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- ‘Charming ALPs’ AC, Scherb, Schwaller. JHEP 08 (2021) 121, arXiv: 2101.0783

BASED ON

- ‘The ALPs from the Top: Searching for long-lived axion-like particles from exotic top 
decays’ AC, Elahi, Scherb, Schwaller. arXiv: 2202.0973
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INTRODUCTION



NATURALLY LIGHT SCALARS
The scale of new physics seems to be rather heavy

A natural way of obtaining light scalar degrees of freedom is 
through the Goldstone theorem
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NATURALLY LIGHT SCALARS
QCD gives us a beautiful example
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ALPS
Axion-like particles (ALPs) are pseudo-Nambu-Goldstone bosons (pNGBs) of a 
spontaneously broken global symmetry

One typically assumes that CP is a good symmetry and that the ALP is CP-odd
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ALP + SM EFT

ℒ =
1
2

∂μa∂μa −
m2

a

2
a2 +

∂μa
fa ∑

ψ
(cψ)ij

ψ̄iγμψj

−
a
fa [cGG

g2
3

32π2
Ga

μνG̃a μν + cWW
g2

2

32π2
WI

μνW̃I μν + cBB
g2

1

32π2
BμνB̃μν]

ALP EFT above the electroweak scale

FCNCs are generated via  at one loop Gavela et al, 1901.02031cWW
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SOME EXAMPLES



A QCD-LIKE DARK SECTOR



A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14
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A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14

The SM couplings are fixed by the 
quantum numbers of , bifundamental of 
both strong gauge groups

χ
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A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14

When  by   
delivering 8 pNGB

mQ → 0, mχ → ∞, SU(3)DL ⊗ SU(3)RD → SU(3)DV ⟨Q̄αQβ⟩ ∼ δαβΛ3
DQCD
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A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14

Depending of the quantum numbers of the heavy scalar we can have different low 
energy EFTs

Schwaller, Renner ‘18

AC, Scherb, Schwaller ‘21

14
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FLAVONS



FLAVONS Feng et al. ‘98

pNGBs of horizontal symmetries

ℒ =
1
fa

∂μaαJμα =
1
fa

∂μaαψ̄iγμ[ fLPL + gRPR]Tα
ijψj

Consider e.g. a Froggatt-Nielsen (FN) model with charges
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COMPOSITE HIGGS MODELS



- The Higgs could be the pNGB from a strongly interacting sector

COMPOSITE HIGGS MODELS

- However, more ‘realistic’ models (aka UV complete) will give you a bunch of extra dof

See e.g. 1610.06591, 1902.06890



- One typically expects

COMPOSITE HIGGS MODELS See e.g. 1610.06591, 1902.06890
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- RH quarks can be made composite more easily since they are custodially protected

- Partial compositeness comes with ‘top partners’



TAKE THE COUPLINGS 
AND RUN



ONE NEEDS TO RUN Choi et al, 1708.00021

Chala et al, 2012.09017

Bauer et al, 2012.12272

Even if some Wilson coefficients are zero at the UV

they will be generated via the RGEs. For instance

cqL
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32π2
ln ( ΛNP
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3

8π2
Tr (YucuR
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where
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(H†iDμH)

Top couplings will make a difference!
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STANDARD FLAVOR PROBES



FLAVOR PROBES OF ALPS
 F=2 Neutral meson mixingΔ

 F=1 Rare meson decayΔ
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FLAVOR PROBES OF ALPS
Flavor probes will compete or be complemented by astrophysical or cosmological 
bounds as well as by collider or fixed target experiments
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CHARMING ALPS



CHARMING ALPS
We assume the following EFT at the UV

ℒ =
1
2

(∂μa)(∂μa) −
m2

a

2
a2 +

∂μa
fa

(cuR)ij(ūRiγμuRj)
RGEs and heavy-quark loop induced processes will lead to

a → ℓ+ℓ−, a → d̄idj , a → γγ, a → gg

We consider several benchmarks motivated by the dark QCD model

a = πD3, (cuR)33 = 0 a = πD8, (cuR)33 ≠ 0
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CHARMING ALPS

a = πD3, (cuR)33 = 0 a = πD8, (cuR)33 ≠ 0 28



FLAVOR BOUNDS
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-   recasted with  for                  CLEO 0806.2112D+ → (τ+ → π+ν)ν̄ M2
miss D+ → π+a

FLAVOR BOUNDS

-   recasted with  for   BaBar 1303.7465B+ → K+ν̄ν, B0 → K0ν̄ν sB = k2/m2
B B → Ka

-   recasted with  for                           BaBar  hep-ex/0411061B+ → π+ν̄ν ⃗pπ
2 B → πa

-   for                                                                         NA62   2011.11329K+ → π+a ma > 0

-   expected at Belle II with  and  at NA62B± → K±ν̄ν 50 ab−1 K± → π±ν̄ν

- Recasts done with the CLs method
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ASTRO & COSMO BOUNDS
Red Giant bursts 

ℒ ⊃ iagaℓℓ(ℓ̄γ5ℓ), gaℓℓ =
3me

8πv2fa
ln ( f2
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3

∑
i=1

(ℳu)ii (cuR)ii

SN1987a

La ≤ Lν = 3 ⋅ 1052 erg/s N + N → N + N + a
capp = (cuR

)11(0.75 ± 0.03)

cann = (cuR
)11(−0.51 ± 0.03)

  , distorsion of CMB, BBN, …Neff
Cadamuro, Redondo ‘12

Millea, Knox ‘15

Depta et al ‘20

Most of the bounds derived assumed only couplings to photons but they can still be recasted
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Bremsstrahlung



COLLIDER AND FIXED TARGET EXPERIMEMTS
Fixed target experiments: NA62, SHiP, CHARM

Na = ND ⋅ Br(D → πa) ⋅ εgeom ⋅ Fdecay

LHC forward detectors: FASER, FASER II, MATUSHLA
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CHARMING ALPS PARAMETER SPACE a = πD3
, (cuR

)33 = 0
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CHARMING ALPS PARAMETER SPACE a = πD3
, (cuR

)33 = 0
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CHARMING ALPS PARAMETER SPACE a = πD8
, (cuR

)33 ≠ 0
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Searching for long-lived 
particles from exotic top 
decays, 2202.0973

ALPS FROM THE TOP



- Probe charming ALPs above charm threshold

ALPS FROM THE TOP

We trade diagonal and off-diagonal (equal) entries of  by  and cuR
Br(t → aqi) cτ
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ALPS FROM THE TOPS: CONSTRAINTS
We recast searches from exotic top decays

PROMPT LONG-LIVED ‘STABLE’

∫
10−4 m

0
(γcτ)−1 exp (−

ct
γcτ ) d(ct) ∫

2 m

2.5⋅10−2 m
(γcτ)−1 exp (−

ct
γcτ ) d(ct) exp (−

10 m
γcτ )
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SIGNAL
We consider two benchmarks with ALP masses

ma = 2 GeV, ma = 10 GeV

σsignal = σtt ⋅ Br(t → Wb) ⋅ Br(t → aq)

(cuR
)ij = 𝒪(1), fa = 𝒪(105 − 109) GeV ⇒ cτ ∼ 1 mm − 100 m

while having Br(t → aq) ≲ 10−3
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SIGNAL : HADRONIC CALORIMETER
Large Ehad/Ecal ratio

No tracks in the displaced jet

3-5(6) jets with 1(2) displaced 
and another b-tagged
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SIGNAL : HADRONIC CALORIMETER
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and another b-tagged
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SIGNAL : MUON SPECTROMETER
Event in the muon system

No associated track pointing to the 
primary vertex

2-4(5) jets 

Signal is background free
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RESULTS
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RESULTS
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CONCLUSIONS



- ALPs are ubiquitous in beyond the SM physics

CONCLUSIONS

- They can be probed by very different and complementary experiments

- Interesting models of Dark Matter and/or Flavor can lead to ALP mediated FCNC

- A direct measurement of  can provide a complementary test of 
charming ALPS

D → πa

- Exotic top decays provide a unique way of probing ALPs above the charm 
threshold

- We can probe  and there is room for improvement!Br(t → aq) ≲ 10−4





HTTPS://FTAE.UGR.ES/HEFT2022
HEFT 2022
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BACK UP



SN1986A



SN1986A



- Bounds can be directly applied when the decay to electron pairs dominate

COSMO BOUNDS

- When the decay to pair of muons dominate, the limits are conservative since 
muon decays also heat the neutrino bath, reducing the impact of Neff

- When  dominates, bounds from  overproduction (the dominant 
bound in this region) still holds, since only a minimal amount of charged pions 
is enough for this bound to apply

a → 3π 4He

- For even larger masses, ALP decays into hadrons will eventually make its 
lifetime shorter than a second, making nucleosynthesis constraints harmless



FIXED TARGET EXPERIMENTS


