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In this work, we reappraise the collider constraints from leptonic final states on the vectorlike colored top
partners taking into account the impact of exotic colored vector resonances. These colored states are
intrinsic to a broad class of models that employ a strongly interacting sector to drive electroweak symmetry
breaking. We translate the recent results in the monolepton + jets channel as reported by CMS with an

integrated luminosity of 35.8 fb~!, and dilepton + jets and trilepton + jets channels as reported by
ATLAS with an integrated luminosity of 36.1 fb~! to constrain the parameter space of these class of
models. We also comment on the impact and modification of the derived constraints due to the expected
fatness of the colored vector resonance, when accounted for beyond the narrow-width approximation by
simulating the full one-particle irreducible resummed propagator.

DOI: 10.1103/PhysRevD.102.115014

I. INTRODUCTION

The Large Hadron Collider (LHC) experiment is man-
dated to search for new physics beyond the Standard Model
(SM) at the energy frontier. These discoveries are primarily
expected to precipitate through unearthing of exotic states.
In this hunt for exotics, the colored vector gauge bosons
and colored vectorlike fermions are low lying fruits. While
they have large production cross section owing to their
colored charges, they conveniently can be made consistent
with electroweak observables measured at the Z-pole at the
Large Electron-Positron Collider experiment [1]. This may
be contrasted with any extra chiral fermion generation
which is heavily constrained by the electroweak observ-
ables. These states naturally arise in a class of well-
motivated extensions of the SM-like extra-dimensional
scenarios [2] and composite Higgs framework where the
Higgs is identified with a pseudo Nambu-Goldstone Boson
(pPNGB) of the strong sector [3]. In situations where the
colored vectorlike fermions participate in stabilizing the
Higgs sector against quadratic sensitivity to the UV, they
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are usually labeled as top partners [4,5]. A huge cache of
literature has built up regarding the phenomenology of the
top partners [6-35]. In principle, the color triplet top
partners can be in any representation of the weak gauge
group but only certain combinations can mix with the SM
top in the presence of the SM Higgs doublet. In the context
of stabilizing the Higgs sector, the relevant representations
are the so-called toplike multiplets that have at-least one
state with quantum numbers identical to the top that enables
linear mixing between the top and the top partner. Focusing
on the smaller representations, it is easy to see that the
singlet and triplet toplike multiplets will lead to stronger
mixing with the SM top doublet, leading to stronger
constraints from the electroweak observables [1]. In this
paper, we will instead focus on the toplike top partner that
is part of a doublet and primarily mixes with the SM top
right.

We will consider the impact of any accompanying
colored vector resonances on the constraints on the top
partners from collider searches at LHC extending the study
done in Refs. [36,37]. While our phenomenological model
remains agnostic to the specific UV realization, a large
class of models including the extra-dimensional models
and composite Higgs framework lead to scenarios that
simultaneously have a top partner and heavy colored vector
resonances [38]. An interesting facet of these models is the
possibility of these exotic states being broad resonances.
Typically, a state whose decay width is a sizable proportion
(>20%) of its mass is considered a broad resonance and the
narrow width description starts to fail in maintaining gauge
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invariance. The large decay width can either be a conse-
quence of large proliferation of the possible decay channels
or a large nonperturbative coupling. In this paper, we will
assume that the colored vector resonance, the so-called
gluon partner, has a strong coupling with the top partner,
inheriting this from a strongly interacting sector they
belong to. This can be considered a pared down version
of strongly interacting models of electroweak symmetry
breaking, like the composite Higgs framework where the
Higgs is a pNGB that couples to SM fermions through
partial compositeness [3].

We reappraise the present status of the toplike top
partners, that is, the vectorlike fermions having the same
quantum numbers as the SM top, in the light of the Run-2
results from LHC. In this context, we recast the constraints
on the parameter space of these scenarios from the searches
for exotics in the leptonic final states at ATLAS and CMS.
We systematically translate the relevant and most recent
bounds from CMS monolepton study [39] and ATLAS
dilepton and trilepton [40] searches made in the context of
vectorlike quarks. We show that the exclusion limit on the
top partners is moderately altered due to the presence of
the gluon partners. Additionally, the large width effect of
the gluon partner is considerable and reconstructing the full
one-particle irreducible (1PI) propagator for the fat vector
boson is quantitatively significant in most regions of the
parameter space of interest. We have compared the results
obtained within the narrow width approximation to the
ones obtained by simulating the full 1PI resummed
propagator to demonstrate this.

The rest of the paper is organized as follows. In Sec. II,
we introduce the phenomenological Lagrangian for the top
partner and the gluon partner. In Sec. III, we discuss the
impact of the large width of the vector resonance. In
Sec. IV, we systematically translate the constraints on
the parameter space of the model from LHC studies in
leptonic final states before concluding.

II. MODEL LAGRANGIAN

In this section, we introduce the phenomenological
Lagrangian involving the foplike top partner and a colored
vector boson. We extend the SM with a new vectorlike
colored fermion ¥(3,2,7/6) = {X, U} with mass M and a
colored vector boson (the gluon partner) p,, having mass
M, and a large width T',. A possible origin of such
a spectrum in the context of a bottom-up composite
Higgs framework is briefly sketched in the Appendix.
Concentrating on the SM third generation, the new state U
will mix with the right-handed top that is assumed to be a
member of a separate strongly interacting sector along with
the exotic X and p,. The Lagrangian after electroweak
symmetry breaking can be parametrized as shown in Eq. (2)
[41], where, g; = {t;,b;}T and two singlets 5 and by, are
the usual third generation SM quarks in the gauge basis.

The mixing between U; and g is assumed to originate
from an underlying Yukawa coupling in the strongly
interacting sector. The covariant derivatives beside con-
taining the usual SM gauge interactions of the colored
fermions, include the coupling to the massive colored
vector boson p,, given by

D D —igif, (1)

where g; = g., for the strong sector resonances viz. fx and
U, while g; = —g?/g, for the elementary states,

Lo D iYPY + iqrPqy + itgPir + brPby

1 =~ -
+ 5 ,Z)P”PM —[mtp tg +mpi Uy tg

+ MU, Ug +Hel. (2)

The latter is a special choice adopted assuming a five-
dimensional (5D) gauge-Higgs UV completion of these
models [38]. In the mass basis, the mass terms can be
written as

‘Cmass = —szfR - mt’EﬂR + H.c, (3)

where 7 represents the SM top and 7 is the heavier toplike
top partner. The corresponding rotation matrices can be
schematically written as

Iy I

1 _ (UHL 0 ) U, ()
tx 0 Uy, i |

I Ur

where U, are the 2D rotation matrices. The parameters and
the mixing angles are correlated as

. Mmmix M .
sinfp = B 53 75 = —sind;
\/(M —-my)*+Mm. My
2 2 20,2 2
m5 + sin“Opmz(m5 — m
where , M?=— i (m, ) (5)

1 + sin?0g(m3 — m})

The couplings of p, (in the mass basis) with the top and
top partner can be read out from Egs. (2) to (5),
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*
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+ (g*coszeL - z—‘ sin29L) gt

*

_cos 0, sinb;
Gx
+ 9. (Trptg + Tpity)- (6)

(g5 + g2) (TLpte +pty)

This effective framework has m,, O, g,, and M, as the free
parameters of the model. However, to keep the discussion
tractable, we will consider a benchmark scenario where
g./gs will be set at 6 [42] which is in good agreement with
large-N calculations in the strongly interacting holographic
dual theory of a pNGB composite Higgs model [38].

At the LHC, the top partner ¢ is pair produced through
the gluon or through the massive gluon partner (p,). Once
they are produced, they will dominantly decay to SM states
through the channels: Ht, Zt, and Wb. The branching ratios
of / at m, ~ 1 TeV in the main decay channels are given by
BR(# — Ht) = 0.56, BR({ — Zt) = 0.42, and BR(¢ —
Wb) = 0.02 [41]. The reduced branching ratio to the Wb is
a consequence of the exotic state U primarily mixing with
the SU(2), singlet state 75. Here we assume that there are
no significant exotic decays of the top partners [43]. Here
and for the rest of this paper we set sinfz = 0.1 which is a
conservative choice keeping the framework relatively
insulated from the electroweak precision constraints [41].
The choice of the strong sector coupling g, and the mixing
angle sinfp forms a benchmark scenario that will be
utilized in all the phenomenological studies that follow.

III. BEYOND THE BREIT-WIGNER

In the parameter space of interest, the total decay width
of p,(I",) consistently remains above 20% of its mass (M)
for the choice of g,, where the decay to a pair of top partner
is kinematically possible. In this region, the Breit-Wigner
(BW) approximation may not be a good approximation and
starts to fail. The usual gauge invariant approach to handle
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FIG. 1.
(@) my = 0.5 TeV and (b) my, = 1.5 TeV.

broad resonances is the complex mass scheme [44];
however, for massive vector resonances, there is no gauge
invariance issue with large decay width and basically maps
into the usual narrow width results with the appropriate
enlarged value of the decay width in the usual BW
propagator. However, careful analysis should include the
impact of the large width by utilizing the full 1PI propa-
gator in computations of the cross section. To systemati-
cally handle this, we recalculate the top-partner production
cross section using the full 1PI resummed propagator for
the p, [36]. The pure p, contribution to the ¢ ? production
cross section is

d
ot = 2/)1 dr&(ShadT)fm/l %qu(x)fz, <§) 7
4 q

where SP is the hadronic center of momentum energy,
6 is the partonic cross section, and the functions f,/; are
parton density functions. For the pair production of 7
through an s — channel p, exchange at LHC (including the
full 1PI resummed propagator for the p,), the partonic cross
section is

3(5 — 4m2)

; (8 = M2)* + (Im[M>(3)])

2 2
6(3‘) fat _ gprodgdec
27rs

x(§42m3), y=tr. (8)

The imaginary part of M?(3) in the above expression
represents the contribution from one loop corrections to
the p, propagator. Since in the model 7z is assumed to be a
state in the strong sector, both t and # will contribute in the
loop and the relevant expression is given by

Im[M?(3)] = — o O(V5 = 2m,)\ /3 — 4m2(5 — m2).

1272V/3

o, obtained from Breit-Wigner approximation (solid) and by calculating the full 1PI resummed propagator (dashed) for
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FIG. 2. Density plot depicting the impact of fatness correction
[F as defined in Eq. (10)] in the parameter space of interest.

The difference in o, (pp — p — 1 7 cross section) obtained
from Breit-Wigner approximation (¢,*"™%) and by calculat-
ing the full 1PI resummed propagator is visible from the
plots displayed in Fig. 1. In this work, we have implemented
the full 1PI resummed propagator for the fat resonances as
defined in Egs. (8) and (9) into MADGRAPHS5 to simulate the
impact of arbitrary virtualness of such resonances in collider
studies. This is in contrast with previous studies [36] where
the impact of the 1PI loop was considered by modifying the
cross section. This approach neglects the impact of inter-
ference and misses the impact of fatness on the final state
kinematic shapes which can potentially modify the efficien-
cies. The cross-section modulation factor F is defined as

ofal — pharrow
loy” =05 (10)
Op

F=

This has been plotted in the parameter space of interest in
Fig. 2. From the plot, one can easily read off that the
departure of the two cross sections peaks around the
resonance (M, = 2m,) and in most of the parameter space
of interest it stays low (<10%).

IV. LHC CONSTRAINTS

The effective framework described in Sec. II has been
simulated by writing a model file in FEYNRULES 2.0 [45] and
a UFoO file was generated. The values of the free parameters
used in the analysis have been summarized in Table 1. This
was imported in MADGRAPH5 [46] and pair production
events of the top partner ¢ were generated. Events were

TABLE I. Values of free parameters of the model used in the
analysis.

my M, G sin Op
0.5-1.5 TeV 1.5-4.0 TeV 7.317 0.1

parton-showered using PYTHIAS [47], jet-clustered using
FASTIET [48], and passed through detector simulation using
DELPHES-3 [49]. Note that object reconstructions have been
done using the default cards available in DELPHES, modified
where necessary. Four different LHC searches were used to
constraint the model viz.,, monolepton 4+ jets [39],
dilepton + jets + large-R jets (1 large jet and >2 large jets)
[40], and trilepton + jets [40]. The recast for each was
written in MADANALYSIS5 [50] and the efficiencies were
obtained. To obtain the 95% exclusion, we used the
following generic template:

a(mt’, sin ngMp) X € X E < Nsignah (11)

where € is the efficiency obtained by applying the cuts on the
generated signal events, £ is the integrated luminosity at
which the LHC analyses were reported and N;gy,; is the 95%
exclusion bound on the total number of simulated events
presented in the analysis, and ¢ is pair production cross
section of ¢ obtained from MADGRAPH5 multiplied by the
corresponding K ~ 1.4 obtained from TOP++2.0 [51] at next-
to-leading order. These are conservative choices which are in
consonance with the estimates for the relevant K-factor
quoted in Refs. [52,53] for SM ¢f and Kaluza-Klein (KK)
gluon mediated 77 production at LHC. Since we have
included the contribution from fatness of p by modifying
the propagator inside MADGRAPH5, we did not have to
neglect the contribution to cross section from the interfer-
ence of the production processes of ¢ through p and QCD
which in some regions of the parameter space of interest can
be quite large as visible in Fig. 7(b). Further, we do not make
any simplifying assumption regarding the branching ratios
of ¥ and we keep all decay channels as mentioned in Sec. II.

Additional bounds on p, from direct searches for KK-
gluon through ##-production in multileptonic and hadronic
channels by CMS [54] have been translated to the param-
eter space of the model. For this, we simply translate the
bound on the cross section without recasting the exper-
imental search. However, we have taken care of the mass
dependent decay branching ratios of the gluon partner.

In the rest of this section, we systematically study the
constraints on the benchmark model parameter space from
various channels having leptonic final states. It is worth
pointing out here that the total decay width of p is a fast
growing quantity and quickly rises close to the mass value of
the field itself. In such a scenario, providing a particle
interpretation with on-shell production of such a state may
not be feasible. Therefore, to study the effect of fatness and
without a prejudice on how fat it becomes, we have kept the
width of p far greater than 20% while avoiding a particlelike
interpretation for this state and simply consider its role as a
quantum field.

A. Monolepton + jets

In this section, we summarize the constraints on the
parameter space of our benchmark model based on the
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(a)

FIG. 3.

4.0 :\

(a) Feynman diagram and (b) 95% C.L. exclusion contours from the monolepton channel on the (177, M,,) plane. In (b), solid

blue line is the plot for NWA, dashed blue line represents the plot for fat-width correction, the red excluded region corresponds to the
QCD production of the top partner, and the green region is the 95% C.L. exclusion region from KK-gluon search. The regions to the left

of the contours are excluded.

CMS 1+ jets study with an integrated luminosity of
35.8 fb~! for the muon channel and with an integrated
luminosity of 35.6 fb~! for the electron channel [39]. The
CMS analysis considers the decay of the top-partner vector
like quark (VLQ) in the bW mode only. Unlike signal
production for the other analyses presented in this paper,
for this case we force the top partner to decay to W and b in
the event generation level. We thus neglect the contribution
to the final signal topology from other decay modes which
are supposed to be largely suppressed. The similar simu-
lated signal process in our model is shown in Fig. 3(a). The
search focuses on two W-bosons and two b-jets one of
which decays leptonically giving rise to a single lepton and
the other decays hadronically. The dominant background
(SM) subprocesses which contribute to the same signal
channel are ff, W + jets, and single top production.
Preselection requires all events to have missing p; greater
than 30 GeV. Charged leptons (electron or muon) were
required to have a minimum py of 55 GeV and a maximum
absolute pseudorapidity (|57]) of 2.4. Jets reconstructed
using anti-k; algorithm and having a minimum p; of
30 GeV and a maximum |y| of 2.4 were collected. Out
of these, the jets too close to the charged Ilepton
(AR(jet,l) < 0.4) were removed. At least, four jets were
required after this removal. The first and second highest py
jets were required to have minimum p of 100 and 70 GeV,
respectively. Note that the collaboration separately pre-
sented their results in the electron and muon channels and
provided a combined bound on the top-partner mass. We
separately simulated the efficiencies in the electron and the
muon channels and obtained the combined events for each
point in the simulated parameter space. This was compared
with the 95% uncertainty in the simulated background
events presented in [39] obtained by adding in quadrature

the individual uncertainties in the electron and muon
channels. The cuts applied to mimic the signal region of
[39] are described below.

(i) All events were required to have exactly one charged
lepton (electron or muon) and four jets which have
been clustered using anti-k; algorithm with a radius
parameter 0.4. Of the four jets, two were required to
be b-jets arising from # decays. We named the one
accompanying the W boson which decays leptoni-
cally b, and the one accompanying the W boson
which decays hadronically b,. The remaining two
jets were named j; and j, according to their py.

@i1) The by, by, j;, and j, jets were required to have py
greater than 200, 100, 100, and 30 GeV, respectively.

(iii)) A variable S was defined as the scalar sum of
missing pr, pr of the signal lepton and p; of the
four jets. All signal events were required to have Sy
greater than 1 TeV.

(iv) A similar variable S; was defined as the scalar sum
of the reconstructed longitudinal component of the
neutrino momenta and the longitudinal component
of the signal lepton and jets momenta. All events
were required to have S; /Sy less than 1.5.

(v) The invariant mass of j; and j, was required to be in
the range 60-100 GeV to ensure that they decayed
from a W boson.

(vi) The invariant mass of the signal lepton, neutrino,
and b;, and j;, j,, and b, were required to be
matched with a 60% accuracy to ensure that these
two sets of objects originated from decaying 7.

To validate the recast code of this search written in
MADANALYSIS5, we have generated SM 7 + jets and t7 +
V (where V is either W or Z) events and matched the event
numbers with those given in Table 1 of Ref. [39] with an
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average accuracy of 20%. Also signal efficiencies for three
values of m, were matched with those reported in Table 2
of [39]. The 95% C.L. exclusion contour from this analysis
is shown in Fig. 3(b). As can be seen from the plot, the
constraints on m, become more severe than the QCD limit
(shaded red) for M, < 2.0 TeV, most of which is excluded
from the direct limit on M, from the KK-gluon search
(shaded green). Significant improvement from the QCD
limit which is allowed can be seen around M, = 1.5 TeV.
The effect of fatness reduces the impact of p,. Due to low
branching ratio of ¥ > bW in our model (falls off from 0.23
at my = 0.5 TeV to 0.01 at m, = 1.5 TeV), this search
provides highly subdominant bounds compared to the other
searches that we describe below. Note that the direct bound
on M, from the kk-gluon search saturates to ~2.0 TeV for
smaller values m, in the region of interest.

B. Multilepton + jets

In this section, we summarize the constraints on the
parameter space of our benchmark model from ATLAS
214 jets and 31+ jets studies with an integrated lumi-
nosity of 36.1 fb~! [40] at /s = 13 TeV. The ATLAS
Collaboration has looked at the production of vectorlike
quarks through the standard strongly interacting production
channel and has put limits on their mass by looking at
leptonic final states characterized by the presence of a
reconstructed high p; Z boson along with b-tagged jets.
This closely resembles the final states desired in our study.
Although the ATLAS study considers both single and pair
production of the VLQs and construct nearly five different
combinations of the signal region (SR) for their study of
third generation partners of VLQ, we shall only focus on

()

FIG. 4.

the signal regions which characterize our toplike partner
pair production. Thus, we choose only those relevant parts
of the analysis which are likely to produce the maximum
sensitivity to our signal analysis and reinterpret the results
typical to the given choice. In all three analyses mentioned
below, charged leptons were required to have a minimum
pr of 28 GeV. Electrons and muons were required to have
maximum |n| of 2.47 and 2.5, respectively. Small-R jets
were required to have maximum |77| of 4.5. Out of these, the
ones with n] less than 2.5 were required to have p; greater
than 25 GeV and the ones with |5| greater than 2.5 were
required to have pr greater than 35 GeV. Large-R jets
needed for the dilepton analyses were required to have a
maximum |7| of 2.0 and minimum mass and p7 of 50 and
200 GeV, respectively. These were constructed by combin-
ing the four momenta of small-R jets which were within a
radius 1.0 having invariant mass greater than 50 GeV and
combined p; greater than 200 GeV.

1. Dilepton + 1] + jets

The simulated process for the signal in our model is
depicted in Fig. 4(a). The dominant SM background
subprocesses which contribute to the 21 + 1J + jets channel
are Z + jets, 7, and single top production.

Note that both the dilepton and trilepton signals have a
few preselection conditions common for the final states in
the signal regions. Preselection requires that the final states
have a Z boson candidate which decays to a same flavor
opposite sign lepton pair, such that the invariant mass of the
dilepton must always be less than 400 GeV. Thus, the final
state event must have at least two charged leptons of same
flavor and events with M+, > 400 GeV are rejected. Note
that this dilepton study by ATLAS divides the SR into

4.0

 2l1J+ets
3.5 N
3.0

25

M, [TeV]

2.0f—

1.5

(a) Feynman diagram and (b) 95% C.L. exclusion contours from the dilepton channel on the (m}, M ,») plane. In (b), solid blue

line is the plot for NWA, dashed blue line represents the plot for fat-width correction, the red excluded region corresponds to the QCD
production of the top partner, and the green region is the 95% C.L. exclusion region from KK-gluon search. The regions to the left of the

contours are excluded.
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several different categories where the number of large
R-jets play a crucial role. The two signal regions (0-large-
R jet SR and 1-large-R jet SR)' described in Table 3 of
Ref. [40] in principle characterize the signal in our case and
we choose the latter (which gives a better signal-to-back-
ground ratio) for our dilepton + 1J analysis since the signal
topology explored here is expected to have one large-R jet
as evident from Fig. 4(a). The other signal region provides
a subdominant contribution to the constraints on our
parameter space and hence we choose to neglect it.
Following the above-mentioned signal region, we list the
following relevant kinematic selections on the final state
events for our analysis:

(i) All events were required to have exactly two
oppositely charged same flavored leptons (electrons
or muons) with py greater than 28 GeV. Out of
these, the lepton pair decaying from the Z boson was
identified as the one with invariant mass closest to
the Z boson mass.

(i) The invariant mass of the same flavor charged lepton
pair was required to be within 10 GeV of the Z
boson mass.

(iii) The transverse momentum of the charged lepton pair
(pr,,,.) was required to be greater than 250 GeV.
This is to exploit the high p7 feature of the Z boson
which comes from the decay of the heavy top
partner.

(iv) All events were required to have at least two small-R
jets which were clustered using anti-k; algorithm
with a radius parameter 0.4 and had p; greater than
25 GeV. At least two of them were required to be
b-tagged which help in suppressing the SM back-
ground coming from Z + jets.

(v) All events were required to have exactly one large-
R jet.

(vi) A variable H; was defined as the scalar sum of the
pr of all small-R jets and was required to be greater
than 800 GeV.

To validate the recast code of this search written in
MADANALYSIS5, we have generated SM Z + jets and f7
events and matched the cross section times efficiency times
integrated luminosity with those given in Table 9 (one
large-R jet SR column) of Ref. [40] within 10% accuracy.
The 95% C.L. exclusion contour from this analysis is
shown in Fig. 4(b). As can be seen from the plot, the
constraints on m, become more severe than the QCD limit
(shaded red) for M, < 2.5 TeV, most of which is excluded
from the direct limit on M, from the KK-gluon search
(shaded green). Significant improvement from the QCD
limit which is allowed can be seen around M, =2 TeV.
The fatness of p reduces its impact on the bound on m,.

'Small-R jets are reconstructed using FASTIET with the anti-kt
algorithm with the radius parameter 0.4. Large-R jets were
constructed by combining small-R jets within a radius 1.0.

2. Dilepton + >2]J + jets

The simulated process for the signal in our model is
depicted in Fig. 4(a). The dominant SM background
subprocesses which contribute to the 21+ >2J + jets
channel are Z + jets, 7, and {7 + X where X is any massive
gauge boson or the Higgs. The preselection cuts are exactly
the same as those mentioned in the previous subsection.
The relevant kinematic selections on the final state events
for this analysis are as follows:

(i) All events were required to have exactly two
oppositely charged same flavored leptons (electrons
or muons) with pr greater than 28 GeV. Out of
these, the lepton pair decaying from the Z boson was
identified as the one with invariant mass closest to
the Z boson mass.

(i) The invariant mass of the same flavor charged lepton
pair was required to be within 10 GeV of the Z
boson mass.

(iii) The transverse momentum of the charged lepton pair
(pr,,,-) was required to be greater than 250 GeV.

This is to exploit the high p; feature of the Z boson
which comes from the decay of the heavy top
partner.

(iv) All events were required to have at least two small-R
jets which were clustered using anti-k; algorithm
with a radius parameter 0.4 and had p; greater than
25 GeV. At least two of them were required to be
b-tagged which help in suppressing the SM back-
ground coming from Z + jets.

(v) All events were required to have at least two large-

R jets.
40—y
2l4+>=2J+jets! ‘
3.5 G raraks s oES
S 3.0p--o-emeem b
© |
E s
Y
e
2_0::__,4,‘,:,%,;1’f ,,,,,
1.5 1
06 08 1.0
my [TeV]
FIG. 5. 95% C.L. exclusion contours from the dilepton+ >2J

channel on the (m), M ,) plane. Solid blue line is the plot for
NWA, dashed blue line represents the plot for fat-width correc-
tion, the red excluded region corresponds to the QCD production
of the top partner, and the green region is the 95% C.L. exclusion
region from KK-gluon search. The regions to the left of the
contours are excluded.
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(vi) A variable H; was defined as the scalar sum of the
pr of all small-R jets and was required to be greater
than 1150 GeV.

To validate the recast code of this search written in
MADANALYSISS5, we have generated SM 7 and 7 + X events
and matched the cross section times efficiency times
integrated luminosity with those given in Table 11 of
Ref. [40] within 10% accuracy. The 95% C.L. exclusion
contour from this analysis is shown in Fig. 5. As can be seen
from the plot, the constraints on m, become more severe
than the QCD limit (shaded red) for M, < 3 TeV. Part of
this region is excluded from the direct limit on M, from the
KK-gluon search (shaded green). Inclusion of the 1PI
propagator significantly modulates the contribution of the
p on the bound on m, as can be seen by comparing the
dashed (1PI propagator) and the solid (narrow-width) blue
contours.

3. Trilepton + jets

In this section, we summarize the constraints on the
parameter space of our benchmark model from ATLAS
31 + jets study [40]. The simulated process for the signal in
our model is depicted in Fig. 6(a). The dominant SM
background subprocesses in this case are diboson produc-
tion, Z + jets, and f7.

Unlike the case of the dilepton channel, this final state is
analyzed without a large R-jet and an additional charged
lepton is present in the final state. Besides the preselection
of an oppositely charged same flavor lepton pair coming
from the Z boson, an additional charged lepton is required
in the final state. The cuts applied to mimic the ATLAS
trilepton search [40] are described below.

(@)

FIG. 6.

(1) All events were required to have at least three
charged leptons (electron or muon) satisfying the
preselection requirements on their minimum py
requirement of 28 GeV. Of these, a same flavor
oppositely charged lepton pair was identified as the
one coming from the decay of the Z boson by
requiring that the pair has an invariant mass closest
to the Z boson mass.

(ii)) As before, the invariant mass of the same flavor
charged lepton pair was required to be within
10 GeV of the Z boson mass.

(iii) The pz , _ of the charged lepton pair satisfying the Z
boson mass window condition was required to be
greater than 200 GeV.

(iv) Events were required to have at least two jets
clustered using anti-k; algorithm with a radius
parameter 0.4 and having p; greater than 25 GeV.
At least one of them was required to be b-tagged.

To validate the recast code of this search written in
MADANALYSIS5, we generated SM diboson and Z + jets
events and matched the cross section times efficiency times
integrated luminosity with those given in Table 13 (SR
column) of Ref. [40] within 10% accuracy. The 95% C.L.
exclusion contour from this analysis is shown in Fig. 6(b).
As can be seen from the plot, the constraints on m, become
more severe than the QCD limit (shaded red) for
M, < 2.5 TeV, most of which is excluded from the direct
limit on M, from the KK-gluon search (shaded green). The
bound on m, shift more toward the QCD limit when p is
considered fat.

C. Future projection

LHC in its Run II is expected to reach an integrated
luminosity of 300 fb~! by the year 2023 before the third

4.0 ——y

3l+jets
3.5+

3.0¢

2.0

1.5

(a) Feynman diagram and (b) 95% C.L. exclusion contours from the trilepton channel on the (m}, M ,») plane. In (b), solid blue

line is the plot for NWA, dashed blue line represents the plot for fat-width correction, the red excluded region corresponds to the QCD
production of the top partner, and the green region is the 95% C.L. exclusion region from KK-gluon search. The regions to the left of the

contours are excluded.
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(a) Summarized 95% C.L. exclusion region from all three (mono-, di-, tri-)lepton searches and from the KK-gluon search. Also

plotted are the 300 fb~! projections from dilepton + 1J (black) and dilepton+ >= 2J (green). (b) Density plot of the percentage
contribution of the interference term in the top-partner production cross section with present contour.

long shutdown. We present the reach of these searches with
the projected integrated luminosity for 300 fb~!. A sim-
plistic approach has been followed by scaling up the
integrated luminosity keeping the cross section and effi-
ciency unchanged. This is a very optimistic prediction as
with increasing integrated luminosity, the increased pileup
is expected to drop the efficiency which we do not take into
account. A combination plot which shows the disallowed
region from all the present searches at 13 TeV described
before and the 300 fb~! integrated luminosity projections
of the dilepton searches are presented in Fig. 7(a). The
projection of the trilepton search was subdominant and
beyond the parameter space presented in Fig. 7(a). The
projection of the monolepton search falls within the total
current bound and thus we chose to omit it. The projections
indicate significant enhancement of the bounds on the
M, — m, parameter space with increased integrated lumi-

P
nosity. We define interference Z as

lo — (6, + ogcp)|
c

Z:

x 100, (12)

where o is the pp — 't cross section. To demonstrate the
impact of interference, we present a density plot of 7
overlaid with the exclusion bounds in Fig. 7(b). In the entire
region of parameter space, Z can be as large as 40%.

V. CONCLUSION

In this paper, we have revisited the constraints on the
charge 2/3, toplike, top partner (') from the direct searches
at LHC run 2 in the relatively clean lepton(s) + jets final
states. We study the impact on top-partner searches from a
massive colored vector boson resonance (pﬂ), the so-called

gluon partner, which is generic along with the top partners
in a wide class of models where electroweak symmetry
breaking is driven by strong dynamics. We demonstrate
how these constraints are modified if the p, is a broad
resonance. We recast the monolepton + jets (CMS),
dilepton + jets, and trilepton + jets (ATLAS) searches to
put constraints on the parameter space of the model.
Previous approaches to check the effect of fatness have
rescaled the cross section keeping the signal efficiencies
intact, thus assuming that the final state kinematic shapes
remain unaffected due to fatness. We have taken the effect
of fatness in kinematic shapes into account by replacing the
Breit-Wigner form of the p, propagator with its full 1PI
resummed form in the event generation level. This also
allows us to incorporate the impact of interference which is
demonstrably significant in certain regions of parameter
space. As can be seen from the resulting plots, the dilepton
channel requiring at least two large-R jets provides the
strongest bound on our parameter space and excludes m} up
to 1.15 TeV for M, = 1.5 TeV when done using the proper
1PI propagator. The presence of p with the proper 1PI
propagator increases the bound on m, by up to 9%.
Significantly, implementation of the 1Pl propagator
reduces the overestimated NWA bound by up to 24% in
certain regions of the parameter space. For values of M),
greater than 2.5 TeV, the contribution from the p, mediated
process decouples and the constraints essentially reduce to
the limits obtained assuming pure QCD production of the
top partners.
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APPENDIX: COMPOSITE HIGGS EFFECTIVE
FRAMEWORK

While the Lagrangian for the top partner and gluon
partner given in Eq. (2) is phenomenological, it can be
embedded into the motivated composite Higgs frame-
work. In this Appendix, we briefly sketch out the minimal
framework that forms the basis of the simplified
Lagrangian explored in this paper. The gauge hierarchy
problem can be readily addressed by considering that the
Higgs has a nontrivial extension in space. Such a composite
object is naturally associated with a scale f related to the
size of the Higgs. However, such extension results in
serious modification of the Higgs coupling over the SM
predictions. Essentially, a composite Higgs with f ~ v is
ruled out by oblique electroweak parameters. This can
however be circumvented if one assumes the Higgs as a
PNGB of a strong sector. In the minimal realization, such
framework contains two distinct sectors with the usual
elemental SM sector sans the Higgs on one hand and a
strongly coupled sector where the dynamics results in
spontaneous symmetry breaking of a continuous global
symmetry that results in Nambu-Goldstone modes that can
be identified with the Higgs doublet of the SM on the other.

A linear mixing between the operators of the strong
sector and the SM states generates the Yukawa couplings
for the Higgs states. This partial compositeness framework
can be written as

Loix = Vi OL + VRO + Hec., (A1)

where ‘P’L /R Are the standard model fermions, i is the flavor

index, and the O% are operators of the strong sector that are
in the (3,1,2/3) representation of the SM gauge group.
The operators are saturated by resonances of the strong
sector, for example, O} D U, + ---. The Lagrangian in
Eq. (2) is obtained by assuming that the right-handed top
mixes considerably with the strong sector resonances. Such
a minimal realization of the partial compositeness frame-
work naturally necessitates the existence of vector oper-
ators of the strong sector in the adjoint representation of the
color SU(3). We can define
J,. = 0y,0, (A2)

where O represents the fermionic operators defined in
Eq. (Al). And one can write down a linear mixing of the
form

AEmix = ij#’ (A3)
where G* are the SM gluons. However, the large anoma-
lous dimension of strong sector operator AL ;. makes
them hopelessly irrelevant. We will assume that the main
coupling of the gluon partner to the SM sector is through its
couplings with the top partners. The interactions in Eq. (2)
are given by assuming 7, D p,. The specific realization in
Sec. II is obtained by assuming the top right is fully
composite while the left chiral component of the top
communicates to the strong sector through a linear cou-
pling of the form given in Eq. (Al).
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