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Dark Matter

Evidences for the existence of Dark Matter

Galaxy rotation curves Bullet cluster
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What is DM?

* Massive, neutral and stable particle

* Non-baryonic matter interacting through gravitational and weak
forces only

« Constitutes about 27% of the Universe
* Best candidates: Weakly Interacting Massive Particle (WIMP)

F. Agostini, SUSY 2018 2
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& | Elastic scattering of WIMPs off target nuclei
N ' Evis -
\ — measure energy of recoiling nucleus (~ few tens of keV)
N
Why Xenon? . . : : 1 :
= 1073 L — Si (A = 28)
Large mass number (A=131) - : Ar (A = 40)
High stopping power (Z=54, p=2.83 kg/l), i.e. 3 Ge (A =T73)
excellent self shielding E — Xe (A=131)
et
Scalable to large target masses E 104
50% of odd-nucleon isotopes (12°Xe, 131Xe) for SD e :
interactions %
Efficient scintillator (A=178 nm) =
2

No long-lived isotopes (Kr can be reduced to sub-ppt
levels and 13¢Xe negligible in the low energy ROI)

High light/charge vyield
Xenon is liquid at -95°C: “easy” cryogenics

F. Agostini, SUSY 2018
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particle

 WIMPs (or n) scattering off Xe nucleus - NR
* e, Y backgrounds scattering off Xe electrons - ER

y or e electronic recoils (ER)

WIMPs

or neutrons )(e nuclear recoils (NR)

F. Agostini, SUSY 2018

time

« S1: light signal in LXe
— prompt scintillation photons

« S2: charge signal in GXe
— secondary scintillation from drifted e

Reconstruction of energy using both S1 and S2
(Combined Energy Scale)

« 3D position reconstruction:
X,y from S2 pattern in top PMT array and z using
drift time

drift time
(depth)
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4000—

Electronic Recoils

2000 f— =¥
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1000

:Nuc[_ear Recoils

400

Corrected S2 [PE]

Particle-type discrimination
from S2/S1 ratio:

S2/S1 <<S2/S1 T
NR ER
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XENON10

. :

25 kg 161 kg 3.2 ton 8 ton
15cm drift 30 cm drift 1 m drift 1.5 m drift
~10-43 cm? ~10-4%5cm?2 ~10-47 cm?2 ~10-48 cm?2
BG~1000 (keV t y) BG~5 (keV ty)1 BG~0.2 (keV ty)1 BG~0.02 (keV t y)-

F. Agostini, SUSY 2018 )
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Eur. Phys. J. C. (2017) 77:881

Muon Veto:

- 84 8" PMTs
- 700 t ultra pure
water X

External ff-"-. ” l " |l|u

calibrations _ ﬁ.nn o\
Cryostat : - ' y :! ,3‘!

TPC:
: 3428t3|_XPeMTS B N . | =l Xe Storage and
< vy _ R Recovery

F. Agostini, SUSY 2018 7



Event rate [events/(keV-kg-day)]
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Successfully } *
distilled Kr !
to ~0.66 ppt {
107K i
0“3" o“rbl o\bl 0\6I oV | oV |
P L QC"L N ’L Oe‘ﬂ' \'o“l <e® ke

e MC simulations:
75 £ 6 events/(t-y-keV)

 Measured (in 1.3t FV and below 25 keVee):
82+5 ,(sys) + 2(stat) events/(t-y-keV)

Lowest ER background ever achieved in a DM

detector!
F. Agostini, SUSY 2018
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e 22Rn: 10 uBglkg
careful surface emanation control and further

= reduction by online cryogenic distillation
g » 8Kr: sub-ppt (Kr/Xe)
o achieved with online cryogenic distillation

Materials radioactivity
HPGe gamma screening: subdominant

JCAP 04, 027 (2016)

Rate Fraction
[ty [%)]

620 £ 60 85.4
31+6 4.3
Solarv 36 £1 4.9

materiats (TR

Expectations in 1-12 keV search window,
1t FV, single scatters
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« Cosmogenic neutrons
Induced by cosmic muons.

Significantly reduced by rock overburden, water passive shield and active Cherenkov Muon Veto

* Radiogenic neutrons

From (a,n) and spontaneous fission from 238U and 232Th contained in detector's materials.
Reduced via radiopure material selection, scatter multiplicity and fiducialization

» Coherent elastic v-nucleus scattering (CEVNS)

Mainly from 8B solar v.
Constrained by flux and cross-section measurement, is an irreducible background below 1 keV

Depth (cm)

0 500 1000

F. Agostini, SUSY 2018

R (cm)

40

1500
R? (cm?)

Rate [a.u.]

JCAP 04, 027 (2016)

Cosmogenic
neutrons <0.01 <2.

0.6 0.1 96.5

0012 20

Expectations in 4-50 keV search window, 1t FV, single scatters
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Electronic recoill

220Rn: Low Energy ER

220Rn PYYYRY

556 s SRR 6 ; vev
212pp
10.6 h

0.15s
/

212B;j
60.6 m

6.1 MeV

&
299 ns 3.05m

8.8 W 208pb

stable

Type: Internal
Freq: 1-2 Months
Length: Few days
Stable background

conditions after a couple
days (10.6h longest T,)

F. Agostini, SUSY 2018

Spatial

83mKr: Stability and

(;-lecon structed Interaction Position

=== TPC boundary

g
T
R
RE2[cm?)
Type: Internal
Freq: 2-3 weeks
Length: 1 day

Half life: 1.83h

9.4 keV and 32.1 keV lines
(~150 ns delay)
homogeneous in volume

Nuclear recoill

Neutrons: Signal

Type: External

Freq: As needed

Length: 6 weeks (AmBe)
2 days (generator)
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Counts
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- m ER rejection: ~99.7% with NR acceptance
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Corrected S2 Bottom [PE]

F. Agostini, SUSY 2018

Counts
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300

— All Exposure Corrections

m)
> i Rn220
S 250 Kr83m _
— AmBe Calibration arXiv:
QL 200 NG Calibration
£ LED
c 1501~ Earthquake
2 (Jah 17)
8 100} SRO
G 5o[PRL 119, 181301
> :
| [ | |

SR1

1805.12562

(}016—11 2017-01

2017-03 2017-05

201
Date

7-07

2017-09

2017-11

2018-01

279 days of DM data taking (including correction for dead time) since Spring 2016
32.1 days of SRO0, 246.7 days of SR1

1 year of data in stable detector conditions (temperature, pressure, level, etc.), within a few %

The largest exposure reported to-date with this type of detector

140 days of calibration data

F. Agostini, SUSY 2018
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Blinding:
to avoid potential bias in event selection, the signal/background nuclear recoil ROl was blinded

Salting:
to protect against post-unblinding tuning of cuts and background models, an undisclosed number and
type of event was added to data

B ER M Surface Neutron  AC W WIMP

40
8000 =1 |
4000 |
e E’ T
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wn !
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i o
: L L
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cS1 [PE] - R? [cm?]
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F. Agostini, SUSY 2018

Dark matter search
with XENONAIT:
results
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Mass 1.3t 1.3t 0.9t 0.65 t
(cS1, ¢S2y,) Full Reference Reference Reference
ER 627+18 1.62+0.30 1.12+0.21 0.60+0.13
neutron 1.43+0.66 0.77x0.35 0.41=0.19 0.14=0.07
CEvNS 0.05+0.01 0.03+0.01 0.02 0.01
AC 0.47%527  0.1079:95  0.0675:93  0.0419-92
Surface 1068 4.84+0.40 0.02 0.01
Total BG 735420 7.36+0.61 1.62+0.28 0.80+0.14
WIMPpest-fit 3.56 1.70 1.16 0.83
Data 739 14 2 2

arXiv:1805.12562

F. Agostini, SUSY 2018

Reference region is defined within
[INR median, NR median-20]

ER is the most significant
background and uniformly
distributed in the volume

Surface background contribute
most in reference region, but its
impact is sub-dominant in inner R

Neutron background is less than
one event, and impact is further
suppressed by position information

Other background components are
completely sub-dominant

Numbers in the table are just for
illustration, statistical interpretation
Is done based on profile likelihood
analysis

15



* Results interpreted with un-binned profile likelihood analysis in cS1, cS2, R, Z space
- here we show ¢S2, vs cS1, R2

* Events passing all selection criteria are shown as pie charts representing the relative PDF from each component
for the best-fit model for 200 GeV/c2 WIMP (04=4.7-10-47cm?)

» Larger charts represent events with larger WIMP probability

M ER ™ Surface ™ Neutron B AC B WIMP R [cm]
10 20 30 40
8000 |
keVNR
4000}~
25
20
2000 75 . ER
— e I background
» Qe
=1000 y
el 1
~ ! .
% v | *1
o O e A\ N\ . le el
NR reference l'e @ C RN
region \P” i 2 Surface
o background
200 GeV/c? . , l . [ P N ':
WIMP signal 03 10 20 30 40 50 60 70 500 1000 1500
shape cS1 [PE] R2 [cm?]
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* Results interpreted with un-binned profile likelihood analysis in cS1, ¢cS2, R, Z space
- here we show Y vs X, Z vs R2

« Core volume (0.65 t): modeled in order to have a negligible amount of surface and neutron background.
The two bins, in/out core volume, allow to increase the fiducial volume

Il ER M Surface

Neutron H AC W WIMP

—— TPCedge —— 1.3t ===09t —-0.651
a5
: . ——"“-L-'-... s
outside 3o e R
15
E g T R
S oF
>-| L] -® ‘. .. -
—15
—45—
| L | | | | I
—45 _ —30 -15 0 15 30 35
X [cm]

F. Agostini, SUSY 2018

Z [cm]

Core volume
R [cm]
10 20 30 40

50

1o, pdf
of
radiogenic
neutron
bkg
1-00(:;' -1.5;00' —
R? [cm?]
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Minimum at
4.1-10-4cm? for a WIMP of 30 GeV/c2

11 1111l

Normalized

&
E 10_44 = -
& - ;
g : ]_D—l L1 II 1 L L1 1111 I L 1 L1 1111 :
o 10! 10°
% 10-4 3 WIMP mass [GeV/c?]
Submitted to PRL S -
arXiv:1805.12562 S U
E 1046
N
10_47 :—l 11 ! L [ L L 1 11 1 I [ L L L 1 111

_.
=

102 103
WIMP mass [GeV/c?]

« Spin Indipendent WIMP-nucleon cross section: most stringent 90% CL upper limit on WIMPs above 6 GeV/c?2
« 7 times better sensitivity compared to previous experiments (LUX, PANDAX-II)

« 1 sigma upper fluctuation at higher WIMP masses. No significant (>3 sigma) excess at any scanned WIMP
mass

F. Agostini, SUSY 2018 18



« Most of the XENONI1T subsystems have been designed
in order to accommodate also a larger dark matter
detector: XENONNT

The upgrades especially involve

- TPC: larger inner cryostat, 476 PMTs

- LXe purification: faster cleaning (5000 SLPM) of large
LXe volume

- Rn distillation: online removal of 22Rn emanated inside

the detector
- Neutron Veto (new!): tag the neutron-induced
background

The total LXe mass in XENONNT will be 8 t (~4 t fiducial)
The background will be reduced by a factor ~10

The installation of XENONNT starts in 2018 and the
commissioning in 2019

F. Agostini, SUSY 2018

A feasible option for the
Neutron Veto detector of
XENONNT

19



First multi-ton scale LXe-TPC successfully operated for more than 1 year

Lowest background ever achieved in any DM detector: 82 events/(t-y-keV)

Strongest limit on WIMP-nucleon SI cross-section above 6 GeV/c2: minimum at 4.1-10-47cm2 for a WIMP of 30 GeV/c2

XENONLT is continuing data taking

XENONNT will improve the sensitivity by another order of magnitude
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WIMP mass [GeV/c?]
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Backup
slides
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Accidental Coincidence background

A*lone” S1 or S2 signal produced 10t
in light and charge insensitive
regions of the TPC may be
accidentally combined to produce
fake events in signal region

10°

1071

Event Rate [Hz]

102

*» Lone-51
* lone-S52

Rn220
Krg3m
AmBe

LED

{2 ° £  XENON Preliminary
PRIV it " A vwawm

v .
- -
I

L]
.
e

| B f-n!n? 'l'#ﬂ!'wm:'m
! | |

L
[

|
2016-12

Counts / bin

51: All
51: ROI

| | |

w w w o

2.25F

logl0(Corrected S2 Bottom [PE])

il | | | 1 1 |
2017-02 2017-04 2017-06 2017-08 2017-10 2017-12 201802
Date

Empirical model shows an overall small
rate in the ROI for NRs

=l e
. g ----- NR Median

52: All
52: ROI

« Select unpaired S1/S2 from data
* Randomly pair to form events

« Apply selection conditions from
analysis

* Performance verified with 220Rn data
and background sidebands

F. Agostini, SUSY 2018

20 60 ~0.00

80

I
0.02

Corrected S1 [PE] Counts [ bin
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Surface background

- Suppressed by fiducialization of volume

event control samples

XENON Preliminary

e ROI 13T
- ROl AT

MR Median

F. Agostini, SUSY 2018

Data-driven model derived from surface

Pb210 and Po210 plate-out on PTFE surface produce
events with reduced S2 -> can be mis-reconstructed
into NR signal region

10

40 b0

20 30
R [cm]




Water Cherenkov Muon Veto

700 ton pure water instrumented M
with 84 high-QE 8" PMTs | | AT = K 20

Active shield against muons

Trigger efficiency > 99.5% for
muons in water tank

Cosmogenic neutron 1 2 ; i

background suppressed to <
0.01 events/ton/yr JINST 9, 11007 (2014)

F. Agostini, SUSY 2018



Detection efliciency

— l ! ! ! !
}. ~Detection t { Selection
0.8,
1%
HE S
0.6/ 15
o -
Q | Q
& 3
M 0.4 . a4
'l 1
1
0.2V &
0.04 = :
0 10 20 30 40 50 60 70

Nuclear recoil energy [keV ]

Detection efficiency dominated by 3-fold coincidence requirement

* Estimated via novel waveform simulation including systematic uncertainties

Selection efficiencies estimated from control or MC data samples
Search region defined within 3-70 PE in ¢S

10 GeV (dashed), 50 GeV (dotted) and 200 GeV (dashed-dotted) WIMP
spectra shown

F. Agostini, SUSY 2018



Light and Charge signals stability

Light and charge yield stability
monitored with several sources:

e 222Rn daughters

« Activated Xe isotopes after neutron
calibrations

o 8mKr calibrations

« 214Bj and 298T| for high energy
calibration

« Stability is within 0.2% for light yield
and 1.5% for charge yield

F. Agostini, SUSY 2018

Light (cS1) yield [PE/keV]

Charge yield y (¢S2,) [PE/keV]
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b e FeH

HH B

Rn220

Kr83m

AmBe

Neutron Generator
5.5 MeV a [Rn222]
2.6 MeV y [TI208]
2.2 MeV y [Bi214]
1.8 MeV y [Bi214]
236 keV y [Xel29m]
164 keV y [Xel31m]
41 keV y [Kr83m]
32 keV y [Kr83m]

9 keV y [Kr83m]

Rn220

Krg83m

AmBe

Neutron Generator
5.5 MeV a [Rn222]
2.6 MeV y [TI208]
2.2 MeV y [Bi214]
1.8 MeV y [Bi214]
236 keV y [Xel29m]
164 keV y [Xel31m]
41 keV y [Kr83m]
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Energy resolution

— ROI for WIMP search

10° up to 11 keV
— F Xel2s  — Xel2dm — o214 Materias « Energy reconstructed from anti
i 10_1 i — Ke-133 Kr-83m —— ER salar —— Summed spectrum )
i s e | SO s e i correlated S1 and S2. Excellent
LR XENON Preliminary linearity from keV to MeV
.Tf 1073
T 10 * Best luti d
T 107ES ‘ est energy resolution measure
o 108 \ with this large LXeTPC ~1.6%
o m_ﬁg LA \ resolution (sigma) at 2.5 MeV
. Al | \ | | | 14
5 . 1 ®  PandaX, 417 V/cm
2 o B ie B e AN e yold Xenon100, 530 V/cm
& a0 | | | | | = |7 T Lux, 180 V/icm
0 500 1000 1500 2000 2500 3000 &
Energy [keV] = 10- HH XENONLT, 80 V/cm
=
. 5 8- XENON Preliminary
« Good agreement between predicted and o
measured background spectrum L oerlla
>
S
« Kr: 0.66 ppt; Pb214: ~ 10 uBg/kg o 4"
= i
' 2
« Gammas based on screening measurements
0 ] | ] | ] |
0 500 1000 1500 2000 2500 3000

Energy [keV]
F. Agostini, SUSY 2018 27
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