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China JinPing Underground Laboratory — CJPL

Co-developed by Tsingh#ra
University and Yalong River
Hydropewer Inc.

wl

Deepest (6800 m.w.e)

Horizontal access

 Muon rate: 1 count/week/m?

e From CJPL-I to CJPL-II

1 Total space: 4000 m? Erepiaration Reoss

¥ Main Lab Space: 6.5(W) x 6.5(H) x 42(L) :
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Dual Phase Liquid Xenon TPC

Dark matter: nuclear recoil v background: electron Gammp
. lect il
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Purity liquid xenon target, high light & charge yield;

Good ER/NR discrimination by S2/S1 ratio;

3D reconstruction rejects external background;
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PandaX Roadmap

é‘ PANDA Y Particle and Astrophysical Xenon Experiments

PandaX-Il, 580 kg PandaX-4T

Collaboration formed operation Commissioning

Ongoing
2021.11

PandaX-xT

[ )
PandaX-1, 120 kg PandaX-4T moved to PandaX-4T Runl
operation CJPL-II
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PandaX-4T Overview

System Layout

Distillation Electronics and Cryogenics and Clean Room Xenon Gas Storage System
Tower DAQ System Circulation System

Xenon Emergency
Recuperation System

Water Shielding Tank ———@
®: 10m
H: 13m

Dual-Phase Liquid/Gas
~ Xenon Time Projection Y
Chamber (TPC)
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Cryogenics System

« Pressure and temperature stability within 0.5% and 0.1K .
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Heating load Maximum Filling/Recuperation Outer
(No purification) Cooling Power flow rate Vacuum

Value ~50 W ~580 W ~1 ton/day <2E-4 Pa
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Distillation System

Structured packing (inside) M-T diagram for Kr removal
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« Distillation method for the LXe intrinsic background
Kr & Rn removal,

« ~10° reduction factor for Kr removal with 10 kg/h;

» Reversed operation mode working for Rn removal;
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TPC Conditions

e OO

46mm
Anode (T .J [TULT LT L 1 10mm L
Gate " -5kV
Eyi 1185mm
Cathode S oo
Setl Set2 Set3 Set4 Setb
Bttm Screen
e e sy i S P S R
Cathode (kV) -20 -18.6 -18 -16
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PMT Arrays

« 169 top + 199 bottom R11410-23 3-inch PMTs, with the average gain of 5.5x106;

« LED calibration every week, monitor gain stability;
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Electronics

\

Decoupled
HV + Raw Stgnal 2 V1725 !
signal Digitizer
High ’ 10G Eth
1 Voltage Run‘CTL X 4
. Clock
Trlg'ger l
X512 SE.Clk ok Switch =4
Fanout
General
Logic

2023/6/22 XeSAT2023

From PMT to DAQ server;
CERN V1725 Digitizer, 250 MS/s;

Self-trigger mode: read out pulses
above 20 ADC (~ 1/3 PE);
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Calibration System

Gaseous source
|nject|on panel

Calibration tubes /'

||III'I\IIIIIIIIIIIIIIIIII

L [

B L

Calibration source Position

83mKr/22%Rn Injected from gas panel
241Am-Be Calibration tubes
D-D neutron Beam pipe
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Detector Response
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* ER leak ratio (below NR median curve) is 0.43%+0.18%;

 Efficiencies separately determined from ER or NR calibration data are all consistent;
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Backgrounds

Expected below-NR-median
events: 9.8 (0.6) evts

® ER (flat ER + tritium)
@ Xel27

@ Accidental

@ Surface

@ Neutron X

@ Neutron

@ B8

XeSAT2023

2023/6/22

« ER (Rn+Kr+Material+Tritium) background
dominated in the selection region;

« Background per unit target is improved
from PandaX-Il by 4 times (<10 keV);
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PandaX-4T first commissioning Result - WIMPs
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0.63 tonne-year
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« 1058 candidates (expected 1054+39), 6 below

NR median curve (expected 9.8+0.6);

« Sensitivity improved from PandaX-Il final

analysis by 2.9 times (30 GeV/c?);

2023/6/22

Y. Meng et al. PRL 127,

261802 (2021)
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PandaX: Multi-physics Goals

Dark Matter
1 keV - 10 keV

Majorana neutrino
> 2 MeV

Outer
Vessel

IVETO

Inner Cu
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PandaX-4T Search for SB CEVNS

* To enhance sensitivity on ©B (like a 6 GeV
WIMP), need to lower selection threshold
(S1),S2 )

"Be [+ 7 %]

§ m— ... pep [£1.2 %]

..........................

s [+ 14 %)

................
.

v
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.
.
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* Major challenge: Accidental background (AC, R -
non-physical S1 and S2 randomly paired)
100} 70"
10° T;
* Blind analysis: 0.48 ton-year data, excluding 2+ 015
data with increase of noises rate (micro- :
. £ J102=
discharge) 5
107 8
1073 Jio-4
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Constraints on B neutrino

W. Ma et al. PRL 130, 021802 (2023) * A multi-variate (BDT) algorithm
trained to suppress AC background
B16-GS598 prediction .
[+ L — Some downward fluctuation
| xenoniT ROI (BDT applied)
I PandaX-4T ER+NR+AC 8B |[Total prediction | Unblind data
0 5 10 s 20 25
Solar v flux [ x 10%cm2s71] L L 0 @
0.04 0.29 0.33 0
1042
= This work
P Sensitivity (-10) . . .
1043 oot » Leading constraint on 8B neutrino flux

through CEVNS

e
&

—

« Assuming nominal 8B background, set
strongest constraints on light WIMP of
3-10 GeV

DM-nucleon SI cross section [cm
=
5
LM
L

=
w-g
e

10

DM mass [GeV]
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Luminance of Dark Matter

* Residual weak EM properties

o~

* Coupling with photons

_ U d,
L =|Qexy* xA,+ ZX X Xy + l7)(0’“y XFu + by Xy x0VE, + a, xy*y°x0VE,
millicharge magnetic dipole electric dipole charge radius anapole

tree-level higher-order loop-level
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Photon-mediated Interaction

* Nuclear recoll signature

* Charge radius: similar to Sl
* Millicharge: 1/E3

° . /
MD and ED: 1/Eg 30 and 100 GeV/c2 DM
a 4, 5 b B ]
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Results from Xenon Recoll Data

* First experimental constraints on DM charge radius
* 4 orders of magnitude smaller than neutrino

* Other EM properties

* up to 3 —10 times improvement

Table 1 | Comparison of electromagnetic properties

dark matter neutrino neutron
Charge radius (fm?) <1.9x107"°  [-2.1,3.3]x107%" -0.1155*
Millicharge (e) <2.6x107" <4x1073 " (-21£8)x107%2"
Magnetic dipole (ug) <4.8x1071° <2.8x1071" 1x1073 "
Electric dipole (ecm) <1.2x10723 <2x107%1 T <1.8x107%¢"
Anapole (cm?) <1.6x10733 ~10734" ~10728°

* Datas are taken from PDG [33]
1 Taken from [32]
1 Taken from [34]
§ Taken from [35]

2023/6/22

X. Ning et al. Nature (2023)

XeSAT2023

Neutron

10°° —
10-10L Charge radius_f
10 102 10
m,[GeV/c?]
Neutron

|dl| [ecm]

102
m,[GeV/c?]
Neutron L
Electric dipole

10 102 103 10 S \1/(/')22 708
2
m,[GeV/c’] Magnetic dipole 1034 m{GeVIc’]
E Anapole
PandaX-4T —— PICO-60 —— DEAP-3600
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DM-v Conversion

my Characteristic mono-energetic signal:
ER — (a) Xe-nucleus targets, m, = 40 MeV, E; ~ 6.5 keV
2(my +m,)
X (b) Electrons targets m, = 40 keV, Ex ~ 1.5 keV
' e B ' I §
- 40 I\/IeV/c2 DM-nucleus S
= ﬂ 12956

F 107 | 130%e
S E l3lxe E
% 5 A 2%
< i | 134y .
‘g - | - 136){2 )
§. 1074 | —
5 f | z
- | :
: I | ]

10—5 | | | | ! 1 L || | | . | ! L L | | | .
J. Dror et al, PRL 124, 181301 (2020) 6 6.2 64 6.6 6.8 7

Ex [keV]
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Mono-energetic Signal Search

X+ Xe—-v+ Xe X+te—-v+te
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107 -
PandaX-4T limit 35 48
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PandaX-4T sensitivity band = 10 _ Juction .
4 — Qverpro e~ X
(\E 10 - direct constraint on Z' Eé E =
= _47 ] |2|
oz 10 <
& >
10 o 107"

XlEN ON llT l

10'5l IIIIIIIIIIII T lﬂ—im L 1 Ml PRI S S R
30 40 50 60 70 80 2 90 100 110 120 20 40 60 80 100 120 140 160 180
m, [MeV/c] 2
m,, [keV/c’]
L. Gu et al. PRL 129, 161803 D. Zhang et al. PRL 129, 161804
(2022) , Editors’ Suggestion (2022) , Editors’ Suggestion
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136Xe 2vDBD Half-life Measurement

Counts / 10 (keV)

Res. (o)

x*/NDF = 1.10
Regionl

—— Data

1365e
_ 60c
2327,

—— Best fit
_ 2lapy
4o
238

* PandaX-4T: 135Xe/Xe 8.86%, 59.6kg in FV, up to 2.8MeV
First natural xenon measurement with a dark matter

detector

2.27 £ 0.03 (stat) &+ 0.10 (syst) x 10%! years

* Consistent with 13%Xe-enrich experiments.

Research Vol 2022, 9798721 (2022)

Counts / 10 (keV)

Res. (o)

1500
Energy (keV)

2000

500 1000

x*/NDF = 1.43 -
Region2+3+4 e,

1500 2000

Energy (keV)

500 1000

2023/6/22

}—+—{ PandaX-4T, 2022

}—+—{ EXO0-200, 2014

' KamLAND-ZEN, 2019
| | NEXT, 2021

2.0

XeSAT2023

24 26
Half-life (10° year)

2.2 2.8 3.0

3.2
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After Commissioning

* Tritium identified iIn commissioning data
* Offline xenon distillation
* 1St physics run (Runl)
— Data still under blind analysis
* CJPL-II B2 hall construction
* Detector upgrade

Commissioning . . . et .. Physics Run . . Detector

(Run 0) Calibration Distillation (Run 1) Calibration el
2020/11/28 2021/04/17 2021/11/15 2022/05/16
2021/04/16 2021/06/09 2022/05/15 2022/07/08
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Trittum Removal

* Preliminary estimation of tritium level (keep S2 blinded)
* Extensive tritium measures planned for the next run (Run 2)

Period RunO Set 4 RunO Set 5 Runl
Tritium
0=+0. 16+02 4+ 0.1
Counts/day/tonne 30£03 60 0 0
-+ oven T Run0 Run0 T T 7 T Runl | fmmmn |
g —— Total fit Set4  Seth

35F
— Tritium

AL FITT & 30f +
c
[=]
: sk

80

i - . I . =
60 > 1 ‘; 2
- H ; !
\(\a(\J + 2 (ﬂ
r = .
o - o |
preV
20 1
- o5k
| 1
I R
G 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 0010501 310501 FTE T A TR T 220101 730701 320501 730401 220501 0
S1[PE] Date
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Future plan: Pandax-xT

* “Ultimate”liquid xenon experiment
* With >30 tonne sensitive volume
* Letter-of-interest sent to Chinese funding agency
* Decisive test on WIMP and key test on Dirac/Majorana neutrino

T— &
o Outer E 42 ".
3 Vessel 2' 10 r"._
= .
IVETO & 10743} |
Inner Cu § 10~%4+ Inverted MO
Vessel 75}
2 -45
Top PMT g 1077 ¢
Array
= -46 |
Active e 10 .
v 2 Ideal Scenario
olume 3} 10—47 L
=
Bottom ‘F 48[
PMT Array a 10 i
—49 ¢ - - N | MO
§ 10 Neutrino floor i,
= =50 PRI | L g agl e el Rl A PR Ty 0 . L - L
v 10 10 = 0 7 2
10 102 103 10* 10 10 . 1;)mev] 10
WIMP mass [GeV/c igidest
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PandaX-xT R&D: Electrode and Xenon Storage

TPC: Large size high light transmission electrode Large xenon storage system

2023/01/20 15:03:26 \
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PandaX-xT R&D:

2-iInch PMTs and New Electronics

PMT:

 R12699 2-inch PMTs with 4
independent anode readout;

» Better time response for better
waveform building;

» Lower radioactivity;

Electronics:
* Higher sampling rate;
Accept out-trigger mode;

Time Response NEE e
[ns] Transit Time
Co-60
Radioactivity
[i2eiog] Th-232
U-238

Custom-developed: 14-bit, 500MS/s

High DAQ
Voltage e

= e 10G Switch
Slgnals New H H
Digitizers = Data E
b= r@ | -
Signals e g |

Run CTL Clock

=

PLL Server

General
<= Clock ‘cu ot
Fanout

SE. Clk
Fanout

2023/6/22

R11410 R12699 (4ch/piece)
5.5 1.2
46 59
<234 < 0.07
<7.82 <040
< 56.48 047 +0.11
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S P Lo 3

Bl 1 e b o P ] :

= e N Pump \

b oo . & -
PandaX-4T Upgraded

Flow rate  Kr 10 30 " Magnetic driven pump ‘Oxygen-free copper
[kg/h] RN 56.5 856

Reductio Kr 10° 10° » Low Outgassing » High flow rate
n factor RN 29 4.4

30
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* PandaX-4T is one of the new generation multi-tonne
Xenon experiments

* Intense searches for various types of physics, including
DMs and neutrinos

* Expecting more interesting results from PandaX
* Highly welcome new collaborators!
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Backups
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Purification System

NEXT
(D-®: Commissioning data taking subset

7 1500T"'|®-‘ T ’2’ T @ o '®| ]
= - ]
g 1400f |- 131mXe —
£ - |+ Alpha + .
2 1300 o $2117 -
g - ; +§ ¢ $ s ]
= 1200 =
2 it :
£ 11001 t =
5 - : é -
2 1000} ¢ A B —
= i g é -

900 ¢ =

oo ¢ y =

:I l 1 1 | 1 1 | 1 1 | 1 1 [ 1 : ‘. " . : ’
70079504 01-03 02-02 03-04 04-03 _ ‘R
A: HV training : 4 § . -~ q”\'.
B: Circulation pump replacement Magnetic driven pump Oxygen-free.c®pper

Ref. the maximum drift time ~ 840 ps  Low Outgassing « High flow rate
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Distillation System

NEXT

100 —e— DM data
— Total fit
—— Tritium
=+ FlafE

Y

Events/(5)

.. Run0 Run0 | | Runl 3 - — " S
s Setd Setd PandaX-4T Upgraded
Flow rate Kr 10 30

[kg/h] Rn 56.5 856

1, . 6 8
| Reduction ~ Kr 10 10
21-02-01 21-03-01 21-04-01 7 21-12-01 DatZEE-Ul-Ol 22-02-01 22-03-01 22-04-01 22-05-01 fa Cto r R n 2 . 2 4 . 4
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S
Z

i S o

1
[¥]

Counts / day / tonne
5
%
~.
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Control of Accidental Background in 8B Search

11 1 Side-band 82300-8OOPE
« Use “scrambled” real data to model

Prediction

accidental background F  Daa

« A multi-variate (BDT) algorithm trained
to suppress AC background

« Training/selection is blinded

S
——

Rate [counts/PE]
N
=

o
- n

1 2 3 4 5
e postBDT: N_..=1, N,,.,=1.6, N..=1.7 S1[PE]
P obs bkg™ sig ROL S2:65-230PE
Prediction
7 m 100k —— 3B CEVNS (x50)
|52 range Total| g &
Nhit PE] BDT|ER NR Surf AC |~ "B |Obs : 4 Data
5 | 65030 | Pre [0-04 0.10 0.14 62.43]62.712.32] 59 S 5o}
post [0.02 0.04 0.03 1.41 | 1.50 [1.42| 1 §
5 | @5.100 | Pre [0-01°0.050.08 0.79 [ 0.93 [0.42| 2
post |0.00 0.02 0.03 0.02 | 0.07 [0.29] 0 e : : > !

S1[PE]



. HOW dark is dark matter? 5 :' P

Im»age Credit: Public Domain



Photon-mediated Interaction

* Matched to non-relativistic EFT
* Nuclear response function N. Anand, A. Fitzpatrick, W. Haxton PRC 89, 065501 (2014)

_ O _ .
Lye = QX7 x4 = Ovie = €QQpu g o s s Nuclear response function:
Lyp = 'ur—xf(r"‘”wa _ ;
Mo = g X oo 0u =8, (L xvt) « full-basis shell-model
— OM]] = €[y l—Qprﬁl (ﬁ + T::;-.ﬂ Oq) - :f:?,n (04 - q.;:“oﬁ):| ' O = (S . i) (SN . i) .
. X o *my my calculations (GCN5082
Lyp = fffﬁw’}ﬁxﬂw — Opp = f-’-dxf.?p._nfﬁ'u; Og =S, v+ _ _
Lop = EJXI,}_.;J.X(;}VFP” = Ocp = c)-b':(Qp,nOl: Oy =1iS, - (SN X miN) |nteraCt|0n).
- . a . A
La = a01"7° X0 F = Op = eay (2Q205 — 6,,05) . Ou=1iSv- 00 * No truncation (9 billion Slater

determinants)!

Eugenio Del Nobile Phys. Rev. D, 98(12), Dec 2018
A.Liam Fitzpatric et al. JCAP, 2013(02):004004, Feb 2013
Bradley J. et al. JHEP 2019(4), Apr 2019

Chiara Arina et al. Eur. Phys. J. C, 81(3):223, 2021
A.Liam Fitzpatric et al. arXiv: 1211.2818

Fady Bishara et al. JHEP 11:059, 2017
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Exclusion Limits of Neutral current FDM Absorption (NR)

10-43§ T T T T T T T T T T
10_44 /

PandaX-4T limit

PandaX-4T sensitivity band

:I direct constraint on Z'

* No significant excess above 10. 90% C.L. o1
upper limit within the 10 sensitivity band (slight &
downward fluctuation in the DM mass range

=)
PO A
‘.],_.I'ITI'IW |||unr|'n'nr|] TTm

[40,55] MeV/c?, power-constrained to —10) E ; E
10“'§g v =10 ?
« The strongest limit achieved is 1.4x107°%cm? at e e L B
a fermionic dark matter mass of 35 MeV/c?
_ 107 ;= 18.00 GeV/, 5, =0.01,Q, =0.10 3
« Constraints on the coupling g, to the order of ?’g ] drectconsmaintonz
107 19(TeV - cm)?® d

FT; =02
1 I | | 1

1 1 L 1 | 1 1
20 40 60 80 100 120
m, [MeV/c’]

6/22/2023 PandaX-4T Absorption DM Talk @CHEP2022



Exclusion Limits of FDM Absorption on Electron

— 90% C.L. limit +10 band

— sensitivity median +26 band A

Ooyv = BUXXV w.r.t. the same A

« A general fermionic (sterile neutrino-like) dark
matter absorption on electron.

* |n soft tension with XENON1T’s ER excess,
consistent with XENONNT latest result.

o.v, [em’]

« A strong sensitivity to vector and axial-vector

| mediators, complementary to astrophysical
— constraints, but much less theoretical

"""""""""""" uncertainties.

o.v, [em’]

50 XIENON IIT

10

« Competitive constraint in 20-55 keV/c? .
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lonization-only Search

Lo 10, Mean % e,nerg“keg}z , 25
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* Abandon the scintillation signal cut ' —
* ROI: S2 [60, 200] PE é“‘“': rn e tomaien
e Threshold down to ~100 eV (from ~1 keV) P A
* Tight quality cuts on the ionization signal ;{4 | |
* Background components Y i 4
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* Micro-discharging (MD 10°
ging ( ) .&% e B e control

* Small charge, strong run-condition dependence oF P region
* Cathode activity ﬂﬂ"m“‘w

* Large charge, large pulse-shape wi of Caodeo + cu dus et
* Data-driven estimation
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Constraints on light dark matter

Nungber of electrons

* Blind analysis of 0.55 tonne-year exposure 0 T——————
102 o o

B cwbdata

* Most stringent constraints are derived
« DM-electron interaction, 2 X 10™* cm?

Rate [events/10 PE/tonne-year]

(A) Fpm = 1 (B) Fom ~ 1/q°
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Future

10~42 :
1078F% 5
1074}
107%
1074
10—47
107
107%
10—50

Dark Matter
1 keV =10 keV

Majorana neutrino
> 2 MeV

Neutrino floor

SI WIMP-nucleon cross section [cm?]

10? 10° 10*
WIMP mass [GeV/c

Inner Cu

Vesse Multi-physics goals;

Top PMT

Aty With > 30 tonne liquid xenon in

Active

Volume the sensitive volume;

Bottom
PMT Array

Decisive test on WIMP and key
test on Dirac/Majorana neutrino;

Stay tuned!
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