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ABSTRACT: We consider experimental limits on colour triplet fermions that decay domi-
nantly to three jets via a scalar mediator that can be on- or off-shell. These fermions arise
in top-partner models that can solve the hierarchy problem, and limits on this scenario are
weaker than those on traditional top-partner models because of the messy all-hadronic final
state with significant backgrounds. We do find, however, that while there are no dedicated
searches for this scenario, especially in case of an on-shell mediator, the suite of LHC all-
hadronic searches still constrains a significant portion of the parameter space. In particular,
we find that searches for pair production of di-jet and tri-jet resonances are complementary,
covering different regions of parameter space. We also find that if the final state is rich in -
jets, current limits do not change significantly relative to the scenario with all light jets, and
we describe how modifications of current search strategies can improve limits in that case.
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1 Introduction

With the discovery of the Higgs boson [1, 2] at the large hadron collider (LHC), the Stan-
dard Model of particle physics (SM) is complete. The confirmation of the properties of the
Higgs being SM-like and the lack of discovery of new physics at the TeV scale exacerbates
the hierarchy problem: what cuts off the quantum corrections to the Higgs mass? One
well known solution to the hierarchy problem poses the existence of fermionic top partners,
fermions with the same quantum numbers as the top quark whose contributions to the
Higgs mass parameter cancel those of the top quark. These can appear in composite Higgs
models [3-7] and Little Higgs models [8, 9].

In these models, top partners typically decay to a top quark and a Higgs or Z, or to a
bottom quark and W. LHC searches for top partners in these modes are extensive, both in
pair production [10-19] and in single production [20-30], with limits ~1.3-1.66 TeV on the
mass of the top partners from the various searches depending on their branching ratios.
Due to the lack of discovery, it is critical to explore alternative models, particularly those
with different decay modes for the top partners. One could imagine, for example, decays
involving a charged or neutral scalar [31-33], decays involving a top quark in association
with a gluon or a photon [34, 35], a neutral boson that subsequently decays to two pho-
tons [36], a dark photon or a dark Higgs [37], or a pseudo-scalar which promptly decays to
a pair of gluons or b-quarks [38-40]. In this work we consider the particularly challenging
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(a) Conventional decay modes. (b) Our model.

Figure 1. Feynman diagrams for the conventional decay modes and the processes considered in
this letter.

possibility of a final state with only hadronic activity and no leptons or missing energy and
study the limits on the masses of such top partners.

We consider a simplified model for our top partners (7') which contains the following
processes: T is pair produced via the strong interactions, pp — TT. It then decays to a
light flavour quark (j) and a new scalar 7, and that scalar decays to two light flavour jets.
The full process is

pp = TT — jjmm — 65, (1.1)

with a representative Feynman diagram shown in the right panel of figure 1. In our studies,
we consider the decay channel T' — jjj where j can be associated with any light quark.
However, if one were to focus mainly on the decay channel T' — c¢jj, the limits obtained from
considering charm tagging will not significantly improve the sensitivity of the signal or alter
the limits obtained, mainly because charm tagging is notoriously difficult and the efficiency
is significantly worse than b-tagging. For example, the c-tagging efficiency is approximately
20% for about 1% light jet misidentification rate, where as the b-tagging efficiency can be
approximately 70% at about 1% misidentification rate [41-44]. Note the tagging efficiencies
depends on jet pr and 7. An explicit model which gives rise to this signature (without
associated top and bottom signatures) and solves the hierarchy problem is given in [45].
This scenario can be thought of as the fermionic analogue of hadronic R-parity violation
(RPV) [46-48] in Supersymmetry where the top squark can decay to two light jets.

This six-jet final state is experimentally very challenging as the QCD multijet back-
ground is very large and difficult to determine. While one might expect that the limits
for this model are significantly weaker than for the traditional decay modes, we will show
that these models are also strongly constrained, with the best limits coming from recasting
searches for RPV gluino searches from CMS [49] and ATLAS [50]. The RPV gluino has
the same signal topology as eq. (1.1), but the cross section for a colour octet is larger than
for a colour triplet top partner. In this work we will study various qualitatively different
regions of parameter space including:

o Off-shell n: my > mry,

e Bulk on-shell region: m,, < mr,



e Very light n: m, < mr,
e Degenerate region: m,, ~ mr.

We will show that all of these regions are constrained up to a 71" mass of about 700 to
900 GeV.

We also consider the possibility that the scalar particle (1) decays to two bottom jets
instead of light jets, as might be expected from a Higgs-like scalar. The complete process
for this particular decay mode is:

pp — TT — jjnn — 2j4b. (1.2)

From the presence of the two b-jets in the final state, one might expect that the correspond-
ing limit on T would be stronger than in the light jets case, but in fact the constraints are
very similar. Adding b-tagging to current search strategies can significantly improve limits
on this scenario.

This paper is structured as follows. In section 2 we present the bounds coming from
the latest LHC searches for top partners decaying exclusively to light jets. In particular, we
consider searches looking for pairs of resonances decaying to three jets, and searches looking
for pairs of di-jet resonances. In section 3 we repeat this exercise for final state containing
b-jets. In section 4 we give a brief summary of the results. This work is augmented by four
appendices: in appendix A we give some details regarding the three-jet CMS resonance
search performed at /s = 13 TeV, in appendix B we present all the selection requirements
for the di-jet ATLAS search applied to our model, in appendix C we discuss the three-jets
CMS search conducted at /s = 8 TeV, and in appendix D we give details on how QCD
background events are simulated.

2 Bounds from LHC searches

The topologies we consider here consist of resonances that ultimately decay fully hadroni-
cally leading to a six-jet final state, not counting initial and final state radiation. Further-
more, we assume that the scalar (1) decays promptly; hence, resulting in the absence of
any displaced vertices. This multijet final state narrows down the list of possible searches
sensitive to this model. The pertinent searches to consider are the ones looking for multiple
jets but no missing energy, leptons, or photons.

In order to recast existing searches, we use a few publicly available software pack-
ages/tools. The model file for our model was created using the Mathematica package
FeynRules [51] which was then supplied as an input to MadGraphb [52] for Monte Carlo
(MC) event generation. Next, the events were passed to PYTHIA 8 for showering and
hadronization [53]; subsequently, DELPHES 3 [54] was used for fast detector simulation
and FastJet [55] was deployed to reconstruct jets.

The top partner pair production cross section was computed at next-to-leading order
(NLO) using MadGraphb5 by setting the top quark mass to my and its behaviour as a
function of the top partner mass is shown in figure 2. The theoretical cross sections
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Figure 2. Next-to-leading order (NLO) pair production cross section for the top partner as a
function of mp at /s = 8,13 TeV. The cross section was computed using MadGraph5 at next-to-
leading order by varying the top quark mass. The figure also contains the NLO top partner pair
production cross section at /s = 13 TeV computed using TOP++2.0 program for a few benchmark
points (triangles). Error bars from varying the renormalization and factorization scales are included
but too small to see. The next-to-leading order plus next-to-leading-logarithm (NLL) cross sections
for gluino [49] and squark [50] pair production at /s = 13 TeV are also shown for comparison.

were also computed with the TOP++2.0 program [56] for comparison and were found to
be consistent. The benchmark points displayed in figure 2 contain statistical and scale
uncertainties from renormalization and factorization scale (up and pp are varied from
0.5 to 2 times the nominal value). The error bars are too small to observe on the plot.
Furthermore, the corresponding values obtained were confirmed by the available literature
computations for top partner pair production cross sections [10, 14, 16, 17].

2.1 CMS pair-produced three-jet resonances

Searches that explore the fully hadronic decay channels with at least six jets (light) jets
in the final state have been conducted at the LHC. Older searches include CMS [57] and
ATLAS [58, 59] searches at /s = 7,8 TeV that place no constraint on our signal. A similar
conclusion was reached by the authors for the double trijet resonances for the composite
models in [60] which considers the CMS search [57]. However, their topology is slightly
different since it involves a color octet rather than a singlet 1. The latest multijet search
that matches our desired search criteria was conducted by CMS using 35.9 fb~! of data
collected at a 13 TeV center-of-mass energy [49]. The search is designed to look for a pair of
particles each decaying to three jets. The analysis interprets the results in the framework
of an R-parity violating (RPV) SUSY model where gluinos are pair produced and each
decay to three quarks, resulting in a six-jet final state. The search explores a gluino mass
range from 200 to 2000 GeV and excludes gluino masses below 1500 GeV at 95% confidence
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Figure 3. The ratio of acceptance in the recasted CMS search [49] for our model over the RPV
benchmark model as a function of the scalar mass for a few top partner masses.

level. This dedicated analysis focuses on three-jet resonances and takes advantage of Dalitz
variables [61] to enhance signal sensitivity. A distance parameter, sensitive to the symmetry
of the jets inside a triplet is defined as:

2
Dhy =3 (.25 - 02 ) (21)

i>]
where 7(3,2);; is the normalized di-jet invariant masses and is defined as:
2

4 ., where i,j,k € {1,2,3}. 2.2
o gk €4 } (2.2)

m,

m(3,2)7 =

Here, m;;y, is the triplet invariant mass and m; are the constituent jet masses of the triplet.
The complete list of selection criteria used in this particular search are given in table 2 in
the appendix. To set bounds, the QCD and combinatorial backgrounds are modelled with a
monotonically decreasing function, which is optimized in four mass regions. A statistically
significant signal-like “bump”, parametrized by a double Gaussian, is then looked for on
top of this background.

In order to recast this search and obtain bounds on the parameter space of our model,
we first simulated the RPV SUSY topology given in [49] with all superpartners except
the gluino decoupled. We then simulated our particular model for the corresponding mr
(m7 = mg) for a fixed m,. We computed the acceptance, defined as the number of correct
triplets passing all the selection criteria given in table 2 divided by the total number of
events generated, for both the original RPV topology and our model. The correct triplets
are the ones constructed from the three jets associated with the decay of a gluino (for



the CMS topology) or a top partner (for our topology). They have an invariant mass
distribution peaked around the resonance mass.' In order to identify these correct triplets,
we require the parton level decay products to be within AR = 0.3 from the detector level
jet axis. We then rescale the pair production cross section for 7T shown in figure 2 by the
ratio of the acceptances as:

Aour
9
Arpv

Orescaled = 0 (pp — TT) X (2.3)
where Ay, is the acceptance for our topology and Agpy is the acceptance obtained by
simulating the RPV benchmark model in [49]. Because the invariant mass distribution of
correct triplets for our topology, including cases where 7 is on-shell, is very similar to the
RPYV topology, the number of events that our model would produce in an invariant mass
peak distinguishable from background is given by 0yescaled X ARpPY. S0 a mass point in the
mr — my plane is excluded if oyescaled 1S greater than the observed 95% upper bound on
the cross section pp — gg for a given value of mq (mr = mg) obtained by the search.

To understand the main features of the exclusion regions we obtained, it is instructive

to look first at the ratio of acceptance ;‘40“
RPV

, which is shown in figure 3 as a function of
the scalar mass for various fixed top partner masses. If m, > mr, then the topology of
our model is the same as the RPV gluino decaying to three SM jets and we would expect
X};’;/ ~ 1. In this case the bound on ms can be found by simply comparing o(pp — TT)
with the limit obtained by the CMS Collaboration [49]. However, if m,, < mr, the scalar 7 is

on-shell and the topology is different from the RPV gluino. In particular, the distribution of

the D[23 9] variable changes significantly as n goes on-shell and becomes strongly dependent

2
(3,2]
variable is shown for a fixed mp = 900 GeV and several scalar masses.? We find that even

on the mass difference mr —m,,. This is shown in figure 4 where distributions of the D

with such different distributions, the efficiency of the search remains high in most of the
on-shell 1 parameter space because the cut applied on D[2372] is relatively high, with the
exceptions being for m, ~ mr and mr > m,. The D[23’2} distributions for the RPV signal
are extremely similar to case where m, > my as one would expect which we have alluded
to before during the discussion of figure 3.

These regions of low efficiencies can be understood as follows: when the mass splitting
between 1" and 7 is small, the jet from the T" — jn decay is soft, resulting in a decrease
in Aoy from the requirement of six hard jets. This topology however still has a di-jet
signature, and can be probed by the di-jet search discussed in the next section. If mp > m,,
the scalars are produced with very high boost and the jets resulting from their decay n — jj
will often merge into a single jet leading once again to reduced sensitivity, but also having
a di-jet like topology.

Performing a grid search for all mass points in the mr — m,, plane with increments of
25 GeV, we obtain the exclusion regions shown by the blue shaded area of figure 5. We see
that the dips in figure 3 translate to holes in the sensitivity of the CMS search for mz ~ m,,

In our simulation we found the invariant distribution to be slightly skewed towards lower masses, see
appendix A for more details of this discrepancy.
20ther mr values show similar behaviour.
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Figure 4. The D[23 2] variable distributions for signal triplets with top partner mass of 900 GeV and
various scalar masses. The black dashed line represent the cut placed on D[23 3] (accepting events
below this value) for this particular top partner mass.
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Figure 5. The CMS and ATLAS bounds on the fully hadronic decay mode (to light jets) of the top
partner. The shaded regions are excluded by the current searches conducted at the LHC [49, 50].

and for m, < myp. We also see that the bounds in the bulk on-shell region mz 2 m, are
stronger than the off-shell region mr < m,,. The isolated exclusion near mz ~ 800 GeV in
the off-shell region can be attributed to a downward fluctuation of the background in that

region.

2.2 ATLAS pair-produced di-jet resonances

As mentioned in the previous section, searches that look for pair-produced di-jet resonances
can constrain this scenario in the region where 7 is on-shell.? It is especially useful when 7'
and 7 are close in mass or the scalar is very light as the three-jet search is not sensitive in
those regions. Such a search was conducted by ATLAS at /s = 13 TeV with an integrated
luminosity of 36.7 fb~* [50]. It explores coloured resonances that are pair-produced and
that each decay to two jets, giving rise to a four-jet final state. The results of the analysis
are interpreted in a simplified R-parity violating SUSY model where the top squark is the
lightest supersymmetric particle and decays promptly into two quarks (¢ — d;iqr). The
search explores the region 100 GeV < mj; < 800 GeV and excludes top squark masses in
the range 100 GeV < m; < 410 GeV at 95% CL. The list of selection criteria is given in
table 3 in the appendix. Since it is expected that the resonances are produced with high
transverse momentum, their decay products will be located close to each other. As such,
the four leading jets are paired using an angular distance:

2
ARupyin = min {Z |AR; — 11} : (2.4)

=1

3We will show later that this search also has significant sensitivity in the off-shell region.



where AR; = /A¢? + An? is the distance between the two jets in ith pair. The two jet
pairs selected must minimize A Rpi, and satisfy the ARy, cut. Signal jets are expected
to be produced in the central region so putting a cut on |cos 6*|, where 6* is the angle that
either of the resonances makes with the beamline in the center-of-mass frame, is beneficial.
Finally, the masses of the resonances are expected to be equal; hence, their invariant mass
differences would be an ideal discriminant between signal and background. As such, the
mass asymmetry (Ay,), defined as:

_ |y —ma|

A (2.5)

my+mgy

where my and ms are the invariant masses of the two reconstructed di-jet pairs is required
to be small. To set bounds, the ATLAS collaboration employed a modified frequentist ap-
proach using the CL; [62-64] technique and a profile likelihood ratio as the test statistics.
For each mass hypothesis, a counting experiment is performed in a window around the av-
erage mass of the two reconstructed resonances. The dominant source of background comes
from QCD multijet production and is estimated directly from the data with a method that
predicts both the normalization and the shape of the average di-jet mass distribution [50].

In order to recast the search, we simulated our particular model for the corresponding
mr (mp = my;) for a fixed m,. We computed the efficiency of the search for our model
(€our), defined as the number of events satisfying all the cuts in table 3 plus an invariant
mass window cut over the total number of simulated events. The number of signal events
is then given as follows:

Ng = ﬁluminosity X U(pp — TT) X €our - (26)

We computed this number for various window mass cuts, corresponding to different stop
masses considered in [50]. Taking the number of background and observed events and
their uncertainties in the different windows from tables 3 and 5 of [50], we computed the

confidence level:
Perb(X < Xobs) . CLerb

P(X < Xops)  CLy

Here CLgyy is the confidence level for excluding the possibility of simultaneous presence

CLs =

(2.7)

of signal and background while C'L; is the probability that the test statistic is less than
or equal to that observed in the data (assuming only the presence of background) [62—64].
Then a mass point is excluded at 95% confidence level if (1 — CLs) x 100% is greater than
95%. The parameter space excluded by the ATLAS search is given by the red shaded
region of figure 5. It extends up to top partner masses of ~ 750 GeV.

The di-jet search allows us to close some of the gaps that remain in the three-jet reso-
nance search, namely the regions where m,, ~ my or m, < my. The gap in di-jet exclusion
curve for 400 GeV < mp < 425 GeV and mr < m,, can be explained by a downward fluctu-
ation in the background in that region as illustrated in figure 9 (a) of the ATLAS search [50].

While the ATLAS search is primarily designed for di-jet topologies we also find rea-
sonably good efficiency in the off-shell region where there is in fact no di-jet resonance,
placing an exclusion up to myr < 525 GeV in that region. In particular, one would expect
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Figure 6. The A,, spectrum passing the various selection criteria as highlighted in the ATLAS
search [50] for my = 500 GeV. The distributions of the (a) are for events passing only the pr
requirement, the (b) satisfies both pr and AR, requirements, and the (c¢) have all except A,
cuts applied.

the A, cut in eq. 2.5 would be very inefficient when there is no 2-jet resonance. However,
we find that the ARmin and |cos(6*)| selection criteria sculpt the A,, distribution which
becomes similar for the on-shell and off-shell cases. This is shown in figure 6 where A,, is
plotted after various cuts.

For very light top partner masses mp < 200 GeV, searches at previous experiments
may be sensitive. For example, a three-jet hadronic resonance search was performed at
Vs = 1.96 GeV at the Collider Detector at Fermilab (CDF) [65] and excluded gluinos
below 144 GeV. Multijet searches performed at LEP has excluded the neutralino decaying
to three jets for masses up to about 100 GeV [66, 67]. There does remain a gap for mp ~ my
near the top quark. It may be possible to exclude this region of parameter space using the
measurement of the all hadronic top quark decay [68-72], but a detailed analysis is beyond

the scope of this work.
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Figure 7. The CMS and ATLAS bounds on the fully hadronic decay mode (to heavy flavour
jets) of the top partner. The shaded regions are excluded by the current searches conducted at the
LHC [50, 74].

3 Heavy flavour scenario

In this section we study the case where the scalar 1 decays to two b-jets: pp — TT —
jinm — 274b. This decay topology is what one would expect if, for example, the 1 cou-
pled to fermions proportionally to their masses and was lighter than twice the top mass.
In principle such a final state allows for better discrimination from QCD multijet events.
However, we find that existing searches do not give much stronger constraints. We consid-
ered the fully hadronic ATLAS R-parity-violating multijet searches [59] and [73] performed
at /s = 8 TeV and 13 TeV respectively, the 13 TeV ATLAS di-jet search [50] and the heavy
flavour three-jet resonance CMS search [74] conducted at /s = 8 TeV. All of these searches
have a b-tagging requirement in some of their signal regions, but only the CMS three-jet
resonance and the ATLAS di-jet searches were found to place a limit on this scenario. The
selection criteria for the heavy flavour three-jet resonance CMS search® are presented in
table 4 (in the appendix) and the limits on the parameter space are computed using the
same method we used to recast [49] (see equation (2.3)). The region of parameter space
excluded at 95% confidence level by this particular CMS search is presented by the blue
shaded region of figure 7.

We also recasted the ATLAS di-jet search [50], which requires at least two b-tagged
jets in addition to the window cut around the average invariant mass of the di-jets with
additional selection criteria given in table 3 (in the appendix). Computing the exclusion
limits using the CL; method [62-64], we obtain the red shaded region in figure 7. The
presence of at least two b-jet in the reconstructed resonances reduces the combinatoric

4The search also requires at least 6 jets and at least one b-jet.
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background coming from the two jet pairing. Hence, the search often selects the di-jet
pairs corresponding to the scalar resonance, making the search more effective in both on-
shell and off-shell regions in comparison to the light jet scenario.

The searches considered in section 2 do not apply b-tags, but they also do not veto
events with b-jets, so the exclusion regions shown in figure 5 also apply to the b-rich scenario
considered in this section. Therefore, comparing figures 5 and 7, we see that adding b-
tagging only provides new exclusions for mp between about 700 and 800 GeV and some
values of m,. The ATLAS search [50], however, only investigates m; up to 800 GeV which
is almost entirely excluded.® So in principle, the ATLAS di-jet search could have excluded
larger mp. Due to the steeply decreasing cross section, shown in figure 2, it is unlikely that
extending the search would have resulted in an exclusion region significantly above 800 GeV.

The /s = 13 TeV three light jets resonance search from CMS analyzed in section 2.1
places the strongest constraints on three-jet resonances. If this search included a signal re-
gion with b-tagging, it could also improve constraints on the b-rich scenario. Here we give a
rough appraisal of the potential improvement. First, we estimate the total number of QCD
multijet events by simulating pp — jjjj using MadGraphb interfaced with Pythia8 and
Delphes (more detail on the simulation is given in appendix D). The acceptance (Agcp)
is obtained by applying all the selection criteria for the three-jet CMS search and we ap-
proximate the number of background events to be: b = Liuminosity X 0(pp — jjJjj) X Agcp-
We set the minimum parton level pp for the simulated QCD events to be 100 GeV in or-
der to have enough events for our rough approximation. In a similar way we compute s,
the number of signal events using simulation of our model. We then compare the s/ Vb
values obtained without b-tagging to the case where with 2 b-tags included in the cuts,
and find that s/ Vb is roughly a factor of three larger. The three-jet CMS search excludes
mp < 900 GeV for the light jet case, so our rough estimate is that including a b-tag require-
ment could exclude the b-jet topology up to mp ~ 1050 GeV as the ratio of top partner
cross section for 900 GeV and 1050 top partner masses is also ~ 3. Requiring at least 4
b-tags could further increase the expected exclusion to ~ 1300 GeV. We summarize the
improvements for different numbers of b-tags in table 1.

In a similar manner, we can roughly estimate the effect of extending the ATLAS di-
jet search to higher masses by computing R = 0yescaled/0obs at the cut off region (mp =
800 GeV) where oyps is the observed 95% CL from ATLAS di-jet search for a given mass
and Oyescaled 18 the rescaled cross section as defined in equation (2.3). The corresponding
value for R is approximately 3 which points to a limit of ~ m7p = 950 as the ratio of cross
section for top partner masses of 950 and 800 GeV is ~ 3.

4 Conclusion

Although there has been a significant experimental search program for top partner pair
production with th,bW and tZ decay modes, to our knowledge there has not been any
studies to explore the all light jet decay mode. In this work we have recasted the latest
available LHC searches that can impose significant constraints on the parameter space of

SWith the exception of the very light scalars for mz < 150 GeV and low scalar masses for mz > 775 GeV.

- 12 —



B-tagging requirement % Improvement Mass Sensitivity [GeV]
Ny, >0 0.31 — 900
Ny >1 0.58 1.86 1000
Ny > 2 1.04 3.33 1050
Ny >3 2.30 8.36 1200
Ny > 4 4.66 14.89 1300

Table 1. The approximate improvement in s/ v/b and mass reach as a function of increasing number
of b-tags, Ny. The first line is the actual limit, while the subsequent lines are estimated potential
improvements. The s/v/b values are computed at the cut off region of my = 900GeV for the
three-jet CMS search [49] with 35.9 fb~!.

models where the top partner decays to light jets. Our results are shown in figures 5 and 7
for models with final states containing only light jets and for final states containing 4 b-jets
respectively. Top partner masses are generally excluded up to mp ~ 900 GeV, but there
are a few gaps in the mg — m, plane for lighter m7. Because the three-jet resonance
search we recast focused on a resonance that decays through an off-shell scalar, it might
be possible to obtain better limit in the on-shell 7 region by designing a search specifically
for that topology. Furthermore we found that existing searches do not provide significantly
better constraints for the case where the final states contain b-jet, but those limits could
be improved by adding b-tagging requirements to the 13 TeV three-jet resonance search.
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A CMS three jet resonance search

The 13 TeV CMS search [49] requires an event to contain at least six jets with |n| < 2.4.
The jet reconstruction is performed using the anti-k; algorithm [75] with a radius parameter
of R = 0.4. The list of all the selection criteria used in this particular search is given in
table 2. The analysis employs the jet-ensemble technique [57, 65], which takes the six
highest pr jets in a given event and group them into 20 unique triplets. For signal, at
most 2 of these triplets per event corresponds to the pair produced gluino decay while the
rest contributes to combinatoric background which are referred to as “incorrect” triplets.
Consequently the acceptance is defined as the ratio of the correct triplet over the total
number of triplets (20) in the event. Furthermore, an event-level variable D[2(673) +(3.2)] is
defined in order to characterize the angular spread of the six constituent jets insides a pair
of triplets. The six-jet distance measure is defined as:

- 12
D[2(6,3)+(3,2)} = Z <\/m(6,3)?jk + D[2372Lijk‘ - \/%) , (A.1)

i<j<k
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Gluino mass Jet pr [GeV]  Hr [GeV] Sixth Jet D[2<6 . A A [GeV] D[23 .
range [GeV] pr [GeV] ' ' ’
200-400 > 30 > 650 > 40 < 1.25 < 0.25 > 250 < 0.05
400-700 > 30 > 650 > 50 < 1.00 < 0.175 > 180 < 0.175
700-1200 > 50 > 900 > 125 < 0.9 <0.15 > 20 < 0.2
1200-2000 > 50 > 900 > 175 < 0.75 <015 >-120 <0.25

Table 2. The list of selection criteria with the direction of the cuts and the mass ranges analyzed
by the CMS search [49].

mzzjk
4'm?jklmn+6 2m
variant mass of the six highest pr jets. For a new particle decaying to three-jets, the jets

where 'fn(6,3)?jk = 5 with 4,7, k,[,m,n € {1,2,...,6} and mjpimn the in-
produced would be uniformly distributed in a detector resulting in (6, 3)% 1 approximately
1/20. While the jets from the QCD are usually grouped together giving 7(6, 3)12]'1: close to
Zero or one.

Furthermore one of the most efficient cut for the three-jet resonance is the “Delta cut”

defined as: 5

Mjj; < pp— A, (A.2)

i=1

where Mj;; is the invariant mass of the triplet and A is an adjustable parameter. The
parameter A is determined in each signal region by optimizing the signal significance o =
s/+/s + b. This particular selection criteria can be understood due to the observation of the
linear correlation of the triplet invariant mass with scalar sum of the transverse momentum
for the QCD background. While the triplet invariant mass of the correctly combined signal
triplets is unchanged by varying pr since Mj;; is fixed. Consequently, this not only reduces
the QCD multijet background but the combinatoric background raising from the incorrectly
combined signal triplets as well. Finally, the mass asymmetry variable is defined as:

A, = Mk — Mign| ’ (A.3)
Myjk + Mimn
where m,;, is invariant mass of the triplet. This variable has discriminating power between
signal and background since the signal triplets are expected to be close each other in mass
but not the background.

When trying to reproduce the 13 TeV CMS search [49] we encountered some difficulites.
The CMS collaboration paper contains Mj;; distributions for their signal topologies repro-
duced in the top panels of figure 8. The shapes of the signals appear as perfect Gaussians
centered around the gluino mass. However, our simulations of the RPV model result in an
invariant mass peak that is slightly shifted below the true mass points and is asymmetric
about the peak with a longer tail at lower invariant mass. We show the signal distributions
for two different gluino masses in the bottom panel of figure 8 both with and without
detector simulation. Furthermore, it is stated in [49] that the invariant mass distribution
of the incorrectly combined signal triplets (the combinatoric background) is similar to the
multijet background; however, we find them to be different. There is also an ambiguity in
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Figure 8. Mass distributions for two of the mass regions. The distributions in figure (a) and (b)
are produced by CMS [49] while the bottom figures are the corresponding ones for m,, = 5TeV.

the definition of the acceptance in the case where more than two triplets in an event satisfy
all the selection criteria. Finally, [49] refers to Monte Carlo simulations of the QCD back-
ground, but the work does not specify how the QCD samples are generated. More details
about the procedures for computing the signal efficiency and simulating the background
would be helpful for future studies and recasts.

B ATLAS di-jet resonance search

Similar to the three-jet CMS search, this di-jet search [50] also reconstructs the jet candi-
dates using an anti-k; algorithm with a radius parameter of 0.4. The complete list of cuts
is displayed in table 3. The average mass of the two reconstructed resonances is expected
to peak around the mass of the resonance being searched for. The average mass,

1
Mavg = 3 (m1 +ma) , (B.1)
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Jet pr [GeV] A, |cos(6)] ARpin
<—0.002- (F53% —225) +0.72, if mayg <225 GeV

<40.0013- (555 —225) +0.72,  if Mgy > 225 GeV

>120 <0.05 <0.3

Table 3. The list of selection criteria with the direction of the cut for the ATLAS di-jet search [50].

Mass Range [GeV] A [GeV] pf}{? [GeV] pgfg [GeV] Sphericity
200-600 > 110 > 80 > 60 —
600-1500 > 110 > 110 > 110 > 04

Table 4. The selection criteria with the direction of the cut for the CMS heavy flavour search
performed at /s = 8 TeV [74].

is thus required to be inside of a window around the searched for mass, with the width of
the window varying from 10 to 100 GeV and is given in tables 3 and 5 of [50]. In order to
recast this particular search, the RPV top squarks were pair produced with radiation of up
to two additional partons. The merging with parton shower was done using the MLM [76]
prescription with a merging scale set to 1/4 of the top squark mass. In addition, all the
SUSY particles except top squark were decoupled by setting their masses to 5 TeV.

C CMS three jet resonance search at /s = 8 TeV

The work of [74] is an earlier version of the three-jet CMS search [49] performed at the
center-of-mass energy of 8 TeV. The jet candidates are constructed using an anti-k; algo-
rithm with a radius parameter of 0.5. The search considers two scenarios, first when the
gluino decays into light flavour jets and secondly when it decays to a b-jet and two light
flavour jets. The latter case requires the existence of at least one bottom quark jet in the res-
onance decay products. Besides the usual pr and A variables requirements described in ap-
pendix A, event shape information is exploited. Typically in the high mass region, the signal
events have a more spherical shape than the background (which generally contain back to
back jets thus more linear shape) [74]. Consequently, the sphericity variable is defined as,

S =

| W

(A2 +A3) , A1 > A2 > Az, (C.1)

where \’s are the eigenvalues of the sphericity tensor,

> pep!
Saﬂz - ) a7ﬁ:X7y7Z7 (CZ)
> Ipil?

7

where o and 3 label separate jets, and the sphericity S is calculated using all jets in each
event. The complete list of selection criteria are shown in table 4.
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PT.min(j) Generator Level [GeV] o4; [pb]
20 1.79 x 107
60 7.64 x 10%
100 4.68 x 103
200 7.216 x 10!

Table 5. Four partonic hard jets production cross section using MadGraphb at /s = 13 TeV with
various minimum parton level cut.

D Multijet background

The principal background for our signal arises from the QCD multijet events. Other SM
processes have negligible contributions, and we have performed simulations of ¢ events
to confirm that their rates are indeed very small. The QCD multijet background is very
large as one can observe from the crude cross section estimates shown in table 5 (similar
results were obtained using Sherpa [77]). The QCD multijet events were obtained by
simulating pp — jjjj using MadGraphb interfaced with Pythia8 and Delphes. The cross
sections are orders of magnitude larger than the pair production cross section for top
partner as displayed in figure 2. In our simulations, we require each of the four partons
to have pr > prmin(j) = 100GeV in order to make sure enough events satisfy all the
selection requirements for our recasted searches. The minimum parton level pr is well
below the detector level jet pr requirement of 125 GeV, given in table 2, at the cut off
region (my = 900 GeV), so it does not affect our analysis.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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