New dark matter search channels
at electron colliders
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Searches for particle dark matter in experiments
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Searches for particle dark matter in experiments
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Searches for particle dark matter in experiments

DM DM
indirect accelerator
detection searches
(annihilation) (production)
(also early universe)
SM SM I
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same physics but
direct detection (scattering) <— |qifferent processes




New DMDD limits, see also
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Outline

Probing diff DM via mono-photon @ electron colliders

[ZL, Zhang, 1808.00983]
[Liang, ZL, Ma, Zhang, 1909.06847]
[Liang, ZL, Yang, 2111.15533]

New dark matter channel @ Belle Il

[Liang, ZL, Yang, 2212.04252] [Ge, Liang, ZL, Min, 2505.10302]

Belle Il probes of strongly-interacting dark matter

[Liang, ZL, Yang, 2312.08970]




Outline

Probing diff DM via mono-photon @ electron colliders

[ZL, Zhang, 1808.00983] below & above DMDD

[Liang, ZL, Ma, Zhang, 1909.06847]
[Liang, ZL, Yang, 2111.15533]

New dark matter channel @ Belle

[Liang, ZL, Yang, 2212.04252] [Ge, Liang, ZL, Min, 2505.10302]

Belle Il probes of strongly-interacting dark matter

[Liang, ZL, Yang, 2312.08970] above DMDD




Probing different DM models via

mono-photon @ electron colliders

[ZL, Zhang, 1808.00983]
[Liang, ZL, Ma, Zhang, 1909.06847]
[Liang, ZL, Yang, 2111.15533]




Mono-photon signature at electron colliders




Mono-photon signature at electron colliders

mono-photon




Mono-photon signature at electron colliders

mono-photon

e millicharged particles

e |light mediator DM

o EFT DM




Mono-photon signhature at electron colliders

mono-photon

y massless mediator

e millicharged particles

e |light mediator DM

o EFT DM

heavy mediator




Mono-photon signhature at electron colliders

mono-photon

y massless mediator

e millicharged particles

e |ight mediator DM

o EFT DM

heavy mediator

electron colliders’ sensitivities on DMDD xsec are very sensitive to the mediator mass!




millicharged particles

(massless mediator)



Millicharged particles probed by electron colliders

-= Bellell bBG

= BESIII bBG
= STCF bBG

Belle IT bBG+gBG +

- Bellell optimized E

- STCF optimized 3

|

4

electron colliders probe
new parameter space

above DMDD ceiling

[ZL, Zhang, 1808.00983]
[Liang, ZL, Ma, Zhang, 1909.06847]




Different experiments probing millicharged particles

Accelerators

“'"‘§Ni987A
02 100 10
m., (MeV)
[Li, ZL, 2110.14996]
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---- plasmon decay
proton bremsstrahlung
—-—- e*e” annihilation '
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102
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[Li, ZL, Lu, Ye, 2408.04953]
(XQC & DMDD are applicable only to DM)
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Electron colliders can outperform milliQan

Belle IT bBG

Belle IT bBBG+gBG 3

- Belle Il optimized E

BESIII bBG
STCF bBG
= STCF optimized
0.001 | Illlthl — Illkil | 1
m, (GeV)

[Liang, ZL, Ma, Zhang, 1909.06847]

I

Q/e

milliQan 124.7 fb~1 (13.6 TeV)

Earlier constraints

101 A

ArgoNeuT
[PRL 124, 131801 (2020)]

SENSEI
[PRL 133, 071801 (2024)]

CMS FCP 138 fb~!
[PRL 134, 131802 (2025)]

Run 2 milliQan demonstrator 37.5 fb~1
[PRD 102, 032002 (2020)]

1072

Run 3 milliQan bar detector
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----- Expected x1o0

1071 100 101 102
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[2506.02251]
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Low colliding energy is better to probe MCPs

102

considering only irreducible BG

Pre-selection Cuts
e = (0.001

-
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BESIII/STCF is better than
Belle Il in probing MCPs
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EFT DM (high-mediator)
& light-mediator DM



Belle 11/BESIII can probe new para space beyond DMDD
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LEP is better than Belle Il
[Liang, ZL, Yang, 2111.15533]
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New dark matter channel @ Belle Il

[Liang, ZL, Yang, JHEP, arXiv:2212.04252]




Previous dark matter detection channels at colliders

Most studies focus on mono-X channel with SM X produced at the primary vertex

SM —mm™ <—mmmm8m8m8 SM

16




Previous dark matter detection channels at colliders

Most studies focus on mono-X channel with SM X produced at the primary vertex

SM —mm™ <—mmmm8m8m8 SM

DM DM




Previous dark matter detection channels at colliders

Most studies focus on mono-X channel with SM X produced at the primary vertex

SM

SM —m—mm™ <—mmmmmmm SM

DM DM




Previous dark matter detection channels at colliders

Most studies focus on mono-X channel with SM X produced at the primary vertex

Different mono-X channels

mono-photon

mohno-jet
mono-Higgs
mono-/

mono-top
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We propose a new dark matter channel at colliders
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We propose a new dark matter channel at colliders

A pair of SM particles
produced at the primary vertex
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We propose a new dark matter channel at colliders

One SM particle interacts with
the detector to produce a pair
of DM particles

A pair of SM particles
produced at the primary vertex
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SM ——————» +— SV

./

We propose a new dark matter channel at colliders

One SM particle interacts with
the detector to produce a pair
of DM particles

A pair of SM particles
produced at the primary vertex

fixed target in collider
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New DM channel @ Belle Il (x-y plane)




New DM channel @ Belle Il (x-y plane)

Bhabha scattering
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New DM channel @ Belle Il (x-y plane)

Bhabha scattering

ete” > ete™

~ deposit energy in ECL
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New DM channel @ Belle Il (x-y plane)

Bhabha scattering

ete” > ete™

e ¢ deposit energy in ECL

e ¢ interact with ECL to produce DM
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New DM channel @ Belle Il (x-y plane)

Bhabha scattering XY

ete” > ete™

e ¢~ deposit energy in ECL , \y

e ¢ interact with ECL to produce DM CDC

ECL
disappearing positron track

KLM
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“disappearing positron track” signature
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“disappearing positron track” signature

e CDC:e” &e™

0
CDC: r ~ (0.4 % for p; ~ 3 GeV

Pr

Equal & opposite momenta
fore™ & ¢" in the CM frame
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“disappearing positron track” signature

e CDC:e” &e™

0
CDC: r ~ (0.4 % for p; ~ 3 GeV

Pr

Equal & opposite momenta
fore™ & ¢" in the CM frame

e FCL:e” & e™

missing energy: <5% ¢ energy in ECL
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Use the ECL barrel region as the fixed target

ECL barrel: 32.2° < 0 < 128.7°

n

Super conducting coil
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e Better hermiticity
(non-projective gaps
between ECL crystals)

® |Less non-instrumented
setups (e.g., magnetic
wires) between ECL & KLM

e More beam BG in endcaps

6 x 10" eTe™ events from Bhabha scattering in the barrel region with 50/ab
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Standard model backgrounds



Standard model backgrounds

BG: et + ECL —» SM
SM particles escape detection

CDC

ECL

KLM
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Standard model backgrounds

BG: et + ECL —» SM
SM particles escape detection

e Charged particles (e, u, TF):
unlikely to contribute

e Neutral particles (n, v, v):
neutrino BG is small
main BG are dueton &y

CDC

ECL

KLM
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Photon-induced BG: high-E photons escape ECL

Photon spectrum (e in matter) [Tsai & Whitis 1966]

1 (1 . xy)(4/3)t . e—(7/9)t

N/

T x, 719+ (4/3)In(1 — x,)

l dN},
prob of high-E y = J dx},—(16,xy) ~ 4.7 % 107°
095  dX,

6 x 10" e hit ECL which has 16-X,y Csl crystals

# of high-Ey ~ 2.8 X 10* after ECL

CDC

ECL

KLM
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KLM veto capability on photon

e KLM = alternating layers of 4.7-cm iron plates &

Y

active detectors =— difficult for GeV y to penetrate '\

e However, y can be absorbed by non-instrumented
setups (e.g., magnet coil)

e KLM veto efficiency = 4.5 X 10~* (IFR @ BaBar)
—> 13 photon BG (for 6 X 10! incident e™)

e—|—\/
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Neutron-induced backgrounds: GEANT4 simulations

e GEANT4 simulation: 10”7 e N

with a Csl target with 1 X, \
. L e e"’\/
e Neutrons with significant energy .

are produced in the first X, CDC
(confirmed with 2-X,, simulations)

e Require at least one
neutron with E > 3 GeV
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Probability for a neutron to penetrate ECL & KLM

Prob to penetrate a target with length L
P — EXp(—L/;{O)

Ao = hadronic interaction length

KLM ~ 391, ECL~ 0.8,

Prob to penetrate ECL & KLM ~ 1%

Neutron-induced BG ~ 81

Both photon & neutron-induced BG ~ 94
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Sensitivity on invisible dark photon



Invisible dark photon

6B, X" or ngBﬂ YH [Holdom 1986]
[Foot & He 1991}
Jl [Feldman, ZL, Nath, hep-ph/0702123, 437 cites]

Lim = A (eQsefy"f+ g, 71" )

dark photon A/;

couplings: g, > e€
I:> invisible decay dominates

my = 3m,



https://arxiv.org/abs/hep-ph/0702123

Positron interaction with ECL

annihilation w/
atomic electrons

bremsstrahlung w/
target nucleus
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Belle Il sensitivity on invisible dark photon

[Liang, ZL, Yang, 2212.04252]

probing new parameter space
beyond mono-photon and NA64

best-probed region ~66 MeV:
e annihilation with atomic electrons

e my ~+/2m,L . depends on energy

mono-photon projections subject to
potential CRBG for DP m < 2 GeV
[2207.06307, Belle Il, Snowmass]}
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Belle Il sensitivity with ISR included

[Shao-Feng Ge, Jinhan Liang, ZL, Ui Min, 2505.10302] . o
also consider binning

10~ s & Bre w/o binning, F\s/E; > 0.95 on phOtOn energy

s + ISR & Bre w/o binning, F,;/E; > 0.95
s + ISR & Bre w/ binning, F,;ss/ E; > 0.90 e~ > A’

| et —< y

10 £ -
Belle 11 - improved sensitivity
aD:10"3,mX:mAI/3 _ o
I —E0ab-1 | (more significantly for
-5_ B
o't | - low masses)

my [MeV]




Belle Il probes of strongly-interacting

dark matter

[Liang, ZL, Yang, PRD, 2312.08970]




Strongly-interacting dark matter



Strongly interacting dark matter

DM is usually assumed to have a weak interaction w/ SM, e.g., WIMPs
However, strongly-interacting DM w/ a small abundance are allowed

& are interesting because they can get boosted by various astro sources

® cosmic ray [Cappiello+, 1810.07705] [Bringmann+, 1810.10543][Ema+, 1811.00520]

e diffuse supernova neutrino [Das+, 2104.00027]

e blazars [Wang+, 2111.13644]




Detection of strongly interacting DM can be difficult

strongly-interacting DM can be difficult to detect

® strong interaction xsec

e small abundance (because the strong interaction xsec )

e DMID: suppressed by small abundance
e DMDD: suppressed by small abundance & shielded by rock/air (like CR)

e CMB: unconstrained if the abundance is <0.4%  [Boddy +, 1808.00001]

Colliders are ideal probes of such DM, unconstrained by these two factors
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Ceiling of collider searches

strongly-interacting DM starts to interacts w/ detectors = no more mono-X

[Cappiello+ 1810.07705] [Emken+ 1905.06348]
10-22 10—18; o “‘]‘_‘, == | ;/'/'/
1o 10-202_ ,,,,,,,,

. . . 10'222

i DM interactions with -
LHC detectors T
: 10730 E@ 10-28?
S 107 [Bai & Rajaraman 1109.6009] ]
[Daci et al., 1503.05505] 10
10736 10—34_
[Bauer et al., 2005.13551] 1073 -
10% -

10-° 10~> 10~% 103 102 10~* 1  10%
m, [ GeV ]




Probing strongly-interacting DM

at electron colliders



DM scattering w/ ECL @ Belle Il itiang, 2, vang, 2312.08970]

KLM

DM interacts strongly w detector =>

multiple electron recoils (generates a
DM-induced ECL “cluster”)

this is similar to photon signals at Belle Il

e mono-cluster (from one DM)
e di-cluster (from both DM)

Lepyster < £, — m, for DM-induced

ECL cluster
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DM scattering w/ ECL @ Belle Il itiang, 2, vang, 2312.08970]

KLM

DM interacts strongly w detector =>

multiple electron recoils (generates a
DM-induced ECL “cluster”)

this is similar to photon signals at Belle Il

e mono-cluster (from one DM)
e di-cluster (from both DM)

Lepyster < £, — m, for DM-induced

ECL cluster

DMDD in collider
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Belle Il vs DMDD (10 MeV Z’ w only vector couplings)

_ | A7 V5
mz = 10 MeV L =7(g, xrty+ g er'e)
018 |- 1nt U O)
10-22 di-cluster para space above DMDD ceiling
o probed by electron colliders
E
@)
o 10 e mono-photon (very small xsec)
e mono-cluster (small xsec)
1034
® (i-
o oW di-cluster (large xsec)
L =362 fbo
FDM — 1
10—42 . L] . L0 sl , Lo
100 10 102 103 DMDD XSEC@ ‘Q‘ — ame

m, [MeV]
[Liang, ZL, Yang, 2312.08970] FF =1 (heavy mediator in DMDD)
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Belle 1l sensitivity versus DMDD (ultralight Z’)

Mz I<< Ia;nle gl‘:lt = Z,;(g;;/)?}’”)( T geVé}/,ue)

10-13 L di-cluster

FF o | g|™* (ultralight mediator in DMDD)

large xsec region probed by colliders

allowed para space between
colliders & DMDD

£=3621f 1
oo Fou=temea)?
10° 101 102 10

m, [MeV] [Liang, ZL, Yang, 2312.08970]
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Summary

O Mono-photon channel at electron colliders can probe new parameter space for
millicharged particles, light-mediator dark matter (DM), EFT DM. Electron colliders can
outperform DMDD and DMID experiments in probing these DMs. [ZL, Zhang,
1808.00983] [Liang, ZL, Ma, Zhang, 1909.06847] [Liang, ZL, Yang, 2111.15533]

O We propose a new DM search channel at Belle Il in which ECL acts both as the fixed
target and as the detector. This new channel can probe new parameter space of invisible
dark photon, surpassing mono-photon at Belle || & the missing momentum search at
NA64. [Liang, ZL, Yang, 2212.04252] [Ge, Liang, ZL, Min, 2505.10302]

O We study electron collider constraints on strongly-interacting DM by analyzing the
visible signatures (mono-cluster & di-cluster). We find that current Belle Il data can
probe the parameter space w/ a large DMDD cross section, which is difficult to probe

in DMDD & DMID experiments. [Liang, ZL, Yang, 2312.08970]
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Strong DM-electron interaction via a light mediator

spin-1 (vector) Ei‘gt = Z/;(g)}/ xrty + geV eyte)
spin-1 (axial-vector) gﬁlt = Z/;(g)‘? 77ty + gféysy”e)
spin-0 (scalar) fZiSnt = qb(g)ff)( + goee)

spin-0 (pseudo-scalar) Sfﬁt = qb(igf;?ysj( + igféyse)

a light mediator is needed to generate a large DMDD xsec
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Experimental constrains on mediators

electron g-2 & NA64

1073

—h
<
N

electron coupling ge
o
&

invisible mode

10°° e e
100 10 102

mediator mass [MeV]

invisible scenario

electron beam-dump & collider

103 ¢ = — T
D :

|

& :

>c5CI)J \ i
o ‘ | _

C |
= BaBar

S |
Q10 4L b YO —
CC) @/\/\ SV v\j-“\%d |e ” E
e “"\\MU\A,‘U‘\_
.|c_.lJ -
Q a

)
visible mode
107° ] !
100 101 102

mediator mass [MeV]

visible scenario
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Kinetic mixing & mass mixing

SU(3)C XSUR2); X U(l)y X U(1)y [Feldman, ZL, Nath, hep-ph/0702123, 437 cites]
1 l ~
<L = 1B B* lX XH X yy* 53 XH Mlza X +éB)?
= T3 PP T A + 8p WXV X7 By —7( 0+ X,+€B))
T T
kinetic mixing mass mMixing

kinetic mixing 5 & mass mixing € are degenerate (w/o y): only ¢ ~ (6—5) is physical
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https://arxiv.org/abs/hep-ph/0702123

Comparison with primordial black hole

1036

1039

10742

10° 10

m¢ =10 MeV

~ L =362 fo
Fom = 1

m¢ = 100 MeV

) I1I02
m, [MeV]

BSM particle w/ mass below
Hawking temperature can be

produced in PBH = ER @ SK

PBH £ = 10 MeV

detection via yyee/ \*
[Calabrese+, 2203.17093}
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Comparison with primordial black hole

1036

1039

10742

10° 10

m¢ =10 MeV

~ L =362 fo
Fom = 1

m¢ = 100 MeV

) I1I02
m, [MeV]

BSM particle w/ mass below
Hawking temperature can be

produced in PBH = ER @ SK

PBH £ = 10 MeV

detection via yyee/ \*
[Calabrese+, 2203.17093]

Belle Il limits for the scalar mediator

e 10 times better w/ m = 100 MeV
e similar to PBHw/ m =10 MeV
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CRBG for DPm <2 GeV

1072

1072

10°°

———————————

- emf s =

P _._(
7’

1 7 s
10ab%” v - v

50 ab’v

ap=0.5,m = m,./3

-1
1ab«' )

Y
/7 %

7N

1

m,. (GeV/c?)

10

potential CRBG for DP m < 2 GeV

[12207.06307]
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Selection in GEANT4 simulations

At least 1 neutron with energy > 3 GeV

Energy deposition in ECL < 5%

Veto p/z™ with momentum > 0.6 GeV (either
deposit energy in ECL or produce tracks in KLM)

Count # of neutrons with K.E. > 280 MeV
(hadronic shower threshold)
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Experimental constraints on light mediators

e Electron g-2

B visible mode
e Electron beam dump & BaBar —|:

B invisible mode

e Moller scattering (SLAC E158) \geVgA\ <1078

€




dark matter & millicharged particles



Mono-photon signature at electron colliders

52




Mono-photon signature at electron colliders

mono-photon
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Mono-photon signhature at electron colliders

mono-photon

probe a variety of models:

e EFT DM

e |ight mediator DM

e millicharged particles
(undetectable ionization)

e invisible dark photon
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Different sub-GeV DM models (diff mediator mass)

1

1
A2

o _ I
FW”‘W v'C —arnasxlrtvst —xfe

vV

[ZL, Zhang, 1808.00983]

Aj

\)

[Liang, ZL, Ma, Zhang, 1909.06847]

[Liang, ZL, Yang, 2111.15533]
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Different sub-GeV DM models (diff mediator mass)

Light mediator DM

[ZL, Zhang, 1808.00983]

1
mys)(f st~ et

A2

\)

Zrt (8F — glvs) x + Z,¢v" (g

[Liang, ZL, Ma, Zhang, 1909.06847]

[Liang, ZL, Yang, 2111.15533]
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Different sub-GeV DM models (diff mediator mass)

Light mediator DM

[ZL, Zhang, 1808.00983]

1
mys)(f st~ et

A2

\)

Zrt (8F — glvs) x + Z,¢v" (g

Millicharged particles €€A,,t)?}’”)(

[Liang, ZL, Ma, Zhang, 1909.06847]

[Liang, ZL, Yang, 2111.15533]
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Irreducible background for mono-photon

Irreducible BG: eTe™ — yuu

V

o V e - e

—— ——

V
7 W1 v W
A =

€Y %%

——

more challenging: reducible BG (due to limitations of the detectors)
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Reducible background @ Belle Il

$uper conducting coil

2980
L0 1960
=" [ W = = 1 FEgr ey ﬁ:l =
5///««’//1000(CDC)T‘“‘“‘4‘_ f*jﬁ 930 ECL flange)\\ <Xy \'«; “\,‘,y“,,,“ H
O\ 940(ECL flange) e=ps/ |/ /1650(CDC)
\ | 735(CDC) || ’ / 1590(CDC)
CDC
SVD PXD(2 layers)
7 \ 310 570

~5.| Small|cell chamber
E@ — X =
=t .
410 |\ 525
2 \




Reducible background @ Belle Il

$uper conducting coil

2980
PEEssml e
e R [ A
940(ECL flange) ] e
7escpo) [
SVD PXD(2 layers)
310 570
~,  Small|cell chamber
R
e e -
410 || 525
- \

ECL angles

(lab frame)

124°< 0 < 314°
32.2°< 0 < 128.7°
130.7° < 6 < 155.1°

[Belle Il 1808.10567]
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Reducible background @ Belle Il

uper conducting coil

2980

[‘

1020+

w I 7 77—
=

[ 21 000(CDC) T

I r v : (n
= A A AR A A A8 A 8 8 4 48 A
"\‘M{\-“‘,\"\
TI1930

\

940(ECL flange)

| 785(C00)

S —— W—  S—— S—— ——— —— y—

PXD(2 layers)

570

/

ll cell chamber

ECL angles

(lab frame)

124°< 0 < 314°
32.2°< 0 < 128.7°
130.7° < 6 < 155.1°

[Belle Il 1808.10567]
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Reducible background @ Belle Il

uper conducting coil

2980

—1020- =~}

=% = 8
pu

\ Ba . Pa P Py =5 f -‘-‘,'.LL\;L' 1
b1 000(CDC) T

T/ 1930(ECL flange) < <l oof ot

\

940(ECL flange)

VTN

/1650(CDC)

735(CDC) |

/ / 1590(CDC)

—

DD Z BN AN

L.
1

A s A A A A e e e A A A

——S——

F——

7,

/

(CDGSC puter most R.)

CDC

PXD(2 layers)

e lted

(B R1130

570 /
/

cell chamber

i =
—r- Pt
T =re - -
iy iovee [
J gty
a

— TR |
Ll 1"
Pt IS eee
B e

ECL angles

(lab frame)

124°< 0 < 314°
32.2°< 0 < 128.7°
130.7° < 6 < 155.1

o

[Belle Il 1808.10567]

BG due to ECL gaps (gBG)

reducible BG

BG due to beam (bBG)
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DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)
[from Ferber’s talk]

B: Invisible Dark Photon searches

I Belle Il

SuFer conducting coil .
G '

{HE T IR RRRS S0 20555 0 e 0D « SN
CSl 1288

Belle I | A
H | dper conducting coil | ‘ Background MC, 40 fb-1 after selection cDe s |t > \
S 5 551/ NN\ f K _ocsTH D= [ |ocs & g
c'::(ocz layers) 52 gg | \ é-/ _EJ) _’ 2
===== » RRE 5.0} - ee Y
g S Os : Q
Tl = ancxallEl S NN 107 3 1y in ECL BWD or FWD gap

ee—2y and 3y
Ty in ECL 20° gap | 3 | S

1y out of ECL acceptance SP R o]
3.0 A sty Belle Il
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2 2.5}

_ A' : Belle I s - s IEIIARE2RRL, V9SSl Tt 55 -
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DESY. Dark Sectors at Low Energy Colliders (Torben Ferber)

B: Invisible Dark Photon searches

! Belle Il

H , pper conducting coll
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EFT DM probed by Belle Il (50/ab) itiane, 2L, vang, 211115533,

LEP is better than Belle |l for EFT-DM Electron colliders are better than DMDD
S00F i LEPAsy -  Fpu=1 -
AS0F i LEPAV .......................................................... ] CDMW
100l LEP A, _ IO :

. SENSEI ]
>350p ] LEPA : \&mwm/
&
>, 2 b g XENONIT -
< 300F Belle I A, Ay, Ay : 10700 i o

T, 107%E L or -
750L ~ mono—photon _ _ B el _S}_’Z—ﬂg"’i
—1 —44 \\__6116 11 EFI__—.:_—_:.‘_’._'.:—:ffi:'.Z'.Z'.Z'.Z'_:'.:'.:::_:_:
S Ve e
- I IBelle 1A, I -< 1 0—46 CoIII LEP CET P ab_l )
10" 10" 10° 10° 10" 10" 10° 10°
1 _
yerAiaua
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Light mediator DM probed by Belle Il (50/ab) (211115533

Belle Il is better than LEP for light mediator DM Electron colliders can be better than DMDD

vector-coupling only vector-coupling only
10”! | £=50 b mono—photon ] 10~ :
| L | 10|
0 I 34
1072k 0.6 GeV 5 Ge V. 10T
g, % =0,gf = E 10° Bl __
o, 3] - 5,108 :
10"k dashed: LEP — ! : ]
: N 10 :_0_40 % _
_ solid : Belle II 10 MeV P S
_4 10 “F S :
10 ¢ M S E—— _
: 10 " Fdashed:LEP ~~" gy v floot 0
| 107%6]  solid: Belle TI 5Gev _ L£=50ab
10 ~ L B R . B L S -
10° 10’ 10” 10 10° 10’ 10” 107
m, [MeV ] m, [MeV]

Zrt (8F — &lvs) x + Z0y" (80 — 8lvs) € M, = 5 GeV, 0.6 GeV, 10 MeV
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PandaX-4T limits on light DM

Heavy mediator

= (Constant W model

Light mediator

10~

10°
DM mass [MeV]

104

Search for Light Dark Matter with
259 Days of Data in PandaX-4T

[PandaX-4T, 2507.11930]
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Belle 1l vs dark matter indirect detection experiments

Electron colliders can be better than DMID

10_22 ' ' L ' L ' L L
Fermi-LAT L
Y INTEGRAL , o .
— 1077 ¢ | 5 Photons from DM annihilation
< :: V
= ' e
E 10_30 ___________ " . Ot i
R ‘ INTEGRAL
J% 10—34 - ------- 0.6 GeV Z’ (axial—ve_qﬁgr_)_ﬂﬁ‘_ﬁ
N On e Fermi-LAT
% 10_38 B OS ““““““““““““““““““““ |
““““““““““““““ Belle IT mono—y (50 ab_l) -
10_42_ L . T L
10 10’ 10” 10>

m, [MeV]

[Liang, ZL, Yang, 2111.15533]
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millicharged particles



Millicharged dark matter can explain EDGES 21 cm anomaly

Age of the Universe (Myr)
150 200 250 300
0.2 —
[Bowman teal, Nature 555 (2018) 67-70]
& ] | [Munoz & Loeb, Nature 557 (2018) 684]
o [
5 |
3
g
2l6 214 212 Zb 118 116 1I4

Redshift, z
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Millicharge in BSM can be quite “large”

Accelerators

-QDMhz>O-1

~ -5 |
QL
)

-

— 7 -
o0 s
O SN dimming !

= :

—11
White Dwarfs

—-13

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 g8 10 12 14

loglo(m%/ eV)

[Jaeckel, Ringwald, 1002.0329]
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Millicharge in BSM can be quite “large”

Accelerators

( EDI\,[;IE >0.1

~ -5 |
QL
)

-

— 7 -
o0 s
O SN dimming !

= :

—11
White Dwarfs

—-13

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 g8 10 12 14

loglo(m){/ eV)

- probed by ete ™ colliders

[Jaeckel, Ringwald, 1002.0329]
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Millicharged particles probed by electron colliders

-= BellelIl bBG

= BESIII bBG
= STCF bBG

Belle IT bBG+gBG +

- Bellell optimized E

- STCF optimized 3

1

4

mono-photon

electron collider can probe
new parameter space

[ZL, Zhang, 1808.00983]
[Liang, ZL, Ma, Zhang, 1909.06847]
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Run 3 milliQan bar detector

Q/e

milliQan

124.7 fb~! (13.6 TeV)

101 A

Run

— (Observed

Earlier constraints

ArgoNeuT
[PRL 124, 131801 (2020)]

SENSEI
[PRL 133, 071801 (2024)]

CMS FCP 138 fb~!
[PRL 134, 131802 (2025)]

Run 2 milliQan demonstrator 37.5 fb~1!
[PRD 102, 032002 (2020)]

3 milliQan bar detector

Expected £10

10t 102
MCP mass (GeV)

[2506.02251]
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Low colliding energy is better to probe MCPs

if irreducible BG is the only important BG BESIII/STCF vs Belle Il
10°F— . . . . . —
- Pre-selection Cuts :
=
S

e
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A wish list of an ighorant theorist

Better hermicity of ECL (less or no gaps?)
More angular coverage

More powerful KLM-kind detector (veto)
Place another detector when there is a gap?
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