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Abstract A vector portal between the Standard Model and
the dark sector is a predictive and compelling framework
for thermal dark matter. Through co-annihilations, models
of inelastic dark matter (iDM) and inelastic Dirac dark mat-
ter (i2DM) can reproduce the observed relic density in the
MeV to GeV mass range without violating cosmological lim-
its. In these scenarios, the vector mediator behaves like a
semi-visible particle, evading traditional bounds on visible
or invisible resonances, and uncovering new parameter space
to explain the muon (g —2) anomaly. By means of a more
inclusive signal definition at the NA64 experiment, we place
new constraints on iDM and i2DM using a missing energy
technique. With a recast-based analysis, we contextualize
the NA64 exclusion limits in parameter space and estimate
the reach of the newly collected and expected future NA64
data. Our results motivate the development of an optimized
search program for semi-visible particles, in which fixed-
target experiments like NA64 provide a powerful probe in
the sub-GeV mass range.

1 Introduction

Dark matter (DM) represents one of the main challenges
faced by modern particle physics and the most striking evi-
dence for the incompleteness of the Standard Model (SM).
One paradigm in the broad landscape of proposed solu-
tions [1] is that of dark sectors (DS). This framework con-
siders a new sector of particles below the electroweak scale
that are not charged under the SM gauge symmetries but
could participate in dynamics of its own. Because of the
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weak interactions between SM and the DS, this elusive sector
can address some of the outstanding issues of the SM. In
particular, it can tackle the DM problem without violating
experimental observations through the existence of new light
particles. The interactions between these DS states and the
SM can then only proceed via gravity or feeble portal inter-
actions [2, 3]. The latter are renormalizable terms involving
SM and DS fields and are classified as the vector (in the
presence of kinetic mixing with a dark photon), scalar (for
mixing between a dark scalar and the Higgs), or neutrino (for
a Yukawa interaction with the SM lepton doublet and heavy
neutral leptons) portals. For a recent review, see Ref. [4].

Because of the low scale, DS models provide a fertile
ground for phenomenology, motivating the development of a
program in high-intensity and low-energy experiments [5—
10]. Apart from the direct search for DM, the DS hypothesis
drives a complementary effort to search for the mediator
particles of the portal interactions.

Among the most popular and studied models of DS is
that of a vector portal to DM, where light dark matter (LDM)
particles interact with the SM via a kinetically-mixed dark
photon A’ [11, 12], the mediator of a new dark gauge sym-
metry U(1)p. As the mediator particle, the dark photon is
responsible for keeping DM in thermal equilibrium with the
SM in the early Universe. In addition, due to its coupling to
the SM sector, dark photons could be produced in lab-based
experiments and leave a measurable imprint in precision ob-
servables like the anomalous magnetic moment of the muon.

Analogously to the SM, it is possible that the DS con-
tains more than one generation of particles charged under the
U(1)p. In the presence of mixing, the DS spectrum would
allow for the decay of the heavier states, x> 3., into the light-
est and most stable particle, ¥, identified with DM. If such
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decays involve SM particles, as in y» — y1ee™, the heavy
partners can decay into final states that are neither fully visi-
ble SM states, nor entirely invisible DS states. Therefore, if
the mediator A’ decays predominantly into the excited states
X2.3,..., its semi-visible branching ratios would be much larger
than the visible, e.g., A’ — eTe™, and invisible decays, €.g.,
A’ — x1 1. This semi-visible dark photon can evade several
constraints from missing energy and visible resonances, thus
providing a new target for experimental searches [13-16].
A thorough exploration of the physics of semi-visible dark
photons can be found in Ref. [17].

In this article, we critically assess the potential of the
NAG64 experiment [18] in testing this class of dark sectors in
the MeV to sub-GeV mass range, where NA64 is sensitive
to on-shell dark photon production. The NA64 experiment
at CERN pioneered the missing energy technique for the
study of DS physics in fixed-target experiments [19]. By
using an active beam-dump to search for missing energy,
it has a distinct advantage over direct search methods: the
signal detection relies on identifying solely the production
of the dark mediator and not on its subsequent decays or
scatterings. Besides improving the experimental sensitivity
to small couplings, this strategy makes the A’ — DS search
mostly insensitive to the dark photon decay channels and
provides the leading limits in a large region of parameter
space of suggested DS models, reaching the thermal DM
relic density targets.

In this study, we focus on LDM models where the dark
photon is semi-visible. We consider two scenarios: inelastic
dark matter (iDM) and inelastic Dirac dark matter (i2DM).
The next Section describes and motivates these frameworks,
while Section 3 introduces the NA64 experiment and explains
the recast method adopted to derive the experimental cover-
age and sensitivity. Section 4 gathers the relevant existing
constraints on semi-visible dark photons. The results of our
analysis are illustrated and discussed in Section 5 and Sec-
tion 6 for different parametrizations; the first part builds on
the previous investigation of a (g —2), driven model point,
while the second focuses more generally on the thermal DM
targets. Lastly, the conclusions drawn from the obtained re-
sults can be found in Section 7.

2 Semi-visible dark photons

The dark photon as a vector portal to dark sectors has re-
ceived great interest because it can provide a simple realiza-
tion of freeze-out LDM [5, 6, 8]. Due to its simplicity and
predictivity, it serves as a benchmark in studies of both direct
and indirect LDM detection [4, 20, 21]. Several constraints
have been discussed in the literature, including astrophysi-
cal limits [6, 22, 23], meson factories [24-26], neutrino and
beam-dump experiments [27-29], and e e~ -colliders [30—
32]. The two most studied types of A’ models are the invisible

dark photon, where A’ decays predominantly to invisible final
states, such as sub-GeV LDM candidates, or the visible dark
photon, where A’ decays predominantly to all visible SM
particles.

A dark photon can also lead to sizable deviations to
the anomalous magnetic moment of the electron and the
muon [9, 33]. Notably, the latter observable is currently
the subject of increased scrutiny due to recent measure-
ments [34, 35]. At present, a 4.20 discrepancy exists between
the combined measurements and the data-driven theoretical
predictions based on the dispersive method [36-38]. The dis-
crepancy is much less significant between the measurements
and lattice calculations [39], but the reason for the disagree-
ment between the two theoretical methods is unknown. For
an invisible A’, the parameter space where kinetic mixing can
resolve the (g —2), anomaly has already been excluded by
the missing energy searches at the NA64 [40] and BaBar [32]
experiments. In the alternative case of visible A’, experimen-
tal searches for decays to SM states (A’ — ete™, utu-,
nt ) at BaBar [41], NA48 [42], and KLOE [43] have also
ruled out the (g — 2),, region. However, in DS models with
multiple generations, the dark photon can have additional
decay modes involving both SM and DM final states, and
this feature can significantly weaken the bounds just men-
tioned. This possible scenario, characterized by the presence
of visible and invisible final states, will be referred to as the
semi-visible dark photon, following Ref. [13]. Such a channel
could give another chance to kinetically-mixed dark photons
as a viable explanation of the observed DM abundance and
the (g —2), discrepancy. In what follows, we introduce the
two semi-visible dark photon models studied in this article.

We start from the usual kinetically-mixed dark photon [11].
In the physical basis for the gauge bosons, the dark photon
Lagrangian is

2
m
AL A (a0 7l e ).

“pp = (2.1
where € parametrizes the kinetic mixing, gp represents the
dark coupling constant and /SS denotes the dark sector cur-
rent. The physical dark photon A’“ acquires a coupling to the
electromagnetic current /ELM after the diagonalization of
kinetic terms. The mass mys can be generated by the Stiick-
elberg mechanism or by the vacuum expectation value of
a dark Higgs scalar field, which spontaneously breaks the
associated U (1)p symmetry.

2.1 Inelastic Dark Matter

Semi-visible dark photons appear in models of inelastic dark
matter (iDM), where a DM fermion is split into two Ma-
jorana states, often referred to as pseudo-Dirac DM. The
idea was first proposed in Ref. [44, 45] as a mechanism to



avoid direct detection searches. Since the two Majorana states
only interact with each other, but not with themselves, DM
particles could only be detected through their inelastic scat-
tering on nuclei, requiring larger kinetic energy to overcome
the mass gap. In these models, the relic abundance of dark
matter is achieved via the freeze-out mechanism. Because
of the off-diagonal interactions, DM freeze-out is achieved
through co-annihilation between the two pseudo-Dirac states.
The heavier component eventually decays, leaving only the
lightest particle as a stable DM relic.

In the dark photon realization, A’ can couple off-diagonally
to the two components of a pseudo-Dirac fermion or complex
scalar. The phenomenology of the fermion and scalar cases
is very similar, so in this work, we only consider the former.
The model introduces a fermion ¥ = ¥}, + W, where ¥, and
Y are chiral spinors. To ensure anomaly cancellation, ¥ is a
vector-like fermion, with Qg = Qy, = 1. The Lagrangian is
given by

Los = Wi(d —igpA™ )W, +WRi(d — igpA™M )k
—mp P — (%TIPL n %VR% + h.c.)

(2.2)

The Dirac mass mp is gauge invariant and can take any value,
while the Majorana mass terms y;, and Ly are generated from
the breaking of the U(1)p symmetry. In the minimal model,
the Majorana masses can arise from the vacuum expectation
value of a scalar with Q¢ = 1.

In the iDM regime, in the limit where Ay = p; — g ~ 0,
the rotation from the interaction basis ¥ r to the mass basis
X1, is maximal, tan20 = mp/Ap — oo. Therefore, the two
mass eigenstates can only interact with the dark photon via
off-diagonal terms,

Y =it i+ O (A /mp). 2.3)

In this limit, the splitting of the pseudo-Dirac particle is given
by u = ur + ugr. The free parameters needed to describe the
phenomenology of this model are therefore five: my, €, my,,
ap = g7/4m and the mass splitting A = my, — niy, . We fo-
cus on the regime where the mediator is heavier than the
dark fermions, mss > my, + my,, and consider sizeable mass
splitting of at least A = 0.01m,, and at most A = 0.4my,,.
In this regime, the production of an on-shell dark photon is
followed by its prompt decay to A’ — ¥ x2. As illustrated
in Fig. 2.1, due to the mass splitting between the two states,
the heavier partner then decays by emitting an off-shell dark
photon, that, via kinetic mixing, undergoes lepton pair pro-
duction, > — y1A™* — x1171™. According to this model, the
lightest, stable state ; is responsible for the observed DM
relic abundance.

Fig. 2.1 Production of A’ via a dark bremsstrahlung reaction
e"Z — e ZA' and subsequent semi-visible decay A’ — xax1:02 —
XA — piete .

2.2 Inelastic Dirac Dark Matter

Another recently proposed candidate which broadens the
inelastic secluded matter category is the so-called inelas-
tic Dirac dark matter (i2DM) [46]. In this model, the spec-
trum is composed of two Dirac fermions, a light sterile
fermion and a heavier dark one. Due to the small mixing,
the dark photon has hierarchical couplings to the dark sec-
tor states, coupling more strongly to the heavier partner. In
terms of its cosmological history, the DM freeze-out is deter-
mined by a combination of its co-annihilation with the heavy
fermion, x1 x> — A= fTf, as well as by co-scattering,
XX — A = X1X>- As long as the y; and y» sectors are
in chemical equilibrium, the self-annihilation of the heavy
partner, x2x2 — f1f~ also contributes [46]. Both y, self-
annihilations and );) co-annihilations are exponentially
suppressed for large mass splittings, but can dominate over
the mixing-suppressed x; self-annihilation.

This scenario, instead of predicting a DS consisting of
two almost degenerate Majorana fermions, forming a pseudo-
Dirac pair, envisages two Dirac fields, ¥ = ¥, + ¥ and
N = M+ Mg, one being charged and the other neutral under
the hidden U(1)p gauge symmetry: Qg = +1 and O, = 0.
In summary,

Zps = Wi(d —igpA™)¥ +Tidn (2.4)
—mpMN —mpP¥ — (WP +u'¥Pen+ he.),

where 1, it’ could be generated via spontaneous breaking of
the U(1)p symmetry by a dark scalar with charge Q¢ = +1.
Assuming the Majorana masses of ¥ and 1 to be negligibly
small and, for simplicity, taking g = p’, the spectrum is
composed of two exact Dirac particles '. In the physical

'In principle, 7 may also have Yukawa couplings with SM neutrinos. A
dark parity Z, symmetry or lepton number conservation, where L(1) =
0, could be imposed to forbid such terms, and would explain the stability
of DM.



basis, the dark current is given by

flgs = S%—)K?’“Zl +C%)EY“X2 + (socoX2¥" x1 + h.c.),
(2.5)

where 6 ~ 1 /(my — my) controls the interaction strength
of the dark photon to the fermions. Here, we assume Y is
mostly in the direction of 1] so that 0 is small and the lightest
particle interacts less strongly with A’

The mixing angle now determines the branching ratios of
the three allowed decay channels A" — x;x;, with i, j € {1,2},
and the phenomenology is then determined by six parameters:
My, €, My, , Op = g5 /47, A = my, —my, and 6.

3 The NA64 experiment

NAG4 is a fixed-target experiment located in the North Area
at the CERN Super Proton Synchrotron (SPS) accelerator,
using electron, positron, muon and hadron beams. The NA64
search plan is focused on sub-GeV LDM, visible [47] and
invisible [48] dark photons, and other new light particles
which may belong to a dark sector.

The here presented study is based on the e~ invisible
setup configuration, where the A’ search is conducted through
a missing energy approach. The idea behind this technique
is to intercept all the SM secondaries produced from nuclear
collisions in the dump, to be able to label as signal an event
with an imbalance between initial and final total energy. A
description of the setup design and the analysis carried out on
the two semi-visible models described in the previous section
is provided in the following.

3.1 The experimental setup and technique

The NA64 experiment employs a 100 GeV electron beam
from the H4 beamline, a high momentum resolution sec-
ondary line fed by the SPS accelerator, where the beam pu-
rity was measured to be at the level T~ /e~ é 1072 [49]. To
ensure the necessary precision in the determination of the
incoming particles and suppress background from hadronic
or low-energy e~ contamination, the upstream part of the
detector serves as a tagging system (see e.g. [48, 50] for
more details). The core of the experiment on which the A’
production relies is the electromagnetic calorimeter (ECAL).
Due to the mentioned kinetic mixing, the electrons imping-
ing on this dense target can undergo dark bremsstrahlung
processes e~ Z — e~ ZA' [51] (Z being an active target nu-
cleus), where a dark photon is radiated (see Fig. 2.1). The
experiment sensitivity scales only with the A’ bremsstrahlung
rate (o< £2), since the A’ observable signature is the missing
energy carried away by the dark particles escaping the setup.
This is a key figure that differentiates the active target method

from beam-dump facilities, where the hypothetical existence
of DM is inferred by seeking DM recoil reactions in a far
calorimeter (< €20p), or, when investigating semi-visible
models, by measuring the SM products from the heavier
state down-scattering (o< £2ap). The total signal yield for
these traditional approaches is then governed by £* o and
the experimental sensitivity is limited by the size of the de-
tector. Besides this general advantage, in the NA64 context
the radiated A’ is strongly boosted and it is likely to take over
a significant fraction of the incident beam energy [52, 53].
In semi-visible decays producing soft SM final states, this
allows signal detection also in the case of short-lived DS
particles leading to a visible energy deposit in the target, as
depicted in the first sketch of Fig. 3.1.

Regarding the detector design, the ECAL is composed of
36 modules arranged in a 6 X 6 matrix. The transversal seg-
mentation allows to exploits the shape of the electromagnetic
shower to further reduce any possible hadronic background.
Each module of the calorimeter is made of 150 alternating
layers of lead absorber and scintillator material. In addition
to the transversal, longitudinal segmentation is also present
to strengthen the primary electron identification: the ECAL
is subdivided into two segments, the first of which is called
pre-shower (PS) and represents the first 16 layers of the entire
detector. Finally, to measure particles overcoming the ~ 40
radiation lengths of the main target and to ensure the com-
plete hermeticity needed to detect missing energy, a VETO
counter, and three large hadronic calorimeters (HCAL) mod-
ules are installed after the ECAL. Each HCAL module is
arranged in a 3 x 3 matrix with approximately 160 cm of
total length and consists of a sandwich of 48 stacked iron
absorber-scintillator plates.

VETO HCAL

PS

- /
e A z &
| =

Fig. 3.1 Sketch of a semi-visible event in the NA64 setup. Note that
only the detectors relevant for the discussion are depicted. The first
drawing represents a prompt x> decay in the target, while in the second,
X2 has a longer lifetime and produces a leptonic pair in the HCAL.




3.2 The semi-visible recast analysis

During the period 2016-2018, the NA64 experiment accumu-
lated in the invisible mode a total of 2.84 x 10!! electrons
on target (EOT) and hereafter the resulting exclusion lim-
its [47] are reinterpreted in the context of the two inelastic
models through a recast-based analysis. With this procedure,
the already claimed absence of A’ observations in the original
search can be translated to constraints in the parameter space
of the iDM and i2DM models without a novel unblinding of
the collected data.

As previously stated, the detection strategy in the invisi-
ble regime defines a signal event through missing energy and
therefore the signal region is identified as (Egcar < 50 GeV,
Eycar < 1 GeV). In addition, other selection criteria are
applied to minimize possible background sources, and the
candidate A" event is identified by a list of requirements de-
termined and optimized on studies based on simulations and
data [47]. To extend the sensitivity of invisible searches to
test these hybrid-decay theories, a very accurate Monte Carlo
(MC) signal simulation based on the Geant4 software [54]
was employed to obtain the detector responses to semi-visible
A’ signatures. The DM events generation relied on the DMG4
package [55], where both the iDM and i2DM decay mod-
els have been implemented in version 2.2. The analysis was
conducted by correcting the signal efficiency provided by
the MC simulation with the signal selection performance
determined in the invisible search (see Ref. [56] for a com-
prehensive explanation). Moreover, due to the presence of
the e™e™ pairs in the A’ decay chain that characterizes this
peculiar mode, all the cuts effective after the primary e~ hits
the ECAL were applied to the specific signal simulation and
accounted for in the signal expectation. To be selected, an
event must exhibit a PS energy deposit and an ECAL shower
profile consistent with one predicted for an incoming e, the
energy recorded in the cells outside the central 3 x 3 matrix of
the ECAL must constitute a small fraction of the total ECAL
energy, no activity is expected in the VETO, and, finally, the
candidate event is rejected if the energy deposition in the first
HCAL periphery cells is higher than the one in the central
cell.

By imposing this correction and selection workflow on
grid simulations, a parameter-dependent signal expectation
Ny is obtained and the 90% confidence level (C.L.) exclusion
limits can be set. Given that the calculated boundaries have
proven to be virtually unaltered when taking into consider-
ation the expected number of backgrounds estimated in the
invisible search (0.53 £0.17), the limits were calculated with
a background-free hypothesis, excluding a specific parameter
point with the simple condition Ny gor X EOT > 2.3.

This newly developed recast provides a complementary
and enlarged study with respect to the first one described
in Ref. [57], which focused on a specific iDM benchmark

realization and exploited a distinct signature by looking at
long-lived x> only, decaying either inside the last two HCAL
modules or beyond the setup.

4 Other constraints on semi-visible dark photons

The strongest existing constraints on semi-visible models
come from both visible and invisible dark photon searches.
However, as previously mentioned, the hybrid nature of the
channel allows to relax the main exclusion limits. Among
these, the reinterpretation of the bounds set by the BaBar A’
invisible search [32] is especially relevant as it represents
the strongest probe in the large kinetic mixing region of the
parameter space studied. In BaBar, dark photons can be pro-
duced in eTe™ collisions along with initial state radiation,
eTe™ — yA’. The production is followed by the A’ decay
into a pair of dark fermions A’ — X{1.2)X{12}> Where X> can
further decay, producing e™e™ pairs and depositing visible
energy in the detector. This semi-visible chain would resem-
ble an invisible event in case of either long-lived x»’s or
collected energy below the energy cuts performed by the
analysis. Ref. [17] simulated the BaBar experiment and pro-
vided the recasted limits in the parameter space of iDM and
i2DM models. We make use of their results in our plots.

In addition to BaBar, other A’ experimental searches and
several bounds of different origin set limits on the parameter
space of the U(1)p models. We list all relevant constraints
below:

— The CHARM and NuCal searches for long-lived parti-
cles [58—-60] have been recasted as constraints on inelastic
dark matter using the decays in flight of }, into lepton-
antilepton pairs in a downstream decay volume [61-63].
Both are proton beam-dump facilities and are designed
with similar fiducial decay lengths, which is what deter-
mines the reach of these experiments. We make use of
the recast analysis of Ref. [14]. For the benchmark that
were not considered in Ref. [14], we apply a rescaling
procedure to take into account the different lifetimes and
production modes of 5.

— The Liquid Scintillator Neutrino Detector (LSND) [64]
is another high-intensity proton beam-dump placing tight
constraints on MeV-scale DM [65]. If the unstable y; is
sufficiently long-lived, LSND can detect semi-visible A’
processes through ), down-scattering as well as via its
decay signals, as demonstrated in Ref. [66].

— The SLAC E137 experiment [67] is instead an elec-
tron beam-dump that can measure the electromagnetic
shower initiated either by leptonic pairs produced in A’
decays [51] or via DM scatterings [28]. The recasted
bound for iDM is computed in Ref. [13].

— Other constraints can be obtained by direct production in
meson decays, including limits from NA62 searches of



70 — yA’ [68] and E949 searches for K — wA’, with A’
invisible [24, 26].

— The dark photon contribution to deep-inelastic-scattering
(DIS) of electrons on nuclei has an impact on the mea-
surement of parton distribution functions. Ref. [69-71]
have derived the corresponding limits based on HERA
data [72].

— Electro-weak precision observables (EWPO) set bounds
on large kinetic mixing [73, 74].

— The dark photon contribution to the electron (g — 2), can
also be used to derive constraints on kinetic mixing [9].

— Late annihilation of DM at the time of recombination
can affect the cosmic microwave background (CMB) by
injecting additional charged particles in the SM plasma.
Constraints on this late annihilation have been derived
in the literature [75]. However, they do not apply to the
iDM model [66, 76] because the only available DM anni-
hilation channel involves co-annihilation with the heavier
partner )». Since this one is unstable, its number density
would drop, suppressing any indirect detection contribu-
tion at late time. These constraints do apply to the i2DM
model but are relaxed due to sin*6 suppression in x;
self-annihilations.

Note that some of these bounds will not be shown in the
presented plots for the sake of clarity, as they cover regions
already highly constrained by other A’ experimental searches
shown in our figures. For an in-depth discussion on the re-
interpretation of the constraints for semi-visible dark photons,
see [17].

5 Bridging light thermal DM and the muon (g —2),
puzzles

Besides the potential explanation of the DM nature, the un-
resolved muon dispute boosted the interest in a new boson
mediating inelastic scatterings within the dark sector. With
the increase of the mass splitting between the hypothetical
DS states, the weakening of the invisible decaying dark pho-
ton bounds is enhanced by the larger phase space of the
leptonic pairs. By combining this feature with a thorough
choice of the remaining free parameters of the models, an
interesting parameter space region simultaneously resolving
the observed DM yield as a freeze-out relic, and the (g —2),
discrepancy arises.

iDM — For the minimal iDM model, this was realized
in Ref. [13], where the constraints in (m,/,€) plane for an
appealing benchmark solution are presented, together with
an analysis tuned to explain the (g —2), anomaly, studying
the limits’ behavior for different dark coupling constants ap
and mass splittings A. Following the same idea, the outcome
of the performed recast analysis on the NA64 bounds de-

scribed in Section 3.2 is summarized in Fig. 5.1 in the plane
spanning the mediator mass and kinetic mixing strength, by
imposing A /my, = 0.4 and the commonly selected ap = 0.1
and my /my, = 3.

Remarkably, the NA64 refined limits exclude the 20
deviation band calculated by including the latest (g —2),
measurement performed at Fermilab up to my ~ 1.14 GeV.
The comparison of this mass point with the ~ 0.39 GeV value
obtained in the pioneering NA64 semi-visible recast [57] sug-
gests that this alternative analysis method allows probing a
significantly larger portion of parameter space correspond-
ing to a short-lived x». The ), decay width scales in fact
as o< meA, and for the iDM case it is given by [13, 76]

4e2q0pA’

(5.1)
157‘£mf‘,

Lipy(x2 — x1ee”) =
In our analysis, we apply a rescaling factor to account for
full dependence on the final state masses [57].

The previous NA64 exclusions were attained by seeking
semi-visible displaced vertices on macroscopic distances or
by looking for long-lived ), states decaying after the setup.
This strategy restricted the NA64 sensitivity to a specific
decay length range of the unstable state (dy, £ 2.5 m, con-
sidering A’ decays close to the production point), preventing
detection in the prompt decay region which corresponds to
the upper-right part of Fig. 5.1; an area which is explored

A =04m, ,my=3m, ,ap =01
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Fig. 5.1 Existing constraints for the A’ mediated iDM model in the
(mys,€) plane, fixingA /my, = 0.4, my /my, =3 and op = 0.1. The
NA64 90% C.L. exclusions evaluated from the new recast are shown as a
blue-shaded area and the projections for two different future statistics are
drawn with dashed curves: the total EOT accumulated considering the
new 2022 data (10'2 EOT) and the 5 x 10'2 EOT expected before LS3.
The BaBar exclusion limits [17] are depicted in red and the restrictions
from E137 [13], NuCal, and CHARM [14] are also included. The
model-independent area probed at LEP was estimated in Ref. [73] to
be € 2 0.03 and is shown in grey. The blue band indicates the region of
parameter space favored for the (g —2),, explanation (the internal blue
curves stand for the 20 deviation considering the latest measurement
performed at Fermilab [35] while the external lines correspond to the 2
band from the BNL E821 result [34]) and the thick black line represents
the combination of parameters compatible with a DM thermal relic
scenario.
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Fig. 5.2 Constraints on the iDM model for € = g,_5), . Left: the plane of dark coupling o versus dark photon mass m,. Right: mass splitting
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here. Combined with the revised BaBar boundary, both the in-
ternal and external (g —2), bands for the full mass range are
essentially ruled out, practically discrediting this A’ model
point as a candidate explanation to the (g —2).

The possible combinations of m,4/ and € that would gen-
erate the observed relic abundance for a pseudo-Dirac iDM
candidate are illustrated with a black line in the figure. We
use our own calculation of the relic density in all of the plots
shown. For masses below my, ~ 0.17 GeV we find good
agreement with and between the literature [13-15, 46, 66, 77]
to below 20%. The here proposed recasts extend the coverage
of this curve to the higher mass region. With the examined
statistics, NA64 probes this target up to my ~ 0.82 GeV,
point above which the BaBar restrictions apply.

The fluctuation feature present in the shape of the NA64
contour in the mass range my: ~ 0.3 — 0.8 GeV is due to the
presence of the ete™ pair in the A’ decay chain. The visible
particles leaking out of the ECAL or being produced after-
ward within the setup are detected by the VETO counter or in
the HCAL, as shown in the last sketch of Fig. 3.1. This leads
to a rejected event by the requirement of null activity in the
modules, a selection criteria imposed in the original invisible
analysis to mitigate hadronic background. The area above
the feature is characterized by fast decaying >, where ete™
are contained in the main target (first sketch of Fig. 3.1). In
this case, being the lepton pairs mostly soft, the additional
visible energy deposited in the ECAL has a reduced impact
on the missing energy selection and, consequently, on the
coverage. The region underneath the feature corresponds in-
stead to invisible signatures, given that for these parameter
settings, the SM particles would be produced after the exper-
imental setup, and the long-lived y» mimics a stable state at
the experiment’s scale.

The loss in the semi-visible coverage due to medium-
living x»’s decaying between the final ECAL part and the

end of the setup can be restored through a modification of the
signal event definition. For instance, this is possible by com-
bining the search for missing energy in the ECAL with the
displaced leptons approach, exploiting both the visible and
invisible energy distinctive of this channel. The NA64 sensi-
tivity to semi-visible A’ could also benefit from the study of a
secondary dark boson production method, namely the A’ reso-
nant annihilation of secondary shower positrons with atomic
electrons. This mechanism was successfully employed in the
NAG64 invisible search and boosted the experimental reach
in the myr ~ 0.2 — 0.3 GeV window [56]. A dedicated semi-
visible analysis will be carried out on the larger sample of
EOT collected in 2022, with the purpose of providing a wider
and more robust investigation of these models through an
optimized and complete analysis.

In addition to the current bounds, the NA64 projections
for the future statistics, namely the total cumulative number
of EOT including the data collected in 2022 (amounting to
~ 102 EOT) and the foreseen prospects before the forthcom-
ing LHC shutdown (LS3) starting in 2026 (5 x 10'> EOT), are
shown with dashed lines. By performing the same data anal-
ysis without any optimization, with 10'> EOT only the tip of
one spike characterizing the relic line at higher masses (given
by x1X2 co-annihilation to hadronic final states [76, 78])
would remain unprobed, while an increase in the statistics by
a factor 5 would allow testing the entire relevant region of
parameter space.

Fig. 5.2 focuses specifically on the (g —2), anomaly by
enforcing the kinetic mixing strength € to the central value
of the band [35]. The left plot depicts the parameter space
spanned by varying the dark coupling ap and the mediator
mass mys, whereas the right one shows the fractional mass
splitting A /my, versus the DM candidate mass m,, plane.
For both cases, the blue-shaded area showcasing the NA64
exclusion sets strong constraints by covering the whole verti-



cal axis range and the relic target up to high mass values. In
this region, the fluctuation in the limits characteristic of the
signal definition employed reveals a small open area which
is, however, discarded by the BaBar study.

Summing up the new findings on the reviewed parame-
ters restrictions for the iDM model, it can be asserted that
this scenario is almost completely excluded as a feasible
interpretation of the muon contentious results.

i2DM — The i2DM framework was suggested as an alter-
native theory to address light thermal dark matter and recover
a plausible explanation of the (¢ —2), anomaly. To enhance
the amount of visible energy present in this A’ model, the
benchmark realizations proposed here require a very small 0
value (see Eq. (2.5)), so that, given the dark photon branching
ratios [46]

Br(A' — y1x1) o< sin* @, (5.2)
Br(A' — x1x2) o< sin* @ cos’ 0, (5.3)
Br(A' — yax2) o< cos* 6, (5.4)
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the decay is driven by the channel producing two unstable >
states, thus leading to two pairs of SM final states.

As a feasibility study, we present in Fig. 5.3 the first
derived constraints and projections in the (n14, €) plane. As
illustrated in the first plot, the value 8 = 8 x 10~2 allows for
a simultaneous explanation of the DM abundance and the
(g —2)u discrepancy. Nevertheless, the bounds calculated
from CMB data [75] stretch through the entire region of
interest, rendering this solution unviable. Smaller mixing
angles, such as @ = 4 x 102 chosen for the second panel,
suppress the late self-annihilation of the DM particle and
loosen the CMB constraints. The shift of the relic line to
larger kinetic mixing strengths is, however, an inevitable
consequence: the co-annihilation processes between x| and
%> are suppressed by a lower 0 value, implying a higher x X
annihilation rate to avoid an overabundant scenario. This
renders the (¢ —2), band and the relic line irreconcilable
over the window opening in the semi-visible constraints.

The i2DM regime is thereby unable to provide an admis-
sible interpretation of the (g —2), discrepancy. Regardless
of such finding, the study of this model demonstrates the
versatility of NA64 in the search for rich dark sector models.
Several other complex scenarios, involving more generations
of unstable DS particles and thus more visible final states,
e.g. heavy neutrinos theories [17], can be studied at NA64
by means of an improved analysis and with the milestone
statistics planned to be collected before LS3.

6 Probing the thermal inelastic target

This section aims to examine parametrically different light
dark matter scenarios by illustrating the existing constraints
to both thermal co-annihilating iDM and i2DM and by as-
sessing the NA64 discovery potential for these searches.

iDM — Fig. 6.1 quantifies the NA64 exclusion bounds
and its sensitivity on iDM for four distinct combinations of
op, A/my, and my /my, values and compares them to the
parameters setting the observed relic abundance and to the
existing experimental limits. The contours are shown in the
my, —y plane, where y is a dimensionless variable defined as
y = €2ap(my, /ma)* that reduces the large dimensionality
of the model parameter space. This choice is also dictated by
a facilitated comparison with the DM target, given that the
tree-level annihilation cross section determining the freeze-
out rate is proportional to y [79]. The relic line in the variable
y remains invariant upon different choices of &, ap, and
myr/ my, . For co-annihilation, however, the number density
of the co-annihilator is exponentially suppressed for large
mass splitting A. The increase of A makes the co-annihilation
less efficient, and, therefore, dark matter more over-abundant.
As a result, a larger kinetic mixing is required to achieve
the correct abundance, improving the experimental prospects
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statistics were instead derived in this work

for discovery. The A /m,, = 0.4 scenarios are shown on the
right panels of Fig. 6.1, and prove that the thermal target is
already tightly constrained in this case. Given that the NA64
sensitivity scales as €2, when translating the bounds to the y
variable, there is an overall linear shift by a factor op, as can
be seen by comparing the two panels on the right column. In
fact, the op = 0.1, mA//m%1 =3, A/m%1 = 0.4 relic curve is
essentially excluded, as discussed in Section 5, whereas in
the ap = 0.5 case, an open window above m,, > 110 MeV
emerges, also due to the reduced ), lifetime (see Eq. (5.1))
that shifts the fluctuation feature in the NA64 boundary to
lower my, and €. NA64 has a partial coverage of the unprobed
parameter space below my, ~ 0.25 GeV with an optimized
analysis on the new 2022 data, and almost full coverage of
the relic target for the milestone 5 x 10'2 EOT statistics. In
conclusion, NA64 alone can probe the full mass range of this
thermal light iDM parameter space within a reasonable time
frame.

In the case of a spectrum with reduced splitting, where
A/my, = 0.1, the overall y-reach of the bounds is severely
weakened. In the upper-left panel of Fig. 6.1, the beam-dump
constraints span only the m,, 2 12 MeV part of the ther-
mal relic line. NA64 can provide complementary coverage

at low masses, approaching the relic density curve in the
my, ~ 1 —100 MeV region for thermal co-annihilating iDM
by the start of LS3.

Finally, the last degree of freedom that influences the ex-
isting limits is the ratio between the mediator and the DM can-
didate masses. The bottom left plot of Fig. 6.1 illustrates the
change in the existing constraints when this ratio is increased
w.r.t. the commonly used value R = my/ /my, = 3 (this param-
eter slice is usually chosen to yield a conservative evaluation
of the experimental sensitivities and avoid the resonance in
the DM annihilation at m4s ~ 2my, [80, 81]). The experimen-
tal reach is much improved for lighter DM particles;however,
the reach of beam-dump experiments quickly decreases as
it approaches the kinematical threshold for y, — yjete™
decays. Since NA64 does not rely on the observation of the
decay products, its sensitivity is not affected by this fact. In
this context, the NA64 projections for 5 x 102 EOT can un-
equivocally test the relic curve from my, =1 MeV up to the
point where the BaBar constraint begins.

As discussed in Ref. [81], for thorough coverage of the
LDM parameter space, it is also necessary to consider the
interplay between experimental sensitivity and the DM relic
density as a function of the R = mys /m,, ratio. We show the R
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dependence of the NA64 bounds in Fig. 6.2 for two, currently
unprobed, benchmark points in the iDM model. The left
panel displays the constraints for a light x, my, = 10 MeV,
as well as a small mass splitting A = 0.1m,, and dark cou-
pling ap = 0.1. In this case, the DM relic target remains
unprobed in the range R ~ 2.5 — 6 by the current NA64 and
BaBar exclusion limits. On the right panel, we show a sce-
nario with a heavier DM candidate, m,, = 150 MeV, larger
splitting A = 0.4m,,, and larger coupling ap = 0.5, where
only a small R window of the DM relic curve between ~ 2.5
and ~ 3.3 is still untested. In both cases, the NA64 projec-
tions for 5 x 10'> EOT extend the experiment sensitivity
below the standard R = 3 point, where DM predominantly
undergoes resonant co-annihilations, ¥ x> — A’, and the relic
abundance is strongly enhanced. Below the resonance, for
R < 2, the dark photon can only be produced off-shell and
the experimental sensitivity is, therefore, very suppressed.

i2DM — The sub-GeV DM parameter space for the i2DM
model was assessed in Ref. [46], the work on which the
following discussion is based. In this case, the BaBar missing
energy searches also apply. This is shown in the first plot
of Fig. 6.3, where the small mass splitting A /m,, = 0.05
dictates long, and thus undetectable, y» decays for both the
NA64 and BaBar experiments and allows generalizing the
bounds to the different 6 values generating the three DM
abundance curves depicted. The mass splitting dominates the
x> lifetime, given that the particle width in the i2DM model
scales, similarly to the iDM scenario, as [46]

4e2aapA° tan? 0 cos* 6
157rmf;,

Topm(x2 — x1ete”) ~ (6.1)
Compared to the iDM case, ), decays are furthermore sup-
pressed by a tan® 6 cos* @ factor, which enhances the lifetime
of the unstable state.

The NA64 exclusion line matches closely the DM relic
curve for 8 = 1072 in the range my, ~ 0.01 —0.05 GeV,

while the projected limits for 10'2 EOT can fully probe the
open combinations of parameters resulting in the observed
DM yield. It must be emphasized that the BaBar exclusions
can be alleviated through a targeted choice of the mixing
strength €; the upper bound on this parameters is set at
£~ 1073 and thereby, below this threshold, BaBar is no
longer sensitive to semi-visible dark photons. To evade these
constraints, € = 10~ was imposed to study the limits in the
my, — tan @ parameter space.

The second and last panel of Fig. 6.3 illustrate the existing
boundaries for two selected splittings obtained by LSND and
CHARM [46], and the newly derived NA64 exclusions and
projections. In the two cases shown, the i2DM scenario ap-
pears to be poorly covered in the high mass spectrum. NA64
sets new limits on the minimum allowed DM candidate mass,
leaving just the values above m,, > 71 MeV allowed. With
10'2 EOT, the parameter space below m,, = 110 MeV, and
the whole relic target can be probed, whereas by consider-
ing 5 x 10'2 EOT, this value shifts to m,, = 195 MeV. The
model point envisioning the larger split spectrum is partly
restricted by the two neutrino experiments: the reinterpreted
CHARM data rule out part of the large tan 6 mixing region
and the sensitivity extends to lower values in the window
my, ~0.02 —0.03 GeV, while LSND significantly precludes
the lower spectrum end. In the last plot, the A parameter
is decreased by a factor of 5, and decay-in-flight signatures
at CHARM and LSND become much weaker. In this con-
text, NA64 can provide the leading limits in the higher mass
region with the foreseen research plan.

Finally, we conclude our discussions of the results with
a cautionary statement. The beam-dump and collider con-
straints shown in all of our plots are the result of phenomeno-
logical recast analyses, which are often simplified and ap-
proximate procedures. The uncertainty in these curves is,
therefore, expected to be much larger than the NA64 limits
we derive. In this sense, a significant fraction of the relic
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available model constraints and the future NA64 sensitivity. First
plot: BaBar and NA64 bounds in the DM candidate mass m,, ver-
sus y = €ap(my, /my)* parameter space. The three thick black
curves correspond to the relic target for the different mixings tan 6 =
10~4,1073,1072, taken from [46]. Second and third plots: constraints
for two mass splittings (A /my, = 0.05,0.01) in the my, —tan6 plane
obtained by fixing £ = 102 to circumvent the BaBar exclusions. The
CHARM and LSND boundaries were re-interpreted from the iDM re-
sults in Ref. [46]. The NA64 projections for the total accumulated statis-
tics at present (10'2 EOT) and the expected one before LS3 (5 x 10'2
EOT) are shown with dashed lines.

density curves covered by NA64 are being probed by an
experimental analysis for the first time.

7 Conclusions

In this article, we evaluate the NA64 potential in the ex-
ploration of next-to-minimal vector portal theories predict-
ing a dark sector populated by multiple fermions. This non-
minimal scenario has been suggested as it constitutes a nat-
ural extension of the SM, able to relax the existing bounds
on both visible and invisible dark photons and allow new
discovery prospects. In particular, the NA64 90% C.L. ex-
clusion limits obtained in the invisible search were recasted
on two interesting semi-visible dark photon models, the in-
elastic dark matter (iDM) and inelastic Dirac dark matter
(12DM) models. By extending the signal definition w.r.t. the
previous iDM publication, we place new limits on regions
of parameter space where the semi-visible decay is prompt,
thus improving constraints on iDM and i2DM models. Nev-
ertheless, decays that take place between the end regions
of the ECAL and the end of the setup are often vetoed by
the hermeticity requirements imposed in the event selection.
This loss in coverage, visible in the fluctuations of the NA64
limits (see e.g. Fig. 5.1 and Fig. 5.3), could be recovered with
a tailored signal definition or targeted setup optimization.

Rich dark sectors characterized by sizable mass splittings
have also been considered in the context of low-energy ex-
perimental anomalies, such as that of the muon (g — 2). This
study constrains most of the parameter space where a dark
photon can explain the (g —2), discrepancy. Together with
BaBar, NA64 plays a central role in ruling out this possibility
for both the iDM and i2DM realizations, the latter being
already tightly constrained by CMB data.

In a more general investigation, the NA64 current bounds
and projections were compared to the parameter points yield-
ing the observed amount of freeze-out DM. With the statistics
expected before LS3, NA64 can widely test the parameter
space of viable iDM and i2DM models in the MeV to GeV
mass range.

We showed that NA64 is a powerful probe of semi-visible
dark photons. Despite the visible products, as the A’ decay
cascade eventually produces two energetic invisible particles,
the missing energy technique is also well-suited to explore
these scenarios. The additional amount of visible energy pro-
duced in the semi-visible decays can be directly measured,
and NAG64 is also sensitive to prompt decays, where ), decays
inside the target (this work), and longer lifetimes, correspond-
ing to )» decays inside the hadronic calorimeters [57]. Only
intermediate lifetimes, namely ), decays shortly after the
target, would not be picked up by current searches. Beyond
iDM and i2DM, this represents an exciting prospect for the
exploration of other semi-visible dark photon models with
multiple DM particles or heavy neutral leptons [17].



In the future, the inclusion of the A’ resonant annihila-
tion mechanism, a secondary dark boson production chan-
nel investigated in Ref. [56], can enhance the limits in the
myr ~ 200 — 300 MeV window by almost an order of magni-
tude. In addition, by running with a muon beam, the NA64u
experiment [82] can have better sensitivity to invisible dark
photons in the high-mass region (m,, = 100 MeV), allow-
ing to support the electron mode in the investigation of the
entire target mass range with a similar statistics [83]. The
NAO64 efforts in search of semi-visible dark particles are
complementary to the existing DS program at Belle-II [84].
The next generation of fixed-target experiments, such as the
missing momentum experiment LDMX, will push the fu-
ture exploration of the full parameter space favored by the
thermal DM milestones in the MeV-GeV mass range [77].
Neutrino experiments are also sensitive to the production,
decay, and scattering of inelastic DM. Data from the exist-
ing short-baseline program at Fermilab [85] and the future
DUNE long-baseline program [86, 87] can look for the scat-
tering and decay-in-flight signatures in iDM and i2DM. For
a broader overview of other sensitive probes and future ex-
perimental projections, see e.g. Ref. [88].
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