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PARTICLE AND ASTROPHYSICAL XENON TPC

Dark matter WIMP
searches

PandaX-l: 120kg LXe  PandaX-Il: 500kg LXe PandaX-xT LXe
(2009 — 2014) (2014 - 2018) (Future)

Exploring the invisible Universe from
deep underground OvBp searches
* Physics beyond the Standard Model.

* Interconnects particle physics,

nuclear physics, cosmology, and PandaX-IIl:
astrophysics. 200kg - 1 ton HPXe (Future)
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Dark Matter

Dark Matter

Dark Energy

e Existence of dark matter is
firmly established
e Particle nature of dark
matter?
e WIMP?

Ke Han for PandaX (SJTU)
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WIMP searches

X X
X
X SM SM SM  SM X
break it shake it make it
Indirect detection Direct detection Collider

Time

Direct detection: DM: velocity ~1/1500 ¢, mass ~100 GeV, KE ~ 20 keV
Nuclear recoil (NR): recoiling energy ~10 keV

Ke Han for PandaX (SJTU) ISoNF, 07/18
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Proportional 52
(1~10 ps) Primary S1
(10~100 ns)

178 nm VUV

PARTICLE AND ASTROPHYSICAL XENON TPC
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PandaX WIMP direct detection

 PandaX-I: 2009-2014

 PandaX-Il: 2014-2018
* 60 cm x 60 cm dual-phase xenon TPC
e 580 kg LXe in sensitive volume

* Dual-phase xenon detectors: S~ -
* Large monolithic target ~ Phasel: 120 kg
* 3D reconstruction and fiducialization 2005 .2014 =
* Good ER/NR rejection

* Calorimeter capable of seeing a couple of
photons/electrons

Dark matter: nuclear recoil v background: electron
(NR) recoil (ER)
g1 _Drifttime o, g1 _Drifttime g3
(S2/81)\g<<(S2/S1)gg Phase II: 580 kg
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PandaX-Il Run Status

R PARTICLE AND ASTROPHYSICAL XENON TPC

 Run9 =79.6 days, exposure: 26.2 ton-day
 Runl10=77.1 days, exposure: 27.9 ton-day

Mar. 9 - June 30, . Nov. 2016 - Mar. . Jul. 2017-Now, a few
! low background 2017, 2" distillation | months 22°Rn/AmBe
with 10-fold campaign and runs, followed by
reduction of Kr recommissioning DM data taking, 3x
(Run9, 79.6 days) stat of Run10
2015 2016 2017 2018
- [ e —
Nov. 22 - Dec. 14, Jul - Oct, ER Apr.22 - Julylb,
Physics commission calibration & dark matter data
(Run8, 19.1 days, tritium removal taking (Run10,
. stopped due to high s , 7.1 days)

Krypton background)
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Highlights of PandaX-1l Results

R PARTICLE AND ASTROPHYSICAL XENON TPC

* 33 ton-day: spin independent search, PRL 117, 121303 (2016)
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e 33 ton-day: spin dependent search, PRL 118, 071301 (2017)

e 27 ton-day: inelastic scattering search, PRD 96, 102007 (2017)

e 27 ton-day: Axion and ALP search, PRL 119, 181806 (2017)

* 54 ton-day: spin independent search, PRL 119, 181302 (2017)

* 54 ton-day: light mediator search, PRL 121, 021304 (2018)

* 54 ton-day: general EFT and spin-dependent search, arXiv:1807.01936
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:* PANDA K

1.11.13 o PARTICLE AND ASTROPHYSICAL XENON TPC

WIMP-nucleon Sl result update

PRL 119, 181302 (2017)
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= Improved from PandaX-Il 2016 limit about 2.5 time for >30GeV/c?

s Lowest exclusion at 8.6x10%’cm? at 40GeV/c?

= Most stringent limit for WIMP-nucleon cross section for mass >100GeV/c?
when published
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DM direct direction next step: PandaX-xT

AAAAAAAAA ND ASTROPHYSICAL XENON TPC

PANDA H

e Larger TPC with more

detector mass Frontenql
electronics

Gas storage
& purification

Ultra-pure water shielding

Cryogenics
* Online xenon purification  rgger system
* Dual-range PMT readout gr;\dQ
* For DM and Ov3f3
* Intermediate stage: :;:z"kground
* PandaX-4T (4-ton target) cryostats

with Sl sensitivity ~1047 cm?

Ke Han for PandaX (SJTU) ISoNF, 07/18 12



PandaX-4T Large Scale TPC

PARTICLE AND ASTROPHYSICAL XENON TPC

* Drift region: @~1.2m, H~1.2m

* Xenon in sensitive region ~ 4 ton, drift field 400 V/cm

e Design goal:
* High signal collection efficiency

* Uniform E field in a large volume
* Veto facility

Teflon

supporter
\ Electrodes

and shaping
rings

Bottom Cu

plate

’ \ Bottom PMT array

Veto System 3"

Ke Han for PandaX (SJTU) ISoNF, 07/18
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Current Status and Schedule

* R&D work-in-progress

e 2019-2020: assembly and commissioning

A




PandaX-4T Sensitivity study

e Simulated ER and NR events
* Detector materials

* Radioactivity in xenon: &Kr, 222Rn, 136Xe

e Neutrino

e Background in signal region

* Total ER background: 0.05 mDRU
» Total NR background: 1 event / ton / year

* With two-year exposure, S| DM-nucleon sensitivity:

1047cm?

e About x10 improvement w.r.t. PandaX-lI

Table 4 Final background budget within the WIMP search window.

Sources ER in mDRU NR in mDRU
Materials 0.0210+0.0042 20+03-107%
222Rn 0.0114+0.0012
SKi 0.0053+0.0011 .
136Xe 0.0023+0.0003 .
Neutrino 0.0090+0.0002 08+04-107*
Sum 0.049 +0.005 28+05-107%
2-year yield (evts) 1001.6+ 102.2 5.7+x1.0
after selection (evts) 2.5+0.3 23+04

PARTICLE AND ASTROPHYSICAL XENON TPC
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:* PANDA K

1.11.13 o PARTICLE AND ASTROPHYSICAL XENON TPC

Neutrinoless double beta decay

* Explores the Majorana nature of neutrinos Majorana Neutrino
e Tests lepton number conservation vy
. AL=+2 V=YV

* OvBP is not just a neutrino experiment!
* Connects to broad neutrino oscillation physics picture

Example:

10°
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:* PANDA K

1.11.13 o PARTICLE AND ASTROPHYSICAL XENON TPC

Neutrinoless double beta decay

. - .o ?) * Measure energies of emitted e
v (universal approach)

* Electron tracks are a huge plus (unique
feature of certain experiments)

* Daughter nuclei identification (ultimate

From Physics World d rea m ?)
2 1= -160: 50
i i -17o§ 45
,go.s._— -180: 40
o L
< 27190 %
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Z-axis (mm)

PandaX-Ill: high pressure gas TPC for
OvBB of 136Xe

e TPC: 200 kg scale, symmetric,
double-ended charge readout,
with 10 bar of 13°Xe

* Main features: good energy
resolution and background
suppression with tracking

NLDBD Event 214Bi Event
- F € 5 sy
—520F - £ -840 :
caof 2 -860 -
— - - © [
: N, —880 -
—560r n -900 -
~580 - 920 ap
—~600F - ~940 3
C -960 -
—620r N -
L ! 1 1 L Lo 1 | 1 1 1 _980..|....|....|....|'_...|....|....
-120 -100 -80 —60 440 450 460 470 480 490 550 600 650 700 -250 -200
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PARTICLE AND ASTROPHYSICAL XENON TPC

PandaX-lll first TPC :* PANDAR

High Pressure — High Voltage Feedthrough e ~4Am?3 inner volume at 10 bar
—— Vessel \ [[L\ /ID —— .
e Charge-only readout with
Microbulk Micromegas
= ,\(}‘?5’
(o] S . .
S Q;z%‘  Strip readout; 3 mm pitch
0] a8
@ N - Y
2 \0/@ g « ~10000 readout channels
% Mixture of enriched % 0 - >
c§ 136Xe and 1% TMA Q@ e > = e
& O --------—=-==—- >
o Lo R >
= Drift electrons
o
Q
®
E Field E Field

Field Cage Cathode
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V:' b PARTICLE AND ASTROPHYSICAL XENON TPC

Scalable Radio-pure Readout Module (SR2M)

* SR2M: Mosaic layout to cover
readout planes
* Solderless system
 Strip and mesh signal readout
* Dead-zone-free arrangement
* Designed by Zaragoza and SJTU

the own circuit extracts the
signals outside the chamber

Support made of copper that
allows modulation

Ke Han for PandaX (SJTU) ISoNF, 07/18 20



Xe +TMA (trimethylamine) mixture

PARTICLE AND ASTROPHYSICAL XENON TPC

Gonzalez-Diaz, et al. NIMA 804 8 (2015)

* Better energy resolution = L Cebrian. 5. ek al JINST 100 T
- Cebrian, S., et al.JINS : 5+0.1%:
* Extrapolated from 511keV % 30| 8 (2013): PO1012, gl ;
and 1.2MeV peaks: 3% 2 T P 0
FWHM (@Q OVBB) § ¢ // 700 |
3 T PureXe Oy
 Better tracks g 20- Pure Xe g
x 5 500
. T!\f/]ICA suppress electron % 15¢ ///,/ .
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Electronics

* Front-end electronics close to TPC: reads and digitizes
strip and mesh signals (arXiv:1806.09257)

* Based on AGET ASIC chips from CEA-Saclay

* Back-end above water shielding: triggering and data
transmission to DAQ (arXiv:1806.07618)

PARTICLE AND ASTROPHYSICAL XENON TPC

DAQ software
PC farm running on PC

Ethernet I
DC crate
(power supply)
B
= | 1|
q1eaat - i
fegngee S-TDCM S-TDCM MTCM
[ | L
|
B e eressnssrpesrnsee SO ISR IO eepuusmos ssvupes sospon pusost e air _ .
water
-
N;gas N, gas
MRC . " MRC
. High pressure &l =
D E D
8 Xeon TPC 2l [
FEC FEC
'Water proof
Xenon gas - [
\_ g vesse
Mercury |58 . .
7X1 FPGA High purity water
Module — NIM & ohvel 12V
hysical layer
Ke DS HOsPanganictung  vower  Backend
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Background budget

® PANDA Y

PARTICLE AND ASTROPHYSICAL XENON TPC

Two independent Geant-4 based MC packages: RESTG4 and BambooMC

Treat PandaX-lll as a simple calorimeter

Then add detector response

Calculate signal efficiency and background rejection

x35 background reduction from topological analysis
* Track reconstruction and blob identification at both ends
e Convolutional neural network

Tri tart E Shaping Rings
rigger starts > I Electronics
=10 I Water Contamination 232
~ % Barrel = Th RaW
] o E_ E Field Insulator
1 = B i = MicroMegas
| WE. Total energy: é::gt:)lgtnon window A e spectrum
] = 2456.8keV ! Ins Bolts
25— Trigger starts : 384 - |' I.
1 = ks . 6/—
| . Energy recorded: Acquisition ends : 896 B l- L
= 2415.1 keV i r 1
= B ]
! 15E a2 .
1 10— i
£ | i o
Eo o | e Rl C
100 200 300 200 500 600 700 . Slc:,obins B

L1l I 111 I I J L l L l L I L I L I L1 I L1
2%00 2250 2300 2350 2400 2450 2500 2550 2600 2650 2700
Energy(kev)
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Z-axis (mm)

Z-axis (mm)

Cut-based track classification

PANDA H

PARTICLE AND ASTROPHYSICAL XENON TPC

Define key parameters (such as energy deposition in a certain blob) and
refine cuts
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Convolutional Neural network (CNN)
for track classification

R PARTICLE AND ASTROPHYSICAL XENON TPC

e XZ,YZ 2D snapshots of an event as input of R and
1 G channels of an image and then rely on CNN to
: spill out an index of signal/background

et * Prepare image collections for CNN training,
: validation, and classification.

 No track reconstruction needed.

i —— Before CNN
v)
103 L 47 . 5 A) 103 =
E F — After CNN
r > 0
210 107k 0.6%
= E
3
o]
II 1 ©
# gamma 2447 keV
1okt NLDBD
10
E I 1 1 I 1 1 1 I 1 1 I 1 1 1 1 1 1 I 1 1 1 1 I 1 1 I” I 1 1 1 I 1 1 1 ﬂ 1 1 I 1 1 I 1 1 1
2400 2420 2440 2480 2480 2500 25 2400 2420 2440 2460 2480 2500 2520

Energy (keV) Energy (keV)

H. Qiao, et al arXiv:1802.03489
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Sensitivity projection

PANDA K

PARTICLE AND ASTROPHYSICAL XENON TPC

* First 200-kg module:

* Microbulk Micromegas for charge readout
* 3% FWHM, 1 x 10 c/keV/kg/y in the ROI

* Ton-scale:

* Four more modules with upgraded charge readout
and better low-background material screening.

* 1% FWHM, 1 x 10~ c/keV/kg/y in the ROI

arXiv:1610.08883
T ! T T T i MR LA | LA | M LR | UL ML | T
~ 1077t - | -
o 102 :_IPandaX—III 200 kg l- l_
o [ ] ]
S 10%° | g
2 =10tk 4 .
i E
(]
E 1025 |
©
- — PandaX-lll, 200 kg Module 1
— PandaX-lll, 1T, Multiple Modules 100 b Inverted  } Normal
102 , , . . ‘ : . . Hleralrchy ¥ . . H|eralrchy
0.0 0.5 10 15 2.0 2.5 3.0 101 100 10! 102 101 100 107 102
Live Time (year)
ms (MeV) m; (meV)
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:* PANDA X

[ PARTICLE AND} ASTROPHYSICAL XENON TPC

Future energy resolution improvement

Charge track

* TopMetal Direct Charge Sensor

| | Drain

— Direct pixel readout without gas o g g
s . | IO =in [ | [ |
amplification | Eemj I I

— Active development at CCNU and e el
reime NMOS CAP  PMOS
Berkeley

* Alternative Micromegas
technologies (Saclay)

— Microbulk technology with
segmented mesh for true X and Y
strips W GGE sRE

— Bulk technology with better i T
uniformity and less dead area

Ke Han for PandaX (SJTU) ISoNF, 07/18 27



Prototype TPC at Shanghai

* To see MeV electron tracks and demonstrate required
energy resolution with a large-scale high pressure TPC

* Field cage: 66 cm diameter, 78 cm drift length, single-
ended

* 600 L of inner volum16 kg of xenon at 10 bar

7 MiCFObU'k Micromegas mOdUIeS Micromegas To electronics

Top flat flange

Charge 1 s
readout plane : g
L

=
=

Electric field =

shaping cage 1 o
I35
I @
I W
[
Cathode

Ports for high voltage,

pumping, gas filling, SS pressure

etc vessel
Ke Han for PandaX (SJTU) ISoNF, 07/18 28



Some example tracks PANDAH

PARTICLE AND ASTROPHYSICAL XENON TPC

XZ plot, 14 Signals XZ plot, 26 Signals
1600 . .
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d @ e 8 500 400
o 200
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Data with 1 Micromegas

. . £ 500
* Excellent gain of 7000 with S
1 bar Ar:iso 4001 * 9.3% FWHM at 26.3keV
' - 11.2% at 20.6keV
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PANDA H

[ PARTICLE AND} ASTROPHYSICAL XENON TPC

CJPL — Deepest underground lab in the world

Labs are built in mines (light blue) and

China JinPing Deep Underground Laboratory tunnels (dark blue and red).
(CJPL)

Y2L. Korea SC|enc::e Mag.i

Canfranc, Spain

'(road-accessible) !

)
Q
S
o
c .
§ Gran Sasso, ltaly
go \
§ Baksan, Rssia
= Modane, France
| CJPL-I .

& = CJPL, Chia :

. : | i |‘ i T i

a‘ : | 0 500 1000 1500 2000 2500

CDEX Depth in meters
- PandaX

nows
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PandaX hall at CJPL-II

* PandaX projects

* CDEX WIMP/ OvBp search

* JUNA (accelerator)

* Geo/Solar neutrino detector

e Other OvBP activities

iy £ 13 S T
L FS

Ke Han for PandaX (SJTU)

* PANDA Y

PARTICLE AND ASTROPHYSICAL XENON TPC

Auxiliary
gate no. 2

No.1

gateway

No. 2 auxiliary
tunnel

Service No. 2 gateway

tunnel A

Auxiliary gate no. 1
Connecting V9

tunnel AB

Service
unnel C

No. 1 auxiliary tunnel

Drainage
Traffic _tunnel
tunnel B

= _Service iul”

tunnel D Traffic

Connecting tunnel A
tunnel CD

Hall D

PandaX at Hall B2
e ~900 m?

e Extra excavation for the water
shielding pool (finished)

» Shared facility of DM and Ovff
searches

ISONFY07/18 32



Recent activities at PandaX hall

Beneficial occupation started in 2017 for
PandaX-Il xenon distillation, etc.

Infrastructure work in progress.




Conclusions and outlook :* paNDA Y

R PARTICLE AND ASTROPHYSICAL XENON TPC

* PandaX-Il with 580kg xenon has * PandaX-Ill aims to build multiple
reached the world frontier of dark 200-kg scale high pressure xenon
matter direct detection. TPC for NLDBD search at CJPL.

e PandaX-4T reaches an expected * A 20-kg scale prototype TPC is under
sensitivity to Sl interaction of 104/ commissioning.

cm? with 2 year live time.

* First 200 kg module: 2020
e Assembly and commissioning:

2019-2020 F T
104 ok i
_ —— PandaX-4T 1600 oy : L -
104 — Pandax-li(2017) E i Recbbiasiaed
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PandaX Collaboration

* Particle and Astrophysical Xenon Experiments
* Formed in 2009, ~50 people
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University of Science & Technology of
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Lawrence Berkeley National Lab
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Suranaree University of Technology
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Table 5 The raw background contribution from different parts in the laboratory and the detector by taking the 3% FWHM detector resolution into account.
BI stands for background index

o Background (CPY) BI (1077 ¢/(keV-kg-y))
Isotope Activity
BambooMC RestG4 BambooMC RestG4
Laboratory 238y 9.9 Bq/kg < 0.40 £ 0.03 < 0.09+ 0.01 — <0.4
walls 232Th 4.4 Bq/kg <0.22+0.02 <0.15+ 0.01 - <0.6
Wat 238y 0.12 uBg/kg 0.20 + 0.1 0.22 +0.03 0.74 0.86
ater PN
22Th 0.04 uBg/kg 0.24 + 0.06 0.55 +0.03 0.96 2.21
28y 0.75 uBg/ke 1.73 +0.12 1.77 + 0.1 6.9 7.05
Barrel 32Th 0.2 uBg/kg 4.63 +0.18 4.55 +0.05 18.5 18.2
80Co 10 uBq/kg 9.8+ 1.0 9.9+0.9 39.0 39.7
238y 0.75 uBg/ke 0.83+0.11 0.90 +0.11 33 3.6
End-caps 232Th 0.2 uBg/kg 24+0.1 22+0.1 9.8 9.0
0Co 10 uBg/kg 44+ 1.0 4.2 +0.9 17.8 16.7
Boll 238y 0.5 mBg/kg 75+1.5 7.3+0.9 30.1 29.2
Olls
232Th 0.32 mBq/kg 39.8 +2.7 467 + 1.9 159 186.3
Field #5U 4.94 uBg/kg 150 +£0.5 157+0.3 59.9 62.6
insulator #2Th 0.1 uBy/kg 2.69 £ 0.03 2.61 £0.1 10.7 10.4
and rings U 0.75 uBg/kg 0.67 +0.01 0.72+0.05 2.7 29
2Th 0.2 uBg/kg 0.95 + 0.01 0.92 +0.03 3.8 3.7
. 28U 0.26 Bg 1.0+0.3 2.4 +0.5 4.2 9.5
Electronics e
32Th 0.07 Bq 28+02 4.1+05 11.3 16.3
, 238y 45 nBg/cm? 60.5 + 1.7 63.7+ 1.8 241.6 254.4
Micromegas 3 5 ~
2Th 14 nBg/cm? 23.5+0.6 253+06 93.9 101
Cathode 214Bj 2 nBg/em? 4.1 402 3.3+0.1 16.5 13.2
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Table 7 Summary of the most relevant background contributions taking
into account the detector response

Background (1 0> ¢/(keV-kg-y))

Component [sotope
BambooMC RestG4

238y - 0.23

Water an
232Th 0.56 0.63
238y 1.07 2.41
Barrel 232Th 7.54 7.86
0Co 3.02 2.11
238y 0.30 1.26
End-caps 232Th 3.89 4.16
0o 2.98 0.76
238y 3.50 11.9

Bolts -
232Th 73.8 78.5
238y 19.5 16.5
Field insulator s _
232Th 3.80 3.86
) 238y 1.52 0.45

and rings 39
232Th 1.41 1.17
238y - 1.42

Electronics s
232Th 5.02 8.69
‘ 238y 144 158

Micromegas s _
232Th 36.9 44.5
Total 308.8 344.4
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PandaX vs. NEXT

PandaX-lll first TPC NEXT-100
200 kg Xe(enriched) + 1% TMA Detector medium 100 kg pure Xe (enriched)

Primary + electroluminescence

___________________ Light light readout by PMTs
Micromegas Charge/Tracking SiPM
3% Projected energy resolution 0.7%
3 mm Tracking pitch size 1lcm
X,Y Fiducialization XY, Z
Since 2015 Since ~2008
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Summary and Outlook

* PandaX experiment with 580kg Xenon has reached the world frontier of
dark matter direct detection.

e PandaX-Il continues data-taking smoothly.
* Recently, light mediator and EFT results are obtained
* More results are expected.

* The future PandaX-4T experiment R&D is work-in-progress.
» Expected sensitivity to Sl interaction could reach 1047 cm?
* Detector assembly and commissioning is scheduled in 2019-2020

* PandaX-Ill Ov3 search detector is in preparation.

* Thank you!
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TABLE I. Summary of ER backgrounds from different com-
ponents in Run 9 and Run 10. The tritium background for Run 10
in the table is based on the best fit to the data.

TABLE II. The best fit total and below-NR-median back-
ground events in Run 9 and Run 10 in the FV. The fractional
uncertainties of expected events in the table are 13% (Run 9 ER),
20% (Run 10 ER), 45% (accidental), and 50% (neutron),
respectively, and are propagated into that for the total fitted
events. The below-NR-median ER background for Run 9 was
updated using the new ER calibration. The corresponding best fit

Item Run 9 (mDRU) Run 10 (mDRU) background nuisance parameters [J,’s in Eq. (2)] are 0.123
85K 1 1.19 +0.20 0.20 + 0.07 ('¥7Xe), 0.135 (tritium), —0.105 (flat ER), 0.111 (accidental), and
127% o 042 4+0.10 0021 - 0.005 —0.098 (neutron). The number of events from the data are shown
H 0 0.27 +0.08 in the last column.
22Rn 0.13£0.07 0.12 +0.06 Total Total
220Rp 0.01 +0.01 0.02 £ 0.01 . o ot
ER (material) 020+ 0.10 0.20 + 0.10 ER _ Accidental Neutron Fited Observed
Solar v 0.01 0.01 Run 9 376.1 13.5 0.85 390 £ 50 389
136X e 0.0022 0.0022 Below NR 2.0 0.9 035 32409 1
Total 1.96 +0.25 0.79 £0.16 median
Run 10 172.2 3.9 0.83 177 4+ 33 177
Below NR 0.9 0.6 0.33 1.8 +£0.5 0
median
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FIG. 2. Tritium (solid black dots) and AmBe data (open red
circles) inlog;(($2/S1) vs S1. For comparison, the median (Runs
9 and 10 averaged, solid blue), 10% quantile, and 90% quantile
(Run 9, dashed blue, Run 10, light dashed blue) of the ER
background PDFs are overlaid. The solid red line is the median of
the AmBe events. The dashed and solid magenta curves are the
100 PE selection cut for S2, and the 99.99% NR acceptance curve
from the MC calculation, respectively. The gray curves represent
the equal energy curves in nuclear recoil energy (keV,,).
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Constraints on Spin-Dependent Interaction PANDA K

PARTICLE AND ASTROPHYSICAL XENON TPC

* 0,SD EFT operator O, = §_/ . §‘\

* Full basis shell-model GCN5us. S1g%
S a7
. . =10
* For proton-only coupling in Xe nucleus 5
* 0,SD EFT interaction largely suppressed 510%
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