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Probing ALPs with K — 7ra
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based on 2308.16903 and work in progress with A. Galda, M. Neubert and D. Wyler




Looking for ALPs with flavor

Low-energy weak processes impose some of the most stringent “particle bounds” on
ALP couplings. Here focuson K — 7ma :

e has been studied for a long time, starting with Georgi, Kaplan & Randall in 1986

e previous calculations used implementation of weak currents in the chiral
Lagrangian. “Real” branching ratio is ~ 37 times larger [Bauer, Neubert, Renner, Schnubel (2021)]

e strongest particle constraint on ALP couplings to gluons and light quarks for
m, < mg —m, ~ 354 MeV
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Looking for ALPs with flavor

Low-energy weak processes impose some of the most stringent “particle bounds” on
ALP couplings. Here focuson K — 7ma :

e has been studied for a long time, starting with Georgi, Kaplan & Randall in 1986

e previous calculations used implementation of weak currents in the chiral
Lagrangian. “Real” branching ratio is ~ 37 times larger [Bauer, Neubert, Renner, Schnubel (2021)]

e strongest particle constraint on ALP couplings to gluons and light quarks for
m, < mg —m, ~ 354 MeV

Only LO calculation in yPT. What happens at NLO?

In this talk: - Inclusion of the ALP in the QCD and weak chiral Lag. at LO and NLO
- Some details on the calculation
- Discussion of the results

June 2024 | | Capri 2 Claudia Cornella | | JGU Mainz



Effective ALP Lagrangian at low energies

Start from the ALP+SM effective Lagrangian around p,, = drF, ~ 1.6 GeV.

[Georgi, Kaplan, Randall (1986)]

Only light flavors: g=(u,d,s).

soft breaking of shift symmetrya — a +c¢ anomalous couplings to gauge fields
1 m20 a a
Log=L + =(0,a)(0%a) — —=a* +¢ ——G“G’“’“+c — = /7, ,FH
off QCD 2( wa)(0%a) 9 ey f '7747rf
o.a
(qLkoY qr + qrk Y qr) '
f e AR a e alp decay constantf >> v

derivative couplings to fermions
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Effective ALP Lagrangian at low energies

Start from the ALP+SM effective Lagrangian around p,, = drF, ~ 1.6 GeV.

[Georgi, Kaplan, Randall (1986)]

Only light flavors: g=(u,d,s).

soft breaking of shift symmetrya — a+ ¢ anomalous couplings to gauge fields
Log =L CD+1(8a)(8“a)—m—20a + cog =2 = G2 GHP + Cpy = B B
e Q 2 2 4 f Yy 47T f
o.a
(qrkov"ar, + GrkyY qr) , . .
f U P alp decay constant f >> v

derivative couplings to fermions

A chiral transformation can be used to remove the ALP-gluon coupling:
[Srednicki (1985); Georgi, Kaplan, Randall (1986); Krauss, Wise (1986); Bardeen, Peccei, Yanagida (1987)]

a(z) = e F (@) (kg) = Kyt K+ Ky = 1

The K, must drop out of physical predictions!
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QCD chiral Lagrangian at O(p2)

Below y, = 4zF, ~ 1.6 GeV, the light pseudo-scalar mesons 7,7, K take the place of
quarks and gluons. We describe them using Chiral Perturbation Theory ( yPT ).

o
e Dofs  Xy(z) = exp % d(xz)|, ¢(x) = A 7%(x) det 2o =1
meson decay constant F ~ F_= 130 MeV
. Power counting 4 ~ —2— So~v 1 (@) ~ A"~ p
ArF

« Symmetries  gauge symmetry, G, = SU(3), X SUQ)g form,6 — 0: Xy - g, X g;

The most general Lagrangian invariant under G)( IS

L4 = " (D,3) (D)
QCD 8 p~0 0
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QCD chiral Lagrangian at O(p2)

Below y, = 4zF, ~ 1.6 GeV, the light pseudo-scalar mesons 7,7, K take the place of
quarks and gluons. We describe them using Chiral Perturbation Theory ( yPT ).

o
e Dofs  Xy(z) = exp % d(x) |, ¢(x) = A 7%(x) det 2o =1
meson decay constant F ~ F_= 130 MeV
. Power counting 4 ~ —2— So~v 1 (@) ~ A"~ p
ArF

« Symmetries  gauge symmetry, G, = SU(3), X SUQ)g form,6 — 0: Xy - g, X g;

The most general Lagrangian invariant under G)( IS

5 2 = 2Bym
Wy r Jr Ia X 077tq
Lcp = 5 (Do) (D"SH) +- 08T+ 2xF) gt

Quark masses break Gx in a specific way: incorporated as spurions.
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QCD chiral Lagrangian at O(p2), with arbitrary sources

Any interaction of quarks & gluons can be written in terms of sources

~

Leg 3 q(z) [lu(x) Y Pp +ry(z) v*Pgp — 5 + 175 p]Q(x) — g_; 0(x) Gf’w(a}) G (x)

These break G, in a specific way,
and can be treated as spurions by assigning them transformation properties under G)(:

2By(s+ip) = X = 91X 9k, L= grl.gl, .= grTugh
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QCD chiral Lagrangian at O(p2), with arbitrary sources

Any interaction of quarks & gluons can be written in terms of sources

Qs

=2 9(w) G, () G (2)

Leg 3 q(z) [l“(a:) Y Py + ru(x) v Pr — s + 175 p]q(x) —

These break G, in a specific way,
and can be treated as spurions by assigning them transformation properties under G)(:

2Bo(s+ip) = X = 9rX9k> L= 9rlugL,  Tu = 9RTuIR
In presence of a @ source,
Gy =SU@B),xSUB)r — G,=U@B)LxU@B)r
detSy =1 — detX(z)=e @
Yo(z) — X(z) = e~ 20() ra Yo(x) e~ 20(®) ra
0 transforms non-linearly under G/, instead D0 = 0,0 — 2 (a,,) is asinglet of G,

T, — 1,
2
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The ALP as a source

For the ALP, the sources are

s, s,
s=mgy, p=0, l.(z)=Fkg ”’C}(x) , ru(z) =k, ”C;(x) , B(x) = —2cqq %:B)‘
So the QCD chiral Lagrangian at O(p?) including the ALP is:
(p?) _ F_2 py\ t n o Ho p 12 o
Locp = 2 (DY) (DFE)" + xXET + ExT) + 5 (Du0)(D*0) + 5Ma0 @
AN /

ALP kinetic energy and mass

X = QBO (S -+ Zp) = 2B0 my

1D, =10,X 4+ (QeA, +1,) X — X (QeA, +1,)
f? AN /

Hy = (2ecc + (c"'))z chiral ALP currents
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The ALP as a source

7Ty, a and 1g undergo both mass & kinetic mixing. As a consequence™,

e non-perturbative contribution to ALP mass (also for mao # 0) [Bardeen et al. (1978);
Shifman et al. (1980);
Di Veccia, Veneziano (1980)]

F? m2
2 2 a 2 a a a \2
m, = Mg {1 T [A + Hy ({c") + 2cqq)” + 2 (2 — mZ ) (ct —ca) ] } Vi P
~ a a a ~ 2
4+ 02 F2 m;zro F2 ((Cuu + Cdd — 2633) mc2L,O + 2CGG (mc2t,0 — mio))
GG T ~ ,

v
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The ALP as a source

7Ty, a and 1g undergo both mass & kinetic mixing. As a consequence™,

e non-perturbative contribution to ALP mass (also for mao # 0) [Bardeen et al. (1978);
Shifman et al. (1980);
Di Veccia, Veneziano (1980)]

F? m?
2 _ . 2 a 2 a a a \2
Mg, = My g {1 — 4—f2 [A + Hy (<C > + 2CGg) + 5 (mio — mg,o) (Cuu — Cd,d,) ] } V(o) A
~ ~ 2
+ CQ F2 mgro . F2 ((Cgm T C?ld o 26(;3) m?z,O + QCGG (mz,O o m721—0))
GG 9f2 24 f2 m2, —m?, !
o >
e Field redefinitions needed to work with physical fields:
fr
o TT0,phys 1 0 f 9”0 @ 2
s | = B nspnys | R=| 0 1 .| +0 (f—g)
a a’PhyS fTWHaﬂ'o fTWHang
0 M123 - mi,o Zi3  F (¢, — C1) mg,o — 2caa (K _é"'?d) mio
0, — — — = — ~ 5 5 N Sl
e m2, —m2 f 22 (M2, —mZy) x, dependence must drop

in physical amplitudes!
*all expressions in the isospin-conserving limit m, = m,
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QCD chiral Lagrangian at O(p?)

Gasser & Leutwyler constructed the O(p4) QCD chiral Lagrangian in 1985, under the
assumption 6 = (a,) = (v,) = 0.

With an ALP, these assumptions no longer hold: need to extend the basis including
operators containing 6, (a,) in the invariant combination D 0!

7 O; ['; [Herrera-Siklody et al. (1997)]
1 (L)’ 2 i 0? I
2 (L) (L) | 2 L[ ~@D,6) ()] 0
4
O e A Building 2 | ~(DO) (L"S) | =3
4 (L?) (S) s blocks 3| (D.9) (LFL?) | ©
3 <L2 S > % Definition
2 _ _
§) <S> % S XZT + EXT ...... D mq(quR + C[RqL)
2
7 —(P) 0 P i(XET — BXT) wotn im(G 195 — Gr4r)
] %<S2 — P?) % L, Yi(D,X) > qry,4r
Wi | 2(DuLy+ D,L,)
D6 0,0 —2{(ay)
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QCD chiral Lagrangian at O(p?)

low-energy constants (LECs) anomalous dimensions (all known!)
d—4
(0) _ 1(0) () _ K 2
2.00
. 0 .
No estimates for Ll.,r exist. 150
1.00
There are estimates for some L;, < 0.50
at 4 = m, from fits to low-energy 5 0.00
data & lattice, with 6 ~ 10 - 100% °°2 —0.50
[Bijnens et. al (2014); HPQCD (2012)] —1.00k B
—1.50F [HPQCD (2012)] -
9200l e N P I
0 500 : 1000 1500 2000

p [MeV]
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Non-leptonic weak chiral Lagrangian at O(p2)

To build the chiral Lagrangian for non-leptonic weak decays, start from the AS = 1
WET Lagrangian and classify its operators in reps of G,. [see e.g. Pich (1985), {1990)]

Neglecting em penguins, one has operators transforming as (8., 1r) or (27., 1r) of G)(‘

I 1 : : Cronin (1967), B d et al. (1985
Their chiral representation is: [Cronin (1967), Bernard et al. (1985)]

, A eeeeeeeees ettt nen,, iSRSy
o) — & [Gg Np Lo DY) + GL(ALS) i+ G 0387 + G2 O3+ h.c.}

weak 4

* o %o »
--------------------------------------------------------------------------------------------------------------------------------------

On? = Luso Lty + Lusi LYy + 2L, 5514, — 31,501k
O3 = Lyusa Lty 4 Lusi Ly — LysaLh, .

G
e proportional to Fermi constant: G; = —71; VieaVus 9i

o A, =1/2(4Ag+i4;)selects s — d transitions

o Lﬂ, S represent the currents qry.q; and mq(éLqR + grq;)

« ” . [Bernard, Draper, Soni, Politzer, Wise (1985);
e “weak mass term” (4,.S) unobservable in the SM o o o osa)
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Non-leptonic weak chiral Lagrangian at O(p2)

To build the chiral Lagrangian for non-leptonic weak decays, start from the AS = 1
WET Lagrangian and classify its operators in reps of G,. [see e.g. Pich (1985), {1990)]

Neglecting em penguins, one has operators transforming as (8., 1r) or (27., 1r) of G)(‘
Their chiral representation ic: [Cronin (1967), Bernard et al. (1985)]

F4 .........................................................................................................................................
L) — T [Gg AL LI + Gy (AS) 1 Gt Oy + Gop” 037 + h.c.}

1/2
+ G5 (D,0) (N, L) O = Ly L4y + Lusi Ly + 2Ly Ly — 3Lusa Ll
| O3 = Lysa Ly + Ly Lty — Lo L.

%o *
-------------------------------------------------------------

And with the ALP? ° weak mass term is no longer unobservable
« New octet operator D/ﬂ !

June 2024 | | Capri 11 Claudia Cornella | | JGU Mainz



Non-leptonic weak chiral Lagrangian at O(p2)

To build the chiral Lagrangian for non-leptonic weak decays, start from the AS = 1
WET Lagrangian and classify its operators in reps of G,. [see e.g. Pich (1985), {1990)]

Neglecting em penguins, one has operators transforming as (8., 1r) or (27., 1r) of G)(.

Their chiral representation ic: [Cronin (1967), Bernard et al. (1985)]
(p ) F4 ................................................... , ............................. 1/2 ....... 1/2 .............. i /2 ....... 3/2
Lo =1 [Gg (ALLLF) + Gl (A,S) i+ Gy O + G O3 b
+ G5 (D,0) (N, L) On” = Lusa LYy + Lyusi Ly + 2L, Ly — 3L,5Lh3

O3 = Lyusa Lty 4 Lusi Ly — LysaLh, .

o fromK — nm:  gg = 3.61 & (),28 octet strongly enhanced:
Gp 1/2 Al = 1/2 selection rule
Gi - TV:qus 8i ~ 0.033 & 0.003
2

g% ~ 0.165+0.016

o g8‘9 , 8¢ don’t enter processes without ALP, hence unknown
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Interpreting the new octet operator

The new octet operator is the chiral representation of

(Oua)

. a a a
~ . Cuu + Cdd + Css
> Caa — Cqa —|— 2

F? .
‘ZT(IL¢D<A+lf§ — QCQG(MX)

dry"sy, .

It accounts for the gluon-induced interactions of the ALP with FCNCs:

u@u Formally a two-loop effect,
d t,C d
> > but can be enhanced at low

—> —>
%é& %eé energies:
Jele CGG

I : M e, — (192 £0.04) cgq

[Villadoro et. al (2016)]
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Non-leptonic weak chiral Lagrangian at O(p2)

Because of the large enhancement of the octet
with respect to the 27plet, we only include octet
operators at O(p4).

Started from the basis of Ecker, Kambor & Wyler (1993).
obtained from the redundant basis of Kambor,
Missimer, Wyler (1989) via eoms, Cayley-Hamilton, IBP.

e only 19 out of 37 ops. are needed because
L _ - _
F,=90l,-90,1l,—ill,l]~00,a-090,a=0

(same for F;fy)

o ...but the Ecker basis is derived for 6 = (a,) = 0.

June 2024 | | Capri 14

0 W3 Z; | Z
1 (A\¢L2L?) 2 | 0
2 (N6 L, L*L*) ~110
3 (AL, L,) (L*L") 0 | 0
4 (NL,) (L*L?) 1 |0
d (Ae{S, L}) s | 1
6 (A6 L) (SLH) 5] 0
7 (A6S) (L?) —3 | 3
8 (X6 L?) (S) —3 | 0
9 i (\e[P, L)) 1| 1
10 (X6S?) 2 | 3
11 (A6S) (S) — | 1
12 — (Mg P?) -2 5
13 — (X\¢P) (P) 0 |0
19 (N6 [0, [L2, L)) -3 10
20 | 5 (e llu {Lo, W3]y | § | O
21 | — (X6 [l [S, LH]]) s |0
23 | —i{Xe [l { P L1 }]) 5 | 0
24 | —i (g [ly, L)) (P) 0 |0
28 | i€upe (NsL*) (LYLPL7Y | O | 0O
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Non-leptonic weak chiral Lagrangian at O(p2)

We find that the extension to
general case requires 9 additional
operators!

© 00 J O Ot = W N o=

(Duf) (Ae{L*, L7})
(Dub) (AsL¥) (L?)

(Du0) (ML) (L*L")
1€uvp0 (DM0) (N LV LP L)

; Wos 79 o [ 700
(D.0) Me{L%SY) | (2.66) (2.67)
i(D,0) (Ns[LH, P]) | (2.66) (2.67)
i(D,0) (Ne[Ly, WH']) Z3 Z3’
(D) (AsL¥) (S) —4 2

(0#D,0) (A P) Zg Zg’

OOOOOOOMH—'MIF—'S.N\
| =

[CC, Galda, Neubert, Wyler (2023) ]
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Non-leptonic weak chiral Lagrangian at O(p2)

[Ecker et. al (1993)] [CC, Galda, Neubert, Wyler (2023)]

poh _ G » N WS +ZN" Wy

weak = 9
1€S

S ={1,...,13,19,20,21, 23, 24, 28}

weak LECs Anomalous dimensions

G,
N; = Ni (1) + A (Z + G_8 Z’) - Ecker (1993) i€ S,
8

- ...also practically unknown

NzezNZ?fr(u)jL)\(Z"JrG—SZ"’ g 299> i=1,...,9.
8 8

unknown .
we determined* them requiring poles cancellation in K — 7a
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On the weak mass term

Without external sources, the weak mass term

can be removed with the redefinition

gL:1—|-iCkL
gr =1 +1ap

June 2024 | | Capri

Y=Y =g Y9k

ms+md

ar = GLF? o De md) A7

(ms_md Mg + My
<m8—|—md ms—md>
_ Ao

mgs — My ms+md

R — GéFz
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On the weak mass term

Without external sources, the weak mass term L(pQ)

can be removed with the redefinition ¥ — ¥’ = ¢; % g;f%

mgs — My mg + mq
mg + mgq ms — My
A7

ms +Mm mMms — M
ngl—I—iaL @L:GéFQ( d—l— d))w

8 mes — My ms + My

With the ALP, the redefinition leaves a remnant:

2
£ =Tl ]L# + liow, r,]R¥)
oc 4 [((holaa  [hlas) Ao + Re ot (VB s = o)

vanishes for flavor universal ALP!

We use the weak mass term in its transformed form to get rid of tadpoles at O(p?2).
Important: need to perform the redefinition also in the QCD O(p#) Lagrangian!
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K — ma at O(p2?)

We work to first order in 1/fand G.

Depending on the origin of the s — d transition, distinguish:

“direct” contribution: “indirect” contribution:
flavor-violating ALP coupling to s,d Gr x flavor-conserving ALP couplings
A = .AFV 4 .AFC (neglect contributions with both)
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K — ma at O(p2?)

We work to first order in 1/fand G.

Depending on the origin of the s — d transition, distinguish:

“direct” contribution: “indirect” contribution:
flavor-violating ALP coupling to s,d Gr x flavor-conserving ALP couplings
A = .AFV 4 AFC (neglect contributions with both)

depends on a single ALP coupling (at ~ ,u)():
C;d — [kq + kQ]Sd
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K — ma at O(p2?)

We work to first order in 1/fand G.

Depending on the origin of the s — d transition, distinguish:

“direct” contribution: “indirect” contribution:
flavor-violating ALP coupling to s,d Gr x flavor-conserving ALP couplings

A= APV 4 AFC (neglect contributions with both)

*
o ‘e
*
* L3
0
k K

depend ingl ling (at ~ 4):  AFC G F;my calP 4G, e
epends on a single ALP coupling (at ,u)(). AFC — Z AG,caLp

2f
j— [kq_l_kQ]Sd CALP7G
1/2 2
G e {Gs,GY, Gk, Gl Gl

CALP € {EGGv anm (C?id + Cgs)v (ng o C?S)? (C&]d o C:s)}
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K — ma at O(p2?)

We work to first order in 1/fand G.

Depending on the origin of the s — d transition, distinguish:

“direct” contribution: “indirect” contribution:
flavor-violating ALP coupling to s,d Gr x flavor-conserving ALP couplings

A=AFV 4+ AFC (neglect contributions with both)

-
0 ‘e
o ‘e
o
ke K

depend ingl ling (at ~ 4):  AFC G F;my calP 4G, e
epends on a single ALP coupling (at ,u)(). AFC — Z AG,caLp

2f
j— [kq_l_kQ]Sd CALP7G
1/2 2
G e {Gs,GY, Gk, Gl Gl

earp € {éaa, s (€ + c5), (cha — ) (¢ — b))

dy"d and §y*s are not individually conserved in presence of weak interactions
— flavor-diagonal ALP vector couplings are observable in FCNCs!
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K — ma at O(p2?)

Legend
) ta ol = wp

direct contribution > | : o gﬁgp’i
K - - ¢ A O weakp?

“indirect” contribution

o the K, dependence cancels exactly

e |sospin-breaking corrections are below 1%, it’s safe to neglect them at NLO
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K — ma at O(p?)

We do not consider neither O(p#4) corrections to the 27-plets, Legend
nor isospin-breaking terms. - B QCDp?
® Weakp
CD
The NLO amplitude takes the standard form: o \?veakpp“
Anvo = ( v Z ZK - 1) Aro + A(P )2 , AF, Agplo)op ‘A‘Efee)
- : : “&

e ‘i' tree diagrams with
external leg p* shifts of masses one O(p4) insertion
corrections & decay constant w

g1 d%;(p?) 1PI 1-loop diagrams
v dp? | a2 with O(p2) insertions, 0

7

at most 1 weak vertex

; i

Q- _Q

®

01
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K — 7ma at O(p?)

i @)
Q O : 21 + 10 topologies Legend
. | | = 89 + 11 distinct diagrams - W QCD p?
! | | ® Weakp
0 6 o
. , @ Weakp
i
PN S Rl S B
. . , o I "
a

HoNue Yo RIS I G

@)

[1----

@@QF
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K — ma at O(p?)

i @)
Q O | 21 + 10 topologies Legend
, . —— 89 + 11 distinct diagrams - H QCD p*
! | | ® Weakp
0. O O ¢
, , O weakp?
i
S R B
LN LN : I o
5
: I I —~ A\ . A\ :
—;Qk ag: We removed ax, and ang mixing at LO, but :
both appear again at NLO. "
We treat these terms as interactions!
Q-— A-Q Q-— e\l : - : |
. o eoe e :

@@QF
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K — ma at O(p?)

The result satisfies two important consistency checks:

e again, the K, dependence cancels

e UV divergences cancel.

As a byproduct, the explicit 4 dependence of the remaining (finite) result is cancelled
by the 1 dependence of the various LECs.
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K — ma at O(p?)

The result satisfies two important consistency checks:

e again, the K, dependence cancels

e UV divergences cancel.

As a byproduct, the explicit 4 dependence of the remaining (finite) result is cancelled
by the 1 dependence of the various LECs.
Consistency with the literature - poles with FV ALP couplings canceled by the QCD

counterterms given in the literature

- for 0 = (a,) = 0 and Gg = 0, the poles of the indirect
contribution are canceled by the weak CTs of Ecker
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K — ma at O(p?)

The result satisfies two important consistency checks:

e again, the K, dependence cancels

e UV divergences cancel.
As a byproduct, the explicit 4 dependence of the remaining (finite) result is cancelled
by the 1 dependence of the various LECs.

Consistency with the literature - poles with FV ALP couplings canceled by the QCD
counterterms given in the literature

- for 0 = (a,) = 0 and Gg = 0, the poles of the indirect
contribution are canceled by the weak CTs of Ecker

~

...and some new information:  cancellation of the remaining poles « Gg €, G E56
& G gives conditions on the anomalous dims of W?®,
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K — ma at O(p?)

The result satisfies two important consistency checks:

e again, the K, dependence cancels

e UV divergences cancel.

As a byproduct, the explicit 4 dependence of the remaining (finite) result is cancelled
by the 1 dependence of the various LECs.

Consistency with the literature - poles with FV ALP couplings canceled by the QCD
counterterms given in the literature

- for 0 = (a,) = 0 and Gg = 0, the poles of the indirect
contribution are canceled by the weak CTs of Ecker

~

...and some new information:  cancellation of the remaining poles « Gg €, G E56
& G gives conditions on the anomalous dims of W?®,

Surprisingly, the amplitude has no absorptive part, in contrast with K¢ - z7z~,
where a strong rescattering phase is generated at NLO.
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Size of O(p?) effects: direct contribution

PV 2 > \ kd tkDlio xr
A __(mK__mﬂ'_) 2f FO (q
L0 I T
108 L . from Bij &
: 5.7 jnens & Ecker (2014)
1061
S LO4R LO+NLO
S
e 1.02+
; i
& 1.00f s
0.98 = ]
0.96]- r
0.94—....1....|...|....|....|....|....
0 50 100 150 200 250 300 350
mg [MeV]
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NLO correction:
small (<10%) over the entire

kinematically allowed mass range

negligible uncertainty, since it
depends on a single and quite well-
measured LEC, Ls . that enters o« m,,

FE=7(0) = (10 — 0.023x10)

[Leutwyler, Roos (1984)]
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Size of O(p?) effects: indirect contribution

Lots of unknown (mostly weak) LECs appear in the amplitude
— |limitation on the predictive power of our results

The best we can do is to assume that at “some” scale y, the unknown LECs are
small, so that they can be neglected.

On theory grounds, one expects a reasonable choice for y, to be the scale of
chiral symmetry breaking, pu, =~ 1.6 GeV, where the LECs are free of large logs.
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Size of O(p?) effects: indirect contribution

Lots of unknown (mostly weak) LEC
— |limitation on the predictive pow

The best we can do is to assume tha
small, so that they can be neglected

On theory grounds, one expects a re
chiral symmetry breaking, p, X 1.61

Works for QCD with y, ~ 1.4 GeV!
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Size of O(p?) effects: indirect contribution

2.00

1.50
Lots of unknown (mostly weak) LEC
— |limitation on the predictive pow 100

3 0.50
The best we can do is to assume tha S 0.00
small, so that they can be neglected 002 0.50
On theory grounds, one expects a re —1.00F J
chiral symmetry breaking, u, ~ 1.6 _150L |
: 2,00 Lo L1, S I

Works for QCD with y, ~ 1.4 GeV! 0 500 m,, 1000 1500 2000

p [MeV]

— we assume the unknown LECs to have a similar behaviour:
o setthemtoOaty,~ 1.4 Gev

e vary u, by /2 in both directions (1 - 2 GeV) to estimate model uncertainty
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Size of O(p?) effects: indirect contribution
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NLO
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+ L 4
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Weak dependence from the alp mass, except for m, ~ m
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Bounds on ALP couplings

Experimental bound(s) set by NA62:

[NA62 2021]

B(Kt - 71tX) < (3-6)x107" @90%CL mx € [0,110] MeV

B(KT - 77X)<1x10™"

@90% CL mx € [160, 260] MeV

Switching on one coupling at a time, they
can be translated into a lower bound on

the effective scale A = f7/| ¢;|.

The probed NP scales range from few to
tens of TeV.

Strong bounds on flavor-changing ALP
couplings call for a flavor symmetry in the UV!

June 2024 | | Capri 26

At [TeV]

Ci(fhy) me =0 | mg, =200 MeV
kp + kaliz | 2.9-105 | 3.0-10° )

caa™ 43 39

@ 1.5 2.0
Cad t Css 15

Clig — Cas™) 8 4
Yy — v (%) 23 22

(*) assuming gse = 0
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Bounds on ALP couplings for a flavor universal ALP

Consider a flavor-universal ALP at A = 4xf.

Reminder: flavor violating ALP couplings are anyway generated S w

at low energies via RGE! t
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Bounds on ALP couplings for a flavor universal ALP

Consider a flavor-universal ALP at A = 4xf.

a

Reminder: flavor violating ALP couplings are anyway generated
at low energies via RGE!

AZt [TeV]
ci(A) | me=0 | mg =200MeV
caa(N) 49 97
Eww(A) | 2.6 6
ége(A) | 0.02 0.04
éu(A) | 1.9-10° 4.2 -10°
Eq(A) 51 78

(assuming Gg =0, f=1TeV)
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Bounds on ALP couplings for a flavor universal ALP

Consider a flavor-universal ALP at A = 4xf.

Reminder: flavor violating ALP couplings are anyway generated -

at low energies via RGE!

AZt [TeV]
ci(A) | me=0 | mg =200MeV
caa(N) 49 97
E R BTG 6
égg(A) | 0.02 0.04
éu(A) | 1.9-10° 4.2 -103
Eq(A) 51 78

(assuming Gg =0, f=1TeV)

June 2024 | | Capri

a

This “direct” contribution dominates the

~/

bound on Cyy, Cpp, €,
NLO correction is small & precise...

= NLO bound is similar to the LO one!
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Bounds on ALP couplings for a flavor universal ALP

Consider a flavor-universal ALP at A = 4xf.

Reminder: flavor violating ALP couplings are anyway generated -

at low energies via RGE!

AZt [TeV]
ci(A) | me=0 | mg =200MeV
caa(N) 49 97
eww(A) | 2.6 6
égs(A) | 0.02 0.04
éu(A) | 1.9-108 4.2 .10
Za(A) 51 78

(assuming Gg =0, f=1TeV)
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a

This “direct” contribution dominates the

~/

bound on Cyy, Cpp, €,
NLO correction is small & precise...

= NLO bound is similar to the LO one!

The bound on ¢, ¢, instead comes from the

“indirect” contribution, which carries a largish
theoretical uncertainty....

= NLO bound 30-40% weaker than LO estimate
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Bounds on ALP couplings for a flavor universal ALP

Consider a flavor-universal ALP at A = 4xf.

Reminder: flavor violating ALP couplings are anyway generated

at low energies via RGE!

AZt [TeV]
ci(A) | mg=0 | m, =200 MeV
caa(N) 49 97
e O DI 6
égs(A) | 0.02 0.04
éu(A) | 1.9-108 4.2 .10
Ga(A) 51 78

(assuming Gg =0, f=1TeV)

a

This “direct” contribution dominates the

~/

bound on Cyy, Cpp, €,
NLO correction is small & precise...

= NLO bound is similar to the LO one!

The bound on ¢, ¢, instead comes from the

“indirect” contribution, which carries a largish
theoretical uncertainty....

= NLO bound 30-40% weaker than LO estimate

Still, K — ma remains the strongest particle-physics probe for m, < 300 MeV !
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Bounds on ALP couplings to nucleons

K — ma can be used to constrain the ALP couplings to nucleons.
Competes with several constraints from non-accelerator and astrophysical probes!

1071
1072

10~ 3 Torsion balance ‘

NASDUCK |

104 SINO
107°
107°
1077

Casimir

«— K — 7ma, current

‘gap|

—8
10 Neutron Star Cooling
102 SN 1987A

10—10 i

1 O —11
,\/% ,\io /,\/b& ,\‘/’.) ;Q» /\/\ /\/Q /Q o) A %) bA) N

( assuming flavor universal ALP & Gg =0)

10712
Yy p / / / / / /0') /%
AR NN N SIS IR IS
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Bounds on ALP couplings to nucleons

K — ma can be used to constrain the ALP couplings to nucleons.
Competes with several constraints from non-accelerator and astrophysical probes!

1071
1072

10~ 3 Torsion balance ‘

NASDUCK |

104 SINO
107°
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1077

Casimir

«— K — 7ma, current

‘gap|

—8
10 Neutron Star Cooling
102 SN 1987A

10—10 i

1 O —11
,\/% ,\io /,\/b& ,\‘/’.) ;Q» /\/\ /\/Q /Q o) A %) bA) N

( assuming flavor universal ALP & Gg =0)
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Yy p / / / / / /0') /%
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Conclusions

Weak meson decays are some of the most powerful probes of ALPs.
K — ma is a good example, and | discussed the associated challenges!

With this rigorous framework at hand, we aim to study other modes, e.g. K, — mya
andz~ — e va.

Open Questions and Future
Directions in Flavour Physics

TN\ November 4 — 15, 2024

@ https://indico.mitp.uni-mainz.de/event/372

4
MITP 5
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mtp

Mainz Institute
Theoretical Physics

Open uestions and Future Directions in Flavour Physics
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Size of O(p?) effects: indirect contribution

Contribution proportional to Gg (for m, = 0):

2 a2
Gs __ GSFT(' Mg

AL = = (1.88 - 0.88¢®) Ggq — (0.02 - 0.44¢®) ez,
— (0.48 — 0.442®) (c%, + c2,) + 0.54 (¢4, — cjgs)] |
- 1Gg G8F7? m%( ~ -3 a
iAo = =55 | (—0.25+0.43 4 0.61) éoq + (521 £1.03 4 6.52) - 107 ¢,

+ (0.06 & 0.11 & 0.16) (%, + %) — (0.27 £ 0.10 & 0) (%, — %)

SS

SS

+(0.24+0.23 +0.18) (¢ — ¢ )] ,

e Moderate NLO corrections with sizeable uncertainties due to O(15) unknown
weak LECs + uncertainty of some of the "measured” LECs, especially L, ,

e Crossed-out terms vanish for a flavor-universal ALP in the UV
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Bounds on ALP couplings: dependence on f

Bounds on the A‘;“ff depend logarithmically on f:

1000~ pef .
o AEGG
7000 | S |
= =
e 10 o
G
< 1 A
Cww
et -
0.1 AéBB __________________________ |
1 10 100 1000
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Bounds on ALP couplings: dependence on f
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Bounds on ALP couplings: dependence on gg,

Bounds on the A& : Agf depend on the (unknown) low-energy coupling gs,.

CGG
For 5GG: 5 B T T T T 1
c no bound
4 A
3_ 20 TeV E
2 i
¥ 40 TeV
1 .
O
gso U 60 TeV
—1F 9
_2F =
_35_ 80 TeV E
—4F =
C 100 TeV 120 TeV 1
_5 C C ool L \ [ I
1 10* 107 10°

fTeV]
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