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Present and upcoming neutrino experiments can have considerable sensitivity to dark sectors that interact
feebly with the Standard Model (SM). We consider dark sectors interacting with the SM through irrelevant
portals that are motivated on general principles. We derive bounds on such scenarios by considering decays
of dark sector excitations inside the neutrino detector, placed downstream from the target. Our approach is
model agnostic and applies to a wide range of dark sector models, both strongly and weakly coupled. In this
approach, the dark sector is characterized by two scales; ΛUV (mass of mediators generating the portals)
and ΛIR (mass gap of the dark sector). At intermediate energies, far away from these scales, the theory is
approximately scale invariant. This allows the calculation of production rates independent of the threshold
corrections, although some mild model-dependent assumptions are needed. We look at various dark sector
production processes relevant at neutrino experiments such as meson decays, direct partonic production, and
dark bremsstrahlung. We consider representative experiments from past (CHARM), present (ICARUS,
NOvA, MicroBooNE), and upcoming future (DUNE-MPD), and compare their reach to existing bounds
from high-energy experiments (LHC and LEP) and dedicated future LLP experiments (SHiP). We find that
the upcoming DUNE-MPD can probe ΛUV in the TeV range, and ΛIR in the 0.1–1 GeV range, covering
parts of parameter space currently inaccessible in high-energy experiments and fixed-target/beam dump
experiments, and is comparable to future LLP experiments. In general, future neutrino experiments can be an
efficient probe of dark sectors, providing complementary as well as a new reach in parameter space.
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I. INTRODUCTION

Secluded sectors with their own particle content and
dynamics, that interact with the Standard Model (SM)
feebly, are well-motivated for a variety of reasons. If such
sectors contain or interact with dark matter, they are a natural
scenario to probe in terrestrial and cosmological studies.
Such sectors can also arise naturally from bottom-up beyond
the standard model (BSM) considerations motivated to
address various issues in SM, as well as in top-down string
constructions. The hidden valley scenario [1] initiated
various model-building and phenomenological aspects of
such dark sectors (DS), and this remains a focus of much
present research activity to date.
Dark sectors with sufficiently low production threshold

are generally probed by high-intensity experiments with
center-of-mass energies much lower than typical high-
energy collider machines. Such high-intensity experiments

involve a proton or electron beam (or even muon beam, see
Refs. [2–4] for future proposals of fixed-target experiments
with a muon beam) hitting a fixed target, producing a high
flux of SM particles alongside a beam of putative DS
particles (see Refs. [5–10] for general reviews on the
capabilities of high-intensity experiments). Due to weak
couplings to the SM, lightest DS particles once produced
tend to have long lifetimes, allowing them to travel macro-
scopic distances before decaying back to visible particles.
Suitable detectors placed downstream from the fixed target
can be used to discriminate a possible DS signal against SM
background.
Short- and long-baseline neutrino experiments happen to

be placed behind some of the most powerful proton beams
up to date. Thus, they provide an ideal and preexisting
infrastructure for probing low-scale dark sectors. In fact,
neutrinos themselves are a prototype for a DS, so it is not a
surprise that a facility for studying them is useful more
generally. Further, a rich short-baseline experimental pro-
gram for neutrinos has been planned at Fermilab (e.g.,
DUNE, SBNP, see Refs. [11–13] for experiment details,
Refs. [14–16] for recent studies on DS search at these
experiments). These new proposals will improve upon the
current neutrino experiments, using a higher number of
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protons on target (POT), and better detectors that can help
in reducing SM background [17], therefore leading to an
increased sensitivity for DS searches.
Apart from neutrino experiments, a natural setup to

probe DS is at future experiments proposed for long-lived
particle (LLP) searches (e.g., see Refs. [18,19] for a
review). These experiments are in the approval phase and
may require a longer timescale. Existence of current data
from neutrino experiments, and a fairly short timescale for
future ones to come online make neutrino experiments a
powerful and efficient probe of dark sectors.
Any broad-enough search for dark sectors must explore

all axes of ignorance of such scenarios. The dimensionality
D of the portal interaction between the DS and SM is one
such axis. While searches for DS interacting with the SM
via relevant portals (D ≤ 4) have been well-studied (see
Refs. [19–21] and references therein), the case of irrelevant
portals (D > 4) is equally well-motivated. Among these, the
axion portal (D ¼ 5) has been studied the most, especially
at the high-intensity frontier [22–28] (see Ref. [29] for a
study specific to neutrino experiments). Regarding other
irrelevant portals (D ≥ 5) that might connect the DS and
SM, some recent progress has been made [30–37]. In this
work, we probe SM-neutral dark sectors which interact via
irrelevant portals with the SM at neutrino-oscillation experi-
ments. On general principles we are led toD ∼ 5 andD ∼ 6
portals. Such dark sectors are in general very elusive due to
the irrelevant nature of the portal. The results presented here
are complementary to the constraints from current high-
energy terrestrial experiments and astrophysical data, pre-
sented in [30], and in specific cases, much stronger, as we
point out in the relevant sections.
In this work we consider various (inclusive) DS produc-

tion processes. Depending on the DS 4-momentum pDS, a
different production process can be relevant; meson decays
(for

ffiffiffiffiffiffiffiffi
p2
DS

p ≲M, the parent meson mass), direct partonic
production (for

ffiffiffiffiffiffiffiffi
p2
DS

p ≳ ΛQCD), or dark bremsstrahlung

(for
ffiffiffiffiffiffiffiffi
p2
DS

p
< ΛQCD). We require the DS states to be

produced away from any mass thresholds, which allows
estimating the rates based on general principles. DS
particles once produced are required to decay to SM
particles inside the neutrino near-detectors placed generally
∼Oð100 mÞ downstream from the target.1

Compared to previous attempts at studying irrelevant
portals, our work is more comprehensive, as we point out
now. Compared to [26,33], we study a more complete set of
operators, both in production and decay of DS particles. We
perform a detailed study of production modes through
irrelevant portals, such as dark bremsstrahlung and partonic
production, that have either been neglected or only consid-
ered partially [33–35]. We find that the bremsstrahlung

mode can be comparable to other modes and is necessary
for a complete analysis. Compared to [30,32] we focus on
high-intensity experiments, particularly on neutrino- and
other proton-dump experiments that were not considered
previously in this framework. We do so by adopting the
model-agnostic strategy outlined in [30]. More importantly,
this allows us to put bounds on strongly coupled light-dark
sectors through irrelevant portals, which as far as we know
is not a thoroughly studied scenario at high-intensity
experiments (except in [30]. See Refs. [32,36,38,39] and
references therein for searches at collider experiments).
Strongly coupled GeV-scale DS are relevant in frameworks
containing composite resonances from a new gauge
group, such as composite versions of asymmetric dark
matter [40–42], mirror world models [43,44], some incar-
nations of the twin Higgs paradigm [45], and are a natural
realization of the hidden valley scenario [1].
The outline of the paper is as follows. in Sec. II we

describe the dark sector portals and the relevant model-
agnostic framework for estimating inclusive rates, lifetime
and multiplicity of DS particles, also pointing out the mild
model-dependent assumptions we have to make to proceed.
In Sec. III we describe various DS production processes
relevant at neutrino experiments, while in Sec. IV, we
give an overview of the neutrino experiments we use to
constrain the parameter space, and describe our strategy for
estimating signal events from DS decaying inside the
neutrino detector. Our results and bounds can be found
in Sec. V with a discussion and summary in Sec. VI.
Appendixes A–E contain technical details.

II. A MODEL AGNOSTIC STRATEGY
(AND ITS LIMITATIONS)

In this section we discuss the relevant theoretical details
for studying dark sectors with irrelevant portal to the SM.
The emphasis is towards being as model agnostic as
possible, and only allowing for minimal model dependence
where necessary. We point out the assumptions we have to
make at various stages for this. Our work builds upon the
model agnostic approach first undertaken in [30], wherein
more details can be found.
Dark sectors with portal interactions to the SM from

irrelevant operators can be generated in a large class of
models, generically by exchange of heavy mediators
charged under both the SM and the DS. The general form
of such a portal is

κ

ΛD−4
UV

OSMODS; ð1Þ

where ΛUV is the mass scale of the heavy mediator, κ is a
dimensionless coupling, andOSM (ODS) are local operators
made of SM (DS) degrees of freedom. The dimensionality
of portalD ¼ ½OSM� þ ½ODS� is greater than 4 for irrelevant
portals. States in the DS are further characterized by a mass

1Far detectors are less constraining due to a very small angle
subtended to the interaction point.
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gap ΛIR, and the dynamics between the scales ΛUV and ΛIR
is approximately scale invariant. A large hierarchy between
these scales is a working assumption of this scenario. In
order to avoid strong constraints, we also assume that the
portal preserves both CP and flavor symmetries of the SM.
The most constraining portals are expected to be those

with lowest dimension D. In concrete examples of such DS,
both weakly and strongly coupled, the two lowest-dimension
DS operators are a scalar operatorO (of dimension ΔO ≲ 4)
and a conserved current operator JDSμ (of dimension 3).
While the dimension of a conserved current operator is fixed
to be 3 in 4D, the reason to take the scalar slightly marginal
is to ensure that the condition ΛIR=ΛUV ≪ 1 is realized
naturally. We will consider ΔO ¼ 3, 4 in this work. Specific
to a given model there can be other operators that generate
portals to the SM. However in the absence of a symmetry,
their dimension is either unprotected or requires additional
assumptions about the DS. We will therefore limit ourselves
with only a current and a scalar operator on the DS side. The
gauge-invariant operators on the SM side that can be used to
make a portal operator, with increasing scaling dimension,

are H†H and JSMμ ¼ f̄γμf; f̄γμγ5f; f ¼ l, q or JSMμ ¼
H†iD

↔

μH (see Table 1 in Ref. [30] for a complete list of
scenarios). The lowest-dimension Lorentz-invariant combi-
nations are then JDSμ JμSM, and OH†H. In the unitary gauge,

H†iD
↔

μH ∼ Zμ so that for this portal the interactions with the
DS proceed through a Z-boson. We will refer to this as the Z
portal. At the energy scales relevant at neutrino experiments,
Z is never produced on shell, so we can integrate it out and
generate an effective JJ operator where now the SM current
is the one that couples to Z. Therefore, considering JJ
portals where the SM current is either generic or the one for
Z, we cover all possibilities. We will refer to these as the
generic JJ portal and the Z-aligned JJ portal respectively.
Hence the lowest-dimension portals that can be

formed are

Lportal ¼
κO

ΛΔO−2
UV

OH†Hþ κJ
Λ2
UV

JDSμ JμSMþ κZ
Λ2
UV

JDSμ H†iD
↔μ

H

¼ κO

ΛΔO−2
UV

OH†Hþ κJ
Λ2
UV

JDSμ JμSMþ κZ
Λ2
UV

vEW
mZ

JDSμ JμSM;Z;

ð2Þ

where κO; κJ; κZ are dimensionless coefficients, vEW is the
electroweak VEV and in the second line we have integrated
out Z, which couples the DS current to JμSM;Z, the SM current
that couples to Z. The three terms in Eq. (2) are the Higgs
portal, the generic JJ portal, and the Z portal, respectively. It
is clear that a Z-aligned JJ portal can be obtained from the
Z-portal with a rescaling; κJ ¼ κZðvEW=mZÞ. For Δ≲ 4, all
these portals are of dimension D ∼ 6. In principle, a DS
described by a local quantum field theory (QFT) also

possesses a stress-energy tensor Tμν
DS of dimension 4, that

can be used to build dimension-8 operators with SM
dimension-4 operators. However, given a larger suppression
compared to the dimension-6 portals in (2), the bounds on
them are too weak to be of any interest.
If the energy

ffiffiffi
s

p
of an experiment that probes the DS is

such that ΛIR ≪
ffiffiffi
s

p
≪ ΛUV, the DS states are produced

directly in the conformal regime. Inclusive DS production
rates can be estimated using only the scaling dimension of
the DS operator, along with the optical theorem. The optical
theorem allows to sum over the DS phase space in an
inclusive manner and relates it to the imaginary part of the
two point function of the DS operator, which in turn is fixed
by the scaling dimension of the operator. In particular, the
optical theorem gives

X
n

Z
dΦDSjhΩjODSjnij2 ¼ 2ImðihΩjODSODSjΩiÞ; ð3Þ

where the DS operatorODS interpolates a DS state jni from
vacuum jΩi and the integration is over the entire dark-
sector phase space dΦDS.
This approach allows calculating the cross section for

DS production without specifying the fields that make the
composite operator ODS. While for irrelevant portals, the
matrix element does not decrease with energy (specific
behavior depends on the production mode), this needs to be
convolved with the structure functions (e.g., the parton
distribution functions/form factors/splitting functions,
depending on the production channel), and this changes
where the bulk of events come from. As long as the involved
pDS values are away from ΛUV, ΛIR, one can ignore the
events near the thresholds in a self-consistent manner.
Relatedly, the two-point function of ODS will also depend
on the ratioΛ2

IR=p
2
DS and p

2
DS=Λ2

UV. For self-consistency, we
again need both these ratios to be small. In particular, the
condition p2

DS=Λ2
UV < 1 effectively ensures the mediators of

mass ΛUV are not directly produced and the effective local
operator for the portal is a good description. In Ref. [30], this
was enforced by ensuring that the obtained bound on ΛUV

always satisfies this condition for the highest p2
DS used in the

calculation. In practice, this effectively resulted in a lower
limit on the parts ofΛUV ruled out, or completely invalidated
certain bounds. As we will see, for neutrino experiments,
where the involved energy is much smaller than LHC or
LEP, this condition is less detrimental. By restricting to
ΛUV ≳ 50 GeV, we are able to get useful bounds as well as
be consistent with the effective field theory (EFT) condition.
The condition onΛIR on the other hand needs to be imposed,
which we do for each production mode.
After production, the DS states will interact and decay

among each other, and eventually all the DS degrees of
freedom would decay to the lightest dark sector particle
(LDSP), which we denote by ψ. We will take the mass of ψ
to be of order ΛIR and this can be taken as our definition for
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the mass gap ΛIR. In the absence of additional symmetry, ψ
will decay back to SM states from the portal interactions
itself. Since the portal interactions are weak, the typical
time for DS states to decay among each other is much
smaller than the typical lifetime of ψ , and can be safely
ignored. Note that the LDSP is not the DM candidate in the
scenario under consideration—a DM candidate would need
to be much more long-lived, and will have a missing energy
signal. In this work we will assume that the DS relaxes
entirely to LDSPs, and leave the question of considering a
fraction of events to be missing energy, for future work.
The signatures of ψ depend on its lifetime, and this is the

first place where some assumptions have to be made, which
bring some model dependence. At high-energy colliders,
depending on the lifetime of ψ , one can get missing-energy
events, displaced vertices, or prompt decays, ordered by
decreasing lifetimes. Missing-energy events, being most
inclusive, need minimal information about the underlying
dynamics of DS, while displaced vertices and prompt
decays being exclusive, need some information. Note that
the requirement ΛIR=ΛUV ≪ 1 puts us away from the
prompt-decay regime, since in this limit, the lifetime
increases. Focusing on neutrino experiments, since the
detectors are placed some distance from the interaction
point, we are in the displaced vertex scenario. It is possible
to detect the decay of ψ inside the detector, or its scattering
against electrons or nucleons of the detector [46–53]. Both
signatures need some knowledge of the IR behavior of
the underlying theory, and are model dependent; however,
with varying degrees. For these two signatures, the
relevant DS matrix elements are

Decay∶ hΩjODSjψi ¼ afΛΔO−2
IR ;

Scattering∶ hψðpfÞjODSjψðpiÞi ¼ aFðpi; pf;ΛIRÞ; ð4Þ

where jΩi is the vacuum, f is a decay constant, F is a form
factor, and a is an Oð1Þ number, all of which are model
dependent. In this work, we will only focus on the decay
mode, as we explain this choice now.
The model dependence that enters in the decay case

comes in the combination af. The scattering process, on
the other hand, requires knowing the form factor which can
be a complicated function of the momenta (especially for
strongly coupled sectors). The functional dependence also
influences who ψ recoils against most efficiently. The spin
of ψ does not fix the portal, since one can make multiple
total spin states using two ψ . Further, depending on the
spectrum, an LDSP might up scatter to a close by state,
making the scattering inelastic (similar to what happens in
inelastic dark matter scenarios [54]), leading to a different
parametric dependence for the scattering cross section.
These aspects make it clear that scattering processes require
additional model-dependent assumptions, and we will not
consider them here. A further reason to choose decays over
scattering is that they have a larger signal-to-noise ratio,

and we will have more to say about it in Sec. IV. Note that
while there are weakly coupled models in which all the
LDSPs are stable under some accidental symmetry, and
therefore can only be studied through scatterings in the
experiments under scrutiny (and therefore our analysis will
not apply to such scenarios), in strongly coupled models
unstable resonances are expected generically.
The lifetime of ψ to decay to SM states, via the portal

itself, can be estimated in a straightforward manner.
However there are differences when the decay is from
mixing with a SM state or a direct decay. For a direct decay
from a portal of dimension D, the lifetime can be estimated
to be

1

τψ
∼ ΛIR

κ2

8π

f2

Λ2
IR

�
Λ2
IR

Λ2
UV

�
D−4

; ð5Þ

where the decay constant f is defined by the matrix element
hΩjOjψi ¼ afΛΔO−2

IR and a is an Oð1Þ number taken to be
1. Further, f can be estimated to be f ¼ ffiffiffi

c
p

ΛIR=4π, where c
is the number of degrees of freedom of the DS. On the other
hand, if the LDSP decays through mixing with a SM particle
such as Higgs, if the LDSP is spin 0, or Z, if the LDSP is spin

1 (e.g., through OH†H or JDSμ H†iD
↔μ

H respectively), the
lifetime in the limit ΛIR ≪ mZ=h is given as

1

τψ
¼ Γisin2θi; tan 2θi ¼

2δi
m2

i
; i ¼ Z; h; ð6Þ

where ΓZ=h is the decay width of Z=h evaluated at
mZ=h ¼ ΛIR, and the mixing parameter δi is

δh ¼ κO vEWf

�
ΛIR

ΛUV

�
ΔO−2

;

δZ ¼ κJ vEWf
mZΛIR

Λ2
UV

: ð7Þ

To model the hadronic decay of the scalar LDSP (that
mixes with the Higgs), we use the spectator quark model for
ΛIR > 2 GeV and the dispersive analysis for ΛIR < 2 GeV,
following [55]. For a spin-1 LDSP (mixing with the Z) we
again use the spectator quark model forΛIR > 2 GeV, and a
data-driven approach for ΛIR < 2 GeV, following [56,57]
for the vector and axial vector component respectively.
The next model dependent assumption needed in order to

evaluate the reach at high intensity experiments is how
many LDSPs are produced per DS shell, or equivalently
how many are excited by the DS operator acting on the
vacuum.Wewill take two benchmark values, nLDSP ¼ 2 for
weakly coupled dark sectors and nLDSP ¼ nðp2

DSÞ a func-
tion of the invariant mass squared p2

DS of the DS system,
similar to the case of QCD [58],
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nðp2
DSÞ ¼ A ðlog xÞB expfCðlog xÞDg; ð8Þ

where x ¼ p2
DS=Λ̄2, Λ̄ ¼ 0.1ΛIR, A ¼ 0.06, B ¼ −0.5,

C ¼ 1.8, D ¼ 0.5, and p2
DS is the invariant mass squared

of the DS system. Our results are not very sensitive to small
changes in nLDSP. In particular, as argued in Sec. V, its
impact on the exclusion plots will be mostly in regions in
which the LDSPs are light and long-lived.
Finally, we need to know the directional distribution of

the produced LDSPs, to estimate if they interact with the
detector. In the strongly coupled benchmark where typi-
cally nLDSP > 2, we assume that the LDSPs have a uniform
angular distribution in the rest frame of DS (i.e., the frame
in which pDS only has a time component), and we can boost
it to the lab frame to know its relevant distribution. A
uniform distribution in the rest frame is a simplifying
choice, and is well-motivated, at least for a certain class of
strongly coupled theories (e.g., see Ref. [59] for such a
scenario). Further, even if the distribution is not uniform per
event, it can be uniform when all the events are considered.
For light enough LDSPs, which are very boosted in the lab
frame, small deviations from this assumption do not change
our results significantly.
The weakly coupled case is in principle different, and the

angular distribution depends on the production mode, spin
of produced DS particles, and the specific form of the
portal. In general we expect Oð1Þ differences among the
possible LDSP angular distributions in the DS rest frame.
For example, in Drell-Yan (DY) production the typical
LDSP distribution is either proportional to sin2 θ or 1þ
cos2θ for scalar and light fermion LDSPs respectively. The
difference between the two distributions is that the scalar
distribution is more peaked around the most probable
LDSP lab angle ∼1=γDS. However, since the LDSP is
produced with a high boost, any differences in the
distribution are washed out, and we can assume an isotropic
distribution in the DS rest frame as before. We have
checked this by an explicit computation.

III. PRODUCTION MODES AT PROTON
BEAM-BASED EXPERIMENTS

Even though at neutrino experiments the primary
process is a proton interacting with a nucleus, depending
on the energy scale of the process, there are various
production modes to consider. In this work, we consider
experiments based on 120 GeV and 400 GeV beam
energies. For such energies there are three relevant
production modes. First of all, the proton nucleus inter-
action creates mesons, which may decay into lighter
mesons and DS states, or completely annihilate into DS
states. Denoting the 4-momentum carried by the DS state
as pDS, this requires p2

DS ≤ ðMheavy −MlightÞ2 for the first
scenario and p2

DS ¼ M2
heavy for the second. We will refer to

these as radiative and annihilation meson decays (MD)

respectively. For p2
DS ≳ Λ2

QCD, the incoming proton is at
high enough energies so one has to consider the partonic
process involving constituents from the incoming proton
and the nucleons in the target, and we refer to this as the
Drell-Yan production mode. For p2

DS ≲ Λ2
QCD, DS states

can be produced from initial state emission, which we will
refer to as dark bremsstrahlung (DB) mode. For each of
these processes, the production cross section has a differ-
ent differential distribution in p2

DS. Figure 1 shows a
comparison of the differential DS production cross section
for DY, DB, and radiative MD mode, for Z portal, at
120 GeV beam energy. The radiative MD mode is flat in
pDS, switching off when the phase space for DS produc-
tion closes, which in turn is set by the parent meson mass.
The DB mode switches off around ΛQCD beyond which it
is not a valid description of the scattering process. The
sharp peak in the DB mode is due to meson resonance, as
seen in the form factors (see Appendix A). The switch off
of DY mode comes from the drop in the parton distribution
functions (PDFs) of constituents of the proton at higher
p2
DS, given

ffiffiffi
s

p
of the experiment, and is a slower drop.

We remark that dependence of the production cross
section on the center of mass energy

ffiffiffi
s

p
of the experiment

is not the one given by naive power counting (i.e.,
σ ∼ sD−5=Λ2D−8

UV ), and is general dependent on the produc-
tion mode. For MD and DB modes, the typical scale of the
process is not set by the center-of-mass energy of the
experiment, but rather by the hadronic resonances. There is
a residual dependence on

ffiffiffi
s

p
in the meson production cross

section and in the proton-nucleon cross section respec-
tively, but typically this dependence is much weaker than

FIG. 1. Relative importance of various production modes: the
scaled differential cross section for DS production at DUNE-MPD
(Ebeam ¼ 120 GeV) as a function of p2

DS for various DS produc-
tion modes (for Z portal). Solid yellow shows meson decay
K → π þ DS, dotted green line shows dark bremsstrahlung mode
(pþ p → X þ DS), and dashed blue line shows Drell-Yan mode
(pþ p → DS). The reported cross-section is per proton-on-target,
and is without the geometric acceptance factor ϵgeom (which at
DUNE is approximately 10−3 for DY and meson modes and
around 10−2 for DB mode).
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the expected one above the specific hadronic production
threshold. DY production instead is more sensitive on

ffiffiffi
s

p
.

These features are easily seen in Fig. 1.
Independent of the production mode, we need to

estimate the number of DS signal events S produced.
This is generically given as

S ¼ Nsignal ¼ NDSPdecayϵgeo; ð9Þ

where Pdecay is the probability for at least one LDSP to
decay inside the radial location of the detector, ϵgeo is the
geometric acceptance for the LDSP direction to intersect
with the detector, and NDS is the number of DS states
produced. For more than one production mode, a sum is
implied. Note that we have defined a signal event as one in
which at least one LDSP decays inside the detector. The
case of more than one LDSPs can be accounted for by
multiplying the single LDSP probability with the number
of LDSPs produced, and it’s included in the definition of
Pdecay (see Appendix C for a detailed discussion of this). As
the final step to get the number of signal events S, we have
to express NDS in Eq. (9) in terms of the (inclusive) signal
cross section σS as

NDS ¼
NPOT

σpN
σS; ð10Þ

where σS is the cross section for DS production,NPOT is the
total number of proton delivered on target during the
duration of the experiment (projected years for future
experiments), and σpN is the typical proton-nucleus cross
section for the proton beam hitting the target, taken
constant for the center-of-mass energies of the experiments
we consider [60],

σpN ¼ A0.7749.2 mb; ð11Þ

with A the target nucleus’ atomic weight. In Eq. (10), we
are considering only DS production in the first interaction
length of the target (or the dump for beam dump experi-
ments), neglecting production happening at later lengths
with a degraded beam. Our computations are therefore
conservative.
Specific to the case of meson decays, for a given meson

M and in a given decay channel C, NDS is given as

NDS ¼ NPOTNMBrCðM → DSðþmÞÞ; ð12Þ

where NM is the number of mesons produced per collision
and BrC is the branching ratio of the meson M to the DS
(which may be in association with other mesons m).
Strictly speaking, the various factors that go into the

estimation of the number of signal events Nsignal depend on
the kinematic information, the production mode, and the
details of the detector (e.g., on- vs off-axis). For example,

depending on p2
DS, the boost of the DS states and therefore

its decay probability is different. Further, depending on
whether the DS is produced with a nonzero transverse
momentum or not, the angle subtended at the detector can
be different. The correct procedure would be to consider
differential quantities and integrate over the allowed range.2

This however can obscure the relation between a given
experiment and the probed parameter space. As a way out,
we use the average value of boost factor for estimating the
probability, and compute the average geometric acceptance.
In Appendix E we compare this procedure, referred to as
factorized approach, with the exact procedure, called the
full approach, and show that the difference between the two
is small.
This simplified strategy to compute bounds is useful for

the following reason. While production quantities such as
the cross section depend in a trivial way on ΛUV and very
weakly onΛIR via the kinematic condition p2

DS ≥ n2LDSPΛ2
IR,

the decay probability depends on both parameters. By using
averages in the production quantities allows factorizing
them from the decay probability. This procedure therefore
allows an analytic understanding of ΛUV dependence on the
number of signal events. Given the vast array of cases,
coming from different experiments, different production
channels (which can depend also on extra parameters like
the dimensionΔ), different decay channels, and the strongly
vs weakly coupled scenario, this factorization allows to
track the ΛUV dependence clearly, and also speeds up the
computations.
We next briefly outline the details of the three production

modes discussed earlier.

A. Meson decays

The considered portals between the SM and the DS can
cause mesons to decay into DS states. Once the mesons are
produced by the incoming proton hitting the target, they can
decay in two ways. The first possibility is a heavier meson
M decaying into a lighter SM state (such as another meson
m) along with DS states. This is to be contrasted with the
case when the mesons decay just into the DS states and
nothing else. These two are the radiative decay and
annihilation decay modes respectively. The differential
production cross section for radiative decay, as shown
in Fig. 1 for the Z portal, is flat in pDS up to kinematic
threshold. The decay width for both modes can be approx-
imately estimated, keeping the portal generic,

Γ ∼ κ2 g2SMΦðΔÞ
�
fM
M

�
a

8><
>:

v2

m4
h

M2ΔO−1

Λ2ΔO−4
UV

; OH†H portal;

M5

Λ4
UV
; JJ portal;

ð13Þ

2Note that for meson annihilation decayM → DS, p2
DS is fixed

to M2.
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where κ is the portal coupling, M is the mass of the parent
meson, fM is the decay constant, ΔO is the dimension ofO,
gSM is a dimensionless coupling built out of dimensionless
SM couplings (like the gauge couplings, loop factors, extra
SM particles’ phase space, and relevant spurions), andΦðΔÞ
is the phase space factor coming from the integration over
the DS degrees of freedoms [e.g., see Eq. (14)]. The
exponent of the dimensionless ratio ðfM=MÞ depends on
the process, and is −2 for processes coming from the axial
anomaly, þ2 for tree-level processes from the chiral
Lagrangian and 0 for processes directly proceeding through
the portal (without going through the chiral Lagrangian). In
this estimate we have ignored the lighter meson mass for
radiative decay, and have not included the meson form
factors for simplicity. In our full analysis we include all
these effect. We next discuss specific details of the radiative
and annihilation decays as DS production modes.

1. Radiative decays

For the radiative decay of the form M → mþ DS
proceeding via a flavor violating loop, the DS state is
produced either by the quark line, and/or by the internal W
loop (which is necessary to change the quark flavor). This
depends on the portal operator. For JSMμ JμDS portal where
JSMμ is the quark current, the DS is produced just by the

quark lines, whereas for JSMμ ¼ iH†D
↔

μH ∼ Zμ, the DS
states can be produced by attaching a Z to the quarks,
or to theW in the loop.3 The DS states can also be produced
by the Higgs portal OH†H. To understand their relative
importance, let us consider the ratio of the branching ratios
of the two different portals for DS production,

BROHH

BRJHDH
∼

3456ΓðΔOþ1=2Þ
π1=2Γð2ΔOÞΓðΔO−1Þ

M2

m4
h

ðM−mÞ2ΔO−6

Λ2ΔO−8
UV

ð14Þ

with M (m) being the mass of the heavy (light) meson, ΔO
the dimensionality of the operator O, where for the Higgs
portal case we have used the usual effective Lagrangian
couplingCijd̄iLd

j
Rh between the flavor changing quarks and

Higgs (see Ref. [30] for example) and for the Z-portal case,
we have considered only the top-quark contribution in the
loop of the Oðm2

t =m2
WÞ. It is clear that for ΔO ≥ 4,

production through the Higgs portal is suppressed with

respect to the Z portal and will give weaker bounds. We
discuss this in more detail in Sec. V D.
For production through a ΔO ¼ 3 Higgs portal, even

though the ΛUV scale probed is higher than Z portal-
production case (discussed in more detail in Sec. V D), the
bound is still at most only marginally stronger compared to
missing-energy searches at LHC [30]. In this subsection we
will mostly focus only on the Z portal production for
mesons, but will make some comments about the Higgs
portal case in Sec. V.
Examples of radiative meson decay processes are

Kþ → πþ þ DS, Bþ → Kþ þ DS, and Dþ → πþ þ DS,
and a prototypical diagram (for Kþ → πþ þ DS) is shown
in Fig. 2. In general, these processes proceed through
insertion of two Cabibbo-Kobayashi-Maskawa (CKM)
entries, so that for flavor i going to j, the amplitude
approximately scales as

P
k V

CKM
ik VCKM

kj fðmk=mWÞ, where
mk is the quark mass of flavor k,mW is the Wmass and fðxÞ
is a loop function [61,62]. For D mesons, for which the
underlying process is c → u, there is no top quark in the
loop, as opposed to B, K decays, which makes theD-meson
process suppressed. As a result, the D decays are not very
constraining—e.g., the large number of D mesons expected
at SHiP (enhancement by ∼104 compared to B-meson
production, see Ref. [63]) is not enough to overcome the
CKM suppression of ∼10−12.
Due to the abundant number of K mesons produced at

neutrino experiments, K → π þ DS decay is an important
mode for DS production. For this process, and for the Z
portal case, the Feynman diagrams are shown in Fig. 2. Note
that one must include penguin diagrams as well as self-
energy diagrams [61,62]. The DS production rates can be
obtained from the SM calculation for ds̄ → ν̄ν, but with
some modifications. We can use the SM results if we keep
only the penguin diagrams and omit the box diagrams in the
ds̄ → ν̄ν process, since the latter are specific to the neutrino
coupling (e.g., see Ref. [62]). This however must be done in
the unitary gauge since the box and the penguin diagrams are
needed together to make the result gauge invariant in an
arbitrary gauge, but their gauge-dependent parts vanish
individually in the unitary gauge [62].4 Once these subtleties
are addressed, we can simply replace the neutrino-current

FIG. 2. The underlying quark level transition in DS production via Z portal in flavor-violating decays such as K → π þ DS.

3We are working in the unitary gauge.

4If we stayed in arbitrary gauge, the DS would also couple to
the longitudinal modes of W and hence the box diagrams would
also contribute. In the unitary gauge, H†DμH ∼ Zμ, the DS does
not couple to W, and the box diagrams’ contributions vanish.
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coupling to Z, gEW=2 cos θWðν̄LγμνLÞ, with the DS current
coupling to Z, ðκJvEWmZ=Λ2

UVÞJDSμ . This allows us to write
the rate of decay of Kþ → πþ þ DS, using the optical
theorem, as

ΓKþ→πþþDS ¼ 1

2MK

�
GFffiffiffi
2

p gEW cos θW
8π2

�
2m2

Zv
2
EWκ

2
J

Λ4
UV

×

�X
j¼c;t

V�
jsVjdD̄ðxj; xu ¼ 0Þ

�
2

×
Z

d3pπ

ð2πÞ3
1

2Eπ
MμM�

ν

× 2 ImhJμDSðpDSÞJνDSðpDSÞi; ð15Þ
where GF is the Fermi constant, θW is the weak mixing
angle, gEW is the electroweak gauge coupling, MK is the
mass of the K meson, vEW is the Higgs VEV, mZ is the
Z boson mass, Eπ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

π þ jp⃗2
πj

p
, pDS ¼ pK − pπ , Mμ ¼

hπþjd̄γμsjKþi is the SM-QCD matrix element (see
Appendix B 1 for details), and Vij are CKM matrix
elements. The loop functions D̄ðxjÞ, where xj¼m2

j=m
2
W ,

sum the contributions from various diagrams. The upper
limit for pπ integral is fixed by the kinematic require-
ment p2

DS ≥ n2LDSPΛ2
IR.

Apart from the decay Kþ → πþ þ DS, one can also
consider the decays of K0

L and K0
S. We can obtain the

partial width of K0
L from that of Kþ using Ref. [61] by

replacing jV�
jsVjdj2 in Eq. (15) with jImðV�

jsVjdÞj2. The
K0

S → π0 þ DS decay is less constraining since it has a
smaller branching ratio due to the large width of K0

S (see
Refs. [16,64]).
We next consider decays of B mesons to DS which is

relevant at proton-beam experiments with higher beam
energies (e.g., SHiP and CHARM, with Ebeam ∼ 400 GeV,ffiffiffi
s

p
∼ 27 GeV). These high-energy proton beam experi-

ments would also have a high K-meson production rate but
a large number of them get absorbed in the beam dump or
target. Unlike B mesons, kaons have a decay length5 which
largely exceeds the hadronic-interaction length (lH); hence
they tend to be absorbed in thick targets (for a target length
of several lH s) and only a fraction of them then decay to
DS before absorption [55,65]. For estimating this, we use
Ref. [65] for SHiP, and Ref. [55] for CHARM.

The B-meson decays to lighter mesons like K and π take
place via Z-penguin diagrams which we already encoun-
tered in the case of Kþ → πþ þ DS (see Fig. 2) except for
the appropriate exchange of external quark flavors
(b → s=dþ DS instead of s → dþ DS). Of all the B decay
modes, we find that the largest contribution to signal comes
from the decays B → K þ DS and B → K� þ DS [66]. For
example, even though the partial width for the decay of
Bs → ϕþ DS is twice of B → K þ DS, the number of
signal events from Bs decays are suppressed due to smaller
number of Bs mesons produced with respect to B� and B0

mesons at SHiP [63]. The contribution from B → π þ DS is
suppressed with respect to B → K þ DS by a factor ∼20
coming from jVtsj2=jVtdj2 that enters in the respective
decay widths [61]. This same suppression applies when
comparing B meson decays to vector mesons: B → ρþ DS
is suppressed with respect to B → K� þ DS. We calculate
the partial decay widths for these B decays in the same way
as in Eq. (15) using the appropriate QCD matrix elements
from Eqs. (B2) and (B4) in Appendixes B 1 and B 2.
We do not consider DS production from radiative decays

of pseudoscalar mesons like π; η; η0. Their radiative decay
into γ þ DS through a generic JJ portal is suppressed by
the loop factor from the chiral anomaly triangle diagram,
from the electromagnetic coupling and from the lightness
of the meson in the π case [33].6

Radiative decays of vector mesons like ρ and ω can also
produce DS via decay modes like ρ0 → π0 þ DS, etc.
These decays would occur via flavor-conserving transi-
tions producing DS either through Z portal or SM vector
quark current. The number of DS events from this mode is
subleading due to the large width of ρ meson with respect
to K meson width (Γρ ∼ 10−1 GeV ≫ ΓK ∼ 10−17 GeV).
Moreover, the radiative decays of vector mesons V →
DSþ P, where P is a generic pseudoscalar, are suppressed
since the interaction mediating the process come from the
same triangle diagram mediating pseudoscalar radiative
decays like π0 → γ þ DS.
Recently [67] considered three-body leptonic decays of

mesons to put bounds on leptophilic ALPs. In our case too,
DS can be produced from such leptonic charged meson
decays such as from the decay Kþ → μþ þ νþDS via Z
portal. However, we find this mode to be very suppressed
with respect to K → π þ DS, due to phase-space suppres-
sion (see also [68]).
Eventually, to calculate the number of DS events from a

meson decay, we use Eq. (12). It is clear from Eq. (12) that
the meson decay mode that gives the strongest bound would
depend on NM, the number of parent mesons produced per

FIG. 3. DS produced via Z portal in annihilation decays of
vector mesons.

5The decay length of K�; K0
L is ∼3 meters ≫ lH ∼ 15.3 cm

for SHiP and CHARM target [55].

6For the Z portal case, one external leg of the triangle diagram
would produce Z which can couple with DS. This mode can give
bounds at LSND due to the huge number of pions (Nπ0 ∼ 1022),
and we find that the ΛUV probed is comparable to CHARM in the
meson-production mode.
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POT at a given neutrino experiment. In general, this can be
estimated as the ratio of production cross section of the
meson to the total cross section between proton beam and
target: NM ¼ σpN→M=σpN . We take these numbers for
various experiments from Ref. [63] (also see references
within) for 400 GeV beam energy and from Ref. [14] for
120 GeV beam energy, which are obtained using PYTHIA

simulations.

2. Annihilation decays

DS states can also be produced via annihilation decays of
vector mesons through the JJ portal; V → DS where V can
be ρ;ϕ;ω; J=ψ (see Fig. 3). We do not consider DS
production from the annihilation decay of pseudoscalar
mesons from this portal since it will not be model
independent under our approach [30]; the pseudoscalar
decay matrix element is proportional to its momentum pμ,
which either vanishes when contracted to a conserved DS
current, or gives a term proportional to a new, model
dependent scale if the DS current is not conserved
(corresponding to the internal DS symmetry break-
ing scale).
In principle the same topology can happen for the Higgs

portal and scalar mesons (the matrix element for the spin-1
annihilation through this portal vanishes). However, given
the uncertainties in the details of scalar meson production
and their subdominance, we do not consider this possibility
here. The leading contribution in this topology for the Higgs
portal comes from FCNC CP-violating pseudoscalar anni-
hilation decays such as K → DS [69], and we will briefly
discuss them together with radiative decays in Sec. V.
For a general V, and for the case of V → DS via Z portal,

we can compute the decay width as before,

ΓðV → DSÞ ¼ 1

2mV

1

3
g2Z

κ2Jv
2

m2
ZΛ4

UV
f2Vm

2
V

×
X

ϵ�μðpÞϵνðpÞ2 ImhJμDSðpÞJνDSðpÞijp2¼m2
V

¼ κ2JcJ
96π

g2Zv
2

m2
Z

m3
Vf

2
V

Λ4
UV

; ð16Þ

where mV is the mass of the vector meson, fV is the decay
constant defined by hVðpÞjq̄γμqjΩi ¼ ifVmVϵ

�
μðpÞ, ϵ�μðpÞ

is the polarization vector for V meson, and gZ is the
coupling of q̄γμq to the Z-boson. Here we have again used
the optical theorem to do integration over DS phase space
and used the expressions reported in [30] for the imaginary
part of the correlators at mV ≫ ΛIR. Out of ϕ, ω and J=ψ ,
the largest branching ratio to DS would be that of J=ψ
because of the narrow total width, and a partial width which
is enhanced by the mass.
We find that the bounds from J=ψ → DS are comparable

to those from B → K=K� þ DS decays at SHiP. Despite
BRðJ=ψ → DSÞ=BRðB → K=K� þ DSÞ ∼ 10−2, the large

number of J=ψ mesons expected at SHiP as compared to B
mesons, NJ=ψ=NB ∼Oð100Þ compensates for this.
For neutrino experiments based on the 120 GeV NuMI

beam line, annihilation decays of lighter vector mesons like
ρ;ω;ϕ can give contribution to signal events. Out of the
three vector mesons ρ;ω;ϕ, we find that the leading
contribution to DS production is via ϕ meson decay to
DS. We can compare the branching ratio for ϕ and ω decay
to DS via Z portal,

BRðϕ→DSÞ
BRðω→DSÞ¼

BRðϕ→eþe−Þ
BRðω→eþe−Þ

m4
ϕ

m4
ω

ð−1
2
þ 2

3
sin2θWÞ2

e2s 4sin4θW
; ð17Þ

where es ¼ −1=3 is the EM charge of strange quark. Using
this we expect DS produced in ϕ decay to dominate over ω
decay to DS by a factor given by Nϕ=Nω × BRðϕ → DSÞ=
BRðω → DSÞ ∼ 0.007=0.03 × 50 ∼ 10. Here we have used
numbers for ϕ meson production at 80 GeV from Ref. [70]
and ω meson production at 120 GeV from [33]. A similar
estimate shows that the case of ρ is also subleading.
Therefore we only focus on the ϕ decay and do not consider
ρ and ω. Note that ρ and ω annihilation decays overlap with
the (vector) bremsstrahlung production mode when p2

DS
hits the resonance peak [52], not including them avoids
overcounting such contributions. We do not consider the
annihilation decays of heavier mesons like ϒ since its
production will be very suppressed at neutrino experiments
due to its large mass.
Now we outline how we compute the LDSP boost

entering the decay probability and geometric acceptance
factors for the meson production mode. More details can be
found in Appendix D 1. In order to calculate the decay
probability of the LDSP, we use the following estimate for
the average boost factor for the LDSP produced from
meson decays:

hγiLDSP ≈
hElab

DSi
hnLDSPiΛIR

; ð18Þ

where hElab
DSi is the average energy of the DS produced from

parent meson decay in the lab frame. We have checked that
an honest average of hγiLDSP matches this estimate very well.
To obtain hElab

DSi, the strategy is as follows: For radiative
decays of the form M → mþ DS, in the parent meson rest
frame, the DS 3-momentum p⃗0

DS ¼ fðp0
DSÞT; ðp0

DSÞzg can
be written using energy conservation as

jp⃗0
DSj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2 −m2 þ p2

DSÞ2
4M2

− p2
DS

r
; ð19Þ

and fixes ðp0
DSÞz ¼ jp⃗0

DSj cos θ0DS, where θ0DS is the angle
that the DS makes with the meson flight direction, in its rest
frame. For annihilation decays, of the formM → DS, the DS
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3-momentum in the meson rest frame is zero by momentum
conservation. We further assume that 3-momentum of the
mesons that decay to DS is perfectly aligned along the beam
axis i.e., θmeson ¼ 0.7

We next calculate [Elab
DS, ðplab

DSÞz] from [E0
DS, ðp0

DSÞz]
using the boost and the velocity of the parent meson in the
lab (which is along the z-axis), obtained from the average
meson momentum values for various experiments from
Table 6 in Ref. [33]. From ðplab

DSÞz, we can obtain jp⃗lab
DSj by

noting that the transverse component is unaffected by the
z-direction boost, so that everything is a function of θ0DS and
p2
DS. Finally, to get the average value of DS 3-momentum

hjp⃗lab
DSji, we average over cos θ0DS, since DS is isotropic in

this variable and set p2
DS to its average value for each

radiative meson case. We have again checked that this
matches a true average.
To get the final number of signal events as in Eq. (9), we

also need the geometric acceptance, which we again
compute as an average. See Appendix D 1 for details of
these computations, and Appendix E for a comparison
between using this average procedure with a more refined
analysis. Some typical values of hγiLDSP are given in
Table I.

B. Drell-Yan production

If the typical exchanged momentum from the protons to
the DS is comparable or larger than ΛQCD, the process is
able to probe the partonic constituents of the nucleon.
Given the energy scales involved, the protons are ultra-
relativistic, and using the PDF language to model the
interaction between the constituents is justified. Notice that
in our case, the condition to probe the partonic structure of
the nucleon is p2

DS ≳ 1 GeV2, which is a request on the
total DS system, and not on the mass ΛIR of the DS
constituents. This is unlike what happen in models in which
the mediator is produced on shell, such as in light dark
photon models. The production cross section is in general
dependent on the portal. A general estimate for the
amplitude of DY through a given portal can be obtained
on dimensional grounds, by assuming the typical momen-
tum to be

ffiffiffiffiffiffiffiffi
p2
DS

p
, and integrating over it to get the cross

section. For the Higgs portal, the partonic cross section
comes from Higgs exchange and is dominated by gluon
initial states, while for Z portal, there is a Z exchange, and
the initial states are the quarks. For the Z-aligned JJ portal,
the results of Z portal apply, once appropriately rescaled, if
the couplings are assumed to be Z-aligned (both in axial-
vector and isospin space). The Feynman diagram for such a
process is shown in Fig. 4. Due to the similarity with DY
annihilation process we dub this production channel DY.
Consider first the Higgs portal. The leading interaction at

the constituent level is due to gluon-gluon fusion (ggF)
processes: indeed light quarks, while abundant in the
proton, have a suppressed coupling to the Higgs, while

TABLE I. Average quantities hγiDS ¼ hElab
DS=pDSi, hγiLDSP, and hϵgeoi for Z portal and H portal production, for various production

modes, and for the weak/strong case. The reported numbers are for fixed ΛIR ¼ 10 MeV. For Higgs portal, we have taken ΔO ¼ 4. The
shown numbers are for DUNE-MPD (at 120 GeV) and SHiP (at 400 GeV) target materials (which sets the target atomic weight and
number A, Z respectively). The average DS boost hγiDS depends on the weak/strong case through the kinematic condition

ffiffiffiffiffiffiffiffi
p2
DS

p
≥

nLDSPΛIR imposed when calculating the average, and is a weak dependence. Annihilation decays of vector mesons does not proceed
through the Higgs portal due to mismatch in quantum numbers.

Elab
beam (GeV)

Z-portal production H-portal production

hγiweakDS hγistrongDS hγiweakLDSP hγistrongLDSP hϵgeoiweak hϵgeoistrong hγiweakDS hγistrongDS hγiweakLDSP hγistrongLDSP hϵgeoiweak hϵgeoiweak
Drell-Yan
120 (DUNE-MPD) 12 12 1490 160 0.004 0.004 9 9 1600 150 0.002 0.002
400 (SHiP) 25 25 4310 400 0.63 0.63 17 17 4830 364 0.54 0.54

Dark bremsstrahlung
120 (DUNE-MPD) 80 80 4500 655 0.040 0.040 74 74 4630 650 0.039 0.039
400 (SHiP) 270 270 15000 2200 1 1 250 250 15700 2200 0.96 0.97

Meson radiative decay K → π þ DS
120 (DUNE-MPD) 31 26 215 48 0.003 0.004 31 26 215 48 0.003 0.004
400 (SHiP) 55 45 375 84 0.79 0.89 55 45 375 84 0.79 0.89

Meson annihilation decay ϕ → DS
120 (DUNE-MPD) 8 8 403 61 0.001 0.001 � � � � � � � � � � � � � � �
400 (SHiP) 14 14 702 107 0.27 0.27 � � � � � � � � � � � � � � � � � �

7A more refined analysis using [14] shows that the most
probable value for the ratio between transverse and longitudinal
components of 3-momentum of decaying K mesons jpT

meson=
pz
mesonj ∼ θmeson ∼ 10−2 ≪ 1. Using a nonzero but small value of

θmeson does not change our final results.
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heavy quarks are rare in the proton. Following [66], the
effective ggF operator is, after integrating out the Higgs,

L ⊇ FðŝÞ κO
ΛΔ−2
UV

αs
16πm2

h

Gμν aGa
μνO; ð20Þ

where FðŝÞ is a function of the center-of-mass energy ŝ of
the process that accounts for the loops of internal quarks.
Given that our computation is valid only for pDS above the
QCD scale, we retain in F only the contributions coming
from the top, bottom, charm, and strange quarks. This
expression holds for center-of-mass energies much smaller
than the Higgs mass (true for typical neutrino and beam
dump experiments).
The cross section to produce a DS shell of total

momentum p2
DS can be computed by integrating over the

DS phase space using optical theorem,

σDYðHiggsÞ ¼AσDYðHiggsÞpp ¼ Aα2s
1024

κ2OcO
m4

hπ
7=2

ΓðΔOþ1=2Þ
Γð2ΔOÞΓðΔO−1Þ

×
Z

s

Q2
0

dp2
DSjFðp2

DSÞj2
p2ðΔO−1Þ
DS

Λ2ΔO−4
UV

×
Z

1

p2
DS=s

dx
sx

fgðpDS;xÞfgðpDS;p2
DS=ðsxÞÞ; ð21Þ

where A is the atomic number of the target nucleus, fg are
the gluon PDFs,8 x is the longitudinal momentum fraction
of one of the initial gluons in the CM frame and

ffiffiffi
s

p
is the

center-of-mass energy of the protons. The lower limit of the
integral over p2

DS is cutoff at Q
2
0 ¼ ð1.3 GeVÞ2, the lowest

for which the PDFs have been fitted, and below which the
process does not probe a single parton and the DY picture
breaks down. For consistency, Q2

0 must be more than the
minimum invariant mass of the DS system, ðnLDSPΛIRÞ2,
which we impose internally.

Next consider the Z portal. Since the quark-Z coupling
depends only on the up or down type of the quark, the
process is dominated by light quark-antiquark annihila-
tions. We will consider only contributions coming from up
and down quarks, for which the couplings are given as

g2u ¼
g2EW

cos2θW

�
1

8
þ 4

9
sin4 θW −

1

3
sin2θW

�
;

g2d ¼
g2EW

cos2θW

�
1

8
þ 1

9
sin4 θW −

1

6
sin2θW

�
: ð22Þ

Unlike the ggF case, the relevant PDFs depend on
whether the target nucleon is a proton or a neutron. We
approximate the neutron PDFs fni to be the isospin-rotated
PDFs of the proton fpi ,

fpu ¼ fnd; fpd ¼ fnu; fpū ¼ fn
d̄
; fp

d̄
¼ fnū: ð23Þ

The partonic cross section for the pp=pn interaction in the
limit of massless quarks reads,

σDYðZÞpp=pn ¼
1

1152π

g2EWv
4κ2JcJ

m4
Zcos

2θWΛ4
UV

Z
s

Q2
0

dp2
DSp

2
DS

×
Z

1

p2
DS=s

dx
sx

Xpp=pnðs; x; p2
DSÞ; ð24Þ

where

Xppðs; x; p2
DSÞ ¼ 2

X
i¼u;d

ðg2i fpi ðxÞfpī ðp2
DS=ðsxÞÞÞ;

Xpnðs; x; p2
DSÞ ¼ g2uf

p
uðxÞfpd̄ðp2

DS=ðsxÞÞ
þ g2uf

p
ūðxÞfpdðp2

DS=ðsxÞÞ
þ g2df

p
dðxÞfpūðp2

DS=ðsxÞÞ
þ g2df

p
d̄
ðxÞfpuðp2

DS=ðsxÞÞ: ð25Þ

In the PDFs used, we have taken the factorization scale to
be the exchanged momentum p2

DS and not indicated it
explicitly to keep the expressions simpler. Putting the
contributions from the protons and neutrons together, the
total DY cross section for the Z portal is

σDYðZÞ ¼ ZσDYðZÞpp þ ðA − ZÞσDYðZÞpn ; ð26Þ

where Z, A are respectively the atomic and weight number
of the target nuclei. Notice that in both Higgs- and Z-portal
scenarios the cross section increase with pDS, as expected
on dimensional grounds. The drop at high pDS seen in
Fig. 1 is due to the PDF convolutions.
In order to estimate the decay probability, we estimate

the average boost of the LDSP in the lab frame (not to be
confused with the boost of the total DS system) as given in

FIG. 4. Prototypical Drell-Yan process in Z portal for the DS
production.

8To compute the PDF integral, we used the nCTEQ15
PDF values [71], included in the MANEPARSE Mathematica
package [72].
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Eq. (18). The value for these averaged quantities is given in
Table I.
In principle, the boost should take into account the

angle in the DS frame: while particles in the DS frame
have roughly the same energy, in the lab-frame particles
emitted along the beam are more boosted with respect to
particles emitted in the opposite direction. We have
checked that this effect is negligible, when restricting
to particles hitting the detector. For the geometric accep-
tance, we notice that in the DY production mode, the DS
system has no transverse momentum and is collinear to the
beam axis. After boosting the LDSP momentum in the DS
frame we compute the angles that corresponds to the
detector. To estimate ϵDYgeo, we follow the prescription given
in Appendix D.
In general, in the DY production mode, events are

produced with larger p2
DS compared to other modes (see

Fig. 1). We also find that the average energy of the DS
system in the lab frame is not as high as in bremsstrahlung.
These lead to lower γ of the DS system, a larger LDSP
angular spread and therefore a slightly smaller ϵgeo for on-
axis detectors.

C. Dark bremsstrahlung (pp → DS+X)

Another possibility is for the DS states to be produced
directly from proton as an initial state radiation. In this case,
the exchanged momentum p2

DS is not hard enough to probe
the partonic structure. Following [73], we model the
process using the initial-state radiation (ISR) splitting
function formalism. The idea is to treat the DS as incoming
from the leg of the initial beam proton, which then becomes
slightly virtual—an almost on shell particle participating in
the rest of the process. In the following, we will use the
standard jargon; pT for the transverse momentum of the DS
system (in the plane orthogonal to the beam direction) and
zEbeam for its longitudinal momentum, where Ebeam is the
beam longitudinal momentum (in the lab frame).
The splitting function formalism works well when the

virtual particle is almost on shell. This means that in order to
get reasonable cross sections, we must integrate the vari-
ables pT and z in a subregion of their kinematically allowed
values, in which the virtual proton is not too off shell.

Denoting the proton after DS emission as p0, concretely, we
will consider the region in which the virtuality is small,

p02 −m2
p

E2
p0

¼ z2m2
p þ ð1 − zÞp2

DS þ p2
T

zð1 − zÞ2E2
beam

< 0.1: ð27Þ

The choice of 0.1 is arbitrary and our results are not
sensitive to small changes in this. In order to compute
the splitting functions, we need to compute the vertex
between the proton and the Z or Higgs. For the Higgs, by
using low-energy theorems [74] we can compute the
coupling between the Higgs and nucleon at zero momentum
to be ghNNhN̄N, where ghNN ¼ 1.2 × 10−3. To model the
momentum dependence of the form factor, we employ a
generalization of the extended vector-meson dominance
(eVMD) model, in which the DS state interacts with the
hadron by mixing with the scalar, CP even hadronic
resonances. The resonances’ propagators are taken to be
Breit-Wigners (BW), and the mixing coefficients are fixed
by using sum rules and by fitting the zero momentum
values. The form factor is taken from [73] and the specific
values used are reported in Appendix A 1.
We also need to take into account the fact that for too

high virtuality the quasireal proton stops interacting with
the target proton as a coherent object, and the bremsstrah-
lung computation breaks down. To do this we multiply the
previous form factor by a smooth cutoff [75],

FDðQ2Þ ¼ Λ4
p

Λ4
p þQ4

; ð28Þ

where Λp ¼ 1.5 GeV is the cutoff, taken to be near the
proton mass, and Q2 is the virtuality of the intermediate
proton,

Q2 ¼ z2m2
p þ ð1 − zÞp2

DS þ p2
T

z2
: ð29Þ

Finally, the cross section for the process is calculated by
factorizing the total cross section into the bremsstrahlung
part and a proton-nucleus (after bremsstrahlung) part. The
proton-nucleus cross section σnTSDpN is calculated using the
difference between the total inelastic proton-nucleus cross
section and the target single diffractive (TSD) contribution,
in which the target nucleus is diffracted but not disinte-
grated. This choice allows neglecting possible interference
between the initial-state and the final-state radiation [60,73].
According to [60,76], σnTSDpN is a slowly varying function of
energy, and for the energies involved, we can approximate it
as a constant

σnTSDpN ¼ 762ðA=56Þ0.71ð1 − 0.021ð56=AÞ0.36Þ; ð30Þ

FIG. 5. DS produced via Z portal in the bremsstrahlung
production mode.
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where A is the target atomic weight. We will now generalize
the results of [66,73] to higher-dimensional portals.
So far the discussion applies to any of the portals.

However, once a portal is specified, the involved form
factors change. Consider first the Higgs portal. Putting
everything together, the inclusive production cross section
is given as

σBremðHiggsÞ
pN ¼ σnTSDpN g2hNN

v2

16π9=2m4
h

ΓðΔOþ 1=2Þ
ΓðΔO− 1ÞΓð2ΔOÞ

×
κ2OcO
Λ2ΔO−4
UV

Z
dp2

DSdp
2
TdzjFHj2

× zðð2− zÞ2m2
pþp2

TÞ

×

�
1

m2
pz2þð1− zÞp2

DSþp2
T

�
2

p2ΔO−4
DS ; ð31Þ

where FH is the Higgs bremsstrahlung form factor built as
outlined before, and can be found in Appendix A 1. The
limits of integration are chosen to respect the kinematic
condition p2

DS ≥ n2LDSPΛ2
IR.

Next consider the Z portal case. The only difference is in
the form factors of the axial and vector current of the
proton. For the vector case, the production cross section is
given as

σBremðZ;VectorÞ
pN ¼ σnTSDpN

κ2JcJ
211π4

v4

m4
ZΛ4

UV

g4EW
cos θ4W

×
Z

dp2
DSdp

2
TdzjFV

Z j2

×

�
2

z
þ 4p2

DSzðp2
T þm2

pðz2 þ 2z − 2ÞÞ
ðm2

pz2 þ ð1 − zÞp2
DS þ p2

TÞ2
�
:

ð32Þ

The vector form factor FV
Zðp2

DSÞ is modeled by ρ (isotriplet)
and ω (isosinglet) exchange. We take three states for each
tower. Details are given in Appendix A. For the axial case,
the cross section is given as

σBremðZ;AxialÞ
pN ¼ σnTSDpN

κ2JcJ
211π4

v4

m4
ZΛ4

UV

g4EW
cos θ4W

×
Z

dp2
DSdp

2
TdzjFA

Z j2

×
2

z

�
1

m2
pz2 þ ð1 − zÞp2

DS þ p2
T

�
2

× ðp2
DSð1 − zÞ2 þ ðp2

T þ z2m2
pÞ2 þ 2p2

DS

× ðm2
pz2ð5þ ðz − 5Þzþ p2

Tð1þ z2 − zÞÞÞÞ:
ð33Þ

Similar to the vector case, for the axial form factor we take
the respective isotriplet axial vector exchange (there is no
contribution from the axial isosinglet resonances). Details
about the axial form factor FA

Zðp2
DSÞ are in Appendix A.

Combining the vector and the axial pieces we get

σBrem; ðZÞ
pN ¼ σBrem; ðZ; VectorÞ

pN þ σBrem; ðZ;AxialÞ
pN : ð34Þ

Notice that in Eq. (34) the interference term between the
vector and axial piece vanishes, due to the different
quantum numbers under parity of the two possible states.
The vector contribution to the cross section is subdomi-

nant with respect to the axial one, due to an accidental
cancellation in the vectorial quark coupling. The vector
contribution has a more narrow distribution in p2

DS than the
axial one, and it is peaked at m2

ω; this is because ω is much
more narrow than the isotriplet vectors and axial vectors
resonances mixing with the Z. Notice that the same exact
computation holds for a JJ portal aligned (in both Lorentz
and flavor space) to the Z quantum numbers. For different
coupling structure of JSM for a generic JJ portal, we can
decompose the proton-vector and axial form factors in their
isosinglet and isotriplet components to get the correct form
factor, shown in Appendix A.
An estimate for the cross section can be given by

exploiting the fact that the cross section is dominated by
the Breit-Wigner (BW) peaks in the form factors. The p2

DS
integral of the BW associated with an intermediate meson
m can be estimated as πf2mm3

m=ð2ΓmÞ, where we have used
the notation of Appendix A. Therefore, using the splitting
function to give the correct momentum scaling, up to an
Oð1Þ factor, the cross section for radiating DS particles
through a dimensionD portal made of a SM operator and a
dimension ΔO DS operator can be estimated as

σ ∼ σpNg2SMΦðΔÞf2m

8>><
>>:

v2

m4
h

m
2ΔO−1
m

Λ2ΔO−4
UV Γm

∶ OH†H portal;

m5
m

Λ4
UVΓm

∶ JJ portal;
ð35Þ

where, as in the meson case, gSM is a dimensionless SM
factor built out of dimensionless couplings (like the gauge
couplings), ΦðΔÞ is the phase space factor coming from
the integration over the DS degrees of freedoms, fm is the
coupling of proton to the meson m and Γm; mm, is its
decay width and mass respectively (see Appendix A). In
presence of multiple resonances, the estimate can be
done by restricting to the leading contribution of the BW.
For both the Higgs and Z portals the DS is produced
as a collimated state forming an angle with the beam
θDS ∼ pT=Elab

DS ¼ pT=ðzEbeamÞ. The average acceptance
ϵbremgeo is computed by averaging over all the kinematic
variables, and it does not differ much from the one
obtained by replacing θDS with its average. Details of
the computation of the geometric acceptance are given in
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Appendix D. To estimate the average decay probability,
we use the average LDSP boost, as defined in Eq. (18) (see
also Table I for typical values), with the only difference
being that the probability distribution is given by the
splitting function. The typical energy of the DS system in
the lab frame is roughly ð3=4ÞEbeam for all the portals
considered, larger than in DY case.

IV. EXPERIMENTAL SETUPS, SIGNAL,
AND BACKGROUND ESTIMATION

In this section we briefly discuss the experiments we
consider for obtaining the bounds on the ΛUV and ΛIR
scales, and the assumptions we make when obtaining these
bounds.
As explained in Sec. II, the relevant characteristics of

high intensity experiments are their beam energy Ebeam,
their integrated luminosity (reported as the total protons
on target NPOT) and geometric details of the experimental
setup. Further, the detectors in these experiments can be

placed on-axis (i.e., along the line of the incoming beam)
or off-axis (see Fig. 6 for a cartoon of the experimental
setup), which can change the geometric acceptance if
certain production modes are forward peaked. Specific
to the MD production mode, the number of meson NM

produced at a given experiment is an additional input,
as seen from Eq. (12). This depends on the target details
as well as the energy in the center-of-mass frame,ffiffiffi
s

p
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ebeammp

p
.

In this work we consider a representative set of past,
present, and future experiments. Table II gives the list of
considered experiments with the relevant parameters.
We show bounds from recasts of BSM search results

from past and current experiments, and projections from
current and upcoming experiments, considering a few
representatives from each category. We will also consider
a future dedicated LLP search experiment, SHiP, for
comparison, since it has a broad reach in typical DS
models (e.g., see Ref. [83]). We will take the SHiP

TABLE II. The relevant parameters for the experiments considered in this work. The quantities l and d are defined in Fig. 6. θdet stands
for the position of the detector center with respect to the beam line, with the origin taken at the interaction point. Entries with zero θdet
indicate that the detector is placed along the beam axis. θacc stands for the detector half-angular opening. Note that for MicroBoone
KDAR analysis, the K mesons are produced at rest (in the lab frame) so that θdet is irrelevant. The angle θacc for this case is measured
with the origin at the NuMI hadron absorber, placed Oð600Þ m from the interaction point [77].

Experiment NPOT (total) Ebeam (GeV) l (m) d (m) Off-axis angle, θdet (rad) θacc (rad)

CHARM [78–80] 2.4 × 1018 400 480 35 0.01 0.003
NOνA-ND [47,81] 3 × 1020 120 990 14.3 0.015 0.002
MicroBooNE (KDAR) [77] 1.93 × 1020 120 100 10.4 � � � 0.013
ICARUS-NuMI [11,16] 3 × 1021 120 803 19.6 0.097 0.005
DUNE-MPD [14,82] 1.47 × 1022 120 579 5 0 0.004
SHiP [65,83] 2 × 1020 400 64 50 0 0.078

FIG. 6. A cartoon of DS events produced at a typical neutrino detector (drawn not to scale); both on-axis and off-axis cases are shown.
In general the DS state may not be produced along the beam axis, as shown, though this is dependent on the production mode;
annihilation decays of mesons and DY production modes produce DS along the beam axis, while radiative decays of mesons and DB
production mode produce DS at a small angle from the beam direction.
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parameters to be very optimistic, to have a conservative
comparison with the neutrino experiments. A more com-
prehensive analysis that also considers other dedicated LLP
experiments can be useful, and will be done in future. The
best bounds from the high intensity experiments that we
consider are from the currently under construction DUNE
experiment and the proposed SHiP experiment. We also
show bounds coming from other experiments running at the
same beam energies of these two (120 GeV and 400 GeV,
respectively).
Out of past experiments, we show CHARM, a beam

dump experiment that ran on the CERN SPS (400 GeV)
beamline in the 1980s. CHARM searched for the decay of
axionlike particles (ALPs) into a pair of photons, electrons
and muons and found no events [78], and wewill recast this
search for our bounds. Our choice of the past experiments
are representative, and not based on the strongest bounds,
but rather on considering similar beam energies as DUNE
and SHiP (e.g., PS191 and νCAL, with beam energy of
19.2 GeV and 70 GeV respectively, can give a slightly
better bound than CHARM, but are much weaker than the
advocated future experiment DUNE. We will comment in
Sec. V about these two experiments).
We do not recast heavy neutral lepton decay searches of

CHARM or other past experiments like BEBC, or dark
particle scatterings as done for example in [84,85], given
the different final-state topology.
From existing experiments, we choose the MicroBooNE

and ICARUS experiments, based on the 120 GeV NuMI
beamline. These are two of the three detectors of Fermilab’s
short-baseline neutrino program (SBNP) [11].9 For
MicroBooNE, we will use the analysis in Ref. [77] for dark
scalars decaying into electron-positron pairs. For ICARUS,
we will use the results in [16], which studied DS coupled
through the renormalizable Higgs portal.10 DM searches at
another current experiment, MiniBooNE, based on 8 GeV
BNB beamline, use scattering [47,86], and as explained in
Sec. II, they require additional model dependent assump-
tions, so we will not consider them here. Another currently
running NuMI-based experiment is NOνA. We are not
aware of any search for DM decays done at this experiment
(for a scattering analysis, see Refs. [47,87], based on [81]).
Since NOνA is currently running, we show a possible
prospect of such a search. We assume that it will be possible

to reduce the backgrounds to negligible amounts, given the
good angular resolution of the detector.
For future experiments we look at the Deep Underground

Neutrino Experiment (DUNE). Reference [14] has pro-
posed the use of the multipurpose, high pressure gaseous
chamber—the multipurpose detector (MPD) present in
DUNE near detector complex for DS searches. We show
projections for our DS scenario for the future DUNE-MPD
as well.
Another class of future and existing experiments that

are worth considering are the ones that are built in a region
directly forward of the beam interaction point at LHC,
like the already running FASER [88], FASERν [89] (see
Ref. [90] for the recent analysis) and SND [91], and the
proposed experiments at the Forward Physics Facility
(FPF) [92]. These experiments are in spirit similar to
proton beam dumps, given that unlike traditional collider
experiments they are put directly in the forward region,
but have a much higher-beam energy. This can potentially
be relevant for nonrenormalizable portals. The reach of
these detectors have been thoroughly studied in the recent
past in the context of dark sectors; a nonexhaustive list of
works includes [64,93–95] for renormalizable portals at
FASER, [96] for ALPS at FASER, [97] for SND pros-
pects, [98] for a strongly coupled dark sector at the
FPF, [99,100] for renormalizable portals at the FPF
and [66] for FASER2 prospects. We will briefly comment
on their reach on these models in Sec. V.
In order to estimate the sensitivity of the selected current

and future experiments, an assessment of the background is
needed. We assume that beam dump experiments can be
made background free by imposing cuts with Oð1Þ signal
efficiencies, as seen in past searches, e.g., at CHARM [78].
On the other hand, at neutrino experiments, the neutrino
beam itself can be a source of background events. At these
experiments the typical mass of the LDSPs probed is
Oð10–100Þ MeV, therefore the available channels for
the LDSP decay to the SM are mostly photons and
electron-positron pairs, which produce electromagnetic
showers in the detector. Heavier decay products, such as
muons, will be reconstructed as tracks (but for all practical
purposes, we will treat them similar to the showers in this
section). The following discussions hold for any of the
decay products.
In principle, the two shower signature has no irreducible

background. Reducible background events come from hard
radiation of a single photon, or from neutral-current ν
scattering against a nucleus producing a π0, which then
decays into γγ. The produced photons then can convert into
eþe− pairs, that mimic the signal. However, it’s not
guaranteed that the two daughter particles will be recon-
structed as separate showers.
The typical condition in order to reconstruct the two

particles involves an isolation cuts between the decay
products, or in other words an angular separation cut.

9The third detector, SBND, is too far off-axis with respect to
the NuMI beamline and therefore its geometric acceptance is too
low to give meaningful constraints. These three detectors also run
on the 8 GeV booster neutrino beam (BNB), which is at a lower
energy than the NuMI energy, 120 GeV. We find the bounds to be
subleading compared to DUNE (but better than other detectors),
and do not consider it.

10Since the target specifications for NuMI beamline experi-
ments are the same as that of proposed DUNE-LBNF beamline,
we recycle the meson production numbers for DUNE-LBNF [14]
also for the NuMI beamline experiment ICARUS.
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The specific implementation depends on the specific detec-
tor and analysis strategy. We will briefly review what has
been suggested in previous works. However, many of the
relevant aspects can be understood more generally, which
we will elaborate with a relevant prototypical experiment
in mind.
For the ICARUS experiment, as suggested in [16], an

angular separation of 10° is enough to be able to separate the
two showers. Background events instead have a narrow
separation between the charged particles, or potentially two
showers that do not originate from the same vertex. The
angular cut reduces the background events to a negligible
amount. In [46] the authors elaborate on an analysis with
less stringent cuts but with Oð100Þ background events.
Indeed a strong isolation cut has low efficiency for lighter,
and therefore more boosted, LDSPs. This is especially true
for the models under consideration here, in which DB and
DY production modes are non-negligible and generate
LDSPs more boosted than the ones coming from meson
decays. For example, in DB, for the weakly coupled case
nLDSP ¼ 2, ΛIR ¼ 100 MeV, we expect the daughter par-
ticles to be separated by an angle of 1=γLDSP ≈ 0.15°, which
is smaller or comparable to the angular resolutions of some
of the detectors. This highlights a potential problem in our
framework, when reconstructing the signal. For this reason,
we suggest that at ICARUS, it might be better to avoid a
stringent cut in angular separation and work with Oð100Þ
background events [46], possibly reduced with an energy
cut and a cut on the direction of the DS system with respect
to the beam. Interestingly, for strongly coupled DS we
expect the angular separation condition to be less stringent
on the signal. Because of a larger nLDSP, the energy is split
among more LDSPs, leading to a suppression of the single
LDSP boost factor. For such sectors, assuming an average
nLDSP of Oð10Þ, the average separation angle is typically
Oð1°Þ for DB and 100 MeV masses, and less for other
production modes. Since this is of the order of the angular
resolution of ICARUS, it should be feasible to reconstruct
the signal events as separated tracks for masses not too light.
Specific to the DUNE-MPD detector, in [14,101,102] it

has been shown that boosted signal events have a narrower
angular separation compared to the more isotropic back-
ground distributions. Due to this difference the search can
effectively be rendered background free. Even in this case
the two decaying particles must be reconstructed as
separate particles, which these references claim to achieve.
In these studies, the typical opening angle between the
decay products is comparable to the weakly coupled
scenarios we consider in this work. Therefore, we take
this search to be background free.
If instead the two decay products are not separated, the

event will be reconstructed as a single electron event. The
background to this kind of event comes from νe charged-
current scattering, from ν-e elastic scattering events or ν
neutral-current quasielastic events. The idea of decaying

particle hiding behind the single electron signature has been
explored in [103,104]. In these works it is shown how to
recast the analysis of the LSND experiment (with a beam
energy of 0.8 GeV) that looked for νe charged-current
scattering [105,106] to put bounds on BSM particles
decaying into e−eþ, hiding as single electron events. In
particular, the decaying particle would present as an excess
of high-energy electron events near the maximum value of
the energy analyzed (200 MeV).11

Considering now a higher-beam energy experiment,
searches for charged-current at NuMI based experiment
(with beam energy 120 GeV) typically look for neutrino
with GeV energies, a bit lower than the typical LDSP
energy (see for example [107]). Other scattering analysis
typically look for ν-e elastic scattering. The cuts imposed
require a low-energy recoil, and a very forward electron. It
is unclear whether or not they can be used to put stringent
bounds on misidentified e−eþ pairs. It will be very
interesting to explore this signature of single electron
hiding in the high-energy tail of scattering events at high
beam-energy experiments, but we will not study this
signature here.
We would like to point out that it should be possible to

run the neutrino experiments in a beam dump mode,
essentially removing all the background, while keeping
almost all the signal (except the one coming from charged
meson decays). A beam dump proposal for DUNE has been
studied in [108], showing that indeed running in the beam
dump mode allows neglecting all the SM backgrounds in
the DUNE detector, albeit at a reduced luminosity of
roughly two orders of magnitude (one order of magnitude,
for the optimistic scenario). The idea to suppress neutrino
background by steering the beam off the target (as in the
beam-dump mode) has been already implemented at
MiniBooNE [86] (although looking for DM scattering
events) and MicroBooNE experiments. We will recast
the MicroBooNe search, which however is quite different
in spirit from the typical beam dump search, as it is
optimized to look for kaon decay at rest (KDAR). The
idea is to look for the decay products of kaons decaying at
rest in the NuMI hadron absorber, which have a very
peculiar directionality; in usual cases, the decay products of
produced kaons are collected by a detector placed further
down the beamline, whereas here the MicroBooNE detec-
tor is placed on the back side of the NuMI hadron absorber
(e.g., see Fig. 1 in Ref. [77]). This peculiarity allows the
signal events to be easily distinguished from background

11We do not recast LSND bounds in the DB and DY modes,
even if the intensity is one of the highest. For DY, due to a very
low beam energy of 0.8 GeV, the integration range of the partonic
center of mass energy is very small. For DB, the condition on the
integration domain of Eq. (27) is very constraining. Relaxing the
condition, by setting the rhs of Eq. (27) to 1, the bounds are still
worse than DUNE.
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events, with an estimated efficiency of 0.14 on signal
selection.
In addition to the backgrounds discussed so far, there is

an extra component coming from neutrino trident events,
in which a neutrino scatters against a nucleus in a purely
electroweak process, to produce a lepton-antilepton pair.
As argued in [14,109], the expected number of events is
Oð10Þ events at DUNE-MPD, while it is lower in other
liquid argon detectors like ICARUS. In more conventional
detectors like NOνA, Oð10Þe−eþ trident events are
expected [17]. Given the rather peculiar kinematics, it’s
possible to bring down these background events and
neglect them in the analysis [14].
For all these reasons, we will compute the signal yield

contours for 10 and 100 event lines when discussing
prospects for DUNE-MPD. Indeed ten events represent a
reasonable proxy for an almost background free search in
the presence of Oð1Þ experimental efficiency, although this
number could be brought down in specific experiments by a
more careful analysis of the reducible backgrounds. The
100 event lines instead can be representative of some signal
loss due to selection cuts (which could be present for
example in the weakly coupled case due to a small angular
separation) or for a reduction in NPOT, for example due to
running in dump mode for a limited amount of time.
From the experimental analysis we recast, we use

95% confidence level, including the signal efficiencies
reported. For CHARM [78] which observed 0 event, we set
a bound at 95% confidence level of Nsignal < 3, using
efficiency of 0.51 and 0.85 for the eþe− and μþμ− modes
respectively. For MicroBooNE KDAR [77] which observed
one event compared to a background expectation of 1.9
events, we require Nsignal < 3.8 at 95% confidence level,
with a signal reconstruction efficiency of 0.14.

V. RESULTS

In this section we present our bounds on the parameters
ΛUV, ΛIR. As we have argued before, the dominant
production mode is through the Z-portal, but the decay
can proceed through either Z-portal or Higgs portal. As
discussed in Sec. III, there are three production modes for
DS states, each of which has a different distribution in pDS
and therefore contributes differently depending on the
energy and the detector geometries. In Fig. 7 we show
the exclusion regions individually for the three production
modes, keeping to the Z portal decay for simplicity, for both
weakly and strongly coupled benchmark scenarios. We will
assume that the LDSP has spin-1 in order to fix the decay
parametrics. In Fig. 8, we show the combined bounds from
this work, for both Z and Higgs portal decays, and compare
against bounds from LHC and LEP from Ref. [30]. The
bounds for the Z-aligned JSMμ JμDS portal can be obtained
from the Z portal bounds simply by rescaling the signal
cross section as σZS=σ

JJ
S ∼ ðκ2Z=κ2JJÞðv2=m2

ZÞ. The case of

generic JJ portal is obtained from the Z portal by an
appropriate combination vector/axial parts of the current
and a rescaling of the couplings.
One can understand the general features of the excluded

regions. The right edge of excluded region (on the high ΛIR
side) is due to the LDSPs being too short-lived. Therefore,
the bound is roughly set by βγcτ ∼ ldetector. Given that
typically for high ΛIR, nLDSP for the weakly and strongly
coupled cases are very similar, the right edge of the
excluded region is almost identical for the weakly and
strongly coupled cases. The left edge of the excluded region
is instead due to the LDSPs being too long-lived,
βγcτ ≫ ldetector. In this case the exponentials appearing
in the decay probability [Eq. (C2)] can be expanded to
linear order and it is possible to get the slope of the right
edge. For example, in the weakly coupled case with both
production and decay through Z portal (or any generic 6D
operator) the right edge is set by a constant ðΛ6

IR=Λ8
UVÞ line,

where the factors come from the exponential expansion to
linear order and the 1=Λ4

UV in the production cross section.
For the strongly coupled case the n2LDSP factors have a
nontrivial dependence on ΛIR, and in general it is not
possible to get the slope. Its effect is to increase the total
signal events since the number of LDSPs is larger than in
the weakly coupled scenario considered. This enhancement
asymptotes to the weakly coupled case when ΛIR is close to
threshold due to the behavior of the chosen function.
In all these exclusion plots, regions bounded by solid

lines show the excluded parameter space from recasts
of past and recent DS searches (CHARM [78] and
MicroBooNE [77]). The region bounded by dashed con-
tours in our plots show the potential of current and future
upcoming neutrino experiments; NOνA-ND and ICARUS
(current), and DUNE-MPD (near future). To compare their
potential with future DS experiments, we also show the
projections coming from the future beam dump experi-
ment SHiP. For these projected exclusions, we have shown
the ten signal events line assuming 100% reconstruction
and detection efficiency. Following our discussion in
Sec. IV, for DUNE-MPD, we also show the 100 events
line in Fig. 8.
There are several features of the bounds which make the

neutrino experiments a very powerful probe for dark sectors,
in the parametrization considered in this work. First of all,
we find that the bounds from current and upcoming neutrino
experiments are comparable to dedicated DS experiments,
with a reach of ΛUV in multiple TeV range, for ΛIR in the
MeV–GeV range. This is similar to the ranges probed in
high-energy experiments like LHC and LEP (as done in
Ref. [30]). The typical scale l at which the detectors are
placed is much larger than the corresponding scale in the
LHC DV searches, and the typical boosts involved are also
different, which together select a somewhat larger τ and
hence a smaller ΛIR region compared to LHC. Importantly,
neutrino experiments fill the gaps in the parameter space
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FIG. 7. Constraints on DS production and decay from D ¼ 6 Z portal for various production modes: Meson decay (top row), Drell-
Yan (mid row) and dark bremsstrahlung (bottom row), for weakly coupled (left) and strongly coupled (right) benchmark cases.
Exclusions are shown in solid lines, while future projections are shown in dotted lines. The superscripts indicate the beam energy and the
on/off axis nature of detectors for each of the experiments considered. The black dotted lines show the LDSP lifetime τ isocurves, while
the gray dashed lines show ΛIR isocurves. The bounds assume p2

DS=Λ2
UV < 0.1 for EFT validity which is satisfied by restricting to

ΛUV > 50 GeV. All plots assume κ2i ci ¼ 1, where i labels the portal, κ is the portal coupling and c is a measure of degrees of freedom
of the DS.
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coming from trigger12 and event selection requirements at
LHC and LEP, since they are sensitive to much lower energy

activity in the detector. Even more importantly, in portals
which are not enhanced by a resonant production, the EFT
condition ðp2

DSÞmax < Λ2
UV makes LHC and LEP bounds

inconsistent, an issue which is again alleviated at neutrino
experiments due to a smaller

ffiffiffi
s

p
involved. All these features

are seen in the bounds in Figs. 7 and 8.

FIG. 8. Constraints on DS production through the D ¼ 6 Z portal, and decay through the same Z portal (top), or through D ¼ 6

OH†H portal (bottom), at various neutrino experiments. We have shown both the 10 event and the 100 event lines for DUNE. For
comparison, bounds from high-energy colliders (obtained in Ref. [30]) are also shown in gray (monojet searches with solid boundary
and displaced vertex searches with dashed boundary). The left (right) plots assume weakly coupled (strongly coupled) dark dynamics.
The exclusion from the Z invisible width measurement at LEP is shown by the horizontal solid black line. We restrict to ΛUV > 50 GeV
for EFT validity. All plots assume κ2i ci ¼ 1, where i labels the portal, κ is the portal coupling and c is a measure of degrees of freedom
of the DS.

12This could be improved with dedicated trigger designs, as
done in [110] for CMS in a different lifetime region than the
typical one of the gap.
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In the following subsections, we will discuss in detail
how prospective DS searches at neutrino experiments can
complement current bounds for different portals considered
in this work. Wewill also emphasize the difference between
the production modes, especially on how a particular
detector geometry can favor one mode over the other.

A. Z-portal production

Consider first the MD production mode through the Z
portal (Fig. 7 first row), where we show bounds from
various experiments. We also show bounds coming from
the MicroBooNE KDAR analysis [77] which is only
relevant for the MD mode. We find that for neutrino
experiments based at 120 GeV proton beam, in general
the strongest bounds come from radiative decays of K
meson (K → π þ DS) due to the large number ofK mesons
produced with respect to other mesons. However, for the
strongly coupled DS case where the kinematic condition on
p2
DS is stronger due to a larger nLDSP, we find that at DUNE

and ICARUS, ϕ → DS decays can give a stronger bound
on ΛUV as compared to K meson bounds. For experiments
based on 400 GeV proton beam, heavier mesons like
B; J=ψ can be produced in large numbers and can con-
tribute to bounds at CHARM and SHiP. These heavier
mesons can in principle probe larger ΛIR due to the relaxed
kinematic condition nLDSPΛIR ≲M, whereM is the mass of
the decaying meson. The ΛIR reach is correlated with the
ΛUV reach, for fixed lifetime. At SHiP, we indeed find
that J=ψ decays probe the highest ΛUV scales as opposed to
K-meson decays which suffer from the kinematic con-
dition. However, we find that K mesons can still improve
reach on lower ΛIR values relative to J=ψ , B mesons due to
larger geometric acceptance for K → π þ DS and larger
number of K mesons. At CHARM, we find that J=ψ → DS
decays give the leading bounds which dominate those
coming from K → π þ DS decays.
For the Drell-Yan (direct partonic) production mode

(Fig. 7 middle row), the best bounds come from SHiP, and
the other experiments only give subleading bounds. Within
them, due to the collinear nature of the produced DS beam,
detectors of the on-axis type are more sensitive to this
mode. Note that compared to the DB mode, the average DS
boost is smaller for the DY mode, so that the LDSP spread
is more and the off-axis detectors are penalized less.
For the case of dark bremsstrahlung (Fig. 7 bottom row),

the DS is produced very collimated along the beam line,
favoring detector geometries closer to it. We find that the
best bounds from neutrino experiments for this mode come
from DUNE-MPD. These are comparable in ΛUV and only
probe slightly smaller ΛIR values, as compared to the future
beam-dump experiment SHiP. This is because in brems-
strahlung the typical p2

DS is cut roughly around QCD scales,
and an increase in

ffiffiffi
s

p
at SHiP as compared to DUNE does

not lead to a large increase in the production cross section.
The other experiments shown, ICARUS-NUMI, NOνA and

CHARM give subleading reach in both ΛUV and ΛIR.
Despite an increase in the number of POTs with respect to
NOνA, ICARUS still has lower sensitivity due to a reduced
angular coverage. Both ICARUS and CHARM, due to their
off-axis nature, miss out signal events from the forward DS
beam, characteristic of the dark bremsstrahlung mode.
Combining all the production modes, in Fig. 8 we show

the final excluded parameter space, for both weakly and
strongly coupled benchmarks. We also show the results
from [30] which studied resonant DS production through Z
portals at high-energy colliders and presented exclusion
regions from ATLAS monojet search [111], displaced
vertex search [112,113], and from total Z-width bounds
from LEP [114]. The bounds presented here probe different
parts of the parameter space, in particular in ΛIR, even if the
ΛUV reach is comparable to before, and also probe gaps in
parameter space in earlier work that came from trigger
requirements. The complementarity of the bounds at
neutrino experiments, as compared to missing energy
and displaced searches at the LHC is due to the peculiar
position of the near detectors of neutrino experiments,
placed at Oð102Þ meters. We also find that the bounds are
stronger than past beam dump searches like E137 and
NA64 (whose results can be found in [30,33]) due to a
larger NPOT, and in some cases, larger beam energy.
From Fig. 8 we see that one of the current strongest

bounds for Z portal DS still comes from the indirect Z width
measurement at the LEP, ΛUV > 525ðk2JcJÞ1=4 GeV [30]
which is independent of ΛIR till the kinematic threshold.
This bound is stronger than CHARM and MicroBooNE.
Additionally, CHARM and MicroBooNE are also weaker
than the LHC monojet and displaced vertex bounds except
for the strongly coupled case (Fig. 8 top right) where they
probe slightly higher ΛIR values. Prospective DS searches
at current Fermilab neutrino facilities, ICARUS and
NOνA-ND, improve on CHARM and MicroBooNE, but
they are still weaker than the LEP bound.
Most importantly however, we find that future neutrino

detector DUNE-MPD will be sensitive to ΛIR in the range
Oð0.1 − 1Þ GeV for ΛUV of few TeVs, a region not covered
by LHC exclusions. Future LLP experiment SHiP based on
400 GeV proton beam would further improve sensitivity
with respect to DUNE-MPD and LHC searches. These
improvements are either due to a higher geometric accep-
tance from being on-axis or from having a wider detector,
or due to a higher beam energy.
Another past proton beam dump experiment νCAL, with

a beam energy of 70 GeV, has searched for the decay of a
scalar particle [115,116]. Recasting this search [117,118]
gives bounds slightly better than CHARM, excluding in
roughly the sameΛIR region, and withΛUV up to 1 TeV. This
is due to the fact that the bremsstrahlung cross section for
this energy is the same as of CHARM, given the proton
virtuality cutoff, the experiment has a similar luminosity, but
it is closer to the beam and target. The bounds are still
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weaker than DUNE and SHiP. Recasting the Heavy
Neutral Lepton search of PS191 [119,120], as suggested
in [121,122], gives bounds better than CHARM but worse
than νCAL and DUNE. We do not show these bounds to
keep the plots uncluttered.
Emphasizing the complementarity of neutrino experi-

ments with respect to the LHC searches, we note that for
the strongly coupled case (Fig. 8 top right), the LHC
(ATLAS) searches are not sensitive in a gap of parameter
space values close to ΛUV ∼ 500 GeV − 2 TeV and
ΛIR ∼ 0.1–0.5 GeV. We find that both future neutrino
experiment DUNE-MPD and dedicated LLP experiment
SHiP would remarkably fill this gap in the Z portal DS
parameter space. These gaps were due to trigger and event
selection requirements.
So far we have only considered decay through the

Z-portal, but the decay can also proceed through the
Higgs portal. Before proceeding with that, a couple of
comments about the interplay of the quantum numbers of
LDSPs and the relevant decay portals is in order. According
to the Landau-Yang theorem [123,124], a massive spin-1
particle cannot decay into two massless spin-1 particles. This
implies that if the LDSP is a spin-1 particle then for values of
ΛIR < 2me, the only decay channel is to three photons,
the decay width for which is very small, Γ ∼ α3EMΛIR

ðΛIR=ΛUVÞ4ðΛIR=meÞ8, and effectively the only signal is
a missing energy; the plots are not changed in the shown
range. If instead the LDSP is a spin-0 particle, there is no
such condition. However, for such small values of ΛIR, the
LDSPs are too long-lived and cannot be efficiently con-
strained at the experiments considered here. For this reason it
is crucial to realize that while production from the Higgs
portal is very suppressed, it might be relevant for decays if its
the only available decay mode. We should clarify that if
multiple portals are available for decay, one has to consider
the dominant one. When considering the LDSP decay
through the Higgs portal, we are assuming it to be dominant
compared to other portals. Note that a spin-1 LDSP cannot
decay through the Higgs portal due to quantum numbers.
In the bottom row of Fig. 8 we show the bounds where

the LDSP decay occurs through the Δ ¼ 4 Higgs portal.
The longer lifetime of the LDSPs, due to a very small
coupling to leptons and the extra Λ2

IR=m
2
h suppression

factor, effectively shifts the exclusion regions to higher ΛIR
regions. However, bounds from such values of ΛIR can be
suppressed due to being too close to the edge of allowed
phase space, effectively chopping off the bounded region.
This makes these bounds typically weaker than colliders, in
their ΛUV reach, although they still cover regions uncon-
strained by Z portal decays at higher ðΛIR=ΛUVÞ ratio.
Finally, for completeness, we will now tabulate con-

straints coming from invisible meson decays where the
LDSP is long-lived enough to escape detectors. Overall, we
find that these bounds are weaker in their ΛUV reach than
the ones coming from both LHC and neutrino detectors.

For the Z portal (both production and decay), the
strongest constraints from invisible meson decay come
from flavor-changing decays of B and K mesons (updated
with respect to Ref. [30]). We take the BABAR upper limit
for Bþ → Kþ decays [125]: BðBþ → Kþν̄νÞ < 1.6 × 10−5,
which gives

ΛUV

GeV
> 60ðκ2JcJÞ1=4;

ΛIR

MeV
≪ 108ðκ2JcJÞ−0.2ðweakÞ; 65ðκ2JcJÞ−0.2ðstrongÞ: ð36Þ

For the case of K → π þ DS, we take the upper limit
from the NA62 Collaboration [126]; BðKþ → πþ þ ν̄νÞ <
1.06 × 10−10 which gives

ΛUV

GeV
> 68.8ðκ2JcJÞ1=4;

ΛIR

MeV
≪ 83ðκ2JcJÞ−0.2ðstrongÞ ð37Þ

The bounds for a weakly coupled DS are similar. For the
case in which the LDSP decay is via ΔO ¼ 4 Higgs portal
instead, the bounds for the B- and K-meson decays
respectively are

ΛUV

GeV
> 60ðκ2JcJÞ1=4; for

ΛIR

GeV
≪ 1.6ðκ2JcJÞ−0.14; ð38Þ

ΛUV

GeV
> 68.8ðκ2JcJÞ1=4; for

ΛIR

MeV
≪ 77ðκ2JcJÞ−0.14: ð39Þ

In the above, the condition on ΛIR has been calculated
assuming a strongly coupled DS, and they do not change
significantly for the weakly coupled case.
The invisible decays from J=ψ which have been

searched for by the BES Collaboration [127] set an upper
limit on BðJ=ψ → ν̄νÞ < 7.2 × 10−4. However, we found
the resulting bound onΛUV to be weaker than those coming
from the BABAR and NA62 limits on B, K decays, and we
do not report it here.
A preliminary study of FASER and SND, using an

integrated luminosity of L ¼ 150 fb−1 and three signal
event exclusion, shows that the exclusion power of these
experiment comes mostly from the decays of SM forward
object like mesons or on shell Z, whose spectra can be
taken from the FORESEE package [128]. For the decay
through Z portal, the bounds are comparable to DUNE but
are in a slightly differentΛIR region due to a different boost,
and a different distance at which the detectors are located,
while for decays through Higgs portal (Δ ¼ 4) they can
improve the bounds up to ΛUV 1 TeV; this is because for
resonant production through Z portal, p2

DS ≃m2
z , allowing

for larger LDSP masses to be produced and tested. Future
experiments like FASER2 can exclude up to 10 TeV given
the larger luminosity and the dimensions of the detector,
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compared to its predecessor. These will be studied in detail
in a future work, together with other experiments at the
lifetime frontier such as MATHUSLA and Codex-b.

B. JJ portal (Z-aligned) production

Even though the Z-aligned JJ portal and Z-portal are
equivalent at neutrino experiments after an appropriate
rescaling of the κ, there is a distinction between them at
high-energy experiments that can produce a Z on shell.
Contrary to Z-portal case, for the Z-aligned JJ portal, the
LHC bounds are generally weaker due to the lack of
resonant production and EFT consistency condition on
ΛUV. For the same reason, there is no bound coming from
Z-width. In this scenario, the bounds on ΛUV come only
from LEP missing-energy searches (see Fig. 8 in Ref. [30]).
Therefore, regions in the parameter space with too short
lifetimes are not tested due to the requirement for the LDSP
to decay outside the detector. On the other hand, the bounds
coming from high-intensity experiments such as neutrino
experiments are essentially unchanged with respect to the
Z-portal case, so that all the discussion from before applies;
they are able to exclude a larger portion of ΛUV by roughly
one order of magnitude in the large lifetime region (low
ΛIR), compared to the LEP/LHC detector size, while it
excludes a completely unexplored region at small lifetime
(or large ΛIR).

C. JJ portal (generic) production

The previous sections can give us an insight on how
high-intensity experiments can put a bound on a generic
JSMμ JμDS portal, where JSMμ is a generic flavor-conserving
SM current. Missing-energy bounds coming from LHC
will still hold provided Oð1Þ couplings to light quarks,
although as explained in the previous section they are
limited by the EFT condition. If these are absent, (e.g., for
ēγμeJDSμ portal) the leading bounds come from LEP mono-
photon searches (ΛUV ≳ 102 GeV for ΛIR ≲ 100 MeV),
while electron beam dump experiments like E137 and
missing energy searches at NA64 put weaker bounds,
see Ref. [30].
Proton beam-based neutrino experiments cannot probe

hadrophobic current interactions given that couplings to
quarks are essential for all production modes. Since
neutrino experiments typically exclude LDSP masses for
ΛIR ≲ 2mπ , if the decay proceeds through generic JJ
portal, we need nonzero couplings to electrons. If that is
small, the Higgs portal may be relevant depending on
couplings. This feature is not present in missing-energy
searches at high-energy colliders and high-intensity experi-
ments, which only probe the production mode. This
problem can be circumvented if instead of looking at
displaced vertex signatures (where LDSP decays inside
the detector), in which both DS production and DS decay
into SM are required, scattering events are also considered.

As mentioned in previous sections, we do not look at such
signatures due to the extra assumptions needed with respect
to LDSP decays.
We remark that no big difference is expected from

changing the axial or vector nature of the SM current as
long as their coupling is of the same order. While for Z
portal the axial contribution to bremsstrahlung is larger
than the vector counterpart, due to the accidentally small
coupling of the vector component, this is not necessary for
a generic case. A similar argument also hold for DY mode,
while for MD mode the quantum numbers of the SM
current select the relevant meson processes (see
Appendix B for details). To conclude, as long as DS has
a coupling to proton and electrons in JμSM, we expect the
results to not change dramatically at fixed magnitude of the
couplings; the bounds presented in Sec. VA apply.

D. Higgs-portal production

The bounds at neutrino experiment for production
through ΔO ¼ 4 Higgs portal OH†H are very weak;
assuming decay through Z portal ΛUV ≪ 102 GeV for
DB and DY modes since these modes are suppressed by a
small Higgs coupling. Only radiative meson decays hap-
pening through a top loop do not suffer from such a
problem. The strongest bounds for this case then come
from meson decay K → DS where for DUNE-MPD, we get
ΛUV ≲ 12 GeV. This exclusion is much weaker than the
bounds coming from missing-energy searches at LHC and
Higgs coupling fits [30], ΛUV ≳ 450 GeV. For Δ ≥ 4 the
rate is suppressed with respect to the Z portal as explained
in Sec. III A. The situation is slightly improved for high-
energy beam experiments like SHiP (where ΛUV ≲ 74 GeV
is excluded for the B → Kþ DS meson decay), but is still
not competitive with the ones coming from Higgs resonant
production at LHC. For this reason, we do not show any
plots for production through the Higgs portal.
For a ΔO ¼ 3 Higgs portal, at DUNE-MPD, K → DS

decay gives the leading bound, ΛUV ≲ 540 GeV. At SHiP,
we find that the leading bounds come from B → Kþ DS
decays which give ΛUV ≲ 10 TeV for ΛIR ∼ 1.8–2.8 GeV.
The DUNE-MPD bounds are weaker than the LHC missing-
energy searches (which exclude ΛUV ≲ 8 TeV) whereas the
SHiP bounds are stronger.
The forward experiment FASER does not put strong

constraint on DS production and decay through resonant
Higgs portal. Only FASER2, due to a higher luminosity and
geometric acceptance, can put bounds that are comparable
with the conventional LHC searches in a narrow lifetime
regions; up to ΛUV ¼ 10 TeV for Δ ¼ 3, while up to
ΛUV ¼ 1 TeV for Δ ¼ 4.

VI. SUMMARY AND DISCUSSION

Secluded sectors that interact very feebly with the SM
have the potential to be probed at the high-intensity frontier,
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particularly at neutrino experiments (as has been previously
explored in Refs. [14,16,51,129], see also Refs. [117,118]).
Most of the past work has focused on the case of relevant
portals, while the case of irrelevant portal DS scenario has
only recently been explored [30,32,33,102]. In this work,
we have considered the sensitivity of DS that interacts with
SM through a dimension-6 irrelevant portal, at past and
current neutrino experiments, and its prospective discovery
in both existing and future neutrino experiments based on
proton beams.
We have performed a detailed study of the possible

production mechanisms of DS through nonrenormalizable
portals; meson decays (M → mþDS, V → DS), direct
partonic production (q̄q → DS, gg → DS), and dark brems-
strahlung (pp → DSþ X). The interplay between the
various production mechanisms as a function of the DS
invariant mass squared p2

DS can be summarized in the plot
shown in Fig. 1. Compared to previous works on irrelevant
portals, we have added production details, and also con-
sidered strongly coupled dark sectors, and done so in a
model-agnostic framework. Further, we have constrained
such dark sectors using past and current analyses at beam
dump/neutrino experiments, also showing projections for
prospective searches at existing and future neutrino experi-
ments. In order to emphasize the importance of these
bounds, we have also compared our results with previous
bounds on such portals.
In an earlier work of this scenario [30], the most stringent

bounds on DS excitations produced from the decay of Z
bosons was set by LHC monojet searches [111] and LHC
displaced vertex search [112,113], in a range of ðΛUV;ΛIRÞ
values dictated by various factors such as the energy of the
experiment and the lifetime of theDS etc. In the presentwork,
we have tried to address the question if neutrino experiments,
being placed farther from the interaction point (as compared
to say the ATLAS detector at LHC) could probe a lower ΛIR
range, thereby testing a complementary parameter spacewith
respect to high-energy colliders for such elusive dark sectors.
Our main summary plots can be found in Fig. 8.
While the present work focuses on the utility of neutrino

experiments for probing dark sectors, we would like to
mention the status of other probes of the dark sectors
considered here, for completeness. Colliders and beam
dump probes produce the DS states directly. Other setups
that also produce DS states directly result in astrophysical
bounds from supernova cooling, from lifetime of horizontal
branch stars and from positronium lifetime. Due to kin-
ematics, bounds coming from astrophysical objects such as
supernovae cannot probe the ΛIR ≳ 100 MeV given the
lower typical temperature. Therefore, they are subleading in
the region in which neutrino experiments are competitive
with respect to LHC bounds, and we will not show them.
However in the much lower ΛIR regime, they can become
the most competitive bounds, as can be seen for example by
recasting the results of [130]. Complementary to those are

indirect probes where the initial and final states are SM
states, and DS degrees of freedom propagate internally.
Examples of such probes are electroweak precision tests
(EWPT), fifth-force constraints, torsion balance experi-
ments, molecular spectroscopy, etc. Depending on the
process, these indirect probes are UV sensitive (and in
that case they do not probe the dark dynamics directly) or
give weaker constraints. A careful analysis of all these
direct and indirect effects was already carried out in
Ref. [30] and we refer the reader to there.
In this work, for the case of Z portal DS production, we

find that past analyses and prospective DS searches at
current neutrino experiments give weaker bounds when
compared with the current bounds from LHC and LEP in
resonant production scenarios. However, future neutrino
experiments such as DUNE-MPD would improve on this,
and will be sensitive to ΛIR in the range 0.1–1 GeV for
ΛUV ∼ 1 TeV. The current displaced vertex searches at
LHC are already probingΛUV as high as few TeVs, but only
in theΛIR range∼0.6–2.5 GeV for the strongly coupled DS
case. The ATLAS DV searches lose sensitivity in the range
of ΛIR ∼ 0.1–0.6 due to trigger requirements (as can be
seen from the gap on the right plot in Fig. 8).13 Future
neutrino experiment DUNE-MPD will have a unique
sensitivity to access this gap in the parameter space for
a range of ΛIR ∼ 0.1–1 GeV for ΛUV of a few TeVs.
We have also compared these results with projections

from the proposed experiment SHiP which serves as a
benchmark for LLP experiments. As can be seen from
Fig. 8, SHiP will improve on the reach of DUNE-MPD by
probing ΛUV of few TeVs for a range of ΛIR ∼ 0.1–2 GeV.
This is mainly due to its higher-proton beam energy of
400 GeV and larger geometric acceptance (ϵgeo ∼ 1 for the
production modes bremsstrahlung and DY and ϵgeo ∼
0.1–0.9 for K and J=ψ decays).
As we have described in the previous section, we can

recycle our bounds at neutrino experiments on Z portal also
for the case of JSMμ JμDS portal where JSMμ ¼ f̄γμf; f̄γμγ5f;
f ¼ l, q. The earlier work in [30] found no bounds from
LHC for this portal, once EFT considerations were taken
into account. The only constraint presented is the one for
JSMμ ¼ ēγμe from monophoton searches at LEP (see Fig. 8
in Ref. [30]) where the excluded space is restricted toΛUV ≲
200 GeV for ΛIR ≲ 0.1 GeV. These bounds are much
weaker than the bounds we get at neutrino experiments.
Therefore neutrino experiments are a useful tool to study DS
that do not directly mix with the Z and that are not enhanced
by resonant production at colliders. We have already

13The trigger requirements imposed in [30] depend on the
nLDSP distribution. Events where the number of LDSPs produced
has a downward fluctuation can loosen the cut, but will also affect
the total cross section, the decay probability and the geometric
efficiency. Including this effect systematically will reduce the
unprobed region but not entirely.

MODEL AGNOSTIC PROBES OF DARK SECTORS AT NEUTRINO … PHYS. REV. D 108, 035041 (2023)

035041-23



explained how our Z portal bounds can be recycled for a JJ
portal, since a JJ portal can be obtained from Z portal after
integrating out Z mediator.
For the case of the Higgs portal OH†H production (for

ΔO ¼ 4) the bounds from neutrino experiments are very
weak, and are limited to values of ΛUV much below the
electroweak scale. Whereas, in comparison, bounds from
Higgs resonant production derived in Ref. [30] coming
from missing energy and displaced vertex searches at high-
energy colliders are much stronger.
The bounds presented here are derived under a model

agnostic approach, and are applicable to a large class of DS
models (see Ref. [30] for explicit examples). Knowledge of
the underlying dark dynamics can be used to study other
possible signatures like DS scatterings with SM particles,
but will need to be done on a case-by-case basis, and hence
is out of the scope of this work. We have discussed in detail
our assumptions and limitations of our approach in Sec. II.
Our results are conservative and can be improved if the full
theory is defined explicitly. Despite this, we claim that our
approach can be very useful in giving a qualitative picture.
The point of this work is to convey the usefulness of a

model agnostic approach to exploring dark sectors, and
the potential of neutrino experiments (both current and
future) as unique probes of irrelevant DS-SM portals.
Future proposed LLP experiments at LHC interaction
points like MATHUSLA, CODEX-b, ANUBIS are
designed to improve reach on ΛIR scales for such elusive
DS. However, future neutrino experiment DUNE multi-
purpose detector (MPD) [82] running at the LBNF (Long
Baseline Neutrino Facility) would probe low ΛIR scales in
a shorter timescale. The forward LHC detectors like
FASER and SND (see Ref. [131] for a recent status
report), built for searching feebly interacting particles
would be taking data during the LHC Run 3, and could
also give useful bounds for our DS. We hope our study
would motivate analyses of neutrino-detector data for the
search of such elusive dark sectors.
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APPENDIX A: TIMELIKE FORM FACTORS

In the extended vector-meson dominance (eVMD)
formalism, form factors are modeled as sum over meson
states m sharing the same quantum numbers of the SM
operator X involved in the matrix element. Typically the
formalism is applied in the spacelike region, and the form
factors are essentially the sum of the propagators of the
virtual mesons. However given that the exchanged momen-
tum pDS in our case is timelike, the form factors are
modeled as Breit-Wigners, to allow the virtual exchanged
meson to go on shell and resonantly mix with the DS
system,

Fmðp2
DSÞ ¼

X
i

fmi

m2
mi

p2
DS −m2

mi
þ immi

Γmi

; ðA1Þ

where mm;Γm, and fm are the mass, the decay width and
the “couplings” for the meson m respectively. The number
of resonances in the meson tower sharing the m quantum
numbers is such that it allows to enforce the correct
asymptotic behavior in q2 of the form factor coming from
sum rules. The couplings fmi

are fitted from data and by the
overall coupling normalization. In order to get the total
form factor FX, we need to also take into account the cutoff
for too high virtuality of Eq. (28),

FX ¼ FDðQ2ÞFmðp2
DSÞ: ðA2Þ

We next discuss the Higgs and the Z-portal case separately.

1. Higgs portal

The Higgs coupling to the protons is of the form

ghNNFHðq2Þ h ūp up; ðA3Þ

where up is the proton spinor. The form factor FH also
includes the virtuality cutoff of Eq. (27),

FH ¼ FDFS: ðA4Þ

The form factor FSðp2
DSÞ is estimated using Eq. (A1), and

we include the first three CP-even, scalar resonances. The
values used for masses, width and f used in the FF are
given in Table III.

2. Z portal

The effective Z vertex for the proton is modeled as

gEW
cos θW

ūpγμ
�
Fρðq2Þ

�
1

2
− sin2θW

�
− sin2θWFωðq2Þ

�
up

þ gEW
4 cos θW

gAFAðq2Þūpγμγ5up; ðA5Þ
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where q is the exchanged momentum between the virtual
and real proton (pDS in our case) and up is the proton
spinor. The prefactors in front of the isosinglet- and
isotriplet-vector form factors (Fω and Fρ, respectively)
come from the decomposition of the vector piece of the
quark Z-current in the singlet and triplet component in
isospin space, using the approximate isospin symmetry of
proton and neutron. The axial-vector form factor has a
slightly different normalization than the vector one. In
particular, there is an extra gA ≃ 1.2 multiplying the overall
form factor in Eq. (A1), as shown in Eq. (A5). We can see
that the vector part is subleading with respect to the axial
current due to the absence of sin2 θW suppressing factor and
aOð1Þ coupling gA. Notice that in principle, along with the
Dirac-like form factors appearing in Eq. (A5), there should
be the nonrenormalizable Pauli-like terms [132],

GVðq2Þi
½γμ; γν�
mp

qν þGAðq2Þγ5
1

mp
qμ; ðA6Þ

where the second piece (the axial one) is mediated by pion
exchange. It turns out that this contribution vanishes when
contracted with the JJ correlator, due to current conserva-
tion. The vector piece, corresponding to the anomalous
magnetic-proton contribution, does not vanish. Given that it
is numerically subleading, and that there are large uncer-
tainties to extrapolate such form factor in the timelike
region [133,134], we will neglect this contribution.
The form factors appearing in Eq. (A5) are again

computed in the eVMD formalism, as a sum of Breit-
Wigners of ρ;ω; a1 meson for Fρ, Fω, FA, respectively. The
coefficients used in the form factors are found in Table III.
The final form factors appearing in Eqs. (32)–(33) are

defined respectively as

FV
Z ¼ FD

�
−sin2θWFω þ Fρ

�
1

2
− sin2θW

��
;

FA
Z ¼ FD

gA
4
FA: ðA7Þ

We can generalize the formalism for any combination of
isosinglet and isotriplet axial and axial-vector currents,
meaning that we can get the form factor for all the possible
flavor-conserving quark coupling structures of generic JJ
portals.

Notice that in Table III there are no axial-vector
isosinglets form factors, but they can be obtained from
lattice computations.

APPENDIX B: MESON-DECAY
MATRIX ELEMENTS

Here we summarize the QCD matrix elements and form
factor parametrizations we use for computing decays of
mesons. For the case of annihilation decays, the meson
decays to DS states entirely, while for radiative decays, a
heavier meson decays to lighter mesons, along with DS.
The matrix element for the process can be factorized into a
short distance contribution (and only involves DS matrix
elements) and a long distance (QCD) contribution. For the
processM → DS, whereM is the decaying meson, the full
amplitude hDSjOSMODSjMi factors into h0jOSMjMi ×
hDSjODSj0i while for the process H → Lþ DS, where
H (L) are the heavy (light) SM mesons, the amplitude
hL;DSjOSMODSjHi factors as hLjOSMjHi × hDSjODSj0i.
For the annihilation case, we only consider vector mesons,
denoted by V.14 The SM matrix element for annihilation
decay is simple, and is generically given as

h0jūγμujVðpÞi ¼ ifVmVϵμðpÞ; ðB1Þ

where u are the quark spinors, ϵμðpÞ is the polarization
vector of the vector meson V, fV is the decay constant, and
mV is the mass of the meson.
For the radiative decay case, the SM contribution to the

amplitude is the same as SM semileptonic meson decays,
and is less straightforward than the annihilation case. We
now give details of the matrix elements and form factors
used to compute width of decays of H → Lþ DS where H
can be B, K and L can either be a light pseudoscalar P
(e.g., K, π) or vector V (e.g., K�; ρ;ϕ).

1. Decay to pseudoscalars

For the decay of mesons to pseudoscalars P (e.g., K, π)
we use the usual matrix element definitions (see Ref. [135]
for example),

TABLE III. Masses mm, width Γm and coupling fm of the mesons m for the scalar, vector isosinglet, vector isotriplet, and axial-
isotriplet proton form factors used in the eVMD approach.

f0 (Scalar) ω (Z, vector isosinglet) ρ (Z, vector isotriplet) a1 (Z, axial isotriplet)

mm (GeV) 0.5 0.980 1.37 0.782 1.42 1.67 0.775 1.45 1.72 1.23 1.647
Γm (GeV) 0.275 0.5 0.35 8 × 10−3 0.2 0.3 0.149 0.4 0.25 0.4 0.254
fm 0.28 1.8 −0.99 1.011 −0.881 0.369 0.616 0.223 −0.339 2.26 −1.26

14For pseudoscalar mesons, the matrix element is proportional
to pμ and vanishes when contracted with the DS current, by
current conservation.
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hPðpPÞjVμjHðpHÞi ¼ fþðq2Þpμ þ ðf0ðq2Þ− fþðq2ÞÞDqμ;

ðB2Þ

where Vμ¼ ūLγμuH, pμ¼pμ
Hþpμ

P, D ¼ ðM2
H −M2

PÞ=
p2
DS, and qμ ≡ pμ

DS ¼ pμ
H − pμ

P. Here, uL (uH) denotes a
light (heavy) quark field, pHðpPÞ is the 4-momentum of
the decaying heavy (light) meson with mass mHðmPÞ,
and f0ðq2Þ; fþðq2Þ are dimensionless form factors which
encode the strong interaction effects. For the case of
ODS ¼ JDSμ , a conserved current, terms proportional to
qμJDSμ ðqÞ vanish, so that we only need to specify the
fþðq2Þ form factors.
For Kþ → πþ þ DS decay we use the explicit form

factor data points defined at each q2 in Table IV of
Ref. [136]. For B → π; K decays, we use the form factor
definitions and values from Ref. [135],

fB→πþ ðq2Þ ¼ A
ð1 − q2=D2Þð1 − q2=E2Þ ;

fB→Kþ ðq2Þ ¼ B
1 − q2=F2

þ C
ð1 − q2=F2Þ2 ; ðB3Þ

where A ¼ 0.258, B ¼ 0.173, C ¼ 0.162 and D ¼ 5.32
GeV, E ¼ 6.38 GeV, and F ¼ 5.41 GeV.

2. Decay to vector mesons

For the case of B meson decaying to light vector mesons
V (e.g., K�; ρ;ϕ), the QCD matrix element is defined as
(see Ref. [137], and Refs. [138–141] for more recent
analyses and values of B-meson form factors)

hVðpVÞjJμjBðpBÞi¼−iϵμ�ðpVÞðmBþmVÞA1ðq2Þ

þ ipμðϵ�ðpVÞ ·qÞ
A2ðq2Þ
mBþmV

þ iqμðϵ�ðpVÞ ·qÞ
2mV

q2

×ðA3ðq2Þ−A0ðq2ÞÞ

þϵμνρσϵ
ν�ðpVÞpρ

Bp
σ
V
2Vðq2Þ
mBþmV

; ðB4Þ

where Jμ ¼ q̄Lγμð1 − γ5ÞqH, pμ ¼ ðpB þ pVÞμ, and
qμ ≡ pμ

DS ¼ pμ
B − pμ

V . Here pB (pV) are the 4-momentum
of the B (vector) meson, mB (mV) is the mass of the B (V)
meson, ϵμ is the polarization vector of V, and Aiðq2Þ; Vðq2Þ
are the dimensionless form factors encoding strong-
interaction effects. Note that, unlike the pseudoscalar case,
in the case of vector meson, the γ5γμ part of the current does
not vanish. Further, the third term in the above does not
contribute since it is zero by current conservation, as in the
pseudoscalar case.

For the form factors, we use the parametrizations as
given in Ref. [137],

Vðq2Þ ¼ r1
1 − q2=m2

R
þ r2
1 − q2=m2

fit

; ðB5Þ

A1ðq2Þ ¼
r2

1 − q2=m2
fit

; ðB6Þ

A2ðq2Þ ¼
r1

1 − q2=m2
fit

þ r2
ð1 − q2=m2

fitÞ2
: ðB7Þ

We give the values of the various fit parameters for the
different decays in Table IV. To evaluate further the squared
matrix element, we make the calculations in the rest frame
of B meson, where only the longitudinal polarization of

ϵ�μðpVÞ contributes. Thus, using ϵ�μðpVÞ ¼ ðjp⃗V j
mV

; p⃗V
jp⃗V j

EV
mV
Þ and

pDS ¼ pB − pV , we can find the production width of DS
from radiative B → V decays.

3. Sensitivity to nonconformal contributions
in K-, B- meson decays

For the case of DS production from irrelevant portals, we
expect the production cross section to grow with p2

DS which
is necessary to make the contribution away from the IR
threshold more important, and is needed for usefulness of
our model-agnostic approach. For radiative meson decays
however, the DS production cross section does not grow as
p2
DS, but is rather flat, up to the kinematic threshold. For

annihilation decays, p2
DS is fixed and equals the parent

meson mass-squared. To justify our model-agnostic
approach we need to ensure we are away from the thresh-
olds, which must be imposed as a self-consistent criteria.
The overall signal is obtained by an integral over the range

of allowed pDS. The kinematic condition pDS=ðnLDSPΛIRÞ ≥
1 is always stronger than the condition to be in the conformal
regime pDS=ΛIR ≳ 1. We also need to make sure that the

TABLE IV. Fit parameters for the form factors defined in
Eqs. (B5)–(B7) for various B → V transitions where V ¼
K�; ρ;ϕ (taken from [137]).

r1 r2 m2
R [GeV2] m2

fit [GeV
2]

VB→K� 0.923 −0.511 28.30 49.4
AB→K�
1

� � � 0.290 � � � 40.38
AB→K�
2

−0.084 0.342 � � � 52.00
VB→ρ 1.045 −0.721 28.30 38.34
AB→ρ
1

� � � 0.240 � � � 37.51

AB→ρ
2

0.009 0.212 � � � 40.82

VBs→ϕ 1.484 −1.049 29.38 39.52

ABs→ϕ
1

� � � 0.308 � � � 36.54

ABs→ϕ
2

−0.054 0.288 � � � 48.94
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relevant ΛIR probed in the experiment under consideration
(which depends on the portal and the lifetime) is away from
the kinematic threshold M −m. For ΛIR close to M −m, a
small change in the lower limit of pDS integration would
have a bigger impact, but this does not happen in the cases
we consider. For B → K þ DS, ðmB −mKÞ ∼ 5 GeV is
larger than typical ΛIR probed which is 0.001–1 GeV,
while for K → π þ DS, ðmK −mπÞ ∼ 0.4 GeV, while the
typical ΛIR probed is 0.001–0.1 GeV.

APPENDIX C: PROBABILITY OF DECAY

To compute the number of signal events, we need to
calculate the number of LDSPs that decay inside the
detector. To correctly compute this quantity, the differential
cross section (in both energy and angle) of LDSP produc-
tion must be convoluted with the probability P for at least
an LDSP to decay inside the detector. The probability P1

for a particle to decay inside the detector can be roughly
estimated as the probability P1;dec to decay within the radial
distance at which the detector is, multiplied with ϵgeo, the
geometric acceptance accounting for the particles flying in
the detector direction,

P1 ≈ ϵgeoP1;dec: ðC1Þ

In a simplified setup (see Fig. 6), P1;dec can be estimated
to be

P1;dec¼ exp

�
−

l
cτðγβÞLDSP

�
−exp

�
−

lþd
cτðγβÞLDSP

�
; ðC2Þ

where l and d are the distance of the detector from the target
location and the length of the detector respectively,15 γLDSP is
the (energy-dependent) Lorentz factor of the decaying
particle, βLDSP is its velocity and τ is its proper lifetime.
In general, for more than 1 LDSP, a slightly more refined
procedure accounting for the presence of multiple particles
that can go inside the detector is needed. We now discuss our
procedure for multiple-particle events. We consider both the
weakly coupled case, where nLDSP ¼ 2, and a generic
strongly coupled case in which nLDSP ∼Oð10Þ are produced.
For the weakly coupled case, the directions of the two

LDSPs are fully correlated, at fixed pDS, by momentum
conservation. If the direction of the DS system (i.e., p⃗DS)
does not intersect the detector, at most one of the two
LDSPs can have the correct direction to hit the detector.

Indeed, the two particles have opposite azimuthal angle ϕ
(computed with respect to the DS momentum in the lab
frame), so that only one particle at most can travel to the
correct side. Therefore, the probability to have at least
one particle decaying inside the detector is [in the notation
of Eq. (9)],

ϵgeoPdecay ¼ 2ϵgeoP1;dec;

where the 2 reflects the fact that ϵgeo has been computed for
a single particle only, and there are two possible particles
that can decay in the detector (or in other words, we only
considered one of the particles to be aimed toward the
detector, but the opposite direction is also a valid choice
given the presence of the other LDSP).
If instead the DS direction intersects the detector there is

the possibility for both LDSPs to fall inside the detector.
This can happen only if the LDSP velocity in the DS frame
is slower than the velocity of the DS system in the lab
frame, so that the LDSP traveling in the direction θ > π=2
(the backward direction) in the DS frame is boosted in the
forward direction. The events in which the backward LDSP
gets boosted forward in the lab frame are only significant
if the DS system velocity is much larger than the velocity
of the LDSP in the DS frame. Given that typically
nLDSPΛIR ≪

ffiffiffiffiffiffiffiffi
p2
DS

p
, and that the bulk of the cross section

is dominated by high p2
DS events, the events will have

fast LDSPs in the DS frame. Therefore, events with two
particles boosted forward are negligible, and the formula
to have a particle decaying inside the detector holds
unchanged.
In the strongly coupled case, where nLDSP is large, we

can neglect the fact that the momenta are correlated by
momentum conservation. Therefore, we will assume that
the nLDSP particles share democratically the energy in the
rest frame, and that the directions are independent samples
from an isotropic distribution in such a frame. In this
scenario, multiple particles can in principle have the
correct direction to get inside the detector in the lab frame.
Using the probability for a single particle to decay
inside the detector from Eq. (C2), and recalling that this
probability is very small (both P1;dec and typical ϵgeo are
small), it follows that events in which multiple particles
simultaneously decay inside the detector are very rare.
Therefore, we can approximate the probability for a single
event to contain at least one particle decaying inside the
detector as

ϵgeoPdecay ¼ nLDSPϵgeoP1;dec:

Notice that in the end (although for slightly different
reason) this formula matches the one in the weakly coupled
case for nLDSP ¼ 2.

15Notice that the distance should be a function of the direction
of the LDSP for generic geometry of the detector. We will work
under the assumption of spherical detectors, where the distances
appearing in P are independent of the line of flight. This is a good
approximation for neutrino experiments, since they consist of
small boxes [of size Oð10Þ m] positioned far [Oð103Þ m] from
the target. The error due to the geometrical approximation is
therefore of order 1% (the ratio of the typical distances).
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APPENDIX D: ϵgeo ESTIMATES

In order to compute the signal events, we have to
compute the fraction of events that contain at least one
LDSP with the direction intersecting the detector. Given the
assumptions outlined in Appendix C, we define ϵgeo as the
probability for a single particle to have such a direction. We
work under the assumption that LDSPs are produced
isotropically in the DS rest frame, the frame in which only
the time component of pDS is nonzero. We will also assume
that in this frame, all the LDSPs produced share the same
energy p0

DS=nLDSP. We take the beam direction to be
aligned to the z-axis (θ ¼ 0 in polar coordinates), and ϕ
as the azimuthal angle (measured in the plane orthogonal to
the beam line).
In order to get an estimate for the angular coverage of

the neutrino detector, we work under the simplifying
assumption that the detector surface lies on a 2D plane
orthogonal to the beam (for the off-axis case, the angle is
very small) and all points on the detector are at the same
distance from the interaction point. This is a good approxi-
mation for neutrino detectors since corrections are of order
ðd=lÞ2 ≪ 1, where l is the distance at which the detector is
placed, and d is the typical size of the detector. There are
two relevant cases where this approximation fails.
For a closer experiment like SHiP, l and d are of same

order, and the proposed shape is a rectangle of dimensions
ða; 2aÞ, a ¼ 5 m. We will compute the angular acceptance
by taking the largest side of the rectangle and requiring the
trajectory to intersect the first layer, which gives
θacc ¼ ArcTanð2a=2lÞ. Being more specific about the shape
of the detector does not change the estimate significantly
since the DS is produced very boosted, with a small opening
angle, and is fully covered by the extent of the detector. The
geometric acceptances are close to unity, see Table I.
For MicroBooNE, the produced kaons are at rest in the

lab frame, and not collimated, so that the DS is produced
isotropic in the lab frame. In this case, the above approxi-
mation again does not hold. We calculate ϵgeo without this
approximation for MicroBooNE.
To calculate ϵgeo, we need to find the overlap of the

LDSPs with the detector, which is easier to do in the �
frame. By the assumption of isotropic decay, the LDSP
directions are distributed uniformly in the ðcos θ�;ϕ�Þ
plane. In this plane ϵgeo is the area (normalized by
1=4π) that corresponds to lab frame configurations in
which the LDSP falls inside the detector. This in general
depends on pDS and nLDSP through the boost factor.
To be precise, we need to introduce some notation.

There are two frames to consider, the lab frame, and the DS
frame (the one where pDS only has a time component). We
refer to the DS frame as the * frame, in what follows. The
angles and the boost factors with a * superscript are
defined in the DS frame, and without a * superscript are in
the lab frame.

The detector direction, the DS direction, and the LDSP
direction are all defined by a θ, and the last two depend in
general on kinematical quantities such as pDS and other
process-dependent quantities e.g., z in bremsstrahlung. We
take the detector to be positioned at θ ¼ θdet. The accepted
directions form a cone around it with an angle θacc around it.
The DS system may be along the beam line or at an angle
from it. We define the DS system to be at θ ¼ θDS. Finally,
the LDSP is at an angle θLDSP with respect to the DS system,
so that the DS direction has a cone of angle θLDSP around
it. It is useful to also define the DS direction with respect
to the detector, which is denoted by θeffdet ≈ ðθ2DS þ θ2det−
2θdetθDS cosϕDSÞ1=2. All these quantities are shown in
Fig. 9 (drawn not to scale), and are defined in the lab frame.
We additionally denote the LDSP in the * frame to be at

ðθ�;ϕ�Þ. For a given pDS and θ�, θLDSP is given as

tan θLDSP ¼
sin θ�

γDSðβDS=β�LDSP þ cos θ�Þ ; ðD1Þ

where βDS, γDS are the boost factors to go from � to the lab
frame and β�LDSP is the velocity of the LDSP with respect to
the � frame. Note that the boosts along the DS direction do
not change ϕ. Given the width θLDSP of the lab cone there is
only a range of ϕ� ¼ ϕlab for which the LDSP direction
intersects the detector. ϵgeo is then the area (computed in the
� frame) of the overlap between the circular detector and all
the possible LDSP cones in the lab frame, in general a
function of z and of pDS. To compute such area, we will
make a linearization approximation; we will consider that
in the � frame the shape of allowed cos θ� − ϕ� is bound by
straight lines and not curved ones. This approximation is
expected to hold at the 10% level for the relevant boosts.
We now discuss the details specific to the three pro-

duction modes considered in this work.

1. ϵgeo for meson-decay production

In order to find ϵgeo for LDSPs in the meson case, we use
the prescription explained in the section before. For this, we
must boost the DS kinematic variables twice; once from the
meson rest frame to the lab frame, then from the lab frame
to the DS rest frame (or � frame). We will denote all
quantities in the meson rest frame with a subscript 0.
The energy and 3-momentum of the DS can be easily

computed using momentum conservation in the parent
meson rest frame as shown in Eq. (19). Using the parent
meson boost γM and velocity vM (obtained from simula-
tion), we can find the DS lab frame variables and express
them as a function of cos θ0 (angle of DS with meson flight
direction in the meson rest frame, DS is isotropic in this)
and p2

DS i.e., Elab
DSðcos θ0; p2

DSÞ, jp⃗lab
DSjð cos θ0; p2

DSÞ.
In order to compute ϵgeo we must find the θ� values

corresponding to the angular coverage of the detector. For
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this, we must boost the lab frame DS variables to the DS
rest frame (or � frame) using the DS boost given by
γDSðcos θ0; p2

DSÞ ¼ Elab
DS=

ffiffiffiffiffiffiffiffi
p2
DS

p
and DS velocity

βDSðcos θ0; p2
DSÞ ¼ jp⃗lab

DSj=Elab
DS (which will be close to 1).

Note that for the annihilation decay mode M → DS, Elab
DS

gets fixed by momentum conservation to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ jp⃗Mj

p
where M is the parent meson mass, and jp⃗Mj is the parent
meson momentum in the lab frame. Thus, γDS is fixed
to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ jp⃗Mj

p
=M.

We can now solve for the θ� angle using Eq. (D1),
plugging β�LDSP ¼ jp⃗�

LDSPj=E�
LDSP, E�

LDSP ¼
ffiffiffiffiffiffiffiffi
p2
DS

p
=nLDSP

and using ΛIR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE�

LDSPÞ2 − jp⃗�
LDSPj2

p
to get jp⃗�

LDSPj.
We also need θDS for estimating ϵgeo. Note that in the

annihilation decay case, θDS is 0 due to momentum

conservation, Whereas for the radiative decay case, θDS
can be expressed in terms of meson rest frame variables
as tan θDS ¼ sin θ0jp⃗jDS;0=ðγMðjp⃗jDS;0 cos θ0 þ vMEDS;0ÞÞ.
Finally, we calculate hϵgeoi by a weighted average over

the differential decay width dΓ=dp2
DSdλi, which is a

function of ΛIR only (the ΛUV dependence factors out),

hϵgeoi ¼
R
dp2

DSdλiϵgeoðλi; p2
DSÞ dΓ

dp2
DSdλiR

dp2
DSdλi

dΓ
dp2

DSdλi

; ðD2Þ

where λi are the angular variables θ0;ϕ0 integrated over the
full range and p2

DS is integrated in the allowed kinematic
range. Note that for the annihilation decay case, p2

DS ¼ M2

FIG. 9. The geometry relevant for the estimation of ϵgeo in the on- and off-axis case (top and bottom respectively). Various quantities
defined in the text, and involved in the estimation of ϵgeo are shown, not to scale. In particular, the DS line (gray thick) is drawn
exaggerated for clarity.

MODEL AGNOSTIC PROBES OF DARK SECTORS AT NEUTRINO … PHYS. REV. D 108, 035041 (2023)

035041-29



and θDS ¼ 0 by momentum conservation, which simplifies
the equation above.

2. ϵgeo for Drell-Yan

In DY mode the DS system is by construction directed
along the original beam line (the z direction). The boost of
the DS system is γDS ¼ EDS=

ffiffiffiffiffiffiffiffi
p2
DS

p
, where EDS is the

energy of the DS system in the lab frame. While pDS is
already one of the variables used in DY production, EDS is
computed by first getting the DS energy in the DY CM
frame, EDS;CM ¼ ffiffiffi

s
p ðxþ p2

DS=ðsxÞÞ=2 using the DY var-
iables introduced in Sec. III B, and then boosting it to the
lab frame with Lorentz parameter γCM ¼ Ebeam=

ffiffiffi
s

p
. This

gives EDS ¼ xEbeam. Putting everything together, the boost
factor to go from the lab frame to the DS system is
γDS ¼ xEbeam=

ffiffiffiffiffiffiffiffi
p2
DS

p
. To get the average value of ϵgeo, we

compute the integral as in Eq. (D2) with the appropriate
distribution where now we average over the kinematic
variables x and p2

DS.

3. ϵgeo for dark bremsstrahlung

DB mode is different from the DY mode because in
general the DS system will be produced at an angle with
the beam-line. We will call θDS;ϕDS the pair of angles
indicating the direction of the radiated DS system relative
to the beam line. Using the kinematic variables introduced
in Sec. III C, we have θDS ¼ tan−1ðpT=zEbeamÞ. The boost
factor to go from the lab to the DS frame is
γDS ≈ zEbeam=

ffiffiffiffiffiffiffiffi
p2
DS

p
. As before, to get the average value

of ϵgeo, we average over the kinematic quantities z; p2
T , and

p2
DS. we have checked that these values are in good

agreement with the ϵgeo for the average DS angle, as
expected for very collimated DS excitations.

APPENDIX E: FACTORIZATION
APPROXIMATION

In this appendix we compare the approximate method we
delineated in the main text with the correct procedure of
doing the integral of the product of the differential
quantities (ϵgeo, cross section, decay probability) without
factorizing them.
In order to get the correct number of signal events, the

differential cross section dσ=dλi must be folded with
nLDSPϵgeoP1;dec, all of which are a function of kinematic
variables λi,

NSðΛIR;ΛUVÞ ¼
NPOT

σpN

Z
dλi

dσ
dλi

nLDSPϵgeoP1;dec: ðE1Þ

We call this procedure the full approach. We compute the
integrals numerically, using the CUBA integration tools
[142]. The method used in the main text is done instead by
replacing the full integral with the average ϵgeo and using
average kinematic quantities to estimate the decay prob-
ability and the average nLDSP,

16

NS ≈ NPOT
σS
σpN

nLDSPðhλiiÞP1;decðhλiiÞhϵgeoi; ðE2Þ

where the average is defined by a weighted integral over the
differential cross section/decay width [e.g. see Eq. (D2)].
We call this approach the factorized approach. The advan-
tage of this approach is that the production integral must be
done only once, and not repeated for each ðΛIR;ΛUVÞ pair;
the dependence on them is essentially factorized. In
particular, for a fixed production portal, this allows chang-
ing the decay portal, without having to redo the production
integral from scratch. This is particularly useful when

FIG. 10. Comparison of the factorized (dashed) vs full (solid) approach for production and decay through Z portal of a strongly
interacting DS, for various production modes: DB (left), DY (mid), and MD (right). The experiments considered are ICARUS-NuMI
(blue), DUNE-MPD (purple), and SHiP (green).

16We have checked that this procedure agrees very well
(percent level) to a true average of nLDSP.
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exploring all the various combinations of production and
decay portals.
To compare the factorized and the full approach, and to

show that the factorized approach is very efficient, in
Fig. 10 we show the comparison for DB, DY, and radiative
meson decayK → π þ DS, for the strongly coupled DS, for

DUNE, SHiP, and ICARUS. The two approaches are in
very good agreement. The factorized approach is
conservative at most, and can miss rare events appearing
in the tails of distributions (see e.g., Ref. [143]). However
for the purposes of the present work, the factorized
approach suffices.
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