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1 / 20 The strong CP problem and axions

LQCD ⊃ θQCD
αs

8π
Ga

µνG̃
µν,a .

Neutron e.d.m. has not been observed =⇒ |θ̄| < 10−10, with θ̄ = θQCD + arg det(YUYD).

Possible solution: Peccei-Quinn mechanism
[R.D. Peccei, H.R. Quinn, Phys.Rev.Lett. 38 (1977) 1440-1443 & Phys.Rev.D 16 (1977) 1791-1797]

Laxion ⊃ a

fa

αs

4π
Ga

µνG̃
µν,a .

QCD-induced axion potential: The axion acquires a vev ⟨a⟩ such that θ̄ → 0, dynamically
solving the strong CP problem.

mafa = mπfπ

√
mumd

mu +md
∼ mπfπ .
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2 / 20 Axion-like particles

Pseudoscalar a arising as pNG boson of spontaneously broken global U(1)PQ symmetry at
scale ΛUV ∼ fa.

ALPs violate the relation mafa ≈ mπfπ and do not necessarily solve the strong CP problem
via Peccei-Quinn mechanism.

Predicted by many BSM models: string theory (axiverse), flavour (familion, flaxion), neutrino
masses (majoron), DM candidates, etc.

Described by dimension-5 ALP-EFT [H. Georgi, D. Kaplan, L. Randall, PLB 169B(1986)73]:

La(Λ) =
1

2
∂µa ∂

µa− m2
a

2
a2 +

∑
V=G,B,W

cV (Λ)
a

fa

αV

4π
Vµν Ṽ

µν +
∑

f=ℓL,eR,
qL,uR,dR

∂µa

fa
f̄iγ

µcijf (Λ)fj .

3 + 5× 9− 4[B,Le, Lµ, Lτ conservation] = 44 independent real coefficients.
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3 / 20 GeV scale ALPs

Astro & cosmo

ATLAS
CMS

[C. O’Hare, AxionLimits (adapted)]

Ideal range for LHCb, Belle
II, BESIII. Complementary
to astrophysics and
cosmology (lower masses)
and ATLAS and CMS
(larger masses).

Weaker constraints.

Flavour.

Challenges from decays into
mesons.
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4 / 20 The life of a GeV ALP
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5 / 20 ALP decays: the terra incognita

Example: Universal couplings to fermions.

[L. Di Luzio, A. Guerrera, X. Ponce D́ıaz, S. Rigolin. JHEP 06 (2024) 217 (adapted)]
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6 / 20 Matching to chiral perturbation theory

The degrees of freedom are no longer quarks q = (u, d, s)T , but mesons U = exp
(

i
F0

λaπa
)
.

L = −1

4
Ga

µνG
µν,a + iq̄ /Dq − q̄(s− iγ5p)q + q̄γµ(rµPR + lµPL)q −

αs

8π
θ(x)Ga

µνG̃
µν,a .

⇓ µ ≲ 1GeV

L(p2)
χPT =

F 2
0

4
⟨(∂µU + iUrµ − ilµU)2⟩+ F 2

0B0

2
⟨U†(s+ ip) + h.c.⟩ .

[J. Gasser, H. Leutwyler. Annals Phys. 158 (1984) 142 & Nucl.Phys.B 250 (1985) 465-516]

In the ALP case,

s = mq , p = 0 , rµ = cRq
∂µa

fa
, lµ = cLq

∂µa

fa
, θ = −2cG

a

fa
.

The chiral Lagrangian describes interactions with pseudoscalar mesons: a → 3π, a → η(′)ππ.
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7 / 20 Matching to chiral perturbation theory

Extension to µ ∼ 3GeV:
Data-driven hadronic form factors F(µ) that interpolate to the perturbative regime.
[D. Aloni, Y. Soreq, M. Williams. Phys.Rev.Lett. 123 (2019) 3, 031803] [R. Balkin, T. Coren, Y. Soreq, M. Williams.

2506.15637]

Adding other mesons: Recent theoretical developments!

Vector and axial-vector: a → γππ, a → γω, a → ωω,...
Hidden Local Symmetry [M. Ovchynnikov, A. Zaporozhchenko. 2501.04525],
Wess-Zumino-Witten [Y. Bai, T.-K. Chen, J. Liu, X. Ma. 2505.24822].

Scalar and tensor: Resonant contributions to a → 3π, a → η(′)ππ above 1GeV.
Phenomenological Lagrangians. [M. Ovchynnikov, A. Zaporozhchenko. 2501.04525]

[R. Balkin, T. Coren, Y. Soreq, M. Williams. 2506.15637]
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8 / 20 Venturing into the mesonic terra incognita

ALP
-
automatic
computing
algorithm
https://github.com/alp-aca/alp-aca

pip3 install alpaca-ALPs
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9 / 20 The ALP-aca workflow

1 At the UV scale ΛUV define the ALP-EFT couplings
or match one of the benchmark models: DFSZ, KSVZ,
flaxion...

2 Run the RGEs and integrate out heavy particles.
[M. Bauer, M. Neubert, S. Renner, M. Schnubel, A. Thamm. JHEP 04 (2021) 063]

3 ALP production: M1 → M2a, V → γa.
ALP decays (including mesons).
Probability of decaying in/outside the detector.
[T. Ferber, A. Filimonova, R. Schäfer, S. Westhoff. JHEP 04 (2023) 131]

4 Statistical χ2 analysis with > 100 observables.

5 Plot the exclusion significance.

6 Generate the list of bibliographical references.

}
NWA approximation
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10 / 20 ALP-aca in action!

Written completely in Python

Easy to use, concise syntax

Manual available at 2508.08354
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n
β

QED-DFSZ, fa = 106 GeV

B+ → K∗+a
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B+ → K+a
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Interactive version
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11 / 20 ALP-aca use case: Downstream LHCb

The new Downstream algorithm will reconstruct tracks of long-lived particles that do not leave
hits on the VELO, only UT and SciFi. [V. Kholoimov, B. K. Jashal, A. Oyanguren, V. Svintozelskyi, J. Zhuo.

Comput.Softw.Big Sci. 9 (2025) 1, 10]

Huge potential to discover long-lived ALPs. [V. Gorkavenko, B. K. Jashal, V. Kholoimov, Y. Kyselov, D.

Mendoza, M. Ovchynnikov, A. Oyanguren, V. Svintozelskyi, J. Zhuo. Eur.Phys.J.C 84 (2024) 6, 608]
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12 / 20 Downstream LHCb: B decays

Great improvements in B+ → K+µ+µ− and B0 → K∗0µ+µ−, beating CHARM and
competitive with SHiP.
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B+ → K+µµ (NA62)
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Sensitivity study performed with SensCalc, re-cast with ALP-aca. Interactive version
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13 / 20 Downstream LHCb: hadronic ALP decays

B → Ka(→ 3π) and B → Ka(→ γπ+π−) processes could reach sensitivities comparable to
B → Ka(→ µ+µ−).
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Sensitivity study performed with SensCalc, re-cast with ALP-aca. Interactive version
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14 / 20 ALP-aca use case: the B+ → K+νν̄ excess

0.0 0.5 1.0 1.5 2.0 2.5 3.0
mX [GeV]
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 B

r[B
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]
BaBar K+/0 combined
BaBar K+/0 & Belle K+ combined
Belle II K+ Belle II has found a ∼ 2.7σ excess in

B(B+ → K+νν̄).
[Belle II collaboration. Phys.Rev.D 109 (2024) 11,

112006]

Compatible with two-body decay with a
∼ 2GeV invisible particle.
[W. Altmannshofer, A. Crivellin, H. Haigh, G.

Inguglia, J. Mart́ın Camalich. Phys.Rev.D 109 (2024)

7, 075008][M. Abumusabh, G. Dujany, D.

Guadagnoli, A. Iohner, C. Toni. 2510.18953]

Could it be an ALP???
Let’s find out with ALP-aca!
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15 / 20 Re-(re)-analysis of BaBar and Belle II

Invisible decay BR(B+ → K+ + inv) =
BR(B+ → K+a)× Pout.

Pout = exp

(
− Ldet

cτa βaγa

)
.

The difference in detector size and boost
between BaBar and Belle II allows us to
disentangle BR(B+ → K+a) and Pout.

For ma = 2GeV, preference for longer-lived
ALP and BR(B+ → K+a) ∼ 5× 10−6.
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cτa [cm]
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R
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+
→

K
+
a

) Belle II
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Combined

Interactive version
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16 / 20 ALP-EFT analysis of B → K(∗)a

10−10 10−9 10−8 10−7

|cVsb|/fa [GeV−1]

10−10

10−9

10−8

10−7

|cA s
b|/
f a

[G
eV
−

1
]

B+ → K∗+νν̄

B
+
→

K
+
ν
ν̄

0

1

2

3

4

5

E
xc

lu
si

on
si

gn
ifi

ca
n

ce
[σ

]

Interactive version

Effective Lagrangian at µ = ma = 2GeV:

Leff ⊃ ∂µa

fa

(
cVsbs̄γ

µb+ cAsbs̄γ
µγ5b

)
+ h.c.

If flavour violation is induced by top loops,
cVsb = −cAsb, compatible with B+ → K+νν̄
and B+ → K∗+νν̄.
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17 / 20 B → Ka: is the ALP invisible?

The ALP decay length is controlled by flavour-conserving couplings to fermions and to gluons.
A 2 GeV ALP will have large decay rates to muons and/or mesons, and will, in general, decay
very promptly.
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B → Ka at Belle II, QED-DFSZ

0.00

0.25

0.50

0.75

1.00

P
ro

m
p

t
d

ec
ay

pr
ob

ab
ili

ty

0.00

0.25

0.50

0.75

1.00

D
is

p
la

ce
d

d
ec

ay
pr

ob
ab

ili
ty

0.00

0.25

0.50

0.75

1.00

In
vi

si
b

le
d

ec
ay

pr
ob

ab
ili

ty

Jorge Alda GeV-ALP searches with ALP-aca Saturnalia 2025



18 / 20 Possible solution: Flavour violation at tree level

Is it possible to find a model with sizeable cVsb while suppressing decays to muons and mesons?
Yes!, but fine-tuning is required...

Example:
Non-universal PQ-2HDM with

XqL = diag(0, 0, 1) ,

XℓL = −XqL ,

XuR
= sin2 β 1 ,

XdR
= cos2 β 1 ,

XeR = −XuR
.

[L. Di Luzio, F. Mescia, E. Nardi, P. Panci, R.

Ziegler. Phys.Rev.Lett. 120 (2018) 26, 261803]
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Interactive version
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19 / 20 ALP-aca to the future

There is still much to be included in future versions of ALP-aca:

Heavy ALPs: pp production, light-by-light scattering

Intermediate ALPs: Beam dump and forward experiments (FASER, SHiP, MATHUSLA)

Indirect probes: Anomalous magnetic moments and chromomagnetic moments

Light ALPs: Astrophysics, cosmology, ...
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20 / 20 Conclusions

ALPs with ma ∼ O(GeV) display a rich phenomenology.

ALP-EFT allows for a systematic study of all possible observables.

For ma ∼ 1− 3GeV, mesonic decays must be under control in order to determine if the
ALP decays inside/outside the detector.

We have created ALP-aca to facilitate the full analysis of ALP models, with special
emphasis on mesonic processes.

LHCb provides some of the most stringent bounds in B → K(∗)µ+µ−. Very exciting
prospects for Downstream tracks!

We showcased the capabilities of ALP-aca with the study of the excess in B+ → K+νν̄
found by Belle II. It could be explained by a ma = 2GeV ALP.

Many more observables will be implemented soonTM!

Thank you for your attention!
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1 / 5

Backup slides
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2 / 5 ALP benchmarks

Benchmarks from Physics Beyond Colliders at CERN BSM WG report [J.Phys.G 47 (2020) 1, 010501]:

LBC9(Λ = 1TeV) =
gaγγ

4 aFµν F̃
µν , cB(Λ) ≈ πfa

αem
gaγγ

LBC10(Λ = 1TeV) = gY
2v ∂µa

∑
f f̄γ

µγ5f , cijfR(Λ) = −cijfL(Λ) =
gY
2

fa
v δij

LBC11(Λ = 1TeV) = 1
4fG

aGµνG̃
µν , cG(Λ) =

π
αs

fa
fG

UV-inspired benchmarks:

KSVZ-like models: Heavy vector-like fermions charged under U(1)PQ: ALP couplings to
gauge bosons.

DFSZ-like models: SM fermions charged under U(1)PQ: flavour-universal couplings to
fermions + gauge bosons.

Flaxion models: Froggatt-Nielsen mechanism providing Yukawa interactions for SM
fermions: non-universal couplings to fermions + gauge bosons.
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3 / 5 Benchmark models

Q-KSVZ: Heavy VLF charged under PQ, Q ∼ (3,1, 0,±1/2):
At the matching scale cG = −1/2.

QED-DFSZ: −L ⊃ q̄LYuH̃quR + q̄LYdHqdR + ℓ̄LYeH̃eeR + λHϕH
†
eHqϕ

2.

a =
1

fa

∑
i=q,e,ϕ

XHi
viai , with f2

a =
∑
i

X 2
Hi

v2i ,

At the matching scale
cAu = −cAd = 2 sin2 β 1 , cAe = 2 cos2 β 1 , cγ = 6 , cG = 0 .

Flaxion: Froggatt-Nielsen model

LFN = q̄Li yu,ijH̃ uRj

(
ϕ

Λ

)X i
qL

−Xj
uR

+q̄Li yd,ijH dRj

(
ϕ

Λ

)X i
qL

−X i
dR

+ℓ̄Li ye,ijH eRj

(
ϕ

Λ

)X
ℓi
L
−Xj

eR

,

XqL =
(
3 2 0

)
, XuR =

(
−5 −1 0

)
, XdR =

(
−4 −3 −3

)
,

XℓL =
(
1 0 0

)
, XeR =

(
−8 −5 −3

)
.
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4 / 5 ALP hadronic (and γγ) decays
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cg = 1 , Λ = 32π2fa = 1 TeV

a→ γγ

a→ 3π

a→ γπ+π−

a→ ηππ

a→ η′ππ

a→ ωω

a→ gg

a→ cc

a→ hadrons
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5 / 5 Other possible solution: ALP portal to dark sector

If the ALP can decay into a dark particle, e.g.

Lχ ⊃ cχ
∂µa

fa
χ̄γµγ5χ ,

it is possible to achieve large Pinv and BR(B+ → K+a) at the same time.

Prompt/displaced vertex 

decay

a → SM
Inside the detector

Invisible 

decay

a → dark
Inside the detector

Invisible 

decay

a → SM
Outside the detector

a → dark

Invisible 

decay

Outside the detector
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(a

→
χχ̄

)
1−
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)
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