est Results of PandaX

R T T, p
% el Ning Zhou

L Shanghai Jiao Tong University

The 2nd AEI and 10t KIAS Workshop
2022-11-18



ll Dark Matter

« Strong evidences for the existence of dark matter
* The nature of dark matter is unknown

Universe content

visible matter 5%

dark matter 27% ’-\;.

dark energy 68%




I Dark Matter Searches

* Direct detection, indirect detection, collider search

thermal freeze-out (early Univ.)
indirect detection (now)
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I Direct Detection

« Solar system in the dark matter halo

« Detection of incoming dark matter scattering off target atom

— Nuclear recoil (NR) or electronic recoil (ER) signature

— Small and rare signals: underground laboratory

Direct Detection

Backgrounds:
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Direct Detection
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I Global Efforts

« Multi-tonne scale xenon experiments @ underground labs
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I China Jinping Underground Laboratory (CJPL)

* Deepest
— 6800 m.w.e.

— < 0.2 muons/m?/day
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N cupLa

* 8 new experimental halls (L: 65m H: 14m W: 14m)
« PandaX and CDEX exp
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I PandaX Detector

« Dual-phase xenon TPC
— Scintillation light (S1) and ionized electrons (S2)
— Precise energy and 3D-positon reconstruction

— NR and ER discrimination power

Gamma
e|eCtr°”/ re§°”\ Dark matter: nuclear recoil v background: electron
/ 5 (NR) recoil (ER)

R AR |

nuclear recoil

\ o

(@) (S2/S1)\r<<(S2/S1)er
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I PandaX Experiment

- Particle and Astrophysical Xenon experiment

— Increase the detector sensitive target volume

— Lower radioactive background

PandaX-4T
PandaX-ll (3.7 tonne)

PandaX-I
PandaX start 120kg

& PANDAK

2010-2014 2015-2019




I PandaX-4T Operation

« Start physics data taking from 2020/12
« Commissioning data: 95.0 calendar days

a oy )
l/,.' ol

Electron lifetime bottom [us]

(D-®: Commissioning data taking subset
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A: HV training
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I WIMP-nucleon spin-independent exclusion limits c

* 0.63 tonne-year: dived into previously unexplored territory!

« Approaching the “low E” neutrino floor

BRI
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Tightening the Net on Two Kinds of Dark
Matter

New dark matter results strengthen const t
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10 10? ,
SUSY benchmark contours (MasterC\é(IJIAyIP mass (GeV/c?)

EPJC 78, no.3, 256 (2018), EPJC 78, 158 (2018)

PRL 127, 261802 (2021)
Editors’ Suggestion
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I Neutrino Floor

 Neutrino floor due to B8 CEVNS

* Reduce the threshold
— Lower scintillation light (S1) signal selection threshold

— Further optimize the quality cuts for low energy region
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I Data Analysis

 Dominant background: accidentally
paired S1-S2

— develop a boosted decision tree (BDT)

Blind analysis is performed with 0.48
tonne-year data

ROI
ER+NR+AC 8B Total prediction Unblind data
Two Photon 62.57 2.32 64.89 59
Three Photon 0.85 0.42 1.27 2

ROI
~——  Prediction
g 100} 8B CEVNS (x50)
‘2 |'I'| Data
3 before BDT
2. 50t
L
<
(a4
Opte ) X :
1 2 3 4 5
S1[PE]

ROI (BDT applied)

ER+NR+AC 8B Total prediction | Unblind data

1.46 1.42 2.88 @

0.04 0.29 0.33 0

15




ll Constraints on B8 and WIMP

* Leading constraints on B8 neutrino flux through CEVNS

— Into sensitivity of the “neutrino floor”. Can cast new insight on neutrino-
nucleus interactions.

« Strongest constraints on WIMP in 3-10 GeV region

|-o-| B16-GS98 prediction
: XENONIT
: PandaX-4T
0 5 10 15 20

Solar v flux [x10%m2s~1]

arXiv:2207.04883

o]
L]

Lrg, 10-—42
we=This work
W Sensitivity (+10)
1043 v floor

10

~

\\‘W

DM-nucleon SI cross section [cm
5I
N
N

UL I L L L L R AL

DM mass [GeV]
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I Spin-Dependent Interaction

« Scattering cross-section could be connected to the spin of nucleus
 Typical SD interaction is through axial-vector effective operator

— L = yy*ySxNy,y°N - S, - Sy

« 129Xe, 131Xe with unpaired neutron PLB 834 (2022) 137487
10381| | T T T T T T T T T T T ] T T UL YL L | " ' L t
neutron-only interaction N proton-only interaction
10 PandaX-4T (this work) =
PandaX-4T (this work) — — PandaX-4T Median Sensitivity ]
10 395‘ — — PandaX-4T Median Sensitivity = . —— XENONIT (2019)
—— XENONIT (2019) . 10 *E PICO-60 (2019)
PandaX-II (2018) i L PandaX-II (2018)
S,
9,5510 =
10 ks =
lll 1 1 lllllll‘, 1 1 llllll—‘ lIII - llIIIlI_, 1 1 llllll‘
10’ 10° 10’ 10’ 10° 10’

WIMP mass [GeV/c?] WIMP mass [GeV/c?] 17



I Mediator of Interaction

« Toward simplified model or UV-complete model

— some interesting signatures come out

Less complete

Dipole
Interactions

Phys. Dark Univ. 9-10 (2015) 8-23

“Sketches of models” More
complete

Dark Matter
Effective Field Theories

Minimal

tandard Model

Simplified
Dark Matter

Contact
Interactions

Complete
Dark Matter

Little
Higgs

Generic Searches  uu—— w——)p Specific Searches

Universal
Extra
Dimensions

)
b
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I Axial-vector Mediator

* Axial-vector mediator with universal couplings to quarks

« Scan mediator and WIMP mass parameters

(8]

=

Mediator mass [GeV/c?]

S
()

b

| | I

— ==== PandaX-4T (this work)
PandaX-4T, RGE (this work)

XENONIT (2019)

T T T 11 T T
—— PICO-60 (2017)

—— CMS (2021)
ATLAS (2021) &

Axial vector mediator
Dirac dark matter

| I I I I |

= 0.25,

T
\
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— PLB 834 (2022) 137487

g,=1

—

10"

2
10

WIMP mass [GeV/c?]

complementary
information from
collider search and
direct detection
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I Pseudo-scalar Mediator <L

 Tree-level process: yy>yNy>N - —(§X Sy - D)

T. Li, P. Wu 1904.03407
— momentum-suppressed spin-dependent scattering cross section

— undetectable signal rate

my =mpy+ =my =600 GeV/cz,
cos(B —a)=0, tanB =1, sinf = 0.35,
8x =1, A3=2Apy=Apy=3.

* Loop-level process: spin-independent scattering

— Example: 2HDM+a model

11'] 1 T Tl’TYYl’

X X - PandaX-4T (this work)
+(l, : // a (é 10— -
) >
I h/H r
i ©.
q q 7]
72}
<
=
X X X X =)
> I > | > > \\ > // > .'g
a;' I a; a; N s a; =/
| | /\ 2
| | 7/ N\
S — N G S PLB 834 (2022) 137487
q q q q 1011 ‘Lll 1 T | ] R

10 10°
WIMP mass [GeV/c?] 20



ll 2HDM+a Model

« Form, = 250 GeV
— small WIMP mass: excluded by ATLAS

My = my+ =my = 600 GeV/c?,
cos(B—a)=0, tanp =1, sinf = 0.35,

Parameters recommended by LHC DM group

Direct detection is expected to

cover the remaining parameter
space in near future

— large WIMP mass: stronger constraints, from direct detection
10 | | | | | | | | 10
PandaX-4T (this work) )
ATLAS —1107 2
——= Relic density =
.00
~ 10" 5
_\_._L._\\_ .......................... E’
\ Thermal Relic | 2=
\ Qp2=012 == 10 g
I — hEN //( 1)
I
10° : N/ a 10—4&
| PLB 834 (2022) 137487
10—2 I | r | I | I I I 106

100 150 200 250 300 350 400
WIMP mass [GeV/c?]
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I Two-component Majorana DM

» A pair of dark Majorana fermions with a N
large Dirac mass, split by a small Majorana }}j}:‘_
mass term S

— reduce the elastic scattering rate, avoid strong
constraints from direct detection

— keep enough annihilation rate g

* %, (DM candidate) is lighter than y, o

o
107k
— mass splitting 8= m,-m;

— kinematically suppression ol
2

g° _ _ _ -
Liree = WXIY#XZCIYH‘/ — CIS\IXIY#XZNYHN

dR/JE (DRU)

mX=1O TeV

— Inelastic scattering at tree-level

S —

w— O = 100 keV
— & = 200 keV
o = 300 keV

— OOp process

20 40 60 80 100 120 140 160 180 200
Recod energy (keV)
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I Loop Contribution

* Box diagram

— elastic scattering, no kinematic suppression
PLB 832 (2022) 137254

— but with mediator mass suppression

 Complementary to tree-level especially for large mass splitting

\1 \1 \] \1 :II T T T T T TTT T T ||||||| T |2_||||||:
\,\_/ \;_/ B g = 0.25 -
; < L‘ ? 1045_ ]
) Sy L o - 5 =50 ke\.
m /_’,_\\ = 10°F 8 =200 keV
q q q q 8 =
=
10° =
2
4o%my, m ms, : _ | loop
L =S X1 3 | 2 Al Y1 X149 — N7 1NN,
B e W AL 0t PandaX-Ii
_I || 1 1 1 1 Ll II| 1 1
10 10 10° 10*
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I Towards sub-GeV DM

 Boosted DM
 Absorption DM

« Electron scattering
* Migdal effect

X

e -Electron
@ -Proton

'i' '~Neutron
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Cosmic-ray Boosted Dark Matter
* Light DM with cosmic ray boosting

* New signature: diurnal modulation due to earth shielding

Rotation Axis

North Pole *
. Horizon line
/ AN Horizontal coordinate system
/ 30°N o —
PandaX-II:;; .r CRDM
I Equator VN
%
{ :
30°S Do S
CRs DM ~()  ~Z==~\\ ‘-.l
, crs | @)
South Pole o Galactic Center

PRL 126, 091804 (2021)

Survival Probability [%]
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(0yp =3 x 10732 cm2)\\ ]

150

Sidereal Hour

N
120
my, =10 MevV {15

- Lattitude = 28° 1
4 6 10 12 14 16 18 20 22 247
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I Cosmic-ray Boosted Dark Matter
 PandaX-ll data

— Using events below NR median: 25 events (expected 26.6 background)

 Extend the DM search window to sub-GeV

— Expand to the region beyond the astrophysical and cosmological probes

10:'''I'''I'''|'"|'''I'''I'"I"'I"'I"'I"'I"': 10_25
92_ —@—— Data _i 10—26 ------------------------------------
85_ BKG _f 10°%
SR CRDMsNominal BKG, (m =0.1 GeV, ,=10%%cm?) = 10~28
2 l4=s E— @000
2 e | e E g 107 PandaX-I
< e T 3 g.lo-so e
a 5F ) = =
2 - - X 10"31
o 4k ° = S
2 I S S B 10*
2 T T — 10°%
1 = 10°%
O:IIIIIIIII||I|||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIII: 10_36 L i S e
0 2 4 6 8 10 12 14 16 18 20 22 24 107 6> 1072 10 1

m,, [GeV/c?]

PRL 128, 171801 (2022) Editors’ Suggestion

Sidereal hour
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IAbsorption DM-nucleon Interaction

« Dark matter is mixed with right-handed neutrino

« DM-nucleus interaction

— Incoming DM absorption

(=)

X

 Mono-energetic recoil energy

_ERZ
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IAbsorption DM-nucleon Interaction

* First mono-energetic NR signal
search

* DM data

25 I : — DM PDF lo contour ]

DM PDF 20 contour

o » — = NR median from calibration
" A
5 .
~ L
|2 . -]
e i £ nomnd b ol
o5 B .»-_--t‘g“ﬁ:q,;:-..b\ -,,;..--43‘.4 7
) N R R Y A RN
9 R IR S 0
05 -]
0_ | I P | | 1
0 20 40 60 80 100 120

S1 [PE]

 PandaX-4T gives extreme strong
constraints on sub-GeV DM

— reaching 10-°0 cm?

PRL 129, 161803 (2022) Editors’ Suggestion

PhySTCS NEWS AND COMMENTARY
An Absorbing Dark Matter Experiment

October 13, 2022

by-absorption experiment for a little-studied form of dark matter
known as fermionic dark matter.

10—51 =

Synopsis on:
Linhui Gu et al. (PandaX Collaboration)
Phys. Rev. Lett. 129, 161803 (2022)
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Researchers have analyzed the first data from a new direct-detection-
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IAbsorption DM-electron Interaction

A general Fermionic dark matter
absorption on electron

— Similar signal as search for keV sterile

neutrino DM in direct detection

Challenging XENON1T low energy
excess

PRL 129, 161804 (2022)

PhySTCS NEWS AND COMMENTARY

Potential Dark Matter Signal Gives Way to
New Limits

October 13, 2022

Results from two leading dark matter experiments —XENONNT and
PandaX-4T—rule out an enigmatic signal detected in 2020 and set
new constraints on dark matter particle candidates consisting of light
fermions, respectively.

Feature on:
E. Aprile et al. (XENON Collaboration)
Phys. Rev. Lett. 129, 161805 (2022)

Dan Zhang et al. (PandaX Collaboration)
Phys. Rev. Lett. 129, 161804 (2022)
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Multi-physics Goal

dark matter
1- 30 keVee

Astro neutrino
< 200 keVee




I 136Xe 2vDBD Lifetime Measurement

* Energy window [440, 2800] keV
— PMT desaturation algorithm
— Multi-site vs single-site discrimination
* Fiducial volume: 4 regions

— Robust estimation of backgrounds
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I 136Xe 2vDBD Lifetime Measurement

* First result derived from natural xenon experiment
— 2.27 +/- 0.03 (stat) +/- 0.10 (syst) x 10%" years
— One of the most precise measurements to date arXiv:2205.12809

— Comparable with enriched 36Xe experiments

200
- “’ x2/NDF = 1.10 L o b Best fit ‘ PandaX-4T, 2022
E) 150 IW 136K 2ldpp
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I Future Plan: PandaX-xT

“ultimate” liquid xenon experiment

— Towards the neutrino floor

. Quter
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Volume
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Dark matter detectlon plays a key role In new phySICS search

- PandaX-4T is one of the new generatlon muIt| tonne xenon '.
experiments . O -

Interestlng searches towards various. types of DMs
Expectlng more results at)(CJPL eV s



I Self-interacting DM with Light Mediator

* Direct detection + astronomy +

cosmology

— Upper limit of mixing parameter from direct

detection

— Under the SIDM model considered, if DM
mass is 10-200 GeV/c? , dark sector is
colder than visible sector in early universe

DM DM

Dark mediator ¢ |

DM DM
I
Dark mediator ¢:

I
I
DM DM

—>

kinetic mixing ¢

SM

)
1

o (DM — nucleon) «

SM

82

4
Mg,

SCPMA Vol. 64, 111062 (2021)
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torial | Published: 29 September 2021
New connection between dark matter direct detections,
astrophysical and cosmological observations with self-

interacting dark matter o,
Editor’s Focus

YiPeng Jing &

Research light | Published: 28 September 2021

PandaX-II set constraints to self-interacting dark matter
using the full dataset

Wan-Zhe Feng &
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