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Millicharged	parAcles	(MCPs)



Millicharged	particles	(MCPs)
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e ϵ Aμ χ̄ γμ χ + mχ χ̄ χ

Hidden	sector	parAcle	 	with	a	millicharge	 	under	the	SM	photon	χ ϵ Aμ

• charge	quanAzaAon		

• neutrino	millicharge		

• dark	maLer	millicharge [see	e.g.,	PandaX,	Nature	23']



Millicharged	particle	 	in	hypercharge	portal	modelsχ

5

kineAc	mixing [Holdom	86’] [Foot	&	He	91’] mass	mixing [Kors	&	Nath	04’]

SM	hypercharge	 	gauge	boson;		 		gauge	bosonAμ = U(1)B Xμ = U(1)X
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kineAc	mixing [Holdom	86’] [Foot	&	He	91’] mass	mixing [Kors	&	Nath	04’]

[Feldman,	ZL,	Nath,	hep-ph/0702123,	395	cites]
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kineAc	mixing [Holdom	86’] [Foot	&	He	91’] mass	mixing [Kors	&	Nath	04’]

(1)	kineAc	mixing:	MCPs	appear	with	a	massless	dark	photon

(2)	mass	mixing:	MCPs	appear	with	a	massive	dark	photon	or	 	Z′ 

[Feldman,	ZL,	Nath,	hep-ph/0702123,	395	cites]

ℒ = −
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AμνXμν −
M2
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2
(Xμ + ϵAμ)2−

1
4

XμνXμν + gχXμ χ̄γμχ + mχ χ̄χ

degeneracy	between	kineAc	mixing	 	&	mass	mixing	δ ϵ

SM	hypercharge	 	gauge	boson;		 		gauge	bosonAμ = U(1)B Xμ = U(1)X

[see	also	Fabbrichesi+,	2005.01515,	Dark	Photon	Review]

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


Millicharged	dark	matter	can	explain	21	cm	anomaly
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[Munoz	&	Loeb,	Nature	18’][Bowman+,	Nature	18’]

EDGES



Constraints	on	millicharged	particles
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Low-energy	supernovae	(LESNe)



Supernova	cooling	limit
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[Raffelt,	96’]

NP	<	neutrino

Raffelt	criterion



Supernova	cooling	limit
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[Raffelt,	96’]

NP	<	neutrino

Raffelt	criterion
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χ

χ

χ



Supernova	“calorimetric”	limit
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[Falk	&	Schramm,	78’]

Energy	transfer	<	explosion	energy

[Sung+,	1903.07923]

[Caputo+,	2201.09890]



Supernova	“calorimetric”	limit
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a
a

a
a

[Sung+,	1903.07923]

[Caputo+,	2201.09890]



Supernova	“calorimetric”	limit
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Energy	transfer	<	explosion	energy
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Low-Energy	Supernovae	(LESNe)
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[Caputo+,	2201.09890]

[Burrows	&	Vartanyan,	2009.14157]

underluminous	Type-II	P	SN

10-100	Ames	dimmer	than	typical	CCSNe

explosion	energy	as	low	as	0.1	B

	ergB = 1051

core-collapse	SN	with	a	relaAvely	small	mass



LESN	constraints	on	MCPs
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Energy	deposiAon:	Coulomb	scaLering

MCPs	producAon	in	the	core



3

13

MCP	producAon	in	the	SN	core



MCP	production	in	the	SN	core
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electron-positron	
annihilaAon

[Davidson+,	hep-ph/0001179]

[Chang+,	1803.00993]
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Plasma	effects
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[Braaten	&	Segel,	93’]

EffecAve	photon	propagator	in	Lorenz	gauge

Rc

D̃μν(ω, k) = ∑
a=±,L

i
K2 − ReΠa(ω, k) − iImΠa(ω, k)

ϵμ
a ϵν*

a

ϵμ
± = (0,1, ± i,0)/ 2 ϵμ

L = (k,0,0,ω)/ K2

ReΠμν = 16πα∫
d3p

(2π)3

1
2E

[ fe−(E) + fe+(E)]
K ⋅ P(PνKμ + PμKν − P ⋅ Kgμν) − K2PμPν

(K ⋅ P)2 − (K2)2/4

LO	contribuAons	to	real	part	of	the	EM	polarizaAon	tensor

[Raffelt,	96’]

	dispersion	relaAons	&	normalizaAon⟹



Plasma	effects
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The	imaginary	part	of	the	EM	polarizaAon	tensor	is	related	to	the	photon	absorpAon	
and	producAon	rates	in	the	plasma

[Weldon,	82’]

ImΠ = − ω(1 − e−ω/T)ΓabsIn	the	equilibrium	case

In	the	SN	core,	the	dominant	contribuAons	to	 	(relevant	for	MCP	producAon:	
photon	is	Ame-like	with	a	posiAve	energy):	

ImΠ

• inverse-bremsstrahlung	process	of	γpn → pn

• decay	process	of	γ → e+e−

[An+,	1302.3884]
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Plasmon	decay



Plasmon	decay
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decay	width	(a	=	T,	L)	in	the	SN	frame

photon	momentum	Kμ = (ω, k)

	=	normalizaAonZa



millicharged	particle	flux	from	plasmon	decay
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One-zone	model	for	the	supernova
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	kmRc = 12.9

	MeVTc = 30

ρc = 3 × 1014 g/cm3

Yp = 0.15

Radius:

Temperature:

Nuclear	Density:

Proton	Abundance:

parameters	for	the	SN	core

Rc

[Caputo+,	2201.09890]



Particle	mass/energy	in	the	one-zone	model
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Nucleon:	 	MeV⟨En⟩ ≃ 45

electron:	 	MeV⟨Ee−⟩ ≃ 160

positron:	 	MeV⟨Ee+⟩ ≃ 90

Photon	mass	<	12	MeV

Rc

low-mass	
<	6	MeV

high-mass
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Proton	bremsstrahlung



Proton	bremsstrahlung
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dσ(np → npχχ̄)
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=
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[Chu+,	1908.00553]
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Photon	emission	in	soft	radiation	approximation	(SRA)
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=
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f ( K2

4ω2 )
In	SRA

Ecm =
(p1 − p2)2

4mN
≃ 90 MeV



millicharged	particle	flux	in	proton	bremsstrahlung	
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Electron-positron	annihilaAon



Electron-positron	annihilation
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EM	polarization	tensor	in	the	off-shell	region
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	annihilates	at	 	larger	than	the	photon	masse+e− K2

One-zone	model:	 	MeV	&	 9	MeV	 	mγ < 12 me ≃ ⟹ mγ < 2me

In	the	relaAvisAc	limit,	we	use	on-shell	dispersion	relaAons	to	compute	ReΠ

Dominant	contribuAons	to	 :	proton	bremsstrahlung	&	its	inverse	 	ImΠ ⟹ ≲ 2 %

[Scherer&	Schutz,	2405.18466]
[Braaten	&	Segel,	93’]



millicharged	particle	flux	in	 	annihilatione+e−
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Energy	deposiAon	in	the	SN	mantle



Energy	deposition	in	the	mantle	for	a	single	χ

31

χ(pχ) χ(p′χ)

p(pp) p(p′p)

K

R

Energy	loss	due	to	Coulomb	scaLering	with	protons	in	the	mantle	(for	a	single	 )χ

dEχ

dx
= − np ∫ dER

dσχp

dER
ER ΔEχ =

1
2 ∫ dxnpEmax

R σT
χp

distance	=	3	light-seconds

	=	transport	xsec	w/	Debye	screeningσT
χp

[Davidson+,	hep-ph/0001179]

	=	maximum	recoil	energyEmax
R



Total	energy	transfer	from	the	core	to	the	mantle
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Total	energy	transfer	from	the	core	to	the	mantle

Em = lapse2 × 4πΔt∫
Rc

0
drr2 ∫

∞

m′ χ

dEχ
dΦ
dEχ

ΔEχ ≤ 0.1 B

Δt = 3 s

	=	energy	deposited	by	a	single	 	in	the	mantleΔEχ χ

	=	total	 	flux	(3	producAon	channels)	
dΦ
dEχ

χ

	=	gravitaAonal	redshie	&	lapse ≡ 1 −
2GM

Rc
m′ χ =

mχ

lapse

0DQWOH

&RUH

γ

χ̄ χ

p

p

R

[Caputo+,	2201.09890]
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LESN	constraints	on	millicharged	
parAcles



Low-energy	supernova	limits	on	millicharged	particles

34

probe	new	para	space	for	 10	MeVm ≳

beLer	than	SN	cooling	in	high-mass	region

[Davidson+,	hep-ph/0001179]

[Chang+,	1803.00993]

plasmon	decay:	 6	MeVm ≲

proton	bremsstrahlung:	 	MeV6 ≲ m ≲ 30

electron-positron	annihilaAon:	 	MeVm ≳ 30

[Li,	ZL,	Lu,	Ye,	2408.04953]
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Summary
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Low-energy	supernovae	(LESNe)	can	have	an	explosion	energy	as	low	as	0.1	B,	imposing	
strong	constraints	on	the	energy	transfer	from	the	core	to	the	mantle

• plasmon	decay

We	study	LESN	constraints	on	millicharged	parAcles,	by	considering	three	producAon	
channels	in	the	SN	core

• proton	bremsstrahlung

• electron-positron	annihilaAon	 	important	for	high-mass	(previously	omiLed)		⇒

Energy	deposiAon	in	the	mantle	occurs	via	Coulomb	scaLering	with	protons	

LESNe	impose	the	most	stringent	constraints	on	millicharged	parAcles	in	the	mass	
range	of	 	MeV,	surpassing	the	supernova	cooling	limit∼ (10 − 200)

[Li,	ZL,	Lu,	Ye,	2408.04953]
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https://indico.ihep.ac.cn/event/23320/
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addiAonal	slides



Plasmon	decay	for	low-mass	MCPs

38

Photon	mass	<	12	MeV
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Plasmon	decay	is	the	dominant	
producAon	channel	for	MCPs	w/	
mass	<	6	MeV

high-mass	MCPs

• proton	bremsstrahlung	

• electron-positron	annihilaAon



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

kineAc	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,	395	cites]

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

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


Supernova	explosion	energy
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[Burrows	&	Vartanyan,	2009.14157]



Supernova	explosion	energy
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[Burrows	&	Vartanyan,	2009.14157]

Black	dots	=	theoreAcal	explosion	
energies

Empirically	inferred	explosion	energies	
vs.	the	inferred	ejecta	masses,	with	
error	bars,	for	a	collecAon	of	observed	
Type	IIp	(plateau)	supernovae.	



On-shell	approximation	(OSA)	for	Re 	in	off-shell	regionΠa
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OSA:	use	on-shell	dispersion	relaAons	to	compute	Re 	in	the	off-shell	regionΠa
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Imaginary	part	of	 	in	off-shell	regionΠa
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Energy	deposition	in	the	mantle
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χ(pχ) χ(p′χ)

p(pp) p(p′p)

K

R

Coulomb	scaLering	with	protons	in	the	mantle

dEχ

dx
= − np ∫ dER

dσχp

dER
ER

energy	loss	per	unit	length

	=	proton	number	density	in	the	mantlenp

	=	differenAal	Coulomb	scaLering	xsec
dσχp

dER

	=	recoil	energy	received	by	protons	in	the	mantleER



2-to-2	elastic	scattering
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χ(pχ) χ(p′χ)

p(pp) p(p′p)

K

R

For	the	2-to-2	elasAc	scaLering

ER =
1
2

Emax
R (1 − cos θ)

	=	scaLering	angle	in	the	CM	frameθ

	=	maximum	recoil	energyEmax
R

dEχ

dx
= −

1
2

npEmax
R σT

χp

	=	transport	xsecσT
χp = ∫ dΩ

dσ
dΩ

(1 − cos θ)



Debye	screening
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Debye	screening	effects σ → σ
K2

(K2 + k2
D)

[Davidson+,	hep-ph/0001179]

Modified	transport	xsec σT
χp =

2πϵ2α2

E2
χ [ 2 + z

2
ln ( 2 + z

z ) − 1]
Debye	scale:	kD = 2 παnp/T

z = k2
D/2E2

χ



Energy	deposition
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Mantle	colder	than	core	 	assume	protons	iniAally	at	rest⟹

Emax
R =

2mp(E2
χ − m2

χ )
m2

p + m2
χ + 2mpEχ

energy	deposited	by	a	single	MCP	parAcle	in	the	mantle

ΔEχ =
1
2 ∫ dxnpEmax

R σT
χp

distance	=	3	light-seconds

χ(pχ) χ(p′χ)

p(pp) p(p′p)

K

R



Mantle	profiles
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ρ(r) = ρc × (r/Rc)−ν r > Rc

Proton	number	density	&	temperature	profiles	in	the	mantle

T(r) = Tc × (r/Rc)−ν/3 r > Rc

ν = 5

Yp = 0.15

[Chang+,	1611.03864]



Particle	energies	in	the	one-zone	model
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Nucleon:	 	MeV⟨En⟩ ≃ 45

electron:	 	MeV⟨Ee−⟩ ≃ 160

electron	chemical	potenAal:		
	MeVμ ≃ 167

positron:	 	MeV⟨Ee+⟩ ≃ 90

Photon:	 	MeV⟨Eγ⟩ ≃ 3Tc = 90

Photon	mass	<	12	MeV

Rc

low-mass	
<	6	MeV

high-mass


