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We study an interesting region of phase space at the LHC for pair-produced stops decaying into hadronic
top quarks and light neutralinos. After imposing a sizeable cut on the missing transverse energy, which is
the key variable for reducing backgrounds, we find that the two hadronic tops are likely to merge into a
single fat jet. We develop a jet-substructure-based strategy to tag the two merged top jets and utilize the M 1,
variable to further reduce the backgrounds. We obtain about a 40% increase to the ratio of the signal over
background and a mild increase on the signal discovery significance, based on a signal with a 1.2 TeV stop
and a 100 GeV neutralino, for the 13 TeV LHC with 100 fb~'. The general event kinematics could also
occur and be explored for other new physics signatures with large missing transverse energy.
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I. INTRODUCTION

While the discovery of the Higgs boson [1,2] was a
major success for the standard model (SM), open theoreti-
cal questions remain. If the Higgs boson is an elementary
scalar field, the stability of the electroweak scale against
radiative corrections is not understood, since fields of this
type receive quadratically divergent corrections to their
mass-squared. Of the proposed solutions to this well known
hierarchy problem, one of the best motivated is supersym-
metry (SUSY), where every SM fermion(boson) is com-
plemented with a superpartner boson(fermion). Elementary
scalar masses are protected because a cancellation occurs
between the quadratically divergent correction coming
from loops with SM particles and their corresponding
superpartners enforced by the enlarged symmetry of the
model. Nevertheless, SUSY must be broken in order to be
consistent with nonobservation of superpartners to date.
This breaking lifts the superpartner masses to a relatively
high scale set by the SUSY breaking sector and messenger
mass [3,4].

As the superpartners become more massive, the expected
mass of elementary scalars goes up and fine-tuning is likely
required to explain light scalars. Since the Higgs boson
receives the largest correction to its mass from a loop
involving top quarks, the most important SUSY particle
for protecting the Higgs boson mass is the superpartner of
the top quark—the top squark or stop [5,6]. In the minimal
supersymmetric standard model (MSSM), the electroweak
scale is dominantly set by stop masses and mixing, in
addition to the tree level mass scales in the superpotential
and soft SUSY breaking potential. Thus, the natural expect-
ation is that the lightest third generation squarks should be
observable at the Large Hadron Collider (LHC), since the
mass scales that set the electroweak scale in the MSSM must
not be too far away from the observed electroweak scale in
order to avoid large amounts of fine-tuning. While a
considerable amount of natural MSSM parameter space
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has been excluded by the most recent results from the LHC
[7,8], viable regions remain, such as the compressed region
[9-17]. These regions are likely difficult to achieve in a top
down SUSY breaking model.

In this paper, we accept some fine-tuning and focus on a
new method to search for pair-produced stops with a mass
near 1 TeV which decay to top quarks and light neutralinos,
a scenario which has not yet been excluded by the LHC
Run 2. We assume the neutralino to be the lightest super-
symmetric particle (LSP) with a mass around 100 GeV,
which also makes it a possible thermal relic weakly
interacting massive particle (WIMP) dark matter candidate.
The signal that our new method will be applicable to is 77 +
Fr (see Ref. [18-23] for earlier studies of two hadronic
tops), where the tops decay hadronically and the missing
transverse energy £ comes from the two neutralinos which
leave the detector. Currently, for searches with two hadronic
tops, the ATLAS collaboration has imposed a constraint
which requires the stop mass to be above 820 GeV with
13.3 fb~! of integrated luminosity, assuming 100% decay
branching for the channel 7 — tj, [24] and a light neutralino
mass below around 200 GeV. Similarly, the CMS collabo-
ration has obtained a limit of 860 GeV with 12.9 fb~! data
[25]. As the E cutis increased to optimize for heavier stops,
it becomes increasingly likely that the two tops in the decay
have a small angular separation and that the signals of their
decay products overlap in the detectors.

We develop a new boosted top tagging procedure
that recovers merged top jets, which we call “Merged
Top Tagger” Our starting point is the well-known
HEPTopTagger algorithm [18,26]. Rather than simply
trying to find a single combination of subjets in a fat jet
that looks like a top, the algorithm searches through various
combinatoric possibilities in an attempt to find a total of two
top-like groups of subjets. Further sensitivity is gained by
using the new information of both tops’ kinematics to
construct and cut on the My, variable [27]. Based on
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simulations we have performed, our strategy shows ~40%
improvement in S/B and slight improvement in discovery
sensitivity relative to a strategy based on the HEPTopTagger
algorithm for 1.2 TeV stops decaying to tops and 100 GeV
detector-stable neutralinos.

The remainder of this paper is structured as follows. In
Sec. I, we motivate the need for a new analysis strategy to
deal with merged hadronic tops. We present our Merged Top
Tagger algorithm in Sec. III. We then study the increased
sensitivity to search for heavy stops in Sec. IV. Finally, we
discuss and conclude in Sec. V. We confirm that standard jet
analysis strategies break down in Appendix A. The simu-
lation details are presented in Appendix B.

II. MOTIVATION FOR MERGED TOP JETS

For the region of parameter space with m; —mg > m,,
the top quark is boosted and the three partons from the top
quark decay are collimated. In similar scenarios with
boosted top quarks, both collaborations at the LHC have
opted to reconstruct events using jet-substructure tech-
niques such as top-tagging. Assuming conservation of
R-parity, the two neutralinos in the final state will be stable
and contribute significantly to the total missing transverse
energy, £r. Because of this fact, imposing a large £ cut is
a very efficient way to increase the signal over background
ratio. However, we find that imposing a large E; cut
isolates the sub-region of phase space of the signal where
the neutralinos are approximately aligned to provide large
Er, resulting in the tops (which recoil off the neutralino
momenta) also being approximately aligned. Because the
pair-produced stops are not very relativistic, the top and
neutralino pairs end up approximately back to back. As a
result, one should anticipate that a significant fraction of
signal events will have geometric overlapping between the
six partons from two hadronic tops, a scenario we call
“merged top jets.” The schematic picture of the region of
phase space for signal events under discussion is shown in
Fig. 1. The subject of this paper will be a new search
strategy for the merged top jets case, with the goal of
improving the discovery potential of stops at the LHC.

To quantitatively understand the fraction of signal events
with two merged tops, we first study the signal events at the
parton level. Throughout this paper, we will assume bench-
mark masses of m; = 1.2 TeV and m; = 100 GeV, and
Br(7 — t + 7) = 100%. The lightest stop mass is chosen to
be close to the reach of the LHC Run 2 with 100 fb~!. In our
simulation, we have the stop to be mainly right-handed,
although our later kinematic analysis is insensitive to this
choice (for the detailed analysis for left-handed and right-
handed stops, see Ref. [28]). In the left panel of Fig. 2, we
define a measure to demonstrate the alignment of the two
tops as the cut on F is increased. To show this, we define
AR,in ;7 as the minimum geometrical separation among all
pairs with one parton from the top and one parton from the
antitop. Then we define max(AR /o ARpmax77) as the

PHYSICAL REVIEW D 96, 095035 (2017)

Y
A

X X
FIG. 1. The schematic plot of the region of phase space
for signal events with a large cut on E7. To provide large Er,
the neutralino momenta must approximately align. This also
results in alignment of the tops, which recoil off the sum of the
neutralino momenta. When performing jet-substructure analysis
with a large value of the jet clustering parameter R, the six partons

from the two hadronic tops are likely to be included in a
single fat jet.

maximum separation among all pairs with two partons
belonging only to the top or antitop. The ratio of these
two quantities, AR, 7/ Max(AR pax 1o ARpax 7). Will be
small when the smallest distance between one parton from
the top and one parton from the antitop is smaller than the
largest distance between partons in the same top or antitop,
which is the aligned or merged scenario. As a result, we
expect the event distribution of this measure to shift to
smaller values as the cut on the missing transverse energy is
increased, and this expectation is confirmed in the left panel
of Fig. 2.

It is immediately plausible that the high pr tops
produced in these events cannot have their decay products
resolved into a total of six standard jets, motivating the use
of a fat jet analysis in this case. We confirm that standard jet
analysis strategies break down in Appendix A. When two
partons from the top and antitop are geometrically close to
each other, the standard jet substructure analysis to tag
boosted top jets becomes problematic. This is because the
large fat jet analysis employed frequently fails to isolate the
two tops in separate fat jets. To demonstrate this issue at
parton level, we apply the Cambridge/Aachen clustering
algorithm [29] with R = 1.5 to the signal events and count
the number of partons belonging to the top or antitop
contained in each fat jet. In the right panel of Fig. 2, one can
see that the fully merged O 4 6 case (all partons in one fat
jet) and the partially merged 2 + 4 case (2 partons in one fat
jet, 4 partons in another) account for 54.7% of the events,
with the separated 3 4 3 case accounting for 45.2% of the
events. The 1 +5 and 1 + 2 4 3 cases are extremely sub-
dominant due to the fat jet definition including a transverse
momentum cut of py > 200 GeV.
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FIG. 2. Left panel: The fraction of signal events as a function of a variable (see text for definition) which measures the overlapping of
partons from the two tops: a smaller value means a larger overlap. Right panel: The distribution of partons in a R = 1.5 Cambridge/
Aachen fat jet and pr > 200 GeV. Not shown are the negligible fractions of events with 1 +5 and 1+ 2 + 3.

It is now clear that the standard jet-substructure analysis
is not optimal for reconstructing our signal events after a
large £ cut, since standard top taggers (which assume well
isolated tops by only searching for one top tag per fat jet)
frequently fail to tag two tops in the fully or partially
merged cases which constitute a majority of our signal
events after a large E; cut. To fully recover the signal
kinematics and define additional transverse-mass variables
like M, it is important to resolve and tag the two top jets
with high efficiency. In next section of this paper, we
develop a search strategy based on the HEPTopTagger
[18,26] algorithm and check the improvement of signal
over background after the particle-level simulations.

III. THE MERGED TOP TAGGER ALGORITHM

Having established our motivation for tagging two
merged top jets, we now develop a jet-substructure based
algorithm to reconstruct both boosted hadronic tops for the
signal and background. Our algorithm for tagging two
merged top jets is based on the existing top-tagging
algorithm of HEPTopTagger in Ref. [18], although it can
also be implemented using other top-tagging methods such
as N-subjettiness [30]. Before discussing our algorithm, we
briefly summarize the features of HEPTopTagger. By
default, HEPTopTagger takes a single fat jet as an input,
on which it will perform a mass drop [31] operation to
obtain a list of the relevant hard substructure. It then iterates
through all pairings of three hard subjets and filters [31]
each triplet in order to define the triplet mass. It then keeps
only the triplet which has a filtered mass closest to the top
mass m,. This single remaining triplet is then required to
pass additional mass constraints which ensures the triplet
does not behave like a QCD event and that it satisfies some
top and W gauge boson mass constraints.

For our signal events, after a large £ cut, the two top jets
have a significant probability of being merged, and the
original HEPTopTagger algorithm becomes less efficient.
This is because the original HEPTopTagger algorithm can
find at most one top per fat jet, even in the case where the
input fat jet contains two tops. Furthermore, even in the one
top per fat jet case, the original algorithm will fail when the
triplet with the best filtered mass fails the mass criteria,
even though there may exist other triplets with filtered
masses still not that far away from the top quark mass, but a
better chance to pass all mass criteria. To address those
issues, we introduce the following “merged top tagger”
algorithm with an aim to tag two merged top jets:

(1) Using the Cambridge/Aachen algorithm with R=1.5,

identify initial fat jets with p;(J) > 200 GeV.

(2) For the leading pr fat jet, find all hard subjets using
a mass drop criterion: when undoing the last
clustering of the jet j, into two subjets j;, j, with
m; > m;, we require m; < 0.8m; to keep j; and
J». Otherwise, we keep only j;. For each subjet j;,
we further de-cluster it until its jet mass is 30 GeV
or below.

(3) Iterate through all possible triplets of hard subjets
(HSJ triplets) found in step 2: first, filter them
with resolution Rge, = min(0.3, AR /2). Next,
use the five hardest filtered constituents and calcu-
late the triplet mass meeq (for less than five filtered
constituents use all of them). Keep all HSJ triplets
which satisfy m, . <mgyereq <m;  (Default: m, =
140 GeV and m, = 250 GeV).

(4) For each HSJ triplet saved from step 3, recluster the
five filtered constituents into exactly three subjets j;,
J2. J3, ordered by pr. If the masses (m,, 3, m3)
satisfy one of the following three criteria, save the
filtered HSJ triplet as a top candidate:
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with Ry, = (1= fw) x My/m, and R, =
(1 4+ fw) X My/m, (we will choose the value
fw =05 [32] to increase signal efficiencies).
The number 0.35 is chosen to help remove QCD
events. The above selection criteria are identical to
HEPTopTagger [18].

(5) If there is more than one top candidate from step 4,
check all two pairings of top candidates and keep any
for which their HSJ triplets share no subjets (unique
pairs). If only one unique pair is found, return it as two
tagged tops. If more than one unique pair is found,
return the pair of top candidates which minimizes the
quantity [my —m]|+|my, —m,]| as tagged
tops. Otherwise, continue to step 6.

Up to this point, the modified HEPTopTagger algorithm
has only been extended to deal with the fully merged case
when two tops are contained within a single fat jet. To deal
with the partially merged case when some partons from the
first top are clustered into the fat jet of the second top, we
also introduce the following steps to capture particles in the
vicinity of the leading fat jet, which we accomplish by
removing the particles belong to the leading top candidate
(s) and reclustering the event. Specifically, we extend the
algorithm in the following way:

(6) If at least one top candidate exists from step 4,
remove the particles associated with one top candi-
date from the final state particles. The remaining
particles are then reclustered using the same Cam-
bridge/Aachen algorithm with R = 1.5. For the
leading py fat jet found after this reclustering (if
any), repeat the above steps 2—4 to identify more top
candidates. Of all top candidates found in the reclus-
tered fat jet, keep the one which has a filtered
mass closest to m; (if any), and pair it with the top
candidate before the new reclustering procedure.
For the cases with more than one top candidate from
step 4, perform this procedure on all of them, and
return the pair which minimizes the quantity
My, a =Ml |y, —my| as tagged tops. If no
top candidate pairs are found, continue to step 7.

(7) If the two leading py fat jets from the initial event
clustering have not both already been analyzed,
repeat steps 2—6 on the next leading initial fat jet
by p7, if it exists. If no initial fat jets remain or if the
two leading pr initial fat jets have already been
analyzed, then the algorithm has failed to tag two

tops. Of all the top candidates from the leading
pr initial fat jet, return the one that minimizes
|m;. ~—m,| as a single tagged top. If there are
no top candidates in the leading p; initial fat jet, use
the next leading p; initial fat jet. If there are no top
candidates in any initial fat jet, the algorithm has
failed to tag a single top.

Not only does our modified algorithm allow two tops to
be tagged in the fully and partially merged cases, it also
finds the combination of hard subjets such that both tops
are as close to the true top mass as possible. To quantify the
improvement our algorithm offers for tagging merged top
jets, we define the following efficiency parameter

Events with > 2 top tags in range
En2(Er range) = p tags in fr rang

All events in F; range
(1)

which we can use to gauge the relative performance of our
modified algorithm versus the original HEPTopTagger
algorithm over different ranges of missing transverse
energy. According to our hypothesis, a larger cut on
should increase the number of merged top signal events,
pushing more signal events into the region where the
original algorithm cannot tag two tops. As a result, we
expect the ability of the modified algorithm to tag
two tops to increase relative to the original algorithm for
higher missing energy windows, an expectation which is
confirmed in Table I. Also shown in Table I are the two
top-tagging efficiencies for the leading backgrounds,
fts.l. + jets (one hadronic top and one leptonic top) and
ft + Z (two hadronic tops, Z decays to two neutrinos). For
the 7rs.l. + jets background, s.l. indicates semi-leptonic
decay of the tops. Futhermore, we analyze the cases where
the lepton is an electron or muon vs. a tau separately
and denote these backgrounds as #rs.l. + jets (e,u) and
fts.]. + jets (1), respectively. Having discussed the tagging
efficiency for our new algorithm, we turn now to estimate
the improvement for the signal over background ratio and
the signal discovery significance.

IV. ESTIMATION OF DISCOVERY
SIGNIFICANCE

In this section, we estimate the discovery sensitivity of
stops in the fully hadronic channel at the LHC Run 2 with
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The efficiencies, £y >, (after vetoing events with isolated leptons or tagged taus), to tag two top jets using the original

HEPTopTagger and our Merged Top Tagger. The signal events have m; = 1.2 TeV and m; = 100 GeV. Only the dominant

backgrounds are shown here for comparison.

frs.1. + jets(z) t+z

Algorithm E;>400GeV E;>800GeV Ep>400GeV E;>800GeV Ep>400GeV Er>800GeV Ep>400GeV Ep>800GeV

Signal f1s.. + jets(e, p)
Original 18% 14% 6.0%
Modified 48% 55% 18% 26%
Ratio 2.7 3.9 3.0 3.7

7.1%

21% 24% 8.4% 11%
12% 18% 23% 41%
0.57 0.75 2.7 3.7

100 fb~!'. The details of our numerical simulations are
presented in Appendix B. After the application of a large
cut on missing transverse energy, we find the leading
backgrounds are 77s.l. 4+ jets (one leptonic top and one
hadronic top) and #f + Z (two hadronic tops, Z decays to
two neutrinos). The basic cuts to select events impose the
following requirements:
(a) Missing energy E; > 400 GeV.
(b) Using our modified algorithm, require at least two top-
tagged jets with p;(J) > 200 GeV.
(c) At least two anti-ky, R = 0.4 b-tagged jets with pr
above 30 GeV.
(d) Veto events with isolated leptons with py, ,>15GeV
and |, ,| < 2.4.
(e) Veto events with a tagged tau with pr, > 15 GeV
and |n,| < 2.4.
For simplicity, we have implemented a b-tagging efficiency
of 0.8 (mistag efficiency of 0.2 for charm quarks and 0.05
for light quarks and gluon) [24,33] in our simulation. One
could also perform direct b-tagging on the subjets of the fat
jets as in Ref. [32]. Here, the main requirement of our
simplistic and conservative b-tagging approach is to suffi-
ciently reduce the W/Z + jets backgrounds by requiring
two b-tags in the event. Information on our tau tagging and
lepton isolation criteria can be found in Appendix B.
After the basic cuts, we note three powerful kinematical
variables which are useful for reducing backgrounds. The
most obvious one is £, which is shown in the left panel of

i
04r__; _— Signal
! --------- it s.l. + jets (e,u)
2 | ----------- it+7Z
g L —— sl +jets (1) ]
>
I
b5 .
= 02f !
2
k5t
]
[
0.0 L L i
400 600 800 1000 1200
Er (GeV)
FIG. 3.

Fig. 3. Another variable is the transverse mass associated
with the b-jets and E;, which has already been adopted by
both CMS [25] and ATLAS [24]. It is given by

Mb = min[MT(ﬁin’ET)aMT(ﬁhz’ET)]' (2)

The transverse mass is defined as MT(ﬁb,’ET) =
ZP‘;ET[I — cos (¢, —gbﬂ:T)}, where ¢, and ¢¢r are the

azimuthal angles of the b-jet and ET. In the right-panel of
Fig. 3, we show the signal and background distributions for
this variable. As one can see, the 7s.1. + jets background
has an endpoint around the top quark mass, so requiring a
sufficiently large M5 can dramatically reduce this back-
ground. We also note that the tail of the M?. distribution for
fts.]. + jets comes from mis-tagged b-jets, which do not
come from top quark decays and therefore are not subject to
this kinematic cutoff. The final variable is the minimum
transverse mass that can be computed between the event jets
and the missing energy £7. We define this variable as

M-; = min{M7(p;,. Fr). ... Mr(p)y. Er)}.  (3)

where N is the number of untagged anti-k; jets in the event
with py > 15 GeV. This variable is useful for reducing the
fts.]. +jets (z) background where the transverse mass
between a jet corresponding to an untagged hadronic tau

0.30

=
[__pmcde--

250 i _ i ]
0.25 : --------- its.l. + jets (e,u)

----------- it+7Z
7t s.l. + jets (1) ]

Signal

Fraction of Events
(=]
O

M2 (GeV)

Left panel: The normalized event distributions in £ for the signal and leading backgrounds after basic cuts. Right panel: Same

as the left but in terms of M%. The signal has m; = 1.2 TeV and my = 100 GeV.
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FIG. 4. Left: Distribution for the Mg- variable after the optimized cuts of £ > 800 GeV and M% > 220 GeV. Right: Distribution for
the MY, variable after the optimized cuts of £ > 800 GeV, ML > 220 GeV, and M} > 80 GeV. Both plots are for a 1.2 TeV

Stop mass.

and the missing energy from the tau neutrino is limited by the
W boson mass. It is also useful for reducing 7zs.1. + jets
(e, p) events which pass the basic cuts because in order to
fake a hadronic top, there should be two jets close to the
leptonic top and therefore the missing energy. Since the
signal topology prefers to have all jets opposite the missing
energy, this is a useful kinematic variable. The distribution
for M is shown in the left panel of Fig. 4.

With our new tagging algorithm, one can define addi-
tional kinematic variables based on the two top quarks in the
final state. With the large missing transverse energy at hand,
one natural choice is an Mp,-like variable. Specifically for
events with two tops and missing transverse energy, one can
define the following M., variable as [27,34,35]

M, = min U

=,

maX[MT(ﬁtlv ﬁ{)’MT(ﬁtzv ﬁg)]

4)

InFig. 4, we show the distribution for M, for both the signal
and leading backgrounds. The signal event distribution has a
peak feature with an end-point of around 1.2 TeV, which can
be easily understood from the stop mass and the large

TABLE II.

missing energy cut of 7 > 800 GeV. The 7t + Z back-
ground has a similar distribution to the signal events and
behaves as an irreducible background. For the 7¢s.1. + jets
background, two peak structures appear in the distribution.
The peak at higher values is similar to the signal region of
phase space with two top jets moving in the same direction,
while the peak at lower values is due to the region of phase
space where one top jet approximately aligns with the
missing transverse momentum, leading to a smaller trans-
verse mass. Imposing a lower limit cut on M%, can therefore
reduce the 77s.1. 4 jets background.

Using the kinematic variables outlined above, we per-
form an optimization of cuts to increase the expected signal
discovery significance. Since we expect small numbers of
signal and background events, we use the following
expected log likelihood discovery significance

(5)

=,/-2|S+(B+9)1 ,
OLL \/ [+(+)ogB+S
which approaches S/+/B for large signal and background.
After optimizing the cuts on the four variables Fr, M5,
M, and M., we show the cut-flow of events in Table II,

Signal and background cross sections after cuts using our modified algorithm at the /s = 13 TeV LHC. The choice of cuts

is optimized to increase oy in Eq. (5). Here, we have m; = 1.2 TeV and m; = 100 GeV.

Modified top-tagging ~After basic cuts 7 > 800 GeV M} > 220 GeV MY, > 500 GeV M)} > 80 GeV Events (100 tb=1)

Signal 0.17 fb 0.086 fb 0.084 fb 0.083 fb 0.066 fb 6.6

its.1. + jets(e, u) 4.77 b 0.092 fb 0.011 fb 93x102 fb  2.6x 1073 fb 0.26

its.1. + jets(z) 9.13 fb 0.25 tb 0.023 fb 0.020 fb 6.2 x 1073 b 0.62

ft+2 0.17 fb 0.010 fb 9.4 x 107 b 92x 1073 fb  75x1073 fb 0.75

Z + jets 0.032 b 35x1073 b 3.2x 1073 fb 25x1073 b 1.6x1073 b 0.16

W + jets 70x 1073 fb  60x10*fbh  6.0x 10~ b 60x10*fb  2.0x 107 fb 0.02
S/B = 0.24 S/B=18 S/B =20 S/B =3.6 S/B=3.6
oL =14 oL =32 oL =33 oL = 3.6 oL =36
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TABLE III
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The same as Table II but based on the original HEPTopTagger algorithm.

Original top-tagging After basic cuts Er > 800 GeV Mb > 280 GeV M§ > 80 GeV Events (100 fb~1)

Signal 0.25 fb 0.11 fo 0.10 fb 0.081 b 8.1

fts.l. + jets(e, u) 14.1 fb 0.20 fb 0.02 fb 6.7 x 1073 fb 0.67

its.1. + jets(z) 26.7 tb 0.51 fb 0.040 b 0.011 b 1.1

ft+ 2 0.45 tb 0.016 fb 0.014 b 0.011 b 1.1

Z + jets 0.18 fb 5.1x1073 fb 4.8 x 1073 fb 2.5x 1073 fb 0.25

W + jets 0.042 fb 8.0x 107 fb 4.0x 107 fb 20x 107 fb 0.02
S/B =0.15 S/B=13 S/B =206 S/B=2.6
oL =12 oL =3.1 oL =35 o =35

which shows that requiring two top jets from our modified
tagging algorithm along with the rest of the basic cuts
already reduces the dominant 7zs.l. + jets background

substantially. The cuts on E;, M5, and M?. are the most
efficient for increasing S/B. As aresult, large values of S/B
and oy, are obtained. The chosen model parameter with
m; = 1.2 TeV and m; = 100 GeV will be tested at the
LHC Run 2 with 100 fb~!.
To compare to a search using the original HEPTopTagger
algorithm, we replace part (b) of the basic cuts by
(b") Require at least one top-tagged jet with py(J) >
200 GeV based on the original HEPTopTagger
algorithm,
and show the reoptimized cut-flow of signal and back-
grounds in Table III. Comparing the results from Tables II
and I1I, one can see that our modified top-tagging algorithm
yields an obvious improvement for S/B and a mild increase
for o1,

V. DISCUSSION AND CONCLUSIONS

We note that the signal acceptance obtained when
requiring two top tagged jets is not that high compared
to the original HEPTopTagger algorithm with the require-
ment of only one top tagged jet. This is simply due to the
fact that a non-negligible fraction of top quarks from
1.2 TeV stop decays are not boosted. These events can
have the partons from top decays well separated from each
other. For instance, the b-hadron could be well separated
from the hadronic W and may not have enough transverse
momentum to satisfy the fat jet p;y > 200 GeV require-
ment. In principle, one could include those events with an
ordinary b-jet that does not belong to any fat jet. If one
wants to further increase the discovery sensitivity, one
should combine events with boosted and nonboosted top
quarks [25].

In addition, our algorithm should be validated with a full
detector simulation before use. The simplified approach to
detector effects, as well as to b-tagging, adopted in this
work is justified by the fact that the dominant smearing of
jet kinematics is coming from QCD physics, but there is
some effect of calorimetric smearing as well. Our work
demonstrates the gains to be had by adopting our algorithm

even neglecting these effects and knowing that the final
projections for discovery sensitivity are an estimation.

In this paper, we have concentrated on simplified models
with stops and neutralinos. However, the key observation
illustrated in Fig. 1 is general and could be applied to other
models, under the condition that a sizable cut on the
missing transverse energy prefers to have the visible
particles collimated. Light intermediate particles in the
decay chain are not necessary for our strategy to be
applicable, so that could be extended to pair-produced
gluinos with off-shell squark mediated decay, g — jjy,, for
example. Nevertheless, our approach is ideally suited for
situations in which there are a large number of partons,
increasing the likelihood of particles from different sides of
the event overlapping.

In summary, we have identified a new and interesting
region of phase space for the heavy stop plus light
neutralino model. The subset of signal events with large
missing transverse momentum has a region of phase space
where the partons coming from the decay of the two
hadronic top quarks have a large overlapping. We have
developed a jet-substructure based algorithm to identify
these two merged or semi-merged hadronic tops. Based on
our estimation of signal discovery significance with only
statistical errors, we have found that our algorithm can
dramatically increase S/B by ~40% and yield a mild
increase in the discovery significance relative to the
strategy based on the original HEPTopTagger algorithm.
It is also important to point out that our new algorithm is
ideal for use with additional kinematic variables which
require the complete reconstruction of the two hadronic top
momenta to further increase S/B and the discovery
significance. A stop mass of 1.2 TeV and a light neutralino
will be concretely tested at the LHC Run 2 with 100 fb~!.
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Jet count, R = 0.4, pr > 50 GeV, Er = 800 GeV

FIG. 5. Fraction of events with n = 1,...,6 anti-k; jets after
imposing standard cuts. The jet counts start with 1 in blue on the
left and increase clockwise to 6 in brown.

APPENDIX A: STANDARD JET
ANALYSIS BREAKDOWN

In this Appendix, we provide a demonstration of the
breakdown of standard jet analysis techniques. In earlier
analyses, when only a smaller £7 cut could be sustained
and lighter stops probed, it was possible to do an all
hadronic stop analysis with jets of R = 0.4 or 0.5 as are
used in many LHC analyses. At the current edge of
sensitivity, this fails to adequately capture the kinematics
of tops arising in stop production. To illustrate this is a
simple context, we generated stop events in 13 TeV pp
collisions. We studied hadronic stop decays at parton level,
following a similar strategy to the parton-level fat jet
analyses discussed in the main text. After clustering the
partons into R = 0.4 anti-ky jets with a py cut of 50 GeV
and imposing a £ cut of 800 GeV, we counted the number
of jets in the remaining events. The results are shown in
Fig. 5. Since only a small fraction of the events contain six
or even five standard jets, we conclude that standard jet
analysis techniques are insufficient for studying high mass
stops at the large Fr cuts required to reduce the SM
background to competitive levels.

APPENDIX B: SIMULATION DETAILS

We use MadGraph5 aMC@NLO [36] package to sim-
ulate all parton level events. Showering of the parton level
events was done in Pythia8 [37]. After showering, a
0.1 x 0.1 detector granularization was applied for particles
in the final state, which were then analyzed and clustered
using FastdJet [38]. The lepton isolation criteria used for
electrons was: py > 15 GeV, || < 2.4, Sum of hadronic
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energy within an R = min(0.2, 10 GeV/E;) cone about
the lepton is <15% of the lepton transverse energy
Er [25]. Muons are treated similarly, except R =
min(0.3, 10 GeV/Ey) is used. Tau tagging is implemented
by looking for a jet within R = 0.5 of the truth parton level
tau. If such a jet is found, we tag it as a tau with 60%
probability as a simplistic model of the tau tagging
efficiency in [39]. Events with tagged taus are then vetoed
if the tagged jet satisfies py > 15 GeV, || < 2.4.

For the signal, we simulated 50 000 events at a center-
of-mass energy of 13 TeV. We assume a K-factor of 1.5
for the signal production cross section [40]. The desired
signal topology where the stops decay with a branching
ratio of 100% to tops and neutralinos, with the tops
decaying hadronically, was forced in the simulation. All
other parameters in the signal simulation were left at their
default values.

For all background events, we simulate events at a
center-of-mass energy of 13 TeV, using the default SM
model file, with default model values. For the 77s.1. + jets
(e, u) background, we simulated 4.975 x 107 events. For
the #ts.1. + jets (7) background, we simulated 4.905 x 10’
events. We used an unmatched sample involving 2 jets,
which we checked against the variable distributions for a
matched sample after the final cuts. We assume a K-factor
of 1.3 [36]. The desired semi-leptonic background topology
where one top decays leptonically and the other hadroni-
cally was forced in the simulation. All other parameters in
the 7rs.1. + jets simulation were left at their default values,
except for imposing a generator level cut requiring the
missing transverse energy (sum of the neutrino momenta)
to be above 200 GeV. For the 7t + Z background, we
simulated 7.5 x 10° events. The desired background top-
ology where both tops decay hadronically and the Z boson
decays to neutrinos was forced in the simulation. All other
parameters in the 7f 4+ Z simulation were left at their default
values, except requiring a baseline cut of £ > 200 GeV.
For the Z + jets background, we simulated 3.75 x 107
events. The desired background topology where the Z
boson decays to neutrinos was forced in the simulation. All
other parameters in the Z + 3 simulation were left at their
default values, except requiring £ > 200 GeV. For the
W + jets background, we simulated 4.975 x 107 events.
The desired background topology where the W boson
decays to £ or Zv, where ¢ does not include taus, was
forced in the simulation. All other parameters in the W + 3
simulation were left at their default values, except a cut
of £ > 200 GeV.
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