution of the universe may be set in first
place among all natural things that can be known.

For coming before all others in grandeur by reason of
its universal content, it must also stand above them all

In nobility as their rule and standard.’

Galileo Galilei, Dialogue
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Comparison with indirect detection

x Farly universe: WIMPs are kept in equilibrium with SM particles via self-annihilation

= [oday: WIMPs expected to annihilate with the same cross section in regions where
density is enhanced

o

(o)

lceCube SD lceCube Si

QWIMP SoS88 88T a0 888

[ ] MSSMincl. XENON (2012) ATLAS + CMS (2012) [] MSSM incl. XENON (2012) ATLAS + CMS (2012)
DAMA no channeling (2008) DAMA no channeling (2008)
- - = COUPP (2012) - . —— - CDMS (2010)
Simple (2011) B - - - CDMS 2keV reanalyzed (2011)
—— - PICASSO (2012) ] : CoGENT (2010)
SUPER-K (2011) (bb) - __ e T XENON100 (2012)
SUPER-K (2011) (W*W) ' i s
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Neutrino backgrounds

= Electronic recoills from solar neutrinos: neutrino - electron scattering
» Nuclear recoils from 8B solar neutrinos: neutrino - nucleus coherent scattering

x Nuclear recoils from atmospheric + DSNB: neutrino - nucleus coherent scattering

WIMP signal: m, =6 GeV/c?, 0, = 4.4x10°* em” e

pp —

hep === -
TBe3gy 3kev

TBeggy 3kev ===="
8B —-- -

13N ——

TBe3gy 3kev ——
TBegg1 3kev

17F == -
dsnbfluxg
dsnbfluxg
dsnbflux;

dsnbfluxg —
AtmNu,

dsnbfluxz
dsnbflux;
AtmNu, —

Event rate [(ton.year.keV)'l]

>
s
K
=
~,
2
=
€
(=]
R
|
~—
=)
[<P)
Z

Neutrino Energy [MeV] Recoil energy [keV]

F. Ruppin J. Billard E. Figueroa-Feliciano L. Strigari arXiv:1408.3581
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https://inspirehep.net/author/profile/Figueroa-Feliciano%2C%20E.?recid=1311207&ln=en
https://inspirehep.net/author/profile/Strigari%2C%20L.?recid=1311207&ln=en
http://arxiv.org/abs/arXiv:1408.3581

Neutrino backgrounds

» Electronic recoils from pp solar neutrinos: ~ 104 cm? (depending on ER vs NR discr.)
= Nuclear recoils from 8B solar neutrinos: below ~ 4 x10-%° cm? for low-mass WIMPs

= Nuclear recoils from atmospheric + DSNB: below 1042 cm?

WIMP 6 GeV/c >

v: Sum e
4x10™% em?

WIMP 40 GeV/c >

-48 )
2x107" cm?

<

WIMP 100 GeV/c °

2x107" cm?
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V:atm

r
>
L
v,
X

>
X
'_I;—'
X
1 9]
—
-
L

| S—
L
—
e
0

Rate [evts x t! xy ! xkeV™]

[a—
<
L)

. . 2 3 4 5 678910
3 4567810 20 30 40 - . :
Energy [keV] Energy [keV]

V+e —UV+e v+ N —>v+ N

LB et al., JCAPO1 (2014) 044
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Directional detectors

= R&D on low-pressure gas detectors to measure the recoill
direction, correlated to the galactic motion towards Cygnus

x Challenge: good angular resolution + head-tail at Einr (~30-50

keV)
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DRIFT, Boulby Mine

1 m3, negative ion drift
CSg, CF4, O2 gas
DRIFTII plans:

24 m3 (3 x 8 m3 cells)
at Boulby

4 kg target mass

DMTPCino TPC at MIT MIMAC 100x100 mm? NEWAGE, Kamioka
CCD readout 5| chamber at Modane CF4 gas at 0.1 atm
1 m3 prototype, CF4 gas CF4, CHF3, H gas 50 keV threshold

commissioning fall 2014
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Will directional information help?

Yes, but mostly for low WIMP masses

Many directional techniques currently in R&D phase

Might be difficult to reach the 10°*° - 10:%% cm? cross section with this technique

36.6 t yr exposure, 500 (solar) nu events 367 1 yr exposure, 500 nu events

no direction

no direction  Xe
Ethl‘:2 keV

“With direction - with direction

neutrino bounds

P. Grothaus, M. Fairbairn, J. Monroe, arXiv: 1406.5047
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Low-mass region: heavily constrained by CDMS-
Ge, XENON10, XENON100, LUX, EDELWEISS,
CRESST, CoGeNI, PandaX,...

CDMS, PRL 112, 2014 LUX; PRL, arXix; 1310.8214 CDEX; arXiv:1404.4946
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http://xxx.lanl.gov/abs/1408.5114
http://xxx.lanl.gov/abs/1407.3146

How would a CDMS-SI like signal ook
ike In XENON100 and LUX?

Assumption:
mw = 8.6 GeV and WIMP-nucleon cross section of 1.9 x 10-*' cm?

XENON100 Runi0 LUX first run
expect: ~ 220 events expect: ~ 1550 events

WIMP Mass 8 GeV
c-s 2.0x10*" cm? (cowssii si favored)

Expect 1550 events
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log ] 0(82b/S1) X,y,Z corrected

m,=86GeV o= 1.9x10"" em?
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E, [keVnr] S1 x,y,z corrected (phe)
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CCDs for low-mass WIMPs: DAMIC

x Particle identification

= [iducialisation to reject surface
events (X-rays)

= DAMIC100 (100 g Si active mass)
under construction at SNOLAB:;
results in 2015

2012 DAMIC limit 107 g-days
with 0.04*keV energy threshold

Phys.Lett. B711 (2012) 264-269
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Bubble chambers

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

- Large rejection factor for MIPs (10'9), scalable to large masses, high
spatial granularity

- Existing detectors: SIMPLE, COUPPR, PICASSO, PICO 2 L

 Future: PICO (PICASSO + COUPP) -> 250 | detector detector at
SNOLAB, C3F8 with 3 keV threshold

COUPP 60 kg CF4l PICASSO at SNOLAB

detector installed at

WIMP mass [GeV/c2]

Spin-dependent limits

SNOLAB; physics run o
until May 2014 PICO 2L

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

n-induced
event
(multiple
scatter)

WIMP:
single
scatter




Spin-dependent results

dO‘SD (q) 8G%

FRCRE s oGS

R

s [ap{Sp) + an<Sn>]2

WIMP-neutron coupling WIMP-proton coupling

— XENON100 limit (2013) proton
* 26 expected sensitivity
* 16 expected sensitivity

—— XENON100 limit (2013) neutron
* 26 expected sensitivity
*+ 10 expected sensitivity
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Direct-detection experiments can also
search for solar axions, ALPS, vector...

®x [ imits on axions and ALPs from CDMS, DAMA, CoGeNT, XMASS,
EDELWEISS, XENON100

Solar axions Galactic ALPs

Solar v
EDELWEISS

XENON100

Red giant

10™ 103 10
m, [keV/c?]

3 4 5678910 20 30
m, [keV/c?]
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Example of a 9 keV nuclear recoll event

top
PMT array

S1: 4 photoelectrons
detected from about
100 S1 photons
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about 3000 S2 photons



Expected Scattering Cross Sections

» The WMP-nucleus scattering is NR for galactic WIMPs (v/c ~103) -> simple NR
effective theory, g ~ O(10-100 MeV)

= |nteractions leading to WIMP-nuclei scattering are parameterized as:

» scalar interactions (coupling to nuclear mass, from scalar, vector, tensor part of L)

:uQ £ fp, Tni SCalar 4-fermion
eosisssatteteisateste % ssasss oot couplings to protons and
951 m2 [ fp T ( )f n] neutrons
X

x spin-spin interactions (coupling to the nuclear spin Jn, from axial-vector part of L)

dp, an: effective couplings to
protons and neutrons

1
3N+ (ap<Sp> 2 an<Sn>)2 (Spy and (S

3 N expectation values of the p and
n spins within the nucleus

OSD ™~
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