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In models of strongly-interacting dark sectors, the production of dark quarks at accelerators can
give rise to dark showers with multiple dark mesons in the final state. If some of these dark mesons
are sufficiently light and long-lived, they can be detected with searches for displaced vertices at
beam-dump experiments and electron-positron colliders. In this work we focus on the case that
dark quark production proceeds via effective operators, while the dark sector analogue of the p°
meson can decay via kinetic mixing. We evaluate current constraints from NA62 and BaBar as
well as sensitivity projections for SHiP and Belle II. We find that there exists a sizable parameter
region where SHiP may detect several displaced vertices in a single event and thus obtain valuable

information about the structure of the dark sector.

I. INTRODUCTION

Dark sector models are based on the idea that there
may exist particles that interact strongly with each other
but only very weakly with visible matter. A natural way
to realise such a set-up is to consider a non-Abelian gauge
extension of the Standard Model (SM) with asymptotic
freedom [1]. At low energies, these theories feature chi-
ral symmetry breaking, and the fermions participating in
these interactions, called dark quarks, confine into bound
states called dark mesons. Since SM particles are not
charged under the new gauge group, a separate mecha-
nism is needed to mediate interactions between the two
sectors, such as renormalisable portal interactions or non-
renormalisable effective operators.

Rapidly growing interest in such strongly-interacting
dark sectors has been triggered by two key observations.
The first is that some of the dark mesons can be stable
and provide viable dark matter candidates [2-4]. Conver-
sion and number-changing processes within the dark sec-
tor then may be responsible for setting the dark matter
relic abundance [5-13], providing an alternative mecha-
nism that evades many of the constraints putting pres-
sure on Weakly Interacting Massive Particles. The sec-
ond observation is that the unstable dark mesons predict
exciting signatures at collider experiments [14-21]. If a
pair of highly-energetic dark quarks is produced in a col-
lision of visible particles, we expect hadronisation and
fragmentation processes leading to a high multiplicity of
final states. If the dark sector behaves in a way similar
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to QCD, the result will be a dark shower with a mixture
of stable and decaying dark mesons, leading to so-called
semi-visible jets [22, 23] (or emerging jets [24] if the de-
caying dark mesons are long-lived).

Most studies in the literature focus on only one of these
two aspects of strongly-interacting dark sectors.! The
reason is that models that address the dark matter puz-
zle are typically difficult to detect at the LHC because
they predict a large fraction of stable (and hence invisi-
ble) dark mesons and small masses for the unstable dark
hadrons (at or below the GeV scale). However, the LHC
is not the only experiment capable of producing dark
showers. In a recent study [26], some of us pointed out
the possibility of searching for dark showers also at Belle
II. Since then, the approval of the SHiP experiment at
CERN [27, 28] has opened up an exciting new avenue
for exploring dark sectors at the GeV scale, offering un-
precedented discovery potential for many types of light
and long-lived particles.

The main goal of the present work is to determine
the sensitivity of SHiP for GeV-scale strongly-interacting
dark sectors. Specifically, we focus on a set-up with two
types of dark mesons. The dark pions, arising as pseudo-
Nambu-Goldstone bosons of chiral symmetry breaking,
are stable and constitute the dark matter candidate.
The dark rho mesons, on the other hand, are predicted
to be heavier and decay via kinetic mixing with SM
photons [29]. Motivated by astrophysical and cosmo-
logical arguments [10], we consider the mass hierarchy
My, < 2My,,, for which the dark rho mesons decay ex-
clusively into visible final states. For sufficiently small
couplings, their decay length may be macroscopic, giv-
ing rise to displaced vertices [30], which can be efficiently

targeted at SHiP.

1 See, however, Ref. [25] for a notable early exception.


mailto:ebernreuther@ucsd.edu
mailto: nicoline.hemme@kit.edu
mailto:kahlhoefer@kit.edu
mailto: suchita.kulkarni@uni-graz.at
mailto:maksym.ovchynnikov@cern.ch
https://arxiv.org/abs/2510.23696v1

The phenomenology of dark rho mesons closely resem-
bles that of dark photons, the massive gauge bosons of a
broken Abelian gauge symmetry [31-34]. Consequently,
in case of detection, the standard signature — a single de-
cay vertex — has little discriminating power between the
two models. The key difference is that in minimal dark
photon models (where interactions arise solely from mix-
ing with the SM photon), the probability to produce two
dark photons in a single event is negligible, whereas in
models of strongly-interacting dark sectors, the probabil-
ity to produce multiple dark rho mesons in a single event
can be quite large. Observing several displaced vertices
in a single collision would therefore immediately exclude
the minimal dark-photon scenario. Moreover, differentia-
tion from non-minimal dark-photon models with multiple
decays per event (see e.g. Refs. [35, 36]) can be achieved
by considering additional kinematic variables, such as the
total invariant mass of the decaying system [37].

In this work, we focus on the case where the
dark quarks couple to visible particles via an effective
dimension-6 operator, which arises from integrating out
a heavy dark photon with kinetic mixing. Once the dark
sector gauge group and number of dark quark flavours
are fixed, this set-up yields a very economical parameter
space comprising only the dark pion mass, the dark rho
meson mass, and the suppression scale of the effective
interaction, while all other properties of the dark sector
are inferred from lattice simulations. We note here that
the number of dark colours (N.,) and flavours (Ny,)
are restricted to Ny, /N., < 3 to be in the chirally-
broken phase [30, 38] and the dark meson mass spectrum
may depend on this ratio [39]. We evaluate constraints
from past and ongoing beam-dump experiments, includ-
ing both perturbative and non-perturbative production
modes for dark rho mesons. Moreover, we update the
constraints from displaced-vertex searches at BaBar [40]
and the sensitivity projections for Belle II previously de-
rived in Ref. [10] using improved dark shower simulations.
We find that SHiP can probe large regions of unexplored
parameter space. In a sizable part of these parameter re-
gions, SHiP is predicted to observe events with multiple
displaced vertices.

The remainder of this work is structured as follows.
In section II we describe the dark sector that we study
and its interactions with the SM. Section III then fo-
cuses on the phenomenological implications, in particu-
lar the different production modes for dark rho mesons.
We describe the experiments under consideration and our
analysis in section IV before presenting our results in sec-
tion V. Our conclusions are presented in section VI. Ad-
ditional details on the signal simulation are provided in
appendices A and B.

II. MODEL SET-UP

We consider an SU(3) x U(1)’ gauge extension of the
SM with two Dirac fermions qp, referred to as dark

quarks, each transforming in the fundamental represen-
tation of SU(3) and carrying opposite charge +1 under
U(1). We assume mass-degenerate dark quarks with a
small mass, m,, S Ap, where Ap is the dark confine-
ment scale at which the SU(3) gauge coupling becomes
strong and the theory confines.

At energies below Ap, the approximate global chiral
symmetry SU(2); x SU(2)g x U(1)’ is spontaneously
broken to SU(2)y xU(1)’. This symmetry breaking gives
rise to three pseudo-Nambu-Goldstone bosons known as
dark pions, 7r$, 7%, and 75, with U(1)" charge +2, 0,
and —2, respectively. These pseudoscalar mesons are the
lightest bound states in the spectrum, while the next-
lightest bound states are the vector mesons, ng, 0%, and
pp- In the following, we will be particularly interested in
the neutral dark rho meson p%, which we will denote as
pp and refer to as the dark rho meson for simplicity.

Due to the conservation of U(1)’ charge, the charged
dark pions are predicted to be stable. In a theory with
two dark flavours, also the neutral dark pions can be sta-
bilised by an appropriate discrete symmetry, making the
dark pions viable candidates for dark matter [2-4, 10].
The relic abundance of dark pions can, in principle, be
set by the thermal freeze-out of the number-changing
process 3tp — 2wp. Bounds on the dark matter self-
interaction cross section from the Bullet Cluster, how-
ever, imply that this process is insufficient to deplete the
dark matter abundance. This problem is solved in the
presence of dark rho mesons with m,, < 2m,,, which
can deplete the dark pion abundance via the conversion
process 3np — wppp [10], provided that the dark rho
mesons can decay into SM particles sufficiently fast.

Such interactions are provided by the U(1)" gauge
group, which introduces a new massive gauge boson Z’
that can kinetically mix with the SM hypercharge even
if none of the SM fermions carry U(1)’ charge. We
will focus on the case that the Z’ is heavy compared to
the energy scale of the process, which for SHiP implies
myz > /s = 27.4GeV. The interactions between dark
quarks and SM fermions are then given by the effective
operator [26]

Leg = i2(7D’)’“CIDJM,1~:1\/I, (1)
Aeff
where J, gm is the electromagnetic current and Aeg =
my: /\/keep with the kinetic mixing parameter x, and
e and ep denoting the gauge coupling of U(1)gym and
U(1), respectively.
Below the dark confinement scale, we can use the one-
particle replacement [9, 41]

2m?
ap7"ap — ip%’ (2)
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where gr, denotes the coupling between dark pions and
dark rho mesons. The KSRF relation [42, 43] implies
Grp =~ Myp /(V2fr,) with the dark pion decay constant



frp- The interaction between a single dark rho meson
and SM particles can therefore be written as
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This interaction looks exactly? like that of a dark photon,
L D eeplyJ, mm, with the effective mixing angle

2
€ = Mi . (4)
AZg grpe

In other words, the dark rho meson inherits the produc-
tion and decay modes of a dark photon [32, 34, 45]. For
My, < 2Myy,, the pp is kinematically forbidden from de-
caying into dark pions and therefore decays exclusively
to SM states. This can lead to macroscopic decay lengths
of the dark rho meson if m,, /Acg is sufficiently small.

At the same time, m,,, cannot be much smaller than
2my,, for the theory to remain within the validity range
of chiral perturbation theory. We will therefore focus
on two specific mass ratios r = m,,/Mx,, namely
r = 1.5 and r = 1.9. For these mass ratios, we can
determine Ap/my, and fr,/m,, from lattice simula-
tions [46], see Ref. [30]. These results also enable us
to infer the dark pion-rho coupling, which is found to
be approximately gr, ~ 5.7. Given these inputs and
a specific value of r, our model is fully described by
only two independent parameters: the dark rho meson
mass m,, and the suppression scale Acg. For reasons
that will be discussed in more detail below, we will focus
on the parameter ranges 200 MeV < m,,, < 5GeV and
100 GeV < Aegr < 100 TeV.

IIT. PHENOMENOLOGY OF DARK RHO
MESONS

To calculate the lifetime and branching ratios of dark
rho mesons, we can directly apply the well-known re-
sults for dark photons, making use of eq. (4) to trans-
late between the different parameters. In particular, the
partial decay width into hadrons is inferred from the
hadronic cross section ratio R, which features resonant
peaks around the w and ¢ meson masses [47].

For the production of dark rho mesons, on the other
hand, we need to consider both the conventional produc-
tion modes of dark photons and the production mode
specific to our model, which is the hadronisation of dark
quarks into dark rho mesons in dark showers. In terms of
experimental signatures, the latter mode is qualitatively
different from the dark-photon-like production modes,

2 Note that in our set-up we always vary mpp, and Ap simultane-
ously and therefore never encounter the case that m,, > Ap, in
which the vertex of a composite pp would be suppressed based
on constituents counting basis [44].

because it may produce more than one dark rho meson
per event. Hence, it allows for the differentiation between
dark photons and dark rho mesons, as we will discuss in
detail in Sec. IV. Let us begin with the discussion of dark
showers and then turn to the other production modes.

A. Dark shower production

A dark shower results from the perturbative produc-
tion of a pair of dark quarks via the effective interaction
given in eq. (1). For proton-beam dump experiments,
the partonic centre-of-mass energy varies from event to
event, but it can be significantly larger than the dark
meson masses, such that a high multiplicity of dark rho
mesons can be produced in the subsequent fragmentation
and hadronisation processes. To determine these multi-
plicities as well as the distribution of energies and angles,
we generate the hard process with MADGRAPH v3.5.8
[48] using a UFO model file created with FEYNRULES and
simulate the dark parton shower using the Hidden Valley
module of PYTHIA v8.313 [49].3

In addition to the dark sector parameters discussed in
section II, PYTHIA requires a number of additional input
parameters describing the evolution of the dark shower.
The most important of these parameters is the relative
probability of producing vector mesons, called probVec.
A naive estimate based on spin degrees of freedom would
suggest that the production of vector mesons should be
three times as likely as for scalar mesons, corresponding
to probVec = 0.75. However, since the dark rho mesons
are slightly heavier, one expects the probability to be sup-
pressed slightly. A recent study proposed a parametrisa-
tion for the resulting suppression as a function of the
dark meson mass ratio r [51]. Based on these results, we
take probVec = 0.71 for » = 1.5 and probVec = 0.68
for » = 1.9. All parameters relevant for our simulations
are given in appendix A.

Another subtlety concerns the simulation of sub-GeV
dark mesons. Version 8.313 of PYTHIA is not intended
to be used for such small masses and does not give re-
liable results.* However, there is a simple fix, which is
to exploit the fact that the dark sector is fully charac-
terised by a single dimensionful scale (such as m,, ) and
a single dimensionless ratio (such as the dark meson mass
ratio ). In other words, if r is kept constant and m,,
is rescaled by a factor y, the same rescaling factor also
applies to mg,,, Mx,, fr, and Ap. If we simultaneously
apply the same rescaling factor also to the centre-of-mass
energy and to the suppression scale Aog, we expect that

3 We note here the existence of a HERWIG hidden valley mod-
ule [50]. It will be very interesting to simulate sub-GeV pion
dark matter once the module becomes publicly available.

4 While this work was being completed, a new version of PyTHIA
capable of simulating sub-GeV dark showers was made pub-
lic [52].
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FIG. 1. Multiplicity distribution of the various dark mesons predicted for the SPS beam-dump facilities. The panel shows the
multiplicity distribution of neutral dark rhos (left), charged dark rhos (middle), and charged and neutral dark pions (right).
The distributions are normalised to unity. Error bars represent standard Poisson uncertainties of the Monte Carlo samples.
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FIG. 2. Kinematic distributions of the dark rho mesons predicted for the SPS beam dump facilities. The panels show the energy
(left) and polar angle (right) distributions of the produced neutral dark rho mesons. The solid lines show the distributions for
r = 1.5 and the dotted lines for » = 1.9. The distributions are normalised to unity. Error bars indicate the standard Poisson

uncertainties of the Monte Carlo samples.

dimensionless quantities such as dark meson multiplici-
ties and angular distributions should remain invariant,’
while all energies and momenta are rescaled by a factor
of x and the total cross section is rescaled by a factor
of x2. Here, we assume that hadronisation parameters
introduce no additional scale dependence. We have con-
firmed that within the PyTHIA Hidden Valley module,
this is indeed the case for dark meson masses above 1
GeV and rescaling factors 1 < x < 10. We can therefore
also simulate dark meson masses below 1 GeV by first
applying a sufficiently large rescaling factor, running the
usual simulations, and finally applying the inverse rescal-

5 There is a small subtlety regarding the definition of the renor-
malisation and factorisation scale, see appendix A for details.

ing to the total cross section and the energy distribution.
In practice, we choose x = 1GeV /m.

We show a few examples of the multiplicities and kine-
matic distributions in Figs. 1 and 2. The distribution of
energy and polar angle refers to the lab frame, in which
the incident proton has an energy of 400 GeV. As ex-
pected, we see larger multiplicities for smaller dark me-
son masses, which in turn means that each dark meson
receives, on average, a smaller fraction of the available
collision energy. To calculate the probability for a dark
rho meson to decay in the SHiP detector, we further-
more need the two-dimensional distributions in energy
and polar angle, which are shown in Fig. 3 for two differ-
ent cases. We see the expected anti-correlation between
the two quantities. Particles that receive a large frac-
tion of the energy of the incident beam tend to travel
along the beam axis, while particles with lower energy
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FIG. 3. Normalised two-dimensional distribution of the energy and polar angle of the dark rho mesons predicted for the SPS

beam-dump facilities for two different values of m,, and r = 1.5.

are distributed over a wider angular range.

To better understand the impact of the uncertainties
resulting from variations in the simulation set-up, it is
not, enough to show their impact on the production rate.
The reason is that the number of events in a given exper-
iment depends not only on the overall production yield
but also on the kinematics of the dark rho mesons and
their multiplicities per event, which all depend on the
simulation set-up. Fig. 4 shows the number of events at
SHiP as a function of A.g for various choices of probVec
and the scale Ap. We consider events with 1, 2, or 3
reconstructed decaying dark rho mesons per event, see
Sec. IV. While for small values of m,,, and the single-
decay signature, the uncertainties have no substantial
impact on our results, for larger dark rho meson masses
and 2-decay or 3-decay signatures, the variation can be
more than an order of magnitude.

B. Dark-photon-like production

So far, we have focused on dark rho meson produc-
tion in events with a total centre-of-mass energy much
larger than the dark rho meson mass, such that the com-
posite nature of the dark rho meson becomes relevant.
In processes with lower energy, on the other hand, the
dark rho meson, when produced on-shell, behaves exactly
like a fundamental particle with the coupling structure
of a dark photon. This behaviour implies a number of
additional production channels in hadronic collisions as
shown in Fig. 5. These channels include: electromagnetic
decays of SM mesons, proton bremsstrahlung; production
in the fragmentation chain, when, effectively, the dark
rho is produced similar to the vector mesons V = p°, w, ¢
in quark string fragmentation because of the pp—V mix-
ing; and the Drell-Yan process, with the hard process
qq — pp. We neglect here the secondary production of

pp in electromagnetic cascades inside the thick targets of
beam dump experiments, because the resulting dark rho
mesons have tiny energies, typically well below the en-
ergy cuts on the decay products, which is F.,t = 1 GeV
for each decay product [34, 53].

The bremsstrahlung and fragmentation channels are
significantly affected by the mixing of pp with SM vector
mesons p°,w, ¢ and their excitations, which may be un-
derstood in terms of vector meson dominance [32, 54, 55].
This creates an overlap between their contribution to the
pp flux, leading to double counting. However, within
the description used to calculate the probability of the
bremsstrahlung — the quasi-real approximation — the
particles are produced solely from initial state radia-
tion [56, 57] (see also Ref. [58]). The production in frag-
mentation, in contrast, includes both contributions. To
remove this duplication, Ref. [34] only included produc-
tion in final-state radiation when studying the fragmen-
tation process.

The mixing with mesons induces sizeable theoretical
uncertainties, in particular in the GeV mass range [59].
This uncertainty is caused by the lack of experimental
data on the properties of heavy excitations and their
production cross-sections in inelastic proton collisions.
In the case of the proton bremsstrahlung, an additional
source of uncertainty is the quasi-real approximation,
which introduces a proton with non-zero virtuality ¢2.
The virtuality distribution is however unknown and may
heavily influence the production probability [34, 58]. Al-
together, the uncertainties in the bremsstrahlung flux
may significantly exceed two orders of magnitude in the
mass range m,, > 1 GeV [34, 45, 58].

Given the resulting poor understanding of the
bremsstrahlung production, in the calculations of the
number of events, we do not include this production
mode. Instead, in the production via fragmentation, we
modify the description of Ref. [45] by adding the pro-
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FIG. 5. Tllustration of the different production modes for dark rho mesons. Panels (a)-(d) show the various dark-photon-like
production processes, namely (from left to right) decays of neutral mesons n") = pp + 7, proton bremsstrahlung, production
via mixing with neutral mesons V°, and Drell-Yan production. Panel (e) shows the production via dark showers specific to

strongly-interacting dark sectors.

duction via initial state radiation. The resulting descrip-
tion does not account for the production via the mix-
ing with heavy excitations of p%,w, ¢ states, and hence
underestimates the production yield in the mass range
1 GeV <m,, <2 GeV.

We show the probability of producing a dark rho meson
at SPS energies for the channels listed above in Fig. 6.
We find that production in dark showers dominates for
m,, < m, ~ 0.78 GeV. This is because the effective cou-
pling €, which enters in the other production channels, is
proportional to m, 2. On the other hand, the Drell-Yan
production dominates for m,, > 2GeV. In the inter-
mediate regime, there is a competition between several
different modes, including the production in showering.

IV. ANALYSIS METHODOLOGY

In this section, we present the experiments that we
consider and discuss how we calculate constraints and
sensitivity projections.

A. SPS-based experiments

We consider the following experiments located at the
400-GeV proton beam of the SPS at CERN: the past
experiments BEBC [60, 61] and CHARM [62, 63]; the
currently running experiment NA62 [64—66]; and the ap-
proved beam-dump facility SHiP [28, 67], assuming the
full 15-year running time with Np,r = 6 X 102° protons
on target. For NA62, we consider the beam-dump mode
with two different values for the number of protons on
target: Npor = 1.4 x 10'7, corresponding to the current
constraints [66], and Npo,r = 1 x 108, which is the full
luminosity to be collected by 2026 and defines the ul-
timate sensitivity that can be achieved [68]. Details of
the set-ups and selection criteria for the decay events are
summarised in Ref. [34].

Possible signatures of the model include “traditional”
displaced decays of one pp per event, as well as “n-decay”
events, in which one observes n > 1 dark rho mesons de-
caying in the same event. To first approximation, the
event rate of n-decays is suppressed compared to the sin-
gle decay by a factor Pfe;;y, where Pjecay < 1 is the
probability that a given dark rho meson decays inside the
decay volume (see appendix B). Given that the experi-
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FIG. 6. Production probabilities of dark rho mesons in the
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tion. However, to avoid making the yield too conservative,
in the fragmentation channel, we include the bremsstrahlung-
mimicking production in the initial state radiation. For this
plot we assume 7 = 1.5 and A7 = 107° GeV 2.

ments that we consider operate(d) in a background-free
environment, the single-decay events give the strongest
exclusion limits and the best sensitivities, while the n-
decay signature is subdominant.

As was recently pointed out in Ref. [37], however, the
n-decay signature may play a crucial role in case a signal
is observed at SHiP. The reason is that beam-dump ex-
periments do not see the production vertex — it is buried
inside the target. Hence, their ability to distinguish be-
tween models relies mainly on the reconstruction of de-
cay vertices. However, the phenomenology of pp decays
is the same as that of dark photons V. Hence, observing
only single-decay events would not allow for model dis-
crimination. The n-decay signature, on the other hand,
could potentially confirm that the observed events origi-
nate from a strongly-interacting dark sector.

To calculate the event rate, we employ two different
techniques:

1. A semi-analytic method as implemented in SENS-
CaLc [69]. This method takes as input tabu-
lated angle-energy distribution d? f/d0dE, treating
events with n dark rho mesons as n independent
events. Accordingly, the total production cross-
section for dark rho mesons is taken to be

Oprod = 0 X <NPD>7 (5)

with o being the dark shower production cross-
section and (N,,) being the pp multiplicity per
event. The semi-analytic approach only works for
single-decay events and implicitly assumes that the

contribution from di-decay events is negligible at
the boundary of the sensitivity domain. We will see
below (Fig. 7) that this assumption is well-justified,
and hence the semi-analytical method is sufficient
for the case of single-decay events.

2. A Monte-Carlo event generator using importance
sampling based on EVENTCALC, which is an add-
on of SENSCALC [37]. It uses the same basic set-
up as SENSCALC, but works directly with the pp
samples, processing them event by event. Unlike
SENS-CALC, it is therefore able to compute also
the rate of n-decay events. Further details on the
implementation are summarised in App. B.

Of course, EVENTCALC can also be used to calculate
bounds and sensitivities for single-decay events, thus pro-
viding an independent cross-check of the results obtained
with SENSCALC. We have performed this test for the
case of the SHiP sensitivity projection, finding excellent
agreement between the two approaches.

B. B factories

Just like in proton-proton collisions, dark showers can
also be produced in electron-positron collisions via the
effective interaction in eq. (1). B factories, operating at
a centre-of-mass energy of /s ~ 10.6 GeV, have an ex-
cellent track reconstruction and can therefore be used to
search for displaced vertices from dark rho meson decays.
Ref. [26] performed both a reinterpretation of constraints
from BaBar [40] and a sensitivity projection for Belle 11
based on the search strategy proposed in Ref. [71]. How-
ever, Ref. [26] did not use lattice results to relate m,,,
My, and fr, and simply set g,» = 1. Moreover, the
Hidden Valley module of PYTHIA was used to simulate
dark showers for sub-GeV dark meson masses without
the rescaling procedure described in Sec. IIL.7

Here we provide an updated version of these results,
using the exact same model and PYTHIA settings as for
the proton beam-dump experiments. We implement the
trigger requirements and event selection as described in
Ref. [26]. For Belle II, we consider dark rho meson decays
to electrons if they happen either at a distance 0.2 cm <
r <0.9cm or 17cm < r < 60cm from the beam axis in
the radial direction, and to muons, pions or kaons over
the full range 0.2cm < r < 60 cm. We emphasise that it
is not clear whether this search can be background-free,
such that we refrain from estimating the sensitivity for
the total planned Belle IT luminosity and instead show
projections for 500 fb™*.

6 The implementation in SENSCALC with the dark rho meson
model is public and available on Zenodo [70] or The module
of EVENTCALC that calculates n-decay event rates for dark rho
mesons may be provided upon request.

7 B-factories prospects for strongly-interacting dark matter sce-
narios were also discussed in [72-74].
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FIG. 7. Experimental constraints and sensitivities in the parameter space of a strongly-interacting dark sector. Left panel:
exclusion limits and sensitivity projections coming from the signature of one decaying pp per event. The gray region shows
constraints coming from BEBC, CHARM, NA62 in the dump mode (assuming Npor = 1.4-10'7), and BaBar, while the coloured
lines denote the sensitivities of SHiP, NA62 (with Npor = 1 x 10'%, to be collected by 2026), and Belle 1T (for £ = 500fb™1).
For SHiP, we show the contribution from the dark showers alone (the light blue line) and the full sensitivity (the solid line)
for the expected 15 years of running time. The vertical black line indicates the dark pion mass for which the freeze-out of
3mp — Tppp conversions results in the observed dark matter relic abundance [10] (see main text for details). The relic density
calculation assumes that the dark rho mesons are in equilibrium with the SM bath, which may not be the case for very small
values of A;HQ , as indicated by the dotted line style. Right panel: the sensitivity of SHiP to events with one, two, and three

decaying dark rho mesons observed per event.

C. LHC

The model that we consider also predicts the produc-
tion of dark showers at the LHC. As for SPS-based ex-
periments, the displaced vertices resulting from dark rho
meson decays resemble those of dark photons and can
therefore be explored with similar search strategies. The
general expectation is that due to the larger boost factors
and the more compact detectors, LHC experiments are
sensitive to smaller dark rho meson lifetimes than what
can be explored with proton beam-dump experiments.
This expectation was confirmed explicitly in Ref. [26],
which performed a reinterpretation of a search for dis-
placed di-muon resonances at LHCb [75]. However, as
also pointed out in Ref. [26], the effective description of
eq. (1) is not valid at LHC energies, because the Z’ bo-
son can be produced on-shell. As a result, cross sections
and distributions depend on myz/, k, and e4 in a more
complicated way, making a direct comparison with the
sensitivity of low-energy experiments more difficult.

In the present work, we restrict ourselves to the ef-
fective interaction between quarks and dark quarks and
therefore do not consider possible constraints and sensi-
tivities of LHC-based experiments, which are expected
to cover different regions of parameter space compared
to SPS-based experiments. We note, however, that
there are various ideas to extend the sensitivity of LHC-
based experiments to longer lifetimes, both using larger
parts of the existing detectors (for example, the down-
stream trackers of LHCb [76] or the muon detectors
of ATLAS [77, 78] and CMS [51, 79]) and construct-

ing dedicated detectors at larger distances, see Ref. [80].
Studying the sensitivity of these experiments to strongly-
interacting dark sectors at the sub-GeV scale is an excit-
ing prospect for future work.

V. CONSTRAINTS AND SENSITIVITIES

The constraints and sensitivities of various experi-
ments are shown in the left panel of Fig. 7 for r = 1.5.
The corresponding results for » = 1.9 are found to be
nearly identical when expressed in terms of m,,, and Aeg,
with a shift in the corresponding values of m, . The ex-
clusion regions from past and current beam dump exper-
iments are limited to the range m,, < 0.5 GeV, mainly
because of the limited beam intensity and geometric ac-
ceptance: the decay volumes cover a tiny amount of the
solid angle in the far-forward direction. For heavier dark
rho mesons, the model-agnostic long-lived particle search
at BaBar excludes a part of parameter space reaching to
masses of up to m,,, = 1.6 GeV. However, its sensitivity
is limited by the trigger criteria, which require at least
three tracks with pr > 0.12 GeV, corresponding to at
least two observed pp decays in the same event. For
NAG62, the event rate is significantly suppressed by the
acceptance of decay products. With the full statistics to
be collected at NA62, the sensitivity may be extended to
My, ~ 0.7 GeV.

Thanks to its huge beam intensity and large geometric
acceptance, SHiP will be able to probe dark rho meson
masses up to m,, ~ 5 GeV. As expected, the sensitivity



reach is determined by the single-decay signature. Dark
rho meson production via dark showers significantly con-
tributes to the mass range m,,, < 3 GeV, while at larger
masses the sensitivity is dominated by Drell-Yan produc-
tion (see Fig. 6). The probed parameter region is highly
complementary to the one explored by Belle II, which is
sensitive to shorter decay lengths and hence larger effec-
tive couplings.

Both SHiP and Belle II probe the sub-GeV range of
dark meson masses that are required for the freeze-out
of 3 — 2 annihilations to yield the correct relic density
for dark pion dark matter. In particular, dark matter
freeze-out via 3mp — mppp conversions predicts a dark
pion mass of my, ~ 0.33 GeV/NJ%E/)B, nearly independent
of other dark sector parameters [10]. For Ny, = 2, this
relic density target is given by m,, ~ 0.21 GeV (corre-
sponding to m,, ~ 0.32 GeV for r = 1.5) and is indi-
cated by the vertical black line in Fig. 7.

The relic density prediction does not depend on Agg
as long as the (inverse) decays of the dark rho meson are
fast enough to keep the dark rho mesons in equilibrium
with the SM bath during dark matter freeze-out. This is
the case if 'y, /H(T}) 2 mxr, /Ty, where H denotes the
Hubble rate and Ty =~ my,, /20 the temperature at which
dark matter decouples. For m,, = 0.32 GeV, this equi-
librium condition requires that A7 > 7 x 107° GeV~2.
This represents a lower bound on the parameter space in
which 37p — wppp annihilations can set the dark mat-
ter relic density without being limited by the interaction
strength between the dark sector and the SM. For this
reason, the relic density line is dotted for smaller values
of A7 in Fig. 7.

In addition to the single-decay signature used to derive
the sensitivity in the left panel of Fig. 7, SHiP also has
the potential to explore the signatures with two and three
decaying dark rho mesons per event. As shown in the
right panel of Fig. 7, SHiP can expect to see 2-decay
events and 3-decay events for dark rho meson masses
up to m,, < 2 GeV and m,, S 1 GeV, respectively.
A large fraction of this parameter space is compatible
with all current constraints, although most of it will be
probed in the coming years by NA62 and Belle II. In
other words, SHiP would be able to follow up on a signal
in one of these experiments to provide more details on
the underlying structure of the dark sector.

Observing two decaying dark rho mesons per event
is already enough to rule out the minimal dark photon
model, in which the probability to produce multiple dark
photons in the same event is vanishingly small. However,
there exist non-minimal dark photon models, which allow
for the pair-production of dark photons (see, for example,
Ref. [81]). In this case, there are two ways to discriminate
between the models. The first way is to search for events
with three or more decaying dark rho mesons, which are
of course even less likely than 2-decay events.

A promising alternative is to measure the total invari-
ant mass mi,y in the events with > 1 decaying dark rho
mesons (see also Refs. [37, 82]). Examples for such dis-
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FIG. 8. Total invariant mass of the dark rho mesons produced
in dark showers and decaying inside the decay volume of SHiP,
with all the decay products passing the acceptance criteria
(see main text for details). We show the cases of two (solid)
and three (dashed) decaying dark rho mesons for two masses:
mp, = 0.3 GeV (blue) and 1 GeV (red).

tributions are shown in Fig. 8. We find that the invari-
ant mass distribution is rather broad and extends from
the threshold mn, = n - m,, up to larger values. This
result immediately enables us to differentiate the dark
rho meson model from more minimal extensions of the
dark photon model that feature pair production through
the decays of a heavier state. For example, if a dark
photon pair is produced in the decay Bs — 2V, the re-
constructed invariant mass peaks at the mass of the B
meson. Broader invariant mass distributions could result
from the decay B — X,/4 + 2V, but in this case, the
invariant mass of the dark-photon pair is bounded from
above by the B meson mass, while no such limitation
exists for the case of dark rho mesons. We note that
similar measurements may also be possible at Belle II, if
one observes events with two displaced vertices that may
originate from decaying dark rho mesons.

VI. CONCLUSIONS

Dark sectors with new strong interactions provide at-
tractive dark matter candidates in the form of dark
mesons and predict novel dark shower signals at accel-
erator experiments. While the sub-GeV range of dark
meson masses motivated by dark matter freeze-out via
3 — 2 annihilations is difficult to probe at high-energy
colliders, beam dump experiments are a natural place to
search for light particles with long lifetimes. In this work,
we have studied the sensitivity of beam dump and eTe™
collider experiments to strongly interacting dark sectors
at the GeV and sub-GeV scale, with a focus on the re-
cently approved SHiP facility and other experiments at
the CERN SPS.

For concreteness, we have considered a QCD-like dark
sector with two flavours of dark quarks in the fundamen-



tal representation of a new SU(3) gauge group. After
dark sector confinement, these dark quarks form stable
pseudo-Nambu-Goldstone bosons (dark pions mp) and
unstable vector mesons (dark rho mesons pp). The dark
sector is coupled to SM particles via an effective interac-
tion originating from a heavy (integrated out) Z’ boson.
The dark sector is then fully described by three parame-
ters: the masses mr, and m,, and the suppression scale
of the effective operator A.g. We set all other parameters
of the strongly interacting dark sector consistently based
on lattice results.

In the case that m,,, < 2m,, which is motivated by
cosmology and astrophysics, the dark rho mesons can de-
cay into SM particles and thus lead to visible experimen-
tal signatures. At the same time, the effective interaction
mediating their decay also allows for the production of
dark rho mesons in p-p collisions, either via the hadro-
nisation of dark quarks in dark showers or via standard
dark-photon-like production modes. We take all produc-
tion mechanisms into account simultaneously and find
that dark showers dominate dark rho meson production
at the SPS at CERN for m,, < 0.8 GeV and significantly
contribute up to m,, ~ 3 GeV (see Fig. 6).

Based on simulated events with long-lived dark rho
mesons, we have determined constraints from past beam
dump experiments and the prospective sensitivity of
SHiP using SENSCALC. We find that SHiP can probe
a large currently unconstrained parameter space reach-
ing up tom,,, = 5 GeV and Acg ~ 20 TeV, and is highly
complementary to Belle II, for which we have calculated
updated dark shower sensitivity projections (see Fig. 7).

Both SHiP and Belle II are sensitive to the dark meson
masses that are predicted if the relic abundance of dark
matter is set by the freeze-out of 3 — 2 annihilations, in
particular 37p — mppp conversions. Moreover, we find
that SHiP will probe nearly the entire range of A.g for
which this mechanism of producing the relic abundance
is not limited by the strength of the interaction between
the dark sector and the Standard Model.

In addition, there is a sizeable parameter space in
which SHiP is expected to see events with multiple ob-
served dark rho meson decays in the same event. We
find that the reach for events with two observed decays
extends up to m,, =~ 2 GeV and for events with three
observed decays up to m,, ~ 1 GeV. In case of a discov-
ery, these events will be crucial to distinguish strongly
interacting dark sectors from dark photon models, either
by the sheer multiplicity of decays or the invariant mass
spectrum of all decay products (see Fig. 8).

Throughout this work, we have described the interac-
tion between the dark sector and the SM via an effective
operator. Its UV completion may be probed at the LHC.
Although the sub-GeV masses of dark mesons motivated
by cosmology and their associated large decay lengths
are outside the sensitivity reach of typical long-lived par-
ticle searches at the LHC, this hurdle may be overcome
with searches beyond the tracker and dedicated detectors
further away from the interaction point.
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Appendix A: Details on the dark shower simulations

For the dark shower simulations, we consider the range
0.2GeV < m,, < 3.4GeV and the two mass ratios
r = my, /Mg, = 1.5 and 1.9. The other dark sector
parameters are set following Ref. [30] as

Ap = 5711;,3 V2 Z15 (A1)
4 Mgp?
curr — T3 A2
m‘]D; 121 AD ( )
Mgp,const = Mqp,curr T Ap (AS)

From these results and the KSRF relation, it follows that
grp = 5.7 for both values of r.

For the dark shower simulation in PYTHIA, we follow
Ref. [51] and set probVec to 0.71 for » = 1.5 and to
0.68 for r = 1.9. We set separateFlav = on and set
probKeepEtal = 0 to suppress the production of heav-
ier dark mesons. Finally, we set setLambda = on for
PYTHIA to use the provided value of Ap to calculate the
running of the dark sector gauge coupling.

For the simulation of the hard process, we also need
to specify the value of Agg, even though the results can
trivially be rescaled to a different value. Concretely, we
simulate myz = 1TeV, k = 1073 and eq = 1, corre-
sponding to Aeg = 57.5 TeV. We set the renormalisation
scale to the partonic centre-of-mass energy. We use the
NNPDF23_nlo_as_0119 pdf set [83], setting the factori-
sation scale to 10 GeV. Using a fixed factorisation scale
ensures that the proton pdfs do not change when we ap-
ply the rescaling procedure discussed in section III. We
have checked that varying the factorisation scale in the
range 2-20 GeV changes the total cross section by less
than 20% and does not significantly affect kinematic dis-
tributions. Finally, we require a minimal partonic centre-
of-mass energy v/Smin = 2ms, to exclude the Drell-Yan
production of a single dark rho meson, which we include
explicitly in the dark-photon-like production modes.

We generate 10° events for each mass point of my,,
between 0.2 GeV and 3.4 GeV in increments of 100
MeV. Additionally, we include mass points at m,, =
0.78 and 1.02 GeV to better capture the kinematics of
the pp around the masses of the SM p,w and ¢ mesons,
which mix with the dark rho meson and resonantly en-
hance its decay modes.
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FIG. 9. The comparison of the iso-contours with Nc(igms =23
at the SHiP experiment as calculated using the Monte-Carlo
sampler from Sec. B (Eq. (B4)) and using the implementation
of the dark rho meson model in SENSCALC. Baseline selection

criteria for decay events, summarised in Sec. IV, are used.

We also consider events containing not only one but
also two or three decaying dark rho mesons. Because
such topologies are rare, 1-to-1 sampling would suffer
from large statistical fluctuations. To increase the ef-
fective statistics, after simulating the pp production,
we oversample the classes with exactly two and three
produced dark rho mesons by duplicating events un-
til the sample sizes satisfy Nprod,2pp, > 5 X 10* and
Nprod,3pp > 3 x 101, To further reduce variance, we ap-
ply an additional random rotation about the beam axis
by an angle ¢ € (—m,m). This step is nontrivial, since
axial symmetry is broken in beam-dump experiments by
both the geometry and the spectrometer magnetic field.

At the stage where displaced decays of the dark rho
mesons are generated, these oversampled events are re-
used with per-copy weights chosen to keep the normal-
ization unbiased. Specifically, if events in the class with
k € {2,3} produced dark rho mesons are replicated ¢
times to reach the target Nprod, kpp, , €ach copy is assigned
weight wy = 1/¢;, (and wy = 1 for the k =1 class).

Appendix B: Monte-Carlo sampling with EventCalc

To compute the rate of events with m decaying dark
rho mesons in EVENTCALC, we have employed the fol-
lowing procedure. Consider an event i with n; produced
dark rho mesons:

1. For each pp, we sample the decay vertices inside
the SHiP decay volume, provided that the trajec-
tory of the given pp intersects the volume. The
corresponding geometric weight, wWqec.vol, is 1 in the
case of intersection and 0 otherwise. The z position
is sampled using the inverse CDF from the differ-
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ential decay probability

deecay — exp {_m} (Bl)
dz l,,cos() 7

where 1,, = ¢7,,/7? — 1 is the decay length of
the decaying pp, with being its =, and 6 is the

polar angle of the pp. Then, we calculate the decay
probability:

Zmin

lpp cos(0)

max

_ e_lPD cos(0) (B2)

Pdecay =€

With Zmin/max being the coordinates of the bound-
aries of the decay volume of the given experiment.

2. For each of the decayed dark rho mesons, we sam-
ple the phase space of its decay products using the
approach adopted in SENSCALC: computing their
4-momenta at the dark rho meson’s rest frame and
then boosting to the lab frame. For decays into
jets, we use the pre-tabulated phase space show-
ered and hadronised in PYTHIAS8 [49]. Only the
decay channels visible in the given experiment are
considered; their total branching ratio is defined as
Brvis-

3. Having simulated the decay products, we calcu-
late their acceptance €qec. The event is accepted
(€dec = 1) if the trajectories of the decay prod-
ucts intersect the detector and if the particles sat-
isfy various cuts, such as energy cut, mutual spatial
separation cut (in the electromagnetic calorimeter),
transverse impact parameter cut (for pairs of par-
ticles), etc.

The kth dark rho meson from the ith event has the fol-
lowing weight:

i,k Pz,k

_ ) . i,k
Wik = Wyec.vol x decay X BerS x €4 (B?))

ec?

Given these weights, it is possible to calculate the rate of
the events with m decaying dark rho mesons:

Nsample
ag> 1
NSl =Npor - —2122 N h(n; —m)
OpN sample i—1
X Z H Wik X H (1 —wit) (B4)
{m} ke{m} t¢{m}
Here, opy = 51 At_a?;e% mb is the proton interaction

cross-section per nucleon for the experiment’s target,
0>1p, 1s defined around Eq. (5), Nsample is the size of
the simulated sample, and h(z) is the step function. The
internal summation in Eq. (B4) is performed over distinct
subsets {m}, each containing m dark rho mesons.

As a cross-check of the framework, we have compared
its predictions for SHiP with the calculation of the single-
decays event rate within SENSCALC. As discussed in the
main text (Sec. IV), the latter uses 6>1,, x (N,,) as the



production cross-section, and splits each event with m >
1 of pp produced mesons into m independent events with
1 produced meson to obtain the angle-energy distribution
of pp mesons in these events.

Calculating the event rate involves not only sampling
kinematics of the produced pps, but also sampling their
decay vertex position within the SHiP decay volume,
simulating their decays, propagating the decay products
through the detector, and calculating the decay prod-
ucts acceptance. Therefore, comparing the event rates,
one would comprehensively test the routine. The perfect
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match within the Monte-Carlo noise is only possible if all
the simulation steps are implemented correctly.

Fig. 9 shows the comparison of iso-contours Neyents =
2.3 in the parameter space m,, — Agﬂ. The agreement in
terms of AZ; is within a few percents independently of the
mass and lifetime of pp, which translates to the agree-
ment within 10% in terms of the number of events (as at
the lower bound of the sensitivity Neyents X A;ﬂ§ ). This
corresponds to the intrinsic error in the semi-analytic ap-
proach adopted in SENSCALC, which comes from the dis-
cretization of the decay volume (see Ref. [69] for details).
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