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o Axion and axion-like particles

o Effective Lagrangian for an ALP coupled to the Standard Model
o Probe of ALP couplings through flavour observables

o ALP effective Lagrangian and weak effective theory

© B — Ka with QCD factorization

o Side remark: generation of new operators for ALP Lagrangian in the non-derivative basis




o Theoretically: Peccei-Quinn solution to strong CP problem. 3 i
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o More generally, axion-like particles (ALPs) arise as [Creative Commons]

pseudo Nambu- Goldstone bosons of spontaneously
broken global U(1) symmetry ——3 That’s what makes it light & weakly coupled

o Well-motivated experimentally as well, as we do not have conclusive evidence
for new states at the TeV scale. w3 New Physics could be light & weakly coupled




Effective Lagrangian in the UV

Most general effective Lagrangian for a pseudo-scalar boson a coupled to SM via classically shift-
invariant interactions: [Georgi, Kaplan, Randall (1986)]
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Below the electroweak scale, the ALP Lagrangian reduces to:
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With ¢, = Cyy, + Cgp, and the couplings to SM termions:

: 0"a
L term(H) = [uL ky(wy, up + gk, (Wy, ug + dp kp(wy, dp + dpk(u)y, dg + 0y k(w)y, vy + &, kg(p)y, ep + epk (w)y, eR]
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kU = Cps kg = kv = Cp ku,d,e = Cude kD = V(Jf*KM CQVCKM CC]iCIi - [kq]ii T [kQ]ii
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o  An alternative form of the Lagrangian which involves the non-derivative ALP-
fermion COuplingSI [Bauer, Neubert, Renner, Schnubel, Thamm (2020)]
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o  Relating the couplings of two Lagrangians:
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Observable Mass range [MeV]  ALP decay mode  Constrained  Limit (95% CL) on  Limit (95% CL) on
coupling ci; i (L) - VB cy/IVaVil- (BY) - VB

Br(K~ — 7 a(inv)) 0 < m, < 261 long-lived |kp + ka|12 1.2 x 107° 3.9x107°
Br(K;, — na(inv)) 0 < m, <261 long-lived Im[[kp + kg)12 8.1 x 10~ 7.0 x 107
Br(K~ — 7 49) ma < 108 Y \kp + kal12 2.1 x 1078 6.9 x 107°
Br(K~ = 77 9y) 220 < m, < 354 Y lkp + kd|12 2.0x 1077 6.5 x 1071
Br(K; — %) m, < 110 Yy Im([kp + k412]| 1.3 x 108 1.1 x 101
Br(Kp — %) ma < 36307 ¥y [Im[[kp + kd|12]| 1.3x 1077 1.1 x 1073
Br(K* = nta(ete™)) 1 < ma < 100 ete” lkp + ka2 3.4 x 1077 1.1 x 107
Br(K; — nY%%*e™) 140 < m, < 362 ete” Im([kp + kgl12]| 3.1 x 107 2.6 x 1072
Br(Ky — n%utp) 210 < m, < 350 ptp [Im[[kp + kd|12]| 4.0 x 107? 3.4 %x10°°
Br(B* = rete) 140 < m, < 5140 ete~ lkp + k4|13 7.0 x 1077 8.7 x 107
Br(B* = ntptu) 211 < m, < 5140#) ptp \kp + kal13 1.2 x 1077 1.4 x 107°
Br(B~ — K—vi) 0 < mg < 4785 long-lived \kp + kql23 6.2 x 106 1.6 x 101
Br(B — K*vi) 0 < mg < 4387 long-lived \kp — kal23 4.1 x 107° 1.1 x 1071
dBr/dg*(B" — K*%¢*e™)1.0,0.05) 1 <m, <224 ete lkp — kglas 6.4 x 1077 1.6 x 10-°
dBr/dg*(B® — K*’¢*e™)(0.05.0.15] 224 < m, < 387 ete” |kp — kal23 9.3 x 1077 2.4 x107°
Br(B~ = K~ a(u*pu™)) 250 < m, < 47001 ptp \kp + kal23 4.4 %1078 1.1 x 107©
Br(B? - K*a(utp~)) 214 < m, < 4350 ptp lkp — kqlos 5.1 x 10-8 1.3 x 10-6
Br(B~ = K~7%77) 3552 < m, < 4785 T \kp + kal23 8.2 x 107° 2.1 x107°
Br(D" — nV*te™) 1 <mg < 17300 ete” lky + kul12 2.8 x 107° -
Br(D" = ntete) 200 < mgq < 1730177 ete” |k + kul12 8.4 x 1076 -
Br(D} — Ktete™) 200 < m, < 14750%) ete lky + kuli2 2.4 x 107 -
Br(D* = wtputpu~) 250 < mg < 17300+*) ptp— |kt + kul12 2.1 x 10~ -
Br(D} - Ktpu*tu™) 200 < m, < 14750 putp lky + kul12 5.7 x 107° -

[Bauer, Neubert, Renner, Schnubel, Thamm (2021)]




Observable Mass range [MeV]  ALP decay mode  Constrained  Limit (95% CL) on  Limit (95% CL) on
copling i cij- (%) VB e/ IViVi- () - VB

Br(K~ — 7 a(inv)) 0 < mg <261 long-lived \kp + kal12 1.2 x 107° 3.9x10°°
Br(K; — n%l(inv)) 0 <m, < 261 long-lived Im[[kp + kg)12] 8.1 x 109 7.0 x 1077
Br(K— = 77 47) mg < 108 ¥y lkp + kad|12 2.1x 1078 6.9 x 107°
Br(K~— — 7~ v7) 220 < m, < 354 Ay \kp + kal12 2.0x 1077 6.5 x 1071
Br(K — 7%) mg < 110 1Y |Im([kp + kq)12]| 1.3 x 10-8 1.1 x 10-1
Br(KL — 7%7) ma < 3630%%) Ay \Im[[kp + ka]12)| 1.3 x 1077 1.1 x 107°
Br(K* — nta(ete™)) 1 < mgy < 100 ete” \kp + kdl12 34x 1077 1.1 x 107
Br(K; — nlete) 140 < m, < 362 ete” Im[[kp + kgl12]| 3.1 x107? 2.6 x 107°
Br(Kp — 1r°p+p_) 210 < m, < 350 ptp |Im[[kp + ka)12]| 4.0 x 107? 3.4x107°
Br(B* =+ nwfete) 140 < m, < 5140 ete™ lkp + kq|13 7.0x 1077 8.7 x 1075
Br(B* = ntptu) 211 < m, < 5140 e \kp + kal13 1.2 x 1077 1.4 % 107°
Br(B~ = K—vi) 0 < mg < 4785 long-lived lkp + kgl23 6.2 x 106 1.6 x 101
Br(B — K*vi) 0 < m, < 4387 long-lived \kp — kal23 4.1 %1078 1.1 x 1071
dBr/dg*(B® — K*%* e~ )19.0,0.05) 1<m, <224 ete~ lkp — kqla3 6.4 x 107 1.6 x 107°
dBr/dq*(B" — K% e )pos015 224 < mg < 387 ete” \kp — kal23 9.3x 1077 2.4 %107°
Br(B~ — K~ a(p*pu™)) 250 < m, < 4700 ptp \kp + kal2s 4.4 %1078 1.1 x 107°
Br(B" — K*Va(utp™)) 214 < m, < 4350 ptp |kp — kal2s 5.1 x 10-8 1.3 x 106
Br(B~ — K r+77) 3552 < m, < 4785 e \kp + kal23 8.2 x 107° 2.1 x107%
Br(D" — nl%*e) 1 < mg < 17300%) ete~ lky + kul12 2.8 x 107° —
Br(D* = ntete) 200 < m, < 17307 ete” kv + kul12 8.4 x 1076 -
Br(Df - Ktete™) 200 < m, < 14750%) ete~ lky + kylio 2.4 x107° -
Br(D* = atptpu~) 250 < m, < 17300+*) ptp~ kv + kul12 2.1 x 106 -
Br(D} = Ktptyu™) 200 < m, < 14750**%) ptp |kt + kul12 5.7 x 107° -

[Bauer, Neubert, Renner, Schnubel, Thamm (2021)]

o Comprehensive ALP Searches in Meson Decays

o ALPaca: the ALP Automatic Computing Algorithm

[Alda, Fuentes Zamora, Merlo, Ponce Diaz, Rigolin (2025)]




Observable Mass range [MeV]  ALP decay mode  Constrained  Limit (95% CL) on  Limit (95% CL) on
coupling i; i+ (BY) VB e/ IViiVisl - (%) - VB

Br(K~ — 7 a(inv)) 0 < my < 2611 long-lived \kp + kdl12 1.2 x 107 3.9%x10°°
Br(K; — nYa(inv)) 0 <m, <261 long-lived Im[[kp + kg)12] 8.1 x 107 7.0 x 107
Br(K~ — 7 4%) ma < 108 1Y \kp + kd|12 2.1 x 1078 6.9 x 107°
Br(K— = 77 47) 220 < mg < 354 ¥y \kp + kal|12 2.0 x 1077 6.5 x 1071
Br(Kj — n%yy) mg < 110 1Y |Im([[kp + kg12]| 1.3 x 108 1.1 x 101
Br(K — 7n'y9) ma < 363%%) ) \Im[[kp + ka)12]| 1.3 x 1077 1.1 x107%
Br(K* = nta(ete™)) 1 < mg < 100 ete” \kp + ka2 34 %1077 1.1 x107*
Br(K; — n'*e) 140 < m, < 362 ete” Im([kp + kg)12]| 3.1x 1077 2.6 x 1077
Br(Kp — n%utp™) 210 < mg < 350 ptp \Im([kp + kd]12]| 4.0 x 1077 3.4 x107°
Br(B* — ntete) 140 < m, < 5140 ete” kp + kql13 7.0 x 1077 8.7 x 1075
Br(B* — ntptyu) 211 < m, < 5140 %) ptp kp + ka3 1.2 x 1077 1.4 x 107°
Br(B~ — K vp) 0 < mg < 4785 long-lived kp + k4|23 6.2 x 106 1.6 x 10~
Br(B — K*vi) 0 < mg < 4387 long-lived kp — kalas 4.1 x 107° 1.1 x 1071
dBr/dg*(B" — K*%¢*e™)(0.0.0.05) 1 <m, <224 ete kp — kqlos 6.4 x 10°7 1.6 x 10~°
dBr/dg*(B® — K*'¢*e ™) 224 < m, < 387 ete kp — k 9.3 x 10~7 2.4 x 107
Br(B‘ — K~ a(p‘*p‘)) 250 < mq < 47001 prp \kp + kdl23 44 x 1078 1.1 x107°
Brib” — K alpm 1< m, < 459U [T D — Kaqlo3 A X 107" o X 10
Br(B~ = K~r%77) 3552 < m, < 4785 e kp + kal2s 8.2 x 107° 2.1 x107%
Br(D" — nl*e™) 1 < mg < 173014 ete~ ki + kul12 2.8 x 109 -
Br(D* = ntete) 200 < m, < 1730 ete” ki + kulio 8.4 x 1076 -
Br(Df - Ktete™) 200 < m, < 14750%) ete” ki + kylio 2.4 x 1075 -
Br(Dt — wtputp) 250 < m, < 17300+*) ptp ku + kul12 2.1 x 106 -
Br(D;" — Ktutu) 200 < my, < 14750**) ptp ki + kuli2 57 x107° —

[Bauer, Neubert, Renner, Schnubel, Thamm (2021)]




[Bauer, Neubert, Renner, Schnubel, Thamm (2020)]

[Chala, Guedes, Ramos, Santiago (2020)]

o UV theory
Peccei-Quinn symmetry
breaking ( Matching w
A = 4xf L )
SM + ALP RGE;
( )
~ 100 GeV L EWSB and matching J
SM’ + ALP’ RGE;
~ 50 GeV [ Matching }

RGE;
WET + ALP”




Weak effective interactions

© For B-meson decays mediated by b — s flavor-changing neutral current transitions in the SM, the effective weak
Lagrangian obtained after integrating out the top quark and electroweak gauge bosons consists of local four-quarks
operators and dipole operators:
[Beneke, Buchalla, Neubert, Sachrajda (2000)]

Qf = (5; pi)(V—A)(pj bj)(V—A) Qg = (5; pj)(V—A)(pj bi)(v_A)
O3 = G b)v-n D, @4 v-a 0y = ;b)) Z (39D v p——
1 q=u,d,c,s,b

Qs = (5;0)(v-a) Z (G ) (v+a) Qs = (5;0)(v—-a) Z (G 9D (v+a)

B emy, _ ,Uqu b F . sy _ ﬂV a a
7, = 550 (1+7rs)b F, Og, = 87:2S0 (1+y5)t bG,,

o Weak effective Lagrangian: [Buchalla, Buras, Lautenbacher (1995)]
<. Weak Z Ay Cl(ﬂ) Oy (1) + Cy(w) Q5 () + 2 Ci(w) Qi) + G, () Q7 () + Cyo(p) Qgg(ﬂ) +h.c.
p=u,c i=3,...,6
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B —» Ka in QCD factorization

o The QCD factorization approach allows one to systematically separate the short-distance contributions to the hadronic

matrix elements from long-distance hadronic effects:
[Becher, Hill, Neubert (2005)]

I -B—K/. 2 [P dw 11 K B Aqep
<Ka|Ql?’|B>=TiFO m)H)+ | du| — T (u, o) fx P (u)fz P (w)+ O
Jo Jo @

(<

o Hard-scattering kernels: TZ.I’H are assoclated with short-distance dynamics.

o Form factor:

< K|5v*b|B > =

are assoclated with
long-distance, non-
perturbative dynamics.

ifx X « . Dkt ®Ew) ®r 9
— O™ (u) — O —io + io,, p*
4 {%K}/S ( ) HKY5 ( p /JI/pK 7 6 /,wpK 6 akJ_y

1+/ B B / 0 _
) ) {(D+(60)/+ (D_(G))< — wyﬂm) } Y5

n* = (1,0,0, + 1)

= (1,0,0, — 1)

Upalaparna Banerjee| JGU Mainz | THEX 2026 11



O Four vectors of B-meson, Kaon and the ALP momenta:

5= B T P~ oK T op . 2 “Tmg 2 B2

n* = (1,0,0, — 1)

© The momentum carried by the partons inside the mesons:

n* n”
© B-meson:  py=myiEkt, pp=l=lomtl o+l

o Kaon: py = ukgn" + kf, p,,’-f = (1 —uwEgn” — kf

o Kaon is collinear, depending on the mass of the ALP, the ALP becomes either anti-collinear or hard anti-collinear.




o Form factor correction:
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B — K a :Diagrams and scaling relations

o Form factor correction:

Q- - -

k,+ Kk a a
i d(B* — K*a) = — 476653 2 - 42 | (73838 x 1075 — 1.14459 x 10~%%) C]’f’ M) Css

a

C cy
+(4.32518 X 1078)—< — (2.65284 x 1077 + 1.0981 x 107%) -2
o Weak annihilation: f f

Vv a

¢ C
+(2.65284 x 1077 4 1.0981 X 10—91')% +(2.65284 X 10~ + 1.0981 X 10—91')%

C
—(7.15689 x 10719 — 1.10249 x 10—10i)CG7G +(1.35574 x 1071 = 9.19518 x 10—161')%

o Hard spectator scatteri.
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Appearance of new operators in non-derivative basis

o The presence of the weak operators modifies the usual SM equations of motion for the fermions, and when we use
integration by parts on the derivative-involved ALP—fermion operator together with these modified equations, new
higher-dimensional operators appear:

' G
3%5&7) =%([ky]zz— [kplss) 72 D A [Cl(ﬂ) Q")+ C(w) QX(w + ) Ciw) Qi(ﬂ)]

p:u,c l:3,,6

la

f

G
([kp]zz — [kd]33) T}; /It [C7y(//l) Q7y(/4) + ng(ﬂ) QSg(ﬂ) + h.c..

o Weak annihilation diagrams to consider in the non-derivative basis
b : S b | S
|
q q q q

Upalaparna Banerjee| JGU Mainz | THEX 2026 15



Conclusions

o Axions and ALPs belong to a class of well-motivated light BSM particles with weak couplings to
the Standard Model.

o They can be probed across a wide range of experiments: from astrophysical/ cosmological,
flavor, high energy colliders to precision measurements, depending on the mass window we are

looking into. Rare meson decays like B — K a, provide strong bounds for ALPs of few GeV mass
range.

o We separate short-distance physics from long-distance, non-perturbative physics through QCD
factorization approach.

o Apart from direct flavor-violation from the ALP-fermion couplings, we consider flavor-violation
through the weak effective operators while the ALP-fermion couplings are flavor-conserving.
Numerically these effects are much suppressed and can be neglected in a dedicated phone
analysis.

o If we work in the non-derivative basis of the ALP operators along with weak etfective operators,
we would need to add new higher dimensional operators in our calculation as well, to be able to
get the complete result.
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Thank you for your attention!
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