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Abstract

This note presents work expanding upon the first sensitivity analysis for long-lived scalar
particles from exotic Higgs boson decays at the electron-positron stage of the Future Circu-
lar Collider (FCC-ee) within the FCCAnalyses framework. The original analysis studies the
production of a Higgs boson in association with a Z boson in electron-positron collisions at a
center-of-mass energy of 240 GeV, where the Higgs boson decays into two long-lived scalars,
each decaying into a bottom anti-bottom quark pair, and the Z boson decays leptonically. Sig-
nal points with scalar masses of ms; = 20 and 60 GeV are considered, with mixing angles of
sin(f) = 107°, 1075, and 10~7. The original analysis uses a displaced vertex-based event se-
lection, with displaced vertices reconstructed using the FCCAnalyses version of the secondary
vertex finding algorithm, LCFIPlus.

We expand upon the original analysis by comparing results obtained using the IDEA and
CLD detector designs, providing an assessment of displaced tracking performance with each
tracker design. It is found that, particularly for the ~ 0.3 and 8 m lifetime signal points,
sensitivity is lost using the CLD detector, as tracks from the scalar particle decay products are
not formed due to a lack of hits or acceptance within the CLD tracker. Separately, analysis
strategies incorporating hadronic and invisible Z decays are presented, however, not yet in a final
state. To identify the Z boson in each signal, a missing energy cut is used for invisible decays,
and a jet energy cut is used for hadronic decays. The original displaced vertex selection is still
applied to identify the long-lived scalars. The preliminary results indicate that incorporating
additional Z decay modes could greatly expand the signal sensitivity, however, the strategy
particularly incorporating hadronic Z decays needs to still be refined to improve background
rejection.
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1 Introduction

While the Standard Model (SM) has been incredibly successful in making accurate experimental
predictions, it does not account for a variety of experimental observations within our universe.
Some of these open questions include what is dark matter, how do neutrinos get their masses, and
why is there asymmetry between the amount of matter and anti-matter within our universe. Many
beyond the Standard Model (BSM) theories have been developed to address these questions. These
theories often predict that the Higgs boson may couple to and hence decay into new BSM particles
[4]. Additionally, some of these theories predict the existence of long-lived particles (LLPs) or
particles with macroscopic mean decay lengths. Long-lived particles present unique and challenging
experimental signatures, and hence may have been missed by standard searches at previous colliders
that focus on reconstructing prompt decays.

The FCC-ee, in addition to being a high precision tool with its high luminosity, few trigger lim-
itations, and clean experimental environment, would provide powerful opportunities to conduct
searches for long-lived particles [13]. Despite the ideal collision environment for searching for long-
lived particles, it is nonetheless important to indicate the feasibility of these searches given different
detector designs as, for example, the reconstruction of displaced vertices is heavily dependent on
the acceptance of the detector’s tracking system.

This study and note present an expansion upon a sensitivity study to long-lived particles from
exotic Higgs boson decays at the Zh (240 GeV center-of-mass energy) production stage of the
FCC-ee described in Ref. [12]. This study and note are split into two parts which will be discussed
sequentially. First, in Section 2, a comparison of sensitivity using two of the different proposed
detector concepts, IDEA and CLD, is presented, indirectly providing a comparison of displaced
tracking using the two different tracker designs. Secondly, in Section 3, analysis strategies to
increase signal sensitivity by incorporating additional Z decay modes (invisible and hadronic) are
presented. Further motivation and background to this study are presented in the rest of Section 1.

1.1 Theoretical motivation of LLPs from exotic Higgs boson decays

This study uses a Hidden Valley model [9], which could be motivated by explaining the hierarchy
problem of the SM by a scalar extension of the SM. In this model the Higgs boson decays to a
long-lived scalar particle that serves as a link between the SM and a weakly interacting, or dark,
sector, which could potentially explain dark matter. This extension of the SM is achieved by the
following addition of a scalar field S to the SM Lagrangian:
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This results in the following partial decay width of the Higgs boson:
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where vy, = 246 GeV and my = 125 GeV, and &k is the coupling between the scalar and Higgs boson
determining in part the cross section for scalar production, which, based on previously established
limits discussed in Ref. [3], is chosen to be 7 x 1074,




In this model the scalar decays to a fermion anti-fermion pair, with the decay modes being deter-
mined by the following scalar partial decay width:
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where m is the mass of the decay product fermion, IV, is the number of colors taken by the decay
product fermion, and sin(f) is the mixing angle determining the decay rate to SM fermions and
hence in part the lifetime of the scalar. For sin(§) < 1075 the mean decay length, cr, becomes
macroscopic and hence the scalar particles become long-lived. Equations 1-3 are taken from Ref. [3].
Equation 3 yields the scalar branching ratios shown in Figure 1, which in turn motivate using the
2s — 4b process for the mass points of mgs = 20, 60 GeV. So far, a scalar mass range of 30-40 GeV
and lifetime range of 0.1 mm-10 m have been probed by the LHC experiments, thus motivating
the choice of scalar masses outside this range.
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Figure 1: Branching ratios for (left) scalar to SM particles, and (right) the full signal process of a
Higgs boson decaying to two scalars to SM particles, taken from Ref. [4].

A more in depth and rigorous discussion of the theoretical motivation, as well as current constraints
and possible future sensitivities, is given in Section 2 of the original analysis note [12].

1.2 IDEA and CLD detector concepts

Two baseline detector concepts, designed to meet certain performance requirements such as high
prresolution with a low material budget in the tracker, or high jet energy resolution in the calorime-
ter, have been primarily used in detailed physics studies for the FCC-ee [6]: the Innovative Detector
for ete™ Accelerator (IDEA) and the CLIC-like Detector (CLD), which was adapted to the FCC-ee
from an International Linear Collider (ILC) detector design. For the purpose of this note, only the
differences in the tracker designs, which have the largest effect on sensitivity to long-lived scalars
from exotic Higgs decays, will be discussed. However, it is important to note that to measure the
scalar mass or incorporate hadronic Z decays to the signal process, differences in the calorimeter
may also be of importance. The IDEA detector design is depicted in Figure 2 and the CLD tracker
design is depicted in Figure 3.



1.2.1 IDEA tracker

The IDEA tracker is optimized to have a minimal impact on the prof its tracks due to many tracks
at the FCC-ee having low momenta [6]. To accomplish this, the tracker consists of an ultra-light
drift chamber, providing coverage from R = 0.35 m to 2 m from the interaction point (IP) with
112 layers, assisted by a silicon pixel vertex detector, providing coverage from R = 1.37 to 31.5
cm with 5 Monolithic Active Pixel Sensors (MAPS) layers. Additionally, the tracker is situated
within a ~ 2 T constant magnetic field. Further details of the performance and design of the drift
chamber and vertex detector are discussed in Ref. [7].
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Figure 2: Layout of IDEA detector showing different sub-detectors within the rz-plane. Taken from
Ref. [7].



1.2.2 CLD tracker

The CLD tracker consists of a vertex-detector as well as inner and outer trackers consisting of
silicon layers. The vertex detector uses doublet layers, and provides coverage up to around R =
13.0 mm. The inner tracker provides coverage up to around R = 0.7 m, and the outer tracker
coverage up to around R = 2.1 m. Both the inner and outer tracker consist of 3 layers, along with

7 inner and 4 outer endcap disks.
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Figure 3: Layout of the CLD tracker showing vertex detector layers in red, and inner and outer
tracker layers in light green. Taken from Ref. [8].

Assuming a requirement of at least 4 hits needed to form a track, this results in acceptance for
the CLD tracker of up to around decay vertices of Lz, = 0.7 m for indirect detection of long-lived
particles via their decay product tracks (for barrel only tracks), whereas the IDEA tracker, due to
its drift chamber consisting of many more layers, would provide coverage nearly to the edge of its
tracker around L;, = 2 m. This will be more quantitatively illustrated in the results of Section 2.
More details about the tracker design and performance are discussed in Ref. [8].

Further details about the IDEA detector and the use of these detector designs within the simulation
and software setup is available in Sections 2 and 3 of the original analysis note [12]. This will also
be briefly discussed within the context of this study in Sections 2.2 and 3.2.



2 IDEA and CLD detector comparison

This section focuses on the first part of the study, which compares the sensitivity to long-lived scalars
from exotic Higgs decays using the IDEA and CLD detector designs. This indirectly provides an
evaluation of the prospects of displaced track and vertex reconstruction with each detector design,
evaluating how each tracker geometry may affect the ability to indirectly reconstruct long-lived
particle signatures by reconstruction of their decay products. This is the first study of its kind
comparing sensitivity to long-lived particles between detector concepts for the FCC-ee.

2.1 Signal and background generation

The signal process considered is Zh production at the 240 GeV center-of-mass stage of the FCC-ee,
with the Higgs boson decaying into two scalars. Signal events are simulated using files developed for
the original analysis. This uses the HAHM MG5Model v3, or the Hidden Abelian Higgs Model, in
process cards in MadGraph [1] v.3.4.1. Additionally, Pythia [2] v.8303 is used for parton showering
and hadronization. To probe phase space outside of what has already been constrained at the LHC,
6 signal points detailed in Table 1 are used. To simulate and reconstruct these events using the
IDEA and CLD detector concepts, Delphes [5] is used with the winter2023 IDEA and CLD cards,
whereas the original analysis results presented in Ref. [12] used the spring2021 IDEA card. For
each signal point, 10,000 events are generated and reconstructed.

Further details about signal generation and validation is available in Section 6 of Ref. [12].
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Figure 4: Feynman diagram of the signal process h — ss — bbbb produced at the FCC-ee from
ete™ — Zh with the Z boson decaying into ete™ or ™~ pairs, used for generation of the IDEA
and CLD samples.



Scalar mass Mixing angle Mean decay length

ms [GeV] sin(0) ¢t [mm]
20 107° 3.4
20 106 341.7
20 1077 34167.0
60 1075 0.9
60 1076 87.7
60 1077 8769.1

Table 1: Generated values for the scalar mass, ms, and mixing angle, sin 6, with corresponding
mean proper lifetime, c7.

In Figure 5, the truth level decay lengths for each signal point are presented. This provides a
validation of the expected mean decay lengths for each sample, and their dependence upon the
scalar mass and mixing angle. Additionally, one can see the expected levels of acceptance given the
tracker designs of IDEA and CLD, which is later verified by the track finding for each signal point.
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Figure 5: Generated decay length distributions L, . for each signal point. Taken from [12].

Several SM background processes are considered, including WW, ZZ, and Zh production at /s =
240 GeV. Incorporating the WW process allows for a test of the Z boson tagging method. SM Zh
and ZZ production may share similar final states to that of the signal process, particularly with
(T0~ + bb final states, where £ = e, u, from Z, H — ¢t¢~or bb decay modes. For each background
process, 100,000 events of centrally produced background samples, using the spring2021 IDEA card,
with inclusive decays for each process, are used. Currently, no centrally produced CLD background
samples are available, however, it would be important to verify that similar levels of background
rejection are achieved.



2.2 Event processing and reconstruction

Event reconstruction is performed in two main steps. First, the detector response and first level
reconstruction, including charged particle track finding, is simulated using the Delphes IDEA or
CLD detector cards. Secondly, another pass of reconstruction within the FCCAnalyses framework
is performed. In the IDEA and CLD Delphes cards, a minimum number of hits required to accept
a track is defined, with a nominal value of 6 hits. This will later be reduced to 5 and 4 to increase
the acceptance of scalar decay lengths for the CLD detector in particular. The main difference
between the IDEA and CLD detector cards used is in the definition of their tracker geometries,
as was detailed in Sections 1.2.1 and 1.2.2, which in turn leads to the differences seen in track
reconstruction and later the found sensitivities to the signal process.

In the second reconstruction step using the FCCAnalyses framework, certain variables of interest
such as the reconstruction level kinematics of the leptons from the Z boson decay, their reconstructed
invariant mass, the number of reconstructed tracks, etc., are selected to be written to a ROOT
NTuple file. Additionally, the displaced vertex reconstruction algorithm is run to identify the
displaced vertices generated by the scalar decay products.

2.2.1 Reconstruction of displaced vertices

The displaced vertex reconstruction algorithm is based on the secondary vertex finder within the
FCCAnalyses framework, which is in turn based on the LCFIPlus vertex finder, detailed in Ref. [10].
To adapt the secondary vertex finder to find particularly displaced vertices that could be used to
identify the scalar particles, selections are made upon tracks inputted to the vertex finder. The
tracks are required to have pr > 1 GeV, and a transverse impact parameter of |dp| > 2 mm. For a
more in depth description of the displaced vertexing algorithm, see Section 5 of Ref. [12].

2.3 Event selection

After running the secondary pass of reconstruction within the FCCAnalyses framework, a series of
selections are applied to the output ROOT NTuples in an effort to reject SM background processes
and identify production of the long-lived scalars. The cut flow used in the original analysis, and
identically used in this detector card comparison study, is shown in Table 2. First, a selection
upon the number of reconstructed oppositely charged electrons or muons is applied to identify the
leptonic decay of the Z boson. Next, a cut on the reconstructed invariant mass of these leptons
is applied using a window of ~ 20 GeV around the Z mass to ensure that these leptons indeed
come from the decay of the Z boson. Lastly, a cut is applied requiring the number of reconstructed
displaced vertices to be > 2.

Selection Criteria
Pre-selection > 2 oppositely charged electrons or muons
7 boson tag 70 < mygp < 110 GeV

Multiplicity of DVs npys > 2

Table 2: Summary of selection criteria applied to reconstructed variables, taken from Ref. [12].



2.4 Tracking, vertex finding, and sensitivity results

The initial changes in sensitivity when using the IDEA and CLD detector concepts in Delphes
are presented in Tables 3 and 4. The averaged background sensitivities for the spring2021 IDEA
centrally produced samples are presented in Table 5, for which the final displaced vertex cut saw
complete background rejection. Results for the winter2023 IDEA cards are expected to be similar,
however, this, and results using the winter2023 CLD card, should be studied in its own right.

Significant decreases in sensitivity (including a loss of sensitivity using the definition of > 3 events
predicted to be observed) were seen for particularly the ms = 20 GeV, sin(f) = 107% and m =
60 GeV, sin(f) = 1077 samples, which notably have longer mean decay lengths of 341.7 and
8769.1 mm, respectively.

20 GeV, le-b 20 GeV, le-6 20 GeV, le-7

Before selection 1.0 1.0 1.0
Pre-selection 0.957 0.950 0.949
70 < mygp < 110 GeV 0.888 0.888 0.900
Npys > 2 0.091 0.672 0.014

60 GeV, le-5 60 GeV, le-6 60 GeV, le-7

Before selection 1.0 1.0 1.0
Pre-selection 0.957 0.957 0.951
70 < myge < 110 GeV 0.894 0.895 0.896
Npvys > 2 0.0002 0.672 0.398

Table 3: IDEA Samples cut flow showing the efficiencies for each step of event selection applied
cumulatively from top down. Each signal point is labelled by [mg, sin(6)].

20 GeV, le5 20 GeV, le-6 20 GeV, le-7

Before selection 1.0 1.0 1.0
Pre-selection 0.955 0.952 0.952
70 < mygy < 110 GeV 0.891 0.896 0.903
Npvs > 2 0.092 0.109 0.002

60 GeV, le-5 60 GeV, le-6 60 GeV, le-7

Before selection 1.0 1.0 1.0
Pre-selection 0.958 0.958 0.952
70 < myp < 110 GeV 0.895 0.897 0.899
Npvys > 2 0.0002 0.654 0.0502

Table 4: CLD samples cut flow showing the efficiencies for each step of event selection applied
cumulatively from top down. Each signal point is labelled by [ms, sin(6)].

Ww 77 Zh
Pre-sel and 70 < my, < 110 0.006 0.086 0.047
Npys > 2 0.0 0.0 0.0

Table 5: Cut flow showing average efficiencies across WW, ZZ, and Zh spring2021 IDEA back-
grounds, taken from Ref. [12].

It was found that for these longer lifetime samples fewer tracks were reconstructed, and thus fewer



displaced vertices reconstructed and fewer signal events passed the final cuts. This is illustrated in
Figure 6, for which when using the CLD detector concept almost 40% of events saw only the tracks
from the leptonic Z decay reconstructed and no displaced tracks from the scalar decay products,
whereas this was only the case for around 1% of IDEA events.
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Figure 6: Number of reconstructed tracks per event for the m, = 20 GeV, sin(f) = 1079 sample
for which a significant loss in sensitivity was found when using the CLD detector.

To mitigate the loss in acceptance due to the CLD tracker geometry, the minimum required number
of hits to accept a track was decreased to 5 and 4, and the resulting sensitivities were examined.
The changes in sensitivity for the IDEA samples, and the CLD samples for each minimum hit
requirement, are presented in Table 6. The efficiencies for the two longer lifetime CLD samples
significantly increased, up to a factor of 4, however, still did not recover to the levels of efficiency of
the IDEA samples. For the shorter lifetime CLD samples, efficiency levels notably slightly increased
to be slightly higher than those of the IDEA samples.

ms [GeV], sin(f) IDEA CLD (> 6 hits) CLD (> 5 hits) CLD (> 4 hits)

20, 107° 0.091 0.092 0.094 0.096
20, 1076 0.672 0.109 0.293 0.441
20, 1077 0.014 0.002 0.0042 0.0056
60, 107° 0.0002 0.0002 0.0003 0.0002
60, 106 0.672 0.654 0.684 0.687
60, 10~7 0.398 0.0502 0.123 0.183

Table 6: Final selection efficiencies for all IDEA and CLD samples, including comparing samples
using different requirements on the minimum number of hits to form tracks for the CLD samples.

The results of the number of hits used to form tracks (and their x-coordinate distribution), the
number of tracks reconstructed per event, and the number of displaced vertices reconstructed per
event for a shorter lifetime sample (ms = 60 GeV, sin(d) = 107%) and a longer lifetime sample
(ms = 20 GeV, sin(f) = 107%) are presented in Figures 7 and 8, respectively. Here it is seen that
reducing the minimum hit requirement is especially helpful for the longer mean decay length sample,
with only negligible improvements in the number of tracks and displaced vertices reconstructed for
the shorter lifetime sample, but significant improvement for the longer lifetime sample.
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Legend (Fig. 7 a-c): ll Min. 4 hits I Min. 5 hits B Min. 6 hits

3
° :‘1,0[””“”‘I IIIIIIII - 2 7 00— :
T F ] g ]
g 250 - L 600 E
x ’ - |
g F ] ]
= 200F - 500 E
g n ] ]
z F . 400 E
150~ - ]
r ] 300 —
100~ 3 ]
r ] 200 -
50 E 100 =
—2000-1500-1000-500 0 500 1000 1500 2000 q 60
Tracker Hit x Position (mm) Num. Reco. Tracks

(a) Distribution of hits used to form tracks when (b) Number of tracks reconstructed per event
modifying the minimum hit requirement. when modifying the minimum hit requirement.
2500

Events

2000

1500

1000

500

LB 2L e e
o b b b by

OO

10
Num. Reco. DVs

(¢) Number of displaced vertices reconstructed when modifying the minimum hit requirement.

Figure 7: Tracking and vertex finding results when modifying the minimum number of hits required
to accept tracks, shown for the my; = 60 GeV, sin(f) = 107° (e¢r = 87.7 mm) signal sample (10,000
events) and the CLD tracker detector.
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Figure 8: Tracking and vertex finding results when modifying the minimum number of hits required
to accept tracks, shown for the my = 20 GeV, sin(f) = 107 (¢r = 341.7 mm) signal sample (10,000
events) and the CLD tracker detector.

Lastly, the expected number of observed signal and background events at the 240 GeV center-of-
mass stage of the FCC-ee based on an integrated luminosity of 7.2 ab~! are presented, respectively,
in Tables 7 and 8.

To obtain the number of expected signal events given our efficiencies, we first convert from the
number of generated events to the number of expected selected events given the total 1.45 x 108
number of scaled Zh events (corresponding to an integrated luminosity of 7.2 ab—1!), using Equation
4:

Niot = Nz x BR(Z — £747) x BR(h — ss — bbbb). (4)

The number of expected background events can be obtained by multiplying the cross section by the
integrated luminosity of 7.2 ab~!. With the total expected events, one can convert to the number
of expected selected events by multiplying the selection efficiency times the total expected events.
For mys = 20 GeV, there were 55.20 total expected events, and for ms = 60 GeV, there were 16.32
total expected events. The uncertainty in the number of expected selected events are calculated
using:
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Ntot

_ gen

Oerror — & \/ Ncut . (5)
tot

ms [GeV], sin(0) IDEA CLD (min. hits = 6) CLD (min. hits = 5) CLD (min. hits = 4)
20, 1077 5.02 £ 0.17 5.08 £ 0.17 5.19 £ 0.17 5.30 £ 0.17
20, 1076 37.1 £ 0.45 6.02 + 0.18 16.17 £ 0.30 24.34 £ 0.37
20, 107 0.77 £ 0.07 0.11 £ 0.02 0.23 £ 0.04 0.31 £ 0.04
60, 10~° 0.003 £ 0.002 0.003 £ 0.002 0.006 £ 0.005 0.003 £ 0.002
60, 1076 10.97 £ 0.13 10.67 £ 0.13 11.16 £+ 0.13 11.21 £ 0.14
60, 10~7 6.50 £ 0.10 0.82 £ 0.04 2.01 £ 0.057 2.99 £ 0.07

Table 7: Expected signal events after all selections are applied for all IDEA and CLD samples with
statistical uncertainties.

Background process IDEA (spring2021)

WW 0 (< 2.90 x10%)
77 0 (< 9.34 x10%)
Zh 0 (< 1.03 x10%)

Table 8: Expected IDEA background events after all selections with statistical uncertainties. The
constraint on the number of expected events for fully rejected background samples is taken to be
equal to uncertainty of the previous cut level.

Given the results in Tables 7 and 8, we see that using the baseline CLD Delphes detector card, based
on the definition of sensitivity as expecting > 3 events, we lose sensitivity to the mys = 60 GeV,
sin(f) = 1077 (¢r ~ 8.7 m) sample. Additionally, the number of expected events is greatly decreased
for the ms = 20 GeV, sin(f) = 1077 (cr ~ 341.7 mm) sample. However, reducing the minimum
number of hits required to form a track to 4 increases the expected number of events by around a
factor of 4 for these samples, and minimally for other sensitive samples, nearly regaining sensitivity
for the mgs = 60 GeV, sin(d) = 1077 sample. For the spring2021 IDEA detector backgrounds, we
see a relatively weak statistical constraint on the number of expected background events due to
a low number of background events generated (100,000). Background efficiencies and constraints
have yet to be studied for the winter2023 IDEA centrally produced backgrounds or the winter2023
CLD card (due to no centrally produced backgrounds being available).

3 Incorporating additional Z boson decay modes

This section details analysis strategies for adding invisible and hadronic decay modes of the signal
Z boson. Sensitivities for the original analysis are limited by the branching ratio:

I'(Z—ete orputu)

~ 6.72
T, 6.72%,

whereas incorporating invisible and hadronic decays would increase the accessible branching fraction
to:
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I'(Z — vvorqq)
r'z

~ 89.11%,

where v = v, v, V7, and ¢ = u, d, ¢, s,b [11]. This significant increase in potentially accessible signal
events could provide sensitivity for in particular shorter or longer lifetime samples in which either
the scalar decays are not displaced enough to pass displaced vertex cuts, or decays are happening
mostly outside of the tracker volume. This could therefore increase the phase space that could be
constrained at the FCC-ee. However, especially for the hadronic Z decays, it becomes significantly
more difficult to differentiate the signal from SM background processes.

This section first details an analysis strategy for including invisible decays of the Z boson as a part
of the signal process. This analysis strategy relies on using the same displaced vertex reconstruction
and selection as the original analysis to identify the long-lived scalars, however, now uses missing
energy, rather than invariant lepton mass, to reconstruct the Z boson. Next, a preliminary analysis
strategy for incorporating hadronic decays of the Z boson within the signal process is presented.
Again this strategy relies primarily on displaced vertex reconstruction and selection, but now uses
the total reconstructed jet energy in the event to identify the Z boson in the process. This will
need to be refined to further reject background while maintaining a high signal efficiency.

3.1 Signal and background generation

The same methods used in Section 2.1 were similarly used here to generate new signal samples
with the updated Z decay modes. Specifically, only the decay of the Z boson was redefined within
the MadGraph process card. The updated signal processes are presented in Figures 9a and 9b. To
simulate and reconstruct these events, Delphes is used with the winter2023 IDEA detector card.
While these studies could be repeated with CLD, the only difference with the detector card was
the tracker geometry, which should only affect the displaced vertex selection for these new analysis
strategies. The same 6 signal points are used here, with 10,000 events again generated for each.

The SM backgrounds considered for our signal with additional Z decay modes are again WW,
77, and Zh processes, however, the Zh samples are now split by their decay modes to contain
similar final states. Again the inclusion of the WW background serves to validate the method of
identifying the Z boson in our signal, and the ZZ and Zh processes are expected to have similar
final states to our signal. In particular, Zh processes with Z — vv and h — WW, bb decay modes
are considered as backgrounds for the signal with invisible Z decays, and Zh processes with Z — qq
and h — WW,bb are considered as backgrounds for the signal with hadronic Z decays. For each
background, 100,000 events of larger centrally produced backgrounds are processed. In the future,
including additional Zh processes with additional Higgs boson decay modes and other SM processes
with similar final states could be useful in validating the SM background rejection of the presented
analysis strategies.
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(a) Feynman diagram of the Zh signal process (b) Feynman diagram of the Zh signal process
with h — ss — bbbb and the Z boson decaying h — ss — bbbb and the Z boson decaying into qq
into v pairs. pairs, where ¢ = u,d,c, s, b.

Figure 9: Feynman diagrams for added decay modes of Z boson

3.2 Event processing and reconstruction

For the purposes of both the addition of invisible and hadronic Z decays, the displaced vertex
reconstruction algorithm is left unchanged, and for the addition of invisible Z decays, the entire
reconstruction process is left unchanged to the original analysis. For the addition of hadronic Z
decays, however, a modification to the existing jet clustering algorithm was necessary.

3.2.1 Jet clustering algorithm

For the purposes of identifying the Z boson through its hadronic decays, obtaining accurately
clustered jets, with the correct number of jets per event and accurately reconstructed energy, is
important. Due to issues with using standard jet clustering methods available either through
Delphes or in the FCCAnalyses framework, a novel strategy was used which is detailed below:

1. Perform displaced vertex reconstruction, as described in Section 2.2.1

2. Duplicate the original complete Monte Carlo particle collection, and remove all particles
associated to any track associated to reconstructed displaced vertices.

3. Perform jet clustering in the FCCAnalyses framework with this new particle collection using
exclusive Njets = 2, ki, Rjers = 0.5, energy recombination scheme, jet clustering algorithm.

4. Repeat identically for both signal and backgrounds for consistency.

The jet energy and momentum is then extracted for each reconstructed jet, and for the purpose of
a later described selection, summed for each event.
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3.3 Event selection
3.3.1 Invisible Z decays

For the addition of invisible Z decays to the signal process, the previously used pre-selection and
lepton invariant mass selections are replaced with a looser, yet analogous, selection, now on the
missing energy per event. This selection is based off of a peak of reconstructed missing energy
between 45-55 GeV due to the neutrinos from the Z decay not being reconstructed. It is important
to better understand the shape and value of the peak of the distribution, but this will be left for a
future study. The updated selections are shown in Table 9, and results showing the missing energy
distribution after all selections are shown in Figure 10.

Selection Criteria
Emissing 30 < Emissing < 70 GeV
Multiplicity of DVs npyg > 2

Table 9: Summary of selection criteria applied to invisible Z decay signals and backgrounds.

3.3.2 Hadronic Z decays

For the addition of hadronic Z decays to the signal process, the previously used pre-selection and
lepton invariant mass selections are again replaced with a looser, yet analogous, selection now on
the total reconstructed jet energy (using jets reconstructed from the modified clustering algorithm).
For the purpose of illustrating the maximum possible signal sensitivity gained, only a very loose
selection has been applied so far, as likely a tighter total jet energy (or different altogether) selection
will be necessary to improve background rejection. An additional selection could be done either
on the available reconstructed variables, or alternatively on the properties of the reconstructed
displaced vertices to improve the background rejection on the multiplicity of displaced vertices cut.
The total reconstructed jet energy is selected to be between 50 and 140 GeV, based on peaks for
signal points being slightly greater than the Z mass, around 95-105 GeV. Additional options will be
later discussed in Sections 3.4.2 and 5. The updated selections are shown in Table 10, and results
showing the jet energy distribution after all selections are shown in Figure 12.

Selection Criteria
Y Ejets 50 < XEjets < 140 GeV
Multiplicity of DVs mnpyg > 2

Table 10: Summary of selection criteria applied to hadronic Z decay signals and backgrounds.

3.4 Preliminary results

Preliminary sensitivity results for the analysis strategies for adding invisible and hadronic Z decays
to the signal process are presented in this section. To calculate the number of expected signal
events for the changed Z decay modes, the ratio of:

I'(Z — vvorqq)
INZ - ete orptpu™)

is multiplied by the previously calculated total number of signal events from Section 2.4, and then
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multiplied by the calculated efficiencies. The same methods for calculating statistical uncertainties
as used in Section 2.4 are used.

3.4.1 Invisible Z decays

The signal acceptance efficiencies after applying the missing energy and displaced vertex selections
are shown in Table 11. Very high efficiencies are maintained for all but the longest lifetime samples.
This is primarily a result of increased missing energy due to scalar particles decaying outside the
detector volume, and hence one would not expect to be able to reconstruct these events anyways.
Final signal selection efficiencies are comparable or worse than those of the original leptonic decay
analysis, with improvements or the same results for all except the ms; = 60 GeV, sin(f) = 1077,
which saw a roughly 12% decrease in efficiency. The background acceptance efficiencies after
applying selections are shown in Table 12. The final displaced vertex selection again achieves full
background rejection, with the exception of 1 of 100,000 events for the Zh (Z — v, H — WW)
background.

ms [GeV], sin(d) 20, 107> 20, 107% 20,107 60, 107> 60, 1075 60, 10~ 7
Eissing 0.968 0.939 0.038 0.980 0.981 0.441
Npvs > 2 0.102 0.715 0.014  0.0002 0.732 0.276

Table 11: Final selection efficiencies for all invisible Z decay signal points

WW  ZZ 7Zh(Z —vv,h—bb) Zh(Z— vv,h - WW)
Eissing  0.158  0.327 0.910 0.822
Npys>2 0.0 0.0 0.0 0.00001

Table 12: Final selection efficiencies for all invisible Z decay backgrounds, with Zh backgrounds
split into separate Higgs boson decay modes.

In Figure 10, the missing energy distributions of signals and the concatenated Zh background
are presented, indicating how a significantly tighter cut could reject the final passed Zh event,
however, this would be at great detriment to the signal efficiency. In Figure 11 the distribution
of the number of reconstructed displaced vertices is presented, indicating the potential to tighten
the multiplicity of the DVs selection to Npys > 3 without losing significant signal sensitivity. The
higher multiplicity of displaced vertices for signal processes is likely because the b quark scalar
decay products travel far enough before decaying to form multiple vertices from one scalar decay.
Additionally, one could cut on the number of tracks associated to displaced vertices, which is also
significantly lower for the one background event that passed selections. Overall, it is important to
repeat these studies with > 100,000 background events to indicate if tighter selections need to be
made.
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FCCAnalyses: FCC-ee Simulation (Delphes)
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Figure 10: Missing energy distributions for the different signal points and background processes
after all selections are applied, with events re-scaled to an integrated luminosity of 7.2 ab~!. Note
that the Zh process here is restricted to only the Z — vv and h — WW, bb decay modes.
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Figure 11: Distribution of the displaced vertex multiplicity for signals and backgrounds after all
selections, with events re-scaled to an integrated luminosity of 7.2 ab—!. Note that the Zh process
is here restricted to only the Z — vv and h — WW, bb decay modes.
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In Tables 13 and 14 the expected number of signal and background events, respectively, after all
selections are presented. As signal efficiencies remain around the same, and the cross section for this
signal process is increased by around 3 times, we see around a factor of 3 increase in the expected
number of signal events, while maintaining similar statistical constraints on our expected number
of background events. Including these results with those of the leptonic analysis would additionally
result in gaining sensitivity to the my = 20 GeV, sin(f) = 10~ 7 signal point. Additionally, there
is the potential to use tighter cuts if when repeated with more background events background
acceptance becomes an issue as given the higher cross section there is a higher baseline signal
sensitivity.

20 GeV, 107° 20 GeV, 107% 20 GeV, 1077 60 GeV, 107> 60 GeV, 10°° 60 GeV, 1077
16.73 £ 0.52 11733+ 1.39 235+ 0.19 0.01 +£ 0.007 35.52 + 0.41  13.43 £+ 0.25

Table 13: Expected signal events, with signal points labelled by mg [GeV], sin(0), after all selections
are applied with statistical uncertainties.

WW 77 Zh (Z - vv,h - WW) Zh (Z — vv, h — bb)
0 (<149 x10°) 0 (< 9.8 x 10) 0 (< 2.16 x 10%) 0 (<0.72+ 5.8 x 10%)

Table 14: Expected background events after all selections applied with statistical uncertainties.

3.4.2 Hadronic Z decays

The signal acceptance efficiencies are shown in Table 15 after applying the total reconstructed jet
energy and displaced vertices selections. Similarly to for the invisible Z decays selections, efficiencies
with respect to the original analysis are largely maintained or improved, however, this currently
comes at the cost of poor background rejection, as shown in Table 16, in which the different included
Zh decay modes are concatenated to yield one efficiency value. Rather than presenting the very
low background acceptance numbers (which are on the order of 1075), the number of events are
presented for the final displaced vertex selection to illustrate the necessary improvement. Here we
see, as somewhat expected given the very loose cut on total reconstructed jet energy, very poor
initial background rejection, especially for Zh events, with the majority of rejection coming from the
displaced vertices selection. Background statistical constraints are not calculated here, however,
will be very high given the high background acceptance for the jet energy cut, and processing only
100,000 background events for each sample.

20, 107° 20, 107% 20,10~ 60,10~° 60,107 60, 10~
Y Ejets 0.865 0.971 0.964 0.971 0.978 0.967
Npvs >2  0.096 0.735 0.018 0.0002 0.726 0.425

Table 15: Final selection efficiencies for all hadronic Z decay signals with signal points labelled by
ms [GeV], sin(0).
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Ww 77 Zh
Y Ejets 0.587 0.683 0.893
Npys>2 1183.6 ev. 97.8ev. 27.5 ev.

Table 16: Final selection efficiencies and expected events for all hadronic Z decay backgrounds,
with Zh backgrounds with different decay modes concatenated into one value.

The expected signal event yields after all selections are shown in Table 17, in which it is shown
that, as expected given the increased cross section, around 10 times improvement in signal yield
is possible, including gaining sensitivity to the ms; = 20 GeV, sin(f) = 1077 signal point, for
which most of the scalar particles are decaying outside the tracker. However, an improved analysis
strategy must still be developed to retain this level of high signal efficiency while rejecting more
background events.

20 GeV, 107° 20 GeV, 107 20 GeV, 107 60 GeV, 10° 60 GeV, 105 60 GeV, 107
54.86 + 1.66 421.25 + 4.60 10.32 + 0.72 0.033 + 0.023 123.0 + 1.43  72.03 + 1.09

Table 17: Expected number of signal events, with signal points labelled by mg [GeV], sin(#), after
all selections applied with statistical uncertainties.

In Figures 12 and 13 the distributions of reconstructed jet energy and the multiplicity of displaced
vertices (the two selected on variables) are shown. While there is significant overlap between the
signal and the remaining background events, there is potential to increase the minimum number of
displaced vertices to reject a significant portion of the background events while maintaining high
signal efficiency, due to the higher signal cross section than, for example, the leptonic Z decay mode
signal. Additionally, there is potential cuts within variables related to the reconstructed displaced
vertices, such as how many tracks are related to each vertex, and the distance between the primary
and secondary vertex, that could also potentially reject the remaining background events.
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FCCAnalyses: FCC-ee Simulation (Delphes)
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Figure 12: Reconstructed jet energy distributions of signals, background after all selections, with
events re-scaled to an integrated luminosity of 7.2 ab~!'. Note that Zh process here restricted to
only Z — qq and h — WW, bb decay modes.
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Figure 13: Distribution of displaced vertex multiplicity of signals, background after all selections,
with events re-scaled to an integrated luminosity of 7.2 ab~!. Note that Zh process here restricted
to only Z — qq and h — WW, bb decay modes.
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4 Outlook

Two main broad suggestions can be applied to every portion of the study, which is to consider
more signal points, and additional potential SM backgrounds while processing larger event samples.
As shown by the relatively high signal efficiency for long mean decay length samples, especially
using the IDEA detector concept, probing a wider range of masses and mixing angles could prove
useful in indicating a broader range of sensitivity that the FCC-ee may have to such long-lived
scalars from exotic Higgs decays. However, the primary constraint of the power of this study
still lies in high background uncertainties, and, for the case of the added invisible and hadronic Z
decay samples, additional SM backgrounds with similar states not yet probed (such as alternative
Higgs boson decay modes for Zh events). Thus, it is important to take full advantage of the
FCC-ee winter2023 IDEA centrally produced backgrounds, which could allow a huge reduction in
background uncertainty and the ability to explore additional SM backgrounds.

More specific suggestions to each portion of the study are given below.

4.1 Detector sensitivity comparison

While the detector sensitivity comparison between IDEA and CLD has yielded clear results re-
garding the decreased acceptance for long-lived particle displaced track signatures with the CLD
tracker geometry relative to IDEA, there are still many important avenues for expansion of this
study. Firstly, the updated winter2023 IDEA backgrounds (and hopefully in the future CLD cen-
trally produced background samples) should be processed with the leptonic Z decay selections to
ensure there is still complete background rejection, or if the existing selections need to be altered.
Additionally, an examination more directly of the displaced tracking efficiency through, for exam-
ple, the Delphes validation tool set, could provide a more direct indication of the acceptance ranges
for displaced tracks within CLD and IDEA, rather than indirectly relying on the reconstruction
of displaced vertices. Particularly examining the displaced tracking efficiency as a function of the
minimum hit requirement for CLD samples could provide important insight. Examining distri-
butions of the number of hits per track using IDEA and CLD signal points would also provide a
more direct indication of the effect of reducing the minimum hit requirement. Additionally, while
this is likely less of a concern given the clean collision environment at the FCC-ee, it is important
to investigate whether the rate of fake tracks increases given this reduction in the minimum hit
requirement. Finally, it would be helpful to investigate whether any alterations to the displaced
vertexing algorithm could be made to accommodate tracks formed in the CLD detector, and its
decreased acceptance.

4.2 Adding invisible Z decays

Beyond increasing the background statistics and diversity of SM backgrounds studied, it could be
valuable to look into alternative selections either instead of or beyond the existing missing energy
cut. In the end, however, it is imperative to repeat these studies using more background events to
see how these selections would need to form, and to gain a better understanding for the sensitivity
that could be gained by searching for this additional signal process.

4.3 Adding hadronic Z decays

Similarly to the case of adding invisible Z decays, while there is a path forward to rejecting the
remaining background events that passed the current selection, it is more important to repeat these

22



studies with more (and again more varied) background events to gain a better understanding of
how the current selections would need to be tightened or changed.

5 Conclusions

This study aimed to expand upon the work and existing analysis framework for studying sensitivity
to long-lived scalar particles from exotic Higgs boson decays at the FCC-ee through two main goals:
investigating the difference in sensitivity using the IDEA and CLD detector concepts, and studying
the feasibility of incorporating additional Z decay modes to the signal process.

To accomplish these goals, MadGraph and Pythia were used with the HAHM MadGraph model to
generate signal samples with multiple masses and lifetimes corresponding to the 240 GeV center-
of-mass energy stage of the FCC-ee, with the Higgs boson decaying to a pair of long-lived scalar
particles, each then decaying to a pair of b quarks, and the Z boson decaying leptonically, invisibly,
or hadronically. These events were then simulated and reconstructed within the IDEA or CLD
detector concepts using DELPHES and FCCAnalyses. A displaced vertexing algorithm based
on the secondary vertex algorithm LCFIPlus was used within FCCAnalyses to reconstruct the
displaced vertices corresponding to the long-lived scalar particles. Event selections were developed
to identify the associated Z boson and the decay products of the long-lived scalar, and separate the
signal events from the comparatively high cross section SM backgrounds.

The first goal was largely accomplished, with clear differences in sensitivity to displaced track long-
lived particle signatures established and quantified between the IDEA and CLD detector concepts.
Particularly, signal points with c¢r > 300 mm saw significant decreases in sensitivity. Furthermore,
a way to partially mitigate this difference by reducing the minimum hit requirement to form a track
for the CLD detector was studied and shown to increase sensitivity especially to longer lifetime
samples.

The second goal was partially accomplished, with preliminary analysis strategies to incorporate
invisible and hadronic Z decays to the signal process established, indicating the potential to increase
the signal yield by up to ~ 13 times. In this, methods to identify the Z boson in our signal, using
missing energy and reconstructed jet energy from uniquely clustered jets, were developed. However,
further improvements to each analysis strategy must still be made in order to reach the same levels
of background rejection as the original leptonic Z decay analysis and demonstrate sensitivity to
these signal processes with alternative Z decay modes.
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