
Not-so-inelastic dark matter
Garcia, G.D.V.; Kahlhoefer, F.; Ovchynnikov, M.; Schwetz, T.

Citation
Garcia, G. D. V., Kahlhoefer, F., Ovchynnikov, M., & Schwetz, T. (2025). Not-so-inelastic
dark matter. Jhep Reports, 2025. doi:10.1007/JHEP02(2025)127
 
Version: Publisher's Version
License: Creative Commons CC BY 4.0 license
Downloaded from: https://hdl.handle.net/1887/4282274
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/4282274


J
H
E
P
0
2
(
2
0
2
5
)
1
2
7

Published for SISSA by Springer

Received: June 1, 2024
Revised: November 19, 2024
Accepted: January 29, 2025

Published: February 19, 2025

Not-so-inelastic Dark Matter

Giovani Dalla Valle Garcia ,a Felix Kahlhoefer ,b Maksym Ovchynnikov a,c

and Thomas Schwetz a

aInstitut für Astroteilchen Physik, Karlsruher Institut für Technologie (KIT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

bInstitute for Theoretical Particle Physics (TTP), Karlsruhe Institute of Technology (KIT),
D-76131 Karlsruhe, Germany

cInstituut-Lorentz, Leiden University,
Niels Bohrweg 2, 2333 CA Leiden, The Netherlands

E-mail: giovani.garcia@student.kit.edu, kahlhoefer@kit.edu,
maksym.ovchynnikov@kit.edu, schwetz@kit.edu

Abstract: Models of inelastic (or pseudo-Dirac) dark matter commonly assume an accidental
symmetry between the left-handed and right-handed mass terms in order to suppress diagonal
couplings. We point out that this symmetry is unnecessary because for Majorana fermions the
diagonal couplings are not strongly constrained. Removing the requirement of such an ad hoc
symmetry instead relaxes the relic density constraint due to additional annihilation modes. We
consider a simple UV-complete model realizing this setup and study constraints from (in)direct
detection, beam dump experiments and colliders. We identify two viable mass regions for
the dark matter mass, around a few hundred MeV and around a few GeV, respectively. The
former region will be fully tested by near-future analyses of the NA64 and Belle II data, while
the latter turns out to be challenging to explore even with future experiments.

Keywords: Models for Dark Matter, Dark Matter at Colliders, New Light Particles,
Cosmology of Theories BSM

ArXiv ePrint: 2405.08081

Open Access, © The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP02(2025)127

https://orcid.org/0000-0003-4255-1997
https://orcid.org/0000-0002-2613-8679
https://orcid.org/0000-0001-7002-5201
https://orcid.org/0000-0001-7091-1764
mailto:giovani.garcia@student.kit.edu
mailto:kahlhoefer@kit.edu
mailto:maksym.ovchynnikov@kit.edu
mailto:schwetz@kit.edu
https://doi.org/10.48550/arXiv.2405.08081
https://doi.org/10.1007/JHEP02(2025)127


J
H
E
P
0
2
(
2
0
2
5
)
1
2
7

Contents

1 Introduction 1

2 A simple model of not-so-inelastic Dark Matter (niDM) 3

3 Excited Dark Matter decays 7

4 Relic abundance 9

5 (In)Direct detection 12

6 Collider searches 13
6.1 Proton beam dump experiments 14
6.2 NA64 15
6.3 Electron-positron colliders 16
6.4 Searches for dark matter scattering 17

7 Results 17

8 Conclusions 20

A niDM in full generality 21

B Impact of dark matter halo modeling on direct detection limits 23

C Beam dump experiments 24
C.1 NuCal 24
C.2 CHARM 25
C.3 BEBC 25
C.4 NA62 in the dump mode 26
C.5 Comparison with past works 26

D Rescasting NA64 missing energy searches 28

E Set-up for electron-positron colliders 30
E.1 BaBar 31
E.2 Belle II 31

1 Introduction

The idea that Dark Matter (DM) particles can only interact with Standard Model (SM)
particles through an inelastic transition from a lighter to a heavier (excited) state was first
proposed as a possible interpretation of the DAMA annual modulation signal [1] consistent
with null results from other direct detection experiments [2–7]. In these early models
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of inelastic DM (iDM), the mass splitting was assumed to be comparable to the kinetic
energy of DM particles bound to the Milky Way, such that upscattering is suppressed but
not impossible, leading to a modified recoil spectrum and an attractive target for direct
detection experiments [8–13]. But as attention shifted away from the DAMA anomaly, it
was soon realized that iDM has intriguing implications for many other situations, such as
stellar evolution [14–16] or structure formation [17–21], and that one can also search for the
de-excitation or downscattering of excited states [22–28].

Interest in iDM models has rapidly grown in recent years due to a combination of two of
their main properties. First of all, excited states are typically short-lived on cosmological
timescales, such that DM annihilation is strongly suppressed and constraints from the Cosmic
Microwave Background [29] and searches for x-ray emission [30] are evaded. This makes it
possible to consider thermally produced DM particles in the sub-GeV mass range, which
are otherwise in strong tension with these constraints [31, 32].1 Second, excited states
can be long-lived on laboratory timescales, such that the production of excited states in
accelerator experiments can give rise to striking signatures, such as displaced vertices in
the detector [37–42]. Models of iDM therefore open up new parameter regions that can be
explored with a broad range of experimental strategies [43–47].

One of the simplest realizations of iDM requires two chiral fermions χL and χR with
Majorana mass terms mL and mR (typically generated through a dark Higgs mechanism [48])
and a joint Dirac mass term md [40, 49].2 For md ≫ mL,mR one obtains a so-called Pseudo-
Dirac fermion, i.e. two mass eigenstates with small mass splitting. The “inelasticity” of the
model, i.e. the absence of interactions involving only the ground state, results from assuming
mL ≈ mR. This symmetry is however difficult to motivate for DM particles that couple to
SM fermions, which do not have such a symmetry [51].

In this work we point out that the requirement mL ≈ mR is in fact unnecessary. This
is because the presence of elastic (diagonal) interactions does not actually spoil any of the
attractive features of iDM models. Since the two mass eigenstates are Majorana particles,
their scattering and annihilation cross sections are strongly suppressed in the non-relativistic
limit, such that the diagonal couplings are not strongly constrained by experiments. In the
early universe, on the other hand, the presence of diagonal couplings significantly enhances
the annihilation rate of relativistic DM particles, and thereby relaxes the constraints on the
model from the requirement that the observed DM relic abundance must be reproduced.

We propose a new model, called not-so-inelastic DM (niDM), which has one new param-
eter, called δy, characterising the difference between mL and mR, such that the iDM case
is recovered in the limit δy → 0. For δy ≫ 1, however, the model sustantially differs from
iDM, because the relaxed relic density requirement means that much larger values of the
mass splitting can be compatible with the relic density requirement. In fact, the niDM model
interpolates between iDM models and see-saw-like models, where the mass splitting is so
large that the heavier state becomes irrelevant for phenomenology and a single Majorana

1An alternative avenue is to explore non-thermal production of iDM via the freeze-in mechanism [33, 34].
In this case the annihilation cross section is extremely small and the excited state may remain populated on
cosmological scales, see also refs. [35, 36].

2More complex models are discussed for example in refs. [50, 51].
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DM (mDM) particle remains [31]. The niDM model is therefore a straight-forward extension
of the model discussed in refs. [52, 53] with a second fermion in the dark sector as required
by anomaly cancellation to make the model self-consistent and UV complete.

In our analysis we consider specifically the case where the DM particles interact with
SM fermions through a dark photon arising from a spontaneously broken U(1)′ symmetry
with kinetic mixing with the SM photon [54]. Dark photon models face tight constraints
from missing energy searches at electron-positron colliders. In our set-up such signatures
arise when the dark photon decays into a pair of lighter states via the diagonal coupling,
or if the excited state produced via the off-diagonal coupling decays outside of the detector
acceptance. We calculate the resulting constraints from BaBar [55] and estimate the sensitivity
of Belle II [56]. We also discuss the relevance of ongoing beam dump experiments such as
NA62 [57] and NA64 [58], and analyse (in)direct detection bounds due to the now present
elastic (diagonal) interactions.

The remainder of this work is structured as follows. In section 2 we introduce the model
that we study in this work, derive relevant relations between different model parameters and
identify the parameter regions of particular phenomenological interest. We discuss the decay
modes of the heavier fermion in section 3. Section 4 is then devoted to a detailed discussion
of the relic density calculation in this model, while section 5 considers the sensitivity of
direct and indirect detection experiments. In section 6 we discuss the sensitivity of collider
and accelerator experiments. We present our main results in section 7 before concluding
in section 8. In appendix A we discuss the niDM model in full generality, whereas in
appendices C, D, E we provide details on our analyses of beam dump experiments, the NA64
recast, and electron-positron colliders, respectively.

2 A simple model of not-so-inelastic Dark Matter (niDM)

In this section we introduce a simple extension of the SM in order to implement niDM and
discuss the parameters relevant for its phenomenology. The model can be thought of as either
a generalisation of the coupling structure of models of inelastic DM (iDM) or as an extension
of the two-mediator Majorana DM (mDM) model considered in refs. [52, 53], where a second
2-component fermion is introduced for anomaly cancellation.

We consider a dark sector containing a new U(1)′ gauge symmetry. The dark sector
contains two 2-component fermion fields of opposite chirality, χL and χR, which are singlets
under the SM gauge group but carry the same U(1)′ charge qχ such that our extension of the
SM is anomaly-free [59]. Furthermore, we introduce a SM-singlet scalar field S with charge
qs = −2qχ under U(1)′ which acquires a vacuum expectation value (vev) ⟨S⟩ = w/

√
2. The

vev breaks the new gauge symmetry spontaneously and generates a mass for the corresponding
A′ gauge boson, as well as Majorana mass terms for both χL and χR. The most general
Lagrangian for the new fields together with the SM fields allowed by the gauge symmetries
can be written as

LNP = Lχ + LV + LS , (2.1)
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where

Lχ = iχ̄L /DχL + iχ̄R /DχR −m∗
Dχ̄LχR −

√
2yLSχ̄

c
LχL −

√
2yRSχ̄

c
RχR + h.c. , (2.2)

LV = −1
4A

′µνA′
µν − 1

2
ϵ

cos θw
BµνA′

µν , (2.3)

LS = (DµS)∗(DµS) + µ2
s|S|2 − λs|S|4 − λhs|S|2|H|2 , (2.4)

with the SM Higgs field denoted by H , the SM hypercharge gauge boson by B, the covariant
derivitive by iDµϕ = i∂µϕ− qϕgχA

′
µϕ and the charge conjugated field by ψc = CγT

0 ψ
∗ where

C is the charge conjugation matrix.
The parameters in Lχ can be considered to be real and positive by field redefinitions up

to one complex phase which can be chosen to appear in the Dirac mass, mD = mde
iϕd , with

md ≥ 0. In the following we will always assume that this phase is zero, corresponding to C
conservation in the dark sector.3 The gauge sector parameters can also be taken to be real
and positive by field and charges redefinitions. We require that the scalar field obtains a vev,
which spontaneously breaks the U ′(1) symmetry. A complex phase of the dark vev w can be
removed by redefining the scalar field S. Without lost of generality, we take qχ = 1 since any
other value can be absorbed in the definition of the gauge coupling constant gχ → gχ/qχ.

After the U(1)′ symmetry breaking, the dark photon acquires a mass mA′ = 2gχw and
we obtain the fermion mass terms

Lχ ⊃ −mdχ̄LχR − 1
2mLχ̄

c
LχL − 1

2mRχ̄
c
RχR + h.c. . (2.5)

The Majorana masses are related to the Yukawa couplings and the scalar vev as mL/R =
2yL/Rw. After a rotation of the fields (χL, χ

c
R) with a mixing angle θ and a phase-changing

unitary transformation diag(1, i) one finds two physical Majorana states, which we will denote
by χ and χ∗, with masses

mχ(∗) =
√
m2

d + w2(yR − yL)2 ∓ w(yL + yR) . (2.6)

The state χ is the DM particle, whereas χ∗ plays the role of the “excited” DM state, with
mχ∗ > mχ.4

The same rotation applied to the interaction part of the Lagrangian leads to diagonal and
non-diagonal interactions between χ and χ∗ with the U ′(1) gauge boson A′. These interactions
can be characterised by the diagonal fine-structure constant α′

el and the off-diagonal one
α′

inel given by5

α′
el = α′ cos2 2θ , α′

inel = α′ sin2 2θ . (2.7)
3Allowing for a complex phase would introduce a p-wave contribution to the co-annihilation channel, which

has little implications for the phenomenology studied here, since this interaction is relevant only at high
energies, see appendix A.

4To obtain eq. (2.6), we have assumed md ≥ 2w
√

yRyL. If this inequality is violated, the phase-changing
unitary transformation diag(1, i) is unnecessary, which causes the co-annihilation channel to change from
s-wave to p-wave (see appendix A for details).

5We use terms elastic and inelastic for the couplings definitions in order to make connection with the fact
that niDM can be seen as a generalization of iDM models.
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with α′ = g2
χ/(4π).6 The angle of the χL/R fields rotation θ is given by

cos 2θ = − w(yR − yL)√
m2

d + w2(yR − yL)2
= − δy∆m

(2 + δy)(2 + ∆m) , (2.8)

where in the last equality we have rewritten the equation by introducing the normalized
dark left-right Yukawa (or Majorana mass) asymmetry

δy ≡ yR − yL

yL
= mR −mL

mL
(2.9)

and the relative mass splitting between the fermionic mass eigenstates

∆m ≡ mχ∗ −mχ

mχ
. (2.10)

Without loss of generality we take δy > 0, which can always be achieved by an appropriate
re-labeling of χL ↔ χc

R.
Since the symmetries of the model allow for a kinetic mixing ϵ between the dark U ′(1)

group and the SM UY (1) hyper-charge, the dark photon can interact with SM fermions via
the photon or Z boson portal. In the case of mA′ ≪ mZ , only the photon portal is relevant
such that SM fermions f obtain an effective U ′(1) charge given by the electromagnetic charge
of the particle Qf times the negative of the kinetic mixing ϵ.

To simplify our discussion, we assume that the scalar sector is irrelevant for the phe-
nomenology. Given the tight experimental bounds on the Higgs portal coupling (see ref. [60]
for a review) and the strong Yukawa suppression of the Higgs couplings to light SM particles
(e, µ, π, p,. . . ), this is guaranteed to be the case for DM scattering. For the annihilation
process χχ→ ϕϕ to be irrelevant for the relic density calculation, we require ms ≳ 1.5mχ,
which can be achieved if the dark Higgs self-coupling is close to the perturbativity bound [53].
However, since we will study large values of the dark gauge coupling, it is not possible with
perturbative couplings to achieve ms ≳ mA′ , and production of dark Higgs bosons might be
relevant for accelerator searches such as the ones discussed in ref. [48]. We leave a detailed
exploration of such signatures to future work. In other words, we only make use of the
scalar sector to consistently implement the U(1)′ symmetry breaking. The scalar Lagrangian
LS given in eq. (2.4) serves just as a concrete example and the subsequent discussion does
not depend on its specific form.

In summary, the independent parameters relevant for the DM phenomenology can be
chosen as

ϵ, α′, δy, ∆m, mχ, mA′ . (2.11)

We highlight in particular the left-right asymmetry parameter δy which is absent in iDM
models. Indeed, setting δy = 0 leads to θ = π/2 and hence αel = 0 and α′

inel = α′,
corresponding to purely off-diagonal interactions. The main focus of our work will be to

6Note that in our model the diagonal couplings χχA′ and χ∗χ∗A′ are equal in norm and given by |gχ cos 2θ|.
This is a consequence of our assumption of equal U(1)′ charges of χL and χR as required for anomaly
cancellation.
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Figure 1. Schematic illustration of the particle spectrum and the continuous transition from inelastic
DM (iDM) over not-so-inelastic DM (niDM) to Majorana DM (mDM). The left panel shows the
effect of the mass splitting ∆m and the Yukawa asymmetry δy, see eqs. (2.9) and (2.10), where we
indicate also the relevance of elastic (diagonal) and inelastic (off-diagonal) interactions. The right
panel shows the typical relative mass spectrum of χ, χ∗ and the dark gauge boson A′ for different
regimes of the mass splitting ∆m.

study how the phenomenology of the model changes for δy > 0. We note that if yL ≪ yR it
is possible for δy to be much larger than unity without violating unitarity or perturbativity.

To simplify the parameter space further, we follow a common approach in the literature
and fix some of the model parameters to specific benchmark values:

α′ = 0.5 , mA′ = 3mχ . (2.12)

We note that these values are optimistic in the sense that they enhance experimental
sensitivity and relax the relic density constraint. As we will see below, for these values of α′

and mA′/mχ the most interesting ranges for the DM mass are 200 MeV ≲ mχ ≲ 500MeV
and 3 GeV ≲ mχ ≲ 8GeV.

To conclude this section, let us consider in more detail the role played by the two
parameters δy and ∆m defined in eqs. (2.9) and (2.10), respectively. The various regimes
are illustrated in figure 1:

• iDM: for ∆m ≪ 1 the two Majorana fermions combine to a pseudo-Dirac particle with
a mass md and small mass splitting. Moreover, the diagonal couplings of χ and χ∗ to
A′ are suppressed compared to the off-diagonal interaction irrespective of the value of
δy. This corresponds to the usual inelastic DM model. It arises naturally if there is a
separation of scales, md ≫ mL/R, related to U(1)′ conserving and breaking new physics.

• mDM: for ∆m ≫ 1 (i.e., mχ∗ ≫ mχ) and δy ≳ 2 we have the hierarchies mL ≪ mR

and md ≪ mR, which leads to two separated Majorana particles with a seesaw type
spectrum: mχ ≃ m2

d/mR −mL ≪ mχ∗ ≃ mR. At the same time, the mixing angle θ
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can be very different from π/2, such that there are sizeable diagonal interactions. As
a result, the heavier state becomes essentially irrelevant, and we are left with a simple
realization of a Majorana DM model.

• niDM: a third regime exists which combines features from both cases, in particular
a DM relic abundance calculation similar to mDM but experimental signatures more
closely related to iDM. This regime corresponds to the region of ∆m ∼ 1 and δy ≳ 1 and
features a mix of elastic (diagonal) and inelastic (off-diagonal) DM interactions. This
is the regime we are most interested in this study and which we call not-so-inelastic
Dark Matter (niDM).

We note that there exists a fourth regime, corresponding to ∆m ≳ 1 and δ ≲ 1, where the
mass splitting is large but diagonal interactions are suppressed. In this regime, it is typically
impossible to reconcile the relic density requirement with experimental constraints, so that
we will not consider it in detail in the present work.

To conclude this section, we point out that Big Bang Nucleosynthesis places a robust
lower bound of approximately mχ ≳ 10MeV on the mass of any DM particle in thermal
equilibrium [61]. In the niDM regime, where ∆m ∼ 1, the decay χ∗ → χe+e− is therefore
always kinematically allowed. As we will show in the following section, this implies that the
excited state is always short-lived on cosmological timescales.

3 Excited Dark Matter decays

The fact that the dark sector in the niDM model contains excited DM particles that may decay
into SM states is a key factor for its phenomenology. First of all, we need to ensure that the
excited state is short-lived compared to cosmological timescales, such that bounds on decaying
DM components are evaded. For the collider phenomenology, we are furthermore interested
in the branching ratios for the various final states, which determine the resulting signatures.

If the interactions between the two sectors are dominantly mediated by the dark photon,
one finds that above the decay threshold, i.e. for ∆mmχ > 2mf , the spin-averaged square
of the decay amplitude for χ∗ → χff̄ is approximately given by

|M|2(χ∗ → χff̄) ≈ αdecQ
2
f

[
4∆m (xχ − 1)− 2xfxχ − x2

f − 2 (xχ − 1)2
]

(3.1)

with
αdec = 64π2ϵ2αα′

inel
m4

χ

m4
A′
. (3.2)

We adopt the notation xχ = m2
χP /m

2
χ and xP = m2

P P̄
/m2

χ for final state particles χPP̄
where mP1P2 is the invariant mass of the pair of particles P1P2. From the amplitude above,
we find the partial decay width

Γ(χ∗ → χff̄) ≈ NcQ
2
f

αdec
240π3∆

5
mmχ , (3.3)

where Nc = 3 for quarks and Nc = 1 for leptons. In all equations of this section, we
assume for compactness that the SM fermions are light compared to the mass splitting
and the mass splitting is small compared to both the dark photon mass and the DM mass:
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mf ≪ ∆mmχ ≪ mχ and m2
ff̄

≤ ∆2
m ≪ m2

A′ . However, we keep the full mass dependence
for the numerical results presented below.

Considering only the above perturbative decays into fermions, we can estimate the
lifetime of the excited state as

τχ∗ ∼ 10−15 s
( 0.5
∆m

)5 0.5
α′

inel

(0.01
ϵ

)2 500 MeV
mχ

(
mA′

mχ

)4

. (3.4)

The above estimate shows that we expect extremely short-lived excited DM states in the niDM
regime. Therefore, we can completely neglect the χ∗ abundance after thermal decoupling
and only focus on searches for its decays in high energy experiments.

In order to correctly describe non-perturbative QCD effects related to χ∗ decays into
hadrons arising below ∆mmχ ≈ 2GeV, we adopt the data-driven approach given in ap-
pendix A of ref. [48]. It makes use of the measured cross section ratio R(s) ≡ σ(e−e+ →
hadrons)/σ(e−e+ → µ−µ+) [62] at collisions with center-of-mass energy

√
s in order to rescale

the (analytically calculated) Γ(χ∗ → χµ−µ+) into Γ(χ∗ → χ+ hadrons). This prescription
is used to calculate the total decay width into hadrons, but it does not provide partial
decay widths for exclusive final states or their kinematics. Since we will be interested in
these aspects for the simulation of χ∗ decays, we also consider vector meson dominance
(VMD) [63, 64] theory to compute the relevant matrix elements for exclusive decay modes.
We focus only on 3-body channels, namely

|M|2(χ∗ → χπ+π−) = αdec
4 G(xχ, xπ)

∣∣Fπ(m2
ππ)
∣∣2 (3.5)

|M|2(χ∗ → χKK) = αdec
36 m4

ρ

xK(4xχ − (∆m + 2)2) + ((∆m + 2)∆m − 2xχ + 2)2

(m2
ϕ − xKm2

χ)2 + Γ2
ϕm

2
ϕ

(3.6)

where

G(xχ, xπ) = 4 [(xχ − 1)(xπ + xχ − 1)−∆m(xπ + 2xχ − 2)]−∆2
m(xπ + 4xχ − 8) (3.7)

and Fπ(q2) is the pion electromagnetic form factor obtained by VMD fitting the experimental
data [65] (see also ref. [64]). Here, KK stands for both K+K− and K0K̄0 neglecting their
mass differences. The analytical expressions in eqs. (3.5) and (3.6) are only valid above the
respective decay thresholds and for m2

A′ ,m2
χ ≫ ∆2

mm
2
χ.

In in figure 2 we show the branching fractions for the various leptonic and hadronic
final states. Unlike for the decays of dark photons [66], the hadronic decay modes of χ∗

do not exhibit any sharp resonances since one integrates over the invariant mass of the
hadronic decay products. By comparing the branching fractions into pions and kaons with
the total branching fraction into hadrons, we can conclude that additional hadronic channels
remain sub-dominant (with contributions below 35%) up to ∼2 GeV. For higher masses
one could in principle calculate the decay width into free quarks following eq. (3.1) and
perform the hadronisation numerically. However, missing energy searches at current and past
electron-positron colliders (see section 6.3) only cover the range mA′ ≲ 8GeV, such that these
large mass splittings are irrelevant in the context of our benchmark scenario mA′ = 3mχ.

We emphasize that while we have fixed mA′ = 3mχ in figure 2, the branching ratios are
nearly independent of this choice for sufficiently heavy dark photons. This is because mA′

– 8 –
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Figure 2. Decay branching fractions for the excited DM state χ∗ in the niDM model as a function of
the mass splitting between dark fermionic states.

only appears in the dark photon propagator, 1/(m2
ff̄

−m2
A′), and because m2

ff̄
≤ ∆2

mm
2
χ.

Hence, as long as m2
A′ ≫ ∆2

mm
2
χ, one can simply approximate the propagator by −1/m2

A′

which cancels out when computing decay width fractions. Moreover, as long as the decay
modes χ∗ → 3χ and χ∗ → χA′ are kinematically closed, the χ∗ branching fractions only
depend on the absolute mass splitting, ∆mmχ = mχ∗ −mχ, which implies that the results
from figure 2 can be used for both iDM models with ∆m ≪ 1 and niDM models with ∆m ≈ 1.

4 Relic abundance

In this section we present the calculation of the DM relic abundance in the niDM model,
focusing especially on the interplay between the left-right asymmetry parameter δy and the
dark-fermion mass splitting ∆m defined in eqs. (2.9) and (2.10), respectively.

We compute the DM relic abundance using the public tool MicrOmegas v5.3.41 [67]
inserting a CalcHEP model file [68] written with the help of the FeynRules v2.3.49
Mathematica package [69]. To account for non-perturbative QCD effects, following usual
methods [44, 70], we have made some modifications to the annihilation cross sections cal-
culated in MicrOmegas. First of all, for χ(∗)χ(∗) annihilations with center-of-mass energy,√
s ≈ mχ(∗) +mχ(∗) , below the pion mass, we have set the annihilation cross section into light

quarks (d, u, s, c) to zero. For energies above the pion mass, we replace the annihilation
cross section into light quarks by the (analytically calculated) annihilation cross section into
a muon pair rescaled by the measured cross section ratio R(s) [62], i.e.,

σ(χ(∗)χ(∗) → hadrons) = R(s)σ(χ(∗)χ(∗) → µ−µ+) , (4.1)

see appendix A of ref. [48] for further details. Note that we only consider mA′ > mχ in the
present work, such that pure dark sector annihilations χχ→ A′A′ are kinematically forbidden.
Such annihilations would lead to a secluded dark sector, which can have tiny couplings to
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ΩDMh
2 = 0.12 as a function of the DM mass. The four panels correspond to different normalized mass

splittings ∆m = (0.2, 0.4, 0.6, 0.8). The various curves in each panel correspond to different values of
the dark left-right asymmetry δy, with the iDM limit (δy = 0) shown in black. Gray shaded regions
correspond to model-independent bounds on the kinetic mixing ϵ (see text for details).

the SM. Furthermore, dark sector co-annihilations χχ∗ → A′A′ are always unimportant:
our benchmark choice mA′ = 3mχ would require ∆m > 4 to allow for co-annihilations,
which corresponds to a very strong Boltzmann suppression of the χ∗ abundance, rendering
co-annihilations irrelevant.

Figure 3 shows the value of the kinetic mixing parameter ϵ required to reproduce the
observed DM abundance as a function of the DM mass for different values of the left-right
asymmetry parameter δy ranging from zero (i.e., the classical iDM limit) up to 1000. The plots
also include model-independent bounds on the kinetic mixing ϵ from the measurement of the
muon anomalous magnetic dipole moment [71] and from electroweak precision measurements
at LEP [72]. These bounds arise because a dark photon with a kinetic mixing can appear
virtually in SM process and modify the corresponding observables.
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Figure 4. Contours of the kinetic mixing parameter ϵ reproducing the observed relic abundance
ΩDMh

2 = 0.12 as a function of the dark left-right asymmetry δy and the normalized mass splitting ∆m.
The two panels correspond to different DM masses mχ = (200, 500)MeV. Dashed black lines show the
relative contribution of the co-annihilation channel to the DM relic abundance (see text for details).
The horizontal light gray band indicates when the co-annihilation channel becomes resonant due to
mχ +m∗

χ = mA′ ± 1%. Dark gray shaded regions are excluded by model-independent bounds on ϵ.

As visible from the figure, the effect of δy strongly depends on the value of the mass
splitting ∆m: for small values, ∆m ≲ 0.2 (upper left panel), DM freeze-out is essentially
independent of δy, because the DM annihilation is always dominated by the off-diagonal
coupling as in the conventional iDM scenario. This finding is a result of two effects: first of all,
if χ∗ is not much heavier than χ, the Boltzmann suppression of both states is comparable and
hence both states can participate in annihilation process. Furthermore, for small values of ∆m

the mixing angle θ, and hence the ratio αel/αinel, does not depend strongly on δy, see eq. (2.8).
However, for mass splittings ∆m ≳ 0.6 (bottom row), the Boltzmann suppression of the

heavier state becomes relevant and large values of δy significantly enhance the DM annihilation
rate, because the relative importance of diagonal interactions increases, cf. eqs. (2.7) and (2.8).
As a result, the required values of ϵ can be lowered by more than one order of magnitude
compared to the case with δy = 0. We note also that for δy ≫ 1 the effect saturates, as
cos 2θ ∝ δy/(2 + δy) → 1 − 2/δy.

The features discussed above are further elucidated in figure 4, where we introduce plots
in the (δy,∆m) plane for two reference DM masses, mχ = 200MeV (left) and 500MeV (right).
For each point in the (δy,∆m) space we calculate the value of ϵ required to obtain the correct
relic DM abundance, which are shown as coloured curves in the figure. We confirm that in
the pseudo-Dirac limit (∆m ≲ 0.2) the DM abundance becomes independent of δy, whereas
for ∆m ≳ 0.4 the required value of ϵ becomes smaller for increasing δy.

The black-dashed curves in figure 4 indicate the relative contribution of off-diagonal
interactions to the relic DM abundance, fiDM, defined following ref. [73]: in the so-called
freeze-out approximation, the inverse total DM abundance 1/(ΩDMh

2) is proportional to
an integral of the velocity averaged total annihilation cross section, which can be split into
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elastic (diagonal) and inelastic (off-diagonal) contributions,

1
ΩDM

= 1
Ωel

DM
+ 1

Ωinel
DM

. (4.2)

Then we define the relative contribution of the off-diagonal interactions as

fiDM ≡ ΩDM
Ωinel

DM
. (4.3)

As visible in the figure, the niDM regime corresponds to iDM fractions of fiDM ≲ 50%,
confirming that the diagonal coupling plays an important role in this regime. We note that
curves of constant fiDM do not follow exactly curves of constant α′

inel/α
′ = sin2 2θ. The

reason is that for sizeable mass splittings ∆m the Boltzmann suppression of χ∗ relative to
χ affects the annihilation rate for the co-annihilation channel.

5 (In)Direct detection

For the mass splittings that we consider here, inelastic DM scattering in direct detection
experiments is kinematically strongly suppressed and therefore irrelevant.7 However, in the
niDM regime sizeable elastic (diagonal) couplings are also present, which give rise to the
effective low-energy interactions

Leff =
∑

f

Qf

Λ2 (χ̄γµγ5χ)(f̄γµf) , (5.1)

where Λ = mA′/
√
gχ cos 2θ ϵe. The γ5 in the first term is a result of the Majorana nature

of the ground state and leads to a cross section that vanishes in the non-relativistic limit.
Nevertheless, the absence of a γ5 in the second term implies that DM-nucleus scattering
receives a coherent enhancement, which partially compensates for the velocity suppression.

To calculate the sensitivity of direct detection experiments for our model, we first of all
need to map the effective interaction from eq. (5.1) to the non-relativistic effective theory of
DM-nucleon interactions introduced in ref. [75]. Using the public tool DirectDM [76] with
our model defined at the scale µc = 2GeV, we find that the niDM model introduces the
effective operators ON

8 ∝ v⊥ and ON
9 ∝ q with coefficients

cp
8 = 2

Λ2 , cn
8 = 0 , cp

9 = 5.586
Λ2 , cn

9 = −3.826
Λ2 . (5.2)

following the conventions of ref. [76].
As described in ref. [77], these coefficients can be directly passed to the public code

DDCalc [78], where likelihood functions for various direct detection experiments have been
implemented. For the local DM distribution, we use results from ref. [79] which take into
account the influence of the Large Magellanic Cloud (LMC) on the DM velocity distribution
(see appendix B for further details). We find that, depending on the choice of δy and ∆m,
existing direct detection experiment, in particular LZ [80], already probe allowed regions of

7The loop-induced elastic scattering process considered in ref. [74] is kinematically allowed, but the cross
section is too small to be obervable even in future direct detection experiments.
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Figure 5. Cross section for χ∗ production as defined in eq. (6.1) at an electron-positron collider
with a center-of-mass energy of ECM = mΥ(4S) = 10.58GeV for the thermal target ϵDM. Each panel
stands for a different DM mass mχ = (200, 500)MeV. Dashed black lines show the proper decay
length of χ∗. In the light gray region the χ∗ production from e+e− annihilation would require an
off-shell dark photon and is therefore strongly suppressed. Dark gray shaded regions are excluded by
model-independent bounds on ϵ.

parameter space at the upper end of the mass range that we consider (mχ ∼ 10GeV) . We
have also implemented the projected sensitivities for SuperCDMS [81] and DARWIN [82] in
DDCalc, which are found to probe values of ϵ cos 2θ as small as 10−3 across a wider mass
range. These experiments will thus provide complementary information on models of niDM.

For indirect detection, off-diagonal interactions are once more irrelevant, since the excited
states χ∗ are too heavy to be produced in DM scattering and too short-lived to be efficiently
produced in astrophysical systems [26, 27, 34]. There is also no cosmological abundance of
excited states, since the exponential suppression of the excited state along with its annihilation
into ground states (χ∗χ∗ → χχ) push the χ∗ density to negligible values. The (diagonal)
annihilation process, on the other hand, is strongly velocity-suppressed in the non-relativistic
limit due to its p-wave nature [53]. As a result, there are no relevant constraints on the
annihilation cross section.

Finally, elastic scattering via the diagonal couplings can potentially give rise to sizeable
DM self-interactions. The self-interaction cross section is approximately given by

σSIDM ∼ α2
elm

2
DM

m4
A′

, (5.3)

which is below current observational constraints for mDM = mA′/3 > 10MeV and αel < 0.5.

6 Collider searches

The values of the kinetic mixing parameter ϵ that we obtained from the freeze-out calculation
in section 4 are sufficiently large that we can hope to detect DM particles produced at
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current high-energy experiments, such as particle colliders and beam-dump experiments. As
an illustration of possible signatures in this type of experiment, we present in figure 5 the
cross section for χ∗ production, defined as

σχ∗ = σ(e+e− → A′γ)× [Br(A′ → χχ∗) + 2Br(A′ → χ∗χ∗)] , (6.1)

at the usual center-of-mass energies of e+e− colliders, ECM = mΥ(4S) = 10.58GeV. The
production of the excited state is particularly interesting because for ∆m ≤ 2 they decay
into χ plus visible SM particles.

The proper decay length of χ∗ is also shown in figure 5 and should be compared to
the typical size of central detectors in experiments like Belle II, which are in the range of
10 cm–1 m. For mχ = 200MeV (left panel), we can conclude that possible χ∗ signatures
vary from decays outside the detector for ∆m ≲ 0.2 to prompt decays for ∆m ≳ 0.6. In the
intermediate range, ∆m ≈ 0.3–0.5, the χ∗ is expected to decay from a displaced vertex, which
may be vetoed by conventional analyses but may be targeted with dedicated searches. For
mχ = 500MeV (right panel) the decay width increases and therefore the lines of constant
decay width shift to smaller values of ∆m.

Even if the χ∗ has such a long decay length that it escapes from detectors close to the
production point, its decays may still be observable at beam dump experiments. Moreover,
one can also search for events with escaped particles using missing energy searches at active
beam dumps, and one can search for the scattering of both excited states and ground states
in downstream detectors. In the remainder of this section, we describe the details of these
experiments and how we implement them in our analysis. Readers primarily interested in
our results can directly skip to section 7.

6.1 Proton beam dump experiments

Proton beam dump experiments operate with a high-intensity beam of protons hitting a
thick target. Hypothetical long-lived particles may be produced at such collisions and then
decay inside a displaced decay volume. Past experiments have not observed such events,
leading to exclusions in the parameter space.

For the model considered in this paper, the main signature would be decays of the excited
state χ∗. The parameter regions most interesting for niDM (mχ∗ ≲ 1GeV and ∆m ≳ 0.3)
correspond to relatively small lifetimes cτχ∗ ≲ 1 m, as shown in figure 5. The number of
events in this regime is exponentially suppressed by the decay probability,

Pdecay ≈ exp
(
− l mχ∗

τχ∗ |pχ∗ |

)
, (6.2)

where l is the radial decay length. Therefore, the largest coupling that can be probed is
determined by the ratio pmax/lmin, where pmax is the maximal possible momentum of χ∗

particles decaying inside the decay volume, and lmin is the distance from the χ∗ production
point to the beginning of the decay volume.

Calculating the event yield for χ∗ decays requires several steps: calculating the flux of
dark photons, decaying them into χ∗, decaying χ∗ inside the decay volume, propagating its
decay products through the detector, and, finally, selecting the events which match all the
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experiment-specific criteria. To perform the calculations, we have updated SensCalc [83], a
Mathematica-based sensitivity evaluator.8 By default, SensCalc calculates the event rate as
a function of two parameters — LLP mass and coupling to the SM particles, by averaging
over decay products acceptance precomputed for fixed values of other parameters. This is
not suitable for our purposes because of many different parameters controlling the event
rate. We have therefore written a module that takes the input on the experiment geometry,
the tabulated angle-energy distribution of dark photons, and the routine calculating the
decay product acceptance, and then samples events with χ∗ on-flight, similar to standard
Monte-Carlo simulators. First, it samples 4-momenta of dark photons from the tabulated
distribution and decays them into χ∗ via the two decay processes A′ → χχ∗/χ∗χ∗. Next, it
selects only those χ∗s that point to the polar coverage of the decay volume, and samples
azimuthal angles such that the trajectory

of χ∗ intersects the decay volume. Then, it distributes the decay vertices inside the
decay volume according to the value of the cτχ∗ . Finally, for the given χ∗s’ kinematics, it
generates their decays into χ and a pair of e+e−, µ+µ− and π+π−,9 propagates the decay
products through the detector (accounting for the possible presence of a dipole magnet) and
calculates the decay products’ acceptance.

In appendix C, we briefly discuss the experiments that we consider, namely NuCal,
CHARM, BEBC, and NA62 in dump mode, and we compare our predictions with ref. [39].
BEBC is considered for the first time in the context of (n)iDM and is found to give constraints
similar to NuCal for small masses and lifetimes. NA62 is a currently running experiment. It
has collected 1.4 ·1017 protons-on-target (PoT) in 2021 [84] (without evidence for new physics),
and aims to accumulate 1018 before LS3 (2025) [85]. Given the large beam energy and on-axis
placement, we find that NA62 imposes the strongest constraints among the proton beam-dump
experiments, although a dedicated event analysis performed by the NA62 collaboration would
be required to confirm our findings (see appendix C for further discussion of NA62).

6.2 NA64

The fixed-target experiment NA64 at CERN employs a 100 GeV electron beam impinging on an
active beam dump. The detector is essentially composed of a ∼ 1-meter long electromagnetic
calorimeter (ECAL), corresponding to ∼ 40 radiation lengths (40X0), followed by a ∼ 6.5-
meters long hadronic calorimeter (HCAL), corresponding to ∼ 30 nuclear interaction lengths,
with a large high-efficiency veto counter (VETO) in between both calorimeters [86]. The
NA64 collaboration searched for missing energy events with Emissing > 50GeV selected by
requiring EECAL < 50GeV and EHCAL < 1GeV with no activity in VETO, plus further
requirements on the initial electrons which can be found in refs. [87, 88]. Such events could
arise from the production of high energy dark photons via electron-nucleus bremsstrahlung
and via resonant annihilation of secondary positrons produced in electromagnetic showers
with atomic electrons, followed by the subsequent decay of the dark photon into DM particles
which escape the detector.

8The module is not public yet, but it may be provided on request.
9As discussed in section 3, heavier mesons play a sub-dominant role in the mass range under consideration.
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In the niDM case, dark photons can also decay into excited states which, in principle,
could decay inside the ECAL or within the HCAL. The former would decrease the total
missing energy of the event (possibly leaving a signal in VETO from the electromagnetic
shower of the daughter particles) and the latter would completely veto the event. As a result
both possibilities decrease the sensitivity of the NA64 missing energy search to niDM, which is
therefore most sensitive to the case where χ∗ has a very long decay length. The corresponding
effect in iDM models has been studied previously in the literature [47, 51] where proper
simulations of the whole event were performed. Since the production rate and distribution of
dark photons is identical for iDM and niDM, we can use these results to infer the relevant
detector properties needed to analytically recast bounds from NA64 missing energy searches
to the niDM case. Further details on this approach can be found in appendix D.

It is worth noting that dedicated searches for semi-visible dark photon decays were also
performed by NA64. Results for the iDM case [51, 89] suggest that these searches would
only probe parameter regions already excluded by proton beam dump experiments or by
NA64 missing energy searches. Furthermore, new missing energy measurements with high
energy muon beams at NA64 promise to test dark photon masses as large as 3 GeV, which
potentially may probe the totality of the unexplored parameter space for sub-GeV masses [90].
Further studies are required to confirm these expectations.

6.3 Electron-positron colliders

Experiments at electron-positron colliders, such as PEP-II and SuperKEKB, operate at a fixed
invariant mass and therefore have well-defined event kinematics and a much cleaner background
environment than hadronic experiments (and, in particular, beam dumps). A particular
search that is very sensitive to the production of dark photons and their subsequent decay into
dark matter particles is the single-photon search e+e− → γA′(→ χχ), which looks for a single
high energy photon in association with missing energy, i.e., Eγ < Ee+ + Ee− . Events with
additional particles in the final state (within the detector acceptance) are vetoed. This kind of
search was performed by the BaBar collaboration [55] and currently places the most stringent
bounds on invisibly decaying dark photons in the mass range from 400 MeV to 8 GeV [88, 91].
Future single-photon searches at Belle II are expected push these limits even further [56].

As for NA64, we expect these bounds to be relaxed in the context of niDM, since the
dark photon decays can produce excited state particles, which may decay into SM particles
inside the detector and lead to the event being vetoed. In order to analyse this effect, we
have developed a Mathematica-based simulation for the full collision event.10 Events are
generated at the centre-of-mass frame of the collision, then boosted to the laboratory frame.
First, we sample the dark photon production cross section σ(e+e− → γA) and simulate the
dark photon decays with the appropriate branching ratios into ground and excited states.11

If a χ∗ particle is produced, we sample its decays length and decay modes. Cross sections,
amplitudes and branching ratios are computed analytically at tree-level, using VMD for the

10Available at https://github.com/gdvgarcia/MissingEnergyEEcolliders.
11Strictly speaking, the process e+e− → γχχ∗ should not be split into dark photon production and decay,

since the width of the dark photon is non-negligible. However, this effect essentially only smears the photons
and χ∗ energies [40]. From comparing our results to those found in the literature [40], we conclude that this
effect is negligible within our precision goal.
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χ∗ → χπ+π− decay mode, see section 3. The 3-body decays into kaons, as well as 4-body and
5-body decays are expected to only give a small contribution in the mass range of interested
and are therefore neglected. Following ref. [40], charged pions are treated as muons in the
detector during the analysis of events.

Once events have been generated, we compute the single-photon constraints/sensitivity
on the kinetic mixing ϵniDM by rescaling the results from searches for invisibly decaying
dark photon [55, 56] ϵmono-γ in the following way. We find the ratio Rveto of the number
of events which satisfy only the photon cuts but not the other selection requirements (i.e.
the number of events which are vetoed) to the total number of events which satisfy the
photon cuts (i.e. the number of events expected for a stable χ∗). We then use Rveto to
compute the updated ϵniDM

exp according to

ϵniDM = ϵmono-γ/
√
1−Rveto . (6.3)

The above formula defines ϵniDM implicitly since Rveto depends itself on ϵniDM.
A description of the conditions and selection criteria for both BaBar and Belle II can be

found in appendix E. In this appendix we also compare the results of our simulation to Belle
II sensitivities and BaBar bounds for iDM found in ref. [40] finding a good agreement.

6.4 Searches for dark matter scattering

If dark photons can be produced in particle collisions, we expect a sizeable flux of DM
particles, both ground and excited states, passing through various detectors at high energy
facilities. These particles can scatter relativistically on the active material of these experiments,
leaving observable signals. Measurements performed at LSND [92, 93], E137 [94, 95] and
MiniBooNE [96] place strong constraints on light DM with masses below a few hundred MeV.
We adopt the bounds from ref. [97], which were obtained by rescaling the published results
by the appropriate choice of α′. They apply to our model independently of our choices of
(δy,∆m) — at least in the parameter range we focus on — since χ(∗) are produced with
relativistic velocities and energies much higher than the mass splitting between the two states.

7 Results

Having discussed the different experiments that can probe the niDM model, we are now in
the position to determine the allowed regions of parameter space. For this purpose, let us
first consider two particular DM masses, 200 and 500 MeV, and explore in a quantitative
manner the two-dimensional plane of the dark left-right Yukawa asymmetry δy and the
relative mass splitting between dark sector fermions ∆m previously presented qualitatively
in figure 1. The masses were chosen in order to illustrate the potential of different collider
searches and their complementarity.

In figure 6, we present the various constraints on the niDM parameters. At each point
in the (δy,∆m) parameter plane we determine the value of the kinetic mixing parameter
needed to reproduce the observed DM relic abundance and verify if the corresponding value
is experimental excluded. Displayed in blue are the strongest constraints from proton beam
dump experiments obtained by searching for χ∗ decays inside the NA62 experiment [98], in
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Figure 6. Region in the (δy,∆m) parameter plane where the kinetic mixing required to reproduce
the observed DM relic abundance is experimentally excluded. Black lines indicate the ratio of elastic
(diagonal) α′

el to inelastic (off-diagonal) α′
inel couplings.

yellow from electron beam dumps via missing energy searches of high-energy electron collisions
in the active target of NA64 [88] and in green from electron-positron collisions using single-
photon measurements (e+e− → γ + invisible) at BaBar [55]. Also shown in gray are model-
independent bounds on the kinetic mixing ϵ from electroweak precision measurements at LEP
calculated in ref. [72] and bounds from the scattering of χ(∗) particles at far detectors obtained
from measurements performed at LSND, E137, and MiniBooNE in ref. [97]. The light gray
band indicates when the co-annihilation channel becomes resonant due mχ+mχ∗ = mA′ ±1%.
Black lines indicate a constant ratio of diagonal to off-diagonal couplings.

The first conclusion to draw from figure 6 is that the traditional regime of inelastic
DM, where the diagonal interactions are negligible corresponding to δy ≪ 1 or ∆m ≪ 1 is
fully excluded for both DM masses and (δy,∆m) ranges that we considered. On the other
hand, in the Majorana DM regime (∆m ≫ 1 and δy ≫ 1), where the heavier state decouples
and diagonal interactions dominate, all experimental constraints can be satisfied. As ∆m

approaches 1 from above, the constraint from BaBar gets stronger as a result of the larger
kinetic mixing implied by the relic density requirement.

For ∆m < 1, however, the constraints from BaBar are significantly suppressed, because
the decay A′ → χχ∗ becomes kinematically allowed and the subsequent χ∗ decays lead
to missing-energy events being vetoed in the analysis. This opens up a sizeable allowed
parameter region with ∆m ∼ 0.6–0.9 and δy ≳ 1. This is exactly the niDM regime, where
diagonal interactions are relevant for the relic density calculation and off-diagonal signatures
dominate at laboratory experiments.

The allowed regions in figure 6 are expected to be probed in the near future by a variety
of currently running experiments. These include the NA62 experiment in proton beam
dump mode [98] with its plans of collecting ∼ 1018 PoT worth of data by 2025 [85] which,
however, are expected to provide minor upgrades from their previous results last year [84]
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Figure 7. Current bounds and projected sensitivity to the kinetic mixing ϵ as a function of the DM
mass in the niDM model. Solid black curves indicate the DM relic density curve for the given choice
of (∆m, δy) of each panel while, dashed ones indicate the relic density curve for iDM (δy = 0) with
the same mass splitting ∆m.

due a logarithmic dependence of the kinetic mixing bound on the integrated intensity. More
remarkable is the Belle II experiment [56] which has collected already more than 424 fb−1

of collision data [99] and, with only a luminosity of 20 fb−1, could significantly improve the
single-photon bound from BaBar covering all unexplored regions in the 2D plane of both
panels in figure 6. Additionally, another direction for significant progress is expected to
come from future data releases of the NA64 collaboration which continues to collect more
electrons-on-target (EoT) with a final goal of 1013 EoT within the next decade [100].

The impact of these near-future improvements can be more clearly visualized looking at
the plane of kinetic mixing ϵ versus DM mass presented in figure 7. Different rows correspond
to different values of ∆m, while different columns correspond to different values of δy, chosen
to lie in the most interesting parameter region identified above. The value of the kinetic
mixing parameter that reproduces the observed DM relic abundances is shown in black and
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can be compared to the black dashed curve that one would obtain for purely inelastic DM
(i.e. setting δy = 0 but keeping the same ∆m). The other dashed lines correspond to the
projected sensitivites of the various currently running experiments. We find that collecting
1018 PoT with NA62 will, as expected, only increase the lower bound on ϵ by a few per cent,
while NA64 will improve the upper bound on ϵ by more than a factor of 3. The most decisive
improvement, however, will come from Belle II, which will probe the relic density line for
DM masses below ∼ 3GeV for all parameter choices we have considered. Furthermore, new
missing energy measurements with high energy muon beams at NA64 may test dark photon
masses as large as 3 GeV, with a potentially similar sensitivity reach compared to the Belle
II mono-photon analysis [90] (not shown in figure 7).

In addition to bounds from collider experiments, we also show in figure 7 exclusion curves
for the direct detection experiment LZ [80] which probes large DM mass values mχ ≳ 7GeV
and is therefore highly complementary to the bounds from particle accelerators. We also
show projections for future direct detection experiments, namely the far-future DARWIN
experiment [82], which targets the same mass region as LZ, and the near-future SuperCDMS
experiment [81], which is sensitive to smaller DM masses. We find that for δy = 50 there is an
intriguing gap in coverage between these experiments for mχ ∼ 5GeV, where direct detection
experiments face a challenging background from solar 8B neutrinos [101]. Exploring possible
experimental opportunities to cover this gap is an exciting direction for future research.

8 Conclusions

In the present work we have studied the consequences of relaxing the assumption of parity
conservation in the dark sector of inelastic Dark Matter (iDM) models, a symmetry which is
often assumed to be conserved (or only weakly broken) in the literature. As we discussed, this
assumption is not necessary. Its breaking does not spoil any of the attractive properties of iDM
but instead open up new viable parameter space. We call this model “not-so-inelastic Dark
Matter” (niDM), because, in this generic extension of iDM, elastic (diagonal) interactions
χX → χX are allowed in addition to inelastic (off-diagonal) ones χX → χ∗X. Just like
in iDM models, the excited DM state χ∗ can offer interesting decay signatures at particle
physics experiments.

We have introduced a UV-complete niDM model for fermionic DM particles, based on
an abelian gauge symmetry in the dark sector. The coupling to the Standard Model (SM)
proceeds via kinetic mixing of the dark vector boson A′ with the SM photon. The model
provides a natural interpolation between conventional iDM models and simple Majorana DM
where the excited state decouples. The relevant parameters are the relative mass splitting of
the two dark fermions, ∆m, and a parity breaking asymmetry parameter, δy, where δy → 0
corresponds to the iDM case. The niDM regime is characterised by ∆m ∼ 1 and δy ≳ 1.
While the iDM limit of the model is strongly constrained (mostly excluded), we found that
allowing for non-zero parity asymmetry δy opens up new parameter space, where the correct
relic DM density can be obtained by thermal freeze-out without being in conflict with existing
bounds. For our benchmark model, we identified two windows for the DM mass namely
mχ ≃ 400MeV and mχ ≃ 5GeV.
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We studied in detail the phenomenology of the model in the relevant regions of parameter
space. For the allowed region around mχ ∼ 5GeV, direct detection experiments such as LZ,
or the future SuperCDMS or DARWIN projects are potentially sensitive, but the relic density
curve remains difficult to test as it is obscured by the solar neutrino fog. Identifying new
experimental opportunities to cover this gap is an exciting goal for future research.

In contrast, for sub-GeV masses, signatures in high energy experiments offer promising
tests of the model, as the production and subsequent decay of the excited DM state leads
to interesting phenomenology and new signatures. We performed a detailed simulation
of beam dump experiments (NuCal, CHARM, BEBC, NA62 in beam dump mode) and
electron-positron colliders (BaBar, Belle II) along with an analytical description of NA64
missing energy searches, and recasted their results within the niDM model. We found that
large regions of parameter space were excluded by a combination of all available constraints,
leaving only the above mentioned window of DM masses around 400 MeV for suitable values
of ∆m and δy. Near-future analyses of NA64 and Belle-II (mono-gamma searches) will cover
the entire parameter space we studied for sub-GeV niDM, where the model can provide
the full DM abundance. Furthermore, new missing energy measurements with high energy
muon beams at NA64 may provide competitive sensitivity to the allowed parameter space.
Hence, in this mass range, currently running experiments will fully explore the potential of
not-so-inelastic Dark Matter as a suitable dark matter candidate, pushing the elasticity of
the model to its limits with a possible break(through) right here at our hands.

Acknowledgments

The authors thank Nassim Bozorgnia, Babette Döbrich, Torber Ferber, Saniya Heeba, Laura
Molina Bueno and Javier Reynoso-Cordova for discussions and Yu-Dai Tsai for answering
questions on ref. [39]. The authors also thank Nassim Bozorgnia and Javier Reynoso-
Cordova for providing the DM distributions used in ref. [79]. GG thanks the Doctoral School
“Karlsruhe School of Elementary and Astroparticle Physics: science and Technology (KSETA)”
for financial support through the GSSP program of the German Academic Exchange Service
(DAAD). This work has received support by the European Union’s Framework Programme for
Research and Innovation Horizon 2020 under grant H2020-MSCA-ITN-2019/860881-HIDDeN.
FK acknowledges funding by the Deutsche Forschungsgemeinschaft (DFG) through the Emmy
Noether Grant No. KA 4662/1-2 and Grant No. 396021762 — TRR 257.

A niDM in full generality

Eq. (2.1) constitutes the most general new-physics Lagrangian containing the new dark
sector particles that we consider. In our analysis, this Lagrangian was simplified with three
assumptions, namely ϕd = 0 and md ≥ 2w√yRyL along with mA′ ≪ mZ . Moreover, we have
required a heavy dark Higgs field with a weak Higgs portal in order to neglect the scalar
sector of our model. In this appendix we revisit these assumptions. We will introduce the
most general formulae for interactions in the dark sector after the unitary transformation
which diagonalizes the fermionic mass matrix keeping all masses positives.
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α∗∗ = 0 β∗∗ = − cos 2θ
α∗_ = sin ((2ϕ+ γ∗ − γ_)/2) sin 2θ β∗_ = cos ((2ϕ+ γ∗ − γ_)/2) sin 2θ

α_∗ = −α∗_ β_∗ = β∗_

α__ = 0 β__ = cos 2θ

Table 1. Coefficients for interactions between dark fermions and dark photons.

The dark fermionic Lagrangian can generally be written as

Lχ = 1
2 χ̄i(i/∂ −mi)χi +

1
2gχA

′µ χ̄i(iαij + βijγ
5)γµχj −

1
2yLs χ̄i(α̂ij + iβ̂ijγ

5)χj (A.1)

where the masses of the Majorana fermions are given by

m2
χ∗ = m2

d + 2w2(y2
L + y2

R) + 2wD and m2
χ = m2

d + 2w2(y2
L + y2

R)− 2wD , (A.2)

with12

D2 = w2(y2
R − y2

L)2 +m2
d|κ|2 and κ = yLe

iϕd + yRe
−iϕd . (A.3)

We adopt D ≥ 0, since we define χ∗ to be the heavier state without loss of generality. The
interaction coefficients are given in tables 1 and 2 where the lower-script “∗” denotes the
excited state index and “_” the ground state one. The complex phase ϕ is defined as

eiϕ = κ

|κ|
. (A.4)

The phases γi are given by

eiγ∗ = σ∗
|σ∗|

and eiγ_ = σ_
|σ_|

, (A.5)

where
σ∗ =

1
2
w(y2

L + 2yLyRe
−2iϕd + y2

R) +D

κe−iϕd
(A.6)

and
σ_ = 1

2
w(y2

L + 2yLyRe
−2iϕd + y2

R)−D

κ∗ e−iϕd
. (A.7)

Finally, the mixing angle θ is given by

tan θ = w(y2
R − y2

L) +D

md|κ|
. (A.8)

Compared to the simpler case with ϕd = 0, the only modification (as long as the
interactions of the dark Higgs boson are negligible) is that the inelastic transition can
also proceed via an axial-vector coupling rather than only a vector one. As a result, the
co-annihilation contribution to the relic density is slightly modified.

12The particular case of κ = 0 (i.e., cos ϕd = 0 and yR = yL) leads to no mass splitting between the Majorana
states and is therefore not considered further in this work.
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α̂∗∗ = 2(δy + 1) cos (2ϕ+ γ∗) sin2 θ + 2 cos γ∗ cos2 θ

β̂∗∗ = 2(δy + 1) sin (2ϕ+ γ∗) sin2 θ + 2 sin γ∗ cos2 θ

α̂∗_ = sin 2θ
[
(δy + 1) cos ((2ϕ+ γ∗ + γ_)/2)− cos ((2ϕ− γ∗ − γ_)/2)

]
β̂∗_ = sin 2θ

[
(δy + 1) sin ((2ϕ+ γ∗ + γ_)/2) + sin ((2ϕ− γ∗ − γ_)/2)

]
α̂_∗ = α̂∗_ β̂_∗ = β̂∗_

α̂__ = 2(δy + 1) cos γ_ cos2 θ + 2 cos (2ϕ− γ_) sin2 θ

β̂__ = 2(δy + 1) sin γ_ cos2 θ − 2 sin (2ϕ− γ_) sin2 θ

Table 2. Coefficients for interactions between dark fermions and dark Higgs.

Regarding the mediators, one can find the formulas related to dark Higgs mixing with the
SM and its diagonalization in ref. [53] while the general U ′(1) kinetic mixing diagonalization,
in leading order in ϵ, is simply realized by the field redefinitions

Aµ → Aµ = Âµ − ϵÂ′µ (A.9)

Zµ → Zµ = Ẑµ + m2
A′

m2
A′ −m2

Z

ϵ tan θwÂ
′µ (A.10)

A′µ → A′µ = Â′µ + m2
Z

m2
Z −m2

A′
ϵ tan θwẐ

µ (A.11)

where the fields with hats correspond to the physical states, and we have assumed that
|mZ/(mZ −mA′)| < 1. The transformations above show that the A′ boson can interact with
SM particles through both mixing with the photon and with the Z boson. Also, we see
that the Z boson obtains direct couplings to the dark sector particles, which is suppressed
by ϵ tan θwm

2
Z/(m2

Z − m2
A′).

B Impact of dark matter halo modeling on direct detection limits

Using N-body simulations, ref. [102] concluded that the Large Magelanic Cloud (LMC) may
have significant effects on the local DM density and velocity distribution. These changes
were shown to have a significant impact for direct detection experiments [103]. Very recently,
using the Auriga cosmological simulations, ref. [79] found that the lowest mass reach of direct
detection experiments can be increased by around 10% depending on the specific detector
analyzed and the type of DM-nucleus interactions considered. Since the LMC influence is
more pronounced for velocity-dependent operators, such as the effective operator ON

8 of niDM
models, we investigate its impact on our direct detection computations.

In figure 8, we compare how the different assumptions for the DM distribution influence
the direct detection exclusion and sensitivities for the niDM model. The LMC results are
showed in comparison with those for an isolated Milky Way (MW). The latter was verified to
agree with estimations using the Standard Halo Model with a local circular speed of 220 km/s.
In particular, the SHM assumes that the local DM velocity follows a Maxwell-Boltzmann
distribution with a peak speed set to the local circular speed in the MW. The comparison
shows an improvement of about 10% for the lowest DM masses probed by direct detection
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Figure 8. Comparison of exclusion limits and projected sensitivities for niDM from direct detection
experiments using different local DM distributions. Solid lines are estimates obtained using the
distributions for a Milk Way-like galaxy with a Large Magellanic Cloud-like satellite galaxy while
dashed lines stand for an isolated Milk Way-like galaxy. Both distributions were computed in ref. [79].
The isolated Milk Way estimations are in good agreement with the Standard Halo Model.

when taking into account the LMC influence. This is relevant for niDM since these masses
are not expected to be probed in the near-future by any other kind of experimental searches.

C Beam dump experiments

In this appendix, we briefly discuss the experiments we consider: NuCal, CHARM, BEBC,
and NA62 in the dump mode. We then compare our implementation with ref. [39], which
has studied both dark photon and iDM models. A comparison between the constraints and
sensitivities of these four different experiments for the niDM model can be seen in figure 9.

BEBC is considered for the first time in the context of iDM, and it turns out that it
provides constraints at a comparable level as NuCal (see figure 10). The constraints it provides
for small DM masses and lifetimes are similar to those obtained from NuCal, while for large
masses and lifetimes, they are even stronger. Our estimates of the constraints imposed by
NA62 show that they dominate over all other constraints coming from beam dump experiments,
due a combination of a relatively large angular coverage and a high-energy proton beam.

C.1 NuCal

NuCal [104] was an experiment operated at Serpukhov’s facility in 1989. A 70 GeV proton
beam from the U70 accelerator with a total number of PoT of NPoT = 1.7 · 1018 was dumped
on an iron target. The decay volume was a 2.6× 2.6× 23 m3 box located 64 m downstream
from the target. For the event selection, we follow ref. [39] (and references therein): the pair
of decay products (either e+e− or µ+µ−) must point to the detector located at the end of the
decay volume, and have total energy greater than 3 GeV. The total reconstruction efficiency
is assumed to be 70%. 5 events have been observed, whereas the predicted SM background
is at the level of 3.5 events implying that the 90% CL exclusion limits correspond to ≈ 6
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Figure 9. Current bounds (solid) and projected sensitivities (dashed) for the kinetic mixing ϵ from
existing beam dump experiments. Each panel stands for a different combination of the relative mass
splitting between dark sector fermions ∆m = (0.6, 0.9). The opacity of the lines relates to different
choices of dark left-right Yukawa asymmetry δy = (0.5, 50).

events. Note that ref. [39] conservatively assumed a cylindrical decay volume (following
the approximation made in ref [105]).

C.2 CHARM

CHARM [106–108] was a beam dump experiment operated at SPS in the 1980s. A proton
beam with NPoT = 2.4 · 1018 and Ep = 400GeV collided with a copper target. The decay
volume with dimensions 3 × 3 × 35 m3 was located 480 m downstream of the target; the
transverse displacement of the center of the decay volume from the beam line was 5 m.

For the selection of the decay products, we follow ref. [108], which studied heavy neutral
leptons and their decays N → ν + ee/µµ, which are topologically similar to the decay
processes of χ∗. The decay products were required to be within the acceptance of the last
layer of the calorimeter, located ≃ 5 m behind the end of the decay volume, and deposit
at least 1 GeV of energy.

C.3 BEBC

BEBC was a bubble chamber experiment operated at SPS in the 1980s [109, 110]. Unlike
CHARM, its decay volume was on-axis, with dimensions 3.6 × 2.5 × 1.85 m3, located 404
m downstream of the target. The decay volume itself serves as a detector — so there is no
requirement for the trajectories of the decay products. The recent paper [111] calculated the
constraints from BEBC to heavy neutral leptons, considering, among the others, the decay
channels N → eeν, µµν which are similar to the main decays of χ∗ assuming a small mass
difference ∆m. The requirement for the decay products is to pass the energy cut E > 1 GeV,
with an overall efficiency of 0.96. No events have been found for these modes.
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Compared to CHARM, the on-axis placement leads to a much larger flux of dark photons
with large energies from bremsstrahlung. This, together with a smaller distance to the decay
volume, significantly improves the yield of events in the domain of small lifetimes.

C.4 NA62 in the dump mode

NA62 [98] is the experiment currently located at the ECN3 facility at CERN served by the
SPS beam. Its primary goal is to study rare kaon decays. However, it may also work in the
beam dump mode, with thick movable copper-iron collimators called TAXes serving as a
target for the incoming 400 GeV proton beam. The effective decay volume [112] is located 80
m downstream of the target; it has a cylindrical shape with a radius of 1 m, with a hole of
0.08 cm radius accounting for the beam pipe; therefore. The detector system starts ∼ 81 m
behind the decay volume entrance and has a length of ∼ 64 m. It also has an approximate
cylindrical shape, with a radius of 1.15 m, and the same hole accounting for the remnants of
the incoming beam. In 2021, 1.4 · 1017 PoT have been collected [84] and a total of ∼ 1018

PoT are expected to be collected before LS3 [85].
We follow ref. [84] and impose the following requirements: the decay products must

be within the acceptance of the detector up to the calorimeters located at its end; their
momentum must be > 1 GeV; the minimal transverse spatial displacement between the
muons at the beginning of the straw tracker must be 2 cm; the transverse spatial separation
between the electrons or hadrons at the entrance of electromagnetic calorimeter (ECAL)
must be 20 cm, corresponding to a spatial separation of 95% of the electromagnetic shower
energy from the charged particles in liquid krypton.

In our analysis we have used the event selection similar to that of the search for dark
photons. Unlike the latter, in events with niDM the full momentum of the decaying χ∗ cannot
be reconstructed since a part of it is carried by the invisible χ. Therefore, in particular,
the reconstructed 3-momentum of the lepton pair would not point directly to the target.
This feature may be shared by a potential background. Detailed studies are required to
analyse the impact parameter distribution of backgrounds and find the optimal transverse
impact parameter cut for choosing the niDM events. However, we do not expect that the
impact parameter would significantly affect the constraints imposed on large values of the
coupling, which is the only parameter space relevant to our studies. Indeed, the upper bound
is sensitive to the ratio pmax/lto decay volume, where pmax is the maximal momentum of the
decaying particle and lto decay volume is the distance from the target to the beginning of the
decay volume; other parameters defining the experiment enter the estimate logarithmically.
The impact parameter cut would rather affect the events with low momentum of χ∗, hence
affecting the constraint slightly.

C.5 Comparison with past works

Let us now turn to the comparison of our analysis of the various constraints and sensitivities
with ref. [39]. There are several notable differences in the modeling of the production of
dark photons and the experimental setup.

As for the dark photons, the first difference is that we include several additional dark
photon production processes, such as the mixing with ρ0 and the Drell-Yan process. The latter

– 26 –



J
H
E
P
0
2
(
2
0
2
5
)
1
2
7

Figure 10. Comparison of exclusion limits and sensitivity projections for various beam dump
experiments as obtained in this paper (solid lines) and in ref. [39] (dashed lines). Similarly to [39], we
assume that only leptonic final states are detectable. Left panel: dark photons with vanishing invisible
branching ratio. Right panel: iDM coupled to dark photons, assuming mA′ = 3mχ and α′ = 0.1.

dominates the production of dark photons with masses mA′ ≳ 2 GeV at SPS energies [113];
the systematic uncertainties in the production cross section are within an acceptable 40%.
This channel is unimportant for dark photon searches at NA62, because the sensitivity does
not extend to such large dark photon masses. However, this is no longer the case for iDM, and
the Drell-Yan production channel has been found to be relevant for large DM masses. We do
not include it in the comparison in this appendix, but we use it for analysis in the main text.

Furthermore, we use a different proton form factor for proton bremsstrahlung, which
acquires contributions from the ρ and ω resonances [114] that have not been taken into account
in [39].13 Another difference concerns the number and distribution of neutral mesons π0, η, η′

used in the calculations. Ref. [39] approximated them from the distributions of charged
pions taken from ref. [115]. We instead follow the approach of ref. [116] when simulating
the angle-energy distributions at all relevant facilities.

There are also some differences in the experimental setups. Regarding NA62, in ref. [39],
the decay products were required to have a transverse spatial separation of at least 10 cm at
the entrance of the liquid krypton calorimeter, falsely assumed to be located immediately
downward the decay volume. In reality, it is located ≃ 50 m downward, which significantly
relaxes the impact of this cut. In addition, we include the magnetic field of the dipole magnet,
which significantly affects the spatial separation of the decay products.

We present a comparison of the calculated exclusion bounds and sensitivity projections in
figure 10. For dark photons (left panel), the constraints we obtain agree in the parameter region
where dark photons are produced dominantly by decays of mesons (up to the normalization
of the meson fluxes), even despite the different description of the meson production, and start
disagreeing for larger masses, where the dominant production channel is proton bremsstrahlung.

13It is worth mentioning that there are large theoretical uncertainties in calculating the bremsstrahlung
rate, so the results from the bremsstrahlung have to be taken with care.
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This is a consequence of the different proton form factors. For iDM (right), we generally
find a good agreement, with small differences in large masses.

D Rescasting NA64 missing energy searches

The NA64 search conventionally targets dark photons that decay purely invisibly. In our
set-up, on the other hand, the dark photon decays produce an excited state χ∗, which may
decay further within the detector and lead to a signal that is vetoed by the analysis. The
number of events that pass the NA64 event selection for a given set of niDM parameters
xniDM = (mA′ , δy,∆m,mχ, α

′, ϵ) can therefore be written as:

NniDM(xniDM) = NA′→2χ(mA′)− ϵ2

 ∑
i=br,an

fi(mA′)g(ai,xniDM)

 . (D.1)

Here the first term corresponds to the total number of events expected if the dark photon
were to decay into a pair of stable invisible particles. In the second term, we have split
the dark photon production into two different channels: production via electron-nucleus
bremsstrahlung, e−Z → e−ZA′ (i = br), and via resonant annihilation of secondary positrons
with atomic electrons, e+e− → A′ (i = an). We denote the corresponding production rates
by fi, which are normalised such that

N90% exc.
A′→2χ (mA′) = ϵ290% exc. [fbr(mA′) + fan(mA′)] (D.2)

using the ϵ90% exc. bounds given by the NA64 collaboration [87, 88]. The functions gi

give the fraction of events vetoed by NA64 due to χ∗ decays in the detector, such that
NniDM = NA′→2χ(mA′) for gi = 0 and NniDM = 0 for gi = 1. These veto functions depend
on the specific experimental conditions of NA64, collectively denoted by ai.

The veto functions gi decompose into two terms. The first describes decays of χ∗ inside
the ECAL, which decrease the total missing energy of the event and may lead to an event
being vetoed if Emissing < 50GeV. The second describes decays that would leave a non-zero
energy deposit either in the VETO or within the HCAL, both of which cause an event to be
vetoed. A general form for the veto function g can be written as

g(ai,xniDM) = Ωi

(
1− e−(LECAL−dlow

i )/ℓlow
i

)
+ ηe−(LHCAL−dave

i −l)/ℓave
i

(
1− e−(LHCAL+l)/ℓave

i

)
(D.3)

where

ℓji =
τχ∗

√
(Ej

χ∗,i)2 −m2
χ∗

mχ∗
(D.4)

is the decay length of χ∗, which we calculate separately for low-energy dark photons (j = low)
and for all dark photons (j = ave). All parameters appearing in the veto functions g are
explained in detail in table 3. Finally, we assume that Ej

χ∗,i = Ej
i /2, i.e., that the dark

photon energy is equally shared between the two daughter particles. This is a reasonable
approximation to adopt since dark photon energies are much larger than the masses of
the final state particles.
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Description Symbol Estimated Fitted
value value

Fraction of produced dark photons Ωbr 20% 4%
with low energy (50GeV ≤ EA′ ≤ 75GeV) Ωan 50% —

Average energy of low energy dark Elow
br 64 GeV 74 GeV

photons producing a signal Elow
an Eq. (D.5) —

Low energy dark photon production dlow
br 3X0 22X0

position plus containment length14 dlow
an dlow

br + 2X0 —

Average energy of dark photons Eave
br 85 GeV 78 GeV

producing a signal Eave
an Eq. (D.5) —

Average energy dark photon dave
br X0 11X0

production position dave
an dave

br + 2X0 —

A′ veto efficiency for events
η 100% 100%

leaving hits at VETO + HCAL

ECAL length LECAL 1 m (40X0) —

HCAL length LHCAL 6.5 m —

Leakage length of showers produced at
l 5X0 7X0

ECAL leacking energy to VETO + HCAL

Table 3. List of parameters used in the veto functions needed to reinterpret missing energy bounds
from the NA64 experiment [87, 88]. The values presented in the first lines correspond to the channel
i = bremsstrahlung, the only channel used for the fits, while those in the second lines to i = annihilation.

With a physical model for the veto functions in NA64, we can compare our predictions to
those for iDM available in the literature. Doing so allows for a validation of our parametrisation
and for a determination of the various parameters that we have introduced. For the purpose
of this comparison, we set fan = 0, since this channel has not yet been considered for the
iDM scenario [47, 51]. As a first step, we estimate the parameters abr using the available
information on the experimental conditions [86] and previous studies [117], see the third
column in table 3. For the iDM case (δy = 0), our results agree with ref. [51] within 14% (with
an averaged error of about 6%), see figure 11. To further improve the agreement, we vary the
parameters abr around their estimated value and find the best fit of our function to the results

14This parameter defines an effective ECAL length for low energy dark photon events.
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Figure 11. Comparison of exclusion limits on iDM for the NA64 experiment with 2.84× 1011 EoT
as obtained in this paper (dotted and solid lines) and in ref. [51] (dashed lines). The dotted curves are
obtained by estimating the parameters that enter the veto function from experimental data, the solid
curves are obtained by fitting these parameters to reproduce the results from ref. [51] as closely as
possible. Dark photons produced from secondary positron were not considered in the comparison since
they were neglected in the original NA64 analysis [87] as well as in the reinterpretation done in ref. [51].

from ref. [51], see the fourth column in table 3. The fit thus obtained matches both predictions
of figure 6 from ref. [51] with a maximal discrepancy of less than 8% (with an averaged error of
less than 2%), see once again figure 11. Contrary to our initial expectation, we find Ωbr ≪ 1,
which suggests that decays of χ∗ particles produced from low-energy bremsstrahlung dark
photons, EA′ ∈ (50, 75)GeV, are irrelevant for the constraints. We use the fitted parameters
to give our final estimates for the bremsstrahlung produced signals (which is the most relevant
production channel over nearly all the probed parameter space) at NA64.

Since previous studies have not considered dark photon signals produced by positron
annihilation [118], we cannot compare our estimated values for aan to the literature as we
did for the bremsstrahlung channel. We can, however, make use of fig 1 of ref. [118] to
estimate the average energy of dark photons produced via positrons which can generate
a missing energy event:15

Eave
an (mA′) =

50GeV, mA′ < 225MeV
430mA′ − 47GeV, mA′ ≥ 225MeV.

(D.5)

We then combine both channels in order to recast NA64 bounds for niDM with the most
current available data from NA64 [88].

E Set-up for electron-positron colliders

In this appendix, we briefly introduce the electron-positron collider experiments that we
consider in this work, BaBar and Belle II, their basic properties relevant for our simulations

15Since the average energy Eave
an is generally low for the region where the annihilation channel is relevant,

we approximate Elow
an = Eave

an .
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Figure 12. Comparison of BaBar exclusion limits and Belle II projected sensitivities on iDM from
mono-photon searches [55, 56] as obtained in this paper (solid lines) and in ref. [40] (dashed lines).

and the single-photon selection cuts required for the event analysis. We also present in
figure 12 the comparison of our simulation in the iDM limit δy = 0 with results from ref. [40].

E.1 BaBar

The BaBar collaboration searched for missing energy events in a dataset of 53 fb−1 [55] pro-
duced by the PEP-II assymetric e+e− collider at the SLAC National Accelerator Laboratory
with center-of-mass (CM) energy of

√
s = 10.58GeV, the mass of the Υ(4S) resonance.16

The positron beam of 3.1 GeV and the electron beam of 9.0 GeV collide head-on in PEP-II
implying a velocity of the CM along the detector’s magnetic field axis of βz ≈ 0.49 [120].

To analyse BaBar’s single-photon searches, we follow the SM charged final state particles
selection cuts from table 2 of ref. [40] which aim to reproduce the more complex multivariate
BaBar analysis. We also use their photon selection criteria, namely ECM

γ > 2.0GeV and
32.5◦ < θCM

γ < 99◦ where the angle θ is with respect to the positive z-axis.

E.2 Belle II

The potential of Belle II to search for invisibly decaying dark photons via single-photon
searches was analysed in ref. [56]. Their estimates are given for an integrated luminosity of
20 fb−1 generated by the SuperKEKB asymetric e+e− collider at the High Energy Accelerator
Research Organisation with a CM energy of mΥ(4S). The positron beam of 4 GeV and the
electron beam of 7 GeV meet with an angle of 83 mrad, where the bisector of this angle goes
along the detector’s magnetic field axis, implying a CM velocity of β⃗ ≈ (0, 0.04, 0.27) [56].

Once more, we use the selection criteria provided by ref. [40], which provides the necessary
cuts for charged particles in table 1. The photon selection is more involved than for BaBar

16Although, most of the data from the BaBar detector has been collected at the Υ(4S) [119], the data used
at the analysis was mainly collected at the Υ(3S) resonance and non-negligeble amounts of data were also
taken at the resonances Υ(2S) and “off-resonances” [55]. However, within the precision required in this work,
the approximation

√
s = 10.58 GeV is sufficient.
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and depends on the value of the dark photon mass. We adopt the detailed photon selection
requirements given in eqs. (3.1-3.4) of ref. [40].

Data Availability Statement. This article has no associated data or the data will not
be deposited.

Code Availability Statement. This article has code included as electronic supplementary
material.

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