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New	dark	maIer	channel	@	Belle	II

Belle	II	probes	of	strongly-interac=ng	dark	maIer

1 Probing	diff	DM	via	mono-photon	@	electron	colliders
[ZL,	Zhang,	1808.00983]		
[Liang,	ZL,	Ma,	Zhang,	1909.06847]		
[Liang,	ZL,	Yang,	2111.15533]

[Ge,	Liang,	ZL,	Min,	2505.10302]
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Probing	different	DM	models	via		
mono-photon	@	electron	colliders

[ZL,	Zhang,	1808.00983]

[Liang,	ZL,	Ma,	Zhang,	1909.06847]

[Liang,	ZL,	Yang,	2111.15533]
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Mono-photon	signature	at	electron	colliders
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γmono-photon

• millicharged	par=cles	

• light	mediator	DM	

• EFT	DM	

heavy	mediator

massless	mediator

electron	colliders’	sensi=vi=es	on	DMDD	xsec	are	very	sensi=ve	to	the	mediator	mass!
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millicharged	par=cles

(massless	mediator)



Millicharged	particles	probed	by	electron	colliders
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[ZL,	Zhang,	1808.00983]
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ϵeAμ χ̄γμχ

electron	colliders	probe		
new	parameter	space
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Different	experiments	probing	millicharged	particles
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• Accelerator	

• XQC	

• DMDD	

• Supernova

[Li,	ZL,	2110.14996] [Li,	ZL,	Lu,	Ye,	2408.04953]

(XQC	&	DMDD	are	applicable	only	to	DM)



Electron	colliders	can	outperform	milliQan
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[Liang,	ZL,	Ma,	Zhang,	1909.06847] [2506.02251]



Low	colliding	energy	is	better	to	probe	MCPs	
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EFT	DM	(high-mediator)	

&	light-mediator	DM



Belle	II/BESIII	can	probe	new	para	space	beyond	DMDD

14[Liang,	ZL,	Yang,	2111.15533]

1
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V
χ̄γμχℓ̄γμℓEFT	DM

LEP	is	beIer	than	Belle	II
5	GeV,	0.6	GeV,	10	MeVMZ′ 

=

Z′ μ(gχ
v χ̄γμχ + gℓ

v ℓ̄γμℓ)light	mediator	DM

Belle	II	is	beIer	than	LEP
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New	dark	maIer	channel	@	Belle	II

[Liang,	ZL,	Yang,	JHEP,	arXiv:2212.04252]
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Most	studies	focus	on	mono-X	channel	with	SM	X	produced	at	the	primary	vertex

SM SM

SM

DM DM

Different	mono-X	channels

• mono-photon

• mono-jet

• mono-Higgs

• mono-Z

• mono-top
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fixed	target	in	collider
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• 	deposit	energy	in	ECLe−

• 	interact	with	ECL	to	produce	DMe+

disappearing	positron	track

e+e− → e+e−

Bhabha	scaIering
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missing	energy:	<5%	 	energy	in	ECLe+

• CDC:	 	&	e− e+

• ECL:	 	&	e− e+

CDC:	 	for	 	GeV
δpT

pT
≃ 0.4 % pT ≃ 3

Equal	&	opposite	momenta		
for	 	&	 	in	the	CM	framee− e+
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Use	the	ECL	barrel	region	as	the	fixed	target

21

ECL	barrel:	32.2∘ < θ < 128.7∘

• Less	non-instrumented	
setups	(e.g.,	magne=c	
wires)	between	ECL	&	KLM

• BeIer	hermi=city	
(non-projec=ve	gaps	
between	ECL	crystals)

• More	beam	BG	in	endcaps

	events	from	Bhabha	scaIering	in	the	barrel	region	with	50/ab6 × 1011 e+e−
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Standard	model	backgrounds
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BG:	 	+	ECL	 		
SM	par=cles	escape	detec=on

e+ → SM

KLM

SM

e−e+

ECL

CDC

• Charged	par=cles	(e,	 ,	 ):	
unlikely	to	contribute	

μ π±

• Neutral	par=cles	(n,	 ,	 ):	
neutrino	BG	is	small				
main	BG	are	due	to	n	&	

γ ν

γ



Photon-induced	BG:	high-E	photons	escape	ECL

24

KLM

γ

e−e+

ECL

CDC

Photon	spectrum	( 	in	maIer)e+ [Tsai	&	Whifs	1966]

xγ = Eγ /Ee #	of	t = X0

dNγ

dxγ
(t, xγ) ≃

1
xγ

(1 − xγ)(4/3)t − e−(7/9)t

7/9 + (4/3)ln(1 − xγ)

prob	of	high-E	 	=	γ ∫
1

0.95
dxγ

dNγ

dxγ
(16,xγ) ≃ 4.7 × 10−8

	 	hit	ECL	which	has	16- 	CsI	crystals	6 × 1011 e+ X0

#	of	high-E	 	aler	ECLγ ∼ 2.8 × 104



KLM	veto	capability	on	photon

25

KLM

γ

e−e+

ECL

CDC

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

γ

• KLM	veto	efficiency	=	 	(IFR	@	BaBar)	
	13	photon	BG	(for	 	incident	 )

4.5 × 10−4

⟹ 6 × 1011 e+

• KLM	=	alterna=ng	layers	of	4.7-cm	iron	plates	&	
ac=ve	detectors	 	difficult	for	GeV	 	to	penetrate⟹ γ



Neutron-induced	backgrounds:	GEANT4	simulations
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KLM

n

e−e+

ECL

CDC

• GEANT4	simula=on:	 	 	
with	a	CsI	target	with	1	

109 e+

X0

• Neutrons	with	significant	energy	
are	produced	in	the	first	 	
(confirmed	with	2- 	simula=ons)

X0
X0

• Require	at	least	one	
neutron	with	E	>	3	GeV



Probability	for	a	neutron	to	penetrate	ECL	&	KLM
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KLM

n

e−e+

ECL

CDC

Prob	to	penetrate	a	target	with	length	L

P = exp(−L/λ0)

	=	hadronic	interac=on	lengthλ0

KLM ∼ 3.9 λ0 ECL ∼ 0.8 λ0

Prob	to	penetrate	ECL	&	KLM	 ∼ 1 %

Neutron-induced	BG	 ∼ 81

Both	photon	&	neutron-induced	BG	 ∼ 94
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Sensi=vity	on	invisible	dark	photon



Invisible	dark	photon

29

ℒint = A′ μ(eQfϵf̄γμ f + gχ χ̄γμχ)

dark	photon	A′ μ

couplings:	gχ ≫ eϵ

mA′ 
= 3mχ

[Holdom	1986]

[Foot	&	He	1991]

[Feldman,	ZL,	Nath,	hep-ph/0702123,	437	cites]

	or	δBμνXμν m2ϵBμXμ

⟹

invisible	decay	dominates

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


Positron	interaction	with	ECL

30

annihila=on	w/		
atomic	electrons

bremsstrahlung	w/	
target	nucleus



Belle	II	sensitivity	on	invisible	dark	photon

31

[Liang,	ZL,	Yang,	2212.04252]

probing	new	parameter	space	
beyond	mono-photon	and	NA64

mono-photon	projec=ons	subject	to	
poten=al	CRBG	for	DP	m	<	2	GeV	
[2207.06307,	Belle	II,	Snowmass]

best-probed	region	~66	MeV:		
• annihila=on	with	atomic	electrons	
• 	depends	on	energymA′ 

∼ 2meEe+



Belle	II	sensitivity	with	ISR	included

32

[Shao-Feng	Ge,	Jinhan	Liang,	ZL,	Ui	Min,	2505.10302]
also	consider	binning	
on	photon	energy	

improved	sensi=vity	
(more	significantly	for	
low	masses)	
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Belle	II	probes	of	strongly-interac=ng		

dark	maIer

[Liang,	ZL,	Yang,	PRD,	2312.08970]
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Strongly-interac=ng	dark	maIer



Strongly	interacting	dark	matter

35

DM	is	usually	assumed	to	have	a	weak	interac=on	w/	SM,	e.g.,	WIMPs

However,	strongly-interac=ng	DM	w/	a	small	abundance	are	allowed	

• cosmic	ray

• diffuse	supernova	neutrino

• blazars

[Cappiello+,	1810.07705]	[Bringmann+,	1810.10543][Ema+,	1811.00520]

[Das+,	2104.00027]

[Wang+,	2111.13644]

&	are	interes=ng	because	they	can	get	boosted	by	various	astro	sources	



Detection	of	strongly	interacting	DM	can	be	difficult	

36

strongly-interac=ng	DM	can	be	difficult	to	detect

• DMID:	suppressed	by	small	abundance	

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

• CMB:	unconstrained	if	the	abundance	is	<0.4%	

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

• small	abundance	(because	the	strong	interac=on	xsec	)

• strong	interac=on	xsec	

[Boddy	+,	1808.00001]



Ceiling	of	collider	searches	

37

[Cappiello+	1810.07705] [Emken+	1905.06348]

strongly-interac=ng	DM	starts	to	interacts	w/	detectors	 	no	more	mono-X⇒

[Bai	&	Rajaraman	1109.6009]

[Daci	et	al.,	1503.05505]

[Bauer	et	al.,	2005.13551]

DM	interac=ons	with	
LHC	detectors
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Probing	strongly-interac=ng	DM		

at	electron	colliders



DM	scattering	w/	ECL	@	Belle	II

39
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DM	interacts	strongly	w	detector	 	
mul=ple	electron	recoils	(generates	a	
DM-induced	ECL	“cluster”)

⇒

	for	DM-induced	
ECL	cluster
Ecluster ≤ Eχ − mχ

this	is	similar	to	photon	signals	at	Belle	II

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

[Liang,	ZL,	Yang,	2312.08970]
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DMDD	in	collider



Belle	II	vs	DMDD	(10	MeV	Z’	w	only	vector	couplings)

40

100 101 102 103

m¬ [MeV]
10°42

10°38

10°34

10°30

10°26

10°22

10°18

ǣ
e
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2i

DMDDSRDM

CRDM

mZ0 = 10 MeV

mono-photon

mono-cluster

di-cluster

FDM = 1
L = 362 fb°1

[Liang,	ZL,	Yang,	2312.08970]

para	space	above	DMDD	ceiling		
probed	by	electron	colliders

DMDD	xsec	@	 |q | = αme

• mono-photon	(very	small	xsec)

• mono-cluster	(small	xsec)

• di-cluster	(large	xsec)

FF	=	1	(heavy	mediator	in	DMDD)

ℒV
int = Z′ μ(gV

χ χ̄γμχ + gV
e ēγμe)



Belle	II	sensitivity	versus	DMDD	(ultralight	Z’)

41
[Liang,	ZL,	Yang,	2312.08970]
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CRDM FF	 	(ultralight	mediator	in	DMDD)∝ |q |−2

allowed	para	space	between	
colliders	&	DMDD

large	xsec	region	probed	by	colliders

ℒV
int = Z′ μ(gV

χ χ̄γμχ + gV
e ēγμe)



Summary

42

We	study	electron	collider	constraints	on	strongly-interac=ng	DM	by	analyzing	the	
visible	signatures	(mono-cluster	&	di-cluster).	We	find	that	current	Belle	II	data	can	
probe	the	parameter	space	w/	a	large	DMDD	cross	sec=on,	which	is	difficult	to	probe	
in	DMDD	&	DMID	experiments.	[Liang,	ZL,	Yang,	2312.08970]

Mono-photon	channel	at	electron	colliders	can	probe	new	parameter	space	for	
millicharged	par=cles,	light-mediator	dark	maIer	(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]

We	propose	a	new	DM	search	channel	at	Belle	II	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	II	&	the	missing	momentum	search	at	
NA64.		[Liang,	ZL,	Yang,	2212.04252]	[Ge,	Liang,	ZL,	Min,	2505.10302]



backup	slides
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Strong	DM-electron	interaction	via	a	light	mediator

44

a	light	mediator	is	needed	to	generate	a	large	DMDD	xsec

spin-1	(vector)	

spin-1	(axial-vector)	

spin-0	(scalar)	

spin-0	(pseudo-scalar)	

ℒV
int = Z′ μ(gV

χ χ̄γμχ + gV
e ēγμe)

ℒA
int = Z′ μ(gA

χ χ̄γ5γμχ + gA
e ēγ5γμe)

ℒS
int = ϕ(gS

χ χ̄χ + gS
e ēe)

ℒP
int = ϕ(igP

χ χ̄γ5χ + igP
e ēγ5e)
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electron	g-2	&	NA64 electron	beam-dump	&	collider



Kinetic	mixing	&	mass	mixing
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SU(3)c × SU(2)L × U(1)Y × U(1)X

kine=c	mixing mass	mixing

ℒ = −
1
4

BμνBμν −
1
4

XμνXμν + gDXμ χ̄γμχ−
δ̃
2

Bμν Xμν −
M2

1

2
(∂μσ + Xμ+ϵ̃ Bμ)2

[Feldman,	ZL,	Nath,	hep-ph/0702123,	437	cites]

kine=c	mixing	 	&	mass	mixing	 	are	degenerate	(w/o	 ):	only	 	is	physicalδ̃ ϵ̃ χ ϵ ∼ (ϵ̃−δ̃)

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


47
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m¬ [MeV]
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ǣ
e
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PBH

m¡ = 10 MeV

m¡ = 100 MeV

FDM = 1
L = 362 fb°1

Comparison	with	primordial	black	hole

BSM	par=cle	w/	mass	below	
Hawking	temperature	can	be	
produced	in	PBH	 	ER	@	SK⇒

[Calabrese+,	2203.17093]

PBH	 	MeVE = 10
detec=on	via	χ̄χēe/Λ2
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BSM	par=cle	w/	mass	below	
Hawking	temperature	can	be	
produced	in	PBH	 	ER	@	SK⇒

[Calabrese+,	2203.17093]

PBH	 	MeVE = 10

Belle	II	limits	for	the	scalar	mediator

• 	=mes	beIer	w/	m	=	100	MeV104

• similar	to	PBH	w/	m	=	10	MeV

detec=on	via	χ̄χēe/Λ2



CRBG	for	DP	m	<	2	GeV
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)    2 (GeV/cA'm
2−10 1−10 1 10

   
 

ε
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c fe

rm
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χ

 = 0.5, mDα

poten=al	CRBG	for	DP	m	<	2	GeV	
[2207.06307]



Selection	in	GEANT4	simulations
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KLM

n

e−e+

ECL

CDC

At	least	1	neutron	with	energy	>	3	GeV

Energy	deposi=on	in	ECL	<	5%

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

p/π±

Count	#	of	neutrons	with	K.E.	>	280	MeV	
(hadronic	shower	threshold)	



Experimental	constraints	on	light	mediators

50

• Electron	g-2

• Moller	scaIering	(SLAC	E158)

• Electron	beam	dump	&	BaBar
visible	mode

invisible	mode

|gV
e gA

e | ≲ 10−8

γ

e− e−

γ

e− e−Z ′ φ



dark	ma*er	&	millicharged	parfcles



Mono-photon	signature	at	electron	colliders
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Mono-photon	signature	at	electron	colliders
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e−

e+

χ

χ

γ
mono-photon

• EFT	DM	
• light	mediator	DM	
• millicharged	par=cles	
(undetectable	ioniza=on)	

• invisible	dark	photon

probe	a	variety	of	models:



Different	sub-GeV	DM	models	(diff	mediator	mass)

53

EFT	DM
1

Λ2
V

χ̄γμχℓ̄γμℓ 1
Λ2

A
χ̄γμγ5χℓ̄γμγ5ℓ

1
Λ2

s
χ̄χℓ̄ℓ

1
Λ2

t
χ̄ℓℓ̄χ

[Liang,	ZL,	Yang,	2111.15533][Liang,	ZL,	Ma,	Zhang,	1909.06847][ZL,	Zhang,	1808.00983]
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EFT	DM
1
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V
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s
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t
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Light	mediator	DM	 Z′ μ χ̄γμ (gχ
v − gχ

aγ5) χ + Z′ μℓ̄γμ (gℓ
v − gℓ

a γ5) ℓ

[Liang,	ZL,	Yang,	2111.15533][Liang,	ZL,	Ma,	Zhang,	1909.06847][ZL,	Zhang,	1808.00983]
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EFT	DM
1

Λ2
V

χ̄γμχℓ̄γμℓ 1
Λ2

A
χ̄γμγ5χℓ̄γμγ5ℓ

1
Λ2

s
χ̄χℓ̄ℓ

1
Λ2

t
χ̄ℓℓ̄χ

Light	mediator	DM	 Z′ μ χ̄γμ (gχ
v − gχ

aγ5) χ + Z′ μℓ̄γμ (gℓ
v − gℓ

a γ5) ℓ

Millicharged	par=cles	 ϵeAμ χ̄γμχ

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



Irreducible	background	for	mono-photon
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e

e

ν
ν

γ
e

Z

e

e

νe

νe

γ

W

e

e

e

νe

νe

γ

W

W

Irreducible	BG:	e+e− → γνν

more	challenging:	reducible	BG	(due	to	limita=ons	of	the	detectors)
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[Belle	II	1808.10567]

ECL	angles
(lab	frame)

12.4∘ < θ < 31.4∘

32.2∘ < θ < 128.7∘

130.7∘ < θ < 155.1∘
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Reducible	background	@	Belle	II
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reducible	BG
BG	due	to	ECL	gaps	(gBG)

BG	due	to	beam	(bBG)

[Belle	II	1808.10567]

ECL	angles
(lab	frame)

12.4∘ < θ < 31.4∘

32.2∘ < θ < 128.7∘

130.7∘ < θ < 155.1∘



Dark Sectors at Low Energy Colliders (Torben Ferber) �22

Background MC, 40 fb-1  after selection

ee→eeγ 
both electrons  

out of tracking acceptance

ee→2γ and 3γ 
1γ in ECL 90° gap 

1γ out of ECL acceptance

ee→2γ 
1γ in ECL BWD or FWD gap

ee→3γ 
1γ in ECL BWD gap 

1γ out of ECL acceptance

Belle II MC

Introduction
• Dark Photon A’ motivated by Dark Matter, g-2, .. 

• Minimal Dark Matter model: Dark Matter particle χ and a 
new scalar or gauge Boson A’ as s-channel annihilation 
mediator (mA’ > 2mχ) 

• Additional U(1)’ symmetry → Kinetic mixing* of massive 
Dark Photon with the SM photon

3
13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s
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B: Invisible Dark Photon searches

Belle

[from	Ferber’s	talk]
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EFT	DM	probed	by	Belle	II	(50/ab)

57

LEP	is	beIer	than	Belle	II	for	EFT-DM

[Liang,	ZL,	Yang,	2111.15533]

1
Λ2

V
χ̄γμχℓ̄γμℓ

Electron	colliders	are	beIer	than	DMDD



Light	mediator	DM	probed	by	Belle	II	(50/ab)
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5	GeV,	0.6	GeV,	10	MeVMZ′ 
=

[2111.15533]

Belle	II	is	beIer	than	LEP	for	light	mediator	DM

Z′ μ χ̄γμ (gχ
v − gχ

aγ5) χ + Z′ μℓ̄γμ (gℓ
v − gℓ

a γ5) ℓ

Electron	colliders	can	be	beIer	than	DMDD



PandaX-4T	limits	on	light	DM
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[PandaX-4T,	2507.11930]

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



Belle	II	vs	dark	matter	indirect	detection	experiments

60

INTEGRAL

Fermi-LAT

Photons	from	DM	annihila=on

[Liang,	ZL,	Yang,	2111.15533]

Electron	colliders	can	be	beIer	than	DMID



millicharged	parfcles



Millicharged	dark	matter	can	explain	EDGES	21	cm	anomaly

[Bowman	teal,	Nature	555	(2018)	67–70]

[Munoz	&	Loeb,	Nature	557	(2018)	684]
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Millicharge	in	BSM	can	be	quite	“large”

log10(mχ /eV)

lo
g 1

0(
ϵ)

63

[Jaeckel,	Ringwald,	1002.0329]



Millicharge	in	BSM	can	be	quite	“large”

log10(mχ /eV)

lo
g 1

0(
ϵ)

63

[Jaeckel,	Ringwald,	1002.0329]

probed	by	 	colliderse+e−



Millicharged	particles	probed	by	electron	colliders
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electron	collider	can	probe	
new	parameter	space	

[Liang,	ZL,	Ma,	Zhang,	1909.06847]

e
−

e
+

e

γ

χ̄

χ

γ

γ

mono-photon

[ZL,	Zhang,	1808.00983]



Run	3	milliQan	bar	detector
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[2506.02251]



Low	colliding	energy	is	better	to	probe	MCPs	

2 4 6 8 10 12 14p
s (GeV)

10°2

10°1

100

101

102

æ
(f

b)

Pre-selection Cuts
≤ = 0.001

m¬ = 0.1 GeV

irreducible SM BG

e+e− → γ χ̄ χ

e+e− → γ ν̄ ν

if	irreducible	BG	is	the	only	important	BG

66

BESIII/STCF	vs	Belle	II	



A	wish	list	of	an	ignorant	theorist
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• BeIer	hermicity	of	ECL	(less	or	no	gaps?)	
• More	angular	coverage		
• More	powerful	KLM-kind	detector	(veto)		
• Place	another	detector	when	there	is	a	gap?


