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We present a discovery-era strategy for intensity frontier experiments based on “didecay” events, in
which feebly interacting particles (FIPs) are produced in pairs and then both decay inside the detector. This
signature may exist in broad classes of models with FIPs decaying in the same way as minimal “portal”
particles. The two displaced vertices may allow reconstruction of the pair invariant mass and hence reveal
the production channel, information normally inaccessible at these facilities. This, in turn, lets one
discriminate between FIP models that share identical decay signatures. As a case study, we consider the
model of Higgs-like scalars and show that SHiP, Belle II, and the Downstream @ LHCb can each cover wide
domains of viable parameter space using didecays.
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I. INTRODUCTION

Unresolved problems beyond the Standard Model (SM),
such as dark matter, neutrino oscillations, and the baryon
asymmetry of the Universe, may point to the existence of
new particles. Particularly well-motivated candidates are
relatively light states (M << Agy) that interact only very
feebly with the SM. Such particles are commonly referred
to as feebly-interacting particles (FIPs) [1-16].

A broad class of experiments has incorporated searches
for GeV-scale FIPs as a central component of their physics
programs. Operating with high-intensity beams or colli-
sions that can copiously produce feebly coupled particles,
these facilities are collectively known as intensity frontier
(IF) experiments [2,3]. Prominent examples include
Belle II [17], NA62 [18], FASER [19], SND@LHC
[20], SHiP [21], MAPP [22], DarkQuest [23], DUNE
[24], Downstream@LHCb [25,26], and many others
[27-32]. These experiments probe long-lived FIPs in
regions of parameter space complementary to prompt
searches at the main LHC detectors, extending sensitivity
toward small couplings and long lifetimes.

The maximal, signature-agnostic region in the plane of
FIP parameters accessible to IF experiments is commonly
referred to as their exclusion potential. In the absence of a
signal, the corresponding parameter space can be ruled out.
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For unstable FIPs, the canonical exclusion signature is the
decay of a single long-lived particle within a displaced
decay volume; throughout this work, we refer to this
signature as a monodecay.

However, the ultimate goal of IF experiments is not
merely exclusion but discovery—namely, determining the
properties of a FIP and identifying its underlying theoreti-
cal origin if a signal is observed. In favorable cases,
monodecays may allow partial characterization through
reconstruction of the invariant mass, decay modes, and
related observables, which can then be compared to
theoretical predictions for different FIP classes [33—38].]
Nevertheless, monodecays are often insufficient for robust
model differentiation. Distinct FIPs may share identical
decay phenomenology, rendering discrimination based
solely on decay channels impossible.

A more powerful strategy would combine decay infor-
mation with knowledge of the production mechanism. In
practice, however, the production vertex at IF experiments
is typically inaccessible: it occurs inside thick targets or in
environments overwhelmed by backgrounds, making direct
reconstruction extremely challenging or impossible.

In this work, we propose and analyze, for the first time, a
complementary strategy to overcome this fundamental
limitation: the observation of events featuring the simulta-
neous decays of two FIPs, which we refer to as didecays.
Such events arise naturally in models that mimic the
monodecay signatures of the simplest “portal” benchmark
models, which are widely considered by the community.

'At this point, we should mention theoretical uncertainties in
the decay description of GeV-mass FIPs: they can be significant,
reaching orders of magnitude [10,39,40], leading to ambiguities
in matching data with a particular FIP model.
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We demonstrate that didecays provide qualitatively new
information about the production mechanism and thus open
a pathway toward genuine FIP model differentiation.

In this work, we focus on the minimal Higgs-like scalar
benchmark, which provides a clean and renormalizable
setting in which to assess the phenomenological relevance
and experimental reach of the didecay signature. We
investigate the discovery prospects of didecays across a
broad range of masses and couplings, and show that several
IF experiments can access sizable regions of parameter
space through this signature.2 In particular, we find that for
Belle 11, the didecay channel may even be competitive with
monodecays, owing to its large dataset and excellent
coverage of the interaction point.

A second, qualitatively different benchmark based on
dark QCD coupled via dark photons—featuring pair-
produced dark mesons, a distinct production mechanism,
and a different invariant-mass structure—has been studied
in detail by one of the authors using the framework
developed here in Ref. [50]. Taken together, these works
show that the didecay strategy is not restricted to the scalar
portal, but extends naturally to richer hidden-sector dynam-
ics. A systematic program of FIP model differentiation will
be pursued in future work, including further dedicated
studies of representative didecay scenarios [51].

Technical details required to reproduce our results are
provided in the Appendixes.

II. DIDECAYS

In this section, we explain why didecays provide
qualitatively new information at IF experiments. We first
clarify the intrinsic limitations of monodecays for FIP
identification. We then show how didecays give direct
access to the production mechanism and may lift otherwise
unavoidable model degeneracies. Finally, we discuss under
which parametric conditions didecays are experimentally
competitive, setting the stage for the quantitative analysis
that follows.

A. Didecays as a probe of production mechanisms

The models most commonly targeted at IF experiments
are the so-called “portal” scenarios, in which unstable FIPs
couple linearly to SM operators [1,2]. Examples include
heavy neutral leptons (HNLs), axionlike particles (ALPs),
Higgs-like scalars, dark photons (DPs), and related states.
These constructions are typically minimal extensions of the
SM, introducing only a single new particle.

However, monodecays—i.e., observing a single dis-
placed decay vertex—generally probe only the decay

?For the main LHC detectors, the didecay signature has been
studied in [41-48]. For Belle II, the didecay signature was also
discussed in Ref. [49], albeit in the context of very specific
models involving multiple FIPs and without revealing the
discovery power.

properties of the FIP. They provide access to quantities
such as invariant mass, decay modes, and lifetime, but not
directly to the production dynamics. This limitation
becomes critical because more elaborate, yet equally
motivated, extensions of the SM can reproduce exactly
the same decay phenomenology.

In particular, additional operators may modify the
production of FIPs without affecting their decay channels.
Since at IF experiments the production vertex is typically
inaccessible—it occurs inside thick targets or in high-
background environments—the production information is
effectively lost. As a consequence, even in the case of
discovery, monodecays alone may not allow one to
distinguish between qualitatively different theoretical
scenarios.

This degeneracy is phenomenologically important: oper-
ators that affect production while leaving decays
unchanged may fundamentally alter the nature of the
FIP and its possible role in addressing problems beyond
the SM.

A broad class of motivated models predicts pair pro-
duction of FIPs. Pair production appears, e.g., in the
following scenarios (see Fig. 1):

(1) Quadratic coupling to various SM states. A famous
example is the XX operator, where # is the Higgs
boson, and X is ALPs, Higgs-like scalars, or DPs
[2,3,42,44,46,52-59].

(2) Quadratic coupling to a short-lived new physics
resonance YXX; examples are HNLs interacting
with the dark U(1)" boson [60,61] and different
scenarios with dark matter [9,51,62], where, e.g.,
Higgs-like scalars may be produced together with an
unstable heavy fermion.

(3) Dark QCD [63-68], where dark mesons 7z and pp
are typically produced with high multiplicity per
event, and may mimic decays of ALPs or dark
photons.

Importantly, some of these models with diproduction share
the same decay phenomenology, so there is an additional
degeneracy between them.’

The key advantage of didecays lies in the kinematics
information about the whole event. Namely, by reconstruct-
ing both decaying FIPs, one gains access to correlated
observables such as the total invariant mass m;,,, which
manifestly stores the information about the production
mechanism.

For instance, let us assume that an IF experiment has
observed a dark-photon-like monodecay signature. It may
correspond to three entirely different FIPs: the minimal
portal DP, the DP having additional quadratic coupling to

*Note that such models may be involved in scenarios with dark
matter, inflation, or represent the rich structure of dark sectors
[65,69,70]. In this study, we are agnostic about their relation to
Beyond the Standard Model (BSM) problems, though, concen-
trating on the experimental reach.
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FIG. 1.

Y XX

Dark ps

Representative models featuring events with decays of pairs of particles X (didecays). Left: particles X with trilinear coupling

to the Higgs bosons /, which gives rise to decays of B mesons B, — XX and B — K + XX. Middle: particles X with trilinear coupling
to some new short-lived resonance Y. Right: dark QCD models, where dark quarks ¢p (confined in dark mesons zp, pp) couple to the
SM via a mediator Z’, with X being a dark meson pp. These models differ significantly in particle content and underlying dynamics.

the Higgs, and the dark p mesons. The presence of didecays
would exclude the former scenario, but it is not yet enough
to differentiate between the latter two models. However, we
may access the m;,, distribution, see Fig. 2. At SPS, the
hXX coupling gives rise to the decays B — X, + 2X, B, —
2X [9,13], with X being a meson containing an s quark.

The mi,, = 1/ (px.1 + px2)? distribution is continuous for

Mipy < mp — m, and then has a sharp peak at mj,, = mp .
In contrast, the distribution of dark ps is maximal at small
masses and may, depending on the model, continuously
extend above mp . As aresult of this clear difference, it may
be possible to differentiate between the modes (and hence
the FIPs) by observing up to 100 events, assuming
negligible backgrounds and the invariant mass resolution
of 0.1 GeV.

106 — T T
—— Dark ps, heavy Z'
...... Dark ps, my =5 GeV
1051 - —— hXX
- — YXX
n
Q0
= 104}
1000
6 8 10
Minyqi [GeV]

FIG. 2. MC-truth invariant mass distribution of a pair of FIPs X
with mass m = 1 GeV for the various models discussed in Fig. 1,
considering the SPS energy setup. For the dark ps model, we
consider dark p° mesons in dark QCD model of Ref. [65], either
with a very heavy Z' boson or with m, =35 GeV, simulated
using Pythia8 [71]. For the YXX model, we fix the mass of a new
resonance by my = 3 GeV. Reconstructing the invariant mass
distribution from didecay events enables straightforward identi-
fication of the production mode and underlying model, even
without access to the production vertex.

Other correlated observables are discussed in the
Appendix F.

B. When are didecays experimentally relevant?

The principal limitation of didecays is parametric sup-
pression: both produced FIPs must decay inside the fiducial
volume. Compared to monodecays, the event rate is therefore
suppressed by an additional factor of the decay probability. In
terms of pure exclusion reach, didecays will typically probe a
smaller region of parameter space. However, this suppression
must be weighed against one important advantage: substan-
tially reduced SM backgrounds since it is far more difficult
for SM processes—whether physical or combinatorial—to
fake an event featuring two similar decay vertices. To make
these statements quantitative, we consider a generic quad-
ratic setup that captures the essential parametric features of
many FIP scenarios.

Consider a FIP X described by the interaction Lagrangian

Ling = 1 X - O01(¥sm) + 20,(Psm) - X - X, (1)

where O ,(Wgy) are operators constructed purely from SM
fields gy, and ¢y , are independent couplings [see Eq. (9)
for an explicit realization]. The only structural assumption is
that the FIP possesses both linear and quadratic couplings to
the SM.
The linear operator O, induces single production of X
and controls its decay width. Parametrically,
N od & €1 Tx « c72. (2)
The quadratic operator O, contributes only to pair pro-
duction,

Y - 2X, Y->Y +2X,..., (3)
with

NE, o 3 @
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At intensity frontier experiments, two experimental
signatures may therefore arise:
(i) Monodecays: only one X decays inside the fiducial
volume (both O; and O, contribute to production);
(i) Didecays: both particles decay within the same event
(only O, contributes).
We may utilize a simple analytical approach [72] to
roughly estimate the number of events for these two
signatures,

di
Néve)nts = le)é)d X 52’ (5)
mon di
Néveontg) = N;ng X 5 - 2N£ve)nt5‘ (6)

Here, explicitly, N2X =", Ny -Bry_,y and NX2X =

prod prod
N oq + 2N, where Bry_oy stays for the collective

branching ratio of the modes (3). Next, & = ey P -
€4ec < 1 is the suppression of the event rate due to geo-
metric limitations, decay probability, and event selection:
(1) ey is the fraction of Xs whose trajectories intersect
the decay volume, which is displaced from the
production point to reduce background rates.

(i) PX. is the X’s decay probability,

X _ lmin :| _ [_ lmax :|
Phew [t —ow |- s] o

with /iy /max being the minimal and maximal
distance from the collision point covered by the
decay volume, and (yyxv) the mean Xs y factor times
velocity.
(iii) €eqe 1s the fraction of the Xs’ decay events that can

be reconstructed; it includes the geometric part
(also known as the fraction of events where the
trajectories of the minimal required number of
decay products are within the detector) and the
reconstruction part (the suppression due to the
kinematic cuts and reconstruction efficiency).

The sensitivity of an experiment is determined by the signal

strength I = Neyenis/ y/Npg» Where Ny, is the background

yield corresponding to the given signature (should be

replaced with 1 if the search is background-free). The

ratio of the strengths for di- and monodecay events is

2
p— G Norod cEx g
Timono Nf)(rod + 2Ng§0d(1 - 5) Nglg

There is a nontrivial interplay between the different
factors in Eq. (8) determining the relative coverage of the
parameter space by the signatures; see Fig. 3.

Provided that NpJ./ N, is not suppressed, # critically

depends on how significantly £ deviates from its maxi-
mal value 1. At high-energy beam-dump or collider

Excluded

coupling [units] -»

mgp [units] -»

FIG. 3. Schematic parameter space of a FIP having mass mgp
and coupling to the SM particles g, which may be produced at
accelerator experiments in two ways—as a single particle or in
pairs. At an intensity frontier experiment, they may be probed by
searching for either a single decay vertex (“monodecay”) or two
decay vertices within the same event (“didecay”). The excluded
parameter space is shown in gray, whereas the possible sensi-
tivities of intensity frontier experiments to mono- and didecays
are indicated, correspondingly, by the solid and dashed curves.
Depending on the background assumptions, geometric setup of
the experiment, and FIP’s kinematics, the didecays may either
compete with the monodecay signature (the red curves) or be
subdominant, still offering unique insights about FIPs in case of
detection (the blue curves).

experiments with limited angular coverage of detectors
and large FIPs boosts [18,25,73,74], £ <« 1, so didecays
typically contribute only at larger couplings, i.e., for shorter
lifetimes. Still, it may be non-negligible and deliver the
opportunities that we discuss below.

The & suppression is milder when FIPs have modest
boosts and the detector subtends a large fraction of the solid
angle, as at Belle II [17]. Future eTe™ facilities such as
FCC-ee [75] provide interesting settings in which to study
the same effect.

The background factor in Eq. (8) becomes important
whenever the monodecay search is not background-free, as
for Downstream@LHCb [25] and Belle II [76]. Proposed
off-axis experiments such as ANUBIS [27] provide addi-
tional settings where the background rejection from two
correlated vertices may be useful. While the monodecay
signature may be contaminated by multiple backgrounds,
didecay events are much cleaner: reconstructing two
displaced vertices with correlated decay products is sig-
nificantly harder to fake combinatorially.

Thus, in settings with moderate boosts and/or non-
negligible backgrounds, didecays can substantially surpass
or complement standard singledecay searches. Moreover,
beyond pure sensitivity, didecays provide direct access to
the production mechanism through their correlation struc-
ture and multiplicity. In scenarios where both ¢; and ¢, are
present, monodecays alone cannot disentangle whether the
observed rate arises predominantly from linear or quadratic
interactions. The observation (or absence) of didecays lifts
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this degeneracy and constrains the underlying operator
structure.

In the next Section, we make these considerations
concrete in a minimal renormalizable setup—a singlet
scalar coupled to the Higgs sector—where linear and
quadratic operators arise naturally, and didecays emerge
as a direct probe of the Higgs portal structure.

III. HIGGS-LIKE SCALARS

We consider a minimal singlet-scalar extension of the
SM. We introduce a single scalar S with the generic
renormalizable Lagrangian

LD AgSH'H + A,S°H'H, 9)

where H is the SM Higgs doublet. Below the electroweak
symmetry-breaking scale, it is effectively reduced to [52]

[04
L5 mi0hS +5hSS+ - (10)

where £ is the SM Higgs boson with mass m,, = 125 GeV,
0 = vAg/m; and a = 2vA, with v = 246 GeV the electro-
weak vacuum expectation value. The first term describes
the mixing angle, whereas the second one is the trilinear
coupling. The coupling a can be expressed in terms of the
fixed branching ratio Br;,_ g5 as

32r

4m?
1=
m;,

The model is attractive for several reasons. First, it is well
motivated, as it is simple and yet may be connected to
inflation or be a mediator between dark matter and SM
[39,69,70,77,78]. Hence, it is widely considered by the
experimental community [2,3,14,76,79,80]. Second, sim-
ilarly to other models with FIPs, only the monodecay
signature has been previously studied at the IF experiments.

Phenomenologically, the S particles are “light Higgs
bosons,” with the interactions suppressed by the small
mixing angle # <1 and an additional trilinear ASS
coupling. The main constraints on the o come from
unobserving the decays of the type i — inv, setting the
model-independent bound Br(h — inv) < 0.15 at 95% CL
[81],* and the events pp — h — 2X — 4SM, where SM =
u, b,y [41,45-48]. In particular, Ref. [46] sets the CMS
constraint on the dimuon decay channel for the particles
having the proper lifetimes czy < 100 mm.

It is worth mentioning the common case for a complex
dark scalar singlet S # S* acquiring a vacuum expectation

value w [ie., S=(s+w)/v/2 in the unitary gauge],

a~ = Br_sslymy,. (11)

*With the HL-LHC runs, the sensitivity to invisible Higgs
decays will be improved down to a few percent [82,83].

for which Ag=2Aw. In this case, we have
Omy,/a = w/my, ~ mg/m,,. Thus, one naturally expects
tiny mixing @ < 10~* for small branching ratios Br;,_, 5 ~
0.01 (@ ~ 1 GeV) and light scalar masses mg < mp/2—the
region of parameter space we will be interested in.

In Appendix A, we discuss further details on the model.
In particular, the scalar decays into SM particles, taking
into account theoretical uncertainties that are highly rel-
evant in the GeV mass regime.

A. Higgs-like scalar production

The effective interactions (10) generate the following
production modes [13,84]: single scalars,

B+/O_)Ys/d+sﬂ BS—)¢+S, YV—)]/+S, (12)
and scalar pairs,
h— SS, B, — SS, B0 >y ,+SS. (13)

By - ¢+ S8, Yy -y +SS. (14)
Here, Y, is a hadronic state containing an s/d quark:
7, K, K*(892,...),K{(1270,...), K}, K, while Yy is an
arbitrary vector meson (the most interesting are the cases of
T and J/w mesons). The mixing coupling 64S induces the
first group of processes, whereas the second and third
groups originate from the ASS interaction. Decays of B
mesons are mediated by the flavor-changing neutral cur-
rents b — s/d effectively generated by electroweak loops
with a W boson and a ¢ quark, with an outgoing scalar or a
pair of scalars. Here, we neglect the processes of the proton
bremsstrahlung and decays of kaons, which are mostly
subdominant in the SPS- and LHC-based experiments we
are considering, although they may also produce pairs of
scalars. The production channels (12), (13) have been studied
in detail in Ref. [13]. For the decays of B mesons via the
mixing, summing over all possible final states and in the limit
mg << mp, we get Br(B — S +Y) ~ 3.3 6% Considering
the decays of B mesons into two scalars under the same limit,
we get Brp_ g5,y & 107 (&) The probability of the
radiative production processes Y — y + S/SS, not consid-
ered in Ref. [13], is too small for this process to contribute to
the event yield, see Appendix A.

The production probabilities from these channels (per
proton collision) are

ngd,s =Xy - Bry_s, (15)

A Z, symmetry where only the dark scalar transforms as S —
—S would also motivate tiny mixing angles for small values of
Br,_gg in similar way. The term AgSH'H is odd and can be
naturally suppressed, while the quartic portal 2,S>H'H is Z, even
and can remain unsuppressed.
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SPS. 82 =1.x107", Bry,,gg = 0.01
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FIG. 4. Production probabilities of Higgs-like scalars for
particular values of #? and Br,_gs at SPS and LHC facilities.
The figures have been produced using SensCalc [85,86]. We do not
show the production from radiative decays of T and J/y mesons
as it leads to a negligible contribution to the number of events,
see Sec. II.

where yy =6,,_y/0pp 0 is the yield of the mother
particles per proton collision. For the B mesons, we define

Opp—B — 2. Opp—bb " Kpp fb—>Bv (16)

with a factor of 2 staying for including Bs and anti-Bs, 6,
for the bb production cross section, x,; for the cascade
enhancement of the bb production in the case of the finite
thickness target, whereas f,_p for the fragmentation
fraction.

The plot of the production probabilities for SPS and
LHC facilities assuming the value Br;,_,g¢ = 0.01 is shown
in Fig. 4.

At the LHC (where the & — SS mode is accessible), the
modes (13) dominate the whole scalar production provided
that 6% /Br(h — SS) <2 x 1078, At the facilities where &
cannot be produced, the diproduction processes are the
main mechanisms under the same condition, but only for
masses mg Smpg /2 [52]. Provided that Br(h — SS) 2 1074,
these couplings are reachable by the intensity frontier
experiments [2,21].

IV. EXPERIMENTAL SETUP

To study the potential of IF experiments to explore
scalars using didecays, we consider three distinct setups—
SHiP [80], Belle II [17], and the Downstream algorithm at
LHCb [25,26] (which we will call Downstream@LHCb
throughout the text). The latter two are currently running,
while the former has been approved in 2024 and is expected
to start operating in 2033. Further details of our analysis,
including the description of the accurate simulation we
conducted to perform the study and the experimental
setups, are summarized in the Appendixes B and D.

SHiP is a proton beam dump experiment with the beam
energy E,, = 400 GeV and a projective decay volume sepa-
rated by a macroscopic distance from the target. Detailed
simulations show that the searches for decays of FIPs at SHiP
will operate in the background-free regime during the full
running time of the experiment, which is 15 years [21].

Downstream@LHCb is a recently proposed trigger
scheme (already implemented in the LHCb system and
collecting data) that enables searching for decay events
outside the inner LHCb tracker and up to the upstream
tagger (UT) tracker. It allows for the simultaneous enlarge-
ment of the effective decay volume beyond the inner LHCb
tracker and reduces backgrounds, complementing the
prompt LHCb searches with the algorithm to explore the
parameter space of FIPs. The domain of invariant masses
m > 2 GeV is expected to be background-free independ-
ently of the decay event topology, thanks to the absence of
long-lived physical resonances above this mass and a huge
suppression of combinatorial events [26,87]. The back-
ground reduction study for smaller masses is in progress.
The search may continue until the high luminosity phase of
the LHC, with the total luminosity £ = 300 fb~".

At Belle II, collisions of electrons and positrons produce
pairs of BB particles with small boosts. Their decays may
be used to search for FIPs within the tracking volume
surrounding the interaction point. Unlike SHiP and
Downstream@LHCb, Belle II has access to the production
vertex, at a cost of a significant background. Namely, for the
chain Bt - K*X, X — visible, which is the main search
strategy for Higgs-like particles and ALPs at Belle I [17], the
background is at the level of 5-10 events for the luminosity
L = 189 fb~! [76]. Assuming the luminosity of the full run
£ =50 ab™!, it scales to (1-2) x 10°.

The three setups probe complementary kinematic and
experimental regimes:

(i) SHiP combines an exceptionally large heavy-meson
yield, a 50 m decay volume, and a dedicated low-
background design. Its restricted forward aperture and
macroscopic baseline limit the geometric and decay
acceptance, while the large scalar boosts increase the
laboratory decay length at fixed proper lifetime. The
same forward boost, however, collimates the scalar
pair and favors the simultaneous geometric accep-
tance of both particles.
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(ii) Belle II offers broad angular coverage around the
interaction point and relatively small B-meson
boosts, both of which favor the acceptance of two
displaced decays. In the channels B — K*)S and
B — K*)SS, the prompt kaon also permits
reconstruction of the production chain. These ad-
vantages are balanced by the smaller number of
produced B mesons, the finite displaced-tracking
volume, and the non-negligible backgrounds affect-
ing monodecay searches.

(iii) Downstream@LHCb benefits from the large LHC
heavy-flavor yield and, through & — SS, accesses
scalar masses up to m,, /2. Its short forward fiducial
region and the large scalar boosts reduce the decay
probability, while neutral or soft final-state particles
can lead to partial reconstruction. We therefore
restrict the projected sensitivity to the selected
region my,, > 2 GeV, where the background is
expected to be negligible.

Let us illustrate the relevance of didecays considering SHiP
as an example. The forward boost of the produced scalars
gives a sizeable correlated pair acceptance. For each scalar,
define the geometric factor

_ geom
9i = €5.,i€ec,i »

where eg; requires the scalar trajectory to intersect the
decay volume and i requires the selected visible decay
products to point toward the detector. For SHiP, a repre-
sentative value for the product is (g;) ~ 0.2 [85]. Neglecting
correlations only for this order-of-magnitude illustration,’
the joint geometric acceptance is therefore

AR~ (g:)? = 0.04.

Thus, the requirement of accepting both scalar trajectories
and both visible decays retains a percent-level fraction of
the produced pairs. Reconstruction is not included in the
definition of g;; for the selected charged topologies, its
efficiency is assumed to be of order unity.

The decay probability supplies an additional, concep-
tually separate suppression. Defining the longitudinal
laboratory decay length A, = ctgffy cos 9, where 9 is the
polar angle relative to the beam axis, the SHiP fiducial
interval gives

Pdec(iz) — ¢ 32m/i _ ,—82m/2;
It is maximal at A, = (82 —32) m/In(82/32) ~53 m,

where P3%* ~ 0.33. Consequently, close to the optimum,
a transparent factorized estimate of the combined geometric

®The full calculation does not make this fa((‘torization approxi-
I . 2)
mation: it evaluates the correlated quantity Agcom = (g19,) event

by event, using the joint kinematics of the scalar pair.

and double-decay probability is

(0.2P1)2 ~ 4 x 1073,
This estimate isolates the geometric and decay-in-volume
factors; visible branching fractions and reconstruction enter
separately in the numerical event rate. The resulting
percent-to-per-mille efficiency remains phenomenologi-
cally relevant because of the very large number of heavy
mesons produced at SHiP. In the long-lifetime regime, the
corresponding single-scalar probability approaches

50 m 1
<Pdec> = ’
ctg \Prcosd

which controls the lower-coupling boundary of the pro-
jected sensitivity.

Accidental overlaps can, in principle, fake a didecay
signature in two ways: through coincidence of two inde-
pendent monodecays produced in beam-induced colli-
sions, or through overlap of a genuine monodecay with
unrelated cosmic activity. However, as we quantify in the
Appendix C for SHiP, the expected rate of beam-induced
fake didecays is negligible in the parameter space relevant
for our study. The same conclusion applies even more
strongly to Belle IT and LHCb, owing respectively to the
essentially pileup-free environment at Belle II and to the
shorter effective decay region and bunch-crossing timing
structure at LHCb. Cosmic-induced overlaps are likewise
strongly suppressed by timing, spatial reconstruction, and
momentum directionality; for the scalar case considered
here, the additional requirement that the two vertices
reconstruct a consistent common invariant mass provides
a further rejection handle.

V. RESULTS

In the top panel of Fig. 5, we show the sensitivity of these
experiments to the traditional monodecay signature with
Higgs-like scalars, assuming full running times. For the
Downstream@LHCDb, we conservatively restrict ourselves
to the events with the invariant mass m;,, > 2 GeV.

At the domain of small couplings and in the mass range
m < mpg, SHiP has the best sensitivity because of a larger
number of B mesons and decay volume, and zero back-
ground. On the other hand, Belle II offers a unique
opportunity to reconstruct the full event chain even for
monodecays, whereas Downstream@LHCb may probe
scalars produced by decays of Higgs bosons, thus covering
the mass range mg 2 mp.

Let us now discuss the didecay signature. The sensitivity
of the experiments to the didecays of scalars is summarized
in the bottom panel of Fig. 5.

The domains of masses and coupling accessible by the
three experiments nicely complement each other. Belle 11
and SHiP may probe masses m < mp /2 in the different
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FIG. 5. Parameter space of Higgs-like scalars in the plane mass

coupling to be probed with mono- and didecay signatures at
SHiP, Belle II, and Downstream@LHCb. The monodecay do-
main constitutes the exclusion potential, while the didecay region
is where it may be possible to differentiate between various
models with the same Higgs-like particle decay pattern. The
coupling « in Eq. (9) is fixed by setting Br;,_,g¢ = 0.1. The top
panel shows the enlarged parameter space probed by SHiP and
Belle II, whereas the bottom panel also includes the domain to be
explored by Downstream @LLHCb. The excluded domain is taken
from Ref. [76]. The shaded colored regions in the sensitivities
show the uncertainties in the scalar decay description (see
Appendix A and Ref. [40]).

ranges of the mixing angle, whereas Downstream @ LHCb
accesses larger masses.

For SHiP, the didecay sensitivity lies inside the mono-
decay domain. This is mainly because of the relative
suppression of the didecay rate by the additional decay
probability of the second scalar. Nevertheless, it covers a
significant domain in the parameter space, where it may be
possible to properly identify the production modes and
robustly differentiate the model (see Appendix F 1 for further
details).

For Belle II, we first need to specify the background rate.
The monodecay background is fully dominated by the
events with fake tracks and tracks with missing hits, not by
the physical events [76], and we expect the same for
didecays. The probability of forming two displaced vertices
that have the same invariant mass, and would recover the B

meson invariant mass if combined with the kaon from the
production vertex, is combinatorially suppressed. Hence,
we optimistically assume that for the modes B — K + SS
with decaying S pair and tagged kaon K, the didecay
signature at Belle II is background-free, although detailed
studies by the collaboration are needed to confirm this.

Under this optimistic background-free assumption, the
relatively mild decay-probability suppression at Belle II
makes didecays much more competitive than monodecays.
For scalar masses around 1 GeV, the didecay signature can
provide the leading projected sensitivity.

Finally, for Downstream @LHCb, the situation is similar
to SHiP: the didecay domain is inside the monodecay
sensitivity. But the mass range to be probed by didecays
extends until mg = m,,/2, where the decay events have a
very high multiplicity of the final states. Such high-
multiplicity topologies are natural targets for the new
Buffer Scanner project at LHCb [87,88], which monitors
Downstream candidates in real time at 30 MHz and could
provide a dedicated route to studying high-mass didecay
signals.

Proposed off-axis LHC detectors such as MATHUSLA,
ANUBIS, and CODEX-b provide natural targets for future
didecay studies [79]. Their comparatively small FIP boosts
and potentially non-negligible backgrounds make the inter-
play among double-decay probability, pair acceptance, and
two-vertex background rejection worth a dedicated study.

VI. CONCLUSIONS AND OUTLOOK

In this work, we introduced and quantified the didecay
signature at intensity frontier experiments: the observation
of the simultaneous decays of two FIPs within a single
event. While most existing searches focus on monodecays,
we have shown that didecays constitute a qualitatively
distinct and phenomenologically powerful probe of FIPs.

Didecays offer three primary advantages. First, they serve
as a smoking-gun signal for pair-production mechanisms and
therefore directly test an important structural feature of many
FIP models. Second, reconstructing both displaced decays
provides access to correlated observables—most notably the
invariant mass of the FIP pair, m;,,—that encode information
about the production dynamics even when the production
vertex itself is experimentally inaccessible, as is typical at the
intensity frontier. This makes didecays a particularly robust
tool for probing the underlying operator structure and for
distinguishing between classes of models that share identical
decay phenomenology. Third, the requirement of two dis-
placed decays leads to significantly reduced background
rates compared to monodecays. In realistic high-background
environments, this cleanliness can compensate for the para-
metric suppression of the didecay rate and, in some cases,
yield comparable or even superior sensitivity.

Using the minimal singlet-scalar (Higgs-like scalar)
extension of the Standard Model as a concrete benchmark,
we demonstrated that didecays can probe a substantial and
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phenomenologically relevant region of parameter space at
current and upcoming intensity frontier experiments. Our
analysis highlights in particular the strong potential of Belle
II, SHiP, and Downstream@LHCb to explore didecay
signals, offering a path to refine and expand the FIP search
strategies at these facilities. Didecays stand out as an
especially promising signature for Belle II, where mono-
decay searches are background-limited. If the tagged two-
vertex requirement suppresses the residual background to a
negligible level, the didecay reach can become competitive
or leading.

Although our quantitative analysis has focused on the
minimal singlet-scalar scenario, the strategy we have
developed is broadly applicable. Any framework predicting
pair-produced long-lived states—including models with
additional mediators or richer hidden-sector dynamics—
can give rise to didecay signatures. In this work, we have
established the phenomenological relevance and experi-
mental competitiveness of this signature across represen-
tative Intensity Frontier environments, demonstrating that it
provides structurally new information beyond monodecays.
In the discovery era, didecays offer a concrete pathway
toward genuine model discrimination by exploiting the
correlated observables. A systematic exploration of this
distinguishability program, including additional model
classes such as dark QCD-like sectors [50] or short-lived
resonance structures [89], will be pursued in future work.
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APPENDIX A: PHENOMENOLOGY OF
HIGGS-LIKE SCALARS

In this Appendix, we describe the phenomenology of
Higgs-like scalars as well as the approach we use to derive

our main results—the sensitivity of SHiP, Belle II, and
Downstream @LHCb experiments to didecays.

It is organized as follows. In Sec. A, we discuss some
details of the phenomenology of Higgs-like scalars, includ-
ing the uncertainties in the description of their decays,
which, for the didecay signature, enter the results quad-
ratically via the squared decay probability, depending on
the parameter space.

Section B summarizes the experimental setups of SHiP,
Belle I1, and the Downstream algorithm at LHCb, including
the backgrounds and selection criteria used in our sensi-
tivity estimates. In Sec. C, we quantify the impact of the
experimental time resolution on potential backgrounds
arising from accidental coincidences of independent mono-
decays. Finally, Sec. D describes our experiment-agnostic
framework for computing the didecay event rate across
different experimental configurations.

In Sec. E, we discuss whether trilinear 7XX coupling
may be used to search for didecays of other FIPs, such as
dark photons and axionlike particles, at the facilities where
Higgs bosons cannot be produced.

Finally, Sec. F discusses various insights about didecay
events and opportunities in reconstructing the FIP’s proper-
ties, using Higgs-like scalars at SHiP and the Downstream
algorithm at LHCb as an example.

1. Decays

Scalars decay similarly to a light Higgs boson.
Therefore, they prefer decaying into the heaviest par-
ticles available by the kinematics. In particular, for decays
into fundamental fermions, the decay width scales as
g7 o yjz,, where y; is the Yukawa coupling. An excep-
tion is the decay into two gluons, which is a loop-induced
process receiving contributions from heavy quarks.

The main theoretical uncertainty in the decays originates
from the poor knowledge of meson spectroscopy in the
sector of scalar mesons. They mix with the scalars and may
severely affect the decays of S into, e.g., a pair of pions and
kaons. Various studies [39,40,78,90] estimated the decay
width of Ss. We will follow the latest study [40], which
utilized the experimental data on the scatterings zz — KK
and zw — 7z to extract the form factors mediating the
scalar decay, and estimated the theoretical uncertainties.

To match the exclusive widths S — 7z, KK, ... with the
perturbative QCD calculations including S — GG, s5
decays, we follow the approach of [78] and add a fictitious
decay width § — 4z, fixed in a way such that the exclusive
and perturbative calculations match at mg = 2 GeV.

The behavior of the scalar’s proper lifetime czg calcu-
lated using the S — zz, KK calculations from [40] is
shown in Fig. 6 (left panel), including the uncertainties;
we will utilize this description throughout the paper. For
comparison, we also show the prediction of Ref. [78]. In
addition, the right panel of this figure shows the behavior of
branching ratios of various scalar decay modes.
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FIG. 6. Phenomenology of decays of Higgs-like scalars. Left panel: behavior of the scalar lifetime czg with the scalar mass, assuming
the fixed value of the mixing angle 8> = 10~'2. The curves show two different computations of the decay width into a pair of pions and
kaons: from Ref. [40], including the uncertainty band (the green curve), and from Ref. [78] (the blue curve). Right panel: the branching
ratios of decays of Higgs-like scalars into various final states, assuming that the decay widths of the scalar into pairs of pions and kaons

match the central prediction of Ref. [40].

2. Production in radiative decays
of vector mesons

We will concentrate on heavy mesons V =J/y, T
in the process (14) due to their weaker Yukawa sup-
pression and because we are interested in mg 2 100 MeV.

To calculate the branching ratio of the process, we
utilize heavy quark effective field theory [91]. First, we
represent the matrix element of the decay by the pro-
cess gqg — yS, where V is assumed to be a bound state
of gq. Second, we assume that each quark ¢, g carries 1/2
|

- Py +my)

of the V’s four-momentum py. Third, we make the

replacement

L teigrimy + ),

(0laTg|V) (A1)
where fy is the meson’s decay constant that may be
extracted from, e.g., the leptonic decays V — [l [84], while
€ is the polarization vector.
Using these ingredients,

element, we have

for the tree-level matrix

(wp—#, +

MV—»}/S -V 4”aEMquq

pv)Tr{ <y,,(m

(Py— pPn)?

2
_mb

- o)y )<V+zw}wm> (A2)

(P — 1y

Here, Q, is the quark’s charge, while y, = m, /v is the Yukawa coupling. The squared matrix element averaged over V’s

polarizations is

‘MV—>y5|2

32r
TaEM‘ngz quq'

(A3)

For the process V — ySS, we just need to replace 0 — a/ms.

The decay widths of these processes behave as (see also

20pm07f3 02y (1 — x%)

Ref. [59])

FV—»;/S -

2y2apmfymy (\/ 1 —4x?(2x% + 1) + 4(x* — x?) log (—1'4"2“))

A4
3mv ’ ( )

1—V1—4x?

1—‘V—>}/SS =

A
487 m}, ’ (45)

where x = mg/my. Next, let us express the decay constant f in terms of the decay width V — ete™,

FV—>8+ - R
3mv

4ﬂaEM v 2 Q2

2 3rv_>e+e—mv
v 2 2
dragy Oy
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Finally, let us use the relation between the trilinear coupling a and Brj,_ g in the limit mg < m,,/2 [c.f. Eq. (11)],
a* = 327Br),_ ssT,my,, and replace Ty_ o+ = Dy o X Bry_ e+~ We get

yégz 2
Bry_ s~ Bry_,., 1—x2), A7
Ty_ys Ty 2”05131\/1( x) ( )
Cymyy? (\/ 1 —4x?(2x* + 1) +4(x* — x*) log (7; 1_—‘1”24*;)) (%)
v . A8

Bry_, 55 & Brj_ssBry_ +.-

In the limit mg <« my, plugging all the numeric values
for Y(1S) and J/w(1S) and using I';, ~ 4 MeV, we obtain

Bry_,s~ 1.9 x 107467, (A9)
Bry_, 55~ 1.1 x 10-12%, (A10)
Bt /s % 3.4 x 107562, (A11)
Bt/ oyss & 2.1 % 1014 Brhoss. (A12)

The smallness of the branching ratios of three-body
processes makes it impossible to use them for searches.
For example, we expect no more than ~10' of Y(15)
particles at Belle II. To obtain this number for SHiP, we
launched a dedicated Pythia8 simulation and found that
Nv/N,j; ~ 1072, which leads to ~10'2 of T particles
produced during the full running time [85]. The J/y
mesons present a similar suppression.

The monoproduction channels are much less suppressed,
but their rates are controlled by the coupling €, which
also enters the scalar lifetime. The latter is restricted
by the requirement that scalar particles must propagate
to the detector, i.e., ctgys 2 [nin Where [, is the minimal
displacement. The value Ny -Bry_,s should be large
enough in this region.

For mg < mg, current constraints on 6 impose Bry._, g <
107! rendering their contribution insignificant. However,
for masses mg > mpg, one can have #> ~ 10~* and, thus, the
channel T — S+ y may contribute significantly. For
SHiP, [, = 32 m, and the minimal possible value of §>
for mg~5 GeV to have comparable decay length is
62 ~few x 10~'!, For Belle II, the situation is more
optimistic, as the only cut is on the transverse displacement,
r; > 0.05 cm. However, the whole chain

Y(1S) - S + y — SM particles + y (A13)
is more complicated to reconstruct due to the complicated
hadronic decays of the scalar, and it is less clear against the
background, as scalars with this mass would decay into a

2 3
2r”apym;,

bunch of various states. We leave a detailed study of this
question to future work.

APPENDIX B: EXPERIMENTS
1. SHiP

The setup of the SHiP experiment we use mainly
replicates the one discussed in [21], with the recent
modifications of the transversal dimensions of the decay
volume and detector, see Fig. 7. We consider a 400 GeV
proton beam hitting a beryllium target, with the total
number of protons being 6 x 10%° during the 15-year
operating time. The 50 m long decay volume is located
32 m downward of the target, being centered along the
beam line, and has the form of an asymmetric pyramidal
frustum with the dimensions

1 x2.7 m?,

4 x 6 m?,

upstream.

AxxAy:{ (B1)

downstream.

The 11 m long detector system is located downward of
the decay volume and contains a magnetized spectrometer
with the integrated magnetic field f B-dl=0.65Tm, a
timing system, and an ECAL.

The amount of B mesons produced during the full
operating time of SHiP is [92] Nz ~ 1.5 x 10'%; this
number includes a cascade enhancement originating from
secondary interactions of reaction products of the primary
collision with the thick target. For the fragmentation
fractions f,_p, we use [1,73]

fb—»BJr = fh—>B° =0.411, fb—»BS =0.11. (B2)

a. Selection criteria and backgrounds

Backgrounds at SHiP are made of the following
contributions:

(i) Muon combinatorial,

(i) Deep inelastic neutrino scattering;

(iii) Deep inelastic muon scattering.
They occur either off the envelope of the decay volume or
helium under atmospheric pressure filling it from inside.

Provided the preselection [with (O(1) reconstruction
efficiency] summarized below, as well as two background
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FIG. 7.

veto systems, the surrounding background tagger and
the upstream background tagger, background becomes
negligible: the upper bound on background yield is
0.3 events/15 years [21,80].

For monodecays, the preselection is summarized by the
following criteria. The monodecay event may be recon-
structed provided that at least two decay products with total
zero electric charge intersect the whole detector, have
energies E > 1 GeV; the charged decay products must
also have the transverse impact parameter no more than
2.5 m. We will utilize the same criteria for the didecay
events, which are also, obviously, background-free.

2. Belle 11

Belle II [17] is an electron-positron collider with a
varying center-of-mass energy of the eTe™ pair, see
Fig. 8. The center-of-mass energy is chosen so that it
closely matches the masses of heavy bb-bound states,
which subsequently decay into BB pairs. The main operat-
ing mode corresponds to ,/s,+,- closely matching the
Y (4S), decaying into B*B~ or BB pairs, with roughly
equal probabilities of 51.4% and 48.6%.

The eTe™ collision is asymmetric—the total momentum
of the ete™ pair has a small transversal component and a
large longitudinal component,

P = (11.006,0,0.125,3) GeV. (B3)

Setup of the SHiP experiment; the figure is taken from Ref. [21]. In our studies, we consider smaller transversal dimensions of
the decay volume and detector corresponding to the latest setup.

Because the electron and positron beam energies are
asymmetric, the ete™ center-of-mass frame is boosted in
the laboratory. The detector geometry is correspondingly
asymmetric: the collision point is shifted to the left relative
to the center of the detector, leading to a larger acceptance
of the events with the particles located in the forward
direction.

The full luminosity corresponds to £ = 50 ab~!. Using
information from Ref. [76] about the amount of BB pairs
accumulated during the run with £ = 189 fb~!, which is
NI — 1.8 x 10%, we get N3%™" ~5.24 x 10'°. This
is four orders of magnitude smaller than at SHiP.

a. Selection criteria and backgrounds

To study events with decaying FIPs at Belle II, we utilize
the geometry and follow Ref. [76] as an example of a fresh
collaboration analysis, performed for Higgs-like scalars.

Unlike the case of SHiP, where we considered all the
possible production mechanisms and scalar decay modes,
for Belle 11, we will restrict ourselves solely to the events in
which the kinematics of the decaying B meson can be fully
reconstructed; this is needed to minimize the background.
We will consider the decays

Bt - Kt + X/2X, X Yty , Y=c,unK

(B4)
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FIG. 8. Setup of the Belle II experiment; the figure is taken from Ref. [17].
and Let us now specify the selection criteria:

B> KV +X/2X, X->Y'Y", Y=e,unK. (BS)
We drop the contributions from the B decay into other
resonances because they have a non-negligible decay width
that would smear the kinematics of the reconstructed
particles, introducing complexity in recovering the B
meson invariant mass in the event—an essential feature
required to suppress the background. Also, we drop the
decays of scalars into the states with more than two
particles.

The production mode B, — XX may also be used at
Belle II. B; mesons may be produced via the decays of the
T(5S) resonance appearing from the collisions of ee™
particles at a larger |/s,+,-. As for the luminosity of the
corresponding run, it would be reasonable to consider
L =5 ab™!, constituting the same fraction of the full
luminosity as the dataset with Y(5S) constituted at
Belle. However, there is no kaon to tag in the B, decay,
so quantification of background is required. We leave the
investigation of to corresponding sensitivity for future
studies.

®

(i)

(iii)

035012-13

The transverse displacement of the decay vertex
Flec = (xdec» Ydecs Zdf:c:) must satisfy

0.05 cm < /X3, + Y3 <0.5m.  (B6)

The lower bound corresponds to the minimal dis-
placement used in Ref. [76]. The upper bound is
caused by a sharp drop in the tracking efficiency at
larger displacements.

The longitudinal displacement is mainly limited by
the geometry of the Central Drift Chamber (CDC)
volume. We consider

17° < B4ec < 150°,
(B7)

=31 cm < zgee < 1 m,

where the angular cut follows from the geometry of
the envelope of the beam pipes embedded in
the CDC.

Charged kaons and pions from the prompt B decays
must have pr > 0.15 GeV. Their trajectories must
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intersect the detector system, which we assume to
begin with ARICH detectors in Fig. 8; i.e., the polar
angles must range within 17° < @ < 150°.

(iv) The trajectories of the displaced decay products
must also intersect the detector system. Our strategy
is to consider the 3-momentum of the decay product
(Px>Py.p;) and calculate the projection of its
trajectory at the detector exit,

Px
Toroj = | Xdee (Zexit - Zdec) P— > Ydec
z

p
+ (Zcxit - Zdec) p_y s Zexit) ) (BS)
z

where z; is either 1.65 m if p, > 0 (so the particle
flies in the forward direction) or —1.02 m in the
opposite case. To surely intersect the detector,

the radius ,/xgmj + ygmj must be >60 cm, where

the ARICH system begins. If it is smaller, the decay
product would escape the detector through the beam
pipe surroundings.
(v) Finally, the py of all the displaced decay products
must be pr > 0.25 GeV.
The backgrounds for the monodecay search assuming
the integrated luminosity 189 fb~! have been discussed in
Ref. [76]. We assume that for this luminosity, the typical

background rate is Ny’ 7 ~ 10 for each scalar mass. To

obtain the background rate for the full luminosity run, we
use the trivial rescaling

—1
B = e (89)
Following the discussion in the main text, we assume zero
background for the didecay events.

To study the sensitivity of Belle II, we have conducted
two independent simulations. The first one uses the sampler
from Sec. D, where we also accommodated the selection
based on the prompt kaon for the B decays. The second one
is an adaptation of our previous studies for the electron-
positron colliders BABAR and Belle II in [93]. As a cross-
check of the approach, we have approximately reproduced
the bounds on the Higgs-like scalars from Ref. [76]. The
proper comparison is complicated, though. First, Ref. [76]
utilized a different description of the scalar phenomenol-
ogy, including, in particular, decays S — c¢ right above the
naive cc threshold mg = 2m, to the scalar lifetime. In
reality, the true threshold for the corresponding decay is
mg > 2mp, where mp =~ 1.87 GeV is the D meson mass.
Second, the reported bound is wiggly, introducing an
uncertainty within a factor of 2 in terms of the mixing
angle 6.

FIG. 9. Geometry of the Downstream@LHCb setup, with all
units in meters. The blue domain shows the pseudorapidity
coverage of LHCb, 2 < < 5, starting from the longitudinal
displacement z = 1 (the end of the inner tracker). The green plane
shows the position of the UT tracker. Finally, the red domain
defines the SciFi tracker. The figure is generated by SensCalc [85].

3. Downstream@LHCb

The Downstream algorithm at LHCb [25,26] allows
reconstruction of the decay events of FIPs and long-lived
SM particles such as K; and A using the so-called
Downstream tracks. These tracks leave hits only in two
tracker subsystems—UT, located at z ~ 2.5 m, and SciFi,
extended from z=7.75m to z=9.4 m. The effective
decay volume extends in the longitudinal coordinate z from
z=1m [the end of VErtex LOcator (VELO)] to z =
2.5 m (the position of UT), see Fig. 9. The algorithm
matches hits in UT and SciFi at the first high-level trigger
(called HLT1) taking into account the magnetic field and
uses neural networks to reduce fake tracks coming from
spurious detector hits, with the efficiency of reconstruction
at the level of e, & 80% for the tracks with the transverse
momentum pr > 0.5 GeV and momentum p > 5 GeV.

The full reconstruction chain of the algorithm utilizes
tracks’ reconstruction, measuring tracks’ momenta using
the magnetic field with the bending power of 4 Tm, and
vertexing, with the efficiency of €, &~ 90% for the vertex
made of two tracks, and suppressing background by using a
neural network. The invariant mass may be subsequently
reconstructed using the pion particle hypothesis.

The algorithm was added to HLT1 in October 2024, and
its performance has been validated by reconstructing the
vertices of K; and A from real data.

Reference [25] studied the potential of Downstream @
LHCb to explore various new physics scenarios. The setup
has an excellent opportunity to explore the FIP parameter
space in the near future.

a. Selection criteria and backgrounds

We follow the selection criteria utilized in Refs. [25,26].
First of all, we require the decaying particle to have the
coordinates 1 m <z <2.5m and 2 <7 < 5. We assume
that only charged particles are reconstructible by the
algorithm. For the track to be reconstructed, we require
the particle’s trajectory (affected by the magnetic field) to
be within SciFi but not intersect the hole in the center,
accounting for the beam pipe. The particle must have the
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transverse momentum pr > 0.5 GeV and momentum
p > 5 GeV.

The background is expected to be under control for the
fully reconstructible events with only two tracks. Various
backgrounds have been studied in Ref. [87], which com-
bines simulations and real data acquired in October 2024,
and found that the various backgrounds quickly drop as the
invariant mass of the two reconstructed tracks increases,
reaching a negligible level at m;,, > 2 GeV. Three types of
background sources are considered:

(i) Hadronic resonances. Light hadronic resonances
created from particle interactions with the beam
pipe and detector materials can be suppressed by
vetoing specific regions of the detector. Heavy
resonances decay promptly inside the VELO detec-
tor, not reaching the Downstream region.

(ii) Strange candidates. Ky and A are vetoed in the mass
region below 1.2 GeV.

(iii) Combinatorial background. It comes from random
combinations of tracks that fake a vertex, mainly
low-momentum tracks. It is studied with simulated
and real data events, using tracks with the same sign.
This background decreases as the particle mass
increases and can be removed using an neural
network (NN) trained against these events that have
different characteristics from BSM signals. For very
high masses, no contributions are expected.

The case of partially reconstructed events with more than
two tracks (the typical decay mode of heavy Higgs-like
scalars, see Fig. 6) is currently under study. The didecay
signature is expected to be much less affected by this
background since pairing two random fake FIPs does not
provide the same origin vertex. Overall, we assume that the
didecay searches at Downstream@LHCb will be back-
ground-free.

Therefore, to summarize, we conservatively require the
events with at least two charged tracks per vertex passing
the above-mentioned criteria, with the minimum Monte-
Carlo-truth invariant mass m;,, > 2 GeV. The overall event
reconstruction efficiency is

€overall ¥ €gack * Evixs (BlO)
where 7 is the minimum number of tracks from the single
particle decay with m;,, > 2 GeV.

4. Interpretation of the CMS constraints on didecays

We will utilize the constraint on didecay events with four
muons from Ref. [46]. Of most interest is the dataset from
2018, which excluded the parameter space of particles with
the prompt lifetimes ¢ty < 100 mm. We will use the top
right panel of Fig. 5 of that paper, showing the model-
independent constraint on the quantity

S= Opp—2X Br%(—)?,ﬂ " Qgen (Bl 1)

Here, ©¢,,.ox = 0,4 X Brj_ox, with 6,,,~55 pb
[94], while age,(my, ctx) is the model-independent selec-
tion efficiency, including the cuts on the position of the
decay vertex as well as the kinematics and isolation of
dimuons.

Unfortunately, neither the mass nor the lifetime maps of
@gen have been provided in Ref. [46], nor has it been applied
to the Higgs-like scalar model. It is crucial to know the
behavior of its efficiency—we expect it to scale as @y, o

(ctxyx)~? in the limit of large lifetimes, but the effects
beyond this scaling may be also important.

Therefore, we estimate its behavior using a simplified
MC simulation, similar to the ones described in the
previous Sections. There, we decay the Higgs bosons
produced in the pp collisions at the LHC into a pair of
the X particles (taking the angle-energy distribution of the
Higgs bosons from [85]), and apply the selection on the X’s
decay vertices and dimuons from Table 1 of [46].

APPENDIX C: BACKGROUND FROM
ACCIDENTAL OVERLAPS

A potential concern is whether the didecay signature
could be faked by accidental overlap of unrelated events.
There are two qualitatively different possibilities:

(1) an overlap between a genuine monodecay and

unrelated cosmic activity;

(2) an overlap of two independent monodecays pro-

duced in beam-induced collisions.
In this Appendix we discuss both effects and show that they
are negligible in the parameter space relevant for our study.

1. Overlap of a monodecay with cosmic activity

We start with the possibility of an accidental coincidence
between a genuine monodecay and an unrelated cosmic-ray
event. Such a fake didecay candidate is strongly suppressed
by a combination of timing, vetoing, and event topology.

For SHiP, the timing detector is expected to pro-
vide a resolution at the level of 6jping ~ 100 ps [21,80].
In addition, SHiP is equipped with dedicated veto systems
surrounding and upstream of the decay volume (the sur-
rounding background tagger and the upstream background
tagger), specifically designed to reject entering charged
particles and reduce nonbeam backgrounds to a negligible
level [21,80]. The signal geometry also provides a strong
handle: the long-lived particles (LLPs) are produced in the
very forward direction, and the reconstructed momenta of
their visible decay products point back to the beam line.
Cosmic-ray tracks are not synchronized with the beam spill
and are typically not aligned with this forward beam-induced
topology. For the scalar case considered here, an accidental
overlap would furthermore have to reconstruct two displaced
vertices compatible with a common invariant-mass hypoth-
esis, which provides an additional strong suppression.
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The same qualitative conclusion applies to the other two
experiments considered in this work. At LHCb, events are
associated with the bunch-crossing structure of the LHC,
with a 25 ns spacing between bunch crossings [95], and
the reconstructed candidates are required to be compatible
with a beam-induced event. Since Downstream@LHCb is a
forward detector with a small solid-angle acceptance
around the beam axis [25,26], cosmic-ray tracks are
strongly disfavored by directionality. At Belle II, the event
timing is at the level of O(10 ns) [96], the event environ-
ment is very clean, and trigger-level rejection of non-IP-like
activity is provided, for example, by the CDC Level-1
z-vertex trigger [97]. As a consequence, accidental overlap
of a monodecay with cosmic activity is not expected to fake
the didecay signal at any of the three experiments.

Since a fully realistic numerical estimate of cosmic-
induced backgrounds would depend on detector-specific
geometry, shielding, and veto performance, we do not
attempt such a detector-level calculation here. Instead, we
conclude that the combination of beam-time compatibility,
veto systems, and the strongly constrained signal topology
makes cosmic-induced fake didecays highly implausible.

2. Overlap of two independent monodecays

We now turn to accidental overlap of two independent
monodecays produced in beam-induced collisions. For
concreteness, we consider SHiP as an explicit example
and then comment on LHCb and Belle 1L

Let the mean number of reconstructed monodecays per
spill be

H= Nmono,spill = NB.spillBr(B - S+ X)egeompdecayv (Cl)

where N i1 is the number of produced B mesons per spill.
The total numbers of PoT and B mesons during the 15-year
running time of SHiP are Np,y = 6 x 10?° and Ny ~ 10'*
[73.80]. Each spill carries Nporpin ~4 x 10", which
corresponds to N gy ~ 107. The quantity €geom ~ 0.2 18
a typical geometric acceptance at SHiP, including the decay
volume and detector geometry [85]. Finally, Pyecay 1s the
probability for the scalar to decay within the fiducial
region,

L] [ Lox] (e

Pdecay R eXp |—
YCtg YCTg

For Higgs mixing, Br(B — S + X) ~ 36 [13], while ctg «
1/6? is the scalar lifetime.

In the regime relevant to our exclusion contours, one
has y <« 1, so reconstructed monodecays follow Poisson
statistics. The probability of observing two independent
monodecays within the same spill is therefore

P(2) z”;. (C3)

To fake a didecay event, however, the two independent
monodecays must also be associated in time. This associ-
ation is not controlled solely by the intrinsic timing
capability of the detector. Indeed, for a genuine didecay
signal, the two scalars are produced simultaneously but
decay at different positions inside the fiducial volume.
Therefore, even for true signal events there is an irreducible
time difference between the two reconstructed vertices,

AL AL

Di-decay — E =T (C4)

(A7)
where in the last step we used that the scalars are ultra-
relativistic in the relevant SHiP parameter space. Since the
maximal separation of the decay vertices is bounded by
the size of the decay region, AL <50 m, one finds the
conservative upper estimate

50 m

-7
Di-decay 5 c ~ 107" s.

(A7) (C5)
At the same time, SHiP has a finite timing resolution,
which we denote by (A7 )measuremem ~ NOiming with Otiming ™~
100 ps and n = O(1) [21,80]. Therefore, the relevant
effective association window for a didecay candidate is
Atassoc ~ max [(At)measurement’ (At)Di—decay]' (C6)
For SHiP, the second contribution is the dominant one, so
conservatively Aty ~ 1077 s.

Assuming that independent monodecays are uniformly
distributed over the spill duration 7y, the probability that
two such decays fall within the same association window is
approximately

~ A tassoc

Passoc -

. (C7)
Tspill

For SHIP, t, ~ 1 s, and hence Py o ~ 1077,
The expected number of fake didecay events over the full
running time is therefore

2
H N At assoc
E spills

Nfakc = (CS)

Lspill

Since ¢ < 1 throughout the parameter space relevant for
our study, this suppression is sufficient to ensure Ny, < 1
in the domain 6% < 10~7 available for the future searches.
Accidental overlap of independent monodecays is therefore
negligible.

a. Slow versus fast scalars and timing considerations

A related concern is whether the above estimate could be
invalidated if one scalar is significantly slower than the
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other, thereby generating unusually large time-of-flight
differences.

At SHiP, scalars are predominantly produced in decays
of highly boosted B mesons originating from 400 GeV
proton collisions. In the forward geometry relevant for the
decay volume, typical scalar boosts are yg ~ O(10 — 50)
for mg ~ O(1 GeV). Even near threshold in the B rest
frame, the lab-frame boost of the relativistic B meson
renders the scalar relativistic as well.

The time of flight over a baseline L is t = L/(fic), and
for relativistic particles the delay relative to a particle with
p~1is

At~ —. c9
2cy? (C9)
Taking L ~ 50 m gives
83
A= (C10)
14

For representative boosts y = 10, 20, 50, this yields
time delays of order 0.8 ns, 0.2 ns, and 0.03 ns,
respectively.

These values are completely negligible compared to
the spill duration, and they remain well below the
conservative signal-association scale At,i,. ~ 107 s used
above. Therefore, varying scalar boosts do not invalidate
the accidental-overlap estimate. To generate a time-of-
flight difference comparable to the spill duration would
require

fr~——n 107, (C11)

Ctspi]l

corresponding to velocities of order tens of meters per
second. Such kinematics are incompatible with GeV-scale
particles produced in a high-energy beam dump.

At LHCbD, the same argument is even stronger. The
effective Downstream decay region extends only from
z=1mto z=2.5 m [25,26], so the maximal separation
of two genuine didecay vertices is only AL <1.5 m.
Therefore the corresponding physical time splitting satisfies

<1.5m

(Ar)EHh < ———~5ns,
c

Di-decay ~ (C12)
which is comfortably below the 25 ns bunch-crossing
spacing of the LHC [95]. In other words, genuine didecay
candidates naturally remain associated with the same bunch
crossing. At the same time, the beam-induced overlap
probability is much smaller than in the SHiP spill-
based environment because the event intensity relevant for
displaced LLP candidates is correspondingly lower.
Accidental overlap of two unrelated monodecays is therefore
even less plausible at LHCb than at SHiP.

At Belle II, the conclusion is stronger still. The event
environment is essentially pileup-free in comparison with
hadron-beam or hadron-collider experiments, while the
event timing is at the level of O(10 ns) [96]. The
probability of overlapping two independent LLP mono-
decays is therefore negligible.

We therefore conclude that across the full parameter
space considered, accidental overlaps—whether between
a monodecay and cosmic activity or between two inde-
pendent monodecays—cannot fake the didecay signature
studied in this work. Genuine didecays, by contrast, arise
from a common production time and exhibit corr-
elated kinematics. Their two reconstructed vertices
need not coincide within the intrinsic detector timing
resolution; rather, they are naturally separated by
(At)pigecay = AL/ (fc), with AL set by the relative posi-
tions of the two decay vertices. Timing information thus
remains useful as an additional handle on the underlying
production mechanism, while accidental overlaps of unre-
lated events stay negligible.

APPENDIX D: DIDECAY EVENT SAMPLER

In this Section, we describe the complex machinery we
use to simulate didecays of FIPs.

1. SensCalc

As a starting point, we use SensCal—a Mathematica-
based code initially designed to calculate the event rate
with decaying FIPs at various intensity frontier experi-
ments [85].” The code generates the tabulated angle-energy
distribution of FIPs produced by various channels. Then, it
computes the tabulated geometric acceptance for the FIP to
decay inside the decay volume and the tabulated decay
products acceptance—a fraction of events satisfying geo-
metric and kinematic cuts for the given experiment. For
this, in particular, it samples the phase space of FIPs’ decay
products (if they do not include jets) or uses the phase space
precomputed in Pythia8 [71] (if jets are present). Finally,
using the computed quantities, it integrates over all possible
combinations of FIPs’ and decay products’ kinematics to
obtain the event rate for monodecays. SensCale has been
tested against various simulation frameworks and light-
weight Monte-Carlo codes.

Recently [12], it has been extended by adding EventCalc—
a Monte Carlo sampler that uses the tabulated angle-energy
distribution of the FIPs generated by SensCalc, as well as
the setups of various experiments, and then generates the
decay vertices of FIPs inside the decay volume. Its Python-
based analog8 integrates Pythia8 to simulate showering and

" Available at https://github.com/maksymovchynnikov/Sens-
Calc/maksymovchynnikov/SensCalc  or at 10.5281/zenodo.
7957784.

¥Available at https://github.com/maksymovchynnikov/Eve
ntCalc-SHiP/maksymovchynnikov/EventCalc-SHiP.
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hadronization of decay products on-flight and can be used
to generate the FIP decay events in a format suitable for the
software framework of the SHiP experiment. In another
work [93], it has been adapted to sample the events in a
model of inelastic dark matter coupled to a dark photon
mediator, again using the tabulated distribution of dark
photons precomputed by SensCalc.

2. Modification to handle didecays case

SensCale and its available modifications do not include
routines to handle didecays. Namely, at the very first step
we need the correlated distribution of a pair of FIPs X
produced in the mother processes ¥ — Y’ + 2X, whereas
SensCale uses the averaged distribution for one particle
(saving the information about only one FIP in the case
of diproduction). However, we may use all of its machinery,
including the database of various experiments, tabulated
distributions of various mother particles, the phenomenol-
ogy of different FIPs, and routines that sample the FIP
production and decay chains, and modify them to incor-
porate didecays.

Our modification incorporates the following logic (here
not limited by the case of Higgs-like scalars):

(1) Fix the FIP and specify the description of its
phenomenology and decay modes used to cal-
culate the number of events [parametrize it by
Bry (mpp) < 1]. Then, only consider the produc-
tion modes where the given FIP is produced in pairs.

(2) Select the experiment, its setup, and selection criteria
for decay products (detectable particles, their geo-
metric and kinematic properties required for suc-
cessful reconstruction).

(3) For a given FIP mass mgp, simulate the kinematics
of N, pairs of FIPs produced by decays of mother
particles, i.e., their correlated 4-momenta given by
Prip» Ok, Ppp- After simulating, only keep those
events for which both the FIPs are within the polar
acceptance of the decay volume (parametrize it by
€polar» Which can be either 0 or 1).

(4) Having the FIPs’ kinematics and their proper life-
time crgp, generate the positions of their decay
vertices within the longitudinal displacement from
the production point given by the position of the
decay volume, and calculate the corresponding
decay probability

Piec = EXP [— “min ]
eC
ctpPripy Fip €08 (Oprp)
Zmax
—exp |- . (D1)
[ CTrpPrPY FIP COS(HFIP):|

At this step, leave only the events for which both
FIPs from the generated pairs are simultaneously

within the azimuthal range of the decay volume
(parametrize it by €,,, which can be either O or 1).

(5) Simulate the phase space of decays of both FIPs into
various final states selected at the first step, starting
from FIP’s rest frame and then boosting it to the lab
frame. For decays into jets, use the phase space
pregenerated with the help of Pythia8.

(6) For each decay, calculate the acceptance for the
decay products €4, (which can be either 0 or 1)
separately for each FIP from the produced pair. The
latter is obtained by imposing requirements on
detectable particles, geometric criteria, and kinemat-
ics. Afterward, leave only those events for which
decays of both FIPs have ¢4, = 1.

Let us introduce the quantity &) = =

Pééo edec, where i denotes the number of sampled event,
and j <2 counts the FIPs produced per decay (for
monoproduction modes, it is equal to 1, and we drop it).
Using it, we may express the number of events for various
signatures:

(1) Didecay events:

iJ
polar " €az

=z

sim

g(i»l) . g(il)

1

1
Nim

Nevem%

ZN y X Bry_ox -

1

(D2)

where i, 1/2 means the first/second particle of the ith
pair of the FIP particles.
(2) (Mono + di)decay events,

N0
sim

1 . )
N( o Z(g(nl) + £2)

sim =1

ZNY Bry_ox -

events

NX)

slm

Zé

51m i=

— EIDEI) 4 Bry Ly -

(D3)

Here, the first summand stands for the contribution

of the diproduction modes, whereas the second

one describes the monoproduction. N Eﬁ, N Elzn)f ) are
the numbers of sampled events from mono- and

X)

diproduction modes, sim

with the property N

an)? = Ngm. They are determined based on the
ratio fomd and Npmd,
N _ Bry_,x N
UM Bryox +Bryuy T
X Bry_x
ginz = n— Nim- (D4)

Bry_,x + Bry_x
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(3) Monodecays only,

(2x)
1 Nsim

sim

N(X)
. . . . 1 .
Netwns = D Ny | Bryox oy D (€001 =02 4 £020(1 = £00)) - Bry 53 €0 (DS)
Y

sim =1

As a working example, we have implemented the didecays
of Higgs-like scalars at SHiP, Belle I, and the Downstream
algorithm. On top of what is described above, we have also
incorporated the theoretical uncertainty in decays of the
scalars following Ref. [40], to demonstrate its impact on the
sensitivities and constraints.

The code will be available with the next major update of
SensCale. It can be provided before this upon request.

a. Cross-checks

We have validated the code for the mentioned setups by

using two independent calculations:

(1) For the combined mono + didecays signature in the
domain 6* where the di-S production modes domi-
nate (recall Fig. 5, top panel), it accurately repro-
duces the prediction of SensCalc.

(2) We also used a rough estimate of the number of
events based on the formula (D6) we defined in the
main text. We recapitulate it here for completeness,

Ng/)ents = Ngfod x (€S ’ Pgec : €dec>27 (D6)
Here,
(a) N33y is the total number of S pairs originated
from the diproduction (13).
(b) ey is the fraction of scalars whose trajectories
intersect the decay volume.
(c) PS__ is the scalar decay probability,

dec

i l
PS = exp |:_ min i| — exp |:_ max ]’
dec cts(rs) cts(vs)

(D7)

with /i, /max being the minimal and maximal
distance from the collision point covered by the
decay volume, and (y ) the mean scalar’s y factor.

(d) €gec 18 the fraction of the S decay events that
can be reconstructed; it includes the geometric
part (also known as the fraction of events where
the trajectories of the minimal required number
of the decay products are within the detector)
and the reconstruction part (the suppression
due to the lack of detectors and reconstruction
efficiency).

N

sim =1

For example, for the value of ¢4 - €5 at SHiP, we used the
value 0.2, and (E) ~ 80 GeV, which are the typical values
for the monodecay events [85].

The predictions by this simple estimate in terms of the
sensitivity are in reasonable (O(2) agreement with our full
simulation. The discrepancies are caused by the correlation
between the kinematics of the scalars’ pairs that are
unaccounted for in the simple formula.

APPENDIX E: OTHER MODELS
WITH TRILINEAR £XX COUPLING

Apart from the Higgs-like scalars, we may consider other
FIPs having trilinear coupling to the Higgs bosons, such as
dark photons, ALPs, and HNLs. Similarly to the Higgs-like
scalars at Downstream @ LHCb, they may be produced by
the decay h — SS. In this Section, instead, we briefly
comment on the possibility of less trivial production
B,T — SS, which is accessible at the facilities where
the Higgs bosons cannot be produced.

We start with reminding the effective Lagrangian
describing the interaction of scalars, Eq. (10),

2 s, o
ﬁSDthhs+7hS s (El)
(further details in Appendix A).

For the case of the dark photons V, one relevant model
displaying the trilinear coupling is the hidden Abelian
Higgs model [42,44]. It has the effective Lagrangian

L3> =5Z,V" +ayhV, V", (E2)
where V,, = 09,V, — 9,V is the V field strength, and Z,,, is
the U(1), field. The first term gives rise to the phenom-
enology of the “standard” dark photon [11,12]. The second
term originates from the mixing of the SM Higgs boson
with the beyond-the-Standard-Model Higgs boson /' with
the mass my > m;,/2. Parametrically, ay = dy - m3,
which naturally eliminates unphysical longitudinal diver-
gence of the matrix elements of the processes involving the
h — VYV transitions.

As for the ALP case, we may have two qualitatively

different effective interactions: when ALPs a couple to the
Higgs boson derivatively [5],
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L1 D aa,lh(aﬂa>2 + Loy (E3) Note that the couplings ay, X = N, V, a, S have different
dimensionalities.
and nonderivatively [98], The hXX interactions allow producing FIPs in the decays
h — XX. In addition, similarly to the case of the Higgs-like
LoD aa,2h02 + Loy. (E4) scalar, the /XX term induces the decays

Here, £,y denotes a set of operators involving only one B, - XX. B0 Yyat+ XX, B,— ¢+ XX, (E6)

a field.
In the HNL case, we consider the phenomenological
Lagrangian [54-58] We need to know whether the production rate governed by
the processes (E6) is competitive enough to be considered
L D myUiU;N + ayhN°N + H.c., (E5)  for the didecay signature.
We start with the averaged amplitude squared of the
where v;, i = 1,2, 3, are the SM neutrino fields. processes (E6) with the form
a3, scalars,
. ay - [(e(py,) - e(pv,))I%. dark photons,
|IMp_y, xx|* = ‘22;02 S Mpoy, |- a2 (Pa, * Pay)? derivative ALPs,, . (E7)
! a,. non-derivative ALPs,
alszr[y(le)T](le)v(pN2>1_](pN2)]’ HNLs

Here, ¢ is the polarization vector of the dark photon, py, , are the four-vectors of the outgoing FIPs, &;,_.p is the flavor
changing neutral current coupling converting a b quark to another down quark D (corresponding to the transition B — Yp),
and Mp_y, = (Yp|b(1 +ys)D|B) is the matrix element of the transition B — Y, [13].

The next step is to replace
(€(py,) - €(pv,))* = miy/my ~mi/my.  (pa,  Pa,)* = miy ~ mi, (E8)

Tr[U(PNI)TJ(PNI)”(PN2)77<PN2)] - My~ m%. (E9)

The final ingredient is to express the coupling ay in terms of Br,_ xyx, similarly to how we handled the Higgs-like scalar
case [recall Eq. (11)]. In the limit m,, > 2my, utilizing the same relations as in Eq. (E9) but for the process 7 — XX
(so m; = m3), we have

az/my, scalars,
| aim;/mf,  dark photons,
Br)_xx ~ I o m;, derivative ALPs, (E10)
o, /my, non-derivative ALPs,
axmy, HNLs,

with I'y, ® T, gm + I xx = 'y sm being the decay width of the Higgs boson.
Expressing ay in terms of Br,_ yy and substituting these expressions in (E7), we obtain

1, scalars,
m}/mj, dark photons,
2 5h—>DMB—>YD 2 4 4 . .
(Mp_y, xx|* = | 52| xTymBr,_yx x { my/mj, derivative ALPs, . (E11)
vm
h 1, non-derivative ALPs,

mZB / m%l HNLs
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It follows that in terms of the fixed Br;,_, yy, the probability
of producing dark photons and derivatively coupled
ALPs by the processes (E6) is heavily suppressed by the
factor (mg/m;)* ~107® compared to the case of the
Higgs-like scalars and nonderivatively coupled ALPs.
The di-HNL production probability is suppressed weaker,
(mg/my)? ~ 1073

Using Fig. 4 for the scalars and using these suppression
factors, we may briefly conclude if the channels (E6) are
relevant. The nonderivative ALPs do not have any relative
suppression compared to the Higgs-like scalars. Therefore,
they can be efficiently probed by the didecay signature
similar to the Higgs-like scalars.

On the other hand, the diproduction of dark photons and
derivatively coupled ALPs in B decays is heavily sup-
pressed: utilizing the number of proton collisions N, at
LHC and at SHiP, we have N, - Proq < 1 for Bry,_, 55 < 0.1.
Therefore, the B decays are irrelevant. For the setups
considered here, this leaves Higgs decays at the LHC as
the relevant source of dark photon or derivatively coupled
ALP pairs.

It would be interesting to study this question for the
HNLs, for which the relative suppression is there, but it is
not as significant as for the dark photons and deriva-
tive ALPs.

1. The heavy neutral lepton Lagrangian

Let us briefly introduce the HNL Lagrangian with this
coupling consistently with the SM symmetries at high
energies (following the approach of Ref. [15]),

L. 1 _
L > y\LHN + A—HTHNCN +Hc.,, (E12)
N
where L;, i =1,2,3, are the SM lepton doublets and

H = ¢,,H;, is conjugated SM Higgs doublet. After the
electroweak symmetry breaking, it is effectively reduced to
the following Lagrangian:

£ D mNUle_/,N + aNhNCN + H.C., (E13)

where U; = (v/my)y;/v/2 and ay = v/Ay. The first term
describes the HNL mixing angles, whereas the second one
is the trilinear coupling.

APPENDIX F: INSIGHTS ABOUT DIDECAY
SIGNATURE

In this Section, using the Higgs-like scalars at SHiP and
the Downstream algorithm at LHCb as an example, we
discuss some insights from simulating didecay events and
the opportunities delivered by observing such events.

1. Didecay events at SHiP

In the mass range of interest, mg < mp/2, decaying
scalars have a relatively simple spectrum of decay modes—
main decays are two-body decays into a pair of charged
particles. As a result, it is relatively simple to reconstruct
the full kinematics of the didecay events (the 4-momenta of
the decaying scalars p's and p’ ), and in particular the total

invariant mass m;,, = \/(ps, + ps,)*. The my,, distribu-

tion has two contributions: one from the three-body decay
B — X4+ 28, and another one from the two-body decay
By — 28. l.e., ithas a peak at m;,, = mp_, and a continuous
distribution ending at m;,, = mg — m,,.

We provide an example of such a distribution for two
different scalar masses in Fig. 10. Given the excellent
invariant mass resolution of SHiP—around 20-40 MeV for
GeV-scale particles, even 20-30 events may be enough for
disentangling the two-body and three-body contributions
and identifying the production modes of the scalar. By
combining this information with the monodecay events, we
may identify all the interactions of the FIP leading to its
production.

Knowing the mother particle and the particular produc-
tion modes, we may use the known energy spectrum of the
production mechanism, convolve it with the exponential
distribution governing the decay of each of the Xs, and
compare it with the observed distribution of didecay
vertices. Together with observing the monodecay vertices
and identifying the production modes, we may carefully
extract the proper lifetime ctpp = f(mpp)/0%, and in
particular disentangle the value of the coupling € from
the mass-dependent factor f(mgp). It is very important in
light of significant theoretical uncertainties in the decay
phenomenology of FIPs [10,40]. Indeed, the didecay events
are much more sensitive to the proper lifetime than the
monodecays, as the didecay event rate is proportional
to P...

As an illustration, Fig. 10 (right panel) shows the
distribution of the “center-of-decay” position

1
|rcenter| = 5 \/(xdec,l + xdec.2>2 =+ (ydec,l + ydec.Z)2 + (Zdec.l + Zdec,z)2 (Fl)

of didecay events versus the distribution of the decay
vertex of monodecay events; here, ry.; denotes the
decay vertex of the ith FIP from the decaying pair.

The distributions are qualitatively different; for the
parameter space where the monovertex distribution is
flat, the didecay vertex exhibits a nontrivial interplay
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FIG. 10. Monte Carlo—truth distributions of didecay events of Higgs-like scalars at SHiP with the decay products passing the selection
criteria. The distributions are obtained by weighting the reconstructed events with the decay probability of the scalars decaying inside
the decay volume times the decay products acceptance. Left panel: combined invariant mass distribution of the pair of scalars. Two
values of the scalar mass are considered: mg = 1 GeV (the left panel) and mg = 1.7 GeV (the right panel), for the same value of the
quantity czg/msg, such that the scalars have the same decay length czgfy ~ 40 m. Right panel: the distributions in the decay vertex

position for one of the scalars from the decaying pair (74, ) and the “center-of-decay” |reener

different lifetimes.

between maximizing the decay probability and the decay
products acceptance.

2. Didecay events at Downstream@LHCb

Let us now consider Downstream@LHCb. Figure 11
shows the MC-truth invariant mass and the multiplicity of
all the tracks from didecay events that pass the selection
criteria, per one scalar and per two decaying scalars. Two
reference scalar masses are considered: mg = 14 and
60 GeV, with the same factor czrg/mg, such that they
have similar typical decay lengths cz¢fyg~ 1 m (i.e., the
distribution of the decay vertices of each of the scalars in
z is close to homogeneous). The missing invariant mass
is carried away by neutrinos and neutral pions, as well as
by charged particles with low momenta. An interesting

, for the pairs of scalars of the same mass but

phenomenon is that increasing scalar mass is associated
with decreasing multiplicity of reconstructed charged
tracks and invariant mass of the decaying scalar pair.
This is because most of the scalars decay into a bb pair.
In subsequent showering and hadronization, they form a
BB pair and a bunch of soft pions and kaons, which are
not reconstructed by the algorithm. Both the multiplicity
of these particles and the energy they carry away increase
with the scalar mass. As the scalar energy remains the
same in these processes, the mean energy per charged
particle lowers, see Fig. 11. In addition, the BB pair
becomes less aligned along the direction of the scalar’s
motion, which also influences the reconstructed invari-
ant mass.

Depending on the mass, the reconstructed events
have a non-negligible transverse impact parameter with

ms =14 GeV, S ms=14GeV, S
o1kl e ms =14 GeV, 25 o1st| || = e ms=14GeV, 25 0.100 — ms =14 GeV
2 —— ms=60GeV, S =z ms =60 GeV, S = — mg =60 GeV
g ------ ms =60 GeV, 28 é ...... mg = 60 GeV, 25 g 0.050 s
2010 :% 0.10 z;
£ z 5 0.010
2 3 2
© 0.05 © 0.05 © 0.005
o o o
: et e e - 0.001
0 20 40 60 80 100 120 5 10 15 20 25 30 10 20 30 40 50 60
My, [GeV] Charged track multiplicity <E>per charged product [G€V]
FIG. 11. MC-truth invariant mass distribution (left), charged tracks multiplicity (middle), and the mean energy per charged decay

product for the didecay events with scalars at Downstream @LHCb. Two scalar masses are considered: mg = 14 GeV and 60 GeV, with
the mixing angles for these two cases chosen such that the quantities czg/mg (and hence a typical decay length) are the same. Unlike
Fig. 5, which is obtained by requiring at least two tracks with the invariant mass of 2 GeV, the results in this figure are obtained by
collecting all the charged decay products that pass the selection criteria (right). The lines denoted by “S” correspond to the quantities per
single scalar from the decaying pair, whereas the “2S” lines denote the quantities where the information from both scalars is utilized.
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FIG. 12. Distributions of the didecay events in the transverse impact parameter with respect to the collision point for one scalar of the
pair, and the opening angle between the two reconstructed 3-momenta. The same scalars as in Fig. 11.

respect to the point of the proton-proton collision (IP),
and a significantly varying opening angle between
the two scalars, as calculated by the reconstructed
momenta, see Fig. 12. They are larger for lower
scalar masses. Indeed, the minimal possible opening
angle behaves as sin(Gopening) & \/mj —4m3, ie., it is
much larger for the scalars with mg <« m;,. For large
opening angles, any missing fraction of momentum
would affect the IP more, which also explains a larger
IP for lower mass.

These topological and kinematical distributions are very
relevant to discriminating between signal and background
events, both from material interaction and combinatorial
background sources. In particular, the downstream track
multiplicity for background events is only large in the
domain of low invariant masses, coming from pion showers
due to the interaction with detectors. That means that any
signature of this type for the mass range above ~2 GeV is
necessarily coming from new physics, being especially
sensitive for the 25 case.
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