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gran sasso, ltaly

XENONA1T at Gran Sasso, Italy

Muon Intensity, m 2y

10

|_aboratori Nationali del Gran Sasso in ltaly
1,400 m rock overburden (3,400 m.w.e)

Muon flux vs overburden
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XENONAIT Detector

Cryogenics &
Purification

eDirect Dark Matter
(WIMP) search detector

«3.2 tonne total/ 1 tonne
fiducial LXe

e f[wo phase Xe TPC
~250 x 3 inch PMTs

N —
------

e2012-2018 (terminated) =§% S [3 —— At
.--:: ‘)‘:' My “ | P A

@ & Xe Analytics
Xe Storage& LSy B

Recovery
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Two-phase Xe Time Projection Chamber

Two signals for each event:

. SCinti"atiOn Ilght _ S1 * 3D event imaging: x-y (S2) and z (drift time)
- - * self-shielding, surface event rejection,
- lonization electron -S2 single vs multiple scatter events

* Particle identification using S2/S1 ratio
(nuclear recoil vs beta, gamma)
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N Interaction with dark matter
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Inside an Electron LELEET
Atom Atom

Orbit

Nucleus fastne ' Nucleus ga
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- lonization electron -S2

Two-phase Xe Time Projection Chamber

 Recoil type discrimination from ratio of charge (S2) to light (S1)

104 | | | |

Electronic Recoil (ER)

102 '~ | | | | |
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- Scintillation light - S1
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- lonization electron -S2

CSZb [PE]

Two-phase Xe Time Projection Chamber

104 |
I Electronic Recoil (ER) Garbage
, Nucleal Recoil (NR)
& WIMP Search
102 0 = 2IO 4|O 6|O 8IO

* Recoil type discrimination from ratio of charge (S2) to light (S1)
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Most stringent result on WIMP Dark Matter down to 3 GeV/c2 masses [PRL 121, 111302 + PRL 123, 251801]
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Phys.Rev.Lett. 121 (2018) no.11, 111302
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PRL 123, 241803 - Migdal effect
PRL 123, 251801 - Light dark matter

PRL 121, 111302 - Main WIMP search

XENON1T
S2-only Migdal
S2-only NR
XENONA1T
S1-S2 NR

XENONA1T
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Dark matter particle mass [GeV/c?]
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Observation of two-neutrino double electron R~  JECEC w1251 calibration data
capture in “*Xe with XENONIT - Background | — =
XENON Collaboration*

Electron capture Neutrino emission

K LM
Atomic ALY
relaxation "
50 55 60 65 70 75 80
Energy (keV)

The direct observation of 2vECEC in 124Xe with the XENON1T dark-matter detector.

The corresponding half-life of 1.8 x 1022 years is the longest measured directly so far.

Masaki Yamashita, ISEE, Nagoya
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NCE Signal Efficiency and Fiducial volume
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Similar selection criteria as WIMPs search in 2018

High acceptance for ER energy > 2 keV
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Excess between 1- 7 keV!
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Excess Is most abundant between 2-3 keV
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Search for an excess above background. 10 BG components
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Unbinned profile likelihood analysis

E(/“l’31 Hb, 9) — POiSS(NIP'tot)
N
Hb; Hs
X : : Ez,o | C Eug
1:[ 2]: o fv,(Ei, 6) veor (Ei, 0)
|1 Cuu(v,) x [ Co(6), (1)
Htot = Z#b_, == Hs,
J

Profile over the nuisance parameters

Combining the likelihoods of the 2 partitions

£=£a><£b
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Background?
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Signal? (Beyond Standard Model)

Solar Axions

- QCD axion
= Axions would also be produced in the
Sun, with kinetic energies ~ keV

Neutrio Magnetic moment
In the (extended) SM:

A larger value would imply new physics, and possibly solvE
Dirac vs Majorana.

Bosonic Dark matter

- candidate for Warm Dark Matter
- Axion-like particles like QCD axions.
-allows for ALPs to take on higher masses than QCD axions
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Background?

B-decay of tritium?

Low-energy (Q value 18.6 keV)
Long half life (12.3 years)
Atmospherically “abundant” and
cosmogenically produced in xenon

Removed by purification system?

Masaki Yamashita, ISEE, Nagoya
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Signal? (Beyond Standard Model)

Solar Axions

- QCD axion
= Axions would also be produced in the
Sun, with kinetic energies ~ keV

Neutrio Magnetic moment
In the (extended) SM:

A larger value would imply new physics, and possibly solvE
Dirac vs Majorana.

Bosonic Dark matter

- candidate for Warm Dark Matter

- Axion-like particles like QCD axions.
-allows for ALPs to take on higher masses than QCD axions
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Unbinned likelihood ratio
tests

Profiled over nuisance
parameters

A
A

o iy, 0
Q(:us):_zlnﬁ(lf {Lb A),
£(:u87u’bvg)

statistical significance:
= q(0)

Statistical Inference

Solar Axions

independent*
parameters

ABC rate
Primakoff rate
>/Fe rate

*No assumptions about specific QCD
axion models

parameter

solar v rate

enhancement

e

XENON

Matter Project

-dimensional
confidence
volume

-dimensional
confidence
interval

o

smoothly transitions from upper- to two-sided
[imit at 3o. (K.D. Mora, arXiv:1809.02024)
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ER is the dominant background

The XENON1T ER Background e

XENON

Matter Project

Surface background & neutron distribution are not uniform. sonev o (AR
Spatial likelihood is taken into consideration. -
dominated by Pb214 betas Po |\ !ZP 3?0
| /‘?.’IM(:V: /p
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Masaki Yamashita, ISEE, Nagoya Lowest background rate ever achieved in this energy range! og



~;,E Tritium (3H) 2 Ae

XENON

Matter Project

INSTITUTE FOR SPACE-EAR
ENVIRONMENTAL RESEAR(

1

30

il

6ol | /7 Low energy (Q-value 18.6keV)

Events/(t-y-keV)

Long half life (12.3 years)

Two possible ways to introduce tritium:

1|5
Energy [keV]
Cosmogenic production

10000 7 |AEA spectrum
— after efficiency and
resolution
8000 1 -
Atmospherically abundant

S 6000
s,
Y
i(v]
€  4000-

20001

0.
0.0 2.5 5.0 75 100 125 150 17.5 20.0
Energy [keV]
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Tritium

Tritium favored over background-only at 3.2¢

Rate

159 + 51 events/(t - y)

3H:Xe concentration

0.2 =

- 2.0 x 107*°> mol/mol

Masaki Yamashita, ISEE, Nagoya
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Cosmogenic activation of xenon:
~32 tritium atoms/kg/day

--ﬁ

~19
(Zhang, 2016) 10
- ol g |
1 ppm water in bottles 1. Above ground 2. Underground = : 1 0_2]
Xe implies tritium forms production decay § i
predominately HTO. § |
1
o kL
4

Efficient removal (99.99%) in
purification system (SAES
getter with hydrogen removal
unit)

o <
3SH/Xe [mol/mol]

5. Purification

SH Activity [uBg/tonne]
=
1,

[ O ——

From purification and
handling, this component \
seems unlikely.

\ Q Q \ Q Q Q Q
N QO A\ QO \(7»0 \b,Q ,&60

\
Time [days]

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

Masaki Yamashita, ISEE, Nagoya 31
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Atmospheric abundance in materials

Any T Iin xenon gas prior to
filling would be removed.

What about T emanating
from materials in equilibrium
with removal?

®

Masaki Yamashita, ISEE, Nagoya

HTO:H>,O concentration™

(assume same for HT)

5—10 x 10~*® mol/mol

Required (H2O + H»): Xe
concentration to explain 60-120 ppb
excess

4 H,O )

H->O:Xe concentration constrained from
light yield measurement

O(1) ppb

\_ /

*IAEA/WMO, “Global Network of Isotopes in
Precipitation. The GNIP Database.”
https://nucleus.iaea.1723org/wiser(2015).

4 H, )

Hy:Xe concentration not constrained by any
measurement.

O2-equivalent concentration is <ppb from
xenon purity measurement (e-lifetime)

H> would require equilibrium
emanation rate ~100x higher than
electronegative impurities.

\_ /
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Any T Iin xenon gas prior to
filling would be removed.

What about T emanating
from materials in equilibrium
with removal?

®

Masaki Yamashita, ISEE, Nagoya

Tritium Hypothesis
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Atmospheric abundance in materials

i . . * |
HTO:H,O concentration 510 x 1018 mol /mol

k (assume same for HT) )
Required (H2O + H»): Xe
concentration to explain 60-120 ppb
excess

4 H,O

H-O:Xe concentration constrained fron:
light yield measurement

O(1) ppb

\_

*IAEA/WMO, “Global Network of Isotopes in
Precipitation. The GNIP Database.”
https://nucleus.iaea.1723org/wiser(2015).

/

)

l ) H,:Xe concentration not constrairned by ~.y

H»

measurement.

O2-equivalent concentration is <ppb from
xenon purity measurement (e-lifetime)

H> would require equilibrium
emanation rate ~100x higher than

electronegative impurities.

\_

)

/
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Tritium Hypothesis (= on® 1
HTO:H,O concentration 510 x 108 mol /mol

(assume same for HT)
Any T in xenon gas prior to - /
filling would be rpaaaxas A

And there are additional uncertainties...
What about T em

from materials in » Unknown radiochemistry in liquid xenon environment (isotopic exchange,
with removal? diffusion, solubility, etc.) J

» Presence of other tritiated molecules?

27U ./NAC @ C d LI U @ C C TOITT

onstrained by .y

ight yield measurement | | measurement.

O2-equivalent concentration is <ppb from
xenon purity measurement (e-lifetime)

? 0(1 ) ppb H2> would require equilibrium

O \_ "/ | emanation rate ~100x higher than
*IAEA/WMO, “"Global Network of Isotopes in electronegative impurities.

Precipitation. The GNIP Database.”
Masaki Yamashita, ISEE, Nagoya https://nucleus.iaea.1723org/wiser(2015). \ )
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olar AXion | X@

AXxion XENON
Solution to the “strong CP problem” Mattor EToject

Natural candidates of the dark matter

Axions would also be produced in the Sun, with
kinetic energies ~ keV
However, solar axion is not a dark matter.

Primakoff « gq*

ABC x gge*

20 ~ TGl i
2.5 5.0 7.5 10.0 12|5 N - - ‘3"‘ N .
| | ].Energy' [ker T> 15 | A@' A Prlmakoff o< gav ga - —
g o J R N
Production i -8 ol
= 10 -
ABC axion (Redondo 2013, Dimopoulos 1986) Q
. . . ©
(atomic recombination, Bremsstrahlung, Compton) a2 i

*Primakoff (Primakoff 1951, Dicus 1978)
M1 transition of 57Fe (Moriyama 1995)

.

0 25 %50 75 10.0 12.5
Masaki Yamashita, ISEE, Nagoya \\ Energy [keV]

15.0 /17.5 20.0

36
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~

@)

ABC « gae2 —

&)

O8]

Primakoff « gay2 57Fe o (goff)2
an =

N

Flux [106 cm™ d! keV!]
N

f—

I | ]
.0 2.0 5.0 7.0 10.0 12.5 15.0 17.5 20.0
Energy [keV]

- )

Primakoff « gay2gae? _

*’Fe = (g5n)*Jae’

| |
%.O 2.0 5.0 7.5 10.0 12,5 15.0 17.5 20.0
Masaki Yamashita, ISEE, Nagoya Energy [keV] 37 -
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~ Fitting Axions to the Excess &
IS =F XENON

INSTITUTE FOR SPACE-EARTH Matter Project
ENVIRONMENTAL RESEARCH
I I I I I

140 | =—— H(): Bo """ ABC axion ~
—— Hi.: By + axion = seeses °/Fe axion
L2 Primakoff axion
*Unbinned profile likelihood N
analysis o 100F I il
>
, o o0 I _
« XENON1T BG + Axion = | TN A 1T Ty 11 4
(ABC, Primakov, 57Fe) 2 60 IL
% |
" : O 40 —
* + Tritium background will com | I
later. 0 L _
O : ................... L et Tt
0 5 10 15 20 25 30

Energy [keV]

Axion favored over background-only at 3.50

Masaki Yamashita, ISEE, Nagoya 38
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~_ Solar Axion Results

&)
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l S OR SPACE-EARTH
MENTAL RESEARCH

3D confidence volume
(90% C.L.)

Masaki Yamashita, ISEE, Nagoya

DFSZ
— KSVZ

\

rExcludes one of:

‘gae:()

o Jay = ggﬁf —

f

\_

Jae < 3.7 X 10_12

JacgSlT < 4.6 x 10718

~

GaefJary < 1.6 X 10722 GeV !

J

e

XENON

Matter Project
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Tension:

Red giants
White dwarfs
HB stars

extra cooling
*If axions take away energy
from starts too much..

DFSZ
—— KSVZ

n 0
| 3.0 !

i

T 25
T 2.0

8
T15 o
T 1.0

T 0.5

> 0.0

Masaki Yamashita, ISEE, Nagoya

v Allowed Parameter Space X@

XENON

Matter Project

e
<
~

&=
S X@\ﬂ*
ERTY
: 0 . 5 E
=) > o
— A
F.' 10-9 — -
> =
O .
(D -
Z 1010 -
@) — m
D -
= e - :
ot bEl 1R _=
0. 7 D‘ESZ
< XENONI1T
= (this work)
10-12 7 I I |
0 1 2 3 4 5

ABC Yae

In tension with astrophysical constraints from stellar cooling

(arXiv 2003.01100)
40 40
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I=E Allowed Parameter Space ?ﬁ%

Profile over Primakoff

INSTITUTE FOR SPACE-EARTH
ENVIRONMENTAL RESEARCH

3D confidence volume
(909% C.L.)

*Projected onto 2D regions

XENONIT
(this work)

SIIEMP 91TUM

r ~ = \
- nl S/F I n
Poor fit for small ABC rate | —» Only accept € value near
best-fit
Masaki Yamashita, ISEE, Nagoya 9 y ¢ Y -
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Considering the Inverse Primakoff Process

e

XENON

Matter Project

(arXiv 2006.14598v1)

Interesting additions from theorists to our data analysis

Re-examining the Solar Axion Explanation for the XENONI1T Excess

Christina Gao,! Jia Liu,? Lian-Tao Wang,? > Xiao-Ping Wang,? Wei Xue,” and Yi-Ming Zhong®

10_8_r ;
- |
A » WDOLF excl.
Wig " :
{600’ ; "s‘. :
/’71/,0 ~.Jlf RGB excl.
- TR
107° SR :
RN Solar excl;
\jf_A ~s~ * 1
— with invPrim @ - '
l> ; . Xenon1T
8 10-1° : »PandaX+
| \ !
= | A excl.
© : )
) , !
i
L

-12(

Considering inverse Primakoff process
can weaken the tension with stellar
g constraint

i
R-parameter |s
excl.

— | UX excl;

coolin

10—12
gae

Masaki Yamashita, ISEE, Nagoya

'1'0-11

Z?ME Inverse Primakov
-./ """"""" S ot _\WItH Xe atomic electric field
120
100}

Events/(t.y.keV)

{ Signal
Total

AAAAAA

20 25 30
Energy (keV)

If inverse Primakoff process
dominates, it will not fit the excess

as good
42



Tritium + solar axion X@

XENON

Matter Project

Axion + 3H favored over 3H hypothesis at 2.10

ABC axion
Tritium (3H) is almost zero, but *'Fe axion
likelihood ratio Lsignal VS Lbg IS
small so the significance is
reduced.

events/(t-y-keV)

Energy [keV]

Can we distinguish the two hypothesis by additional checks?

Masaki Yamashita, ISEE, Nagoya 43



Neutrino magnetic moment + others

Masaki Yamashita, ISEE, Nagoya Masaki Yamashita 44
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Summary and Interpretations of the Excess

XENON1T observes ER excess events in 1-7 keV region

Neutrino Magnetic Moment (3.20)
v magnetic moment enhance the cross section.(Solar v in this case)

(c) Neutrino magnetic moment
10F — Hy By | | ey
120_— Hp: Bg + 11, |
z 100 - l 1104 cpd/keV
g 80 T ] | . l l i
£ 60 ] H l llllll I l}[-
o 40 1 d
20 | -
off
x107°
; 8§ ° Data
_92 75_ The best-fit signal + BG MC XMASS
B) 6:_ 1o errors
' - .
% 55— ------- signal MC at 90% CL limit arXiv:2005.11891
o 4F
5 3 < 1.8x107"19us
= 2F +|:=§=._,_It
— 1B | .
O- et P TP TPch Liotlel CETIT PTTT P
0 2 4 6 8 10 12 14

Masaki Yi:

Reconstructed energy [keV]

e

XENON

Matter Project

10-10 : I I I | I

-

T
T

10-12 | | | | |
Borexino Gemma Globular White XENONIT

clusters dwarfs (this work)

[ )

iy, € (1.4,2.9) x 107 pup

90% confidence interval

\. J
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. Summary and Interpretations of the Excess X@
J,S___‘i X ENON
S — XENON1T observes ER excess events in 1-7 keV region ——
] ] T T T
1019 —
Fitti - ' k to th : : :
e oakeV = Bosonic Dark Matter (3.00) EDELWEISEI
8 107
6L i SuperCDMS
5 7 CDEX 1B
o4 4 [© 10-12 3
© =
31 1 P? -
I
018 20 22 24 2.6 28 3. : XENONIT
mass [keV/c?] I (S2-only) XENONI1T -
Best fit: ~60 events/tonne/year 1014 3 (this work) E
4.0 0 local significance -
L] L] vl
3.0 ¢ (global). 10 1 00 ot 02

Masaki Yamashita, ISEE, Nagoya

m, [keV/c?]



~;,E Summary
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ENVIRONMENTAL RESEARCH

Background?

B-decay of tritium?
) 3.20

Low-energy (Q value 18.6 keV
Long half life (12.3 years)
Atmospherically “abundant” and
cosmogenically produced in xenon

Removed by purification system?

Masaki Yamashita, ISEE, Nagoya

e

XENON

Matter Project

Signal? (Beyond Standard Model)

Solar Axions 3.50
- QCD axion

= Axions would also be produced in the
Sun, with kinetic energies ~ keV

Neutrio Magnetic moment 3.20
In the (extended) SM:

A larger value would imply new physics, and possibl
solve Dirac vs Majorana.

Bosonic Dark matter

- candidate for Warm Dark Matter
- Axion-like particles like QCD axions.
- allows for ALPs to take on higher masses than QCD axions

3.00




More detall on analysis (FAQ)

Masaki Yamashita, ISEE, Nagoya



«wwr _ XENON1T’s Response to Betas
E_ﬁgent matching between data and MC

mmowemaluin to the energy threshold <~2keV !

co
- -
- -

Events/keV
N
(@)
(@)

!

—— Best-fit
[ SR1 %?°Rn data

Masaki Yamze

Energy [keV]

¥ o/ roonur IS used to calibrate

(+Po beta decay of Pb212
l

detector’s response
to ER background

1.00
214Pb (Main BG in XENON1T)

atomic exchange effect

i7)
=
-
-
o)
C
©C,
Q
= GEANT4 10.6
~ 0.90p .
— JAEA LiveChart
0.88 —— This work w/o exchange etfects
= This work — final '4Pb model
O'860 10 20 30 40 50
Energy [keV]
g ™

Atomic effects can increase rate at low energies, but have a small impact.
~6% uncertainty on the shape

~50% needed to account for excess

- _J

( Teamed up with expert on B-decay spectra (X. Mougeot) )

g4I
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Fluctuations and correlations

By fit, 1.00 - 30.00 keVee

e

XENON

Matter Project

120 T T T T ] 70
100 - 60 * 1.70
: | . -
© 80 [ - ¢
i ' l I +] | 1 l I 20 . ’ i «*
- 1
< 60 l l l ! c
N LERULIRY o]
.E:: — 40 . ® ° ® b ° L
2 40 [ . @ . .
(1] c
¢ 30 -
20 C— B() n W Y
[ SR1 data »
0 ; % % = 201 3.00
2+ . d
b [
. ) | 1 1 - | 1 ) 10 |
0 5 10 15 20 25 30 — Fit e Data lo 20 30
Enerqgy [keV] 0
£ 20 - *
g 10- . R .
L. . 5 . . . e * -
statistical fluke? (see 17 keV dip) > 0- . . — -
" ® ° ® . .
8 —10 - * . .
X -
funny correlation? (1-10 keV rising steadily) e : , ' , , ;
0 5 10 15 20 25 30

Energy [keVee]

Note: we use an unbinned profile likelihood analysis
Masaki Yamashita, ISEE, Nagoya
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~ Uniformity, Energy threshold, time dependency... €
/IS,__::E\ XENON

R [cm M P
INSTITUTE FOR SPACE-EARTH ‘ 10 18 25 30 35[ 4%) e o Th reSh OI d eﬂ:ects atter Project
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~ Energy Calibration at Low Energy X@
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S1 52
E = W(npn + ne) R

g1 and g2: detector-specific gain constants

37Ar (2.8 keV)

(-
-]
b

p—
n
(-]
o
Number of entries

nd
=)
<
N
N
o

e
O
O
o

(W

O

|
20
cS1 [PE]

Masaki Yamashita, ISEE, Nagoya Calibration of XENON1T down to 2.8 keV 5



XENON?1T results are ...
Inconclusive.
Then?

Masaki Yamashita
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R XENONexperiment
| “7 @XENONexperiment

XENONTT observed an excess of
electronic events at low energy.
What's the origin of such excess in
your opinion?

(see arxiv.org/abs/2006.09721)

Ps. If "other option”, write below (e.g.
blue spaghetti monster)

YA — ~EHR
Solar axions
Neutrino magnetic moment

- _:':".‘nk-.'_ I _:ull-l I_.v_v:n:_ l—.,‘ I‘-n’:'-
ritium or other bkg

Statistical fluctionation

Others arXiv 88 posts

Masaki Yamashita, ISEE, Nagoya

Masaki Yamashita
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7 Next Step: XENONRNT e
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Sensitivity Paper :arXiv:2007.08796

(- )

3X

Larger active volume

~1/6

Reduced background level
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Commissioning ongoing
. y,
Masaki Yamashita, ISEE, Nagoya
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NEE New Apparatus in XENONRNT X@

XENON
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ENVIRONMENTAL RESEARCH

* |nner region of purlflcatlon
existing muon veto

e optically separate e [aster xenon cleaning

e 120 additional PMTs e 5L/min Xe

e (Gd in the water tank (2500 slpm)

e 0.5 % Gd2(SO4)3 « XENON1T ~ 100 slpm

distillation

 Reduce Rn (214Pb) from
pipes, cables,
cryogenic system

* New system,
PoP in XENON1T

Masaki Yamashita, ISEE, Nagoya
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Matter Project

d ool mbsmd_ o

Masatoshi Kobayashi and
Danilo Tatananni with the
closed-up detector. “We did
ke U 1t,” they wrote Dr. Aprile.
W Masatoshi Kobayashi

1

Masaki Yamash‘




Next Steps: XENONRT Xe

XENON

INSTITUTE FOR SPACE-EARTH Matter Project
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XENONNT will discriminate axions from tritium

with ~ few months of data

| I | | | [ —
I 2Pb: 1 pBq/kg (XENONNT goal) I

§J 2Pb: 3 uBag/kg
10F I 2'Pb: 5 pBg/kg (achieved in SR2) I

B
MU

Expected o
@)
I

Based on energy spectrum alone. -

Uses best-fit from 1T search.
| | | | |

1 2 3 4 D o
Masaki Yamashita, ISEE, Nagoya Exposure [t-y] 58




e

Summary X ENO N

Matter Project

e ER Excess Events in XENON1T

- Solar Axion 3.50

- Neutrino Magnetic Moment (3.20)
-Bosonic Dark Matter (3.00)

- Tritium Background (3.00)

—-Solar Axion + Tritium + Background (2.10)

« XENONRNT will tell us next year (commissioning phase now)

eStay tune!

Masaki Yamashita, ISEE, Nagoya



