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New	dark	maNer	channel	@	Belle	II

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



Previous	dark	matter	detection	channels	at	colliders
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Most	studies	focus	on	mono-X	channel	with	SM	X	produced	at	the	primary	vertex
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Most	studies	focus	on	mono-X	channel	with	SM	X	produced	at	the	primary	vertex
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DM DM

Different	mono-X	channels

• mono-photon

• mono-jet

• mono-Higgs

• mono-Z

• mono-top
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e+e− → e+e−

• 	deposit	energy	in	ECLe−

• 	interact	with	ECL	to	produce	DMe+

disappearing	positron	track



“disappearing	positron	track”	signature
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• CDC:	 	&	e− e+

CDC:	 	for	 	GeV
δpT

pT
≃ 0.4 % pT ≃ 3

Equal	&	opposite	momenta		
for	 	&	 	in	the	CM	framee− e+
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“disappearing	positron	track”	signature
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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+

KLM



Use	the	ECL	barrel	region	as	the	fixed	target
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ECL	barrel:	32.2∘ < θ < 128.7∘

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

• BeNer	hermiDcity	
(non-projecDve	gaps	
between	ECL	crystals)

• More	beam	BG	in	endcaps

	events	from	Bhabha	scaNering	in	the	barrel	region	with	50/ab6 × 1011 e+e−
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Standard	model	backgrounds



Standard	model	backgrounds
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Standard	model	backgrounds
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BG:	 	+	ECL	 		
SM	parDcles	escape	detecDon

e+ → SM

KLM

SM

e−e+

ECL

CDC

• Charged	parDcles	(e,	 ,	 ):	
unlikely	to	contribute	

μ π±

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

γ ν

γ



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

γ

e−e+

ECL

CDCECL	=	16- 	CsI	crystalsX0

#	of	high-E	 	aier	ECL	(for	 	incident	 )γ ∼ 2.8 × 104 6 × 1011 e+

Photon	spectrum	( 	in	maNer)e+ [Tsai	&	Whids	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



KLM	veto	capability	on	photon
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KLM

γ

e−e+

ECL

CDC

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

γ

KLM	veto	efficiency	=	 	(IFR	@	BaBar)4.5 × 10−4

13	photon	BG	(for	 	incident	 )6 × 1011 e+

KLM	=	alternaDng	layers	of	4.7-cm	iron	plates	&	
acDve	detectors	 	difficult	for	GeV	 	to	penetrate⟹ γ



Neutron-induced	backgrounds:	GEANT4	simulations
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KLM

n

e−e+

ECL

CDC

GEANT4	simulaDon:		
	 	with	a	CsI	target	w	1	109 e+ X0

Neutrons	with	significant	energy		
are	produced	in	the	first	 		
(confirmed	in	simulaDons	w	2	 )

X0
X0

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	interacDon	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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SensiDvity	on	invisible	dark	photon



Invisible	dark	photon
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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,	391	cites]

	or	δBμνXμν m2ϵBμXμ

⟹

invisible	decay	dominates

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


Positron	interaction	with	ECL
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annihilaDon	w/		
atomic	electrons

bremsstrahlung	w/	
target	nucleus



Annihilation	with	atomic	electrons
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Nann = ℒ∫
Emax

Emin

dE
dσB

dE ∫
E+me

0.95E
dEA′ 

ne Te(E′ = EA′ 
− me, E, LT) σann(EA′ 

)

• 	is	the	Bhabha	xsecσB

• 	is	the	electron	#	densityne

• 	is	the	positron	differenDal	track	lengthTe [Tsai	&	Whids	1966]

• 	is	the	annihilaDon	xsecσann



Bremsstrahlung	with	target	nucleus
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dominated	by	on-shell	 	producDonA′ 

Nbre = ℒ∫
Emax

Emin

dE
dσB

dE ∫
E−me

0.95E
dEA′ 

nN Te(E′ , E, X0)
dσbre

dEA′ 

	is	the	xsec	of	on-shell	produced	σbre A′ 

[Bjorken+	0906.0580]	
[Gninenko+	1712.05706]	
[Liu	&	Miller,	1705.01633]



Belle	II	sensitivity	on	invisible	dark	photon
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[Liang,	ZL,	Yang,	2212.04252]

solid:	94	BG	events

dashed:	1000	BG	events

probing	new	parameter	space	
beyond	mono-photon	and	NA64

potenDal	CRBG	for	DP	m	<	2	GeV	
[2207.06307]
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Belle	II	probes	of	strongly-interacDng		

dark	maNer

[Liang,	ZL,	Yang,	PRD,	2312.08970]



Strongly	interacting	dark	matter

23

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

However,	strongly-interacDng	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]

DM	gets	boosted	by	
various	astro	sources	



Detection	of	strongly	interacting	DM	can	be	difficult	
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strongly-interacDng	DM	can	be	difficult	to	detect

• DMID:	suppressed	by	the	small	abundance	

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

• CMB:	unconstrained	if	the	abundance	is	<0.4%	

Colliders	are	ideal	place	to	probe	such	DM,	as	they	are	not	limited	by	these	2	factors.	

• small	abundance	(because	the	strong	interacDon	xsec	)

• strong	interacDon	xsec	

[Boddy	+,	1808.00001]



Ceiling	of	collider	searches	
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[Cappiello+	1810.07705] [Emken+	1905.06348]

strongly-interacDng	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	interacDons	with	
LHC	detectors



DM	scattering	w/	ECL	@	Belle	II
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χ

χ̄

e+e−
beam

ECL

KLM

KLM

ECL

DM	interacts	strongly	w	detector	
mulDple	electron	recoils		
	“cluster”

⇒
⇒

DM:	Ecluster ≤ Eχ − mχ

similar	to	SM	photon

mono-cluster	&	di-cluster	to	DM



Strong	DM-electron	interaction	via	a	light	mediator
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a	light	mediator	is	needed	for	a	large	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)



Belle	II	sensitivity	versus	DMDD	(10	MeV	mediator)
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[Liang,	ZL,	Yang,	2312.08970]

large	xsec	excluded	by	colliders

DMDD	xsec	@	 |q | = αme

• mono-photon

• mono-cluster

• di-cluster

FF	=	1
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Belle	II	sensitivity	versus	DMDD	(ultralight	mediator)
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[Liang,	ZL,	Yang,	2312.08970]
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large	xsec	excluded	by	colliders



Summary
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New	dark	maNer	channel	at	electron	colliders

Electron	collider	constraints	on	strongly-interacDng	dark	maNer	

• Fixed	target	inside	electron	collider:	positron	collisions	with	detector

• Probe	new	parameter	space	of	invisible	dark	photon,	surpassing	both	the	
mono-photon	channel	at	Belle	II	&	the	missing	momentum	search	at	NA64.

• Current	Belle	II	data	can	probe	the	parameter	space	w/	a	large	cross	
secDon,	which	is	oien	difficult	to	probe	in	DMDD	&	DMID	experiments.	

• DM-induced	mono-cluster	or	di-cluster	signatures

[Liang,	ZL,	Yang,	2212.04252]

[Liang,	ZL,	Yang,	2312.08970]
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Kinetic	mixing	&	mass	mixing
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SU(3)c × SU(2)L × U(1)Y × U(1)X

kineDc	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,	391	cites]

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

https://arxiv.org/abs/hep-ph/0702123
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ǣ
e
h cm

2i

PBH

m¡ = 10 MeV

m¡ = 100 MeV

FDM = 1
L = 362 fb°1

Comparison	with	primordial	black	hole

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

[Calabrese+,	2203.17093]

PBH	 	MeVE = 10
detecDon	via	χ̄χēe/Λ2
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BSM	parDcle	w/	mass	below	
Hawking	temperature	can	be	
produced	in	PBH	 	ER	@	SK⇒
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PBH	 	MeVE = 10

Belle	II	limits	for	the	scalar	mediator

• 	Dmes	beNer	w/	m	=	100	MeV104

• similar	to	PBH	w/	m	=	10	MeV

detecDon	via	χ̄χēe/Λ2



CRBG	for	DP	m	<	2	GeV
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Scalar	mediator	
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Pseudo-scalar	mediator
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Vector	&	axial-vector	couplings
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[Liang,	ZL,	Yang,	2312.08970]
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electron	g-2
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Track	length
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[1]	1802.03794	
[2]	1807.05884	
[3]	Tsai	&	Whids	1966



xsec	of	on-shell	dark	photon
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[71]	Bjorken	et	al,	0906.0580	
[72]	Gninenko	et	al,	171205706	
[73]	Liu	&	Miller,	1705.01633



Selection	in	GEANT4	simulations
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KLM

n

e−e+

ECL

CDC

At	least	1	neutron	with	energy	>	3	GeV

Energy	deposiDon	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
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• Electron	g-2

• Moller	scaNering	(SLAC	E158)

• Electron	beam	dump	&	BaBar
visible	mode

invisible	mode

|gV
e gA

e | ≲ 10−8

γ

e− e−

γ

e− e−Z ′ φ


