SRk
.ﬁ’ o) ".i k’ -~
¢ \ =T AT
oo A
g " ‘~; 4 NGHArnm TON!!U l\nsRsn'Y'
[ X

@ PandaX
AT (L E k)

P BT HENEFHTES
2022-07-23 .l k&

By -



Dark Matter

« Strong evidences for the existence of dark matter

 The nature of dark matter is unknown

Universe content

visible matter 5%

dark energy 68%




Dark Matter Detection

* General approaches
— direct detection
— indirect detection

— collider search
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Rotational speed (km/s)

Direct Detection

« 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
Sed Sa NGC 4984

Sa NGC 4378

Electron

Sbe NGC 3145

250

Sbe NGC 1620 \Milky

Way

Sc NGC 7664
150
Nucleus
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Detection Strategy

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

« Underground laboratory

CRESST |
CUORE
TeO1, ALO3, LiF
Phonons
10 meV/ph
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CaWO4, BGO T Ge, Si
ZnWO4, AlLO3 ... )
) K
. . =
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Direct Detection
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Multi-tonne Xenon Experiments
« PandaX-4T, XENONNT and LZ
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PandaX-4T, 4 ton, LZ, 7 ton, XENONRNT, 6 ton
CJPL-1I, China Sanford Lab, US LNGS, Italy
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PandaX Collaboration
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China Jinping Underground Laboratory (CJPL)

 Deepest
6800 m.w.e.

— < 0.2 muons/m?/day

* Horizontal access

9 km long tunnel
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PandaX-4T @ CJPL-II

h————o
Distillation Electronics and Cryogenics and Clean Room Xenon Gas Storage System
Tower DAQ System Circulation System
1
B | n
| | YR |
A . {ESX 1keV - 10keV

e T T

E5EX >2MeV

Water Shielding Tank
®: 10m
H: 13m

R
- Sensitive volume: 3.7-tonne LXe BSRS 20key
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mean interaction length,cm

Xenon

 Dense and homogenous

« Self-shielding

* High light and charge yields
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Light yield [photons/keV]
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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 y background: electron
(NR) recoil (ER)
electron recoil . —
A gy _Drifttime, 5 g1 -Drifttimeg s
(S2/81)\g<<(S2/S51)gr

WIMP :
nuclear recoil . .
[ pm— Multi-site scattering

background (ER or NR)

. | s1 52
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PandaX-4T Subsystems
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PandaX-4T Commissioning g

« Stable data running period: 95.0 calendar days

(D-®: Commissioning data taking subset
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PandaX-4T major improvement ‘s

g w0 Typical single
: photon pulse

* Triggerless DAQ: low threshold

ADC Cour

— read out pulses above 20 ADC (~1/3 PE) average single

i photon detection
* **Rn:~5uBg/kg “ efficiency: 96%.

— 1/6 of PandaX-Il T e

Radon events alpha events

« 35Kr: ~0.3 ppt mol/mol
— 1/20 of PandaX-I|
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WIMP-nucleon Sl exclusion limits ‘s

« 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

10
sub-GUT
5% C.L.

PRL 127, 261802 (2021)
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Low Mass Dark Matter ‘s

 Neutrino floor due to B8 CEVNS

« Lower S1 selection threshold to 2 hits

. |
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Data Analysis

» Blind analysis is performed with 0.48 tonne-
year data, which has

« a software veto excluding time and position
with high rates.

« Dominant background: accidental paired S1-S2

— boosted decision tree

Rate [counts/PE]
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Constraints on B8 and WIMP 0 ®

« 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

arXiv:2207.04883

wes This work = XENONIT S2-only
|-0-| B16-GS98 prediction = XENONIT *B scarch LUX 2018

= = PandaX-4T WIMP search BN Seasitivity (+1 )

S e XENONIT WIMP search floor

I XENONIT
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S Solar flux [x10%m2s~!]
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|
|
I I PandaX-4T
0

WIMP-nucleon SI cross section [cm?]
=
5

—46
10773 4 5 6 7

WIMP mass [GeV]
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Other Scenarios

 Boosted DM CR
* Absorption DM

* Electron scattering

X WIMP

X-ray P

Bremsstrahlung

@ -Electron
@ -Proton
{_-Neutron
Auger electron
BT, £=BNTYEFETS 20



Cosmic-ray Boosted Dark Matter

« Attenuation due to the earth shielding A BRENRE
« Using events below NR median: 25 events (expected 26.6 background)

« Expand to the region beyond the astrophysical and cosmological probes

LB A R | L L R LA S R A ] == S S
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Absorption DM-nucleus Interaction

« Dark matter is mixed with right-handed neutrino

1
Onc = Az (7Y n + pv*p) X7uPrv + h.c.

« DM-nucleus interaction j | g,
— 129

— incoming DM absorption Z 10°F f 130§: =
s | - | e
i N 132y -
(=)} - .4 =) . A 3 ] ﬂ 1 | I ‘34XZ |
X +“°Xe—= v + “Xe, 2 . | JI’ " e A
: : 8 - | ~
 Mono-energetic recoil energy . ‘04; e 3
o - .
mz E - ‘ ‘ I -
= Er = guy o | 2

— ' . I o] IR N P J. I[ | \ N PO P
Key issue: detector resolution 107 3 ¥ ce =t !

Eg [keV]

g == ryEsnmsal- Dror, G. Elor, R. McGehee, PRL 2020
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Energy Resolution Validation

« Signal response model vs NR calibration data

Normalized counts

Normalized counts

— S1, S2 distribution in every energy window

— D-D neutron back-scatter peak
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Constraints on Absorption DM-nucleon

* First mono-energetic NR signal search

« Strong constraints on sub-GeV DM

loglO(SZb/S 1)

— with collider and indirect detection (y = vvv)
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Absorption DM-electron Interaction

» A general Fermionic (sterile neutrino-like) — 90% CL. limit Overproduction
dark matter absorption on electron — sensitivity median T XYYV
-zloband T3y

— Similar signal as search for keV sterile neutrino
DM in direct detection
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DM-electron interaction

* Much smaller energy deposit

S e .
& 10%F5 Fou=1 110 2
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S2-only Strategy

e Dual-phase xenon TPC

electron

v background:

Dark matter: nuclear recoil

(NR)

;

recoil (ER)

S2

Drift tim

S2

\ A |

(S2/81)\g<<(S2/S1)gr

Drift time
—_

S2-only

To lower the threshold
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WIMP-electron scattering
* Light WIMP scattering with electrons

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

E [keV] PRL 126, 211803 (2021)
- 0'1 0'2 0-3 0_4 ) - 4 | T T -
g | | | | 3 5 10-34 DAMIC
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Dark Matter Models

« Toward simplified model or UV-complete model

— some interesting signatures come out

Dipole
Interactions

Less complete

“Sketches of models” More

complete

Dark Matter
Effective Field Theories

Minimal
Supersymmetric
tandard Model

Contact
Interactions

Complete
Dark Matter
Models

Little
Generic Searches

— ﬂ
Phys. Dark Univ. 9-10 (201%)%8'2%—
=7, =

Universal
Extra
Dimensions

Specific Searches

fRRFYERAIT S

29



Two-component Majorana DM \/ q

« 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 "
1055
* v, (DM candidate) is lighter than y, = 0
51&
— Inelastic scattering at tree-level Y 13:‘; mDM=10 TeV
— mass splitting §= m,-m; o
: : : 107" ST —
— 107" — e
kinematically suppression o =200y
gz - - N = Y 1gzo”l$' Md'lm"ébulﬁd'Hﬁ'HQd':¥?32?§Zm
Liree = WX | }’#X?_‘l Yuq — C5 X IY#XZN YuN Ratoieneraviikey) ° ]
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Loop Contribution

 Box diagram

— elastic scattering 4 84’"% mq 2
1

62 M F_( 4 )Xl%qu—>€1 X1X1NN,

. . . L =
— no kinematic suppression loop

— but with mediator mass suppression

« Complementary to tree-level especially for large mass splitting

-

Tl T
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PandaX-ll Search

« Extending signal region

— Improve the sensitivity to high mass
splitting

« PandaX-Il full exposure data
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Combine Inelastic and Elastic ‘s

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

« Collider constraints from ATLAS mono-jet search
PLB 832 (2022) 137254
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136Xe DBD Measurement B SR AR

Counts / 10 keV

Res. [o]

First measurement from dark matter detector

649.7 6.5 kg natural xenon in FV and 94.9 days of data,
— the total fitted number of Xe-136 DBD events is 17468 =243 in ROI of 440 to 2800 keV

Xe-136 DBD half-life is measured as: 2.27 =0.03(stat.) = 0.09(syst.) X 1021 yr

arXiv:2205.12809
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3rd Generation Xenon Experiments

[
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« Dark matter detection plays a key role in new physics Search.. '
» In'China, a sizeable team has_formed, producing léading results
. Active_ communication among ’.theori_sté and experimentalists.

»
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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)

Site
Kamioka
Gran $Sasso
Sudbury
Frejus

INO

South Pole
Pythasalmi

Homestake
JUNO

45w g

magnetic field

Flux (m”~2 sec sr GeV)*-1 [100MeV]
4249

7304

11879

8215

2554

12001

12208

11774

2871

Honda et al. arXiv: 1502.03916 neutrino flux

BT, S=ZmEirYEsnaihits

39



Dark Matter Candidates

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

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg
< I I I I I I I l 1 1 I 1 1 l 1 1 l 1 1 ’ 1 1 I h)} | »
| | | | | | | L L L L
T —>
QCD Axion WIMPs
<€ > € - > e
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
—> % T
Pre-Inflationary Axion Hidden Thermal Relics / WINMPless DM
> < >
P ost-Inflationary Axion Asymmethic DM
L -
Freeze-In DM
>
SINMPs / ELDERS
Beryllium-8
>
Kuon g-2

>
Small-Scale Structure

% > <>
Small Expenments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing
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Indirect Detection
 AMS-02 experiment

— positron spectrum

P11 2012 —2015%
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— electron spectrum
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Excess In Direct Detection ‘s

« XENON1T experiment, 1 tonne-year exposure, some small excess in nuclear
recoll signal region

— fitted with WIMP of 200 GeV mass, 3.56 events 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 (cS1, ¢S2;,) ROI and, for illustration,
in the NR signal reference region. The table lists each back-
B ER B Surface Neutron B AC B WIMP ground (BG) component separately and in total, the observed
data, and the expectation for a 200 GeV/c? WIMP prediction

- assuming the best-fit o5y = 4.7 x 10747 cm?.
4000 Mass 1.3¢ 1.3t 09t 0.65 t
(eS1, ¢S2y) Full Reference Reference Reference
— ER 627+18 1.62+0.30 1.12+0.21 0.60+0.13
. neutron 1.43+£0.66 0.77+0.35 0.41£0.19 0.14+0.07
E CEvNS 0.05+£0.01 0.03+0.01 0.02 0.01
P AC 04779237 0107395 0.0673%5 0.047393
0 Surface 1068 4.84+0.40 0.02 0.01
= 100 Total BG 73520 7.36+0.61 1.62+0.28 0.80+0.14
WIMPyest-fit 3.56 1.70 1.16 0.83
Data 739 14 2 2

200

5 L0

o o '| B | .‘I.' =
03 10 20 30 40 50 60 70
cS1 [PE] AT, 2=REx PREMAGREe2 (2018) m




Excess in Direct Detection
« XENON1T and XENONNT

COMPARISON WITH THE 1T EXCESS . 1077, _
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