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Today

https://www.nobelprize.org/prizes/physics/1995/summary/

June 24th 1927
Martin L. Perl born on

Nobel Prize in Physics 1995

for pioneering experimental contributions to lepton physics" 
jointly with one half to Martin L. Perl "for the discovery of the tau lepton"



Axions and Flavors
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Fermion masses and mixings: Froggat-Nielsen C. Froggatt and H. B. Nielsen 1979 

• “flaxion” Y. Ema et al. 2017, C. D. Carone and M. Merchand 2020

• “axiflavon” L Calibbi et al. 2017, F. Arias-Aragon and L. Merlo 2017, M. Linster and R. Ziegler 2018

• “flavorful axion” F. Bjorkeroth et al. 2018, Q. Bonnefoy et al. 2020

Muon g-2: D. Chang et al. 2001, W. J. Marciano et al. 2016, M. Bauer et al. 2017 2020 2021, 

C. Cornella et al. 2020, M. Chala et al. 2021, M. Buen-Abad 2021 

MeV-scale ALP dark matter production P. Panci et al. 2023
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Review of the QCD Axion
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Experiments:

Why exceedingly small?

PRL 97, 131801 2006,   PRL 124, 081803 2020

|dn| . 1.8⇥ 10�26 e · cm
<latexit sha1_base64="FBgM5EmcvAI5D7Jj0MorNF/e5ro="></latexit>

✓̄ . 10�10
<latexit sha1_base64="aPzbuoYR04Ckgs6ejUpx1aA1n+4=">AAACB3icdVDJSgNBEO2JW4xb1KMgjUHwYpiJSjwGvXiMYBbIxNDTqUma9Cx01whhyM2Lv+LFgyJe/QVv/o2dRXB9UPB4r4qqel4shUbbfrcyc/MLi0vZ5dzK6tr6Rn5zq66jRHGo8UhGqukxDVKEUEOBEpqxAhZ4Ehre4HzsN25AaRGFVziMoR2wXih8wRkaqZPfdT2mUhf7gGxEXQlaaxFQx75ODx171MkXnKI9Af2fFMgM1U7+ze1GPAkgRC6Z1i3HjrGdMoWCSxjl3ERDzPiA9aBlaMgC0O108seI7hulS/1ImQqRTtSvEykLtB4GnukMGPb1T28s/uW1EvRP26kI4wQh5NNFfiIpRnQcCu0KBRzl0BDGlTC3Ut5ninE00eVMCHaxfDJ5+Tf5DKFeKjpHxdLlcaFyNosjS3bIHjkgDimTCrkgVVIjnNySe/JInqw768F6tl6mrRlrNrNNvsF6/QAOFpjb</latexit>

Strong CP problem:

gluonQuantum field theory:

L � ✓̄
↵s

8⇡
Gµ⌫

b
eGbµ⌫

<latexit sha1_base64="kQ6+r7jzAxyfKop9y2IAOgVpTbE="></latexit>

|dn| ' 2.4⇥ 10�16 ✓̄ e · cm
<latexit sha1_base64="6FZ+j9FrIsVY8nIiFPmYuHsCOM0="></latexit>

Crewther, Di Vecchia, Veneziano, Witten 1979,   Pospelov, Ritz 2000

Strong CP Problem

u d
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“Charge-Parity” symmetry
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Strong CP Problem

QCD effects automatically generate an axion potential

This potential dynamically drives the axion to a field value that cancels    .✓̄
<latexit sha1_base64="ZUXI6wxb0nChDWxgiqhHTJDt+7Y=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4CklFam9FLx4r2A9sQtlsN+3SzSbsToQS+i+8eFDEq//Gm//GbRpBqw8GHu/NMDMvSATX4Dif1srq2vrGZmmrvL2zu7dfOTjs6DhVlLVpLGLVC4hmgkvWBg6C9RLFSBQI1g0m13O/+8CU5rG8g2nC/IiMJA85JWCkey8gyoMxAzKoVB270XAM8F/i2k6OKirQGlQ+vGFM04hJoIJo3XedBPyMKOBUsFnZSzVLCJ2QEesbKknEtJ/lF8/wqVGGOIyVKQk4V39OZCTSehoFpjMiMNbL3lz8z+unEF76GZdJCkzSxaIwFRhiPH8fD7liFMTUEEIVN7diOiaKUDAhlfMQ6hfF78vkO4ROzXbP7dqtU21eFXGU0DE6QWfIRXXURDeohdqIIoke0TN6sbT1ZL1ab4vWFauYOUK/YL1/AQBWkTg=</latexit>

Problem solved!

V (a) = m2
af

2
a


1� cos

✓
✓̄ +

a

fa

◆�

<latexit sha1_base64="QYgAe8oIMLfmZ2T2oLE52/gbp1s="></latexit>

____>

Peccei, Quinn 1977
Weinberg 1978

Wilczek 1978

decay constant

L �
✓
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fa

◆
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Gµ⌫

b
eGbµ⌫

<latexit sha1_base64="H8Galp9t1yqPWDhjWP0G70O3Cyo="></latexit>

Promoted to a dynamical field:

QCD axion2017

Peccei  Quinn

L � ✓̄
↵s

8⇡
Gµ⌫

b
eGbµ⌫

<latexit sha1_base64="kQ6+r7jzAxyfKop9y2IAOgVpTbE="></latexit>

solution
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Status of Axion Dark Matter
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QCD Axion Prediction

For illustration, we show 
the axion-photon coupling

L � ga��
4

aFµ⌫ F̃
µ⌫

<latexit sha1_base64="eoiGxLpBjbQu3FMr/wGZHZ/NeTE="></latexit>

ga�� ⇠ 10�3

fa
<latexit sha1_base64="rogZ7P0KIO0A8ZFg5JWYypGmVFY=">AAACE3icbZDLSsNAFIYnXmu9VV26GSyCCIakItpd0Y3LCrYKTQwn00kdnEnCzEQoIe/gxldx40IRt27c+TZO2wjefpjh5z/nMHO+MOVMacf5sKamZ2bn5isL1cWl5ZXV2tp6VyWZJLRDEp7IyxAU5SymHc00p5eppCBCTi/Cm5NR/eKWSsWS+FwPU+oLGMQsYgS0iYLa7iDIwRuAEOVdYE8xgb1IAsld5yrf2y+KPAqgCGp1x242HSP817i2M1YdlWoHtXevn5BM0FgTDkr1XCfVfg5SM8JpUfUyRVMgNzCgPWNjEFT5+XinAm+bpI+jRJoTazxOv0/kIJQaitB0CtDX6ndtFP5X62U6OvJzFqeZpjGZPBRlHOsEjwDhPpOUaD40Bohk5q+YXIOhoQ3G6hjC4UG5+2/zBaHbsN19u3Hm1FvHJY4K2kRbaAe56BC10Clqow4i6A49oCf0bN1bj9aL9TppnbLKmQ30Q9bbJ1wxno0=</latexit>

photon

photon

axion
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QCD Axion Prediction

QCD effects automatically 
generate an axion potential

For illustration, we show 
the axion-photon coupling
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QCD Axion Prediction

QCD effects automatically 
generate an axion potential

For illustration, we show 
the axion-photon coupling
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Axion Dark Matter Abundance
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t + 3H@t +m

2
a

�
a = 0

Hubble “friction”
(from cosmic expansion)

Equation of motion:

damped simple harmonic oscillator
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Axion Dark Matter Abundance

Misalignment Mechanism

abundance
set by

θi

oscillations start when
H . ma
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Preskill, Wise, Wilczek 1983
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Dine, Fischler 1983
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Axion Dark Matter Abundance

10-14 10-12 10-10 10-8 10-6 10-4 10-2 1
10-20

10-19

10-18

10-17

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

ma (eV )
g a

γγ
(G

eV
-

1 )

CAST2017
ABRACADABRA

SHAFT HB
ALPS-IIChandra

Hydra A
M87

NGC 1275

HESS
FermiSN 1987A

BabyIAXO

IAXO

K
LA

SH

RB
F

an
d

U
F

H
AY

ST
AC

A
D

M
X

CU
LT

A
SK

O
RG

A
N

M
A

D
M

A
X

ABRACADABRA-75cm

DM Radio
50 L

B = 0.1T

B = 0.5T

1m3
4T

UP
LO

AD
-C

M
C-

II

UP
LO

AD
-C

M
C-

III
QCD

ax
ion

14



10-14 10-12 10-10 10-8 10-6 10-4 10-2 1
10-20

10-19

10-18

10-17

10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

ma (eV )
g a

γγ
(G

eV
-

1 )

CAST2017
ABRACADABRA

SHAFT HB
ALPS-IIChandra

Hydra A
M87

NGC 1275

HESS
FermiSN 1987A

BabyIAXO

IAXO

K
LA

SH

RB
F

an
d

U
F

H
AY

ST
AC

A
D

M
X

CU
LT

A
SK

O
RG

A
N

M
A

D
M

A
X

ABRACADABRA-75cm

DM Radio
50 L

B = 0.1T

B = 0.5T

1m3
4T

UP
LO

AD
-C

M
C-

II

UP
LO

AD
-C

M
C-

III
QCD

ax
ionDark matter from conventional misalignment mechanismWe assume               here.

<latexit sha1_base64="yE3xUwZ2fUDfQCJEtZ7EMQ7cMcc=">AAACAnicdVDJSgNBEO2JW4xb1JN4aRKEiBBmjMRchKAXb0YwC2SG0NPpJE16FrprhGEIXvwEf8GLB0W8+hXe8jd2EgXXBwWP96qoqueGgiswzbGRmptfWFxKL2dWVtfWN7KbWw0VRJKyOg1EIFsuUUxwn9WBg2CtUDLiuYI13eHZxG9eM6l44F9BHDLHI32f9zgloKVOdseGAQPS4fgE2x6BASUiuRgVrP1ONm8Wy6VKxSzh38QqmlPkqzn74G5cjWud7JvdDWjkMR+oIEq1LTMEJyESOBVslLEjxUJCh6TP2pr6xGPKSaYvjPCeVrq4F0hdPuCp+nUiIZ5SsefqzsmV6qc3Ef/y2hH0Kk7C/TAC5tPZol4kMAR4kgfucskoiFgTQiXXt2I6IJJQ0KlldAifn+L/SeOwaJWLR5c6jVM0QxrtohwqIAsdoyo6RzVURxTdoHv0iJ6MW+PBeDZeZq0p42NmG32D8foOWoaZww==</latexit>

✓i = O(1)

Axion Dark Matter Abundance
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dark mattermatter-antimatter
asymmetry

Axion Rotation

axion
S

(angular direction)
pseudo Nambu-Goldstone boson of 
Peccei-Quinn symmetry breaking

(radial direction)
spontaneously breaks 
Peccei-Quinn symmetry 
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a

fa
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P =
S + fap

2
ei fa
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Paper sheds light on infant universe and
origin of matter
10 March 2020

  
 

  

The rotation of the QCD axion (black ball) produces an
excess of matter (colored balls) over antimatter, allowing
galaxies and human beings to exist. Credit: Graphic:
Harigaya and Co; Photo: NASA

A new study, conducted to better understand the
origin of the universe, has provided insight into
some of the most enduring questions in
fundamental physics: How can the Standard Model
of particle physics be extended to explain the
cosmological excess of matter over antimatter?
What is dark matter? And what is the theoretical
origin of an unexpected but observed symmetry in
the force that binds protons and neutrons
together? 

In the paper "Axiogenesis," scheduled to be
published in Physical Review Letters on March 17,
2020, researchers Keisuke Harigaya, Member in

the School of Natural Sciences at the Institute for
Advanced Study, and Raymond T. Co of the
University of Michigan, have presented a
compelling case in which the quantum
chromodynamics (QCD) axion, first theorized in
1977, provides several important answers to these
questions.

"We revealed that the rotation of the QCD axion
can account for the excess of matter found in the
universe," stated Harigaya. "We named this
mechanism axiogenesis."

Infinitesimally light, the QCD axion—at least one
billion times lighter than a proton—is nearly ghost-
like. Millions of these particles pass through
ordinary matter every second without notice.
However, the subatomic level interaction of the
QCD axion can still leave detectable signals in
experiments with unprecedented sensitivities. While
the QCD axion has never been directly detected,
this study provides added fuel for experimentalists
to hunt down the elusive particle.

"The versatility of the QCD axion in solving the
mysteries of fundamental physics is truly amazing,"
stated Co. "We are thrilled about the unexplored
theoretical possibilities that this new aspect of the
QCD axion can bring. More importantly,
experiments may soon tell us whether the
mysteries of nature truly hint towards the QCD
axion."

Harigaya and Co have reasoned that the QCD
axion is capable of filling three missing pieces of
the physics jigsaw puzzle simultaneously. First, the
QCD axion was originally proposed to explain the
so-called strong CP problem—why the strong force,
which binds protons and neutrons together,
unexpectedly preserves a symmetry called the
Charge Parity (CP) symmetry. The CP symmetry is
inferred from the observation that a neutron does
not react with an electric field despite its charged
constituents. Second, the QCD axion was found to
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Why Rotation?

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004)   T. Chiba, F. Takahashi, M. Yamaguchi

P =
S + fap
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ei fa
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Dynamics analogous to that in Affleck-Dine baryogenesis
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Wiggles :

Explicit PQ breaking
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S + fap
2
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expected from quantum gravity
or PQ as an accidental symmetry

Why Rotation?
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G. Gilbert 1988

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004)   T. Chiba, F. Takahashi, M. Yamaguchi

I. Affleck and M. Dine 1991

Dynamics analogous to that in Affleck-Dine baryogenesis
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I. Affleck and M. Dine 1991
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Dynamics analogous to that in Affleck-Dine baryogenesis

Large field value : Flat potential
For example, as an initial condition or
set dynamically by inflationary dynamics
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Asymmetry of PQ Charge

P =
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This is conserved soon after the initial kick.
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Asymmetry of PQ Charge
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which is in turn set by supersymmetry scale.
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V 0(S) = S✓̇2
<latexit sha1_base64="RRgXMc8OuekQFop882avPoMK060=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR62aYqUjtQii6cVmpfUBbSyZN29DMg+SOUGoX/oobF4q49Tfc+Tem0xG0eiBwOOce7s1xQ8EV2PankVpYXFpeSa9m1tY3NrfM7Z2aCiJJWZUGIpANlygmuM+qwEGwRigZ8VzB6u7wcurX75hUPPBvYBSytkf6Pu9xSkBLHXOvdpSrHONzXMGtbgAtGDAgt/mOmbWtYtHWwH+JY9kxsihBuWN+6DiNPOYDFUSppmOH0B4TCZwKNsm0IsVCQoekz5qa+sRjqj2O75/gQ610cS+Q+vmAY/VnYkw8pUaeqyc9AgM1703F/7xmBL2z9pj7YQTMp7NFvUhgCPC0DNzlklEQI00IlVzfiumASEJBV5aJSyicJn+fJ98l1PKWc2Llr+1s6SKpI4320QHKIQcVUAldoTKqIoru0SN6Ri/Gg/FkvBpvs9GUkWR20S8Y7194R5SU</latexit>

m2
SS = S✓̇2

<latexit sha1_base64="RThKgwix8kdTlSBsKx2JbGCKov4=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJVpRWoXQtGNy0rtA9ppyaSZNjTzILkjlKFu/BU3LhRx61+4829MpyNo9cCFwzn3kNzjhIIrsKxPI7O0vLK6ll3PbWxube+Yu3tNFUSSsgYNRCDbDlFMcJ81gINg7VAy4jmCtZzx1cxv3TGpeODfwiRktkeGPnc5JaClvnng9eu9Eq7jCz3dQQBdGDEgvVLfzFuFSsXSwH9JsWAlyKMUtb75oeM08pgPVBClOkUrBDsmEjgVbJrrRoqFhI7JkHU09YnHlB0nF0zxsVYG2A2kHh9wov5MxMRTauI5etMjMFKL3kz8z+tE4J7bMffDCJhP5w+5kcAQ4FkdeMAloyAmmhAquf4rpiMiCQVdWi4poXyW3r5IvktolgrF00LpxspXL9M6sugQHaETVERlVEXXqIYaiKJ79Iie0YvxYDwZr8bbfDVjpJl99AvG+xdeOZWp</latexit>

V (S) ' 1

2
m2

SS
2

<latexit sha1_base64="VbQA0Nk2XC1+AI2PHcwNRKGda9s=">AAACCnicbZC7TsMwFIYdrqXcAowshgqpLFVShEq3ChbGotKL1ITIcZ3Wqp0E20Gqos4svAoLAwix8gRsvA1uGyQo/NKRfv3nHNnn82NGpbKsT2NhcWl5ZTW3ll/f2NzaNnd2WzJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2hxeTfvuOCEmj8FqNYuJy1A9pQDFSOvLMg1axcQwdSTm5hU4gEE7tcVoeQ+41bspQl2cWrFK1amnBv8YuWVMVQKa6Z344vQgnnIQKMyRl17Zi5aZIKIoZGeedRJIY4SHqk662IeJEuun0lDE80kkPBpHQFSo4TX9upIhLOeK+nuRIDeR8bxL+1+smKjhzUxrGiSIhnj0UJAyqCE64wB4VBCs20gZhQfVfIR4gzUNpevkphMppdvu8+YbQKpfsk1L5yirUzjMcObAPDkER2KACauAS1EETYHAPHsEzeDEejCfj1XibjS4Y2c4e+CXj/Qu9aZke</latexit>

from supersymmetry

n✓ = S2✓̇
<latexit sha1_base64="yvZq9dV+sMUQSJCqtGCighG+iFs=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqsxUpG6EohuXFe0D2rFk0kwbmskMyR2hDF248VfcuFDErR/hzr8xnVbweSBwOOcebu7xY8E1OM67lVtYXFpeya8W1tY3Nrfs7Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX90NvVbN0xpHskrGMfMC8lA8oBTAkbq2UXZ68KQAcEn+PK6grv9CNKZMunZJbfsZMD/kxKao96z30ycJiGTQAXRuuM6MXgpUcCpYJNCN9EsJnREBqxjqCQh016aHTHB+0bp4yBS5knAmfo1kZJQ63Hom8mQwFD/9KbiX14ngeDYS7mME2CSzhYFicAQ4WkjuM8VoyDGhhCquPkrpkOiCAXTW8GU4JSrR9nJv8lnCc1K2T0sVy6cUu10XkceFdEeOkAuqqIaOkd11EAU3aJ79IierDvrwXq2XmajOWue2UXfYL1+ANLml6k=</latexit> this is nothing but

“angular momentum”r2!
<latexit sha1_base64="D1Ai2Pl6LB+ykVsYA2Et7GCJQto=">AAAB8XicbVDLSsNAFJ3UV62vqks3g0VwFZKK1O6KblxWsA9sY5lMJ+3QeYSZiVBC/8KNC0Xc+jfu/BunaQStHrhwOOde7r0njBnVxvM+ncLK6tr6RnGztLW9s7tX3j9oa5koTFpYMqm6IdKEUUFahhpGurEiiIeMdMLJ1dzvPBClqRS3ZhqTgKORoBHFyFjpTt1XYV9yMkKDcsVz63XPAv4lvutlqIAczUH5oz+UOOFEGMyQ1j3fi02QImUoZmRW6ieaxAhP0Ij0LBWIEx2k2cUzeGKVIYyksiUMzNSfEyniWk95aDs5MmO97M3F/7xeYqKLIKUiTgwReLEoShg0Es7fh0OqCDZsagnCitpbIR4jhbCxIZWyEGrn+e/L5DuEdtX1z9zqjVdpXOZxFMEROAanwAc10ADXoAlaAAMBHsEzeHG08+S8Om+L1oKTzxyCX3DevwBBtpC8</latexit>

This is conserved soon after the initial kick.

P =
S + fap

2
ei fa

<latexit sha1_base64="ypG2DkaEx5RI4yJ/7pdWyFhSXmc=">AAACGXicdZDLSsNAFIYnXmu9RV26GSyCIJSkInUjFN24rGgv0MQwmU7aoZOLMxOhDHkNN76KGxeKuNSVb+M0jeD1wMDP/5/DmfP5CaNCWta7MTM7N7+wWFoqL6+srq2bG5ttEacckxaOWcy7PhKE0Yi0JJWMdBNOUOgz0vFHp5O8c0O4oHF0KccJcUM0iGhAMZLa8kyrCY+hE3CE1QXch4GHMuWIay5VLcsguVK0SGGmJmHmmRW7auUF/xcVUFTTM1+dfozTkEQSMyREz7YS6SrEJcWMZGUnFSRBeIQGpKdlhEIiXJVflsFd7fRhEHP9Iglz9+uEQqEQ49DXnSGSQ/Ezm5h/Zb1UBkeuolGSShLh6aIgZVDGcIIJ9iknWLKxFghzqv8K8RBpEFLDLGsIVrV+mJ/8W3xCaNeq9kHVPrcqjZMCRwlsgx2wB2xQBw1wBpqgBTC4BffgETwZd8aD8Wy8TFtnjGJmC3wr4+0Djt6gKQ==</latexit>

a
<latexit sha1_base64="24rOJYJ00AZ3hGSfvueKO7H8qpg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0isWnsrevHYgm2FNpTNdtOu3WzC7kYoob/AiwdFvPqTvPlv3KQV/How8Hhvhpl5fsyZ0o7zYRWWlldW14rrpY3Nre2d8u5eR0WJJLRNIh7JWx8rypmgbc00p7expDj0Oe36k6vM795TqVgkbvQ0pl6IR4IFjGBtpBYelCuOXc9wjuakWjfEOXWdahW5tpOjAgs0B+X3/jAiSUiFJhwr1XOdWHsplpoRTmelfqJojMkEj2jPUIFDqrw0P3SGjowyREEkTQmNcvX7RIpDpaahbzpDrMfqt5eJ/3m9RAcXXspEnGgqyHxRkHCkI5R9jYZMUqL51BBMJDO3IjLGEhNtsinlIdTOsk/RX/IVQufEdqu223IqjctFHEU4gEM4Bhdq0IBraEIbCFB4gCd4tu6sR+vFep23FqzFzD78gPX2CXIpjXM=</latexit>

S
axion

✓ =
a

fa
<latexit sha1_base64="JMIDllGppxFIw97sop4um2xJH6w=">AAAB/3icdZDJSgNBEIZ74hbjNip48dIYBE9hEpF4EYJePEYwCyQh1HR6kiY9C901Qhjn4Kt48aCIV1/Dm29jZxLB9YeGn7+qqOrPjaTQ6DjvVm5hcWl5Jb9aWFvf2Nyyt3eaOowV4w0WylC1XdBcioA3UKDk7Uhx8F3JW+74Ylpv3XClRRhc4yTiPR+GgfAEAzRR397r4ogj0DPa9RSwBNLE60Pat4vlkpOJ/m+KZK56337rDkIW+zxAJkHrTtmJsJeAQsEkTwvdWPMI2BiGvGNsAD7XvSS7P6WHJhlQL1TmBUiz9OtEAr7WE981nT7gSP+sTcO/ap0YvdNeIoIoRh6w2SIvlhRDOoVBB0JxhnJiDDAlzK2UjcBwQIOsYCA4pepJ9uXf5hNCs1IqH5cqV06xdj7HkSf75IAckTKpkhq5JHXSIIzcknvySJ6sO+vBerZeZq05az6zS77Jev0Ax3WWCQ==</latexit>

22



PQ Charge Evolution

Charge conservation:

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

scale factor of the universe

dilution due to
cosmic expansion

S
axion

✓ =
a

fa
<latexit sha1_base64="JMIDllGppxFIw97sop4um2xJH6w=">AAAB/3icdZDJSgNBEIZ74hbjNip48dIYBE9hEpF4EYJePEYwCyQh1HR6kiY9C901Qhjn4Kt48aCIV1/Dm29jZxLB9YeGn7+qqOrPjaTQ6DjvVm5hcWl5Jb9aWFvf2Nyyt3eaOowV4w0WylC1XdBcioA3UKDk7Uhx8F3JW+74Ylpv3XClRRhc4yTiPR+GgfAEAzRR397r4ogj0DPa9RSwBNLE60Pat4vlkpOJ/m+KZK56337rDkIW+zxAJkHrTtmJsJeAQsEkTwvdWPMI2BiGvGNsAD7XvSS7P6WHJhlQL1TmBUiz9OtEAr7WE981nT7gSP+sTcO/ap0YvdNeIoIoRh6w2SIvlhRDOoVBB0JxhnJiDDAlzK2UjcBwQIOsYCA4pepJ9uXf5hNCs1IqH5cqV06xdj7HkSf75IAckTKpkhq5JHXSIIzcknvySJ6sO+vBerZeZq05az6zS77Jev0Ax3WWCQ==</latexit>

23

n✓ = S2✓̇ / R�3
<latexit sha1_base64="ZNxiRYc6rF/ZVIws/eFJb4HOUOs=">AAACE3icdVDLSgMxFM3UV62vUZdugkUQwTJtkboRim5c1kcf0JmWTJq2oZnMkNwRytB/cOOvuHGhiFs37vwb04fg80DgcM69Sc7xI8E1OM67lZqbX1hcSi9nVlbX1jfsza2aDmNFWZWGIlQNn2gmuGRV4CBYI1KMBL5gdX9wNvbrN0xpHsprGEbMC0hP8i6nBIzUtg9k24U+A4JP8FWrgN1OCMlUGWE3UmEEIb5sJYfFUdvO5nPOBPh/kkUzVNr2m7mNxgGTQAXRupl3IvASooBTwUYZN9YsInRAeqxpqCQB014yyTTCe0bp4G6ozJGAJ+rXjYQEWg8D30wGBPr6pzcW//KaMXSPvYTLKAYm6fShbiywyTkuCHe4YhTE0BBCFTd/xbRPFKFgasyYEpxc6WgS+Tf5LKFWyOWLucKFky2fzupIox20i/ZRHpVQGZ2jCqoiim7RPXpET9ad9WA9Wy/T0ZQ129lG32C9fgC7+52H</latexit>

n✓ = S2✓̇
<latexit sha1_base64="yvZq9dV+sMUQSJCqtGCighG+iFs=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgqsxUpG6EohuXFe0D2rFk0kwbmskMyR2hDF248VfcuFDErR/hzr8xnVbweSBwOOcebu7xY8E1OM67lVtYXFpeya8W1tY3Nrfs7Z2mjhJFWYNGIlJtn2gmuGQN4CBYO1aMhL5gLX90NvVbN0xpHskrGMfMC8lA8oBTAkbq2UXZ68KQAcEn+PK6grv9CNKZMunZJbfsZMD/kxKao96z30ycJiGTQAXRuuM6MXgpUcCpYJNCN9EsJnREBqxjqCQh016aHTHB+0bp4yBS5knAmfo1kZJQ63Hom8mQwFD/9KbiX14ngeDYS7mME2CSzhYFicAQ4WkjuM8VoyDGhhCquPkrpkOiCAXTW8GU4JSrR9nJv8lnCc1K2T0sVy6cUu10XkceFdEeOkAuqqIaOkd11EAU3aJ79IierDvrwXq2XmajOWue2UXfYL1+ANLml6k=</latexit>



PQ Charge Evolution

S2 / R�3
<latexit sha1_base64="mbmDztft6ybavy3RGb4tBTDb4qY=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgxmGmReqy6MZlffQB7bRk0rQNzUxCkhHLML/ixoUibv0Rd/6N6bSCzwMXDufcy733BIJRpV333cotLa+sruXXCxubW9s79m6xqXgsMWlgzrhsB0gRRiPS0FQz0haSoDBgpBVMzmd+65ZIRXl0o6eC+CEaRXRIMdJG6tvF614ZdoXkQnN41UuOK2nfLnmOmwH+T0pggXrffusOOI5DEmnMkFIdzxXaT5DUFDOSFrqxIgLhCRqRjqERConyk+z2FB4aZQCHXJqKNMzUrxMJCpWahoHpDJEeq5/eTPzL68R6eOonNBKxJhGeLxrGDJo/Z0HAAZUEazY1BGFJza0Qj5FEWJu4CiYE16meZC//Jp8hNMuOV3G8S7dUO1vEkQf74AAcAQ9UQQ1cgDpoAAzuwD14BE9Waj1Yz9bLvDVnLWb2wDdYrx+8nZOt</latexit>

Large field (         ):

for quadratic potential

✓̇ = constant
<latexit sha1_base64="PTyTbLUMtKOv1nJYyyiJngeaqFE=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4CokidSMU3bisYB/QhDKZTtqhk0mYuRFKKLjxV9y4UMStP+HOv3GaVvB54MLhnHtn7j1hKrgG13235uYXFpeWSyvl1bX1jU17a7upk0xR1qCJSFQ7JJoJLlkDOAjWThUjcShYKxxeTPzWDVOaJ/IaRikLYtKXPOKUgJG69q7fS8CHAQOCz7Cv4pwmUgORMO7aFc9xC+D/SQXNUO/ab+YxmsVMAhVE647nphDkRAGngo3LfqZZSuiQ9FnHUElipoO8uGGMD4zSw1GiTEnAhfp1Iiex1qM4NJ0xgYH+6U3Ev7xOBtFpkHOZZsAknX4UZQJDgieB4B5XjIIYGUKo4mZXTAdEEQomtrIJwXWqJ8XJv8lnCM0jxzt2vCu3UjufxVFCe2gfHSIPVVENXaI6aiCKbtE9ekRP1p31YD1bL9PWOWs2s4O+wXr9AEQ6mAE=</latexit>

Charge conservation:

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

scale factor of the universe

S2 = f2
a

<latexit sha1_base64="v7OqanTKKiQNj0UOC7Sw64n153Y=">AAAB8nicdVDLSsNAFL2pr1pfVZduBovgKiQVqRuh6MZlRfuANC2T6aQdOsmEmYlQQj/DjQtF3Po17vwbp2kFnwcuHM65l3vvCRLOlHacd6uwtLyyulZcL21sbm3vlHf3WkqkktAmEVzIToAV5SymTc00p51EUhwFnLaD8eXMb99RqZiIb/UkoX6EhzELGcHaSN5Nr4rOUdjHvWq/XHFtJwf6n1RggUa//NYdCJJGNNaEY6U810m0n2GpGeF0WuqmiiaYjPGQeobGOKLKz/KTp+jIKAMUCmkq1ihXv05kOFJqEgWmM8J6pH56M/Evz0t1eOZnLE5STWMyXxSmHGmBZv+jAZOUaD4xBBPJzK2IjLDERJuUSiYEx66d5i//Jp8htKq2e2K7106lfrGIowgHcAjH4EIN6nAFDWgCAQH38AhPlrYerGfrZd5asBYz+/AN1usHcKiQIQ==</latexit>

At the minimum:
✓̇ / R�3

<latexit sha1_base64="JEvq6C5k9QzHO/Rvlp9UJm9t8yo=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgENw4zFqnLohuXVewDOmPJpJk2NPMguSOUobjxV9y4UMStX+HOvzGdVvB5IHA4594k5/iJ4Aps+90ozM0vLC4Vl0srq2vrG+bmVlPFqaSsQWMRy7ZPFBM8Yg3gIFg7kYyEvmAtf3g28Vs3TCoeR1cwSpgXkn7EA04JaKlr7ri9GFwYMCDYTWScQIwvr7PDyrhrlh3LzoH/J2U0Q71rvum7aBqyCKggSnUcOwEvIxI4FWxcclPFEkKHpM86mkYkZMrL8ghjvK+VHg5iqU8EOFe/bmQkVGoU+noyJDBQP72J+JfXSSE48TIeJSmwiE4fClKBdc5JH7jHJaMgRpoQKrn+K6YDIgkF3VpJl2Bb1eM88m/yWULzyHIqlnNhl2unszqKaBftoQPkoCqqoXNURw1E0S26R4/oybgzHoxn42U6WjBmO9voG4zXD9oFlyU=</latexit>

kination

matter

⇢✓ = ✓̇2f2
a / R�6

<latexit sha1_base64="WGYtoZ4/HHM4+CGrKT2owLd4rnY="></latexit>

⇢✓ = ✓̇2S2 / R�3
<latexit sha1_base64="gRVKMw+Ggqa0Igxg2sBdZaiNoMk="></latexit>

V (S) ' 1

2
m2

SS
2

<latexit sha1_base64="VbQA0Nk2XC1+AI2PHcwNRKGda9s=">AAACCnicbZC7TsMwFIYdrqXcAowshgqpLFVShEq3ChbGotKL1ITIcZ3Wqp0E20Gqos4svAoLAwix8gRsvA1uGyQo/NKRfv3nHNnn82NGpbKsT2NhcWl5ZTW3ll/f2NzaNnd2WzJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2hxeTfvuOCEmj8FqNYuJy1A9pQDFSOvLMg1axcQwdSTm5hU4gEE7tcVoeQ+41bspQl2cWrFK1amnBv8YuWVMVQKa6Z344vQgnnIQKMyRl17Zi5aZIKIoZGeedRJIY4SHqk662IeJEuun0lDE80kkPBpHQFSo4TX9upIhLOeK+nuRIDeR8bxL+1+smKjhzUxrGiSIhnj0UJAyqCE64wB4VBCs20gZhQfVfIR4gzUNpevkphMppdvu8+YbQKpfsk1L5yirUzjMcObAPDkER2KACauAS1EETYHAPHsEzeDEejCfj1XibjS4Y2c4e+CXj/Qu9aZke</latexit>

S � fa
<latexit sha1_base64="2Nwmj82MyWbMkayrDHvoaScbvc8=">AAAB8HicbVDLSsNAFJ34rPVVdelmsAiuQpK2pt0V3bisaB/ShjKZTtqhM0mYmQgl9CvcuFDErZ/jzr9xklbwdeDC4Zx7ufceP2ZUKsv6MFZW19Y3Ngtbxe2d3b390sFhR0aJwKSNIxaJno8kYTQkbUUVI71YEMR9Rrr+9DLzu/dESBqFt2oWE4+jcUgDipHS0t0NHIzHMBiiYalsmZWqVXUcaJluzXErtiaNRr3unEPbtHKUwRKtYel9MIpwwkmoMENS9m0rVl6KhKKYkXlxkEgSIzxFY9LXNEScSC/ND57DU62MYBAJXaGCufp9IkVcyhn3dSdHaiJ/e5n4n9dPVFD3UhrGiSIhXiwKEgZVBLPv4YgKghWbaYKwoPpWiCdIIKx0RsU8BLeWfQr/kq8QOo5pV0zn2io3L5ZxFMAxOAFnwAYuaIIr0AJtgAEHD+AJPBvCeDRejNdF64qxnDkCP2C8fQJHKZAq</latexit>

dilution due to
cosmic expansion

S
axion

✓ =
a

fa
<latexit sha1_base64="JMIDllGppxFIw97sop4um2xJH6w=">AAAB/3icdZDJSgNBEIZ74hbjNip48dIYBE9hEpF4EYJePEYwCyQh1HR6kiY9C901Qhjn4Kt48aCIV1/Dm29jZxLB9YeGn7+qqOrPjaTQ6DjvVm5hcWl5Jb9aWFvf2Nyyt3eaOowV4w0WylC1XdBcioA3UKDk7Uhx8F3JW+74Ylpv3XClRRhc4yTiPR+GgfAEAzRR397r4ogj0DPa9RSwBNLE60Pat4vlkpOJ/m+KZK56337rDkIW+zxAJkHrTtmJsJeAQsEkTwvdWPMI2BiGvGNsAD7XvSS7P6WHJhlQL1TmBUiz9OtEAr7WE981nT7gSP+sTcO/ap0YvdNeIoIoRh6w2SIvlhRDOoVBB0JxhnJiDDAlzK2UjcBwQIOsYCA4pepJ9uXf5hNCs1IqH5cqV06xdj7HkSf75IAckTKpkhq5JHXSIIzcknvySJ6sO+vBerZeZq05az6zS77Jev0Ax3WWCQ==</latexit>

24

n✓ = S2✓̇ / R�3
<latexit sha1_base64="ZNxiRYc6rF/ZVIws/eFJb4HOUOs=">AAACE3icdVDLSgMxFM3UV62vUZdugkUQwTJtkboRim5c1kcf0JmWTJq2oZnMkNwRytB/cOOvuHGhiFs37vwb04fg80DgcM69Sc7xI8E1OM67lZqbX1hcSi9nVlbX1jfsza2aDmNFWZWGIlQNn2gmuGRV4CBYI1KMBL5gdX9wNvbrN0xpHsprGEbMC0hP8i6nBIzUtg9k24U+A4JP8FWrgN1OCMlUGWE3UmEEIb5sJYfFUdvO5nPOBPh/kkUzVNr2m7mNxgGTQAXRupl3IvASooBTwUYZN9YsInRAeqxpqCQB014yyTTCe0bp4G6ozJGAJ+rXjYQEWg8D30wGBPr6pzcW//KaMXSPvYTLKAYm6fShbiywyTkuCHe4YhTE0BBCFTd/xbRPFKFgasyYEpxc6WgS+Tf5LKFWyOWLucKFky2fzupIox20i/ZRHpVQGZ2jCqoiim7RPXpET9ad9WA9Wy/T0ZQ129lG32C9fgC7+52H</latexit>

n✓ = S2✓̇
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Asymmetries in Thermal Equilibrium

The free energy is minimized at equilibrium.

n ⌘ n+µ � n�µ ⇠ µT 2
<latexit sha1_base64="ioraaGM1a87mz7SDn3pPmU+oXjA=">AAACF3icdZDLSgMxFIYzXmu9VV26CRZBkA4zFanLohuXFXqDTh0yadqGJpkxyRTK0Ldw46u4caGIW935NmamFbz+EPj4zzmcnD+IGFXacd6thcWl5ZXV3Fp+fWNza7uws9tUYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIKxhdpPXWmEhFQ1HXk4h0ORoI2qcYaWP5BVv4XqQo9MhNTMdQ+Mmxx+MpLKVYytBTlENDsH5d9gtF13Yywf+hCOaq+YU3rxfimBOhMUNKdVwn0t0ESU0xI9O8FysSITxCA9IxKBAnqptkd03hoXF6sB9K84SGmft1IkFcqQkPTCdHeqh+1lLzr1on1v2zbkJFFGsi8GxRP2ZQhzANCfaoJFiziQGEJTV/hXiIJMLaRJk3ITh25TQ7+Td8htAs2+6J7V45xer5PI4c2AcH4Ai4oAKq4BLUQANgcAvuwSN4su6sB+vZepm1LljzmT3wTdbrB0Cznsc=</latexit>

fermion asymmetry

�Fth ⇠ �⇢� T�s ⇠
n2
 

T 2
<latexit sha1_base64="v/R3h8Jxc0Gg4j0047yRc+9XRxg="></latexit>

Change of the free energy

�Ftot
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is minimized when
__________________________________

Most of the PQ charge remains in the rotation!

nPQ = ✓̇S2
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<latexit sha1_base64="vwUV5kaONOgb7hCexefxwCHQyc0=">AAACB3icdVBNS8NAEN3U7/oV9SjIYhE8haQi9Sh68VihVaGpZbOd2MXNJu5OhBJ68+Jf8eJBEa/+BW/+G7e1gp8PBh7vzezOvCiTwqDvvzmlicmp6ZnZufL8wuLSsruyemLSXHNo8lSm+ixiBqRQ0ESBEs4yDSyJJJxGl4dD//QatBGpamA/g3bCLpSIBWdopY67oTpFmBkxoKERCVzRsJtiiD1ARhvn1Y5bCTx/BPo/qZAx6h331T7A8wQUcsmMaQV+hu2CaRRcwqAc5gYyxi/ZBbQsVSwB0y5GdwzollW6NE61LYV0pH6dKFhiTD+JbGfCsGd+ekPxL6+VY7zXLoTKcgTFPz6Kc0kxpcNQaFdo4Cj7ljCuhd2V8h7TjKONrmxD8L3a7ujk3+QzhJOqF+x4wbFf2T8YxzFL1skm2SYBqZF9ckTqpEk4uSF35IE8OrfOvfPkPH+0lpzxzBr5BuflHafJmTs=</latexit>
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thermal bath

chiral 
asymmetry

PRL 124, 111602 (2020) RC and K. Harigaya
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Asymmetries in Thermal Equilibrium

PRL 124, 111602 (2020) RC and K. Harigaya26

Thermalization RedshiftnPQ = S2✓̇
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Axion Dark Matter
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Kinetic Misalignment Mechanism

PRL 124, 251802 (2020) RC,  L. Hall,  K. Harigaya

θi
θ

V(θ)

θ

i

Kinetic Misalignment Mechanism

Misalignment Mechanism

a novel scenario where the axion field has a 
nonzero initial velocity, e.g., from axion rotations.

axion cosine potential

axion cosine potential
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Kinetic Misalignment Mechanism
a novel scenario where the axion field has a 

nonzero initial velocity, e.g., from axion rotations.

axion cosine potential

PRL 124, 251802 (2020) RC,  L. Hall,  K. Harigaya

axion cosine potential

29

kinetic energy > potential energy
enhancing axion abundance
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giving a strong motivation for 
axion dark matter experiment
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Kinetic Misalignment* 

Observed dark matter abundance

(Planck 2018)

⇢a
s

' maY✓
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Thus, dark matter relates

ma  ! Y✓
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DM

charge yield

Kinetic Misalignment Mechanism

Y✓ =
n✓

s
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abundance
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Baryon Asymmetry
Axiogenesis
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Axiogenesis

PQ asymmetry
nPQ

baryon asymmetry
nB

(nB+L≠0)
electroweak sphaleron

electroweak sphaleron
given weak anomaly of PQ

quark chiral asymmetry
nq nu nd

strong sphaleron

matter-antimatter asymmetryStandard Model processes

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

Baryogenesis is automatic, thanks to
(production of baryon asymmetry)

Y obs
B ' 8.7⇥ 10�11

<latexit sha1_base64="um8A4ADzuuu34Fku5dTeRPBsIPY=">AAACEXicdVDLSsNAFJ3UV62vqEs3g0XoxpBUpF2WunFZwT6kScNkOmmHTh7OTIQS8gtu/BU3LhRx686df+M0reDzwIXDOfdy7z1ezKiQpvmuFZaWV1bXiuuljc2t7R19d68jooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut7kbOZ3bwgXNAov5TQmToBGIfUpRlJJrl65cpuD1OYBjDyRQVvQgFzDulGDtlRUQMscpMeWlbl62TLMHPB/UgYLtFz9zR5GOAlIKDFDQvQtM5ZOirikmJGsZCeCxAhP0Ij0FQ2R2uak+UcZPFLKEPoRVxVKmKtfJ1IUCDENPNUZIDkWP72Z+JfXT6Rfd1IaxokkIZ4v8hMGZQRn8cAh5QRLNlUEYU7VrRCPEUdYqhBLKgTTqJ3mL/8mnyF0qoZ1YlQvzHKjuYijCA7AIagAC9RAA5yDFmgDDG7BPXgET9qd9qA9ay/z1oK2mNkH36C9fgCZopuq</latexit>

experimentally measured value
(Planck 2018)
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= cBY✓

✓
TEW

fa

◆2

<latexit sha1_base64="gdnkQ4yR4Sm5Jj46iIZW358n2DA="></latexit>



Axiogenesis

PQ asymmetry
nPQ

baryon asymmetry
nB

(nB+L≠0)
electroweak sphaleron

electroweak sphaleron
given weak anomaly of PQ

quark chiral asymmetry
nq nu nd

strong sphaleron

= cBY✓

✓
TEW

fa

◆2

<latexit sha1_base64="gdnkQ4yR4Sm5Jj46iIZW358n2DA="></latexit>

Namely, the baryon asymmetry relates

✓
TEW

fa
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 ! Y✓
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YB
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Standard Model processes

out of equilibrium at TEW
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Kinetic Misalignment + Axiogenesis
Prediction:
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ALP CogenesisExperimental probes are happening!

PRL 129, 251102 (2022)

PRL 126 (2021) 8, 081803

Sci.Adv. 8 (2022) 27, abq3765
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PQ asymmetry
nPQ

baryon asymmetry
nB

(nB+L≠0)
electroweak sphaleron

electroweak sphaleron
given weak anomaly of PQ

quark chiral asymmetry
nq nu nd

strong sphaleron

Extensions of Axiogenesis

any additional lepton or baryon 
number-violating processes
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Baryon Asymmetry
Lepto-Axiogenesis
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PQ asymmetry
nPQ

baryon asymmetry
nB

(nB+L≠0)
electroweak sphaleron

electroweak sphaleron
given weak anomaly of PQ

quark chiral asymmetry
nq nu nd

strong sphaleron

Extensions of Axiogenesis

Lepto-Axiogenesis other extensions

JHEP 03 (2021) 017 RC, N. Fernandez, A. Ghalsasi, L. Hall, K. Harigaya

ü RC et al.   1910.02080 
ü Harigaya et al.   2107.09679 
ü Chakraborty et al. 2108.04293
ü Kawamura et al.   2109.08605
ü RC et al.   2110.05487
ü RC et al.   2206.00678
ü Barnes, RC et al.   2208.07878
ü RC et al.   2211.12517

This Weinberg operator gives Majorana neutrino masses,
breaks lepton number, and thus affects the charge transfer.

L � m⌫

2v2EW
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†
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†
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Lepto-Axiogenesis
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Lepto-Axiogenesis
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Lepto-Axiogenesis achievement:

simultaneous production of
• dark matter
• matter-antimatter asymmetry

in the framework with
• QCD axion
• Majorana neutrinos
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Lepto-Axiogenesis
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Potential from QCD effects

ü Axion quality problem

•  Neutron EDM
•  Current bound 
•  CP violation
• To improve “quality”

ü Model constructions
• 4D UV instantons
• 5D UV instantons
• Mirror QCD

2205.11540 D. Dunsky, K. Harigaya, L. Hall

P. Agrawal et al. 2017, C. Csaki et al. 2019

T. Gherghetta et al. 2020

V. Rubakov 1997, Z. Berezhiani et al. 2000, 
A. Hook 2014, H. Fukuda et al. 2015, 
A. Hook et al. 2019
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Axiogenesis with Heavy QCD Axion
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thermal bath

matter-antimatter asymmetry

too large of a velocity for conventional axion dynamics,
while the axion rotation solves the problem! 

electroweak phase transition temperature

rotation

model-dependent

experimentally measured value (Planck 2018) 
of the baryon asymmetry
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Different cosmological scenarios:
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Gravitational Wave Signatures
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Evolution of Energy Densities

50 Over time, the universe cools and temperature drops.

standard cosmology

The energy content determines the universe’s expansion rate.
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axion rotation

standard cosmology

The energy content determines the universe’s expansion rate.

Over time, the universe cools and temperature drops.
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This modifies the cosmic expansion 
history and has profound implications for
q gravitational wave spectrum
q dark matter production
q the cosmic microwave background
q the matter power spectrum
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The energy content determines the universe’s expansion rate.



Smoking Gun: Triangular Peak in Gravitational Wave Spectra
from inflation
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assuming radiation-dominated universe
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from inflation
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kination matter
assuming radiation-dominated universe
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kinetic misalignment prediction

model parameter dependent
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Smoking Gun: Triangular Peak in Gravitational Wave Spectra
from inflation
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The energy content determines the universe’s expansion rate.

No entropy production!
This can occur between BBN and recombination
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Probing PQ-breaking Potential
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Two-field model
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Models
piecewise ρθ
two-field model
log potential
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Probing PQ-breaking Potential
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Conclusions

üNew axion dynamics allows the QCD axion to simultaneously explain 
ü  Strong CP problem
ü  dark matter abundance
ü  baryon asymmetry

üThis paradigm predicts exciting phenomenology
ü  specific axion mass-coupling relations
ü  axion kination: unique gravitational wave spectra

üOther possible signatures include
ü  gravitational lensing of axion mini-clusters
ü  enhanced matter power spectrum
ü  warm axion dark matter
ü  Majorana neutrinos

üNew model building opportunities 
ü  other open questions across disciplines including flavor 
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