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Motivation/Framework

• ALPs are ubiquitous in BSM models
• can have non-trivial interaction with flavor & various lifetimes
• focus on up-sector:
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• FCNCs from Ou = δµa
fa (cuR )ij ūRiγ

µuRj ,
OH = (∂µa/fa) H†i

←→
DµH, OW = (a/fa) g2

2/(32π2)W I
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⇒ here: cH , cW small
• flavor-violating effects from ∂µa

fa (cuR )ij ūRiγ
µuRj
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Benchmark 1: ’Dark QCD’ UV completion

annihilation

Dark Pions Dark quark content
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• SU(3)D dark sector with
neutral dark quarks
• heavy mediator
χ ∼ (3, 3̄, 1,−2/3) under
SU(3)⊗ SU(3)D ⊗
SU(2)L ⊗ U(1)Y
• confinement at ΛdarkQCD
• lightest dark baryon DM
candidate
• various πD lifetimes possible
• identify ALP with πD3 and
πD8 (difference: coupling to
tops)
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Benchmark 1: ’Dark QCD’ UV completion

• non-trivial flavor interplay from coupling καi ūRiXQα

• parameterise the coupling κ = UDV
• degenerate dark quark masses → V absorbed from dark flavor
symmetry
• D = diag (κ0 + κ1, κ0 + κ2, κ0 − κ1 − κ2)
• U in analogy to VCKM : U = U23U13U12, with Uij 3× 3
rotation matrices
• benchmark: κ1 = κ0/2, κ2 = θ13 = θ23 = 0, θ12 = 0.022
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Benchmark 2: Froggatt-Nielsen UV completion

• global flavor U(1) broken by vev 〈S〉 = fa
with S = 1√

2 (fa + s) eia/fa

• S has charge −1 under new U(1)
• here: only uR charged under new U(1)

• new Yukawa term: −yuij
(
S
Λ

)nuj q̄Li H̃uRj + h.c.

⇒ − ia
fa q̄Li H̃uRjYuijnuj with Yuij = yuij

(
fa
Λ

)nuj
• with fa/Λ = ε ∼ mc/mt , right quark masses from

nj = diag(2, 1, 0)

• after diagonalising Yuij : cuR =

 2 3ε 3ε2
3ε 1 ε
3ε2 ε ε2



C. Scherb Bright ideas for a dark universe 4/19



Constraints on the model

• ∆F = 2 : D0 − D̄0 mixing
• ∆F = 1 :

• tree-level: D± → π± invisible, J/ψ → γ invisible
• 1-loop: K± → π± invisible, B± → π±/K± invisible

• cosmological constraints including # effective dof, distortion
of CMB spectrum, modifications of the predicted BBN,
. . . (c.f. Cadamuro, Redondo 2012 ; Millea, Knox 2015 ; Depta,
Hufnagel, Schmidt-Hoberg 2020)
• astrophysics:

• red giant burst through effective coupling to electrons
• SN1987a cooling through bremstrahlung process

N + N → N + N + a
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Searches at hadron colliders/fixed target experiments

• ALP production from D mesons: D → πa
→ possible if κ12 6= 0 (true for all our benchmark points)
→ collider and fixed target experiments
→ mostly for long-lived ALPs
• production from flavor violating top decays (ongoing work):

t → aq (q = c, u)
→ possible if κ31 6= 0 or κ32 6= 0 (for FN and anarchical
benchmark)
→ collider experiments
→ different search strategies for different lifetimes
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Searches via D meson decays

• possible testing grounds: NA62, SHiP, FASER, FASER 2,
MATHUSLA, . . .

• number of ALPs:

Na = ND · Br(D → πa) · εgeom · Fdecay

• 3 events for detection
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Results: ’dark QCD’ UV completion
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Results: ’dark QCD’ UV completion

a ≡ πD3 a ≡ πD8
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Results: FN UV completion and anarchic benchmark

FN (cuR )ij = 1
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Searches via top decays

• prompt ALPs: t → hq can be recasted, if ma ∼ mh
• current bounds:

• BR(t → hc) < 1.2× 10−3, BR(t → hu) = 0,
• BR(t → hu) < 1.1× 10−3, BR(t → hu) = 0,
• both channels open BR(t → hq) . 5× 10−4

• prospects:
• HL-LHC BR(t → hq) . 10−4,
• FCC-hh: BR(t → hq) . 10−5
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Recast of t → hq searches

FN (cuR )ij = 1
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Prospect: top and long-lived ALP

• vary cτ and Br(t → aq) independently
• use energy deposit in calorimeters for displaced jets:

log10

(
Ehad
Eem

)
> 1.2

• background: here only tt̄ considered

ma = 2 GeV ma = 10 GeV
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Summary and Outlook

• search for NP in charm physics
• ma ∼ few GeV can be probed at forward physics facilities
• large part of parameters space unconstrained for

ma & few GeV
• searches with associated top:

• flavor violating top decay beyond Higgs mass region
• top and displaced jet
• top with associated light jet and missing energy
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Back-up slides
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Couplings with numerical values
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all dark QCD UV completion plots
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all FN and anarchic benchmark point plots
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ALP decays (dark-QCD)

πD3 πD8
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ALP decays (FN and anarchical scenario)

FN (cuR )ij = 1
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# ALP decaying with log10

(
Ehad
Eem

)
> 1.2
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