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: : 1 s ~ 1
® General QCD Lagrangian Lqcp = g (i) — Mye) q — ZGZVGW’C + Hg—GG GG = EEWMGZVGZJ
7

6-term

® QCD f-vacuum: |6) = ZneZ ei0n|n>, 0 € [0,27) ¢ {T Equivalent to adding the 6-term

L]

in QCD Lagrangian

Topological charge: g— / d*z GG € 7 dependent on pure-gauge configuration 4, = ‘U (2)0,U(x)
m

® (-term violates P and CP True observable CPV parameter: | § = 0 + Tr(Qq)

8

9s

1

q— e_lfq%q ——> Lqcp=4¢ (zlﬁ — Mq) q— 4waGW’c - ég—;Gé

—

6 contributes to nEDM: H,ppy = —d, F - S

® Strong CP problem: Why 6 is so small?

d, = 2.4(1.0) x 10719 e cm

|dnl

—> 9

Pospelov, 2000 :> |6’_| < 10~10
< 3.0%x107%% e cm (90% CL)
Pendlebury, 2015

(m, = 0 (excluded)

PQ mechanism
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explicitly broken by the SU(3) . anomaly
® PQ mechanism Additional global U(1)pq symm.
Peccei and Quinn, 1977 spontaneously broken at the scale v, ——> Axion
Weinberg, Wilczek, 1978

Locp D H_%Gé = ( 7 + 9) — GG Axion decay constant f; ~ v,

(a)

a

The axion potential is minimized at —— + @ = 0, dynamically solves the strong CP problem.

Vafa and Witten, 1984

® General axion couplings below vgy,, up to dim-5
Di Luzio, 2020

ua Oy~ a4 _« ~ 0,0 a o 1
L, J5 —N—SGG —F—FF = —J“ GG FF
R CRITAPE T 2/, NPT + ot

Model-independent operator

gaW N 21f,

PQ current J SQ is composed of PQ-charged SM d.o.f.

N and E are model-dependent anomaly coefficients, N # 0 demanded by solving strong CP problem.
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® Axion thermalization and decoupling chang and Choi, 1993
ANq¢s contributed by thermal axion population

100

= ; .
&g 5 : 0.5 ot
~  10F § . Y. Excluded 2
— Pt ' 041 Planck 2018 results %2
G - : Q 8
@) L2 x . e~ @)
1 E 5 1 M
= E 1 ~ 03r Q
= - % i g A
= 0100p © Po(Tp) =~ H(Tp) Z 02 _ , )
£ g ! < T Hadronic and leptonic
§ 0.010} : r(T) o1 contributions
S 5 P H(T) : ]
0.001 - 000+ e N
T,~155 MeV T=1GeV 50 100 \\\1\50 200
<« na, £ty o f*q,-- gg <> ag ), [MeV] Important to

determine the bound
O Axion thermalization rate contributedby a+--- < 14+24+3+---
N—— ~ v

i J
T (T) = 1 d Pi d pj 2 454 M 2 1 . .
a( ) — ngq H 271' 32E H (271' 32E ( ﬂ') sz —ij | reaction| HfZ(IZ)H[ +"73f3($3)]
i j @ J
f(2) 1 E; {+1 for bosonic
_ i\Ti) = ———» Ti= 7, = _
aG G coupling induces model-independent hadronic contribution, T T —1  for fermic

* dominated by am <> 7t reaction below T, ——> Questioning in the presence of dynamical enhancement
assumed by all previous calculation
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® [, (T) contributed by aK <> mK reaction?

2
Boltzmann suppressed compared to the am channel by [ ’E’En(:i’;?,()] ~ 2% Dynamical enhancement?
npg - 5
T ~ 110 MeV
® Effective Lagrangian (Nf = 3)
T:QLQCL’YS
1 a Qs -~ amenen oua A Yy a i
L= 80,ad"a+ o+ GG+ Laoo > LD — 200" 20— 22 Y Cgn s Soa — Cs 154
2 0 ST Zﬁz 2 Qﬁl, 2 a Bo
Qo=M"'/(M" — = i=0,8 .
IB part g
M, me IC part
z2=—, r=—,
my m
1 O — g O — T'(]. — Zg) r—00 1 o 7"(]. + Z)Q — 4z r—00 i O — 2307’??,
m:§(mu+md) "TV3T T 21422 T 37 87\/§[QZ+T(1+Z)2] V3 5*(1?)24_?24

® am — nm violates G-parity

aKt - ntK° n°K™*
aK~ -» 1 K° n°K~
aK® -» %K% K+
aK® - n°K°, ntK~
T IB coupling T K B and IC couplings
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® [owest order chiral Lagrangian for axion and mesons

Lo ou, o I uprt f f Opa Iy ugr ot
Ly = 50u00"a+ = (0,U0"U" + 2B, [M(a)U" + UM '(a)]) — o' pRe i (M {00 UTY)

” g T+ %778 Vort V2K*

2 e

U = exp (f) , ¢= Z Aip; = V2ro —m 4 %778 V2K° | . M(a) = Me "4a9e
= V2K~ V2K° _%778

® [ cading order scattering amplitudes

M(2) _ CS (3 — mi) B 2055[337777 (2) _ _2\/§CS5ICE7T,,7 . 1
am0—gatmr— 2faF7r \/gfaFﬂ' ? am0 —m070 faFw ) ™ — \/g (m% B mgr)
M@ _ G (’m%{o — Mies + 5 — U) n V3Cs (t — m?2) n V2Cs
e V2 F T
2 t—mfr CS (3+\/§5[£U7T )
Mg;)ﬁ_mo;ﬁ = SILF. [03(1 — \/551%77) + Cs(v/3 — 351%77)} + 3fakr -
2 t—mfr CS (3—\/§5fo )
M o = TP [03(1 +V/30,2) — C’g(\/§+351xm)} _ — n)

other amplitudes by crossing...
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® Axion rate from am < 7T reaction

1 ~ i L
o7 /dF D Marnl” np(E)np(Es) [1+ np(Es)] [+ np(Ey)] T e Driuzio,etal, 2023

S IAM 70%
a

La(T) =

4
i [
1=1

covers broad energy region

(27)*6* (p1 + p2 — p3 — pa)

Requires going beyond the chiral expansion!® 546

T [MeV]

® Coupled-channel unitarized amplitude

1 1
22N

O Unitarized amplitudes including FSIs  Oller J. A, Oset E. and Pelaez J. R, 1999

O Partial waves M, (s) =

dcosf Pj(cos @) M, ¢(s,cos )

Tunt — (2) [T@) — TWeees _ 72) . G T(2)} -1 T(2) ’ v" Chiral symm. & unitarity
o . o v Mesonic resonances generated dynamically
M =[], (7@ _fr@ise] _ 7@ .. T 4@

O(p?) meson O(p*) LECs = diag(Gy, Gy, ...)
scattering part ImG =p

5 subtraction constants & 8 LECs
fitted by meson scattering data
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® Fitting results
Up to /s = 1.2 GeV
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® Cross sections

4

(fa ! Fx)? Canonn [mb]

(fu! Fr)* 04konk [mb]

»In aK™ channels, C5 and Cg contributions interfere

>1In aK?® channels, C;3 and Cg contributions interfere

600 800

Vs [MeV]

700 800 900 1000
\s [MeV]

Four times larger at the squared-amplitude level

: : 1
constructively in I] = > 1 sector

: : 1
destructively in I] = > 0 sector.

constructively in I] = %O sector

: : 1
destructively in I] = > 1 sector.
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® Axion rate

and bound
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Summary

® Axion thermalization rate below T, constitutes a crucial input to determine the current
cosmological bound on hot axion. Focusing model-independent contribution:

O The ar — nw and aK — nK scattering amplitudes are calculated consistently in a coupled-
channel unitarization framework.

O Accounting for resonant enhancement properly, aK — mK contribution becomes comparable to
ar - nr at T = 110 MeV and is therefore non-negligible.

Thank you for your |istening
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