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Probing pair production of long-lived scalars via an off-shell
standard-model-like Higgs boson at the LHC
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We study the collider phenomenology of a long-lived scalar particle S that arises from Higgs mixing in a
broad class of Standard-Model (SM) extensions. When the mixing angle is sufficiently small, S becomes
long-lived, while its pair production via the Higgs portal can remain sizable. We focus on the production
channel gg — h* — SS at the LHC, mediated by an off-shell SM-like Higgs boson. This mechanism
provides a complementary probe of S in the mass region above the kinematic threshold of the conventional
on-shell decay i — S, thereby extending the accessible parameter space to heavier scalars. The long-lived
S particles can decay inside the inner detector, leading to displaced vertices (DVs) accompanied by jets. We
perform a detailed Monte Carlo simulation and reinterpret an existing recast of an ATLAS search for DV-
plus-jets signatures in this scenario. We also consider a modified analysis strategy based on the same search
to assess potential improvements in sensitivity. We find that the current ATLAS search already excludes a
significant region of the parameter space, reaching scalar masses up to mg ~ 230 GeV for a benchmark 4SS
coupling Av of 246 GeV. The modified analysis and projections to the high-luminosity LHC further extend

the sensitivity to wider regions of the mass—lifetime parameter space.

DOIL: 10.1103/5696-yyb3

I. INTRODUCTION

Since the discovery of the Higgs boson, increasingly
precise measurements at the LHC have shown that its
properties are largely consistent with the predictions of the
Standard Model (SM) [1,2]. Despite this success, the
possibility of an extended scalar sector remains well
motivated, and searching for additional scalar states con-
tinues to be an important goal in collider physics.

A particularly intriguing possibility is that new scalar
particles are long lived. Such states can naturally arise in a
variety of SM extensions, such as the real-scalar extension
of SM [3], specific realizations of two-Higgs-doublet
models (2HDMs) [4-11], Georgi-Machacek model
[12,13], neutral-naturalness models [14-19], and nonmi-
nimal supersymmetric frameworks [20-22]. While ATLAS
and CMS have performed extensive searches for new scalar
states, most analyses have focused on prompt signatures
[23-26], despite an increasing number of reported searches
for nonprompt signatures [27-30]. Indeed, in recent years,
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more and more attention has been devoted to the scalar as
a long-lived particle (LLP)."

From both theoretical and experimental perspectives,
a widely studied production mechanism for long-lived
scalars is through the decay of an on-shell SM-like
Higgs boson (h), h — SS, where S denotes a long-lived
scalar particle (see, e.g., Refs. [3,37—41]). However, this
production mode is kinematically limited to scalar masses
below my,/2, thereby restricting its sensitivity to relatively
light long-lived states. Although above the kinematic
threshold, the on-shell SM-like Higgs boson can in
principle decay into one on-shell S and one off-shell S,
the corresponding branching ratio is extremely suppressed
by the tiny interactions of the long-lived scalar S, and is
therefore not suitable for probing S.

In this work, we explore an alternative production
mechanism in which the intermediate SM-like Higgs boson
is off shell, namely through the process gg — h* — SS.
This mechanism provides a complementary probe of a
long-lived scalar in the mass region above m, /2, signifi-
cantly extending the accessible parameter space. We focus
on a class of new-physics (NP) scenarios in which the
scalar § acquires its couplings to the SM fermions and
gauge bosons through mixing with 4. As a result, when the
mixing angle is sufficiently small, S can become long-lived.

lSee, e.g., Refs. [31-36] for some recent reviews on LLPs.
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However, such small mixing angle cannot affect the 4SS
coupling, allowing for sizable production rates via the off-
shell & mediator. Depending its mass, the scalar S pre-
dominantly decays into bb or WW. If the scalar S travels a
macroscopic distance before decaying inside the inner
detector, the resulting signal is characterized by displaced
vertices (DVs) plus jets at the ATLAS or CMS detectors.

In this work, considering this signature, we apply an
existing recast [42] of an ATLAS search for DVs and
multiple jets [43] and reinterpret its exclusion limits in
terms of the scenario of long-lived scalars from off-shell
Higgs decays. We further consider the search prospects of
an analysis modified from this search and those at the high-
luminosity LHC (HL-LHC).

The paper is organized as follows. In Sec. II, we
introduce the theoretical framework in which a long-lived
scalar S mixes with the SM-like Higgs boson, including
two representative NP models. In Sec. III, we describe the
experimental search at ATLAS, its existing recast, as well
as a modified analysis. Then in Sec. IV we present and
discuss the corresponding numerical results. Finally, we
summarize our conclusions in Sec. V.

II. A LONG-LIVED SCALAR MIXED WITH THE
SM-LIKE HIGGS BOSON

We consider a class of NP scenarios that share the
following phenomenological form of the interactions of the
scalar S,
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where v = 246 GeV, 6 is the mixing angle between S and
h, and f denotes the charged leptons and quarks. In the
following, we introduce two representative NP ultraviolet-
complete scenarios.

A. Real-singlet-scalar extension of the SM

The scalar potential in the SM extended by a real singlet
scalar field can be written as
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where a tadpole term is removed by the shift invariance of
the singlet potential. @ corresponds to the SM Higgs
doublet field and S is the scalar singlet field, which have
nonzero vacuum expectation values (VEVs),

+
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The physical scalar states arise from the mixing of ¢° and s,
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and such mixing leads S to have the couplings to fermions
and gauge bosons as shown in Eq. (1). The cubic scalar
interactions between 4 and S contains

Lewvic = —AnsshSS — AgppShh, (5)
with
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Here, we retain terms only up to O(sy).
The scalar mixing angle is related to the parameters of
the scalar potential through

2(’”%1 - m%)sace
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For very small values of sy, the second term is highly
suppressed. Therefore, if 45 = O(1) and v, is not small,
achieving sy ~ 1078 — 10 requires a significant cancel-
lation between 4, and 24sv,. Such a cancellation is not
protected by an approximate symmetry and may be
regarded as a fine-tuned realization of the model. The
small mixing angle is thus simply treated as a free
parameter in the present phenomenological analysis.

It should be emphasized that arbitrary choices of vy, 4s,
and tiny s, do not necessarily correspond to a theoretically
consistent scalar potential. These parameters are subject to
the minimization conditions of the scalar potential and the
requirement that the electroweak vacuum be the desired
global minimum.

B. Next-to-two-Higgs-doublet model

The next-to-two-Higgs-doublet model (N2HDM) is a
well-motivated extension of the SM in which a real singlet
scalar field is added to the conventional 2HDM [44,45].
The Higgs potential is written as
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with the VEVs given by
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After spontaneous symmetry breaking, the scalar fields @,
®,, and ®dg develop VEVs v, v,, and vy, respectively,
with v = \/v] + v3 = 246 GeV. The ratio of the two-
Higgs-doublet VEVs is conventionally expressed as

tanf = v,/v).
J

The physical three CP-even scalar states are obtained
from the original fields via a rotation matrix,

(S, h. H) = (p1,p2: ps)R, (10)
with
162 S1€2 S
R = —S§1C3 — C185283 C1C3 — 8185283 CrS83 . (11)

§183 — C152C3 —8182C3 — C183 CrC3

The shorthand notations are sy,3=sina;,3 and
€123 =cosajy3. For the choice of sin(f—a;) =0,
s3 =1, and ¢, = 0, S couples to fermions and gauge
bosons as given in Eq. (1) with @ = 7 — a,. The cubic scalar
interactions involving /4 and S contain

Leuvie = —AnsshSS = AspnShh, (12)
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where Ays = A3 + 44 + 4s, 53 = sin 3, and ¢ = cos . We
retain terms only up to O(c,). Tiny values of v, and ¢, can
significantly suppress the coupling Agy,.

Besides the two model scenarios discussed above, in the
Y =0 Higgs triplet model [46,47], the couplings of the
additional CP-even scalar state to fermions arise solely
from doublet-triplet mixing, as shown in Eq. (1). In
contrast, its couplings to the gauge bosons receive con-
tributions not only from the mixing angle but also from the
VEV of the triplet field. In the regime where the additional
scalar predominantly decays into fermion pairs, the detec-
tion prospects derived from Eq. (1) are applicable to the
Y = 0 Higgs triplet model.

In this work, instead of being restricted to any specific
model, we work with Eq. (1) that can represent a class of
models. Thus, our analysis depends on only three param-
eters: sinf@, mg, and A, where 1 is the dimensionless
coupling defined in Eq. (1). Throughout this work, the
physical trilinear 4SS coupling is normalized as Av. The
parameters sin @ and mg determine the decay patterns and
lifetime of the scalar S, while mg and A controls the
scattering cross section of gg — h* — SS at the LHC.
Owing to the mixing between S and 4, the 4SS coupling is
inherently associated with a corresponding Shh interaction,
as illustrated in the two UV-complete models described

; , (13)

I

above; this coupling can lead to the S — hh decay
if kinematically allowed. As we focus on a long-lived
scalar S, once the decay channel S — hh becomes kine-
matically accessible, it can have a noticeable impact on
the lifetime of S, even though the Shh coupling is
suppressed. For simplicity, we choose not to discuss
this possibility and restrict our study to the mass range
65 GeV < mg < 250 GeV, where the lower limit 65 GeV
is just above my,/2 and the upper limit 250 GeV corre-
sponds to twice the SM-like Higgs-boson mass.

III. EXPERIMENTAL ANALYSIS

The scalar S can decay into ff, WW, ZZ, yy, and gg, and
the corresponding partial decay widths are
Cs_xx =sin? @ x ™M, | (14)
where I'$M, . denotes the partial decay width evaluated
with the SM couplings. If sin@ is sufficient small, S
becomes an LLP. It follows from Eq. (14) that Br(S —
XX) is independent of sin 6.
We modify the 2HDMC [48] package to compute the
decay widths of § with masses between 65 GeV and
250 GeV. The corresponding branching ratios for various
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Left panel: the branching ratios of various decay channels of S as functions of its mass. Right panel: the total decay width of S

as a function of mg and sin . The corresponding proper decay length czg is indicated on the right y-axis.

channels are presented in the left panel of Fig. 1. For
mg < 140 GeV, the dominant decay mode is S — bb. For a
heavier S, the WW channel becomes dominant, and the
decay ZZ channel can surpass the bb one, mainly owing to
the opening of these gauge-boson channels and the
enhanced couplings to these gauge bosons.

The right panel of Fig. 1 displays the total decay width of
S, Iy, as a function of myg, for various levels of sin 0, along
with the corresponding proper decay length czg. I'g grows
with increasing mg and scales with sin?@. If Iy is
sufficiently small, the associated decay length czg becomes
macroscopic.

Although the decay widths of the long-lived scalar S is
suppressed by the mixing angle 6, the ASS coupling
mediating the production of § at the LHC remains
unaffected. Thus, for mg > 65 GeV, the production of S
is dominated by the process gg — h* — SS, where the SM-
like Higgs boson h is off shell. The corresponding
Feynman diagram is shown in Fig. 2.

.
td
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L d
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h* .
b d
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~
~
~
~
~
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~
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FIG. 2. The Feynman diagram for gg — h* — SS at the LHC.
The SM-like Higgs boson 7 is off shell for the S-boson masses of
our interest and the black blob on the right denotes the vertex
associated with the 4SS coupling.

The long-lived scalar S can travel a macroscopic distance
from its production point before decaying inside the inner
detector of, for example, ATLAS and CMS. Depending on
its mass, S predominantly decays into a pair of b-quarks or
a pair of weak gauge bosons (WTW~ and ZZ); the latter
case is further dominated by the hadronic decay modes of
the W*- and Z-bosons. As a result, the primary collider
signature is characterized with DVs accompanied by
several jets at the ATLAS and CMS detectors.

This signature has been searched for at the ATLAS
experiment with the full LHC Run-2 dataset of 139 fb~!
[43], and the search targets long-lived electroweakinos in
the R-parity-violating supersymmetry decaying into multi-
ple jets with baryon-number-violating operators. The
ATLAS analysis made no discoveries of such electro-
weakinos and obtained stringent constraints on the masses
and lifetimes of these electroweakinos. Following the
ATLAS instructions [49], the authors of Ref. [42] have
recast the search and reinterpreted the exclusion bounds in
a scenario of an axionlike particle with quark-flavor-
violating couplings (see also a similar attempt of the recast
of the same search in Ref. [50]). It is worth noting that the
recast has been validated in Ref. [42] for both final states of
light-flavor and heavy-flavor jets. The recast has been
applied for further reinterpretation in Refs. [11,40,51],
where, in particular, Ref. [40] studied long-lived light
scalars produced in on-shell SM-like Higgs-boson decays.

Moreover, in Ref. [51], the authors proposed a modified
analysis based on the same search. The modified analysis
employs lowered jet-pr thresholds inspired by an 8-TeV
ATLAS search for DVs [52], while keeping the
DV-selection criteria and DV-reconstruction efficiencies
from the 13-TeV ATLAS search [43]. It is argued that
the background levels should remain low or negligible
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despite the lowered jet-p; thresholds, mainly because the
background suppression is dominantly realized by the
vertex-level selections and reconstruction and that the
original, relatively high jet-p; thresholds are imposed in
order to ensure sufficient computing resource given the
large data-incoming rates at the 13-TeV run. The modified
analysis has been used in Ref. [11], too, where a long-lived
pseudoscalar particle in the type-I 2HDM is studied. We
will apply both analyses to constrain our theoretical
scenario of a long-lived scalar produced in pair from off-
shell Higgs decays at the LHC, referring to the two analyses
as “original” and “modified” analyses, respectively.

We note that in principle background levels from fake
vertices, material interactions, merged low-mass vertices,
and QCD multijet events could be raised by the lowered
jet-pr thresholds in the modified analysis; therefore, the
sensitivity results of this proposed search should rather be
interpreted as projections under optimistic assumptions.

Both the original and modified analyses are executed in
two steps: acceptance requirements and parametrized
efficiencies, and both steps proceed at both event- and
vertex-levels. The acceptance requirements consist of
thresholds on the truth-jets’ p; at the event level and
high-quality-DV selection criteria at the vertex level. The
parametrized efficiency functions are provided by the
ATLAS collaboration [49] in order to account for delicate
requirements that are difficult to simulate with Monte Carlo
(MC) event-generation tools, such as multijet triggers and
detector-material effects.

In the recast, in order to reconstruct the truth-jets, a toy-
detector module has been implemented in Pythia8 [53,54],
inspired by the ATLAS recast instructions [49]. In detail,
we reconstruct the truth-jets with FastJet [55], applying the
anti-k, algorithm with R = 0.4 where neutrinos and muons
are excluded. Here, the jet definition includes both prompt
and displaced jets. We have, in addition, followed Ref. [56]
to model the detector responses to the jet-p; measure-
ments, taking into account detector acceptance, resolution,
and smearing on the truth jets’ py.

The original analysis consists of both a “high-pr-jet”
signal region (SR) and a “trackless-jet” one. In our
theoretical scenario the trackless-jet SR shows stronger
performance and we will therefore confine ourselves to it.

Both two analyses start off with jet-p,-threshold selec-
tions, listed in detail in Table I. Additionally, in the original

TABLE I. Event-level acceptance in terms of jet- p; thresholds.
To explain our notation, for example, njle3t7 denotes the number of
truth jets with a p7 of at least 137 GeV.

Analysis Original Modified
_ 137 101 90 65

Jet-pr thresholds nig' > 4 or Ny > 5 Moy > 4 or nn > 5
or nf > 6 or ny 27, or 3 > 6

70 50
ndisplacedjel 2 1lor ndisplaced jet 2 2

analysis, certain numbers of sufficiently hard “displaced
jets” are required, where a “displaced jet” is defined as a jet
determined to have stemmed from the decay of an LLP by
requiring a small AR between the LLP’s decay products
and the truth jet.

On the events that have passed the jet-pr-threshold
requirements, we impose a further set of requirements to
ensure the existence of at least one high-quality DV. In
detail, there should be at least one DV from an LLP decay
in the event that should fulfill the following criteria:

(1) Fiducial volume: 4 mm < R,, <300 mm and
|z| <300 mm, where R,, and |z| are the absolute
distance of the DV to the IP in the transverse and
longitudinal directions, respectively.

(2) Transverse impact parameter: the DV should have at
least one associated track with its absolute transverse
impact parameter larger than 2 mm: |dy| > 2 mm.

(3) Selected decay products: the DV should have at least
5 massive decay products passing two conditions:
(a) The decay product should be a track with a

transverse decay length in the laboratory frame
(Bryct) longer than 520 mm, where f; is its
absolute speed in the transverse direction, y is its
Lorentz boost factor, and cz is its proper decay
length.

(b) The transverse momentum p; and the electric
charge g of the decay product should ful-
fill p7/|q| > 1 GeV.

(4) DV invariant mass: mpy > 10 GeV, where mpy is
reconstructed with the decay products passing the
conditions described above where such decay prod-
ucts are assumed to be a charged pion.

Afterward, we apply the parametrized efficiency func-
tions mentioned above onto the events that have passed
both the event- and vertex-level acceptances described
above. In the original (modified) analysis, we include in
the computation both the event- and vertex-level efficiency
functions (only the vertex-level efficiency functions). The
event-level parametrized efficiencies are determined by the
truth-jet scalar py sum and R,, of the furthest LLP decay
and the vertex-level parametrized efficiency functions
employ input parameters of R,,,mpy, as well as LLP
decay-product multiplicity.

Potential backgrounds dominantly originate from erro-
neous merge of nearby DVs of small invariant masses by
vertexing algorithms leading to a large mpy, particle
hadronic interactions with detector materials, and acciden-
tal crossings between a track and unrelated low-mass DVs.
After the event-selection criteria given above are applied,
almost vanishing backgrounds are expected. Concretely,
the ATLAS analysis estimated the background-event yields
to be 0.83J_r(()).'§-3l in this SR and observed 0 events in the data.

Furthermore, we make projections for the HL-LHC with
an integrated luminosity of 3 ab~!, where we assume the
backgrounds can be contained at the similarly vanishingly
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low levels, in expectation of developments in accelerator
and detector technologies as well as analysis algorithms.

IV. NUMERICAL RESULTS

We briefly outline our simulation setup. We implement
the phenomenological model [Eq. (1)] in FeynRules [57,58]
and NLOCT packages [59] and obtain the corresponding
UFO model files, which are then interfaced with
MadGraph5_aMC@NLO [60,61] to generate leading-order
(LO) parton-level signal events. The cross section of the
process gg — h* — SS§ is calculated using the exact one-
loop amplitude, retaining the complete dependence on m,.
No heavy-top effective field theory approximation is
employed in the generation of the LO matrix elements.
The renormalization and factorization scales are chosen as
Ur = pp = mgg, Where mgg denotes the invariant mass of
the SS system. Regarding higher-order QCD effects, the
next-to-leading-order (NLO) corrections to gluon-fusion
processes are generally not uniform over the entire mgg
range. However, the primary goal of the present work is not
to provide a precision prediction of the inclusive production
rate, but rather to investigate the collider sensitivity to
the long-lived scalar particles. Based on the results of
Refs. [62-64], we adopt a constant K-factor of 1.6 as an
effective approximation to account for the dominant NLO
QCD enhancement. Compared with the exact mgg-depen-
dent K-factor, we estimate that the adopted K-factor may
introduce deviations of up to approximately 20% in certain
regions of mgg. Nevertheless, this treatment is expected to
provide a more realistic estimate of the signal rates than a
purely LO prediction and is sufficient for the phenomeno-
logical sensitivity study presented in this work.

The resulting Les Houches Event (LHE) event samples
[65] are subsequently passed to Pythia8 for parton showering
and hadronization. In the simulation, Pythia8 handles all the
decay channels of S according to their respective branching
ratios. We then apply our recast framework to evaluate the
cutflow efficiencies over the scanned parameter space.

The number of signal events is computed with

stﬁim-a-e. (15)
Here, L, = 139 fb~! or 3000 fb~! denotes the integrated
luminosity, ¢ is the total signal cross section, and ¢
represents the overall selection efficiency obtained from
our recast analysis. For the original search analysis at the
LHC with £;,, = 139 fb~!, signal events are generated at
the center-of-mass energy /s = 13 TeV, while for all other
analyses, signal samples are generated at /s = 14 TeV. At
each parameter point, at least one million events are
simulated so that it is ensured that the cutflow efficiencies
should have been stabilized.

In Fig. 3, we fix the coupling parameter 1 = 1.0, and
displays the MadGraphs-computed cross sections of the
signal processes as functions of mg at /s = 14 TeV, for

1004 —-== gg—>h*— SS
3 — gg — h* — SS — bbbb
— g9 — h* =SS = DWW
101 . — g9 — h* =SS - WWWW

- N — g9~ h" =SS WWZZ

i 99— h* — 8S = 2227

5 1072

=

O

o)

w0

2

81073

—

S

H
9
L

65 100 150 200 250
mg [GCV]

FIG. 3. Cross sections of gg - h* — SS and gg — h* - §S —
XXYY where XXYY includes several main decay channels of S in
the mass range of interest, as functions of mg, at the 14 TeV LHC,
assuming 4 = 1.0.

gg = h* - SSand gg —» h* —» SS — XXYY where XXYY
denotes several main decay channels of the two S’s
particles in the mass range of interest. In our simulation,
no specific decay mode of S is imposed. The individual
final states shown here are for illustration only and serve to
indicate the relative importance of different decay channels.
The total cross section of gg — h* — SS decreases with
mg, primarily owing to phase-space suppression. As mig
increases, the dominant final state changes from bbbb to
bbWW, and eventually to WWWW. This behavior is in
good agreement with the decay branching ratios of S shown
in the left panel of Fig. 1.

It is worth noting that the fixed value 4 = 1.0 lies well
within the perturbative regime. For example, in the real-
singlet scalar extension of the SM, 1 may be interpreted as
the quartic coupling As. Perturbative unitarity typically
requires [66,67]

|ll‘ < 87[, |15| < 87'[,

léﬂ +3A4; £ [422 + 3/1 -34 ’
7|7 1 5 R 1

Therefore, A5 = 1 is far from the corresponding perturba-
tive limit. In addition, the scalar potential in Eq. (2)
contains a quartic interaction AhSS with the coupling
strength g;,,5s = O(4s). For 45 = 1, this coupling is also
substantially smaller than the characteristic strong-coupling
scale O(4r). We thus conclude that the benchmark value
A = 1is not expected to indicate a breakdown of perturba-
tion theory.

<8z (16)
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TABLE II. Scale and PDF uncertainties of the signal produc-
tion cross section for three representative benchmark points with
the coupling parameter fixed at A = 1.0.

mg Cross section  Scale uncertainty PDF uncertainty
[GeV] [pb] (%) (%)

100 3.6 x 1072 +23/-18 +1.64

170 4.5x 1073 +27/-20 +1.68

250 4.6 x 107 +29/-21 +1.88

The scale uncertainty on the signal cross section is
evaluated by varying the renormalization and factorization
scales by a factor of two around the central value. The PDF
uncertainty is evaluated using the NNPDF3 0 error set through
the LHAPDF framework [68,69]. To explicitly demonstrate
the impact of these theoretical uncertainties, we display the
scale and PDF uncertainties for three representative

TABLE III.

benchmark points, mg = 100 GeV, 170 GeV, and
250 GeV, in Table II. We find that the signal cross sections
exhibit scale uncertainties at the level of approximately
20%—-30%, while the PDF uncertainties remain at the percent
level. Therefore, the theoretical uncertainty is dominated by
the scale variation, whereas the PDF uncertainty has only a
minor impact on the signal prediction.

Table III summarizes the cutflow efficiencies obtained
from 10° simulated signal events at multiple selected
benchmark points. Each benchmark point is charac-
terized by a specific combination of mg and sin 6, together
with the corresponding value of crg computed with the
2HDMC package. We have chosen representative values
of mg =100 GeV, 170 GeV, 250 GeV, and sinf =
1073,1077,5 x 10~7. We emphasize that the parameter A
affects only the cross section and has no impact on the
cutflow efficiencies. The cutflow efficiencies obtained from

Cutflow efficiencies obtained from 10® MC events for benchmark values of mg and sin 6. For the benchmark points where

acceptances are below (O(107>) more signal events are generated to ensure stabilized efficiencies. The corresponding czg values are
computed with the modified 2HDMC package. For each benchmark point, two sets of efficiencies are listed, for the original and modified
analyses, respectively. Compared to the original analysis, the modified one adopts looser jet- p; cuts and does not employ the event-level

parametrized efficiency functions.

mg [GeV], sinf, ctg [m] 100, 1078,7.2 x 102 100,1077,7.2 100,5 x 1077,2.9 x 10!
Jet-py threshold 4.7 x 1073 4.1x1072 3.5%x 1073 4.0x 1072 9.0x 1073 4.0x 1072
Event has > 1 DV passing:
R,,.|z| <300 mm 4.4 x107° 2.3 x 107 4.9 x 107 2.5x%x 1073 6.2 x 1073 2.8 x 1072
R,, >4 mm 4.4 x107° 23x 107 4.8 x 107 24 %1073 6.2 x 107 28 %1072
> 1 k. with |dy| > 2 mm 4.4 x107° 23 x107° 4.8 x 107 24 %1073 6.2 x 1073 2.8 x 1072
Ngel dec.prod. > 9 4.4 x 1076 2.1 x 107 4.6 x 107 23x107? 6.0 x 1073 2.7 x 1072
mpy > 10 GeV 4.4 x 1076 2.1 x 107 4.6 x 107 2.3x 1073 6.0 x 1073 2.7 x 1072
Param. Effi. 2.0 x 1077 5.0 x 107° 3.6 x 107 8.4 x 1074 2.1 x1073 1.5 x 1072
mg [GeV], sinf, crg [m] 170,1078,5.5 170,1077,5.5 x 1072 170,5 x 1077,2.2 x 1073
Jet-py threshold 1.1 x 1072 6.3 x 1072 1.8 x 1072 6.3 x 1072 1.8 x 1072 6.3 x 1072
Event has > 1 DV passing:
Ry, |z] <300 mm 1.7 x 1073 6.7 x 1073 1.8 x 1072 6.3 x 1072 1.8 x 1072 6.3 x 1072
R,, >4 mm 1.7 x 1073 6.6 x 1073 1.8 x 1072 6.2 x 1072 1.0 x 1072 3.1x 1072
> 1 k. with |dy| > 2 mm 1.7 x 1073 6.6 x 1073 1.8 x 1072 6.2 x 1072 9.9 x 1073 3.0 x 1072
Nsel dec.prod. > 3 1.7 x 1073 6.2x107? 1.8 x 1072 6.1 x 1072 9.8 x 1073 3.0x 1072
mpy > 10 GeV 1.6 x 1073 6.2 x 1073 1.8 x 1072 6.1 x 1072 9.8 x 1073 3.0 x 1072
Param. Effi. 1.9 x 107 2.6 x 1073 1.2 x 1072 5.5x 1072 6.7 x 1073 2.8 x 1072

mg [GeV], sin6, crg [m] 250,1078,5.1 x 107!

Jet-p threshold 5.5 x 1072 1.7 x 107!
Event has > 1 DV passing:
R,,.|z| <300 mm 3.8 x 1072 1.2 x 107!
R, >4 mm 3.7 %1072 1.2 x 107!
> 1 tk. with |dy| > 2 mm 3.7 x 1072 1.2 x 107!
el dec.prod. > 5 3.7 x 1072 1.2x 107!
mpy > 10 GeV 3.7x 1072 1.2x 107!
Param. Effi. 1.7 x 1072 7.7 x 1072

250,1077,5.1 x 1073 250,5 % 1077,2.0 x 10~*

55x 1072 1.7 x 107! 5.5x%x 1072 1.7 x 107!
5.5x 1072 1.7 x 107! 55 %1072 1.7 x 107!
4.1x 1072 1.1x 107! 1.6 x 1075 2.0x 1075
4.1 x 1072 1.1x 107! 1.4 x 1075 1.7 x 1075
4.0x 1072 1.1 x 107! 1.4 x 107 1.7 x 1073
4.0x 1072 1.1x 107! 1.4 x 1075 1.7 x 1075
2.9 x 1072 1.1 x 107! 24 %107 1.7 x 1073
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L: —
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Lo Lipe = 3000 fb~', A =1.0

1075-

1076-

sin 8
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1079
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mg [Ge\/]

FIG. 4. Sensitivity reach to sin 8 at 95% CL as a function of mg, for A = 1.0. The left (right) panel shows the results for an integrated
luminosity of L, = 139 fb~' (£;, = 3000 fb~'). The dashed and solid lines correspond to the original and modified analyses,

respectively.

the original and modified analyses are listed side by side for
comparison, showing consistently improved final efficien-
cies in the modified analysis across all benchmark points.

For any fixed value of myg, increasing sinf and thus
decreasing ctg can reflect a transition behavior of the scalar S
from tending to decay outside the fiducial volume, to decay
inside the fiducial volume, and finally to decay promptly.
Also, for similar values of c¢zg, a benchmark point of a heavier
S leads to larger cutflow efficiencies; this is mainly due to the
larger probabilities to pass the jet-py thresholds and the high-
quality DV selections. The final cutflow efficiencies listed in
the Table III range from O(1077) to O(107").

For both analyses, the expected background is negli-
gible. We therefore adopt 3 signal events as the exclusion
criterion at 95% confidence level (CL). In Fig. 4, we fix

o Ling =139 th7!

107°4

10764

10774

sin 6

1084

10—94

10710

1.0 15
A

—— mg = 100 GeV modi.
---- mg = 100 GeV orig.

0.5 2.0

FIG. 5.

— mg = 170 GeV modi.
---- mg = 170 GeV orig.

A= 1.0, and show the exclusion limits in the sin @ vs mg
plane for integrated luminosities of 139 fb~! (the left panel)
and 3000 fb~! (the right panel).

The dependence of the sensitivities on mg exhibits two
distinct features. As myg increases, especially above
~165 GeV, the decay width of S is enhanced owing to
the opening of gauge-boson decay modes, thus improving
the lower limits to sin @ where the scalar particle S is very
long-lived and the signal-event rates are approximately
proportional to I'g. At the same time, the production cross
sections decrease with mg, thus reducing the overall
sensitivity and narrowing the excluded region. In particular,
for the original analysis with an integrated luminosity of
139 fb~! (the dashed line in the left panel), the upper reach
to mg is about 230 GeV.

\ Liye = 3000 b
107

10774

10764

10784

10—94

10—10

10 15
A
— mg = 250 GeV modi.

---- mg = 250 GeV orig.

0.5 2.0

Sensitivity reach to sin @ at 95% CL, with respect to 4, for representative values of mg: 100 GeV (red), 170 GeV (blue), and

250 GeV (green). The dashed and solid lines correspond to the original and modified analyses, respectively, and the two plots are for

integrated luminosities of 139 fb~! and 3000 fb~!, respectively.
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In Fig. 5, we present the 95% CL exclusion limits in the
sin@ vs A plane for several representative values of myg:
100 GeV, 170 GeV, and 250 GeV. The exclusion contours
exhibit a clear dependence on myg. For heavier S, the
excluded region shifts toward smaller values of sin € and
larger values of A. This behavior can be understood from
the fact that a larger A enhances the production cross section
and a smaller sin @ renders S more long lived, considering
that a heavier S leads to reduced cross sections and
enhances decay widths. Also, as myg increases, the area
of the overall excluded region in both sin @ and A shrinks.
For example, at an integrated luminosity of 139 fb~! with
the original analysis, the exclusion approximately corre-
sponds to 4> 0.35 for mg =100 GeV, 1> 0.67 for
mg = 170 GeV, and 1 > 1.2 for mg = 250 GeV.

Both Figs. 4 and 5 show that the modified analysis
consistently outperforms the original analysis for all bench-
mark points and integrated luminosities. In addition,
increasing the luminosity from 139 fb~! to 3000 fb~!
significantly extends the sensitivity reaches.

It should be noted that the present analysis is intended as
a simplified-model study of a long-lived scalar character-
ized by the phenomenological parameters mg, sg, and A.
The limits obtained in this work are therefore applicable to
a broad class of new-physics scenarios. When these
parameters are interpreted within a specific model, such
as the real-singlet scalar extension of the SM, additional
theoretical constraints, including perturbative unitarity,
boundedness from below, and the global-minimum con-
dition, must be taken into account. Combined with such
theoretical constraints, the collider sensitivities derived in
this work can further restrict the parameter space of the
underlying model.

V. SUMMARY

In this work, we have investigated the prospects of probing
a long-lived scalar S through the process gg — h* — SS

where the intermediate SM-like Higgs boson # is off shell.
Compared with the conventional on-shell Higgs decay
h — S8, this mechanism provides a complementary probe
of long-lived S in the mass region above m,; /2, thereby
significantly extending the accessible parameter space.

We have performed MC simulations of signal events
featuring DVs accompanied by multiple jets. Based on a
recast of an ATLAS search for DVs plus jets, together with
an earlier 8-TeV ATLAS DV analysis, we evaluate the LHC
sensitivity to S with two search strategies (dubbed original
and modified analyses). The study is carried out for
integrated luminosities of 139 fb~! and 3000 fb~!. Our
results indicate that the DV 4 jets signatures offer a
powerful probe of the long-lived scalar S that couples to
SM fermions and gauge bosons via mixing with 4. In
particular, the existing ATLAS Run-2 analysis already
excludes a substantial region of the parameter space for
65 GeV < mg < 230 GeV, assuming 4 = 1.0. The modi-
fied analysis and future upgrades in the HL-LHC era can
effectively allow to probe broader regions.
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