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l. Introduction- BSM

What is physics beyond the SM?
= Before LHC
Models to explain the EW hierarchy problem

2 (UV cutoff scale)?
H """" " """"" H 5mH ~

16 2

— TeV particles with sizable couplings to the SM
e.g. SUSY, extra dimensions, composite Higgs, ...
— (often) WIMP as cold dark matter

SM

X

SM
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l. Introduction- BSM
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l. Introduction- BSM

What is physics beyond the SM?
= After LHC
Another viable direction

- New light particles feebly coupled to the SM

Dark Sector

- Cosmologically important

- Solution to the SM problems?
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l. Introduction- BSM

What is physics beyond the SM?
= Portal frameworks
Interaction between the SM and dark sector
- Dark Higgs: AS2HTH
- Sterile neutrino: yLHN
- Dark photon: eF’,,,B*

. . a =
- Axion: ?FWF’“’
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l. Introduction- Axion

Axion/Axion-like-particle
= Pseudo Nambu-Goldstone boson of spontaneously broken U(1)
Periodic: ¢ = ¢ + 2nf
where axion decay constant f = U(1) breaking scale
Mass and couplings
- Interaction: suppressed by f

- Mass: controlled by shift symmetry, ¢ — ¢ + constant

_ (shift symmetry breaking scale)?

f
— Feebly interacting light particle for large f

me
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l. Introduction- Axion

Axion portal
= Perturbative shift symmetry, ¢ —» ¢ + constant
3 types of interaction

- Yukawa, derivative, and anomalous coupling

3 ¢ -
—FF
16m? f

- 9,
mye' TP + ¢, ”7 Pytysp +

- Physics: combinations of ¢; invariant under chiral field redefinitions

= Potential to be probed by cosmological, astrophysical and laboratory

observations
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l. Introduction- Axion

Experiments

= Anomalous coupling to photons

Primakoff axion-photon conversion

Light-shining-through-walls

Log10g.., [GeV ™)

SN1987a

Logyo M,[eV]
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l. Introduction- Axion

Examples
= QCD axion for CP conservation in QCD
Neutron EDM bound on 6GG

_ Y
T
- 2] —-10
4 dnzIO’”%ée-cm — 8 < 10
/ (mu+md)ms

Peccei, Quinn 1977
Axion anomalously coupled to gluons

- Natural solution to the strong CP problem: 8 o« (¢) = 0

- Dark matter: misalignment, topological defects
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l. Introduction- Axion

Examples , ,
Freese, Frieman, Olinto 1990
= Natural inflation
Inflation: initial conditions for the Big Bang cosmology

Very flat potential from axion

V=AM (1 — oS (%)) with f = Mp,
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ll. Axionic Higgs Portal- Framework

Portal interaction

= Axion portal (¢ = ¢ + 2nf)

c3 ¢
—FF
16m? f

- 0, -
mye TP + ¢, ”7 Pyrys +

= Another type of axion portal coupling

M?cos (?) |H|?

- Feeble interaction with the SM via the Higgs field

- Much interest after “Cosmological relaxation of the Higgs mass”

Graham, Kaplan, Rajendran 2015
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ll. Axionic Higgs Portal- Framework

UV completion

= Model with perturbative shift symmetry
- Hidden QCD

- Vector-like lepton doublets L + L¢ and singlets N + N¢

-

E e
LB = M?cos (7)|H|2
U N
\ Collider signatures: work in progress
KSJ, Seodong Shin, Jong-Chul Park, Sunghoon Jung
anomalous coupling to hidden gluons Effective coupling of NN€¢ to Higgs
— mixing between ¢ and NN¢ meson due to heavy doublet leptons
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ll. Axionic Higgs Portal- Framework

Axion properties

= Scalar potential

V = AlH|* + 12|H|% — M2cos (%) IH|2 — A cos (% + a)
|

closed Higgs loop: A* > ﬁMZA%ut

- Axion properties depend on f,M, A,

- Axion evolution is tied to EW symmetry breaking!
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ll. Axionic Higgs Portal- Framework

Experimental constraints
= Axion-Higgs mixing after EWSB for a # 0
- Stringent constraints for axion at sub-MeV to multi-GeV
from rare K and B meson decays, and beam-dump experiments

» Further constraints if anomalously couples to SM gauge bosons
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% b /. 29 < 6x10~7
107° | sin? 6 <
(o) R —
o bt . Br(¢ - ptp7)
.(7) B N \‘ pr
10-8 F— \- ) \-"‘}-l‘l-&(;é.(;ur‘e's‘mng.te o(,% 5 /,/ ]
R o/ o e ]
i - N D /"‘\'?
107° < sin? 0 < 3x1077 (% > lwe | N
2/ SN198 2 E
10710 & A
\ll\ / \/Q/C}\ -.\ v
B ' 3 \"-'S\‘/' 7] .
i / E ™ i1 Flacke, Frugiuele, Fuchs, Gupta, Perez 2016
-12 -, o~ ..... -:- .
10 LT | _"{ Choi, Im 2016
0.001 0.01 0.1 1 5

KS JEONG @ PNU 15



ll. Axionic Higgs Portal- Framework

Cosmological roles of axion

V = AlH|* + u2|H|% — M2cos (%) IH|? — A cos (? + a)

—

Axion-driven EW phase transition

for M above the weak scale

A 4

Cosmologically stable axion

for tiny a or huge f
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II. AHP- Model for Freeze-in Axion Dark Matter

Freeze-in dark matter
= Alternative to WIMP dark matter (freeze-out)
= Never in thermal equilibrium: feebly coupled to SM

- PI’Od uced Via thermal freeze—ln McDonald 2001, Choi, Roszkowski 2005, Petraki, Kusenko 2007
Hall, Jedamzik, March-Russell, West 2009

Y
equilibrium yield

-
-
-
-

2-2 scattering, decay of thermal particles

-
_________
—————
- -
-

12|
10 - v

Freeze-out

-
-
-
-
-
-
-

.T:m%‘
= Relic abundance: (1, « A2 m,

- Observed DM abundance if 1 ~ 1071? and m, ~ 100GeV

u Need an eXplanation for A« 1! Gravitino, axino in SUSY (many works)
Clockwork FIMP, Mohan and Sengupta 2018
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II. AHP- Model for Freeze-in Axion Dark Matter

Axionic Higgs portal

KSJ, Im 1907.07383

= Coupled to the SM ONLY via Higgs portal

V = AlH|* + p*|H|* — M* cos (%) — A*cos (?)

f

closing Higgs loops:
» (CP conserving minimum ¢ =0
- No ALP-Higgs mixing
- Stable axion due to accidental Z, symmetry ¢ - —¢
- Feebly coupled to SM thermal bath for large f

— Natural framework for freeze-in DM
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II. AHP- Model for Freeze-in Axion Dark Matter

Axion dark matter

= Axion properties

2
- Mass mainly from closed Higgs loops: my = A?
- Interactions with the SM
Mg p2 g2 AoV 2 _ (M2
L 22 + SR with Apg = ()

- Never in thermal equilibrium for 2,4 < 1077

» |f thermalized, it overcloses the universe in most of parameter space

satisfying the bound on DM scattering with nuclei
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II. AHP- Model for Freeze-in Axion Dark Matter

Axion dark matter
= Freeze-in production via h - ¢¢ (dominant if open), and hh - ¢¢
- Correct dark matter density

1

Ang = 10719 (22-) * and my = 1MeVx (

ull o

103GeV)

~ -11 ~
Anp = 1071 and my = 380GeVx (——)

= Coherent oscillations: negligible if Tos. » 10°xm,,

KS JEONG @ PNU 20



II. AHP- Model for Freeze-in Axion Dark Matter

UV completion
= Non-perturbative Higgs portal via hidden QCD

- Lepton doublets L + L¢ and singlets N + N¢

- Generically, @« # 0
= Severe constraint on the lifetime (@) from gamma ray observations

¢y
== HEAO-1
== [NTEGRAL
== COMPTEL
==EGRET .
~FERMI Suppression of a # 0 effect

10287

by =% if invoked with SUSY
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Essig et al 2013
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ll. AHP- Model for Electroweak Baryogenesis

Electroweak phase transition

= Last period affecting baryon asymmetry

Afterglow Light
Pattern  Dark Ages
yrs.

= Baryogenesis
1) Nonzero B-L above EW scale: Leptogenesis, Affleck-Dine, ...
2) B+L generation at EW scale and sphaleron decoupling

— EW baryogenesis

Lots of works since 1985
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ll. AHP- Model for Electroweak Baryogenesis

EW baryogenesis
active sphalerons

= EW bubbles diffusion
of CP conversion of left-handed
asymmetry chiral asymmetry
into B asymmetry
(h) # 0

no sphalerons )
h) =20

= Requirements
- Strong first-order phase transition to avoid washout
SM: crossover if my, > 75 GeV (h)

- Sufficient CP violation beyond SM
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ll. AHP- Model for Electroweak Baryogenesis

Conventional scenarios

= Strong first-order phase transition

e.g. thermal or effective Higgs cubic term, log potential
higher dim operator with low cutoff

— New particles coupled to H or sizable modification of Higgs sector
= Non-local baryogenesis
- CP violation in front of wall, B violation away from wall
= Probe of EWBG
- LHC (direct searches) and EDM experiments

c.f. severe constraint from electron EDM: |d,| < 1.1x107%°¢ - cm

ACME 11 2018
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ll. AHP- Model for Electroweak Baryogenesis

Axionic Higgs portal

= Free energy: V = V,+(thermal effect)

Vo = A|H|* + [uz — M?cos (%)] |H|? — A% cos (% + a)

AVihermal = CHT2|H|2 TORIOE 8 . 8 %
06500

= Free energy in terms of 3 positive parameters

VANZ A2

r =
M2’ Vavg

a, €

with A and u? fixed by m;, = 125GeV and v, = 246GeV
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ll. AHP- Model for Electroweak Baryogenesis- EWPT

EWPT in axionic Higgs portal
= For large f, tiny thermal and quantum corrections to ¥V from axion
= Free energy V=V (h,¢/f): Insensitive to f
= Tunneling mainly along the light axion direction for f »>TeV
- Higgs field can be replaced by solving 9,V =0
= Phase transition
- Two degenerate minima at 7,: lower than in the SM
- Bubble nucleation at T,

- Barrier disappears at T,
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ll. AHP- Model for Electroweak Baryogenesis- EWPT

EWPT in axionic Higgs portal

temperature h
A - only a symmetric minimum at (¢, h) = (0,0)
¢ - u? = M2cos (2) + ¢, T? > 0 in whole range of
o0 i u (f) H g ¢
h
- minimum at (¢, h) = (0,0)
f 2 a2 ¢ 2 C
o0 i s — M*=cos (f) + cyT* < 0 in finite range of ¢
T
region with u? — M2cos (%) +cyT? <0
h - another minimum at ¢ # 0 and h # 0
o 2 2 g 2 . .. .
" pu= — M=4cos (f) + cyT# < 0 in finite but wider range of ¢
- (0,0) T f - phase transition when EW minimum gets deeper
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ll. AHP- Model for Electroweak Baryogenesis- EWPT

Approximate scaling behaviors

» Euclidean action of O(3) symmetric critical bubble

S3 o f3
= Bubble radius « f, and T,, close to T,
c.f. conventional models: thin wall, T;, close to T,
= Relatively smooth phase transition (no substantial expansion of

bubbles), but rapid ALP evolution
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ll. AHP- Model for Electroweak Baryogenesis- EWPT

EW phase transition

AZ

Vavg

= Case with r = =1.2

1.2 - Smooth phase transition .

1.0-

- First-order PT in red region

Tc=T> and v.=0

" Local maximum

at h=245GeV (wider at small r)

0.8

- Red region close to blue line
— EWPT at very low T

0.6 -

0.4- - PT pattern: insensitive to f

0.2-

Symmetric global minimum

0.0 0.5 1.0 1.5 2.0 2,5 3.0
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ll. AHP- Model for Electroweak Baryogenesis- EWPT

Implications
= Delayed EW phase transition
- Late-time entropy production to dilute preexisting relics

(e.g. dark matter)

Teon \°( T
8 =10*(5cew) (zeav)
40GeV 2GeV

Temperature after phase transition

-3

Av1/4 )

Tren = 40GeV (100GeV

= Strong first order phase transition

- EW baryogenesis
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

Axionic EW baryogenesis
= Strong first order phase transition driven by axion via

M?cos (?) |H|?

= New direction in EWBG
- Free from EDM and LHC constraints for f >»>TeV
- Axion searches to reveal the connection between

EW phase transition and baryogenesis
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

EW baryogenesis
= CP violation depending on the bubble wall profile
1) Axion-dependent top quark Yukawa

(yt + xtei¢/f)htLtR
axion variation along the wall — B number chemical potential

2) Anomalous axion coupling to EW gauge bosons

1 QW W v
16m2 f #

% — B number chemical potential
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

EW baryogenesis
= Condition for EWBG

time for axion time for baryon durati —
settle-down after asymmetry #ratlon orE
tunneling < generation < phase transition
1 1 dss
mg Topn dt
40?// o ] D'Onofrio, Rummukainen, Tranberg 2014

130 140 150 160 170
T/GeV
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

1) Non-local EWBG KSJ, Jung, Shin 1806.02591
= CP violation from axion-dependent top quark mass

Ve + x e

2

P
EN
S
ST
:_(}_E) I
SRR
2
Zv2|
¥}
H

= Baryon asymmetry
- CP violation x;, wall width L, wall velocity v,

- Sizable diffusion effect for L, T,, < 100 — upper bound on f
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

1) Non-local EWBG

= Correct baryon asymmetry for 3TeV < f < 10TeV
(axion mass: GeV to 20 GeV)

f [TeV]

ACME II: about 10 times stronger than ACME |
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

2) Local EWBG «s;, jung, shin 181103294

= (P violation from axion-dependent EW ©-term

%WW — % = chemical potential for baryon number

= Simultaneous B and CP violations across thick walls

- B generation through EW anomaly

dng _ 3Isph d ¢ 39Tspn

dtc 2 T dtf 4 13 B

sphaleron-induced washout
- Wash-out: need to suppress axion oscillations quickly

via thermal dissipation (axion-Higgs mixing)
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

2) Local EWBG
 Correct baryon asymmetry for 10°GeV < f < 107GeV

(axion mass: MeV to GeV)

r=1.1 (A=130 GeV) ——

1/10

0 f= 10% GeV
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ll. AHP- Model for Electroweak Baryogenesis- Baryon Asymmetry

How to probe axion-driven EWBG
= Axion at MeV-GeV (local) or GeV-20GeV (non-local)

- window without strong theoretical interests so far

axion-Higgs mixing: rare B-meson decays, beam dump Jaeckel, Spannowski 2015

1073
10°6F

10°7F

Log10g., [GeV™

sin’d

+
SlVVI[¢lo il HB stars

10-8L

SN1987a Cosmology

_1LIIIIIIIIIIIIIIIIIIIIIIIIIIIII
=12 -9 -6 =3 0 3 6 9 12

Logyo Ma[eV]

anomalous ALP couplings to gauge bosons

10}

lu—lﬂ i 1 I 1
0.001 0.01 0.1 1 5
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ll. AHP- Model for Cogenesis

AXionic cogenesis s;, sang Hui im 2012.000x
= Axionic Higgs portal with M « m,
V = A|H|* + u2|H|? — M2cos (%) |H|2 — A* cos (% + a)
axion evolution is triggered by EW symmetry breaking

high T EWSB

N \
N /’
\\ Ve
) N Jd
~ s
\N

= CP violation from anomalous coupling to EW gauge bosons

L
16m2 f H

axion evolution %?: chemical potential of baryon number
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ll. AHP- Model for Cogenesis

Axionic cogenesis

= Spontaneous baryogenesis via slow shift of potential minimum %

- Correct baryon asymmetry for F > 107 xf

- Clockwork mechanism

Qﬁ Choi, Im 2016
Kaplan, Rattazzi, 2016
collective rotations of N axions
= Dark matter from axion coherent oscillations
- Cosmologically stable due to tiny mass
- Photophobic axion to avoid astrophysical constraints

(f < 107GeV for sufficient thermal dissipation)
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ll. AHP- Model for Cogenesis

Axion coupling to dark sector
= Axion-driven EWBG with CP violation from
- axion-dependent top quark Yukawa

- anomalous axion coupling to EW gauge bosons

= Dark sector

- Dark photon dark matter: %F’Wp'uv

¢ Dark
o 0 Sector
- Fermionic dark matter: m,e /iy

Any role in dark matter production?
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I1l. Summary

Axion
« Feebly interacting light particle with properties controlled by
perturbative shift symmetry

« Strong CP problem, dark matter, inflation, ...

Axionic Higgs portal
= Electroweak hierarchy: cosmological relaxation
= Matter-antimatter asymmetry via EW baryogenesis

= Dark matter via freeze-in or misalignment

Thank you
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