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DM	with	EFT	interac1ons
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CEPC	sensi0vi0es	on	different	dark	ma-er	(DM)	models



Interaction	Lagrangian	for	different	Dirac	DM	models
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millicharged	DM L = e"Aµ�̄�
µ�
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vector-portal	DM

DM	models	with	EFT	interac0on
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[Fox,	Harnik,	Kopp,	Tsai,	1103.0240;	Chae,	Perelstein,	1211.4008]

[Feldman,	ZL,	Nath,	hep-ph/0702123,	331	cites]



Signal	process:	mono-photon	final	state	at	CEPC
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new	physics	process:	e+e− → χ̄ χ γ

maximum	photon	energy E� <
s� 4m2
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3	CEPC	running	modes
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[CEPC	Conceptual	Design	Report:	Volume	2	-	Physics	&	Detector,	1811.10545]

H-mode:	
Z-mode:		

WW-mode:

240		GeV	&	5.6/ab	
91.2	GeV	&	16	/ab	
160		GeV	&	2.6/ab



NP	mono-photon	xsec	@	CEPC
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s is the center-of-mass energy square
<latexit sha1_base64="wezTGP0a9UsfJdC5Uym/7fFbM9U="></latexit>

m� is the DM mass
<latexit sha1_base64="w+fwMaDA0GPuanWEq5lnQtfc8BM="></latexit>
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z� ⌘ cos ✓�
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✓� is the polar angle of the final state photon
<latexit sha1_base64="SP2oGvZJI/MT/uHiV0SpmAGPwGM="></latexit>

E� is the energy of the final state photon
<latexit sha1_base64="ynv02jKMnY/oX/O3AYE4L2eHpmQ="></latexit>

vector-portal	DM	

[Liu,	Zhang,	1808.00983]

https://arxiv.org/abs/1808.00983


mono-photon	signal	(mediators)
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Z>WW>H

Millicharged	DM ✏ = 0.01
<latexit sha1_base64="l/WpTFJt88CWl+sCHSNI8AL8Lcw="></latexit>

detector	cuts

Z’-portal	DM

WW>H>Z

mZ0 = 150 GeV
<latexit sha1_base64="3a1XitxzPGdD570PGLELV48B6Qg="></latexit>

vector-coupling

E� > 0.1 GeV & |z� | < 0.99
<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>



mono-photon	signal	(EFT)
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H>WW>Z

scalar-EFT	DM

detector	cuts

vector-EFT	DM

H>WW>Z

E� > 0.1 GeV & |z� | < 0.99
<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>

⇤ = TeV
<latexit sha1_base64="Q2xvZ5FCu0WKe5ylGCiUQxzu9cE="></latexit>

⇤ = TeV
<latexit sha1_base64="Q2xvZ5FCu0WKe5ylGCiUQxzu9cE="></latexit>



Irreducible	SM	background
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irreducible	BG:	e+e− → ν̄ ν γ

⌫` = ⌫e, ⌫µ, ⌫⌧
<latexit sha1_base64="rQiII+wTPzArhBTgsBSG6Yh7FWM="></latexit>

Z-diagram W-diagrams

electron	neutrino



Photon	energy	in	irreducible	BG
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``Z	resonance'' EZ
γ =

s − m2
Z

2 s

FWHM ΓZ
γ =

mZΓZ

s

Eγ ∈ (EZ
γ ± 5ΓZ

γ )veto



Reducible	SM	background
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X	becomes	invisible	due	to	limited	detec1on	capability	

EMC coverage: | cos ✓| < 0.99 & E > 0.1 GeV
<latexit sha1_base64="MZgJ/bRdHm+tXmXQaWuasQD3+sI="></latexit>

EMC energy resolution:
<latexit sha1_base64="vb5/MNXlSE5JIMuAkjR7yHEU3Ik="></latexit>

EMC position resolution: ⇠ 0.1 mm
<latexit sha1_base64="e++90l6F7r06MhkDs8A9d9dR+Q0="></latexit>
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<latexit sha1_base64="VQ7sOVkdbEOe+4k5Kn3mQfiTuos="></latexit>

[1811.10545]

[S.	Wang,	thesis,	2017]

Reducible BG: e+e� ! � + /X w/ X = ff̄ , �, ��
<latexit sha1_base64="X8+SSqCvhGZbJy/h+tnRbT/XAMM="></latexit>

X = � is small
<latexit sha1_base64="Y4q9yQmVag9R40wRkV9OIkyU5iY="></latexit>

X = ��, f f̄ are large
<latexit sha1_base64="kQIXsjMXn/ECUf+cCD5b1m/Qmi8="></latexit>
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Remove	reducible	BG
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maximum	photon	energy

| cos ✓b| = 0.99
<latexit sha1_base64="CZ1JiwTF7cDVyQpjq5i2TYDayhQ="></latexit>

✓e± = ✓b
<latexit sha1_base64="K6whdY8ijo6+bfMDnIahQExA6y4="></latexit>



Detector	cuts
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1 millicharged	DM
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Energy	distribution	(H-mode)
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detector	cuts
E� > 0.1 GeV & |z� | < 0.99

<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>

Z-resonance 1	GeV	DMreducible-BG
Millicharged	DM	with	
mass	=	1,	40,	100	GeV		
&	ε	=	0.01

to	enhance	sensi0vity	
E� > EZ

� (s) + 5�Z
� (s)

for m� < 25 GeV
<latexit sha1_base64="oPeFn/Amz5Cv7z3fMg5IireylHk="></latexit>



Angular	distribution	(H-mode)
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similar	distribu1ons	⟹	
no	further	angular	cut

detector	cuts
E� > 0.1 GeV & |z� | < 0.99

<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>

Millicharged	DM	with	
mass	=	1,	40,	100	GeV		
&	ε	=	0.01



CEPC	sensitivity	on	millicharged	DM
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[ZL,	Y.-H.	Xu,	and	Y.	Zhang,1903.12114]

CEPC	can	probe	unexplored	millicharge	values

95%	CL	bound
S/

p
B = 2

<latexit sha1_base64="dB2Ps/DUCiBHSP+6igpjCTJ+/u0="></latexit>

Z-mode can probe
✏ ⇠ 0.02 for m = 5 GeV

<latexit sha1_base64="BsrEcalUToLdTPCxTqPbR0f8oHw="></latexit>

e ϵ Aγ
μ χ̄ γμ χ

millicharged	par1cle	χ



Recent	limits	from	ArgoNeuT	&	MilliQan	demonstrator

[milliQan	demonstrator,	2005.06518]

37/Z	in	2018

[ArgoNeuT,	1911.07996]

ArgoNeuT	 	POT1020

18

[Magill	et	al.,	1806.03310]

also	limits	from		
neutrino	experiments
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[Magill	et	al.,	1806.03310]
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CEPC	
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Recent	limits	from	ArgoNeuT	&	MilliQan	demonstrator

[milliQan	demonstrator,	2005.06518]

37/Z	in	2018

[ArgoNeuT,	1911.07996]

ArgoNeuT	 	POT1020

18

[Magill	et	al.,	1806.03310]

also	limits	from		
neutrino	experiments

CEPC	
H-mode

CEPC	
Z-mode



2 Vector	portal	DM
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Vector-portal	DM

Z’	mass	=	150		GeV

(1)	vector	coupling	only

(2)	axial-vector	coupling	only

2	scenarios 2	channels

(1)	monophoton	(invisible)

(2)	di-muon	(visible)	

L = Z 0
µ�̄�

µ(g�V � g�A�5)�+ Z 0
µf̄�

µ(gfV � gfA�5)f
<latexit sha1_base64="I8EE3GJSmP88h/HNlWtCtUG8L7Q="></latexit>
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Energy	distribution	(Z’	portal	DM)

E� > 0.1 GeV & |z� | < 0.99
<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>

Z-resonance1	&	50	GeV	DMreducible-BG

“Z 0 resonance”
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147 < M�/GeV< 153
<latexit sha1_base64="1Dd90IjL6ZCZfzdv8fBdq2rX4DI="></latexit>

mZ0= 150 GeV
<latexit sha1_base64="IhW9PYfYBH2nPj2lPhQpeBVMXFg="></latexit>
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Invisible	versus	visible

�pT
pT

=
pT

105 GeV

M
0.1% for |⌘| < 1.0

<latexit sha1_base64="A0lCK7i8gYHuJwxdZtL4TWyrZ/c="></latexit>

& 10 times larger for 1.0 < |⌘| < 3.0
<latexit sha1_base64="KynVcqCMmwu1OIjD4kwnYZhyf5Q="></latexit>

dimuon

invisible:	monophoton visible:	dimuon

[see	also,	e.g.	Karliner,	Low,	Rosner,	Wang,	1503.07209]
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CEPC	sensitivity	to	Z’-portal	DM

vector	only axial-vector	only

strong coupling to �: g ⇠ 1
<latexit sha1_base64="s+Zh1Ue84Brfw590Ud/NiwhQHro="></latexit>

DMDD:	assume	universal	coupling	to	SM	fermions

[ZL,	Y.-H.	Xu,	and	Y.	Zhang,1903.12114]



3 DM	with	EFT	interac1ons
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DM	models	with	EFT	interactions

[Chae,	Perelstein,	1211.4008]
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[Fox,	Harnik,	Kopp,	Tsai,	1103.0240]
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Energy	distribution	(EFT	DM)

detector	cuts

E� > 0.1 GeV & |z� | < 0.99
<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>

Z-resonancereducible-BG

Vector	EFT
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CEPC	sensitivity	to	EFT	DM	(scalar	cases)

Scalar	(s)	EFT Scalar	(t)	EFT

[ZL,	Y.-H.	Xu,	and	Y.	Zhang,1903.12114]
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CEPC	sensitivity	to	EFT	DM	(V	&	A	cases)

DMDD:	assume	universal	coupling	to	SM	fermions

Vector	EFT Axial-vector	EFT
[ZL,	Y.-H.	Xu,	and	Y.	Zhang,1903.12114]



Summary

To	op1mize	the	CEPC	sensi1vity	to	different	dark	mager	models,	we	propose	a	list	of	
detector	cuts	to	suppress	the	background

CEPC	can	probe	the	parameter	space	of	vector-portal	DM	models	and	EFT	DM	
models	that	are	unconstrained	by	DMDD	

29

CEPC	can	probe	millicharge	DM	that	is	currently	unexplored

[arXiv:1903.12114,	ZL,	Yong-Heng	Xu,	Yu	Zhang]
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slides	for	Millicharged	DM



Electric	charge	is	quantized	in	SM

31

Qp �Qe < (0.8± 0.8)⇥ 10�21e
<latexit sha1_base64="mDxoy3Q0LQZlP+ImefELn1TLyxQ="></latexit><latexit sha1_base64="mDxoy3Q0LQZlP+ImefELn1TLyxQ="></latexit><latexit sha1_base64="mDxoy3Q0LQZlP+ImefELn1TLyxQ="></latexit><latexit sha1_base64="mDxoy3Q0LQZlP+ImefELn1TLyxQ="></latexit>

[Marinelli	et	al.	1984]

integer	mul1ple	of	that	of	d-quark

Stringent	experimental	limits,	e.g.



ℒ = −
δ
2

BμνXμν + XμJμ
X

Kine1c	mixing

[Foot	&	He,	Phys.	Le-.	267B,	509	(1991)]

32

[Holdom,	Phys.Le-.	166B,	196	(1986)]

But	BSM		particles	can	naturally	possess	a	millicharge

Stueckelberg	mass	mixing
ℒ = −

1
2

(∂μσ + M1Xμ + M2Bμ)2 + XμJμ
X

Both	kine1c	mixing	&	Stueckelberg	mass	mixing
[Feldman,	ZL,	Nath,	hep-ph/0702123,	331	cites]

[Kors	&	Nath	hep-ph/0402047]

[Feldman,	ZL,	Nath,	hep-ph/0603039]



Constraints	on	millicharged	particles	in	BSM

[Jaeckel	&	Ringwald,	1002.0329]

e ϵ Aγ
μ χ̄ γμ χ

log10(mχ /eV)

lo
g 1

0(
ϵ)

33

millicharged	par1cle	χ



Constraints	on	millicharged	particles	in	BSM

[Jaeckel	&	Ringwald,	1002.0329]
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astro/cosmo
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millicharged	par1cle	χ



Constraints	on	millicharged	particles	in	BSM

[Jaeckel	&	Ringwald,	1002.0329]

e ϵ Aγ
μ χ̄ γμ χ

log10(mχ /eV)

lo
g 1

0(
ϵ)

astro/cosmo
33

terrestrial 

millicharged	par1cle	χ



Recent	limits	from	ArgoNeuT	&	MilliQan	demonstrator

[milliQan	demonstrator,	2005.06518]

37/Z	in	2018

[ArgoNeuT,	1911.07996]

ArgoNeuT	 	POT1020

34

[Magill	et	al.,	1806.03310]

also	limits	from		
neutrino	experiments
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Energy	distribu0ons	for	Millicharged	
DM



Energy	distribution	(WW-mode)
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detector	cuts

E� > 0.1 GeV & |z� | < 0.99
<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>

Z-resonance 1	GeV	DMreducible-BG Millicharged	DM	
w/	m	=	1,	25,	50	
GeV	&	ε	=	0.01

to	enhance	sensi0vity	
E� > EZ

� (s) + 5�Z
� (s)

for m� < 30 GeV
<latexit sha1_base64="mZUy7HAbcPRK324TaXK70HRXXWo="></latexit>



Energy	distribution	(Z-mode)
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detector	cuts

E� > 0.1 GeV & |z� | < 0.99
<latexit sha1_base64="V5PT+pw04ZFCv/qxcN1tjA1eSjs="></latexit>

Z-resonance 1	GeV	DMreducible-BG

Millicharged	DM	w/	
m	=	1,	25,	40	GeV	&	
ε	=	0.01


