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In recent years, a number of experiments dedicated to searches for long-lived particles (LLPs) have been

proposed or approved, or have entered operation. While the sensitivities of these experiments to various

LLP scenarios have been extensively studied, key aspects—such as detector geometries, background
estimates, and projected operational durations—for several facilities, including MATHUSLA, ANUBIS,
and SHiP, have undergone significant updates. In this work, we implement the latest experimental designs

in the Displaced Decay Counter tool for calculating detector acceptances and signal-event yields, and

reevaluate their sensitivity reach to one of the most widely studied LLP scenarios, namely minimal heavy

neutral leptons.
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I. INTRODUCTION

The Large Hadron Collider (LHC) at CERN culminated
in the discovery of a Standard-Model (SM)-like Higgs
boson in 2012 [1,2]. Continuing searches for physics
beyond the SM (BSM) have so far yielded no positive
signals, while increasingly stringent lower bounds have
been placed on the masses of heavy fundamental particles
predicted in various BSM scenarios, such as supersym-
metry (SUSY); see Refs. [3,4] for reviews, and also
Refs. [5-7] for recent summaries of the current status
and future prospects of SUSY searches at the LHC and
high-luminosity LHC (HL-LHC). In particular, current
lower bounds on superpartner masses at the TeV scale
imply a large degree of fine-tuning, rendering supersym-
metry no longer a natural solution to the hierarchy problem
of the SM [8].

This situation has led both theorists and experimentalists
to reexamine existing search strategies for BSM physics.
One possibility is that new physics does not manifest itself
through heavy states that decay promptly after production,
but instead through long-lived particles (LLPs). LLPs
are predicted to give rise to a rich variety of exotic
and unconventional signatures at terrestrial experiments,
including colliders and beam-dump facilities; see
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Refs. [9-14] for reviews on both theoretical and exper-
imental perspectives.

The LHC collaborations have undertaken extensive
efforts to search for LLPs; see Refs. [15-20] for a selection
of recent results reported by ATLAS, CMS, and LHCb.
Although no LLP predicted in BSM scenarios has been
discovered to date, increasingly strong exclusion limits
have been obtained. In addition to the LHC main detectors,
several dedicated experiments for LLP searches have been
proposed or approved, or have already begun operation. In
these experiments, LLPs produced at the interaction point
(IP) are expected to travel macroscopic distances before
potentially decaying inside dedicated fiducial volumes.
Such experiments include a class of far detectors installed
at distances of roughly 10-600 m from different LHC IPs,
as well as a beam-dump experiment, the Search for Hidden
Particles (SHiP) [21-27].

Among the proposed LHC far-detector experiments,
FASER [28-30] has been operating since 2022 and has
already published its first results [31,32]. Other proposals
include ANUBIS [33,34], CODEX-b [35,36], FACET [37],
FASER2 [38], MoEDAL-MAPP1 and MAPP2 [39,40],
and MATHUSLA [11,41-44]. The SHiP experiment has
been approved in 2024 and is currently planned to begin
commissioning and first data taking between 2031 and
2033 [27,45]. Sensitivity projections for these experiments
across a wide range of LLP scenarios have been extensively
studied; see, e.g., Refs. [46-51] for recent phenomeno-
logical works.

Very recently, the overall plans of several of these
experiments have undergone major revisions, most notably
for MATHUSLA [44] and ANUBIS [34]. The planned
fiducial volume of MATHUSLA has been substantially
reduced, and the proposed location of the ANUBIS detector
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has been changed from a service shaft to the cavern hosting
the ATLAS detector, with the ANUBIS detector installed
on the cavern ceiling. The SHiP experiment employs its
hidden sector decay spectrometer (HSDS) as the decay
volume for LLPs, and while its geometry has also been
updated, the changes are comparatively modest. In addi-
tion, its projected operational duration has been updated to
15 years, which we adopt in this work.

For most of the experiments considered here, the large
distances from the IPs allow for the installation of shielding
and veto systems, leading to expectations of negligible
background levels. An important exception is ANUBIS, for
which the revised detector design implies significantly
different background conditions. These have been carefully
evaluated in Ref. [34]." The updated background levels
have a substantial impact on the sensitivity reach and are
therefore taken into account in our numerical analysis.

Taken together, these recent developments motivate a
timely reassessment of the sensitivity projections for LLP
searches at the LHC far detectors and SHiP, as well as a
reevaluation of their relative performance.

A wide variety of BSM scenarios predict LLPs. In this
work, we focus on heavy neutral leptons (HNLs) [52-54],
also commonly referred to as right-handed neutrinos, heavy
neutrinos, or sterile neutrinos.” HNLs are SM-singlet
fermions that mix with active neutrinos. While HNLs
can also appear in nonminimal scenarios involving addi-
tional BSM degrees of freedom [56-59], here we focus
on the minimal scenario in which HNLs constitute the only
new states. This provides a clean benchmark for comparing
detector sensitivities without introducing additional model-
dependent parameters. Although many models predict
three generations of HNLs, we assume for simplicity that
only a single HNL, denoted by N, is kinematically
accessible, with the remaining states sufficiently heavy
to decouple. We further assume that N mixes exclusively
with the electron neutrino. This benchmark scenario has
been widely adopted in studies of the experimental sensi-
tivity to HNLs. Finally, we restrict our attention to HNLs
produced in decays of heavy mesons. For existing studies
on the sensitivity reach of the LHC far detectors and SHiP
to the minimal HNLs, see, e.g., Refs. [11,23,29,60-67]; see
also early proposals to search for HNLs at accelerator-
based experiments in, e.g., Refs. [68,69].

In this work, we implement the latest designs of the
experiments discussed above in the public tool DISPLACED
DecAy COUNTER (DDC) [70,71] to compute the accep-
tances of the LHC far detectors and SHiP for long-lived
HNLs. Based on these acceptances, we evaluate the
corresponding sensitivity reach, shown in Fig. 1. These

'A complementary discussion of background estimates at
ANUBIS can be found in Appendix B of Ref. [46].

%See Ref. [55] for a recent overview of the present and future
status of the HNLs.
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FIG. 1. Updated sensitivity reach of the LHC far detectors and

the SHiP beam-dump experiment to minimal heavy neutral
leptons that mix with the electron neutrino only, shown in the
(my, |V,y|?) plane. The dark gray area represents the current
experimental bounds obtained at PIENU [72], KENU [73],
CHARM [74], NA62 [75,76], T2K [77], BEBC [78], DELPHI
[79], ATLAS [80], and CMS [81]. The light gray band corre-
sponds to the parameter region targeted by the type-I seesaw
mechanism for active-neutrino masses between 0.05 eV and
0.12 eV. The sensitivity in the low-mass region (my < mp) is
dominated by HNLs produced from charm-meson decays,
whereas for heavier masses (mp < my < mp) the contribution
from bottom-meson decays dominates; only D- and B-meson
channels are included in this analysis. The sensitivities of the
outdated designs are displayed as dashed lines.

updated results show, as expected, important changes in the
sensitivity projections for MATHUSLA and ANUBIS
particularly, comparing their latest designs with their
previous configurations. Details of the experimental con-
figurations and the simulation procedure underlying these
results are described in the following sections. These results
provide a useful reference for comparing the constraining
power of the considered experiments for LLPs produced in
heavy-meson decays at the LHC and at SHiP.

II. MODEL

After spontaneous electroweak symmetry breaking,
the relevant interactions of the heavy neutral lepton are
described by the Lagrangian

g v _
EN = ﬁZVaNfa},ﬂPLNWL”

g L -
—_— E VevESNYP,v.Z,, 1
+2COS(9W P at ¥ aNY Y E LYl m

where ¢ denotes the SU(2) gauge coupling, V,y para-
metrizes the mixing between the active neutrino v, and the
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HNL N with a = e, u,z, VX is the left-handed neutrino
mixing matrix, and Oy is the Weinberg angle.

We assume the HNL to be a Majorana fermion. HNLs
can be produced in rare, prompt, leptonic and semileptonic
decays of charm and bottom mesons,” and subsequently
decay via both charged-current and neutral-current inter-
actions into lighter SM particles. Throughout this work,
we follow Ref. [65] for the calculation of meson decay
branching ratios (BRs) into HNLs, as well as for the
computation of HNL decay widths. We will study the range
of HNL masses between 0.1 GeV and the B-meson
thresholds.

III. EXPERIMENTS AND SIMULATION

As discussed in the first section, we study LHC far-
detector experiments and the SHiP beam-dump experiment.
We will first elaborate on the experiments of which the
geometrical designs have been significantly changed and
hence for which the discovery prospects of LLPs should be
largely modified. These experiments are MATHUSLA and
ANUBIS.

MATHUSLA was initially proposed as a rectangular box
with the dimensions of 200 m x 200 m x 20 m for its
fiducial volume, to be 100 m distanced both vertically
(v axis) and horizontally (z axis) from the ATLAS or CMS
IP [11,41,42]. In its updated Letter of Intent [43], the
geometrical design has changed to 100 mx 100 m x 25 m,
positions with a horizontal (vertical) distance of 68 m
(60 m) from the CMS IP; we coin this configuration as
MATHUSLA100. In the lately published Conceptual
Design Report for MATHUSLA [44], for cost reasons
the fiducial volume has further shrunk, now to 40 m x
40 m x 11 m (MATHUSLAA40). It is supposed to be 70 m
and 81 m away from the CMS IP in the z- and y directions,
respectively.

The geometrical configuration of ANUBIS has been
critically updated, too. Originally proposed to be installed
inside one of the service shafts above the ATLAS IP,
ANUBIS-shaft [33]* should be 5 m and 24 m away from
the ATLAS IP in z- and y directions. It is cylindrically
shaped with a height of 56 m and a diameter of 18 m. The
LLPs are supposed to decay inside this cylinder with the
charged decay products to hit on three track stations inside.
The latest design of ANUBIS [34] takes a distinct direction,
now exploiting the space between the ATLAS main
detector and the cavern ceiling as the fiducial volume. It
has a shape of an annular cylindrical sector of length 53 m;
its inner and outer radii are 11.3 m and 19.3 m; and it has an

*We neglect HNL production from pion, kaons, and heavier
mesons in this work.

“See also Ref. [64] for one of the first LLP sensitivity studies of
ANUBIS-shaft.

azimuthal coverage of ~20%. Compared to ANUBIS-shaft,
ANUBIS-ceiling is closer to the IP, guaranteeing both
better acceptance rates and exacerbated background levels.

Besides MATHUSLA and ANUBIS, SHiP has its
designs updated, though not to a large degree. We only
list the geometrical dimensions of the latest design here,
extracted from Ref. [25].5 The near end of the SHiP-HSDS,
which is the decay volume for the LLPs at the SHiP
experiment, is 33 m away behind the target. The HSDS has
a length of 50 m, and its front (rear) face has dimensions
(x,y) = 1.0 m x 2.7 m (4.0 m x 6.0 m). It is worth men-
tioning that compared to the relatively mild updates in its
geometries, the SHiP experiment has its primary update in
its projected operation period, now prolonged from 5 years
to 15 years.

We also refer to the tool SensCalc [82] which, similarly,
includes the implementations of ANUBIS-shaft, ANUBIS-
ceiling, and the latest configuration of SHiP. The geomet-
rical setups of these experiments in DDC, as we have
checked, are in agreement with those in SensCalc.

For summaries of the other proposals considered in this
work, we refer to, e.g., Refs. [49,65,67]. They have all been
implemented in DDC and in this work we rely on DDC to
derive their sensitivity reach.

As mentioned above, we will focus on HNLs produced
from rare decays of charm and bottom mesons. Concretely,
we will consider the D°, D*, D}, BY, B¥, B; mesons, as
well as their charge-conjugated counterparts. The produc-
tion rates of these mesons, estimated for a 4z solid-angle
coverage [65,83], are reproduced here,

NHELHC = 3895106, NHL-LHC = 2,04 x 101,

DO+D° DY +D~
NpE B =6.62x 100, N3P, =129x 10",
NI, =42x107, NP =18x10",
NJTRC =146 101, NUETEHC — 1,46 x 1019,
NETIES =253 101, N3, =8.1x 107,
Nyt =8.1x 108, Nyif, =216 x 108, (2)

where we assume an integrated luminosity of 3 ab™! for the
HL-LHC and a nominal 15-year operation of SHiP corre-
sponding to 6 x 102° protons on target (POTs).°

We then implement the latest geometries of
MATHUSLA40 and ANUBIS-ceiling, as well as SHiP-
HSDS into the tool DDC, which is then ready for calculating
the acceptances of all the LHC far detectors and SHiP to the

>We refer to Refs. [26,65] for detail of the previous geometrical
design of SHiP, which is not largely different from the latest
design.

®In the previous design of the SHiP experiment [26], a period
of 5 years corresponding to 2 x 102 POTs was planned.
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minimal HNLs. We proceed by computing the signal-event
rates with the following expressions,

NISV’D:ZNMD'B(MD_)N_‘_X)'ED'B(N_)ViS)’ (3)
Mp

NS W By N )y BN i), (4
My

where we have split the computation into two parts, for
D-meson and B-meson decays, respectively, and assumed
that the kinematics of the HNLs produced from different
charm mesons are approximately identical (the same for
the different bottom mesons). The numbers of D- and
B-mesons Ny ~—and Ny, are given in Eq. (2), and
B(N — vis) is the decay branching ratio of the HNL into
visible final states for which we assume all the decay
channels of N except the fully invisible trineutrino one are
detectable. Finally, ¢, and ep are estimated with DDC.
DDC loads Pythia8 [84] for simulating hard QCD c¢ and
bb events. Pythia8 performs showering and hadronization,
and the simulated D- and B mesons are set to decay
exclusively into the HNL with the relative branching ratios
between the different channels aligned with the meson-
decay BR computation results. DDC then takes into account
the kinematics of the HNLs provided by Pythia8, the
geometries and positions of the considered detectors,
as well as the HNL masses, and makes use of exponential
decay distribution formula to calculate the acceptances,

1 Nmc
€p/Bp = rm €is (5)
i=1
12 D L
€ = i’e( /;iyic,N>(1 — e Tmew), (6)
2r

where Nyc is the total number of Monte-Carlo simulation
events (we have simulated ten thousand or one hundred
thousand events for each mass point in different cases), o¢
is the azimuthal-angle coverage of the detector, D is the
distance between the hard-collision point and the detector
along the traveling direction of the HNL, L is the distance
that the HNL would travel inside the detector if it does not
decay before leaving the detector, f; and y; are the speed
and Lorentz boost factor of the i simulated HNL, ¢ labels
the speed of light, and 7y is the HNL’s mean lifetime. We
assume 100% detection efficiency for the visible decays.
For more detail of the computation procedure applied in
pDC for the different detectors, see Ref. [70].

As discussed earlier, we would assume zero background
for all the experiments except ANUBIS-shaft and
ANUBIS-ceiling. The background levels of LLP searches
at ANUBIS-ceiling and ANUBIS-shaft have been esti-
mated in Ref. [34], which reports 182.4 +12.2 and
63.7 = 4.3, respectively. Following Ref. [64] we take

N?gl\;UBIS—ceiling — 2% \/ﬁ ~28 and N?gl\éUBIS—shaft —
2 x /68 ~ 17 as the signal-event numbers corresponding
to the exclusion limits at 95% confidence level (CL) for the
two ANUBIS configurations, respectively. For the zero-
background experiments, we show contour curves for three
signal events as the sensitivity reach at 95% CL.

IV. RESULTS

The numerical results are displayed in Fig. 1 in the
(my, |V.n|?) plane where the contour curves are exclusion
boundaries at 95% CL. For each experiment, the sensitiv-
ities are dominated by the charm-meson (bottom-meson)
contributions for my Smp (mp < my < mg), mainly
as a result of the charm-meson productions rates several
orders of magnitude larger than those of the bottom
mesons. The sensitivity reaches of the up-to-date designs
are shown with solid lines, while those of the outdated
ones with dashed curves. We find that for my < mp the
sensitivity reach is dominated by SHiP, followed by
MATHUSLA100 and ANUBIS-ceiling, while for heavier
HNLs MATHUSLA100 and again SHiP are expected to
dominate the sensitivity reach. We note that the sensitivity
results of the nonupdated LLP experiments (such as
FASER and CODEX-b) that we obtained with DDC are,
as we checked, in excellent agreement with those reported
in the existing literature [11,23,29,60-67].

The dark-gray regions have been excluded, representing
a combination of the constraints obtained at PIENU [72],
KENU [73], CHARM [74], NA62 [75,76], T2K [77],
BEBC [78], DELPHI [79], ATLAS [80], and CMS [81].
Also, we present a band in light gray, corresponding to the
parameter region targeted by the type-I seesaw relation,
|V n|?> =~ m,/my, for active-neutrino masses between
0.05 eV and 0.12 eV; the two values of the active-neutrino
masses are inspired by neutrino-oscillations observations
[85] and cosmological observations [86], respectively. In
general we find almost all of the considered experiments
can probe large parameter regions beyond the present
bounds. FASER cannot test any unexcluded parameter
region mainly because of its relatively small volume and
the limited dataset it is expected to receive (150 fb~1).

As expected from considerations of detector volumes,
MATHUSLA40 is found to only probe |V, y|*> values
larger than MATHUSLA100 can by a factor of about 5.
Meanwhile, its exclusion limits turn out to agree well with
those of ANUBIS-shaft except when my = 2.8 GeV where
ANUBIS-shaft performs better mainly because it is more
transverse. ANUBIS-ceiling is closer to the ATLAS IP than
ANUBIS-shaft, thus resulting in both higher background
levels and enhanced acceptances. Our numerical simula-
tions show that ANUBIS-ceiling can test the mixing
parameter squared smaller than ANUBIS-shaft can by
approximately 2. Also, the latest design of the SHiP
experiment is found to outperform the previous one by
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roughly a factor of 2 in testing |V,y|?, which is dominantly
the consequence of the enhanced POT rates.

We note that while we have confined ourselves to
considering an HNL mixed with the electron neutrino
only, sensitivities for an HNL mixed with the muon
neutrino only would be quite similar except for some
minor effects of kinematic thresholds. As for an HNL
mixed solely with the tau neutrino, tangibly reduced
sensitivity reach is expected, because of relatively stronger
suppression effects of kinematic thresholds and worse
reconstruction efficiencies of the 7 leptons.

In addition, in the present paper we have assumed a
Majorana HNL; if the HNL is of Dirac nature, the decay
widths of the HNL should be reduced by a factor of 2 and
the lower sensitivity reach of the studied experiments is

correspondingly weakened by ~v/2.

V. SUMMARY

In this work, we have implemented the updated geo-
metrical designs of MATHUSLA, ANUBIS, and SHiP in
the public tool DDC to compute the signal acceptances and
event yields for a long-lived heavy neutral lepton mixed
with the electron neutrino only. In particular, we incorpo-
rate the recently updated background estimates for
ANUBIS reported in Ref. [34], going beyond the com-
monly adopted optimistic assumption of vanishing back-
ground, and account for the latest projected operational
duration of the SHiP beam-dump experiment of 15 years.

Compared to MATHUSLA100, the reduced fiducial
volume of MATHUSLA40 leads to a sensitivity to the
mixing parameter squared |V,y|> weakened by a factor of
~5, rendering it broadly competitive with the ANUBIS-
shaft configuration except in the high-mass regime. The
ANUBIS-ceiling setup, benefiting from its closer proximity
to the IP, is expected to probe values of |V,y|?> smaller than

those accessible to ANUBIS-shaft by a factor of ~2. The
latest plan of SHiP can exclude |V,y|? values smaller
than those the previous plan can by a factor of about 2,
primarily owing to the relatively modest changes in its
geometries and the currently three-times prolonged oper-
ation period. The SHiP experiment, with its latest design,
is found to dominate the sensitivity reach for my just
below the charm threshold and in the mass window
3.8 GeV <my <5.2 GeV, while MATHUSLA100 pro-
vides the strongest reach in the intermediate mass range.

With this short paper, we provide the LLP community
with a concise, up-to-date reference on the sensitivity reach
of the LHC far detectors and SHiP to one of the most
widely studied LLP scenarios, namely minimal heavy
neutral leptons. While our study focuses on minimal
HNLs, the same procedure can readily be applied to
nonminimal HNL scenarios or other LLP models, allowing
rapid assessment of the updated detector designs studied
here for a broader class of BSM signatures.
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