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Motivation



Physics Beyond the Standard Model

= Standard Model: Excellent description of the nature up to TeV (~ 10718 m) scale;
unresolved problems require BSM physics
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AXxion

= Axion: pseudo Nambu—-Goldstone boson of spontaneously broken global U(1)
— Shift symmetry: ¢ = ¢ + constant

— Periodicity: ¢ = ¢ + 2nf

® Mass from shift symmetry breaking at the energy scale A
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= Axion—SM couplings

Yukawa couplings to fermions Anomalous gauge couplings




Dark Photon

® Dark photon: Gauge boson of an extra U(1) symmetry

® |nteract with SM via kinetic mixing mHr  Hr Kz MHz  GHr  THr &V kev
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Model

SM sector

Dark sector
(Dark photons)

— &%

® Mediator between SM and dark sector

® Matter—antimatter asymmetry ® Dark matter candidate
via electroweak baryogenesis

A single model simultaneously explains baryogenesis and dark matter!

pictures from higgstan.com 7 /
26



Key Questions

Dark sector
¢

pictures from higgstan.com

" How can an axion enable electroweak baryogenesis
to explain the observed matter—antimatter asymmetry?

" How does the axion produce dark photons
that could account for dark matter?



Axion—-Induced
Electroweak Baryogenesis



Sakharov Conditions

® Conditions required for producing baryon asymmetry
1. Baryon number B violation
2. C and CP symmetry violation

3. Interactions out of thermal equilibrium

= SM fails to sufficiently satisfy these conditions

— Need BSM extensions



Axion—Extended Higgs Sector

= Axion coupled to the Higgs sector

uzee(p)h?

® Scalar potential

V= %(MZ — M? cos <%+ a) + chT2> h? +%h4 — A* cos (%)

u, M, A : around the EW scale

" Tunneling occurs dominantly along the axion direction

® Axion can induce a strong first—order electroweak
phase transition

— Provides out—of—equilibrium condition
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Axion—Induced Electroweak Baryogenesis

® Axion coupling to the EW gauge sector
d) ~
f W W o (au"b) JH

d¢o
dt

— Spontaneous baryogenesis

Cohen, Kaplan 1988

serves as a chemical potential for B

® Observed baryon asymmetry obtained for
10° GeV S f < 107 GeV
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Axion Interactions with SM Particles

Interaction channels
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Axion—Higgs mixing
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Axion—Photon coupling
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Constraints on Axion

Axion—Higgs Mixing

107°

= N
10 ® Bounds arise from rare meson decays,

beam dump experiments, and supernova cooling

1078

)
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Band for
axion

® Future searches such as SHiP can probe the
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Constraints on Axion

Axion—Photon Coupling

Beam dump

v .
SN1987A ) Band foré

axion

Jeong, Kang, Nakagawa 2024

===, ="~ isupernovae /  :neutron star merger / ---: cosmology

® Bounds arise from supernova explosions,
binary neutron star merger, and BBN

® Astrophysical bounds strongly constrain the axion
proposed to realize electroweak baryogenesis



Axion—-Induced EWBG: Limits and the Path Forward

® Result of axionic extension

Axion coupled to both the Higgs and the EW gauge sectors can account for the baryon asymmetry

" Key limitations
— Severe constraints on the axion—photon coupling

— No dark matter candidate

" Possible solution: Axion—coupled dark photons may resolve these difficulties!

Dark sector (Dark photons)
—— G = Constraint relief

Axion—EW gauge
boson coupling

® Dark matter candidate

pictures from higgstan.com 1 6/
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Dark Photons

Dark photons
(3 types)

/
Type I: Ym
Mass: m,r < mg /2
Role: constraint relaxation

(astrophysical bounds)

SM sector

R
Type Il YpMm
Mass: 10keV <m, <my/2

Role: dark matter
(cold dark matter)

Axion—Higgs mixing

E—

Axion—EW gauge
boson coupling

Type lll: Ypr

Mass: m,; < 1ev

Role: dark radiation
(hot dark matter)

pictures from higgstan.com 1 8/
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Thermal Production of Axions

Axion—EW gauge

high T boson coupling Axion—-Higgs mixing
\ 3 e 4
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® Axions remain in thermal equilibrium at high temperatures

® Axions freeze out once they become non-relativistic



Type | Dark Photon: Invisible Axion Decay

® Alleviating constraints on the axion—photon coupling

— Constraints on g4, depend on BR(¢ - SM)
— Invisible decay into dark photons makes BR(¢p - SM) « 1

. v Axion—photon coupling
----- S
Y
f < ’ m  Axion—dark photon coupling
—— < Qs
e )/I(/I R

s L Axion—electron coupling f
- . me
Sin Hmix T

e+

® Gauge coupling 9 pyi, Must remain perturbative

) 1 —4 mg \ "2
— Implies g 4,1 < F and therefore BR(¢p - SM) = 10 (10 MeV)



Type | Dark Photon: Invisible Axion Decay

— Axion coupling to dark photons should be much larger than the coupling to electrons
— Yoyl = 1077 GeV~?

— Axion should be trapped inside the SN core s Axion—Photon Coupling Axion-Higgs Mixing

Beam dump
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—_— / —6 -1 &
g¢YM < 107" GeV (10 MeV)
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Type |l Dark Photon: Dark Matter

® Dark matter candidate

= To prevent dark photon overproduction, ypy should not be thermalized

Scattering
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Type |l Dark Photon: Dark Matter

" Freeze—in production of ypy can account for the observed dark matter abundance
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Type |l Dark Photon: Dark Radiation

= Sub-eV dark photon ypr may contribute to dark radiation

ANggr = 4—g(2)4/B< o

4/3
7 4 +s(TdecD R)) (Tqecpr: Ypr decoupling temperature)

= ANqgs from ypr decoupled before EWPT

AN = 0.07 < 0.3 Planck constraints

G. Efstathiou, S. Galli, A. Lewis etal 2018

N

O



Conclusions



Conclusions

= Axion coupled to both the Higgs and the electroweak gauge sectors can
account for the observed baryon asymmetry

® Stringent astrophysical bounds on axion—photon coupling and the absence of
dark matter candidates motivate additional extension

Axion—coupled dark photons mitigate astrophysical constraints
while explaining the observed dark matter abundance
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Axion—Higgs Coupling for 1st order EWPT
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Bubble Nucleation

Bubble nucleation rate per unit volume I' « T*e~S3/T

)2
Euclidean action S5 = 4nf3 fooo dx x* [97 -+ Veff(e)] x=r/f

S
Around the an ?3 X (T — Tz)nf?’ n: positive constant, order unity

Bubble nucleation starts when S3/T < 140

- Tn~T2



UV Completion

“H
N t
T
S
H N t
T 7 7 F 7 SI
ek b
/ S =
1) e — t\:} A l:'C:' . l:'C:'
Q_J;i SIS o
Qe - f(_':l F_'fl
Q__ L LA - \I

Jeong, Jung, Shin 2018



Axion—Induced Baryogenesis

Axion coupled to the EW gauge sector
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Axion Properties

AXion mass
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Constraints on Axion—Higgs Mixing

Rare meson decays: invisible state
- Kdecay: KT »ntvv
- Bdecay: Bt > K*utu~, B > Kutu~

Axion searches: beam dump experiments
— CHARM: proton beam dump
— SHiP: future experiment

Astrophysical bounds: PNS cooling
— SN 1987A

107°

1077
X
=
S 1078
= i
0] \
Sin? 0,y A
= Kmix(m(l)/mh)z ‘\
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107 Vo
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Constraints on Axion—Photon Coupling

1076

Supernovae (Astro) Beam dump
— SN 1987A: PNS cooling
~ y-ray: SN 1987A SMM (y-burst) 1T A

SNT987A (v)

— PVO: SN 1987A (fireball)

— Low-E: low—energy SN explosion energy
1078
Binary merger (Astro) '
— GW170817: neutron star merger (fireball)

— GW170817(y): neutron star merger (y—burst)

g4y [GeV™]

10

Cosmological bound
— BBN: dilution effects on the baryon and neutrino | ;-10]
densities 107

m,, [GeV]
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SN 1987A Cooling
(Free—Streaming)

- Freely escape from the supernova

_ Ag R?
short Laiff = ¢ 22
- Volume emission
2
' La X 9a




SN 1987A Cooling
(Trapping)

- Trapped inside the supernova
Aq R?

c 22

- Surface emission

) La X RCZLT4(Ra)

— long tgifr =



Low—-Energy Supernovae
(Type II-P)

- Energy deposition by axion should
be below about 10°9 erg

L o dLu(RE,.1)
m mtle — . (R (r HTR(IL

X{prl (Rxs = R)/ 4] —exp|=(R, = R)/ 4,4}
A. Caputo et al. 2022



Y—ray Burst
(SN 1987A)

- Axion—induced y—-ray flux from SN 1987A
— SMM (E, = 25 MeV, t ~ 223 s)

. 1 0 Wi (pa) dN,  Hem X 2un,
Fy=o—s [ dua dwypg ' =" (7 —eT e ma ) O (Aws(pa))
2nRay Jin. min () ! duwy

00 - max 200 (pg) max 2w (pg)
1 _Rumg Ta Mg _t T4 - e
= .),,Rg {L.'“ A""‘. (1),, )( TaPa — P € Ta ma — ¢ Ta o
25y Jim, 2

AN, ..
xpy ! Q. O (B (pa)) E. Miiller et al 2023

E. Miiller et al. 2023



Fireball

Fireball y—ray
(SN 1987A)

- ¥—ray flux from axion—induced fireball
— PVO (E, ~ 0(0.1 — 1) MeV)

- Boltzmann—shape spectrum

.fsp-cvclrurn

—+oo —+co
— [ e EIMTE3JE ) [ e BT E34E
E Jo

. min

- 7 .\ 2 -\ 3
— o~ Emn/2T | + En‘un + l Ermn + l En‘un
2yT 2\ 2yT 6 \2yT

M. Diamond et al. 2023




Diffuse y—ray
(All past SNe)

- Axions produced by all past supernovae

form the DSAB
- If A, S Hg!, axions can produce a
diffuse y—ray flux observable from Earth
- Axions should not affect the observed
diffuse y-ray flux




Fireball and Low—E SNe

Fireball &
Hypermassive M. Diamond et al. 2024
Metastable
Neutron
Star

~20Km

30~40MeV

3~50 X 10’Km

Reference: A. Caputo et al. 2022

< 0.1B(= 10°%rg)

Outer Stellar Layer
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Type | Dark Photon: Invisible Axion Decay

1076

Beam dump

Fpoyy ~10_5( mg )2

-------------------------- —ray signal
Fpoete K2 ! 7>

A
SNT987A (v)

2Ko,mg ~ Q -7 -1
> B ( ) x 1077 GeV SN explosion

Kl _____ F
2 2 d GW170817 3 o
- = 10—4 (ﬂ) ( me ) an O 10
BR(¢p - SM) = 10 01 o MaV =
Q0
—3/2 _ ‘
-6 -1 Mme \ /% . — 1079F
gyt < 107°GeV (—mMeV) Low-E P N
—9 i me NV oY | AL
gy, > 4% 107°GeV 1 (L) BBN 10100 — = :

my, [GeV]

Jeong, Kang, Nakagawa 2024



Type | Dark Photon: Dark Fermion

F¢<_>Y1(/1Y1(/1 > I perete— Case

Yum decays into ultralight dark fermion y (below eV scale)

Tdecay Tto
assumption: Tgecay < Tro S M1 /3 my /15 S Tyo S Mgy /5

m g 5/2 _ ,
ANeffz( Tto )( VM) e myM/Tfo ~\0(01)

L =eA,xy"x
10-9 "yl v , Naturally achievable via kinetic mixing
€S 10MeV between yy; and hidden U(1) gauge boson
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