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ABSTRACT: We propose a method to identify jets consisting of all the visible remnants
of a boosted top quark decaying semileptonically with an electron in the final state. An
overlap of electron shower with the b quark initiated shower, and the large nontrivial
energy-momentum carried by the invisible neutrino in the top quark decay are the two
obstacles to achieving this aim. Our method uses the distribution of energy in different
parts of the detector to identify a jet containing an energetic electron, involves use of
substructure of the jet to determine the momentum associated with the electron and then
completes the identification of top jet with the construction of new variables which would
reflect the top quark decay kinematics. The last part involves an ansatz of the existence
of a massless, invisible four-momentum roughly collimated with the electron, whose four-
momentum when combined with that of the the electron and the full jet, reconstructs to
the W boson and the top quark respectively. We demonstrate the efficacy of this proposal
using simulated data and show that our method not only reduces the backgrounds from
light flavor jets, b jets from QCD, and hadronic top jets, it can also tell apart jets rich in
electrons but not due to top quark decays.
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1 Introduction

Identifying events containing remnants of top particles [1] produced at the Large Hadron
Collider (LHC) is of paramount interest, since they provide profound insights into the
standard model (SM) of particle physics as well as allow us to look for the hints of new
physics. In fact, models which address the naturalness problem in the SM, or attempt to
solve the issue of flavor hierarchies in SM fermions, often contain new heavy states which
couple to top quark. Consequently, traces of new physics, if it exists, are very likely to
show up in events with top quarks. Note, however, that top physics at LHC is significantly
different from that at older colliders like Tevatron. One of the features of the high center-of-
mass energy associated with proton-proton collisions at the LHC is that, copious amounts
of top quarks are produced with transverse momenta pr > m;, where m; denotes the top
quark mass, even if the production processes are entirely due to SM. In case of top particles
resulting from decays of heavy states of new physics, high pr is guaranteed. Because of high
boost factors, these top quarks decay into collimated collections of particles that often look



like single jets of large size in the detector. Tagging these top jets, which contains all the
decay products of hadronically decaying top quarks is quite a mature field. A plethora of
tagging algorithms have been proposed which range from the substructure analyses [2—13]
to methods taking full advantage of recent advances in the machine learning [14-27].

Tagging jets containing decay products of semileptonically decaying top particles, and
identifying the momentum of the lepton from top decay is probably even more interesting
in terms of extracting physics associated with the top quark. Note that since the top quark
decays before it can hadronize, the energy and angular distributions of its decay products
carry imprints of the spin direction of the decaying top quark — the correlation of these
distributions with the top polarization being decided by the chiral structure of the top
quark decay interactions (see for example, [28, 29]). In case of semileptonic decays, the
angular distribution of the lepton (inside the jet) is an unambiguous probe for the top quark
polarization as it is independent (to the leading order) of the anomalous part of the top
decay vertex [30-35]. Top quark polarization is determined by the chiral structure of the
interaction responsible for its production. Indeed the polarization of the top jet produced
via the SM processes is precisely predicted: zero for the dominant t¢ production via the
vector QCD interaction and a nonzero, but precisely predicted value for the EW, single top
production. Hence any deviation away from these SM predictions of the top jet polarization,
measured using the angular distributions of the decay lepton will be a telltale signature
of a beyond SM (BSM) mechanism giving rise to non-SM values of top polarization (see
for example [35-37]). Furthermore, the energy distribution of the lepton from polarized
top quark carries nontrivial information about the anomalous top decay vertices, see for
example [38—40], and consequently, provides a means to detect physics beyond SM. Further,
spin-spin correlations for top quarks produced in pairs or in association with a Higgs boson,
also carry information about the chiral structure of the interactions responsible for the
production which are faithfully reflected in the angular correlations between the decay
leptons. The need for a dedicated method that identifies these semileptonic top quark jets
and, more importantly, efficiently gives the energy and the orientation of the lepton inside
the jet can not be overstated.

Unfortunately, neutrinos associated with these semileptonic decays carry away energy
and mass of top. This makes tagging these semileptonic top jets highly nontrivial. Not sur-
prisingly, tagging top jets where boosted top quarks decay to leptons has not received that
much attention. In case of top quark decays to muons, these “muonic top jets” get charac-
terized in terms of non-isolated muons which leave tracks in the muon spectrometer portion
of the detector. Matching the spectrometer track to a track seen at the tracker portion of
the detector may allow us to reduce the background due to QCD heavy flavor jets. Indeed,
some of the early proposals such as refs. [2, 41] use the muon track inside the jet. Other
relevant proposals which can be useful in this case involve the so-called “mini-isolation” as-
sociated with the muon [42], or the lepton energy fraction in a smaller subjet [43, 44] within
a large sized jet. Note, however, that tagging “electronic top jets” where the boosted top
quark decays to an electron is rather hard, since identifying an electron when its shower
partially overlaps with the shower from the fragmentation of a b quark is difficult. Special
reconstruction of electron tracks, for example using Gaussian-sum-filter (GSF) [45] devel-



oped by CMS [46], enhances the efficiency of electron reconstruction significantly, but it
comes only at the cost of high rates at which pions fake electrons, especially, at high mo-
menta [47]. Another difficulty associated with tagging semileptonic top jets is the fact that
event level information such as total missing energy of the event can not be used. This
seems to suggest that very little kinematic information associated with top quark decays
can be of use.

In this work we propose a dedicated tagger for electronic top jets. The procedure of
identification relies on two different kinds of observables and an algorithm. The first set of
these variables is a collection of jet substructure based observables which attempt to decide
whether the observed jet is consistent with a jet containing an energetic electron or not,
by drawing information from various parts of the calorimeters and the tracker. The second
set of observables are calculated using an ansatz that there exists a non-zero momentum
four-vector (massless and approximately collimated to the candidate 4-momentum for the
electron) which reconstructs W boson mass when combined with the electron, and recon-
structs top quark mass when combined with the full jet. These observables therefore have
physical interpretations only when the jet is an electronic top jet. Clearly, the efficacy of
the second set relies on finding the candidate 4-momentum for the electron from top quark
decay. The purpose of our proposed algorithm is to find a candidate for the electron given
a jet by combining the tracker and the calorimeter information.

We benchmark the performance of our proposal by using simulated events for top jets
with pr > 500 GeV. In particular, we manage to identify electronic top jets at quite a high
efficiency while at the same time suppressing backgrounds from heavy and light flavor QCD
jets, as well as jets from hadronically decaying top quarks. One of the novel aspects of our
proposal is that since we utilize more kinetic information associated with top quark decays,
we are able to tell apart the electronic top jets from those jets which contain showers due
to a b quark and an energetic electron but are not due to top quark decays. As a proof
of principle, we consider a new physics example. To be specific, we take jets containing
decay products of the stop quark of supersymmetry [48], where the stop quark decays to
a b quark, an electron, a neutrino, and an invisible neutralino. Even though we do not
use any information pertaining to these stop jets for constructing the tagger, we show
that our method can separate electronic top jets from stop jets quite efficiently. Based on
these observations we propose a simple extension of the tagger, which apart from finding
electronic top jets, can also identify jets due to new physics processes as anomalous jets.

Even though we concentrate our efforts in identifying electronic top jets, our proposal,
after slight modifications, can at the same time tag muonic top jets as efficiently as elec-
tronic top jets. By construction, the distribution of the variables we propose in this work
are identical whenever the resultant top jets are rich in muons or in electrons. The only
change needed is in the procedure of identifying the muon candidate inside the jet, which
we outline towards the end of this work in the appendix A.

The rest of this paper is organized as follows: in section 2 we describe the methodology,
in section 3 we give details of the simulation we performed in order to benchmark our
proposals, in section 4 we show the results, and finally in section 5 we conclude.



2 Method

The purpose of this section is to chalk out a strategy that can identify whether a jet is
consistent with a boosted top quark where the top quark decays to an electron. Broadly
speaking, the central part of this identification is broken down into following steps.

1. The first stage of this procedure is to groom the jet using “soft drop” (SD)
method [49], which allows us to identify the last stage of clustering with hard split-
ting, and to remove soft radiation making it somewhat robust under underlying event
and pileup [50].

2. The distribution of energy of the groomed jet, as well as of its subjets, over different
parts of the calorimeters (namely, the electromagnetic portion or the ECal and the
hadronic portion or the HCal) and the signature left at the tracker allow us to deter-
mine whether the jet contains an energetic electron within itself or not. We use the
notation V, to denote the set of all variables, which we employ to determine whether
the jet under consideration is consistent with a jet containing a hard electron.

3. We devise a set of steps that starts with the constituents of the groomed jet and
determines the momentum four-vectors, which may correspond to the momenta of
the b quark and the electron from top quark decay.

4. The ansatz that the jet contains the remnants of a boosted top implies that if a
momentum four-vector (representing the invisible neutrino), massless and roughly
collimated to the electron, is added to the electron or the full jet, the resultant
should reconstruct the momentum of a W or a top particle respectively. As we show
later in this section, this ansatz allows us to determine the energy carried away by the
neutrino and some aspects of its direction inside the jet; we develop few measurable
variables using this ansatz, and refer this set of variables based on neutrino properties
by V..

5. We construct two boosted decision trees (BDT) [51], denoted by BY" and BY/" which
use the variables V. and V, respectively as input. Both these BDTs are optimized to
separate a sample of jets containing the decay products of top quarks from a sample
of jets initiated by b quarks. After the training, any jet gets characterized by two
BDT responses. In other words, the jet gets mapped to a point in a plane of BDT
responses. We identify and thereby wveto regions in this plane which are dense in b
quark initiated jets. As we show later, this procedure yields an efficient tagger for
boosted tops decaying to electrons.

In the rest of this section we give brief account of all the five steps mentioned before.

2.1 Grooming

In the first stage, we groom the jet under consideration. Typically, input jets result
from infrared- and collinear-safe clustering algorithms, such as k7 [52], Cambridge-Aachen



(C/A) [53], anti-kr [54] etc with a given distance parameter R. In this work, we use soft
drop to groom the original jet J. Here we provide a short description of the algorithm
following ref. [49]. The first step towards this is to recluster the constituents of the jet
using C/A algorithm and a very large distance parameter (> R) which returns the same
jet but gives a C/A clustering history for the jet. The algorithm to find the groomed jet is
given below.

1. Undo the last step of the clustering of .J, which splits it into two subjets (say j; and
Jj2, with j; being the more energetic than jo).

2. If jy is sufficiently hard, grooming ends. The hardness criterion is given as

AR\
Pr1js > Zeut < R12) X (ijl +ij2) s (21)

where prj, and prj, are pr of subjets j1 and ja respectively, ARq> is the distance
between j; and js in rapidity-azimuth plane, and finally z.. and § are taken to be
0.1 and 0 respectively.

3. If jy is too soft w.r.t. J such that it fails the criterion in eq. (2.1), the subjet j3 is
discarded and the whole procedure is repeated after replacing J by j;.

After grooming ends, we identify the remnant jet J to be the groomed jet. For all prac-
tical purposes we discard the original jet for the rest of this work, and use only the groomed
jet. Apart from the four-vector representing the groomed jet, it is also characterized by
the subjets j; and js.

2.2 Variables for tagging

In this subsection, we provide definitions of the variables in the set V.. The exact method-
ology via which we estimate these variables will be provided later in section 4.1.

e The invariant mass of the jet J turns out to be one of the most useful variable. In
this work we use the notation mgp to denote its mass which reflects the fact that J
is already groomed via soft drop algorithm.

e We denote the hadronic energy fraction and the electromagnetic energy fraction of a
jet J by fi and fen respectively. Apart from measuring these quantities for the full
jet, we also consider these energy fractions for subjets of J also. We set up notations
f}{ and gm, to be used later on, to denote the hadronic and electromagnetic fractions
of the total energy of the j-th subjet respectively. All these fractions are thus given by:

1 : 1
hh= w2 EY and fi = = 2 B
J keHcal J keHCal
: | (2.2)
fem = F Z E§k> and gm = f Z E](k)a
J keECal J keECal



2.3

where Ej (F;) and Egk) (E](k)) represent the total energy and the energy of the k-
th constituent of the jet J (subjet j) respectively. We also use nonhadronic energy
fraction, labelled by fi.1,, and defined as

fl—h =1- fh . (23)

The variable fi is same as fen, if the jet does not have any muon as constituent,
otherwise they differ by the energy fraction carried by the muons inside the jet.

We propose a new variable which measures the asymmetry between hadronic energy
deposits of two SD subjets j; and jo.
1 _ £2)2
Ay = 7("01; fg>2 : (2.4)
(fu + 1)
where fﬁ and fﬁ are the hadronic energy fractions of two subjets respectively, as
defined in eq. (2.2).

We denote the charge radius of the jet J by r¢, and define it by

1
re = dio Z q(k) p,g?) ARkJ R Where do = Zpgﬁ) ) (25)
kéetracks k

¢® and pgc ) are the charge and the transverse momentum of the k-th track inside

the jet J respectively, ARy is the angular distance of the track from the jet axis.

We estimate the neutral fraction of nonhadronic energy of the jet J, denoted by ff\i h

and defined as 1

_ k)
i = Oy () E! , (2.6

where d,) o ensures that only the constituents with zero charge contributes.

We also use N-subjettiness variables [55], 7y, where N = 1,2,3, ..., defined as
_ 1 (k) s
™N = m ;pT mln(ARl’k, ARng, N ,ARNJg) y (27)

where AR;, is the distance of k-th constituent from the i-th axis and R is the jet
radius; we use axes of the exclusive kp subjets as the seed axes, and only do one pass
at minimization.

Identify four-vectors for the e-candidate and the b-candidate

The purpose of this subsection is to identify the four-vector corresponding to the electron

from the top quark decay. The first step towards this aim is to identify the subjet containing

an electron. We do this by keeping track of the distribution of energy in different parts of the

calorimeter for the subjets, obtained after SD grooming, at various levels of declustering.

To be specific, given any subjet represented by j, we use fﬁ, defined in eq. (2.2).



The algorithm we adopt in order to find the electron is as follows:

e The subjet with lower f}{, is identified to be the one most likely to contain an electron.’

We refer the corresponding subjet by ;.

e The hardest track in j is denoted by 7. In particular, the pseudorapidity and the
azimuthal angle of T are referred to as 7, and ¢..

e Constituents of j are clustered further to find two exclusive kr subjets. Two exclusive
k1 subjets have been used as the electron is likely to participate only in the last stage
of clustering in jet formation with the other particles, coming mostly from underlying
event or neighboring b quark. Among these, the energy of the subjet containing 7 is
recorded as F..

e The four-vector of e candidate, denoted by pe, is defined as

Pe = {Ee, Ecsinne cos ¢e, Ee sinne sin ¢e, Ee cosne} (2.8)

e The four-vector of the b candidate (denoted by py) is defined using the four-vector of
the full jet (py) and pe as follows:

Py = PJ — De - (29)

2.4 Reconstruct approximate Neutrino momentum

In the limit the W boson from the top quark decay is boosted, all W boson decay products
including the neutrinos are expected to be highly collimated. Starting with a high pr jet,
where a candidate for an electron is identified, one, therefore, should be able to reconstruct
the neutrino energy approximately, with the approximation getting better and better in
the limit of high boost. We begin this subsection with three following central assumptions:

e The four-momentum of the electron candidate inside the jet has already been iden-
tified, using the method described in the previous subsection. We neglect electron
mass throughout this work. Designating the direction of the electron three-vector by
the unit vector é, we therefore have

pe = E.(1,é) , with é2 =1 . (2.10)

e The four-momentum of the b candidate identified in the previous subsection repre-
sents the momentum of the b quark from the top quark decay. Consequently, we will
have non-negligible mass for the b candidate. In this subsection and later in this work
we refer to the mass of the b candidate by m,.

IThis assignment has been checked, using generator-level information, to be correct for more than 85%
of times.



e Without loss of generalization, we decompose neutrino three-momentum vector,
namely p,, into pll, the component collinear to the direction of the e-candidate, and
pT, the component in the plane transverse to the direction of the e-candidate. More
specifically,

7

p = B, <17E1/

> ,  withp, = pHéJrﬁL where é-p, =0. (2.11)

The key assumption is that the neutrino is mostly collimated with the e candidate.

More specifically,
TS (2.12)
p| D

This assumption allows us to simplify and expand neutrino energy in a power series

r

in r, which would be crucial later.
1
B, = (Vi+2)pl = <1 + 2r2> pl+0 () (2.13)

We show in discussion below, the set of assumptions itemized above is sufficient in
order to derive the neutrino energy in the high boost regime. The kinematics of W boson
decay forces the following relation:

1
V14712

Similarly, top quark decay kinematics renders an additional constraint.

p
m¥y = (pe+p)° = 2E.E, <1—E'> — 2E.E, (1_

v

) ~ r?E.E, (2.14)

m? = (py + pe + pv)?

=m¥ +m2 + 2py - pe + 2EyE,, — 2, - By

= (2.15)
(ﬁb-é+rﬁb-“>}

zm%v+m§+2pb-pe+2Ey{Eb_ p
1

1
V1412

’;’A2+2EV <Eb—ﬁb'é—7'ﬁb~§i+@(’r2)> ,

where A% = (m%/v +m + 2py -pe) is a measured quantity. Eq. (2.14) and eq. (2.15) can
be solved simultaneously to yield expression for r, and therefore FE,,.

r2 o~ 2miy  (Ep —py-€)

e s (2.16)
E, ~ 1 mi—A"

2(Ey—pp-e)

Instead of directly using F, as determined from eq. (2.16), we rather employ dimensionless
quantities defined as follows:

Ey

E. (m — A?)



Within the ansatz that the observed jet arises from a top quark decay and contains a mass-
less neutrino collimated with the electron, both these variables have simpler interpretation.
Zy, represents the ratio of the relative fraction of top energy carried by the b candidate with
respect to that carried by the W boson candidate, and Oy, reduces to the ratio of the size
of the opening angle between the reconstructed neutrino and the b candidate with respect
to the angle between the neutrino and the e candidate.

1—(py-pb) /EvEy  1—cosby
L= Py Pe) /EvEe 1 —costye’

where 0, and 0, are the opening angles of the reconstructed neutrino from the direction

Zy = — and Opre — (2.19)

of the b candidate and the e candidate respectively. Note that the approximate sign in the
eq. (2.18) arises due to the approximation |p,| ~ Ej. The set of these two variables, Zj,
and Oy, is referred as V.

2.5 Multivariate analysis and vetoing the background

The purpose of all the previous subsections in this methodology section is to calculate a
bunch of variables given an input jet. As mentioned previously, we divide these variables in
two sets. The variables in the set V. allows us to check whether the given jet may contain
an energetic electron. On the other hand, variables in V), are only interpreted correctly if
and only if the four-momenta corresponding to the electron candidate and the b candidate
reconstruct W and top correctly when an inwvisible four-momentum corresponding to the
neutrino and roughly collimated to the electron is added.

Instead of treating all the variables on equal footing, we construct two BDT based
multivariate discriminators, which separate electronic top jets (to be treated as signal jets)
from QCD b jets (to be treated as background jets). To be specific, let us define

BY* = A BDT to discriminate ¢ from b using variables in V, , 590
BY/* = A BDT to discriminate ¢ from b using variables in V), . (2.20)
Upon optimizing on the samples of electronic top jets and QCD b jets, these BDTs learn to
give different responses for top jets than to QCD b jets. We rescale the BDT responses such
that each of these now range in {—1,+1}; as a result, QCD b jets mostly get characterized
by values close to —1, whereas electronic top jets lie close to +1. Denoting the responses
by 7. and r,, and defined by
re = response of BY/” in the range {—1,+1} , 591
r, = response of BY/® in the range {—1,+1} , (2.21)
we construct a plane of responses, where any jet is represented by a point. We show the
distributions of BDT responses for electronic top jets and QCD b jets later in the section 4.3.
However, it is easy to visualize that, by construction, all QCD b jets dominantly occupy
locations near (—1, —1) corner of the plane, whereas electronic top jets populate the region
around the corner corresponding to coordinates (41, +1).
It is therefore a straightforward exercise to construct a tagger for electronic top jets,
which at the same time can find anomalies that can be considered as outliers as far as QCD
b jets as well as electronic top jets are concerned.



e Find a zone boundary around the corner (—1,—1) of the response plane that de-
marcates a zone containing within itself a pre-assigned fraction of QCD b jets. We
block this zone so that any jet characterized by responses falling within this zone are
“vetoed” .

e In principle, we can tag any jet that fails the veto criteria to be an electronic top
jet, which yields a large tagging efficiency. However, we rather find another zone
around the corner (+1,+1) of the response plane which contains within itself again
a pre-assigned fraction of electronic top jets. We designate this zone to be the signal
zone and any jet characterized by coordinates in the signal zones would be tagged as
an electronic top jet.

e Jets not belonging to either the veto zone or the signal zone are clearly outliers. We
term these as anomalous jets.

3 Simulations details

We demonstrate the potency of the methodology proposed in the last section using simu-
lated samples. In this section, we lay out clearly the simulation details and the details of
generated samples we use for benchmarks.

e We generate all the Monte Carlo (MC) samples at partonic level using MADGRAPHS
(MadGraph5_aMC@NLO V5 2.6.2) [56] at leading order in perturbative QCD with
NNPDF2.3LO [57] parton distribution function at centre-of-mass energy of 13 TeV.
The renormalization scale, at which the strong coupling constant («g) is evaluated,
is taken to be Z boson mass; the same value is chosen for the factorization scale also.
We employ PYTHIA8.230 [58] for showering and hadronization. The renormalization
scales for initial- and final-state radiation are taken to be the same as the renormal-
ization scale at matrix element level, i.e. Z boson mass. Additionally, we use 4C
tune [59] to simulate the relevant busy hadronic collider environment.

e In order to provide a semi-realistic environment for high energy collisions, we use
DELPHES 3.4.1 software package [60] with CMS geometry [46], where stable par-
ticles from PYTHIA are converted into detector objects such as energy deposits in
calorimeter cells and tracks. The particle-flow (PF) algorithm [47], as implemented in
DELPHES uses these detector elements to construct particle-flow candidates, namely
muons, electrons, photons, charged and neutral hadrons.

e We use anti-k7 jet clustering algorithm in FASTJET [61] to cluster the particle-flow

candidates into jets. In particular, we use R = 0.8 with pp . = 500 GeV. The

min

hardest jet (in pr) in the event is used in our analysis.

We do not simulate effects from pileup. Since we use a large threshold for the transverse
momentum of jets to be considered, and also perform soft drop grooming, we expect the
effect of pileup to be minimal.

~10 -



We benchmark the performance of the proposed tagger by considering a number of
labeled samples of jets, which are all generated via the procedures described above.

e clectronic top jets: we generate events pp — tt, where each top quark decays via
t — bev,. During production we impose a ppr-cut of 500 GeV on the b quarks coming
from top quark decay, and a ppr-cut of 200 GeV on other quarks and gluons produced
at the matrix element level. Because of the phase space cuts and specification of
jet construction (listed above) we expect the leading jet to contain all the decay
products of top quark. We use the same phase space cuts for other samples as well.
The leading jets in these events are kept for further analyses. From now on we refer
to these jets as t(e) jets.

e QCD b jets: we generate events pp — bb with the same phase space cuts as in top
jets. Only the leading jet from each event is analyzed and we refer to these as b jets.

e light flavor jets: we generate events pp — jj’, where j (j') represents either a quark
(u/d/s/c) or a gluon. From now on, we refer to the the leading jets in this sample of
events simply as j jets.

e hadronic top jets: we generate events pp — tt, where each top quark decays via
t — bjj’. For this sample, we refer the leading jets as t(h) jets.

e anomalous jets: we choose the minimal supersymmetric standard model (MSSM) as
a benchmark to produce anomalous jets. Since we want a jet closely mimicking an
electronic top jet, we use stop, nearly degenerate in mass with top. To be specific,
we generate events pp — #f where the stop quark, ¢, decays into bev,xo, where the
neutralino, xg, represents the lightest supersymmetric particle. We choose the mass
of £ to be 200 GeV and that of yo to be 100 GeV. We refer the leading jets for this

event sample as t(e) jets.

Before proceeding, let us emphasize once again that we do not intend to benchmark the
proposed tagger for all possible anomalous jets. We rather show an example of anomalous
jets which can be identified with reasonable acceptance as a proof of principle.

4 Results

In this section we summarize the results of our studies using the simulated samples de-
scribed in the previous sections. Note that as mentioned before all jets we consider here are
constructed using anti-k7 jet clustering algorithm with pr > 500 GeV. Before proceeding
we show the phase space distributions of the ungroomed jet for each sample in figure 1.
For b jet and light jet QCD samples, pr spectrum falls rapidly as expected; for top
quark samples, as the pr cut is put on the partons (b/c/s/u/d/g) during event generation,
the pr distribution of the jet peaks at a higher value. As expected, for hadronically decaying
top quark, the mass distribution peaks around the top quark mass; for semileptonically
decaying top quark, as the neutrino escapes the detector with a significant fraction of

- 11 -
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Figure 1. Distribution of py (left), and mass (right) of the ungroomed jet for all the event samples.

top quark energy, mass distribution has larger population between W boson mass and
top quark mass; for other samples, as expected, it’s a falling distribution, other than a
threshold because of the pr cut on the jet.

4.1 Variables in V,

Out of all the variables defined in section 2.2, we use the following 6 variables:
— N _ T2
Ve = {fl-hyAh7f1_h7721 = ﬁ,TC,WSD} : (4.1)

We show the distributions of these variables for different jet samples in figure 2. Out of
the six variables, the first two are rather straightforward to estimate. In order to calculate
the nonhadronic energy fraction, one simply needs the energy deposited in HCal cells, and
subtract it from the total energy of the jet. Note that since we use particle-flow candidates
to construct jets, jet constituents are classified as charged and neutral hadrons, photons,
electrons, and muons. In our case, we simply add energies of all charged and neutral hadrons
within the jet to find total energy deposited in the HCal. Similarly, we add energies of all
electron and photon particle-flow candidates to estimate the ECal energy. In the top left
panel we show the distributions of the nonhadronic energy fraction or fi. The t(e) jets
rich in energetic electrons from top quark decays show up with significant larger fi as
expected. In case of other jets, mostly consisting of hadrons, one typically expects ~ 30%
energy in the original jet carried by photons from 7° production in hadronization. There
could also be a small fraction of energy in the ECal because of semileptonic decays of heavy
flavor quarks or even some energy deposit from nuclear interaction of the hadrons in the
ECal. Still, the fraction of energy deposit in the ECal is smaller as compared to that of
electronic top jets. As shown in the top right panel of figure 2, the hadronic asymmetry
among subjets or Ay, is clearly one of the most powerful variables that can tell apart a t(e)
jet from the background jets. The asymmetry is maximized in case of ¢(e) jets, which are
largely characterized by one subjet initiated by a b quark and the other by an electron.
In case of light flavor jets or even for b jets or t(h) jets, we expect both the subjets to be
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Figure 2. Distribution of fi, (top left), Ay (top right), f, (middle left), 2; (middle right), rc
(bottom left), and mgp (bottom right) of the jet for different event samples considered.

initiated by quarks or gluons, and, therefore, rather symmetric.? Estimating the neutral
fraction of nonhadronic energy or f is slightly nontrivial. One way to estimate it would
involve finding energy deposits in ECal cells that don’t correspond to any track matched
to it. Since we already use particle-flow elements, we simply need to find the total energy
carried by the photon components of the particle-flow constituents. In the left figure of the
middle panel we show the distribution of fleh for different jet types under consideration.
As argued before, almost all of electromagnetic energy of light flavor jets are because of

2We have also studied an alternative definition of Ay, where we use the b candidate and the e candidate,
as described in eqs. (2.8) and (2.9) respectively, in place of two subjets j1 and j2 in eq. 2.4. However, since
we do not find any improvement in the performance, we employ subjets ji1 and j2 in order to define A;, for
simplicity.
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photons from 7% decays, which gets demonstrated in the plot neatly where one finds a
sharp peak for f{_Vh near 1. Note that b jets or ¢(h) jets are also characterized in a similar
manner, except of little more flattening for small fleh signifying semileptonic decays of
heavy flavor quarks. Not surprisingly, t(e) jets show rather moderate amount of energy in
photons, which are largely due to bremsstrahlung radiations in case of energetic electrons
from top quark decay, while travelling through the tracker and the calorimeter.

Jets from electronic decay of the top quarks result in two distinct hard subjets, one
of which corresponds to a subjet initiated by the b quark and the other one because of
an energetic electron. The N-subjettiness ratio, in particular, 791 is especially suitable
to find these objects. Since t(e) jets are generically characterized by 2 subjets, one finds
T9 & T1, or in other words, 71 < 1 as can be seen in the middle right panel of figure 2.
For all other jets we tend to get comparatively larger values of 791. Note that some of the
times t(h) jets end up loosing parts of the decay products from top and end up having 2
hard subjets, and hence small 79;. The slight shift of ¢(h) to the left as compared to b
jets signify these cases. Another manifestation of the similar physics can be seen in the
bottom left panel of figure 2, where we plot the charge radius or r¢ of for the jets. The
winglike feature observed for t(e) jets signify existence of hard charged constituents of the
jets at the periphery. Finally we plot the soft drop mass (mgp) for jets in the bottom
right panel. Not surprisingly, the distribution for ¢(h) jets peaks at around the top quark
mass when the top is fully captured inside the fat jet, and also around W boson mass
for partial reconstruction. The mgp distribution for QCD jets are well studied and well
understood [62, 63], whereas those for ¢(e) jets and £(e) jets are characterized by missing
masses because of missing energies due to neutrinos and neutralinos respectively.

Not surprisingly, the set of anomalous jets we consider, namely £(e) jets, almost always
lies in between electronic top jets and hadronic top jets, and only fi., makes these outliers.
This is easy to understand. Since the neutralino carries away a large chunk of energy (and
mass), it decreases total visible jet energy. Energy carried away by the electron from stop
quark decay is also smaller than that of the electron from top quark decay, but that change
is relatively small. This is part of the reason why #(e) jets are characterized by larger f.p
than jets of any other type. Similarly because of larger missing mass, £(e) jets contain
smaller mgp than t(e) jets. Since f(e) jets contain mostly two hard subjets, one initiated
by the b quark and the other by the electron, the A; and 7o; plots are, in fact, identical
with ¢(e) jets.

4.2 Variables in V,

As described in section 2.4, the set of variables in V), are given as:
Vy = {Zb7 @b/e} : (42)

We show the distributions of these variables in figure 3 for various types of jets under con-
sideration. The physics discussion of these variables are already given in section 2.4. Note
that these variables are constructed with the ansatz that if a collimated, massless missing
four-vector is added to the e candidate and the total jet, one reproduces the W particle
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and the top particle respectively. Only t(e) jets justify this ansatz and, therefore, show
vastly different behavior than any other jets. We expect t(h) jets to satisfy this condition
more often than b jets and light flavor jets. Consequently, we find curves representing t(h)
jets to lie in between t(e) jets and b jets.

The stop jets considered here also fail the ansatz since the missing momentum is
massive. The most important feature of these plots is that the distributions of ¢ jets are
more closely described by b jets than any of the top jets. This can be understood from the
fact that both b jets and #(e) jets fail the ansatz (even though for vastly different reasons).
As we show later, this feature plays an important role in constructing the anomaly finder.

4.3 Correlations of variables

In general, we expect a decent amount of correlations in studies with multiple variables.
A useful way to represent it is via the linear correlation coefficient. To be specific, the
linear correlation coefficient of two variables A and B, denoted by p(A, B), is defined by

the following equation
E(AB) — E(A)E(B)
A B) = 4.3
where E(A), E(B), and E(AB) represents the expectation value of the variable A, B, and
AB respectively, and o(A) (o(B)) stands for the standard deviation of A (B). This quantity

is useful to estimate the redundancy in information carried by the variables in a given set.

For the variables listed in sets V. and V,,, we take all possible pairwise combinations (within
each set) and calculate the linear correlation coefficients for the sample of ¢(e) jets. We show
the matrices of correlation coefficients in figure 4, which depicts the efficacy in choosing the
set of variables. The observables are largely uncorrelated. There is only mild correlation
present among the nonhadronic energy fraction fi., and 7o1.

4.4 Multivariate analysis

To quantify the discrimination power of our method as described in section 2.5, we proceed
to multivariate analysis using BDT with binary classification, as implemented in Toolkit for
Multivariate Analysis [64] within the ROOT framework [65]. We weigh each of the samples
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Figure 5. Distribution of BDT responses r. (left), and r, (right) respectively. See egs. (2.20)
and (2.21) for the definitions of BDT responses.

so that they have exactly the same pr distribution for the leading jet in the event. The
parameters used in BDT are chosen as follows: NTress, the number of trees in a forest, is
taken as 1000, the minimum percentage of training events required in a leaf node is taken
as MinNodeSize= 2.5%, the maximum depth of the decision tree is taken as MaxDepth= 2,
we use Gradient Boost algorithm [66] for boosting the decision tree with corresponding
parameter Shrinkage= 0.10.

We put the variables in the sets V, and V), as inputs to two separate BDTs, mentioned
as BZ/ ® and B,t,/ b respectively in eq. (2.20) for the classification training. We optimize both
the BDTs using the sample of ¢(e) jets as the signal and the sample of b jets as the back-
ground. We have explicitly checked to make sure that none of the BDTs are overtrained.

Note, however, that once the BDTs are optimized, these simply can be treated as
black boxes. The only purpose of these are then to map any jet to a number or a response.
See egs. (2.20)— (2.21) where we establish the notations for the BDTs ( Z/b, f,/b) and
their responses (r¢,7,). In figure 5 the probability distributions in r. and r, are shown
for jets of different kinds. A far better understanding can be reached, however, by rather
observing the joint probability distributions in the r.—r, plane. As explained before, once
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Figure 6. Probability distribution of BDT responses over a 2-D plane for various event samples.
Selection efficiencies for different samples are also overlaid in regions as defined in section 4.4.2.

a jet is characterized by two responses (namely, r. and r,), it is mapped to a point in the
2-dimensional plane of BDT responses {r¢,7,}. We show the probability distributions of
all types of jets in figure 6, except for light flavor jets, since it is largely similar to b jets
(as expected from the distributions shown in figures 2-3, and figure 5).

As advertised before in section 2, we find t(e) jets around the corner (+1,+1) and b jets
around the corner (—1,—1) and the separation is clear. As far as t(h) jets are concerned,
these are characterized by small r.. This suggests that a simple use of r. may be sufficient
to get rid of background jets due to t(h). Note that this is a bonus feature since Bé/ b is
optimized to separate t(e) jets from b jets and we did not use any additional information
pertaining to the hadronic decay of top quarks. In the r, direction (y-axis), however, there
is no clear separation of t(e) jets from ¢(h) jets. This is understandable, since as stated in
section 4.2, we expect t(h) jets to satisfy the critical ansatz made in section 2.4 often.

Note that the true benefit of using variables in V, and, consequently, of the response
7, can be seen in probability distribution of #(e) jets in figure 5-6. In this direction stop
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jets get completely separated from t(e) jets. Not surprisingly, we see that 7. fails to create
reasonable separation between £(e) jets and t(e) jets.

Given the probability distributions in figure 6 we can construct a tagger for electronic
top jets in two ways as described below.

4.4.1 Cut on response 7,

We simply use cuts on 7.; this turns out to be a powerful discriminant for separating
electronic top jets from background jets in the standard model, such as light flavored jets,
QCD b jets, and hadronic top jets. The main disadvantage of this procedure is that jets
from new physics (in this case, jets containing remnants of boosted stop decays) may fake
these at an alarming rate. In order to benchmark the performance, we provide figure 7,
where we show the Receiver Operator Characteristic (ROC) curves for signal (t(e) jets)
and various backgrounds. Note again, in order to produce this plot we only use 7., the
response of Be, the BDT trained to separate t(e) jets from b jets using only the observables
in V. A cut on 7., gives an acceptance for signal (¢(e) jets), as well as acceptances for other
jets such as b jets, light flavor jets, and t(h) jets. Therefore, a single signal efficiency (e())
is associated with three different background efficiencies (namely, €5, €; and e, for the
respective type of jets). Consequently, we obtain three different ROCs at the same time
(using only cuts on 7¢). As expected, we see for a top quark decaying to an electron, our
tagger is able to provide fantastic separation: = 75% signal efficiency at 1% mistag rate
from b jets as well as light flavor jets and less than 2% mistag rate from hadronic top jets.

As long as we are only concerned with backgrounds from SM, clearly a single cut on
re is sufficient. However, as mentioned before, variables in V. (and therefore r.) only take
into account the fact that the jet under consideration contains an energetic electron. Any
jet containing an energetic electron, whether in new physics events (from £ decays here) or
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even from SM events (because of kinematics) will most likely be misidentified as t(e) jets
by cuts on 7. alone. This is why we do not show the mistag rates from #(e) jets in figure 7.

4.4.2 Construction of zones in response plane

As argued before, the correct way to identify the electronic top jets, while at the same
time to minimize the fake rate from other jets containing energetic electrons involves using
more kinematic information associated with top quark decays (i.e., use V,). In our second
approach, we consider the two dimensional probability distributions (in the re—r, plane)
for signal and background jets as shown in figure 6. It is clear that a rectangular cut that
separates out the top-right corner in the r.—r, plane yields a region dense in t(e) jets. The
large value of r. ensures small fake rate from b jets, light flavor jets, and ¢(h) jets, whereas
a cut on r, simply gets rid of large fraction of jets containing remnants of #(e) decay. We
denote this region in the r.—r, plane to be the electronic top or t(e) zone. As shown in
figure 6, we suggest one such demarcation:

t(e) zone = 1. > 0.6 and ry, > 0. (4.4)

We show the signal and background efficiencies for jets of different kinds in table 1. At
the operating point of 2 70% signal efficiency we find less than 1% mistag rate from b jets
as well as light flavor jets and around 1.2% mistag rate from hadronic top jets as before.
However, note that we have established sufficient control even on jets due to stop quark
decays (fake rate less than 20%). Of course, harder cuts on r, can yield even purer sample.
An added benefit of this procedure is that one can demarcate a zone in the r.—r, plane
where one does not expect jets either due to light flavors or heavy flavors (b jets, t(e),
as well as t(h) jets). Jets that arise here can be termed as anomalous jets in the spirit
of ref. [67]; in other words, these are less likely to be any of the standard jets. The clue
towards constructing the anomalous zone is also in figure 6, which shows that b jets and
light flavored jets occupy mostly the left portions in the r.—r, plane. Therefore, using
simple cut on 7., as well as excluding the ¢(e)-zone one can find an anomalous zone:

Anomalous zone =

C 1 ifr, <O, > —0.1 el —-0.1<r.<0.6
{ ase I r, Te else Te (4‘5)

Case 2 : ifr, <0, 7r.,>40.1 else +01<7r,<0.6

The two cases we consider primarily differ in the lowest cut on 7.. As shown in figure 6,
the blue dotted line (the red dash-dotted line) demarcates a zone that contains 95% of b
jets (99% light flavored jets). Consequently, we find that (shown in table 1) Case 1 yields
3.8% fake rate from b jets and slightly more that 1% fake rate from light flavor jets. Case
2 with more aggressive cuts gives much better numbers: around 2.1% fake rate from b jets
and less than 1% fake rate from light flavor jets.

The two cases mentioned above warrants a thorough discussion in the philosophy of our
proposed methodology, and especially the role b tagging plays. Of course, to implement
this proposal one requires a control sample of b jets in order to optimize BDTs. After
optimization, however, we may not need to impose b tagging at all — cuts on r. and r, are
sufficient to reduce background. Take first the case of tagging electronic top jets. Clearly,
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. Anomalous zone
Efficiency | t(e) zone

Case 1 | Case 2

€p < 1% 3.8% 2.1%

€ < 1% 1.1% < 1%
€t(h) 1.2% 5.0% 3.4%
€t(e) 70% 12.1% 10.4%
€i(e) 17.2% 60.0% | 54.5%

Table 1. Efficiency values for all the jet samples for different cuts on the response plane.

the fake rate in the t(e) zone is less than 1% even for light flavor jets without requiring any
further b tagging. The anomalous zone in Case 2 also provides another example where
even without b tagging the mistag rate from light flavored jets can be controlled well below
1%. Even in Case 1, the anomalous zone has €; = 1.1%, which suggests that this operating
point can be useful as long as the fake rate from b jets at order 4% is tolerable.

Before concluding, let us note that, as the name suggests, the construction of “anoma-
lous zone” is not the same as tagging stop particles decaying to electrons. It rather finds
anomalous objects which are less likely to be either light flavor jets or heavy flavor jets
(including top jets). Once a set of events are identified to contain these jets, one can look
into the global event information and attempt to unearth the underlying physics giving rise
to these objects. In this work, we take jets containing decay products of stop particle as
an example of such anomaly and demonstrate that it can be found at good efficiency. We,
however, emphasize that the anomalous zone as constructed here is not influenced by the
properties of the new physics particle. We simply identify a region, rather rare in standard
jets — it is model-independent. The rate at which new physics jets can be captured in
this zone, of course, is ultimately going to vary depending on the very nature of the new
physics processes. It will be also interesting to explore the dependence of the efficacy of the
methods presented here, on the polarization of the top quark, which as discussed earlier,
can be a great probe of BSM physics in the top quark production.

5 Conclusion

In this paper, we presented a new method to identify jets consisting of all the visible
remnants of a boosted top quark which decays to an electron. The first part of this method
uses observables computed for a large sized jet using information from different parts of the
detector such as the tracker, the electromagnetic calorimeter and the hadron calorimeter,
with which one tries to determine whether the jet is consistent with a jet containing an
energetic electron. In the second part of this methodology, we propose a way to identify the
four-momentum associated with the candidate for electron inside the jet. Since the electron
shower overlaps with the shower initiated by the b quark within these jets, identification
of the electron becomes hard. Even if an electron inside a jet is identified, it is difficult to
pinpoint whether the electron rich jet is indeed due to top quark decay or not, because the
invisible neutrino carries away a nontrivial part of the energy-momentum of the original top
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quark. To this end we suggest one more step in the construction of a tagger for a top quark
decaying to a final state with an electron. We employ an extra ansatz that there exists
a massless invisible four-momentum, roughly collimated with the electron, which when
combined with the electron and the full jet, reconstructs the four-momentum of an on-shell
W boson and top quark respectively. This allows us to determine some features of the top
quark decay kinematics given entirely in terms of visible objects. Combining both these
parts we construct a tagger which identifies electronic top jets at high efficiency, with small
(controllable) mistag rate from background jets such as light flavor jets, b jets, hadronic
top jets, and even jets containing electrons inside (but not due to top quark decay).
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A Performance check for jets with muons from boosted top quarks

We demonstrate in this appendix that the methodology we propose in constructing elec-
tronic top tagger works equally well when one considers the top quark decays to a muon.
Note that as described in section 3, jets are constructed using particle flow elements from
Delphes and therefore contain muons. All the variables included in the set V., should remain
the same, by construction, whether the top quark decays to an electron or a muon. The
only difference stems from how we find the muon candidate. As argued before, particle flow
muons are significantly more reliable after one matches the track observed in the tracker
with that at the muon spectrometer. In this work we simply take the four-momentum
associated with the most energetic particle-flow muon among the jet constituents as the
four-momentum of the muon candidate, with which we calculate both the observables in
the V, set. We show the comparison of all the variables in V., and V, for electronic top jets
and the muonic top jets in figure 8. Apart from some minor deviations (associated with
more radiation in case of electrons), all the distributions in electronic vs. muonic top jets
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are identical. We also explicitly checked and found that the BDT responses are very simi-

lar for these two jet samples. Therefore, the methodology proposed here can find muonic

decays of top at least as efficiently as electronic top jets using the same cuts proposed here.
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