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XMASS-| detector

@® Inner detector ~-‘_~_;'Q:"’5'5"€"-:"T:. rooren
® Single phase liquid xenon detector. (832 kg xenon for sensitive region) == IKamioka Mine|
® 642 low background PMTs. (2 inch, HAMAMATSU R10789) e NG

— each PMT signal is recorded by 10-bit 1GS/s waveform digitizers.

® High light yield: ~14 PE/keV. O et e bW
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XMASS-| experiment

® Unique experiment
® Using only scintillation photon with single phase liquid xenon detector.
® Large volume, ~1 ton.
® Long stable observation period, > 5 years.
® 2013/11~2019/2
® Large light yield, ~14 PE/keV, and low threshold, ~0.5 keVee.

@® Variety of rare events search
® Dark matter, modulation, low mass, inelastic, and hidden photon
® Solar axion, 2vECEC, GW, and exotic neutrino interaction

Wide variety results are quite important for present dark matter search
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Full data set of analysis
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Fiducial volume WIMP search

® Select fiducial volume events by using

Traces of U-chain gamma-rays from PMTs reconstructed position information.
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Data reduction

, Standard cut
_$1O , — R(T) < 38 cm selection
® Live time: 1590.9 days 5106 E mmm= R(PE) < 20 cm selection
2013/Nov. /20 — 2019/Feb./1 e —_
10* E
® Standard cut: 10°F
® Reduction of Cherenkov events is effective.qg2f- ~— ———————— |
Main origin of Cherenkov events is 10k
B-ray in PMT quartz window emitted from E T T T T T
40K in PMT photo-cathode. 050 100 150 200 250 300 350 F;ﬂono
® Fiducial selection (R(T) < 38 cm + R(PE) < 20 cm) | standard cut + R(T)<38cm + R(PE)<20cm
give another O(103) reduction. 2
® Event rate after applying all reductions: % 8882 ++++
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Background modeling

® Evaluation by using side-band data and MC. Whole detect |
® NPE distribution larger than 400 PE (~ 30 keVee) o€ detector volume

was fitted with BG MC based on Rl assay by HPGe. ) 20 B0 1000 o5 e ooo
® 210pp in coper was also evaluated from analyses ] o — P i STVE or
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® Main background origin within fiducial volume

Background prediction with MC

in low energy (< 10 keVee) was not internal.
® Detector surface events were miss-identified
inside the fiducial volume.

® Largest contribution was 21°Pb in copper

bulk around PMTs.

® All the possible systematic (9 components) errors were

After fiducial selection (standard cut + R(T)<38cm + R(PE)<20cm)

evaluated:

Component Evaluated systematic errors

2-5 keVee 5-10 keVee  10-15 keVee  15-30 keVee
(1) Plate gap 49.1/-33.4% +5.2/-19.1% +3.1/-11.3% +1.6/-6.0%
(2) Ring roughness 4+9.7/-10.3% +5.6/-5.9%  +3.3/-3.5%  +1.8/-1.9%
(3) Cu reflectivity +3.6/-0.0% +5.9/-0.0% +4.4/-0.0% +2.4/-0.0%
(4) Plate floating +0.0/-6.7% +0.0/-3.8%  +0.0/-2.3%  +0.0/-1.2%
(5) PMT aluminum seal +1.0/-1.0% +0.3/-0.3%  +0.0/-0.0%  +0.0/-0.0%
(6) Reconstruction +8.9/-8.9% +1.4/-7.8% +2.8/-2.8% +2.8/-2.8%
(7) Timing response +3.1/-99% +7.6/-11.3% +0.4/-56.3% +0.4/-5.3%
(8) Dead PMT T.5/-T.5% +11.9/-11.9% +11.4/-11.4% +28.3/-28.3%

(9) LXe optical property +0.9/-6.7%

+0.9/-6.7%

+0.8/-6.7%

+1.5/-1.1%
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Results of fiducial volume analysis

® FV data was well explained by BG MC w/o WIMPs.
® 90% CL upper limits were derived. After fiducial selection (standard cut + R(T)<38cm + R(PE)<20cm)

® Factor 1.5 improve from 2019 results. — 0.006¢
O - D
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Modulation WIMP search

232 km/s ® Results so far by XMASS N
® Search for nuclear recoil: x @
O 30 km/s ® PRD 97, 102006 (2018) : 2.7 years (800 live days) \ -
60 ® Search for signal from Bremsstrahlung: g’,
Earth ® PLB 795 (2019) 308-313 : 3.5 years (2.8 live years) €= C
Recoil

energy

® |n addition to update of above results, search for signal

from Migdal effect was newly added. C. Kouvaris and J. Pradier
PRL. 118, 031803

Migdal effect A. B. Migdal (1939)

Zr1(qe) = (Wp|e™ % p ;) ' M.lbe et al., arXiv:1707.07258v3 [hep-ph] Larger energy loss is expected
for light dark matter J
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Energy 1.0 - 1.5 keV

Search for Migdal signal

=i @ Best fit result for Migdal signal.

® DM mass: 0.5 GeV/c2.

® Data was fitted with BG (assume decrease over time) +
signal (with modulation)

® 1~20 KeVee range

® Observed data (black) was corrected (green) considering
PE yield change and increasing of dead PMTs.

® Linearly decreasing BG + modulated signal

® No significant signal was found and upper limits were
derived.




Results of Migdal and Brems. analysis

E -.---- CDEX Brems

E —— CDEX Migdal

| T

‘‘‘‘‘

%__ LUX S1+S2 brems
:_ LUX S1+S2 migdal
5 —— LUX S2 migdal

-------- 90% Bremsstrahlung
— 90% Migdal

1 sigma sensitivity

2 sigma sensitivity

-------- XENONTt S1+S2 Brems
XENON1t S1+S2 Migdal

XENON1t S2 Brems

XENON1t S2 Migdal
i i

1
WIMP Mass [GeV/c?]

® 950% CL upper limits

® Sub-GeV region
® 0.35~4 GeV/c? for Migdal
® 0.32~1 GeV/c? for Bremes.

® Migdal: new results
® 2 orders better than Brems. as
expected.
® Brems.: Factor ~2 improvement

from XMASS 2018 results
(PLB 795 (2019) 308-313)



Results of nuclear recoil analysis

WIMP-nucleon cross section [cm?]
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2 siqma sensitivity — coms.si0ta) Multi GeV reglor? (4~20 GeV/c?)
.~ CoGeNT(2013) ® Lowest energy bin was used:

® 3 hits low threshold data
® 0.5~20 keVee regions were
searched
® At most ~1.4 improvement from

2018 XMASS results
(PRD 97, 102006 (2018))
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Amplitude

events/day/kg/keV

Results of model-independent analysis

® To look for variety of candidate, amplitude of modulation components
was simply extracted.
® Cycle and period were fixed:

Nuclear Recoil Energy [keVnr] (PRD 97, 102006 (2018))
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® XMASS-I experiment
® Unique experiment

summary

® Single phase, large volume liquid xenon detector.

® 5 years long stable searches from 2013/11 to 2019/2

® 1590.9 live days

® Stable DAQ and detector status

® Dark matter searches with full data set

® Fiducial volume analysis
® Factor ~1.5 improve
® Modulation analysis

® Update nuclear recoil, Brems. and model independent

from 2019 results

® Add Migdal effect signal search
® World best modulation limit

® Paper was submitted (arXiv:2211.06204)

Limits obtained from the various analyses

—
N

Spin-independent WIMP-nucleon cross section [cm

10‘28
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10°°F Modulation NR
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Detector calibration

® \Various Rl sources can be inserted inside the sensitive volume w/o
interrupting detector operation.

® Used for light yield monitoring, optical parameter tuning, energy
and timing calibration etc.

Energy [keV] diameter Geometry
[mm]

(1) >°Fe 1.65(*1), 5.9 10 2pi source
(2) 9°cd 8, 22, 25, 88 5 2pi source
(3) 2*'Am 17.8, 59.5 0.17 2pi/4pi source

(4) >"Co 59.3(*2), 122 0.21 4pi source
(5) 37Cs 662 5 cylindrical

(*1) 4.2 keV (averaged) L-shell X-ray escape from 5.9 keV K-shell X-ray.
(*2) Tungsten K-shell X-ray used for detector housing.

Active region is concentrated on 1.8 mm edge region

57Co source | | N.Y. Kim et al., NIM A 784 (2015) 499-503 ource rod (Ti)

Stepping
motor

Magnetic linear and
rotary motion

feed-through \

Tanktop ~5m

Water tank




Vertex reconstruction (based on timing, R(T))

® Using FADC hit timing of each PMT.

® Timing constant for 2-10 keV events: 25+ 2ns.

@® Position reconstruction is done by using likelihood method
from probability density function for each PMT.

Nhits ‘Y(i — X ‘

L(X,T)=]]P|t -

Vg

241Am calibration data (5—10 keV)

-T

P(t) : probability density function
x;, t. : PMT position and hit time

E 1gz=0cm |
S  Hz=20em |
G.) - —
£101 I z=40cm

) -

)

L)

oc

I'['I ] 1 i

-
o
R

40 30 -20 -0 0 10
Reconstructed z [cm]

v, :group velocity in Lxe (110mm/ns)
PMTs ;
2@ ey
% z=+40cm
z=+20cm
z=0cm
z=-20cm
z=-40cm

—-» Surface events > 38 cm are effectively removed from this distribution.
R(T) < 38 cm selection is used for event reduction.

detector
calibration

—

Source position
along vertical
axis (z-axis)



Vertex reconstruction (based on photo electron, R(PE))

® Position reconstruction
(1) Making acceptance map: Many grid points are defined inside whole detector volume including
detector surface. Events are generated at each grid point and photo-electrons (pe) expected in
each PMT are calculated by our MC.
(2) From measured pe and scaled acceptance map (u) in (1), position is calculated
where following likelihood is maximum.

e
log(L) = — Z log (exp(—,u),up ) [(x): Gamma function

'(pe+1 r(n) = (n-1)!, n>0
o (pe+1) (T(n) = (n-2)!, n>0)
PMTs Z

Reconstructed position distribution of >’Co events (122 keV) XQ/\ [~ detector
~ 0.8 g e e e e % / ~ | calibration
E 0.7 Effr e ___________________ ___________________ ________ ¢ real data % e z= +élecm
s 06 p o gimulation (MC) d z=+20cm "
g 0.5 _ ..................... e ................. ................ ....... | : ‘ . I 2 = Ot Source pOSItIOI’\
S50 S S S N S S (0 o[ alongvertica
% 02 & - A S S A W— - Jl B (. I - axis (z-axis)
W5 B | | f"‘\\ aj{\ f%m | ; -

40 -30 20 -10 O 10 20 30 40

Reconstructed position (z) [cm]



Evaluation of Rl activities in XMASS-I (1/2)

® Based on Rl screening for detector materials Electron equivariant energy [keVe
1 1 10 T 300 ] I | ] 1900 ] L] I 1 1300 ] I 1 I 2000 | | ]
mainly with HPGe detector. g, T R LS L
. . . . . — ...........i ..... Rl H |d F”
® Rl activities are evaluated by spectrum fitting & £, —
= i Pb210 Surface External
for > 400 pe (~30 keV) between data and MC g 7EdBL | Pb210Plate bulk ‘ Pb210 in PMT base
: : : ] S
with constraints from screening results. O GHfE _ k
5 P A .| Pb210 Ring bulk PMT gamma
N \ 4 ..... PMT Aluminum seal Internal
Joex Rl screening results 3 B, = Black line: real data
for PMT with HPGe detector. ; I I
R10789 o ' ' ' |
(2 inch) PMT + base 5000 10000 15000 20000 25000 30000 35000 40000
(whole measurement) NPE
_ mBq/PMT S50  i—— T
* PMT aluminum seal S 43
238 S 11
238—230Th 1.5+0.4 U | 2.26%0.28 % 0d
210pp, 2.851.15 “°Pb | 200+100 0.8
=eTh D0d6=-0.018 Co 2.920.16 0.5 5000 10000 15000 20000 25000 30000 35000 40000
#SU—Pb | ~1.5x4.5% K ]910%2.15 B Uncertainty of activity mmm Statistic error  NpPE




Evaluation of Rl activities in XMASS-I (2/2)

® 210pp in copper surface and bulk

Events

® o events selection from scintillation decay time.

® 210Pph in copper surface/bulk were estimated from
shape of energy spectrum caused by 21°Po o decay.

® 210pPp in the bulk of OFHC copper was also measured
independently by a low background a-particle counter.
(XIA Ultra-Lo-1800)

210pg in copper bulk (continuous)
or on surface (peak)

f .................

160 ? =
140 i

Down stream
of 222Rn

B
0

1000 2000 3000 4000 5000 6000 7000 8000
Number of photo electrons (NPE)

® Rl in liquid xenon
® Coincidence analysis was used.

® 222Rn: 214Bj —214pPo (164 us)
® 8 Kr: B—y(1.015us, 0.343%)

spec

® 14C and 3°Ar were estimated from

trum fitting.

15t events (?1*Bi candidates)

2"d events (214Po candidates)

d

o

| Y
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20 40 60 80 100 120 X103

NPE



Miss-identified events

® Events occurring on surface of copper plate are wrongly structure around PMT

reconstructed to inside of the fiducial volume with some
probabilities because closest PMT has small solid angle

for these events. | | ,\“}é
® Light leakage from a gap around boundary RV /Y A

between plate and plate makes special pattern, Large
but ti | tructed Gap Small miss-identified
but, sometimes wrongly reconstructe miss-identified ! .:
inside the fiducial volume. Copper plate ~ \ : %

quartz windo

v PMT

PE pattern of gap event Light leakage from gap

, RITRC ANV AT CANS N
/\/ 04 &/ i \/ B)g\o 5
/é. / /,/./f‘.\ e |\ \ et \.% Fd

_'j\_*'J % o202 tl N \ pigedeers |8 COpper
.\;G\/T\/T\/I\/.Q ring
B 7 SR U A NASC - IR sohene (I
H O.\ H :| N 08 e / i
N i \.: /. A g. )K\ 4 \‘ i
""""""""""""" "111 3’:; ":Z:;’* % Position where scintillation happens
i N DS S J | — Scintillation photons
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Systematic error evaluation

All the possible systematic errors were evaluated

® Related to surface condition: it mainly affects
to miss-reconstruction rate.
(1) Geometry of gap between plates coming
from installation accuracy of plates.
(2) Roughness of ring surface inside the gap.
(3) Reflection of plate surface.
(4) Floating of plate coming from
installation accuracy of each plate.
® (5) Geometry and property of aluminum seal
® (6) Related to reconstruction:

Component Evaluated systematic errors

2-5 keVee 5-10 keVee  10-15 keVee  15-30 keVee
(1) Plate gap +9.1/-33.4% +5.2/-19.1% +3.1/-11.3% +1.6/-6.0%
(2) Ring roughness +9.7/-10.3% +5.6/-5.9%  +3.3/-3.5% +1.8/-1.9%
(3) Cu reflectivity +3.6/-0.0% +5.9/-0.0% +4.4/-0.0% +2.4/-0.0%
(4) Plate floating +0.0/-6.7% +0.0/-3.8%  +0.0/-2.3%  4+0.0/-1.2%
(5) PMT aluminum seal +1.0/-1.0% +0.3/-0.3%  +0.0/-0.0%  +0.0/-0.0%
(6) Reconstruction +8.9/-89% +1.4/-7.8% +2.8/-2.8% +2.8/-2.8%
(7) Timing response +3.1/-9.9% +7.6/-11.3% +0.4/-5.3%  40.4/-5.3%
(8) Dead PMT +7.5/-7.5% +11.9/-11.9% +11.4/-11.4% +28.3/-28.3%
(9)

9) LXe optical property +0.9/-6.7%

+0.9/-6.7%

+0.8/-6.7%

+1.5/-1.1%

grid dependency and rate of miss-reconstruction.

® (7) Uncertainty for scintillation decay time and response of PMT.

® (8) Effect of dead PMTs (from 7 to 18 over the total data-taking period)

® (9) Optical parameters of liquid xenon.
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Modulation analysis with Migdal effect

® Step of expected signal calculation
1. Expected energy loss calculation
1. Energy from emitted electron and de-
excitation are considered separately.
2. Calculate energy loss spectrum for each.
2. Apply detector response
1. Apply MC based response to each energy loss.
2. Only above 1 keVee energy loss was used.
3. Limit from our detector calibration (escape X-
ray from 55Fe)
4. De-excitation component was negligible.

® Two order large expected signal than Bremsstrahlung.



