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Credit: James Josephides

* Incoming dark matter from
the Universe
* Scattering with target atom
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2021/07/08: PandaX-4T's first result
PRL 127, 261802 (2021), Editors’ Suggestion
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' PandaX Detectors

* Increasing the detector sensitive target volume

PandaX-4T
(3.7 tonne)

* Lowering radioactive background ‘

PandaX-Ii

PandaX-I
PandaX start

& PANDAY

2010-2014 2015-2019
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PandaX: Particle and Astrophysical Xenon Observatory

Pure xenon target, enhanced DM signals, achievable
liguefication temperature, high light & charge yield

Good ER/NR discrimination by S2/S1 ratio

Dark matter: nuclear recoil ¥ background: electron GEmmA
(NR) recoil (ER) Scan rECO"\\
g1 _Drifttime, o, g1 _Drifttimg g | & |
1 v WIT/I,P nuclear recoil
(S2/51)\g<<(S2/S1)er (&

« 3D reconstruction rejects external background
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' Outline

» Runl data taking and running conditions/challenges

» Low-energy calibration, reconstruction, selection & efficiency
» Signal response model

» Background evaluation

» Statistical inference results for WIMP search

» Summary and outlook
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' After Commissioning

2020/11

Commissioning (Run 0)

2021/04 ESKEE
2021/07

_ Tritium removal
JPXVall Xenon distillation, gas flushing, etc

P\ PAVAN Physics run (Run 1)

2022/05 164 dayS
2022/09

= CJPL B2 hall construction
JivEYaPa Xenon recuperation, detector upgrade

Current ) ] _
Yl Resuming physics data-taking

re-blind
» WIMP search: Combined blind analysis of Run0O and Runl.

» Total exposure: 1.54 tonne-year
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' Run1 Data Taking & Challenges

» Gate -6kV, Cathode -16kV (Gate trip once)

»> e -lifetime monitoring through o events
* maximum reaches 1800 us
* sensitive to operation condition

> Failure of liquid level controlling
* liquid level sensitive to the circulation flow rate

* monitoring through the drift time of gate
events and single electron gain (SEG)

* dividing into 6 subsets accordingly
» Additional malfunctioned PMTs (see next)

» Improvements and updates

* Charge correction
* Position correction
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Additional “Off-PMT"” Problem

600

» Additional non-functioning PMT channels at top, with 8 channels sharing s ‘%%%:.
the same negative HV due to the short of the photocathode. “0‘.@0@0@..@@
200 ..@ .@‘ @
> Concentrated in the same top area, affecting event reconstruction and @
selection (TBA, position reconstruction, etc.). ° @ @ @Q.C
) : . . L ‘.. o, ..“@ .@‘
» Solution in Run2: During the detector upgrade, repair the non-functioning 20 ‘.‘...‘@‘ &
PMTs and distribute them as evenly as possible to reduce the coupling of .. “ 26 ‘i‘ ‘@%@
adjacent channels. ; ‘@0‘
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Impact (eg. ER calibration)
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' Charge Spatial Uniformity Correction

S1 gain maps
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» 83mKr (41.5 keV): internal conversion e-
» Binned map = Unbinned map

Perform a 9t"-degree polynomial function fit
T . .
Zijk Cijkx'y’ 2" where i,j,k = 0,...9

S2 gain maps

y [mm]
y [mm]

R .. _
500 =500

x [mm)]

» S2 also adopts z-dependent charge
correction according to its e lifetime

x [mm)]
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' Charge Temporal Variation Correction

* Due to the change in liquid level over time, both the light signals and ionization
signals fluctuate over time.

* Method: Run-by-run correction utilizing 222Rn 5.6MeV a event (mono-energy,

existing over time)
lonization charge before/after correction

17000

13500

—gS2B_C
13Imxe y — qS2B_C_cs

qS2B_C
qS2B_C

16500

222Rn o

13000

16000

15500

12500
15000

14500
12000

14000

13500

11500

13000

11000 12500

HII|III”IIII|IHI|IIIWI I||IHI||III“III|IHI

FT II [T I| T ]I TTTT |I IT II TTTT

L | L L L | L L L | L L L | L L L | L L L | L L
3000 3200 3400 3600 3800 4000
runNumber

12000

runNumber

2024/8/15 fZE FEYIEZSSRYIENS(2024) 11



Position Correction

» An azimuth-angle-dependent & z-dependent horizontal radial position 400 ]
affine scaling, based on 8mMKr = Direct comparison with MC simulation s FetBeaimm ;
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» End-of-run low-E ER/NR calibration (ER: 22%?2?2Rn, NR: DD + ?*!AmBe)

» Determine all selection criteria, efficiencies and charge biases (together with
waveform simulation)

> 0.3% ER leak ratio in Rn calibration = good ER/NR separation
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Quality selection cuts:

» S1- and S2-related, waveform cleanness

» Relaxed version for “off-PMT” region

Total efficiencies as a function
of energy: plateau ~90%
> Quality
> ROI
* S1¢ 2-135 PE, =2-hit coincidence
e S2raw: 120-20,000 PE
» Reconstruction

» Signal classification (tagging)
» S1-S2 pairing
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P PandaX-4T Signal Response Model

» Signal Response of the PandaX-4T detector (Run0 Electofic Reoil : el Gl

&

): How deposited energy converts to

detectable signals

Light yield & Charge yield
Recombination fluctuation

» Compare w/ nominal NEST

the mean recombination fraction (r) is adjusted by

adding a multiplied

by an exponential function P
the recombination fluctuation Ar is scaled by a

<T> (g) = <T>0(€) + P3(€/€norm;p0ap1ap2,p3) . 6_5/5“(’”"
Ar(§) = Arg(§) - A,

» Run0+Runl simultaneous fit to all ER/NR
calibration data (DD + AmBe + Rn)

» Data-driven determined detector effects,
corrections, etc.

2024/8/15

fBzx hEYIEESS

W
(=]

--- NEST Run0 —— Uncert. of NEST |

== NEST Runl I Uncert. Run0
—— P4-NEST Run0 | Uncert. Runl
= P4-NEST Runl

Noh /& [photon/keV]
w
S

—
S Lo

Res.
|
9.}

D
(=}

Ne/& [e/keV]
S

20F

10.06 3

0 . . . L . — . . . . . . 0.025
¢ 0.01F : ¢
X 0.000 2
0000510 15 20 25 0 20 20 60
ER energy [keV] NR energy [keV]

PRD 110, 023029 (2024)

BEYIIE £ (2024) 15




¥ P4-NEST vs. Data: Run1 DD

» Comparing the observed calibration data with the signal response model, a good

agreement has been achieved.

§_ « S2 spectra in different S1 ranges
Counts per data bin
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More details also see

Yunyang’s poster
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F Background Budget -

CH3T RunO Run1

0 Accidental Material ER
5 1 /0 1% 8% PP Accidental

Kr-85 4% || Xe-136 1%
Neutron 21% 3%

0% CH3T

) 58
"] Pb-212

%
8% Neutron
/ / 0%
0% NN ‘ ‘ B-8
7% ~ I A_ Surface

L
0%

Surface
0% Xe-127

0%

Pb-214
48%
» ER background dominant: m Pb-214 ® Pb-212 Kr-85 = Material ER
Tritium, 214Pb, 8°Kr are the = PP = Xe-136 m CH3T m Xe-127
major components ® Accidental = ® Neutron m B-8 m Surface
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P Tritium Level (after unblinding)

» Significant reduction from RunO to Runl (~8 times)
» Consistent with S1-only estimation used before

unblinding
» Floating in the final PLR fit
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' 214Pb Background

e 214ph: daughter nuclei of 22?Rn

* Select 22?Rn alpha events as a monitor

S
T

e 222Rn level varies with running condition

S

w

(4,
T

Rn-222 level [uBg/kg]
Run 0 7.07 £ 0.02(stat.) £ 0.23(sys.)
Run 1 8.67 £ 0.01(stat.) £ 0.27(sys.) el

log10(qS2b/qS1)
=
S

o
N
[®2)
L3 |

e 214pp js derived from spectrum fitting (0.2-1MeV) -0
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' 85Kr Background

e Residual impurity in product xenon

* |dentified through B-y coincidence selection

%Kr 10.756y

0.437%
Q=173keV

99.563%
Q,=687keV

90 85Rb stable

—=214. 85mRp 1.015pus

e

beta rgamma

S1

2024/8/15

Waveform of 8Kr’s -y coincidence
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' Surface Background

* ER events, whose S2 suppressed by the TPC surface

e Estimate the radial distribution by 21°Po alpha events

* Good consistency with data outside blind region

Count

10% |

10

10} F———T———
Blind region

|

Il
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Surface events in fiducial volume
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' Neutron Background

» Combine 3 approaches to estimate (weighted average):

GEANT4 + signal model High energy vy / neutron ratio Multi-scatter / single-scatter ratio
NR events
' @ Y
capture de-excitation
Nneutron - Ny * Ty Nneutron — NMS * TSS/MS
| Unitcounts | Run0 | Runl
Pure Neutron 0.44 + 0.13 0.81 £ 0.17
Neutron X 0.19 + 0.06 0.29 + 0.06
Total Neutron 0.63 £ 0.18 1.10 + 0.24
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' Accidental Background

* Accidental coincidence (AC): > time
The pairing of random isolated S1s Physical drift region Unphysical drift region
and S2s that can mimic real physical . - “Off-window”
single-scatters L A

e Use random pair MC and “off-window”

events to determine unphysical AC LSl __ASZ_

background

0 max drift time

 The AC background is underestimated
(~2 times) due to an inconsistent

acceptance cut on the scrambled cata  INRAACUA AN LA N

(found after unblinding, yet no further Accidental (updated) 11.3 + 3.4 12.7 + 3.8
selection cuts are added/tuned).
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Distribution of DM Candidates

BN WIMP (6 GeV) W '27Xe L-shell EC B Accidental
Total: 2490 Tritium 8~ 124X e LL-shell ECEC B Surface
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> 24 (12+12) below NR median events ER 5%-95% quantiles

» Uniformly distributed in the FV. NR 99.5% acceptance
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' S| Upper Limit & Sensitivity Band

Fully blind analysis RunO+Run1.:

» Scanning WIMP mass from 5 to
10000 GeV/c?

> =2 No significant excess!

* +1o upward fluctuation: < 8GeV/c?

Global significance (after LEE correction):
zglobal _ 1

* State-of-the-art: >100 GeV/c?

* Lowest upper limit: 1.6x1074" cm? at
40 GeV/c? after -1o0 power-constraint

. . 9
SI WIMP-nucleon cross-section [cm~ |

10—+

10-44

10-+

]0—46

10-4

arXiv: 2408.00664
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' SD Upper Limit & Sensitivity Band

* Refresh spin-dependent constraints for Xe-based experiment

arXiv: 2408.00664
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' Summary and Outlook

A combined blind analysis of PandaX-4T RunO+Run1 for
WIMP search comes out

* No significant excess and we present the latest stringent
upper limit for DM mass above 100 GeV/c?

« Studies of more physical topics are ongoing, and we keep
accumulating more data & Stay tuned!

Thank you for your attention!
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Backups
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' PMT Gain Self-calibration

 Previous

« Approach: Weekly gain calibration with LED light.

« Problem: The response to changes in gain (due to aging, etc.) is not timely enough.
* New:

« Approach: Self-calibration via the fitted single photon peak from its own run.

top, run5108 fileO channel12201

. T 7l T = X2 /' ndf 615.4 / 266
i - Prob 9.902e-30
180 ¢ LEDgain 250|— péo 2277404
I e rolling gain - p1 0.9167 + 0.0057
- p2 0.3081+ 0.0033
- p3 4766+ 1.04
t p4 0.4899 + 0.0079
170 |- | < - 200 — 0.05903 + 0.00368
r 0o ® moee e -—mee oo -
: [T e '0"-.000'0.‘..._. L oo oum sessned B
L] .“ -
160 - B M.\\-q || 150{—
I "-’*wg" AN B
L J -
[ Sev%eny
150 |-
I 100{—
140 |- -
50—
130 C
[ [ 1 il 1 oyl - 2
20-12-01 21-01-01 21-02-01 21-03-01 21-04-01 % : 3
. . . . . Measured Charge [PE]
LED gain calibration PMT self-calibration
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P PandaX-4T Signal Response Model

» To study how deposited energy converts to the detectable signals
» Run0+Runl simultaneous fit to ER/NR data (DD+AmBe+Rn)
» Tune light & charge yields

Binned likelihood

a: Indices of dataset
B: indices of 2D-distribution

' -—- ModelER £26 —--

Model NR +20

| \Nes

af —/\a5 .

&
e c
= 2

-

Runl 12?"“Xe 236.2 keV
Runl 1" Xe 163.9 keV

2
3

Run0 *1"Xe 163.9 keV.
Run0 '*™Xe 236.2 keV
80

Q$, /€ [PE/keV]

60~ Run0 %¥"Kr 41.5 keV

1 1 1 1 1
35 40 45 50 55 60 65
Q%1/€ [PE/keV]
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Penalty from energy calibration

Runl $3"Kr 41.5 keV]| A — Z (Erec,z' i Etr,z>2 /(20%1.90.,&)
| i Kr83m, Xe129m, and Xel31m

Eee — "’1'!(1 (le + QSQIJ)
g1 g2,

Maximum likelihood fitting in GPUs through MCMC

. L(Bp41)
Paccept = min ( L(g+) , 1)
n

————— — [ accept: p
IStep1 ... ™D Stepn M~ Step n+1 I‘[
e e e e e e — e e e e e
refulse: 1-p

Markov Chain
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P PandaX-4T Signal Response Model

» Consider multiple-scatter (MS) process

Spectrum from Geant4 Spectrum after cluster

count

cluster as one S2
——

8 6
10

10°E
1045
10°E

10°E

10E

| |
1E
=|||||||||||||||||||l‘-‘"|J_‘|ﬂ|ﬂH’J-5"||||| E_
o 20 40 60 80 100 120 140 Sz Waveform o—l 1 lzlol 1 l4lol 1 lelol 1 lelol 1 l1001 l1ﬂéo 140I ||
energy/keVnr
energy/keVnr

d  Clustering in Signal { Fit low-energy
Geant4 > . > . .
waveform sim. model calibration data
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> PLR fit: with unbinned
likelihood with all

signal/background PDFs
in (S1, S2,)

> Best fit DM counts:

« 3.7w/5GeVWIMP
0w/ 40 GeV WIMP

2024/8/15
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BN WIMP (1000 GeV)

Total: 2490 Tritium 5~
B Other ER
F " eI S,
25F
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)
; 15
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10! 102
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> 24 (12+12) below NR median events

257

» Uniformly distributed in the FV.
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Distribution of DM Candidates

127%e L-shell EC B Accidental

124%e LL-shell ECEC W Surface
Neutron 8B CEVNS
T . — ]
B 2 14 16 18 20 22 24 ]
E=s z
NN e \\ A
-o\\ \\ =
L ‘e ~ =]

B RN 2
.’.o"!;\ 3 \\\ =
r 5 S o o

N o 3 15 1719 21 23 |

= Candidate Index

10! 10?
S1 [PE]

ER 5%-95% quantiles

NR 99.5% acceptance

fEZE FEYIEFSEEYIEN = (2024)

Y [mm]

Z [mm)]

600

200

=200

—400

600

400

200 fex 2

-200

—400

Hit i 6

1

—600

R? [cm?]

33



' Constraints on Sl Cross Section
 Improved from by a factor of ~2 (1.6E-47cm? @ 40GeV)

« some upward fluctuation for DM mass < 8GeV, and some downward
fluctuation for high mass DM

]0_43 T T T] T LN R L | T T LA B | T T T T T T 17T
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' PandaX-4T DM Results in Run0

- Standard WIMP searches
— Spin-independent (Sl)
— Spin-dependent (SD)
 Luminance of DM

« Several novel approaches
— Lower threshold (S2-only)
— Migdal effect
— X-V conversion

— Boosted mechanism
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' PandaX-4T DM Results in Run0 <

» Sensitivity improved from PandaX-Il final analysis by 2.9 times

1074
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SI WIMP-nucleon cross-section [cm?]

« Standard WIMP searches
— Spin-independent (Sl)
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' PandaX-4T DM Results in Run0

> First experimental constraints on DM charge radius:
4 orders of magnitude than the neutrino
» Up to 3 - 10 times improvement for other electro-

2024/8/15

Luminance of DM
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magnetic properties
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' PandaX-4T DM Results in Run0

» Most stringent constraints are derived
(A) Fpm = 1 (B) Fpum ~ 1/¢°
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' PandaX-4T DM Results in Run0
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