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Abstract We compare different jet-clustering algorithms
in establishing fully hadronic final states stemming from the
chain decay of a heavy Higgs state into a pair of the 125
GeV Higgs boson that decays into bottom-antibottom quark
pairs. Such 4b events typically give rise to boosted topolo-
gies, wherein bb pairs emerging from each 125 GeV Higgs
boson tend to merge into a single, fat b-jet. Assuming large
hadron collider (LHC) settings, we illustrate how both the
efficiency of selecting the multi-jet final state and the ability
to reconstruct from it the masses of all Higgs bosons depend
on the choice of jet-clustering algorithm and its parameter
settings. We indicate the optimal choice of clustering method
for the purpose of establishing such a ubiquitous beyond the
SM (BSM) signal, illustrated via a Type-II 2-Higgs Doublet
Model (2HDM).

1 Introduction

The Higgs boson discovered in 2012 at the LHC has been
extensively studied, so that we now know that it is very SM-
like [1]. That is, it is clear that its quantum numbers (charge,
spin, CP) are consistent with those predicted in the SM and so
are its couplings, at least those measured thus far, to W= and
Z bosons as well as to 7, b, ¢, T and p fermions. Amongst
of all these, the Hbb coupling plays a particular role, for a
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twofold reason. On the one hand, it is the dominant one for
the SM-like Higgs state, as the bb decay rate is the largest
[2,3], while also being the one most polluted by large back-
grounds (chiefly including the overwhelming ¢7 production
and decay). On the other hand, the bb decay channel presents
significant challenges experimentally, primarily connected to
the necessity of flavour tagging it amongst myriads of light-
quark and gluon jets stemming from the majority of Quan-
tum Chromo-Dynamics (QCD) interactions, apart from b-
jets from background 77 decays.

It is therefore important to assess the current status of phe-
nomenological approaches to the extraction of these multi-b-
jet signals. While there exists copious literature on this topic
within the SM, wherein, in the foreseeable future (i.e., Run
3 of the LHC), the SM-like Higgs state can only be pro-
duced singly,' comparatively less developed are studies of
pair production in beyond the SM (BSM) scenarios, despite
significant cross sections for a resonant decay of a heav-
ier Higgs boson leading to the Higgs pair decaying to a 4b
final state. This is why, in Ref. [5], we studied the process
pp —> H — hh — 4b,formpy = 125 GeV and mj, between
40 and 60 GeV, which would be a striking signal of, for exam-
ple, a 2-Higgs Doublet Model (2HDM) [6—8] in the so-called
‘inverted hierarchy’ scenario, i.e., when the discovered Higgs
state is not the lightest one.

In that paper, we assessed the ability of different jet-
clustering algorithms, with different resolution parameters
and reconstruction procedures, to resolve such fully hadronic
final states. Therein, we showed that both the efficiency of
selecting the hadronic states and the ability to reconstruct
Higgs masses from these depend strongly on the choice of

! In fact, di-Higgs production within the SM will only become acces-
sible at the high-luminosity LHC (HL-LHC) [4].
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the jet-clustering algorithm and its settings. Specifically, we
emphasised that variable- R algorithms [9] were more effec-
tive in gaining signal sensitivity as well as in reconstructing
the light and heavy Higgs mass peaks, than those based on a
fixed cone radius R [10,11].

Those results were obtained for slim b-jets, for which no
merging occurred (so we looked at typical four b-jet con-
figurations). In the present paper, we want to instead study
the case of fat b-jets, i.e., when two b-partons emerging
from a h decay are not resolved as individual jets, but are
merged into a fat b-jet containing both. This is most likely
to occur when the H state is significantly heavier than the
h, mg > my = 125 in the usual 2HDM in the ‘standard
hierarchy’ scenario. Again, we will assess which of the two
types of jet-clustering algorithms, fixed or variable cone size,
is better able to extract the signal from the backgrounds and
yield the sharpest rendition of the Breit—Wigner mass peaks.
For this purpose, we will implement a simplified (MC truth
informed) double b-tagger. It is worthwhile to mention that
one can use other boosted jet tagging methods based on the
jet substructure technique to further enhance the signal sig-
nificances, e.g., N-subjettiness variables and their ratios [12],
energy correlation functions (ECF) and their ratios [13,14],
or a combination of substructure based observables and cut-
ting edge machine learning techniques [15]. Many experi-
mental studies have been done on the fat jets analysis [16—
19].

The plan of the paper is as follows. In the next section,
we describe how jets are defined at the LHC. We then move
on to describe the Monte Carlo (MC) analysis that we will
perform (i.e., simulation tools, cutflow, b-tagger, etc.). After
which we will present our results. Finally, in the last section,
we will draw our conclusions.

2 Jets at the LHC

In a modern particle collider, such as the LHC, the most
crucial difficulty in extracting new physics is making sense
out of the mess of particles collected in the detectors in each
event. A so-called jet definition provides a mapping between
hard interactions in our quantum field theory (QFT), which
is what we are ultimately looking to test, and the jumble of
particles we actually observe in the detectors.

One of the well-known peculiarities of QCD is colour
confinement, i.e., the fact that quarks and gluons cannot
exist as free particles, instead only appear inside hadronic
bound states. In the high energy environment of the LHC,
they undergo showering and hadronisation and are detected
as sprays of (colourless) hadrons.

A simple, intuitive picture of this process is to consider
the emission rate for a quark(antiquark) to radiate a gluon,
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Sometimes, a gluon could also split into a quark-antiquark
pair, according to

Pye(2) = TR [12 +(1 - z)z], ©)

where z and (1 —z) are the energy fractions, 7 s is the number
of fermions coupling to the gluons, Cr, C4 and Ty are the
usual QCD ‘colour factors’.

These splittings repeat themselves in all possible com-
binations, thereby generating the aforementioned shower,
wherein partons are rather soft and/or collinear (note the E
and 0 ‘divergences’), so that the final partons are rather col-
limated in the direction of the primary ones. Once the energy
of the initial collision is spread amongst all these subsequent
partons so that the average value of it is close to Aqcp,
the hadronisation process takes place by generating hadrons
(pions, kaons, etc.) which directions are also aligned with
those of the primary partons (assuming that Q > Aqcp).
(Recall that, owing to the running of the QCD coupling con-
stant, the partonic couplings will reach the non-perturbative
regime before partons reach the detectors.) The end result is
the creation of the aforementioned sprays of hadrons, called
jets. However, no matter how intuitive this qualitative picture
is, one needs a quantitative algorithm to define such jets.

2.1 Jet clustering algorithms

We here review two classes of jet clustering algorithms cur-
rently in use at the LHC.

2.1.1 Fixed cone jets

To provide a mapping between hard interactions and the
hadronic sprays observed in particle detectors, algorithmic
procedures are used to characterise the aforementioned jets.
Over the years, there has been extensive development of jet
clustering algorithm, beginning in 1977 with Sterman and
Weinberg [24], who indeed defined jets as cones, initially
deployed in the context of e™e™ — hadron scatterings. The
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type of algorithms currently employed at the LHC, and of par-
ticular interest for this study, are known as sequential recom-
bination algorithms [25], or ‘jet clustering algorithms’.

Jet clustering algorithms reduce the complexity of final
states by attempting to rewind the showering/hadronisation
process. They consider each particle in an event and all are
iteratively combined together based on some inter-particle
distance measure to form jets. Remarkably, when a jet clus-
tering algorithm is well designed, it can be applied at both
the parton and hadron levels, so as to enable one to make
direct comparisons between theory and experiment.

All (sequential) jet clustering algorithms currently used at
the LHC employ a similar method descending from a gen-
eralised k7 algorithm. This uses an inter-particle distance
measure between two particles (i and j), given as

ARZ
ij
R 4)

dij = min(p7}, P%’})

where ARl.zj = (yi — yj)2 + (i — (]5‘,')2 is an angular dis-
tance between two particles i and j, with y and ¢ being the
rapidity and azimuth of the associated final state hadron, n
is an exponent corresponding to a particular jet clustering
algorithm and R is the jet radius (or cone radius) parameter.
The second distance variable is the ‘beam distance’:

dgi = p3l, ()

which is the separation between object i and the beam B.
The algorithm works by finding the minimum dp;, of all the
d;j’s and dp;’s and then the following happens.

— If diin is a d;j, combine i and j then repeat the process.

— If dpin is adp;, then i is declared a jet and removed from
the list. This procedure is then repeated until no particles
are left.

If we now take into account some pair of pseudojets i and j,
with i having lower pr than j and being selected in d;;, we
can write (for n > 0)

AR2
Lpat = —dp;. (6)

dij = R2

For n < 0, it will be other way around with pr; selected
from d;; and the above equation will change to:

ARZ

t 2n ij dBj . (7)

dij: R2 Pr; = R2

) . AR% S
We require the ratio R—z’-’ < 1 to evade declaring i a jet

instead of combining i with j, therefore parameter R acts
as a cut-off for the particle pairing and is proportional to the

final size of the jets. The algorithms currently most used at
the LHC are the anti-k7 [10,11] and the Cambridge/Aachen
(C/A) ones [26,27]. The n value for the anti-k7 and C/A
algorithms are —1 and 0, respectively.

2.1.2 Variable-R jets

The fixed input parameter, R, mentioned above acts as a cut-
off for particle pairing and applying a size limit on the jets
based on the separation between the particles. We also know
that the angular spread of the jet constituents depends on the
initial partons p7. For objects with high pr, the decay prod-
ucts are more tightly packed into a collimated cone whereas
for the objects with lower pr, the constituents will be spread
over some wider angle. Therefore, it is very important to care-
fully select the right R value for clustering depending on the
relevant pr distribution to capture the underlying physics.
The more recent variation of the standard jet clustering
algorithms is the so-called Variable-R jet clustering algo-
rithm [9], which alters the scheme mentioned in Sect. 2.1.1
to adapt with jets of varying cone size in an event. A modi-
fication is made to the distance measure d; j» such that:

d;j = min(p7;, pT AR ®)
and
dBi = p%’}Rz. (9)

Next, the fixed input parameter R is replaced by a pr depen-
dent Refs (pri) = p%, where p is a dimensionful input param-
eter, such that:

dgi = p¥ Resr (pri)*. (10)

For objects with larger pr, dp; will be suppressed and these
objects are more likely to be classified as jets, For objects
with lower pr, these are combined with the nearest neighbour
increasing the spread of constituents as dp; is more enhanced.

In the variable- R approach, the process is modified in such
away that one can avoid events with very wide jets atlow pr.
The dimensionful parameter p can be scanned over a range to
optimise the maximum desired sensitivity. This can also be
done for other parameters such as Rpin/max (cut-offs for the
minimum and maximum allowed Ref), respectively, i.e., if a
jethas Reff < Rmin, it is overwritten and set to Reff = Rmin
and equivalently for Rpax.

At last, we hypothesise that using a variable-R clustering
procedure can show improvement in reconstructing signal
when compared to traditional fixed- R routines. The variable-
R technique helps in reducing the complexity of finding a
suitable single fixed cone size to envelop all the radiation
without including too much outside noise or ’junk’ inside

@ Springer
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a jet. This will be quite useful for our study as we look at
constructing fatjets.

3 Methodology

In this section, we describe the tools and selection strategy
to pursue our analysis.

3.1 Simulation details

We consider a suitable benchmark point (BP) in the con-
text of the 2HDM Type-1I (2HDM-II henceforth) where we
assume the lightest CP-even Higgs state to be the SM-like
Higgs Boson with mj; = 125 GeV and set the heavier CP-
even Higgs boson mass as my = 700 GeV. The BP has
been tested against theoretical and experimental constraints
by using 2HDMC [28] interfaced with HiggsBounds [29]
and HiggsSignals [30] and against flavour constraints
using SuperISO [31]. Specifically, concerning the latter,
the following flavour constraints on meson decay Branching
Ratios (BRs) and mixings, all to the 2o level, are used in our
analysis: BR(b — sy), BR(By — up), BR(Dy — 1v),
BR(D;, — uv), BR(B, — tv), m BR(B —
Dotv) and Ag(B — K*y).

Our study assumes proton-proton collisions at a center-of-
mass energy of 13 TeV and integrated luminosities of 140 and
300 fb~!, corresponding to full Run 2 and Run 3 datasets.
The production cross sections at leading order (LO)? and
decay rates for the sub-processes gg, q¢g — H — hh —
bbbb are presented in Table 1, alongside the 2HDM-II input
parameters. In the calculation of the overall cross-section,
the renormalisation and factorisation scales were both set to
be Hr /2, where Hr is the sum of the transverse energy of
each parton. The Parton Distribution Function (PDF) set used
was NNPDF23_lo_as_0130_ged [32]. Finally, in order
to carry out a realistic MC simulation, the toolbox described
in Fig. 1 was used to generate and analyse events.

The same toolkit (see Fig. 1) is used to generate samples
of the leading SM backgrounds. The background processes
we consider are the following: the QCD 4b background,
88,94 — tt and gg, g4 — Zbb [5]. Due to the kinematic
differences between the signal process and leading back-
grounds, we apply generation level cuts within MadGraph5
to improve the selection efficiency at the jet level, as follows:

88,94 — ti: pF(t) > 250 GeV,
88.9q — bbbb : pF"(b) > 100 GeV,
88,94 — Zbb: p$"(Z)>250 GeV, p3"(b)>200 GeV.

2 This is also the perturbative level at which MC events are generated.
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MadGraph5@NLO [33]

{

Shower and hadronise parton level events using
Pythia8 [34] with Multiple Parton Interactions/Pile-Up (MPIs/PU)
and Initial/Final State Radiation (ISR/FSR) switched on

I

{Apply detector simulation via Delphes [35] CMS card}

|

{ Perform jet reconstruction, apply cuts and J
c t

{Generate signal events of gg — H — hh — bbbb using}

arry out analysis using MadAnalysis5 [36, 37] and Roo

Fig. 1 Description of the procedure used to generate and analyse MC
events [33-37]

EPerform fast detector simulation using Delphes}

|

Perform jet reconstruction and remove jets with pr < 200 GeV
in fastjet [38], with specified clustering algorithm and AR

|

[Apply double b-tagging on the jets}

|

When two fat double b-tagged jets remain,
calculate the invariant mass and compare with mpy

Fig. 2 Description for jet clustering, b-tagging and selection of jets

[38]

This will ensure that our signal and background events fall in
the same pr window to do a sensible signal-to-background
analysis later in the study.

3.2 Cutflow and b-tagging implementation

The introduction of the full sequence of cuts that we have
adopted here requires some justification. In existing b-jet
analyses that seek to extract chain decays of Higgs bosons
from the background, restrictive cuts have been used for
ensuring the extraction of a fully hadronic signature. A full
description of the cutflow is given in Fig. 2.

In this paper, we implement a simplified (MC truth
informed) double b-tagger. For events clustered using the
anti-k7 algorithm (C/A algorithm) with fixed-R cone size,
parton level b-(anti)quarks within angular distance R from
jets are searched for and if there are two b-quarks present
within that separation, jets are tagged as double b-tagged fat
jets as appropriate. When the variable-R approach is used,
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Table 1 The 2HDM-II
parameters and LO cross-section

Label my (GeV) mpy (GeV) tanf

sin(f — «) m%z BR (H — hh) BR (h — bb) o (pb)

of the process studied for our BP

the size of the tagging cone is taken as the effective size Reft
of the jet.

In addition, we account for the finite efficiency of identify-
ing a b-jet as well as the non-zero probability that c-jets and
light-flavour and gluon jets are mistagged as b-jets. We apply
pr-dependent tagging efficiencies and mistag rates from a
Delphes CMS detector card.> Note that we have checked
that the conclusion remains the same if we use a modified b-
tagging procedure by replacing the b-partons with b-hadrons
produced after the hadronisation of the b-quarks.

4 Results

In this section, we present our results for both the signal
and dominant SM backgrounds, first at the parton level and
then at the detector level. The dominant backgrounds, such
as the QCD 4b continuum as well as the gg, gg — tf and
88.q9q — Zbb channels, are considered for the signal-to-
background analysis later in the study.

4.1 Parton level analysis

Before proceeding with the detector level analysis, we take
a look at the parton level information of the events, in order
to tweak certain parameters for jet clustering, as well as for
sensibly using the selected kinematic cuts. In fact, the pr of
the final state b-partons will inform us which value of p to
use for the variable- R clustering algorithm.

From Fig. 3 (upper panel), we can see that the final state
b-quarks have a wide range of momenta, well into O (10%)
GeV. The value of p, the variable-R specific parameter, is
generally chosen to be of the same order of magnitude as
the jet pr. However, looking at the pr distribution of the
b-quarks, we perform a scan for p over the region [100, 500]
GeV to find an optimal value. Another point to mention here
is that the light Higgs bosons are quite boosted, as seen from
Fig. 3 (lower panel). The angular separation in the n — ¢
plane between the pairs of Higgs bosons as well as b-quark
pairs coming from the same Higgs boson crucially depend
on the pr of the heavier and lighter Higgs bosons.

In Fig. 4, we see that the two light Higgs bosons are gen-
erally always back-to-back, their angular separation peaks
being around r, which implies that the heavier Higgs boson
is mostly produced at rest. Even though the heavier Higgs

3 See https://github.com/delphes/delphes/blob/master/cards/delphes_
-card_-CMS.tcl.

BPl 125 700.668  2.355 —0.999  1.46x10° 6218x107!  6.164x107" 1.870x 107>
b-quarks pr
Parton level

—_ mp =125 GeV
5 0.08 1 my =700 GeV
5
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© ]
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=
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>
w
Y
o
& 0.021
€
=
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0.00 : - ; : .
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b-quarks pr (GeV)
Light Higgs (h) pr

0.12 Parton level
— mp =125 GeV
'; my =700 GeV
5 0.10
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>
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0.00 : : : . :
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h pr (GeV)

Fig. 3 Upper panel: transverse momenta of the final state b-quarks.
Lower panel: transverse momenta of the lights Higgses before shower-
ing and hadronisation

boson has very negligible pr, due to the mass configuration
of this BP, the two SM-like Higgses have a large momentum
transfer from the heavy Higgs boson. The b-quarks origi-
nating from the lighter Higgs bosons, in contrast, tend to
be closer together, i.e., collimated, which is an artefact of
boosting.

Consequently, the resulting jets from these b-partons will
be close together in detector space. We can exploit this, and
instead of trying to lower the values of R in the jet clustering
algorithm to ‘pick out’ and tag all four signal b-jets, we can
instead use a deliberately large cone in order to capture two

@ Springer
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Fig. 4 Upper panel: AR separation of the bb pair from a given Higgs.
Lower panel: AR separation between the two Higgses

fat (and back-to-back) jets, wherein each contains both b-
quarks coming from the decayed SM-like Higgs boson.

4.2 Jet level analysis

Now, informed by the parton level kinematics of the events,
we can proceed to analyse this topology at the jet level. Using
the anti-k7 algorithm [10], we cluster EFlow objects obtained
from after the fast detector simulation using Delphes into
wide cone jets. We select those jets which have a pr > 200
GeV before we proceed to tag them, as described in Fig. 2.*

Here, we compare two different methods of jet clustering
for these double b-tagged fat jets. Firstly we use a large fixed
cone size R = 1.0 to construct two (nearly) back-to-back
fat jets from each & decay, which individually should reveal

4 We have switched on ISR and MPI in Pythia8 to investigate the
results for the two types of algorithms in Sect. 4.2.
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Event Multiplicity

Anti-k¢, mg = 700 GeV
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>
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Number of double-b tagged fatjets in an event

Fig. 5 The double b-tagged fat jets multiplicity distribution for our BP

the mass of the SM-like Higgs boson.> Secondly, we do the
same but consider the variable- R jet clustering algorithm [9].
We optimise the choice of p to obtain the best reconstructed
resonance mass peaks. For variable- R, we use p = 300 with
Rmin = 0.4 and Rpnax = 2.0. These values are informed by
the pr scale of the fixed cone b-jets and also the aforemen-
tioned scan on p.

In Fig. 5, we compare the b-jet multiplicity of the signal
events for both fixed-R and variable- R algorithms. It is clear
from the figure that we obtain more events with double-b
tagged fat jets for variable-R than for fixed-R = 1.0. The
presence of more events containing double-b tagged fat jets
from the signal allows us to better reconstruct the Higgs res-
onance peaks in multi-jet mass distributions.

Next, to show the evidence of new physics, we recon-
struct the mass of the resonances, namely the light and heavy
Higgs bosons. We show the invariant masses of individual
double b-tagged fat jets and the pair of double-b tagged fat
jetsin Fig. 6. For mj, mass resonance, we select the average of
all double b-tagged jets. For m i resonance, we select events
with two double b-tagged jets in order to recover heavy Higgs
peak. It is evident that the peak of the variable-R algorithm
mass distributions is closer to the MC truth value of the cor-
responding Higgs boson masses, namely mj, = 125 GeV and
mpy =700 GeV.

For completeness, we also present mass distributions for
the leading and subleading fat jets (double b-tagged) in Fig. 7.
The same behaviour can be seen here with variable-R jet
algorithm results being more aligned towards the correspond-
ing MC truth value of the light Higgs boson mass. As a next
step, we look at signal-to-background rates to compare the

> We did optimise the fixed cone size value and R = 1.0 was found to
be the best choice for the reconstruction of mass peaks.
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double-b tagged fatjets Mass (GeV)
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Fig. 6 Upper panel: the double b-tagged fat jets invariant mass m, for
our BP. Lower panel: the two double b-tagged fat jets invariant mass
m g for our BP

two jet reconstruction algorithms mentioned in the paper in
this respect.

4.3 Signal-to-background analysis

Here, we describe the performance of our final cuts used in
extracting the signal from the backgrounds and compute the
final significances in presence of both MPI and PU effects.

4.3.1 Signal-to-background analysis with MPIs

In order to quantify the performance of the variable-R algo-
rithm against the fixed-R one, we calculate signal-to-back
ground rates and signal significances for the aforementioned
two choices of integrated luminosity. To carry out this exer-
cise, we apply the additional selection procedure described
in Fig. 8.

double-b tagged leading fatjet Mass (GeV)

0.175 Anti-ke, my = 700 GeV
7 mp = 125 GeV
—— Variable-R
a "% —— Fixed-R = 1.0
-~
8
o5 0.125
Q
0
©
0.100 1
E
2
< 0.075
4}
b
> 0.050
w
0.025 4
0.000 - . . :
50 100 150 200 250
Mieading fatjet (GEV)
double-b tagged sub-leading fatjet Mass (GeV)
Anti-kt, my = 700 GeV
0144 my, = 125 GeV
—— Variable-R
o 0121 —— Fixed-R = 1.0
Ll
o
S
T 010
]
g 0.08 4
o
z
= 0.06 4
w
Ed
b
> 0.04 4
w
0.02
0.00 . . :
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Fig. 7 Upper panel: the double b-tagged leading fat jet invariant mass
my, for our BP. Lower panel: the double b-tagged sub-leading fat jet
invariant mass my, for our BP

Select events that contain exactly two double
b-tagged fat jets

|

Select event if the double b-tagged fat jets
invariant mass my, falls under [100,150] GeV range

|

Select event if the two double b-tagged fat jets
invariant mass my falls under [650,750] GeV range

Fig. 8 Additional event selection used to compute the final signal-to-
background rates

The event rates (V) for the various processes is given by:

N = Cross section (o) x Luminosity (.%). (11

@ Springer
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Table2 Event rates of signal and backgrounds for . = 140 fb~! upon
enforcing the initial cuts plus the mass selection criteria of Fig. 8 for
the two jet reconstruction procedures

Process Variable-R R=1.0
my = 125 GeV, my, = 125 GeV,
my =700 GeV my =700 GeV
pp — H — hh — bbbb 147.56 104.874
pp — it 166.633 111.088
pp — bbbb 592.336 435.139
pp — Zbb 0.067 0.063

Table 3 Event rates of signal and backgrounds for . = 300 fb—! upon
enforcing the initial cuts plus the mass selection criteria of Fig. 8 for
the two jet reconstruction procedures

Process Variable-R R=1.0
my, =125 GeV, my, =125 GeV,
mpy =700 GeV my =700 GeV
pp — H — hh — bbbb 316.2 224.73
pp — tf 357.071 238.047
pp — bbbb 1269.292 932.441
pp — Zbb 0.145 0.135

Table 4 Upper panel: final ¥ values calculated upon enforcing the
initial cuts plus the mass selection criteria of Fig. 8 for the two jet
reconstruction procedures. Lower panel: The same in presence of K-
factors

Variable-R R=1.0
£ =140 fb~! 5.355 4.487
£ =300 fb~! 7.840 6.568

Variable-R R=1.0
£ =140 fo~! 8.810 7.377
£ =300 fb~! 12.897 10.799

From Tables 2 and 3, it is evident that pp — bbbb is
the dominant background process followed by pp — tf and
pp — Zbb. Upon using the two values of integrated lumi-
nosities . = 140 fb~! and 300 fb~!, the next step is to
calculate the significance rates (X) as a function of signal
(S) and background (B) rates, which is given by:

N(S)
Y= :
VN (Bys5) + N(Bii) + N(Byyp)

12)

Table 4 contains the significances for both choices of the
jet clustering algorithm without and with QCD K -factors.
The QCD K -factors describe the ratio between the leading
and higher order cross sections. We have used K = 2 (at
NNLO level) for the signal [39,40], K = 1.5 (at NLO level)
for pp — bbbb [41], K = 1.4 (at NLO level) for pp — tf

@ Springer

Table 5 Upper panel: final ¥ values calculated upon enforcing the
initial cuts plus the mass selection criteria of Fig. 8 for the two
jet reconstruction procedures using Trimming grooming techniques.
Lower panel: the same in presence of K-factors

Variable-R R=1.0
£ =140 fo~! 5.753 4.861
¥ =300 fb! 8.421 7.116

Variable-R R=1.0
% =140 fb~! 9.513 8.022
£ =3001fb! 13.926 11.743

[42] and K = 1.4 (at NLO level) for pp — Zbb [43]). Tt is
clear that the variable- R approach is more efficient compared
to the fixed- R method. The conclusion remains the same even
after we take into account a typical 10% effect of systematic
uncertainties in our calculation of signal significances.

We also present the significances for both choices of jet
clustering algorithms without and with QCD K -factors using
Trimming grooming techniques [44] to mitigate the effect of
ISR and MPI in Table 5. We have used default CMS val-
ues for Rr,im = 0.2 and pry,, .1, = 0.05 taken from the
Delphes CMS detector card. It is again clear that the variable-
R approach is more efficient compared to the fixed- R method
and our conclusions still hold even after the jets are groomed
(one can always use other grooming techniques such as filter-
ing [45], pruning [46], mass-drop [45], modified mass-drop
[47] and soft drop [48], however, this is beyond the scope of
this paper).

4.3.2 Signal-to-background analysis with pile-up

As a final exercise, we want to check the performance of the
two clustering algorithms used in this paper to reconstruct
jets with Pile-Up (PU). As mentioned previously, to perform
such a study one needs to apply proper detector simulation
using Delphes. Specifically, generated events after hadro-
nisation are passed through a Delphes CMS PU card.® To
generate the PU simulations, we have used Pythia8. Mix-
ing of these PU events with the signal events is then done with
< Npy > = 50 for each hard scattering. Next, FastJet
is implemented for both the variable-R and anti-k7 (with
R = 1.0) algorithms within the same card, to finally output
jet information into a Root £ile. We finally carry out the
analysis through a Root macro code using the same cutflow
described in Sect. 3.2 in presence of the additional selection
procedure described in Fig. 8.

We again calculate the signal-to-background rates, and
consequent significances, in presence of the usual luminosi-

6 See https://github.com/recotoolsbenchmarks/DelphesNtuplizer/
blob/master/cards/CMS_-Phasell_-200PU_-Snowmass2021_-vO.tcl#
L1039-L1067.


https://github.com/recotoolsbenchmarks/DelphesNtuplizer/blob/master/cards/CMS_{-}PhaseII_{-}200PU_{-}Snowmass2021_{-}v0.tcl{#}L1039-L1067
https://github.com/recotoolsbenchmarks/DelphesNtuplizer/blob/master/cards/CMS_{-}PhaseII_{-}200PU_{-}Snowmass2021_{-}v0.tcl{#}L1039-L1067
https://github.com/recotoolsbenchmarks/DelphesNtuplizer/blob/master/cards/CMS_{-}PhaseII_{-}200PU_{-}Snowmass2021_{-}v0.tcl{#}L1039-L1067
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Table 6 Event rates of signal and backgrounds for.# = 140 fb—! upon
enforcing the initial cuts plus the mass selection criteria of Fig. 8 for
the two jet reconstruction procedures

Process Variable-R R=1.0
my = 125 GeV, my, = 125 GeV,
my =700 GeV my =700 GeV
pp — H — hh — bbbb 76.655 55.239
pp — it 111.088 166.633
pp — bbbb 423.748 282.498
pp — Zbb 0.0180 0.0270

Table7 Event rates of signal and backgrounds for.# = 300 fb—! upon
enforcing the initial cuts plus the mass selection criteria of Fig. 8 for
the two jet reconstruction procedures

Process Variable-R R=1.0
my = 125 GeV, my, = 125 GeV,
my =700 GeV my =700 GeV
pp — H — hh — bbbb 164.260 118.371
pp — ti 238.047 357.071
pp — bbbb 908.032 605.354
pp — Zbb 0.038 0.0580

ties, specifically, for the purpose of comparing the perfor-
mance of the variable-R jet clustering algorithm against the
anti-k7 one with fixed R = 1.0 in extracting the signal from
the dominant backgrounds. The event rates (N) (described
by Eq. (11)) for the various processes are given in Tables 6
and 7.

Finally, Table 8 contains the final significance rates (as per
Eq. (12)), again without and with K-factors. It is clear that
the variable-R approach is again more efficient compared to
the fixed- R method even with PU effects added.

5 Summary and conclusions

In this paper, we have studied the performance of two differ-
ent kinds of jet clustering algorithms at the LHC in access-
ing BSM signals induced by the cascade decays of a heavy
Higgs boson H (with a mass of 700 GeV) into a pair of SM-
like Higgs states, hh. Given the mass difference between
the two Higgs masses involved, the lighter Higgs bosons are
produced with a large boost, so that their decay products,
namely, a pair of b-quarks in our study, become highly col-
limated. We, therefore, reconstruct these events into two fat
jets and perform a double b-tagging on these. For illustrative
purposes, a 2HDM-II setup was assumed, by adopting a BP
over its parameter space fully compliant with both theoretical
and experimental constraints.

Table 8 Upper panel: final ¥ values calculated upon enforcing the
initial cuts plus the mass selection criteria of Fig. 8 for the two jet
reconstruction procedures. Lower panel: the same in presence of K-
factors

Variable-R R=1.0
¥ =140 fb~! 3.314 2.606
£ =3001fb! 4.851 3.815

Variable-R R=1.0
£ =140 fo~! 5.450 4.309
£ =300 fo~! 7.978 6.309

The two different kinds of jet clustering algorithms are a
variable-R one (where the cone size is not fixed but rather
adapts to the resonant kinematics of the signal) and a more
standard one, with a fixed cone size (R = 1). These are
used to reconstruct the mass of the lighter (SM-like) Higgs
boson twice. Further, we select those events where a pair
of such double b-tagged fat jets exist, in which total invari-
ant mass reproduces the heavy Higgs boson mass. Through a
cut-based signal-to-background analysis, we further find that
the variable- R method not only provides better reconstructed
peaks of both Higgs boson masses, compared to the tradi-
tional algorithm, but also improves the signal-to-background
ratio, which in turn results in higher signal significances at
the LHC (altogether leading to potential discovery at both
Run 2 and 3 of the LHC). Thus, we advocate the use of the
former in establishing pp — H — hh — bbbb events
in boosted topologies, in line with similar results previously
obtained for the case of the same channel and different mass
spectra yielding four slim b-jets. Finally, note that we have
used the anti-k7 algorithm as representative of the fixed cone
size kind throughout but results are the same for the C/A jet
clustering algorithm.
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