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1 Introduction

Despite the intensive searches in the last decades, no conclusive signal of physics Beyond
the Standard Model (BSM) has been observed at the Large Hadron Collider or at dark
matter (DM) direct detection experiments. A possible explanation for this is that the new
physics (NP) is weakly coupled to the visible sector and lies at low scales. Models of this
sort could easily evade current searches, which have so far been aimed at new particles with
masses at or above the electroweak scale. From the theory side, several low-scale new physics
scenarios have been recently put forward as an alternative approach to address some of
the most pressing questions in particle physics: the origin of neutrino masses, the observed
baryon asymmetry of the universe, and the DM problem. Weakly interacting particles arise
naturally in these type of scenarios, as it is for instance the case of low-scale seesaw models,
which are able to answer the first two. Regarding the DM problem, an exciting possibility is
based on the existence of an extended “dark” (or hidden) sector communicating with the
Standard Model (SM) via a new (light) mediator that is weakly coupled. Different types
of particles can act as mediators between the two sectors, covering a wide range of masses,
and leading to distinct phenomenological consequences.

This change of paradigm has boosted a worldwide effort yielding a plethora of novel
approaches and proposals, in particular, for experiments lying at the edge of the intensity
frontier (see for instance [1]). In this sense, one of the most competitive searches are those
performed at beam-dump experiments, where the collision of high-energy particles (typically
protons, or electrons) against a target may produce an intense flux of new light states,
typically from meson decays. Being weakly interacting, such particles could propagate over
long distances before decaying visibly (or interacting) inside a detector placed downstream.
An example of such facilities are neutrino experiments, where the collision of high-intensity
proton beams sourcing the neutrino flux, can also be used to produce a variety of new particles
which may lead to observable signals in neutrino detectors.

In this Letter, we propose a new beam-dump experiment using the existing ProtoDUNE
detectors at the CERN Neutrino Platform, two kiloton-scale liquid Argon Time Projection
Chambers (LArTPCs) constructed to prototype and consolidate the technology of the DUNE
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Far Detector [2, 3]. These detectors are downstream with respect to the CERN’s North Area
targets, used to produce secondary charged particle beams from the interactions of protons
extracted from the CERN Super Proton Synchrotron (SPS) accelerator. As a result, the proton
collisions in the primary target may generate a flux of BSM particles which could leave a visible
signal in the ProtoDUNE detectors. To the best of our knowledge, this is the first time that
this has been pointed out in the literature. Most importantly, we stress out that searches for
such signals can be carried out parasitically, without interfering with the dense experimental
program at the CERN North Area Experimental Hall (EHN1) multipurpose facility.

One of the key features of the LArTPCs is their excellent imaging capabilities, which
allow them to fully reconstruct the tracks of ionising particles resulting from the decay or
scattering of the produced new particles. This feature, together with the potential time
synchronisation with the beam, can significantly reduce the possible background sources.
This first advantage is crucial for surface-detectors exposed to a huge flux of cosmics such
as ProtoDUNE. The second intrinsic advantage that this proposal offers is the wider phase
space that can be covered, compared to similar searches at neutrino experiments such as
T2K [4] or MicroBooNE [5] (for future prospects see ref. [6]), thanks to the higher proton
beam energy available at the SPS (400 GeV, as opposed to the 80 − 120 GeV protons foreseen
for example at DUNE [7]). This allows not only to abundantly produce light short-lived
mesons (such as π0, η, η′, etc) but also to produce a significant flux of heavier short-lived
meson (such as D, Ds, B, or Υ), as in the SHIP [8] or SHADOWS [9] experiments. The
beam configuration, without a decay volume, does not allow to study decays from longer-lived
mesons such as charged kaons or pions since they are significantly deviated with a set of
magnets located after the primary target. Nevertheless, this peculiarity translates in an
intrinsic advantage as the background from SM neutrinos will be significantly reduced in this
case, as opposed to neutrino experiments. Finally, thanks to both its large volume and the
high density of liquid Argon (LAr), ProtoDUNE can be used to search for both unstable and
stable weakly interacting particles produced in this manner. In particular, we highlight here
the advantages offered by LAr TPC detectors thanks to their very low detection thresholds
(for a recent review see e.g., ref. [10] and references therein). We will therefore consider both
scenarios separately in this work. For each of them, we will first consider a model-independent
approach in such a way that our results can be recasted to specific scenarios, addressing
then the case of two well-motivated specific models.

The rest of the paper is structured as follows. We provide an overview of the experimental
setup in section 2. Our results are presented in section 3, where the cases of long-lived states
and stable particles are discussed separately. Finally, we summarize and conclude in section 4.

2 Experimental setup

The two ProtoDUNE detectors were constructed and installed in the CERN Neutrino Platform,
approved experiments NP02 (ProtoDUNE-VD) and NP04 (ProtoDUNE-SP/ProtoDUNE-HD),
at the end of EHN1 [11, 12]. To produce the secondary beams in the North Area at CERN, the
high-energy, high-intensity proton beam extracted from the SPS accelerator impinges on a thin
(50 cm) Beryllium target, T2. Downstream the target, secondary particles are selected with the
use of magnetic spectrometers and transported to the various experimental areas. In particular,
the ProtoDUNE detectors are relatively aligned with the secondary H2/H4 beamlines and
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Figure 1. Sketch of the experimental configuration considered in this study. The upper panel (side
view) indicates the location of the EHN1 Hall, where the ProtoDUNE modules are installed, with respect
to the T2 target and the beam dump (TAX). The target is ∼ 15 m underground, and there are ∼ 500 m
of soil between the beam dump and EHN1. In the lower panel (top view), the cones indicate the direction
of the beam of BSM particles: solid for the particles produced in the target, and dashed for those pro-
duced in the dump. The direction of the proton beam is indicated by the red arrows, see text for details.

thus with the primary target T2. This feature puts them in a unique position to act as a
beam-dump experiment, being located at a distance of L ∼ 677 and 723 m from the target.

A sketch of the experimental configuration considered in this study is illustrated in
figure 1. About 2 − 7 × 1012 protons per spill are extracted from the SPS accelerator to the
target, with a spill duration of 4.8 s. The repetition rate varies between 14.4 and 60 seconds
depending on the experiments needs, with 3000 spills/day on average. Therefore, in a year
∼ 3.5×1018 protons on target (POT) are dumped against T2.1 The T2 target is located 15 m
underground for radiation shielding and is surrounded by a series of magnets, collimators
and other beamline elements depending on the H2/H4 beam configuration. Here we focus
on describing the main items relevant for our study. Before the target a set of magnets
define the incoming angle of the protons interacting with T2, which can vary from 0 up to
10 mrad (on average) depending on the desired H2/H4 configuration. The remaining protons
(∼ 30%) arising from the target are deviated towards a large collimating structure. It has
3.2 m of Iron and acts as a dump (designated “TAX”), as shown in the lower panel of figure 1.
Subsequently, and given the slope of the secondary line especially in the vertical plane (see the
top panel of figure 1), the remaining particles produced at the dump are essentially absorbed
by the various magnetic elements present in the environment and soil of length ∼ 500 m,
which act as shielding. In our calculations, we take a 0 mrad angle for the proton collisions
on the target, and a 7 mrad angle for the protons that collide on the dump. Therefore, the
flux of particles has two main components, as illustrated on the bottom panel in figure 1.

As shown in figure 1, the produced flux of BSM particles would reach both ProtoDUNE
modules. In this work we will focus on the first detector (NP02), which is closer; however,
a similar approach can be applied for the one downstream, and we have explicitly checked
that the results obtained are very similar. Specifically, NP02 has a fiducial volume of

1The duty cycle considered for our study has been set to that of SPS during 2022 (see [13]). Specifically, for
a data-taking period of 6 months and with the beam parameters listed above, this leads to a duty cycle of 30%.
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π0 η η′ D Ds τ

4.03 0.46 0.05 4.8 · 10−4 1.4 · 10−4 7.4 · 10−6

ρ ω ϕ J/ψ B Υ

0.54 0.53 0.019 4.4 · 10−5 1.2 · 10−7 2.3 · 10−8

Table 1. Production yield (normalized per PoT) for each of the parent particles considered in this
work, see text for details. Note that the number of τ leptons receives contributions from direct
production as well as from indirect production through Ds → τν, the latter being dominant.

Vdet = 6 m×7 m×6 m and is located at a distance of L = 678 m from the T2 target, as shown
in figure 1. As already mentioned, an important peculiarity of this experimental configuration
is that there is no decay pipe available. In addition, the strong magnetic field that deviates
the remaining protons after they hit the target will also deflect other charged particles (such
as pions and kaons) with a much larger opening angle. Therefore the expected background
from SM neutrinos at the detector will be considerably suppressed and will be neglected here.
Instead, being on surface a significant background is expected from cosmic rays. However
these may be reduced applying timing and kinematic cuts as discussed in more detail below.

3 Results

As the SPS beam hits the T2 target, and subsequently the remaining protons hit the dump,
the proton collisions create a plethora of unstable mesons, which may produce BSM particles
as they decay. As outlined in the previous section, here we will focus on the production of
new particles from the decays of short-lived mesons (namely, π0, η, η′, ρ, ω, J/ψ,D,Ds,Υ and
B decays) as well as from τ decays. We extract the event distributions of the parent mesons
from Pythia (v8.3.07) [14] using the SoftQCD flag. For D,Ds mesons the HardQCD flag is used
instead, as we found that this yields results that are more closely aligned with the simulations
performed by the SHiP collaboration in ref. [15], which were tuned to reproduce data on charm
production from the E791 experiment [16]. Note that this is generally conservative as we are
not taking into account the production from secondary interactions in the target, which can
lead to a non-negligible enhancement of the meson production rate (see for example figure 6
in ref. [15] for D mesons). Thus, we expect our results to improve with a dedicated flux
simulation that takes into consideration the full geometry of the experimental setup, which
we leave for future work. Table 1 summarizes the production rates for the parent particles
considered in this work, normalized per PoT, for a beam with incident momentum of 400 GeV.

Starting from the parent particle distributions, we then simulate their decays assuming
either a two-body or a three-body process, depending on the parent particle and the scenario
being considered. We then follow each BSM particle along its trajectory, keeping only those
which intersect the detector fiducial volume (the flux accepted by the detector). The expected
number of events is computed from the accepted flux either taking into account the probability
of decay inside the detector volume (in the case of unstable particles, which is related to
their lifetime) or their probability to interact (in the case of stable particles, which is related
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to their interaction cross section). The relevant backgrounds will also be different, owing
to the different signals expected in each case. Thus, in the remainder of this section, these
two scenarios will be discussed separately.

3.1 Long-lived particles

For a long-lived particle Ψ with mass mΨ and lifetime τΨ that is produced from a given
parent meson2 in the decay M → Ψ + . . ., the expected number of decays inside the detector
can be computed as:

NM
dec = NPoT YM BR(M → Ψ)

∫
dS

∫
dEΨ P(cτΨ/mΨ, EΨ,ΩΨ) dn

M→Ψ

dEΨdS
, (3.1)

where BR(M → Ψ) is the production branching ratio in the decay of meson M , NPoT is
the number of protons on target integrated over a given data taking period, YM is the
meson production yield (provided in table 1), and dnM→Ψ

dEΨdS stands for the number of particles
produced from the decay M → Ψ with energy EΨ entering the detector through a differential
surface dS, with a trajectory defined by the solid angle ΩΨ. The decay probability inside
the detector volume reads:

P = e
−ℓdet

LΨ

(
1 − e

−∆ℓdet
LΨ

)
, (3.2)

where ℓdet is the length of the trajectory before the particle enters the detector, and ∆ℓdet

is the length of the trajectory inside the detector (note that both quantities depend on
the solid angle ΩΨ). On the other hand, LΨ is the boosted decay length in the laboratory
frame: LΨ = γΨβΨcτΨ ≃ cτΨEΨ/mΨ.

In the limit of small couplings, the lifetime of the particle will be much longer than
both the distance to the detector and the length traveled by the particle inside it. In this
limit it is illustrative to consider the case where the dependence of ℓdet and ∆ℓdet with the
solid angle is neglected, which leads to:

NM
dec ≃ NPoT YM BR(M → Ψ)Vdet

∫
dEΨ
LΨ

〈
dnM→Ψ

dEΨdS

〉
.

Here, our notation ⟨. . .⟩ ≡ 1
S

∫
. . . dS indicates the average taken within the detector size,

for a given energy. As can be seen, the number of events approximately scales with the
volume of the detector, Vdet = Sdet∆ℓdet. Thus, the number of decays will be enhanced within
the ProtoDUNE detectors, thanks to their large fiducial volume. Although this expression
is useful to understand the behaviour of the results, we stress again that our numerical
calculation of the accepted flux does take into account the detector location, shape, and
angle with respect to the beam direction as outlined in section 2.

The final number of events needs to take into account the branching ratio of the decay
into a visible final state and therefore, the results of eq. (3.1) should be multiplied by the
corresponding branching ratio, BR(Ψ → Visible), times the detection efficiency for a given

2Although in this section we refer to mesons throughout the text, the expressions can be trivially generalized
to the case of τ decays.
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final state, ϵdet. Therefore, for a given mass, the observable number of events will depend on
three model-dependent quantities: the branching ratio for the production of Ψ, its branching
ratio into visible states, and its lifetime in the rest frame. While in specific models these
three quantities may be related, it is useful to derive model-independent sensitivities that
can be easily recasted to specific scenarios (see e.g. refs. [17–19] for recent examples).

Our results are shown in figure 2, where we have computed the regions where the
number of signal events would exceed 2.44 in 5 years of data taking, for different fermion
production mechanisms as a function of mΨ. This would correspond to a 90% confidence level
(C.L.) sensitivity in the absence of backgrounds [20]. Regarding the expected ProtoDUNE
efficiencies, the reconstruction efficiency for energetic particles is expected to be above 80%
(see section 4.3 in ref. [7]). Nevertheless, the final efficiency achievable will depend on the
cuts applied to reduce the backgrounds, which cannot be estimated without a dedicated
analysis. In particular, we note that the energies of the LLP are expected to be in the range
of tens of GeV and consequently their decay products will also be very energetic. At such
high energies, the ProtoDUNE modules are well above threshold and no large changes in
efficiency are therefore expected. Therefore, we leave our results in this case as a function of
the efficiency, which we assume to be constant above threshold. The lines are shown as a
function of cτΨ/mΨ, as this ratio determines the point that maximizes the decay probability
within the detector in eq. (3.2), which at first approximation leads to an optimal sensitivity.
However, since the boost kinematics will be slightly different depending on the values of
mΨ, we obtain a different detector acceptance for different masses (see e.g., the discussion in
ref. [21]) which leads to slight variations in the results. This is indicated by the width of each
band, which has been obtained scanning masses between 10 MeV (indicated by the dashed
lines) and the largest mass kinematically accessible for each production channel.

Let us now focus on a specific model which is well-motivated from the theoretical point of
view, such as the Heavy Neutral Lepton (HNL) scenario. In particular, HNLs arise in low-scale
Seesaw models, which can generate neutrino masses [22–25] and the baryon asymmetry of
the Universe [26, 27], thus solving two of the main open problems in the SM. At the same
time, HNLs with masses in the GeV range are relatively hard to produce at fixed-target
experiments since their main production mechanism is through D,Ds and τ decays, which
are hard to produce in the laboratory. Therefore, this mass region is far less constrained that
HNLs with masses below the kaon mass (for a recent review see ref. [6]). In turn, we expect
our setup to yield competitive constraints thanks to the high beam energy available at the
SPS. In order to compare to current experimental constraints and future sensitivities, we will
consider a simplified scenario with one Dirac3 HNL of mass mN that mixes exclusively with
one SM neutrino of a given flavor. The relevant portion of the Lagrangian reads:

L ⊃ −mW

v
NU∗

α4γ
µlLαW

+
µ − mZ√

2v
NU∗

α4γ
µνLαZµ , (3.3)

where lα and να stand for the charged lepton and light neutrino of flavor α ≡ e, µ, τ , while v
stands for the Higgs vacuum expectation value, mZ (mW ) is the mass of the Z (W ) boson,
and Uα4 indicates the mixing matrix elements between the HNL and the light neutrinos.
In this scenario the HNL production branching ratio and its decay width will be strongly

3The main difference with respect to the Majorana case is a factor two in the decay rate (see e.g. the
related discussion in ref. [28]), which would lead to a very minor difference on the sensitivity.
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10−3 10−1 101 103 105

Figure 2. Expected sensitivity to long-lived particles in the model-independent scenario, assuming
the branching ratios and lifetime at rest of the long-lived particle are uncorrelated. The region above
each dashed line would lead to a number of events above 2.44 in 5 years of data taking, which in the
absence of backgrounds would correspond to 90% confidence level (C.L.). The width of the bands
indicate the variation in the results for masses of the long-lived particle between 10 MeV and up to
the production threshold in each case, see text for details.

correlated and depend on the HNL mass and its mixing with the light neutrinos. In our
calculations, we take the HNL production branching ratios and decay widths from ref. [21]
(see also ref. [29]). Just as a reference, for a HNL with mass mN ∼ 1 GeV and mixing
with the active neutrinos |Uα4|2 ∼ 10−4, the lifetime is approximately cτN ≈ O(10 − 20) m,
depending on the neutrino flavor that mixes with the HNL. As the produced HNL flux is
quite energetic (with typical energies in the ballpark of ∼ 50 GeV), this leads to boosted
decay lengths in the range between 500 m and 1 km. Once produced, the HNL will decay
back to SM particles (mesons and leptons) through its mixing. In the following, we will
consider its decays to the following final states: N → νee, νµµ, νeµ, eπ, µπ and νπ0, which
would be easily identifiable in the ProtoDUNE detectors thanks to their excellent particle
identification (ID) capabilities. As for the backgrounds, since the neutrino production in
the beam is heavily reduced (thanks to the dump, as explained in the previous section) we
expect the largest contribution to come from cosmic rays. However, we think that these
can also be reduced to a negligible level due to several factors. First, angular and timing
cuts could be applied to remove those events that are not coming from the direction of the
target within a beam spill time window. Second, in the case of fully visible final states
(such as N → µπ) the event can be fully reconstructed [12, 30], which would offer additional
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handles to suppress the background with respect to the signal (an example of a similar search
at MicroBooNE can be found in ref. [5], see also refs. [28, 31] for sensitivity studies using
signal-to-background discrimination techniques at the DUNE near detectors). Therefore our
results for this scenario have been obtained assuming a negligible background level, leaving a
detailed calculation of the expected background for future work. In this case we have assumed
a perfect detector efficiency, ϵdet = 1, but our results can be easily recasted for a different
value. The expected sensitivity, shown in figure 3 for an inclusive search using the decay
channels indicated above, indicates that this setup would significantly improve over current
constraints in the mass window above 400 MeV, and would be competitive (or even better)
than other facilities planned on a similar timescale at CERN, such as NA62-dump [32, 33],
FASER [34] or DarkQuest [35], indicated by solid lines. Most notably, the sensitivity of
our setup lies approximately in the same ballpark as proposals on a longer timescale such
as, e.g., FASER2 [34] or the DUNE ND-GAr [21] (which belongs to Phase II of the DUNE
experiment). For comparison, in figure 3 we also show the future sensitivity of SHIP [8] and
SHADOWS [9]. The corresponding line for HIKE [36] (within the mass range shown here) is
very similar to that of SHADOWS and therefore is not shown. An overview of the estimated
timeline for the experiments listed above can be found e.g. in refs. [37, 38].

Finally, note that the results shown in figure 3 are obtained for an inclusive search (includ-
ing a number of final states, as listed above), in order to ease comparison with the literature.
However, experimental searches targeting different HNL decay modes may be subject to dif-
ferent optimization strategies and background discrimination techniques. This may affect the
final efficiencies and sensitivities differently for each decay channel. Therefore, in appendix A
we also provide the expected sensitivities separately for each decay mode of the HNL.

3.2 Stable particles

Being filled with LAr, the ProtoDUNE detectors would also be sensitive to the interactions
of BSM particles. While unstable particles may also be searched for in this manner, here we
focus on the case of stable particles for simplicity. Let us assume that the leading production
mechanism for a light stable particle χ comes from a given parent meson M → χχ̄ + . . .,
which will interact as it arrives to the ProtoDUNE modules with an interaction cross section
σ. An average interaction cross section may then be defined as:

⟨σ⟩ = 1
Φχ

∫ ∞

0

∫ T max

T min

dσ

dT
(Eχ, {X}) dΦχ

dEχ
dTdEχ (3.4)

where T is the recoil energy of the electron, while Eχ is the energy of the particle, {X}
are the model parameters, and Φχ is the flux of the incoming χ particles which trajectories
intersect the detector (in units of PoT−1cm−2, and averaged over all possible trajectories).
Note that the cross section here is integrated between the minimum observable recoil energy
(which depends on the detector technology) and the maximum achievable recoil (which
depends on kinematics). The number of events can then be written in terms of the average
interaction cross section, as:

Nev = ϵdet Ntrg ⟨σ⟩ΦχNPoT , (3.5)

where Ntrg is the number of targets relevant for the interaction (e.g., electrons, or nuclei)
contained in the fiducial volume of the detector. Notice that the flux Φχ depends on the
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Figure 3. Expected sensitivity to Heavy Neutral Leptons (HNLs) at 90% C.L., as a function of the
HNL mass. In each panel, results are obtained setting the remaining mixing parameters to zero, and
assuming backgrounds can be reduced to a negligible level. Our results are given by the solid black
lines, while current constraints are indicated by the shaded gray areas (extracted from [1] as well
as the phenomenological recasts of results from CHARM [39] and BEBC [40]). The sensitivities of
other beam-dump experiments are also shown for comparison, where solid (dashed) lines correspond
to experiments taking data on a similar (longer) timescale, see text for details. The dashed black line
corresponds to the naive seesaw scaling and should be considered only as indicative. It corresponds
to |Uα4|2 =

√
∆m2

atm/mN , where ∆m2
atm is the light neutrino atmospheric mass-squared difference.

The brown shaded area is disfavored by BBN bounds extracted from [6, 41].

production branching ratio, which is also a function of the model parameters and includes
a phase space suppression which is a function of the mass of the parent and the daughter
particles, PS ≡ PS(mχ,mM ), defined in such a way that in the limit mχ/mM → 0, PS → 1.
Equation (3.5) can be rewritten to include this dependence explicitly, as:

Nev = ϵdet Ntrg [⟨σ⟩ · BR] PS (mχ,mM ) Φχ

BR(M → χχ̄ . . .) NPoT , (3.6)

where BR(M → χχ̄ . . .) = BR · PS, defining BR as the branching ratio stripped of the phase
space suppression factor. Using this formalism, the dependence on the model parameters is
contained in the quantity ⟨σ⟩ · BR, for which model-independent sensitivity limits can be
obtained, as shown in the middle panel in figure 4. For simplicity, in this figure we have
assumed no backgrounds; we also leave our results as a function of the detection efficiency
(which we again assume to be constant above threshold). In addition, these results can be
easily recasted to a specific model using the fluxes provided in the left panel of figure 4. In
particular, we note that our sensitivity regions shown in the middle panel of figure 4 would
also be applicable to any BSM scenario inducing the production mechanisms listed above,
including (but not restricted to) millicharged particles (MCPs) or a dark portal through
a massive vector mediator [42, 43].

In order to compare to current bounds from other experiments, let us now focus on a
particular scenario. Specifically we consider the case of MCPs, which arise in certain BSM
scenarios from the mixing between the SM photon and a massless dark photon [43]. MCPs
are fermions with an effective electric charge εe (e being the electric charge of the electron)
and mass mχ. As they arrive to the detector, these would lead to an excess of electron recoils.
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Figure 4. Expected fluxes and sensitivity to stable, weakly interacting particles. Left panel: flux of
stable particles that would enter the fiducial volume of the ProtoDUNE detectors as a function of energy,
for different production mechanisms and parent particles, as indicated in the legend. Middle panel:
sensitivity expected to stable particles, for the model-independent case, assuming no backgrounds
and perfect detection efficiency. Here, ⟨σ⟩ is the average cross section defined in eq. (3.4), while mχ is
the mass of the stable particle, and BR is the production branching ratio stripped of the phase space
suppression factor, see main text for details. Right panel: sensitivity expected for the millicharged
particle scenario as a function of its mass mχ (solid black line), see text for details. Since the setup is
background-limited, the dashed black line indicates the ultimate sensitivity achievable if backgrounds
could be significantly reduced, see text for details. We compare our results to previous constraints from
SLAC [44], LSND and MiniBooNE [45], ArgoNeuT [46], miliQan [47] and LEP [48] (gray filled area);
recent recasts of results from CHARM II and BEBC [49] (solid violet and blue lines respectively); and
the future expected sensitivity of NA64µ [50, 51] (dashed light blue line) and milliQan with 300 fb−1

of integrated luminosity [52] (dashed red line), with a similar timescale to our proposal.

The differential electron scattering cross section for this process is given by [53]:

dσ

dT
= πα2ε2

2E2
χme + T 2me − T

(
m2

χ +me (2Eχ +me)
)

T 2
(
E2

χ −m2
χ

)
m2

e

(3.7)

where me is the electron mass. As can be seen, in the limit Eχ ≫ T,me,mχ it is enhanced
at low recoil energies. Therefore, we naively expect the ProtoDUNE detector to be highly
sensitive to such a signal, thanks to the low thresholds achievable at LAr TPCs. While
the detection threshold for electron recoils at ProtoDUNE is expected to be around 10-
30 MeV [7, 54, 55], we assume 30 MeV in our calculations [55, 56]. Thus, in the limit of
small MCP masses, and taking Eχ ≫ T,me,mχ, the size of the interaction cross section
for this model can be estimated as

σ ∼ ε2
(30 MeV

Tmin

)
10−26 cm−2,

which implies

⟨σ⟩ × BR
10−26 cm2 ∼ BR(π0 → γχχ̄) ε2

(30 MeV
Tmin

)
∼ BR(π0 → γe−e+) ε4

(30 MeV
Tmin

)
. (3.8)
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According to the middle panel in figure 4, and taking BR(π0 → γe+e−) = 1.174% [57], this
implies that our setup could potentially be sensitive to values of ε as low as ∼ 5 × 10−5,
in the absence of backgrounds.

However, for electron recoils at such low energies we expect a significant background from
cosmic ray interactions in the detector. Unlike in the case of long-lived particles, these will
be harder to disentangle from the signal events and therefore we expect these to significantly
reduce our final sensitivity to this scenario. Thus, the main background will be cosmogenic
muons that are energetic enough (Eµ ≳ 400 GeV) to penetrate the fiducial volume but do not
leave a distinguishable muon-like track. Following ref. [54], here we define a slightly smaller
fiducial volume of 6 m × 7 m × 5.65 m. Within this volume, the total number of muons with
energies above 400 GeV is approximately 4 × 1011 per year [54]. However, only 30% of these
muons occur simultaneously with the spill (see section 2), and only around 0.1% do not leave
a muon-like track [54]. Furthermore, the incoming muon flux has an angular dependence
that varies as ∼ sin2 θ, where θ is the angle with respect to the horizontal. To further reduce
this background, we apply an angular cut of 10◦ above the horizontal. After applying these
conservative cuts, we are left with approximately 2 · 106 background events per year.

Detailed measurements of the cosmic ray background can be performed using beam-off
data at ProtoDUNE and, therefore, it is reasonable to assume that our signal significance will
be mainly limited by the statistical error on the background, while systematic uncertainties
will be subleading. Thus, the sensitivity limit for this scenario can be computed using a
Gaussian χ2, as:

χ2 =
(
Nev −Nbg√

Nbg

)2

,

which is computed using just the total number of events. We again stress here that our
results are conservative as binning in recoil energy may offer additional handles to enhance
the signal significance, provided that the background shows a different dependence with recoil
energy than the signal. The expected sensitivity of our setup is shown in the right panel of
figure 4, assuming perfect detection efficiency. We compare our results to previous limits in
the literature, and to the expected sensitivity of experiments with a similar timescale such
as NA64µ [50] and milliQan (with 300 fb−1 of integrated luminosity, taken from ref. [52]).
Note that other future experiments such as JUNO, SHiP or DUNE, will also deliver very
interesting limits for this scenario [45, 58]. As can be seen, using just the total event rates and
even with our conservative estimates regarding luminosity and the treatment of backgrounds,
we expect the setup to be competitive with the most stringent limits in the parameter space
for a wide range of masses. For comparison, we also show the potential improvement if a
reduction of the background was possible significantly below the value considered here. This
is indicated by the dashed black lines, obtained considering perfect background rejection.
Although this is not realistic, it serves as an indication of the room for improvement for this
setup, which for this scenario is background-limited. We note that our numerical calculations
show perfect agreement with our naive estimate for the sensitivity based on eq. (3.8).
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4 Summary and conclusions

Given their location at CERN, the ProtoDUNE detectors may be exposed to a flux of new
particles generated after the collision of 400 GeV protons, extracted from the SPS accelerator,
with the T2 target (see figure 1). In this Letter, we have explored the possibility of using such
a setup to search for BSM weakly interacting particles in a beam-dump configuration. We have
shown that it offers the opportunity to search for both long-lived unstable particles and stable
particles, thanks to the large fiducial volume of the ProtoDUNE modules and to the high
density of liquid Argon, respectively. Additional advantages of this setup include the absence
of a decay pipe, which leads to a strong suppression of the beam-coincident neutrino events,
and the excellent particle ID and tracking capabilities of LAr TPCs, required to suppress the
cosmic-ray induced background. Our results show that the expected sensitivity goes consider-
ably beyond current constraints for two representative examples (Heavy Neutral Leptons and
millicharged particles) using facilities that are already in place at CERN, without interfering
with the experimental program in the North Area, and within a relatively short timescale.
However the possibilities offered by this setup are much wider, as it may also be used to search
for additional weakly interacting particles such as dark photons, dark scalars, axion-like parti-
cles, or light dark matter. To illustrate its reach, we have also shown the expected sensitivity of
the setup in a model-independent fashion that allows our results to be easily recasted to partic-
ular NP models involving either unstable or stable new states. Finally, we would like to remark
that while our results have been derived under generally conservative assumptions, a dedicated
analysis is required in order to determine the expected background levels and detector efficien-
cies achievable for such a setup. In particular, the study of a new trigger algorithm optimised
for the beam-dump configuration is essential to fully determine the potential of this setup.
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A Non-inclusive sensitivities to HNLs

This appendix summarizes the expected sensitivities obtained for a HNL decaying into specific
final states, so they can be easily recasted once the information on expected efficiencies and
background is available for each channel. Our results are shown in figure 5, where the different
lines correspond to different decay modes of the HNL.
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