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O Axion-like particles (ALPs)

* Motivated by the QCD axion and many BSM scenarios.

* Pseudo-Nambu-Goldstone boson (pNGB) from spontaneous U(1)pq breaking at A = 4nf > vgy,.
« Effective interactions: dim-5 (or higher) operators suppressed by A™1.

* Precision probes: intensity-frontier experiments (BESIII, Belle II, JLab, STCEF, ...).

* Flavor physics: rare meson decays strongly constrain ALPs with m, ~ MeV--GeV.

dBr/dg*(B — K*ce) By — By mixing

. . T = va(up)
O K+ - n*a decay provides most stringent 10° pu— P
particle-physics constraint. 10°
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 SM: K" - m*vv is theoretically very clean. — [ W g
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* Experiment: Precisely measured by NA62. £ e
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* Long-lived ALPs: K* — m*a has anidentical 7§ b Katn)
. . _ . - 10—1
missing-energy signature, e
; 1072
f = 5% 108 TeV assuming CJ, = 0(1). (Bauer; etal, 2022)
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[0 Status of K — ma calculations

® Pioneering EFT calculation (Georgi, etal, 1986)
v" First analysis of K — ma in a general EFT framework.
X Incomplete treatment of ALP terms in the weak effective Lagrangian.
X Resulting amplitudes depended on the chiral rotation scheme.
® Resolution (Bauer etal, 2021)
v Implemented the correct flavor-changing quark currents in SU(3) yPT.
v Obtained scheme-independent decay amplitudes.
v' Predicted B(K* - m*a) nearly 40 times larger than previous estimates.
® NLO calculation (Cornella, etal, 2024)
v Complete NLO analysis in SU(3) yPT.
v" Included novel ALP-induced operators.
v NLO corrections can be sizable; uncertainties are dominated by the relevant LECs.



0 Our motivation

® Previous studies
v Based on SU(3) yPT, where 1, is integrated out.

® Why go beyond SU(3)?
v n-n’ mixing is numerically important for processes involving 7.
v The ALP belongs to the same singlet sector as the 7.
v' Large-N; QCD matching requires the explicit inclusion of the n,,.

® We study K — ma decay at LO in U(3) yPT (large-N. yPT), including the explicit n, and the associated
new weak operators.

O Key question: How important are the explicit n, contributions to K — ma?



O Effective Lagrangian at quark level

O ALP effective Lagrangian up to dim-5 at yy, =~ 1.2 GeV (kaon decay scale) (Georgi, et al, 1986)
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|AS| = 1 FCNC ALP-quark couplings induce K — ma directly

O |AS| = 1 transition can also be induced by the SM nonleptonic weak interaction

- G
ﬁﬁfs' = - aVus Z ci(po) Qi + hec. ignoring higher-order electroweak corrections

\[ U

Q2 =4 (d_L'Y'uUL) (#ryusL) additional operators induced by non-factorizable gluon exchanges

» We match quark and gluon d.o.f. onto mesonic fields using Chiral Perturbation Theory



O QCD chiral effective Lagrangian in the U(3) framework

O SU(3) framework

O Inthe y-limit (my 45 — 0), Lg{::Ds exhibits a global chiral symmetry U(1), & SU(3); & SU(3)y in flavor space
3 ~
O U(1), is broken by the QCD anomaly 9, (¢7"5q) = bw(z) = f GG
T

O U(3) framework
O In the y-limit and the large-N; limit (QCD anomaly disappears), chiral symmetry group becomes G, = U(3), ® U(3)g

O It breaks down to H, = U(3)y by vacuum, giving rise to 9 massless Goldstone bosons

‘ g T + %"78 + \/%770 V27t V2K
U(z) = exp (zqﬁ}x}) ; ¢(z) = Z Xigi(x) = V2~ —7° + %778 + \/%770 V2K°
i=0 _
V2K~ V2K° — 51 + \/gno

* Under a chiral transformation (V, V¢) € G,, U(x) transforms as U — Vg UVLJr

O To reproduce the correct large-N, behavior of QCD, the U(3) framework is more suitable:
a) Inthe large-N, limit, there are nine pNGBs, not eight.
b) SU(3) yPT can be obtained by integrating out the n,. However, m,z7 0~ m?2 in the large-N, limit.



O G, is explicitly broken by the light-quark masses, U(1) 4 anomaly, and non-QCD couplings

External source method [ZS‘&D = [ZOQCD + qrY"'1uqr + @Y Cuqn — qr(s +ip)qr — qi(s — ip)qr _7

QCD chiral Lagrangian is constructed guided by local G, symmetry, discrete P and C symmetries, and Lorentz invariance

O Power counting rule: § expansion d, ~ p* = 0(61/2), Myas =0(8), Ng'=0(5).

Symmetry breaking effects from m,, 4 ; and U(1) , anomaly are introduced order by order

O Leading-order QCD chiral Lagrangian

E(gf) _ [ <D UDMUT + XUT Uy > F2M¢ M§ can be identified as the U(1) 4

12 anomaly contribution to the n, mass

\/_770

DU =8,U —ir,U+iUl,, x=2By(s+ip), X =1+, o=

Fix external fields to their “physical values”, one introduce symmetry breaking and non-QCD couplings
1/2 0 1

Chiral low-energy constants have their N scalings: F = O (N ) By = O(NC) ME=0(N;Y

v' With the external field 8(x) coupled to w, the aGG term does not need to be removed before matching onto yPT
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O Chiral rotation on quark field

1 d.a o P o a =
Let =Lqcp + 3 ad’a — §ma 00’ + T (qrkoY"qr + qrk qr) — CGG‘4_ ?GWG” - C’Y’YE?FMVFM
q(x) — exp (—Mq%CGG@) q(x), kg = diag (ku, K, Ks)
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ko(a) = kg + caarig+ Oa/f),  kqla) = kg — caary + Ola/f), s+ip= M(a),
M(a) = Me?iacecy [éGG = [1 — Tr(x,)] CGG]: 0 — o a
. = 2Cca
_ Coy = Coy — 2N Tr (£,Q2) coc - Tr(x,) is not necessary to be unity! Y f
Match onto chiral EFT v’ Physical amplitudes must be independent of k,,
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Log(kq) = §8u‘18 = 5Mapt CWZL?T waF + Eeff (Kq)



O U(3) chiral Lagrangian for nonleptonic weak interaction

Four-fermion operators Q;__¢ are decomposed into (8;, 1) and (27,, 1) representations under G
Construct |AS| = 1 chiral operators that have the same chiral structures

ﬁweak( )= [Z(Iis—.‘id cc;c;f QG Og - Gﬂ/)O'tb] [G1/201/2 4 G3/2O3/2D + h.c.,
induced by
chiralrotation ~ Og = (L,L"),, , O;f = D,y (L"),
— U7
L,=iU'D,U O3 = (L) gy (L) 1y + (L) (L9) 15 4+ 2 (L) gy (D)9 — 3 (L) gy (L)
Dy =—(Ly) 0342 = (Lyu)zo (L") 11 + (L) gy (L7)15 = (L) gy (L) -

« The weak LECs start at 0 (N2) in the large-N, expansion {Gg, GY, Gy, Gd/g} = O(NZ)

F4Gp v' Values of g; are determined from kaon weak decays
Gi=Gwgi, Gw= VLV, g
i = Wi, W = \/5 U3 (Cirigliano, el al, 2012)(Gerard, et al, 2005)
2 pt o pb .. O In N; — oo, non-factorizable contributions vanish, and the two color-singlet
NZ|o ' &Y o6

- currents can be matched independently onto mesonic currents
IAS|=1 4Gy
Ne| 60 &6 6 .- L

eff |Nc—>oo - N —75 VadVus (dL’YMUL) (ﬂL/YHSL) +h.c. = Gw (Ly)y, (LM)12+h-C-+O(p4)
Ng by 68

3 1 1 9
[gg‘NC_m 5’ 1/2‘NC—><>O: 15’ 3/2‘Nc—>oo§7][gg|NC—>oog]

v' consistent with the SU(3) values (Pich & de Rafael, 1991)
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O Mixings between fields A = (a, 7°, 15, 7o)
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ALP-meson mixing coefficients depend on k,
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® 7-n’ mixing at leading order
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v’ General n-n' mixing matrix

812) (77) Introduce higher-order corrections in -n’ mixing




O Leading order K — ma decay amplitude in U(3) yPT
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. O Three self-consistency checks:

Complete cancellation of the

k4 dependence

Recovery of the SU(3)
results in the M; — oo limit

Correct large-N. behavior of
the decay amplitudes
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O Large-N. behavior of the K — ma decay amplitudes

CALP _ -1
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2 2 3f 12
» The following PCAC relation can not be fully reproduced in SU(3) theory
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O A first look at higher-order effects: wm FSI

s T » Strong phases
1
> » |AIl = =rule _
& Al =2 -
(long-range
7T 7 enhancement)
WEFC 2
ImAK—Hm Z p"'”T (7r7r I)—>7ra (mK)a}}{E——}(‘,T'ﬂ',I) \
qtree J=0,LO 2
WFC,uni _ WFC tree + Z K—> (mm, 1) G"Tﬂ' (mK)T(TrW I—ma (mK)
K—ma K—)ﬂ'a

— Trnnn (M%) G (M)

. ddq 1
Gre(s) = =i [ oty e

s

\

/

(ﬁ‘F )—Hlsc

Determined by S-wave rr phase shifts

ImGrr(s + i€)

* How important is
ntrt FSI?

O K~: I = 2 only, definitely small by
the |AI| = 1/2 rule

O K° both! = 0and 2, potentially
significant

= 0(s — 4m3) prr(s)
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O Numeric discussion
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O Numeric discussion
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O ALP constraints from kaon decays

e Assume ALPs decay only into yy

* Switch on one ALP coupling (kaon scale) at a time
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O ALP constraints from kaon decays
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O ALP constraints from kaon decays
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Summary

O In this talk, we have studied the K — ma decay at leading order in U(3) yPT.

OO0 We verified that our treatment of ALP interactions in U(3) yPT is self-consistent, as the resulting decay
amplitudes are independent of the reparameterization parameters.

O U(3) yPT fully reproduces the large-N. behavior of QCD. We show that our amplitudes exhibit the correct
large-N scaling, especially for the ¢, contribution.

O Numerically, we found that the explicit n, contribution is small in the K — ma decay, whereas the new
weak operator unique to U(3) yPT gives a sizable contribution. This demonstrates the importance of

studying the K — ma decay within the U(3) framework.

Outlook

O Extending the present work to the complete one-loop calculation in U(3) yPT would be an important next
step toward a precision prediction of the K — ma decay. The main challenge is our limited knowledge of
the many weak low-energy constants that enter at higher orders. We hope that this difficulty can be
overcome in the future with the help of nonperturbative approaches, such as the large-N, expansion and

lattice QCD.

ThanKk you for your attention
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O Backup:

O The fraction of ALPs escape the detector:

T
n [ 6*P Ax; = Pa,LTo , = Fa—1>
exp __ exp ,exp 2 . max ma Yy
Fesc F(ma' To :B Lmax) = do sinf i Ax ’ XD (( R€XD r+ *
0 L Dol = VK (,8 E; + paCOSH)

 Long-lived: F,.F
° YY: (1

B(K - ma) < B(K - mXiny (lg]ip
Food )B(K = ma)B(a = yy) < [B(K - ma)B(a -y,
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