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Top-Partner at LHC
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QCD pair production EW single production
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¥ Model independent
¥ Strong couplings
¥ Kinematically expensive
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¥ Depend on mixing (L)
¥ EW couplings
¥ Kinematically affordable

¥ Top-partners are important for solving naturalness problem.

¥ They have been actively searched at LHC.
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1 Model

1.1 Lagrangian

We introduce the following fields, first the elementary fields

qL =

!
t0
L

b0
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"
& t0

R , (1)

composite (electroweak) vectorial doublets and singlets

Q0
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T0

L,R
B 0

L,R

"
& T̃ 0

L,R , (2)

and the composite Higgs-boson doublet

! =

!
! +

! 0

"
. (3)

With these fields, the mass terms in the Lagrangian come from

L mass = ! M Q Q̄Q ! M ÷T
¯̃TT ! y! (Q̄L !̃ T̃R + Q̄R !̃ T̃L ) + h.c. (4)

! ∆L q̄L QR ! ∆R t̄R T̃L + h.c.

where !̃ = i " 2! ! .

1.2 Mass spectrum

Electroweak symmetry breaking introduces the mass parameter m, where

m =
y! v
"
2

, (5)

where v # 246 GeV. These mass terms can be conveniently written as
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¥ Partial compositeness:
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Composite

mt !
! L ! R y! v

"
2(M 2 # m2)
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Chromo-magnetic Moment
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¥ If composite fermions carry chromo-magnetic moment,

L =
gs
⇤

h
T̄ 0
L�

µ⌫Ga
µ⌫T

aT 0
R + ¯̃T 0

L�
µ⌫Ga

µ⌫T
aT̃ 0

R

i
+ h.c.
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(analogous to proton magnetic dipole moment)
¥ Production mode.
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FIG. 3: Production cross sections of the top and bottom partnerT
1

and B
1

at
p

s = 14 TeV.

A. Single Production of B1

In this section, we consider the single bottom partner production

pp ! B
1

, (26)

as the signal process. Depending on the mass di↵erence betweenB
1

and T
1

, B
1

can decay into

tW�, bg, and T
1

W�. The Þrst two decay channels have been searched for at the LHC by the

CMS collaboration [? ]. In Fig.4, we recast the CMS bounds on our model in themT1(mB1) � ⇤

plane. When mB1 � mT1 is small, B
1

decays totW� and bg with appreciable rate, which leads to

great sensitivites in the 2� 3 TeV range. However, once the mass spliting becomes large enough,

tW� and bg channels get suppressed by the large partial width ofB
1

! T
1

W�, resulting in very

weak constraints from current exsiting searches, as shown in Fig. 4(b). We also perform a naive

extrapolation to HL-LHC by rescaling the current reach by the square root of the luminosity
p

L ,

shown by the dotted and dash-dotted lines in Figs. 4.

Therefore, to fully explore the parameter space, it is important to search forB
1

! T
1

W� for

10

(a)

1.0 1.5 2.0 2.5 3.0 3.5 4.0
mT1 [TeV]

10! 5

10! 4

10! 3

10! 2

10! 1

100

!
[p

b]

pp " B1

pp " T1øt

pp " T1 øT1

pp " B1

pp " T1øt

pp " T1 øT1

3.0 4.0 5.0 6.0 7.0 8.0
mB1 [TeV]

#
s = 14 TeV

! = 5 TeV
"L = "R = 0.7

MQ = 2M ÷T

(b)

FIG. 3: Production cross sections of the top and bottom partnerT
1

and B
1

at
p

s = 14 TeV.

A. Single Production of B1

In this section, we consider the single bottom partner production

pp ! B
1

, (26)

as the signal process. Depending on the mass di↵erence betweenB
1

and T
1

, B
1

can decay into

tW�, bg, and T
1

W�. The Þrst two decay channels have been searched for at the LHC by the

CMS collaboration [? ]. In Fig.4, we recast the CMS bounds on our model in themT1(mB1) � ⇤

plane. When mB1 � mT1 is small, B
1

decays totW� and bg with appreciable rate, which leads to

great sensitivites in the 2� 3 TeV range. However, once the mass spliting becomes large enough,

tW� and bg channels get suppressed by the large partial width ofB
1

! T
1

W�, resulting in very

weak constraints from current exsiting searches, as shown in Fig. 4(b). We also perform a naive

extrapolation to HL-LHC by rescaling the current reach by the square root of the luminosity
p

L ,

shown by the dotted and dash-dotted lines in Figs. 4.

Therefore, to fully explore the parameter space, it is important to search forB
1

! T
1

W� for

10

¥ For                           exceed pair production.

¥     production dominates if 

M T1 ! 1 TeV, t T1
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Search for high mass dijet resonances with a new
background prediction method in proton-proton collisions

at
!

s = 13 TeV

The CMS Collaboration"

Abstract

A search for narrow and broad resonances with masses greater than 1.8 TeV decay-
ing to a pair of jets is presented. The search uses proton-proton collision data at!

s = 13 TeV collected at the LHC, corresponding to an integrated luminosity of
137 fb# 1. The background arising from standard model processes is predicted with
the Þt method used in previous publications and with a new method. The dijet in-
variant mass spectrum is well described by both data-driven methods, and no signif-
icant evidence for the production of new particles is observed. Model independent
upper limits are reported on the production cross sections of narrow resonances, and
broad resonances with widths up to 55% of the resonance mass. Limits are presented
on the masses of narrow resonances from various models: string resonances, scalar
diquarks, axigluons, colorons, excited quarks, color-octet scalars, W$ and Z $ bosons,
RandallÐSundrum gravitons, and dark matter mediators. The limits on narrow res-
onances are improved by 200 to 800 GeV relative to those reported in previous CMS
dijet resonance searches. The limits on dark matter mediators are presented as a func-
tion of the resonance mass and width, and on the associated coupling strength as a
function of the mediator mass. These limits exclude at 95% conÞdence level a dark
matter mediator with a mass of 1.8 TeV and width 1% of its mass or higher, up to one
with a mass of 4.8 TeV and a width 45% of its mass or higher.

ÓPublished in the Journal of High Energy Physics asdoi:10.1007/JHEP05(2020)033 .Ó

c% 2020 CERN for the beneÞt of the CMS Collaboration. CC-BY-4.0 license
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Search for a heavy resonance decaying into a top quark and
a W boson in the lepton+jets Þnal state at 13 TeV

The CMS Collaboration

Abstract

A search for a heavy resonance decaying into a top quark and a W boson in proton-
proton collisions at

!
s = 13 TeV is presented. The data analyzed were recorded

with the CMS detector at the LHC and correspond to an integrated luminosity of
137 fb" 1. The search is performed in the lepton+jets Þnal state, where the lepton is
either an electron or muon. The top quark is reconstructed with a single jet and the
W boson from its decay into a charged lepton and a neutrino. A top quark tagging
technique based on a jet clustering with variable distance parameter and inherent jet
grooming is used to identify jets from the collimated top quark decay. An excited
bottom quark b # model is used as a benchmark. A combination with an analysis in
the all-hadronic Þnal state is performed. At 95% conÞdence level, b# masses up to
2.95, 3.03 and 3.22 TeV are excluded for left-handed, right-handed and vector-like
couplings, respectively.
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Abstract

A search for narrow and broad resonances with masses greater than 1.8 TeV decay-
ing to a pair of jets is presented. The search uses proton-proton collision data at!

s = 13 TeV collected at the LHC, corresponding to an integrated luminosity of
137 fb# 1. The background arising from standard model processes is predicted with
the Þt method used in previous publications and with a new method. The dijet in-
variant mass spectrum is well described by both data-driven methods, and no signif-
icant evidence for the production of new particles is observed. Model independent
upper limits are reported on the production cross sections of narrow resonances, and
broad resonances with widths up to 55% of the resonance mass. Limits are presented
on the masses of narrow resonances from various models: string resonances, scalar
diquarks, axigluons, colorons, excited quarks, color-octet scalars, W$ and Z $ bosons,
RandallÐSundrum gravitons, and dark matter mediators. The limits on narrow res-
onances are improved by 200 to 800 GeV relative to those reported in previous CMS
dijet resonance searches. The limits on dark matter mediators are presented as a func-
tion of the resonance mass and width, and on the associated coupling strength as a
function of the mediator mass. These limits exclude at 95% conÞdence level a dark
matter mediator with a mass of 1.8 TeV and width 1% of its mass or higher, up to one
with a mass of 4.8 TeV and a width 45% of its mass or higher.
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137 fb" 1. The search is performed in the lepton+jets Þnal state, where the lepton is
either an electron or muon. The top quark is reconstructed with a single jet and the
W boson from its decay into a charged lepton and a neutrino. A top quark tagging
technique based on a jet clustering with variable distance parameter and inherent jet
grooming is used to identify jets from the collimated top quark decay. An excited
bottom quark b # model is used as a benchmark. A combination with an analysis in
the all-hadronic Þnal state is performed. At 95% conÞdence level, b# masses up to
2.95, 3.03 and 3.22 TeV are excluded for left-handed, right-handed and vector-like
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its complementarity. In the rest of this subsection, we focus on the decay channel

B
1

! T
1

W�. (27)

For the decay ofT
1

, we consider

T
1

! t h, h ! bøb, (28)

for its high b-jet multiplicity which can be used to suppress the SM background. To suppress

the overwhelming QCD multi-jet background, we consider the case where the boosted top quark

from top-partner decay decays hadronically whileW boson from B
1

decay decays leptonically.

To estimate the collider sensitivities, we take into account the leading SM background,tøt+jets

production.

The signal model is Þrst implemented within the MadGraph5 aMC@NLO framework using

FeynRules. The both the signal and background events are generated by MadGraph5 aMC@NLO

at leading order accuracy in QCD at
p

s = 14 TeV with NNPDF2.3QED parton distribution

function, showered and hadronized by PYTHIA8, and then passed to DELPHES3 to perform fast
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T1 ! t h, h ! bøb, (28)

for its high b-jet multiplicity which can be used to suppress the SM background. To suppress

the overwhelming QCD multi-jet background, we consider the case where the boosted top quark

from top-partner decay decays hadronically whileW boson from B1 decay decays leptonically.

To estimate the collider sensitivities, we take into account the leading SM background,tøt+jets

production.

The signal model is Þrst implemented within the MadGraph5 aMC@NLO framework using

FeynRules. The both the signal and background events are generated by MadGraph5 aMC@NLO

at leading order accuracy in QCD at
"

s = 14 TeV with NNPDF2.3QED parton distribution

function, showered and hadronized by PYTHIA8, and then passed to DELPHES3 to perform fast

11

¥ Madgraph + Pythia + Delphes

¥ Dominant background

¥ Event selection optimized with XGBoost
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FIG. 8

To quantify the discovery reach of our signal at the HL-LHC, we compute the statistical signif-

icance using the likelihood-ratio method

! =

!

2
"

(S + B ) ln
S + B

B
! S

#
, (46)

where S and B are the numbers of events for signal and background, respectively. We choose

our cut on the BDT score to optimize the statistical signiÞcane, while requiring at least 3 signal

events [? ]. The 2-D contours for the 95% C.L. sensitivities in the pp " B1 " T1W channel are

also shown in themT1 ! ! plane with solid lines in Figs. 8, in comparison with thepp " T1t channel

(dashed lines) that will be described in the next subsection. We choose" = 0 .7 (green), 1.3 (red),

and 2 (blue) as benchmark scenarios, with their correspondingmB 1 shown at the top of the Þgures.

For " = 0 .7 and ! = 4 TeV, the bottom-quark partner can be probed up to mB 1 & 3 TeV. In the

case of" = "L = "R = 1 .3 and 2, the sensitivity becomes worse for smaller value of! , as shown in

Fig. 8(a), because the decay branching fraction ofB1 " T1W� is suppressed by the large partial

width of B1 " bg. In the case of" = 2 "L = "R shown in Fig. 8(b), the mass di" erence between

B1 and T1 becomes smaller for larger values of", and thus leads to very weak constraints. Finally

in the case of" = "L = 2 "R shown in Fig. 8(c), where the existing searches forB1 " tW � and

B1 " jj are weak, our analysis ofB1 " T1W� shows promising reach, especially for larger values

of ! , and can probe up to! = 20 ! 30 TeV for mT1 = 1 .5 TeV.

16

W

t
hT 1

boosted

B1
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FIG. 3: Production cross sections of the top and bottom partnerT
1

and B
1

at
p

s = 14 TeV.

A. Single Production of B1

In this section, we consider the single bottom partner production

pp ! B
1

, (26)

as the signal process. Depending on the mass di↵erence betweenB
1

and T
1

, B
1

can decay into

tW�, bg, and T
1

W�. The Þrst two decay channels have been searched for at the LHC by the

CMS collaboration [? ]. In Fig.4, we recast the CMS bounds on our model in themT1(mB1) � ⇤

plane. When mB1 � mT1 is small, B
1

decays totW� and bg with appreciable rate, which leads to

great sensitivites in the 2� 3 TeV range. However, once the mass spliting becomes large enough,

tW� and bg channels get suppressed by the large partial width ofB
1

! T
1

W�, resulting in very

weak constraints from current exsiting searches, as shown in Fig. 4(b). We also perform a naive

extrapolation to HL-LHC by rescaling the current reach by the square root of the luminosity
p

L ,

shown by the dotted and dash-dotted lines in Figs. 4.

Therefore, to fully explore the parameter space, it is important to search forB
1

! T
1

W� for

10
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T 1

boosted

at rest

¥ Asymmetric top pair

¥ Fewer combinatorial issues 

¥ Boosted objects

pT distribution
<latexit sha1_base64="onANm9SyLWnVK3gJ3JuIC0DE0M0=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FSSKuix6MVjhX5BG8Jmu22X7iZhdyOUWMG/4sWDIl79G978N27aHLT1wcDjvRlm5gUxZ0o7zrdVWFldW98obpa2tnd29+z9g5aKEklok0Q8kp0AK8pZSJuaaU47saRYBJy2g/FN5rfvqVQsCht6ElNP4GHIBoxgbSTfPor9xmPakwL1zTLJgiTTp75ddirODGiZuDkpQ466b3/1+hFJBA014VipruvE2kux1IxwOi31EkVjTMZ4SLuGhlhQ5aWz+6fo1Ch9NIikqVCjmfp7IsVCqYkITKfAeqQWvUz8z+smenDlpSyME01DMl80SDjSEcrCMD9LSjSfGIKJZOZWREZYYqJNZCUTgrv48jJpVSvueaV6d1GuXedxFOEYTuAMXLiEGtxCHZpA4AGe4RXerCfrxXq3PuatBSufOYQ/sD5/ANLflp8=</latexit>

mT1 = 2 TeV
<latexit sha1_base64="sNwK9ojias1s196dFFqubUgazWY=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkCnoRil48VugXtCFstpt26W4SdjdCCRX/ihcPinj1d3jz37htc9DWBwOP92aYmRcknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDka3U7/9QKVicdTQ44R6Ag8iFjKCtZF8+0j4WcN3J+gaVR+znhSoQVsT3y47FWcGtEzcnJQhR923v3r9mKSCRppwrFTXdRLtZVhqRjidlHqpogkmIzygXUMjLKjystn5E3RqlD4KY2kq0mim/p7IsFBqLALTKbAeqkVvKv7ndVMdXnkZi5JU04jMF4UpRzpG0yxQn0lKNB8bgolk5lZEhlhiok1iJROCu/jyMmlVK+55pXp/Ua7d5HEU4RhO4AxcuIQa3EEdmkAgg2d4hTfryXqx3q2PeWvBymcO4Q+szx/FA5S4</latexit>

Single Production  
<latexit sha1_base64="fRNQdgOXE0TxieInwJqhegawIvo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V+gVtKJvtpl26uwm7G6GE/gUvHhTx6h/y5r9xk+agrQ8GHu/NMDMviDnTxnW/ndLG5tb2Tnm3srd/cHhUPT7p6ihRhHZIxCPVD7CmnEnaMcxw2o8VxSLgtBfM7jO/90SVZpFsm3lMfYEnkoWMYJNL7ZE3qtbcupsDrROvIDUo0BpVv4bjiCSCSkM41nrgubHxU6wMI5wuKsNE0xiTGZ7QgaUSC6r9NL91gS6sMkZhpGxJg3L190SKhdZzEdhOgc1Ur3qZ+J83SEx466dMxomhkiwXhQlHJkLZ42jMFCWGzy3BRDF7KyJTrDAxNp6KDcFbfXmddBt177reeLyqNe+KOMpwBudwCR7cQBMeoAUdIDCFZ3iFN0c4L86787FsLTnFzCn8gfP5A602jgE=</latexit>

tT1



 11

Single Production  
<latexit sha1_base64="fRNQdgOXE0TxieInwJqhegawIvo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V+gVtKJvtpl26uwm7G6GE/gUvHhTx6h/y5r9xk+agrQ8GHu/NMDMviDnTxnW/ndLG5tb2Tnm3srd/cHhUPT7p6ihRhHZIxCPVD7CmnEnaMcxw2o8VxSLgtBfM7jO/90SVZpFsm3lMfYEnkoWMYJNL7ZE3qtbcupsDrROvIDUo0BpVv4bjiCSCSkM41nrgubHxU6wMI5wuKsNE0xiTGZ7QgaUSC6r9NL91gS6sMkZhpGxJg3L190SKhdZzEdhOgc1Ur3qZ+J83SEx466dMxomhkiwXhQlHJkLZ42jMFCWGzy3BRDF7KyJTrDAxNp6KDcFbfXmddBt177reeLyqNe+KOMpwBudwCR7cQBMeoAUdIDCFZ3iFN0c4L86787FsLTnFzCn8gfP5A602jgE=</latexit>

tT1

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
mT1 [TeV]

4

10

20

30

!
[T

eV
]

B1 search
T1 search

0.7

1.3

2.0

3.5 4.0 4.5 5.0 5.5 6.0
mB1 [TeV]

3.5 4.0 4.5 5.0 5.5 6.0

3.5 4.0 4.5 5.0 5.5 6.0

! = !L = !R

M = MQ = 2MT̃

(a) (b) (c)

FIG. 9

We again do a BDT analysis to estimate the statistical signiÞcance, using the following kine-

matical variables,

pT,i , ! i , mij and ! Rij , for i, j = thad, t lep, h; (52)

HT and HT,reco = pT,t had + pT,t lep + pT,h ; (53)

pT,i , for i = bhad, blep, bh1, bh2; (54)

mblep !" , mthad t lep h, and ! Rthad bhad (55)

We choose our cut on the BDT score to optimize the statistical signiÞcane, while requiring at

least 3 signal events. The 2-D contours for the 95% C.L. sensitivities using BDT are also shown

in the mT1 ! " plane with dashed lines in Figs. 9. We focus on the cases whereM Q = 2M ÷T . In

such cases,B1 becomes much heavier thanT1, and thus the reach frompp " B1 " T1W ! channel,

shown in solid lines, are rather weak. For" = 4 TeV, the top-quark partner can be probed up to

mT1 ! 2.6 TeV in most cases.
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Summary

 12

¥ Chromo-magnetic moment interaction leads to new production 

modes

¥ We study                       channel, complementary to the current 

searches

¥ Single production          is more kinematically affordable

¥ In                  , channel, top-partner can be probed up to ~2.7 TeV.

(a) (b)

FIG. 4: ss

its complementarity. In the rest of this subsection, we focus on the decay channel

B
1

! T
1

W�. (27)

For the decay ofT
1

, we consider

T
1

! t h, h ! bøb, (28)

for its high b-jet multiplicity which can be used to suppress the SM background. To suppress

the overwhelming QCD multi-jet background, we consider the case where the boosted top quark

from top-partner decay decays hadronically whileW boson from B
1

decay decays leptonically.

To estimate the collider sensitivities, we take into account the leading SM background,tøt+jets

production.

The signal model is Þrst implemented within the MadGraph5 aMC@NLO framework using

FeynRules. The both the signal and background events are generated by MadGraph5 aMC@NLO

at leading order accuracy in QCD at
p

s = 14 TeV with NNPDF2.3QED parton distribution

function, showered and hadronized by PYTHIA8, and then passed to DELPHES3 to perform fast
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Figure 1: Branching fraction of T1.
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Figure 2: Branching fraction of B1.
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