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1 Introduction

Hidden sectors have become a rich arena for dark matter model building [1, 2]. By virtue
of portal interactions with the standard model (SM), they are hidden rather than being
invisible. For hidden sectors including a U(1)′ gauge interaction, kinetic mixing ϵF ′

µνF µν

between the dark photon and the SM photon is a possible portal, which is induced at one
loop by integrating out a heavy particle X that carries both kinds of charges [3]. If the dark
gauge group is nonabelian, such as SU(N)′, such mixing is forbidden by gauge invariance,
but higher dimensional versions such as

ΦA

M
G′

A
µν

Fµν (1.1)

are possible [2, 4, 5] if there is an adjoint scalar field Φ that also couples to X in the loop,1

see figure 1. If the gauge symmetry is broken by Φ getting a vacuum expectation value, then
some linear combination of the dark gauge fields become a massive photon, and eq. (1.1)
reduces to the abelian case with ϵ ∼ ⟨Φ⟩/M . This is the assumption that has been made in
previous works that studied the phenomenology of nonabelian kinetic mixing [6–17].

1One could alternatively have a fundamental representation scalar Ψ leading to the dimension-6 operator
M−2 (Ψ†T AΨ) Gµν

A Fµν .
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In the present work, we instead consider the situation when the SU(N)′ symmetry remains
unbroken and confines at a scale Λ. Then the dark gluon G′

µ forms a bound state with the
scalar Φ, giving rise to a vector Ãµ whose mass originates from confinement rather than
symmetry breaking. This provides a model of a composite dark photon with kinetic mixing [18].
In this work, we proceed to derive constraints on such models from direct detection and
collider searches, assuming that the dark matter is a baryon-like state of the SU(N)′ sector.

In fact, one quickly realizes that similar phenomenology can arise even in the limit
where mΦ → ∞ so that the Ãµ decouples, since there are two additional vector states that
acquire kinetic mixing with the photon via the heavy mediator X. These are the vector
meson ωµ that is a QQ̄ bound state, and the 1−− vector glueball Gµ. Here we also study the
phenomenology of these states and delineate the regimes in which one of the three vectors
dominates in the direct detection signal.

The cosmological history of the paradigm at hand is particularly rich. Notably, the X

particle would be stable in the simplest models, which is strongly constrained by searches for
charged relics. To avoid this, we study two renormalizable extensions of the model that allow
X to decay into dark matter plus standard model particles. These additional interactions
necessarily introduce additional portals for direct detection and collider searches that we
thoroughly consider. Since the dark mesons can become fairly long lived, their late-time
decay into SM states can impact the formation of light elements in the early universe. This
leads to constraints from Big Bang Nucleosynthesis (BBN) that we derive in this work.

The dark baryon is stable due to its conserved number, and it can be an asymmetric
dark matter candidate. We will not be concerned with the mechanism of producing the
asymmetry for it to have the right relic density, but rather assume that such a mechanism
exists. Because of its strong interactions, it is generic that the symmetric component will
annihilate to negligible levels, as must happen for it to be asymmetric dark matter [19]. For
example, if the annihilation cross section into dark mesons is geometric, σ ∼ 4π/Λ2, the
symmetric component is exponentially suppressed as long as Λ ≲ 105 GeV, which is well
within the range considered in this paper.

This paper is organized as follows. We start by defining the minimal models that
incorporate nonabelian kinetic mixing with composite dark matter candidate in section 2.
These are mapped onto a low energy effective description valid below the confinement scale
in section 3, to make contact with direct detection experiments and cosmological constraints.
In section 4, we derive constraints on the models from collider searches for the heavy X

mediator. Constraints arising from direct searches for dark matter are presented in section 5,
and lepton flavor violation searches are discussed in section 6. Limits on possible long-lived
states from BBN are studied in section 7. We summarize and conclude in section 8.

2 Models

For simplicity, we consider there to be a single flavor of dark quarks Qa transforming in the
fundamental representation of SU(N)′, having bare mass mQ. The Q number is protected
by a global dark baryon symmetry, and it is assumed that the (Q)N baryonic bound state
is the stable dark matter candidate.
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G'

Figure 1. Nonabelian kinetic mixing from integrating out a heavy X particle that carries electric
charge and hidden SU(N)′ charge.

There may be an adjoint scalar ΦA, inspired by the initial model of nonabelian kinetic
mixing [18], that interacts with Qa and Xa via

yq Q̄ΦQ +
{

yxX̄ΦX, fermionic X

µxX†ΦX, scalar X ,
(2.1)

where Φ = T AΦA is the matrix form of the field in color space. The SU(N)′ confinement
scale is denoted by Λ, and its running coupling by g′. The heavy mediator Xa with mass
mX is assumed to be in the fundamental representation. As indicated in eq. (2.1), there
is a choice as to whether X is a Dirac fermion or a complex scalar, leading to the two
classes of models that we consider.

If ΦA gets a VEV, the diagram of figure 1 leads to kinetic mixing of a linear combination
of GA with the photon. In contrast to U(1)′ hidden sectors, the loop integral is finite, and
it gives rise to the coefficient 1/M of eq. (1.1)

1
M

= eg′

16π2 ×
{

yx/mX , Dirac X

µx/2m2
X , scalar X .

(2.2)

On the other hand, if the SU(N)′ remains unbroken, the kinetic mixing applies to a vector
bound state Ã of ΦA and GA, and the dimensionless kinetic mixing parameter arises from
the product of 1/M and the decay constant fÃ = ⟨0|ΦAGA|Ã′⟩ ∼ Λ.

To avoid charged relics, X must decay into Q and standard model particles. At the
renormalizable level, the possible couplings are limited, depending upon the spin of X. The
operators allowed by gauge invariance are

λ Q̄HX or λi Q̄XeR,i + H.c. (2.3)

respectively, for Dirac or scalar X. In the first case X must be a vectorlike SU(2)L doublet to
combine with the SM Higgs doublet H . In the second, the coupling is to ith generation right-
handed charged leptons, eR,i. This determines the weak hypercharge and electric charge(s)
of X in each case. For Dirac X, the doublet members are charged as X = (X0, X+)T ,
allowing for the decays X+ → W +X0 followed by X0 → hQ. For the scalar, X has charge
+1 and decays to Q plus charged leptons.

In summary, the ultraviolet ingredients of the hidden sector are relatively simple: the
nonabelian gauge fields, three kinds of matter fields, Q, Φ and X, and three kinds of Yukawa
couplings, yx or µx, yq, and λ or λi. The weak hypercharge of X is determined by its spin:
Y = +1/2 for fermionic X or Y = 1 for bosonic X. We use the convention Y = Q − T3.

– 3 –
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Particle Constituents JP (C) Mass

B QN (N/2)+ N(mQ + Λ)

Ã G′Φ 1−− mΦ + Λ
Gµ G′G′ 1−− 9Λ
Gµ

0 G′G′ 1+− 7Λ
ωµ QQ̄ 1−− 2(mQ + Λ)
η QQ̄ 0−+ 2mQ + Λ
G0 G′G′ 0++ 4Λ
G G′G′ 0−+ 6Λ
ηΦ QΦQ̄ 0−+ 2mQ + mΦ + Λ
S ΦΦ 0++ 2mΦ + Λ

Table 1. Bound states in the low-energy effective theory, classified by spin, parity, and charge
conjugation, along with quark model or lattice estimates for their masses.

3 Low energy effective theory

Having defined the model in terms of the fundamental constituents, we need to describe it
below the confinement scale, where direct detection and BBN constraints will be applied.
The low-energy theory contains a dark baryonic state B ∼ (Q)N , the composite vector
Ãµ ∼ Gµ

BΦB , a pseudoscalar meson η ∼ QQ̄, and a vector meson ωµ ∼ Q̄γµQ, where we have
indicated the interpolating fields of the fundamental theory. In addition, there are glueballs
G ∼ GG,2 and scalar balls ηΦ ∼ Q̄ΦQ, S ∼ ΦΦ. Schematically, the bound state masses
are estimated in table 1, using quark model estimates or lattice QCD [21, 22]. There is no
chirally suppressed meson mass since the global U(1)A quark flavor symmetry is anomalous.

3.1 Radiative decay operators

In our model, the dark baryon B is the dark matter candidate, while the various mesonic
bound states are rendered unstable by the portal interactions introduced above. Their main
phenomenological interest is that they must decay fast enough to satisfy constraints from Big
Bang Nucleosynthesis. We will consider those constraints in detail in section 7. Here, we
estimate the effective interactions enabling the decays. Neglecting mass mixing, the scalar
and pseudoscalar states can decay into two photons through the effective interactions

L ∋
(

η

Λη
+ G

ΛG

)
FF̃ +

( G0
ΛG0

+ S

ΛS

)
F 2 (3.1)

where Λi are mass scales to be estimated below.
The diagram in figure 2 leads to mass mixing between the composite vectors Ãµ and

ωµ. The same diagram without the G′ line gives mixing between the pseudoscalar ηΦ and η

mesons. Since the gauge coupling g′ ∼ 1 at the scales of the mesons, the mixing mass squared
2The exact form of the interpolating operators for the different glueball states can be found in table 2 of

ref. [20].
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A
~′g

qy

′G

Φ

Q

Figure 2. Effective interaction of the dark quark Q with the Ãµ composite vector.

Figure 3. Left: diagram contributing to the decay of the dark meson η into two visible photons.
Center: diagram leading to glueball decays to two photons. By replacing both gluon lines with Φ, we
get decays S → γγ. Right: diagram leading to kinetic mixing of the vector glueball with the photon.

is of order yqΛ2 for both systems. Then ηΦ can decay to two photons by its mixing with η,
and Ã can decay like ω → ηγ though its mixing with ω. The latter mixing angle is

θÃ ∼ yqΛ2

m2
ω − m2

Ã

(3.2)

with the masses given in table 1. In addition, Ã can decay into SM fermions via its
kinetic mixing.

The low-energy effective coupling for η can be estimated from the first diagram of figure 3.
It makes a contribution to the divergence of the dark axial vector current jµ

5 = Q̄γµγ5Q,
that interpolates between η and two photons. The value can be inferred from ref. [23],
which computed the same diagram in the fully Abelian case. Correcting for the color factor,
we estimate that

∂µjµ
5 (q2) ∼=

Nαα′2

4π3 ln m2
X

q2 FF̃ = fη

Λη
FF̃ (3.3)

with q2 = m2
η and fη ∼ Λ. Here, α denotes the electromagnetic structure constant. The

gauge coupling α′ should be evaluated at the scale mX here and below. For our purposes, the
one-loop beta function [24] gives a sufficient estimate, α′(mX) ∼ 6π/[(11N − 6) ln(mX/Λ)].

The second diagram of figure 3 was computed in ref. [20], giving rise to the effective
operators

αα′

m4
X

( 1
45tr[G

′G̃′]FF̃ + 1
60tr[G

′G′]F 2
)

. (3.4)

in the case of fermionic X. For bosonic X, in analogy to scalar QED, we estimate an extra
factor of −1/2 for each diagram [25]. To relate it to the hadronic effective description (3.1),
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we must estimate the decay constants such as ⟨0|tr[G′G̃′]|G⟩ = fG ∼ Λ3. Then

ΛG ∼ 45m4
X/(α′αΛ3) ,

ΛG0 ∼ 60m4
X/(α′αΛ3) . (3.5)

We further estimate that ΛS ∼ ΛG0 .
The radiative decay rates for these states have been computed (up to the decay constants,

which we estimate dimensionally as Λ3) in ref. [20]. The vector glueball decays are also
treated there; they include Gµ

0 → G0γ and Gµ → Gγ. For the lightest 0++ state,

ΓG0→γγ ∼ 2(N2 − 1)Λ3

π Λ2
G0

. (3.6)

The 1+− and 1−− vector glueballs can radiatively decay to the ground state with rate

ΓGµ
(0)→γG0 ∼ (100−400) αα′3 Λ9

24π m8
X

, (3.7)

where the larger coefficient applies to the heavier parent particle.

3.2 Kinetic mixing and couplings to DM

The portal interactions (2.1) further give rise to glueball decays into Higgs bosons [20] or
right-handed leptons, and kinetic mixing with Gµ. The latter comes from the right diagram
in figure 3 and gives rise to the effective operators [26]

α′3/2α1/2

m4
X

F µν
(14
45trG′

µνG′
αβG′αβ − 1

9trG′α
µ G′β

α G′
νβ

)
. (3.8)

These operators interpolate between the photon and the two vector glueballs (despite their
opposite parity [27]); however parity forbids kinetic mixing with the 1+− lowest vector glueball
Gµ

0 . One can estimate that the ensuing effective kinetic mixing term is

1
2ϵGFµνGµν ∼ 1

3α1/2α′3/2
( Λ

mX

)4
FµνGµν (3.9)

with the glueball field strength tensor. This exchange mediates scattering between the
dark B baryon and the SM proton, for which the effective coupling gG between Gµ and
B is required. From large-N counting rules [28], one finds that the vector coupling of Gµ

is suppressed relative to that of ωµ, which does not scale with N . Using the ω-nucleon
coupling in QCD [29], we estimate

√
NgG ∼= gω

∼= 4π . (3.10)

Lattice studies have shown that such large-N estimates work relatively well even at N = 2 [30].
For the Ãµ composite vector, we estimate the kinetic mixing and effective coupling

to B̄γµB as

ϵÃ ∼ αxα′1/2α1/2 Λ
mX

, gÃ ∼ yqΛ√
N(mQ + Λ)

. (3.11)
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γ

eR

X−

X−

γ

i
λ

i
λ

QQ x
Q Q

+

(a) (b)

H

λλ

Figure 4. Diagrams generating dark baryon magnetic moment in the (a) fermionic X and (b) scalar
X variants of the model. In addition to diagram (a) which appears in ‘t Hooft gauge, there is a
subdominant W loop contribution.

particle ϵv (Dirac X) ϵv (scalar X) gv

Ãµ
√

αα′yxΛ
4πmX

√
αα′µxΛ
8πm2

X

yqΛ√
N(mQ+Λ)

ωµ eg2
2λ2v2Λ

16π2m3
X

e
∑

i
λ2

i mℓi
Λ

16π2m2
X

4π

Gµ 2
3
√

αα′3
(

Λ
mX

)4 1
3
√

αα′3
(

Λ
mX

)4 4π√
N

Table 2. The low-mass composite vector states, their kinetic mixing parameters (depending upon
the spin of the mediator X) and their vectorial coupling to the dark baryon current.

where αx = yx/4π for Dirac X, and αx = µx/(8πmX) for scalar X. A diagram giving rise to
gÃ is shown in figure 2, where g′ ∼ 1 since it is evaluated at a scale ∼ Λ. Like the glueball
coupling in eq. (3.10), it is suppressed at large N .

The remaining light vector state is the meson ωµ, which can mix with Ãµ through an
off-diagonal mass term δm2ωµÃµ of order δm2 ∼ yqΛ2. It can acquire kinetic mixing with
the SM hypercharge by virtue of the one-loop contribution to the Q magnetic moment, from
the diagrams in figure 4. The kinetic mixing between ωµ and the photon is interpolated
by the magnetic moment interaction,

⟨ωµ|µQQ̄σρσQFρσ|0⟩ → ϵωωρσFρσ , (3.12)

where ωρσ is the ωµ field strength. One can then estimate that ϵω ∼ µQΛ, where µQ is the
loop-generated quark magnetic dipole moment (MDM),

µQ
∼=

e

16π2m2
X

 λ2mX + θ2g2
2mX , Dirac X

1
3
∑

i λ2
i mQ ln mX

mℓi
, scalar X .

(3.13)

For fermionic X, the second term arises from virtual W exchange, while in the scalar X result,
the log enhancement comes from the diagram where γ attaches to the lepton with mass mℓi

.
We summarize the predicted kinetic mixings and couplings to the dark baryon of the

three vector states in table 2. These, along with the vector masses, are the relevant quantities
for direct detection via nonabelian kinetic mixing, to be discussed in section 5.
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4 Collider constraints

The SU(2)L charged mediator X can be produced at high energy collider experiments.
Depending on its spin, different search strategies are best suited to look for it.

4.1 Fermion mediator

The case where X is a Dirac fermion with Y = +1/2 leads to phenomenology that is similar
to that of a supersymmetric Higgsino. Via the operator λQ̄HX, the neutral component will
decay 100% of the time into X0 → h + Q, as long as the decay is kinematically allowed. We
assume that λ is sufficiently large so that the decay is prompt.

With these assumptions, X0 is constrained by searches looking for pair-produced neu-
tralinos decaying into a Higgs boson and a neutral LSP. In most of the parameter space, the
strongest bounds are placed by the recent CMS search [31]. At masses below ∼ 200GeV and
above 800GeV, the ATLAS searches [32, 33] improve the limits, assuming that the stable
neutral particle that carries away the missing energy is massless.

To recast the aforementioned analyses for our model, we implement the relevant particles
and interactions in FeynRules,Alloul:2013bka and calculate the leading-order (LO) pp →
X0X̄0 production cross-section using MadGraph5_aMC@NLO [35]. The next-to-leading-order
(NLO) and next-to-leading-log (NLL) effects [36, 37] are incorporated by correcting the
LO cross-section by a K-factor of 1.4. The total cross-section is boosted by the dark color
multiplicity of X0, which depends on the dimension of the SU(N)′ dark gauge group.

The resulting limits are shown in figure 5 and exclude mediators with masses below
800GeV for the benchmark case of an SU(3) confining gauge group. The left panel of figure 5
shows the exclusion arising from the CMS search [31], as a function of mX0 and mQ. The
kinks in the exclusion lines can be traced back to the binning used in the experimental
analysis. As expected, the limits are strongest for mQ = 0 and vanish or significantly degrade
for mQ ≳ mh. The sensitivity of the CMS search [31] degrades for small mediator mass,
and thus leaves mX0 ≲ 200GeV unconstrained (note however that ATLAS [33] excludes
these masses as long as mQ ≪ mX0). Since we are not including hadronization processes
in the dark sector, we use the parton-level mass mQ for the final state dark quarks. This
should be a good approximation when mQ ≳ Λ.

The right panel shows the cross-section upper limits for the CMS [31] and ATLAS [32, 33]
searches for massless Q (or mQ ≪ mh). Except for a small range of masses around 200GeV
for a SU(2) gauge group, mX0 is constrained to be above 600GeV for SU(2), 800GeV for
SU(3), and even higher masses for larger dark gauge groups.

To conserve dark SU(N) charge, the QQ̄ pair are produced with opposite dark color.
Since the interaction is strong, color strings stretch between the two Q particles. This can
lead to distinctive kinematic features in the missing energy spectrum of the events that could
be used to further test the model in a dedicated search for hidden-valley type of dark sector
models [38, 39], but that we have neglected in the present analysis.
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σ
(p
p
→

X
0
X̄
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→

h
h
Q
Q̄
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CMS 2201.04206
ATLAS 1806.04030

ATLAS CONF-2023-009

SU(2)

SU(3)

SU(4)

SU(5)

Figure 5. Constraints on the neutral component of the Dirac fermion X mediator from LHC searches
for Higgsino pair production decaying into a Higgs boson pair plus missing energy. Left: recasted
limits from [31] as a function of mX0 and the mass of its Q decay product. For different dark gauge
groups, the regions below each line are excluded. Right: the black dashed and dash-dotted lines show
the cross section upper limits from [31–33] as a function of mX0 in the limit where Q is assumed to
be much lighter. The colored lines represent the theoretical predictions for different confining gauge
groups.

The charged component of the SU(2) X doublet decays via X+ → W +X0. The mass
splitting due to radiative corrections between the charged and neutral components is [41]

δm = mX+ − mX0 = α

2 mZ f

(
m2

X

m2
Z

)
− (λv)2

2mX
, (4.1)

where mX arises from the vector-like mass term mXX̄X and f is the loop function

f(r) =
√

r

π

∫ 1

0
dx (2− x) ln

[
1 + x

r(1− x)2

]
. (4.2)

For mX ≫ mZ , the loop-generated mass splitting asymptotes to δm ≃ 355MeV. This
dominates over the second contribution in (4.1), from Q-X0 mixing, since direct detection
limits (see figure 8 below) constrain this contribution to be λvθ/

√
2 ≲ O(10)MeV. For the

masses of interest mX ≳ 100GeV, the leading decay channel for the charged component
is X+ → π+X0, with a rate

Γ(X+ → π+X0) = G2
F

π
|Vud|2 f2

π δm3

√
1−

m2
π+

δm2 , (4.3)

with fπ ≃ 130MeV. This corresponds to a lifetime

cτ ≃ 0.6 cm
(355GeV

δm

)3
(
1−

m2
π+

δm2

)−1/2

, (4.4)

which is macroscopic but fairly short for collider searches. This makes searches for these decays
extremely challenging. The current best limits are set by an ATLAS search for long-lived
charginos [42], but the limits become weak for the small displacements of interest here, only
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Figure 6. Constraints on the scalar X mediator from LHC searches for slepton pair production
decaying into an opposite-sign lepton pair plus missing energy. Left: recasted limits from [40] as a
function of mX and the mass of its Q decay product. For different dark gauge groups, the regions below
the correspondingly colored lines are excluded for dominant electron or muon decays, respectively.
Right: the black solid and dashed lines display the cross section upper limits from [40] as a function of
mX in the limit of massless Q, for dielectron and dimuon final states, respectively. The colored lines
show the cross section predictions for different confining gauge groups.

excluding masses mX ≲ 200GeV. Since this is significantly smaller than the exclusion arising
from searches of the neutral component of X, we do not attempt to perform a full recast of
this search to our scenario. Alternative search strategies have been proposed [43] that may
help improve the bounds at the high-luminosity phase of the LHC.

4.2 Scalar mediator

In the scalar mediator case, X is an SU(2)L singlet with charge +1 and decays to a right-
handed lepton plus missing energy through the operator in eq. (2.3). For pair produced
mediators, this leads to a collider signature featuring missing energy and oppositely charged
leptons. This signal is reminiscent of that induced by sleptons in some supersymmetric
extensions of the SM. Searches for this final state have been performed at CMS [44, 45]
and ATLAS [40, 46–48].

We apply the ATLAS limits [40] to our physics model using the publicly available
MADANALYSIS5 [49–51] recast of the analysis [52]. Using FeynRules [34] and MadGraph5_
aMC@NLO [35], we calculate the LO pp → XX̄ production cross-section. In this case we do not
apply any K-factor correction as the NLO+NLL effects are small for this process [53]. We also
make use of the hadronization and detector simulation codes PYTHIA8 [54] and DELPHES3 [55].

The result of the above process is shown in figure 6. The left panel shows constraints
in the mX vs. mQ plane, assuming that X decays 100% of the time into either electrons or
muons. Limits on tau lepton decays are only slightly weaker [45, 48]. The right panel shows
the constraints for the case where the dark quark mass is much smaller than mX . Depending
on the dimension of the dark gauge group, we find a lower bound of mX ≥ 400−600GeV.
As in the fermion mediator search, these searches do not exploit any distinctive kinematic
features arising from the strong interactions among the final state dark quarks.
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At LEP, X mediates the t-channel process e+e− → QQ̄. The L3 collaboration looked for
single- and multi-photon events with missing energy [56], which can occur when a photon is
radiated off a charged particle in the previous process. The observed rate for such events at
LEP matches well the SM predictions due to e+e− → νν̄γ, and can thus be used to place
bounds on our model. Using FeynRules [34] and MadGraph5_aMC@NLO [35], we find the cross
section for the new physics process to be

σ(e+e− → QQ̄γ) ≃ 8× 10−4 pbN λ4
1

(1TeV
mX

)4
(4.5)

at
√

s = 200GeV for photons with pT > 4GeV and mQ ≪ mX . Here, N denotes the
number of colors in the dark SU(N)′ gauge group. In the total luminosity of 619 pb−1, 1898
single-photon events were observed compared with the SM expectation of 1905.1 (see table 2
in [56]). Given that trigger and selection efficiencies are ∼ 70%, we place a rough limit by
demanding the new physics events do not exceed 10, leading to

mX

λ1
≳ 0.5N1/4 TeV . (4.6)

Processes with multiple photons in the final state, which are also constrained by [56], do
not lead to stronger limits on our model.

5 Direct detection

The framework of nonabelian kinetic mixing leads to dark matter direct detection signals
through exchange of composite vector bosons. But in addition, there are several other portals
that inevitably arise when the new interactions needed to avoid the generic heavy charged
relic problem are introduced. We first consider the direct detection signals arising from these
extra portals, specific to the fermionic or scalar X models respectively, and then turn to the
kinetically mixed vector exchange. As we will se, the allowed values for the latter process
depend upon couplings that are constrained by the former ones.

5.1 Fermionic X mediator

In addition to the magnetic dipole operator generated by the diagram in figure 4, the fermionic
X mediator gives rise to tree-level Higgs and Z exchange between dark baryons and nucleons,
from the diagrams in figure 7. These arise from the mixing of X0 and Q at electroweak
symmetry breaking, from the operator (2.3). The mixing angle is θ ∼= λv/(

√
2mX) when

θ ≪ 1 and mX ≫ mQ.
The contribution to direct detection signals from Z exchange has been computed in

refs. [57, 58] for DM particles with nonzero hypercharge. Accounting for the mixing and
number of dark quark colors, we find the cross section for scattering on nucleons

σZ
∼=

(Nθ2GF µnB)2

π

(
1−1.08 Z

A

)2
, (5.1)

where µnB is the nucleon-DM reduced mass, and Z, A are the charge and atomic mass of
the target nucleus. For the numerical evaluation, we use sin2 θW = 0.23.
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Figure 7. Effective interactions of Q with the Z0 and Higgs boson mediating interactions of dark
quark Q with nucleons, for fermionic X mediator.
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Figure 8. Direct detection upper limits on λ (eq. (2.3)) versus mX for the Dirac X mediator,
assuming N = 3 dark colors. The green, blue and yellow lines denote constraints from magnetic dipole
moment (µQ), Z0 portal scattering (σZ) and Higgs portal scattering (σH), respectively. Different line
styles distinguish values of the dark baryon mass mB as indicated.

For the Higgs portal, whose amplitude is suppressed by only one power of θ, we estimate
the h-B coupling to be Nλ. The Higgs-nucleon coupling is yN

∼= 0.3mN /v [59], giving

σH = 4(NyN θλ)2µ2
nB

πm4
H

= y2
N N2λ4µ2

nB

2πλ2
Hm2

χv2 . (5.2)

In the second form, θ and mH have been eliminated in favor of the Higgs self-coupling
λH = 0.13 and its vacuum expectation value (VEV) v = 246GeV. The Z0 and Higgs portals
are constrained by direct detection results from ref. [60], leading to the upper limits on λ

versus mX shown in figure 8. The Z and H exchange limits correspond to the blue and
orange lines, respectively, for several choices of the DM particle mass mB.

The PandaX-4T experiment recently improved the limits on magnetic dipole moment
mediated scattering on protons [61]. The dark quark magnetic moment µQ was estimated
in eq. (3.13), and the contribution µQ ∼ θ2g2

2e/(16π2mX) from the virtual W diagram is
subdominant except for mX ≲ 400GeV. Taking the dark baryon moment to be µB = NµQ,
the resulting constraints on λ versus mX are shown in figure 8 as green lines, for the benchmark
case of N = 3. We find that the magnetic moment constraints dominate the bounds on λ

over the whole range of DM and mediator masses considered.

– 12 –



J
H
E
P
0
2
(
2
0
2
4
)
0
1
7

102 103 104 105

mX [GeV]

10 5

10 4

10 3

10 2

10 1

100

101

i

a LEP

Au eAu

Qe

Q Q

mB = 5 GeV
mB = 50 GeV
mB = 500 GeV

Figure 9. Constraints on the λi (i = e, µ, τ ) portal couplings of eq. (2.3) for the scalar X mediator.
The red line shows the constraint on λµ from (g − 2)µ, see eq. (6.2), and the purple line the one on λe

from LEP, see eq. (4.6). The lowest three curves (cyan) show limits on
√

λeλµ from µ → eγ in Au
nuclei, as described by eq. (6.5), assuming mB = 3mQ. The intermediate lines are upper limits from
direct detection via the magnetic dipole moment µQe (blue), µQµ (orange) and µQτ (green). mB is
assumed to be less than mX to enforce a hierarchy of scales.

5.2 Scalar X mediator

For the scalar X variant, the portal interaction (2.3) is to right-handed standard model
leptons. The magnetic dipole moment of the dark quark generated from the X-lepton loop is
given in eq. (3.13), with the assumption mX ≫ mQ. In applying the experimental limits on
dark matter MDM [61], we assume that only one coupling λi is turned on at a time, with
i = e, µ, τ . The resulting constraints are shown in figure 9. For comparison, the weaker limits
on λe from LEP (4.6) and on λµ from the muon anomalous moment (6.2) are also shown.

In the scalar X model, there is no mass mixing between Q and a heavier state, hence
no Higgs or Z interactions are induced at tree level. We neglect the Z magnetic moment
contribution since it is suppressed compared to the electromagnetic one. An additional
operator λ′|X|2|H|2 is allowed, which at one loop leads to a chirally-suppressed coupling
of Higgs to Q of order Nλ′λ2

i miv/(16π2m2
X), where mi is the lepton mass. The resulting

constraints on λ′λ2
i , even if saturating the perturbativity constraint on λ′, are quite weak

relative to those from the dipole moment, even for values of λ′ that saturate perturbative
unitarity.

5.3 Kinetically mixed composite vector exchange

We have identified three possible composite vector states that kinetically mix with the photon,
and couple vectorially to the dark baryon. The mixing and coupling parameters ϵv and gv

are summarized in table 2 for the three states v = Ãµ, ωµ and Gµ. The cross section for
the vector-mediated DM scattering on protons is

σv = (ϵvgve)2µ2
nB

πmv
4 , (5.3)

where µnB = mnmB/(mn + mB) is the nucleon-B reduced mass. A similar expression holds
for DM-electron scattering, by replacing µnB with the electron-B reduced mass. In the latter
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Figure 10. Direct detection constraints on ϵvgv (kinetic mixing times coupling to dark baryon) versus
mB, from exchange of a kinetically mixed composite vector boson. Different linestyles distinguish
choices of the ratio of dark vector to dark baryon mass mv/mB, as labeled. Green, yellow, and
blue colors represent constraints from heavy DM-nucleon [60], light DM-nucleon [62–64], and DM-
electron [63, 65–68] cross section, respectively.

case we assume that mv ≫ αme, which is the momentum scale of typical electron interactions
of gaseous atomic and semiconductor detectors.

Combining the results from experimental searches for proton- and electron-DM scatter-
ing, we obtain constraints on the product ϵvgv versus DM mass mB, as shown in figure 10.
The experimental limits for scattering on protons come from PandaX-4T [60] and XENON
1T [62–64], and for scattering on electrons from XENON1T-S2 [63], PandaX-4T [65], SEN-
SEI [66], DarkSide-50 [67] and DAMIC-M [68].

The most generic particle mediating this interaction is the 1−− vector glueball, since
its low-energy interactions are independent of any dimensionless couplings present in the
UV model; recall that the running dark gauge coupling is determined by Λ/mX . On the
other hand, it is the most highly suppressed contributor in the small parameter Λ/mX , with
ϵG scaling as (Λ/mX)4. Hence, it can be subdominant to Ãµ exchange if the combination
yxyq (or yqµx/mX) is sufficiently large.

To illustrate the complementarity of the various vector exchanges, we can exclude regions
of the mX -Λ plane using direct detection, by making assumptions about the values of other
relevant masses and couplings. The constraints in figure 10 require specifying the ratio mv/mB .
Taking mΦ ∼ mQ gives mÃ/mB = 1/N , mω/mB = 2/N and mG/mB = 9/[N(1 + mQ/Λ)].
We take N = 3 for definiteness. To satisfy LHC constraints, we assume mQ(Λ) saturates
the bound (green curve) of figure 5 (left) in the case of Dirac X. To fix the strength of ω

exchange, we take λ(mX) to follow the solid green curve shown in figure 8. Similarly, to
fix ϵÃgÃ we assume yx = yq = 1. The resulting excluded regions are shown in yellow in
figure 11, for the Dirac X case. The Ãµ and ωµ give similar constraints, while the glueball
Gµ is distinctive. In all cases, the weakened limits at intermediate mX values reflect the fact
that LHC constraints are strongest in this region, and push the dark baryon mass to higher
values where the direct detection constraints become weaker.
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Figure 11. Allowed (blue) and excluded (yellow) regions of mX versus Λ from direct detection
constraints on exchange of kinetically mixed vector particles Ãµ (left), ωµ (center) and Gµ (right).
Red regions are excluded by the BBN constraint (7.1) from dark glueball decays, and white regions
are excluded by the need of Λ < mX/2. See text for details.

6 Lepton flavor constraints

In the case of a scalar X mediator, the λiQ̄XeR,i interaction in eq. (2.3) gives rise to processes
that can violate lepton flavor universality or conservation. One such effect is a negative
contribution to the muon anomalous magnetic moment [69],

∆aµ = −
λ2

µ m2
µ

96π2 m2
X

, (6.1)

which exacerbates the tension (∆aµ = 251 × 10−11 [70]) between experiment and the SM
prediction. Conservatively assuming that this tension is due to hadronic uncertainties, we
estimate that ∆aµ > −200 × 10−11 at 3σ, leading to the bound

mX

λµ
> 77GeV . (6.2)

Analogous bounds from the electron anomalous moment are much weaker, because of the
chiral suppression.

We also consider constraints on flavor-changing neutral current (FCNC) processes induced
by X. The current best limit on lepton flavor-violating muon decays is set by the Mu to
E Gamma (MEG) experiment, which finds BR(µ → eγ)< 4.2 · 10−13 [71]. The transition
magnetic dipole moment is given in our model by

µeµ ∼ eλeλµmQ

16π2m2
X

, (6.3)

leading to a constraint on the product of couplings λµλe ≲ 10−4 (mX/TeV)2 (GeV/mQ).
However, one can obtain stronger bounds from muon-to-electron conversion in muonic

gold, with BR(µAu → eAu)< 7 · 10−13 [72]. The dipole operators in the general lepton
flavor violating (LFV) lagrangian give [73]

BR(µAu → eAu) =
2G2

F m5
µC2

D,RD2

Γcapt
, (6.4)
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where CD,R is the Wilson coefficient for the right-handed dipole operator ēLσµνµRFµν and D

is a nuclear overlap integral. With the measured muon capture rate [74] and D = 0.189 [75]
for gold, we derive CD,R < 10−9, which gives µeµ < 10−15 GeV−1, which is two orders of
magnitude more stringent than the previously discussed one. This results in a bound

λeλµ ≲ 10−6
(

mX

TeV

)2 GeV
mQ

. (6.5)

If one assumes lepton flavor universality, so that all λi are equal, this constraint is more
stringent than those coming from direct detection in figure 9, taking mQ = mB/3. If mQ ≪ Λ
so that the dark baryon gets its mass mostly from confinement, the constraint (6.5) can
however become weaker than the direct detection ones.

7 Cosmological implications

In our scenario, the X mediator is expected to be in equilibrium with the SM particles
at temperatures T ≫ mX , by virtue of its weak hypercharge. The dark sector particles
will then also equilibrate, since the gauge coupling g′(mX) cannot be too small. Therefore
the relative abundance of dark sector particles is only suppressed by the entropy dilution
produced during the QCD phase transition, and this requires any long-lived particles to
decay with lifetimes ≲ 0.2 s to avoid disrupting Big Bang Nucleosynthesis (BBN) [79]. For
a dark photon that decays via kinetic mixing, like our composite Ãµ state, this leads to
a lower limit on the kinetic mixing parameter. This is unlike the case for typical dark
photons, for which the relic density is assumed to arise from the kinetic mixing itself through
freeze-in [80–82], leading to very different limits.

The least model-dependent constraint comes from the decays of dark glueballs, leading
to a minimum value of Λ for given mX [83]. Demanding that the lowest glueball lifetime
from eq. (3.6) be less than 0.2 s we find

mX < 69GeV
( Λ
GeV

)1.13 (N

3

)1/4
, (7.1)

from a numerical fit for N = 3. (The exponent in eq. (7.1) is less than 9/8 due to the
running of α’.)

The next least model-dependent process is the decay of η to two photons, induced by
the operators in eqs. (3.1) and (3.3). In analogy to the rate for π0 → γγ in the standard
model, we find

Γ(η → γγ) =
N2α2α′4 ln2(mX/mη)m3

η

64π7f2
η

, (7.2)

where we have taken fη ∼ Λ. This rate depends on the additional parameter mQ through
mη, which we fix to its minimum value as a function of mX from the LHC constraints of
section 4. Since this decay is much faster than that of the glueball, it adds no constraint
beyond eq. (7.1) to the parameter space shown in figure 11. Excited glueball states typically
have faster radiative decays into lower ones, making (7.1) the most relevant constraint. The
decay ωµ → ηγ is also fast and imposes no further restrictions on the model.
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Figure 12. Left: BBN lower bound on kinetic mixing of Ã (solid red curve, with dominating final
states labeled) versus its mass. Laboratory [76] (and references therein) and supernovae [77] excluded
regions are grey shaded, while theoretical forecasts [78] are shown as the grey dotted curve. Orange or
blue shaded regions are respective upper bounds from direct detection [60] assuming gÃ = 10−7 or
10−1, with mB ranging from 5 to 500 GeV. The cyan shaded region shows prediction of our model on
where the dark photon lives (see text for details). Right: regions of mX versus Λ in which kinetic
mixing dominates over mass mixing for Ã decays are to the left of the curves, labeled by log10 gÃ.

The Ãµ composite vector can decay to three photons via its mixing with ωµ, through
Ãµ → η∗γ → 3γ, where η∗ is virtual if mÃ < mη. The rate for this process is approximately
given by eq. (7.2) multiplied by θ2

Ã
(see eq. 3.2), replacing mη → mÃ, and including the

additional factor αm4
Ã

/(4πm4
η) for the emission of the first photon and the virtual η propagator.

In addition, Ã can decay to SM charged pairs ff̄ through kinetic mixing, with the rate [76]3

Γ(Ã → ff̄) =
(Qf ϵÃe)2

(
m2

Ã
− 4m2

q

)1/2
(
1 + 2 m2

q

m2
Ã

)
12πm2

Ã

. (7.3)

If the hadronic 3-photon process is too slow, then the kinetic-mixing-induced decays must
be fast enough to satisfy BBN constraints. Figure 12 (left) shows the lower bounds on ϵÃ

such that the lifetime constraints from ref. [79] are satisfied, depending on the accessible
final states. Since BBN is more sensitive to the injection of hadrons, there is a noticeable
jump in the constraint at the threshold for decay into π+π−.

Assuming mΦ ∼ Λ for definiteness, to determine mÃ ∼ 2Λ, figure 12 (right) shows the
regions of mX versus Λ where the Ã → 3γ channel is subdominant to Ã → ff̄ : they lie
to the left of the curves, which are labeled by the assumed value of gÃ, the coupling of Ã

to the dark baryon, see eq. (3.11). This coupling is relevant for the direct detection limits,
shown as diagonal lines in the mÃ-ϵÃ plane (left panel of figure 12), and it also appears in
the θÃ mixing angle. For gÃ ∼ 10−7, for example, kinetic mixing dominates over most of
the parameter space, so that the solid red lower bound on ϵÃ in the left plot applies, and
it is consistent with the direct detection bound.

3For decays into hadrons, one uses the rate for muons times the ratio R = σe+e−→had/σe+e−→µ+µ− .
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On the other hand, for gÃ ∼ 1, the kinetic mixing lower bound is only relevant for
Λ ≲ 3GeV and intermediate values of mX ∈ (220, 800)GeV that are restricted by LHC
searches. For gÃ ∼ 1, the left plot of figure 12 shows that BBN plus direct detection
excludes mÃ ≲ 1GeV.

An interesting distinction from generic dark photon models is the prediction that the
kinetic mixing of the various vectors can be correlated with their mass, from tables 1 and 2.
For the Ã state, we make the simplifying assumption that mΦ ∼ Λ so that mÃ ∼ 2Λ. The
predicted region is shown in figure 12 (left) for representative choices yx = 1 and valid for
mX ranging from 0.2 to 10 TeV, as cyan shaded band.

The complementarity between dark photon and direct detection searches is an interesting
feature of our scenario. A significant area of the region highlighted in cyan in figure 12 will
be covered by upcoming and proposed terrestrial searches for dark photons [76, 78, 84], while
at the same time being accessible to DM direct detection searches. Thus, a simultaneous
and compatible signal found in this region would be a strong indication of a dark photon
of composite origin in a confining dark sector.

8 Conclusions

Massive dark photons are a popular subject of study with many applications in beyond the
standard model scenarios. In this work, we have highlighted that they need not get their
mass from the Higgs or Stückelberg mechanisms, as is usually assumed, but may instead arise
from compositeness in a confining SU(N)′ dark gauge sector. Indeed, such models typically
contain several vector states that can kinetically mix with the SM photon: mesons, glueballs,
and other composites depending upon the field content of the dark sector.

It is generic that if a heavy mediator particle X exists that carries both SU(N)′ quantum
numbers and standard model hypercharge, all of these dark photons will acquire kinetic
mixing. Assuming the dark matter to be some dark hadronic state, this provides a means for
dark matter-proton scattering for direct detection. A further generic requirement is that X

should have additional interactions involving SM states allowing it to decay, as otherwise
exotic charged relics would have been observed in the universe. This typically introduces
additional possibilities for direction detection beyond the kinetic mixing portal, leading to
complementary constraints on the model parameters.

The additional portals can also make the X mediator discoverable in particle colliders.
LHC searches exclude mX ≲ 800GeV unless the dark quark Q, which contributes to missing
energy in the X decay, is sufficiently heavy (typically several hundred GeV). For heavier X

particles, mQ could have a negligible mass since it will hadronize into states of mass ∼ Λ.
On the other hand, direct detection can be sensitive to mQ by itself since the loop-induced
magnetic dipole moment of Q is chirally suppressed if X is a scalar. This is an example of
the complementarity of different experimental constraints.

The extra portals can also lead to new low-energy effects such as lepton flavor violation.
For a scalar mediator, muon to electron conversion in nuclei provides the most sensitive
current probe if X couples to both flavors. For couplings of X to a single lepton flavor, we
find direct dark matter searches (via the dipole moment interaction) to give the strongest
constraints on the model parameters.
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Since the mediator equilibrates with SM particles in the early universe, the abundance of
dark sector particles is generically comparable to that of the SM ones. Thus, the new dark
states must decay sufficiently early so as not to affect the predictions of big bang nucleosyn-
thesis. In the minimal models, where only dark vector mesons or glueballs are kinetically
mixed, the latter exclude regions of small Λ, depending on mX , while the former generically
decay fast, since the collider constraints force them to be relatively heavy. Interestingly,
BBN gives rise to a lower bound on the kinetic mixing of the exotic Ãµ vector. This is a
novel feature that is not present in generic dark photon models, and is due to the distinctive
mechanism of populating the states in the confining model in the early universe.

The resulting phenomenology is quite rich, with many connections between the various
experimental constraints. As an example, figure 12 showcases that a simultaneous direct
detection signal and terrestrial discovery of the nonabelian dark photon is possible in upcoming
and proposed experimental setups. This optimistic situation is what one would hope for in
terms of being able to pin down the detailed nature of particle dark matter and its possibly
accompanying hidden sector.

Of necessity, we have estimated hadronic matrix elements in terms of the confinement
scale Λ using dimensional analysis, sometimes supplemented by large-N or quark model
arguments, or comparison to QCD. These estimates are needed to connect fundamental
parameters of the model to the low-energy observables. In future studies, computing these
nonperturbative quantities on the lattice [85] would enable more accurate predictions.

Acknowledgments

We thank Tom DeGrand, Guy Moore, Joerg Jaeckel, and Ethan Neil for helpful discussions.
This research was supported by the Natural Sciences and Engineering Research Council
(NSERC) of Canada.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] M. Pospelov, A. Ritz and M.B. Voloshin, Secluded WIMP Dark Matter, Phys. Lett. B 662 (2008)
53 [arXiv:0711.4866] [INSPIRE].

[2] N. Arkani-Hamed, D.P. Finkbeiner, T.R. Slatyer and N. Weiner, A Theory of Dark Matter, Phys.
Rev. D 79 (2009) 015014 [arXiv:0810.0713] [INSPIRE].

[3] B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196 [INSPIRE].

[4] F. Chen, J.M. Cline and A.R. Frey, A New twist on excited dark matter: Implications for
INTEGRAL, PAMELA/ATIC/PPB-BETS, DAMA, Phys. Rev. D 79 (2009) 063530
[arXiv:0901.4327] [INSPIRE].

[5] F. Chen, J.M. Cline and A.R. Frey, Nonabelian dark matter: Models and constraints, Phys. Rev.
D 80 (2009) 083516 [arXiv:0907.4746] [INSPIRE].

– 19 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1016/j.physletb.2008.02.052
https://arxiv.org/abs/0711.4866
https://inspirehep.net/literature/769098
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1103/PhysRevD.79.015014
https://arxiv.org/abs/0810.0713
https://inspirehep.net/literature/798480
https://doi.org/10.1016/0370-2693(86)91377-8
https://inspirehep.net/literature/219689
https://doi.org/10.1103/PhysRevD.79.063530
https://arxiv.org/abs/0901.4327
https://inspirehep.net/literature/811952
https://doi.org/10.1103/PhysRevD.80.083516
https://doi.org/10.1103/PhysRevD.80.083516
https://arxiv.org/abs/0907.4746
https://inspirehep.net/literature/826968


J
H
E
P
0
2
(
2
0
2
4
)
0
1
7

[6] C.-W. Chiang, T. Nomura and J. Tandean, Nonabelian Dark Matter with Resonant Annihilation,
JHEP 01 (2014) 183 [arXiv:1306.0882] [INSPIRE].

[7] J.M. Cline and A.R. Frey, Nonabelian dark matter models for 3.5 keV X-rays, JCAP 10 (2014)
013 [arXiv:1408.0233] [INSPIRE].

[8] K. Cheung, W.-C. Huang and Y.-L.S. Tsai, Non-abelian Dark Matter Solutions for Galactic
Gamma-ray Excess and Perseus 3.5 keV X-ray Line, JCAP 05 (2015) 053 [arXiv:1411.2619]
[INSPIRE].

[9] G. Barello, S. Chang and C.A. Newby, Correlated signals at the energy and intensity frontiers
from non-Abelian kinetic mixing, Phys. Rev. D 94 (2016) 055018 [arXiv:1511.02865] [INSPIRE].

[10] J. Choquette and J.M. Cline, Minimal non-Abelian model of atomic dark matter, Phys. Rev. D
92 (2015) 115011 [arXiv:1509.05764] [INSPIRE].

[11] C.D. Carone, S. Chaurasia and T.V.B. Claringbold, Dark sector portal with vectorlike leptons
and flavor sequestering, Phys. Rev. D 99 (2019) 015009 [arXiv:1807.05288] [INSPIRE].

[12] F. Elahi and M. Mohammadi Najafabadi, Neutron Decay to a Non-Abelian Dark Sector, Phys.
Rev. D 102 (2020) 035011 [arXiv:2005.00714] [INSPIRE].

[13] P. Ko, T. Nomura and H. Okada, Dark matter physics in dark SU(2) gauge symmetry with
non-Abelian kinetic mixing, Phys. Rev. D 103 (2021) 095011 [arXiv:2007.08153] [INSPIRE].

[14] T. Nomura and H. Okada, Radiative neutrino mass model in dark non-Abelian gauge symmetry,
Phys. Rev. D 105 (2022) 075010 [arXiv:2106.10451] [INSPIRE].

[15] T.G. Rizzo, Kinetic mixing, dark Higgs triplets, and MW , Phys. Rev. D 106 (2022) 035024
[arXiv:2206.09814] [INSPIRE].

[16] H. Zhou, Quasi-degenerate dark photon and dark matter, arXiv:2209.08843 [INSPIRE].

[17] Y. Cheng et al., Dark photon kinetic mixing effects for the CDF W-mass measurement, Phys.
Rev. D 106 (2022) 055011 [arXiv:2204.10156] [INSPIRE].

[18] W.H. Chiu, S. Hong and L.-T. Wang, Conformal freeze-in, composite dark photon, and
asymmetric reheating, JHEP 03 (2023) 172 [arXiv:2209.10563] [INSPIRE].

[19] M.L. Graesser, I.M. Shoemaker and L. Vecchi, Asymmetric WIMP dark matter, JHEP 10 (2011)
110 [arXiv:1103.2771] [INSPIRE].

[20] J.E. Juknevich, D. Melnikov and M.J. Strassler, A Pure-Glue Hidden Valley I. States and
Decays, JHEP 07 (2009) 055 [arXiv:0903.0883] [INSPIRE].

[21] Y. Chen et al., Glueball spectrum and matrix elements on anisotropic lattices, Phys. Rev. D 73
(2006) 014516 [hep-lat/0510074] [INSPIRE].

[22] B. Lucini, A. Rago and E. Rinaldi, Glueball masses in the large N limit, JHEP 08 (2010) 119
[arXiv:1007.3879] [INSPIRE].

[23] A.A. Anselm and A.A. Johansen, Radiative Corrections to the Axial Anomaly, JETP Lett. 49
(1989) 214 [INSPIRE].

[24] T.A. Ryttov and F. Sannino, Supersymmetry inspired QCD beta function, Phys. Rev. D 78
(2008) 065001 [arXiv:0711.3745] [INSPIRE].

[25] I. Huet, M. Rausch de Traubenberg and C. Schubert, The Euler-Heisenberg Lagrangian Beyond
One Loop, Int. J. Mod. Phys. Conf. Ser. 14 (2012) 383 [arXiv:1112.1049] [INSPIRE].

[26] A. Falkowski, J. Juknevich and J. Shelton, Dark Matter Through the Neutrino Portal,
arXiv:0908.1790 [INSPIRE].

– 20 –

https://doi.org/10.1007/JHEP01(2014)183
https://arxiv.org/abs/1306.0882
https://inspirehep.net/literature/1236830
https://doi.org/10.1088/1475-7516/2014/10/013
https://doi.org/10.1088/1475-7516/2014/10/013
https://arxiv.org/abs/1408.0233
https://inspirehep.net/literature/1309422
https://doi.org/10.1088/1475-7516/2015/05/053
https://arxiv.org/abs/1411.2619
https://inspirehep.net/literature/1327189
https://doi.org/10.1103/PhysRevD.94.055018
https://arxiv.org/abs/1511.02865
https://inspirehep.net/literature/1403791
https://doi.org/10.1103/PhysRevD.92.115011
https://doi.org/10.1103/PhysRevD.92.115011
https://arxiv.org/abs/1509.05764
https://inspirehep.net/literature/1393976
https://doi.org/10.1103/PhysRevD.99.015009
https://arxiv.org/abs/1807.05288
https://inspirehep.net/literature/1682528
https://doi.org/10.1103/PhysRevD.102.035011
https://doi.org/10.1103/PhysRevD.102.035011
https://arxiv.org/abs/2005.00714
https://inspirehep.net/literature/1794121
https://doi.org/10.1103/PhysRevD.103.095011
https://arxiv.org/abs/2007.08153
https://inspirehep.net/literature/1807467
https://doi.org/10.1103/PhysRevD.105.075010
https://arxiv.org/abs/2106.10451
https://inspirehep.net/literature/1869522
https://doi.org/10.1103/PhysRevD.106.035024
https://arxiv.org/abs/2206.09814
https://inspirehep.net/literature/2098369
https://arxiv.org/abs/2209.08843
https://inspirehep.net/literature/2153673
https://doi.org/10.1103/PhysRevD.106.055011
https://doi.org/10.1103/PhysRevD.106.055011
https://arxiv.org/abs/2204.10156
https://inspirehep.net/literature/2070637
https://doi.org/10.1007/JHEP03(2023)172
https://arxiv.org/abs/2209.10563
https://inspirehep.net/literature/2155217
https://doi.org/10.1007/JHEP10(2011)110
https://doi.org/10.1007/JHEP10(2011)110
https://arxiv.org/abs/1103.2771
https://inspirehep.net/literature/892756
https://doi.org/10.1088/1126-6708/2009/07/055
https://arxiv.org/abs/0903.0883
https://inspirehep.net/literature/814771
https://doi.org/10.1103/PhysRevD.73.014516
https://doi.org/10.1103/PhysRevD.73.014516
https://arxiv.org/abs/hep-lat/0510074
https://inspirehep.net/literature/695057
https://doi.org/10.1007/JHEP08(2010)119
https://arxiv.org/abs/1007.3879
https://inspirehep.net/literature/862231
https://inspirehep.net/literature/26075
https://doi.org/10.1103/PhysRevD.78.065001
https://doi.org/10.1103/PhysRevD.78.065001
https://arxiv.org/abs/0711.3745
https://inspirehep.net/literature/768459
https://doi.org/10.1142/S2010194512007507
https://arxiv.org/abs/1112.1049
https://inspirehep.net/literature/1079969
https://arxiv.org/abs/0908.1790
https://inspirehep.net/literature/828415


J
H
E
P
0
2
(
2
0
2
4
)
0
1
7

[27] R.L. Jaffe, K. Johnson and Z. Ryzak, Qualitative Features of the Glueball Spectrum, Annals Phys.
168 (1986) 344 [INSPIRE].

[28] A.V. Manohar, Large N QCD, in the proceedings of the Les Houches Summer School in
Theoretical Physics, Session 68: Probing the Standard Model of Particle Interactions, Les
Houches, France (1998), pg. 1091 [hep-ph/9802419] [INSPIRE].

[29] R.J. Furnstahl, B.D. Serot and H.-B. Tang, A Chiral effective Lagrangian for nuclei, Nucl. Phys.
A 615 (1997) 441 [nucl-th/9608035] [INSPIRE].

[30] T. DeGrand and Y. Liu, Lattice study of large Nc QCD, Phys. Rev. D 94 (2016) 034506
[Erratum ibid. 95 (2017) 019902] [arXiv:1606.01277] [INSPIRE].

[31] CMS collaboration, Search for higgsinos decaying to two Higgs bosons and missing transverse
momentum in proton-proton collisions at

√
s = 13TeV, JHEP 05 (2022) 014

[arXiv:2201.04206] [INSPIRE].

[32] ATLAS collaboration, Search for pair production of higgsinos in final states with at least three
b-tagged jets in

√
s = 13TeV pp collisions using the ATLAS detector, Phys. Rev. D 98 (2018)

092002 [arXiv:1806.04030] [INSPIRE].

[33] ATLAS collaboration, Search for pair-produced Higgsinos decaying via Higgs or Z bosons to
final states containing a pair of photons and a pair of b-jets with the ATLAS detector,
ATLAS-CONF-2023-009, CERN, Geneva, Switzerland (2023).

[34] A. Alloul et al., FeynRules 2.0 — A complete toolbox for tree-level phenomenology, Comput.
Phys. Commun. 185 (2014) 2250 [arXiv:1310.1921] [INSPIRE].

[35] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079
[arXiv:1405.0301] [INSPIRE].

[36] B. Fuks, M. Klasen, D.R. Lamprea and M. Rothering, Gaugino production in proton-proton
collisions at a center-of-mass energy of 8 TeV, JHEP 10 (2012) 081 [arXiv:1207.2159]
[INSPIRE].

[37] B. Fuks, M. Klasen, D.R. Lamprea and M. Rothering, Precision predictions for electroweak
superpartner production at hadron colliders with Resummino, Eur. Phys. J. C 73 (2013) 2480
[arXiv:1304.0790] [INSPIRE].

[38] M.J. Strassler and K.M. Zurek, Echoes of a hidden valley at hadron colliders, Phys. Lett. B 651
(2007) 374 [hep-ph/0604261] [INSPIRE].

[39] T. Han, Z. Si, K.M. Zurek and M.J. Strassler, Phenomenology of hidden valleys at hadron
colliders, JHEP 07 (2008) 008 [arXiv:0712.2041] [INSPIRE].

[40] ATLAS collaboration, Search for electroweak production of charginos and sleptons decaying into
final states with two leptons and missing transverse momentum in

√
s = 13TeV pp collisions

using the ATLAS detector, Eur. Phys. J. C 80 (2020) 123 [arXiv:1908.08215] [INSPIRE].

[41] S.D. Thomas and J.D. Wells, Phenomenology of Massive Vectorlike Doublet Leptons, Phys. Rev.
Lett. 81 (1998) 34 [hep-ph/9804359] [INSPIRE].

[42] ATLAS collaboration, Search for long-lived charginos based on a disappearing-track signature
using 136 fb−1 of pp collisions at

√
s = 13TeV with the ATLAS detector, Eur. Phys. J. C 82

(2022) 606 [arXiv:2201.02472] [INSPIRE].

– 21 –

https://doi.org/10.1016/0003-4916(86)90035-7
https://doi.org/10.1016/0003-4916(86)90035-7
https://inspirehep.net/literature/217869
https://arxiv.org/abs/hep-ph/9802419
https://inspirehep.net/literature/467541
https://doi.org/10.1016/S0375-9474(96)00472-1
https://doi.org/10.1016/S0375-9474(96)00472-1
https://arxiv.org/abs/nucl-th/9608035
https://inspirehep.net/literature/422113
https://doi.org/10.1103/PhysRevD.94.034506
https://arxiv.org/abs/1606.01277
https://inspirehep.net/literature/1467457
https://doi.org/10.1007/JHEP05(2022)014
https://arxiv.org/abs/2201.04206
https://inspirehep.net/literature/2009652
https://doi.org/10.1103/PhysRevD.98.092002
https://doi.org/10.1103/PhysRevD.98.092002
https://arxiv.org/abs/1806.04030
https://inspirehep.net/literature/1677389
https://cds.cern.ch/record/2854839
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://arxiv.org/abs/1310.1921
https://inspirehep.net/literature/1257621
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/literature/1293923
https://doi.org/10.1007/JHEP10(2012)081
https://arxiv.org/abs/1207.2159
https://inspirehep.net/literature/1121880
https://doi.org/10.1140/epjc/s10052-013-2480-0
https://arxiv.org/abs/1304.0790
https://inspirehep.net/literature/1226805
https://doi.org/10.1016/j.physletb.2007.06.055
https://doi.org/10.1016/j.physletb.2007.06.055
https://arxiv.org/abs/hep-ph/0604261
https://inspirehep.net/literature/715541
https://doi.org/10.1088/1126-6708/2008/07/008
https://arxiv.org/abs/0712.2041
https://inspirehep.net/literature/770390
https://doi.org/10.1140/epjc/s10052-019-7594-6
https://arxiv.org/abs/1908.08215
https://inspirehep.net/literature/1750597
https://doi.org/10.1103/PhysRevLett.81.34
https://doi.org/10.1103/PhysRevLett.81.34
https://arxiv.org/abs/hep-ph/9804359
https://inspirehep.net/literature/469377
https://doi.org/10.1140/epjc/s10052-022-10489-5
https://doi.org/10.1140/epjc/s10052-022-10489-5
https://arxiv.org/abs/2201.02472
https://inspirehep.net/literature/2005658


J
H
E
P
0
2
(
2
0
2
4
)
0
1
7

[43] H. Fukuda, N. Nagata, H. Otono and S. Shirai, Higgsino Dark Matter or Not: Role of
Disappearing Track Searches at the LHC and Future Colliders, Phys. Lett. B 781 (2018) 306
[arXiv:1703.09675] [INSPIRE].

[44] CMS collaboration, Search for supersymmetry in final states with two oppositely charged
same-flavor leptons and missing transverse momentum in proton-proton collisions at√

s = 13TeV, JHEP 04 (2021) 123 [arXiv:2012.08600] [INSPIRE].

[45] CMS collaboration, Search for direct pair production of supersymmetric partners of τ leptons in
the final state with two hadronically decaying τ leptons and missing transverse momentum in
proton-proton collisions at

√
s = 13TeV, Phys. Rev. D 108 (2023) 012011 [arXiv:2207.02254]

[INSPIRE].

[46] ATLAS collaboration, Search for direct pair production of sleptons and charginos decaying to
two leptons and neutralinos with mass splittings near the W-boson mass in

√
s = 13TeV pp

collisions with the ATLAS detector, JHEP 06 (2023) 031 [arXiv:2209.13935] [INSPIRE].

[47] ATLAS collaboration, Searches for electroweak production of supersymmetric particles with
compressed mass spectra in

√
s = 13TeV pp collisions with the ATLAS detector, Phys. Rev. D

101 (2020) 052005 [arXiv:1911.12606] [INSPIRE].

[48] ATLAS collaboration, Search for electroweak SUSY production in final states with two τ -leptons
in

√
s = 13TeV pp collisions with the ATLAS detector, ATLAS-CONF-2023-029 (2023)

[INSPIRE].

[49] E. Conte, B. Fuks and G. Serret, MadAnalysis 5, A User-Friendly Framework for Collider
Phenomenology, Comput. Phys. Commun. 184 (2013) 222 [arXiv:1206.1599] [INSPIRE].

[50] E. Conte, B. Dumont, B. Fuks and C. Wymant, Designing and recasting LHC analyses with
MadAnalysis 5, Eur. Phys. J. C 74 (2014) 3103 [arXiv:1405.3982] [INSPIRE].

[51] E. Conte and B. Fuks, Confronting new physics theories to LHC data with MADANALYSIS 5,
Int. J. Mod. Phys. A 33 (2018) 1830027 [arXiv:1808.00480] [INSPIRE].

[52] B. Fuks and J.Y. Araz, Implementation of a search for sleptons and electroweakinos in the
dilepton + MET channel (139 fb−1; ATLAS-SUSY-2018-32),
https://doi.org/10.14428/DVN/EA4S4D (2020).

[53] J. Fiaschi and M. Klasen, Slepton pair production at the LHC in NLO+NLL with
resummation-improved parton densities, JHEP 03 (2018) 094 [arXiv:1801.10357] [INSPIRE].

[54] T. Sjöstrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015) 159
[arXiv:1410.3012] [INSPIRE].

[55] DELPHES 3 collaboration, DELPHES 3, A modular framework for fast simulation of a generic
collider experiment, JHEP 02 (2014) 057 [arXiv:1307.6346] [INSPIRE].

[56] L3 collaboration, Single photon and multiphoton events with missing energy in e+e− collisions
at LEP, Phys. Lett. B 587 (2004) 16 [hep-ex/0402002] [INSPIRE].

[57] M.W. Goodman and E. Witten, Detectability of Certain Dark Matter Candidates, Phys. Rev. D
31 (1985) 3059 [INSPIRE].

[58] R. Essig, Direct Detection of Non-Chiral Dark Matter, Phys. Rev. D 78 (2008) 015004
[arXiv:0710.1668] [INSPIRE].

[59] M. Hoferichter, P. Klos, J. Menéndez and A. Schwenk, Improved limits for Higgs-portal dark
matter from LHC searches, Phys. Rev. Lett. 119 (2017) 181803 [arXiv:1708.02245] [INSPIRE].

– 22 –

https://doi.org/10.1016/j.physletb.2018.03.088
https://arxiv.org/abs/1703.09675
https://inspirehep.net/literature/1519835
https://doi.org/10.1007/JHEP04(2021)123
https://arxiv.org/abs/2012.08600
https://inspirehep.net/literature/1836850
https://doi.org/10.1103/PhysRevD.108.012011
https://arxiv.org/abs/2207.02254
https://inspirehep.net/literature/2678649
https://doi.org/10.1007/JHEP06(2023)031
https://arxiv.org/abs/2209.13935
https://inspirehep.net/literature/2157951
https://doi.org/10.1103/PhysRevD.101.052005
https://doi.org/10.1103/PhysRevD.101.052005
https://arxiv.org/abs/1911.12606
https://inspirehep.net/literature/1767649
https://inspirehep.net/literature/2667897
https://doi.org/10.1016/j.cpc.2012.09.009
https://arxiv.org/abs/1206.1599
https://inspirehep.net/literature/1117708
https://doi.org/10.1140/epjc/s10052-014-3103-0
https://arxiv.org/abs/1405.3982
https://inspirehep.net/literature/1296827
https://doi.org/10.1142/S0217751X18300272
https://arxiv.org/abs/1808.00480
https://inspirehep.net/literature/1684776
https://doi.org/10.14428/DVN/EA4S4D
https://doi.org/10.1007/JHEP03(2018)094
https://arxiv.org/abs/1801.10357
https://inspirehep.net/literature/1651498
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://inspirehep.net/literature/1321709
https://doi.org/10.1007/JHEP02(2014)057
https://arxiv.org/abs/1307.6346
https://inspirehep.net/literature/1244313
https://doi.org/10.1016/j.physletb.2004.01.010
https://arxiv.org/abs/hep-ex/0402002
https://inspirehep.net/literature/636940
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1103/PhysRevD.31.3059
https://inspirehep.net/literature/207030
https://doi.org/10.1103/PhysRevD.78.015004
https://arxiv.org/abs/0710.1668
https://inspirehep.net/literature/763600
https://doi.org/10.1103/PhysRevLett.119.181803
https://arxiv.org/abs/1708.02245
https://inspirehep.net/literature/1614747


J
H
E
P
0
2
(
2
0
2
4
)
0
1
7

[60] PandaX-4T collaboration, Dark Matter Search Results from the PandaX-4T Commissioning
Run, Phys. Rev. Lett. 127 (2021) 261802 [arXiv:2107.13438] [INSPIRE].

[61] PandaX collaboration, Limits on the luminance of dark matter from xenon recoil data, Nature
618 (2023) 47 [INSPIRE].

[62] XENON collaboration, Dark Matter Search Results from a One Ton-Year Exposure of
XENON1T, Phys. Rev. Lett. 121 (2018) 111302 [arXiv:1805.12562] [INSPIRE].

[63] XENON collaboration, Light Dark Matter Search with Ionization Signals in XENON1T, Phys.
Rev. Lett. 123 (2019) 251801 [arXiv:1907.11485] [INSPIRE].

[64] XENON collaboration, Search for Light Dark Matter Interactions Enhanced by the Migdal Effect
or Bremsstrahlung in XENON1T, Phys. Rev. Lett. 123 (2019) 241803 [arXiv:1907.12771]
[INSPIRE].

[65] PandaX collaboration, Search for Light Dark Matter with Ionization Signals in the PandaX-4T
Experiment, Phys. Rev. Lett. 130 (2023) 261001 [arXiv:2212.10067] [INSPIRE].

[66] SENSEI collaboration, SENSEI: Direct-Detection Results on sub-GeV Dark Matter from a New
Skipper-CCD, Phys. Rev. Lett. 125 (2020) 171802 [arXiv:2004.11378] [INSPIRE].

[67] DarkSide collaboration, Search for Dark Matter Particle Interactions with Electron Final
States with DarkSide-50, Phys. Rev. Lett. 130 (2023) 101002 [arXiv:2207.11968] [INSPIRE].

[68] DAMIC-M collaboration, First Constraints from DAMIC-M on Sub-GeV Dark-Matter Particles
Interacting with Electrons, Phys. Rev. Lett. 130 (2023) 171003 [arXiv:2302.02372] [INSPIRE].

[69] F.S. Queiroz and W. Shepherd, New Physics Contributions to the Muon Anomalous Magnetic
Moment: A Numerical Code, Phys. Rev. D 89 (2014) 095024 [arXiv:1403.2309] [INSPIRE].

[70] Particle Data Group collaboration, Review of Particle Physics, PTEP 2022 (2022) 083C01
[INSPIRE].

[71] MEG collaboration, Search for the lepton flavour violating decay µ+ → e+γ with the full dataset
of the MEG experiment, Eur. Phys. J. C 76 (2016) 434 [arXiv:1605.05081] [INSPIRE].

[72] SINDRUM II collaboration, A Search for muon to electron conversion in muonic gold, Eur.
Phys. J. C 47 (2006) 337 [INSPIRE].

[73] S. Davidson, Y. Kuno and M. Yamanaka, Selecting µ → e conversion targets to distinguish
lepton flavour-changing operators, Phys. Lett. B 790 (2019) 380 [arXiv:1810.01884] [INSPIRE].

[74] T. Suzuki, D.F. Measday and J.P. Roalsvig, Total Nuclear Capture Rates for Negative Muons,
Phys. Rev. C 35 (1987) 2212 [INSPIRE].

[75] R. Kitano, M. Koike and Y. Okada, Detailed calculation of lepton flavor violating muon electron
conversion rate for various nuclei, Phys. Rev. D 66 (2002) 096002 [Erratum ibid. 76 (2007)
059902] [hep-ph/0203110] [INSPIRE].

[76] M. Fabbrichesi, E. Gabrielli and G. Lanfranchi, The Dark Photon, arXiv:2005.01515
[DOI:10.1007/978-3-030-62519-1] [INSPIRE].

[77] J.H. Chang, R. Essig and S.D. McDermott, Revisiting Supernova 1987A Constraints on Dark
Photons, JHEP 01 (2017) 107 [arXiv:1611.03864] [INSPIRE].

[78] P. Agrawal et al., Feebly-interacting particles: FIPs 2020 workshop report, Eur. Phys. J. C 81
(2021) 1015 [arXiv:2102.12143] [INSPIRE].

– 23 –

https://doi.org/10.1103/PhysRevLett.127.261802
https://arxiv.org/abs/2107.13438
https://inspirehep.net/literature/1894664
https://doi.org/10.1038/s41586-023-05982-0
https://doi.org/10.1038/s41586-023-05982-0
https://inspirehep.net/literature/2665145
https://doi.org/10.1103/PhysRevLett.121.111302
https://arxiv.org/abs/1805.12562
https://inspirehep.net/literature/1675772
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
https://arxiv.org/abs/1907.11485
https://inspirehep.net/literature/1746509
https://doi.org/10.1103/PhysRevLett.123.241803
https://arxiv.org/abs/1907.12771
https://inspirehep.net/literature/1747114
https://doi.org/10.1103/PhysRevLett.130.261001
https://arxiv.org/abs/2212.10067
https://inspirehep.net/literature/2616297
https://doi.org/10.1103/PhysRevLett.125.171802
https://arxiv.org/abs/2004.11378
https://inspirehep.net/literature/1792814
https://doi.org/10.1103/PhysRevLett.130.101002
https://arxiv.org/abs/2207.11968
https://inspirehep.net/literature/2122398
https://doi.org/10.1103/PhysRevLett.130.171003
https://arxiv.org/abs/2302.02372
https://inspirehep.net/literature/2629764
https://doi.org/10.1103/PhysRevD.89.095024
https://arxiv.org/abs/1403.2309
https://inspirehep.net/literature/1285231
https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://arxiv.org/abs/1605.05081
https://inspirehep.net/literature/1459275
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1140/epjc/s2006-02582-x
https://inspirehep.net/literature/716542
https://doi.org/10.1016/j.physletb.2019.01.042
https://arxiv.org/abs/1810.01884
https://inspirehep.net/literature/1696975
https://doi.org/10.1103/PhysRevC.35.2212
https://inspirehep.net/literature/245934
https://doi.org/10.1103/PhysRevD.76.059902
https://arxiv.org/abs/hep-ph/0203110
https://inspirehep.net/literature/584024
https://arxiv.org/abs/2005.01515
https://doi.org/10.1007/978-3-030-62519-1
https://inspirehep.net/literature/1794152
https://doi.org/10.1007/JHEP01(2017)107
https://arxiv.org/abs/1611.03864
https://inspirehep.net/literature/1497685
https://doi.org/10.1140/epjc/s10052-021-09703-7
https://doi.org/10.1140/epjc/s10052-021-09703-7
https://arxiv.org/abs/2102.12143
https://inspirehep.net/literature/1848255


J
H
E
P
0
2
(
2
0
2
4
)
0
1
7

[79] M. Kawasaki, K. Kohri, T. Moroi and Y. Takaesu, Revisiting Big-Bang Nucleosynthesis
Constraints on Long-Lived Decaying Particles, Phys. Rev. D 97 (2018) 023502
[arXiv:1709.01211] [INSPIRE].

[80] A. Fradette, M. Pospelov, J. Pradler and A. Ritz, Cosmological Constraints on Very Dark
Photons, Phys. Rev. D 90 (2014) 035022 [arXiv:1407.0993] [INSPIRE].

[81] J. Berger, K. Jedamzik and D.G.E. Walker, Cosmological Constraints on Decoupled Dark
Photons and Dark Higgs, JCAP 11 (2016) 032 [arXiv:1605.07195] [INSPIRE].

[82] J.-T. Li, G.M. Fuller and E. Grohs, Probing dark photons in the early universe with big bang
nucleosynthesis, JCAP 12 (2020) 049 [arXiv:2009.14325] [INSPIRE].

[83] L. Forestell, D.E. Morrissey and K. Sigurdson, Cosmological Bounds on Non-Abelian Dark
Forces, Phys. Rev. D 97 (2018) 075029 [arXiv:1710.06447] [INSPIRE].

[84] J. Beacham et al., Physics Beyond Colliders at CERN: Beyond the Standard Model Working
Group Report, J. Phys. G 47 (2020) 010501 [arXiv:1901.09966] [INSPIRE].

[85] T. DeGrand and E.T. Neil, Repurposing lattice QCD results for composite phenomenology, Phys.
Rev. D 101 (2020) 034504 [arXiv:1910.08561] [INSPIRE].

– 24 –

https://doi.org/10.1103/PhysRevD.97.023502
https://arxiv.org/abs/1709.01211
https://inspirehep.net/literature/1621564
https://doi.org/10.1103/PhysRevD.90.035022
https://arxiv.org/abs/1407.0993
https://inspirehep.net/literature/1304672
https://doi.org/10.1088/1475-7516/2016/11/032
https://arxiv.org/abs/1605.07195
https://inspirehep.net/literature/1465476
https://doi.org/10.1088/1475-7516/2020/12/049
https://arxiv.org/abs/2009.14325
https://inspirehep.net/literature/1820331
https://doi.org/10.1103/PhysRevD.97.075029
https://arxiv.org/abs/1710.06447
https://inspirehep.net/literature/1631354
https://doi.org/10.1088/1361-6471/ab4cd2
https://arxiv.org/abs/1901.09966
https://inspirehep.net/literature/1717494
https://doi.org/10.1103/PhysRevD.101.034504
https://doi.org/10.1103/PhysRevD.101.034504
https://arxiv.org/abs/1910.08561
https://inspirehep.net/literature/1759978

	Introduction
	Models
	Low energy effective theory
	Radiative decay operators
	Kinetic mixing and couplings to DM

	Collider constraints
	Fermion mediator
	Scalar mediator

	Direct detection
	Fermionic X mediator
	Scalar X mediator
	Kinetically mixed composite vector exchange

	Lepton flavor constraints
	Cosmological implications
	Conclusions

