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Top-Partner at LHC
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QCD pair production EW single production

T1

T1

• Model independent
• Strong couplings
• Kinematically expensive

b

W
T1

q

b

q0

• 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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Simplified Model
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1 Model

1.1 Lagrangian

We introduce the following fields, first the elementary fields

qL =

(
t0L
b0L

)
& t0R, (1)

composite (electroweak) vectorial doublets and singlets

Q0
L =

(
T 0
L,R

B0
L,R

)
& T̃ 0

L,R , (2)

and the composite Higgs-boson doublet

φ =

(
φ+

φ0

)
. (3)

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

Lmass = −MQQ̄Q−MT̃
¯̃TT − y∗(Q̄Lφ̃T̃R + Q̄Rφ̃T̃L) + h.c. (4)

−∆Lq̄LQR −∆Rt̄RT̃L + h.c.

where φ̃ = iσ2φ∗.

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

Lmass =
(
t̄0L T̄ 0

L
¯̃T 0
L

)
· Mt ·

⎛

⎝
t0R
T 0
R

T̃ 0
R

⎞

⎠+
(
b̄0L B0

L

)
· Mb ·

(
b0R
B0

R

)
. (6)
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• Partial compositeness:

Elementary
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Composite

mt '
�L�Ry⇤vp
2(M2 �m2)
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mixing
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✏L =
�L

MQ
, ✏R =

�R

MT̃



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.

t

T1

g

t

T1

g
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FIG. 3: Production cross sections of the top and bottom partner T
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 between B
1

and T
1

, B
1

can decay into

tW�, bg, and T
1

W�. The first 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 the mT1(mB1) � ⇤

plane. When mB1 � mT1 is small, B
1

decays to tW� 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 of B
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 for B
1

! T
1

W� for
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• For                           exceed pair production.

•     production dominates if 

MT1 & 1 TeV, t T1
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background prediction method in proton-proton collisions

at
p

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 atp

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 fit 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, W0 and Z0 bosons,
Randall–Sundrum 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% confidence 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.

”Published in the Journal of High Energy Physics as doi:10.1007/JHEP05(2020)033.”

c� 2020 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

⇤See Appendix A for the list of collaboration members
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Search for a heavy resonance decaying into a top quark and
a W boson in the lepton+jets final 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

p
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 final 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 final state is performed. At 95% confidence 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 atp

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 fit 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, W0 and Z0 bosons,
Randall–Sundrum 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% confidence 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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proton collisions at
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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 final 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 final state is performed. At 95% confidence 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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its complementarity. In the rest of this subsection, we focus on the decay channel

B
1

! T
1

W�. (27)

For the decay of T
1

, we consider

T
1

! t h, h ! bb̄, (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 while W boson from B
1

decay decays leptonically.

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

production.

The signal model is first 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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• 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

� =

s

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 significane, while requiring at least 3 signal

events [? ]. The 2-D contours for the 95% C.L. sensitivities in the pp ! B
1

! T
1

W channel are

also shown in the mT1 �⇤ plane with solid lines in Figs. 8, in comparison with the pp ! T
1

t 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 corresponding mB1 shown at the top of the figures.

For ✏ = 0.7 and ⇤ = 4 TeV, the bottom-quark partner can be probed up to mB1 & 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 of B
1

! T
1

W� is suppressed by the large partial

width of B
1

! bg. In the case of ✏ = 2✏L = ✏R shown in Fig. 8(b), the mass di↵erence between

B
1

and T
1

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 for B
1

! tW� and

B
1

! jj are weak, our analysis of B
1

! T
1

W� shows promising reach, especially for larger values

of ⇤, and can probe up to ⇤ = 20 � 30 TeV for mT1 = 1.5 TeV.

16

W

t
hT1

boosted

B1
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FIG. 3: Production cross sections of the top and bottom partner T
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 between B
1

and T
1

, B
1

can decay into

tW�, bg, and T
1

W�. The first 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 the mT1(mB1) � ⇤

plane. When mB1 � mT1 is small, B
1

decays to tW� 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 of B
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 for B
1

! T
1

W� for

10
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t

t

h

T1

boosted

at rest

• Asymmetric top pair

• Fewer combinatorial issues 

• Boosted objects

pT distribution
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We again do a BDT analysis to estimate the statistical significance, using the following kine-

matical variables,

pT,i, ⌘i, mij and �Rij , for i, j = t
had

, t
lep

, h; (52)

HT and HT,reco = pT,thad + pT,tlep + pT,h; (53)

pT,i, for i = b
had

, b
lep

, bh1, bh2; (54)

mblep`⌫ , mthadtleph, and �Rthadbhad (55)

We choose our cut on the BDT score to optimize the statistical significane, 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 where MQ = 2M
˜T . In

such cases, B
1

becomes much heavier than T
1

, and thus the reach from pp ! B
1

! T
1

W� 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.

18

(a) (b)

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

4.0 4.8 5.6 6.4 7.2
mB1 [TeV]

4.8 5.6 6.4 7.2 8.0

5.6 6.4 7.2 8.0 8.8 9.6

� = �L = 2�R

M = MQ = 2MT̃

(c)

FIG. 9

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

matical variables,

pT,i, ⌘i, mij and �Rij , for i, j = t
had

, t
lep

, h; (52)

HT and HT,reco = pT,thad + pT,tlep + pT,h; (53)

pT,i, for i = b
had

, b
lep

, bh1, bh2; (54)

mblep`⌫ , mthadtleph, and �Rthadbhad (55)

We choose our cut on the BDT score to optimize the statistical significane, 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 where MQ = 2M
˜T . In

such cases, B
1

becomes much heavier than T
1

, and thus the reach from pp ! B
1

! T
1

W� 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.

18



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 of T
1

, we consider

T
1

! t h, h ! bb̄, (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 while W boson from B
1

decay decays leptonically.

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

production.

The signal model is first 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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