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QCD axion

See 200604509 RC, L. Hall, K. Harigaya for axion-like particles.
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_ Why Rotation?

Large field value : Inflaton coupling Initial condition
| P {Qd

M2d—4

V(|Pl) ~ —H2|P[ +

Angular motion @ Explicit PQ brealking

Pn
Mn—4
expected from guantum gmvif:g
>

or PQ as an accidental symme

S. Giddings et al. 19%%, S. Coleman 19¥%, G. Gilbert 19%%, D. Harlow et al. 2019
R. Holmawn 1992, S. Barr 1992, M. Kamiokowski 1992, D. Dine 1992

V(P) ~ + h.c.

Dynamics analogous to that in Affleck-Dine baryogenesis —
I. Affleck and M. Dine 1991
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Asymmetry of PQ Charge
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Noether charge associated with the shift symmetry /2
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PR asymmekbr

R i‘:h&rge dﬁV\SEEv = Rotakion O‘F PR fi,e_{,d

PQ charge is comserved soown after the onset.
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Whj a Larg_g dm;utar sEeeS&?

Reasown:
npqQ = 9 20 anR3 — conserved charge
Cownventional:

5% = fs éocR_B_

Our scenario (S »> £,

quartic S92 5 R—2 0 x R~
{ : Slower redshift!
quadratic §2 x R 0 = constant

R. Co Michigan arXiv:1910,14182 RC, L. Hall, and K, Harigaya



AxiLogenests
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(QCD axion + baryogenesis)
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Particles called axions
could reveal how matter
conquered the universe

The subatomic particles may already solve two important
puzzles of particle physics

The axion solves three mysteries of the universe
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The rotation of the QCD axion field (black marble) around its potential

surface) during the earliest moments of the Universe could

e the excess of matter (colored marbles) over antimatter YN UN COMMENTO DI FABRIZ

Assiogenesi primordiale e origine della materia
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allowing galaxies to exist (galaxy photo credit: NASA). Selected for a
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PQ asymmetry

nPQ

strong sphaleron

Axiogenesis

RC and K, Harigaja
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strong sphaleron

PQ asymmetry

nPQ

CB(é)Cr2
cp = 0.1 —0.15 Cw

RC and K, Harigaja



Axiogenesis

strong sphaleron
PQ asymmetry quark chiral asymmetry| electroweak sphaleron |baryon asymmetry
(np+#0)
nPQ nNg Ng Ng np
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Baryon asymmetbry fixes rotational speed, equivalently Ypq

R. Co RC and K, Harigaja



Axiogenesis

strong sphaleron
PQ asymmetry quark chiral asymmetry| electroweak sphaleron |baryon asymmetry
(np+#0)
nPQ nNg Ng Ng np
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0.1/ \ 130 GeV i 500

Baryon asymmetbry fixes rotational speed, equivalently Ypq

RC and K, Harigaja



V(6)

Kinetic Misalignment Mechanism

O,
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Kinetic Misalighment Mechanism

—_— = = — = — —— — - —_ - B Sl

(Misalignment + non-zero kinetic energy)

R. Co RC, L. Hall, and K, Harigaya



Kinetic Misalignment Mechanism

V()

COMSQQM&M&QI delaying usual T,.. until KE = PE

R. Co RC, L. Hall, and K, Harigaya
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- Kinetic | Masatagv\MEV\E Me&hm{«ism :

V(6)

Consequ.ehce: delaying usual T,.. until KE = PE
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Kinetic Misalighment Mechanism
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Abundance:
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Axiogenesis + Kinetic Misalighment

OFRZr - ¥ 130 GeV\* (0.1
QDMhQ pd 108 GeV TEW CB

s
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130GeV f
SN1987A
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Tu = thermalization temperature of saxions ms (GeV)
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Axion wikh Majorama newkrinos
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2006,0314% V., Domeke, Y. Ema, K. Mukaida, M. Yamada
R. Co Michigan R006,056%7 RC, N, Fernandez, A, Ghalsasi, L. Hall, K, Harigaya
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Higgs number asymmetry

Yukawa :
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| electroweak sphaleron electroweak

‘ given weak anomaly of PQ sphaleron ]
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Producing L at high temperatures

Higgs number asymmetry

Yukawa :
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sphaleron

Yukawa lepton asymmetry,

(np-1#0)
ng

quark chiral asymmetry

PQ asymmetry

npQ Ng Ny Ng Ye

electroweak
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Converting to B ab Tey

electroweak

sphaleron
baryon asymmetry

(np-1#0)
ng
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sphaleron

Lepton number violating
interaction rate
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RC, N, Fernandez, A, Ghalsast, L. Hall, K, Harigaya
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Yp_1

In a radiaktion-dominakted afoock T X

R. Co Michigan

() T R cp_1,0T7

S H S
S »» £, S = £,
\L QL qu&rﬁc 9 x T
6’, - . 0o T°
quadratic ¢ = constant
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? Quartic potential
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Radiakion-dominakted universe

cpxm? = 0.1x0.03 eV?
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Radiakion-dominakted universe

f Quadratic AO&QV\&EQL |

cpxm? = 0.1x0.03eV?

excluded by SN1987A (axion)
excluded by SN1987A (axion)
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Low reheat &empera&ure
uarktic potential

cpxm? = 0.1x0.03eV?2  Tp = 3x10° GeV cpxm? = 0.05x0.003eV?  Tp = 3x10'10 GeV

excluded by SN1987A (axion) excluded by SN1987A (axion)
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Matbter—-dominated universe

Quadratic potenkial
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Cownclusions

v Lvap?:o“axiogenesis allows the QCD axion ko stmu&ameousiv Q.XF?LO\E,V\

v the Strong C? problem
v the dark malter abundance
v the barjon asymmetry

v Possible signatures:

v QCD axiown searches
v Saxion-Higgs mixing
v dark wmwakter uﬁ:racompac& minithalos

¥ New model building opportunities
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- Kinetic | Masatagnmimﬁ Me&km{f\asm :

V(6)
6
6
Abundance:
Pa :
— = 2ma(0)Yrq gl -
SN1987A (axion)
10210210" 1 10 10% 10%® 10* 10° 10° 10" 10® 10° 10"°
10°GeV \ [ Yp

Qah2 ~ QDMhQ ®) ms (GeV)

Ja 40

R. Co RC, L. Hall, and K, Harigaya



Axiogenesis + Kinetic Misalighment

o fa 130 GeV\* (0.1
QDMh2 pd 108 GeV TEW CB

v

£, ¥ 1ot GeV - hadronic axion window?  Ms. Raffelt 1983
J. Engel, D. Seckel, and A, C. Hayes 1990

S. Chang and K. Choi 1993
It seems ko have been closed.

J. H. Chang, R. Essig, and S, D. McDermott 201%
?P. Carenza, T. Fischer, M. Gilannotli, &. Guo, &, MartinezPinedo, and A, Mirizzi 2019

R. Co Michigan PRL 124, 111602 (2020) RC and K, Harigaya



Axiogenesis + Kinetic Misalighment |

OFRZr - ¥ 130 GeV\* (0.1
QDMh2 pd 108 GeV TEW CB

Tgw A T@.\} ?
New pkjsix:s ak colliders!

R. Co Michigan PRL 124, 111602 (2020) RC and K, Harigaya



Axiogenesis + Kinetic Misalighment

OFRZr - ¥ 130 GeV\* (0.1
QDMh2 pd 108 GeV TEW CB
"'/ CB 201—015CW
Ceg ~ 100 so Cy ~ 1000 ?

Kim=Nilles-Peloso mechanism (clockwork axions)!

Kim, Nilles and Peloso 2004

Harigaya and Ibe 2014

Chot, Ei.m and Yun 2014

Chot and Im 201§

Kaplan and Raktazzi 2018

Farina, ?Qppada[au.to, Rompineve and Tesi 2016

R. Co Michigan PRL 124, 111602 (2020) RC and K, Harigaya



Axiogenesis + Kinetic Misalighment

OFRZr - ¥ 130 GeV\* (0.1
QDMhQ pd 108 GeV TEW CB

s
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130GeV f
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(axion)
1073107210 1 10 10% 10% 10* 10° 10% 10" 108 10° 100
Tu = thermalization temperature of saxions ms (GeV)

R. Co RC and K, Harigaja



Barjcm Asiv_\«meﬁri

N O e
Epoch T | I' | I'ss | pp
PP PP
I s -
_-----
------

gauge
MDOSC bosons 3 RV R
NA ‘ 3 1 .
fermion |[R™2|R"2|R72|R™2 RO R2 R3

B O N N
R Rt R R RtRe) R
N S IR R ES

TABLE I. Scalings of physical quantities relevant for the estimation of the baryon asymmetry.

RC, N, Fernandez, A, Ghalsast, L. Hall, K, Harigaya
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