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Where to Look for axions?

- Axion: QCD axion and axion-like-particle (ALP)

- Solve the strong C? probtem

Peccei, Quinn 1977, Weinberqg 197%, Wilczek 197%

- Explain dark matter from the misalignment mechanism

Preskill, Wise, Wilczelk 19%3, Abbott, Sikivie 19%3, Dine, Fischler 19%3
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storyline

= Axion

(0) Misalignment mechanism

Preskill, Wise, Wilczek 19%3, Abbotbt, Sikivie 19¥3, Dine, Fischler 19%3

. Darke
(1) Paramelric resonance Matter
RC, L. Hall, K. Harigaya 2017 K. Harigaya, 3. Leedom 2019
(2) - Kinetic misaligument mechanism
RC, L. Hall, K. Harigaya 2019 + K. Olive, S. Verner 2020
- Axitogenesis
o & Harigaya 2019 : BQT“jOV\
- ALY cogenesis Asymmetry
RC, L. Hall, K. Harigaya 2020
= Lezz&o-ﬂxia enesis
RC, N. Férnandez, A, Ghalsasi, L. Hall, K. Harigaya 2020
- Tachyonic instability TS e
RC, K. Harigaya, A. Pierce 2020 Waves
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(0) Misalignment mechanism

Presiill, Wise, Wilczelk 19%3, Abbott, Sikivie 19¥3, Dine, Fischler 19%3 Dol
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(1) Paramekbric resonance Mabter
RC, L. Hall, K. Harigaya 2017 K. Harigaya, 2. Leedom 2019

(2) - Kinetic misaligument mechanism
RC, L. Hall, K. Harigaya 2019 + K. Olive, S. Vernher 2020

- Axtogenesis
RC, K. Harigaya 2019
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- ALY cogenesis Asymmetry
RC, L. Hall, K. Harigaya 2020

. . 1079 , , . : .
= LEE?EO“AXLO enesLs 1012 10 10®% 10° 10 107
RC, N. Férnandez, A, Ghalsasi, L. Hall, K. Harigaya 2020 My (V)

— T&Ch OMLC LMS&&bQL LE? C“:’T’QVE,EOLELOV\OLL See Llater slides for axion-electron and axion-nucleon couplings
RC, K. Ho\rngoujo\, A. Pierce 2020 Waves
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Dark
Matter
(2) - Kinetic misaligament mechanism
RC, L. Hall, K. Harigaya 2019 + K. Olive, S. Vernher 2020
- Axtogenesis
RC, K. Harigaya 2019 : BO\T’jOM
- ALY cogenesis Asymmetry
RC, L. Hall, K. Harigaya 2020
. . 107 : - X
= LEEQO*AXLO enesLs 1072 107 10 10 107" 107
RC, N. Férnandez, A, Ghalsasi, L. Hall, K. Harigaya 2020 my (eV)
— T&Ch OMLt E«MSEO\bEmLEmEv C“:’T’QVE.'EOLE!:OV\QL See Llater slides for axion-electron and axion-nucleon couplings
RC, K. Harigaya, A. Pierce 2020 Waves
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Initial condition TR condition
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R. Co Minnesota PRL 124, 111602 (2020) RC and K, Harigaya



Large field value :

For example, as an initial condition or

sek dvmamicati.j bv the
V(|P|) ~ —H}|P|* +

R. Co Minnesota

Why Rotation?

Flat potential Inikial condition

Hubble-induced mwass
| P ‘ 2d
N2d—4

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




_ Why Rotation?

Large ftetd value : Flat F’OEQ"\&&L Inikial condition ¥ \/§

For example, as an initial condition or
seb dvhami.c:atbj by the Hubble-induced mass

- s 5 IPI '
V(P) ~ —H}|P] + o |
Angular motion @ Explicit P& breaking
g |
V(P) ~ T4 + h.c. e
expected from quantum gravit ==
or PQ as an accidental svmmegrj —

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 p—

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

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



Asymmetry Q‘fr‘?@ Charge

e w )
P — (& fa
Noether charge associated with the shift symmetry /2
npq = iPP* — iP*P
TLPQ — S 2(9

PR asymmekbr

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

PQ charge is comserved soon after the onset.

R. Co Minnescta PRL 124, 111602 (Ro20) RC and K, Harigaya



Whj a Larg_g dm;utar sEeei:'k?

Keasown:
npqQ = S 20 anR3 — conserved charge
Cownventional:

5% = fs éocR_B_

Our scenario (S »» £,

} Slower redshift!

{quar&ic S92 x R—2 0 x R1L
qu&dm&i,c S92 5 R—° 6’ — constant

R. Co Minnesota PRL 124, 111602 (2020) RC and K, Harigaya
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= Axiown
Dark
Matter

(2) - Kinetic misaligament mechanism
RC, L. Hall, K. Harigaya 2019 + K. Olive, S. Vernher 2020
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See Llater slides for axion-electron and axion-nucleon couplings
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Kinetic Misalignment Mechanism

O,

6

0
Kinetic Misalighment Mechanism

- - _— —— e — — . L 1 ——

(Misalignment + non-zero kinetic energy)

R. Co Minnesota PRL 124, 261%02 (2020) RC, L. Hall, K, Harigaya



Kinetic Misalighment Mechanism

_= e ————— = — - — - i i . -

C(}V\sequ’ehﬁe: detajing usual T, until KE = PE, enhancing the dark matter abundance

Abundance: Qah2 X 9

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



- Kinetic | Masatagnmimﬁ Me&kaﬁxasm :

V(6)
6
e
Abundance:
Pa
S SN1987A (axion)
-240210' 1 10 102 10® 10* 10° 10% 10" 10%® 10° 10™
10°GeV ) [ Yp 0
Qah2 ~ QDMhQ ®) ms (GeV)

Ja 40

R. Co RC, L. Hall, “Ki Harigaya
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= Axion

(2)

- Axtogenesis
RC, K. Harigaya 2019
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AxiLogenests
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(QCD axion + baryogenesis)

R. Co Minnesota PRL 124, 111602 (2020) RC and K, Harigaya
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Particles called axions
could reveal how matter
conquered the universe

The subatomic particies may already solve two important

PHYSICAL puzzies of particle physics
REVIEW
LETTERS

Arsctes publibed wock ensing 20 MARCH 2020

The axion solves three mysteries of the universe
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Synopsis: Axions Could Explain Baryon
Asymmetry

March 19, 2020 « Physics 13,538
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Anew theory proposes that a rotation of the axion field early in the Universe's life could have generated matter-
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antimatter asymmetry.
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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)T’2
Ccp = 0.1 —0.15 Cw

RC and K, Harigaja



Axiogenesis

strong sphaleron
PQ asymmetry quark chiral asymmetry| electroaes gyl baryon asymmetry
(np+1#0)
nPQ nNg Ng Ng np

For T < Toy, the bm‘vcm
asymmelry is frozen.

CB(QOCF2 npg CBéT2

S
oy
|

TEW>2
fa

Yp=— = =t CBYPQ (
cg ~0.1—0.15cpy 3 e e

Baryon asymmetry fixes rotational speed, equivalently Ypq

R. Co RC and K, Harigaja



Axiogenesis

strong sphaleron
PQ asymmetry quark chiral asymmetry| electroaes gyl baryon asymmetry
(np+1#0)
nPQ nNg Ng Ng np

For T < Toy, the bm‘vcm
asymmelry is frozen.

Vil =L (C_B) Tew )" (10° GeV\” (Ypq
R 0.1/ \ 130 GeV T 500

Baryon asymmetry fixes rotational speed, equivalently Ypq

R. Co RC and K, Harigaja



Axiogenesis + Kinetic Misalighment

0,h% g = t 130 GeV'\* (0.1
QDMh2 = 108 GeV TEW CB
b
Ja 2
TEW — 1 TeV SN1987A
108 Gev (saxion) .
SN1987A
(axion)
tlecktroweale ﬁ } Axion . 103102107 1 10 102 10° 10* 10° 10° 107 108 10° 10O
kasias kajsiﬁs » ms (GeV)

Tu = thermalization temperature of saxions
O Tew \ (cB
= 1072 Mo | fulE
SIS <130GeV> (0.1)

RC and K, Harigaja



ABRACADABRA

SHAFT CAST2017

——————————————— R R PEE——
NGC 1275 i DM Radié
50 L

AYETAC

1
1
oo
T
1
1
1
-
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
-
7
Iﬁ,

Gayy (GeVT)

107"

0—20
10 10 10 10®  10° 10" 107

m, (V)
RC, L. Hall, K, Harigaya



= Axion

(2)

- ALY cogenesis
RC, L. Hall, K. Harigaya 2020
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See Llater slides for axion-electron and axion-nucleon couplings




ALP-genesis

PQ asymmetry electroweak sphaleron |haryon asy](mmetrgg
Np+LF
npQ d np

Vil =L (C_B) Tew )" (10° GeV\” (Ypq
= R 0.1/ \ 130 GeV T 500

CB :—ECW

Baryon asymmetry fixes rotational speed, equivalently Ypq

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




R. Co Minnesota

= - . S

Axion Electron Coupling

DARWIN

1074 1072 10710 108 107
mg (eV)
200604509 RC, L. Hall, K, Harigaya
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RC, N. F
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nandez, A. Ghalsasi, L. Hall, K. Harigaya 2020
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See Llater slides for axion-electron and axion-nucleon couplings




Axion wikh Majorama neubkrinos

14 -~ H
: o
b +0 &
14 SYH:
. my,

2006,0314% V., Domeke, Y. Ema, K. Mukaida, M. Yamada
R. Co Minnesota R006,056%7 RC, N, Fernandez, A, Ghalsasi, L. Hall, K, Harigaya
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Higgs number asymmetry

Yukawa :

strong
Yu,Yd
sphaleron

PQ asymmetry quark chiral asymmetry| Yukawa lepton asymmetry
(np-#0)
Ng Ny Ng Ye nj,
|
| electroweak sphaleron electroweak

‘ given weak anomaly of PQ sphaleron ]
\ lepton chiral asymmetry
- — > - — — — P —

ny TNe

electroweak

sphaleron
baryon asymmetry

(np-1#0)
ng

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



Ligﬁowa£0§emesis

Producing L at high temperatures

Higgs number asymmetry

Yukawa :

strong
Yu,Yd
sphaleron

Yukawa lepton asymmetry,

(np-1#0)
ng

quark chiral asymmetry

PQ asymmetry

npQ Ng Ny Ng Ye

electroweak

sphaleron
P lepton chiral asymmetry

ny TNe

Converting to B8 ab Tey

electroweak

sphaleron
baryon asymmetry

(np-1#0)
ng

RC, N, Fernandez, A, Ghalsast, L. Hall, K, Harigaya
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- Tachyonic ims&o\biu%v

RC, K. Harigaya, A, Pierce 2020

Grravikational
Waves
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See Llater slides for axion-electron and axion-nucleon couplings




Storyline

O Axion and darlke Fho&om tou,pii,v\g
- » Grraviktabtional waves

> Dark Phcw&om dark matter

R. Co Minnesota

-
- g4
B4 .



Tachyonic Ib;\;s%o\bui%i -

Y Q
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T&akiahw IMS E&bd&i .

Carroll and M.ei,d\. 1991 + Grarretson 1992, Rabra 1992
Felder, Garc’ia-Bellido, Greene, Kofmah, Linde, Tkachev 2001
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ot2 ot < )
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T&akiav\w IMS E&bd&i .

Carroll and M.etd. 1991 + Grarretson 1992, Rabra 1992
Felder, Garc’ia-Bellido, Greene, Kofmah, Linde, Tkachev 2001

) = For oscillaktions:
Ldark = = ¢ F//LVF/MV 0(t) ~ 0; cos(myt) (Ri/R)**
37 f o, For roEo&E,.mxs:
O(t) ~ 0t
PA, DA 2 g2
=T Hae = Sl Ve k@ Al =
Tl 7 PR -t A e B R D [ |

R. Co Minnesota



Storyline - :

: Peccel~Quinn
Possible summekr
UACRERT J J
conditions

O Axion and darlke tho&ah tc:ru,pii,v\g
> Grravitational waves

> Dark Pko&oh dark makker

R. Co Minnesota



Crravikatkional Waves

PGW
PR

R. Co Minnesota

ds® = R()? (dr* — (8;; + hyj) da*da?)

2 2 T
kA TRk
the transverse-traceless
Tp P A anisoltropic stress tensor

.}.Lij = 3th R2

- 3k Mg,

C. Machado, W. Ratzinger, P. Schwaller, and B. Stefanele arXiv:1%11.01950



Grravikational Waves

faw = 2x107 Hz, Qawh? = 5x10710

T T T T T T T T T T T, T T T T T T T

L

-2
104 1073 102 107!
mg (GeV)
fow = 0.1 Hz, Qqwh? = 1071

Hnw‘ vvnvw‘ vvvnw‘ T w‘ vvnvw‘ vvvnw‘ TT

NANQOCGrrav

tentative signal
200904496

mg (keV)
Jow =107 Hz, Qawh? = 1071
10°

108

107

vmm‘ T vmw‘ T Hnw‘ T vmm‘ T vmm‘

10710109 10 10-7 1076 105 104 103 1072 107! 1 10 102 103
Jow (Hz)

saxion fails to the

mg (keV) mg (GeV)

RC, K. Harigaya, A, Pierce,




Storyline

O Axion and darlke Fho&om tou,pii,v\g
> Crravitabional waves

> Dark Phcw&om dark matter

R. Co Minnesota
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Dark Photown bﬁrw Makter

Correlation between
CrlWs and darke Pko&ov\s

Abundance

PR i 3]“%1Mf1>1

2 2
PGW FpPar

Warminess
k > “f(;‘sw
TI
Hp S ke
T'p
R. Co

fow = 0.1 Hz, Qawh? = 10714

10710102 10107105 10° 10410310210t 1 10 10% 103
Jow (Hz)

mg (GeV)

RC, K. Harigaya, A, Pierce,



Cownclusions

— ” p— — e

v New axiown d'jmami,«cs allows the QCD axion to stmu&ahecwusiv Q.XFPLO\E,V\

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

v Possible signatures:
v (QCD) axion searches
v Saxion-Higgs mixing
v Warm axion dark matter
v Crravitational waves

Y New model building opportunities

R. Co Minnescta
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