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In this paper, we propose a dedicated forward detector, FOREHUNT (FORward Experiment for
HUNdred TeV), for 100 TeV FCC-hh for the detection of light long-lived particles (LLP) coming from
B-meson decay. We calculate the signal acceptance as a function of mass and proper decay length of the
LLP for 100 TeV and interpret our result in terms of model parameters for models of dark Higgs scalar and
heavy neutral leptons. We also compare the sensitivity with proposed transverse detectors like
MATHUSLA, CODEX-b for HL-LHC, and DELIGHT (Detector for long-lived particles at high energy
of 100 TeV) for FCC-hh. Our analysis reveals that if the LLP is light (<4.4 GeV) and has a low proper
decay length (< 10 m), a forward detector like FOREHUNT is the best option to look for the decaying

LLP, while DELIGHT is preferable for higher proper decay lengths.
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I. INTRODUCTION

Our searches for physics beyond the Standard Model
(BSM) have yet to reveal any conclusive hint of its
existence. Under these circumstances, we are compelled
to revisit the assumptions behind these searches and
ensure that we give equal attention to all possible forms
of new physics. In this regard, a recently growing area of
interest is the study of signatures of long-lived BSM
particles (LLPs), which have macroscopic proper decay
lengths (cz Z O(mm)) in the collider detectors. Several
BSM physics scenarios, like SUSY [1-24], hidden
valley models [25,26], and models involving axionlike
particles [27-30] or dark photons [31-34], predict LLPs.
The signatures of LLPs depend on where these new particles
decay, in addition to their decay modes. The decay length of
a particle in the collider detector (d) is a product of its boost
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factor, fy, and its proper decay length, cz, where the former
depends on the mass of the particle and its production mode.
A multitude of searches have been designed and performed
for various kinds of LLPs in experiments at the Large
Hadron Collider (LHC) [35-61] for different signatures,
like displaced vertices, nonpointing photons, delayed
objects, or clusters of hits in the muon spectrometer of
the detector, without any activity in the inner detectors. The
phenomenology of LLPs has also been studied in low-
energy e — e~ colliders, like Belle-II [62—71] and neutrino
facilities [72-76].

Searches for heavier LLPs (ZO(100 GeV)) are more
straightforward than for lighter ones (SO(10 GeV)). In
spite of the smaller cross sections, heavy BSM particles’
decay products are energetic, making it easier to trigger
them. However, for heavy LLPs, the decay products can be
significantly delayed if the decay is highly displaced. In such
situations, although standard triggers might not be efficient,
dedicated triggers for delayed jets can prove effective, as
shown in Refs. [77-79]. Heavy LLPs usually have less
boost, leading to smaller decay lengths in the detector;
hence, better reconstruction of the displaced vertex is
possible. Less boost also implies that these massive LLPs
travel slower and cause a high time delay of their decay
products as compared to prompt relativistic particles. The
production of heavy particles is also accompanied by more
radiation which aids in reconstructing the correct primary
vertex (PV) in the collision from where the heavy particle
has been produced. This becomes important in pile-up
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mitigation as well as in estimating the correct time delay
associated with the decay of the LLP. Collider detectors, like
calorimeters, are segmented in the 7 and ¢ directions with
respect to the primary vertex. Particles originating near the
primary vertex with 7,, ¢, are detected in the detector
segment corresponding to 7,, ¢, since their direction is
aligned to these segments. However, the displaced decay
products originate from the secondary vertex. If they are
produced in the 5,4, ¢, direction, they are not necessarily
detected in the detector segment corresponding to #,, ¢4,
since their direction is not aligned with the direction of the
detector segments. This creates a mismatch between the
displaced particle’s actual direction and the segment where it
gets detected. Due to the layered structure and projective
geometry of the calorimeter, this mismatch results in more
spread-out energy deposits of displaced particles than that of
prompt particles. For lighter LLPs, the decay products are
boosted in the direction of the mother particle, and thus, this
mismatch is smaller than for heavier LLPs. Therefore, the
decay products of heavier LLPs have more mismatch with
the detector’s 57-¢ directions, leading to calorimeter deposits
that appear elongated in the #-¢ plane [80,81]. These make
the signatures of LLPs with large masses substantially
different from the SM processes. For light LLPs, the search
becomes more challenging. The first difficulty is disentan-
gling the backgrounds from the known long-lived light
particles of the SM, like Kg or A. Moreover, events with
light LLPs are difficult to trigger in the absence of any
associated prompt hard objects, and the chances of incorrectly
assigning the PV also increase. Owing to high boosts, lighter
LLPs have larger decay lengths in the detector, making the
reconstruction of the secondary vertex difficult. Being mostly
relativistic, their decay products also do not have significant
time delay as compared to the SM processes. In the present
work, we, therefore, take a closer look at light LLPs.

The main detectors of the LHC experiment, CMS,
ATLAS, and LHCb, have performed some dedicated
searches for such light LLPs [82-85]. The CMS and
ATLAS detectors extend up to O(10 m), and lose sensi-
tivity to BSM particles which have higher proper decay
lengths. Light LLPs with large proper decay lengths are
more likely to decay outside the LHC main detector
volumes due to the high boost values. Dedicated LLP
detectors can play a crucial role in probing such highly
displaced scenarios. Depending on the production mode,
the direction of the LLP boost can be in the transverse or
forward direction. For example, if the LLP is produced from
the decay of a Higgs boson, light LLPs are more likely to be
produced in the transverse direction. In contrast, if they are
produced from meson decays, they are boosted in the
forward direction. We focus on the latter possibility in
the present work, mainly considering LLPs from the B
meson decay due to the larger available phase space. At
LHC, FASER (ForwArd Search ExpeRiment) [86,87] is one
such detector specifically designed to look for light LLPs in

the far forward region. FASER is a cylindrical detector
placed 480 m away from the ATLAS interaction point
(IP) and is expected to collect 150 fb~! of data in Run-3
of LHC. At the high luminosity LHC (HL-LHC),
FASER will be upgraded to FASER 2 with a much bigger
detector volume and is designed to collect 3 ab~! of data.
Other proposals of forward LLP detectors include the
MAPP-MoEDAL [88,89] and the Forward Multiparticle
Spectrometer [90]. There are several other proposed experi-
ments in the transverse direction, like MATHUSLA [91-94],
CODEX-b [95,96], and ANUBIS [97]. These transverse
detectors also have some sensitivity to probe light LLPs
from meson decays. Previous beam dump experiments, like
the NuTeV and BEBC, also provide bounds on such light
particles [98—100], while the proposed and ongoing beam
dump experiments, like SHiP [101-103], LongQuest [104],
NAG62 [105], NA64 [106-109], and DarkQuest [104,110—
113] are also sensitive to light LLPs.

In this paper, we study the enhancement in the sensitivity
of light LLPs from meson decays for the 100 TeV future
circular collider, FCC-hh. A number of dedicated LLP
detectors have been proposed for the future lepton collider,
FCC-ee [114,115], and a transverse LLP detector,
DELIGHT, has been proposed for the FCC-hh [116]."
Since the proposed 100 TeV collider is still in its early
stages of design and construction, there is an opportunity to
design and propose new forward detectors that can effi-
ciently probe such light particles with displaced decays.
Unlike those limited by the available spaces around the HL-
LHC facility, the future colliders, therefore, provide more
room for selecting optimal designs and locations for the
LLP detectors, which can improve our sensitivity to various
new physics models. For the present work, we study two
BSM scenarios that give rise to mesons decaying into light
LLPs. First, we study a simple extension of the SM by
adding a long-lived scalar, ¢, that couples to the discovered
Higgs boson with a mixing angle, 6. This kind of scenario
is well motivated from various BSM perspectives, like
producing the correct relic density of dark matter, solving
the small-scale problems in structure formation, or in
theories of inflation [118—124]. Such long-lived scalars
can be produced at colliders via the decay of B mesons in
association with SM particles. Secondly, we consider heavy
neutral leptons (HNLs) [125-137], which can be long lived
in various regions of the parameter space, and if they are
light enough, they can also be produced from meson
decays. We propose various viable detector configurations
in the forward direction for different LLP benchmarks from
these models after optimizing their positions and dimen-
sions. We also compare the results with other potential
transverse LLP detectors, such as CODEX-b and
MATHUSLA for HL-LHC, and DELIGHT for FCC-hh,

' Another proposal for a dedicated LLP detector at the FCC-hh
optimized for heavy neutral leptons can be found in Ref. [117].
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to identify regions where these have complementary or
overlapping sensitivities. Furthermore, we examine the
possibility of placing multiple detectors in the forward
and slightly off-axis direction to evaluate their impact on
signal efficiency for our benchmark points.

The rest of the paper is organized as follows: In Sec. II,
we describe the signal models under investigation, includ-
ing the production modes and decay modes of the LLPs.
We discuss our analysis setup and its validation against
existing results in Sec. III. In Sec. IV, we propose and study
the sensitivity of forward dedicated LLP detectors at the
100 TeV collider, and optimize the positions, dimensions,
and number of detectors to enhance the performance for our
LLP benchmarks, keeping the design feasible. We also
compare the sensitivity of our proposed forward detectors
with the existing proposal of DELIGHT, a transverse
detector for the FCC-hh. Finally, in Sec. VI, we present
a discussion of our findings and conclude with the
summary.

II. MODEL

In this work, we consider two well-established models
for LLPs, namely the dark Higgs boson and heavy neutral
leptons. In the first scenario, we extend the SM minimally
with a new singlet scalar particle @ with a quartic coupling
to the SM Higgs doublet (H). The -corresponding
Lagrangian can be written as [138,139]:

1
L= Lsu +M31>q)2—1/1¢‘1)4—€¢2|H|27 (1)

where L) is the Lagrangian for the SM particles. The last
term in Eq. (1) introduces the mixing between the SM
Higgs and the new scalar ®. After electroweak symmetry
breaking (EWSB), the scalar @ and the real neutral
component of H, namely %, get vaccum expectation values
(vevs). Rotating them from gauge basis to mass basis, one
gets the physical states as follows:

his = @ sinf + hcos 9,
¢ =Dcosd— hsind, (2)

where /1,5 resembles the discovered Higgs boson and ¢ is
called the dark Higgs scalar. The new scalar, ¢, couples
with the fermions via a mixing angle, 6, with the Higgs
boson [138] as follows:

Lin = $sin0y_ L7, (3)
f

where f denotes the SM fermions and v ~ 246 GeV.
The decay of the scalar ¢ to fermions is given at tree
level by [138,140,141]

N.Gpmymisin®0 4m7\ 32
Lyorr = (1_ > (4)

4\/§7T 2

My

where G is the Fermi constant and N .. is the color quantum
number. Depending on its mass, the light scalar can also
decay into a pair of gluons, pions, kaons, and photons. If
the mixing angle, sin#, is very small, the proper decay
length of the dark Higgs scalar is ¢z ~ few mm, making the
particle long lived. For example, for amass my = 1.0 GeV,
one requires sin@ < O(107*) to make ¢ long lived.

In this paper, we assume ¢ to be very light, with its mass
ranging from ~100 MeV to few GeV. Such light scalars can
be produced from various meson decays. We mainly focus
on the production of ¢ in the B — K*¢ mode [139,142].
We have chosen this particular decay mode due to its
accessibility to probe a larger range of dark scalar masses.
The partial width of B* in this mode is given by [143]

|Csb|2f0(m(2/;)2 m%ﬁ - m?{+ 2
FBi—>Ki¢ e 3
16zmy,. my, — mg
X E(mpr, my+,my), (5)
E(a,b,c) = \/(a2 —b? — ?)? —4b%?, (6)

where the scalar form factor, f(, can be parametrized as
fo(q?) = 073432 [144], and

l_(ss Gev2

3gymuymi ViV, sin
Csh =

S0 =6.4x107%sin0. (7)

The total B-meson widthis T'z- =4.1x 10713 GeV [145],
so the branching ratio has the approximate scaling

Br(B* — K*¢) — FB;& (8)
Bi

In order to reduce the theoretical uncertainties arising from
the form factors, we consider the inclusive branching
fraction of B mesons to any strange meson, X, and the
dark Higgs boson [141,143,146,147]. The inclusive
branching fraction of the B mesons to the scalar LLP is
then given by [146,147]:

m2\ 2
Br(B — X4¢) = 5.7 sin? 0(1 - m—g’) , 9)
b
where m;, = 4.75 GeV.

Another possible production mode of ¢ can be from the
decay of kaons [142], however, the Br(K* — zt¢) ~
2.77 x 1072&(mg, m,, my) sin? @ is much smaller than
Br(B* — K*¢) and is only allowed in a narrow mass
range when my < 0.3 GeV. It is also severely constrained
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by other current experiments like E949 [148]. Additionally,
since the kaons are also highly displaced (c¢z = 3.714 m),
it reduces the probability of containing the LLP decay
within smaller regions (see the Appendix). As a result,
although the overall kaon production is much higher than
the B-meson production, it would not have a significant
effect on the sensitivity. The branching of the D meson
decaying to scalars is much more suppressed due to the
absence of a top quark in the loop [139]. Therefore, in the
present work, we have focused on the production from
B-meson decays. Contributions from the other mesons
will contribute to the signal constructively, hence making
our analysis conservative.

In the second scenario, we have considered an extension
of the SM with HNLs [136,141,149,150]. In this model, we
extend the SM Lagrangian by adding the following term:

'Cim = _Zyal(l_‘aH)NI’ (10)
1

where the Yukawa couplings are given by y,,;, L, are the
SM lepton doublets, H is the Higgs doublet, and the HNL
fields are denoted by N;. The index « runs over the three
generations of SM leptons, while the index I runs over the
different HNL fields. The HNLs can have both Majorana
and Dirac mass terms. After EWSB, there will be a mixing
between the SM leptons and the HNLs, and we denote the
mixing matrix element by |U y,|- In principle, there will be
a mixing of the HNLs with all three generations of SM
leptons. However, for electrons and muons, the mixing
|Une| is highly constrained by current bounds [151], unlike
the case for 7 leptons. We, therefore, consider only mixing
of the HNL with the 7 leptons in the present work, and we
denote the HNL mass as my hereafter.

We assume the following production modes of the HNL
coming from the B-meson decay [150]%

B’ - D*tFN_, (11)
B* - DN, (12)
B* - %N, (13)

The production of HNLs is phenomenologically differ-
ent than the dark Higgs scalars, as the former can be
produced via both the two-body and three-body decays of
B mesons. The branching ratios of the processes described
in Egs. (11)—(13) can be obtained from Refs. [153,154].

*The HNLs can also come from the prompt W decay. However,
the W* production cross section is around 1.3 x 10° fb [152] at
100 TeV, which is at least three orders of magnitude less than the
B-meson production rate at FCC-hh. Therefore, this will lead to a
subdominant contribution to the sensitivity and we do not
consider it in the present study.

In the following section, we describe our analysis setup and
present its validation.

ITII. ANALYSIS SETUP AND VALIDATION

In order to detect light and weakly interacting particles, a
dedicated forward detector called FASER has been intro-
duced to operate at the LHC while the collision energy is
/s = 13.6 TeV. Additionally, an upgraded version of the
detector, FASER?2 [141], has been proposed specifically for
the HL-LHC, which is expected to run at a center-of-mass
energy of 14 TeV. FASER is designed with a radius (R) of
10 cm and length (L) of 1.5 m. It is placed at 480 m in the
z-axis from the IP, aiming to collect data during LHC run3
2021-2023 [141] for integrated luminosity 150 fb~!. It is
envisaged that FASER?2 will possess a radius of 1 m and a
length of 5 m, and it is expected to collect data for HL-LHC
in the era 2026-2035 with an integrated luminosity of
L = 3000 fb~!.

Let us now discuss the setup used for our analysis. To
ensure a consistent simulation setup, we reproduce the
proposed sensitivity of FASER2, focusing on the dark
Higgs boson model discussed in Sec. II, which matches
with benchmark scenario S1 in Ref. [139]. For our
simulation, we generate pairs of bottom quarks in pp
collisions at a center-of-mass energy of /s = 14 TeV
using MadGraph5-aMC@NLO [155,156], with the NN23NLO
parton distribution function (PDF) at next-to-leading order
(NLO). The resulting output from MadGraph is then proc-
essed through Pythia8 [157], which handles the hadroniza-
tion of the b quarks into B mesons and their subsequent
decay into a kaon and a dark Higgs boson. To incorporate
the new decay modes of the B mesons to LLPs, the
corresponding decay table in Pythia§ has been modified
accordingly, and the lifetime of the long-lived particle has
been explicitly adjusted within the simulation framework.

The probability of a long-lived particle with mean proper
decay length cz to decay inside a forward detector can be
calculated using [158]

Pdecay = > (14)

where L, denotes the starting position of the detector from
the IP along the z-axis, and L, is the effective length of the
detector that the LLP traverses before it decays inside the
detector. We present a schematic diagram for this forward
detector in Fig. 1. Depending on the collimation of the LLP
with the beam axis (@), L, can be determined as follows:

L.
L, =0.0, when® > tan! <§‘> (15)

L,+L
L, =L, when9 < tan™! (g) (16)
R
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Main collider detectors
CMS, ATLAS, LHCb, FCC-hh

Forward LLP detectors

FIG. 1. A schematic diagram of forward dedicated LLP detectors.

R
else L, :m—LS, (17)

where R is the radius of the detector, L, refers to the
detector’s length, D, = }Z—;cr is the distance traversed in

the z-direction, where n’;—/ is the boost of the LLP in the

z-direction, with p, being the momentum in the z-direction.
Using Eq. (14), we can calculate the acceptance of the
signal event inside the detector using the formula:

P!
€LLp = 721:\; decsy | (18)

events

where i runs over all the long-lived particles in the
simulated sample, and N, represents the total number
of events being analyzed. As discussed in the dark Higgs
boson scenario in Sec. II, the long-lived scalar interacts
with the SM-like Higgs boson, and the lifetime of such a
scalar is inversely proportional to the square of the mixing
angle sin . We follow Fig. 10 in [141] and map out the cz
corresponding to the respective values of sin ¢ and m,. We
further calculate the signal acceptance’ for the various
combinations of m and sin 6 using Eq. (18) to trace out the
FASER?2 sensitivity and validate our current analysis
setup. The number of events that decay inside the detector
is given by:

N detector = Opp X B}"(B - X3¢) Xepp X L (19)

where L is the total integrated luminosity. To validate our
result with the work by FASER?2 collaboration [141], we
have used the B-meson production cross section
oy, = 9.4 x 10! fb.* We assume that LLP decays to the

3Signal acceptance is the probability that the LLP decays
inside the detector volume and has momentum greater than the
required threshold of the detector. We have simulated ¢ pro-
duction from B* meson decays for calculating the signal
acceptance. The acceptance shall remain the same for ¢ coming
from B decays. We calculate the final sensitivity using the
inclusive B meson branching ratio as shown in Eq. (19).

Here we would like to mention that we have obtained the
cross section from MadGraph to be 6,,(NLO) = 3.99 x 10! fb.
However, to validate the result with FASER collaboration, we
have used the cross section provided by Ref. [141].

1.0 % 1073 P N

: FASER2
EIS validation .

@ i i i ? i
1.0 % 1074 N d N
“ F o
1.0 % 1075 [ N
L |
0.1 03 05 1 2 3.5
my, (GeV)

FIG. 2. Validation of our analysis setup with FASER collabo-
ration for dark Higgs scalar model.

visible particles with 100% branching ratio and will be
detected in the detector only if the momentum p, >
100 GeV [141].

In Fig. 2, we show the sensitivity contour of the proposed
FASER?2 detector as a function of sin @ and mg, assuming
that we observe three LLP decay events inside the detector
volume, i.e., Nygecior = 3, and compare our results with
FASER?2 collaboration. Inside the contour, we expect to
observe more than three LLP events, and therefore, the
detector will be sensitive in this region. It is important to
note that there could be an approximate uncertainty of 10%
while extracting the proper decay length from Fig. 10 in the
reference paper [141]. Despite this uncertainty, we see from
Fig. 2 that the projected sensitivity of FASER?2 for various
benchmark points of the dark Higgs model can be success-
fully reproduced, validating the current analysis setup. This
ensures that the obtained results from our analysis setup are
consistent with the expected sensitivity of the FASER2
experiment, providing confidence in the reliability of our
analysis.

IV. DEDICATED DETECTORS
AT THE 100 TeV FCC-HH

In this section, we aim to motivate the need for new
forward dedicated LLP detectors for the 100 TeV FCC-hh
collider experiment and explore their sensitivity. To begin
with, let us examine the signal acceptance for the long-lived
dark Higgs boson model at FASER2, as depicted in Fig. 3.
For the analysis, we consider benchmark points within a
mass range of m,, from 0.1 to 4.4 GeV and an independent

variation of the proper decay length (c7) between 1072 m
and 10* m. This is useful in translating the results to any

>We have also validated our result for a few benchmark points
with the FORESEE package [159]. Another framework for testing
the sensitivity of multiple dedicated experiments is described in

Ref. [160].
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R=1m,Ly=5m,Ls=480m,14 TeV

105 e
\\ —
\
10—9_
10—13_
[}
g 17
S 10-17-
)
o
!
O 10-21-
£ 10
10—25_
Decay length (cT)
1029 — 1072m 101 m 10°m
— 107'm 10°m —— 10°m
— 10°m
1073 T T T T
0 1 2 3 4
M; (GeV)
FIG. 3. The signal acceptance for the dark Higgs scalar for

proposed FASER?2 detector at HL-LHC.

nonminimal dark Higgs model as well, where the mass and
lifetime do not follow the particular relation as in the
minimal dark Higgs model described in Sec. II. As we can
see from Fig. 3, the signal acceptances for the discussed
benchmark scenarios are generally not high and attain a
maximum value of ~1073% for moderate masses and
proper decay lengths. Notably, for small proper decay
lengths of the dark Higgs boson (cz = 1072 m) and a mass
greater than or equal to 1 GeV, the signal acceptance drops
significantly. This motivates us to investigate the sensitivity
of the dark Higgs boson model using a forward detector
instead of the FCC-hh. For simulating events at 100 TeV,
we generate bb events at the leading order (LO) using
Pythia8, and we use the CTEQe6l1 PDF distribution for this
purpose [161]. However, for the computation of the
projected sensitivity at 100 TeV, we use the NNLO cross
section to be 6,, = 3.09 x 10!2 fb as given in Ref. [152].

At higher collision energies (100 TeV), B mesons can
be produced in a more forward direction with higher
momenta, which may enhance the chances of detecting
long-lived scalar particles inside a forward detector, par-
ticularly for LLPs with small proper decay lengths and
higher masses. However, we may need to apply a higher
momentum cut to suppress the background that might be
present at a 100 TeV collider. Figure 4 illustrates the
fraction of events (expressed in percentages) that remain
after implementing cuts on both the production angle (65)
and momentum of the B meson (pg) at 100 TeV. For
FASER2, with pp > 100 GeV and 6 < 0.01 radian, the
number of surviving events is 3.4%. For this particular cut
at 100 TeV, the number of surviving events is 7.6%,

100 TeV
10715 :\'\'\'\'
3 ® ® - — o
10725 » N o N
0 3
| 3
= ]
5 ]
2 ]
”Uj 10-3- 6g (radian)
o) 3 —— <107! —e— <1073 —e— <107°
g ] —— <1072 —e— <107%
'43 1 @ L 2 L 2 L 2 . ]
@ 10744
— =
L ]
10'5§
10_6 T T T T T
>50.0 >100.0 >150.0 >200.0 >250.0
Ps (GeV)

FIG. 4. The fraction of surviving events after putting cuts on the
production angle of the B meson (fp) and momentum of the B
meson (pp) at the 100 TeV FCC-hh collider.

implying an overall gain by a factor of 2. For a particular
0y cut, the fraction of events remains constant even if we
increase the pp cut. We also observe that if the 85 cut is
relaxed, i.e., the detector is placed near the IP or the radius
of the detector is increased, the fraction of events can be
increased further.

In support of our above statement, we show the signal
acceptance in Fig. 5 as a function of the mass and c7 of the
dark scalar with the same detector configuration and
placement as FASER2 at 100 TeV FCC-hh. Comparing
signal acceptances for FASER?2 at 14 TeV and a FASER2-
like configuration at 100 TeV, we find considerable
improvement for all benchmark points. Huge improvement
for massive LLPs with very small proper decay lengths can
be seen comparing Figs. 3 and 5. By examining the results,
we observe that when mj, = 0.1 GeV and c7 = 1072 m,
the signal acceptance increases by a factor of 30. However,
formy, = 4.4 GeV and c7 = 1072 m, the signal acceptance
increases by a huge factor of 10?!. The reason behind such
enhancement is due to the fact that the B mesons produced
in the 100 TeV collider are very energetic, and this high
momentum is transferred to the ¢, giving a larger boost to
the LLP. For this reason, ¢ can traverse longer distances
and reach the detector despite having low cz. For example,
we observe that with a cut of pg > 5 TeV and 05 < 0.01
radian, the number of surviving events at 14 TeV is 1074%
whereas, for 100 TeV, this fraction increases to 0.4%.

The placement of FASER2 inside the current LHC
facility is constrained by the availability of space in the
cavern. However, at future colliders like LHC at 100 TeV,
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FIG. 5. The signal acceptance for the dark Higgs model at

100 TeV assuming a FASER2-like detector configuration.

we are not limited by the space constraint since no
particular decision regarding placement and general dimen-
sions of a forward detector has yet been made [162,163].
As an advantage, we have the freedom to carefully optimize
the placement and size of the forward detector to get the
maximum gain in signal acceptance. However, the place-
ment and dimensions of the detector can be based on
several other factors varying from the availability of space
to the physics needs, signal gain versus cost ratio, and
background yields.
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To explore the possible forward detector configurations
for a 100 TeV collider, we choose the four corner points of
Fig. 5 as benchmarks and study how signal acceptance
varies as we change the detector position along the z
direction. We consider three different configurations for the
detector, with varying values for the radius (R) and length
(L,)- Specifically, we examine the configurations [R, L ]
€ [1 m, 10 m], [2 m, 20 m], and [5 m, 50 m]. Figure 6
shows the variation of signal acceptance for LLPs with
my = 0.1 GeV (dashed line) and 4.4 GeV (continuous
line), and ¢t = 1072 m (left) and 10* m (right) for various
detector configurations as discussed above. We observe that
the signal acceptance falls with increasing distance from
the IP for each detector configuration and it attains its
maximum value when the detector is positioned closest to
the IP for all benchmark points. An increase in the
detector’s length and radius helps us achieve higher signal
acceptance. For example, if we place the detector at
z =50 m, for my = 4.4 GeV and ¢t = 1072 m, the gain
in acceptance is of the order of 2 if we change R from 1 m to
5 m and L; from 10 m to 50 m. For the same set of
configurations, for the benchmark point with my =
0.1 GeV and ¢z = 1072 m, we can increase the acceptance
by a factor of 3. For higher cz values, the increase in signal
acceptance is even more. For ¢t = 10* m, the enhancement
is by a factor of 10 for both masses of 0.1 and 4.4 GeV.
There is another interesting pattern to be noticed here. For
small proper decay lengths, signal efficiency tends to
decrease with increasing mass, while for larger proper
decay lengths, signal efficiency tends to increase with
increasing mass. The probability to decay inside the
detector volume goes as Eq. (14), where D, = Z_;CT‘ For

larger values of cr, therefore, one needs smaller boost

1.0 x 10~ -
F ct=10"m
F R=5mL;=50m
I R:Zm,Ld:20m
1.Ox10*5:— R=1m L;=10m
: my = 4.4 GeV
3 sl
S 1.0x10 \
= :
S
<8 1.0x107 . my=01Gev T
1ox108 T -
1.0><10—97 ! ! ! ! |
50 100 150 200 250 300
Distance(m)
(b)

FIG. 6. Variation of signal acceptance with the distance from IP for dark Higgs scalar model for LLP masses 0.1 GeV (dashed line) and
4.4 GeV (solid line) and proper decay lengths of (a) 107> m and (b) 10* m.
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TABLE 1. Proposed configurations for the dedicated LLP
forward detectors at 100 TeV, FOREHUNT.

Detector configuration  Radius (R) Length (L) Position (Z)

@100 TeV [m] [m] [m]
FOREHUNT-A 1 10 50
FOREHUNT-B 2 20 50
FOREHUNT-C 5 50 50
FOREHUNT-D 2 20 75
FOREHUNT-E 5 50 75
FOREHUNT-F 5 50 100

factors to increase this probability. This becomes true for
heavier LLPs, which explains this observed trend.

The detector design for FCC-hh is not yet finalized. For
our work, we follow the detector placement guidelines
outlined in Refs. [162,163], which suggests that the
detector will be placed from z € [-25,25] m. Keeping this
in mind and assuming that a buffer length of 25 m will be
sufficient for shielding, we propose placing the forward
detector at z = 50 m. In case it is not entirely feasible to
veto the backgrounds with a 25 m buffer length,6 we also
provide two additional configurations with z = 75 m and
100 m, as listed in Table I. We show a schematic
visualization of the various proposed positions and geom-
etries of the FOREHUNT and DELIGHT detectors at the
FCC-hh in Fig. 7 for a better understanding of the readers.

Now, let us study how the signal acceptance changes
with the change in the dimension of the detector, as
depicted in Fig. 8 for six detector configurations as
specified in Table I, with mj, varying between 0.1 to

4.4 GeV and cr varying between 107> m to 10* m. In
Fig. 9, we show the signal acceptance grids for the six
detector configurations in the my-ct plane, for ease of
translating our results to other models or reproducing our
results. From Fig. 8, we observe the following:

(i) We have seen earlier that compared to 14 TeV
(Fig. 3), the signal acceptance at 100 TeV increases
drastically for high masses and low proper decay
lengths (Fig. 5). We want to compare how the
acceptance changes with our proposed detector
configuration in Fig. 8(a). We find that even for
the light-dark Higgs with m, = 0.1 GeV and

ct = 1072 m, the signal acceptance increases by a

®The FCC-hh collider is expected to have higher background
rates than the current LHC runs due to both an increased center-
of-mass energy of 100 TeV and higher instantaneous luminosity.
The specifications of the FCC-hh beam dimensions are not
finalized or published yet to the best of our knowledge, which
will affect how close to the IP we can place the detector.
Therefore, a disclaimer is that the detector placement at 50 m
from the IP is subject to further studies of proper shielding
materials to reduce the background at such a short distance and
also the details of the beamline dimensions.

factor of 5000. We gain in the signal acceptance by a
factor of O(10?°) for heavy LLPs (m, = 4.4 GeV)
with small proper decay lengths (ct = 1072 m),
where FASER2 at HL-LHC is not expected to be
sensitive. For high ¢z = 10* m, the enhancement
factor is 147 and 80 for masses 0.1 GeV and
4.4 GeV, respectively. This massive improvement
in signal significance is expected to be noticed at
forward detectors at the FCC-hh.

(i1)) When the LLP proper decay length is small (< 1 m),
the signal acceptance decreases as mass increases.
We want to remind the reader that this is due to the
fact that the boost in the z direction decreases with
increasing mass, and since the proper decay length is
very small, heavy LLPs decay well before they reach
the detector. This can be seen from Fig. 8(a), as we
go from mass 0.1 to 4.4 GeV, for ct = 1072 m, the
signal acceptance experiences a substantial reduc-
tion by a factor of 48.

(iii) For LLPs with considerable proper decay length
(> 1 m), signal acceptance increases with mass
because the probability of an LLP to decay inside
the detector increases with mass as can be seen from
the Eq. (14). For ¢z = 10* m, the enhancement in
signal acceptance is a factor of 54 if we change the
mass from 0.1 to 4.4 GeV.

(iv) We note that increasing the radius of the detector
can improve the signal acceptance for heavy LLPs.
This is due to the increase in the emission
angle 6, which necessitates a larger radius to
capture the LLP decay. Moreover, increasing the
detector’s length is also beneficial, as evidenced by
Eq. (14), which suggests that a longer detector can
result in higher probabilities of LLPs decaying
inside the detector volume. For instance, for m, =
4.4 GeV and ct = 1072 m, if we change the radius
from 1 m to 5 m and the length of the detector from
10 to 50 m, comparing Figs. 8(a) and 8(c), we
observe the signal acceptance increases by a factor
of 2.2. For many benchmark points, we can gain a
factor of ~10, for example, mass 1.0 GeV
and ct = 10" m.

(v) Itis evident from Figs. 6 and 8 that a detector with a
larger radius and length positioned closer to the IP
will provide the highest signal acceptance. For
example, comparing Figs. 8(c) and 8(f), we can
see that for low mass and low cz, the signal
acceptance falls by a factor of 2 as we move the
detector from z = 50 to 100 m. For high mass and
low cz, this reduction factor is ~10.

We observe from Fig. 8 that a forward cylindrical detector
with a radius of R =5 m and a length of L; =50 m,
which is placed at z = 50 m from the [P (FOREHUNT-C),
gives the maximum signal acceptance out of the six
detector configurations for all the benchmark points.
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FIG. 7. Visualization of the FOREHUNT and DELIGHT geometries at the FCC-hh.

R=1m, Lgy=10m, Z=50m

R=2m, Ly=20m, Z=50m

R=5m, Ly=50m, Z=50m

10715 Lo 1071
10*2% 10*2é 10*2é
o ] \ " E \ o |
o o S v]
C 10744 —_— c 10 c 1074
8 E 8 8
o o o
8 105 8105 S 105
O 1) 1%
< < <
10-° 10-°4 10-°
Decay length (cT) : Decay length (cT) 1 Decay length (cT)
10-7 — 107%m 10'm 10> m 10-74 — 1072 m 10'm 10°m 10_73 — 1072m 10'm 10°m
— 107'm 102m  — 10°m E — 107'm 10°m  — 10‘m E — 107'm 102m  — 10*m
] —_10°m o —_ 10°m - — 10°m
108 T T T T 108 T T T 1078 T T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
My (GeV) M, (GeV) M; (GeV)
(a) (b) (©
10-1 R=2m, Ly=20m, Z=75m 1071 R=5m, Ly=50m, Z=75m 161 R=5m, Ly=50m, Z=100m
102 10 ?(_f 1023 2<
= - | e ——— = |
] — ] -
o %<_7 o] o]
] ] \ i E \ y 3 \
c 1074 \ c 10 c 107*
© © ©
S S S
o o o
8 107 8 107 8 107
O O O
< < <<
106 10-6 10-6
Decay length (cT) Decay length (cT) Decay length (cT)
10-7 — 1072m 10'm 10°m 10-7 — 107%m 10'm 10°m 10-7 — 107%m 10'm 10°m
— 107'm 102m  —— 10°m — 107'm 10°m  —— 10°m — 107'm 102m  —— 10°m
—_ 10°m —_ 10°m — 10°m
1078 T T T T 108 T T T T 108 T T T T
0 1 2 3 4 1 2 3 4 1 2 3 4
My (GeV) My (GeV) M, (GeV)
(d) (e) ®
FIG. 8. Signal acceptance for the dark Higgs model for the six different 100 TeV detector configurations, (a)—(f), as mentioned in Table I.

Following a similar approach to the dark Higgs scalar
scenario, we present the signal acceptance for HNLs [using
Eq. (14)] with the FOREHUNT-C detector proposal in
Fig. 10. For this figure, we have assumed 100% branching
in each decay mode as discussed in Eq. (13). A similar
pattern for signal acceptance is seen in Fig. 10 as for the

dark Higgs boson model. For low cz, as we increase the
mass of the HNL, the signal acceptance decreases, while
for higher proper decay lengths, the signal acceptance
improves as we increase the HNL mass.

Until now, we have only discussed the sensitivity of
forward detectors. However, there are also a few proposed
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FIG. 9. Signal acceptance values for the dark Higgs model for the six different 100 TeV detector configurations, (a)—(f), as mentioned

in Table I.
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FIG. 10. Signal acceptance for FOREHUNT-C detector configuration for heavy neutral lepton production via (a) B — D*z¥N_, (b)

B* - D%*N_, and (c) B* — =N, channels.

transverse detectors like MATHUSLA [91-94] and
CODEX-b [95,96] at 14 TeV, and DELIGHT at
100 TeV [116]. Here, we would like to compare the results
for FOREHUNT-C with these transverse detectors for six
benchmark points with masses 0.1 GeV, 2 GeV, and
4.4 GeV, each having proper decay lengths of 10' m
and 10* m. In order to detect the LLP decaying inside
such transverse detectors, it should have a minimum energy
of E;>1GeV [93]. We now discuss the proposed

locations and dimensions of these transverse detectors,
and compare their performances with the forward detectors.
We summarize the signal acceptances of FASER2,
CODEX-b, and MATHUSLA at 14 TeV along with that
obtained using the DELIGHT detectors and our proposal
for FOREHUNT-C at 100 TeV in Table II for the six
benchmark points mentioned earlier. The maximum signal
acceptance for each benchmark point across all detectors is
indicated in bold font. We perform this comparison for the
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TABLE II. Comparison of signal acceptance for detectors at 14 TeV (FASER2, CODEX-b, and MATHUSLA) and at 100 TeV
(FOREHUNT-C and DELIGHT) for six benchmark points for dark Higgs scalar model.

mg cT FASER?2 CODEX-b MATHUSLA FOREHUNT-C DELIGHT-B
(GeV) (m) (py > 100 GeV) (Ey > 1 GeV) (Ey > 1 GeV) (py > 100 GeV) (Ey > 1 GeV)

0.1 10! 1.6 x 1077 1.0x 1074 1.3 x 107 2.1x 107 6.5x 1073

0.1 10* 1.5x 10710 1.1x 1077 2.1x107° 2.1x 1077 92x10°¢

2.0 10! 3.6 x 107° 1.8 x 10~ 44 %107 4.4 %1073 53 %1073

2.0 10* 4.8 x107° 1.9 x107° 34 x1073 4.7 x107° 1.5x10*

44 10! 8.6 x 1076 9.2 x 1073 1.3x10™ 1.0 x 1072 2.5x%x 1073

4.4 10* 1.5x1078 2.3 x 1076 5.0 x 107 1.2 x 107 1.9x10*

dark Higgs boson model in Table II. Sensitivity studies of
HNLs using transverse detectors like CODEX-b, ANUBIS,
and MATHUSLA have been performed in Ref. [135].

CODEX-D:

CODEX-b (“COmpact Detector for EXotics at
LHCb"”) is proposed to search for LLPs decaying with
ct > 1 m [164] at the HL-LHC with an integrated lumi-
nosity of 300 fb~!. This detector is to be installed near the
LHCDb interaction point using the existing infrastructure,
making the costs low. The considered dimensions for this
detector is a 10 x 10 x 10 m*® decay volume and if pos-
sible, a bigger size of 20 x 10 x 10 m?, with the following
position:

(i) CODEX-b: 260m<x<460m,-70m<y<

30m,50m<z <150 m

We find that CODEX-b outperforms FASER?2 (Table II) for
all benchmark points considered here. However, with our
proposed FOREHUNT-C, we see that even with high
ct > 1 m, FOREHUNT-C will be more efficient. This
increase is particularly notable for LLPs with shorter proper
decay lengths. For instance, for an LLP with a mass of
4.4 GeV and a proper decay length of 10 m, the signal
acceptance improves by ~110 compared to CODEX-b.
Similarly, for a proper decay length of 10* m, the signal
acceptance increases by a factor of ~20.

MATHUSLA:

MATHUSLA (“MAssive Timing Hodoscope for
Ultra-Stable neutral. pArticles”) [165] is
proposed to detect particle with ¢z > 100 m at the
14 TeV HL-LHC with an integrated luminosity of
3 ab-!. MATHUSLA is intended to be positioned near
the CMS interaction point at the HL-LHC. The size of the
detector is as follows:

(i) MATHUSLA: 60.0 m <x <850 m,-50.0m <

y < 50.0 m,68.0 m < z < 168.0 m.
Owing to its larger decay volume, MATHUSLA outper-
forms CODEX-b and FASER?2 for all benchmark points, as
presented in Table II. However, for LLPs with a mass of 2
and 4.4 GeV having a proper decay length of 10 m,
FOREHUNT-C significantly surpasses MATHUSLA in
terms of signal acceptance. In the case of very low-mass
LLPs, such as my = 0.1 GeV, MATHUSLA performs

better than FOREHUNT-C. Also, for LLPs with a much
longer proper decay length of ¢t = 10* m, MATHUSLA
demonstrates a relatively better performance as compared
to FOREHUNT-C across all mass points.

DELIGHT:

DELIGHT (“Detector for long-lived par-
ticles at high energy of 100 TeV”) is a trans-
verse detector that is proposed to detect LLPs at the
100 TeV LHC, as discussed in [116]. We have provided
a visualization of the DELIGHT geometries at the FCC-hh
in Fig. 7. We calculate the signal acceptance for three
proposed configurations given in Ref. [116]:

(i) DELIGHT-A: 250m <x <500 m,00m<y <

100.0 m, —50.0 m < z < 50.0 m.
(i) DELIGHT-B: 250 m <x < 1250 m,0.0 m <y <
100.0 m, —50.0 m < z < 50.0 m.
(ili) DELIGHT-C:25.0 m <x <2250 m,00 m <y <
50.0 m,-25.0 m < z < 25.0 m.
DELIGHT-A is proposed to be the same volume as
MATHUSLA, DELIGHT-B is four times the volume of
MATHUSLA, and DELIGHT-C is twice the volume of
MATHUSLA. Due to the large volume, DELIGHT-B gives
the maximum signal acceptance out of the three configu-
rations of DELIGHT. We find from Table II, DELIGHT-B
has the maximum signal acceptance for all the benchmark
points except for my, = 4.4 GeV and c7 = 10" m, where
FOREHUNT-C has higher signal acceptance (by a factor of
4). However, for the benchmark with a higher proper decay
length, DELIGHT outperforms FOREHUNT-C by a factor
of 215 for all the chosen mass points.

Table II shows that DELIGHT performs very well for
most of the benchmark points with ¢z > 10! m. We are
keen to see how it performs for shorter proper decay
lengths. In Fig. 11, we present the signal acceptance
of the three above-mentioned configurations of the
DELIGHT detector in the mgy-ct plane. By comparing
Fig. 11(b) with Fig. 8(c), we find that for LLPs with mean
proper decay lengths less than 1 m, the signal acceptance
for FOREHUNT-C significantly exceeds DELIGHT-B,
particularly for higher masses. For example, for m, =
44 GeV and cr=1m, FOREHUNT-C outperforms
DELIGHT-B by a factor of O(3 x 10°). DELIGHT-B

015036-12



LIGHT LONG-LIVED PARTICLES AT THE FCC-HH WITH THE ...

PHYS. REV. D 110, 015036 (2024)

DELIGHT-A DELIGHT-B
10713 10713
3 Decay length (cT) 7
] — 10'm — 10'm — 10°m ]
10-2- — 10°m  — 10°m — 10*m 10-24
10735 1031
o - ) 3
= ] 9] ]
C ] c ]
S ©
| 10744 8 10743
[ 3 (] 3
v} ] O ]
Y v}
< T < 1
10754 107°3
107°4 107°3 Decay length (cT)
] E — 10'm — 10!'m — 10°m
) 1 —— 10°m — 10°m —— 10*m
107 T T 1077 T T T T
0 1 2 3 4 0 1 2 3 4
M; (GeV) M; (GeV)
(a) (b)
DELIGHT-C
10715
3 Decay length (cT)
] — 107'm — 10'm — 10°m
10-2- —— 10°m — 10°m — 10*m
10734
[V} E
= ]
C -
©
‘ 10_4§
()] =
O ]
v
& ]
10734
1076
10_7 T T T T T
0 1 2 3 4
M, (GeV)
(©)
FIG. 11. Signal acceptance for the transverse detector DELIGHT for the dark Higgs scalar model at the 100 TeV FCC-hh for three

different detector configurations, (a)—(c).

demonstrates superior performance for LLPs with proper
decay lengths > 10?> m across all benchmark points. For
intermediate proper decay lengths of around 10 m,
DELIGHT-B performs better than FOREHUNT-C for
LLPs with masses < 2.5 GeV. However, for higher masses,
FOREHUNT-C surpasses DELIGHT-B in terms of signal
acceptance. For completeness, we have also given the
signal acceptance for the proposed DELIGHT detectors

with smaller sizes in Figs. 11(a) and 11(c). We see for
DELIGHT-A, the signal acceptance is reduced by a factor
of 2 compared to DELIGHT-B for cr > 10> m. For
DELIGHT-C, the signal acceptance decreases by a factor
of ~2 compared to DELIGHT-B for all masses and proper
decay lengths. This is a remarkable observation since it will
have a great impact on the civil engineering costs of making
the detectors. Although DELIGHT-C has a volume two
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FIG. 12. Signal acceptance for the transverse detector DELIGHT-B at the 100 TeV FCC-hh for heavy neutral lepton production via (a)

B® - D*tTN_, (b) Bt - D%*N_, and (c) B® — "N, channels.

times than that of DELIGHT-A, the former has a lower
cross-sectional area towards the IP (50 x 50 m?) as com-
pared to DELIGHT-A (100 x 100 m?). This increases the
geometric acceptance of DELIGHT-A in the An x A¢
plane. So, if DELIGHT-B cannot be made because of its
large size and volume, DELIGHT-A will be the next

suitable transverse detector to be built for FCC-hh, instead
of having a smaller volume than DELIGHT-C.

Similar to the dark Higgs boson model, we want to
investigate how DELIGHT performs for the heavy neutral
leptons. Due to the larger decay volume, DELIGHT-B
gives the maximum signal acceptance. We, therefore, depict
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FIG. 13. The relative sensitivity reach for different detectors in

the sin0-m, plane for the dark Higgs scalar model.

the signal acceptance for this configuration as a function of
mass and proper decay length of the HNL in Fig. 12.
Comparing Figs. 10 and 12, we find that when ¢z > 10 m,
DELIGHT-B performs better than FOREHUNT-C, similar
to the dark Higgs model scenario.’

Next, we investigate how such dedicated LLP detectors
for the 100 TeV FCC-hh improve the sensitivity in the model
parameter space for the dark Higgs model. In Fig. 13, we
translate the signal acceptance to the sensitivity in the plane
of mixing angle sinf versus my, using Eq. (19). Here
we assume the integrated luminosity of the FCC-hh
L =30 ab~! as an optimistic scenario. We see that com-
pared to 14 TeV, at 100 TeV, we can improve the sensitivity
in sin @ by a factor of 15 and 20 for m, = 0.1 GeV and
1 GeV, respectively, for the FOREHUNT-C detector con-
figuration. Moreover, we see that DELIGHT can enhance
the sensitivity in sin # even more (factor of ~5) compared to
FOREHUNT-C. For the reader’s interest, we also provide
the relative reach for probing this model in various
detectors like FASER2, CODEX-b, MATHUSLA, SHiP,
FOREHUNT-C, and DELIGHT in Fig. 13. We have
extracted the sensitivity contours for CODEX-b,
MATHUSLA, and SHiP from Ref. [141]. Form , < 0.3 GeV,
the parameter space is already constrained from existing
experiments, like E949 [148] and NA62 [105]. For example,
formy = 0.1 GeV, E949 has already probed a major part of
the parameter space till a mixing angle of 107* [166].
However, with the FOREHUNT-C detector, we can improve
this sensitivity and probe the mixing angle up to ~6 x 1073
and with DELIGHT-B, we can go further down to a mixing
angle of ~2 x 1075, Note that for DELIGHT-B, we only
show the lower boundary to indicate the minimum mixing
angles that can be probed by this detector.

Similar to the dark Higgs model, we translate the signal
acceptance into sensitivity to the mixing angle for the

"From now on, we refer to the DELIGHT-B configuration as
the DELIGHT detector, unless stated otherwise.
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FIG. 14. The relative sensitivity reach for different detectors in
the |Uy,|-my plane for heavy neutral leptons.

HNLs in Fig. 14. The sensitivity contours for CODEX-b,
MATHUSLA, and SHiP for HNLs have been extracted
from Ref. [141]. In the mass range 2 to 3.5 GeV, HNLs can
only be produced from the B* — 7N mode. We observe
that, compared to FASER2, we can improve the sensitivity
in the mixing angle by at least one order of magnitude in
FOREHUNT-C. For DELIGHT, the enhancement is even
more, by a factor of ~6 compared to FOREHUNT-C.

Before concluding, we would like to give attention to the

following:

(i) The NNLO bb production cross section used for the
100 TeV analysis can have an uncertainty of the
order of 15% [152]. In addition, the choice of
different PDFs can change the differential distribu-
tions of B hadrons. To see this effect, we generate the
parton-level b-pair events at the LO using different
PDFs and have found that the signal acceptance
varies at most 3% for the dark Higgs model.
However, these uncertainties do not noticeably
change the sensitivity contours that we have ob-
tained in Fig. 13.

(i1) For future colliders, it is possible to place multiple
forward detectors along the beamline. Observation
of signals in multiple detectors would prove the
presence of LLPs beyond any doubt. For the dark
Higgs scalar model, we have investigated this
possibility assuming four benchmark points men-
tioned in Table III. Two detectors are placed at 7 =
150 m or 300 m in addition to FOREHUNT-C with
the exact dimension of FOREHUNT-C, and we put a
momentum cut p, > 100 GeV for detecting the
LLP. We observe that the signal acceptance of
the second detector decreases with an increase in
the distance from the IP along the z direction, as
expected. Adding a second detector placed at z =
150 m could potentially increase the signal accep-
tance by approximately 50% compared to FORE-
HUNT-C. For higher proper decay length, even if we
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TABLE III. The gain in signal acceptance by putting multiple
forward detectors instead of one detector for dark Higgs scalar
model.

TABLE V. The signal acceptance for putting the 100 TeV
FOREHUNT-C detector slightly off from z axis for the dark
Higgs scalar model.

Acceptance  Acceptance  Acceptance

for first for second for second

my cT detector at detector at detector at
(GeV) (m) z =50 m z=150 m z =200 m
0.1 107" 14x1072  70x1073 29x107?
4.4 107! 7.0x 1073 1.0 x 1073 1.9 x 10~
0.1 10* 2.1 x 1077 1.6x 1077 9.3x1078
4.4 10* 12x10°  85x107%  49x10°°

TABLE IV. The signal acceptance for a detector like FORE-
HUNT-C with a smaller momentum cut for the dark Higgs scalar
model.

FOREHUNT-C FOREHUNT-C FOREHUNT-C
my ¢t (py>50GeV, (p,>50GeV, (py>50GeV,
(GeV)(m) z =100 m) z = 200 m) z = 300 m)
0.1 10" 33x10™* 1.8 x 107* 1.1x 1074
0.1 10* 33x107 1.8 x 1077 1.2 x 1077
20 100 6.0x107? 3.0 x 1073 2.0 x 1073
20 10*  74x10°° 44 %107 3.0x 107°
44 100 1.1x1072 5.0x% 1073 3.0 x 1073
44 10*  1.6x107° 9.0x107° 5.9 x 107°

place the second detector at z = 300 m, the overall
signal acceptance increases by 50%.

(iii) For the FOREHUNT detector, if it is not feasible to
place the detector at 50 m from the IP, we have to
shift it farther away. For detectors placed far away
from the IP, it might be possible to do better
shielding and we wanted to study the effect of
reducing the momentum threshold on the LLPs in
such a case. We see from Table IV that the signal
acceptance with a selection cut of p, > 50 GeV for
a detector starting from 100 m is ~1.5 times the
signal acceptance when p, > 100 GeV cut (Table II)
is applied for a detector starting from 50 m. In some
cases, a forward detector with a lower energy cut
can surpass the signal acceptance of DELIGHT (for
example, my =2 GeV and cr = 10* m).

Another possibility is to place multiple detectors
in the forward direction as we discussed in the
previous point, say one starting from 50 m and a
second detector at 200 m. Since the first detector acts
as an active veto for the second detector, the energy
threshold for the latter might be reduced from 100 to
50 GeV, assuming that the active veto helps to
reduce the backgrounds.

(iv) Till now we have proposed forward detectors at
100 TeV along the beamline similar to FASER2.
However, the detector placement along the beamline
might not be achievable or difficult for a detector

mey ct 1 m off axis 5 m off axis
(GeV) (m) (py > 100 GeV) (py > 100 GeV)
0.1 107! 8.3 x 1073 5.5x 107
4.4 107! 1.53 x 1074 1.2 x 1076
0.1 10* 1.5 x 1077 8.7 x 107°
4.4 104 8.4 x107° 1.7 x 107°

like the FOREHUNT-C configuration being closer
to the IP. We have studied the option of putting the
forward detector slightly off the z axis. We consider
the FOREHUNT-C-like configuration, shifted in the
transverse plane by 1 m and 5 m, and estimate the
signal sensitivity for the dark Higgs model as listed
in Table V. As we place the detector slightly off-axis
(~1 m), the acceptance drops by a factor of 2. If we
place the detector at 5 m off axis, the signal
acceptance falls drastically. In such a case, instead
of shifting the detector 5 m in the transverse plane, it
is more beneficial in terms of signal acceptance to
place the detector farther away from the IP, say at
z = 300 m, along the beamline (see Table III).

(v) From Figs. 13 and 14, one may come to the
conclusion that a transverse detector like DELIGHT
at 100 TeV performs better than the forward detec-
tor, even for light LLPs. However, careful inspection
of the signal acceptance grids given in Figs. 9(c)
and 11(b) shows that for ¢z < 10" m, the forward

my =1 GeV
10715
] —— FOREHUNT-C
] —— DELIGHT-B
10724
S 1034
c 3
© ]
o .
ol ]
) i
S 1044
<
10_5§
10_6 LLLLL T T TTTIT LENLBLLRLALLL T T TTTIm T T rrrmr UL LLBLULRLLLLL
10-2 107! 100 10! 102 103 10*
ct (m)
FIG. 15. Comparison between the signal acceptance of FORE-

HUNT-C and DELIGHT-B for an LLP mass of 1 GeV.
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detector performs comparably better than DE-
LIGHT. This is clear from Fig. 15, where we
compare the signal acceptance of FOREHUNT-C
and DELIGHT-B for mj = 1 GeV. For lower decay
lengths, the forward detector performs better than
the transverse detector, and the trend remains the
same across the LLP mass range considered here.
Due to the larger boost in the forward direction at the
hadron colliders, the forward detectors have better
acceptance for lower decay lengths than the trans-
verse ones for a particular LLP mass even when they
are at similar distances away from the IP. This is a
model independent result and highlights the com-
plementarity between the forward and transverse
LLP detectors. The upper boundary, corresponding
to three observed events, for the DELIGHT detector
requires simulating O(10°-10'?) events for the large
mixing angles (small cz), which is beyond our
computation limit. For the FOREHUNT detector,
it’s easier since we can use the probability formula
without any assumptions due to the symmetry of the
detector. We expect to observe at least 20 events at
DELIGHT for a mixing angle of the order 2 x 1074,
whereas for FOREHUNT, we expect to observe 20
events even for a mixing angle as large as
1.77 x 1073, This highlights that FOREHUNT is
more sensitive for smaller ¢z values.

(vi) For transverse detectors like 100 TeV, we put the
minimum energy cut of the LLP to be > 1 GeV as
suggested by MATHUSLA [93]. For 100 TeV, a
1 GeV energy threshold might not be sufficient for
triggering the LLP signal with acceptable background
rates. Assuming a minimum energy threshold cut of
5 GeV, we see that for low to moderate LLLP masses
(0.1 to 2 GeV) the signal acceptance may decrease
even by a factor of ~7-8, whereas, for heavier LLPs, a
minor reduction of acceptance is observed.

V. POSSIBLE BACKGROUNDS AND THE
DETECTOR DESIGN OF FOREHUNT

We have presented our sensitivity results assuming zero
background events in the FOREHUNT detector. To under-
stand how well this assumption works, we discuss the
possible background sources in this section. Mitigation of
these backgrounds also motivates the detector design and
leads us to a possible design for the FOREHUNT detector.
In the following list, we discuss the major background
sources and how they can be reduced with the addition of
various components in the detector design and event
selection criteria for FOREHUNT at FCC-hh:

(1) Muons from the IP: The muon flux from the FCC-hh
IP is quite high where O(10°) muons are expected
during LHC Run 3 at FASER [167], which is
expected to increase by at least two orders of
magnitude at the FCC-hh. To mitigate the muon

background, we would require placing scintillators
before the decay volume in order to veto the muons.
The inefficiency of each scintillator plane to detect a
muon is below 1075 for the veto system used in
FASER [168]. Therefore, if we have at least four
such scintillator planes, the inefficiency of the total
veto system would be below 1072, and the muon
background at FOREHUNT would be negligible.

(2) Neutral hadrons: Neutral hadrons coming from the IP
can be a possible source of background. Being
neutral, they cannot be vetoed by the scintillators,
and long-lived neutral hadrons, like K;, can then
decay inside the decay volume, mimicking an LLP
signal [168]. To reduce the neutral hadron back-
ground, we require some shielding material before
the decay volume. Since the proposal is to place the
FOREHUNT decay volume closer to the IP as
compared to FASER, we require selecting the shield-
ing material in order to suppress most of the neutral
hadrons background. Long-lived neutral hadrons,
like Kg, can also originate from the interaction of
the muons with the shielding material, which can then
be vetoed using the signal of the parent muon in a
scintillator placed before the shielding material.

(3) Neutrinos: There is also a high flux of neutrinos
from the IP in the forward direction [169], which can
interact with the material of the various detector
elements to produce charged particles. If the neu-
trinos interact in the shielding material, the produced
charged particles can be vetoed if we place scintil-
lators between the shielding and the decay volume.
In case the neutrino interacts after the veto system,
the number of such events can be further suppressed
by demanding at least two reconstructed tracks
coming from the same vertex, where the recon-
structed vertex lies within the decay volume. The
neutrino background can be further reduced by a
higher cut on the calorimeter energy deposit as
shown in Ref. [168], whereas in Fig. 4, we show
that the signal is not affected by a higher energy
threshold. Moreover, the detector elements can be
designed with a minimum amount of material for
suppressing the neutrino background.

From the discussion above, we identify that the key

components of the FOREHUNT detector should include at

- Shielding Decay Volume
from IP

FIG. 16. Possible detector design for the FOREHUNT detector
at FCC-hh.

Scintillators

Calorimeter
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LLP signal

Muons from the IP with a coincident signal

Stored

Muons from the IP

Neutral hadrons

Blocked

Vetoed

Neutrino interactions

Vetoed

FIG. 17. Signatures of various processes at the proposed FOREHUNT detector—an LLP decaying to electrons (top left), muons from
the IP (top right), muons from the IP with a coincident signal (center left), neutral hadrons from IP or from muon interactions (center

right), and neutrino interactions (bottom).

least four scintillator planes, a shielding block, a decay
volume, tracking stations, and a calorimeter to detect the
LLP decay products. Since the LLP will be highly boosted,
its decay products will be collimated. A magnetic field is
required to bend the decay products to produce isolated
tracks and energy deposits. We require scintillator planes
both before and after the shielding block to control the
neutral hadron and neutrino backgrounds. Figure 16 shows
a proposed design for the FOREHUNT detector and Fig. 17
shows the signatures of the LLP signal and backgrounds
from muons, neutral hadrons, and neutrinos. This is a very
preliminary outlook on the detector design and would
require further dedicated studies in collaboration with
experimentalists to optimize the detector materials, espe-
cially the shielding block. The proposal for the AL3X
detector at IP2 of the LHC [170] includes a 4 m (40 A,

where 4 is the nuclear interaction length) shield of tungsten
and shows that it can suppress the primary hadron back-
grounds to acceptable levels. At the FCC-hh collider, the
hadronic background would be much higher compared to
that at the LHC. Therefore, it would be important to
identify materials that can block this huge background in
the forward direction such that the LLP detector can be
placed closer, increasing its sensitivity.

The veto system for the muons might affect the signal
efficiency in two ways. The first is due to the noise in the
scintillator planes which can give a false signal even when
an MIP does not pass through it. This can lead to the veto of
a signal event, reducing signal efficiency. However, the
total noise of each sub detector for FASER falls within the
range of 0.15 £ 0.02 pC, which is negligible compared to
an MIP signal peaking at ~70 pC [171]. The FASER
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acceptance.

collaboration uses a threshold of 40 pC on the scintillator
charge for calculating the MIP efficiency [171], which is
much larger than the range of the noise distribution.
Therefore, if we use similar quality of scintillator planes
for the FOREHUNT detector, we expect manageable dark
count rates.

The second possibility is the random overlap of a muon
with the LLP signal. The FASER detector estimated this
probability for their dark photon signal to be less than
1 per mille [168]. At FASER, the muon flux reaching the
scintillators is around 650 Hz. We expect this number to
increase at the FCC-hh detector due to many factors:
increased cross section due to increasing center-of-mass
energy, increased instantaneous luminosity, and increased
acceptance due to the closer placement of the detector. One
idea to reduce this muon flux is to place a sweeping magnet
in front of the detector to bend muons away from the
detector. According to Ref. [172], a sweeping magnet of
7 Tm would bend 100 GeV (1 TeV) muons on the line of
sight by 4.2 m (40 cm) from the line of sight, when the
detector is 200 m away from the sweeper magnet.

Another way to handle the coincidence of the muon with
a signal event is to modify our veto system. We propose to
do this by including the tracker and the calorimeter as parts
of the veto system in addition to the scintillators. The
modified veto condition is: veto events with hits in any of
the four scintillator planes which do not have any calo-
rimeter deposit other than ones which are consistent with
the direction of the muon track inferred from the scintillator
hits. The FCC-hh forward muon spectrometer can also play
arole here in identifying the muon tracks which are within
the FOREHUNT acceptance. We can then store events
where the LLP signal is accompanied by muons. This
might also store some background events where muons
from the IP interact with the shielding material to produce a
neutral hadron, which then decays within the FOREHUNT
volume, given the neutral hadron is produced at a larger
angle from the initial muon. However, a careful offline
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Effect on the sensitivity reach for the dark Higgs scalar (left) and the HNL (right) models with 50% reduced signal

analysis of the event with the tracker hits or calorimeter
energy deposits which are not consistent with the incoming
muon can be done to differentiate such events from the
signal. Sophisticated pattern recognition or other machine
learning methods can be applied in the offline analysis.
Exploring such possibilities in detail with proper detector
simulations are left for a future study. Moreover, even if our
signal acceptances are reduced by 50%, Fig. 18 shows that
there is only a slight change in the sensitivity reach of
FOREHUNT-C for the two benchmark models studied here.

For the tracking station, one can consider layers of resistive
plate chambers (RPCs). The typical cost of BIS78 RPCs are
around 3.1 k€/m? [97]. In our detectors, we propose to place
several circular layers of RPCs transverse to the length of the
cylindrical decay volume. Therefore, the cost of a single layer
will be proportional to the cross-sectional area of the
cylinder, which depends on the radius of the proposed
detector. For the maximum radius of 5 m from our proposal,
the cost per layer of RPC would be around 245 k€.
Increasing the number of such layers would increase the
efficiency of reconstructing the secondary vertex. A triplet
configuration of these RPC layers can achieve resolutions of
0.1 cm and 0.4 ns in the spatial and temporal directions,
respectively [97]. Moreover, the momentum resolution of the
tracking system can be optimized by placing the tracking
layers according to the Gluckstern equation [173], which
relates the number of tracking layers, the distance between
them, and the magnetic field of the tracker to the momentum
resolution of the reconstructed tracks. The addition of a
calorimeter will be useful for identifying LLPs decaying to
photons, and it will help in extracting more information about
the LLP, like its mass. Placing the detector close to the IP also
opens up the opportunity to integrate it with the trigger
system of the main FCC-hh detector.

VI. CONCLUSION

In this paper, we study the detection prospect of
light LLPs coming from B-meson decays at the FCC-hh.
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We consider two LLP candidates, namely a dark Higgs
boson and a heavy neutral lepton. We propose a dedicated
forward detector, named FOREHUNT, and study its
sensitivity by optimizing the dimensions and placement
of the detector. We see that in an optimistic scenario, if we
could place the detector at 50 m from the interaction point
and with a radius of 5 m, and length of 50 m (FOREHUNT-
C), the signal acceptance would be enhanced drastically as
compared to the FASER?2 detector for HL-LHC, mostly in
high mass and low proper decay length region as discussed
in Sec. IV. There are two factors responsible for this
enhancement. Firstly, compared to 14 TeV, the B mesons
are much more energetic at 100 TeV, and this boost is
transferred to the LLP. Secondly, the forward detector is
proposed to be placed near the IP, and the dimension of the
detector is also large, resulting in an increase in the
probability of decaying inside the detector. We estimate
the future sensitivity of these models in terms of sensitivity
to the mixing angle and mass of the LLP and see that
compared to 14 TeV, the reach of the forward detectors at
100 TeV can enhance the sensitivity by a factor of 20 and
~10 for the dark Higgs model and HNL, respectively. We
compare our result with another proposed detector at
100 TeV, namely DELIGHT, and see that DELIGHT
performs comparatively better than FOREHUNT-C for
these two models. However, going beyond the minimal
models, we find that FOREHUNT-C performs better than
DELIGHT when ¢z < 10 m. We also discuss the compari-
son in sensitivity of the other transverse detectors,
CODEX-b and MATHUSLA, at 14 TeV.

The present work demonstrates the usefulness of for-
ward-dedicated LLP detectors for the FCC-hh for light
LLPs and their complementarity with the transverse detec-
tors. We also discuss the prospects of placing multiple
detectors along the beamline. We show that shifting the
detector farther away from the IP is usually better than
keeping it closer to the IP, but off axis. To conclude, we
encourage our experimental colleagues to consider these
new proposals of the forward detectors at the FCC-hh that
might contribute to the LLP search program.
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APPENDIX: LLPS FROM KAON DECAYS

The signal acceptance (%) for dark Higgs scalars coming
from the decay of kaon at the FCC-hh with the
FOREHUNT-C detector is shown in Fig. 19. We show
the acceptances for two benchmark masses of 0.1 GeV, and
0.3 GeV. Comparing it with the corresponding signal
acceptance obtained for dark Higgs scalars from B-meson
decays, we observe that the larger proper decay length of
kaons reduces the probability of the dark scalar to decay
inside the proposed decay volume.

10-1: o AR HRRRAN| AR AR Ty
my =0.1GeV, K-> ¢ —*— -
mgy =0.1GeV,B->K ¢ —*—

mg = 0.3 GeV, K->T ¢

mg = 0.3 GeV, B->K ¢

Acceptance
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FIG. 19. Variation of signal acceptance (%) as a function of the
proper decay length for two different dark Higgs scalar masses
with the FOREHUNT-C configuration, when the dark Higgs
scalar comes from the decay of a kaon. The corresponding
efficiencies for dark Higgs scalars coming from B-meson decays
are also shown for comparison.
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