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Overview
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Theory of light mesons and an ALP: AχPT

LAχPT = LSM
AχPT + La

AχPT

LSM
AχPT → Only SM‑like fields

Two qualitatively different modifications:

Fields redefined due to mixing with a

Interactions of a source interactions of π0, η
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! Match currents (tree level)
Chiral Lagrangian + ALP, AχPT→

EWSM
EWSM
********
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Overviewof operators

Symmetries & Lagrangians 6

Shift symmetric (a→ a+ x)
aGG̃ aWW̃ aBB̃
1
fa ∂µa [ q̄iLTaij q

j
L + L↔ R ]

Themass term
1
2m2

aa2

Periodic symmetry ? (a→ a+ 2π
n )

aGG aWW aBB, 1
fa aq̄γ

µqjµ
! e.g., Leading terms of sin(a), cos(a)

EWSM
EWSM
********

NPQCD

Far UV

𝜇
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Basis and ground rules
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SU(3)L × SU(3)R → SU(3)V (flavor)

No aGG̃
qR → eia/faqR (any axial)

EW symmetric basis
uL, dL same footing
Only t L8 allowed for SU(3)L

No FCNC
No T L,R

6,7

EWSM
EWSM
********

NPQCD

Far UV

𝜇
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The operators, finally.

Symmetries & Lagrangians 8

L ⊃
∑

a CaOa

Oi
L :

1
fa
∂µa · qLtiγµqL

Oi
R :

1
fa
∂µa · qRtiγµqR

Oi
LR :

a
fa
· qLtiM qR

OW : −
a
fa
· qLQWγµqL jµ±

OZ : −
a
fa
·
(
qLQZ

L γµqL + qRQZ
Rγµ qR

)
jµZ



GFmodification

Symmetries & Lagrangians 9

V(a) = −µ2(a)H†H+ λ(a) (H†H)2

=⇒ v→ v (a)

=⇒ GF → GF(a) = GF(1+ CW a)

=⇒ GFj+µ J−
µ → GF(a) j+µ J−

µ = GF(1+ CW a) j+µ J−
µ



ALP‑Quark Lagrangian

Symmetries & Lagrangians 10

L ⊃ qLγ
µ (i∂µ + Lµ) qL + L→ R

+qLMqR + · · ·

Lµ(a) =
(
1+ CW

a
fa

)
QWjµ±+ ∂µa

fa C8
Lt8

Rµ(a) = ∂µa
fa
∑

i=3,8 Ci
Rti

M =
∑0,3,8

i

(
1+ iCi

LR
a
fa t

i + · · ·
)
M

EWSM
EWSM
********

NPQCD

Far UV

𝜇



CurrentMatching

Symmetries & Lagrangians 11

Uπ ≡ exp

(
2iπata
fπ

)
−−→
L×R

L Uπ R†

JaLµ = −i f
2
π

2 Tr
[
U†πta∂µUπ

]
+ · · ·

∂µa
fa

qLt3γµqL → −
if 2π
2fa
∂µa Tr

[
U†πt3∂µUπ

]

EWSM
EWSM
********

NPQCD

Far UV

𝜇



Chiral Lagrangian

Symmetries & Lagrangians 12

Uπ ≡ exp

(
2iπata
fπ

)
−−→
L×R

L3 Uπ R†3,

L ⊃
f2π
4 Tr

[
|∂µUπ − i(LµUπ − UπRµ)|2

]

+
Λf2π
2 Tr

[
MU†π

]
+ h.c.+ · · ·

EWSM
EWSM
********

NPQCD

Far UV

𝜇



Power Counting

Symmetries & Lagrangians 13

pµ/Λ (Chiral Lagrangian)
mq/Λ (Breaking operators)
αEM (EM)
GF (Electroweak)
ξ ≡ fπ/fa (ALP)

We work at ξ2

EWSM
EWSM
********

NPQCD

Far UV

𝜇
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Field Redefinition

Observables 15

L2p = ∂µ
(
π0 η a

)
K ∂µ




π0

η
a



+
(
π0 η a

)
M




π0

η
a








π0

η
a



→ RMass × RKinetic




π0

η
a





RMass × RKinetic ≡

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



MesonMasses

Observables 16

M2
π± = 2B0m̂+∆e,

M2
π0 = 2B0m̂

[
1+ ξ

2

6
(
3C23 − 2

√
3C8LRC3R

m∆

m̂
)]
,

M2
K± = B0 (ms +mu) +∆e,

M2
K0 = M2

K̄0 = B0 (ms +md) ,

M2
η =

4
3B0

(
ms +

1
2m̂
)[

1+ ξ
2

4 C28
]
.

∆GMO ≡
4M2

K − M2
π − 3M2

η

M2
η − M2

π
= 0− 3

4ξ
2C28 + · · ·



FormFactors: Field Redefinitions

Observables 17

〈f |Oµν |i〉 = F1(p · p)gµν + F2(p · p)pµqν + · · ·

〈π0(pπ)|̄sγµu|K+(pK)〉 ≡ 1√
2

[
f K+π0+, SM(q2) Qµ+ f K+π0−, SM(q2) qµ

]

〈π+(pπ)|̄sγµu|K0(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− ξ2 C38

[
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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Semileptonic K± decay: SM

Observables 18

The decay channel: K+ → π0*ν

Lagrangian:
L = iGFVs̄u

[
K+∂µ(π0 +

√
3η)− ∂µK+(π0 +

√
3η)
]
jµ−,&

Amp squared:
|A|2Kl3 = 2G2

F|Vs̄u|2Ccor(2H · p& H · pν& − H2p& · pν&),

Hµ ≡ f K+π0+,SM (t)Qµ + f K+π0−,SM (t) qµ



K+ → π0*ν: AχPT

Observables 19

O1
K+&3

: (K+∂µa− ∂µK+a) jµ−,& iGFVs̄u
ξ

2(CR−2iCW)

O2
K+&3

: (K+∂µa+ ∂µK+a) jµ−,& iGFVs̄u
ξ

2(CR+2iCW)

O3
K+&3

: ∂µa (∂µK+K− − K+∂µK−)
i
4
1
fπ
ξ
(
CR +

√
3C8

L
)

O4
K+&3

: ∂µK+jµ− − 2fπ GFVs̄u

! CR = C3
R +
√
3C8

R
a

𝜈

K+ 𝜇+
a

𝜈𝒪 4𝒪 3
K+ 𝜇+

+

𝒪 1,2



FormFactors: Newoperators

Observables 20

Re
(
f̃ K+π0+ (q2)

)
=
(
α
(0)
K+π0 + ξ

2α(2)K+π0
) [

1+ λ+, (0)K+π0
q2
M2
π
+ λ′+, (0)K+π0

q4
2M4
π

]

,

[

1+ ξ2
α
(2)
K+π0

α
(0)
K+π0

]

f K+π0+, SM(q2) ,

Re
(
f̃ K+π0− (q2)

)
=
(
δβ

(0)
K+π0 + ξ

2β(2)K+π0
) [

1+ λ−, (0)K+π0
q2
M2
π
+ λ′−, (0)K+π0

q4
2M4
π

]

,

[

1+ ξ2
β
(2)
K+π0

δβ
(0)
K+π0

]

f K+π0−, SM(q2) ,



Distortion of differential spectrum

Observables 21

|A|2Kl3 = 2G2
F|Vs̄u|2Ccor

[

1+ 2 ξ2
α
(2)
K+π0

α
(0)
K+π0

]

(2H · p& H · pν& − H2p& · pν&),

Hµ ≡ f K+π0+,SM (t)Qµ +
[

1+ ξ2
(
β
(2)
K+π0

δβ
(0)
K+π0

−
α
(2)
K+π0

α
(0)
K+π0

)]

f K+π0−,SM (t) qµ.
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Strategy

Observables 22

Get lattice computations for FF parameters
ETM collaboration

Get differential data from experiments
K/π → π*ν distribution from NA48/2
Total rate from PDG

Get GF and Vs̄u from other places
Vs̄u from K+ → *+ν



Experimental Data
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Bounds
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ξ2β
(2)
K+π0≈

M2
K−M2

π

M2
π

[(
λ
+, (0),Fit
K+π0 − λ0, (0),FitK+π0

)
− f K+π0+, SM(0)

(
λ
+, (0),SM
K+π0 − λ0, (0),SMK+π0

)]

∼ 0.01± 0.04

°0.05 0.00 0.05

ª2Æ(2)
K+º0

°0.08

°0.04

0.00

0.04

0.08

ª2
Ø

(2
)

K
+

º
0

K+
e3

combined

K+
µ3

width

K+
µ3

distribution

All combined

Total width→ α
Diff. width→ β
No β from e (me)



Flat Directions

Observables 25

La&+ν ⊃ iGFVs̄u ξ
[ (
α(1)

K+a + iα̃(1)
K+a

)
(K+∂µâ− ∂µK+â)

+
(
β(1)K+a + iβ̃(1)K+a

)
∂µ (K+â)

]
jµ−, &

α(1)
K+a ≡ f (Ci);

α(2)
K+a ≡ g (Ci); i.e. for the pion case

Careful analysis gives different condition for pion phobia
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SumRules

Observables 26

Add up amplitudes to get an idea of underlying theory
In the SM:

1
4

∣∣∣f K+π0+, SM(0)
∣∣∣
2
+ 3

4

∣∣∣f K
+η

+, SM(0)
∣∣∣
2
= 1

Completeness of basis (Also think of Cabbibo angle etc)

The same sum in the AχPT:
1
4

∣∣∣̃f K+π0+ (0)
∣∣∣
2
+ 3

4

∣∣∣̃f K
+η

+ (0)
∣∣∣
2
=

1− ξ
2

16
(
C3 +

√
3C8
)2

+ ξ2
3
16(C

8
L)

2

The first term is expected
These sums can tell us about the structure of the theory



Summary
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Low lying ALPs modify χPT in non‑trivial ways
These modifications can be observed and categorized

Mesonmass spectrum
Differential widths
Sum rules

The search for these modifications will complement
direct searches
More precise computations needed

Derivation of the modified Lagrangian
Precise computations of the SM parameters

Thank You
Questions/Inputs/Critique?
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