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Abstract: We investigate the sensitivity of the 14 TeV LHC to pair-produced top partners

(T ) decaying into the Standard Model top quark (t) plus either a gluon (g) or a photon (γ).

The decays T → tg and T → tγ can be dominant when the mixing between the top partner

and top quark are negligible. In this case, the conventional decays T → bW , T → tZ, and

T → th are highly suppressed and can be neglected. We take a model-independent ap-

proach using effective operators for the T -t-g and T -t-γ interactions, considering both spin-
1
2 and spin-3

2 top partners. We perform a semi-realistic simulation with boosted top quark

tagging and an appropriate implementation of a jet-faking-photon rate. Despite a simple

dimensional analysis indicating that the branching ratios BR(T → tγ)� BR(T → tg) due

to the electric-magnetic coupling being much smaller than the strong force coupling, our

study shows that the LHC sensitivity to T T̄ → ttγg is more significant than the sensitivity

to TT → ttgg. This is due to much smaller backgrounds attributed to the isolated high-pT
photon. We find that with these decay channels and 3 ab−1 of data, the LHC is sensitive

to top partner masses mT . 1.4–1.8 TeV for spin-1
2 and spin-3

2 top partners, respectively.
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1 Introduction

The Large Hadron Collider (LHC) is beginning to explore the physics of the TeV scale in

earnest. After the discovery of a Higgs boson, the next goal is to find new physics beyond

the Standard Model (BSM). There have been several different approaches in searches for

new physics at the LHC. With the absence of additional new physics at the LHC, two

typical approaches to characterize BSM signals are simplified models, where a few new

particles are added to the SM, or an effective field theory (EFT) consisting of only SM

fields. However, one avenue of study that has been neglected is a hybrid approach when

the leading interactions between new particles and the SM is via an EFT [1]. The number

of theories of this type is, however, limited because new particles are identified by only a

few quantum numbers (such as spin and gauge charge) which take only a small number of

discrete values.

In this paper, we study vector-like fermionic top partners (T ), whose left and right

components have the same gauge quantum numbers as the right-handed top quark (tR).

These particles appear in many BSM models as an attempt to cancel the quadratic di-

vergences of the top quark (t) loop contributions to the Higgs mass and stabilize the

electroweak (EW) scale. Such examples are Little Higgs models [2–9], models with extra

dimensions, composite Higgs models [10–20], etc. To cure the ultraviolet sensitivity of the

Higgs mass, top partners are postulated to be relatively light, with masses around the TeV
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range. Many of these models involve a symmetry larger than the SM gauge symmetry,

which implies that the new sector could be rich. However, given the current constraints

from direct searches [21–23], it is likely that we will have direct experimental access to only

a subset of new particles.

In this paper, we examine non-standard decays of the top-partners that have often

been neglected in LHC searches. Typically, top partners are searched for in the three

conventional decays T → bW , T → tZ, and T → th [23–31]. We focus on the top partner

decays T → tg and T → tγ. The interactions T −t−g and T −t−γ does not appear at tree

level due to gauge invariance, and therefore T → tg and T → tγ are typically suppressed

relative to the conventional decays. However, T → tg and T → tγ can be dominant when

the mixing between the top partner and top quark is minimal [21]. We take a model-

independent approach using effective operators between the top partner, top quark, and

gauge bosons and consider both spin- 1
2 and spin-3

2 top partners. Searches for T → tγ have

not been performed. Additionally, while there have been searches for pair produced top

partners decaying as T → tg [22], we update those analyses using boosted techniques and

top-tagging of fat jets. As we will show, although the T → tγ branching ratio is generically

smaller than T → tg due to the gauge couplings, the LHC is more sensitive to the signal

TT → ttγg than when both top partner decay into a top quark plus gluon. This is due to

the smaller backgrounds associated with requiring a hard isolated photon.

The rest of the paper is organized as follows. We introduce two benchmark scenarios

(spin-1
2 and spin-3

2) in section 2 and discuss production and decays of the top-partner in

section 3. Details of our analysis is presented in section 4. Section 5 is reserved for the sum-

mary and conclusions. Further details of our collider analysis are given in the appendices.

2 Theoretical models

We will denote the spin- 1
2 top partner as T 1

2
and the spin-3

2 top partner as T 3
2
. The notation

T will be used for generic fermionic top partners.

2.1 Spin-1
2

top partner

We consider a model where the SM is extended with a spin- 1
2 vector-like top partner (T1/2)

with a hypercharge of 2/3, which is a singlet under SU(2)L and a triplet under SU(3)C . Its

hypercharge, color representation, and spin determine its couplings to photons and gluons

via its kinetic term

Lkin = T 1
2

(
i/∂ − g1YtR /B − g3T

A /G
A
)
T 1

2
, (2.1)

where YtR = Qt = 2
3 is the U(1)Y hypercharge of the right-handed top quark, and TA’s are

the fundamental generators of SU(3)C .

Since the top partner and the SM top quark have the same unbroken quantum numbers

they can mix, giving rise to additional couplings with EW gauge bosons and the Higgs. As

a result, the most commonly studied T 1
2

decay modes are tZ, th and Wb where the exact

decay rates are determined by the mixing angle and model parameters. While in principle
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there are two mixing angles, one each for the left- and right-components of the top quark

and top partner, there are only three mass terms in the Lagrangian [21]

Lmass = −ytQLΦ tR − λtQLΦ̃T 1
2
,R −m2 T 1

2
,LT 1

2
,R + h.c., (2.2)

where QL is the third generation SU(2)L quark doublet, Φ is the Higgs doublet, and

Φ̃ = εΦ∗. Hence, there are only three free parameters: the top quark mass mt, the top

partner mass mT , and one mixing angle which we choose to be the left-handed mixing

angle θL. Relationships between the masses, mixing angles, and Lagrangian parameters

can be found in ref. [21].

The mixing angle θL is highly constrained by EW precision measurements [32–36].

The oblique parameters constrain | sin θL| . 0.16 for the top partner mass around 1 TeV

and | sin θL| . 0.11 for mT & 2 TeV [33, 35, 36]. Measurement of the CKM matrix element

|Vtb| = 1.019 ± 0.025 [37] can also constrain the mixing parameter to be | sin θL| < 0.11

independent of mT , which is comparable to the EW precision measurements. The collider

bounds turn out to be less constraining [38]. Hence, it is essential to scrutinize the pa-

rameter space where the mixing angle goes to zero and the conventional tree-level decays

T 1
2
→ tZ, T 1

2
→ th and T 1

2
→ bW vanish.

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 loop level decays T 1
2
→ tg, T 1

2
→ tγ, and

T 1
2
→ tZ [21, 39]. 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 1
2
→ tg is expected

to be dominant due to the strong coupling, while the other decays T 1
2
→ tγ and T 1

2
→ tZ

would be suppressed by the weak couplings. Let us consider the following dipole operators

in the limit where the scalar S is integrated out,

LEFT =
c3g3

Λ
T 1

2
σµνTAtRG

A
µν +

c1g1

Λ
T 1

2
σµνYtRtRBµν + h.c.. (2.3)

where Λ is a heavy new physics scale, σµν = i
2 [γµ, γν ], GAµν is the gluon field strength

tensor, and Bµν is the hypercharge field strength tensor. The couplings g3 and g1 are the

strong and hypercharge couplings, respectively. After EW symmetry breaking (EWSB),

eq. (2.3) can be effectively parameterized by the short-distance interactions between the

top partner and top mediated by a gluon, photon or Z as in eq. (2.4).

LEFT = cgT 1
2
σµνTAtRG

A
µν + cγT 1

2
σµνtRFµν + cZT 1

2
σµνtRZµν + h.c. , (2.4)

where

cg =
c3g3

Λ
, cγ =

c1

Λ
Qte cos θW , cZ =

c1

Λ
Qte tan θW , (2.5)

θW is the weak mixing angle, and Qt = 2
3 is the top quark’s electric charge. The field

strength tensors for gluon, photon and Z are defined as

GAµν = ∂µG
A
ν − ∂νGAµ − g3f

ABCGBµG
C
ν , (2.6)

Fµν = ∂µFν − ∂νFµ , (2.7)

Zµν = ∂µZν − ∂νZµ , (2.8)
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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. [40–44].

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 [45]. In this section,

we make brief remarks on interactions that are relevant for the rest of this paper. Please

refer to refs. [45–50] for more details on the physics of spin- 3
2 top partners.

The interaction of spin- 3
2 top partner (Tα3

2

) and the SM gluon (GAµ ) is given by

L 3 g3T
α
3
2

(
3z2 + 2z + 1

2
γαγµγβ + zgαµγβ + zγαgµβ + gβαγ

µ

)
TAT β3

2

GA,µ , (2.9)

where the z is an unphysical, arbitrary parameter (z 6= −1
2). In principle, all physical

quantities should be independent of this parameter [45–50]. The spin-3
2 particle cannot

mix with the top quark, and its decays are described by an EFT. For an SU(2)L singlet

T 3
2
, the effective Lagrangian describing the interaction between T 3

2
, the SM top quark, and

gauge bosons is

LEFT = i
g3c3

Λ
T
µ
3
2

(gµα + z γµγα) γβ T
A tRG

A,αβ + i
g1c1

Λ
T
µ
3
2

(gµα + z γµγα) γβ tRB
αβ

+ h.c. (2.10)

In principle, the Wilson coefficients c1,3 and scale of new physics Λ are different than those

in eq. (2.3), but for simplicity we use the same notation. Similarly, the parameter z in

eq. (2.10) can be different for each gauge boson before EWSB and different than the z in

eq. (2.9), but since they are unphysical they can be set equal without loss of generality.

After EWSB, the Lagrangian is

LEFT = i
cg
Λ
T
µ
3
2

(gµα + z γµγα) γβ T
A tRG

A,αβ + i
cγ
Λ
T
µ
3
2

(gµα + z γµγα) γβ tRF
αβ

+ i
cZ
Λ
T
µ
3
2

(gµα + z γµγα) γβ tRZ
αβ + h.c, (2.11)

where cγ , cZ , cg are given in eq. (2.5), and the field strength tensors are given in

eqs. (2.6)–(2.8).

3 Production and decay

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

Interactions between color-triplet spin- 3
2 and spin-1

2 particles and the SM gluon are fixed

by SU(3)C gauge invariance. The Feynman diagrams for top partner pair production,

pp → TT , are shown in figure 1. Since the spin- 1
2 top partner has the exact same color,

spin, and electromagnetic quantum numbers of the top quark, pair production of T 1
2

is

identical to that of SM top quark production with different masses. Since the spin- 3
2 top

partner has different spin, production of T 3
2
T 3

2
requires a careful calculation using the
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Figure 1. Feynman diagrams for pair production of top partners at the LHC and their decays into

TT → tt+ g + g/γ final states.
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Figure 2. Pair production cross sections of spin- 12 (red, dashed) and spin- 32 (blue, solid) top

partners at leading order accuracy as a function of the top partner mass (mT ) at the 14 TeV LHC.

Yellow (red) shaded regions represents the spin- 32 (spin- 12 ) top partner masses excluded by 13 TeV

data at 95% C.L. with 35.9 fb−1.

interactions in eq. (2.9). In figure 2, we show the 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). The cross section was obtained using MadGraph5 aMC@NLO [51] at the 14 TeV

LHC with default parton distribution functions NNPDF2.3QED [52]. For spin-3
2 , we use the

existing model file described in ref. [50] and have cross-checked these results using CalcHEP

with our own implementation [53]. We also verified analytically that the pair production

cross section of the spin- 3
2 top partner agreed with the results in ref. [47].

A search for pair production of spin- 3
2 vector-like quarks, each decaying exclusively

to a top quark and a gluon, was recently performed by CMS [22] at the 13 TeV LHC

with 35.9 fb−1. Assuming BR(T → tg) = 1, a traditional analysis based on slim jets

excluded masses below ∼ 1.2 TeV. Recasting the CMS search [22] to a bound on the spin-
1
2 top partner, a lower limit on the mass is found to be mT & 930 GeV. The NNLO pair

production cross section of T 1
2

[54–59] was used for the recast. The lower limits on the

masses of T 3
2

and T 1
2

are shown as the yellow and red shaded regions in figure 2, respectively.

While the T → tg decay is expected to be dominant due to the strong coupling in g3

in eqs. (2.4), (2.11), there is a non-negligible partial decay width to tγ. For the case with

– 5 –
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c1 = c3 = 1, we obtain the following partial decay widths

Γ =
C

16π

mT
3

Λ2

(
1− mt

2

mT
2

)3

, for spin−1

2
, (3.1)

Γ =
C

48π

mT
3

Λ2

(
1− mt

2

mT
2

)3(
3 +

mt
2

mT
2

)
, for spin−3

2
, (3.2)

where the coefficient C is

C =


(g1YtR cos θW )2 = (eQt)

2 for γ t

(g1YtR sin θW )2 = (eQt tan θW )2 , for Z t (in the MZ � mT limit) ,

g2
3C2(R) = 4

3g
2
3 for g t

(3.3)

and C2(R) = 4
3 is the eigenvalue of the quadratic Casimir operator of the fundamen-

tal representation of SU(3)C . Therefore the partial widths are given by ratios of above

coefficients:

Γ(T → t γ) : Γ(T → t Z) : Γ(T → t g) = (eQt)
2 : (eQt tan θW )2 : g2

3C2(R) (3.4)

and the branching ratios are

BR(T → tγ) = 0.021, BR(T → tZ) = 0.0060, BR(T → tg) = 0.97, (3.5)

where g3 is evaluated at two loops and the scale 1 TeV. These branching ratios are inde-

pendent of the top partner spin.

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 then

cg, cγ , and mT . (3.6)

Such decays are easily arranged in the small mixing angle limit, sin θL . 10−4 in the wide

range of other model parameters [21]. In some variation of extra dimensional models, all

decay modes of Kaluza-Klein top quarks proceed via one-loop and therefore exhibit sizable

branching fractions into a photon or a gluon [46].

4 Searches for top partners at the LHC

In this section, we perform a detailed collider analysis at the 14 TeV LHC. We will take

the spin-1
2 top partner as our benchmark model. Results for the spin- 3

2 top partner will be

discussed in section 4.3. We consider the QCD pair production of a TeV scale top partner

T 1
2

decaying into two final states

p p→ T 1
2
T 1

2
→ t t+ g + g/γ → (bb̄jj`/pT ) + g + g/γ , (4.1)

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

Additionally, since mT � mt the top quarks are boosted. Final states are, therefore,

characterized by two boosted tops in association with two hard jets (ttgg) or a hard jet
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and an isolated photon (ttgγ). The ttgγ channel renders a relatively clean final state with

small backgrounds, while the ttgg channel has a busy environment with a large irreducible

tt background.

The overall sensitivities of two channels depend on the branching ratios of T 1
2
. We will

be interested in top partner masses of mT ∼ 1–2 TeV. In this mass range, the branching

ratios in eq. (3.5) are insensitive to the running of g3(mT ). Hence, for a benchmark point

to determine the mass reach of the LHC, we will take c1 = c3 = 1 where the top partner

branching ratios are

BR(T → tγ) ≈ 0.03, and BR(T → tg) ≈ 0.97. (4.2)

As mentioned previously, the decay T → tZ has been neglected since its branching ratio

is sub-percent level, as shown in eq. (3.5). For different branching ratios, our analysis

can be simply rescaled as long as the total width of the top partner (ΓT ) is sufficiently

small, ΓT /mT � 1, and the narrow width approximation is valid. We will generalize the

assumption on the branching ratio as a function of BR(T → tγ) in later discussions for a

more comprehensive prediction.

The models in section 2 are implemented into the FeynRules package [60], which is

in turn used to generate a UFO library [61] for MadGraph5 aMC@NLO [51]. Both signal and

background events are simulated by MadGraph5 aMC@NLO at
√
S = 14 TeV using the default

NNPDF2.3QED [52] parton distribution functions. We use default dynamic renormalization

and factorization scales. At particle-level, for both ttgg and ttgγ channels, we require all

partons to pass the following cuts

pT > 30 GeV, and |η| < 5, (4.3)

while leptons are required to have

p`T > 30 GeV and |η`| < 2.5, (4.4)

where pT are transverse momentum, η is rapidity, and ` indicates leptons. To improve the

statistics in the SM backgrounds, we demand

HT > 700 GeV, (4.5)

where HT denotes the scalar sum of the transverse momenta of all final state partons

(excluding leptons and photons). On top of the generation-level cuts in eqs. (4.3)–(4.5), an

additional photon selection is required for the ttgγ channel with the photon passing the cuts

pγT > 300 GeV and |ηγ | < 2.5. (4.6)

All the particle-level events are showered and hadronized by PYTHIA6 [62] and clustered

by the FastJet [63] implementation of the anti-kT algorithm [64] with a fixed cone size of

r = 0.4 (1.0) for a slim (fat) jet. We match the hadronized and showered event using the

MLM method [65].

We also include simplistic detector resolution effects based on the ATLAS detector

performances [66, 67], and smear momenta and energies of reconstructed jets, photons and

leptons according to the value of their energies, as described in appendix A.
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4.1 ttgg decay channel

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

sensitivity to this channel. The previous CMS search [22] for T in the ttgg channel utilized

exactly one isolated lepton, /ET , at least six slim jets, and exactly two b-tagged jets, to

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

environment is to resolve the combinatorial problem of determining which final state objects

originated from which decaying particles and fully reconstruct the event. A typical method

is to employ a chi-square fit to reconstruct the masses of the W bosons, top quarks and

top partners using truth information from simulated signal samples. The success rate of

accurately reconstructing all objects was found to be only 11% [22].

When searching for top partners with masses at the TeV scale, the character of signal

events changes. The top quarks are boosted and their decay products highly collimated.

Additionally, the gluons from heavy T decays are harder than those typically produced

by QCD. 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 the top quark

decay products are highly collimated, they can be better clustered by fat jets with unique

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

compared to the conventional approach.

As an extension to CMS study [22], we present a new jet substructure analysis focusing

on the boosted parameter space. We will demonstrate that the method can improve the

resolution of the reconstructed T mass. This plays an important role in disentangling the

signal from the irreducible tt background and enhancing the final signal sensitivity.

The ttgg channel has large SM backgrounds. The dominant background is semi-

leptonic tt matched up to two additional jets. The single-top processes include tW and tq,

where q is a light quark or a b-quark. For the tW background, one W decays leptonically,

one W decays hadronically, and we match with up to three additional jets. The tq process

is matched with up to two additional jets and we only consider a top quark which decays

leptonically. The sub-leading background includes W matched with up to four additional

jets where W is decayed leptonically. The other insignificant backgrounds include WW

matched with up to three additional jets, where one W decays leptonically and the other

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

W is forced to decay leptonically and the Z hadronically.

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

with the generation-level cuts in eqs. (4.3)–(4.5). To validate our background simulation,

we reproduced the total number of background events in CMS [22] at a
√
S = 13 TeV using

the same cut-based analysis. Our results for both the µ + jets and e + jets were within

4% agreement with the CMS simulations. We have also confirmed good agreement with

background estimation in the 8 TeV CMS analysis [68].1

1The interference between the signal (pp→ TT → tt̄+ gg) and the background (pp→ tt̄+ gg) may have

significant impact on the signal rates, since the cross sections differ by a factor of 104 ∼ 105. However the

interference in the phase space of signal region is reduced to the order of O(1)% with cuts introduced in

our analysis.
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Abbreviations Backgrounds Matching σ · 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 and their cross sections

after generation level cuts in eqs. (4.3)–(4.5). Matching refers to either the 4-flavor or 5-flavor MLM

matching [65]. The last column σ ·BR denotes the production cross section (in fb) times branching

ratios including the top, W , and Z decays.

We now present detailed event selection cuts. Since the signal events contain one

boosted leptonic top t → b`ν, our base-line selection cuts start from requiring a missing

transverse energy of

/ET > 50 GeV, (4.7)

at least one r = 0.4 slim jet with

pjT > 30 GeV and |ηj | < 2.5, (4.8)

and exactly one isolated lepton passing the cuts in eq. (4.4) and

p`T /p
Σ
T > 0.7, (4.9)

where pΣ
T is the scalar sum of transverse momenta of final state particles (including the

lepton itself) within ∆R = 0.3 isolation cone.2 At least one hard fat jet with

pjT > 350 GeV and |ηj | < 2.5, (4.10)

is required to account for the boosted hadronic top candidate. The series of cuts described

in eqs. (4.7)–(4.10) define our basic cuts for 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.

Therefore the SM backgrounds without a hard hadronic top can be substantially vetoed.

We use the TemplateTagger v.1.0 [69] implementation of the Template Overlap Method

(TOM) [70, 71] to tag massive boosted objects.3 The TOM 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 likelihood of a fat jet originating from

2The angular distance ∆Rij is defined by ∆Rij =
√

(∆φij)2 + (∆ηij)2, where ∆φij = φi − φj and

∆ηij = ηi−ηj are the differences of the azimuthal angles and rapidities between particles i and j respectively.
3For comparisons with other popular taggers, see ref. [72] and references therein.
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a parent particle a with an i-pronged decay is encoded in an overlap score Ovai . Fat jets

that are likely to have originated from the particle a have an overlap score Ovai nearer

one, while those that are unlikely to have originated from a have Ovai closer to zero. This

method is not very susceptible to pileup contamination [71].

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

pronged top template overlap score

Ovhad
3 > 0.6. (4.11)

Figure 3 (left) shows the normalized invariant mass distributions of the top-tagged fat jet,

mreco
thad

, for mT = 1.0 TeV and both signal and background after reconstruction. Both the sig-

nal and tt̄ background mreco
thad

distributions are highly peaked at the top mass mt = 173 GeV,

while other backgrounds are slightly wider. Hence, we apply the cut

mreco
thad

> 145 GeV. (4.12)

The corresponding pT distribution of the top-tagged fat jet is displayed in the right panel

of figure 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. (4.11)–(4.12):

Nthad = 1 . (4.13)

Table 2 shows the cumulative effects of cuts on signal and background rates. Relative to

the basic cuts in eqs. (4.7)–(4.10), under the requirement of Nthad = 1, the signal efficiency

is 50%, while the major backgrounds tt and single t have efficiencies of 59% and 30%,

respectively. The W and V V backgrounds are cut down to 19% and 21%, respectively,

reducing the overall size of the background. Typically, requiring at least one b-tagged jet4

in the top-tagged fat jet significantly improves the purity of the signal, suppresses non-

resonant QCD backgrounds, and helps reduce the systematic uncertainty. However, since

our dominant background is tt+ jets, table 2 shows that the b-tagging merely degrades our

final significance. Therefore we choose not to apply the b-tagging in our final results.

We now turn to the boosted leptonic top, tlep, reconstruction [71] within the TOM

framework. The set of three-pronged templates used to tag the hadronically decaying

top is also used to tag the leptonically decaying boosted top. The overlap Ovlep
3 , where

lep denotes the leptonic top, is calculated using the four-momentum of a jet, the four-

momentum of a lepton, and the missing transverse momentum (~/P T ).5 For the leptonically

decaying top quark, there is missing longitudinal momentum from the neutrino that cannot

4The slim r = 0.4 jets are classified into three categories where our heavy-flavor tagging algorithm

iterates over all jets that are matched to b-hadrons or c-hadrons. If a b-hadron (c-hadron) is found inside,

it is classified as a b-jet (c-jet). The remaining unmatched jets are called light-jets. Each jet candidate is

further multiplied by a tag-rate [73], where we apply a flat b-tag rate of εb→b = 0.7 and a mis-tag rate that

a c-jet (light-jet) is misidentified as a b-jet of εc→b = 0.2 (εj→b = 0.01). For a r = 1.0 fat jet to be b-tagged,

on the other hand, we require that a b-tagged r = 0.4 jet is found inside a fat jet. To take into account the

case where more than one b-jet might land inside a fat jet, we reweight a b-tagging efficiency depending on

a b-tagging scheme described in ref. [74].
5In the events we are considering, the only source of missing transverse momentum is the neutrino from

the leptonically-decaying top.
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Figure 3. The reconstructed invariant mass distribution of the top-tagged fat jet (left) and the

corresponding pT distribution (right) in the ttgg channel for mT = 1.0 TeV.

ttgg channel Signal [fb] tt [fb] Single t [fb] W [fb] V V [fb] σdis σexcl

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

Nthad = 1 1.4 650 790 390 14 1.8 1.8

Ntlep = 1 0.60 140 51 28 1.6 2.2 2.2

preco
T,{g1,g2} > {250, 150}GeV 0.35 9.2 4.6 2.5 0.19 4.8 4.8

Hreco
T > 1600 GeV 0.29 4.9 3.4 1.6 0.12 5.1 5.0

750 < mreco
T1,2

< 1100 GeV 0.16 0.84 0.62 0.23 0.017 6.7 6.6

b-tag on thad 0.10 0.51 0.29 5.6× 10−3 1.0× 10−3 5.9 5.8

b-tag on tlep 0.10 0.49 0.21 0.016 1.7× 10−4 6.4 6.3

b-tag on thad & tlep 0.061 0.30 0.084 5.1× 10−4 1.0× 10−5 5.3 5.2

Table 2. A cumulative cut-flow table showing the signal and SM background cross sections in

the ttgg channel for mT = 1.0 TeV. The significances σdis and σexcl are calculated based on the

likelihood-ratio methods defined in eq. (4.22) and eq. (4.24) respectively for a given luminosity of

3 ab−1. The summary of the background simulations can be found in table 1.

be simply reconstructed since the initial state longitudinal momentum is unknown. Hence,

the full angular separation ∆R between the template and ~/P T cannot be determined, and

the azimuthal distance ∆φ between the template and ~/P T must be used to calculate Ovlep
3 .

Hence, in general the precise truth momentum of the top is not reconstructed. However,

the addition of Ovlep
3 to our analysis still proves to be useful. i) We identify the lepton-

jet pair originating from the leptonically decaying top quark as the pair that maximizes

Ovlep
3 . After this selection, for 85% of the signal events, a b-hadron is found inside the

selected jet as expected in a top quark decay. Therefore, this selection helps to resolve the

combinatorial problem of determining which jet originates from the leptonically decaying

top quark without the need for b-tagging. This is useful for reconstructing top partner

masses while maintaining signal efficiency. ii) It can reject the background events efficiently

and boost signal sensitivity.
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In what follows, we will demonstrate how the boosted tlep reconstruction works. We

require at least one slim jet that is isolated from the hadronic top-tagged fat jet, has

pjT > 30 GeV and |ηj | < 2.5, and meets the endpoint criterion

mj` < 153.2 GeV, (4.14)

where mj` is the invariant mass of the lepton-jet pair. We calculate the Ovlep
3 score for

each slim jet that passes these criteria, as described above. For a lepton-jet pair to be

considered as decay products of the leptonic top, we demand

Ovlep
3 > 0.5. (4.15)

The momentum of the corresponding (matched) three-pronged templates are used to re-

construct the four momentum of the tlep, which in turn will be used to reconstruct the top

partners. We require exactly one tlep passing the cut in eq. (4.15):

Ntlep = 1. (4.16)

Table 2 shows that relative to the Nthad = 1 cut in eq. (4.13), under the requirement of

Ntlep = 1 the signal efficiency is 43%, while the major backgrounds tt and single t have

efficiencies of 22% and 6.5%, respectively. The efficiencies of W and V V backgrounds are

7.2% and 11%, respectively, greatly suppressing the overall size of backgrounds.

Additionally, since two hard gluons originate from the top partner decays, we require

two additional slim jets not associated with the reconstructed tops with pjT > 30 GeV and

|ηj | < 2.5 and well-separated from the top quarks by ∆R > 1.4. Figure 4 shows the pT
distributions of the (top-left) first and (top-right) second hardest jets that are not part of

the reconstructed thad or tlep for mT = 1.0 TeV. The lepton pT distribution is shown in

the bottom-left plot of figure 4. As can be clearly seen, the signal jets are much harder

than the background jets. Hence, we place the further cuts on the two hardest jets not

associated with thad or tlep:

preco
T,g1 > 250 GeV and preco

T,g2 > 150 GeV. (4.17)

As shown in table 2, relative to the Ntlep cut of eq. (4.16), the signal efficiency is 58% while

the overall background efficiency is 7.5%. Hence, this is a key driver to overall background

suppression.

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

Hreco
T defined as the scalar sum of the transverse momenta of the reconstructed hadronic

top, the reconstructed leptonic top, and the first two hardest jets isolated from thad and tlep:

Hreco
T = preco

T,thad
+ preco

T,tlep
+ preco

T,g1 + preco
T,g2 . (4.18)

The Hreco
T is somewhat correlated with the cuts introduced in eqs. (4.10) and (4.17), but

allows us to directly control the total transverse energy of the reconstructed final states.

The bottom-right of figure 4 shows the Hreco
T distributions for both signal and background
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Figure 4. The pT distributions of the first (top-left) and second (top-right) hardest slim jets

not associated with tlep or thad, and (bottom-left) the isolated lepton, in the ttgg channel for

mT = 1.0 TeV. The scalar sum, Hreco
T in eq. (4.18), of the transverse momenta of reconstructed

hadronic and leptonic tops, and the two hardest slim jets is shown in the bottom-right panel.

prior to applying the cuts in eqs. (4.10) and (4.17). Again, the signal is clearly much harder

than the background and for a higher significance we apply the cut

Hreco
T > 1600 GeV. (4.19)

With the top quark reconstruction and the two hardest jets, we can now reconstruct

the top partners. After imposing the series of cuts in eqs. (4.13) and (4.16)–(4.18), the

phase space of the SM backgrounds is carved into the signal region. The only remaining

information orthogonal between signal and background is the top partner invariant mass.

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

combination of top quarks and additional hard slim jets originate from the same top partner

decay. Of two possible combinations of top quarks and jets, we reconstruct the top partners

by using the symmetry of the top partner decays and minimizing the asymmetry

∆m ≡ min
[
|mreco

thadg1
−mreco

tlepg2
|, |mreco

thadg2
−mreco

tlepg1
|
]
, (4.20)

where mreco
tigj stands for the invariant mass of the pair {ti, gj}, i = had, lep denotes either the

hadronic or leptonic top, and j = 1, 2 indicates either the first or second hardest additional
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Figure 5. The distributions of reconstructed top partner invariant masses mreco
Th

(left) and mreco
T`

(right) in the ttgg channel for mT = 1.0 TeV.

slim jets. The reconstructed top partners are identified as the pair of {thad, gi}, {tlep, gj},
i 6= j, that minimize ∆m. The resulting distributions of the reconstructed invariant masses

of the hadronically decaying top partner (mreco
Th

) and leptonically decaying top partner

(mreco
T`

) are shown in figure 5 for mT = 1.0 TeV. Although they both display sizable lower

tails, they peak at the truth-level top partner mass. Since the backgrounds are populated

at much lower invariant mass, they can be separated by the cut

750 GeV < mreco
Th,`

< 1100 GeV. (4.21)

The effects of the mass window cut in eq. (4.21) are shown in table 2, where the dominant

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

We summarize the cumulative effects 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 a

significance (σdis) for discovery using the likelihood-ratio method [75]

σdis ≡

√
−2 ln

(
L(B|Sig+B)

L(Sig+B|Sig+B)

)
with L(x|n) =

xn

n!
e−x , (4.22)

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

For a discovery we demand

σdis ≥ 5. (4.23)

To set an exclusion limit on our signal, we compute a significance (σexcl) for exclusion using

a different likelihood-ratio

σexc ≡

√
−2 ln

(
L(Sig+B|B)

L(B|B)

)
. (4.24)

For an exclusion we demand

σexcl ≥ 2. (4.25)

All significances σdis and σexcl in table 2 are calculated for a given luminosity of 3 ab−1.
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The seventh row of table 2 shows our final results for signal rates, background rates,

and discovery and exclusion significances after all cuts in eqs. (4.8)–(4.21). The outlook

for the ttgg channel is quite promising with a discovery significance of σdis = 6.7 at the

high luminosity LHC for mT = 1.0 TeV. The cornerstones of our search strategy are the

boosted hadronic and leptonic top reconstructions, which enabled us to fully reconstruct

top partner invariant masses. With the invariant mass cuts in eq. (4.21), we find a factor

of 1.3 improvement in the discovery and exclusion significances relative to the cuts in

eqs. (4.8)–(4.19). The effectiveness of the reconstructed top partner mass cuts rapidly

increases as we probe top partner masses higher than 1 TeV, since the backgrounds are

populated at a much lower invariant mass region. On the other hand, the cuts on the

additional hard slim jet transverse momenta in eq. (4.17) deliver the biggest improvement

by increasing the significances by a factor of 2.2 relative to the cuts in eqs. (4.8)–(4.16).

The effect is attributed to the fact that jet activity in the tt background originates from

QCD and is generally softer than the pT cuts in eq. (4.17).

In the last three rows of table 2 we show the effects of b-tagging. As mentioned

earlier, we find that b-tagging on the hadronic and leptonic tops decreases the final signal

significance. The main tt̄ background and signal are suppressed by the same b-tagging

efficiency since they both have the same number of final state b-jets. Since after all cuts

the rate of tt̄ is still five times that of the signal, decreasing both cross sections at the same

rate suppresses the overall significance. It should be emphasized, however, that b-tagging

proves to be effective in suppressing the other backgrounds.

4.2 ttgγ decay channel

Although extensive searches have been carried out for top partner pair production, to our

knowledge no previous study has investigated the ttgγ channel and this will be the first

paper to assess the discovery potential of this final state. Due to the presence of the hard

photon, ttgγ is much cleaner than ttgg and has less contamination from SM backgrounds.

On top of that, since the photon can be remarkably well measured, the resolutions of

reconstructed T invariant masses will be much better than in the ttgg channel. This will

give us a better handle for extracting signal from background. In this section, we will repeat

a similar analysis as that presented in section 4.1 with minor modifications to maximize

the use of the isolated photon. We will demonstrate that the ttgγ channel outperforms

ttgg channel in a wide range of parameter space.

The dominant background is ttγ+jet matched with up to one additional jet where the

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

tWγ and tqγ, where q is a light quark or a b-quark. The tWγ background is generated

with up to two additional jets where one W decays leptonically while the other decays

hadronically. The tqγ process is generated with up to three additional jets and we only

consider a top quark which decays leptonically. The sub-leading background includes Wγ

matched with up to three additional jets where the W is decayed leptonically. The other

non-significant backgrounds include WWγ matched with up to two additional jets where

one W decays leptonically and the other hadronically. The WZγ background is matched

with up to two additional jets where the W and Z are decayed leptonically and hadronically,
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Abbreviations Backgrounds Matching σ · BR(fb)

tt̄γ tt̄+ γ + jet 4-flavor 1.0 fb

tγ
tW + γ + jets 5-flavor 1.9 fb

t+ γ + jets 4-flavor 0.085 fb

Wγ W + γ + jets 5-flavor 5.4 fb

V V γ
WW + γ + jets 4-flavor 0.17 fb

WZ + γ + jets 4-flavor 0.057 fb

Table 3. The summary of the SM backgrounds relevant to the ttgγ channel and their cross section

after generation level cuts eqs. (4.3)–(4.6). Matching refers to the either the 4-flavor or 5-flavor

MLM matching [65]. The last column σ · BR denotes the production cross section (in fb) times

branching ratios including the top, W , and Z decays.

respectively. The background events are simulated at a
√
S = 14 TeV in the same set-up

described in section 4.1. The generation-level cuts in eqs. (4.3)–(4.6) are applied, and

table 3 summarizes the background simulations. All background events are showered,

hadronized and smeared accordingly.

The other important backgrounds are due to jets faking photons. We have implemented

in our background analysis the jet-to-photon misidentification rate as a function of pjT
following refs. [73, 76]. It has been verified that the jets faking photon backgrounds are

not relevant. This is because our photons are very energetic and the corresponding fake

rate is very small at an order of . 10−4.

Basic selection cuts on leptons and jets are the same as those in eqs. (4.7)–(4.10). We

additionally require exactly one isolated photon with

pΣ
T /p

γ
T < 0.1, (4.26)

where pΣ
T is the scalar sum of transverse momenta of final state particles (excluding the

photon) in a cone of size ∆R = 0.4. The set of cuts in eqs. (4.7)–(4.10) and (4.26) defines

our basic cuts of the ttgγ channel.

We require exactly one top-tagged fat jet which passes the cuts in eqs. (4.11)–(4.12):

Nthad = 1, (4.27)

and exactly one boosted leptonic top passing the cut in eq. (4.15):

Ntlep = 1. (4.28)

Distributions of the reconstructed invariant mass of the top-tagged fat jet and the corre-

sponding pT are displayed in figure 6.

We also demand at least one slim jet with pjT > 30 GeV and |ηj | < 2.5 that is well

separated from the reconstructed thad and tlep by ∆R > 1.4. To identify which jet originates

from a top partner decay and reconstruct each top partner, we utilize the asymmetry of

∆m ≡ |mreco
tkgi
−mtruth

T |2 + |mreco
tk′γ
−mtruth

T |2 (4.29)
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Figure 6. The reconstructed invariant mass distribution of the top-tagged fat jet (left) and the

corresponding pT distribution (right) in the ttgγ channel for mT = 1.0 TeV.
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Figure 7. The distributions of reconstructed top partner invariant masses mreco
Tγ

(left) and mreco
Tg

(right) in the ttgγ channel for mT = 1.0 TeV.

where we iterate over all the well-separated slim jets gi, k, k
′ = had, lep (k 6= k′) indicates

either the hadronic or leptonic reconstructed top, and mtruth
T is the truth (hypothesized)

top partner mass. The combination of {tk, gi} and {tk′ , γ} that minimizes ∆m in eq. (4.29)

is identified as the reconstructed top partners. The reconstructed invariant mass of the top

partner that decays into tγ or tg is denoted by mreco
Tγ

or mreco
Tg

, respectively. As shown in

figure 7, the distribution of mreco
Tγ

is much narrower than mreco
Tg

since the photon can be well

measured and is less sensitive to the detector smearing. Since the background distributions

of the reconstructed top partner masses are much broader, they can be separated by the cuts

900 < mreco
Tγ < 1100 GeV and 700 < mreco

Tg < 1100 GeV . (4.30)

Figure 8 shows pT distributions of the isolated photon (top-left) and the hardest recon-

structed slim jet that is well-separated from the top quarks (top-right) for mT = 1.0 TeV.

The signal photons and jet have higher pT than the backgrounds and we further impose
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Figure 8. The pT distributions of the isolated photon (top-left), the hardest slim jet not associated

with thad or tlep (top-right), and the isolated lepton (bottom-left) in the ttgγ channel for mT =

1.0 TeV. The scalar sum of the transverse momenta, Hreco
T in eq. (4.32), of the reconstructed

hadronic and leptonic tops, the isolated photon, and the hardest slim jet that is well-separated

from the top quarks is shown in the bottom-right panel.

the cuts

pγT > 300 GeV and preco
T,g > 140 GeV . (4.31)

Finally, we introduce a variable Hreco
T (see the bottom-right of figure 8) defined as the

scalar sum of the transverse momenta of the reconstructed hadronic and leptonic tops, the

isolated photon, and the hardest slim jet separated from the top quarks

Hreco
T = preco

T,thad
+ preco

T,tlep
+ pγT + preco

T,g . (4.32)

The signal is much harder than the background and to obtain a higher significance 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 ttgγ channel for mT = 1.0 TeV. Our result show that the outlook for the ttgγ channel
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ttgγ channel Signal [fb] ttγ [fb] tγ [fb] Wγ [fb] V V γ [fb] σdis σexcl

Basic cuts 0.13 0.32 1.1 2.4 0.10 3.6 3.6

Nthad = 1 0.076 0.22 0.39 0.47 0.022 3.9 3.8

Ntlep = 1 0.033 0.061 0.030 0.029 2.1× 10−3 4.9 4.7

{pγT , preco
T,g } > {300, 140}GeV 0.021 0.023 0.011 0.012 8.8× 10−4 5.1 4.7

HT > 1600 GeV 0.020 0.016 9.5× 10−3 9.7× 10−3 7.4× 10−4 5.2 4.8

900 < mreco
Tγ

< 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 ttgγ channel for mT = 1.0 TeV. The significances σdis and σexcl are calculated based on the

likelihood-ratio methods defined in eq. (4.22) and eq. (4.24) respectively for a given luminosity of

3 ab−1. The summary of the background simulations can be found in table 3.

is quite promising with a discovery significance of σdis = 8.1 at the high luminosity LHC

for mT = 1.0 TeV.

4.3 Combined analysis

In the two previous subsections, we have used a mT = 1 TeV spin-1
2 top partner as a

benchmark model to describe our analysis and showed relevant kinematic distributions.

We repeat similar analyses for other mass points for both spin- 1
2 (figure 9) and spin-3

2

(figure 10) top partners. Appendix B lists optimized cuts, σdis, and σexcl for each mass

point and our benchmark parameter point in eq. (4.2).

In the left panel of figure 9 we show the required integrated luminosity (in ab−1) as a

function of top partner mass for both a 5σ discovery and a 2σ exclusion of a spin- 1
2 top

partner. The discovery and exclusion limits were calculated using our benchmark point

of BR(T → tγ) = 0.03 and BR(T → tg) = 0.97 in eq. (4.2). The right panel displays

the minimum branching fraction of T → tγ for 5σ discovery and 2σ exclusion at a fixed

luminosity of 3 ab−1 while imposing BR(T → tγ) + BR(T → tg) = 1. Results for spin- 3
2

are shown in figure 10. We have verified that our results are consistent with the current

CMS bounds excluding top-partner masses below 1.2 TeV for spin- 3
2 and 930 GeV for spin-

1
2 with BR(T → tg) = 1. This was accomplished by rescaling our results between 14 TeV

and 13 TeV, the appropriate K-factors, etc.

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

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

curve. The ttgγ channel is expected to have better exclusion limits for mT & 1 TeV for spin
1
2 partners and mT & 1.3 TeV for spin 3

2 partners. Similarly, as shown in the right panels of

figures 9 and 10, ttgγ provides better signal sensitivity than ttgg for BR(T → tγ) & 0.02.

It is interesting to notice that the branching fraction of T → tγ is expected to be a couple

of percent from a naive dimensional analysis. In fact, a recent study confirmed this by
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Figure 9. (left) The required-integrated luminosity (in ab−1) as a function of mT for 5σ discovery

and 2σ exclusion for BR(T → tγ) = 0.03 and BR(T → tg) = 0.97 as in eq. (4.2). (right) The

minimum BR(T → tγ) needed for 5σ discovery and 2σ exclusion for a fixed luminosity of 3 ab−1 as

a function of mT while enforcing BR(T → tg) = 1 − BR(T → tγ). Both panels are for spin- 12 top

partner. In both plots, the 5σ discovery result for tt̄gg (tt̄gγ) is shown as the black-solid (black-dot-

dashed) curve, while the 2σ exclusion is shown as the blue-long-dashed (blue-short-dashed) curve.

The green- and cyan-shade areas represent the combined 5σ discovery and 2σ exclusion, considering

both tt̄gg and tt̄gγ channels. Dotted curves represent the corresponding results considering 20%

upward fluctuation in the estimation of the background.

explicitly computing various loop decays of T 1
2

in a simple model [21]. There are various

sources of systematic uncertainties [22, 68] and we repeat the same analysis including

20% increase (as an upward fluctuation) in the estimation of backgrounds. The results

of an upward fluctuation in backgrounds are shown in dotted curves and are essentially

unchanged from the original background estimation. Finally, the green- and cyan-shade

areas represent combined 5σ discovery and 2σ exclusion of both the tt̄gg and tt̄gγ channels.

5 Summary

Models with top-partners are very well motivated, appearing in many BSM models. The

majority of existing analyses focus on the conventional decay modes T →Wb, T → tZ, and

T → th, which arise due to the finite mixing between the top partner and SM top quark.

As the top partner-top quark mixing angle vanishes, these decay modes are negligible and

new decays become important. In particular, loop-suppressed decays T → tg and T → tγ

become relevant in the zero mixing angle limit [21].

In this paper, we have investigated the discovery potential of pair-produced top-

partners in the non-standard final states with gluons and photons. Using boosted tech-

niques, we have studied the channels TT → tt+gγ and TT → tt+gg. The final state tt+gγ

has not been previously studied and boosted techniques have not been previously used for

the final state tt + gg. In addition to boosted techniques, we have also included relevant
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Figure 10. The same as figure 9 but for spin- 32 .

backgrounds with the jet-faking-photon rate. We showed that the two channels are comple-

mentary depending on the branching fraction of the top partner. When T → tg and T → tγ

are the two dominant decay channels, our study showed that for BR(T → tγ) ∼ O(1%) the

tt̄+gγ final state has a larger significance than the tt̄+gg channel. We also showed that the

combination of both channels significantly improves the signal sensitivity. With BR(T →
tγ) ∼ O(1%), top partners can be ruled out for masses mT . 1.4–1.8 TeV and discovered

for masses mT . 1.2–1.5 TeV for spin-1
2 and spin-3

2 , respectively. We checked that our

conclusions were stable against a 20% upward fluctuation in the estimation of background.

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

general. Currently existing analyses [23, 25–31] involve final states in the entry labeled as

(1) in table 5 and these final states in (1) assume non-negligible mixing angle between the

top partner and the SM top quark, as mentioned before. If the mixing angle is small, other

decay modes, such as T → tg and T → tγ, become 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). The CMS col-

laboration [22] started looking for spin- 3
2 top partners (T 3

2
) in the channel (2) and we have

advocated the channel (3) in this paper. Although we argued that a simple dimensional

analysis suggests a very small branching fraction to the diphoton final state as in (4), this

channel could have negligible backgrounds. Finally, the top-partner may interact with the

SM top quark via a messenger particle S and it may follow a completely different decay

mode, T → tS in (7)–(10), for example see refs. [21, 77–81]. Depending on the model, S

may decay into gg, γγ, gγ, WW , ZZ, dark matter particles, etc. Although table 5 illus-

trates possible final states in pair production, a similar classification can be easily done for

single production of the top partner. Also, it is possible to have additional exotic produc-

tion and decay signatures of top partners [21, 78, 82]. We urge experimental collaborations

to search for top partners in all possible final states, considering their quantum numbers

and regardless of their theoretical motivations.
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Wb tZ tH tg tγ t(S → gg)

Wb

tZ (1) (5) (6) (7)

tH

tg (5) (2) (3) (8)

tγ (6) (3) (4) (9)

t(S → gg) (7) (8) (9) (10)

Table 5. Possible final states from the pair-produced top partner.
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A Parameterization of detector resolution effects

We include detector effects based on the ATLAS detector performances [66]. The energy

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

σ

E
=

√(
N

E

)2

+

(
S√
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 [67].

The muon energy resolution is derived by the Inner Detector (ID) and Muon Spec-

trometer (MS) resolution functions

σ =
σID σMS√
σ2

ID + σ2
MS

, (A.2)

where

σID = E
√
a2

1 + (a2 E)2 (A.3)

σMS = E

√(
b0
E

)2

+ b21 + (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.
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B Summary of cut-flow

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 ttgγ 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 efficiencies.

mT

(TeV)
Cuts

σSignal

(fb)

σBG

(fb)
σdis σexcl

BC & t-tagging 0.5999 239.97 2.1202 2.1193

1.0 p
{g1,g2}
T > {250, 150}GeV & HT > 1600 GeV & Mthad > 145 GeV 0.2932 9.9995 5.0545 5.0302

750 < MT ′ < 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 & HT > 1700 GeV & Mthad > 145 GeV 0.1207 8.3195 2.2860 2.2806

950 < MT ′ < 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 & HT > 1850 GeV & Mthad > 145 GeV 0.0457 6.2833 0.9980 0.9968

1050 < MT ′ < 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 & HT > 2100 GeV & Mthad > 145 GeV 0.0144 2.3249 0.5168 0.5162

1100 < MT ′ < 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 & HT > 2350 GeV & Mthad > 145 GeV 5.12e-3 1.3104 0.2449 0.2448

1150 < MT ′ < 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 & HT > 2500 GeV & Mthad > 145 GeV 1.95e-3 0.9403 0.1104 0.1103

1150 < MT ′ < 2500 GeV 1.53e-3 0.4521 0.1252 0.1251

Table 6. Cumulative cut-flow in the ttgg channel for both signal (spin- 12 top partner) and back-

grounds. The significance and the exclusion are calculated for a luminosity of 3000 fb−1. The case

with spin- 32 top partner is similar.
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mT

(TeV)
Cuts

σSignal

(fb)

σBG

(fb)
σdis σexcl

BC & t-tagging 0.0295 0.1364 4.2294 4.0937

1.0 p
{γ,g}
T > {300, 140}GeV & HT > 1600 GeV & Mthad > 145 GeV 0.0196 0.0365 7.5814 6.8712

900 < Mγ
T ′ < 1100 GeV 700 < Mg

T ′ < 1100 GeV 0.0147 6.02e-3 8.0807 6.5927

BC & t-tagging 0.0115 0.1364 1.6779 1.6555

1.2 p
{γ,g}
T > {300, 150}GeV & HT > 2000 GeV & Mthad > 145 GeV 6.67e-3 0.0189 4.1985 3.8795

1100 < Mγ
T ′ < 1300 GeV 850 < Mg

T ′ < 1300 GeV 4.72e-3 2.34e-3 4.2913 3.5768

BC & t-tagging 4.204e-3 0.1364 0.6204 0.6173

1.4 p
{γ,g}
T > {300, 150}GeV & HT > 2200 GeV & Mthad > 145 GeV 2.70e-3 0.0134 1.2376 1.2004

1250 < Mγ
T ′ < 1500 GeV 1000 < Mg

T ′ < 1550 GeV 1.9185e-3 1.7438e-3 2.1896 1.9358

BC & t-tagging 1.515e-3 0.1364 0.2243 0.2239

1.6 p
{γ,g}
T > {300, 200}GeV & HT > 2300 GeV & Mthad > 145 GeV 1.0428e-3 0.0103 0.5534 0.5446

1400 < Mγ
T ′ < 1700 GeV 1000 < Mg

T ′ < 1700 GeV 7.7161e-4 1.646e-3 0.9730 0.9127

BC & t-tagging 5.65e-4 0.1364 0.0837 0.0837

1.8 p
{γ,g}
T > {300, 200}GeV & HT > 2600 GeV &Mthad > 145 GeV 3.83e-4 5.47e-3 0.4113 0.4046

1700 < Mγ
T ′ < 1900 GeV 1100 < Mg

T ′ < 2000 GeV 2.36e-4 4.15e-4 0.5865 0.5441

BC & t-tagging 2.07e-4 0.1364 0.0308 0.0308

2.0 p
{γ,g}
T > {300, 150}GeV & HT > 2700 GeV & Mthad > 145 GeV 1.54e-4 4.81e-3 0.1210 0.1203

1800 < Mγ
T ′ < 2100 GeV & 1300 < Mg

T ′ < 2100 GeV 9.51e-5 2.90e-4 0.2911 0.2777

Table 7. The same as table 6 but for the ttgγ channel.
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[69] M. Backović and J. Juknevich, TemplateTagger v1.0.0: A Template Matching Tool for Jet

Substructure, Comput. Phys. Commun. 185 (2014) 1322 [arXiv:1212.2978] [INSPIRE].

[70] L.G. Almeida, S.J. Lee, G. Perez, G. Sterman and I. Sung, Template Overlap Method for

Massive Jets, Phys. Rev. D 82 (2010) 054034 [arXiv:1006.2035] [INSPIRE].

[71] M. Backovic, O. Gabizon, J. Juknevich, G. Perez and Y. Soreq, Measuring boosted tops in

semi-leptonic tt̄ events for the standard model and beyond, JHEP 04 (2014) 176

[arXiv:1311.2962] [INSPIRE].
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