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Dark Matter

« Strong evidences for the existence of dark matter

 The nature of dark matter is unknown

Universe content

visible matter 5%

14

dark energy 68%




Dark Matter Candidates

« WIMPs, Axions, ALPs, ...: covering extremely large mass range

Dark Sector Candidates, Anomalies, and Search Technigues
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Dark Matter Detection

EEZ 723
« (General approaches R . R
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Indirect Detection
« AMS-02 experiment

— positron spectrum

« DAMPE experiment

— electron spectrum

> (1] 2015 — 20187 I

N
1

NH -l LIL L] I L] L] L] LELBLELE] I L] L} L ] LELBLELEL] I L] L ] | | LEL L L] I _I LB I A
> [ . . : - 1
© [ ° AMS 1.9 million positrons 7 250 Nature 552, 63-66(2017)-
O ~  =—Dark Matter Model 7 [ 9k -
v 20 _ _ = - 198 ]
2] = =—Cosmic Ray Collisions = — - T -
D B S~ : . > 200 g ]

» -  * Projection to 2028 with DM model - 2 - g 1
1 - - B -Qg.aQ . T
€ 15 1 —_ L i A TSR 1
Lt B -2 Tev o %) - 2D R X . T S =

+ L Dark Matter i T 150 LS ONRel o 1 L | -
& F . v | | 'M%ﬁiﬁ | :

9 _ 7] [~ i < ' =

w 10 — £ 1 " i}o . y
C 1 2 100 DAMPE (this w % .

L - o i —— ork) \ 4

- i x § H.E.S.S. (2008) P4 i

5 Cosmic Ray Collisions i ¥ 1 H.E.S.S. (2009) F fJT.\ i

- - 50  —=— AMS-02 (2014) Ul

[ Energy [GeV] ] PSR AT e + % -

s . II 'l 'l 'l B B 1 II 'l 'l 'l 2 B B B II 'l 'l 'l B B 0 II O —l . I L1y I X N N . Ly l X |‘ R X Ly I-

1 10 100 1000 10 100 1,000 10,000

Energy (GeV)



Direct Detection 7y

« Near the Solar system, dark matter density 0.3 GeV/cm3
— Every second, 100k dark matter particles (100 GeV/c?) pass through 1 cm?

* Incoming DM scatters with target atoms

Direct Detection

Sa NGC 4984
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Detection Strategy

* Recaoll energy: light, charge, heat
« Large target: multi-tonne scale

* Underground laboratory
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Direct Detection
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Excess In Direct Detection

« XENONA1T experiment, 1 tonne-year exposure, some small excess in nuclear
recoll signal region

— fitted with WIMP of 200 GeV mass, 3.56 events
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TABLE I: Best-fit expected event rates with 278.8 days live-

time in the 1.3 t fiducial mass, 0.9 t reference mass, and 0.65 t
core mass, for the full (c¢S1, ¢S2;,) ROI and, for illustration,
in the NR signal reference region. The table lists each back-
ground (BG) component separately and in total, the observed
data, and the expectation for a 200 GeV/c?> WIMP prediction

assuming the best-fit og; = 4.7 x 10747 cm?.

2

Mass 1.3 % 09t 0.65t
(cS1, cS2) Reference Reference Reference
ER 1.624+0.30 1.1240.21 0.6040.13
neutron 1.43+0.66 0.77+0.35 0.41+0.19 0.1440.07
CEvNS 0.05%0.01 0.03%0.01 0.02 0.01
AC 0102205 0:.061205 004002
Surface 4.84+0.40 0.02 0.01
Total BG 7.36+£0.61 1.62+0.28 0.80+0.14
WIMPhyest-fit 1.70 1.16 0.83
Data 14 2 2
PRL 121, 111302 (2018)



Multi-tonne Xenon Experiments
« PandaX-4T, XENONNT and LZ
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PandaX-4T, 4 ton,

LZ, 7 ton,
CJPL-1I, China

XENONRNT, 6 ton
Sanford Lab, US

LNGS, Italy
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PandaX Collaboration
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PandaX Experiment

Collaboration PandaX-Il, 580 kg
formed PandaX-l started operation

]
PandaX-l apparatus PandaX-l, 120 kg PandaX-4T
moved to Jinping operation moved to CJPL-II




China Jinping Underground Laboratory (CJPL) 2, ®
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mean interaction length,cm

Xenon

Dense and homogenous

mean interaction length,cm
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* High light and charge yields
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PandaX Detector

e Dual-phase xenon TPC

— Large scale target

— Precise energy and 3D-positon reconstruction

— NR and ER discrimination power

Gamma Dark matter: nuclear recoil v background: electron
(NR) recoil (ER)
electron recoll —
/ \ ’
) R 2R
3 /) v
\\ e >
(S2/S1)\r<<(S2/S1)er i
WIMP : i
\ nuclear recoil . . %3
R Multi-site scattering A
/"/ < \ background (ER or NR)
\ . g, s1
\ — / T

S2
N

UL
I""
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PandaX-4T @ CJPL-II

—
Distillation Electronics and Cryogenics and
Tower DAQ System Circulation System
4 ] il n n
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PandaX-4T Subsystems
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PandaX-4T Commissioning

« Stable data running period: 95.0 calendar days

Electron lifetime bottom [us]
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Internal Calibration Source 2y ®
« Large size of TPC

— External calibration sources can hardly produce events in the center

— Internal calibration sources: 83mKr, 220Rn

« 8mKr: proton beam bombarding "@Kr (p + "aKr — 83Rb — 83MK)

— optimal proton beam energy 20 MeV: limited access in China 84Rp
: : : threshold
— successfully produced with 3.4 MeV: first measurement of the low energy yield 3 46MeV
S 10— 3 T o
2 [ Kovacsetal:0.1283 (E-E ' 1 < 10 — Simulation 3
O 1075 Mulders: 00092 (EE )** 3 §10-2 — Measurement |
@ | — Steynetal.: 0.1296 (E-E )** -
2 10% total: 0.0898 (E-E, ) E 1073
= [ [ 1*Rb in this work - :
a IOI:] 1n this wor E 104
I : 107
s Ig E
£ b PRC 105, 014604 10°¢
g (2022) € 10”7  $o
e 200 400 600 800 1000 1200

E (MeV) Ei(keN) 20



Detector Response Model

 Uniformity correction with 83mKr
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Detector Response Model

« Light/charge yield, as well as fluctuations

— Deuteron-deuteron (DD) neutron data used together with AmBe
— Rn data

250F

50

200}
150}

100}

llllll

11

%

500

1000

—Data

Head-on
collision peak

000 2500 3000
S2/PE

220
200
180
160
140

120}

100
80
60
40
20

—Data

AmBe

11111111

000 2500 3000
S2/PE

70F
60F
50F
ao0f
30
20

10F

o

500

1000 1500 2000 2500 3000

S2/PE

22



PandaX-4T Major Improvement 2 ®

. Triggerless DAQ: low threshold ;U Typical single
§15480¥W"“W\ NV‘{\'\/\W‘VJW\A photon pulse
— read out pulses above 20 ADC (~1/3 PE) .k _
: average single
e 222RNn:~5 qu/kg eE photon detection
15450 efficiency: 96%.
— 1/6 of PandaX-lI 1’
e 85Kr: ~0.3 ppt mol/mol
— 1/20 of PandaX-I| e
[ o ~—~— 7 =
200} ) =
—4005 ? S E__
E o00f LE
_8005 ® f - 3 §_
—10005 5 2 z_
B o ‘B
R? [mm?] —

Vertex distribution
of B-y candidates 23



Efficiency

DM Candidates T

- --- ER 95% quantile

\ — ER median
o FV: 2 . 67 ton ne g ..-\‘.‘ —— NR median =

\ PAS o — — NR 99.5% acceptance cut

 Exposure: 0.63 tonne-year

10

« Candidates
— 1058 candidates (Expected 1054+39)
— 6 below NR median line (Expected 9.840.6) ot
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WIMP-nucleon Sl exclusion limits “,®

« Sensitivity improved from PandaX-Il final analysis by 2.6 times at 40 GeV/c?
* Dived into previously unexplored territory!

« Approaching the “low E” neutrino floor

107%
5% CL. PRL 127, 261802 (2021)
Editors’ Suggestion
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10 10 10° 10*

EPJC 78, no.3, 256 (2018), EPJC 78, 158 (2018
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Tritium Removal before Run 2 2, ®

« Tritium spectrum identified in the data
» Likely originated from a tritium calibration at the end of PandaX-ll
« Level floating in the final dark matter fit: ~ 5(0.3)x10-%4 (mol/mol)

« Xenon distillation to remove radioactive impurity like tritium
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Accidental — -
127y o 35 :_
: Ezrftac 32_ ® L & o @ L
4 25F
23—0 A KM SRS AP B A S|P ® |
1] | -
I'H"..!!.n [ \ \ LS
)| | -
1—opo o @ [ X ) ® 00| ¢ o
i ngh(
i il L b, 1 = F r. WFTT ﬂ HT 1 H
| | | \ ; LTI LTy | UL |IHII 0.5F
—L do o ; + \ +I + + = Il 1 | 1 1 I 1 1 l 1 1 | Il Il I 1 1 | 1 1
% 20 410 6|0 80 1<|)o 1£o 00 20 40 60 80 100 120

S1 [pe] S1 [PE]




Low Mass Dark Matter
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Low Mass Dark Matter

 Boosted WIMP
« Migdal effect

» Electron scattering

X

X-ray P

Bremsstrahlung

Auger electron

CR

WIMP

3 —Electron
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Cosmic-ray Boosted Dark Matter (.

e Cosmic-ray boosting

 Attenuation due to the earth

Rotation Axis
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Altitude (Degree)

|
Earth Attenuation of CJPL ¢
»
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PandaX-ll Sidereal Hour

« Using events below NR median

— 25 events (expected 26.6 background)
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Constraints on sub-GeV mass region 2 ®

« Expand to the region beyond the astrophysical and cosmological probes
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PRL 128, 171801 (2022)
Editors’ Suggestion

luuﬂ lului lll|,|,||‘ lmi L1l

10
1073

E
El
35|
b %\
1 1 llllll L L llllll L L llllll 'l L1 11111l

104 10°° 1072 10 1
m,, [GeV/c’]

32



XENON1T Excess in Electron Recoil Events 2, ®

* 0.65 tonne-year exposure of
XENONA1T experiment

» 30 excess in electronic recoill
signal region

* Fitted with solar axion, etc

 Need further cross-check with
more sensitive detectors

PRD 102, 072004 (2020)
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Independent Check from PandaX-l|

« Signal: axions, neutrino magnetic moment

« Major background spectra obtained from calibration
data directly

* Independent check of XENON1T low energy ER
EXCESS CPL Vol 38, No. 1 (2021) 011301
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WIMP-electron scattering
* Light WIMP scattering with electrons

« S2-only analysis: effective threshold 80eV
« 15-30 MeV/c?2 WIMP: strongest constraints

Rate [events/5 PEtonne-day]

E [keV]
0.1 0.2 0.3 0.4
E o I | ! I I I ! I I I ! E 10—34 ~\
E Fou=1 E
=~ o, = 1.5x10%° cm? .
12 ROI 4~ DM (m =20 MeV/c?) = P
- - = DM (m =200 MeV/c?) ;
- N —— Data -
10 ¢ 10-38}

—
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Dark Matter-Electron Cross Section [cm?]

10742
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80 - | 200

lonization Signal [PE]
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PRL 126, 211803 (2021)

Fom=1
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Simplified Model in DM direct detection o

 Effective field theory: a good approximation to DM-nucleon interaction

« Simplified model with mediator information

— some interesting signatures come out

- > <
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Self-interactive DM 2, ®

SCPMA Vol. 64, 111062 (2021)

IIII T T IIIIIII

* Light mediator: mediator m,is compared to or

5] T
2 10'F — m,~10 Ge
smaller than g 5 i :
§, i == m,=100 GeV .
— Signal spectrum more peaked towards to Iow-enerzgy £ 10°F l Favored by \\,5;%
N . £ = | astrophysics g
=z 2 /
e PandaX-ll result o (BB R A%~) OCm—aL) < 10_9;_ \\observations \\\\,Qj/ _;
. . - \ X/ =
— Upper limits on the mixing parameter i = &7 ]
1010 an ~Q,L'/\/\ EJQ —
— Combination with astrophysics and cosmology 3 _ //(’—“55:::;
_‘——_“__;4 oWe -
— Under SIDM, for 10-200 GeV/c2 DM mass, dark ol—————1 due g Z';’ f -
sector is colder than visible sector in early universe I . — A v
Mediator mass (MeV)

Dark mediator ¢

DM DM DM DM
Editorial | Published: 29 September 2021
New connection between dark matter direct detections,
astrophysical and cosmological observations with self-
|

: interacting dark matter
Dark mediator ¢| f H ’
| — | e Editor’s Focus
! 5%%3%}%8 ' Research Highlight ‘ Published: 28 September 2021
PandaX-II set constraints to self-interacting dark matter
using the full dataset
DM DM SM SM

Wan-Zhe Feng
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Two-component Majorana DM \/ 2 ®

« Strong constraints on DM-nucleon elastic

scattering 2y
« Two-component Majorana DM /\\
— a pair of dark Majorana fermions with a large Dirac q q
mass, split by a small Majorana mass term
— reduce the elastic scattering rate It g=1
— keep enough annihilation rate et g
105
* v, (DM candidate) is lighter than y, = 0
. . . S 10°
— Inelastic scattering at tree-level % 13:‘; U mDM=10 TeV
— mass splitting §= m,-m; o
. : : 10__110‘ N —
— kinematically suppression o L
2 1o | | I By s gy g | l_||°°IPIPf|°f39‘55|

1 - Ll Ll Ll | L LA 1 | | | | 1 ]
0 20 40 60 80 100 120 140 160 180 200

al _ _ _
Liree = Wx 1 YUX?.‘/ Yuq — CIS\IX 1 YUXZN YHN Recoil energy (keV)
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Loop Contribution

 Box diagram

— elastic scattering 4 84’"% mq m% .
— 1 IR - _ -
— no kinematic suppression Lioop = 162 M* F5( M2 ) 212199 = ¢t X1.01NN,

— but with mediator mass suppression

« Complementary to tree-level especially for large mass splitting

X1 X1 X1 X1
\\ X2 / \\ X2 /
P P>

V V VOV

- B
/ q \\ / q \\
q q q q
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PandaX-ll Search

« Extending signal region

— Improve the sensitivity to high mass
splitting

« PandaX-Il full exposure data

+ Data
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Combine Inelastic and Elastic 2, ®

* Loop-level: Competitive constraints for large DM mass and large mass splitting

« Collider constraints from ATLAS mono-jet search
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Collider Searches 2, ®
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Dark Matter Models 2, ®

Less complete

« Toward simplified model
or UV-complete model

Dipole
Interactions
“Sketches of models”

More
park Masias A HeHIpELE  Search for the mediator
Effective Field Theories Phatsrs |nf0rmat|0n

Minimal

Simplified
Dark Matter

Models
Contact
Interactions Complete
Higgs Dark Matter
Portal Models
Universal

Extra
Dimensions

Generic Searches Specific Searches
_ ﬁ

Phys. Dark Univ. 9-10 (2015) 8-23 44



Mediator Search at collider 2, ®

* direct search of the mediator

* dijet resonance: inclusive, 1 or 2 b-jets

w T T T
€10’
x (my) ¢ " £ ATLAS . Data
LI10 Vs=13 TeV, 139 fb™ — Background fit
10" =" Inclusive — BumpHunter interval
105 q., mq* = e
104 "’J.’"”"I‘I’-"-'ﬂ’-‘le=lﬂ‘='-"9° q*, o X 10
10° %}m p-value = 0.89
102
10 b t4
1 f
107
S 2f
S of
€ 2f
2
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Constraints on Mediator

o @0_1

0.5
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Phys. Lett. B 788 (2019) 316
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80.5 b

ATLAS-CONF-2018-052

— Resolved dijet + ISR

79.8 &
Phys. Lett B 795 (2019) 56

Resolved di-b-jet + ISR

79.8 & 76.
Phys. Lett. B 795 (2019) 56

— Dijet TLA
3682931
Phys. Rev. Lett. 121 (2018) 081801

— Dl-b-Jet
243 & 139fb™
Phys. Rev. D 98 (2018) 032016
JHEP 03 (2020) 145
Dijet
139fb"
JHEP 03 (2020) 145

Dijet angular
Phys Rev. D 96 (2017) 052004

—_— t3t 1rfesonamce 1L
Eur. Phys. J. C 78 (2018) 565
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Combined Constraints

« With direct detection experiments
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Next Generation: PandaX-xT s
- Towards the “neutrino floor” B L
F
* Low background PMT Ay
« Large size TPC
« Xenon isotope separation |
10_5oE||||| cE ] R La T SNt | LS i Lol T L

WIMP mass (GeV/c?)




Next Generation Collider

» Higgs-related dark matter scenario




Summary

Dark matter detection plays a key
role in new physics search.

Quick progresses in recent years

In China, a sizeable team has
formed, producing leading results

Active communication among
theorists and experimentalists

AR |
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3rd Generation Xenon Experiments

« Darwin experiment

— 60tonne xenon, 100-150M Euros

Home News XENON/DARWIN and LZ members have agreed to w...

XENON/DARWIN and LZ
members have agreed to work
together on next generation dark
matter search experiment

The XENON/DARWIN & and LUX-ZEPLIN (LZ) & collaborations have now joined
forces to work together on the design, construction, and operation of a new, single,
multi-tonne scale xenon observatory to explore dark matter. The detector will be
highly sensitive to a wide range of proposed dark matter particles and their
interactions with visible matter. Over the last 20+ years, experiments using liquefied
xenon targets have delivered world-leading results in the global quest for direct

dark matter detection. This next-generation detector aims to continue the pursuit.

Press release: darwin.physik.uzh.ch @

July 29, 2021 Nature 586, 344-345 (2020)
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“Neutrino Floor”

* Non-uniform atmosphere neutrinos
distribution, due to magnetic field

« CJPL has a unique advantage towards
the “neutrino floor”

US/UK World Magnetic Model -- Epoch 2010.0
Main Field Horizontal Intensity (H)

magnetic field

10737 ’ ‘
1038} » 8
— 1073}
§ 107
‘;‘ 012
109 "
; —43 oS\ @ %?29\
¢ 10708 xenont 2
£ (el S
é 10—45.
T 1074
% 10747 — gvett_|
= AN guen'®
10_50 | | g ; : . ‘ggﬂe\m‘\\'\c’i\leﬂ
2 1 10 100 1000 104
WIMP Mass [GeV/c?]
Site Flux (m"2 sec sr GeV)*-1 [L00OMeV]
Kamioka 4249
Gran Sasso 7304
Sudbury 11879
Frejus 8215
INO 2554
South Pole 12001
Pythasalmi 12208
Homestake 11774
JUNO 2871
Honda et al. arXiv: 1502.03916 Nneutrino flux 52



Dark Higgs

» dark matter mass from Higgs mechanism in dark sector
— dark Higgs boson s : can be even lighter than DM
— simplified model: dark Higgs + Z' mediator + DM
— dark Higgs mixing with SM Higgs: decay to vector bosons

JHEP 1704 (2017) 143
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Mono-S(VV)

o(pp — s xx) X B(s — VV) [pb]

reconstruct dark Higgs with a fat jet
(containing 2 V -> 4 jets)

track-assisted reclustering (TAR) algorithm:
better jet substructure resolution

PRL 126 (2021) 121802

Dark Higgs model JHEP 1704 (2017) 143
0.35 9,=0-25,g.=1, 6=0.01 ATLAS 1
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Simplified Model with Mediator

» keep the mediator information
— mass: my
— spin : vector, axial-vector, etc

— coupling: 9, 9/ 9pwm

« simplified model:
— starting point to build complete theories

— colliders can search for the mediator directly
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Calibration Methods

Gaseous source

%

Calibration tubes

HJIII T rTTm

Calibration source Position

83mKr/220Rn
241Am-Be

D-D neutron

Injected from gas panel
Calibration tubes
Beam pipe
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Excess In Direct Detection 2, ®

Il ER M Surface Neutron I AC M WIMP

« XENONA1T experiment, 1 tonne-year exposure,
some small excess in nuclear recoil signal

region
PRL 121, 111302 (2018)

— fitted with WIMP of 200 GeV mass, 1.7 events

« 0.65 tonne-year exposure, 3c excess in

B S O R | T | U
03 10 20 30 40 50 60

electronic recoll signal region cS1 [PE]

@%ﬁm&ﬁ']_
ll hl | - lr .]_
PR T
* Need further cross-check with more sensitive 1 :
detectors T skidam |

— fitted with solar axion, etc ol

PRD 102, 072004 (2020)
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Dark Matter Signals

« Scattering cross section on nuclei

— Spin-independent, « A%, Form factor

— Spin-dependent, spin structure factor

dR

dER B my N

daXN

dEp

PO

2

2
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[ o o, Bryes ey

min

(05" F3;(ER) + 05" F5p(ER))

integral rate, counts/kg/year

Recoil energy spectrum

£ Isothermal halo
[ V=220 km/s, vg=240 km/s,
= V=600 km/s, p;=0.3 GeV/c%/cm?3

My=100 GeV/c?
o, s =102 pb (10-° cm?)

-
~— a
| \E\\—Ne

threshold recoil energy, keV

00
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Multiple Physics Tasks

Energy 1-30 keVee
— Dark Matter

Energy < 200 keVee

— Astro neutrinos

Energy > 2MeVee
— 0vDBD

Counts

005~ | —— Original: 4.8%

—— HE optimized: 1.5%
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R&D of PandaX-xT

 Low background PMT
« Large size TPC
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B o
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« Xenon isotope separation
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