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Chiral dynamics of light-flavor meson and axion
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Introduction
Strong CP problem
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Constraints from neutron electric dipole moment (nEDM)
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> Strong CP problem: why is 6 so unnaturally tiny ?



Axion: an elegant solution to strong CP [Peccei, Quinn,PRL'77]
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e 1Itis possible to introduce other model-dependent axion interactions, such as
axion-quark and axion-photon.

We will focus on the MODEL INDEPENDENT QCD axion interactions.

f,: the axion decay constant. Invisible axion: f, >> vpw. Axion interactions
with SM particles are accompanied with the factors of (1/f,)".

* Stringent constraints for m,,= 0 (QCD axion): m,~ 1/f,

QCD-like axion: m,,#0) « f, with model-independent aG  interaction

* Axion-hadron and axion-photon interactions are relevant at low energies.



Axion chiral perturbation theory (AyPT)
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Two ways to proceed:
(1) Remove the aG  term via the quark axial transformation
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Mapping to yPT -
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. = / 6( ) is usually taken to eliminate the LO mass mixing between axion

and pion [Georgi,Kaplan,Randall, PLB'86], though any other hermitian Q, should lead to
the same physical quantities.

. will cause the kinematical mixing. Should be consistently included.
[Bauer, et al., PRL'21]



(2) Explicitly keep the aG~ term and match it to yPT

Reminiscent:

QCD U(1), anomaly that is caused by topological charge density w(z) = oG, G**/(87)
is responsible for the massive singlet .

Axion could be similarly included as the n, via the U(3) yPT:

= e i
£ = - (ut) + - (x4) + 75 MEX
U=2u"= ei% . x =2B(s+1ip), X+= ulyu' £ uxfu,

T.I"u — EUTDJ“E/F?JT . D“_IJT —_— ()PIIJT o 'i('i;‘u —|_ !’I-;_E){JT _|_ "I-'E-{JT('?.}F'{ — alu_)

%lﬂ‘F%%ﬂL%'? Tt K+
X =log(detU) + i o = . A+ mt g KO

Ja K- K

v%?}s + % 0

* @,is not needed in U(3) %PT.
* M= 61/F2, with T the topological susceptibility. Note that M, ~ O(1/N,).
* 0 expansion scheme: 6 ~ O(p?) ~ O(m,) ~ O(1/N,).

* Axion interactions enter via the axion-meson mixing terms.



n-n-n’-a mixing in U(3) AyPT

Expansion schemes:
*Strong isospin breaking (IB) effects: leading corrections will be kept.

*Effects of F/f,: safe to keep the leading order.
* 0 expansion: the same as the standard UQ3) yPT
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For the QCD axion with m, (=0 :
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[Weinberg,PRL'78]



NLO case: Kinetic mixing+mass mixing terms

Relevant NLO operators to the axion-meson mixing
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.. take care of kinetic mixing and
take care of mass mixing . e .
canonicalization

For details, see [Gao,ZHG,Oller,Zhou, JHEP'23]

Free parameters to fix : F, Ls, Lg, Ay, A, , which also appear in

e the masses of 7, K, n, 0’

* decay constants of &, K

1N - 11’ mixing related quantities



» Lattice simulations provide valuable data, especially m, dependence quantities.
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Predictions to the mixing pattern and axion mass

(70 (7 [Gao,ZHG, Oller, Zhou, THEP' 23]
| _ JfLO+NLO | 78
7 70

\ @ \ @

([ 1+(0.015£0.001)  0.017+ (—0.010£0.001) 0.009 + (—0.007 £ 0.001) 2IHO1SL0.08)
; » : 34.34(0.940.2)
LLosxzo _ | 0019+ (0.007:£0.001) 094+ (021£0.01)  0.33+(-0.22:£0.03) L oy
~0.003+ (—0.003£0.000) —0.33+(—0.18+0.03)  0.94+(0.13+£0.02) ~ 22H05201
—12.14+(—0.20+0.03) —23.8+(1.619-8) —35.7+(—5.7115) BEELE
\ 7 . % I+57 )

ms = [134.90 + (0.10 £ 0.07)] MeV

my = [489.2 + (5.0153)] MeV,

my = [490.2 + (60.97108)] MeV

my = [954.3 4+ (—28.47132)] MeV ,

1012 GeV
fo

mg = [5.96 + (0.12 + 0.02)] peV
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Two-photon couplings
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* One needs the 7-n1-11’-a mixing as input.

* Our goal: to use the experimental inputs from g.., g,.., g.-,, to predict g, ...
LO ayy coupling is purely caused by the mixing.
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FEXP - — 0974 + 0.002 GeV L

Ty ’ b= —(4442.3) x 1074 GeV 2,
FEXP = 0.274 4 0.006 GeV ™, ,

Exp i ks = (1.25 + 0.23) x 1074
F2P = 0.344 £ 0.008 GeV .

This allows us to predict

- [201+(0.5+0.1)] x 107°
fa

Loy =

Jary = AT Ctom Figny = — 2‘:;}” (1.63 = 0.01)

which can be comparedto 1.92 + 0.04 and 2.05x=0.03

[Grilli de Cortona, [Lu, et al.,
et al., JHEP'16] JHEP'20]

* IB corrections could cause visible effects (working in progress).
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Cosmology constraints on axion thermalization rate
Axion thermal production in the early Universe : Extra radiation (AN,.)

Extra effective number of relativisitc d.o.f :

4/ 43 \4

7 49 *§ ( TD )

“— ~N
Zxs (T) : effective number of T): axion decoupling temperature from
entropy d.o.f at temperature T the thermal medium

» CMB constraint (Plank’18) [Aghanim et al., 2020] ¢ AN < 0.28

» Tp : Instantaneous decoupling approximation
I'(Ty) = H(Ip)

~

Axion thermalization rate Hubble expansion parameter
1 ~ :
Fa(T) — F /(1:[1 Z |JMn:—53-'112 HB(EI)“B(EZ) H( T) — T2 \/4;?1'39' (T) /45/-}”131
il *
1+ np(E3)][1+ np(Ey)]

Axion-SM particle scattering amplitudes
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Key thermal channels of axion-SM scatterings at different temperatures

w Tp 2 1GeV: ag < gg.
[Masso et al., 2002, Graf and Steffen, 2011]

= T'p < 1 GeV: Hadrons need to be included.

w T'p < 200 MeV: ar < 7.
[Chang and Choi, 1993, Hannestad et al., 2005,
Giusarma et al., 2014, D’Eramo et al., 2022]

AN,y from CMB constraint
Bl i e R —— (translated to the Ty limit) sets

| the lower bound of f,, or
equivalently upper bound of m,,
in the QCD-axion case.

CMB cx‘:clusion

Rates in unit of Tz/mpl

T~155MeV  T=1GeV
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 Reliable ax interaction is crucial to determine I, for T, < T.= 155 MeV

» For along time, only the LO ar <>zwr amplitude is employed to calculate
the axion thermalization rate I, , e.g., |Chang, Choi, PLB’93] [Hannestad, et al.,
JCAP’05] [Hannestad, et al., JCAP’05] [D’Eramo, et al., PRL’22] ... ...

» Recent NLO calculation of I, shows that the reliable chiral expansion is

only valid for 7, <70 MeV for perturbative amplitudes at NLO
[Di Luzio, et al., PRL’21]

» Chiral unitarization approach is adopted to extend the applicable

ranges of energy and temperature. [Di Luzio, et al., PRD’23]

» However, to our knowledge, all the previous works have ignored the
thermal corrections to the axr <—>zr amplitudes. We give the first
estimation of such effects on the determination of axion parameters.

[Wang, ZHG, Zhou, PRD’24]

Ta(T) = — /dT M IMa-sml*fis(Er)np(Es)
a .
[1 4+ np(E3)|[1 +np(E4)]
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Calculation of thermal ax <»zr amplitudes at one-loop level

e Finite-temperature effects are included by imaginary time formalism (ITF), where
[Kapusta and Gale, 2011, Bellac, 2011, Laine and Vuorinen, 2016]

P’ = iwn, withw, =2mnT ., ne€Z,

_i/(;:;]d-;—i/ﬁ (j:?dET;f(;i)h.

@ Compute the thermal Green functions in ITF

Gl airbne(P1,02:93,94) = D Gai(p])Graj(93)Grn (03)Gine (03) Aijiki (P1, P25 13, 1a) -

i!jﬁkﬁg
) }/ y

5 N
N \
«&'Qv
N\
SRS a2
¢ @ ,

Feynman diagrams for amputa[ecl tunctlons up to NLO.

2,

L

o The effective Lagrangian at O (p*)

£4 525 (Ut + UxE) (xaUt + UxL) + 2 (000 ) (xaUT + UML) S| D — il (Qa{o"v,Ut}) (avarut)
= Ut = UxE) (Ut — Uk + R [((xaw‘ +uxd))’ g2 > (Qa{avu,ut}) (orvarut +orvarut)
+({xatt = 0xd)) " =2 (xalU X0l + UxLUxL)] + a’}”’JA|NLO _i 1 (Qa{ou,UT}) (xaUT +UXE) -
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Unitarization of the partial-wave an <7z amplitude

I l.t th IAM IAM _ -
nverse amplitude method ( ) M A; p ) om;!

1. £t
Marm;17(Eem) = 5/ dcos @ Mr.1(Ecm,cos0)Pj(cosb)
—1

s

1 *
IIHMG.?T;I'I(ECW) EPzﬁ(Ecm)qur{rmme;U ) (Ecm > Q”rn?r)

T . UTF(E;Z_m Ecem . _ 4m?r - il
p'}T'JT(Ecm)_ ]_6771' [1+2n3( 9 ) 5 Jﬂ‘(S)— 1 5 ’ nB(E)_m
@ Resonances poles on the second Riemann sheet
fo(500)/c p(770)
. o I
M, :I:?*ITG [ — M, :I:T'Tp ‘fagpaﬂ'l
T = 0MeV 422 +i240 MeV ~ 0.032 GeV? 739 £ i72 MeV  0.035 GeV?
T = 100 MeV™ 368 £ 1310 MeV 0.037 GeV? 744 £ 77 MeV 0.036 GeV?

*Only include s-channel unitary thermal correction.
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an <—nm amplitude at finite temperatures
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arn <7 cross-sections at finite temperatures

MP)  MB2 = (M@))2 +2M@Re (M('*”) +|M@)|2,
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. The chiral perturbative
amplitudes up to NLO
begin to be unreliable
around 2 ~ 500 MeV.
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Cosmology implication of thermal corrections to axion-pion scattering amplitudes

@ We calculate the axion rate by the temperature dependent am — 77 scattering amplitudes
[Chang and Choi, 1993, Hannestad et al., 2005]

L) =

=7 [ 4T Mamenl® np (Enng (E2)[1 + n (B + np (Ea)].

where the phase space integral

_ 4 d3p. 1
J ot = ] (1L oo, ) @o's"n 22 =03 =
i=1 A

Resulst from the thermal-IAM improved thermliazation rates
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Updated bounds on the axion parameters [Wang,ZHG, Zhou,PRD'24]
0.40

0.40
035y Planck'l 8, 2o exclusion ! 0.35; e
Planck'l 8, 2a exclusion
% 030' i 030_
i Z“
=1 0.25} < 0.25| —— m%, ZT My
_ By ZT M[AM B Y/ - m!}o. FT Miswm
0.20F ----- By FT Miam 0.20} —— m"O, ZT Myam
. W R s mﬁlLO. FT Miam
T> 155 MeV : e
0 15 " " . " " 0-15 : ¥ it T
1x1010 2x10'0 3x101"0 0.2 0.4 0.6 0.8 1.0
fa [MeV] m, [eV]

-1 The constrians 1%, corrections are observed

lower limit of f,  upper limit of m, by mE=©  upper limit of m, by mYL©
ZT 2.3 x 107 GeV 0.24 eV 0.25 eV
FT 2.1 x 107 GeV 0.27 eV 0.28 eV

(d The QCD axion mass up to LO & NLO

2 2 F2 T, 1M g
my|Lo = Yud M g3 where  yudq = ity - P 7
T
2
, F

f?

mi mfr _— m2 m?2
‘NLO—’Yudm 1—2W108?+2{h1(#f )_h&:}F——Sl?’Yudﬁ
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Summary

» Chiral perturbation theory provides a systematical and useful
framework to study the axion-meson interactions .

» 7-1-1"-a mixing is worked out at NLO and lattice data are
found to be very useful to predict the axion mixing pattern
and axion mass.

> vy Suyps Sy aNd the t-1-1’-a mixing are used to predict g,
within U(3) AyPT up to NLO.

» Thermal ar <—7zr amplitudes in SU(2) AyPT are worked out.
Thermal corrections to amplitudes cause around 10% shift of
the axion parameters.
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