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XENON Collaboration: ~170 Scientists

XENON Collaboration Meeting, July 2022, Torino
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Search for ER Signals

Solar axions
Bosonic dark matter
etc
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This talk focuses on ER searches

Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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See Giovanni Volta’s talk for WIMP
search in XENONNT
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XENON1T Excess

- 2l4phH - Solar v -—- 8mKy PhyéT(:‘S ABOUT BROWSE PRESS COLLECTIONS _
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- Materials - 13myYe - B,

- 157 § SRI1 data

VIEWPOINT

Dark Matter Detector Delivers Enigmatic

Excess electronic recoil events in XENON1T
E A IXEN oration)

Recent Articles

Redefining Hows Neutrinos Impede Dark
Matter Searches

A new definition of the “neutrino floor” in dark
matter experiments clarifies the challenges
ahead in differentiating neutrinos from WIMPs,

Events/(t-y-keV)
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10 15 20 main analysis uses
Energy [keV] profile likelihood ratio)

XENON Collaboration,
PRD 102, 072004 (2020) 5
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What Caused the Excess?

Solar axions

— H,: By ;

— Hui: By + axion N & e Axions can be produced in the Sun via its couplings to

' electrons, photons, and nucleons

e Solar axions can be detected in LXe detectors via axio-
electric effect and inverse Primakoff effect, which was not
considered in XENON1T but is included in XENONNT

e Solar axion hypothesis is favored by XENON1T data at 3.40
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New physics?

e Facts about tritium
e Undergoes pure beta decay with a Q value of 18.6 keV — Hi: By+°H
e Long half-life (~12 years) compared to XENON1T operation
time (~2 years)
e (Can be introduced to an underground detector in the forms of
HT and/or HTO
e Facts about tritium hypothesis

e Tritium hypothesis is favored by XENON1T data at 3.2 ¢
e No external constraint on the amount of tritium, in particular HT
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XENON Collaboration,
PRD 102, 072004 (2020) 6
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How to Decipher the Excess

What if I have a larger detector
with lower backgrounds...

(
S, v

Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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XENONNT

Background

Active volume

mm 1l _: _::::_=====_
s:ss sés?gaaaag

XENONNT TPC

XENON1T TPC

Radon distillation column Neutron veto

Liquid purification system
Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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XENONNT SRO

220Rn data )

AmBe data
8mKr data

SRO data

Hotspot

Livetime [days]

TED

3TAr data

2021-05 2021-06 2021-07 2021-08 2021-09 2021-10 2021-11 2021-12

Krypton distillation Date (UTC)

XENONNT SRO recorded an exposure of 1.16ty, ~x2 of XENON1T ER search

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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Charge Yield [PE/keV]

Residual [PE/keV]

Energy Response Modeling and Validation

x’-fit H# Low energy lines

t10  ++ High energy lines (excluded)
+20

AP
I 2.8 keV
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Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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Validation

e Skew-gaussian is used for energy smearing
o Efficiency/smearing is validated by 220Rn/3” Ar calibration data

10


mailto:jingqiang.ye@columbia.edu

>
)
-4
>
o
<
n
i)
a
)
>
]

Backgrounds

o 136Xe - 124Xe . 83mKr
Solar v Materials — ¥Xe

Energy [keV]

“2Rn: ~ 1.7 uBg/kg (XENON1T SR1: ~ 12 uBq/kg)
"atKr: (56 = 36) ppq (XENON1T SR1: (660 = 110) ppq)

B3MK background is due to leftover of calibrations
Spectral shape dominated by two double-weak decays:

. 136Xe2upp
o 124Xe 20 ECEC

11
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Why Not Include °’Ar Background?

Facts about >’ Ar

— 3 Decays & Det. ER e produces a 2.8 keV peak via electron capture
== Total background : e short half-life: 35 days
Sys. rate unc.
Sys. & stat. rate unc.
g 6 Data
>
25
z, PACe N  Why is °’Ar not possible in XENONNT?
5 arXiv: 2207.03764
M 30 . e
e Cosmogenic activation
20 e Xenon in the XENONNT detector has been underground
for years
e Before taking SR0O data, the entire xenon inventory was
6 7 8 9 10 11 12 13 14 15 16 17 cryogenically distilled by the Kr-removal system
Reconstructed Energy [keV ] underground, which is also effective in >’ Ar removal.

XENON Collaboration, PTEP 2022, 053H01.

= Cosmogenic activation (or any initial presence of STAT
37T At is observed in the LZ experiment due to cosmogenic after distillation) is not possible

activation during transportation above ground e Leak
e ‘leak’ size is small using the conservative estimation of
nat-Kr variation

o combined with the measured >’ Ar activity in the lab air,
the 3/ Ar amount ‘leaked’ into the detector is negligible
= 37 At leak during the SRO operation is not possible

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu) 12
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Special Treatment for Tritium

 TPC outgassed for ~3 months before filling GXe to reduce HTO/HT

* |nitial HT was considerably reduced when the entire xenon inventory was
processed through the Kr-removal system

e Xenon was transferred to the liquid storage system via high temperature getters
with hydrogen removal unit (HRU) before filling

* Prior to cool down and filling, the cryostat and TPC were treated by
continuously circulating GXe for ~3 weeks

 GXe or LXe was always purified via the getters when filled into the cryostat

e HRUs were regenerated before SRO

Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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Tritium Enhanced Data (TED)
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e Bypass the getter purifying the GXe volume to enhance H2/HT
e The enhancement factor is conservatively estimated to be 10, but can be much larger

Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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Tritium Enhanced Data (TED)

—— Total --- 'Xe --- 1#Xe --- AC
- 214pp --- Solar v --- Materials -—
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e Bypass the getter purifying the GXe volume to enhance H2/HT
e The enhancement factor is conservatively estimated to be 10, but can be much larger

 No excess is found in TED data after unblinding

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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Unblind (Main) SRO Data
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SRO data

WIMP search
region (blinded)
Excluded region

e Unblinded ER region only
 NR region (for WIMP search) is still blinded

. . . , arXiv: 2207.11330 44
Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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XENONNT Results

15
Energy [keV]

No excess is found in XENONNT!
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Background-only Fit Results

_ 214Pb 136Xe _ 124Xe . 83111Kr
85Kr Solar v Materials — !3*Xe

Best-fit values

(1,10)keV | (1, 140) keV

2l4pp, 56 +7 980 £ 120

Events/(t-y-keV)

85Kt 6+4 90 £+ 60
Materials 16 =3 270 £ 50

60 80 100 120 140
Energy [keV]

136Xe 8.7+0.3 1520 £50
Solar neutrino 25+2 300 £ 30
12454 26x0.3 260 = 30

AC 0.70 = 0.03 0.71 £ 0.03
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133ya 160 = 60

83m 8016

20
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o 214Pb best-fit rate: (1.36 + 0.17,,,) uBg/kg

e Solar neutrino: the 2nd largest ER background below 10 keV

e The total ER background below 30 keV is (16.1 £ 1.3 )events/(t -y - keV), the lowest background ever
achieved in a dark matter detector, ~x0.2 of XENON1T ER search

. . . , arXiv: 2207.11330  4g
Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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Solar Axion Limit

KS\TZ

[I-Xepued

XENONNT
(This work)

LINONAX

o Statistical inference is done in 3D space (g, Say 8:{17)

« Projection to 2D space of g,. and 8ay aS they matter most for the low-energy region

arXiv: 2207.11330
Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu) 19
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Solar Axion Limit

Majorana

PandaX-II

XENONNT
(this work)

XENONNT
(this work)

red giants

‘0‘ 10_11 ': :.
1072 0.1 1 10 1073 1072 0.1 10 102

axion mass [eV/c?] axion mass [eV/c?]

10—13

« Valid for axions with mass below 100 eV /c*
e Best direct detection limit of g, for axion mass below 100 eV/c?
» Best direct detection limit of g, for axion mass between 1 and 100 eV/ c?

20
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Neutrino Magnetic Moment Limit

PandaX-II

I XENONIT

Borexino (S1S2)

TR

T
Cluster XENONnT
I (This work)

o Constrain the effective neutrino magnetic moment ,ufff using solar
neutrinos as LXe detectors are not sensitive to neutrino flavors
e XENONNT result: % < 6.3 x 10712 5 (90% C.L))
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Bosonic Dark Matter

X-ray and gamma-ray
on lifetime a— yy

CDEX-1B

XENONNT
(This work)

e Bosonic DM:
e ALPs
e Dark photons

CDEX-1B

/

1
1
)
1
)

~/ 1
N~

10
my [keV/c?]

Dark photon

e Competitive limits for mass in (1, 39) and (33, 140) keV/c?
« No limit/sensitivity between (39, 44) ke V/c? because 3°™Kr background rate is not

constrained
e The maximum local significance ~1.8 o at ~109 keV

XENONNT
(This work)

arXiv: 2207.11330
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129X e 20ECEC

o 136Xe - 124Xe - 83mKr
Solar v Materials — 3¥Xe

100 200 300 400 500
124Xe 20ECEC [events/(t-y)]

Energy [keV]

o 12*Xe 20ECEC rate is unconstrained in the entire analysis; BRs are fixed
e Stand out in the energy spectrum due to the ultra-low background

e LL peak is visible even with only ~1% BR

e KL & KK peaks are used for calibration purpose (energy resolution)

e The measured half-life 77/, "¢ = (1.15 £ 0.13,, £ 0.14,,) X 10** yr with a significance of 10 &

e Statistical uncertainty decreases to the same level of the systematic uncertainty
« Consistent with the latest XENON1T result, TIZ/EECEC = (1.1 £0.23,, £ 0.1, X 10%% yr.

XENON Collaboration, Phys. Rev. C 106, 024328
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Summary

This talk presents the XENONNT ER search with 1.16 tonne-year exposure

XENONNT has achieved the lowest ER background rate ever in a dark matter detector,
(16.1 £ 1.3,,)events/(t-y - keV) below 30 keV

sta

The XENON1T excess is NOT observed in XENONNT

XENONNT places the competitive limits on several new physics models, including solar
axions, neutrino magnetic moment, ALPs, and dark photons

Improved measurement of 1**Xe 20ECEC half life,
TP 15 ORI Wt (.14

) X 1022 VI s WWW.xenonexperiment.org
5 xe-pr@lIngs.infn.it

Sys

y twitter.com/xenonexperiment

facebook.com/XENONexperiment

arXiv: 2207.11330 instagram.com/xenon_experiment
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Two-phase Time Projection Chamber (TPC)

time

drift time
(depth)

. — o®
particle = o353
%
; 90300
N [ )

e Signal detection:

e Light signal (S1)

e Charge signal (S2)
e 3D position reconstruction
e Energy reconstruction

Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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ER events deposit all
the energies into ST
and S2

Energy reconstruction

E=(ny+n) W
cS1  ¢S2,

=(—+—2)-
gl 82y

W

W : 13.7eV/quanta

cS1 cS2
gl=— g2, = .

nph ne

gl, g2,: detector specific

>
()
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S~
@
)
=
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e
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n
O

Charge yield

signal gains
2D space
A
o T cS1  cS2,
S| - E=(r+
o\ ° gl g2,
! * .
Q
>
cS1 [PE]

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)

cS2,
)

Light yield

g2 cS1 N g2
gl E %4
kx +Db

4OK
1460.8 keV

131111Xe
163.9 keV

83m Kr
41.5 keV

1291nXe
236.2 keV

gl = (0.1426 £ 0.0001) PE/ph

g2, =(1.55%=0.01)PE/e

§) 7
cS1/E [PE/keV]

1D space

dN/dE

R R

E [keV]
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ER Backgrounds in XENON1T

3.8 Days

. 2l4pp . 136xe ——. 125]
5MeV |a At
- 85Kr - 13lmXe  —=- Solarv Sl

- Materials - 83mKy —— Total

133X e 124Xe Po |0 P Po

3.1 Min. e 116 Mey 138 Days

3.'{5310\ - & 5.3 Me
6.0 MeV |© BI - BI -

1.5 Sec.

Y P
/B
63.5 keV
Pb
«

>
(b)]
~
P
—
nn
it}
a
D]
>
]

75 100 125
Energy [keV]

 Dominant background from beta decay of >'“Pb,
a daughter of >*’Rn

e ~13 uBag/kg **’Rn
e Lowest ER background level among all dark matter
direct detection experiments (before XENONNT is

online
) PRD 102, 072004 (2020)

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu) 28
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Solar Axion Hypothesis

Model independence: three components scale independently

ABC axion
"Fe axion
Primakoff axion

>
)
=
>
EE)
<
0
EE]
s
)
>
]

15 20
Energy [keV]

Most favored hypothesis by the XENON1T low-energy excess data

PRD 102, 072004 (2020)

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu) 29
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Solar Axion Hypothesis

— ABC
—— %"Fe
Primakoff

(e} —

0. [zb/atom]
©
(@)

Events/(t-y-keV)

o
N

o
[N

Reconstruction

—— ABC
57Fe
Primakoff
Jae = 3.5 X 10712
geff=1x10°

Energy [keV]

(Efficiency, energy resolution)

~

Production * Detection °
Axion \
Electron Photon NI Axio-electric effect
2 E2
ga’e gafy gan — Gacla
K j Jae = Op 8mam?

Final spectra

PRD 102, 072004 (2020)
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Solar Axion Results

sjuelb pal

SIIRMD 91TYM

90% confidence level volume in
three axion coupling space

Project to 2D for easy visualization

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)

CAST (m, < 10 meV)

vSL
R XENON1T

(this work)
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Neutrino Magnetic Moment Hypothesis
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Events/(t-y-keV)

10 15 20
Energy [keV]

PRD 102, 072004 (2020)

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu) 32
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Neutrino Magnetic Moment

T 7 TI

strong tension with astrophysical constraints

-
-

Borexino Gemma Globular White S2-only S1+S2
clusters dwarfs (This work)

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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Tritium Background Hypothesis

Tritium

N
(@)
(@)
o

>
=
2
o
o'

8 10 12 14 16 18 20
Energy [keV]

Peaked at low energies

Long half-life (12.3 years)

Events/(t-y-keV)

15 20
Energy [keV]

( Fitted rate: (159 £ 51) events/(t-y) j

[ SH/Xe: (6.2 £ 2.0) X 1072 mol/mol )

~3 tritium atoms per kg xenon

PRD 102, 072004 (2020)
34


mailto:jingqiang.ye@columbia.edu

Possible Explanations

Solar axion Solar neutrino with an enhanced magnetic moment

ABC axion
%Fe axion
Primakoff axion

>
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g
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~
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i}
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]

Events/(t-y-keV)

15 20

Energy [keV] 15 20

Energy [keV]

New physics?

A generic mono-energetic peak
Best-fit @2.3 keV

—— B + 2.3 keV peak
-=-= 2.3 keV peak

>
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~4
>
—
5
0
-+
=
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>
[

Events/(t-y-keV)

Energy [keV]

XENON Collaboration,
PRD 102, 072004 (2020) -

Energy [keV]

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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Solar Axion vs. Tritium

ABC axion
—— H;: By +3H + axion °"Fe axion

>
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>
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10 15 20
Energy [keV]

An unconstrained tritium component is added to
both alternate and null hypothesis

Tritium is outperformed by solar axions

The significance of solar axion hypothesis
Is reduced to 2.0 o

PRD 102, 072004 (2020)

Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu) 36
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Deficit around 17 keV?

By fit, 1.00 - 30.00 keVee

S
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~
v
-
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w

N
oo

Excess events /bin

15
Energy [keVee]

Unbinned likelihood used in analysis

Deficit gone with rebinning

Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)
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XENONNT Upgrades

Lifetime [ms]
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Liquid purification system

Jingqgiang Ye, Columbia U. (jingqgiang.ye@columbia.edu)

Time [d]

XENON Preliminary

Excellent purity achieved within
the 8.5 tonne total mass

Unprecedented long electron
lifetime in a LXe TPC (currently
20 ms)

System uses ultra-low radon
emanation purifiers

38


mailto:jingqiang.ye@columbia.edu

Event distribution

Data outside FV

ER data

ER data<10 keV

ER data « Data outside FV

ER data<10 keV
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Energy Reconstruction
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Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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Detection Efficiency
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{ Waveform Simulation
Data-driven Method

5 10 15
Number of Photons Detected
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Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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Energy Spectrum Modeling

True spectrum

Solar axions
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Backgrounds

- 214Pb o 136Xe . 124Xe . 83anr
8BKr Solar v Materials — 3Xe
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e *2Rn: ~ 1.7 uBq/kg (XENON1T SR1: ~ 12 uBq/kg)
e (660 =% 110)ppq(56 £ 36)ppq
o 214Pb rate is constrained by a uniform distribution between 2!4Po and !3Po in
the fit
e :(0.777 £0.0064, £ 0.032,) uBqg/kg

. 218Po: (1.691 % 0.006,, *+ 0.072,,,) uBq/kg
e Spectral shape dominated by two double-weak decays:
o 12%Xe 20ECEC

. 136Xe 2088

o 83MKr packground is due to leftover of calibrations; unconstrained in the fit
Jinggiang Ye, Columbia U. (jinggiang.ye@columbia.edu)
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