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AXION

PQ scalar potential

 Global Peccei-Quinn symmetry - Pseudo Nambu-Goldstone boson after
spontaneous breaking at f,,

- Mass and coupling cha_l ( axion-like particle if mass is independent of f, )

« Dark matter candidate

Cold #: Hot &

» Cosmic axion background

» Wave dark matter (e.g., 6, or 8,) - thermal production

v Q. /Qpy~1 for f,~ 10" GeV & 0.~ 1 - decay of heavy DM or topological defect

- etc
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Axion dark radiation?

. [S. Dodelson, SLAC Summer Institute]
10 -

« QCD nature — Significant production of thermal axions

2 — 3 Neutrinos
— No Neutrinos
H --- 4 Neutrinos
o

- Parametrized by ANeff = INeff — Nesflfv[

.x. Eﬂ:eCt On CMB SpeCtrum ° Angular Scale (Degrees) ?
(e.g. damping tails, changing the scale of matter-radiation equality, I
location of the first acoustic peak, etc) "

< BBN primordial light element abundances 1 DS eo)

. Current bound from Planck Nz =2.99+0.17 = AN, < 0.3 =

- Future sensitivity from CMB-S4 AN, ¢ = 0.03 (0.06) for 1o (20)

0.221
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Soltzmann equation

« Quantitative tool to track the abundance d = 4 axion production rate | & T2"~* with d = n operator
n. = y —_ Q
a a e % n>4 --- UV
dt n

S|

dY 1 dlogg- Y
— ¢ =(1- OE 8% | Ta [ —
d log x 3 dlogx ) sH Y

y(T)In,(Ty) ~ H(T,)

27" SM oo_
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Dirac Fermion

——— Massive Vector

Weyl Fermion

Scalar
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AXION INteractions

[H. Gerogi et al, 86]

* Linearly realized * Non-Linearly realized

— VCO ic, < va(p 1 L 6ﬂa :
P=—"—€"" i —| — | f;e"“%fp+h.cC. fig— € LRuf; o g Z c.fir'f;
\/5 \/5 @ j=LR

= PQ current

+ Phase of PQ breaking scalars « Axion shift symmetry a — a + const
 Tracking inherent axion coupling

coefficients - PQ current = relevant to matching

Axion dependent rotation
withc,+c, —cg=0

field redefinition relying on div. of PQ currents 9, jl’jQ



[J.E. Kim, 1979] [M.A. Shifman, A.l. Vainshtein and V.l. Zakharov, 1980]

KSV/ axion scenario

- Ingredients: heavy colored PQ fermion (V) & PQ singlet scalar (¢ —>fae’°“/fa/\/§)

- Triangle diagram with W-loop leads to . N

& A .
G, G
32722 f, "

« Two thresholds

@ mass of ¥ = my

@ QCD confinement AQCD
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KSVZ axion scenario

Heavy PQ fermion thresholo
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KSVZ axion scenario

Heavy PQ fermion thresholo
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KSVZ axion scenario

Heavy PQ fermion thresholo
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KSVZ axion scenario

Heavy
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KSVZ axion scenario

QCD threshold

ERRERRERN RN RN IR IR 1

Y g8

10

- Long range nature = IR divergence :
t+ At weak coupling regime, hard thermal loop §
t approximation (i.e. Debye screening)
{ - Thermal field theory considered properly

g+g—>g+a
qlg+g —>qlqg+a

q+qg— g+a
gr > gr+ta 82 a ~
s 26 G
;. KU
[A. Salvio et al, 2013] § 3 27[ 2 ]Ca

o b

_50 QCD perturbative regime
- AN g
o] RN | \I\is EEEIn ol |
1072 101 1 101 102
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KSVZ axion scenario

QCD threshold
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KSVZ axion scenario

QCD threshold

\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ L
10 AChPT = 150 MeV (HRG limit) [T Venumadhav et al, 2015]
» LO = NLO for )(PT? [L. Luzio et al, 2021][L. Luzio et al, 2022][A.Notari et al, 2022]
O —» interpolation?

- Matching to empirical data?
- Lattice QCD

—-10

Logio[yaf2/Geve ]
S

{ = smoothly connected? 3
{_Spline” (cubic) interpolation is used §
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S e e
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KSVZ axion scenario

KSVZ axion production rate
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Hot KSV/ axion relic

mgl/eV
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Hot KSV/ axion relic

mgleV
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Hot KSV/ axion relic
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[M. Dine, W. Fischler and M. Srednicki, 1980] [A.R. Zhitnitsky, 1980]

OFS/ axion scenario

- Ingredients: extension of Higgs sector & PQ singlet scalar (¢)

—B

( : \

@
\VQ’/\/E)

n

H'ic’H, + hc.

- Anomalous couplings to SM gauge bosons + Couplings to SM fields

3272 M

Ja
 Two + one thresholds

2
ﬁ Es G GMV+...
2

6ﬂa

_ R
7 Z cefrif+ Z cHiH;zD”Hi
a f ;

l

@ mass of heavy Higgs bosons = m, (> vg indecoupling limit)

@ electroweak phase transition

@ QCD confinement
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DFSZ axion scenario

—eavy HIggs noson thresnolo
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DFSZ axion scenario

—eavy HIggs noson thresnolo
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DFSZ axion scenario

—eavy HIggs noson thresnolo
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DFSZ axion scenario

—eavy HIggs noson thresnolo
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DFSZ axion scenario

—eavy HIggs noson thresnolo
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DFSZ axion scenario

—lectroweak threshold
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DFSZ axion scenario

—lectroweak threshold
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DFSZ axion scenario

—lectroweak threshold
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DFSZ axion scenario

QCD threshold
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DFSZ axion scenario

QCD threshold
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DFSZ axion scenario

QCD threshold
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DFSZ axion scenario

QCD threshold
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DFSZ axion scenario

DFS/Z axion production rate
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DFS/Z axion relic
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Hot DFES/Z axion relic
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Hot DFES/Z axion relic
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la=V,6A}

U}

Slavor-violating couplings Fry

4+ Explicit charge assignments 4+ Radiatively induced

. e.g., through the Froggatt-Nielsen mechanism

[K. Choi, S. Im, C. Park, SY, 2017]

“Flaxion” [Y. Ema et al, 2016] [M. Chala, 2020]
“Axiflavon” [L. Calibbi et al, 2016] [K. Choi et al, 2021]
Scatterlngs ~ - Decay ~

\. N

¥ / \' \ Axion

Axion \_




[F. D’Eramo, SY, 2021]

| eptonic flavor violation
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[F. D’Eramo, SY, 2021]

| eptonic flavor violation
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[F. D’Eramo, SY, 2021]

L eptonic flavor violation

Leptonic FV
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[F. D’Eramo, SY, 2021]

Hadronic flavor violation
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[F. D’Eramo, SY, 2021]

Hadronic flavor violation
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[F. D’Eramo, SY, 2021]

Hadronic flavor violation

Hadronic FV
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Conclusion

e We calculate the axion production rate in the full range for the

typical QCD axion scenario: KSVZ & DFSZ & Flavor violating (for
ALP)

e Smoothly connected axion production rate in each threshold
scales

e Future CMB sensitivity would give f, > 0(10”) GeV

e Possibility to detect the KSVZ axion signal for f, ~ O(10%) GeV
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[A. Salvio et al, 2013] [F. D’Eramo, F. Hajkarim, SY, 2021]

Control function for gluon scatterings
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()
O

D) phase diagram

[A. Maire, 2015]
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lSsue on interpolation’?
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lSsue on interpolation’?

mgleV
10~1 102
| I T O | | | —
ANE}?HCk’ZU :
10~1 = CMB-S4,2 o
E. ANt g
% L CMB-S4,10_
Z B ANer -
< T;=104Gev | =~ = }
B ng(T;) =0 -
2L | — Our result o
10 — | —  Doubling § 7
C \— Halving/ a -
L Z |
m —
L
107 108 10°
fa/GeV

13.07.2023
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Cosmological profile

— &« [M. Drees et al, 2015]
I

— . [K. Saikawa et al, 2018]
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—volution of KSVZ axion relic density
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Numerical analysis
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—volution of DFSZ axion relic density
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Hot DFSZ axion relic for tan g = 3

mgleV
10~1 1072 1073

| [ | | | R
DFSZ ANgR K @o) T
my ~ 5 x 10° GeV _
10~ = —
- ANGMB=54 20)-
= T TN _
% B ANGMB-54 10y
Ve _

ng(T;) =0 &

—_— T > 5 ]
10_2_ Tz~2>;10 GeV « s ~

—| — =10 GeV ~ =)
| —  =5x10*Gev § 2 7
- 3 % 10% GeV/ % § 7
L T FEEEE i\

107 108 107 1019

Ja [GeV]

13.07.2023




[Y. Ema et al, 2016]
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