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Status of searches for testable DM candidates

DM € {WIMPs, LSP, Axion, Sterile v,
KKP, gravitinos, Asymm.DM,
hidden sector DM ...}

IDM DM*

INDIRECT COLLIDER
DETECTION PRODUCTION
NO DEFINITE NO DEFINITE
SIGNAL SIGNAL

¢SM SM I

DIRECT DETECTION
NO DEFINITE SIGNAL
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Direct dark
matter searches
can probe various
DM candidates
NOT only
WIMPs.

WIMP class is the
most exploited for
various reasons so
far. No definitive
signal is bringing
wide DM candidate
search back in the
focus.
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Noble liquids searching for WIMPSs (- vaniia" s interaction)
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WIMP-nucleon cross section [cm?]
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WIMP Mass [GeV/c?] 1310.8214
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WIMP Signal in noble liquids ¢vaniia" si interaction)
Mass Range ~ (1MeV/c? - 10TeV/c?)
Signal (MZ1GeV/c?) = single nuclear recoil (NR).
Background = electronic recoil, NR from n, NR of other than
target nuclei, degraded « recoil, accidental, ...

S| WIMP Recoil Energy Spectrum (o = 10*cm?)
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Noble liquid targets

Noble liquids are radio-pure, going after ultra radio-pure.

LXe -nat LAr-nat LAr-UG LHe

A 131.3 40.0 4
p [g/cm3] 2.94 1.40 0.145
A [nm] 178 125 80
LY|e—o [£25] 42000 40000 19000
Isotope [mBq/kg] <? (36xe)  103(*°Ar) <b6.5(3Ar)  none
22Rn [uBq/kg]  €(3-20) <90.8-°16 NA NA
natKr fO(1ppt) NA <8 NA

a: 136Xe (Ty/, = 2.210% y); b: Cosmic rays and radiogenic processes induce 3°Ar,
underground Ar is depleted, 1204.6061, 1204.6024, C: Rn removal using activated
carbon, 1309.7024, d: preliminary result from DS-50, e: DEAP 1406.0462; f: 85Kr:
removal by cryogenic distillation/chromatography/centrifuges 1309.7024, g: Kr:

radiogenic origin, should not be present in underground Ar
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Against neutron background
n: p-induced, a-n, fission reactions
Go underground reduce p flux. Not enough except @CJPL lab.
Shielding against p-induced n insufficient, but will reduce ext.

g o ety s o
C: e SEETTTET 0 veto required to reduce
gtuf;\ T e .
NN -induced n <0.01 ev/year
3 10°E
&E N it LUX, DS-50, DEAP, CLEAN, XMA
S 10°
ok N\ 1406:2374v1 .
10K N *_utilize Cherenkov p veto
07 50 100 + 150 200 250 300 3\0'

Water shield thickness [cm]
To reduce radiogenic neutrons from detector material:
Material screening via Ge, Mass spectroscopy, NAA ...
Build neutron veto close to target to detect escaping neutrons
Only DarkSide program uses boron-loaded LSV (1010.3600v1)
Vetos enable both rejection and characterization of the
background!
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Light in single phase noble liquid detector

47 coverage of PMTs gives excellent light yield.
recombination

_m e7> R**

e
S +R
=
]

N

c

2 excitation >VR*
dep

R= LXe LAr R

175nm 125nm \\
R3

LAr needs wavelength shifter
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Background rejection in single phase

Fiducialization 4+ Multiple scatter + Active veto
recombination

R R e e

+R

3D position Q(c

o
D
.I 0
0
R= LXe LAr 1 R
singlet 3ns 7ns - L
triplet 25ns 1600ns R3 ‘ L]
PSB PSD

NO other ER rejection )
Radio-purity is crucial!

v

excitation > R*

m ionization,

8
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/

|h light yield in gle phasebXe€ - ¢ Y
= XMASS-1 (835/100 kg) at Kamioka with water sh|eld s
T VEEESEE . AERTETE
€ LY_14 7pe/keVee @ 122keVee = 4PE = 3keV

S

3
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High surface radio-purity in single phase - LXe

Surface contamination of PMTs + poor po-
sitioning of surface events limited the sensitivity of first run.
| | | | |

~13 keV/pe
[RFB

......

gO + 100 0 ’ 250
otaIPE totalPE
- events from dead zone \ /10/ \
36



High LY and pulse timing in single phase - LAr
Pulse shape discrimination crucially depends on # of photons.
PSD power = O(107 — 10'?)

N 1
10 —— Neutron S1 o ( q e —1/Ttast + 9 e l/Ts/OW)
10 —— Electron Tslow
Tast= 7ns, Tolow= 1600ns
G — ot~ f(dE/d)
10— F90 = fraction of S1
F within first 90ns
° ¢ : eine (ot F90~0.3. F90~0.7

Current best PSD =DEAP-1 is 108 at ~100PE (0904.2930)

Challenge for LAr, but validations are ongoing! Model the F90
discrimination parameter to accounts for macroscopic effects related to

argon micro-physics, detector properties and reconstruction and noise

effects(see DarkSide - talk at UCLA 2014 11/36
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About to take data single phase - LAr + CW

DEAP-3600/1000kg CLEAN-500/150kg
el 2 i i
Mo, - TN
r":’/ J R
e © ©
/ .
see talk today by S. Peeters
42 Vg
EN
) .
1406046201 el | e
-_'-. - ."--_-‘“‘a__ — \
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Light&charge in dual phase noble liquid detector

R = {LXe (LUX, XENON, PandaX), LAr (DarkSide, ArDM)}
top PMTs

recombination

S2 +/\ 0ooo0oDoo0OoQgo

: R i

S +R

=

©

N

5

._E excitation > R* Edrift

LXe LAr 1 R

singlet 3ns 7ns { A
triplet 25ns 1600ns R% bottom PMTs

I WEVZN
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Dual phase noble liquid detectors - Present

XENON100 LUX N PandaX la
data taking oﬁ\ data taking Q\& 1st data taking
N [0)

DarkSide-50 ArDM

data taking atm Ar 1st data taking
' TR 850kg

W ~100kg

see talk at UCLA DM14’
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Background rejection in dual phase
Fiducialization+Multiple scatter+PSD(LAr)+S2/S1+Active veto
recombination 3D position O(mm)

ooooooocgo
52 1@6_\R**_ \ 52

e
5 R | BN -
)
[¢]
N
‘g
[=] . . J —
- excitation s R*

E

LXe LAr S]. R

singlet 3ns 7ns |
triplet 25ns 16000ns§ R3
see talk by K. Ni on Wed J\ /\
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Background rejection via 3D event reconstruction

3D event reconstruction Fiducialization
XENON100N3mm (X,y), ~0.3mm (Z) 1310.8214v2

LUX~4-6mm (x,y) of
S0 oI 5

Ry 5 100] s
7.57150—
= 2007
| S 250}
FE LX) B0 -2 - -t o~ —m - BTN D TR
f i 3500 . ) ) . " cathode grid
: 0 100 200 300 400 500 600
radius® (cmz)

4

m - . -

Sl a Multiple scatter rejection

[=3 =V drift “drift

s XENON100, LUX~3mm

Time i
A
PandaX, DS-50 algorithms H ‘51 /\52' HS2“
under development * E— >
16
/36‘
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Electronic recoil background rejection via S2/S1

S1[PE]
5 10 15

L L g XENON100©530V/cm
ER Background mod. (°°Co,22Th)
NR Signal model (AmBe)

~99.75% ER rejection

@ 40% NR acceptance in ROI

10

log (S2 /S1)-ER mean

NI S T R T
* EnengSy [ke\;ﬁr] * * * * 1310.8214v2

LUX@181V/cm ;
~99.6% ER rejection e
@ 50% NR acceptance in ROI §

Novel calibration method %

via tritiated methane é:

30 40 50
S1 x,y,z corrected (phe)
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Electronic recoil background rejection via PSD

DarkSide-50: Background free exposure of 280kg-day with AAr.
Corresponds to that expected in 2.6 year of UAr DS-50 run.

ER model=3%Ar
NR model from SCENE

>107 ER rejection - "gé;;:”g;;’nﬁ;}:’;““’“‘
©>50% NR acceptance | o

[=d
-2}
)

L

s 65%

80%

‘\,V' 90% - |

Conservative

Ll Ll Ll ‘ L
120 140 160 180 200
S1 [PE]
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Electronic recoil background rejection via PSD

DS-50 has x10 more data with AAr=- preparing publication.
Final goal is 18ton-y exposure to probe PSD for DS-G2.

Total run-time = 113.0 days
o 1 ER mOde|:39Ar Tmalexposure:5|37kg:ay
Total exposure with veto = 3158 kg da)
20 9 NR model from SCENE ol Totalexpzsurelorana\ysis:2603igd:y 00
>10" ER rejection 00
0.8/ _
©>50% NR acceptance
i L. 00
0. et
| —heimaramayas 00
0.
0. 00
o. 00
0.
0 100

80 100 120 140 160 180 200

(1]
S1 [PE]
19
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Energy scale via S1 or S2 is nonlinear

Twice the energy recoil (NR/ER) # twice the signal in S1 (S2).
Same energy NR and ER give different signal in S1 (S2).
Same energy recoil different E-field # same signal in S1 (S2).

log, ,(82,/51) x.y,z corrected

1 ‘ 1 LUX data

0 10 20 30 40 50
S1 x,y,z corrected (phe)

20/36
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Recoil energy reconstruction via S1 or S2

E. = 1 See
LY (Eer) | Re

[Re )= relative ER scintillation efﬁoency]

Ligh: P 51 S -
ref Snrﬁeff

[Eeff(E,,,) = LL:,/ (Enr |Zero sield= relative NR scintillation efﬁaency]

3
Charge I S [N 11
g1<

Qy(Eer,nr) in #e/keVe, o at E-field.
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Recoil energy reconstruction via S1 + S2

(51 N "
el

[Recombination r is E-field, particle dependent]

Eer,nr - (Nex+Ni)

[Q}': Electronic excitation quenching, Q}'erzl]
5 ~(1-0N;
g

Modeling using experimental data and recombination theory.
Publicly available = NEST 1106.1613

See also 1007.3549, 1101.6080,1011.3990 and See talk by A. Hitachi on Wednesday
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Light and Charge Yields at low energles
Tagging (2D) MC-data co

Mono-E neutron, Wide-E negdtron source, 7 lines
7y source Qy(NR) and L in LXe: 1304.1427
L in LXe:1104.2587
LY(ER) in LXe:1209.3658 Internal |lines: 8mKr, 37Ar, activ. 12"Xe
LY(ER) in LXe:1303.6891 LY(ER) in LUX, DarkSide-50 and many R&D detectors

LegrSnr in LAr:1306.5675

Q,(NR) in LAr:1406.4825 Tagging in-situ
End-point O
Mono-E neutron  Mono-E neutronsource
source
9, (NR) in LAr:1402.2037 Q,(NR) and L. in LXe: see LUX UCLA DM '14 talk

Enr — n%(l — COS@)

E.Pantic (TeVPa/IDP 14')  panticQucdavis.edu



| Xe response to NR via neutron tagging

=030 T ] = g
. £« Aprile 2009 £ E
£ 4 wmanzwr2010 1304'1421- ; 108
0.25~ o Planie 20t E ° 9
C Harn 2011 -
0,20 == Aprile 2011 o 8E
"L —e= XENON100 (this work) 7t
0.15 E 3
: 5=
0.101— = 4
E 1 3E-
0.055 = of
3keV, (1104.2587) :

2 10

Lo at zero field

Light/Charge field quenching

Enl?;y [keV"J

e tme o e . alpha,light
s
0.9 °NR, light °
08| t
g o7 3 %R charge
[ BRI
oo
S ost /[ ‘e
’ *
% o4y ' ¢ ER. g
& | , light
@ oaf o
02fmpe® 8 @
NR, charge
0.1 alpha, charge
olmsese o9 o ® o e
(] 1

2 3
Drift Field (kV/cm)
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4 5
PRL 97, 081302 (2006)

Q, at zero field

® Aprie 2006, 0.2 kViem
4 Manzur2010

More results SOON
R&D detectors with 3D positioning
NeRiX@Columbia = L, Q,@E-field
QU-M = Eeff, Qy@E—ﬁe|d

10?
Energy [keV, ]

Field quenching at low-E NEEDED!
NEST predicts small field quenching



L Xe response to NR in situ
XENONlOO 2D MC-data matching (no scaling) 1304.1427

11 T T

“F . Aprile 2009 ] T F
£ ] S q0E ® Aprie 2006, 0.2 kVem
E & Manzur2010 E E
0.25~ » panezoii eff@OV/Cm = % of Qy@OV/Cm s an:n::;?:um
£ Hom 2011 1 ek
0.20F- = Aprila 2011 ] d 8 - - == Bozukav Q)
"k —+—XENON100 (this work) 4 7E == XENON100 (this work)
0151 ] E o
F ] sE-
O ey 1 E
" B I ] E
i R
0.05 - | E
2 JJRETRY ] &
3 - : - 27 10?2
2 10 10°
Energy [keV ] Energy [keV ]

LUX: NEST MC-data matching  Double scatter with DD gun!

Single Scatter (S1, 1xS2s > 50 phe)

310"
L0181V d B e Qy@181V cm
3 10 Error on Blue _I_
= Points
=4 1
v g
510" 2
; = (0.7-1)keV,
7]
s Flat Sys. | > 1
E BI c
| LUX Foms S ||5U|X .
T <N, N reliminary
Prell minar Lo g Reconstructed lonization Yield with
3*102 2 keV, (J erbus ta I k) 2 o Associated Statistical Uncertainty
o o' 2 10 o |
10 o 10 10 10
Energy (keV/,,) Energy Measured from Scattering Angle [keV__]#/25 /36
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LAr response to NR via neutron tagging/end-point

Tagged neutron beam in SCENE (new results see 1406.4825)

£0.32¢ —— 16 - =5
S 0_3f£ ~QE-field . 406.48?514:\I QV Qy@ E-fiel s o0 viem |1 g
Z0.28—9-16.7 c\/,‘ # ; 3 125 Ny A0 e | e
& 0.26F ! T : N \L 500 Viem | ] =
©0.24f L ' 4 l\ ; 10f \;l\\ﬁ 73 ;
20.22 f1 el ‘ e 2 sf \*\\‘v\ f;\\ S @
T 0.2F J"f ; + + = 100 V/cm 6: * *\*\\\\\ﬂk 1
T 200 V/cm F Tt ]
fo. 18 * : * 300 V/cm JF I 16.7keV, Tt |
®0.16 4+ 1000 V/cm F ’ T

;\‘ - "){\‘ — ‘Qn‘ — ‘An‘ — ‘Rn‘ — ‘Rn‘ J

ight?Chafge feldGuenthing

2
Field hing | t low-E!
n-beam end point@LLNL (lle) EEmEl g UEIEEr &le 0

DS-50©200-% to optimize NR LY.
JEF:HLH """" Jﬂr Question of field quench in LXe?

R $2/S1 rejection * with Field.
NR S1 \, with Field.

2.82 keV - ¥Ar K-capture

6.7 keV - nuclear recoil

T

Single electron peak

T T

| 1402.2037
BRI
7




LAr response to NR - investigate directionality

Tagged neutron beam in SCENE (new results see 1406.4825)

£0.32¢ - 16\| O EF =5 <
€ E = N - |(3| e 50 V/cm q
S o.a Lerr OE-field i 406.482514, EW 9, TV 11 8
0. 28F 16.7keV | o F : 4 200 Vicm | 1, ©
4 £ v | r* * ' o 12F \\ + 300 viem |- * =
g 0.261~ i 2T U ~. 050 Viem | 1 5
20.24F byt ¥ 4 = 10p N I3 >
0. 22F f1 ; ‘ o af ~ b~ 18
Z e Iy e 0 V/icm F — — — L B
% 0.2 J"T | + | = 100 V/cm R T e S \:i\ 1
&0 18F 200 V/cm i S ~ 7
£0.18 | ‘ + 300 Vicm Jf I 16.7keV, Tt ]
®o0.16F 4 1000 V/cm 5 ' T 4
0.14" 10 20 30 40 5‘0 6‘0 %n 20 20 4n ‘50 ([3?( v
Mommil Tonm e Do - . ener el
s Strong field quenching! &

2T 57.2 keV

S W1 arallel to T . . . .

o et e 0 2 Directional effect on recombination?

s via Columnar recombination

= expect effect Z35keV,

So-8s setup modified to test it

T 0.8

=075 3 weak effect@57.2keV,

0.75 6 260 460 660 860 10‘00

More precise measurement needed!

Drift electric field [Vcni
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Light and charge yield in LUX

Energy scale based on S1 + S2 and modeled using NEST.
Respective LS, and Q, (model NOT fit) in agreement with data

LUX 2013
= Plante 2011
03§ mman Horn2011a |~
oas |7 Horn 2011b +
’ = Manzur 2010

yield relative to Co-57 gamma

10
nuclear recoil energy (keV)

NEST:
—Zero field
——181 Vicm
129 (% %E 10
=
9.7 E 2
T g
<} e}
4 B
F
z <
32 g
«
N
0 s
1

see talk of

Sorensen IDM 2010 (2010) - 0.73 kV/cm
Sorensen NIM AB01 (2009) - 0.73 kV/cm
Sorensen NIM A601 (2009) - 0.73 kV/em
Manzur PRC81 (2010) - 1 kViem
Manzur PRC81 (2010) - 4 kVicm

Aprile PRLS7 (2006) - 0.1-2 kV/em

Hom PLB705 (2011) - FSR

Horn PLB705 (2011) - SSR

————— Aprile PRD8S (2013)

Szydagis JINSTS (2013) - NEST

FANIIN B B

Artificial 3 keVnr
lonization Cut-off
(same as with scintillation)

1

L
10 102
Recoil Energy [kevm]

Conservative threshold used in LUX 2014 Result arXiv:1310.8214
Analysis ongoing with data and model driven estimates,

including new measurements of L.#S,, and Q, in situ.

E.Pantic (TeVPa/IDP 14")
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Energy threshold for S1+52 analysis

>2PE threshold in S1 to avoid PMT dark counts in LXe.

> O(10)PE in S1 for PSD in LAr.

>1 e threshold in S2 to avoid single electron background.

S2 is amplified, the limiting factor is S1 LY.
NEST—AveragePopulation‘Numbers—LUX(181 Vicm) LYzerof’eld(122keV) | Threshold

—— photon (prim. #)

Tﬁ] (p‘f:je)h o : <S2> PE

5 | soaecnansgs | LUX 8.8-2E- = 3keV,,,(2PE)
10> | — 52 (phe) 25 phefgas eleatron. ... .-~ keVee

- - - S2 (std phe)

" PandaX~6.4;50- = soon
1Xe100 3.8:5E- = 6.6keV,(3PE)

| DS-50~8LE- = 35keV,,(70PE)

|ArDM>2-£E- = soon

152 ONLY analysis
promising for subKeV threshold

o "
14% photon->phe - *Gaitskell, 2014
based on NEST (Szydagis), 2012

107" 10° 10"

keVnr
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Most sensitive "standard” WIMP search - LUX

Observation consistent with background only hypothesis (PL).

ER background understood. New run with lower ER background.
2.6 \7 ‘ ‘ ‘ ‘ 1

2.4

2.2

2

log, ,(S2,/S1) x,y,z corrected

1310.8214

0 10 20 30 40 50
S1 x,y,z corrected (phe)
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Current limits

10737 ———— |
1038 First results in 2014: DS-50, DEAP, CLEAN, PandaX, ArDM
New results 2014-15: XE100, LUX, XMASS
. 10—39 gg?gm
o™
£ 10
£ 10
§ 10—42 _
7] RN
g1+ :\\b e
o Uty
2 107H 5 Moo B —
8 oy 50 Neyg,,— SVvents
5 107% o Neuy; Even
= 00 e, 70 Eveng—\\
2 046 SUtrine, Emﬂtf\ Wy
Dl-‘ nts \&\\
47| \\ oy
2 10 \k\\\ AN s
= 1048/ WA\ e s
St 3
107 \ii:\:::://:::////\%%Zu(\r\/o‘é/\leﬂ\s
-50 ‘ NS T T |
10 1 10 100 1000 104
WIMP Mass [GeV/c?]
1310.8214
31
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Low mass WIMP S2-only studies to come
Efficiency to single e v Yield at low-E v/

s

#1005 P 12 5 -
S 90F Detection efficiency | & SE L Fatsys
o F RO P ° Error on Blue
80F 1" e = Points .I.
E 1 u @
705 u = (1967 £003)PE 0.8 S
60 o, = (6.98+001)PE ] 8
50E- Ho6 =
40 1 $
30 _ P4 g LUX
data + fit ] N Preliminary
0.2 s Reconstructed lonization Yield with
2e 1 - Associated Statistical Uncertainty
£ " € T q °
%1620 30 4650 60 70 80 90 ° ° 10° 10'
S2 [pe] Energy Measured from Scattering Angle [keVma]

Further purification of liquid

to reduce 1,2,3 e~ background
optimize threshold

Photoionization of impurities
8 dominant in FV

o]

Minimize delayed e~ extraction
with ~100% extraction
FV with S2 width

from 1311.1088
see 1311.1088

e T e T 1011.6439, 1104.3088

0.8 - 14 16 1.8
Concentration of impurities 02 eq. [ppb]

Rate of small S2 signals [even
[\S] w S [4)] D ~
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Energy scale for DM coupling to electrons
Electronic recoil scale with field quenching.
LY(ER) at zero field in LXe  Field quenching at 450V /cm

0.8
s

0.6

0.4f

0.2

1 ——NEST (v0.98, 2013)

@ Obodovskii (1994)
@ Aprile (2012)

+#1+ *

1303.6891

O Compton scatters (this work)
O Calibration sources (this work)
Band used for threshold calculation

E.Pantic (TeVPa/IDP 14’)

05 1 2 5

10 20 50 100 200
Energy [keV]

NEST validation 1} predictions =

More measurements in LXe, LAr

Q,(ER) at E-field soon

pantic@ucdavis.edu

°
o Aprie (2006)
—— NEST (+0.98, 2013)

0.5

1020 50 100 200

2 5
Energy [keV]

1310.8214v2




Noble liquid detectors - Future
XENON1T ~ XENONnT LZ PandaX Ib [ XMASS-1.5

construction  under select. under select. 3 Il phase

AKENONIT |
I.Im

| XENONIT
|.4m

3 1l phase
25/10t
DS-G2 DEAP-50t  Darwin
under selec. R&D R&D LXe/LAr
150t 20t

~50t
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NOble I|qU|dS = SenS|t|V|ty to WIMPS ("vanilla” Sl interaction)

SuperCDMS Soudan Low Threshold

TIIEVCDMSSr)udanCDMSrhtF S2_0n|y for low-mass WIMPs
L a0 ooy LHe for low-mass WIMPs: 13020534

10—39
1074
1074
10742

Sy
10743}
107
10—45
10746

(012)
) CDMS Si
(2013)

107

103
1076
107

Neutrinos

IMP—-nucleon cross section [pb]

10747 | (Green ovals) Asymmetric DM
(Violet oval) Magnetic DM
1048/, (Blue ova Extro imensions

-12

(it s S o 1072 % 1307 5458
A MSSM: Pure Higgsino "’e\)ﬁc af

107491 @ MissM: A funnel Oy o parmos?™ 10713
@ MSSM: Bino-stop coannihilation

Y MSSM: Bino-squark coannihilation

—14
i 10 100 1000 o0 1310.8327

] _WIMP Mass [GeV/c?]
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