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How to Search for BSM
• There isn’t a unique way.  No right or wrong approach.  

• Start with precision measurement of SM. Use Higgs / top quark. 

• We have many “templates” for BSM physics. 

• Well motivated models: Supersymmetry, extra dimensions, strong dynamics etc 

• OSET: On-Shell Effective Theories (event topology with kinematics only) 

• Effective Operators 

• Simplified Models 

• Alternatively, we propose a strategy for searching for theoretically-unanticipated new 
physics which avoids a large trials factor by focusing on experimental strengths. 
Searches for resonances decaying into pairs of visible particles are experimentally 
very powerful due to the localized mass peaks and have a rich history of discovery. 

• Yet, due to a focus on subsets of theoretically-motivated models, the landscape of 
such resonances is far from thoroughly explored. 
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Unexplored Landscape of 
Two-Body Resonances

TABLE I. Existing two-body exclusive final state resonance searches at
p
s = 8 TeV. The ? symbol indicates no

existing search.

e µ ⌧ � j b t W Z h
e ±⌥[4],±±[5] ±±[5, 6] ±⌥[6, 7] [7] ? ? ? ? ? ? ?
µ ±⌥[4],±±[5] [7] ? ? ? ? ? ? ?
⌧ [8] ? ? ? [9] ? ? ?
� [10] [11–13] ? ? [14] [14] ?
j [15] [16] [17] [18] [18] ?
b [16] [19] ? ? ?
t [20] [21] ? ?
W [22–25] [23, 24, 26, 27] [28–30]
Z [23, 25, 31] [28, 30, 32, 33]
h [34–37]

TABLE II. Theory models motivating two-body final state resonance searches. Here Z0 and W 0 denote additional
gauge bosons, 6R denotes R-parity violating decays of sparticles in supersymmetry, H±± denotes doubly-charged
Higgs bosons, H denotes additional neutral scalar or pseudoscalar Higgs bosons, L⇤ and Q⇤ denote excited fermions,
XKK denote various Kaluza-Klein excitations of gravitons or Standard Model fields, ⇢ denotes neutral or charged
techni-rhos, LQ denotes leptoquarks, T 0, B0, Q0 denote vector-like top, bottom, and light-flavor quarks, and Q denotes
quirks. See also [38].

e µ ⌧ � j b t W Z h
e Z0, H±± 6R,H±± 6R,H±± L⇤ LQ, 6R LQ, 6R LQ, 6R L⇤, ⌫KK L⇤, eKK L⇤

µ Z0, H±± 6R,H±± L⇤ LQ, 6R LQ, 6R LQ, 6R L⇤, ⌫KK L⇤, µKK L⇤

⌧ Z0, H,H±± L⇤ LQ, 6R LQ, 6R LQ, 6R L⇤, ⌫KK L⇤, ⌧KK L⇤

� H,GKK ,Q Q⇤ Q⇤ Q⇤ WKK ,Q H,Q ZKK

j Z0, ⇢, GKK W 0, 6R T 0, 6R Q⇤, QKK Q⇤, QKK Q0

b Z0, H W 0, 6R,H± T 0, Q⇤, QKK Q⇤, QKK B0

t H,G0, Z0 T 0 T 0 T 0

W H,GKK , ⇢ W 0,Q H±,Q, ⇢
Z H,GKK , ⇢ A, ⇢
h H,GKK

IV. DISCUSSION

The data from the LHC are extraordinarily valu-
able, in that its collection required an enormous in-
vestment of financial and human resources and in
its potential power to answer outstanding questions
of particle physics. However, once those resources
are spent and the data are collected, there remain
di�cult questions regarding how to use it. Experi-
mental analysis of a given final state requires limited
human and financial resources, and every search in-
creases field-wide trials factor, making any local ex-
cess less globally significant. Therefore, it is neces-
sarily the case that some experimental territory will
be left uncovered, and proposals for new experimen-
tal searches must have a compelling argument.

Here we have argued that in addition to the usual
stable of theoretically-motivated searches, a set of
experimentally-motivated searches should be con-
ducted. We propose a set of exclusive 2-body res-

onance searches, which naturally limits the number
of final states and are well matched to experimental
capabilities. This is in contrast to the strategy of
general searches, which attempt to satisfy a broad
set of theory motivations, but do not focus on ex-
perimental strengths and su↵er a very large trials
factor.

The final states with matched objects have
been examined, though there remain openings at
low- and high-mass regions. More significantly,
we find that many of the mismatched pair final
states have had no attention, despite the existence
of theoretical models and the absence of strong
theoretical constraints.

4

• Let is consider all possible combinations of two reconstructed objects 
(putting aside theoretical constraints.) 
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TABLE III. The possible QCD and EM quantum numbers of each 2-body resonance, indicated as (QCD,EM).
Alternate quantum number assignments are indicated in parentheses. Round (square) brackets indicate a bosonic
(fermionic) resonance. An ⇤ indicates that there is no possible initial state for resonant production at the LHC. A }
(~) indicates that this state would lead to �B = 1 (�L = 1) processes if it possessed a resonant production mode
at the LHC from additional couplings to quarks or gluons.

` � q g b t W+ Z h

` (1, 2)⇤ [1, 1]⇤ (3̄, 1(4)/3)}~ [8, 1]⇤ (3̄, 4/3)}~ (3̄, 1/3)}~ [1, 0]⇤ [1, 1]⇤ [1, 1]⇤

¯̀ (1, 0) [1,�1]⇤ (3̄,�2(5⇤)/3)}~ [8,�1]⇤ (3̄,�2/3)}~ (3̄,�5/3)⇤ [1,�2]⇤ [1,�1]⇤ [1,�1]⇤

� [1, 1]⇤ (1, 0) [3̄, 1(�2)/3] (8, 0) [3̄, 1/3] [3̄,�2/3] (1,�1) (1, 0) (1, 0)
q (3̄, 1(4)/3)}~ [3̄, 1(�2)/3] (3,�1(2)(�4)/3) [3̄, 1(�2)/3] (3,�1(2)/3) (3,�1(�4)/3) [3̄,�2(�5⇤)/3] [3̄, 1(�2)/3] [3̄, 1(�2)/3]
q̄ (3, 2(5⇤)/3)}~ [3,�1(2)/3] (1(8), 0(�1)) [3,�1(2)/3] (1(8), 0(�1)) (1(8), 0(�1)) [3,�1(�4⇤)/3] [3,�1(2)/3] [3,�1(2)/3]
g [8, 1]⇤ (8, 0) [3̄, 1(�2)/3] (1(8), 0) [3̄, 1/3] [3̄,�2/3] (8,�1) (8, 0) (8, 0)
b [3̄, 1/3] (3,�1(2)/3) [3̄, 1/3] (3, 2/3) (3,�1/3) [3̄,�2/3] [3̄, 1/3] [3̄, 1/3]
b̄ (1(8), 0(�1)) [3,�1/3] (1(8), 0) (1(8),�1) [3,�4/3]⇤ [3,�1/3] [3,�1/3]
t [3̄,�2/3] (3,�1/3) (3,�4/3) [3̄,�5/3]⇤ [3̄,�2/3] [3̄,�2/3]
t̄ (1(8), 1) (1(8), 0) [3,�1/3] [3, 2/3] [3, 2/3]

W+ [3̄,�5/3]⇤ (1,�2)⇤ (1,�1) (1,�1)
W� (1, 0) (1, 1) (1, 1)
Z (1, 0) (1, 0)
h (1, 0)

TABLE IV. For each pair of Standard Model particles, three boxes indicate the existence of various possible production
modes for the corresponding resonance. In the first box, a indicates the existence of a resonant production mode
at the LHC if additional couplings to quarks or gluons are included. In the second box, , , , or indicate the
leading production mode in association with one, two, three, or four Standard Model particles using the same coupling
for production and decay in a four-flavor scheme. In the third box, indicates the existence of an irreducible pair
production mode via Standard Model gauge bosons.

` � q g b t W+ Z h

`

¯̀

�

q

q̄

g

b

b̄

t

t̄

W+
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Z
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TABLE IV. For each pair of Standard Model particles, three boxes indicate the existence of various possible production
modes for the corresponding resonance. In the first box, a indicates the existence of a resonant production mode
at the LHC via the tree-level decay couplings, loop-induced processes involving the decay coupling, or the inclusion
of additional couplings to quarks or gluons allowed by the quantum numbers of the resonance. In the second box,

, , , or indicate the leading production mode in association with one, two, three, or four Standard Model
particles using the same coupling for production and decay in a four-flavor scheme. In the third box, indicates the
unavoidable existence of a pair production mode via Standard Model gauge bosons. This box is left empty if there is
a possible choice of resonance quantum numbers that does not lead to a pair production mode.
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         indicates the existence of a resonant production via tree-
level decay coupling, loop-induced processes involving the 
decay coupling, or the inclusion of additional couplings to 
quarks / gluons (allowed by quantum numbers).

                                  indicate the leading production mode in 
association with 1, 2, 3 and 4 SM particles using the same coupling 
for production and decay (in 4 flavor scheme).

indicates the unavoidable existence of a pair production mode.
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TABLE I. Existing two-body exclusive final state resonance searches at
p
s = 8 TeV. The ? symbol indicates no

existing search.

e µ ⌧ � j b t W Z h
e ±⌥[4],±±[5] ±±[5, 6] ±⌥[6, 7] [7] ? ? ? ? ? ? ?
µ ±⌥[4],±±[5] [7] ? ? ? ? ? ? ?
⌧ [8] ? ? ? [9] ? ? ?
� [10] [11–13] ? ? [14] [14] ?
j [15] [16] [17] [18] [18] ?
b [16] [19] ? ? ?
t [20] [21] ? ?
W [22–25] [23, 24, 26, 27] [28–30]
Z [23, 25, 31] [28, 30, 32, 33]
h [34–37]

TABLE II. Theory models motivating two-body final state resonance searches. Here Z0 and W 0 denote additional
gauge bosons, 6R denotes R-parity violating decays of sparticles in supersymmetry, H±± denotes doubly-charged
Higgs bosons, H denotes additional neutral scalar or pseudoscalar Higgs bosons, L⇤ and Q⇤ denote excited fermions,
XKK denote various Kaluza-Klein excitations of gravitons or Standard Model fields, ⇢ denotes neutral or charged
techni-rhos, LQ denotes leptoquarks, T 0, B0, Q0 denote vector-like top, bottom, and light-flavor quarks, and Q denotes
quirks. See also [38].

e µ ⌧ � j b t W Z h
e Z0, H±± 6R,H±± 6R,H±± L⇤ LQ, 6R LQ, 6R LQ, 6R L⇤, ⌫KK L⇤, eKK L⇤

µ Z0, H±± 6R,H±± L⇤ LQ, 6R LQ, 6R LQ, 6R L⇤, ⌫KK L⇤, µKK L⇤

⌧ Z0, H,H±± L⇤ LQ, 6R LQ, 6R LQ, 6R L⇤, ⌫KK L⇤, ⌧KK L⇤

� H,GKK ,Q Q⇤ Q⇤ Q⇤ WKK ,Q H,Q ZKK

j Z0, ⇢, GKK W 0, 6R T 0, 6R Q⇤, QKK Q⇤, QKK Q0

b Z0, H W 0, 6R,H± T 0, Q⇤, QKK Q⇤, QKK B0

t H,G0, Z0 T 0 T 0 T 0

W H,GKK , ⇢ W 0,Q H±,Q, ⇢
Z H,GKK , ⇢ A, ⇢
h H,GKK

IV. DISCUSSION

The data from the LHC are extraordinarily valu-
able, in that its collection required an enormous in-
vestment of financial and human resources and in
its potential power to answer outstanding questions
of particle physics. However, once those resources
are spent and the data are collected, there remain
di�cult questions regarding how to use it. Experi-
mental analysis of a given final state requires limited
human and financial resources, and every search in-
creases field-wide trials factor, making any local ex-
cess less globally significant. Therefore, it is neces-
sarily the case that some experimental territory will
be left uncovered, and proposals for new experimen-
tal searches must have a compelling argument.

Here we have argued that in addition to the usual
stable of theoretically-motivated searches, a set of
experimentally-motivated searches should be con-
ducted. We propose a set of exclusive 2-body res-

onance searches, which naturally limits the number
of final states and are well matched to experimental
capabilities. This is in contrast to the strategy of
general searches, which attempt to satisfy a broad
set of theory motivations, but do not focus on ex-
perimental strengths and su↵er a very large trials
factor.

The final states with matched objects have
been examined, though there remain openings at
low- and high-mass regions. More significantly,
we find that many of the mismatched pair final
states have had no attention, despite the existence
of theoretical models and the absence of strong
theoretical constraints.
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are spent and the data are collected, there remain
di�cult questions regarding how to use it. Experi-
mental analysis of a given final state requires limited
human and financial resources, and every search in-
creases field-wide trials factor, making any local ex-
cess less globally significant. Therefore, it is neces-
sarily the case that some experimental territory will
be left uncovered, and proposals for new experimen-
tal searches must have a compelling argument.

Here we have argued that in addition to the usual
stable of theoretically-motivated searches, a set of
experimentally-motivated searches should be con-
ducted. We propose a set of exclusive 2-body res-

onance searches, which naturally limits the number
of final states and are well matched to experimental
capabilities. This is in contrast to the strategy of
general searches, which attempt to satisfy a broad
set of theory motivations, but do not focus on ex-
perimental strengths and su↵er a very large trials
factor.

The final states with matched objects have
been examined, though there remain openings at
low- and high-mass regions. More significantly,
we find that many of the mismatched pair final
states have had no attention, despite the existence
of theoretical models and the absence of strong
theoretical constraints.
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Figure 1. Sample Feynman diagrams for pair production of top partners at the LHC and their
decays into TT ! tt + g + g/� final states.

2.1 Spin-1
2 Top Partner

We consider a model where the Standard Model is extended with a spin-1
2 vector-like top

partner (T ) with an electric charge of 2/3, which is a singlet under SU(2)
L

and a triplet

under SU(3)
C

. Its charge and color structure characterize the couplings to photons and

gluons, which are responsible for their production and decays (see Figure 1). Since the top

partner and the SM top quark have the same quantum numbers, it could mix with the SM

top quark, giving rise to additional couplings to electroweak gauge bosons and the Higgs.

As a result, most commonly studied T decay modes in literatures are tZ, th and Wb where

the exact decay coupling is determined by the mixing angle and model parameters.

The mixing angle (✓
L

) is highly constrained by electroweak (EW) precision measure-

ments [4–8]. The oblique parameters constrain | sin ✓
L

| . 0.16 for the top partner mass

around 1 TeV and | sin ✓
L

| . 0.11 for beyond 2 TeV [5, 7, 8]. The collider bounds turn

out to be less constraining [9]. In compliance with a series of precision measurements as

well as the null result from the LHC, it is essential to scrutinize uncharted parameter space

where the mixing angle goes to zero. In this limit, the T and the SM top do not directly

feel with each other, and therefore all the conventional tree-level decays T ! tZ, T ! th

and T ! bW vanish, indicating that the quality of physics can be substantially altered.

In a model with a SM gauge singlet scalar (S) in addition to the top partner, it is

possible that the scalar S can induce new decays T ! tg, T ! t� and T ! tZ at one-loop

level [10, 11]. All these modes survive even in the zero-mixing limit while other tree-level

decay modes are closed. In this case, the branching ratios are mostly determined by the

gauge couplings and weak mixing angle. Among these, the decay T ! tg (BR ' 97 %)

is dominant due to the strong coupling, while the other decays T ! t� (BR ' 3 %) and

T ! tZ (BR . 1 %) are suppressed by the weak couplings. Let us consider the following

dipole operators in the limit where the scalar S is integrated out,

L
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Here ⇤ is the scale of the particle that is integrated out and GA

µ⌫

, W a

µ⌫

and B
µ⌫

are the field

strength tensors for the SM gauge groups, SU(3)
C

, SU(2)
L

and U(1)
Y

, respectively. g
i

s are

the corresponding gauge coupling constants. Since we are interested in new decay modes

of T , we will consider a case with c2 = 0. After electroweak symmetry breaking (EWSB),

– 3 –

Eq. (2.1) can be e↵ectively parametrized by the short-distance interactions between the

top partner and top mediated by a gluon, photon or Z as in Eq.(2.2).

L
EFT

= c
g

T
L

�µ⌫TAt
R

GA

µ⌫

+ c
�

T
L

�µ⌫t
R

F
µ⌫

+ c
Z

T
L

�µ⌫t
R

Z
µ⌫

+ h.c. , (2.2)

where c
g

= c3g3
⇤ , c

�

= c1
⇤ g1YtR cos ✓

W

and c
Z

= c1
⇤ g1YtR sin ✓

W

with the Weinberg’s angle

✓
W

. The field strength tensors for gluon, photon and Z are defined as
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where fABC is the SU(3)
C

structure constant. This gives rise to similar decay patterns of

excited quarks discussed in Refs. [12–16]. The relevant kinetic and mass terms for the top

partner are

L
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✓
i/@ � 2

3
g1YtR

/B � g3T
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A

◆
T � m

T

TT, (2.6)

where Y
tR = Q

t

= 2
3 is the U(1)

Y

hypercharge of the top quark, TA are the fundamental

SU(3) representation matrices, and m
T

is the vector-like mass.

2.2 Spin-3
2 Top Partner

Spin-3
2 fermions are described by the Rarita-Schwinger Lagrangian, which is a generalized

version of the Dirac equation with a Lorentz index on a Dirac spinor [17]. In this section,

we make brief remarks on relevant interactions for discussion in the rest of this paper,

referring to Refs. [17–22] for more details on physics with spin-3
2 top partner.

The interaction of spin-3
2 top partner ( ↵) and the SM gluon (GA

µ

) is given by
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where TA is the SU(3)
C

generators and the z is an arbitrary parameter (z 6= �1
2). All

physical quantities should be independent of this parameter [17–22]. Production mecha-

nism of spin-3
2 is identical to that of spin-1

2 as shown in Fig. 1, while its decay to the SM

top quark (t) and gauge bosons (F a

i,↵�

with i = 1, 2, 3 for the SM gauge group) is described

by the following operator
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where ⇤ is associated with new physics scale and P
L/R

= 1±�

5

2 are projection operators. T a

i

(i = 1, 2, 3) is the generator of the corresponding SM gauge group. The Wilson coe�cients

c
i

’s dictate interaction strengths of SM gauge bosons and naively they are bounded from

perturbativity arguments by 4⇡.
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’s dictate interaction strengths of SM gauge bosons and naively they are bounded from

perturbativity arguments by 4⇡.
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Simple Extension to SM with a VLQ: 

Conventionally:

Exp. searches indicate no 

deviation from the SM.

 

Introduction

What if     doesn't decay conventionally? 

How about new decay modes?

Radiative decay Modes?

Can we probe this at the LHC?

ATLAS Collaboration 
(arXiv:1707.03347)

CMS Collaboration 
(arXiv:1711.10949)
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Figure 2. Pair production cross section of spin- 1
2 (red, dashed) and spin- 3

2 (blue, solid) color-triplet
at leading order accuracy as a function of the top partner mass (m

T

) at the 14 TeV LHC. Yellow
(red) shade represents the parameter space for spin- 3

2 (spin- 1
2 ) excluded by current CMS data at

95% C.L. with 35.9 fb�1.

3 Production and Decay

We now discuss the production and decay of the top partner, T , introduced in Sec. 2.

Interaction with color-triplet spin-3
2 and spin-1

2 particles and SM gluon is fixed by SU(3)
C

gauge invariance. Pair production of spin-1
2 is identical to that of SM top quark production,

while spin-3
2 case requires a careful calculation. We show in Fig. 2 pair production cross

section at leading order (LO) as a function of the mass of T for both spin-3
2 (blue, solid) and

spin-1
2 (red, dashed), which are obtained using MadGraph5 aMC@NLO [23] at the 14 TeV LHC

with default parton distribution functions NNPDF2.3QED [24]. For spin-3
2 , we use existing

model file described in Ref. [22] and have cross-checked these results using CalcHEP with

our own implementation [25]. We also verified analytically pair production cross section of

spin-3
2 and agreeed with results in Ref. [19].

A search for pair production of spin 3/2 vector-like top partners, each decaying exclu-

sively to a top quark and a gluon, is recently performed by CMS [26] at the 13 TeV LHC

with 35.9 fb�1. Assuming BR(T ! tg) = 1, a traditional analysis based on r = 0.4 jets

excluded masses below ⇠ 1.2 TeV, which is illustrated as yellow-shade in Fig. 2. Recasting

the CMS search [26] to assess the current constraint on the spin 1/2 top partner using

NNLO pair production cross section [27–32], the lower limit on the mass is found to be

m
T

& 930 GeV, which is shown in the red-shade.

While the T ! tg decay is dominant, there is non-negligible decay to t�. For the case

with c2 = 0 and c1 = c3 = 1, we obtain partial decay widths
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Alhazmi, Kim, Kong, Lewis 2018

• Pair production of color triplet fermions at 
the LHC is given by SM QCD. 

• See talk by I. Lewis for single production.

• Current limit  
• mT > 1.2 TeV for spin 3/2 
• mT > 930 GeV for spin 1/2
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where the coe�cient C is

C =

8
><

>:

(g1YtR cos ✓
W

)2 = (eQ
t

)2 for � t

(g1YtR sin ✓
W

)2 = (eQ
t

tan ✓
W

)2 , for Z t (in the M
Z

⌧ m
T

limit) ,

g2
3C2(R) = 4

3g2
3 for g t

(3.3)

and m
t

is the top quark mass, ✓
W

is the Weinberg’s angle and Y
t

is the hypercharge of the

right handed top. Therefore the branching fractions are given by ratios of above coe�cients:

�(T ! � t) : �(T ! Z t) : �(T ! g t) = (eQ
t

)2 : (eQ
t

tan ✓
W

)2 : g2
3C2(R) (3.4)

= 0.021 : 0.00601 : 0.9725 . (3.5)

Since the branching fraction of T ! tZ is negligible, we focus on two other decay

modes in this study. The independent parameters of the model are

c
g

, c
�

, and m
T

, (3.6)

and we consider the top partner branching ratios of tg and t� to 97% and 3% respectively

in our analysis. Later we will vary these branching fractions.

4 Searches for Top Partners at the LHC

In this section, we perform detailed collider analyses at the 14 TeV LHC, taking spin-1
2

model as our benchmark model Analysis on the spin-3
2 is identical except for di↵erence in

production cross sections and results are shown in section 4.3. We consider the QCD pair

production of TeV scale T decaying into two final states

p p ! T T ! t t + g + g/� , (4.1)

where both tops are forced to decay semi-leptonically to avoid QCD multi-jet backgrounds.

Final states are, therefore, characterized by two boosted tops in association with two hard

jets (ttgg) or a hard jet and an isolated photon (ttg�). The ttg� channel renders a relatively

clean final state with small background compositions, while the ttgg channel has a busy

environment with a large irreducible tt background. In this analysis, we will consider the

semi-leptonic decay of two top quarks. The overall sensitivities of two channels depend on

the branching ratios of T that are controlled by two parameters c
g

and c
�

introduced in

Eq.(2.2). We choose the benchmark parameters c
g

= 1 ⇥ 10�4 and c
�

= 0.2031 ⇥ 10�4

throughout the analyses which fix the top partner branching ratios of tg and t� to 97% and

3% respectively. These numerical values do not a↵ect our analysis, as long as total decay

with of top partner is small enough. We will generalize the assumption on the branching

ratio as a function of BR(T ! t�) in later discussions for more comprehensive predictions.

The FeynRules package [33] is used to implement the models described in Section 2 to

generate a UFO library [34]. The signal events are simulated by MadGraph5 aMC@NLO [23]

at a
p

S = 14 TeV using the default NNPDF2.3QED [24] parton distribution functions as

implemented in LHAPDF6 [35]. We use default dynamic renormalization and factorization
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• Benchmark point 
• mT = 1 TeV 
• BR(T -> t photon) = 3%   and BR(T -> t gluon) = 97% 

• Assume narrow width / no tree level decays

W+

b

t̄
W�

b̄

T

T

⌫̄

l�

�/g

• Two parameters 
• mT 
• BR(T -> t photon)



         Channel
• Basic cuts (consider semi-leptonic decay of ttbar at the 14 TeV LHC) 

• at least 1 slim jet with  

• at least 1 lepton with 

• at least 1 hard fat jet with 

• at least 1 hadronic top and 1 leptonic top (template overlap method) 

• additionally, require                           and 

at least one r = 0.4 slim jet with

pj
T

> 30 GeV and |⌘j | < 2.5, (4.7)

and exactly one isolated lepton passing the cuts in Eq. (4.3) and

p`
T

/p⌃
T

> 0.7, (4.8)

where p⌃
T

is the scalar sum of transverse momenta of final state particles (including a lepton

itself) within �R = 0.3 isolation cone1. At least one hard fat jet with

pj
T

> 350 GeV and |⌘j | < 2.5, (4.9)

is required to catch the boosted hadronic top candidate. The series of cuts described in

Eqs. (4.6-4.9) define our basic cuts of the ttgg channel.

Since the decay products of the boosted hadronic top are highly-collimated, we will

identify the fat jet with a three-pronged substructure as the hadronic top candidate. This

feature is distinguished from QCD jets, which typically have a two-pronged topology, and

therefore the SM backgrounds without containing a hard hadronic top can be substantially

vetoed. We use the TemplateTagger v.1.0 [42] implementation of the Template Overlap

Method (TOM) [43, 44] to tag massive boosted objects2. TOM utilizes kinematically con-

strained three-pronged templates within a fat jet. It aims to match the energy distribution

of a fat jet to three-pronged templates by scanning over the allowed phase space with all

relevant kinematic constraints. The TOM is based on an overlap Ova
i

, where a is a parent

particle and i is the number of templates inside a fat jet. The closer Ova
i

is to one, the

more likely that a fat jet originated from the particle a. This method is weakly susceptible

to pileup contamination [44].

For a fat jet to be tagged as the hadronic top, we demand a leading order (LO) three-

pronged top template overlap score

Ovhad3 > 0.6. (4.10)

Fig. 3 (left) shows normalized invariant mass distribution of the top-tagged fat jet, mreco

thad
,

for m
T

= 1.0 TeV for both signal and backgrounds after reconstructions. Both the signal

and tt̄ background mreco

thad
distributions are highly peaked at the top mass m

t

= 173 GeV,

while other backgrounds are not quite as peaked. To further separate these backgrounds,

we apply the cut

mreco

thad
> 145 GeV. (4.11)

The corresponding p
T

distribution of the top-tagged fat jet is shown in the right panel of

Fig. 3, which shows that the signal is harder than the background. We require exactly one

top-tagged fat jet which passes the cuts in Eqs. (4.10-4.11):

N
thad = 1 (4.12)

1
The angular distance �Rij is defined by �Rij =

p
(��ij)

2
+ (�⌘ij)2, where ��ij = �i � �j and

�⌘ij = ⌘i�⌘j are the di↵erences of the azimuthal angles and rapidities between particles i and j respectively.
2
For comparisons with other popular taggers, see Ref. [45] and references therein.
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scales. At particle-level, for both ttgg and ttg� channels, we require all partons to pass

cuts of

p
T

> 30 GeV, and |⌘| < 5, (4.2)

while leptons are required to have

p`
T

> 30 GeV and |⌘`| < 2.5, (4.3)

where p
T

are transverse momentum, ⌘ is rapidity, and ` indicates leptons. To improve the

statistics in the SM backgrounds, we demand

H
T

> 700 GeV, (4.4)

where H
T

denotes the scalar sum of the transverse momenta of all final state partons. On

top of the generation-level cuts in Eqs. (4.2-4.4), an additional photon selection is required

for the ttg� channel

p�
T

> 300 GeV and |⌘� | < 2.5. (4.5)

All the particle-level events are showered and hadronized by PYTHIA6 [36] and clustered

by the FastJet [37] implementation of the anti-k
T

algorithm [38] with a fixed cone size of

r = 0.4 (1.0) for a slim (fat) jet.

We also include simplistic detector resolution e↵ects based on the ATLAS detector

performances [39, 40], and smear momenta and energies of reconstructed jets, photons and

leptons according to the value of their energies, as described in appendix A.

4.1 ttgg Decay Channel

We now focus on the ttgg channel and describe our analysis strategy to estimate the

sensitivity. The previous CMS search [26] for T in the ttgg channel utilized exactly one

isolated lepton, /E
T

, and at least six slim jets with exactly two b-jets tagged, to take

into account the busy environment. The main challenge of such a high jet-multiplicity

environment is to resolve a combinatorial problem among reconstructed objects to find

correct pairs. A typical way out is to employ a chi-square fit to reconstruct W bosons,

tops and top partners using truth information from simulated signal samples. The success

rate that all reconstructed objects are correctly assigned was found to be only 11% [26].

When searching for T of masses at TeV scale, the topology of signal events undergoes

a step change, leaving two boosted top signatures of which the decay products are highly-

collimated and two hard gluons in the final state. It is clear that the combinatorics becomes

much simpler, but on the other hand, a traditional slim-jet-based analysis is no longer

adequate since collimated top decay products can be better clustered by fat jets with

unique internal substructures. In this case, the jet-substructure analysis becomes more

e�cient compared to the conventional approach.

In this section, as an extension to CMS study [26], we will present a new substructure

analysis focusing on the boosted parameter space. We will demonstrate that the method
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1.      Final State   2.      Final State  

 All partons:

 Leptons:

 Photons:

 Additionally:

18

Analysis 1.  Semileptonic  

1. Basic Cuts: {                      , at least 1 slim jet, at least 1        

                                   fat jet and exactly 1 isolated lepton.}

2. Boosted top tagging: {select one fat jet with the best       

                                                        overlap score}

Isolation Criterion:

3. Slim jet -avors: {match slim jets to C and B hadrons}

4. Isolated slim jets: {at leas 3 jets are isolated from the fat jet}

Isolated slim jets:
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at least one r = 0.4 slim jet with

pj
T

> 30 GeV and |⌘j | < 2.5, (4.7)

and exactly one isolated lepton passing the cuts in Eq. (4.3) and

p`
T

/p⌃
T

> 0.7, (4.8)

where p⌃
T

is the scalar sum of transverse momenta of final state particles (including a lepton

itself) within �R = 0.3 isolation cone1. At least one hard fat jet with

pj
T

> 350 GeV and |⌘j | < 2.5, (4.9)

is required to catch the boosted hadronic top candidate. The series of cuts described in

Eqs. (4.6-4.9) define our basic cuts of the ttgg channel.

Since the decay products of the boosted hadronic top are highly-collimated, we will

identify the fat jet with a three-pronged substructure as the hadronic top candidate. This

feature is distinguished from QCD jets, which typically have a two-pronged topology, and

therefore the SM backgrounds without containing a hard hadronic top can be substantially

vetoed. We use the TemplateTagger v.1.0 [42] implementation of the Template Overlap

Method (TOM) [43, 44] to tag massive boosted objects2. TOM utilizes kinematically con-

strained three-pronged templates within a fat jet. It aims to match the energy distribution

of a fat jet to three-pronged templates by scanning over the allowed phase space with all

relevant kinematic constraints. The TOM is based on an overlap Ova
i

, where a is a parent

particle and i is the number of templates inside a fat jet. The closer Ova
i

is to one, the

more likely that a fat jet originated from the particle a. This method is weakly susceptible

to pileup contamination [44].

For a fat jet to be tagged as the hadronic top, we demand a leading order (LO) three-

pronged top template overlap score

Ovhad3 > 0.6. (4.10)

Fig. 3 (left) shows normalized invariant mass distribution of the top-tagged fat jet, mreco

thad
,

for m
T

= 1.0 TeV for both signal and backgrounds after reconstructions. Both the signal

and tt̄ background mreco

thad
distributions are highly peaked at the top mass m

t

= 173 GeV,

while other backgrounds are not quite as peaked. To further separate these backgrounds,

we apply the cut

mreco

thad
> 145 GeV. (4.11)

The corresponding p
T

distribution of the top-tagged fat jet is shown in the right panel of

Fig. 3, which shows that the signal is harder than the background. We require exactly one

top-tagged fat jet which passes the cuts in Eqs. (4.10-4.11):

N
thad = 1 (4.12)

1
The angular distance �Rij is defined by �Rij =

p
(��ij)

2
+ (�⌘ij)2, where ��ij = �i � �j and

�⌘ij = ⌘i�⌘j are the di↵erences of the azimuthal angles and rapidities between particles i and j respectively.
2
For comparisons with other popular taggers, see Ref. [45] and references therein.
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top-tagged fat jet which passes the cuts in Eqs. (4.10-4.11):

N
thad = 1 (4.12)

1
The angular distance �Rij is defined by �Rij =

p
(��ij)

2
+ (�⌘ij)2, where ��ij = �i � �j and

�⌘ij = ⌘i�⌘j are the di↵erences of the azimuthal angles and rapidities between particles i and j respectively.
2
For comparisons with other popular taggers, see Ref. [45] and references therein.
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at least one r = 0.4 slim jet with

pj
T

> 30 GeV and |⌘j | < 2.5, (4.7)

and exactly one isolated lepton passing the cuts in Eq. (4.3) and

p`
T

/p⌃
T

> 0.7, (4.8)

where p⌃
T

is the scalar sum of transverse momenta of final state particles (including a lepton

itself) within �R = 0.3 isolation cone1. At least one hard fat jet with

pj
T

> 350 GeV and |⌘j | < 2.5, (4.9)

is required to catch the boosted hadronic top candidate. The series of cuts described in

Eqs. (4.6-4.9) define our basic cuts of the ttgg channel.

Since the decay products of the boosted hadronic top are highly-collimated, we will

identify the fat jet with a three-pronged substructure as the hadronic top candidate. This

feature is distinguished from QCD jets, which typically have a two-pronged topology, and

therefore the SM backgrounds without containing a hard hadronic top can be substantially

vetoed. We use the TemplateTagger v.1.0 [42] implementation of the Template Overlap

Method (TOM) [43, 44] to tag massive boosted objects2. TOM utilizes kinematically con-

strained three-pronged templates within a fat jet. It aims to match the energy distribution

of a fat jet to three-pronged templates by scanning over the allowed phase space with all

relevant kinematic constraints. The TOM is based on an overlap Ova
i

, where a is a parent

particle and i is the number of templates inside a fat jet. The closer Ova
i

is to one, the

more likely that a fat jet originated from the particle a. This method is weakly susceptible

to pileup contamination [44].

For a fat jet to be tagged as the hadronic top, we demand a leading order (LO) three-

pronged top template overlap score

Ovhad3 > 0.6. (4.10)

Fig. 3 (left) shows normalized invariant mass distribution of the top-tagged fat jet, mreco

thad
,

for m
T

= 1.0 TeV for both signal and backgrounds after reconstructions. Both the signal

and tt̄ background mreco

thad
distributions are highly peaked at the top mass m

t

= 173 GeV,

while other backgrounds are not quite as peaked. To further separate these backgrounds,

we apply the cut

mreco

thad
> 145 GeV. (4.11)

The corresponding p
T

distribution of the top-tagged fat jet is shown in the right panel of

Fig. 3, which shows that the signal is harder than the background. We require exactly one

top-tagged fat jet which passes the cuts in Eqs. (4.10-4.11):

N
thad = 1 (4.12)

1
The angular distance �Rij is defined by �Rij =

p
(��ij)

2
+ (�⌘ij)2, where ��ij = �i � �j and

�⌘ij = ⌘i�⌘j are the di↵erences of the azimuthal angles and rapidities between particles i and j respectively.
2
For comparisons with other popular taggers, see Ref. [45] and references therein.
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• Used FenRules, MadGraph5_aMC@NLO, PYTHIA6, Fastjet.
• Used Template Overlap Method for boosted hadronic / leptonic top tagging.



ttgg channel Signal [fb] tt [fb] Single t [fb] W [fb] V V [fb] �
dis

�
excl

Basic cuts 2.8 1.1 ⇥ 103 2.6 ⇥ 103 2.1 ⇥ 103 68 2.0 2.0

N
thad = 1 1.4 650 790 390 14 1.8 1.8

N
tlep = 1 0.60 140 51 28 1.6 2.2 2.2

preco
T,{g1,g2} > {250, 150} GeV 0.35 9.17 4.63 2.48 0.19 4.78 4.76

Hreco

T

> 1600 GeV 0.29 4.86 3.42 1.58 0.12 5.05 5.03

750 < mreco

T1,2
< 1100 GeV 0.16 0.84 0.62 0.23 0.017 6.73 6.63

b-tag on thad 0.10 0.51 0.29 5.6 ⇥ 10�3 1.0 ⇥ 10�3 5.90 5.78

b-tag on tlep 0.10 0.49 0.21 0.016 1.7 ⇥ 10�4 6.40 6.26

b-tag on thad & tlep 0.061 0.30 0.084 5.1 ⇥ 10�4 1.0 ⇥ 10�5 5.28 5.15

Table 2. A cumulative cut-flow table showing the SM backgrounds and signal cross sections in
the ttgg channel for m

T

= 1.0 TeV, c
g

= 1 ⇥ 10�4 and c
�

= 0.2031 ⇥ 10�4. The significances �
dis

and �
excl

are calculated based on the likelihood-ratio methods defined in Eq.(4.21) and Eq.(4.23)
respectively for given luminosity of 3 ab�1. The summary of the background simulations can be
found in Table 1.

prove to be useful: i) We can select a correct lepton-jet pair which gives the highest Ovlep3

score among all possible assignments. After this selection, In 85% of the signal events, a

b-hadron is found inside the selected jet. Therefore, it can help to resolve the combinatorial

problem which is crucial for precise reconstructions of the top partner masses. ii) It can

reject the background events e�ciently and boost a signal sensitivity.

In what follows, we will demonstrate how the boosted t
lep

reconstruction works. We

require at least one slim jet with pj
T

> 30 GeV and |⌘j | < 2.5, isolated from the top-tagged

fat jet and meeting the endpoint criterion

m
j`

< 153.2 GeV, (4.13)

where m
j`

is the invariant mass of a lepton-jet pair. We iterate the jets passing the

criteria in Eq.(4.13) and calculate the Ovlep3 score, with the missing transverse momentum

information, for each pair. For a lepton-jet pair to be considered as decay products of the

leptonic top, we demand

Ovlep3 > 0.5, (4.14)

where the sum of corresponding (matched) three-pronged templates gives the four momen-

tum of the t
lep

. We will use this when reconstructing the top partners later. We require

exactly one t
lep

passing the cut in Eq. (4.14):

N
tlep = 1. (4.15)

Table 2 shows that relative to the N
thad = 1 cut in Eqs. (4.12), under the requirement of

N
tlep = 1, the signal e�ciency is 43%, while the major backgrounds tt and single t have

e�ciencies of 22% and 6.5%, respectively. The W and V V backgrounds are cut down to

7.2% and 11%, respectively, greatly suppressing the overall size of backgrounds.
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Abbreviations Backgrounds Matching � · BR(fb)

tt tt + jets 4-flavor 2.91 ⇥ 103 fb

Single t
tW + jets 5-flavor 4.15 ⇥ 103 fb

tq + jets 4-flavor 77.2 fb

W W + jets 5-flavor 4.96 ⇥ 103 fb

V V
WW + jets 4-flavor 111 fb

WZ + jets 4-flavor 43.5 fb

Table 1. The summary of the SM backgrounds relevant to the ttgg channel, after generation level
cuts Eqs. (4.2-4.4). Matching refers to the either the 4-flavor or 5-flavor MLM matching. The last
column � ·BR denotes the production cross section (in fb) times branching ratios including the top,
W , and Z decays.

can improve resolutions of reconstructed T invariant masses, which plays an important role

to disentangle an irreducible tt background enhancing the final signal sensitivity.

The ttgg channel has large SM backgrounds in which the dominant background is semi-

leptonic tt+jets matched up to two additional jets. The EW produced single-top processes

include tW and tq, where q is a light or b-quark. The tW background is generated with up to

three additional jets where one W decays leptonically while the other decays hadronically.

The tq process is generated with up to two additional jets and we only consider a top quark

which decays leptonically. The sub-leading background includes W + jets with up to four

additional jets where W is decayed leptonically. The other non-significant backgrounds

include WW + jets with up to three additional jets where one W decays leptonically and

the other hadronically. The WZ +jets background is generated with up to three additional

jets where the W is forced to decay leptonically and the Z hadronically.

The background events are simulated by MadGraph5 aMC@NLO at a
p

S = 14 TeV using

the NNPDF2.3QED parton distribution functions where default variable renormalization and

factorization scales are used. The same generation-level cuts in Eqs. (4.2-4.4) are applied,

and Table 1 summarizes the background simulations, including detailed matching schemes

and their cross sections. The background events are showered and hadronized by PYTHIA6

and clustered by the FastJet implementation of the anti-k
T

algorithm as described in

Section 4 including detector resolution e↵ects. To validate our background simulation, we

reproduced a total number of background events in CMS [26] at a
p

S = 13 TeV using the

same cut-based analysis. We found good agreements in both µ + jets and e + jets channels

up to 4% deviations, which are consistent with data that they observed in the respective

channels. We have also confirmed good agreement with background estimation in the 8

TeV CMS analysis [41].

We now present detailed event selections. Since the signal events contain one boosted

leptonic top t ! b`⌫, our base-line selection cuts start from requiring a missing transverse

energy of

/E
T

> 50 GeV, (4.6)
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scales. At particle-level, for both ttgg and ttg� channels, we require all partons to pass

cuts of

p
T

> 30 GeV, and |⌘| < 5, (4.2)

while leptons are required to have

p`
T

> 30 GeV and |⌘`| < 2.5, (4.3)

where p
T

are transverse momentum, ⌘ is rapidity, and ` indicates leptons. To improve the

statistics in the SM backgrounds, we demand

H
T

> 700 GeV, (4.4)

where H
T

denotes the scalar sum of the transverse momenta of all final state partons. On

top of the generation-level cuts in Eqs. (4.2-4.4), an additional photon selection is required

for the ttg� channel

p�
T

> 300 GeV and |⌘� | < 2.5. (4.5)

All the particle-level events are showered and hadronized by PYTHIA6 [36] and clustered

by the FastJet [37] implementation of the anti-k
T

algorithm [38] with a fixed cone size of

r = 0.4 (1.0) for a slim (fat) jet.

We also include simplistic detector resolution e↵ects based on the ATLAS detector

performances [39, 40], and smear momenta and energies of reconstructed jets, photons and

leptons according to the value of their energies, as described in appendix A.

4.1 ttgg Decay Channel

We now focus on the ttgg channel and describe our analysis strategy to estimate the

sensitivity. The previous CMS search [26] for T in the ttgg channel utilized exactly one

isolated lepton, /E
T

, and at least six slim jets with exactly two b-jets tagged, to take

into account the busy environment. The main challenge of such a high jet-multiplicity

environment is to resolve a combinatorial problem among reconstructed objects to find

correct pairs. A typical way out is to employ a chi-square fit to reconstruct W bosons,

tops and top partners using truth information from simulated signal samples. The success

rate that all reconstructed objects are correctly assigned was found to be only 11% [26].

When searching for T of masses at TeV scale, the topology of signal events undergoes

a step change, leaving two boosted top signatures of which the decay products are highly-

collimated and two hard gluons in the final state. It is clear that the combinatorics becomes

much simpler, but on the other hand, a traditional slim-jet-based analysis is no longer

adequate since collimated top decay products can be better clustered by fat jets with

unique internal substructures. In this case, the jet-substructure analysis becomes more

e�cient compared to the conventional approach.

In this section, as an extension to CMS study [26], we will present a new substructure

analysis focusing on the boosted parameter space. We will demonstrate that the method

– 7 –

Figure 4. The p
T

distributions of the first (top, left) and second (top, right) hardest reconstructed
gluons, and the isolated lepton (bottom, left), in the ttgg channel for m

T

= 1.0 TeV. The scalar
sum of the transverse momenta of reconstructed hadronic and leptonic tops, and two gluons is
shown in the bottom-right panel.

Finally, since two gluons originated from the heavy top partner decays acquire high

transverse momenta, we require two additional hardest slim jets with pj
T

> 30 GeV and

|⌘j | < 2.5. Two plots in the top panel of Fig. 4 show p
T

distributions of the first and

second hardest reconstructed gluons respectively for m
T

= 1.0 TeV, while the lepton p
T

distribution is shown in the bottom-left plot. We place the further cuts on the reconstructed

gluon transverse momenta

preco
T,g1

> 250 GeV and preco
T,g2

> 150 GeV , (4.16)

which are key drivers to cut overall backgrounds down to 10% as shown in Table 2.

To further exploit the boosted phase space of signal events, we introduce a variable

Hreco

T

defined as the scalar sum of the transverse momenta of the hadronic and leptonic

tops, and the first and second hardest reconstructed gluons

Hreco

T

= preco
T,thad

+ preco
T,tlep

+ preco
T,g1

+ preco
T,g2

. (4.17)

The Hreco

T

is somewhat correlated with the cuts introduced in Eqs. (4.16) and (4.9),

but allowing us to directly control a total transverse momenta of reconstructed final states.
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• b-tagging would help reduce 
the systematic uncertainty. 

• mT = 1 TeV,    BR(T -> t photon) = 3%,    BR(T -> t gluon) = 97%



Abbreviations Backgrounds Matching � · BR(fb)

tt̄� tt̄ + � + jet 4-flavor 1.0 fb

t�
tW + � + jets 5-flavor 1.9 fb

t + � + jets 4-flavor 0.085 fb

W� W + � + jets 5-flavor 5.4 fb

V V �
WW + � + jets 4-flavor 0.17 fb

WZ + � + jets 4-flavor 0.057 fb

Table 3. The summary of the SM backgrounds relevant to the ttg� channel, after generation level
cuts Eqs. (4.2-4.5). Matching refers to the either the 4-flavor or 5-flavor MLM matching. The last
column � ·BR denotes the production cross section (in fb) times branching ratios including the top,
W , and Z decays.

The dominant background is tt� + jet matched up to one additional jet where both

tops are decayed semi-leptonically. The next important background is t� process including

tW� and tq�, where q is a light or b-quark. The tW� background is generated with up to

two additional jets where one W decays leptonically while the other decays hadronically.

The tq� process is generated with up to three additional jets and we only consider a top

quark which decays leptonically. The sub-leading background includes W� + jets with

up to three additional jets where W is decayed leptonically. The other non-significant

backgrounds include WW� + jets with up to two additional jets where one W decays

leptonically and the other hadronically. The WZ� + jets background is generated with

up to two additional jets where the W and Z are decayed leptonically and hadronically

respectively. The background events are simulated at a
p

S = 14 TeV in the same set-up

described in Section 4.1. The generation-level cuts in Eqs. (4.2-4.5) are applied, and Table

3 summarizes the background simulations. The other important backgrounds are due to

jet-faking-photons. We have implemented in our background analysis the jet-to-photon

misidentification rate as a function of pj
T

following Ref. [46, 49], and have checked that

these fakes are not concern, since our photons are very energetic and the corresponding

fake rate is very small at an order of 10�4 or smaller. All background events are showered,

hadronized and smeared accordingly.

Basic selection cuts follow the same foot steps described in Section 4.1. In addition to

the cuts in Eqs. (4.6-4.9), we require exactly one isolated photon with

p⌃
T

/p�
T

< 0.1, (4.25)

where p⌃
T

is the scalar sum of transverse momenta of final state particles (excluding a

photon itself) collected in a cone of size �R = 0.4. The set of cuts in Eqs. (4.6-4.9) and

(4.25) defines our basic cuts of the ttg� channel.

We continue to require exactly one top-tagged fat jet which passes the cuts in Eqs. (4.10-

4.11):

N
thad = 1, (4.26)
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3

by a factor 10 ⇥ 2 = 20, to around 100k expected Higgs
pair events in the Standard Model.

This estimate shows how the combination of increased
energy and increased luminosity slowly turns Higgs pair
production into a valid channel for precision measure-
ments. The numbers fundamentally a↵ect our proposed
analysis strategy, because the small number of signal and
background events suggests a kinematic analysis includ-
ing as few kinematic distributions as possible. It is possi-
ble to improve this situation for example using the matrix
element technique, as we will discuss below.

We generate the signal with MadGraph5 [24], ac-
counting for a next-to-leading order (NLO) QCD factor
KNLO ⇠ 1.6 [22]. In the final state we demand two b-
tagged jets and two isolated photons with the minimal
acceptance and trigger cuts

pT,j > 30 GeV, |⌘j | < 2.5 ,

pT,� > 30 GeV, |⌘� | < 2.5 ,

�R��,�j,jj > 0.4 . (5)

The background to our bb̄ �� signal consists of other
Higgs production modes (tt̄h, Zh) with h ! ��, contin-
uum bb̄�� production, and of multi-jet events with light-
flavor jets faking either photons or b-jets (jj��, bb̄�j) [7].
The di↵erent backgrounds are discussed in detail in
Sec. IV.

The proper simulation of e�ciencies and fake rates are
a key ingredient for a realistic background estimate in
this analysis. For the HE-LHC and the future 100 TeV
collider we follow the ATLAS projections [25]. The ef-
ficiency for a tight photon identification can be well
parametrized by

✏�!� = 0.863� 1.07 · e�pT,�/34.8 GeV , (6)

and a jet-to-photon mis-identification rate by

✏j!� =

8
>>><

>>>:

5.3 · 10�4 exp

✓
�6.5

⇣ pT,j

60.4 GeV
� 1

⌘2
◆

,

0.88 · 10�4


exp

⇣
� pT,j

943 GeV

⌘
+

248 GeV

pT,j

�
,

where the upper form applied to softer jets with
pT,j < 65 GeV. This leads to a photon e�ciency of about
40% at pT,� = 30 GeV, saturating around 85% for
pT,� > 150 GeV. Note that the Higgs decay products
tend to be soft, pT,� ⇠ mh/2.

For b-tagging, we adopt an e�ciency with

✏b = 0.7 , (7)

associated with mis-tag rates of 15% for charm quarks
and 0.3% for light flavors. These flat rates present a con-
servative estimate from the two dimensional distribution
on (pTj , ⌘j) shown in the HL-LHC projections [17]. En-
couragingly, the small light flavor fake rate projections
result in a strong suppression for the initially dominant
jj�� background.

III. THE MOTHER OF DISTRIBUTIONS

As depicted in Fig. 1, Higgs pair production receives
contributions from a triangular loop diagram combined
with the Higgs self-coupling and from a box or continuum
diagram (plus a crossing diagram), where over most of
phase space the box contribution completely dominates
the total rate. While we can define a number of kinematic
observables describing the continuum backgrounds, the
measurement of the Higgs self-coupling relies on a simple
2 ! 2 process with two independent kinematic variables.
Three distinct phase space regions provide valuable in-

formation on a modified Higgs self-coupling, both from
a large destructive interference between the triangle and
box contributions. First, there is the threshold [6, 13] in
the partonic center of mass energy

m(th)
hh ⇡ 2mh . (8)

In the absence of hard additional jets, the di-Higgs in-
variant mass is identical to the partonic collider energy
s ⌘ m2

hh. Note that this threshold is below 2mt. Based
on the e↵ective Higgs–gluon Lagrangian [26] we can write
the corresponding amplitude for Higgs pair production as

↵s

12⇡v

✓
��SM

s�m2
h

� 1

v

◆
! ↵s

12⇡v2
(� � 1)

SM
= 0 . (9)

While the heavy-top approximation is known to give a
poor description of the signal kinematics as a whole, it
does describe the threshold dependence correctly [13].
This indicates that we can search for a deviation of the
Higgs self-coupling by looking for an enhancement of the
rate at threshold.
Second, an enhanced sensitivity to the self-coupling

appears as top mass e↵ect. For large positive values of
� absorptive imaginary parts lead to a significant dip in
the combined rate at the threshold pT,h ⇡ 100 GeV [10]
or equivalently [17]

m(abs)
hh ⇡ 2mt . (10)

The sharpest interference dip takes place near � ⇡ 2. For
negative values of � the interference becomes construc-
tive.
Finally, the triangular and box amplitudes have a gen-

erally di↵erent scaling in the limit [6, 10]

m(high)
hh � mh,mt . (11)

While the triangle amplitude features an explicit sup-
pression of either m2

h/m
2
hh or m2

t/m
2
hh at high invariant

mass, the box diagrams drops more slowly towards the
high-energy regime.
The impact of all three kinematic features can be quan-

tified statistically and is illustrated in detail in Fig. 5 of
Ref. [17]. They clearly indicate that essentially the full
information on the Higgs self-coupling can be extracted
through a shape analysis of the mhh distribution [27].

The practical relevance of the di↵erent kinematic
regimes has to be estimated including the variation of the

( Pt < 65 GeV )

( Pt > 65 GeV )
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scatter interaction, the pile-up jets are fully reconstructed and calibrated. Due to the low statistics at higher
pile-up jet pT , the fit is performed only in the range below 100 GeV and then extrapolated to higher values.
Given the very soft nature of the pile-up jets with a steeply falling pT spectrum, the pile-up fake rate is
driven by the lowest pT bins where it is very small, therefore the averaged fake rate was estimated to be
7 ⇥ 10�5.
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Figure 5: The probability that a generator-level jet emerging from the primary interaction (a) or a fully calibrated
pile-up jet (b) would fake a photon which passes combined identification and isolation criteria as a function of pT .
The distributions are parameterised with a Crystal Ball (a) and sigmoid (b) functions.

5. b-tagging Performance Results

The b-jet identification performance is characterised by the probability to identify a jet containing a b-
hadron as a b-jet (b-tagging e�ciency) and by the probability to identify a jet not containing a b-hadron
as a b-jet (mis-tag rate).

The b-tagging algorithms employed in ATLAS rely on multivariate techniques. The output of these
algorithms is a number called the b-tag weight which discriminates between b- and non-b-jets. By
selecting the minimum value of the b-tag weight for jets to be accepted as tagged, one can vary at the same
time the b-tagging e�ciency and the mis-tag rate. The chosen cut (labeled by the corresponding average
b-tagging e�ciency) is referred to as the tagger operating point.

The results below are quoted for the MV1 tagging algorithm [16] that combines the information from
track impact parameter and secondary vertex based algorithms using an artificial neural network. They
are evaluated in samples simulated with the ITk LoI design, but no specific retraining was done for the
algorithm.

The b-tagging performance is evaluated using a sample of top quark pair events with at least one top quark
decaying semileptonically. Jets are reconstructed as described in Ref. [4]. Only jets that are matched to
a parton from the top quark decay are considered in order to evaluate the performance for hard-scatter
jets. Those jets are labeled b or c or light-flavour based on the presence (or absence) of bottom or charm
hadrons within a cone of radius �R = 0.3 around the jet axis [17]. Pile-up jets are defined as jets not
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a significance (�
dis

) for discovery using the likelihood-ratio method [48]

�
dis

⌘

s

�2 ln

✓
L(B|Sig+B)

L(Sig+B|Sig+B)

◆
with L(x|n) =

xn

n!
e�x , (4.21)

where Sig and B are the expected number of signal and background events, respectively.

For a discovery we demand

�
dis

� 5. (4.22)

To set an exclusion limit on our signal, we compute a significance (�
excl

) for exclusion using

the likelihood-ratio method

�
exc

⌘

s

�2 ln

✓
L(Sig+B|B)

L(B|B)

◆
. (4.23)

For an exclusion we demand

�
excl

� 2. (4.24)

All significances �
dis

and �
excL

in Table 2 are calculated for given luminosity of 3 ab�1.

Our result throws into sharp relief that the outlook for the ttgg channel is quite promis-

ing where the significance of �
dis

= 6.7 is achievable at the high luminosity LHC for

m
T

= 1.0 TeV. The corner stones of our search strategies are the boosted hadronic and

leptonic top reconstructions, which enabled us to fully reconstruct top partners invariant

masses. We find a factor of 1.3 improvement in the final significance with the invariant

mass cuts in Eq.(4.20). The utility of the invariant mass cuts rapidly increases as we probe

top partner masses higher than 1 TeV, since the backgrounds are populated at much lower

invariant mass region. On the other hand, the cuts on the reconstructed gluon transverse

momenta in Eq.(4.16) deliver the biggest improvement in the significance by a factor of

2.2. The e↵ect is attributed to the fact that jet activities in the tt background is generally

softer than the p
T

cuts in Eq. (4.16). We also find that b-tagging on the hadronic and

leptonic tops weakens the final signal sensitivities, since the main tt background shares

the similar signal topology. It should be emphasized, however, that b-tagging proves to be

e↵ective to suppress the other backgrounds.

4.2 ttg� Decay Channel

Although extensive searches have been carried out for the top partner pair production, no

previous study has investigated the ttg� channel. To our knowledge, this paper is the first

to assess a discovery potential of the pair produced top partners in the ttg� final state. Due

to the presence of the hard photon, the ttg� channel is much cleaner than the ttgg channel,

and has less contamination from the SM backgrounds. On top of that, since the photon can

be remarkably well reconstructed, the resolutions of reconstructed T invariant masses will

be much narrower than the ttgg channel, hence rendering a better handle for background

rejections. In this section, we will repeat a similar analysis presented in Section 4.1 with

minor modifications to maximize the exploitation of the isolated photon, and demonstrate

that the ttg� channel outperforms ttgg channel when the wide range of a parameter space

concerned.
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Abbreviations Backgrounds Matching � · BR(fb)

tt̄� tt̄ + � + jet 4-flavor 1.0 fb

t�
tW + � + jets 5-flavor 1.9 fb

t + � + jets 4-flavor 0.085 fb

W� W + � + jets 5-flavor 5.4 fb

V V �
WW + � + jets 4-flavor 0.17 fb

WZ + � + jets 4-flavor 0.057 fb

Table 3. The summary of the SM backgrounds relevant to the ttg� channel, after generation level
cuts Eqs. (4.2-4.5). Matching refers to the either the 4-flavor or 5-flavor MLM matching. The last
column � ·BR denotes the production cross section (in fb) times branching ratios including the top,
W , and Z decays.

The dominant background is tt� + jet matched up to one additional jet where both

tops are decayed semi-leptonically. The next important background is t� process including

tW� and tq�, where q is a light or b-quark. The tW� background is generated with up to

two additional jets where one W decays leptonically while the other decays hadronically.

The tq� process is generated with up to three additional jets and we only consider a top

quark which decays leptonically. The sub-leading background includes W� + jets with

up to three additional jets where W is decayed leptonically. The other non-significant

backgrounds include WW� + jets with up to two additional jets where one W decays

leptonically and the other hadronically. The WZ� + jets background is generated with

up to two additional jets where the W and Z are decayed leptonically and hadronically

respectively. The background events are simulated at a
p

S = 14 TeV in the same set-up

described in Section 4.1. The generation-level cuts in Eqs. (4.2-4.5) are applied, and Table

3 summarizes the background simulations. The other important backgrounds are due to

jet-faking-photons. We have implemented in our background analysis the jet-to-photon

misidentification rate as a function of pj
T

following Ref. [46, 49], and have checked that

these fakes are not concern, since our photons are very energetic and the corresponding

fake rate is very small at an order of 10�4 or smaller. All background events are showered,

hadronized and smeared accordingly.

Basic selection cuts follow the same foot steps described in Section 4.1. In addition to

the cuts in Eqs. (4.6-4.9), we require exactly one isolated photon with

p⌃
T

/p�
T

< 0.1, (4.25)

where p⌃
T

is the scalar sum of transverse momenta of final state particles (excluding a

photon itself) collected in a cone of size �R = 0.4. The set of cuts in Eqs. (4.6-4.9) and

(4.25) defines our basic cuts of the ttg� channel.

We continue to require exactly one top-tagged fat jet which passes the cuts in Eqs. (4.10-

4.11):

N
thad = 1, (4.26)
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by a factor 10 ⇥ 2 = 20, to around 100k expected Higgs
pair events in the Standard Model.

This estimate shows how the combination of increased
energy and increased luminosity slowly turns Higgs pair
production into a valid channel for precision measure-
ments. The numbers fundamentally a↵ect our proposed
analysis strategy, because the small number of signal and
background events suggests a kinematic analysis includ-
ing as few kinematic distributions as possible. It is possi-
ble to improve this situation for example using the matrix
element technique, as we will discuss below.

We generate the signal with MadGraph5 [24], ac-
counting for a next-to-leading order (NLO) QCD factor
KNLO ⇠ 1.6 [22]. In the final state we demand two b-
tagged jets and two isolated photons with the minimal
acceptance and trigger cuts

pT,j > 30 GeV, |⌘j | < 2.5 ,

pT,� > 30 GeV, |⌘� | < 2.5 ,

�R��,�j,jj > 0.4 . (5)

The background to our bb̄ �� signal consists of other
Higgs production modes (tt̄h, Zh) with h ! ��, contin-
uum bb̄�� production, and of multi-jet events with light-
flavor jets faking either photons or b-jets (jj��, bb̄�j) [7].
The di↵erent backgrounds are discussed in detail in
Sec. IV.

The proper simulation of e�ciencies and fake rates are
a key ingredient for a realistic background estimate in
this analysis. For the HE-LHC and the future 100 TeV
collider we follow the ATLAS projections [25]. The ef-
ficiency for a tight photon identification can be well
parametrized by

✏�!� = 0.863� 1.07 · e�pT,�/34.8 GeV , (6)

and a jet-to-photon mis-identification rate by

✏j!� =

8
>>><

>>>:

5.3 · 10�4 exp

✓
�6.5

⇣ pT,j

60.4 GeV
� 1

⌘2
◆

,

0.88 · 10�4


exp

⇣
� pT,j

943 GeV

⌘
+

248 GeV

pT,j

�
,

where the upper form applied to softer jets with
pT,j < 65 GeV. This leads to a photon e�ciency of about
40% at pT,� = 30 GeV, saturating around 85% for
pT,� > 150 GeV. Note that the Higgs decay products
tend to be soft, pT,� ⇠ mh/2.

For b-tagging, we adopt an e�ciency with

✏b = 0.7 , (7)

associated with mis-tag rates of 15% for charm quarks
and 0.3% for light flavors. These flat rates present a con-
servative estimate from the two dimensional distribution
on (pTj , ⌘j) shown in the HL-LHC projections [17]. En-
couragingly, the small light flavor fake rate projections
result in a strong suppression for the initially dominant
jj�� background.

III. THE MOTHER OF DISTRIBUTIONS

As depicted in Fig. 1, Higgs pair production receives
contributions from a triangular loop diagram combined
with the Higgs self-coupling and from a box or continuum
diagram (plus a crossing diagram), where over most of
phase space the box contribution completely dominates
the total rate. While we can define a number of kinematic
observables describing the continuum backgrounds, the
measurement of the Higgs self-coupling relies on a simple
2 ! 2 process with two independent kinematic variables.
Three distinct phase space regions provide valuable in-

formation on a modified Higgs self-coupling, both from
a large destructive interference between the triangle and
box contributions. First, there is the threshold [6, 13] in
the partonic center of mass energy

m(th)
hh ⇡ 2mh . (8)

In the absence of hard additional jets, the di-Higgs in-
variant mass is identical to the partonic collider energy
s ⌘ m2

hh. Note that this threshold is below 2mt. Based
on the e↵ective Higgs–gluon Lagrangian [26] we can write
the corresponding amplitude for Higgs pair production as

↵s

12⇡v

✓
��SM

s�m2
h

� 1

v

◆
! ↵s

12⇡v2
(� � 1)

SM
= 0 . (9)

While the heavy-top approximation is known to give a
poor description of the signal kinematics as a whole, it
does describe the threshold dependence correctly [13].
This indicates that we can search for a deviation of the
Higgs self-coupling by looking for an enhancement of the
rate at threshold.
Second, an enhanced sensitivity to the self-coupling

appears as top mass e↵ect. For large positive values of
� absorptive imaginary parts lead to a significant dip in
the combined rate at the threshold pT,h ⇡ 100 GeV [10]
or equivalently [17]

m(abs)
hh ⇡ 2mt . (10)

The sharpest interference dip takes place near � ⇡ 2. For
negative values of � the interference becomes construc-
tive.
Finally, the triangular and box amplitudes have a gen-

erally di↵erent scaling in the limit [6, 10]

m(high)
hh � mh,mt . (11)

While the triangle amplitude features an explicit sup-
pression of either m2

h/m
2
hh or m2

t/m
2
hh at high invariant

mass, the box diagrams drops more slowly towards the
high-energy regime.
The impact of all three kinematic features can be quan-

tified statistically and is illustrated in detail in Fig. 5 of
Ref. [17]. They clearly indicate that essentially the full
information on the Higgs self-coupling can be extracted
through a shape analysis of the mhh distribution [27].

The practical relevance of the di↵erent kinematic
regimes has to be estimated including the variation of the

( Pt < 65 GeV )

( Pt > 65 GeV )
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scatter interaction, the pile-up jets are fully reconstructed and calibrated. Due to the low statistics at higher
pile-up jet pT , the fit is performed only in the range below 100 GeV and then extrapolated to higher values.
Given the very soft nature of the pile-up jets with a steeply falling pT spectrum, the pile-up fake rate is
driven by the lowest pT bins where it is very small, therefore the averaged fake rate was estimated to be
7 ⇥ 10�5.
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Figure 5: The probability that a generator-level jet emerging from the primary interaction (a) or a fully calibrated
pile-up jet (b) would fake a photon which passes combined identification and isolation criteria as a function of pT .
The distributions are parameterised with a Crystal Ball (a) and sigmoid (b) functions.

5. b-tagging Performance Results

The b-jet identification performance is characterised by the probability to identify a jet containing a b-
hadron as a b-jet (b-tagging e�ciency) and by the probability to identify a jet not containing a b-hadron
as a b-jet (mis-tag rate).

The b-tagging algorithms employed in ATLAS rely on multivariate techniques. The output of these
algorithms is a number called the b-tag weight which discriminates between b- and non-b-jets. By
selecting the minimum value of the b-tag weight for jets to be accepted as tagged, one can vary at the same
time the b-tagging e�ciency and the mis-tag rate. The chosen cut (labeled by the corresponding average
b-tagging e�ciency) is referred to as the tagger operating point.

The results below are quoted for the MV1 tagging algorithm [16] that combines the information from
track impact parameter and secondary vertex based algorithms using an artificial neural network. They
are evaluated in samples simulated with the ITk LoI design, but no specific retraining was done for the
algorithm.

The b-tagging performance is evaluated using a sample of top quark pair events with at least one top quark
decaying semileptonically. Jets are reconstructed as described in Ref. [4]. Only jets that are matched to
a parton from the top quark decay are considered in order to evaluate the performance for hard-scatter
jets. Those jets are labeled b or c or light-flavour based on the presence (or absence) of bottom or charm
hadrons within a cone of radius �R = 0.3 around the jet axis [17]. Pile-up jets are defined as jets not
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a significance (�
dis

) for discovery using the likelihood-ratio method [48]

�
dis

⌘

s

�2 ln

✓
L(B|Sig+B)

L(Sig+B|Sig+B)

◆
with L(x|n) =

xn

n!
e�x , (4.21)

where Sig and B are the expected number of signal and background events, respectively.

For a discovery we demand

�
dis

� 5. (4.22)

To set an exclusion limit on our signal, we compute a significance (�
excl

) for exclusion using

the likelihood-ratio method

�
exc

⌘

s

�2 ln

✓
L(Sig+B|B)

L(B|B)

◆
. (4.23)

For an exclusion we demand

�
excl

� 2. (4.24)

All significances �
dis

and �
excL

in Table 2 are calculated for given luminosity of 3 ab�1.

Our result throws into sharp relief that the outlook for the ttgg channel is quite promis-

ing where the significance of �
dis

= 6.7 is achievable at the high luminosity LHC for

m
T

= 1.0 TeV. The corner stones of our search strategies are the boosted hadronic and

leptonic top reconstructions, which enabled us to fully reconstruct top partners invariant

masses. We find a factor of 1.3 improvement in the final significance with the invariant

mass cuts in Eq.(4.20). The utility of the invariant mass cuts rapidly increases as we probe

top partner masses higher than 1 TeV, since the backgrounds are populated at much lower

invariant mass region. On the other hand, the cuts on the reconstructed gluon transverse

momenta in Eq.(4.16) deliver the biggest improvement in the significance by a factor of

2.2. The e↵ect is attributed to the fact that jet activities in the tt background is generally

softer than the p
T

cuts in Eq. (4.16). We also find that b-tagging on the hadronic and

leptonic tops weakens the final signal sensitivities, since the main tt background shares

the similar signal topology. It should be emphasized, however, that b-tagging proves to be

e↵ective to suppress the other backgrounds.

4.2 ttg� Decay Channel

Although extensive searches have been carried out for the top partner pair production, no

previous study has investigated the ttg� channel. To our knowledge, this paper is the first

to assess a discovery potential of the pair produced top partners in the ttg� final state. Due

to the presence of the hard photon, the ttg� channel is much cleaner than the ttgg channel,

and has less contamination from the SM backgrounds. On top of that, since the photon can

be remarkably well reconstructed, the resolutions of reconstructed T invariant masses will

be much narrower than the ttgg channel, hence rendering a better handle for background

rejections. In this section, we will repeat a similar analysis presented in Section 4.1 with

minor modifications to maximize the exploitation of the isolated photon, and demonstrate

that the ttg� channel outperforms ttgg channel when the wide range of a parameter space

concerned.
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Abbreviations Backgrounds Matching � · BR(fb)

tt̄� tt̄ + � + jet 4-flavor 1.0 fb

t�
tW + � + jets 5-flavor 1.9 fb

t + � + jets 4-flavor 0.085 fb

W� W + � + jets 5-flavor 5.4 fb

V V �
WW + � + jets 4-flavor 0.17 fb

WZ + � + jets 4-flavor 0.057 fb

Table 3. The summary of the SM backgrounds relevant to the ttg� channel, after generation level
cuts Eqs. (4.2-4.5). Matching refers to the either the 4-flavor or 5-flavor MLM matching. The last
column � ·BR denotes the production cross section (in fb) times branching ratios including the top,
W , and Z decays.

The dominant background is tt� + jet matched up to one additional jet where both

tops are decayed semi-leptonically. The next important background is t� process including

tW� and tq�, where q is a light or b-quark. The tW� background is generated with up to

two additional jets where one W decays leptonically while the other decays hadronically.

The tq� process is generated with up to three additional jets and we only consider a top

quark which decays leptonically. The sub-leading background includes W� + jets with

up to three additional jets where W is decayed leptonically. The other non-significant

backgrounds include WW� + jets with up to two additional jets where one W decays

leptonically and the other hadronically. The WZ� + jets background is generated with

up to two additional jets where the W and Z are decayed leptonically and hadronically

respectively. The background events are simulated at a
p

S = 14 TeV in the same set-up

described in Section 4.1. The generation-level cuts in Eqs. (4.2-4.5) are applied, and Table

3 summarizes the background simulations. The other important backgrounds are due to

jet-faking-photons. We have implemented in our background analysis the jet-to-photon

misidentification rate as a function of pj
T

following Ref. [46, 49], and have checked that

these fakes are not concern, since our photons are very energetic and the corresponding

fake rate is very small at an order of 10�4 or smaller. All background events are showered,

hadronized and smeared accordingly.

Basic selection cuts follow the same foot steps described in Section 4.1. In addition to

the cuts in Eqs. (4.6-4.9), we require exactly one isolated photon with

p⌃
T

/p�
T

< 0.1, (4.25)

where p⌃
T

is the scalar sum of transverse momenta of final state particles (excluding a

photon itself) collected in a cone of size �R = 0.4. The set of cuts in Eqs. (4.6-4.9) and

(4.25) defines our basic cuts of the ttg� channel.

We continue to require exactly one top-tagged fat jet which passes the cuts in Eqs. (4.10-

4.11):

N
thad = 1, (4.26)
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• Photon isolation 

                         within  

ttg� channel Signal [fb] tt� [fb] t� [fb] W� [fb] V V � [fb] �
dis

�
excl

Basic cuts 0.13 0.32 1.1 2.4 0.10 3.6 3.6

N
thad = 1 0.076 0.22 0.39 0.47 0.022 3.9 3.8

N
tlep = 1 0.033 0.061 0.030 0.029 2.1 ⇥ 10�3 4.9 4.7

{p�
T

, preco
T,g

} > {300, 140} GeV 0.021 0.023 0.0114 0.0118 8.8 ⇥ 10�4 5.1 4.7

H
T

> 1600 GeV 0.02 0.016 9.5 ⇥ 10�3 9.7 ⇥ 10�3 7.4 ⇥ 10�4 5.2 4.8

900 < mreco

T�
< 1100 GeV

700 < mreco

Tg
< 1100 GeV

0.015 3.1 ⇥ 10�3 1.5 ⇥ 10�3 1.3 ⇥ 10�3 1.1 ⇥ 10�4 8.1 6.6

b-tag on thad 9.6 ⇥ 10�3 2.0 ⇥ 10�3 7.4 ⇥ 10�4 1.4 ⇥ 10�4 6.1 ⇥ 10�6 7.2 5.7

b-tag on tlep 9.4 ⇥ 10�3 1.8 ⇥ 10�3 4.8 ⇥ 10�4 2.7 ⇥ 10�5 2.9 ⇥ 10�6 7.6 5.8

b-tag on thad & tlep 6.2 ⇥ 10�3 1.2 ⇥ 10�3 1.4 ⇥ 10�4 2.1 ⇥ 10�6 1.9 ⇥ 10�7 6.4 4.8

Table 4. A cumulative cut-flow table showing the SM backgrounds and signal cross sections in
the ttg� channel for m

T

= 1.0 TeV. The significances �
dis

and �
excl

are calculated based on the
likelihood-ratio methods defined in Eq.(4.21) and Eq.(4.23) respectively for a given luminosity of 3
ab�1. The summary of the background simulations can be found in Table 3.

momenta of the hadronic and leptonic tops, the isolated photon, and the reconstructed

gluon

Hreco

T

= preco
T,thad

+ preco
T,tlep

+ p�
T

+ preco
T,g

. (4.32)

To ensure the maximum boost, we apply the cut

Hreco

T

> 1600 GeV. (4.33)

Table 4 is a cut-flow table showing the SM backgrounds and signal cross sections in

the ttg� channel for m
T

= 1.0 TeV. Our result throws into sharp relief that the outlook

for the ttg� channel is quite promising where the significance of �
dis

= 8.1 is achievable at

the high luminosity LHC for m
T

= 1.0 TeV.

4.3 Combined Analysis

In two previous subsections, we have used m
T

= 1 TeV spin-1
2 top partner as a benchmark

model to describe our analysis and show relevant kinematic distributions. We repeat similar

analysis for other mass points for both spin-1
2 (Fig. 9) and spin-3

2 (Fig. 10) top partners.

Appendix B lists optimized cuts, �
dis

and �
excl

for each mass point.

In Fig. 9), we show the required-integrated luminosity (in ab�1) corresponding to 5�

discovery and 2� exclusion for a fixed branching fraction BR(T ! t�) = 0.03 as a function

of the top-partner mass (m
T

in TeV) for spin-1
2 top partner (left). Plot in the right panel

displays the minimum branching fraction of T ! t� for 5� discovery and 2� exclusion at

a fixed luminosity of 3 ab�1. Results for spin-3
2 are shown in Fig. 10. We have verified

that our results are consistent with current CMS bounds on top-partner mass, 1.2 TeV

for spin-3
2 and 930 GeV for spin-1

2 , via appropriate rescaling between 14 TeV and 13 TeV

LHC, considering di↵erences in parton distribution functions, K-factors etc.
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Figure 9. The required-integrated luminosity (in ab�1) for 5� discovery and 2� exclusion (left),
and the minimum branching fraction of T ! t� for a fixed luminosity of 3 ab�1 (right) as a function
of the top-partner mass (m

T

in TeV) for spin- 1
2 top partner. In both plots, the 5� discovery result for

tt̄gg (tt̄g�) is shown in black-solid (black-dot-dashed) curve, while the 2� exclusion is shown in blue-
long-dashed (blue-short-dashed) curve, respectively. The green- and cyan-shade areas represent the
combined 5� discovery and 2� exclusion, considering both tt̄gg and tt̄g� channels. Dotted curves
represent the corresponding results including 20% systematic uncertainty in the estimation of the
background.

for spin-3
2 and 930 GeV for spin-1

2 , via appropriate rescaling between 14 TeV and 13 TeV

LHC, considering di↵erences in parton distribution functions, K-factors etc.

In all plots, the 5� discovery result for tt̄gg (tt̄g�) is shown in black-solid (black-dot-

dashed) curve, while the 2� exclusion is shown in blue-long-dashed (blue-short-dashed)

curve, respectively. We notice that two channels (tt̄gg and tt̄g�) have di↵erent slope in the

luminosity-mass plane (left). Especially exclusion curves meet at m
T

⇠ 1 TeV and the tt̄g�

final state is expected to perform better for spin-1
2 with m

T

& 1 TeV (spin-3
2 with m

T

& 1.3

TeV). Similarly, two channels provide similar signal sensitivity at BR(T ! t�) ⇡ 0.02 for a

given luminosity of 3 ab�1 as shown in the right panel and therefore the photon final state

would lead to better exclusion or discovery for a branching fraction larger than ⇠2%. It is

interesting to notice that a couple of percent branching fraction is indeed expected for the

branching fraction of T ! t� from a naive dimensional analysis. In fact, a recent study

confirm this by explicitly computing various loop decays of T in a simple model [10]. There

are various sources of systematic uncertainties [26, 41] and we repeat the same analysis

including 20% increase (as upward fluctuation) in the estimation of backgrounds, to see

how they could a↵ect our results, which are shown in dotted curves. Finally, the green-

and cyan-shade areas represent combined 5� discovery and 2� exclusion, considering both

tt̄gg and tt̄g� channels.
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Figure 9. The required-integrated luminosity (in ab�1) for 5� discovery and 2� exclusion (left),
and the minimum branching fraction of T ! t� for a fixed luminosity of 3 ab�1 (right) as a function
of the top-partner mass (m

T

in TeV) for spin- 1
2 top partner. In both plots, the 5� discovery result for

tt̄gg (tt̄g�) is shown in black-solid (blue-long-dashed) curve, while the 2� exclusion is shown in black-
dot-dashed (blue-short-dashed) curve, respectively. The green- and cyan-shade areas represent 5�
discovery and 2� exclusion, considering both tt̄gg and tt̄g� channels. Dotted curves represent the
corresponding results including 20% systematic uncertainty in the estimation of the background.

In all plots, the 5� discovery result for tt̄gg (tt̄g�) is shown in black-solid (blue-long-

dashed) curve, while the 2� exclusion is shown in black-dot-dashed (blue-short-dashed)

curve, respectively. We notice that two channels (tt̄gg and tt̄g�) have di↵erent slope in the

luminosity-mass plane (left). Especially exclusion curves meet at m
T

⇠ 1 TeV and the tt̄g�

final state is expected to perform better for spin-1
2 with m

T

& 1 TeV (spin-3
2 with m

T

& 1.3

TeV). Similarly, two channels provide similar signal sensitivity at BR(T ! t�) ⇡ 0.02 for a

given luminosity of 3 ab�1 as shown in the right panel and therefore the photon final state

would lead to better exclusion or discovery for a branching fraction larger than ⇠2%. It is

interesting to notice that a couple of percent branching fraction is indeed expected for the

branching fraction of T ! t� from a naive dimensional analysis. In fact, a recent study

confirm this by explicitly computing various loop decays of T in a simple model [10]. There

are various sources of systematic uncertainties [26, 41] and we repeat the same analysis

including 20% increase (as upward fluctuation) in the estimation of backgrounds, to see

how they could a↵ect our results, which are shown in dotted curves. Finally, the green-

and cyan-shade areas represent combined 5� discovery and 2� exclusion, considering both

tt̄gg and tt̄g� channels.

5 Summary

Models with top-partners are very well motivated and they appear in many models beyond

the standard model, which led numerous searches at the Tevatron and LHC. Yet, majority

of existing analyses focus on conventional decay modes (Wb, tZ, th, Wj, Zj etc) which
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Figure 10. The same as Fig. 9 but for spin- 3
2 .

arise due to mixing between the top partner and the standard model top quark or light

quark generations. While this approach makes sense and one should continue to investi-

gate, there are other decays which had little attention and require new analysis. These

additional decay modes are loop-suppressed and therefore become especially important in

the small mixing angle limit where tree-level decays are suppressed. In this paper, we have

discussed the discovery potential of the pair-produced top-partners in the non-standard fi-

nal states with gluons and photons. Especially we have proposed the top-partner searches

in the tt̄ + gg and tt̄ + g� channels and showed that two channels are complementary

depending on the branching fraction of the top partner. In the limit where T ! tg and

T ! t� are two dominant channels, our study showed that only a couple of percent of

BR(T ! t�) is su�cient for a better significance in the tt̄ + g� final state over the tt̄ + gg

channel. We also showed combination of both channels significantly improves the signal

sensitivity. In our analysis, we have incorporated boosted top tagging method and rele-

vant backgrounds including the jet-faking-photon rate. We checked that inclusion of 20%

systematic uncertainty in the estimation of background does not a↵ect our conclusion.

Before concluding, we would like to make a brief remark on top partner searches in

general. Currently existing analyses involve final states in the entry labeled as (1) in Table

5 and these final states in (1) assume sizable mixing angle between the top partner and

the standard model top quark, as mentioned before. If the mixing angle gets small, the

other decay modes (tg and t�) become be important and the mixed final states in (5)

and (6) are motivated. If the mixing angle becomes negligible, then conventional decays

are closed and the only available channels would be those in (2)-(4). CMS collaboration

started looking for top partners in the channel (2) and we have advocated the channel (3)

in this paper. Although we argued that naive dimensional analysis suggests a very small

branching fraction in the diphoton final state as in (4), this channel could have negligible

backgrounds. Finally, top-partner may not interact with the standard model top quark
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Summary
• Discussed diverse Top parter decays, depending on the mixing angle. 

• Two interesting decays:                  and   

• Radiative decay modes are complementary to the conventional decay 
modes and become important when existing experimental limits get 
stronger (heavy Top partner or small mixing angle). 

• Boosted top tagging improves signal sensitivity.  

• Better signal sensitivity with only 2-3% BR into top + photon final state.

Figure 10. The same as Fig. 9 but for spin- 3
2 .

Wb tZ tH tg t� t(S ! gg)

Wb

tZ

tH

tg

t�

t(S ! gg)

Table 5. Possible final states from pair-produced top partner and references for experiment searches.
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A Parameterization of Detector Resolution E↵ects

We include detector e↵ects based on the ATLAS detector performances [33]. The energy

resolution is parametrized by noise (N), stochastic (S), and constant (C) terms

�

E
=

s✓
N

E

◆2

+

✓
Sp
E

◆2

+ C2 , (A.1)
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(8)

(9)

(10)

Table 5. Possible final states from the pair-produced top partner.

Wb tZ tH tg t� t(S ! gg)

Wb

tZ

tH

tg

t�

t(S ! gg)

Table 6. Possible final states from the pair-produced top partner and references for experiment
searches.

g� or even dark matter particles. Although Table 5 illustrates possible final states in the

pair production, similar classification can be easily done for single production of the top

partner.
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A Parameterization of Detector Resolution E↵ects

We include detector e↵ects based on the ATLAS detector performances [38]. The energy

resolution is parametrized by noise (N), stochastic (S), and constant (C) terms

�

E
=

s✓
N

E

◆2

+

✓
Sp
E

◆2

+ C2 , (A.1)

where in our analysis we use N = 5.3, S = 0.74 and C = 0.05 for jets, and N = 0.3,

S = 0.1, and C = 0.01 for electrons; and N = 0, S = 0.1, and C = 0.007 for photons [39].
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a significance (�
dis

) for discovery using the likelihood-ratio method [48]

�
dis

⌘

s

�2 ln

✓
L(B|Sig+B)

L(Sig+B|Sig+B)

◆
with L(x|n) =

xn

n!
e�x , (4.21)

where Sig and B are the expected number of signal and background events, respectively.

For a discovery we demand

�
dis

� 5. (4.22)

To set an exclusion limit on our signal, we compute a significance (�
excl

) for exclusion using

the likelihood-ratio method

�
exc

⌘

s

�2 ln

✓
L(Sig+B|B)

L(B|B)

◆
. (4.23)

For an exclusion we demand

�
excl

� 2. (4.24)

All significances �
dis

and �
excL

in Table 2 are calculated for given luminosity of 3 ab�1.

Our result throws into sharp relief that the outlook for the ttgg channel is quite promis-

ing where the significance of �
dis

= 6.7 is achievable at the high luminosity LHC for

m
T

= 1.0 TeV. The corner stones of our search strategies are the boosted hadronic and

leptonic top reconstructions, which enabled us to fully reconstruct top partners invariant

masses. We find a factor of 1.3 improvement in the final significance with the invariant

mass cuts in Eq.(4.20). The utility of the invariant mass cuts rapidly increases as we probe

top partner masses higher than 1 TeV, since the backgrounds are populated at much lower

invariant mass region. On the other hand, the cuts on the reconstructed gluon transverse

momenta in Eq.(4.16) deliver the biggest improvement in the significance by a factor of

2.2. The e↵ect is attributed to the fact that jet activities in the tt background is generally

softer than the p
T

cuts in Eq. (4.16). We also find that b-tagging on the hadronic and

leptonic tops weakens the final signal sensitivities, since the main tt background shares

the similar signal topology. It should be emphasized, however, that b-tagging proves to be

e↵ective to suppress the other backgrounds.

4.2 ttg� Decay Channel

Although extensive searches have been carried out for the top partner pair production, no

previous study has investigated the ttg� channel. To our knowledge, this paper is the first

to assess a discovery potential of the pair produced top partners in the ttg� final state. Due

to the presence of the hard photon, the ttg� channel is much cleaner than the ttgg channel,

and has less contamination from the SM backgrounds. On top of that, since the photon can

be remarkably well reconstructed, the resolutions of reconstructed T invariant masses will

be much narrower than the ttgg channel, hence rendering a better handle for background

rejections. In this section, we will repeat a similar analysis presented in Section 4.1 with

minor modifications to maximize the exploitation of the isolated photon, and demonstrate

that the ttg� channel outperforms ttgg channel when the wide range of a parameter space

concerned.
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scales. At particle-level, for both ttgg and ttg� channels, we require all partons to pass

cuts of

p
T

> 30 GeV, and |⌘| < 5, (4.2)

while leptons are required to have

p`
T

> 30 GeV and |⌘`| < 2.5, (4.3)

where p
T

are transverse momentum, ⌘ is rapidity, and ` indicates leptons. To improve the

statistics in the SM backgrounds, we demand

H
T

> 700 GeV, (4.4)

where H
T

denotes the scalar sum of the transverse momenta of all final state partons. On

top of the generation-level cuts in Eqs. (4.2-4.4), an additional photon selection is required

for the ttg� channel

p�
T

> 300 GeV and |⌘� | < 2.5. (4.5)

All the particle-level events are showered and hadronized by PYTHIA6 [36] and clustered

by the FastJet [37] implementation of the anti-k
T

algorithm [38] with a fixed cone size of

r = 0.4 (1.0) for a slim (fat) jet.

We also include simplistic detector resolution e↵ects based on the ATLAS detector

performances [39, 40], and smear momenta and energies of reconstructed jets, photons and

leptons according to the value of their energies, as described in appendix A.

4.1 ttgg Decay Channel

We now focus on the ttgg channel and describe our analysis strategy to estimate the

sensitivity. The previous CMS search [26] for T in the ttgg channel utilized exactly one

isolated lepton, /E
T

, and at least six slim jets with exactly two b-jets tagged, to take

into account the busy environment. The main challenge of such a high jet-multiplicity

environment is to resolve a combinatorial problem among reconstructed objects to find

correct pairs. A typical way out is to employ a chi-square fit to reconstruct W bosons,

tops and top partners using truth information from simulated signal samples. The success

rate that all reconstructed objects are correctly assigned was found to be only 11% [26].

When searching for T of masses at TeV scale, the topology of signal events undergoes

a step change, leaving two boosted top signatures of which the decay products are highly-

collimated and two hard gluons in the final state. It is clear that the combinatorics becomes

much simpler, but on the other hand, a traditional slim-jet-based analysis is no longer

adequate since collimated top decay products can be better clustered by fat jets with

unique internal substructures. In this case, the jet-substructure analysis becomes more

e�cient compared to the conventional approach.

In this section, as an extension to CMS study [26], we will present a new substructure

analysis focusing on the boosted parameter space. We will demonstrate that the method
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3

by a factor 10 ⇥ 2 = 20, to around 100k expected Higgs
pair events in the Standard Model.

This estimate shows how the combination of increased
energy and increased luminosity slowly turns Higgs pair
production into a valid channel for precision measure-
ments. The numbers fundamentally a↵ect our proposed
analysis strategy, because the small number of signal and
background events suggests a kinematic analysis includ-
ing as few kinematic distributions as possible. It is possi-
ble to improve this situation for example using the matrix
element technique, as we will discuss below.

We generate the signal with MadGraph5 [24], ac-
counting for a next-to-leading order (NLO) QCD factor
KNLO ⇠ 1.6 [22]. In the final state we demand two b-
tagged jets and two isolated photons with the minimal
acceptance and trigger cuts

pT,j > 30 GeV, |⌘j | < 2.5 ,

pT,� > 30 GeV, |⌘� | < 2.5 ,

�R��,�j,jj > 0.4 . (5)

The background to our bb̄ �� signal consists of other
Higgs production modes (tt̄h, Zh) with h ! ��, contin-
uum bb̄�� production, and of multi-jet events with light-
flavor jets faking either photons or b-jets (jj��, bb̄�j) [7].
The di↵erent backgrounds are discussed in detail in
Sec. IV.

The proper simulation of e�ciencies and fake rates are
a key ingredient for a realistic background estimate in
this analysis. For the HE-LHC and the future 100 TeV
collider we follow the ATLAS projections [25]. The ef-
ficiency for a tight photon identification can be well
parametrized by

✏�!� = 0.863� 1.07 · e�pT,�/34.8 GeV , (6)

and a jet-to-photon mis-identification rate by

✏j!� =

8
>>><

>>>:

5.3 · 10�4 exp

✓
�6.5

⇣ pT,j

60.4 GeV
� 1

⌘2
◆

,

0.88 · 10�4


exp

⇣
� pT,j

943 GeV

⌘
+

248 GeV

pT,j

�
,

where the upper form applied to softer jets with
pT,j < 65 GeV. This leads to a photon e�ciency of about
40% at pT,� = 30 GeV, saturating around 85% for
pT,� > 150 GeV. Note that the Higgs decay products
tend to be soft, pT,� ⇠ mh/2.

For b-tagging, we adopt an e�ciency with

✏b = 0.7 , (7)

associated with mis-tag rates of 15% for charm quarks
and 0.3% for light flavors. These flat rates present a con-
servative estimate from the two dimensional distribution
on (pTj , ⌘j) shown in the HL-LHC projections [17]. En-
couragingly, the small light flavor fake rate projections
result in a strong suppression for the initially dominant
jj�� background.

III. THE MOTHER OF DISTRIBUTIONS

As depicted in Fig. 1, Higgs pair production receives
contributions from a triangular loop diagram combined
with the Higgs self-coupling and from a box or continuum
diagram (plus a crossing diagram), where over most of
phase space the box contribution completely dominates
the total rate. While we can define a number of kinematic
observables describing the continuum backgrounds, the
measurement of the Higgs self-coupling relies on a simple
2 ! 2 process with two independent kinematic variables.
Three distinct phase space regions provide valuable in-

formation on a modified Higgs self-coupling, both from
a large destructive interference between the triangle and
box contributions. First, there is the threshold [6, 13] in
the partonic center of mass energy

m(th)
hh ⇡ 2mh . (8)

In the absence of hard additional jets, the di-Higgs in-
variant mass is identical to the partonic collider energy
s ⌘ m2

hh. Note that this threshold is below 2mt. Based
on the e↵ective Higgs–gluon Lagrangian [26] we can write
the corresponding amplitude for Higgs pair production as

↵s

12⇡v

✓
��SM

s�m2
h

� 1

v

◆
! ↵s

12⇡v2
(� � 1)

SM
= 0 . (9)

While the heavy-top approximation is known to give a
poor description of the signal kinematics as a whole, it
does describe the threshold dependence correctly [13].
This indicates that we can search for a deviation of the
Higgs self-coupling by looking for an enhancement of the
rate at threshold.
Second, an enhanced sensitivity to the self-coupling

appears as top mass e↵ect. For large positive values of
� absorptive imaginary parts lead to a significant dip in
the combined rate at the threshold pT,h ⇡ 100 GeV [10]
or equivalently [17]

m(abs)
hh ⇡ 2mt . (10)

The sharpest interference dip takes place near � ⇡ 2. For
negative values of � the interference becomes construc-
tive.
Finally, the triangular and box amplitudes have a gen-

erally di↵erent scaling in the limit [6, 10]

m(high)
hh � mh,mt . (11)

While the triangle amplitude features an explicit sup-
pression of either m2

h/m
2
hh or m2

t/m
2
hh at high invariant

mass, the box diagrams drops more slowly towards the
high-energy regime.
The impact of all three kinematic features can be quan-

tified statistically and is illustrated in detail in Fig. 5 of
Ref. [17]. They clearly indicate that essentially the full
information on the Higgs self-coupling can be extracted
through a shape analysis of the mhh distribution [27].

The practical relevance of the di↵erent kinematic
regimes has to be estimated including the variation of the
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and 0.3% for light flavors. These flat rates present a con-
servative estimate from the two dimensional distribution
on (pTj , ⌘j) shown in the HL-LHC projections [17]. En-
couragingly, the small light flavor fake rate projections
result in a strong suppression for the initially dominant
jj�� background.
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contributions from a triangular loop diagram combined
with the Higgs self-coupling and from a box or continuum
diagram (plus a crossing diagram), where over most of
phase space the box contribution completely dominates
the total rate. While we can define a number of kinematic
observables describing the continuum backgrounds, the
measurement of the Higgs self-coupling relies on a simple
2 ! 2 process with two independent kinematic variables.
Three distinct phase space regions provide valuable in-
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a large destructive interference between the triangle and
box contributions. First, there is the threshold [6, 13] in
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hh ⇡ 2mh . (8)

In the absence of hard additional jets, the di-Higgs in-
variant mass is identical to the partonic collider energy
s ⌘ m2

hh. Note that this threshold is below 2mt. Based
on the e↵ective Higgs–gluon Lagrangian [26] we can write
the corresponding amplitude for Higgs pair production as
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While the heavy-top approximation is known to give a
poor description of the signal kinematics as a whole, it
does describe the threshold dependence correctly [13].
This indicates that we can search for a deviation of the
Higgs self-coupling by looking for an enhancement of the
rate at threshold.
Second, an enhanced sensitivity to the self-coupling

appears as top mass e↵ect. For large positive values of
� absorptive imaginary parts lead to a significant dip in
the combined rate at the threshold pT,h ⇡ 100 GeV [10]
or equivalently [17]

m(abs)
hh ⇡ 2mt . (10)

The sharpest interference dip takes place near � ⇡ 2. For
negative values of � the interference becomes construc-
tive.
Finally, the triangular and box amplitudes have a gen-

erally di↵erent scaling in the limit [6, 10]

m(high)
hh � mh,mt . (11)

While the triangle amplitude features an explicit sup-
pression of either m2

h/m
2
hh or m2

t/m
2
hh at high invariant

mass, the box diagrams drops more slowly towards the
high-energy regime.
The impact of all three kinematic features can be quan-

tified statistically and is illustrated in detail in Fig. 5 of
Ref. [17]. They clearly indicate that essentially the full
information on the Higgs self-coupling can be extracted
through a shape analysis of the mhh distribution [27].

The practical relevance of the di↵erent kinematic
regimes has to be estimated including the variation of the
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scatter interaction, the pile-up jets are fully reconstructed and calibrated. Due to the low statistics at higher
pile-up jet pT , the fit is performed only in the range below 100 GeV and then extrapolated to higher values.
Given the very soft nature of the pile-up jets with a steeply falling pT spectrum, the pile-up fake rate is
driven by the lowest pT bins where it is very small, therefore the averaged fake rate was estimated to be
7 ⇥ 10�5.
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Figure 5: The probability that a generator-level jet emerging from the primary interaction (a) or a fully calibrated
pile-up jet (b) would fake a photon which passes combined identification and isolation criteria as a function of pT .
The distributions are parameterised with a Crystal Ball (a) and sigmoid (b) functions.

5. b-tagging Performance Results

The b-jet identification performance is characterised by the probability to identify a jet containing a b-
hadron as a b-jet (b-tagging e�ciency) and by the probability to identify a jet not containing a b-hadron
as a b-jet (mis-tag rate).

The b-tagging algorithms employed in ATLAS rely on multivariate techniques. The output of these
algorithms is a number called the b-tag weight which discriminates between b- and non-b-jets. By
selecting the minimum value of the b-tag weight for jets to be accepted as tagged, one can vary at the same
time the b-tagging e�ciency and the mis-tag rate. The chosen cut (labeled by the corresponding average
b-tagging e�ciency) is referred to as the tagger operating point.

The results below are quoted for the MV1 tagging algorithm [16] that combines the information from
track impact parameter and secondary vertex based algorithms using an artificial neural network. They
are evaluated in samples simulated with the ITk LoI design, but no specific retraining was done for the
algorithm.

The b-tagging performance is evaluated using a sample of top quark pair events with at least one top quark
decaying semileptonically. Jets are reconstructed as described in Ref. [4]. Only jets that are matched to
a parton from the top quark decay are considered in order to evaluate the performance for hard-scatter
jets. Those jets are labeled b or c or light-flavour based on the presence (or absence) of bottom or charm
hadrons within a cone of radius �R = 0.3 around the jet axis [17]. Pile-up jets are defined as jets not

8



a significance (�
dis

) for discovery using the likelihood-ratio method [48]

�
dis

⌘

s

�2 ln

✓
L(B|Sig+B)

L(Sig+B|Sig+B)

◆
with L(x|n) =

xn

n!
e�x , (4.21)

where Sig and B are the expected number of signal and background events, respectively.

For a discovery we demand

�
dis
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To set an exclusion limit on our signal, we compute a significance (�
excl

) for exclusion using

the likelihood-ratio method

�
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. (4.23)

For an exclusion we demand

�
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All significances �
dis

and �
excL

in Table 2 are calculated for given luminosity of 3 ab�1.

Our result throws into sharp relief that the outlook for the ttgg channel is quite promis-

ing where the significance of �
dis

= 6.7 is achievable at the high luminosity LHC for

m
T

= 1.0 TeV. The corner stones of our search strategies are the boosted hadronic and

leptonic top reconstructions, which enabled us to fully reconstruct top partners invariant

masses. We find a factor of 1.3 improvement in the final significance with the invariant

mass cuts in Eq.(4.20). The utility of the invariant mass cuts rapidly increases as we probe

top partner masses higher than 1 TeV, since the backgrounds are populated at much lower

invariant mass region. On the other hand, the cuts on the reconstructed gluon transverse

momenta in Eq.(4.16) deliver the biggest improvement in the significance by a factor of

2.2. The e↵ect is attributed to the fact that jet activities in the tt background is generally

softer than the p
T

cuts in Eq. (4.16). We also find that b-tagging on the hadronic and

leptonic tops weakens the final signal sensitivities, since the main tt background shares

the similar signal topology. It should be emphasized, however, that b-tagging proves to be

e↵ective to suppress the other backgrounds.

4.2 ttg� Decay Channel

Although extensive searches have been carried out for the top partner pair production, no

previous study has investigated the ttg� channel. To our knowledge, this paper is the first

to assess a discovery potential of the pair produced top partners in the ttg� final state. Due

to the presence of the hard photon, the ttg� channel is much cleaner than the ttgg channel,

and has less contamination from the SM backgrounds. On top of that, since the photon can

be remarkably well reconstructed, the resolutions of reconstructed T invariant masses will

be much narrower than the ttgg channel, hence rendering a better handle for background

rejections. In this section, we will repeat a similar analysis presented in Section 4.1 with

minor modifications to maximize the exploitation of the isolated photon, and demonstrate

that the ttg� channel outperforms ttgg channel when the wide range of a parameter space

concerned.
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• Nthad=1: eff(signal)=50%, eff(tt)=59%, eff(t)=30%, 
eff(W)=19%, eff(VV)=21% 

• Ntlep=1: eff(signal)=43%, eff(tt)=22%, eff(t)=6.5%, 
eff(W)=7.2%, eff(VV)=11%
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Figure 4. The p
T

distributions of the first (top, left) and second (top, right) hardest reconstructed
gluons, and the isolated lepton (bottom, left), in the ttgg channel for m

T

= 1.0 TeV. The scalar
sum of the transverse momenta of reconstructed hadronic and leptonic tops, and two gluons is
shown in the bottom-right panel.

Finally, since two gluons originated from the heavy top partner decays acquire high

transverse momenta, we require two additional hardest slim jets with pj
T

> 30 GeV and

|⌘j | < 2.5. Two plots in the top panel of Fig. 4 show p
T

distributions of the first and

second hardest reconstructed gluons respectively for m
T

= 1.0 TeV, while the lepton p
T

distribution is shown in the bottom-left plot. We place the further cuts on the reconstructed

gluon transverse momenta

preco
T,g1

> 250 GeV and preco
T,g2

> 150 GeV , (4.16)

which are key drivers to cut overall backgrounds down to 10% as shown in Table 2.

To further exploit the boosted phase space of signal events, we introduce a variable

Hreco

T

defined as the scalar sum of the transverse momenta of the hadronic and leptonic

tops, and the first and second hardest reconstructed gluons

Hreco

T

= preco
T,thad

+ preco
T,tlep

+ preco
T,g1

+ preco
T,g2

. (4.17)

The Hreco

T

is somewhat correlated with the cuts introduced in Eqs. (4.16) and (4.9),

but allowing us to directly control a total transverse momenta of reconstructed final states.
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scales. At particle-level, for both ttgg and ttg� channels, we require all partons to pass

cuts of

p
T

> 30 GeV, and |⌘| < 5, (4.2)

while leptons are required to have

p`
T

> 30 GeV and |⌘`| < 2.5, (4.3)

where p
T

are transverse momentum, ⌘ is rapidity, and ` indicates leptons. To improve the

statistics in the SM backgrounds, we demand

H
T

> 700 GeV, (4.4)

where H
T

denotes the scalar sum of the transverse momenta of all final state partons. On

top of the generation-level cuts in Eqs. (4.2-4.4), an additional photon selection is required

for the ttg� channel

p�
T

> 300 GeV and |⌘� | < 2.5. (4.5)

All the particle-level events are showered and hadronized by PYTHIA6 [36] and clustered

by the FastJet [37] implementation of the anti-k
T

algorithm [38] with a fixed cone size of

r = 0.4 (1.0) for a slim (fat) jet.

We also include simplistic detector resolution e↵ects based on the ATLAS detector

performances [39, 40], and smear momenta and energies of reconstructed jets, photons and

leptons according to the value of their energies, as described in appendix A.

4.1 ttgg Decay Channel

We now focus on the ttgg channel and describe our analysis strategy to estimate the

sensitivity. The previous CMS search [26] for T in the ttgg channel utilized exactly one

isolated lepton, /E
T

, and at least six slim jets with exactly two b-jets tagged, to take

into account the busy environment. The main challenge of such a high jet-multiplicity

environment is to resolve a combinatorial problem among reconstructed objects to find

correct pairs. A typical way out is to employ a chi-square fit to reconstruct W bosons,

tops and top partners using truth information from simulated signal samples. The success

rate that all reconstructed objects are correctly assigned was found to be only 11% [26].

When searching for T of masses at TeV scale, the topology of signal events undergoes

a step change, leaving two boosted top signatures of which the decay products are highly-

collimated and two hard gluons in the final state. It is clear that the combinatorics becomes

much simpler, but on the other hand, a traditional slim-jet-based analysis is no longer

adequate since collimated top decay products can be better clustered by fat jets with

unique internal substructures. In this case, the jet-substructure analysis becomes more

e�cient compared to the conventional approach.

In this section, as an extension to CMS study [26], we will present a new substructure

analysis focusing on the boosted parameter space. We will demonstrate that the method
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Figure 5. The distributions of reconstructed top partner invariant masses mreco

Th
and mreco

T`
in

the ttgg channel for m
T

= 1.0 TeV, after resolving the combinatorial problem based on the mass
asymmetry in Eq.(4.19).

Fig. 4 displays in the bottom-right panel the Hreco

T

distributions of signal and backgrounds,

in prior to applying cuts in Eqs. (4.16) and (4.9). To ensure the maximum boost, we apply

the cut

Hreco

T

> 1600 GeV. (4.18)

We now have enough ingredients to reconstruct the top partner masses. After imposing

a series of cuts in Eqs. (4.15), (4.16) and (4.17), the phase spaces of the SM backgrounds

are carved into the signal region. The only remaining orthogonal information left is the top

partner invariant mass, which will deliver an additional handle to suppress the backgrounds.

While the both hadronic and leptonic tops are fully reconstructed, it is not clear yet which

pair of a top quark and a gluon is originated from the same top partner decay. Of two

possible combinatorics, we select the combination which minimizes the asymmetry of

�
m

⌘ min
h
|mreco

thadg1
� mreco

tlepg2
|, |mreco

thadg2
� mreco

tlepg1
|
i

, (4.19)

where mreco

tigj
stands for the invariant mass of the pair {t

i

, g
j

}, and i = had, lep denotes

either the hadronic or leptonic top, and j = 1, 2 indicates either the first or second hardest

reconstructed gluons. The resulting distributions of reconstructed top partner invariant

masses mreco

Th
and mreco

T`
are shown in Fig. 5 for m

T

= 1.0 TeV. Although they both display

sizable lower tails, they peak at the truth-level top partner invariant mass. Since the

backgrounds are populated at much lower invariant mass, they can be separated by the

cuts

750 GeV < mreco

T1,2
< 1100 GeV. (4.20)

The e↵ects of the mass window cuts in Eq.(4.20) are shown in Table 2, where the dominant

tt background is brought down to the same order of magnitude of a signal cross section.

We summarize the cumulative e↵ects of cuts on signal and background cross sections

(in fb) in Table 2. To quantify the discovery reach of our signal at the LHC, we compute
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into account the busy environment. The main challenge of such a high jet-multiplicity

environment is to resolve a combinatorial problem among reconstructed objects to find

correct pairs. A typical way out is to employ a chi-square fit to reconstruct W bosons,

tops and top partners using truth information from simulated signal samples. The success
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a step change, leaving two boosted top signatures of which the decay products are highly-
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Figure 7. The distributions of reconstructed top partner invariant masses mreco

T1
and mreco

T2
in

the ttg� channel for m
T

= 1.0 TeV, after resolving the combinatorial problem based on the mass
asymmetry in Eq.(4.19).
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Figure 8. The p
T

distributions of the isolated photon (top, left), the hardest reconstructed gluon
(top, right), and the isolated lepton (bottom, left), in the ttg� channel for m

T

= 1.0 TeV. The
scalar sum of the transverse momenta of reconstructed hadronic and leptonic tops, the isolated
photon, and the hardest gluon is shown in the bottom-right panel.

– 17 –

         Channel

a significance (�
dis

) for discovery using the likelihood-ratio method [48]

�
dis

⌘

s

�2 ln

✓
L(B|Sig+B)

L(Sig+B|Sig+B)

◆
with L(x|n) =

xn

n!
e�x , (4.21)

where Sig and B are the expected number of signal and background events, respectively.

For a discovery we demand

�
dis

� 5. (4.22)

To set an exclusion limit on our signal, we compute a significance (�
excl

) for exclusion using

the likelihood-ratio method

�
exc

⌘

s

�2 ln

✓
L(Sig+B|B)

L(B|B)

◆
. (4.23)

For an exclusion we demand

�
excl

� 2. (4.24)

All significances �
dis

and �
excL

in Table 2 are calculated for given luminosity of 3 ab�1.

Our result throws into sharp relief that the outlook for the ttgg channel is quite promis-

ing where the significance of �
dis

= 6.7 is achievable at the high luminosity LHC for

m
T

= 1.0 TeV. The corner stones of our search strategies are the boosted hadronic and

leptonic top reconstructions, which enabled us to fully reconstruct top partners invariant
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invariant mass region. On the other hand, the cuts on the reconstructed gluon transverse

momenta in Eq.(4.16) deliver the biggest improvement in the significance by a factor of

2.2. The e↵ect is attributed to the fact that jet activities in the tt background is generally

softer than the p
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cuts in Eq. (4.16). We also find that b-tagging on the hadronic and

leptonic tops weakens the final signal sensitivities, since the main tt background shares

the similar signal topology. It should be emphasized, however, that b-tagging proves to be

e↵ective to suppress the other backgrounds.

4.2 ttg� Decay Channel

Although extensive searches have been carried out for the top partner pair production, no

previous study has investigated the ttg� channel. To our knowledge, this paper is the first

to assess a discovery potential of the pair produced top partners in the ttg� final state. Due

to the presence of the hard photon, the ttg� channel is much cleaner than the ttgg channel,

and has less contamination from the SM backgrounds. On top of that, since the photon can

be remarkably well reconstructed, the resolutions of reconstructed T invariant masses will

be much narrower than the ttgg channel, hence rendering a better handle for background

rejections. In this section, we will repeat a similar analysis presented in Section 4.1 with

minor modifications to maximize the exploitation of the isolated photon, and demonstrate

that the ttg� channel outperforms ttgg channel when the wide range of a parameter space

concerned.
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Figure 7. The distributions of reconstructed top partner invariant masses mreco

T1
and mreco

T2
in

the ttg� channel for m
T

= 1.0 TeV, after resolving the combinatorial problem based on the mass
asymmetry in Eq.(4.19).

Figure 8. The p
T

distributions of the isolated photon (top, left), the hardest reconstructed gluon
(top, right), and the isolated lepton (bottom, left), in the ttg� channel for m

T

= 1.0 TeV. The
scalar sum of the transverse momenta of reconstructed hadronic and leptonic tops, the isolated
photon, and the hardest gluon is shown in the bottom-right panel.
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Figure 6. The reconstructed invariant mass distribution of the top-tagged fat jet (left) and the
corresponding p

T

distribution (right) in the ttg� channel for m
T

= 1.0 TeV.

and exactly one boosted leptonic top passing the cut in Eq. (4.14):

N
tlep = 1. (4.27)

Distributions of the reconstructed invariant mass of the top-tagged fat jet and the corre-

sponding p
T

are displayed in Fig. 6.

To reconstruct the gluon originated from the heavy top partner decay, we require at

least one slim jet with pj
T

> 30 GeV and |⌘j | < 2.5 that is separated from the reconstructed

t
had

and t
had

by �R > 1.4. We select the slim jet as the gluon candidate, which minimizes

the asymmetry of

�
m

⌘ |mreco

tjgi
� mtruth

T

|2 + |mreco

tj�
� mtruth

T

|2 (4.28)

where i indicates slim jets, j = had, lep stands for either the hadronic or leptonic top,

and mtruth

T

is the truth (hypothesized) top partner mass. We denote mreco

T�
and mreco

Tg

reconstructed top partner invariant masses from the photon and gluon seeds respectively.

As shown in Fig. 7, the distribution of mreco

T�
is much narrower than mreco

Tg
since the photon

can be well reconstructed and insensitive to the detector smearing.

Since the background distributions are broadened in wider range, they can be separated

by the cuts

900 < mreco

T�
< 1100 GeV and (4.29)

700 < mreco

Tg
< 1100 GeV. (4.30)

Fig. 8 shows p
T

distributions of the isolated photon (top, left) and the hardest recon-

structed gluon (top, right) for m
T

= 1.0 TeV. We further place the cuts

p�
T

> 300 GeV and preco
T,g

> 140 GeV . (4.31)

We introduce a variable Hreco

T

(see Fig. 8.) defined as the scalar sum of the transverse
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         Channel

a significance (�
dis

) for discovery using the likelihood-ratio method [48]

�
dis

⌘

s

�2 ln

✓
L(B|Sig+B)

L(Sig+B|Sig+B)

◆
with L(x|n) =

xn

n!
e�x , (4.21)

where Sig and B are the expected number of signal and background events, respectively.

For a discovery we demand

�
dis

� 5. (4.22)

To set an exclusion limit on our signal, we compute a significance (�
excl

) for exclusion using

the likelihood-ratio method

�
exc

⌘

s

�2 ln

✓
L(Sig+B|B)

L(B|B)

◆
. (4.23)

For an exclusion we demand

�
excl

� 2. (4.24)

All significances �
dis

and �
excL

in Table 2 are calculated for given luminosity of 3 ab�1.

Our result throws into sharp relief that the outlook for the ttgg channel is quite promis-

ing where the significance of �
dis

= 6.7 is achievable at the high luminosity LHC for

m
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= 1.0 TeV. The corner stones of our search strategies are the boosted hadronic and
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momenta in Eq.(4.16) deliver the biggest improvement in the significance by a factor of

2.2. The e↵ect is attributed to the fact that jet activities in the tt background is generally

softer than the p
T

cuts in Eq. (4.16). We also find that b-tagging on the hadronic and

leptonic tops weakens the final signal sensitivities, since the main tt background shares

the similar signal topology. It should be emphasized, however, that b-tagging proves to be

e↵ective to suppress the other backgrounds.

4.2 ttg� Decay Channel

Although extensive searches have been carried out for the top partner pair production, no

previous study has investigated the ttg� channel. To our knowledge, this paper is the first

to assess a discovery potential of the pair produced top partners in the ttg� final state. Due

to the presence of the hard photon, the ttg� channel is much cleaner than the ttgg channel,

and has less contamination from the SM backgrounds. On top of that, since the photon can

be remarkably well reconstructed, the resolutions of reconstructed T invariant masses will

be much narrower than the ttgg channel, hence rendering a better handle for background

rejections. In this section, we will repeat a similar analysis presented in Section 4.1 with

minor modifications to maximize the exploitation of the isolated photon, and demonstrate

that the ttg� channel outperforms ttgg channel when the wide range of a parameter space

concerned.
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m
T

(TeV)
Cuts

�Signal

(fb)

�BG

(fb)
�
dis

�
excl

BC & t-tagging 0.5999 239.97 2.1202 2.1193

1.0 p{g1,g2}
T

> {250, 150} GeV & H
T

> 1600 GeV & M
t

had > 145 GeV 0.2932 9.9995 5.0545 5.0302

750 < M
T

0 < 1100 GeV 0.1638 1.7214 6.7346 6.6333

BC & t-tagging 0.1912 239.97 0.6759 0.6758

1.2 p{g1,g2}
T

> {250, 150} GeV & H
T

> 1700 GeV & M
t

had > 145 GeV 0.1207 8.3195 2.2860 2.2806

950 < M
T

0 < 1300 GeV 0.0546 0.960 3.022 2.9945

BC & t-tagging 0.0644 239.97 0.2277 0.2277

1.4 p{g1,g2}
T

> {250, 150} GeV & H
T

> 1850 GeV & M
t

had > 145 GeV 0.0457 6.2833 0.9980 0.9968

1050 < M
T

0 < 1500 GeV 0.0214 0.9523 1.1969 1.1925

BC & t-tagging 0.0227 239.97 0.0804 0.0804

1.6 p{g1,g2}
T

> {400, 200} GeV & H
T

> 2100 GeV & M
t

had > 145 GeV 0.0144 2.3249 0.5168 0.5162

1100 < M
T

0 < 1800 GeV 9.26e-3 0.7409 0.5883 0.5871

BC & t-tagging 8.093e-3 239.97 0.0286 0.0286

1.8 p{g1,g2}
T

> {500, 200} GeV & H
T

> 2350 GeV & M
t

had > 145 GeV 5.12e-3 1.3104 0.2449 0.2448

1150 < M
T

0 < 2100 GeV 3.59e-3 0.5326 0.2683 0.2680

BC & t-tagging 2.94e-3 239.97 0.010e 0.0104

2.0 p{g1,g2}
T

> {500, 200} GeV & H
T

> 2500 GeV & M
t

had > 145 GeV 1.95e-3 0.9403 0.1104 0.1103

1150 < M
T

0 < 2500 GeV 1.53e-3 0.4521 0.1252 0.1251

Table 6. Cumulative cut-flow in the ttgg channel for both signal (spin- 1
2 top partner) and back-

grounds. The significance and the exclusion are calculated for a luminosity of 3000 fb�1. The case
with spin- 3

2 top partner is similar.

�MS = E

s✓
b0

E

◆2

+ b2
1 + (b2 E)2 . (A.4)

We use a1 = 0.023035, a2 = 0.000347, b0 = 0.12, b1 = 0.03278 and b2 = 0.00014 in our

study.

B Summary of Cutflow

In Table 6, we summarize the cumulative cut-flow of both signal (spin-1
2 top partner) and

backgrounds for various values of the top-partner mass in the ttgg channel. Similar results

in the ttg� channel are shown in Table 7. The significance and the exclusion are calculated

for a luminosity of 3000 fb�1. The case with spin-3
2 top partner gives similar cut e�ciencies.
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2.2. The e↵ect is attributed to the fact that jet activities in the tt background is generally

softer than the p
T

cuts in Eq. (4.16). We also find that b-tagging on the hadronic and

leptonic tops weakens the final signal sensitivities, since the main tt background shares

the similar signal topology. It should be emphasized, however, that b-tagging proves to be

e↵ective to suppress the other backgrounds.

4.2 ttg� Decay Channel

Although extensive searches have been carried out for the top partner pair production, no
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to assess a discovery potential of the pair produced top partners in the ttg� final state. Due

to the presence of the hard photon, the ttg� channel is much cleaner than the ttgg channel,

and has less contamination from the SM backgrounds. On top of that, since the photon can

be remarkably well reconstructed, the resolutions of reconstructed T invariant masses will

be much narrower than the ttgg channel, hence rendering a better handle for background

rejections. In this section, we will repeat a similar analysis presented in Section 4.1 with

minor modifications to maximize the exploitation of the isolated photon, and demonstrate

that the ttg� channel outperforms ttgg channel when the wide range of a parameter space
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