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EEMEDEERERR 3
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LXe TPC: Working Principle

BiEEt/ VRS M 4 1 58

(HEETFIREE)

Bl -sk\V/cm

i

~0.1kV/cm

e dify  scintillakion
recombination _
, acceleration (52)
o~ _ecition > de-excitation th 05 phase
Eo 4 Nex = P scintillation
0"% (51) Electric Recoil

Primary scintillation light (S1) is produced promptly at the
interaction site

lonization electrons drift up through the LXe in the applied
electric field

Some recombine with ions —> more scintillation light (S1)

Others are extracted above the liquid surface into gas phase
region, where they form secondary proportional scintillation
light (S2)

Event vertex reconstruction in 3D space
- XY position: S2 hit-pattern in top PMT array
- Z position: electron drift time, At (s1, s2)

Particle type discrimination: (S2/S1) y e > (S2/ST)WIMP
Electric Recoil Nuclear Recoil
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Nuclear Recoil
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XENONTT WIMP Searches - 2018 (NR Search)

One ton-year of search for WIMPs induced nuclear recoils
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Most stringent result on WIMP Dark Matter down to 3 GeV/c2 masses



XENONT1T Solar-Axion / ALPs Searches - 2020 (ER Search) ¢

RHEEREIM D5 OISR (T > VHR) ZBR< 2. BRFREIRIWIMPEL D/NE W,

W =R ™ Surface ™ Neulron @ AC W WIMP 10 20 R'Bg)cm] N
8000 o 6o // I I I 25 | :‘ g
t keVyg 3 0. ' i 7
4000 3. ; Au ?
25 ) - ¥

20002 1
SN S
— 1000 B2 T
:
il
4001
° .
l:" . - * 1
200p% 0 T e e PR
Z~_ " ., °.threshold: <1 keVee 7 i
7 I D S R L 1 L . | | Ly T
J J J
03 10 20 30 40 D 60 /0 500 1000 1500
cS1 [PE] R? [cm?]

KT A P ALPs, Dark Photoni R ICH T 2 LR

- BTFRHBGCOMNEZ RS T
- BIAHOBGEAMZ Ky - U TNV RE)ZREICFHEL., BBZRT




XENON1T Detector
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The XENON + DARWIN Program

XENON10  XENON100 / XENONIT \ XEN

2008-2016)

ONNT DARWIN

2005-2007 2012-2018 | 2019-2023 2020+
| |
15 kg 161 kg | 3200 kg 8200 kg 50 tonnes
~10-43 cm?2 ~10-45cm2\ ~10-47 cm?2 / ~10-48 cm?2 ~10-49 cm?2
NS
EBE &S EREXE/ VESIILIROT !
BXR. AKX, IPMUIZEAKRICDARWINICHZSN !




The XENONTT
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Ex

Cooling Towers

Xe Gas Lines
“I r'P‘\q‘

Purification System

Cryogenic
Distillation
Column

L et
\'_“_ i * '

5 s Getters
S —=.Gas Pumps

periment @ LNGS in ltaly 9

Cryogenic System

S Purification (H20/02) &
Heat Exchanger Kr distillationlcZl73 ZA—H X

Cryogenic System

Cable Port lJ T :ﬁn?:’g AZ |

Water Shield Water tank: ~700 ton

Flange

o Bottle Rack,
Gas Analytics

Storage and
Recovery

\ Cryostat /

248 3-inch PMTs (R11410-21, QE~34%@178nm)
L Xe mass: 3.2 t(total), 2.0t (active)




GXe Purification 10

\N|/
< S17EDIRIN
heat exchangers + heater : I IOZ'OInIe', 2005
: > |
= Oxygen ' intillati .
..cable feedthrough s 1 Xyg Xe S |ntlll?t!<on Spectrum
pipe with cables _ Tl = i = e s
: Q E} - QDrive pumps 2 X v S —
: g Y
: umbilical e e e
cryogenic o g oA :
---gas purifiers = : o T PSSR MM
system E‘ ¥ S Wa ter-VabGr 4 % A v
TPC 2 1ppm \ |
. < | (a) | ¥ \
Cryostat _______ E 0-01 P SR S [N VNN N S TR N SN SR S S ST S L gy 1 L1 (RO I T )
e . 130 140 150 160 170 180 190 200
\ purification system Wave Length [nm]

» Electronegative impurities in the Xe gas and from outgassing reduce
both photon (S1) and electron (S2) signals.

» To detect light ST signals efficiently, need O(1) ppb H20O concentration.
(Tiger Optics HALO+ H,O monitor used for purity measurement)

y 10 drift electrons over 1 meter requires < Tppb (02 equivalent)

» Solution: continuous gas circulation at high flow through heated getter
material (Zr-V-Fe getter, 400°C) with hydrogen removal unit

» SAES PS4-MT50-R (02, H20, CO, CO2, H2, N2, CH4: ~ppb)

» Total flow rate of 54 slpm driven by up to 3 pumps.


http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf
http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf

GXe Purification 1

S2 [PE]

1 1
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O 450+ 1 N —_t _fi 218 R
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400 8! E o 83m ¢ e
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1 1 : : 1 i 11111 I I ) I
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Drift Time [us] Date

» Solution: continuous gas circulation at high flow through heated
getter material (Zirconium)

» SAES PS4-MT50-R (02, H20, CO, CO2, H2, N2, CH4: ~ppb)

» Total flow rate of 54 slpm driven by up to 3 pumps.

» 650us of e-lifetime —> oxygen equivalent impurity concentration
of ~ 0.5ppb.

» XENONTT TPC length ~ 650us drift time



http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf
http://www.saespuregas.com/Library/specifications-brochures/s110-233_a_521.pdf

Kr (and Ar) Distillation 12

Commercial Xe: 1 ppm - 10 ppb natKr,
85Kr is unstable (T1/2 = 10.8 y, B-decay with Q-value = 687 keV) hlgher Kr/Ar IOwer T
(high Kr) dale, |

v

v

v

Solution: 5.5 m cryogenic distillation column
Off-gas .

Utilizes different vapor pressure:

v

- Kr: 20900 mbar@178K, Xe: 2010 mbar@178K

Feeding flow rate: 8.3 SLPM (3kg/h) Top condenser

v

- Thermodynamically stable up to 18 SLPM (6.5 kg/h)

Package tube
Measured separation: 6.4x10° @8.3 SLPM, < 48 ppg (RGMS)

v

SRl Gas outlet

N%°Kr dominated BF :
10 t
N ~1000 ppt I (lowKr)
(Gas inlet

[
o
~

| Heat exchanger

[
<
itKr/Xe via RGMS [ppt]

Event rate [events/(keV-kg-day)]
-}
Q

[
o
w




Energy Reconstruction




S2pottom

Energy Reconstruction with LXe TPC

S1
gl

S2
E = (Npp+ Ne)-W = (

gl and gZ2: detector-specific gain constants
extract g1/g2 from calibration data, use it to

reconstruct energy of each event

T2

where W = 13.7 eV/quanta

Preliminary

2000-

1500-

0 10 20 30 40

50

-
o
~

=
<
Number of events

S1, S2IFPMTTCRIEE NS E!

S

S2

1
A

Light yield [pe/keV]

500
0o K
1332 5 ke 1460.8 keV
S 400 500
Q 1173.2 keV
A
—~—
@
2300 .
mXe
L®) 179m Y g, 163.9 kaV
@ 236.2 keV
:>\ u Uﬂnkﬁ-
Q 200 41.5 kaV
o
-
©
N
O 100
g1 = 0.142623 331 pe/ph
g> = 11.55%831 pe/e
0 | | | l |
4 5 6 7 8 9 10




Energy Reconstruction with LXe TPC 15

]
Sl S2 14 : - 2VECEC
— . — (—— ). I Y LUX
E_(Nph_l_Ne) W_( 1_|_ ) |44 —12f : 4 XENON100
g g R | 4 XENON1T
c 10 f :
where W = 13.7 eV//quanta § i
- B4 l
o :
> 6 !
(@)
gl and g2: detector-specific gain constants o 4 i
w
extract g1/g2 from calibration data, use it to 5 L i —Y .
reconstruct energy of each event 5 | b : : L !
0 100 200 300 400 500

Energy [keV]
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2000

1000 R o

220Rn calibration data

—— Best-fit
| SR1 220Rn data

400

Corrected S2 Bottomn Array [PE]

mol . 220Rn calibration data S A B B
l ‘.l ‘l .l 1I -I i l ' lv I'I b 0. . “ ...... Q.C o o ° ... o® ® oo
03 10 20 30 a0 50 at 0 &0 €N 100 2F . > . * -
Corrected S1 [PE] ! ! . . l ! !
0 2 4 6 8 10 12 14

Energy [keV]

2D analysis in s1-s2 space 1D energy spectrum
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Data Selection & Efficiency 17

- Fiducial volume 1042 kg

Feb. 2017 Science Run 1 Feb. 2018 - Single-scatter events, standard data
quality cuts
| (SR])

- Higher S2 threshold (> 500 pe) to
remove instrumental BGs

220.9 days

. Detection efficiency is dominated by
3-fold PMT coincidence for Sl

R [cm] _
10 18 25 30 35 40 45 50 detecetion
| 1 I | | | | |
. = __2. 1.0 L T T —l—_l-_l_l_l_l SN NN NN N N D N O N I |
| saaeeess . 0 i e ———————
—20F 0.8
_ ol > 06 Energy region of interest:
E S 1 -210 keVee
—60F = 0.4 - . o
A - A Efficiency for ~2 keVeeis ~ 70%
—80F I L Selection |
‘ -==Detection
100 - ’. - .' " : o — 'M: -x, ‘,‘.'},.- 0.0 O : 1 1 1 1L 1 b1 I 1 1 1 1 1 | . | I 2 1
— 1% 500 1000 1500 2000 2500 10 10 10

R? [cm?] Energy [keV]



Solar-Axion: Production 18

Three components of solar axion flux

(Atomic recombination and
ABC Yae|  deexcitation, Bremsstrahlung

and Compton)

co

~J

)}

axion-electron interactions

ABC « gge2 _
dominated by Bremsstrahlung and Compton J

&)

[Prilnakoﬂ': ] Gay

axion-photon coupling

axions produced from photon conversion
induced by the electric field of ions and
electrons in the Sun.

(O

Primakoff « gay2 57Fe o (geff)?
an =

Flux [101% cm™ d! keV!]
N I

f—

] ] ]
[Fe-57 nuclear transition: j 9.0 25 50 75 100 125 150 175 20.0
Energy [keV]

gan = —1.19g0; — o3, RS
mono energetic 4.4 keV MI transition XENONTT sensitive to all 3 channels via i
effective axion-nucleon coupling ‘ ] '
; coupling to electrons gae
Emerge with keV-scale energies (electronic recoils via axio-electric effect). ,
In principle, axions from all 3 co_uplmgs can | 2 3E? 2273 \,.
be present at the same time. : Oae = Ope % a 1 %
3 16mram? 3 :

T Ar - = A P g e e it © e e e

- A . L Sy ey A - - ) iy 0 o - Sy - s -

B (Ea): velocity (energy) of axion



Solar-Axion: Detection 19

| | | | I | | AEnOn Lo e, i
Atom. Data Nucl. Data _
Tables, vol. 5, no. 1, pp. !
20 | _ 51-111,1973 3
| |
o . 5 SkeV
> 15+ Primakoff « gay“Jae _
gl
'M 12 ? Phown Comyy [keV]
v 57 e
'>’ Fe x (gan) gae
= 10
>
Q
+— g
@ S
m ------ Selection |
5 -- Detection
sy
Energy [keV]
—=. 2UECEC
Y LuX
4 XENON100
4 XENONIT

%.O 2.0 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Energy [keV]

Energy resolution [%]

1 1
200 300
Energy [keV] _

< -

For Primakoff and 57Fe, can only deduce product of 2 couplings.

All the three flux components are considered completely independent of each other
—> Model-independent search: parameters of interest = | Gac VS. Gacfay VS. gzmh(]‘,:‘iflf

- XENONTT is more sensitive to DFSZ model, where axions couple to electrons at tree level
compared to KSVZ model (couples to electrons at loop level)



Axion-like Particle / Dark Photon 20

Assuming ALPs/dark photons are non-relativistic and make up all of the local dark matter, the
expected signal is a mono-energetic peak at the rest mass of the particle

events/ion/year/'keV

104 T T T T T T T T T T ! ! | U ! . U ‘| 1 l
: —_— fi:ei al : —=- 2VECEC
— | e
10°F —— 80keV 3 : Y LUX
5 DKy = 12 , ¢ XENON100
| ] s : 4 XENONIT
10% 1 51 .
] | 3 :
101k f . ° 8F I
B | ¢ :
i 1 : .l H /N‘ 6 I
10°F n: I ". H “, ;- § .
1 T AR : Ty :
L | ] 1 | ' c
ol ] | 2 |
] o B | .
A i ! |
joel—tlt v : P , . a ] gl ] ] ] L
0 ol 100 190 200 0 100 200 300 400 500
Energy [keV] Energy [keV]
For ALPs For dark photons

1.5 x 1019 ° m Ty 1 1 4.7 x 1043 2 keV;’c?‘ Ope 1 -1
;A A ° d e ; -1k ]
A= e (keV/cz)( b ) ke i A" Umy ( b ) ke~



Background Models




22

Background Model

_21“Pb: main ER BG

Events/(t-y-keV)

B 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I
- — —. 214py - —. 136Xp ——. 1251
- . 85Ky —e. 18lmyg  ——- solar v RHSEOREICHFELTW
103 ==+ Compton —-—- 8mKr  —— Total T. AT EZTHLTLS
- 13350 — . 1244
|
I
2 L |
10 2 l| ‘ ,' g P PO
v T R LT S ———— o = ‘%‘.{" Leney 138 Days
I i | 4
Py - r '
l| : ,I)\\ _________ "r || l“ 5. 3MeV
1 T I A ST I
10 ooy _era I ‘ _
| - "" ______________ = — d lL.-W
I J
' _______ |
R e
------ I
~~~~~ l

L | e - T

100 L Y LT
0 25 50 75 100 125 150
Energy [keV]

Predicted energy spectra based on detailed modeling of each background component
Rates constrained by measurements and/or time dependence



Background Model
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23

10 Components

Internal Backgrounds

214Ph 85K r

Intrinsic Backgrounds
124Xe 1 36Xe

solar
neutrino

Activated Backgrounds

131mXe 133X

125

Contaminant Backgrounds

83mKr Materials

Predicted energy spectra based on detailed modeling of each background component
Rates constrained by measurements and/or time dependence



Background Model 24

SR1,: near n-calibration SR1;
. | 83aKI — | 55.8 days | | | | . . 171.2 days
Al __ 83mgy — 13lmyg 4
10 3 133Xe —— Materials —— !24Xe 3 10 3 3
[ —— Solarv 85Kr —— TOTAL
[ — 214py, —_— 136Xa - i
- 3 L - - 3 L -
S 107 N - é
o) - ] o) - ]
e 4 - ]
FI|>’ 2 | FI|>’ 2 i |
L 10°F 3 w 10°F //\\___.=E
Q <) ]
-+ + T
: | =
m 101 E 101
AU ] | ]
100 M ] F | ] ] ] \ ] 100 ] | F ] ] ] I\ ]
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Energy [keV] Energy [keV]

Time-evolution and model of 131mXe (generated by neutron activation)

106 :_ _: r (] [ [ (] [ 1
j \ — up=11.83z008days 1 | Divided into two datasets, fit simultaneously.
I Neutron Activation I
B sl e SR1,: <50 days from neutron calibration,
3 I includes more activated backgrounds
o X
5 il e SR1y: the rest, less activated backgrounds
l’*ﬁ!ﬂ SR13 5 e background model denoted By
103 \ J

| 1 1 ! ! !
2017-03 2017-05 2017-07 2017-09 2017-11 2018-01



Unbinned Profile Likelihood Analysis

c(H'Ss Hb, 0) = POiSS{N|“tot}
N
Hh; Hs
J , Ez, 9\' + S(Ei)o
A (S ame o)
x || Cp... (s,.) x | | Cs,. (6n). (14)

Meot = Xﬂtbj | s,
J

Profile over the nuisance parameters

Combining the likelihoods of the 2 partitions

tittoData ==



Events/(t-y-keV)

Fit 26

104

Events/(t-y-keV)

101
2 b
_2 ©
| | |- | | L | ! ! L . 1 . .
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Energy [keV] Energy [keV]
10 | | | | | | | | ---- 2l4pp ---- Solarv = ---- 83mKr
3 SR1 (226.9 days) . 85Ky 133y 1245
10 ---- Materials ---- 13ImXe  —— B
—__. 136xg -——- 1251 I SR1 data
102
10! Decent matching across the whole energy range
in 1-210 keV
100
Lot (76 +/- 2) events/(t-y-keV) in [1, 30] keV
2
—2 Lowest background rate ever achieved in this

0 25 50 75 100 125 150 175 200 energy range!
Energy [keV]



Excess in 1-7 keV

---- 214pp ---- Solarv  ---- 83MKr
___. 85Ky 133y 12456
---- Materials ---- 131mXe  —— B,
—_— 136Xe _ 1251 1 data
| | | | | | | | <
101 =
SR1 (226.9 days <
>
: \ <
LY ‘ n
.‘:>’ ‘ ’l \\ -E’
= N kel F====57TI207 L
e | T N S—————
i) v e :'—__ —‘\ ]
S PV I 1
3 T T foomooo
Ty |
&8 =T '*"==¥|—':::::::::_':__:'n' """ T
1T r-eo3
I 1 I 1 3
I 1 I |
I 1 I |
1 Il | | 1
| | | |
o
-2 ° .
] ] l - ] ] ]
0 25 50 75 100 125 150 175 200

Energy [keV]

Energy [keV]

Excess between 1-7 keV
285 events observed

VS.

232 events expected (from BG-only best-fit)

Would be a 3.3 o Poissonian fluctuation

27
100 ]] -
. X IT I | l i
o | AT Hlllﬂlu [
40 - l -
ZZ_ i I I ITg%ldata_



Are We Missing Something?




Event Location / Time-dependence 29

R [cm] 8000 I I I I I |
10 18 25 30 35 40 45 50

4000

2000

CSZb [PE]
o
o

'g -40
N
-60 400
~80 200
~100 1005 10 20 30 40 50 60 70
cS1 [PE]
1-7keV
3.5 T T T T T T T T T T
30k —— Const (p-value: 0.70)
E
o] 25 B
42 2.0 ! }
: | 1 l | r
[ 15FE I x
= | t * I * | I I
(0]
£ 1.0
x
05179, peak-to-peak rate modulation from L(sun, earth)

0.0

| : | : | : | : | : |
2017-03 2017-05 2017-07 2017-09 2017-11 2018-01

- Uniform in 3D-space and ¢S1/cS2b plane
.- consistent with constant time (but with low statistics)




Efficiency / Reconstruction

800

()

-

-
|

Events/keV
N
(@)
o
|

200

Lo
Y 1

—— Best-fit
I SR1 2??9Rn data

4 6 38 10 12 14
Energy [keV]

~ B-decay of Pb212 is used
~to calibrate detector’s

response to ER

~ background

220

expected

30

Rn calibration reconstructs as

(
Fit to ““°Rn (*'“Pb)
calibration data using

\-

same analysis framework

~

-

\_

Validates efficiency and
energy reconstruction

J
~

J

-
g.o.f p=0.58

\_

~

J

Again, unbinned fit is performed here.




214Ph Spectrum Model

Calculated by X. Mougeot

Energy [keV]

@
b= 0.8 -
= 0.95 | —— This work - ?'*Pb
206 o096 GEANT4 10.6 -
= ooul —— IAEA LiveChart
)
"5 04 — 092} .
o 0.90 . .
0.2 0 10 20 30 o
0.0 ] l | ] l ] ] ]
0 25 50 75 100 125 150 175 200

- |AEA model: No screening/exchange effects

- GEANT4 model: only screening effect

- This work: both screening/exchange effects

31

Atomic screening and exchange effects
can increase rate at low energies.

~6% uncertainty on the shape

~50% needed to account for excess

Good agreement between measurements
and calculation for 241 Pu (Q53=20.8 keV)

and 63Ni (Qz=67 keV)

3
22><10
i

[ \e with screening and exchange
18\ . .

AN with screening

"

16

241Pu (Q=20.8 keV)

14 |

12F *Pu, Q_ = 20.8 keV

10 calculated as allowed

Counts/100eV

| no screening,
61 no exchange

0 2 4 6 8 10 12 14 16 18 20
Energy (keV)




Low-energy (Q value 18.6 keV)

Long half life (12.3 years)

Tritium?

1. Cosmogenic production?
2. Atmospherically abundant?



Efficiency

Testing Iritium Hypothesis

| | | | |
10000 1 — LFItLM before smea rlng | _
y — tritum after smearing 140 — I_103 BO 3H
— Hj: Bg +3H
50001 — ]. 20 B ]
% 100
S 6000 -4 l l
5 g T
2 ~ 80F
< 4000 E
C: 60 B
o0t S
2000 ] 40
20 =
0.0 2.5 50 1.5 10.0 1758 15.0 175 20.0
Energy [keV| 0 ] ] ! ] ]
0 5 10 15 20 25
R P s t - awecac Energy [keV]
- ,\;. 12 4 XENON100
‘:_:. i 4 XENON1T
=r AU N Res. 4 )
: 5l e 0
o] S Tritium favored over
=== Detection
S —T 0 (') : 1(|)0 2(.)0 3<.)o 4(1)0 S(I)O
Ener;](;l [keV] b Energy [keV] ba Ckg rou nd -o n Iy at 3 .2 a

Best-fit tritium rate:

\_

[159 + 51 events/(t -y - keV)] °H half-life 12.3 years (too long to observe in SR1)

‘H:Xe concentration:

~

6.2 -

fewer than 3 tritium atoms

] —25
= 2.0 X 10 mol /mol per kg of xenon!




1. Cosmic Activation of Xenon 34

Tritiated water (HTO)

SH/Xe [mol/mol]

Cosmogenic activation E I I I I I I I I
of xenon: ~32 tritium E 10°F < 10-19
atoms/kg/day (Zhang, S Eommmmmmmm T 3| 4
4 - 1. Above ground 2. Undergrounc =y | . -1
2016) S i o _ ot 10
g F- productio decay -:3 : |
1 ppm water in bottles =2 102 3:L 4q0-23
implies tritium forms JE’ L . D:c;;:' _ H
predominately HTO. 5 10°F o ' 3 J10-25
<LI:J """ HTO prediction | & =
. E ® SRi bestfit tritium : 5 “ 4
Efficient removal (99.99%) | & 10-2F i J10-27
in purification system k l I I I I l l l d
(SAES getter with hydrogen © 100 NV OO oed @00 A{LOQ \bp“ \600
removal unit) Time [days]

(note: tritium from activation
While underground is negligible.)

Expected concentration more than
100x smaller than measured

From purification and handling, this
component seems unlikely.




2. Atmospheric Abundance in Materials

What about T emanating from materials in equilibrium with removal?

*Hydrology measurements from IAEA nuclear database

~

HTO:H>,O concentration™

5—10 x 10~*®* mol/mol

~

HT:Hy concentration * Assuming same concentration as for H20
L

.

-
Required (H2O + Hj):Xe
concentration to explain

\

~

60-120 ppb

S

Tritiated molecules can emanate into LXe target from water and hydrogen in
detector materials in the form of HTO and tritiated hydrogen (HT).

emanation in equilibrium with removal.

But... 190

H20 in XENONTT: O(1) ppb,
otherwise can not detect light

~

H2

é Y

02 in XENONTT: <1ppb, otherwise
can not drift electrons

H2 ~100 ppb? -> ~100x higher than
L O2 possible?

35



Summary of Tritium Hypothesis 36

7 7
Cosmogenic activatte Atmospheric
; of xenon ) 3bundance in materiaIs)

Many unknowns about tritium in a cryogenic LXe environment

. Radiochemistry, particularly isotopic exchange (formation of other molecules?)
. Diffusion properties of tritiated molecules

. Desorption and emanation

. For HT, no direct measure of either abundance or H2 concentration.

» HAZADR—2 )

We can neither confirm nor exclude the presence of tritium.




Ar37? (BFE Dy i)

1. In-situ production?

2. Atmospherically abundant?

3. Air leak?



Ard7 38

37Ar K-electron capture to the ground state of 37Cl (37Ar -> 37Cl + v e)

« Half-lifetime of 35 days & 2.8 keV energy in X-rays & Auger e- s
« Calibration with 37Ar performed in XENONIT at the end of SR2

—> good understanding of the detector at those energies

S2portom

2000- Preliminary
Table 2. *" Ar decay modes and released energy
} F107
)] pp— X i F e q .
- = ST Lnergy Branching rztio for Energay ;.:l.“.,\.,
1500 n 5 -’L'L‘-l. release, AT decays per event ol TAr decay,
n>_, e kel thrangh a given mode keV/decay
=
i capure 2.8224 09017 + D.0024 25450 + DGR
— P
1000 = v . — e _ R
101 -g L capture 0.2702 00250 £ D.0027 0.0240 L 0.0007
. M caplure 1.0175 0.0003* ) was 0.0002
I s d20 (average) ~ [.[N15 016+ 002
500- =
1B 25 325 (average) ~ 000007 0.021 L0002
1B p ~ 10 (average) ~ 000007 ~ 0.0007
o i i i 100 Sum 2.751 4 D02
0 10 20 30 40 50 p p p
s1 [pel Physics of Atomic Nuclei volume 70, pages 300-310(2007)

Possible 37 Ar contributions:

1. Its presence in the xenon gas before filling,

2. A possible air leak that could provide a constant source of argon.

3. In-situ production: neutron reactions with 36Ar or 40Ca


https://link.springer.com/journal/11450
https://link.springer.com/journal/11450

Ar37 Distillation 39

35000 P m— Ky
c ] 1 1 . I
> ; ; | == : Kr+ *7Ar A Offgas
= 30000 ' o MAr .
3. ' mmm 7 Ar distillation (hlgh Kl’)
w
= 25000 - LFD calibralion TOp condenser
Y
Q 20000 -
- Package tube
| -
@ 15000
= Gas outlet
> .
2 10000 (low K]
5000 N :
23400 23500 23600 23700 (Gas inlet

Run number

Heat exchanger

Possible 97 Ar contributions: Input condenser

1. Its presence in the xenon gas before filling Reboiler

purified Xe hlgher T

—> Argon is strongly reduced by 90 days of distillation & decay:
combined time constant ~ 1.8 days, >10 times faster than decay

2. A possible air leak that could provide a constant source of argon. —> ~ 3 L/day air leak

—> ruled out by rKr measurement (RGMS, < 1ppt increase/yr = ~1L/year air leak)

3. In-situ production: neutron reactions with 36Ar or 40Ca

—> Negligible



Signal Interpretation?




events/(t-y-keV)

Solar-Axion Results 4

| | | | |
140F—— He: By =eeees ABC axion . ! ! ! ! ! ! '
—— Hi: By + axion = eeee 5’Fe axion 20 -
20 L Primakoff axion | _
100 — ‘_I|> 15F Prirna-k()ffo‘gayzgae2 -
v
80 I l 4 e o (g2 gae?
L 10 i
60 l r Q
o
e
40 - 5 _
20 ] | |
(8).0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
1 |

20 25 30 Energy [keV]
Energy [keV]

All the three flux components are considered completely independent of each other

Parameters of interest in the Profile Likelihood = Gae VS. JaelJay VS. gaegzﬂ

nEss

- Significance determined using toy-MC methods

(Axion favored over background-only at 3.50




Solar-Axion + Tritium 42

| | | | |
140 —— Hp: Bg+3H =eeee ABC axion .
—— H;: By +3H + axion === 57Fe axion
o0~ Primakoff axion | 1000 - — tritum before smearing
—~ 3 = tritum after smearing
5 100 H -
~ ] 80001
2 80 I l [ -
= I I~ = 60001
hit 1 a\i
§ 60 l [ ITI | I :
o 40 | 4000 1
20 - 2000 1
0 0 20 25 30 0
0.0 5 50 5 100 125 150 17.5 0
Energy [keV] : ! Energy [k=aV] ’ ’ 0
Axion + 3H favored over 3H hypothesis at 2.1¢
(- )
hen both axion and tritium are included in the fit, the
best-fit of tritium is zero — in favor of axions.
\_ )




Solar-Axion Results

43

Parameters of interest in the profile likelihood | 50 VS. Jaclay VS. .(]ac.q;fﬂ

Jay [GeV!]
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= | * < 10 mey;)
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= |z
i B E voL
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5 (this work)
@ | |
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140

—_
N
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o
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(\O)
o

I I I I I
[ — H(): Bo """ ABC axion .
—— H;: By + axion = e 5’Fe axion
I TR Primakoff axion |
B l g_ae: 3.1e-12 7]
| g_ag: 8.1e-11
S g_an: 7/.6e-7
) mmmans -_I ......... - i“l ____ AL | |
0 5 10 15 20 25 30

Energy [keV]

ABC and Primakoff components are both low-energy signals, the favored region is anti-correlated
In this space

—> suggests either a non-zero ABC component or non-zero Primakoff component.

In tension with astrophysical constraints from stellar cooling bounds from the horizontal

branch stars and red giants



Inverse Primakoff Process?

2006.14598

107%¢ —
™~ | |
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Considering inverse Primakoff process can
weaken the tension with stellar cooling constraint

XENONTT has a good sensitivity also for g_ay!

bh



Axion-like Particle / Dark Photon
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Fitting a mono-energetic peak to the 1010
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summary 6

( \ | | (a) Tliitium | | | I(b) Solallr axionI | ( Solar axion \
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Statistical Fluctuation?

48

120

g

Evenls/(Ly-keV)

10

20

NN O
Tam?

1.5 2[0
Enerqy [keV]

| |
0 5 1€

statistical fluctuation? (see 17 keV dip)

Excess events /bin

Everits / bin

N
oo
1

| |
N
o ©

By fit, 1.00 - 30.00 keVee

— Fit e Data lo 20 30
L
. L]
. e - * P ) *
L]
.. . . . . L .
. ° .
Es
5 10 15 20 25 30
Energy [keVee]

Note: we use an unbinned profile likelihood analysis



XENONnT

PTR Cooling Towers

Cold Finger
GN2

LN2

;/ LXe Filling From ReStoX

GXe-GXe Heat Exchanger

GXe to Puriﬁcation>

< GXe From Purification

GXe Bell Pressurization

Backup LN2
Cooling Tower

LXe Collection Funnel /

Vacuum Insulation

< GXe Pressure Relief to ReStoX

LXe-GXe Phase Separator

< LXe Recovery to ReStoX

PMT Signal and HV Tube

LXe Tube-In-Tube
Heat Exchanger

LXe Line From
Heat Exchanger

Y \ LXe Line To
Heat Exchanger

[

LXe Recovery Line

LXe Line From Collector

Outer Vessel
Inner Vessel

Fig. 7 The cryogenic system of XENONIT: cooling is provided by means of three redundant cold heads (two pulse-tube refrigerators (PTR),
1 LN3), installed on individual cooling towers located outside of the water shield. The liquefied xenon runs back to the main cryostat in a 6 m long
vacuum-insulated cryogenic pipe, through which all connections to the TPC are made with the exception of the cathode bias voltage which is not
shown in the figure. The connections to the systems for xenon purification and storage (ReStoX) are also shown. Figure not to scale.



XENONnT 50

Gas Transfer Pump Flow Controller

-&}- Actuated Valve -% Manual Valve  HE Heat Exchanger N\ & &
QDrive V.4 To Kr Column
les > IN_A >
From Bottles e From ReStoX
[B—§< Getter

gt £ Ky S

Vacuum Pump

From Cryostat HE [Ex
Heater [B_X [B_X [B'X
From ReStoX HE [B—X X—E{] h Flow Controller &
Getter [B%

Y
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Flow Controller D}X

< ronom kg [E%l{ - =% - 5

Fig. 8 Piping and instrumentation diagram (P&ID) of the XENONIT purification system. The system also serves as the main interface to the other
components of the gas-handling system (see figure 9) and allows the insertion of short-lived isotopes for calibration. Some instrumentation such
as temperature and pressure sensors, as well as several access ports are omitted for clarity. The path of the xenon gas during standard purification
is indicated in blue.
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Two possible 37 Ar contributions:

1. Its presence in the xenon gas before filling,

2. A possible air leak that could provide a constant source of argon.

1. Its presence in the xenon gas before filling,

- Removal time in distillation is ~1.8 day, directly demonstrated at 1T using a dedicated 37Ar source

- We had ~90 days of the online 85Kr distillation before SR1 (22 orders of magnitude reduction)

- The isotopic abundance of 37Ar is ~ 10—20

Even if there were 1 ppm of Nat Ar in the xenon originally, the 37 Ar concentration

would have been reduced to a negligible level (~10*® mol/mol)



AI‘37 (sea-level) Ar37 activation rate of 51 atoms/(kgAr - day) 92
2. A possible air leak that could provide a constant source of argon.

Require: ~ 10—4 kg of argon per day, corresponding to a total air leak of ~ 3 _/day.

—> Ruled about by thenatKr concentration, which increased by < 1 ppt/year during SR1 as
informed by RGMS measurements

1-ppt/year increase in NAtKr would correspond to an air leak of ~ 1L /year in XENONTT.

Also TPC would not work in such a leaky condition because of OZ2...

8 | | | | | |

2.3 +/- 0.2 keV

1 Best-fit mass is 2.3 +/- 0.2 keV, so far
from 2.8 keV

] ]
0 1.8 2.0 2.2 2.4 2.6 2.8 3.0

mass [keV/c?]
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127Xe can be produced from cosmogenic activation of Xe at sea level;

Given the short half-life of 36.4 days and the fact that the xenon gas was underground for
O(1) years before the operation of XENONIT

—> already decayed away

Phys. Rev. D 96, 112011 (2017)

\&g\;?‘ 127Xe 1,2+
N+ o © 618.4  00143% * 364d
DR SIS S cascade X-ray
/ Auger electron
> A
G
27 Q
AN
1/2+ Q7 375.0 _ .. 47.6%
<135 ps S ,m
f». 63.
N>
Q\o \Q/\o
32+ S 2029 _  53.0%
0.39 ns ,\‘9
\6:
7/2+ X _
L I 57.6 QEec = 662.3
52+ —Y—1Y Y 0.0
stable 1271

Also we did not see high-energy r s that accompany X-rays
(We are using inner volume for this search, so there is a O(1)cm between FV and the detector

wall)



Bly discrimination? NEST?

Nestpy v1.2.1, 81 V/cm
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Photons produced
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21lI-Pb SpECtrum MOdEl Calculated spectra by X. Mougeot 96

ol o

Exchange effect

B electron is created in an atomic orbital of the daughter atom and the atomic electron which
was present in the same orbital in the parent atom is ejected to the continuum.

This process leads to the same final state as the direct decay, i.e. one electron in the
continuum, and is possible because the nuclear charge changes in the decay.

: .

e al
3- transition

z @ » z+1@

Screening effect

The electrons in bound states in the atom produce screening of the nuclear charge for the
emitted beta particle. This change in electromagnetic field modifies the beta spectrum.

(The atomic screening effect corresponds to the influence of the electron cloud surrounding the
daughter nucleus on the B particle wave function)



Counts/100eV

241Pu / 63 Ni beta-spectrum

M. Loidl et al., App. Radiat. Isot. 68, 1454 (2010)
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Counts/100eV

N b~ O O

22
20

18}

12}

10

x10°

16}
14}

with screening and exchange
with screening

3N, Q, =66.98 keV

| no screening,
[ no exchange

ool T

10 20 30 40 50 60

Energy (keV)




52-0NLY ANALYSIS

S2-only = No requirement on S1s, allowing for a ~200 eV threshold

50 i I ' I ' L I
i — 3H
20 — Solar axion (ABC) |
= 10§ + v magnetic moment +—
i 5k + === Background +
2 I
=5 2 ¢ _
g
SHESY! .
0.5 f E
0.2 | 5 | 5 P T | |
200 500 1000 2000
PRL 123, 251801 52 |PE]
r )
S2-only analysis (i <31x 107 s . . . )
i fy ly . consistent with this work
allows for a lower ge < 4.8 %107
W W J for all 3 hypotheses
energy threshold of | |Ru) < 2256 events/t i) y
200eV “\\
- o larger upper limits, S2-only analysis is not

sensitive to the excesss we found



Other Experiments: PandaX?
Exposure: 101 ton-days (XENON1T: 236 ton-days)

BG level: ~b times higher BG than in XENONTT
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Note that PandaX experiment injected Tritiated Methane (CH3T) directly into the detector for
low-E calibration, but they could not completely remove it with distillation.

Resulting tritium concentration is ~0.04 uBg/kg (~bx1 024 mol/mol in xenon)

Best-fit for tritium hypothesis in XENONTT: ~6x 1 07%° mol/mol (we did not inject CH3T!)



Other Experiments: PandaX? ariv: 200806485 60
Exposure: 101 ton-days (XENON1T: 236 ton-days)

BG level: ~b times higher BG than in XENONTT
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Expected excess assuming the best fit signal strength from XENONTT is compatible with
their data within uncertainties, but their data are also consistent with background- only
hypothesis

—> No conclusion because of lower statistics & higher BG
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xenon undergoing [ decay (orange)

x rays due to 127Xe (purple).
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‘. and 241 Ambe / Neutron

| Generator (NR) calibration
| data.
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> 10% efficiency

For charge yield, there is a

0.186 keVee ('*"Xe)
‘ measurement from LUX

| Phys. Rev. D 96, 112011

~ le- produces ~30 PEs.
Photo-detection eff ~ 10%

03 061 3
Energy [keVee]

10 20

I

» 10% efficiency for S1&S2 analysis corresponds to energy deposit of ~TkeV for ER and ~4 keV for NR

» ER signals can significantly enhance the detection efficiency —> higher sensitivity for low-mass WIMPs.

» Moreover, SZ2-only analysis can also decrease the threshold from 1 keVee to 0.186 keVee


https://arxiv.org/abs/1902.11297
https://arxiv.org/abs/1902.11297
https://arxiv.org/abs/1902.11297
https://arxiv.org/abs/1902.11297

QCD axion models A2

Matter Project

- 1 6 (O \[
m, ~ 6 x (zc Ge cV/Cz
DFSZ: two Higgs doublets model KSVZ: heavy quark model
couplings to leptons at tree level couplings to leptons only at loop level
quarks/electrons related by Beta photons/electrons related by E/N
Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) Kim-Shifman-Vainshtein- Zhakharov (KSVZ)

axion-photon coupling
same for both models

4 )

® relative contributions from each component can allow to distinguish between models
(Primakoff dominates in KSVZ models); can also constrain Bprsz
® nuclear transition contribution always relatively small

- _J

the ABC flux 1s dominant in DFSZ models, while the Primakoff flux is dominant in KSVZ models.




QCD axion models A2

Matter Project

6 x 10 GeV
My O eV /¢’
fa
DFSZ: two Higgs doublets model KSVZ: heavy quark model
couplings to leptons at tree level couplings to leptons only at loop level
quarks/electrons related by Beta photons/electrons related by E/N
Gae = 2% cos Bowsz _3a*Nm. (B f, 24+ztw A
3Ja Jae 27 fa N me 3T4z+4+w me
_ X\ 2 zZ = my/mqg, m
tan(8prsz) = ( ) u/ d>s u/d
Xy w=1my/ mbl
Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) Kim-Shifman-Vainshtein- Zhakharov (KSVZ)

E 24+ 3) axion-photon coupling
N same for both models

4 )

® relative contributions from each component can allow to distinguish between models
(Primakoff dominates in KSVZ models); can also constrain Bprsz
® nuclear transition contribution always relatively small

- _J
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Solar axion/ALP flux X@

Matter Project

ABC (Atomic recombination and deexcitation, 8 : : : : : : :
Bremsstrahlung and Compton)
— 7 -]
Aors 22 )
dd, _ ] / v 4w [P () > -
dw 47TH12:arth Sun (27!')3 @ H-M
= 5 ABC o gae* -
N
£ 4 -
@)
A (o)
Primakoff: S 3 .
= Primakoff « gay? 57 12
Fe « (g&h) -
Pri 2 , N 2.481 ) x
A5 gar NP B\ ey | B
dE JeV ! keV ' o1 b
x 6 % 10% cm %8 'keV I, l | |
%.O 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Energy [keV]

Fe-57 nuclear transition:

v 3 .
o, Fe ( a) x 4.56 x 10%3(g¢27)? em2s™ 1.

k: momenta of axion, photon
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Statistical inference

3D
P

confidence volume (90% C.L.)

rojected onto 2D regions

ay [GeV1] Primakoff
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Discrepancy with astrophysical constraints from
stellar cooling
(arXiv:2003.01100)
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Statistical inference X@

Matter Project

3D confidence volume (90% C.L.)
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stellar cooling
(arXiv:2003.01100)
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Solar axion/ALP X@

Matter Project

3D confidence
volume (20%

C.L) 10°1° —— ——
Projected onto
2D regions 10—16 <« CAST (m; < 10 meV)

pESL

wsvt

XENONI1T
(this work)

10-23 ‘ 10-22 I1I0|-21
JaeJay [GeV‘l |

Primakoff and °’Fe components can be absent if No statistical significance for
the ABC component is present Primakoff or >’Fe on their own
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Neutrino magnetic moment e

Matter Project

107 A 40 . . . . .
— 7Be 13N |- B 1, =0 |
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L
103
51 |
101 b A —
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g Lzl Energy [keV]
d 11
R
dE; E, E,
In the (extended) SM: A larger value would imply new physics, and

possibly solve Dirac vs Majorana.

Majorana
fermion
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Neutrino magnetic moment e

Matter Project
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clusters dwarfs (this work)

My € (14, 29) X 10_11 HEB
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Component

Expected
Events

©

XENON

Matter Project

Constant in time?
(shared across partitions)

214Pp (3450, 8530) 7480 +/- 160 YES
I- Il B B B BB =B =B =B = = I:
85Kr 890 +/- 50 773 +/- 80 NO
136 Xe 2120 +/- 210 2150 +/- 120 YES
133Xe 3900 +/- 410 4009 +/- 85 NO
131Xe 23760 +/- 640 24270 +/- 150 NO
83mKr 2500 +/- 250 2671 +/- 53 NO
Materials 323 (fixed) 323 (fixed) YES
Solar neutrino 220.7 +/- 6.6 220.8 +/-4.7 YES
r Il B BB B BB BB B EJE = I'
0 KK 0 125 +/- 50 113 +/- 24 YES
i 124 Xe KL 0 38 +/-15 34.0+/-7.3 YES
[ |
| L 1 28 +/-1.1 2.56 +/- 0.55 YES
s s s s m|m =l
K 79 +/- 33 67 +/-12 NO
125] L 15.3 +/- 6.5 13.1 +/- 2.3 NO
M 3.4+/-15 2.94 +/- 0.50 NO

i |
m unconstrained in the fit

L------------------
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Probabilities INE

Matter Project

CMS / ATLAS CMS / ATLAS CMS / ATLAS CMS / ATLAS
750 GeV yy 750 GeV yy Higgs 2012 Higgs 2012
(global) (local) (global) (local)
g
i |
. \;_:;] :_:\ :_::'.fl
g (8 (E8 |[&8
£33 3y Fy i3

(
[
(
r
l

6o

1

10°® 107°
nature

. )
] L
oW <
. " e nn
o -r N
Fa A At )
\ - 8
o o’ - 4
D R
! 3L
v ¥, >

Bosonic DM Tritium; Solar Axions Solar Axions Bosonic DM

(global) Magnetic (global) (ABC only) (~2.3 keV)
neutrinos
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