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- How dark is dark matter?

Image Credit: Public Domain
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Limits on the luminance of dark matter from xenon recoil
data

xenon nuclei that produce a recoil of the latter is carried out and the first
constraint on charge radius of dark matter is derived.

Xuyang Ning, Abdusalam Abdukerim ... Yubo Zhou
Article 17 May 2023

A direct search for effective electromagnetic interactions between dark matter and .

181 5= R BIRYEY:

Dark matter

Photon ‘
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Nature 618, 47-50 (2023) XMeREE H Z G E =SS M
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Tightening the Net on Two Kinds of Dark

Matter The PandaX-4T Collaboration also finds no dark matter signal in
pecember23,2021 physics 14,5164 | their data, allowing them to claim the most stringent constraint
New dark matter results strengthen constl O the interaction rate of WIMPs with nucleons for WIMPs of
mass 40 GeV. Currently, the collaboration is working to lower

@]

ZEYIESZS (Physics) Hﬁ%
=RikiE, FePandaX-4T44

T WIMPHESYIRF0%FAE _E!zrm

R tFRIPRE.

Will dark matter be detected at
Gra l'l SaSSO? XENONNT has two direct competitors based on the same technology. A 4-tonne

experiment called PandaX-4t has been running for 100 days in China JinPing
Underground Laboratory (CJPL) in Sichuan, and has already improved the limits
previously set by XENONIT, according to its first data presented at a conference in
July. At the Sanford Underground Research Facility in the US, the first scientific run

{Nature) K&XXEIFL7T
PandaX-4Tiz{37100KF B8

% 7 KRMXENON1TSLE

'ﬁé:lél:% o

The WIMP Paradigm: Theme and Variations'

Jonathan L. Feng

1ent of Physics and Astronomy, University of California, Irvine, CA 92697, USA

The field of direct detection is extremely active, with sensitivities increasing by an order of
magnitude every few years over the last few decades. The current state of affairs is summarized
in Fig. [I2] for spin-independent searches. At present, the leading bounds are from one- to
multi-tonne-scale liquid noble gas detectors, including XENONIT [49], PandaX-4T [50], and
LZ [51). For dark matter masses ~ 20—100 GeV, the upper bound on the dark matter-nucleon
cross section, assuming f, = fn, is at the 10747 c¢m? level.

How significant is this progress? The current bounds are probing the heart of WIMP
theory parameter space, with many otherwise successful WIMP theories being excluded by
direct detection. At the same time, there are WIMP theories with almost arbitrarily small

EEMEFEET. TIMNKREH
¥2Jonathan L. Fengifigur,
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Neutrino floor
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P Neutrino Floor

Coherent Elastic Neutrino-Nucleus Scattering (CEVNS)
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P Solar 8B neutrino

 Low threshold detection mode

— low threshold paired ROI
— lonization S2-only ROI

—— Paired

]
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Solar B8 neutrino
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Jl Argon Detectors

Pulse shape of prompt scintillation signal
— Singlet (bns) and triplet (1.5us)
* Dual- phase. lonized electron vs prompt scintillation light
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Jl Argon Detectors

- DarkSide-50 @LNGS

— 46 kg underground Argon
— Dual-phase

- DEAP-3600 @SNOLAB

— 3600 kg natural Argon
— Containing 3°Ar (269 year)
— Single-phase, R=85cm

XENON1T (2018)
PandaX-ll (2017)
LUX (2017)
CDMS-1I (2015)
DarkSide-50 (2018)
DEAP-3600 (2017)
— — - XENON1T projection

M, [GeV/c?)
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J GADMC

« Global Argon Dark Matter
Collaboration

« DarkSide-20k (2021 -)

— dual-phase, low radioactivity Ar

— 50 tonne total mass, 30 tonnes
fiducial mass

— > 20 m?2 of SiPM coverage

Dark Matter-Nucleon Gy [cm?]
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P CDEX it
+ CDEXAZREMhiE

20118E, CJPLA,
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Ionization signal by Ex
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Direct detection of low-mass WIMPs w/ Ge
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P CDEX "8 itk
-+ CDEX-1 (2011-2018) : RR<HERSHEHERUIZRA, FRFEHAR,

- CDEX-10 (2016-2022) : &&mE S bsENESEREIRET;
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B CDEX-108 E%
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B CDEX-104IB45 R
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—Mass: 1-1.2 kg;
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CDEX-5031%1
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J CDEX-50 @ CJPL

- FillzsercS ) EFNi@CIPL-I
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P Low Mass DM: Germanium detectors

« SuperCDMS experiment @Soudan

« Standard iZIP mode: phonon and
ionization, ER/NR discrimination

« CDMSIlite HV mode: phonon only

— lonization electrons generate a large
number of NTL phonons

— => Low threshold 56 eVee

Phys. Rev. D 97, 022002 (2018)
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P Low Mass DM: Crystal detector

« CRESST-IIl experiment
« CaWO, crystal, 24g, @ ~15mK

— Phonon signal: precise measurement of deposited energy
— Scintillation light: particle-type dependent
— Nuclear recoil threshold 30.1 eV => subGeV WIMP

F. Reindl, IDM2018
_ TAUP2017
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P RS EIS SIS A

- ALETHIASELS
— A Liquid Helium Time Projection Chamber in Dark Matter

@ Left plot: The whole LHe detector system. 1: LHe repository; 2, LN cooling
system; 3, SiPMs; 4, HV power supply; 5, Cryostat (vacuum); 6, HV electrodes; 7,
LHe cooling source.

@ Right plot: The LHe TPC. 1, HV rings; 2, SiPMs; 3, Anode; 4, Gate; 5, TPC wall; 6,
Cathode.
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P SatEER

 Directionality:
— Cygnus direction

— Can help with neutrino floor!
— 30deg angular resolution necessary to distinguish Cygnus from

« To reconstruct the recoil track
« R&D work in progress
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- IF: below meV scale

Dark Sector Candidates, Anomalies, and Search Techniques
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Axion Interaction

 Axion Formalism
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P Solar Axion

 Production in the sun

— ABC Process: Atomic
recombination and deexcitation
(ARD), Bremsstrahlung, and
Compton

— Primakoff effect

— M1 nuclear transition of >’Fe
(14.4 keV).

1.O}
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[101°cm 25 lkeV 1]

d®/dE4
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====Compton
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---- ARD

—— Primakoff
—— °"Fe(144 keV)

E. Armengaud et al
JCAP11(2013)067

- 10.0
EA [keV]
Corresponding axion couplings in flux
Jae = 1x1071, g, = 1x107%GeV ™Y, gt/ =

3x107°,
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P ER Signals from Axio-electric Effect

Astroparticle Physics Volume 44, April 2013, Pages 59-67
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The approximate cross section of axio-electric effect:

Jae 3E? g3
1— 2=
B 16mam? 3

O'Ae(E) = Upe(E)

where g4, = Coemy/fa: Cae 1S model dependent.
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FIG. 1: Expected energy spectrum for ABC process
with a coupling ga.=3.1x10'? (red), and nuclear
magnetic transition process of °"Fe with coupling

g7 = 8.3 x 107 (orange). The solid and dashed orange
lines are total efficiencies including reconstruction
efficiency and quality cuts efficiency for Run0 and

Runl, respectively.
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https://www.sciencedirect.com/science/article/abs/pii/S0927650512002344?via%3Dihub

P ER Signals from Inverse Primakoff Effect

m, =100eV, gy = le— 10GeV~!
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Two kind of form factors: Fsol(qirg) = —2
(1) Screened Coulomb potential (SC): ’ 1+ ¢%rg
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Physics Letters B Volume 815, 10 April 2021, 136174



https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b/vol/815/suppl/C

« PandaX-4T results

Constraints on Solar Axions
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B CAST Experiment
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Primakoff conversion of é
Assumption: DM is mostly axions S l
Resonant cavities (Sikivie,1983) et il - A
— Primakoff conversion inside a “tunable”
resonant cavity P11, S fr 2 B 7E AR FR 4 Lop
— Energy of photon = m_c2+0(b?) , o Pa
Py =g2,VB’C—2Q
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P Dark matter models

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

Less complete

Dipole
Interactions

“Sketches of models”

Dark
Photon

Z' boson

More

complete
Dark Matter

Effective Field Theories

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter
Models

Contact
Interactions

Complete
Dark Matter
Models

Universal
Extra
Dimensions

Little

s Specific Searches

Generic Searches
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J simplified model with mediator
+ keep the mediator information : :
— starting point to build complete theories

— colliders can search for the mediator directly \ :

— mass: My
— spin : vector, axial-vector, etc
- coupling: g, 9/ 9oum

« simplified model:
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P Mono-X search

 dark matter production in association with X
— dark matter escape detection
— X: visible particles
— E{Miss: momentum imbalance in transverse plane

x(my)

SbM
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P Mono-jet
ISR gluon/quark: largest cross section
« provide strong sensitivity

137 fb~1, 2016-2018 (13 TeV)
Y 2 DL LR IR L L B SV

59.7 fb™' (13 TeV) S T —1.000 —~
> LA I e I N I B L B L I. T () 1400—_ AXiaI mediator ]
8 10° CMS —+— Data .Z(vv)+lets g gq _ 0.25’ gx -1.0 ]
; 10t gﬂoc;nsojet |:|W(Iv)+jets .WW/ZZ/WZ g 1200 - —— Median expected 1o0.667
QC) , DTop quark Dooo = - --- 68% expected ]
@ 10 M), B — 2590 I 95% expected ] |
102 (e = 25% 1000[" — Observed 1 [0-338
Axial, m  =2TeV i | 7
10 - m, = 1 GeV |
800} - 1
1 - 0.000
107 s00] CMS :
10-2 '0333
. L : L1 : L1 l I I 400+ —
B 14 T T T T T T T T T T T B
r 1.2 1 + |‘
I e & hae o S so0l ] 10.667
iD‘i 0:6 L .|PqSt-1m| +1Prle-fl|t TSI N N TN N N B! - :
.8- » LA S N S B L ) N B B L B :
Clo o) T T i L by e )
§ -2 L .l oo b by by by 1500 2000 2500 3000 1000

400 600 800 1000 1200 1400 Mmed (GeV)

pse (GeV) JHEP 11 (2021) 153

95% CL upper observed limit on logo(p



Pl Constraints from mono-X

° 1.6

— Dijet
139 fb"; JHEP 03 (2020) 145
— Dijet TLA

29.3 fb™"; PRL 121 (2018) 081801

Dijet + ISR

79.8 fb™'; PLB 795 (2019) 56

— Boosted dijet + ISR

36.1 fb™'; PLB 788 (2019) 316

— Boosted di-b + ISR

80.5 fb'; ATLAS-CONF-2018-052

NS
LAS Prelimi_;liary
= 1[3 TeV, 29(3/139 fb|
y 2023 /|,

1.4

m, [TeV]

1.2

— tt resonance (1L)
36.1 fb™"; EPJC 78 (2018) 565

— tt resonance (OL)
139 fb™'; JHEP 10 (2020) 061

— bb resonance
1.

0.8

0.6

IIIIIIIllllllllllllllllllll

0.4 || ErTmss+je'[
- 139 fb'; PRD 103 (2021) 112006
B E1I'T_1|$S+,Y
139 fb'; JHEP 02 (2021) 226
0.2 g = 0_ Emiss V '
R q T +V(aq)

36.1 fb™"; JHEP 10 (2018) 180

= ET"*+Z(ll)

139 fb™'; PLB 829 (2022) 137066

All limits

0 0.5 1 1.5 2 2.5

ATL-PHYS-PUB-2023-018
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P Mediator search

 Direct search of the produced mediator
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B Resonance of dijet

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

(7)) LNL UL N L N L L L L L Y L L L L Y I L L L Y L L L | LA | O [T T 171 | | I L LI LI L
5109 ATLAS Data 7 0.5 |
> ° DS
010" (513 TeV, 139 1o Background fit | ATLAS
10" Inclusive —— BumpHunter interval - Vs=13 TeV, 139 fb'1
10° o qf,m_ =4TeV 0.4
5 qr, mq* =6 TeV - 95% CL upper limits
10 I | s Expected = 1-20 1
10° q*, ox10 - —— Observed =
10° p-value = 0.89 03 - -
10 § -
10 0.2 B N
1 B ]
‘ 0.1} .
: - ]
3 ]
:‘§) : : 0 -l L1 1 | | | | | | I | I I | I | I | | | I | I L1 1 l_
'(,—) 1 1 2[ L1 I3II L1 I4I-l L1 I5|I L1 I6II L1 I%I L1 I8I_ 1.5 2 2.5 3 3.5 4 4.5 5
m. [TeV] Mo Mediator 22 L 1€V
ii

JHEP 03 (2020) 145 102



Extending to low mass region

 Various techniques to extend to lower or higher mediator

mass region
— dijet+ISR
— dijet TLA

— dijet angular

ATL-PHYS-PUB-2023-018

o 1

(@)
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.
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’
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Y + jets
trigger

jet triggel
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|
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1000 2000
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95% CL upper limits
— Observed
--- Expected

— !;oosted dijet + ISR
6.1 1b
Phys. Lett. B 788 (2019) 316

—— Boosted di-b-jet + ISR
i(%f/\fg-cowmm 8-052

—— Resolved dijet + ISR
798&766f0"
Phys. Lett. B 795 (2019) 56

Resolved di-b-jet + ISR
798& 766"
Phys. Lett. B 795 (2019) 56

—— Dijet TLA
36&2931Mb"
Phys. Rev. Lett. 121 (2018) 081801

—— Di-b-jet
2438 139fb"’
Phys. Rev. D 98 (2018) 032016
JHEP 03 (2020) 145

DiJ'et
13910’
JHEP 03 (2020) 145

Dijet angular
370"
Phys. Rev. D 96 (2017) 052004

—— tf resonance (1L)
361"
Eur. Phys. J. C 78 (2018) 565
—— tf resonance (0L)
13910
JHEP 10 (2020) 61

— Dijet + lepton

1391b "'
JHEP 06 (2020) 151
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Pl Combination with direct detection

« vector mediator — spin independent interaction in direct
detection 107"

_ ™" 2~ Diet
E —38 A AS-reliming ry 1| - Dijet, 139 fo'; JHEP 03 (2020) 145
L. 1 0 NO_O- A0 - Dijet TLA, 29.3 fb™; PRL 121 (2018) 081801
S = LotV _2I.9=-F1o9I9H)— Dijet+ISR, 79.8 fo'; PLB 795 (2019) 56
g 1 0_39 o Boosted dijet+ISR, 36.1 fo™'; PLB 788 (2019) 316
Q - resonance Boosted di-b+ISR, 80.5 fo™'; ATLAS-CONF-2018-052
g 1074 ET™+X = tf resonance
_41 i 36.1 fb™"; EPJC 78 (2018) 565
x 107 = bb resonance
’ nce
U) —42 - 139 fbo''; JHEP 03 (2020) 145
10 - Dijet Emlss+x

DarkSide-50 QF MIGD E™*4jet, 139 fb'; PRD 103 (2021) 112006

ET”“’V- 139 fb"; JHEP 02 (2021) 226
ET*+V(had), 36.1 fb"; JHEP 10 (2018) 180
ET™"+Z(ll), 139 fo™"; PLB 829 (2022) 137066

— DarkSide-50 QF MIGD

PRL 130 (2023) 101001

|
N
w

1 o-44
1074

lIIl|,|,|‘ L1l

_46
10 — PandaX
PRL 127 (2021) 261802
47
10 —1Z

Vector mediator, Dirac DM
10—48 9,=025,9=0,g =1
49 ATLAS I|m|ts at 95% CL dlrect detectlon Ilmlts at 90% CL
10” '
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Pl Combination with direct detection

- axial-vector mediator - spin dependent interaction in direct

detection

—
A

m

2,

¥x-neutron
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Ogp
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©
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S pary
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bb resonance

Axial-vector mediator, Dirac DM
gq = 0.25, gl =0, gl =1
ATLAS limits at 95% CL, direct detection limits at 90% CL
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— Dijet
Dijet, 139 fo’'; JHEP 03 (2020) 145
Dijet TLA, 29.3 fb™"; PRL 121 (2018) 081801
Dijet+ISR, 79.8 fo™'; PLB 795 (2019) 56
Boosted dijet+ISR, 36.1 fo™'; PLB 788 (2019) 316
Boosted di-b+ISR, 80.5 fo”'; ATLAS-CONF-2018-052

— tf resonance
36.11tb™"; EPJC 78 (2018) 565

— bb resonance

139 fb"'; JHEP 03 (2020) 145

E7**+jet, 139 fb'; PRD 103 (2021) 112006
Er**+y, 139 fb™'; JHEP 02 (2021) 226

E7**+V(had), 36.1 fb"'; JHEP 10 (2018) 180
E7**+Z(l), 139 fo’; PLB 829 (2022) 137066

— XENONNT

arXiv:2303.14729

— LUX

PRL 118 (2017) 251302

ATL-PHYS-PUB-2023-018
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P Dark matter and Higgs

- Higgs may connect to the dark sector

DARK MATTER

NORMAL MATTER
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' Invisible Higgs

. ql g t
- Higgs-portal DM 2 X
v H .
model : < s
° [ ] q /?
sighatures q , .
— Z/W+H(inv) 1
— VBF H(inv) gz gzl;ﬁiv 4.7 16" _:::ee;\t/::
— ttbar H(inv) 0.7 o oTat 1308 —i

« combined constraints

95% CL upper limitonB,, . .,

— Br(inv) < 0.11 at .
95%CL from ATLAS
0 e
Phys. Lett. B 842 (2023) 137963 'O« %'00@.
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) Higgs-portal DM

« scalar mediator

"y IRERAR 2
1 By 0.093
spin S N ATLAS 1 Alllmi ) £ 90% CL
_— - - = IMITS a (o)
.p § 107%" & ‘*\\ Vs= 7TeV, 471"
|ndependent T::J z \\ Vs= 8TeV, 20.31b" E Higgs Portal WIMP:
. . < _ - 1]
Intel‘aCtIOn o a1 [ \ Vs=13TeV, 139fb o =--=- Scalar
= 104F s |
o o b; oo Y _ Majorana
° L Trmee~nl S— — ]
sensitive to - 5 Vectorg e
45 [ Tl A 7
mDM < 1/2 mHiggs 0 :— .-;“_T.-——'—‘ e ’—_Z _____ Vector, model, o = 0.2
- m, = 65 GeV .- 1 Other experiments:
10749 :_ s "‘ ) - — - Xenon1T-Mig
- - coherent elastic neutrino-nucleus scattert 8 DS50-MigNQ
- 1 — - DS50-MigQF
107> — - --- PandaX-4T
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J Complete models

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

°
Less complete
Dipole
Interactions
“Sketches of models” More
complete
Dark Matter
Effective Field Theories Photon
Minimal
Supersymmetric
Simplified Standard Model
Dark Matter
Models
Contact
Interactions Complete
Dark Matter
Models
Universal
Extra
Dimensions
Little
. Higgs .
Generic Searches Specific Searches
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¥ 2HDM Model

« Two benchmark models: 2ZHDM+a, 2ZHDM+Z’

B

- 2HDM+a
— based on type-Il 2HDM (h, H9, H%, A)
— additional pseudo-scalar mediator a
— rich phenomenology

« 2HDM+Z'

— additional vector mediator 2”7

(d)

Z[v/g/h

t t
g Y X
t Ala (
¥

)Ft A/H

/t/
H/A/ b/ (x

q h
’I
4
4
z, S
\\\ X
A (
q X
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P 2HDM +a

) m0n0' H igg S 2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, m = 10 GeV, g=1m=m=m,
%' 2000 'j......l...'...I...'...'...'...'...'...'...!,.-- 'rl/n-; >.2-0°/-° T T -
* mono-Z S 1800k  ATLAS :
< Vs =13 TeV, 36.1 - 139 fb" Limits at 95% CL
1 1cl 1 —  Observed
¢ InVISIbIe nggS = 1600 Expected |
® 14004 -

4top channel

N

200

Taepnt”

2
-

100 200 300
arXiv:2306.00641, accepted by Science Bulletin

400

500 600 700 800
m, [GeV]

ET**+h(tt), 139 b
arXiv:2305.12938

ET*+h(yy), 139 fb

JHEP 10 (2021) 13

— EM4+7(qd), 36.1 fb”
JHEP 10 (2018) 180
ETSS4tW, 139 fbo”
arXiv:2211.13138

— EM4j, 139 fb”
PRD 103 (2021) 112006

— fitf, 139 fb’’

arXiv:2211.01136

— h—invisible, 139 fb

arxiv:2301.10731

— Combination
ET*+h(bb), ET*+Z(ll), toH*(tb)
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. _Simulation _
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Multi-Physics Targets

Large energy range: keV ~ MeV

— Total — Materials

85
B 22,

—— "*%e DBD Neutrino E‘l_! gl‘] t“l’.?ﬂ E‘F ﬁ.¥

136
— 1%Xe NLDBD 55X >2MeV

ER Rate [mDRU]

- -
Ea?OEnergy [keV]

RIERF

ESX <200keV

=Ry
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J 136Xe 2vDBD Half-life 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

— Comparable with enriched 136Xe experiments
Research Vol 2022, 9798721 (2022)

200 _w
R 2] 2/NDF = 1.10 —— Data Best fit
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How to detect light dark matter?
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P Lowering detection threshold

1T | |

L Isothermal halo
[ ;=220 km/s, vg=240 km/s, _ 5
- V..=600 km/s, p,=0.3 GeV/c?/cm? Mx—1 00 GeV/c

X c,s1= 107 pb (10-4% cm?)
- ~N

.

PRL 126, 211803 (2021)
PRL 130, 261001 (2023)

©
—

vy

SN

NS

E \
OOO"I Ll a1 1 I . | \l I B | \. ' |
1

0 20 40 60 80
threshold recoll energy, keV

integral rate, counts/kg/year

00
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J Lower Threshold

 lonization-Only: no scintillation signal requirement
— ROI S2 [60, 200]PE: threshold down to ~100 eV (from ~1 keV)

Mean NR energy [keV
10, ps ey ledh s
' 0.10 0.15 0.20
Mean ER energy [keV]
— 1.0f i
s
> 0.8 ]
= —— US2 recon. eff. +10 Total eff.
9 06k =" Avg. selection eff. 4 DS -
5 Total eff. 4 WS
5
Tﬁ 04_ ]
=
20
7 0.2—¢— 1
0.0 I I L L ! L
60 80 100 120 140 160 180 200

S2 [PE] 120



B Ionization-only ROI

+ Key challenge: background components
— No full picture in previous xenon-based experiments

— Conservative results only

E [keV] Mean energy in flat ER spectrum [keV ]
0.1 0.2 0.3 0.4 0.15 0.2 0.3 0.5 0.7 1 2 3
' ! ' ' ' I ' ' ' I ' ' ' I E Te T T T T T T T
';: FDM = 1 - < >
% oo o, = 1.5x10%° cm? >8 103 | b 2 -
po - x > 20 GeV/c
c 10°F . ROI ~— DM (m =20 MeV/c?) < i
s f ~—— DM (m_=200 MeV/c?) X, .
- - X Z 10
E —— Data <
T SISO E X
c E Cathode
2 S
‘9' = ~ 100
k. ] =
T 5
S8 & 107!
1 1 aATE AT DN SN

A A 1' Boa Al I SIS (SN WY S SRS BN ST (SR RSNY IS T SRS SRS (SR R T TSN SRS SR
20 40 60 80 . 1.00 .1 20 140 160 180 200 90 120 150 200 500 1000 3000
lonizatinn Sianal PF1
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P lonization-only Data

* First complete understanding of all
the main background s s 6 18 9 10

60]]][]IIIII[III|III|IIII|IIIIIIIIIIIII

11

. . . —%— Data 2
— Micro-discharging (MD) s N oo ¢
- DM-e 200 MeV/c? (F,,, ~ 1/q%)
> Small charge, strong run-condition I Cathode
— Solar v
dependence ) Neuron

— Cathode activity

Rate [events/10 PE/tonne-year]
T

._
o
|

» Large charge, large pulse-shape width
e e L

 Blind analysis of 0.55 tonne-year

i

T

60 80 100 120 l 140 160 180 l
exposure o (B

— 105 events
— Best-fit background: 95.8 + 11.3 events

200
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l Constraints on DM-electron scattering

« Most stringent constraints are derived

— DM-electron interaction with heavy mediator, 2x107*! cm?

(A) Fpm =1 (B) Fpm ~ 1/¢?
© 1n=36| === This work (constant-W) | [ . 19) - 10_33 S
g 10 ne T =
AS) = = = = This work (P4-NEST) Pad 7L\Eﬁoﬂ\ 2
g Sensitivity (+:10) < g
% \ Pand'dx'“ \ %
S N\T S’Z_O“ s
= <ENO =
g 10—40: \ - =
) o
= ' ) =
_ 10_426 bijlnll L1 10151lljli'u‘c,k—(;UI 1 léllll 07 O|2 1 |O|5| 1111 L1 1111 10—37Q

. . . : : : 1 5
DM mass [GeV/c?] DM mass [GeV/c?]

Phys. Rev. Lett. 130, 261001 (2023), Editors’ Suggestion 173



Can light dark matter be boosted”

‘*‘f’PRL 126, 091804 (2021)
* PRL 128, 171801 (2022)
PRL 131, 041001 (2023)




Pl Cosmic-ray Boosted Dark Matter

 Light DM with cosmic ray boosting
« New signature: diurnal modulation due to earth shielding
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' Diurnal Modulation Search
« PandaX-Il 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
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P New results from Super-K

« 20 years’ data from Super-Kamiokande prri 130, 031802 (2023)
 Directional detection of cosmic-ray boosted DM
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Dark sector

- Dark quark, dark fermion, dark photon, dark Higgs, etc.




P Dark quarks

« Strongly coupled dark quarks

— Dark QCD mediated by dark
gluon

— Dark quark shower and
hadronization

’/
-~ -

- Stable dark hadrons
— DM candidate

-

« Unstable dark hadrons decay N

=
:<<

. production
into SM quarks

— SM quark shower and shower
N & hadronization
hadronization

Image from M. Strassler

~

decay
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P Resonance of dark quarks

- Dark quark - dark hadron
— dark pion decays to SM quarks or dark photons

 Large-radius jets with high track

multiplicity |
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Pl Combined constraints

DM - mediator parameter space

- dijet resonance search covers mediator mass upto ~3.6
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Pl Combined constraints

DM - mediator parameter space

very sensitive
to the
couplings
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