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1 Introduction

One of the outstanding open questions in particle physics is the nature of dark matter (DM)
and whether it is part of a larger dark sector that we yet have to discover. Most realistic
models require some form of non-gravitational interaction between us and the dark sector
in order to satisfy cosmological constraints. These “portals” then offer the possibility to
probe the dark sector through laboratory experiments or astrophysical observations.

An intriguing possibility is that the portal to the dark sector is flavour sensitive or
even connected to an ultra-violet (UV) theory of flavour. Simple flavoured dark matter
scenarios have received a lot of attention recently [1–4], since they allow probes of dark
sector physics using low energy flavour observables. For strongly coupled dark sectors, a
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flavoured portal imprints the Standard Model (SM) flavour structure on the dark sector,
leading to a variety of new phenomena [5, 6].

So far only couplings to down-type quarks were considered in this context, therefore it
is natural to ask what new aspects arise if the portal couples to up-type quarks instead.1
The key feature in this case is the emergence of a light pseudo Nambu-Goldstone boson
(pNGB) which dominantly couples to up-type quarks, which we therefore dub a charming
ALP, and which describes the phenomenology of the up-flavoured portal at low energies.

Our main goal in this work is to develop the effective theory of the charming ALP and
its phenomenological profile, independently of its embedding in different UV scenarios.
Besides QCD-like dark sectors [5, 10–12, 12, 13], these particles can arise e.g. in specific
Froggatt-Nielsen (FN) models [14] where only right-handed (RH) up-quarks have non-zero
charges. The different UV completions provide some guidance for the structure of the
effective couplings, which we use to define benchmark scenarios for the charming ALP.

We will study the phenomenology of these different benchmark models through their
low-energy effective field theory (EFT), taking into account the effects of QCD confinement
for low enough ALP masses. A lot of work has been done in this arena, see e.g [15–21] for
the study of ALP collider signatures, [22–24] and [25–27] for the study of flavour-changing
neutral currents (FCNCs) in the quark and lepton sector, respectively, as well as [28–31]
for the calculation of the one-loop running. It is worth to mention also [32, 33] regarding
CP-violating probes of ALPs.

The work is organized as follows: we introduce the effective Lagrangian describing
the charming ALPs and motivate briefly the four particular benchmarks models studied in
this work in section 2. In section 3 we examine the different flavour constraints relevant
for charming ALPs. More specifically, we consider D − D̄ mixing, exotic decays of D,
B and K mesons as well as the decay J/ψ → aγ. We discuss the bounds arising from
astrophysical observables and cosmology in section 4, describing also the different ALP
decay channels. In section 5 we study the different collider probes on the models at hand,
including upcoming fix-target experiments as well as those at LHC forward detectors. We
combine all these different bounds and discuss the resulting constraints on the parameter
space of the models in section 6. We conclude in section 7. Finally, we present in some
detail the particular UV completions considered in this work in appendices A and B.

2 Charming ALP EFT

We consider a general ALP, i.e. a pNGB which we will denote a, with flavour-violating
couplings to RH up-quarks. The most general EFT describing such a system is given by
the following Lagrangian [34, 35]

L = 1
2(∂µa)(∂µa)− m2

a

2 a2 + ∂µa

fa

[
(cuR)ij ūRiγµuRj + cHH

†i
←→
DµH

]
− a

fa

[
cg

g2
3

32π2G
a
µνG̃

µνa + cW
g2

2
32π2W

I
µνW̃

µνI + cB
g2

1
32π2BµνB̃

µν

]
, (2.1)

1Simple DM models which dominantly couple to up-type quarks were also studied e.g. in [7–9].
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where g1, g2 and g3 are the gauge couplings of U(1)Y , SU(2)L and SU(3), respectively,
whereas Bµν , W I

µν , I = 1, 2, 3, and Gaµν , a = 1, . . . , 8, are their corresponding field-strength
tensors. Furthermore, B̃µν = 1

2εµναβB
αβ , . . ., denote their corresponding duals, while H

stands for the SM Higgs doublet. The Wilson coefficients (WCs) cg, cW , cB and cH ∈ R,
whereas cuR is a hermitian matrix. In order to write down the above Lagrangian we have
assumed that a is the pNGB of the spontaneous breaking of some global U(1) symmetry,
which is softly broken and may be anomalous. We have also assumed that the couplings to
leptons, SM quark doublets and RH down-type quarks vanish. Here, contrary to the QCD
axion case, we will treat ma and fa as independent parameters.

Using field redefinitions, we can trade the operator OH = (∂µa/fa)H†i
←→
DµH by the

flavour-blind and chirality conserving one (see e.g. [16, 34])

∂µa

fa

[1
3 q̄Liγ

µqLi + 4
3 ūRiγ

µuRi −
2
3 d̄Riγ

µdRi − l̄LiγµlLi − 2ēRiγµeRi
]
. (2.2)

Together with

OW = a

fa

g2
2

32π2W
I
µνW̃

µνI (2.3)

this operator induces flavour-changing neutral currents (FCNCs) at one-loop, which have
been studied in [24] in the framework of B and K-meson decays. Here we will just as-
sume that both WCs are small enough so that the leading flavour-violating effects are
parametrized by cuR . Furthermore, after integrating by parts and using equations of mo-
tion, one can express this chirality-conserving operator as a function of

−i a
fa
q̄LkH̃uRj (Yu)ks (cuR)sj + h.c. (2.4)

plus some extra contributions to the anomalous terms in (2.1), where H̃ = iσ2H∗ and Yu
is the up Yukawa matrix,

−q̄LkH̃uRj (Yu)kj + h.c. . (2.5)

Note that, without any loss of generality, we can always choose a basis where

Yu = λu, Yd = Ṽ λd, (2.6)

with λu,d diagonal matrices with real and positive entries and Ṽ a unitary matrix. In
the case where there is no extra contribution to the fermion masses, Ṽ is just the CKM
mixing matrix V and λu =

√
2Mu/v, λd =

√
2Md/v, where Mu = diag(mu,mc,mt),

Md = diag(md,ms,mb), and v = 246GeV the Higgs vacuum expectation value. In this ba-
sis, the RH up-quarks do not need to be rotated to diagonalize the mass matrices generated
after electroweak symmetry breaking. Indeed, one could just take

UdL = Ṽ , UdR = UuL = UuR = 1. (2.7)
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Henceforth, we will assume that the above EFT Lagrangian is defined in such a basis.
Then, if we denote the WC of the operators in (2.4) by C, one has that

Cij = (λu)ii(cuR)ij . (2.8)

For small ALP masses, ma . 1GeV, a will mostly decay to hadrons. These decays will
proceed through the following Lagrangian [34–37]

LaChPT = 1
2(∂µa)(∂µa)− m2

a

2 a2 − a

fa

e2

32π2 cγFµνF̃
µν + f2

π

4 Tr
(
∂µU∂

µU †
)

+ f2
πB0
2 Tr

(
m̂q(a)U † + Um̂†q(a)

)
+ i

f2
π

2
∂µa

fa
Tr
[
(ĉ+ κqcg)

(
UDµU †

)]
, (2.9)

where B0 is a constant, fπ ≈ 93 MeV is the pion decay constant and mq is the quark mass
matrix mq = diag(mu,md,ms). In the above equation,

U(Π) = exp (2iΠ/fπ) , (2.10)

where

Π = ϕa
λa

2 = 1√
2


1√
2π

0 + η8√
6 π+ K+

π− − 1√
2π

0 + η8√
6 K0

K− K0 − 2√
6η8

 (2.11)

is the Goldstone matrix describing the spontaneous symmetry breaking SU(3)L⊗SU(3)R →
SU(3)V of QCD, with λa, a = 1, . . . , 8, the Gell-Mann matrices. On the other hand,
κq = m−1

q /Tr(m−1
q ), ĉ = diag((cuR)11, 0, 0), and

m̂q(a) = exp
(
−iκqcg

a

2fa

)
mq

(
−iκqcg

a

2fa

)
, (2.12)

DµU = ∂µU + ieAµ
[
Qq, U

]
, (2.13)

cγ = cW + cB − 2NccgTr
(
κqQ2

q

)
, (2.14)

with e = g2g1/
√
g2

1 + g2
2 the electric charge and Qq = 1/3 diag(2,−1,−1). One should note

that, in order to get the above Lagrangian, we had to get rid of the gluon coupling by the
following chiral transformation2

q → exp
(
− i a2fa

cgκq(1 + γ5)
)
q. (2.15)

Note that this Lagrangian gives an irreducible contribution to the ALP mass

m2
aQCD = c2

g

m2
πf

2
π

(md +mu)f2
a

mumdms

mumd +mums +mdms
+O

(
m2
πf

4
π

f4
a

)
, (2.16)

2As discussed in [34], choosing an arbitrary diagonal matrix for the vectorial part of the quark rotation
does not affect QCD at very low energies since u, d, and s numbers are conserved separately. Since the ALPs
under consideration only interact with RH quarks, we chose the same diagonal matrix for both the vectorial
and axial parts of the rotation, effectively only transforming RH quarks and leading to a simpler EFT.
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where

m2
π = B0(mu +md) +O

(
m2
πf

4
π

f4
a

)
. (2.17)

Kinetic mixing arising from the last term in eq. (2.9) induces a mass mixing between
the different neutral pions. In particular, we obtain

π→π− fπ
fa

m2
a

m2
a−m2

π

(
Kπ−

KηδIm2
π√

3(m2
a−m2

η)

)
a

δIm
2
π√

3(m2
η−m2

π)
η8+O(f2

π/f
2
a )+O(δ2

I ), (2.18)

where

δI = md −mu

md +mu
≈ 1

3 , m2
η = md +mu + 4ms

3(mu +md)
m2
π (2.19)

and

Kπ = cg
ms(md −mu)

2(msmu +mdmu +mdms)
+ (cuR)11

2 , (2.20)

Kη = cg
ms(md +mu)− 2mdmu

2
√

3((msmu +mdmu +mdms))
+ (cuR)11

2
√

3
. (2.21)

As already mentioned, we are interested in scenarios where the ALP only interacts
with RH up-quarks, and it is likely to mediate flavour-changing processes. In order to
explore how the different experimental constraints are intertwined and the best way to
probe these models, we will consider four different benchmarks. In practice, each of these
scenarios corresponds to a particular choice of the matrix cuR defined above.

The first two benchmarks are motivated by theories of ‘dark QCD’, where the SM is
extended with a confining dark sector, composed of nd dark flavours transforming under
SU(Nd). These models constitute a particular UV completion of the scenarios we have
in mind, where light pNGB bosons do only interact at leading order with the SM RH
up-quarks. Indeed, this is a natural outcome when both sectors are mediated by a scalar,
bifundamental of both confining groups, with hypercharge −2/3. We refer the reader to
appendix A and references therein for more details. At the end of the day, after integrating
out the heavy scalar mediator, and assuming confinement in the dark QCD group, we
obtain almost degenerate, parametrically light scalars with a Lagrangian along the lines
of (2.1). When studying phenomena where the interplay of the different scalars is not
relevant, one can examine the phenomenological impact of the different degrees of freedom
separately. In particular, focusing on the ‘diagonal’ dark pions πD3 and πD8 , we obtain

c(3)
uR

= −κ
2
0

4

9c2
12 − 4s2

12 13c12s12 0
13c12s12 9s2

12 − 4c2
12 0

0 0 0

 , (2.22)

c(8)
uR

= −κ
2
0

4
√

3

4s2
12 + 9c2

12 5c12s12 0
5c12s12 4c2

12 + 9s2
12 0

0 0 −2

 , (2.23)
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as well as cH = 0 and cg = cW = cB = 0 at tree level. In the equation above κ0 ∈ R+ and
c12 = cos θ12, s12 = sin θ12, with θ12 ∈ [0, π]. For the sake of concreteness, following [5], we
fix θ12 = 0.022.

There is another class of models that can naturally UV complete these scenarios. It is
the case of FN models where only RH up-quarks have non-zero charges. Such models are
attractive because they naturally result in enhanced Yukawa couplings, while still being
in agreement with existing flavour bounds. They where already considered in a slightly
different context [38–40] but without paying attention to the phenomenology of the light
scalar degree of freedom, the flavon. We refer the reader to appendix B and references
therein for more details. One can reproduce the hierarchical up-quark masses with RH
up-quark charges nu = (2, 1, 0) under the U(1) flavour group, assuming that the vev of the
scalar breaking such symmetry is ε ∼ mc/mt times its UV cutoff. At the end of the day,
this setup leads to an ALP Lagrangian along the lines of equation (2.1) with

cuR ∼

 2 3ε 3ε2
3ε 1 ε

3ε2 ε ε2

 , (2.24)

whereas cH = 0. The concrete values of the anomalous couplings cg, cW , cB depend on the
specific UV completion of the FN model and may all be zero, which is the case we will
consider in the following. We define the FN-motivated benchmark with cuR given as above,
whereas the other WCs are zero.

Finally, we also consider an infra-red (IR) motivated scenario, where (cuR) = 1, ∀i, j at
the scale fa. This is representative of the anarchic limit, where no hierarchies are present
in cuR and all the entries are of the same order. Similarly to the previous cases, we assume
that the anomalous gauge couplings and cH are negligible.

3 Flavour constraints

The presence of flavour-changing ALP couplings to RH up-quarks will induce several flavour
violating processes, constraining significantly the parameter space. In particular, we will
consider

• the ∆F = 2 process of D − D̄ mixing displayed in figure 1 and

• ∆F = 1 processes like the exotic decays of D, B and K mesons (see figure 2).

As shown in figure 2, in the models at hand, exotic D meson decays are tree level processes
while B and K decays can only happen at one loop. In addition, ALPs also contribute to
radiative J/ψ decays (cf. figure 3).

3.1 D − D̄ mixing

The effective Hamiltonian relevant for D meson mixing reads [41]

H∆C=2
eff =

5∑
i=1

CiOi +
3∑
i=1

C̃iÕi, (3.1)
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c̄ū
a

c u c

ū

u

c̄

a

Figure 1. Parton level diagrams for ALP-mediated D − D̄ mixing.

c u

a

ūū

Figure 2. Parton level diagrams for exotic D, K and B meson decays involving ALPs.

where

O1 = (c̄αLγµuαL)(c̄βLγµu
β
L), (3.2)

O2 = (c̄αRuαL)(c̄βRu
β
L), O3 = (c̄αRu

β
L)(c̄βRu

α
L), (3.3)

O4 = (c̄αRuαL)(c̄βLu
β
R), O5 = (c̄αRu

β
L)(c̄βLu

α
R), (3.4)

and Õ1,2,3 are obtained from Oi after exchanging both chiralities, i.e., L↔ R. Henceforth,
we will just be focusing on the new physics contribution to these WCs, i.e., Ci = CNP

i and
C̃i = C̃NP

i . Depending on the specific mass of the ALP, such contributions will involve
either short or long-distance physics. The first case occurs when integrating out a heavy
enough ALP, ma � mc, whereas the second one is the consequence of applying naively
the operator product expansion (OPE) in powers of ∼ 1/mc to the D − D̄ system, when
ma � mc. In the first case, one obtains

C̃2 = (cuR)2
21

2m2
a

m2
c

f2
a

, C2 = C̃2
m2
u

m2
c

, C4 = −2C̃2
mu

mc
, (3.5)

and zero elsewhere (where (cuR)21 is the WC evaluated at the matching scale ma and we
neglect the running from the cut-off scale 4πfa), while in the second one

C̃2 = −(cuR)2
21

2f2
a

, C2 = C̃2
m2
u

m2
c

, C4 = −2C̃2
mu

mc
, (3.6)
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with all other WCs vanishing. In general,

2mDM
NP
12 =

5∑
i=1

Ci(µ)〈D0|Oi|D̄0〉(µ) +
3∑
i=1

C̃i(µ)〈D0|Õi|D̄0〉(µ), (3.7)

where 〈D0|Õi|D̄0〉 = 〈D0|Oi|D̄0〉, for i = 1, 2, 3, due to parity conservation of QCD and
mD = 1.865GeV [42]. For small ALP masses, we get [43]

|MNP
12 | =

1
2mD

(cuR)2
21

2f2
a

(0.1561 GeV4), (3.8)

where 〈O2〉 = −0.1561 GeV4 at µ = 3GeV, see [43], and we have neglected O(mu/mc)
corrections. However, when studying short-distance physics, it is also necessary to run the
different WCs from the scale of integration Λ = ma, to the scale µ ∼ mc ∼ 3GeV. We take
the running of the Wilson coefficients from appendix A of ref. [44]. After transforming
their operators into our operator basis and neglecting O(mu/mc) effects at the UV, we
obtain

C̃2(µ) =
[
r(µ,Λ)

1−
√

241
6

(1
2 −

52√
241

)
+ r(µ,Λ)

1+
√

241
6

(1
2 + 52√

241

)]
C̃2(Λ),

C̃3(µ) = 705
32
√

241

[
r(µ,Λ)

1−
√

241
6 − r(µ,Λ)

1+
√

241
6

]
C̃2(Λ),

(3.9)

where

r(µ,Λ) =
(
αs(Λ)
αs(mt)

)2/7 (αs(mt)
αs(mb)

)6/23 (αs(mb)
αs(µ)

)6/25
. (3.10)

Due to the running, to evaluate M12 we also need 〈O3〉 at µ = 3GeV, which reads
0.0464 GeV4 [43]. As an example, for Λ = ma = 2TeV and µ = 3GeV, we obtain

|MNP
12 | =

1
2mD

(cuR)2
21

2f2
a

(8.95 · 10−9 GeV4). (3.11)

This corresponds to the maximum value ofma considered in our phenomenological analysis,
with the effect of the running being much smaller for most of the parameter space. In
general, we demand that the new physics contribution to x12 = 2|M12|/Γ does not exceed
its upper bound at 95% confidence level (CL) [45], i.e.,

xNP
12 = 2|MNP

12 |
ΓD

< 0.63 · 10−2, (3.12)

where ΓD = 1.60497 · 10−12 GeV [42].

3.2 Exotic D, B and K decays

We study ∆F = 1 decays of the form M → Na with M = D±,0, B±,0,K±,0 and N =
π±,0,K±,0. The corresponding parton level Feynman diagram are shown in figure 2. The
associated matrix element can be decomposed as

〈N(p′)|q̄iγµqj |M(p)〉 = (p+ p′)µfMN
+ (k2) + kµf

MN
− (k2) (3.13)

– 8 –
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with kµ = (p−p′)µ the momentum transfer and qi and qj the relevant quarks for the decay
at the parton level. The scalar form factor is then defined as

fMN
0 (k2) = fMN

+ (k2) + k2

m2
M −m2

N

fMN
− (k2) (3.14)

and the resulting decay width is given by

Γ(M → Na) = m3
M |κMN |2

64πf2
a

(
1− m2

N

m2
M

)2

(fMN
0 (m2

a))2

×

√√√√(1− (mN +ma)2

m2
M

)(
1− (mN −ma)2

m2
M

)
, (3.15)

where κMN is defined by

L ⊃ κMN
∂µa

2fa
q̄iγµqj + h.c.. (3.16)

In the model at hand and neglecting small isospin-breaking effects, the exotic D meson
decay D±,0 → π±,0a is induced by the dimension-5 operator

L ⊃ (cuR)ij
∂µa

fa

(
ūiRγ

µujR

)
. (3.17)

The width for such decay channel can be read from equation (3.15) by simply replacing
κMN with (cuR)12, mM = mD, mN = mπ and using fDπ0 (m2

a) from [46].
On the other hand, the one-loop running of cuR from the UV scale fa to the IR scale

µ will generate a term3

(cqL)ij
∂µa

fa
(q̄LiγµqLj) (3.18)

at low energies. Indeed, one obtains [28–31]

16π2 dcqL
d lnµ = −λucuRλu ⇒ cqL = λucuRλu

32π2 ln
(
f2
a

µ2

)
. (3.19)

After EWSB, this operator leads to

∂µa

fa

[
(cuL)ij ūLiγµuLj + (cdL)ij d̄LiγµdLj

]
, (3.20)

where cuL = cqL and cdL = V †cqLV . More explicitly

(cdL)ij = 1
16π2v2V

∗
ri(Mu)rr(cuR)rs(Mu)ssVsj ln

(
f2
a

µ2

)
. (3.21)

3The one-loop running also generates a non-zero WC for OH , but since such operator is flavour-blind
it does not contribute to any of these ∆F = 1 processes. It will be relevant though for the astrophysical
constraints, see below.
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This WC is responsible for the exotic decays B → Ka, B → πa and K → πa, where
B = B±,0,K = K±,0 and π = π±,0.4 The corresponding expressions can be read from
equation (3.15) after taking µ ∼ mt and

(B→Ka), κMN = (cudL )32, mN =mB, mM =mK , fMN
0 (m2

a) = fBK0 (m2
a) [47],

(B→πa), κMN = (cudL )31, mN =mB, mM =mπ, fMN
0 (m2

a) = fBπ0 (m2
a) [48],

(K→πa), κMN = (cudL )21, mN =mK , mM =mπ, fMN
0 (m2

a) = fKπ0 (m2
a) [49].

There are no constraints on the branching ratio Br(D → π+invisible) to date. However,
there are measurements of the three-body meson decay D+ → (τ+ → π+ν)ν̄ [50, 51]. Since
these analyses show the event distribution as a function of the missing mass squared M2

miss
(which would correspond to m2

a in the ALP case), one could recast them to constrain
the branching ratio D+ → π+a.5 This was done e.g. in [29] for the massless axion by
concentrating on the bins with M2

miss ≤ 0.05 GeV2. Since, as we will see, the total width of
the ALP in all the benchmarks under consideration is very small, one can safely produce a
similar bound for different values of ma by comparing the observed number of events with
the predicted background for every bin having M2

miss ≥ 0. More precisely, we derive 90%
CL on BR(D → πa) by using the TLimit class of ROOT [53], which implements the CLs
method [54] and allows to include systematic errors in the background and signal. The
bounds arising from [50] turn out to be stronger than those resulting from the use of the
more recent experimental analysis in [51].

Regarding exotic meson decays involving down quarks, there are several analysis fo-
cused on a massless axion X0, like K+ → π+X0 [55] and B± → π±X0, B± → K±X0 [56].
There are no searches for a massive ALP a, with the exception of the recent analysis
in [57], where bounds on K+ → π+a as a function of ma were presented. Similarly to
the D± → π±a case, we fill this gap by recasting existing searches on three-body decays,
where the relevant kinematic information is provided. In particular, we derive constraints
on B → Ka and B → πa by recasting the searches performed in [58] and [59], respec-
tively. More specifically, we set 90% CL on B → Ka by combining the observed number
of events and the predicted background for B+ → K+νν̄ and B0 → K0νν̄ for every
sB = k2/m2

B = m2
a/m

2
B bin in figure 5 of [58] with the CLs method. Finally, for the case

of B → πa, we derive 90% CL limits on B → πa with the CLs method by comparing the
observed number of events with the predicted background for every pπ ≡

√
~p 2
π bin in the

right panel of figure 4 in [59] (which is in one-to-one correspondence with the ALP mass
via m2

a = m2
B +m2

π − 2mB

√
m2
π + ~p 2

π ).
On the other hand, it is expected that Belle II will be sensitive to the SM

Br(B± → K±νν̄) = (4.0± 0.5)× 10−6 [60] at 10% accuracy with 50 ab−1 of data [61],
whereas NA62 will measure the branching ratio Br(K± → π±νν̄) to within 10% of its
SM value Br(K± → π±νν̄) = (8.4 ± 4.1) × 10−11 [62, 63]. Regardless of whether these
collaborations publish limits directly on a two-body decay or a recast of the three-body

4The form factors we use are computed in the isospin preserving limit so we do not make a difference
between e.g. B± → K±a and B0 → K0a.

5See [52] for the study of the long-distance lepton-mediated contributions to B and D-meson semi-
invisible decays.
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c

a

γ

Figure 3. Parton level diagram for the decay J/ψ → aγ.

decay analysis is needed, such numbers represent a great improvement with respect to
current bounds.6

3.3 Radiative J/ψ decays

Diagonal ALP couplings to charm quarks are strongly constrained by charmonium decays
like J/ψ → aγ, as first proposed by [65] and later studied by many others, see e.g. [66–71].
The parton-level diagram prompting such decay is shown in figure 3. In order to absorb
some of the QCD uncertainties of the calculation, it is convenient to normalize the cor-
responding branching ratio by the one of J/ψ → µ+µ−, which is accurately measured
Br(J/ψ → µ−µ+) = 5.973 % [72]. One then obtains

Br(J/ψ → aγ)
Br(J/ψ → µ−µ+) =GFm

2
cv

2
√

2παem

((cuR)22
fa

)2(
1− m2

a

m2
J/ψ

)
F, (3.22)

where F ∼ O(1/2) is a correction factor accounting for QCD effects [73, 74], contributions
related to bound-state formation [75, 76] as well as relativistic corrections [77]. For the
sake of concreteness, we will assume that F = 1/2 henceforth. This leads to

Br(J/ψ → aγ) = (1.05 GeV2)
((cuR)22

fa

)2(
1− m2

a

m2
J/ψ

)
. (3.23)

This decay has been searched for by the CLEO collaboration [78], which we will use to
constrain the benchmark models at hand.

4 Astrophysical and cosmological bounds

4.1 Bounds from supernova SN1987a

The observed neutrino burst due to the core-collapse supernova SN1987a can impose con-
straints on the ALP parameter space. Since neutrino emission constitutes the main cooling
mechanism for the proto-neutron star resulting from the collapse, a too large ALP emission
could compete with this cooling mechanism and eventually conflict the observed amount

6See e.g. [64] for a two-body interpretation of the NA62 prospects.
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of neutrinos. Following [79], we will impose that the ALP luminosity in the proto-neutron
star La does not exceed the neutrino one Lν , i.e., La ≤ Lν = 3 · 1052 erg/s.7

The ALP luminosity in the proto-neutron star is given by [81, 82]

La =
∫
r≤Rν

dV

∫ ∞
ma

dω

(
dPa
dV dω

)
e−τ , (4.1)

where ω is the ALP energy and Rν ∼ O(40 km) is the radius of the neutrinosphere, be-
yond which neutrinos free stream until arriving to the Earth, and we have taken into
account the probability e−τ for an ALP produced within the neutrinosphere to reach
Rfar ∼ O(100− 1000 km), after which neutrinos are not produced efficiently. If this is not
the case, ALPs being produced within the neutrinosphere get ‘trapped’ due to their large
couplings and their energy is eventually converted back into neutrinos. Such probability is
computed with the help of the optical depth τ = τ(ma, ω, r, Rfar), for which we will take
Rfar = 100 km [81]. In the above expression, dPa/dV dω is the ALP differential power. For
the charming ALPs considered here, the main channel will be the bremsstrahlung process
N + N → N + N + a, since the sole tree-level couplings are those to up-type quarks and
therefore to nucleons. Such differential power is given by [79, 83]

dPa
dV dω

= 1
2π2ω

3Γae−ω/Tβ2, (4.2)

where T is the temperature as a function of the radius, β is a phase space factor
β =

√
1−m2

a/ω
2 and Γa is the ALP absorption width. The latter is given by

Γa = Γppa + Γnna + Γpna + Γnpa (4.3)

with [82]

ΓNN ′a = c2
aNNYNYN ′

4f2
a

ω

2
n2
Bσnpπ
ω2 γfγpγh, N (′) = n, p. (4.4)

In the above equation, caNN is the ALP-nucleon coupling, which reads (see appendix C for
more details)

capp = (cuR)11 (0.75± 0.03) , (4.5)
cann = (cuR)11 (−0.51± 0.03) , (4.6)

while YN(′) is the mass fraction of the nucleon N (′), nB is the baryon density, nB = ρ/mN ,
and σnpπ is given by

σnpπ = 4α2
π

√
πT/m5

N , (4.7)

with απ ≈ 15. For concreteness we take Yp = 0.3 and Yn = 1− Yp = 0.7. Moreover [84],

1/γf = 1 + (nBσnpπ/(2ω))2 , (4.8)
7One should note, however, that the authors of ref. [80] have cast some serious doubts on supernova

cooling bounds for ALPs.
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while we use γp = s(nB, YN , ω/T,mπ/T ) with s given by eq. (49) of [85].8 On the other
hand, following [64], we assume that [86]

γh = −0.0726502 ln(ρ) + 1010/ρ0.9395710 + 2.5558616, (4.9)

where the density ρ is expressed in g cm−3. Similarly to [64], we assume for ρ(r) and T (r)
and the “fiducial” profiles of [81]

ρ(r) = ρc ×
{

1 + kρ(1− r/Rc) r < Rc
(r/Rc)−ν r ≥ Rc

, (4.10)

T (r) = Tc ×
{

1 + kT (1− r/Rc) r < Rc
(r/Rc)−ν/3 r ≥ Rc

, (4.11)

with kρ = 0.2, kT = −0.5, ν = 5, Rc = 10 km, Tc = 30MeV and ρc = 3 · 1014 g/cm3. We
define Rν as the distance at which the temperature is 3MeV, obtaining Rν = 39.81 km.
Finally, for the optical depth we take [64]

τ = (Rfar −Rν)β−1Γa(Rν) + β−1
∫ Rν

r
dr̃ Γa(r̃). (4.12)

4.2 Bounds from red giant burst

The one-loop running of the dimension-5 effective Lagrangian will generate ALP couplings
to electrons at low energy. Such couplings face very strong astrophysical bounds for small
values of ma. This effect can be particularly relevant when the ALP couples to the top
quark, since it will contribute significantly to the running [28–31]:

16π2 dcH
d lnµ = −6Tr (λucuRλu) ⇒ cH = 3

8π2v2 Tr (MucuRMu) ln
(
f2
a

µ2

)
, (4.13)

which leads after field redefinition to

−cH
∂µa

fa

(
l̄Liγ

µlLi + 2ēRiγµeRi
)
. (4.14)

After EWSB, these operators lead to

L ⊃ icHa

fa
m`(¯̀γ5`) = i a ga``(¯̀γ5`), ` = e, µ, τ. (4.15)

More explicitly, at µ ∼ mt,

gaee = cHme

fa
= 3me

8πv2fa
ln
(
f2
a

m2
t

) 3∑
i=1

(Mu)ii (cuR)ii. (4.16)

This coupling is bounded by data from red giant bursts [83, 87–89], gaee . 1.6 · 10−13, for
ALP masses below the temperature of the red giant.

8Note that at the end of the day, s is divided by an extra factor (1− exp(−x)) in order to preserve the
detailed balance more explicitly.
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4.3 ALP lifetime, branching ratios and cosmological bounds

Cosmological bounds are very sensitive to the total decay width and the different branching
ratios of the ALP, that we discuss in the following. We do this both for small values of
the ALP mass, where QCD is confined and one can use chiral perturbation theory, as well
as for larger values where the dominant ALP decays can be computed using quark-hadron
duality [90, 91]. Following [5], we determine the energy scale separating both pictures by
demanding that the total decay width to hadrons or SM quarks is of the same order in
both regimes, which leads to ∼ 1GeV for the benchmark models at hand.

For small masses, ma . 1GeV, the ALP decays to two photons via the mixing (2.18)
and the subsequent decay π → γγ, plus one-loop contributions coming from integrating
out heavy quarks. This leads to [18, 21]

Γ(a→ γγ) ≈ α2
emm

3
a

(4π)3f2
a

∣∣∣∣∣
3∑
i=2

4
3(cuR)iiB1(τi)−

m2
a

2(m2
π −m2

a)
(cuR)11

∣∣∣∣∣
2

, (4.17)

where B1(τi) = 1− τif2(τ), τi = 4(Mu)2
ii/m

2
a, and

f(τi) =

 arcsin
(
1/√τi

)
τi ≥ 1

π
2 + i

2 ln
(

1+
√

1−τi
1−
√

1−τi

)
τi < 1

. (4.18)

This decay channel will be the only one present, whenever the leptonic decays a → `+`−

are kinematically closed. The leptonic decay widths can be written as

Γ(a→ `+`−) = mam
2
`

8πf2
a

√
1− 4m2

`

m2
a

|cH |2. (4.19)

The diphoton final state will dominate over the e+e− and µ+µ− decays in models where
(cuR)33 is absent or negligible. Otherwise, once a → e+e− and a → µ+µ− open up, they
will become the main ALP decay channel, at least for large values of fa leading to log-
enhanced ga`` couplings. At any rate, the m3

a dependence of the diphoton decay will make
Γ(a→ γγ) increase faster than the dilepton decay width with increasing values of ma. In
some cases, this can turn such decay channel into the leading one, once more, for larger
ALP masses before a→ 3π opens kinematically. Such decay channel will always dominate
the a→ γγ final state in our models, with its decay width reading [18]

Γ(a→ πaπbπ0) = π

12
mam

4
π

f2
af

2
π

[(cuR)11
32π2

]2
gab

(
m2
π

m2
a

)
, (4.20)

with

g00(x) = 2
(1− x)2

∫ (1−
√
x)2

4x
dz

√
1− 4x

z
λ1/2(1, z, x), (4.21)

g+−(x) = 12
(1− x)2

∫ (1−
√
x)2

4x
dz

√
1− 4x

z
(z − x)2λ1/2(1, z, x), (4.22)
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and λ(a, b, c) = a2 + b2 + c2 − 2(ab + ac + bc). However, when (cuR)33 is sizeable and/or
fa high enough to have significant ga`` couplings, a → µ+µ− can be the dominant decay
channel in this region of ALP masses.

For masses ma & 1GeV, equation (2.9) becomes invalid and the dominant ALP decays
into hadrons can be computed using quark-hadron duality. The ALP will then decay into
gluons and quarks. While the first decay is loop induced, the tree-level decay into quarks
will be suppressed by the light Yukawa couplings. Close to threshold, a → q̄(′)q will be
the leading decay channel, whereas for larger values of ma a → gg will take over. In this
regime, the a→ γγ decay will always be sub-leading and read

Γ(a→ γγ) ≈ α2
emm

3
a

(4π)3f2
a

∣∣∣∣∣
3∑
i=1

4
3(cuR)iiB1(τi)

∣∣∣∣∣
2

. (4.23)

We show in figure 4 the different branching ratios for the models at hand for
fa = 104 TeV, assuming that κ0 = 1 in the dark-QCD motivated benchmarks. We can
see that in the cases where the ALP coupling to top quarks is absent or suppressed (top-
left and bottom-right plots), a → γγ is the leading decay mode for most of the region
ma . 1GeV until a → 3π is kinematically allowed. In the cases where this coupling is
present (top-right and bottom-left plots), and for this choice of fa, a→ e+e− becomes the
leading channel until a→ µ+µ− opens up. For ALP masses & 1GeV, decays into hadrons
are by far the dominant channels, with a→ gg leading at large masses.

Now that we have computed the different branching ratios and lifetimes, we can evalu-
ate the impact of the cosmological constraints. It is important to stress that most of them
are derived assuming that a only interacts with photons. However, as discussed in [92], one
can apply these cosmological bounds to the more general case where other couplings are
present. At the end of the day, we will be able to recast the limits from [92–94] by using the
ALP lifetime 1/Γ, with Γ the ALP total decay width. These bounds include the possible
impact on Neff , potential distortions of the cosmic microwave-background spectrum as well
as modifications of the predicted big-bang nucleosynthesis, see [92–94].

Indeed, the bounds can directly be applied when the decay to lepton pairs is dominant,
i.e. when there is a sizeable coupling of the ALP with the top quark, provided one inter-
prets 1/Γ as the total lifetime.9 In the cases where a → 3π dominates, bounds from 4He
overproduction — the dominant constraint in this region — will still hold regardless of the
changes in the branching ratios, since only a minimal amount of charged pions is enough
for this bound to apply. For even larger masses, ALP decays into hadrons will eventu-
ally make its lifetime shorter than a second, making nucleosynthesis constraints harmless.
Therefore, even for these masses, we can apply the corresponding bounds if we interpret τ
as the total lifetime.

9When a → µ+µ− dominates, this slightly over-estimates the excluded region, since the subsequent
decay of the muon also heats the neutrino bath, which reduces the impact on Neff .
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Figure 4. Branching ratios of the ALP as a function of its mass, ma, for the different benchmark
models. The top panels correspond to the dark-QCD inspired case with a = πD3 (top left) and
a = πD8 (top right), whereas the bottom panels show the anarchic scenario (bottom left) and the
FN motivated benchmark (bottom right), respectively. In all cases, we have assumed fa = 104 TeV.
Moreover, for the dark-QCD motivated scenarios illustrated in the top panels we have taken κ0 = 1.
We illustrate with a gray narrow band around 1GeV, the matching between the calculations per-
formed using chiral perturbation theory and with quark-hadron duality.

5 Collider probes

5.1 Fixed target experiments

The main production mode for charming ALPs at fixed-target experiments is the decay
of D mesons. We consider NA62 [95] and the proposed SHiP experiment [96] as possible
detection experiments. We also consider the bounds imposed by the CHARM experiment
in [97]. The geometrical outlines of the experiments are listed in table 1.

NA62 operating in beam dump mode, meaning the target is lifted so that the 400GeV
proton beam hits the Cu collimator located 20m downstream, can be used to search for
hidden sector particles [98]. A short run in beam dump mode in November 2016 provided
useful information about the backgrounds. It was found that an upstream veto in front
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Experiment distance from IP length of decay volume radius/opening angle ND

FASER 480 m 1.5 m 0.1 m 1.1× 1015

FASER2 480 m 5 m 1 m 2.2× 1016

MATHUSLA 68 m downstream, 100 m 25 m high 2.2× 1016

60 m above
NA62 80 m 65 m θmax = 0.05 2× 1015

SHiP 60 m 50 m 2.5 m 6.8× 1017

CHARM 480 m 35 m 0.0068 < θ < 0.0126 4.08× 1015

Table 1. Detector parameters for the different fixed-target experiments and LHC forward detec-
tors considered.

of the decay volume could reduce the background to nearly zero [99]. The layout of the
SHiP detector is proposed with the aim of reducing the beam-induced backgrounds to 0.1
events [96, 100], so that 3 decay events correspond to the expected exclusion region at
over 95% CL.

The total number of dark pions decaying inside the respective decay volume is

Na = ND · Br(D → πa) · εgeom · Fdecay , (5.1)

with εgeom the geometric acceptance, defined as the fraction of ALPs with lab frame mo-
mentum at the acceptance angle of the respective detector and Fdecay the fraction of ALPs
that decay inside the decay volume of the respective detector. Furthermore it is assumed
that the direct production of ALPs in the beam dump is negligible. Fdecay and εgeom are
calculated following [5]. The D meson momentum distribution for SHiP is taken from [101].
The same distribution is used for the NA62 case as the proton beam is the same.

The CHARM experiment searched for ALPs decaying into pairs of photons, electrons
and muons. In [97] no events where found, so that we set a bound at 90% CL at Nobs = 2.3
events [102]. We assume that for our model the main production channel for ALPs is the
decay D± → π±a. CHARM also has a 400GeV proton beam, so we again use the same
momentum distribution for the D mesons. The number of protons on target is 2.4×1018 [97]
and such a proton beam has a probability of 1.7×10−3 to produce a pair of c quarks [103],
leading to 4.08×1015 produced D mesons. Multiplying eq. (5.1) by ∑i=γ,e,µBr(a→ ii) to
take into account that in [97] only the γγ, ee and µµ final states were searched for we use
the same procedure as for NA62 and SHiP to impose the 90% CL bound from CHARM.

5.2 LHC forward detectors

FASER [104] and the proposed MATHUSLA detector [105, 106] are designed to detect
long-lived particles produced in proton-proton collisions at LHC. The detector parameters
are given in table 1. We focus again on the production via D meson decays. The meson
momentum distribution was simulated using FONLL with CTEQ6.6 [107]. As for SHiP
and NA62 the number of dark pions decaying inside the decay volume can be calculated
using eq. (5.1). For LHC run-3 ND = 1.1×1015, which increases by a factor 20 at the High
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Luminosity (HL)-LHC. FASER will operate at LHC run-3, while FASER2 and MATH-
USLA are under consideration for the HL-LHC. Following the procedure as described for
SHiP and NA62 the number of dark pions decaying inside FASERs, FASER2s and MATH-
USLAs decay volume is calculated. At least three events must decay inside the respective
decay volume for a discovery.

6 Results

The resulting constraints on the parameter space of the four benchmarks models under
consideration are displayed in figures 5 and 6. More specifically, we show in figure 5 the
different bounds for the dark-QCD motivated benchmarks, with left panels corresponding
to the case a = πD3 and the right ones to a = πD8 , respectively. For these two benchmarks
we further assume κ0 = 1 in order to evaluate the logarithms coming from the one-loop
running, which only depend on fa. Still, different choices of κ0 ∼ O(1) will not significantly
affect the resulting bounds shown in the figure. On the other hand, we show in figure 6
the corresponding bounds for the anarchic (left panels) and FN (right panels) scenarios.

In both figures, we represent in dark yellow the region of the parameter space excluded
by D meson mixing, whereas the bounds from exotic meson decays B → Ka, B → πa and
K → πa are displayed in green, blue and red, respectively. Moreover, for the sake of
illustration, one can roughly interpret the expected bounds on B → Kνν̄ from Belle II as
sensitivity to B → Ka, which we show in light green. Similarly, one could do the same thing
in the case of K → πνν̄ from NA62, which is represented in light red. A proper recast of
these two upcoming experimental results will most likely result in slightly weaker bounds.
On the other hand, we show the limits arising from the recast of D+ → (τ+ → π+ν)ν̄
as a red line. Finally, we show in purple the bounds resulting from J/ψ → aγ searches
by the CLEO collaboration. The cosmological bounds discussed previously are shown in
gray in both figures, with the constraints arising from red giant bursts and from SN1987a
exhibited in lilac and light blue, respectively.

The region where the ALP mass lies above the D and B meson masses is only weakly
constrained by flavour observables, and is open for probes at the energy frontier, i.e. the
LHC and future colliders. Below the D meson mass, some viable regions remain which can
be probed by the upcoming or proposed collider experiments discussed in section 5. The
projected bounds from SHiP and NA62 are represented by dark red and orange dashed con-
tours, respectively. Above these lines more than three events are expected. Furthermore,
the discovery lines for FASER with LHC run-3 and FASER2 at HL-LHC are displayed
in dashed light and dark blue, respectively, whereas the detection line for MATHUSLA is
pictured as a turquoise dashed contour line.

In order to appreciate better the region which can be probed by these upcoming exper-
iments, we show in the lower panels of figures 5 and 6 a zoomed-in view of the area which
may be reached. While FASER will mainly validate the constraints from the CHARM
experiment shown in light yellow, FASER2 at the HL-LHC as well as NA62 will probe new
regions of parameter space, with SHiP and MATHUSLA covering the remaining unexplored
areas below the charm mass threshold.

– 18 –



J
H
E
P
0
8
(
2
0
2
1
)
1
2
1

FASER

CHARM

FASER2
NA62
MATHUSLA

SHiP

CHARM

FASER

FASER2
NA62
MATHUSLA

SHiP

SHiP

MATHUSLA
NA62
FASER2

FASER

meson
mixing

SHiP
MATHUSLA

NA62
FASER2

FASER

Figure 5. Experimental constraints and expected bounds on 1/fa as a function of ma for the
dark-QCD inspired models. Left panels correspond to the case a = π3

D, while right panels illustrate
the scenario a = π8

D. Light green and light red areas correspond to the expected constraints coming
from Belle II and NA62, respectively. We show by a red line the constraints arising from the
recast of the three-body decay D+ → (τ+ → π+ν̄)ν, whereas the impact of a direct measurement
of Br(D → πa) is represented by black lines, with values going from 10−1 to 10−8, each one a
decade smaller. Dashed lines correspond to different fix-target experiments and collider probes of
the model, see the main text for more details. Lower panels zoom in the regions where upcoming
experiments are sensitive. In order to evaluate the logarithms coming from the one-loop running
we further assume κ0 = 1.
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CHARM

FASER

FASER2
NA62
MATHUSLA

SHiP

SHiP

MATHUSLA

NA62

FASER2

FASER

SN1987a

meson
mixing

SHiP

MATHUSLA
NA62
FASER2

FASER

meson mixing

Figure 6. Same as figure 5 but for the anarchic and the FN inspired models, left and right panels,
respectively. Lower panels zoom in the regions where upcoming experiments are sensitive.

A possible measurement of Br(D → π + invisible) could provide a complementary
test of these parts of the parameter space, and might be crucial to probe the region close
to the charm mass at relatively large coupling. In the FN inspired model as well as the
π3
D scenario this region of parameter space is not otherwise accessible, while in the π8

D

scenario it will be probed by Belle II, and in the anarchic case it is already excluded. Sim-
ilarly, the low mass region of the π3

D scenario is only accessible via Br(D → π + invisible)
and future NA62 measurements. To display the discovery potential of such a measure-
ment, we show black contour lines corresponding to values of Br(D± → π±invisible) ∈
{10−8, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1}. This demonstrates that providing an
experimental measurement of the exotic meson decay D → πa is paramount to leave
no stone unturned in the quest for well motivated extensions of the SM that feature
charming ALPs.
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7 Conclusions

In this work we have presented several examples of models featuring charming ALPs,
i.e., light pNGBs having off-diagonal couplings with SM up-quarks, and studied in detail
the phenomenology associated with their low-energy EFTs. More specifically, we have
studied the constraints arising from flavour experiments, astrophysics and cosmology as
well as planned fixed-target and collider experiments in four benchmark models. We have
shown that such scenarios have still a large unexplored parameter space. We have also
demonstrated how future collider and fixed-target experiments can probe these models
and that they could be perfectly complemented by the measurement of the exotic decay
D → π + invisible, which is currently unavailable. We thus encourage our experimental
colleagues to proceed with such measurement. In the absence of dedicated searches, we
have also derived bounds on the parameter space of the models by recasting three-body
meson decays like D+ → (τ+ → π+ν)ν̄ or B → K/π νν̄.

The scenarios considered here can be the low-energy EFT of several compelling UV
completions. We have presented two of them: the case of a QCD-like dark sector interacting
with the SM via a heavy scalar mediator with hypercharge −2/3, and a FN model of
flavour where only RH up-quarks and a heavy scalar have non-zero charges with respect
to an spontaneously broken global U(1) symmetry. Some of the phenomenology studied
here may change when considering the whole picture in the dark-QCD case, since there
might be a non-trivial interplay between the complete set of pNGBs in some regions of the
parameter space. In the present work, we have focused on the phenomenological aspects
expected to hold when singling out one of such light states. The complete dark-QCD model
will be studied in an upcoming work, where a detailed study of the full charming dark
sector including the possible connection with dark matter will be presented. A particularly
interesting aspect of such scenarios to be studied is the collider phenomenology involving
rare top decays t→ ca as well as the phenomenology of ‘charming’ emerging jets.

A final region of parameter space that was left unexplored in our study is that of
very small ALP masses and couplings, i.e. the lower left regions of our figures. There the
charming ALP would be a stable dark matter (DM) candidate. The freeze-out of such a
DM candidate is excluded for ma & 100 eV due to DM overproduction [92] and in the whole
parameter region if structure formation bounds are also taken into account [108]. On the
other hand, if the charming ALP DM is produced via a “freeze-in” mechanism, a region
of parameter space remains viable [108] in principle. A more detailed exploration of this
region of the charming ALP is left for future work.
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Figure 7. Schematic illustration of the high-energy and low-energy regimes of the dark QCD
UV completion.
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A A dark QCD UV completion

One particular class of theories which can provide a UV completion to the charming ALP
EFT is what can be collectively denoted by ‘dark QCD’, see e.g. [5, 11, 12]. In these
scenarios, one assumes that the SM is extended with a new dark QCD-like gauge group
SU(Nd)d with nd Dirac fermions, Qα, α = 1, . . . , nd, singlets of the SM gauge group and
transforming in the fundamental representation of SU(Nd)d. For concreteness one can
assume Nd = 3 = nd, which allows in particular the QCD-like sector to confine at a scale
ΛdQCD. Both sectors talk to each other through the coupling to a heavy scalar mediator, X ,
transforming as a (3, 3̄) under SU(3)⊗SU(3)d, which is also charged under SU(2)L⊗U(1)Y
as 1−2/3. Such scalar mediator is naturally heavy, also in agreement with LHC bounds.
A similar setup was presented first in [11] but with a different assignment of hypercharge,
Y = 1/3, such that only couplings to RH down-like quarks were allowed. It was shown
in [5, 12, 12] that this scenario lead to emerging jets and its flavour phenomenology was
studied in [5]. Here, we focus on a different hypercharge assignment, which leads to a
distinct phenomenology. The structure of the model is sketched in figure 7.

The Lagrangian of the dark sector reads

LD = −1
4G

µν,a
d Gd,aµν + Q̄αi��DQα −mQα,βQ̄αQβ + |DµX|2 −m2

X |X |2 − [καiūRiXQα + h.c.] ,
(A.1)

where we use greek (latin) indices to denote the flavour indices in the dark (visible) QCD
sector and we do not need to explicitly write the corresponding covariant derivatives.
Similarly, we did not make explicit color or dark color indices with the exception of Gaµν ,
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a = 1, . . . , 8, the field-strength tensor for the dark QCD. In general, the coupling matrix
καi can be expressed as

κ = V DU (A.2)

where both U and V are 3× 3 unitary matrices and D is a 3× 3 diagonal matrix. In the
case where mQαβ = mQδαβ , there is a U(3)d flavour symmetry in the dark sector, which
can be used to rotate away V . We will assume that this is the case henceforth. The matrix
U can be further expressed as the following product

U = U23U13U12, (A.3)

where Uij are unitary rotations between the flavours i and j. For example, U12 reads

U12 =

 c12 s12e
−iδ12 0

−s12e
−iδ12 c12 0

0 0 1

 , (A.4)

where c12 = cos θ12, s12 = sin θ12. Moreover, following [2, 5] one can express D as

D = diag (κ0 + κ1, κ0 + κ2, κ0 − (κ1 + κ2)) , (A.5)

where κ0 ≥ |κ1 + κ2|. For the sake of concreteness, we will consider the benchmark model
defined by

κ1 = κ0/2, κ2 = 0, θ13 = θ23 = 0, δij = 0, ∀i, j. (A.6)

We also assume that all this happens in a basis where the SM up Yukawa matrix is diagonal.
If the mass of scalar mediator is much heavier than ΛdQCD and ΛQCD, one gets in

addition to the SM Lagrangian

Leff = −1
4G

µν,a
d Gd,aµν + Q̄αi��DQα −mQQ̄αQα −

καiκ
∗
βj

2m2
X

(
Q̄βγµPLQα

)
(ūRiγµuRj), (A.7)

after integrating out X and using Fierz identities. Similarly to QCD, in the limit mQ → 0
and mX →∞, the dark sector features a global dark chiral symmetry SU(3)dL⊗ SU(3)dR,
which we assume is spontaneously broken to its diagonal group SU(3)dV by the dark QCD
condensate 〈Q̄αQβ〉 ∝ δαβΛ3

dQCD. This spontaneous symmetry breaking delivers 8 Nambu-
Goldstone bosons, πD1 , . . . , πD8 , which will become pNGBs once we switch on mQ. We will
consider the case where mQ � ΛdQCD so that the pNGBs are parametrically lighter than
the rest of particles in the spectrum. With the exception of the lightest baryonic bound
states carrying a conserved dark baryon number, the rest of the particles of the spectrum
will undergo fast decays to dark pions. Therefore, it is a reasonable approximation to just
consider such dark pions. In the case at hand where nd = 3 = Nd, one can write down an
effective theory for the resulting eight pNGBs along the lines of the QCD case of pions and
kaons. Using the basis of Gell-Mann matrices, λa, a = 1, . . . , 8, one can write

ΠD = πDa
λa

2 = 1
2


πD3 + πD8√

3 πD1 − iπD2 πD4 − iπD5

πD1 + iπD2 −πD3 + πD8√
3 πD6 − iπD7

πD4 + iπD5 πD6 + iπD7 − 2√
3πD8

 . (A.8)
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The corresponding Goldstone matrix transforming non-linearly under SU(3)dL ⊗ SU(3)dR
and linearly under SU(3)dV can be written as

UD(ΠD) = exp
( 2i
fd

ΠD

)
, (A.9)

where fd is the dark pion decay constant, in principle a free parameter. In analogy to
chiral perturbation theory (ChPT) for QCD, the Lagrangian describing the dark pions in
the absence of interaction with the SM is given by

LdChPT = f2
d

4 Tr
(
∂µUD∂

µU †D

)
+ f2

dBD
2 mQTr

(
U †D + UD

)
, (A.10)

where Bd is a constant related to the dark pion mass. More precisely

m2
πDa

= m2
πD

= 2mQBd. (A.11)

As one can see, they are all degenerate in mass, but small splittings will be induced by
their interactions with the SM. Such radiative corrections will define new mass eigenstates

π
(1,2)
D = 1√

2
(πD1 − iπD2) , (A.12)

π
(1,3)
D = 1√

2
(πD3 − iπD4) , (A.13)

π
(2,3)
D = 1√

2
(πD6 − iπD7) , (A.14)

with πD3 and πD8 unchanged.
If the dark pions are light enough, mπD . 4πfπ, their decays are better described by

ChPT for the SM quarks. The part containing only SM fields is described by

LChPT = f2
π

4 Tr
(
∂µU∂

µU †
)

+ f2
πB0
2 Tr

(
mqU

† + Um†q

)
, (A.15)

whereas the interaction with the dark QCD sector is described by

Lmix
ChPT = −f

2
df

2
π

2m2
X
καiκ

∗
βj Tr

(
cβαU

†
D (∂µUD)

)
Tr
(
cijU (∂µU)†

)
, (A.16)

where the projection matrices cαβ and cij are defined as

cmnαβ = δmα δ
β
n , α, β = 1, 2, 3, cmnij = δmi δ

n
j , i, j = 1, (A.17)

being zero otherwise. For larger dark pion masses, one can use quark-hadron duality [90,
91], with the relevant Lagrangian being

Lmix = i
f2
d

2m2
X
καiκ

∗
βjTr

(
cβαU

†
D (∂µUD)

)
(ūRiγµuRj). (A.18)

For the benchmark model at hand, only πD3 , πD8 and π(1,2)
D decay at tree-level. The rest

of dark pions, which decay through loop-induced processes, are therefore long-lived. For
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this reason, we focus on the first dark pions, and in particular, on the two real ones πD3

and πD8 .10 In particular, the mixing terms in eqs. (A.16) and (A.18) involving πD3 and
πD8 read

Lmix
ChPT ⊃ −

fdf
2
π

2m2
X

∑
a=3,8

∑
αβ

καiκ
∗
βj (λa)αβ ∂µπDaTr

(
cijU (∂µU)†

)
(A.19)

and

Lmix ⊃ −
fd

2m2
X

∑
a=3,8

∑
αβ

καiκ
∗
βj (λa)αβ ∂µπDa(ūRiγµuRj), (A.20)

respectively. Comparing these equations with the mixing terms present in eqs. (2.1)
and (2.9) for a = πD3 and πD8 , respectively, we obtain fa = m2

X /fd and

(c(a)
uR

)ij = −
∑
αβ

καiκ
∗
βj (λa)αβ , a = 3, 8. (A.21)

More explicitly,

c(3)
uR

= κ2
0

4


4s2

12 − 9c2
12 −13c12s12 0

−13c12s12 4c2
12 − 9s2

12 0
0 0 0

 , (A.22)

c(8)
uR

= −κ
2
0

4
√

3


4s2

12 + 9c2
12 5c12s12 0

5c12s12 4c2
12 + 9s2

12 0
0 0 −2

 . (A.23)

B A Froggatt-Nielsen UV completion

Another motivation for the ALPs considered here corresponds to what is generically known
by the name of flavons or familions (see [87, 109–113] and e.g. [114–123] for more recent
implementations), pNGBs of some spontaneously broken flavour symmetry, which may
be anomalous, and that generically feature flavour-violating couplings to quarks or lep-
tons. One particular setup leading to the scenario we have in mind, i.e., the effective
Lagrangian (2.1) in addition to cH = 0, is given by FN models when only RH up-quarks
have non-zero charges. Specifically, one considers a global U(1) flavour symmetry, sponta-
neously broken by the vacuum expectation value of some extra scalar 〈S〉 = fa, where

S = 1√
2

(fa + s)eia/fa , (B.1)

and has charge −1 under this new U(1). If only uRi are charged under such global sym-
metry, with charges nui , Yukawa couplings for up-quarks will be higher-dimensional

L ⊃ −(yu)ij
(
S

Λ

)nuj
qLiH̃uRj + h.c., (B.2)

10At the phenomenological level, the main difference between the couplings of these two pions is the
presence of a tree-level coupling with the RH top. The rest of pions will interpolate between these two
scenarios or be too-long lived.
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where one typically assumes that fa < Λ. At the end of the day, such term in the Lagrangian
will generate interactions like (2.4)

− ia
fa
q̄LiH̃uRjn

u
j = − ia

fa
q̄LiH̃uRj(Yu)ijnuj , (B.3)

where Yu is the effective up Yukawa matrix,

(Yu)ij = (yu)ij
(
fa
Λ

)nuj
. (B.4)

If we assume that (yu)ij = O(1) and take fa/Λ = ε ∼ mc/mt, we can get the correct up
quark masses by choosing nu = (2, 1, 0) since

(mu,mc,mt) ∼
1√
2
v (ε2, ε, 1) (B.5)

and
mu

mt
∼ ε2, mc

mt
∼ ε. (B.6)

In this case, we can diagonalize Yu by making

uR → UuRuR, uL → UuLuL, (B.7)

with

UuR ∼

 1 ε ε2

ε 1 ε

ε2 ε 1

 , (UuL)ij ∼ O(1). (B.8)

This leads, after going to the basis where Yu is diagonal to

cuR ∼

 2 3ε 3ε2
3ε 1 ε

3ε2 ε ε2

 . (B.9)

C ALP couplings to nucleons

The leading order ALP couplings with nucleons can be read from the following La-
grangian [34, 124–126]

Lint =
(
∂µa

4fa

){
Tr((ĉ+κqcg)λa)

(
F Tr

(
B̄γµγ5 [λa,B]

)
+DTr

(
B̄ γµγ5 {λa,B}

))
+ 1

3Tr(ĉ+κqcg) STr
(
B̄ γµγ5B

)
+Tr((ĉ+κqcg)λa)Tr

(
B̄ γµ [λa,B]

)}
(C.1)

where B is the baryon matrix

B = 1√
2
Baλa =


Σ0
√

2 + Λ√
6 Σ+ p

Σ− −Σ0
√

2 + Λ√
6 n

Ξ− Ξ0 − 2Λ√
6

 , (C.2)
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and the axial-vector coupling constants F and D are defined by

〈B′i|J
(8)
j |Bk〉 = ifijkF + dijkD, (C.3)

with J
(8)
j the weak axial-vector hadronic current, transforming as an SU(3) octet, fijk

the totally antisymmetric structure constants of SU(3) and dijk the totally symmetric
ones. On the other hand, S is defined by the singlet current which can be renormalized
independently. D and F can be determined by hyperon semileptonic decays [127], leading
to F = 0.463± 0.008, D = 0.804± 0.008. On the other hand S ≈ 0.13± 0.2 [128]. We are
particularly interested in the aN̄N couplings, with N = p, n, which read

Lint ⊃
1
12
∂µa

fa
(cuR)11

([
S − 4D

]
(n̄γµγ5n) +

[
2D + 6F + S

]
(p̄γµγ5p) + 6p̄γµp

)
(C.4)

The last term in the equation above is a total derivative which can be neglected. In this
case

LaNN =
∑

N=p,n

∂µa

2fa
caNN N̄γ

µγ5N (C.5)

with

capp = (cuR)11

(
F + 1

3D + 1
6S
)

= (cuR)11 (0.75± 0.03) , (C.6)

cann = (cuR)11

(1
6S −

2
3D

)
= (cuR)11 (−0.51± 0.03) . (C.7)
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