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Direct Detection

Perturbativity
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Direct vis à vis Indirect

SM

Assumptions

SM

NP

SM

a

SM

SM

SMN     P

SM

SM

SMSM

Assumptions? Maybe. 
But different. 

}
}

Exotic Signatures
   • Missing
   • Displaced etc

Precision SM
   • Branching Frac
   • Shape etc 

Assumption set B
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What do we bound?

• Indirect bounds are generally weaker

• More robust

• Can take care of flat directions

We bound f (C1,C2,C3)

C 1

C2

DIRECT

INDIRECT
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Axion-like Particles

• Goldstone boson (pseudo)

• Pion partner

• Portal between the visible and the dark sector

• Disregard everything else

• Think in the MeV range

Let me motivate one such scenario
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The W -boson tension

2412.13872 5



The solution

The process

MT

∣∣∣
p⃗miss
T =p⃗νT+p⃗ϕT

≥ MT

∣∣∣
p⃗miss
T =p⃗νT

The misfolding

↓ Unaccounted for NP background

↓ Folded into signal

↓ Bkg.
√
s and in-state dependent

↓ Misfolding manifesting differently

in different machines
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Results

Λeff = Λ/κ
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Bounds

Disentangling Λ and κ

•pp →W → ℓ+ pmiss
T

•pp →WW → eµ+pmiss
T

• ATLAS

1603.09222

• ATLAS

1905.04242
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Model (example)

• Also check:

• Agashe, Airen, Francheschini, Kim, Kotwal, Ricci, Sathyan, JHEP 2025.

• Agashe, Airen, Francheschini, Kim, Kotwal, Ricci, Sathyan, PLB 2023.
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The Lagrangian we want

Theory of light mesons and an ALP: aχPT

•LaχPT = LSM
aχPT + La

aχPT•

ℒaSMEFT

Energy

ℒaHQℒaLEFT

ℒaHEFT

ℒstuff
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Overview

Axion Couplings

T1: aGG̃ , aWW̃ , aBB̃

T2:
∂µa
fa

[ C i
L q̄

i
Lt

a
ij q

j
L + C i

R q̄iRt
a
ij q

j
R ]

T3: q̄L

[
e ix

a
LTaa/faMq e ix

b
RTba/fa

]
qR

The ‘bare’ mass

• 1
2m

2
aa

2

• qL/R → SU(3)L/R 3

• Mass from QCD anomaly

• Rotate aGG̃ etc away

• qR → e i
a
fa qR

• Redef Invariance
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Field Redefinition

L ⊃ 1

fa
∂µa

(
Ok(ϕi) +Ol(ϕiϕj) + · · ·

)
+

Λ

fa
a
(
Op(ϕi) +Oq(ϕiϕj) + · · ·

)

ϕi ≡ {π0, π±,K0,K±, · · · }
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Field Redefinition

• L2p = ∂µ

(
π0 η a

)
K(ξ) ∂µ



π0

η

a


+

(
π0 η a

)
M(ξ)



π0

η

a




•



π0

η

a


→ RM × RK



π0

η

a




• RM × RK ≡ 1 + ϵ




0 1 0

−1 0 0

0 0 0


+ ξ




0 0 ✓

0 0 ✓

✓ ✓ 0


+ ξ2



✓ ✓ 0

✓ ✓ 0

0 0 ✓




• ✓ ≡ Functions of Wilson coefficients, Ci

ξ ≡ fπ
fa 13



The Lagrangian we want

Theory of light mesons and an ALP: aχPT

LAχPT = LSMAχPT + LaAχPT
• In the flavor basis

• a–π0 2P functions → redefined π0

• a O(π0, π+, j
µ
±, · · · )→ redefined vertices

=⇒ π0 O(π0, π+, j
µ
±, · · · )




â

π̂0

η̂


 =



Caa Caπ Caη

Cπa Cππ Cπη

Cηa Cηπ Cηη







a

π0

η




Caπ ̸= Cπa

Observable Effects

• Goes on to mess up light-Meson mass spectrum

• Modifies the ⟨π0|O|0⟩ form factor ←−
• Modifies the ⟨K+/π+|O|π0⟩ form factors ←−
• Modifies Meson decay Sum rules ←−

(!) Also check: Bauer et. al., 2102.13112, 2012.12272
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Form Factors: Field Redefinitions

• ⟨f |Oµν |i⟩ = F1(p · p)gµν + F2(p · p)pµqν + · · ·

• ⟨π0(pπ)|s̄γµu|K+(pK )⟩ ≡ 1√
2

[
f K+π0

+,SM (q2) Qµ + f K+π0

−,SM (q2) qµ
]

• ⟨π+(pπ)|s̄γµu|K 0(pK )⟩ ≡ f K0π−
+, SM

(q2) Qµ + f K0π−
−, SM

(q2) qµ
• Qµ = pµK + pµπ ; qµ = pµK − pµπ

•
f K+π0

+ (0)

f K0π−
+ (0)

= 1−
√
3 ϵ− ξ2f (Ci )

(
ξ2

C3
8

[
C3
A + C3

LR + 2
√
3C8

LR

])

• f K+π0

− (0) = 0 at LO in the SM

→ Modified differential width spectra ←
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A model Lagrangian

L ⊃ ∂µa

fa

[
C3R qRγµt3qR + C8L qLγµt8qL

]
−1
2
m2

aa
2−C 8

LR a qLMt8qR+h.c .

qL(R) =



uL(R)

dL(R)

sL(R)


 ; M = diag(mu,md ,ms)
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Semi-leptonic and Hadronic decays

• Semi-leptonic K decay: K+ → π0ℓ+ν

◦ Experimental Data from NA48/2

⋆ Standard Model Results from Lattice

• Hadronic τ decay: τ− → π0K−ν

◦ Experimental Data from

– BaBar

– IsoSpin partner channel for Belle

– Projection for Belle-II (Luminosity scaled errors)

⋆ Standard Model Results from IsoSpin partner channel at Belle

∗ Partner channel: τ− → π−KSν
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The K+π0 form factor

Lagrangian (at LO)

L = iGFVs̄u

[
f +
SM(q2){K+∂µπ0 − ∂µK

+π0}+ f −
SM(q2)∂µ(K

+π0)
]
j µ−,ℓ

q ≡ pK − pπ

Amp squared (with HO)

|A|2Kl3
= 2G 2

F |Vs̄u|2Ccor(2H · pℓ H · pνℓ − H2pℓ · pνℓ)

Hµ ≡ f K+π0

+,SM (q2)Qµ + f K+π0

−,SM (q2) qµ

Ccor = EM and EW
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K+ → π0ℓν: AχPT

• O1
K+
ℓ3

: (K+∂µa− ∂µK
+a) jµ−,ℓ iGFVs̄u

ξ

2
CR

• O2
K+
ℓ3

: (K+∂µa+ ∂µK
+a) jµ−,ℓ iGFVs̄u

ξ

2
(C3R)

• O3
K+
ℓ3

: ∂µa (∂µK
+K− − K+∂µK

−)
i

4

1

fπ
ξ
(
C3R +

√
3C 8

L

)

• O4
K+
ℓ3

: ∂µK
+jµ− − 2fπ GFVs̄u

a

𝜈𝒪 4𝒪 3

K+ 𝜇+a

𝜈

K+
𝜇+

𝒪 1,2
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Distortion of Shape of diff. distribution

SM+ALP χPT

L = iGFVs̄u

[
f̃ +(q2){K+∂µπ0 − ∂µK

+π0}+ f̃ −(q2)∂µ(K
+π0)

]
j µ−,ℓ

∂µ(K
+π0)→ Brings out lepton mass

f̃+(q
2)→

[
1 +

ξ2α
(2)
K+π0

f +(0)

]
f +
SM(q2)

f̃−(q
2)→

[
1 +

ξ2β
(2)
K+π0

f −(0)

]
f −
SM(q2)

α
(2)
K+π0 ≡ α

(2)
K+π0(Ci )

β
(2)
K+π0 ≡ β

(2)
K+π0(Ci )

1.0

1.2

1.4

1.6

d
Γ

d
E
π
/
d
Γ

d
E
π
| S
M

ξ2α
(2)

K+π0 = 0.05, ξ2β
(2)

K+π0 = 0

ξ2α
(2)

K+π0 = 0, ξ2β
(2)

K+π0 = 0.51

SM χPT

140 160 180 200 220 240
Eπ [MeV]

0

1

2

3

10
1
6
×

d
Γ

d
E
π
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Bounds: NA48/2 differential distributions data

• SM expectations of FF params: Lattice1

Lattice precision much lower than exp. precision

• True Value: NA48/2 → Dalitz Distr2
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Marginalized distr.s on either side

• Theory Fitting Params : α
(2)
K+π0ξ

2, β
(2)
K+π0ξ

2

−0.05 0.00 0.05

ξ2α
(2)
K+π0

−0.08

−0.04

0.00

0.04

0.08

ξ2
β

(2
)

K
+
π

0

K+
e3 combined

K+
µ3

width

K+
µ3

distribution

All combined

(1) 1602.04113 (2) 1808.09041 21



Bounds from τ decay: (i) SM Form Factors

Belle: τ+ → Ksπ
+ν (0706.2231)
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|F
+

(s
)/
F

+
(0

)|

0.0 0.5 1.0 1.5 2.0 2.5 3.0√
s [GeV]

0

1

2

3

|F
0(
s)
|

f̃ K
+π0

+ (t) =
(
f̃ K

+π0

+ (0) + ξ2α
)
F2(s;κ1, κ2) ;

with, F2(s;κ1, κ2) = exp

[
α1

s

M2
π+

+
α2

2

(
s

M2
π+

)2

+
s3

π

∫ scut

(mK+mπ)2
ds ′

δ1(s
′)

(s ′)3(s ′ − s − i0)

]
.
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Bounds from τ decay: (ii) Data

BaBar: τ+ → K+π0ν (0707.2922)

1.0 1.5 2.0
MKπ [GeV]

10−2

100

E
ve

n
ts

/0
.0

2
G

eV
(×

10
−

3
) lin bg

log bg

log data

lin data

Parameters τ → Kπ0ντ Dist. + Width τ → Kπ0ντ total + Kℓ3 τ → Kπ0ντ (Belle Proj.) τ → Kπ0ντ (Belle-II Proj.)

ξ2α(2) −0.046+0.028
−0.016 −0.0090 ± 0.0079 ±0.012 ±0.0012

ξ2β(2) 0.007+0.046
−0.027 0.0034 ± 0.0094 ±0.011 ±0.00090

f̃ k
+π0

+ = f k
+π0

+ + ξ2α
(2)
K+π0 ; f̃ k

+π0

− = f k
+π0

− + ξ2β
(2)
K+π0 ;
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The overlaps




a

π0

η


→




â

π̂0

η̂


 =



Caa Caπ Caη

Cπa Cππ Cπη

Cηa Cηπ Cηη







a

π0

η


 . (1)

Caπ = ϕaπ −
C 8
L

2
ϵ ; Caη = −ϕaη +

C 8
L

2
; (2)

Cπa = −ϕaπ + ϕaηϵ ; Cηa = ϕaπϵ+ ϕaη , (3)

ϕaπ ≃
C 8
LR

6

mσ (Λ ϵ−
√
3m∆)

M2
a −M2

π

+
C 8
L ϵ+ C 3

R

2

M2
a

M2
a −M2

π

;

ϕaη ≃
C 8
LR

6

mσ Λ

M2
a −M2

η

+
C 8
L − C 3

Rϵ

2

M2
a

M2
a −M2

η

. (4)
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Bounds on the overlaps
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β
(2)
K+π0 =

√
3

2
C 8
L

(
1

2
C 3
R − ϕaπ

)
;

α
(2)
K+π0 = −

(C 3
R)

2

8
+

C 3
R

2
ϕaπ +

√
3ϕaπϕaη −

1

2
ϕ2
aπ .
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How do we compare? (2209.00665, 1909.00005, 2412.09678)
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Summary

• Low lying ALPs modify χPT in non-trivial ways

• These modifications can be observed and categorized

• Meson mass spectrum

• Differential widths (also sum rules)

• These modifications will complement direct searches

• More precise computations of SM parameters needed

• Interplay between high-energy and flavour experiments

There’s more to

Axion-like particles

Thank You
Questions/Input/Critique?
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Form Factors etc

Lattice Form Factors: 1602.04113 (ETM collaboration)

Short Distance EW, EM, Isospin: 0801.1817 (FlaviaNet), NPB 196 (1982), 83 (Sirlin), 1704.04104 (Moulson)



Bin-by-bin fitting



Fits
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