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XMASS-| detector

Japan
 Single phase (scintillation only) liquid xenon. vo..,,.. ‘
- 630 hexagonal & 12 round PMTs : 28-39% Q.E. :'.".'ff';"é
« photocathode coverage: ~62% [ESEEERSESP . el P
« Amount of sensitive xenon : 832 kg (dia. ~80 cm) B - ARy
« Muon veto: 10x10.5m water tank+ 70 20 inch PMTs Kamiae m-?.".m X |
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Properties of liquid xenon and WIMP searches

Properties of LXe

® High density: ~3 g/cm3
® High boiling point: 165 K

Expected signal rate (counts/kg/year)

® Good scintillator: 42 photons / keV V. Chepel and H. Araujo, arXiv:1207.2292
® Wavelength: 175 nm (directly detected by PMT) T ——
® High ionization yield: W = 15.6 eV Rkl 20kl My=100 GeVic?

® No long-lived RI (except for Bp)
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History of XMASS

® Construction of XMASS-I| detector was completed on Sep. 2010.
® Commissioning run was conducted till May 2012.

® Detector refurbishment was done for further background reduction.
— One order of magnitude reduction above 5 keVee for entire volume was achieved.

® [ ong and stable data taking was conducted from Nov. 2013 to Feb. 2019

(1898.4 days, live time = 1807.3 days)
® Data analysis is continued.
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Physics

Nuclear Recoil Energy [keVnr]
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Results from XMASS-|

Sub-GeV DM search
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Physics Results Trom XMASS-| Possiilty of SN neutrino detecion

2v ECEC on 124Xe, 126Xe - B 10
X101 PoriodT (1240 days) PTEP(2018)053D03 Solar KK axion search I
1.5:_ —~ 10° PTEP(2017)103C01 % 85— : . Livermore+background
1: % (%D’ - % ._ / / % / % E 7; H— Nakazato+background
- % “"g 1% / .% 62— 4 : E background
c - e E :
Al 2 s S ] o R 3 o] o4
020 60 80 100 ™20 60 80 00 3 - 2 F
Energy (keVge) Energy (keVge) O E 3 E
c 10" . = r
4 [e] 2.
x10™ Period3 (338.1 days) X107 Period4 (88.8 days) E , 1‘ £t
r o 14 1=
1-5: 2 1.5 E_ 10 Solar KK axion model E - bl o Lo ]
é: S 1oL % 2 4 6 8 10 12 14
5 1 © electron equivalent recoil energy [keV]
2 X
c 'ﬁ 111 1 II\I\I\I 11 11l 1 1 1111l
05 & 05 e <o 0”10 10" 10 GW related burst search
. - -3 .
. Ko i KK axion n@mber density 1, (m™) arXiv:2007.16046
80 100 40 60

Submitted to Astropart. Phys.

80 g
Energy (keVge) Energy (keVge)

Exotic neutrino interaction search %
PLB 809 (2020) 135741 [new!] g
€8qep g
y
[ e Searches for other 5
) a8
Vv v Vv rare events | 74000 |° | 1?00




~NONnNT

\;;7_"

\E

XENON

Matter Project




XE

~170 scientists, 27 institution, 11 countries.
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Liquid Xe TPC

® S1: prompt scintillation signal
® S2: delayed ionization signal

® 3D position reconstruction:
® XY:S2 hit pattern
® /:S?2-S1 delay

® Background discrimination
® Nuclear recoil (NR) from WIMP,
neutrons.
® Electron recoil (ER) from B, y.

(S2/S1)gg > (S2/S1) R




DM-nucleon cross-section [cm?]

Physics results from X

Spin independent WIMP-nucleon cross section
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PRL 123, 241803 - Migdal effect
PRL 123, 251801 - Light dark matter
PRL 121, 111302 - Main WIMP search
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® XENONIT is leading the searches both in
low and high WIMP mass region.
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Energy spectrum for electron recoil events

120 : : : ! :
100} l i
=
% ol i
: IIT III]I [1 1+ I ]
ALY
fam
:%40— ] g
20F — B, i
I SR1 data
0 - I f f } }
b_z:' Tl et e c ]
0 5 10 15 20 25 30

Energy [keV]

285 events between 1-7 keV were
observed compared from 232 £15
expectation.

This excess can be explained by solar
axion (3.4o), neutrino magnetic
moment (3.2c), or 3H (3.26)



Upgrade from XENONI1T to XENONnT
e, 7

CryogemCS/purlflcatIOﬂ =~ S ® | Xe TPC has been enlarged.
— ‘ ® Active target mass:

2 ton — 5.9 ton

® New apparatus:
® Rn distillation:

Online reduction of 222Rn
emanated from inside the

detector.
\Neutron veto:

120 additional PMTs
0.5% Gd,(SO,),

[ ' 2 ® LXe purification:
& {-'»W i /R =i Kr distillation column Faster xenon cleaning
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T
B W
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._ B 2 51 Xe analytlcs
' BB s, | "!!b

'nl

5 L/min LXe (2500 slpm)

Japanese contribution

LXe purlflcatlon/purlty monltor



Liquid xenon 1PC

Outer vessel

Inner vessel

Diving bell

Outer vessel flange

Top PMT array
Top electrode frames

HV feedthrough

Guard rings

Field shaping wires

Blocking and sliding
reflectors

Bottom PMT array

Bottom electrode frames
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Diameter = 1.3 m, Height = 1.5 m
L Xe mass:

® Full: 8.2 ton

® Active: 5.9 ton

® Fiducial: 4 ton

— 3 times larger than XENON1T
Top/bottom PMTs: 253/241
Design drift field: 200 V/cm
Design extraction field: 8 kV/cm
Optimized for low material budget
(PTFE thickness minimized) and
reduction of wall charge-up.



Irredgcible neutron BG w/o neutron veto N e Utro n veto (ﬂ\/@t@)

~1.8 events/yr/4 ton

® ~1.8 events/year irreducible neutron BG in 4 ton fiducial
volume are estimated without neutron veto.

E ® [agging efficiency of neutron veto newly installed:
« ~80-90% based on simulation.
- [3,50] keV in TPC ® 0.5% Gd,(SO,); - 8H,0
| [4,50] keV ® Upgrade for Gd-water purification.
I 4 ton ® EGADS/SK-Gd technology
15005000 2500 8000 3500 4000 4300 5000 ® Purity/reflectivity measurement systems are installed.
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cSZb [PE]

-xpected sensitivity

® 1.4x10* cm?forb GeV WIMPs for 5 years measurements with 4 ton fiducial mass.

m WIMP CEvNS (Solar ») M Neutron —— Observable ROI a rX | V : 2 O O 7 . O 8 7 9 6
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10749 =
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Direction sensitive
detector
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Direction sensitive detectors

« To go beyond Neutrino-floor

PHYSICAL REVIEW D 92, 063518 (2015)

. Time: 26th Feb. 2015 06:00 Target: Xe WIMP: m, =6 GeV, o,_, =4.9 x 107% cm?
_ b —— - - 0-1.6667 keV 1.6667 - 3.3333 keV 3.3333 - 5 keV
e, Galactic % . < (.
- 7 =2 center e s A N g0 : \
. = gaasr - y - : - B . . ‘ - : 4
- T T P T g N ~ 0 100 200 300 400 O 5 10 15 20 0.01 002 003 004
N WP = — L S BRI Time: 6th Sep. 2015 06:00
- 4 L p* - 0-1.6667 keV 1.6667 - 3.3333 keV 3.3333 - 5 keV
. y - b - el \

Q%

|
100 200 0

. \\\
0 0.01 0.02 0.03 0.04

dein/er [tonf' year~! sr7!]

o .
Solar B neutrino WIMP

« Directional detectors have “discovery potential” beyond the neutrino floor
« However, there are no feasible detectors possible to do ton scale experiment yet.
« Not ensured the scalability and stability (production, cost, quality) for such new technologies

18



Monoclinic crystal system /

wa B':G;B
« Anisotropic scintillator Vo

a=y=90° B>90° \P

 Light output depends on the incident angle — sweuecrtecysa

Cut edge of the crystal

14% difference has been observed! (Bottom Figs)

« Expected “diurnal modulation” of event rate due to
earth’s rotation e ol Ll

Requires 10 tons of crystal--- Doable! (Right Figs) =

o =80°
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XMASS refurbishment

Purpose of Refurbishment:
- Confirmation of BG reduction by shielding
of scintillation light originated from PMT Al

Cu frame

N\

JBlind corner

quartz window

- Also reducing 219Pb (2" |argest component quartz window 0 ¥ quartz window _ji
in BG) with electro-polishing and special clean }\ = =]
environment. Al scal DR ot Alseal [T

Energy spectrum for whole volume

[os]

Before refurbishment After installation of ring

i
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PLB715(2013)78-82| | ow mass WIMPs search

® Full volume (835 kg) analysis
® 6.80 days in 2012 Feb.
® 5591.4 kg day exposure

1039 r

® 0.3 keVee threshold
10-40
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PLB 724 (2013) 46-50

Solar Axion search

® Axion is a hypothetical particle to solve the strong CP problem
® Produced in the Sun by bremsstrahlung and Compton effect,
and detected in the detector by axio-electric effect.

® XMASS is suitable to search because of a large mass and low BG

Bremsstrahlung and Compton effect

@ em? s’ keV'

Axio-electric effect
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PRL 113 (2014) 121301 | Bosonic super-WIMP (1/3)

® Search for lighter and more weakly interacting
particles is attracting attention, because

So far no evidence of SUSY particles at the LHC.
Expectation on the structure on galactic scales of the CDM scenario
IS richer than observed.

® Bosonic super-WIMPs search (Pospelov et. al., Phys. Rev. D 78 115012 (2008))

A lukewarm dark matter candidate, and lighter and more weakly
interacting particles than WIMPs.

Deposit energy in a target material would essentially equivalent
to the super-WIMP rest mass.
Search for pseudoscalar and

vector boson (called as dark, para, or Photoelectric-like interaction

hidden photon) with photoelectric-like vora g

Interaction. a

For vector boson, no experimental + - - .
Z’E L =_ : Z,E

constraint so far.



PRL 113 (2014) 121301 | Bosonic super-WIMP (2/3)

® 166 days and 41 kg fiducial volume data.
® Search for mono-energetic peak at m, (the rest mass of a bosonic super-WIMP)
using various cuts optimized for each m,.
((1) pre-selection, (2) reconstructed radius (R<15cm) cut, (3) timing cut, (4) pattern cut)
® The remaining event rate of O(104) /day/keVee/kg is the lowest ever achieved
and consistent with expected BG from 214Pb.

Observed events Signal (MC simulation) 10" | I D.C.
& 10" m, = 40keV 107F — cut1-2 " Ar with */Ar x1/100 Malling’s
> F oy e e e m e - thesis
._-\‘_% 1 0—2 10—2 !_ cut1-3 1 00 L ‘i1 (2014)
> F [ Jeutt-4| — 1
210° 10°F PO CDMS Il Ge ;
o T 107 'F ' i
E i © 1
3 10 104f N )
O E . . _
50 100 150 50 100 50 f% 107 —L C -
> 1
F107 m,, = 80keV 10'F £ (o °F == ! |
2 ., 2 LUX XMASS > S
;310 102F o ( S X
F = 41 1 i
<107 103k 5 10 O = Brexino !
3 104k 104F S : ]
© , , , e e TN SNO
50 100 150 50 100 150 Y
> 0 . 107} ‘ |
510§ m,, = 120keV 107F v
O : i [
-*‘..$10'2! 10'2!- 10‘7 ; u|1 \2 1 \3 II4
> b i 10 10 10 0 10
= 10°F 10°F Energy [keVee]
8] E
5 4k -4l . .
3" | | HHMMH r | . 1'BG level of each experiment (before separation for
50 100 150 50 100 150

hergy (kev ) energy (keV ) nuclear recoil in 2-phase DM search detector) 2°



PRL 113 (2014) 121301 | Bosonic super-WIMP (3/3)

® Constraint on coupling constant.

® [or vector bosonic super-WIMPs, the first direct search in the 40-120 keV range.
The limit excludes the possibility
that such particles constitute all Vector boson
of dark matter.
The most stringent direct constrair
on g,.. thanks to the low BG in thi
energy region.

A% Pseudoscalar .

= 11
O=11.2 ‘xenon100 EDWAI s F 0 - ]
-11.4. Y.V : :
165", /¥ ¥ 7 XMASS : :
1.8, AV \/ i :
2P ¥ ; ]
«12.2 26+ XMASS _
-12.4 : :

20 40 60 80 100 120 140 27t

PR AT ST SO (NN ST SO HNN NN ST SN N SR
20 40 60 80 100 120 140
pseudoscalar mass (keV) vector boson mass (keV)
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PTEP 063C01 (2014)| |nelastic scattering DM search (1/2)

® \W/IMPs would cause inelastic scattering on 129Xe.
Nuclear recoil as well as 39.6 keV y ray emission are expected.
® Peak search at 39.6 keV with various cuts are used.

Reconstructed radius cut (R<15cm), timing cut, Signal MC for 50GeV WIMP

and pattern cut.

% - (1) Pre-selection
%103; (2) (1) & radius cut
- (3) (2) & timing cut
Xel29 NUCI-ear 1ok (4) (3) & band cut
recoil :
10:
el a2t 39.578 ( 97 ne 1 | -
102050 40 50 IGIdIIITIDIIIIBOIIIQd;(IiOO
39.6 keV gamma > energy [keV]
+ L —
1/2 0 2 F
stable &
129 S"E Obseryed |data (165.9 days)
54X€ "
® y +129%e > y + 129Xe* o
129%@* = 129Xe + v (39.6keV) M
® Natural abundance of 12%Xe: 26.4% E

10 20 30 40 50 60 70 80 90 100
energy [keV]



PTEP 063C01 (2014)

Inelastic scattering DM search (2/2)

® 41 kg fiducial volume (¥29Xe: 11 kg) w/o0 BG subtraction
® Better limit than DAMA for > 50 GeV WIMPs

® Another way for study on SD interaction.

10 I

Asymptotic cross section (c?°) [pb]

Red: XMASS (90% C.L. stat. only)
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(L Baudis et al, PRD 88 1 15014 201 3)

(J D: Vergados etal; Nucl PhysB 87736 201 3}

Red Line: 90% C.L. upper limit using Ref
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PLB 759 (2016) 64-66

?v double electron capture on 124Xe (1/2)

« Natural xenon contains 124Xe (N.A.=0.095%) 2= 424

which can undergo 2vECEC. 12

5§I 124y
540€
124Xe (g.s.,07) + 2¢ > 124Te (g.s., 0) + 2v_ + _
e Qecec=2864keV
2864keV 0+

O+

* In the case of 2 K-shell electrons are captured, 1247¢

« Only X-rays and Auger electrons are observable

« Total energy depositis 2 x Eg = 63.6 keV

\Y K-shell X-ray

« Expected half-life is 1020-102* years.

e« 126Xe (N.A.=0.089%) can also undergo 2vECEC,
but it is much slower due to smaller Q-value (896keV).

V K-shell X-ray =



PLB 759 (2016) 64-68

?v double electron capture on 124Xe (2/2)

-- Fiducial volume cut
-- Timing cut ® Data set: Dec. 2010-May 2012 (132.0 live days)
-- Band-like pattern cut ® Fiducial mass of 41 kg (39 g of 124Xe)
PEs ® 5 events remained in the signal region.
3 500 1 000 1 500 2000
:::-10 =) ' | ' E : T
2 F = Expected 124Xe 2v 2K Capture signal
o [ : [ with T, /,(2v2K)=4.7x102! ygars
S10% + 90% C.L. lower limit on 124Xe
- ., . 214Ph background 2vECEC half-life using the Bayesian
- Wooah ; approach was set.
10 B PR R
: A& T, 272K (124X e) >4.7x1021 yrs
: [ T1/22v2K(126Xe)>4_3X1021 yrs (90%CL)
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124X e and 146Xe

® Data set: Nov. 2013-Jul. 2016 (800.0 live days)

[
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XMASS(This work)

Period Start date—end date Live time (days) Gas circulation Comment
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Search for WIMP-129Xe inelastic scattering

® 327 kg x800.0 days data. & 014l . Expected
. . 3] n 20 GeV/ .
® Detailed evaluation of background events. Eo1af " signals
® Event classification (B-like and y-like) based on scintillation timing 8 ot N
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® Upper limit of 1.6 X 1033 cm?
@0.5 GeV was set.

® This is the first experimental
result of a search for DM

mediated by the bremsstrahlung oo

effect.

Data (2.38 ton - year)
and MC
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Sub-GeV DM searches

Inelastic nuclear scattering accompanied by bremsstrahlung emission
was used to search sub-GeV WIMPs (0.32-1 GeV).
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® WIMP search in FV (97 kg LXe).

® /05.9 live days.
® (4.2+0.2)x103

/day/kg/keV,, @5 keV,,
® Dectailed BG evaluation.

® Best limits among single phase
liquid xenon detectors.

WIMP search in FV data
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PRL D97 (2018) 102006 | Annyal modulation with 2.7 years data
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Number density of trapped KK axions as a

PTEP z 17 1 1 . function of the distance from the Sun
PRI Solar KK axion search  £76, s

1021
10%°
1019

_ Black: simulation from Di
Lella and K. Zloutas APP_E_
(2003) 145 1
L Red: fitted by r '4‘

® [n theories with large extra dimensions beyond the standard 4D spacetime,
axions could propagate in such extra dimensions and acquired Kaluza-Klein
(KK) excitations.

® KK axions are produced in the Sun, and
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Hidden photon and axion-like particles

® Hidden photons (vector) and axion-like particles (pseud-scalar) are candidates for
cold DM if they were produced non-thermally in the early universe.

® 327 kg x 800 live days data.

Expected hidden photons signal
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Exotic neutrino interaction searches Aﬂ
by using solar neutrino o

;m ra_[jza:w 1

« For observation of solar neutrino in low energy with DM g i ax) f

search detector like XMASS-I — more than 2 order of 2 ofrrfim ;

magnitude BG reduction is needed. i

1

« |f neutrino has exotic interaction predicted from expansion L e o 1

of standard model, increasing of events in low energy OB 8 EE
region is expected. =» DM search detector with low energy Peter Sorensen Neutrino2016
threshold is suitable to search for such kinds of interaction. Original figure : D.C.Mailing Ph.D (2014) Fig 1.5

« XMASS-I| searched for: OT i ®accinos
« Neutrino millicharge |
* Neutrino magnetic moment

A
g
E;
« Dark photon (U(1)5.,) B
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g
2 ><ENON12<|\/|ASBS-|
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Neutrino millicharge

In standard model, neutrinos are assumed to
have 0 charge.

But, they may have non-zero charge in
expansion of standard model.

Previous researches

« GEMMA’s data, A.Studenikin, Europhys.Lett. 107 (2014)39901)
0e < 15x1012e
<3

o PVLAS, F.Della Valle et al., Eur. Phys. J. C 76(2016)24) O
x 108 e @m _ <10meV ot

XMASS:

e Search for electro magnetic interaction in solar

neutrino
(da) 2T
— o~ 52
dTe) .., MeTs

« Search for each flavor neutrino resulted from
neutrino oscillation.
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Fig. 5. Survival probability for solar v, using the low-Z SSM. The LMA-MSW
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Neutrino magnetic moment

 Neutrino magnetic moment with expansion of 4 dom,/dT (uy  XENeutrino crogs section
standard model: 5 i o "’ Adv.High Energy Phys.[2012 (2012) 35
Im.G m EE E
Py = Llﬂ_;\/gmuy.g ~ 32x 1071 (16{) [LB ::EJ g
 From further expansion of standard model, §§ 100
10-10~12) ;; 0 of magnetic moment is expected 3 &
(PRL58.1807(1987)) =
 Majorana particle 10 e W
« ¥ limited <10 1 5 for Dirac particle 1 Y ey
 |f neutrino has magnetic moment, “electro Previous researches:
magnetic interaction” is added. Borexino 4 ,.(E v <1MeV) < 2.8x1011 u
. .
doe (o) [ O e
dTe aT, SM dTe mag . g o

GEMMA u, <2.9x10"1 115 (90% C.L.
(dcrw—J _ Jm’.z( 1 1 ](uw)z [reactor neutrino]
mag

dT, T. Ev)\ ps Adv.High Energy Phys. 2012 (2012) 350150
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-xcess Electronic Recoil Events in XENONTI T

® (.65 ton - year data.
® Excess around 2-3 keV region was observed.
® Solar axion model: 3.4 significance.

® Atomic recombination and deexcitation, 120 . r . . r
Bremsstrahlung, and Compton (ABC). ool |
® 14.4 keV M1 nuclear transition of °’Fe. _ ] l
® Primakoff conversion of photons to axion. E: 80 - [ II l l ] -
® Neutrino magnetic moment: 3.2¢ significance. & L HHH { 11
® B decays of 3H: 3.2c significance. 2 oo 1 l [ l l l | | 1 | r
E; 40 I 4
100 — Sremion T e vt AL | 20 — B .
S Gas = 5x10712 Primakoff axion I SR1 data
R R P 0 | | | | |
: _
g | | L |
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0y - 5 T s 5 L e Energy [keV]
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- XCeSS
-vents in X
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- XCeSS
-vents in X

- |lectronic

Recoil
-NONTT

® 3H/Xe concentration: (6.2 +2.0) X 10-25> mol/mol
® Assuming abundance of 3H in H, is same as atmospheric H,,
(5-10) x 10-18, (H,0+H,) concentration > 30 ppb in LXe would be

required.

® High light yield in S1 indicates O(1)-ppb H,O0.
® But, no direct or indirect measurements for H, concentration.
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® Estimated energy spectra of the ER and NR background in 4 ton fiducial volume of XENONnNT.
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is largest (1 uBqg/kg) although it is reduced Radiogenic neutrons accounts for

one order magnitude from XENONI1T (10 uBg/kg). neutron tagging efficiency with nVeto.



