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Summary

New cosmological dynamics of the QCD axion
and an axion-like particle (ALP)

* explains dark matter for axion coupling constants much
larger the prediction of conventional mechanisms
* creates the baryon asymmetry of the universe

* have implications for electroweak physics and axion
searches
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T'he strong GP problem

Neutron Electric Dipole Moment

d s
\ d 3 H=d,FE- -5
/ dy/e ~ 0.1 fm ~ 10~ cm ?
w3

dn/e < 2.9 x 1072%°% e Baker et.al (2006)

—

Suggests CP symmetry forbidding H = d,E - S
But CP violation from quark masses is essential for CKM phase

Strong CP PfOblem 't Hooft (1976)
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Known Solutions
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Known Solutions

¥ Spontaneouslv broken parit Mohapatra and Senjanovic (1978)
P y P y Beg and Tsao (1978)
Babu and Mohapatra (1989)
¥ Barr, Chang and Senjanovic (1991)
Hall and KH (2018,2019)
Dunsky, Hall and KH (2019)
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Known Solutions

% Nelson (1984), Barr (1984)

* Spontaneously broken CP

¥

1 &
e

- 5

q qT

Breaks CP spontaneously to introduce CP phases in quark masses,

but without introducing the strong CP phase



Known Solutions

Peccei and Quinn (1977)
% Weinberg (1978), Wilczek (1978)

*
‘ / lﬁ\‘ /
\\\ ﬂ‘// '&,’M‘P\
\ ‘
\ 3\ Y

¥ QCD axion

U() global symmetry with QCD anomaly PQ symmetry

Spontaneous breaking

pseudo-Nambu Goldstone boson, the QCD axion
—a_ .

" 3222 f,

J.: the decay constant



Known Solutions

Peccei and Quinn (1977)
% Weinberg (1978), Wilczek (1978)
*
¥ QCD axion

>

Potential

N\

d, =0 axion
so are other CP violations in QCD
eX.n >




Known Solutions

* Spontaneously broken parity

* Spontaneously broken CP

¥ QCD axion

=

Why QCD axion ?



QCD axion dark matter

Preskill, Wise and Wilczek (1983),
Abbott and Sikivie (1983),
Dine and Fischler (1983)

5
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>
10 GeV
Axion is light mg, = 6 meV 7 Weinberg (1978)
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Dark Matter candidate



Fhm—————

||||||| I,

'

CAST2017

1079

OCD axion search

U<EU><E /
m:gxanmﬁWm<ew%@m«-,

'-#I Ib'l'l-l’ll IIIIIIIII —
--+w---h-----z-----mwmaxqu Ry
H fei S e
_ o 3
o |||T_.|||.“ |||||||||| ” \
Lo RS RIS B
TR =i
| ?MTL _LWw:“
1 | LY |
I — ey
o I “ 1 M I mmw,. 1
= il 0 ! m%
< d_ HE Lllﬂ%
TL:nU | m%
—yl 1 2.\
Al “IVA_ QM,._
EHE S i
e i
|
A !
1! | !
1! | s.
% ﬂ ﬂ = = = e
_ _ _
o o o o _
— — A — Mw mw

10719 108 10¢ 10% 1072
m, (eV)

wl a1
10~

10—14

10—20 vl

10719



ALP dark matter

A pseudo-Nambu Goldstone boson from some global symmetry

naturally light
5 / 1
and weakly coupled (I X ]7

v

| i < o
naturally long-lived 74 ~ 10 X tuniv (109 Gov > <E>

Dark Matter candidate



Axion search

N 3
A m
= ,v ///— Mm
/a f/ 3
| 1 =
1 1 3
1 1 .
1 1 1
™~ “ “ Ml
Rl T ~ 3
||—I_I|||.—.||| -
i B {2 .MM§@<§, E
- ] = 3
o .C<EU><E m<HADO S=-a ]
W_u A0 pue mm% YINAY Im_
% _.I|||||"u_l|.||l.4|| : B A ———— . ——— T T — o - Ml
--t--1_-----,------@%@.---.,.,.,uv, m
1 o v a .
T SR - E
mﬂn |||T_.|||.“|||||||||||1||||s,.1 |||||||||||| J &, -
o 1.9 ST Uy E
5 I TEL T @Q m
1 I gy ]
o | i3 2 %%
< X = AN .
= oA CY 3
R L
“_O I Mnu.,. ]
=N 4 E
|17 1O X .
o <L C 7
H=ls' “ 3
L“ _WA_ ! 3
A_“ aI“ [ N
H{saly !
i1 I 1
EEE'—EE'EE'—EE'—::: 1 _._._.... 1 _._._..... .M
T = ~ = = 5 = = = X = K
_ _ _ _ _ _ _ _ _ _ _
m -] -] -] - - - - - - - -
— — — — — — — — — — —
(-A2D) “b

10719 10 10 10* 1072
m, (eV)

10—12

10—14



(Planck 2018)
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Misalignment mechanism

Preskill, Wise and Wilczek (1983),
Abbott and Sikivie (1983),
Dine and Fischler (1983)

————e /HZ =1

1.19
Pa_ _ 62 Ja
ot= 0. oM \ 1012 GeV
/\ /—\ my = 6 meV U Gel

fa

animation is available at http://www.sns.ias.edu/-keisukeharigaya/mm.html



http://www.sns.ias.edu/~keisukeharigaya/mm.html

Cosmic strings

trapping by thermal potential,
coupling with inflaton, etc.

V=(—m?+c;T? + cyH2) | P|” + -




Cosmic strings

Inhomogeneous configurations
including cosmic strings

Phase transition »

\“ Vs §
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Cosmic strings

Inhomogeneous configurations
including cosmic strings

Phase transition »

V/u b

// ~/ \\\\\

\
/47 v«’"/ \" \\

Axions are radiated
Davis (1986)

P, f =0
T =0.4-10 -
A )

e.g. Kawasaki, Saikawa and Sekiguchi (2015),
Klaer and Moore (2017),
Gorghettoa, Hardy and Villadoro (2020)




QCD axion
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QCD axion
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Axion like Particle
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I will present new cosmological dynamics of an axion

¥ enhance axion dark matter abundance and
predict larger couplings

¥ create baryon asymmetry

* have implications for electroweak physics and axion
searches
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Outline

¥ Introduction: QCD axion, ALP, and dark matter

* Rotation of axion and kinetic misalignment h

* Baryon asymmetry from axion rotation

* Summary



Rotation?
Co and KH, PRL (2020)

Co, Hall and KH, PRL (2020)

Conventional picture Non-zero initial angular velocity?

" 1) . '.' 'II
. Yo :

(I,,l rl

i f

(I will later explain how to initiate rotations)

animation is available at http://www.sns.ias.edu/-keisukeharigaya/rotation.html



http://www.sns.ias.edu/~keisukeharigaya/rotation.html



http://www.sns.ias.edu/~keisukeharigaya/kmm.html

Impact on dark matter
a’bundance Co, Hall and KH (2019)

The beginning of the oscillation is delayed,
enhancing the axion energy density

Kinetic Misalignment Mechanism (KMM)

V(6)

9/,-,/\




Conventional mechanisms
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Kinetic misalignment
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How to initiate the rotation

Co and KH, PRL (2020)

Consider the dynamics of
the radial direction

P= Sexp(ig)

Similar to Affleck and Dine (1985)
with rotating super-partners of quarks and leptons



How to initiate the rotation

. Assume a laree initial
P=SX 0 <!
exp(i0) radial field value

minimum |P| ~f,



How to initiate the rotation

P = § X exp(if)

R

NOKRELATALT T ]
N2 ]
NS KA
A

-

4
v/‘

Assume a large initial
radial field value

v

Higher order terms
V ~ P" ~ §"cos(nb)

may be eftective

Such terms are expected to be present
if the PQ symmetry is an accidental one

e.g., Kolb+ (1992), Barr and Seckel (1992),
Kamionkovski and March-Russel (1992), Dine (1992), KH+ (2013, 2015)



How to initiate the rotation

. Assume a large initial
=S X 0 &
expit) radial field value

. \ ' % " ', 'v ,. ...... \ f
[k Y 6 % \
! i ‘(’. n\~ " A 7 U " )
! ' ' ". J 'n' v o ] ' ' '. \\ '-"
.‘- - ' ‘ll- “ ..' |‘ "- ' ..\ ’ '.l .
y

N AR RANAAOAU Higher order terms
V ~ P" ~ §"cos(nb)

may be eftective

v

Angular motion is induced

o
4y

e
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by the potential gradient

animation is available at http://www.sns.ias.edu/-keisukeharigaya/rot_ini.html



http://www.sns.ias.edu/~keisukeharigaya/rot_ini.html

How to initiate the rotation

P = S X exp(if) r decreases by
expansion of the universe

v

V ~ P"

is no longer effective

v

P continues to rotate,
conserving the angular momentum

= Noether charge of PQ symmetry

fipg = iPP* — iP*P o R~



Dark matter abundance

Co, Hall and KH (2019)

It is convenient to define the “yield” before the axion oscillation phase begins

v, = NpQ Npg = Hfg . PQ charge R_3
PQ — 9) 2 X
5 = % ¢T? : entropy density
— N{2 ~ = =
“ nPQ _ ef a — maf a5 na,osc

Vv(0)




Dark matter abundance

Co, Hall and KH (2019)

It is convenient to define the “yield” before the axion oscillation phase begins

A "pQ Npo = 6’][3 . PQ charge 3
PQ = 2 72 x R
5 s = ——gT° : entropy density
45
n
Y, = a;osc N YPQ after the oscillations begin
Pa m, Ypg

LPDM ] 6 meV 40

0.
//\ 10° GeV

m, = 6 meV

6 fa
for the QCD axion




Estimation of PQ charge

Initial number density of
the radial direction

_ 2
ng = Mg, 5
mass around S;

N N 2
Npg = €Ng = €M ; 5

= () : No potential gradient to the angular direction
1

: Comparable potential gradients in
angular and radial directions



Estimation of PQ charge

Initial number density of
the radial direction

N 2
Hg = Mg ; 5;

N N 2
Npg = €Ng = €M ; 5

Consider the case where the rotation » T ~ (myq, Mpl)l/z
begins when H ~ my; ’
Hpg S

. : 1/2
= 50 % ; 10° GeV
=== “\ 106 GeV My ;




Estimation of PQ charge

V(6) Co, Hall and KH (2019)

9/,-,A

5 1/2
npQ \Y 10° GeV
\) 1016 GeV mS,i

1 9
* m, = 6 meV g fGeV

) 1/2 for the QCD axion
Pa mg Si 105 GeV
A €
ppv 6 meV 1016 GeV My ;

A flat potential with mg; = \/ V(S < §; isrequired




Flat potential

A flat potential with mg; = \/ V'(S,) <« S, is required

Natural in supersymmetric theories, where
the potential of S tends to vanish in supersymmetric limit



Flat potential

A flat potential with mg; = \/ V'(S,) <« S, is required

Natural in supersymmetric theories, where
the potential of S tends to vanish in supersymmetric limit

Ex. Potential of P solely from supersymmetry breaking

5 V(S)
V=m§|P|2<ln2|fI;| 1) \\
/' a /\

Quantum correction \/ V'(S) ~ mg < S,
to the soft mass




Kinetic misalignment
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Outline

¥ Introduction: QCD axion, ALP, and dark matter

* Rotation of axion and kinetic misalignment

* Baryon asymmetry from axion rotation h
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* Summary




Ax1ogenesis

For now let us assume the QCD axion Co and KH (2019)

The PQ symmetry is quantum mechanically broken
by the QCD interaction (anomaly)

+ 0, /b ~ GG

So is the quark chiral symmetry

* 0,J" ~ GG

Chiral charge B+L

\ .
LA G NN )
\\\‘? iy '(/ ‘

\“‘/If .'/ \\\4/'///
AVAYA’ ~® ;/




Ax1ogenesis

For now let us assume the QCD axion Co and KH (2019)

The chiral symmetry is quantum mechanically broken
by the weak interaction

1 0,J" ~ WW

So is the baryon (B) + lepton (L) symmetry

* 0" ~WW

PQ Chiral charge| == |B+L

weak

W\ ) "\
LR A7
h \ ‘/@0’0\!

. \\\\ /




Ax1ogenesis

Co and KH (2019)
y Chiral charge V%
PQ B+L

\ A
W M’ AR
\\“«' r»"‘n‘~-

‘ t“ 4' .'

ct. leptogenesis

__ weak e
1]« [B

Fukugita and Yanagida (1986)



PQ

Ax1ogenesis

Co and KH (2019)

y Chiral charge V%

weak

i

B+L

If the PQ symmetry also has weak anomaly

(Naively the case for unified theory)




Ax1iogenesis

Chiral charge

Co and KH (2019)




The QCD axion solves

three mysteries of the universe

* What is dark matter?

¥ How did cosmic inflation occur?
¥ How was the baryon asymmetry of the universe created?
* Why does QCD preserve CP symmetry?

* What sets the Higgs potential parameters?




Amount of baryon asymmetry

Suppose that An out of np, is transferred into
the charge asymmetry of particles in the thermal bath

The change of free-energy density AF = A(p — T) is minimized

% Particles in the thermal bath
An?

AF = ~ + ? from the standard thermodynamics

* P rotation

AF = ~ — (energy per charge) X An = — OAn

@RI



Amount of baryon asymmetry

Suppose that An out of np, is transferred into
the charge asymmetry of particles in the thermal bath

AF=A(p—T AnT o
=A(p—Ts) ~ A ™ — 0An
» An ~<< npo = 6 [
it T<KYf,

Co and KH (2019)



PQ

Ax1ogenesis

Co and KH (2019)

y Chiral charge V%

P———

weak

The asymmetries reach
thermal equilibrium values

n, ~ 0.107>

B+L




PQ

Ax1ogenesis

y Chiral charge

Co and KH (2019)

weak interaction becomes ineftective
after electroweak phase transition

Mg |y = 0.10 gy T

B+L




Ax1ogenesis

Co and KH (2019)
Angular velocity o

1. Dark Matter V\/\

2. Baryon asymmetry

Decay constant

Electroweak phase
transition temperature

3 free parameters — 2 densities to fit
= I free parameter

1/2
- fa Astrophysical lower
TEW =1 TeV ( 108 G€V> bound f, > 10° GeV

Electroweak <mmmlp  QCD axion
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ALP genesis

Co, Hall and KH (2020)

A similar mechanism works for generic ALPs

@La t_ | a 9 S
= fa Zcfz'j fio" ] 6472 f, (ewg™ WH' W)

fr1,9

1
| Ly 4" ‘@\ W\
\ ‘47!4"(}\&10'0'6\\‘;\\?\\ |
\ \ WA ON

Nz “”l"»/

Chiral charge V%

weak
Cyy

B+L




ALP cogenesis

Co, Hall and KH (2020)
Assuming the standard EW phase transition,

V(6)

1. Angular velocity V\/\

1. Dark Matter

2. Decay constant
2. Baryon asymmetry

3. ALP mass

3 free parameters — 2 densities to fit
= 1 free parameter

1/77]
LueV
fa=2><lO9GeV( = )

mg




Prediction on the ALP coupling
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Prediction on the ALP coupling
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Neutron star cooling
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Prediction on the ALP coupling

10~ 3

gaee

107"

10713

10—16

10—17

10—18

107

10—20

10714 ;

10715 ;

DARWIN NN

e o - R—~ - .-\—~ ]

= White dwarf luminosity

-
[} -
-®

-
- [}
.®
-

L 3 i
...... - i i
........ i il i
___________ v%’“@ =
----------- iz S gl
................. 28 Be
PR e [ . : .0
. 2 =0 |"-'$5
22k g
Soi= B
ELsHERS- 5~
I~ o I'g
n =1 150
LI
e
i, 1o
1 N !—)
| L

107 1072 107 10 10 10* 1072 1

m, (eV)



An ALP solves

two mysteries of the universe

* What is dark matter? ">

¥ How did cosmic inflation occur?

¥ How was the baryon asymmetry of the universe created?

* Why does QCD preserve CP symmetry?

* What sets the Higgs potential parameters?



An ALP solves

N>2 mysteries of the universe ?

¥ What is dark matter? N

¥ How did cosmic inflation occur?

* How was the baryon asymmetry of the universe created?

* Why does QCD preserve CP symmetry?

* What sets the Higgs potential parameters?



Outline

¥ Introduction: QCD axion, ALP, and dark matter
* Rotation of axion and kinetic misalignment

* Baryon asymmetry from axion rotation
axiogenesis
ALP genesis
lepto-axiogenesis -«

* Summary




Lepto-axiogenesis

So tar we used B+L violation by the weak anomaly

Majorana neutrino masses break the lepton symmetry

L H

1 »" < H >?
—IILHH 4 m, =
M Nag M

L H

Can they assist baryogenesis from the QCD axion?

Ye S Co, Fernandez, Ghalsasi, Hall and KH (2020)
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Higgs number asymmetry
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Angular velocity?
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Supersymmetry
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In supersymmetric models,

mSUSY,scalar ~ mS ~/ 9. ~/ 1() _ 100 T@V

Consistent with the Higgs mass
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Supersymmetry

. - .""‘ 2
B 10~10% o 2m
s 10 TeV:0.03eV?2

In supersymmetric models,

MsySY scalar ~ Ms ~ 9 ~ 10 =100 TeV

Consistent with the without-singlets scenarios
Giudice, Luty, Murayam, Rattazzi (1998)
“Mini-split SUSY,” “Spreads SUSY,” “Pure-gravity mediaion,”...

* gaugino masses are given by anomaly mediation, - TeV
* no moduli problem from singlet SUSY breaking fields

* no gravitino problem



New perspective on

SUSY scale

* Electroweak hierarchy mgygy ~ 100 GeV
* Gauge coupling unification Mgysy S 10° GeV
* Lightest supersymmetric particle as DM Migysy S 10° GeV

(invalid with RPV)

* Baryogenesis from axion rotation and neutrino mass



Summary

* Kinetic Misalignment : Rotation of the axion field enhances
the axion abundance

* Axiogenesis : The rotation produces baryon asymmetry
* ALP-cogenesis : An ALP explains DM and baryon asymmetry

* Lepto-axiogenesis : Neutrino masses aides axiogenesis
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