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® PQ mechanism is an elegant solution of the strong CP problem [Peccei and Quinn 1977]

® U(1)p, spontaneously symmetry breaking (SSB) — Axion [Weinberg, 1978][Wilczek, 1978]

2
a g

"~ 3212

1 ~
Lo =5(0u0)" + GG + £(3,a,1) .

® Axion couples to gauge bosons, quarks, leptons fields, has abundant phenomenology.
[Luzio, et.al, Phys.Rept., 2020]

® Standard QCD axion mass relation

mymy E, c 7 <1O6 GeV> v
my = — m, =57 ——]) e
¢ (my + my)? f, " fa

> Visible axion model: £, < 10* GeV (ruled out by astrophysical experiments)
[Dicus, et.al, Phys. Rev. D, 1978][Dicus, et.al, Phys. Rev. D, 1980]

> Invisible axion model: 10° GeV < f, < 1012 GeV, [Kim and Carosi, Rev. Mod. Phys., 2010]

KSVZ axion model [Kim, Jihn E, 1979, Shifman, et al., Valentin I, 1980]
DFSZ axion model [Dine, et al., 1981, Zhitnitsky, 1980]
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» Heavy axions/Axion like particles (ALPs)
Holdom and Peskin, “Raising the Axion Mass”, NPB 208 (1982) 397-412.
Agrawal and Howe, “Factoring the Strong CP problem”, JHEP 12 (2018) 029.
Giorgi, et.al., “GeV ALP from TeV Vector-like Leptons”, arXiv:2402.14059 [hep-ph].

® ALPs phenomenology
Jaeckel and Spannowsky, “Probing MeV to 90 GeV axion-like particles with LEP and LHC”, PLB (2016) 482-487.

Bauer and Neubert and Thamm, “Collider Probes of Axion-Like Particles”, JHEP 12 (2017) 044.
Aloni and Soreq and Williams, “Coupling QCD-Scale Axionlike Particles to Gluons”, PRL 123 (2019) 3, 031803.
Di Luzio and Piazza, a —» mrrr decay at next-to-leading order in chiral perturbation theory”, JHEP 12 (2022) 041.

We focus on ALP production in n — mma decay

® Rare n() decays provide ideal probes to detect sub-GeV new light particles.
[Precision frontier experiments in JLab, BESIII, STCF]

® ALPsinn( decay
Landini and Meggiolaro, “Study of the interactions of the axion with mesons and photons using a chiral effective
Lagrangian model”, EPJC 80 (2020) 4, 302.

Gan, et.al., “Precision tests of fundamental physics with  and n’ mesons”, Phys. Rept. 945 (2022) 1-105.
Alves and Sergi, “Final state rescattering effects in axio-hadronic n and n’ decays”, arXiv:2402.02993 [hep-ph].
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Alves and Sergi, arXiv:2402.02993 [hep-ph].
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» In this talk, we discuss n — mmra decay in SU(3) ChPT up to NLO.
» NLO perturbative decay amplitude include s- and t(u)-channel interactions perturbatively.

» The unitarized decay amplitude will also constructed to account for the s-channel rrr final
state interaction (FSI) effect.
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® \We stick on the minimal axion coulping

1 1 a gs . y
EALP—§6 a@“a—imzoa +—32 2G G”

mg o the bare PQ breaking axion mass.

Y M1
® Axial transformation q— €2a%Bg Q=
(M~1)°
1 " I oua _
Larprqop = 50u00a— omy oa” + Locp — TR “5Qaq — (3, M(a)q, +He.),
a

~

M(a) = Me™'7a%  work inisospin limit M = diag(in, 1, m,), 1 = My + Ma
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Study n — mrrra decay in SU(3) chiral perturbation theory (ChPT)
[Gasser and Leutwyler, NPB, 1985]

® Effective d.o.f: eight pNGBs corresponding to SSB SU(3); X SU(3)g = SU(3)y
7T0 + %?’]8 \/§7T+ \@K-"

1P
U =exp (F) , ¢ = V2m~ — 70 —|—_%T)8 V2K°
\/iK— \/EK[) —%773
® Effective Lagrangians can be constructed order by order Q )
1 I 5
‘Ceff = 58‘“0}8“0} — §ma,oa, + L‘rg + ,C4 + - s
axion couplings can be introduced as external fields.
. F? R O,a
o LoLagmngian £, = —-(0,U0"U" +xU' + UX) + S5 Til o L Lecs Byt
a ) ) ~8:
FQ

~i75-(Qu{0"U, Utl).

X = QBOM(G) , J£|Lo Q,, denotes octet

component of Q.
_ d,a « We ignore the

® NLO Lagrangian £, =L.(9,U0"U 0, U0"UT) + - - 4+ L= JA‘NLO : singlet component
2Ja of Gy*ysQaq.

Tl w0 = — 4L1(Q{UT, "U(0,UUT) +
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There is mixing between ALP and ng fields

® L O mixing
1 ]- F a 1 a 1
Lo — iaﬂaaua + 55”7788“178 + —aCk"(?#aa“ng —3 (mio + FC ) a” — imisng ;
m2, — m2 By m2(3m2, — m2)
C'G.?? = a)\ ) Ca — — T s u ’
= 5@ = BN i Ty 12m3,
o _ 2B
LO contribution of pNGBs masses from light quarks masses m> = 2By, mﬁg = 30 (0 + 2m)
> Fields redefinitions up to 0(1/f3)
2 2 —2 72
[1 + l(caﬂ)Qmao(ma,o — 20y, Fz] a— EOE’" T
2 (maO —mi)?*  f2 Ja m2, _mczz,O
M2 (M2 —2m2 ) F? F o Moo~
Nls = [ (C n)2 2 = 2 20 2] _ _Ck-n 2 ’0—2
(ma,O mng) f fa Mgo — mﬂs
1 1 1 F3
LO ~ oy =27
a
F? Cy"Pmd, F? (C{")*m,
mg:mi,ﬂ_”_z an+(2 ) 20 7 m?z:mfzs—i_ 2E2k> 3
fa ma, 0 mng a m’l’}g o ma,O
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® NLO mixing and fields redefinitions for ALP and n fields
1 NS | N l o~ g~
LNMO ——(1 — ZS;) )0,.a0"a + —(1 — Z%) )0, n0"n — Ef;f?) 0,a0"n

1. N 1. ——
B [mi + Egi)(())] a? — 5 [m?? + ZE,%?)(O)] - Efﬁ?) (0)an.
Zg.” (p?) is the O(p*) two-point 1P amplitude
28 = 0 /D), 25 = 0*/fa), 2 = 0(p").

Zg.”’ denotes dZS.” (p?)/dp?, which is momentum independent up to NLO.

> Fields redefinitions at NLO

(4) ¢, 2 @) 2

—~ 1 ’ Ea (m ) ~ 1 ’ Ea m,

a = (1 + 522? ) Aphy + m;_ WZQ Tphy » 11 = (1 + 5257%7) ) Tphy + ?7_( )aphy '
n a

1 1 1 1
NLO 2 2 2.2
Lo = §a#aphyaﬂaphy — §maaphy + §8ﬁ77phy8'u77phy - annphy

Perturbative calculation of the amplitude is performed by using fields variables apy,y and nppy, -
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<a(pa)7ri(p1)ﬂ-j (P2)‘T|"7(Pn)> - (27T)464(P?7 —P1— P2 — pa)Mn;ﬂ'iﬂ'ja(Sa ta ’LL) )
s=@1+p)° =miy, t=(pa+p)*=miy, u=(ps+p1)?

® Feynman diagrams up to NLO

(p1) m(p1) (p1)
W(Pﬂ) / m(p2) n(F,) / m(p2) n(Prr) Q/ m(p2)

a(pa) a(pa) a(pa)
m(p1) 7(p2) m(p1)
n(Fy) —ﬁ< m(p2)  n(Py) alpa)  1(F) a(pa)
a(pa) m(p1) m(p2)
® Parameters
Masses and F, [MeV] LECs L (p) at o = 770 MeV (in unit of 1073)
me mx my, Fr | Li L L L, L. L I L
137 496 548 92.1 | LO(1) 1.6(2) —3.8(3) 0.0(3) 1.2(1) 0.0(4) —0.3(2) 0.5(2)

[J. Bijnens and G. Ecker, Ann. Rev. Nucl. Part. Sci. 64, 149 (2014)]
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® [sospin amplitude

_ 1 1 1
M{I;W?ra - _EMWT"'W—G - ﬁMn;W‘ﬁa - ﬁMW;WDﬁ% = _\/gMn;mrm
_ 1 1
Mf,;ﬂ-im = _EMT];W"'?T_G + EMn;w—w"'a = O:
® Partial waves (PWs) in rr c.0.m frame
1 -l
MY (s) = —/ dcosOPj(cos M. (s, t,u), J=0,2,4,---,

® Unitary relation consider s-channel zmr contribution

ImMOJ (S + ZO+) - p'ﬂ"ﬂ'(s)MOJ (S)Ti'??rji)ww(s) ’ (2mﬂ' < \/g < 2mK) ’

mrra 1, T
ImM%E) (s +007) = prn () MG () TR0 C) (s),  (2ma < /5 < 2m) .
1 4m2 25 — m?
e = — ]_ _ T TOO=(2) — ™
P (S) 167T S ’ 1r7r—>1r7r(s) QFT?
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® Unitarized PW amplitude

00,L
MOQ,Uni(S) _ Mn;mra(s)
e 1 — G (8)T2%2) ()
1 m? or(s)—1
Grn(s) = — log —= — 04(s)log ———4—— —1] ,
)=~z (o8 ~on@on 20557 1)
Miza(s) = MuZE)(s) + MZEA(s) — Grn(s) MREI(s) Ton3(s) -
The unitarized amplitude satisfies the relation
MR (s) = prr(8) My (s) (Toasme(s) ™ (2mge < /s < 2m)
if we define the unitarized wm PW TN (g) =

B 1 - GWW(S)T’I???'i?)Tﬂ(S)
® Unitarized PW amplitude based on LO amplitude

00,(2
MO(_J,Uni—LO(S) _ Mn;ﬂ(ﬂg(S) -
e 1 — Grn(8)TanSan(s)
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® Pole position of f,(500)/c on the second Riemann sheet /s, = 457 £ i251 MeV

® o-an coupling varying with m,
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SUMMARY

® We study n — mra decay up to NLO in SU(3) ChPT.

® The unitarized decay amplitudes were further constructed to consider the s-channel
e final state interaction effect, which can cause 30% correction in the estimation of

partial decay width.

® We predict the branch ratio for n — mma decay by varying m, from 0 to m,, — 2m,,
but the result has a large uncertainty due to the error of LECs. To further pin down
the error bars of LECs will be helpful to give more precise predictions to n — mra

decay process.

Thank vou for listening

P ———————— Y0948 47127
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