
Four Top Quark Production 
and New Physics 

Peking University
09-27-2019

Qing-Hong Cao



�2

Four top quarks are copiously produced in many NP 
models while top-quark pairs are not. 

Top quark often plays a key role in EWSB in NP models.  
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Four-heavy-quark hadroproduction

V. Barger and A. L. Stange
Physics Department, University of Wisconsin, Madison, WI'sconsin $8706

R. J. N. Phillips
Rutherford Appleton Laboratory, Chilton, Didcot, Oson, England

(Received 26 February 1991; revised manuscript received 25 lune 1991)

We present new formulas for the numerical calculation of @CD production of two pairs of heavy
quarks in hadron collisions, in leading order. We give results for bbbb, bbcc, and cccc production at the
Fermilab Tevatron; the cross sections exceed 100 pb with all heavy quarks having pz ) 10 GeV. We
also present results for tht production in pp collisions for supercollider energies and brie8y discuss
the physics consequences for multi-lV production via standard t ~ bW decays. For m& ——110—140
GeV we predict of order 10—30 four-W events per year at the Superconducting Super Collider from
this source, with all four weak bosons decaying to ev, or pv„. Similar results are obtained for the
CERN Large Hadron Collider, assuming ten times higher luminosity.

I. INTRODUCTION
The production of heavy quark flavors is of great in-

terest at present and future hadron colliders. Topics of
major physics interest in this connection are the discovery
of the top quark t, , the measurement of its mass m&, the
study of t decays, the study of B-meson decays including
CP violation and loop-mediated rare decays, the mea-
surement of B,-B, mixing, and the heavy-Aavor content
of jets. The dominant QCD process is pair production by
qq or gg fusion. Multiple heavy quark production is also
possible, however, via higher-order QCD processes. In
the present paper we describe a new numerical method
for calculating the hadroproduction of four heavy quarks,
present cross section results for a number of important
cases, and discuss some physics implications.
For higher-order QCD processes, the calculation of

color factors and spin-dependent matrix elements is com-
plicated. Our approach, described in Sec. II, is based on
a direct numerical computation of color factors coupled
with a direct computation of Dirac spinor products.
In Sec. III we present a selection of results. For the pp

Tevatron collider, at c.m. energy +s = 1.8 TeV, we give
cross sections and some dynamical distributions for the
production of bbbb, bbci, and recce heavy quark combina-
tions. The cross sections exceed 100 pb with all heavy
quarks having pT ) 10 GeV. These channels in princi-
ple off'er fresh tests of QCD; they are also interesting as
major sources of multilepton events, via b and t" semilep-
tonic decays. For supercolliders we give the pp —+ ttttX
cross section as a function of energy for various rnid val-
ues, and present some cross sections and dynamical dis-
tributions at ~s = 40 TeV, the energy of the Supercon-
ducting Super Collider (SSC). We discuss some physi-
cal implications of the four-top-quark production mech-
anism; in particular, it leads to W+W+W W events
via the standard t ~ bR decay mechanism. We give the

cross sections for various multi-R' decay configurations
at ~s = 15.4 and 40 TeV, corresponding to the CERN
Large Hadron Collider (LHC) and the SSC. We predict
of order 10—30 events with all four W bosons decaying to
ev, and pv&, for top quark masses of order 110—140 GeV
and nominal annual luminosity 8 = 10 fb at the SSC;
similar event rates are found for the LHC, assuming ten
times higher luminosity.

II. METHODS OF CALCULATION
The leading QCD subprocesses for the production

of two pairs of heavy quarks QsQs and QsQs (ini-
tially assumed to have diff'erent flavors) are light-quark—
antiquark fusion and gluon-gluon fusion:

g+g -Q,"+Q', +Q;+Q.", (1)
g'+ g' -Q'+ Q', + Q;+ Q.", (2)

where the subscripts 1,2, 3 denote quark flavors and su-
perscripts i, j, k, l, m, n = 1,2, 3 and a, b = 1, . . . , 8 label
the color states.
We first consider in detail the case of gluon-gluon fu-

sion, Eq. (2). There are 36 contributing Feynman di-
agrams, representative examples of which are shown in
Fig. 1. However, due to the four-gluon interaction in
Fig. 1(c), which has three independent color structures,
there are 38 distinct amplitudes contributing to the ma-
trix element. We discuss this process as if there were 38
Feynman diagrams.
The matrix element has the form

38
W(a, b, k, l, m, n) = ) C M

ca= 1

where the subscript 0, = 1, 2, . . . , 38 refers to the corre-
sponding Feynman diagram. Here Ca is a color factor
and M is the corresponding spin-dependent part of the
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FIG. 3. Distributions versus the invariant mass of the four
heavy quarks produced in pp —+ bbbb, bbcc, and cccc channels
at the Tevatron energy, ~s = 1.8 TeV.

The principal interest of our calculations at supercol-
lider energies is therefore in the tttt channel. Vfe con-
centrate attention here on the mass range above the Col-
lider Detector at Fermilab experimental lower limit [6]
mi ) 89 GeV and below the theoretical upper limit
mi 200 GeV indicated by the analysis of radiative
corrections [7] within the standard model. There are no
previous calculations in this important mass range. Our
results for smaller quark masses are within a factor of 2
of previous calculations [8] when we use the same sets of
structure functions; the color matrix discrepancy noted
earlier may account for this diA'erence.
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Figure 5 shows the integrated cross section o(pp ~
ttttX) for the production of four top quarks versus the
pp c.m. energy +s, for the cases mi —110, 140, 170,
200 GeV. Arrows indicate the energies ~s = 15.4 and
40 TeV of the LHC and SSC supercolliders. For compar-
ison, the cross section o(pp ~ ttX) for the production of
two top quarks is also shown, scaled down by a factor of10,for m, = 140 GeV; it was calculated here to O(ns)
at the scale Q = mi.
Since a heavy top decays via t -+ bW in the standard

model, the pp —+ tht mechanis& is particularly interest-
ing as a source of multiple W-boson production. Iden-
ti6cation of W-bosons can be made via leptonic decays
W ~ Ev (I. = e, p), though identification via hadronic
jets may also be possible [9]. For m& ——140 GeV, the
preferred value from recent analyses of electroweak radia-
tive corrections to M~, Mz and neutral current data [7],
the cross section for producing W+W+W W from the
tttf source is about 0.5 pb (0.03 pb) at the SSC (LHC).
For comparison, qq —+ W+W+W W electroweak pro-
duction [10] has a cross section of 6fb (1fb) at the SSC
(LHC). The tttt production source of four W bosons will
be accompanied by b jets from top quark decays and
these jets will typically be hard with pz (b) & 30 GeV
if mi & 120 GeV.
Table II shows the expected cross sections at the LHC

and SSC for various four-W decay channels. To obtain
event rates, we assume nominal annual integrated lumi-
nosity 5 = 104pb i for the SSC and l: = 105 pb i for
the LHC, giving many thousands of four-W events per
year. The branching fraction for all four W bosons to
decay into ev, or pv& leptonic channels is (0.216)
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FIG. 4. Cross sections for pp ~ bbbb production where 1,
2, 3, or 4 b quarks have transverse momenta p~(b) ) yT (cut),
versus p~(cut), at ~s = 1.8 TeV.

FIG. 5. Integrated cross sections for the production of
two top quark pairs in pp collisions versus pp center-of-mass
energy ~s, for the cases rn, = 110,140, 170, 200 GeV. LHC
and SSC energies are indicated by arrows. The cross section
for the production of a single top quark pair is shown for
comparison, for the case m~ ——140 GeV.
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CMS-TOP-18-003

Search for production of four top quarks in final states with
same-sign or multiple leptons in proton-proton collisions atp

s = 13 TeV

The CMS Collaboration⇤

Abstract

The standard model (SM) production of four top quarks (tttt) in proton-proton colli-
sion is studied by the CMS Collaboration. The data sample, collected during the 2016–
2018 data taking of the LHC, corresponds to an integrated luminosity of 137 fb�1 at
a center-of-mass energy of 13 TeV. The events are required to contain two same-sign
charged leptons (electrons or muons) or at least three leptons, and jets. The observed
and expected significances for the tttt signal are respectively 2.6 and 2.7 standard de-
viations, and the tttt cross section is measured to be 12.6+5.8

�5.2 fb. The results are used
to constrain the Yukawa coupling of the top quark to the Higgs boson, yt , yielding
a limit of |yt/y

SM
t | < 1.7 at 95% confidence level, where y

SM
t is the SM value of yt .

They are also used to constrain the oblique parameter of the Higgs boson in an effec-
tive field theory framework, Ĥ < 0.12. Limits are set on the production of a heavy
scalar or pseudoscalar boson in Type-II two-Higgs-doublet and simplified dark mat-
ter models, with exclusion limits reaching 350–470 GeV and 350–550 GeV for scalar
and pseudoscalar bosons, respectively. Upper bounds are also set on couplings of the
top quark to new light particles.

Submitted to the European Physical Journal C

c� 2019 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

⇤See Appendix A for the list of collaboration members
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σ(tt̄tt̄ ) = 12.6+5.8
−5.2 fb
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1 Introduction
The production of four top quarks (tttt) is a rare standard model (SM) process, with a predicted
cross section of s(pp ! tttt) = 12.0+2.2

�2.5 fb in proton-proton (pp) collisions at a center-of-mass
energy of 13 TeV, as calculated at next-to-leading-order (NLO) accuracy for both quantum chro-
modynamics and electroweak interactions [1]. Representative leading-order (LO) Feynman
diagrams for SM production of tttt are shown in Fig. 1.
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Figure 1: Typical Feynman diagrams for tttt production at leading order in the SM.

The tttt cross section can be used to constrain the magnitude and CP properties of the Yukawa
coupling of the top quark to the Higgs boson [2, 3]. Moreover, tttt production can be signifi-
cantly enhanced by beyond-the-SM (BSM) particles and interactions. New particles coupled to
the top quark, such as heavy scalar and pseudoscalar bosons predicted in Type-II two-Higgs-
doublet models (2HDM) [4–6] and by simplified models of dark matter (DM) [7, 8], can con-
tribute to s(pp ! tttt) when their masses are larger than twice the mass of the top quark, with
diagrams similar to Fig. 1 (right). Additionally, less massive particles can enhance s(pp ! tttt)
via off-shell contributions [9]. In the model-independent framework of SM effective field the-
ory, four-fermion couplings [10], as well as a modifier to the Higgs boson propagator [11],
can be constrained through a measurement of s(pp ! tttt). Conversely, models with new
particles with masses on the order of 1 TeV, such as gluino pair production in the framework
of supersymmetry [12–21], are more effectively probed through studies of tttt production in
boosted events or by requiring very large imbalances in momentum.

Each top quark primarily decays to a bottom quark and a W boson, and each W boson decays
to either leptons or quarks. As a result, the tttt final state contains jets mainly from the hadron-
ization of light (u, d, s, c) quarks (light-flavor jets) and b quarks (b jets), and can also contain
isolated charged leptons and missing transverse momentum arising from emitted neutrinos.
Final states with either two same-sign leptons or at least three leptons, considering W ! `n
(` = e or µ) and including leptonic decays of t leptons, correspond to a combined branch-
ing fraction of approximately 12% [22]. The relatively low levels of background make these
channels the most sensitive to tttt events produced with SM-like kinematic properties [23].

Previous searches for tttt production in 13 TeV pp collisions were performed by the ATLAS [24,
25] and CMS [23, 26, 27] Collaborations. The most sensitive results, based on an integrated lu-
minosity of approximately 36 fb�1 collected by each experiment, led to cross section measure-
ments of 28.5+12

�11 fb with an observed (expected) significance of 2.8 (1.0) standard deviations by
ATLAS [25], and 13+11

�9 fb with an observed (expected) significance of 1.4 (1.1) standard devia-
tions by CMS [23], both consistent with the SM prediction.

The analysis described in this paper improves upon the CMS search presented in Ref. [27], and
supersedes the results, by taking advantage of upgrades to the CMS detector and by optimiz-
ing the definitions of the signal regions for the integrated luminosity of 137 fb�1. The reference
cross section for SM tttt , 12.0+2.2

�2.5 fb, used to determine the expected statistical significance of

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2019-163
2019/08/20

CMS-TOP-18-003

Search for production of four top quarks in final states with
same-sign or multiple leptons in proton-proton collisions atp

s = 13 TeV

The CMS Collaboration⇤

Abstract

The standard model (SM) production of four top quarks (tttt) in proton-proton colli-
sion is studied by the CMS Collaboration. The data sample, collected during the 2016–
2018 data taking of the LHC, corresponds to an integrated luminosity of 137 fb�1 at
a center-of-mass energy of 13 TeV. The events are required to contain two same-sign
charged leptons (electrons or muons) or at least three leptons, and jets. The observed
and expected significances for the tttt signal are respectively 2.6 and 2.7 standard de-
viations, and the tttt cross section is measured to be 12.6+5.8

�5.2 fb. The results are used
to constrain the Yukawa coupling of the top quark to the Higgs boson, yt , yielding
a limit of |yt/y

SM
t | < 1.7 at 95% confidence level, where y

SM
t is the SM value of yt .

They are also used to constrain the oblique parameter of the Higgs boson in an effec-
tive field theory framework, Ĥ < 0.12. Limits are set on the production of a heavy
scalar or pseudoscalar boson in Type-II two-Higgs-doublet and simplified dark mat-
ter models, with exclusion limits reaching 350–470 GeV and 350–550 GeV for scalar
and pseudoscalar bosons, respectively. Upper bounds are also set on couplings of the
top quark to new light particles.

Submitted to the European Physical Journal C

c� 2019 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

⇤See Appendix A for the list of collaboration members
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Now four-top channel is a powerful tool to probe NP. 
The cross section is expected to be constrained to 10%-28% total 
uncertainty at the HL-LHC.                          CMS PAS FTR-18-031
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Two Higgs Doublet Models
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Kanemura, Yokoya and Zheng, 1505.01089

ξuh ξdh ξℓh ξuH ξdH ξℓH ξuA ξdA ξℓA

Type-I cα/sβ cα/sβ cα/sβ sα/sβ sα/sβ sα/sβ cot β − cot β − cot β

Type-II cα/sβ −sα/cβ −sα/cβ sα/sβ cα/cβ cα/cβ cot β tan β tan β

Type-X cα/sβ cα/sβ −sα/cβ sα/sβ sα/sβ cα/cβ cot β − cot β tan β

Type-Y cα/sβ −sα/cβ cα/sβ sα/sβ cα/cβ sα/sβ cot β tan β − cot β

TABLE II. The scaling factors ξfφ for the four types of Yukawa interactions [44]. cθ = cos θ, and sθ =

sin θ for θ = α, β.

in terms of these physical scalars as

−LYukawa =
!

f=u,d,ℓ

"mf

v
ξfh f̄ fh+

mf

v
ξfH f̄ fH − i

mf

v
ξfAf̄γ5fA

#

+

$√
2Vud

v
ū
%

muξ
u
APL +mdξ

d
APR

&

dH+ +

√
2mℓ

v
ξℓAνLℓRH

+ +H.c.

'

, (1)

where the scaling factor ξfφ with φ = h,H,A and f = u, d, ℓ can be found in Table II. The

scaling factor is a function of α and β, the mixing angles in the neutral CP -even component

and CP -odd component, respectively. The mixing angle β also satisfies tan β = v2/v1, where

v1 and v2 are the vacuum expectation values of the two doublet fields.

The gauge coupling of h is given by g2HDM
hV V = gSMhV V sin(β − α) and that of H is given by

g2HDM
HV V = gSMhV V cos(β−α). Theoretically, a deviation of sin(β−α) from unity is constrained

by the arguments of perturbative unitarity [46–48] and vacuum stability [49–51]. If a soft-

breaking scale of the Z2 symmetry M is larger than the electroweak scale, M ≫ v, only

small value of 1− sin(β−α) is allowed by these constraints [52]. The limit of sin(β−α) → 1

is called the SM-like limit, where h has the same coupling constants to the gauge bosons and

also to the SM fermions as the SM Higgs boson. On the other hand, Yukawa interactions of

H , A and H± to the SM fermions do not vanish in this limit, and the coupling strength for

each vertex depends on the type of Yukawa interactions and tan β. Thus, the variety of the

type of Yukawa interactions with different tan β dependences leads to rich phenomenology

for the additional Higgs bosons.

We focus on the interactions of additional Higgs bosons to top quarks. For any type of

Yukawa interactions, the Yukawa coupling constants to top quarks are enhanced by cotβ for

small tanβ regions. Therefore, for larger masses of additional Higgs bosons where the decay

5

pp → ttH → tttt
pp → ttA → tttt
pp → HA → tttt
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σ
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tttt

tttb
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Dashed: tanβ=3

2HDM-II, sin(β−α)=1

ttH + ttA  (tanβ=1)
tttt
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CMS limit (tttt) [JHEP11(2014),154]
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t [p
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Solid: tanβ=1
Dashed: tanβ=3

2HDM-II, sin(β−α)=1

ttH + ttA  (tanβ=1)

tttt
ttH + ttA (tanβ=3)

FIG. 1. Cross sections for multi-top-quarks production at the LHC 8 TeV (left) and 14 TeV (right)

for the Type-II 2HDM. four top-quarks production from tt̄H + tt̄A production, HA production

and three top-quarks production from HH± + AH± production are shown with tan β = 1 (solid

lines) and 3 (dashed lines).

processes, we follow the analysis in Ref. [22] where the selection cuts to extract the four

top-quarks events out of the background events are demonstrated by simulation analysis.

In their analysis, the background rate of B = 7.2 fb after selection cuts is obtained with

the signal efficiency of ϵ = 0.03. By taking into account the statistical and systematical

uncertainties for the signal, SM and background processes, the accuracy of measuring the

signal cross section σS can be estimated as

δσS

σS
=

!

(σS + σSM) ϵ+B

σ2
Sϵ

2L
+

δσ2
SMϵ

2 + (δB)2

σ2
Sϵ

2
, (6)

where δB denotes the systematic uncertainty of the background rate. We take δB = 0.05B,

which may be achieved at the later stage of the LHC experiment. By solving Eq. (6), we

obtain that σS has to be larger than 25 fb (63 fb) to achieve δσS/σS < 0.5 (0.2) with the

integrated luminosity of L = 300 fb−1. In our setup, the total uncertainty is dominated

by the systematic uncertainty from the background. To reduce the statistical uncertainty

smaller than the systematical one, one needs only more than 10 fb−1 of the data. Thus, the

accuracy will not be improved by accumulating the integrated luminosity up to 3000 fb−1,

but is limited by the systematical errors. Increased integrated luminosity is, on the other

hand, useful to reduce the systematical uncertainty in the backgrounds. If we change our

input by B = 7.2 fb → 3.6 fb or ϵ = 0.03 → 0.06, the resulting values are modified to

14 fb (36 fb) for δσS/σS < 0.5 (0.2), respectively. In the ideal case of δB = 0, the parameter

8

pp → H+H → tbtt
pp → H+A → tbtt

By-product
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Figure 1: The Feynman diagrams for the processes: (a) qq̄ → gKKtRt̄R and, (b) gg →
gKKtRt̄R.

particle (labelled p5) as the gKK . The momentum assignments that we start with are:

p1 :

√
ŝ

2
(1, sinθcosφ, sinθsinφ, cosθ)

p2 :

√
ŝ

2
(1, −sinθcosφ, −sinθsinφ, cosθ)

p3 :

√
ŝ

2
x3(1, β3cosθ35, β3sinθ35, 0)

p4 :

√
ŝ

2
x4(1, β4cosθ45, β4sinθ45, 0)

p5 :

√
ŝ

2
x5(1, β5, 0, 0). (2)

In the above equation, p1 and p2 are the 4-momenta of the initial partons, p3 and

p4 are the 4-momenta of the t and the t̄ and p5 is the 4-momentum of the KK gluon.
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particle (labelled p5) as the gKK . The momentum assignments that we start with are:

p1 :

√
ŝ

2
(1, sinθcosφ, sinθsinφ, cosθ)

p2 :

√
ŝ

2
(1, −sinθcosφ, −sinθsinφ, cosθ)

p3 :

√
ŝ

2
x3(1, β3cosθ35, β3sinθ35, 0)

p4 :

√
ŝ

2
x4(1, β4cosθ45, β4sinθ45, 0)

p5 :

√
ŝ

2
x5(1, β5, 0, 0). (2)

In the above equation, p1 and p2 are the 4-momenta of the initial partons, p3 and

p4 are the 4-momenta of the t and the t̄ and p5 is the 4-momentum of the KK gluon.

4

2

of four-top final states, see Fig. 1 (left). Non-resonant
diagrams such as the one depicted in the right panel, in
which the new gluons are not produced on-shell, are also
important for larger values of the gluon coupling to the
top quark, and dominate both below the tt̄ threshold and
at large gluon masses.

FIG. 1: Sample diagrams for resonant (left) and non-resonant
(right) contribution to four-top production in the presence of
new heavy gluons. The thick line corresponds to the massive
gluon.

Given the fact that gA,V
q ≪ gAt , the cross section for

four-top final states is essentially independent of the cou-
pling to light quarks. For definiteness, we take a purely
axial coupling gq ≡ gAq = 0.2 to light quarks, which is
around the upper limit for a wide range of heavy gluon
masses [14], and a right-handed one gt/2 ≡ gAt = gVt to
the top quark, as preferred by B physics constraints [32].
(Setting gq to zero the four-top cross section found is
nearly identical in all mass range, except for a slightly
steeper rise at the M ∼ 2mt threshold.) The coupling to
the second generation is also constrained to be small by
dijet production and has even a smaller effect on our re-
sults. For simplicity, it is set to zero. On the other hand,
the four-top cross section depends on the gluon mass and
its coupling to the top quark. In case that additional new
particles exist, the four-top cross section near and above
the tt̄ threshold also depends on the partial width for
gluon decays into these new particles.

In order to test the sensitivity of existing analyses to
four-top production, we have implemented our model in
MADGRAPH 5 [33] using FeynRules [34]. The matrix el-
ement generated by MADGRAPH has been implemented in
Protos [35] for an efficient exploration of the model pa-
rameter space and computation of four-top production
cross sections. We have generated events for different
configurations of gluon masses and couplings for pp col-
lisions at a centre of mass (CM) energy

√
s = 7 TeV

and passed them through PYTHIA [36] and PGS4 [37]. All
our simulations are performed at leading order. For the
same-sign dilepton final state we have applied the selec-
tion and kinematical cuts in Ref. [28] and found that the
analysis most sensitive to four-top production is the one
requiring

• two same-sign leptons ℓ±ℓ±, ℓ = e, µ with pseudo-
rapidity |η| < 2.4. Electrons must have transverse
momentum pT > 10 GeV and for muons pT > 5
GeV is required.

• HT ≥ 400 GeV, where HT is the scalar sum of the
pT of all jets. Only those with pT > 40 GeV and
|η| < 2.5 are considered here.

• Missing energy !ET ≥ 50 GeV.

The global efficiency of these cuts for our four-top sig-
nal, including the same-sign dilepton branching ratio, is
approximately of 2% for a wide range of heavy gluon
masses. (Requiring HT ≥ 200 GeV and !ET ≥ 120 GeV
results in an efficiency only slightly smaller.) With this
selection, the CMS Collaboration measures 7 events with
an integrated luminosity L = 0.98 fb−1, for a SM back-
ground prediction of 5.3 ± 2.4 [28]. For the trilepton
channel we ask for

• three leptons ℓ = e, µ with pT > 20 GeV and |η| <
2.4; same-flavour opposite-charge pairs are required
to be outside a window |MZ −mll| < 10 GeV (mll

is the invariant mass of the two leptons).

• Two jets with pT > 25 GeV and |η| < 2.4, at least
one b-tagged.

• The scalar sum HT +
!

ℓ p
ℓ
T +!ET ≥ 50 must be

larger than 500 GeV.

With such cuts the efficiency for our four-top signal is
of 0.6%. With this selection, the CMS Collaboration
measures one event with a luminosity L = 1.16 fb−1, for
an expected SM background of 0.16± 0.09 [29].

Upper bounds on four-top production can be obtained
from either of these channels, as well as from their
combination, using the modified frequentist likelihood
method [30, 31]. These limits are evaluated using 106

pseudo-experiments of the expected signal and back-
ground samples. Statistical uncertainty effects are im-
plemented assuming Gaussian distributions [30]. The ob-
tained 95% CL bound on four-top production are

σ4t ≤ 0.50 pb (2l) ,

σ4t ≤ 0.70 pb (3l) ,

σ4t ≤ 0.36 pb (combined) . (2)

As we have mentioned, the four-top cross section cru-
cially depends on whether the new gluon can decay to
additional non-SM particles. Thus, a detailed discussion
of the heavy gluon width is compulsory. Let us denote
by Γ0 the partial width of the gluon to SM particles.
Below the M ∼ 2mt threshold, Γ0 receives the largest
contribution from decays G → uū, dd̄, with a smaller one
from four-body decays G → W+bW−b̄. (At any rate, for
masses M ≤ 320 GeV the four-top cross section is prac-
tically independent of Γ, as we will explicitly see below.)
Above this threshold, Γ0 is largely dominated by on-shell
decays to tt̄. This is clearly seen in Fig. 2, in which we
plot Γ0 as a function of M , for five values of the coupling
to the top quark gt = 1, 2, 3, 4, 5.

We consider in first place models in which the new
gluon only decays to SM particles, that is, Γ = Γ0.

Antunan, Kuhn, Rodrigo, 0709.1652; Ferrario, Rodrigo, 0809.3353; Ferrario, Rodrigo , 
0906.5541; Frampton, Shu, Wang, 0911.2955; Chivukula, Simmons, Yuan, 1007.0260; 
Aguilar-Saavedra, Santiago, 1112.3778

4

with gt of order unity [14]. In this case, four-top pro-
duction is well below the present and foreseable limits.
Still, one may consider a width enhancement from decay
to particles lighter than the top quark [16]. We show in
Fig. 5 the four-top cross section in this case, for width
enhancements Γ = Γ0 + 0.1M and Γ = Γ0 + 0.25M . In
both cases the cross section for masses M ≤ 300 GeV
is unchanged by the extra width, so models with very
light colour octets [15] may already be compromised by
limits on four-top production. On the other hand, four-
top production close to threshold is largely suppressed,
a fact which is expected since the extra width 0.1M ,
0.25M to non-SM states is orders of magnitude larger
than Γ(G → tt̄), see Fig. 2. Besides, achieving such a
width enhancement may not be natural and/or may re-
quire too large couplings to the new particles. At any
rate, an extra gluon width may hide the four-top signal
but gives rise to other new final states from the decay
of the heavy gluons, which have to be considered when
discussing the viability of any model.

100 150 200 250 300 350 400
M (GeV)

10-4

10-3

10-2

10-1

1

10

102

103

σ
 (p

b)

gt = 1

Γ = Γ0

Γ = Γ0 + 0.1 M

Γ = Γ0 + 0.25 M

Estimated upper limit

7 TeV

FIG. 5: Four-top cross section for new gluons below and
slightly above the tt̄ threshold, for gt = 1, with and with-
out an extra width enhancement.

Let us now consider the effect of the foreseen LHC en-
ergy upgrade. If the CM energy is increased to 8 TeV
we obtain a factor of 2− 2.3 increase in the four-top pro-
duction cross section, thus partially compensating the
supression due to an enlarged gluon width (see Fig. 4).
A much more dramatic increase of the signal cross section
is obtained for

√
s = 14 TeV, as we show in Fig. 6. The

four-top production cross section in enhanced by one to
almost two orders of magnitude, depending on the gluon
mass, with respect to the one at

√
s = 7 TeV. Although

the backgrounds also grow at this energy we can antici-
pate a very good sensitivity to four-top production. For
example, the lowest point in Fig. 6 has a cross section of
52 fb while an estimated 5 σ observation limit of 45 fb
is expected with 100 fb−1 of integrated luminosity [22].

Moreover, the production cross section at the tt̄ thresh-
old is almost four orders of magnitude larger than the
expected observation limit. Thus, even with a strong
suppresion due to an enlarged width, models with a light
gluon below the TeV scale are expected to be probed at
the LHC.

100 200 300 400 500 600 700 800 900 1000
M (GeV)

10-2

10-1

1

10

102

103

104

105

σ
 (p

b)

gt = 1

gt = 5

Γ = Γ0

14 TeV

FIG. 6: Four-top cross section for Γ = Γ0 (decays to SM
particles only) for the LHC with

√
s = 14 TeV. The five lines,

from bottom to top, correspond to gt = 1, 2, 3, 4, 5.

In summary, in this paper we have considered four-top
production in models explaining the Tevatron tt̄ asym-
metry with new ‘light’ gluons. Pair production of these
particles followed by decays into top pairs is a new, po-
tentially large, source of four-top final states. In order to
cover all the relevant parameter space, we have studied
the four-top production cross section as a function of the
gluon mass and its coupling to the top. We have also
considered some examples of scenarios where the heavy
gluon width is increased by decays to additional non-SM
particles. Our main results are summarized in Figs. 3, 4
and 5 for the 7 TeV LHC and Fig. 6 for the 14 TeV LHC.
The large four-top cross sections found in a large part of
the parameter space, and their small SM backgrounds,
make this channel a very promising probe of this class
of models, capable to reach gluon masses up to 800 GeV
with the luminosity already collected at the LHC. An
LHC energy upgrade to 8 (14) TeV implies an increase in
the four-top production cross section by a factor of ∼ 2
(10-500), thus improving dramatically the reach in these
models.
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FIG. 2: Production of Φ̄6Φ6 at the LHC and Tevatron with µF = MΦ6
, fixed scale αS(µR) with

µR = mZ . The PDF set CTEQ6L has been used in all calculation.

However, the production cross section is proportional to the coupling |fuu|2 and |fcc|2, and

may therefore be suppressed due to the D0 − D̄0 mixing constraint. Some studies of the

single Φ6 production at the Tevatron and the LHC have been done in Ref. [5].

IV. SEARCHING FOR THE COLOR SEXTET SCALAR THROUGH ttt̄t̄

As discussed in the previous sections, the most distinct feature of the color sextet scalar

is its decay mode Φ6 → tt, which leads to a same-sign dilepton signature in the final state

if both top quarks decay semileptonically, i.e. t → W+b → ℓ+νb. To avoid ambiguities in

lepton assignments during reconstruction, we require the anti-top quark pair from the Φ̄6 to

decay hadronically. Hence, the final state of Φ̄6Φ6 is

pp → Φ̄6Φ6 → ttt̄t̄ → 4b+ ℓ±ℓ± +!!ET +Nj, (11)

where ℓ = e and µ and N ≥ 4 to allow initial and final state QCD radiation. In our study,

however, the QCD radiation is not included. To get this final state, the decay branching

ratio will be

BR = BR2(Φ6 → tt)×
!

2

9

"2

×
!

2

3

"2

× 2, (12)
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FIG. 5: Reconstructed Sextet from m6j and MT .
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FIG. 6: Distribution of cos θ between reconstructed top momentum and reconstructed sextet mo-

mentum. Dashed(Solid) line shows the distribution without(with) smearing effects and kinematic

cuts.

As seen in Fig. 5, our reconstruction shows a clear resonance in both the M6j and MT

distributions.

Finally, since the two anti-top quarks may be fully reconstructed, we can boost back to
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FIG. 2: The decay branching ratios of ⇢ and its total width in
comparison with its mass. We have chosen g⇢ = 4, a⇢ = 1/2,
MX = 2 TeV and c1 = 1 for the branching ratio curves. For
the �⇢/M⇢, we plot two curves with g⇢ = 4 (solid) and 5
(dashed) in magenta color.

Collider signal.–The most significant di↵erence be-
tween the collider signal of the spin-1 composite reso-
nances in our model and those of the previously used
benchmarks is in the width. The branching ratios into
di↵erent final states and the total decay width for the
neutral resonance ⇢0 are shown in Fig. 2. Since qL is
fully composite, its coupling to the ⇢ is of the order g⇢.
The dominant decay channels are tt̄, bb̄ in the mass re-
gion M⇢ < 2MX . In the mass region M⇢ > 2MX , the
decay into top partner pair is significant, which is almost
half of the total decay widths in the large M⇢ region.
The branching ratio to the di-boson final state is sup-
pressed by a factor of a4

⇢
/(2Nc). The suppression of the

di-boson branching ratio, especially at small a⇢, makes
them much less relevant. This is very di↵erent from the
well-studied cases, where the di-boson channel is the most
sensitive [31].

For broad resonances, the usual narrow width approx-
imation does not apply. It is not correct to just add a
large constant width to the propagator either. Instead,
we need to replace the propagator as

1

(ŝ�M2
⇢
)2 +M2

⇢
�2
⇢

! 1

(ŝ�M2
⇢
)2 + ŝ2�2

⇢
/M2

⇢

, (8)

where
p
ŝ is the parton center of mass energy. This has

a significant impact on the shape of the resonance at the
LHC, as shown in Fig. 3.

There is no LHC search fully optimized for the broad
resonances presented here. Achieving maximal sensitiv-
ity will be a challenge which deserves much more detailed
studies. In the following, we will recast some of the LHC
searches which still have sensitivity and highlight the dif-
ference with the well studied benchmarks. First of all, the

FIG. 3: Shape of the broad composite resonance at the LHC,
using tt̄ final state as an example. We have chosen M⇢ = 3
TeV, a⇢ = 1/2, y1R = 2 and c1 = 1.

searches in di-boson channel are not sensitive due to its
suppressed branching ratio. At the same time, the limit
set by searching for narrow resonances in the tt̄, bb̄, tb̄/t̄b
and `+`� final states will not apply if �⇢/M⇢ > 40%. The
systematic uncertainties on the backgrounds will have a
large impact for the large width case. There are sev-
eral broad resonance searches at the LHC in the above
channels, but most of the searches have used the con-
stant decay width approximation which could mis-model
the signal. For the tt̄ channel, the large width e↵ect has
been considered up to �⇢/M⇢ ⇠ 30% by the ATLAS at
36.1 fb�1 [32] and the CMS at 35.9 fb�1 [33]. While
the ATLAS measures only the semi-leptonic final state,
the CMS analysis combines all possible final states and
is more sensitive. In Fig. 4, we plot the current limits
and the projected 3 ab�1 reach for the tt̄ channel (red
shaded region) based on the CMS result. The colored
regions are truncated at g⇢ ⇠ 4 (�⇢/M⇢ 6 30%), beyond
which reliable extrapolations from current searches are
not possible. When g⇢ increases, the reach of M⇢ first
decreases because of the suppression of the coupling be-
tween the ⇢ resonance and valence quarks at large g⇢.
It then increases as the bb̄ initiated production becomes
important. We have taken into account the di↵erence
between the dynamical width propagator in Eq. (8) and
the constant decay width approximation.
The possibility of a broad ⇢0 decaying into `+`� has

been studied by ATLAS at 36.1 fb�1 [34], up to �⇢/M⇢ =
32%. The corresponding limit and its extrapolation to 3
ab�1 are shown in blue regions in Fig. 4. The mass reach
in low g⇢ region is higher than through the tt̄ channel.
But in the high g⇢ region, due to the branching ratio
suppression, `+`� will be worse than the tt̄ channel.
Currently, there is no strong constraint from the bb̄

channel. ATLAS has searched for a broad bb̄ resonance
up to �⇢/M⇢ = 15% in Ref. [35], but the constraint is
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FIG. 4: The current and projected constraints. The parame-
ter benchmarks are y1R = 2, a⇢ = 1/2 and c1 = 1. The tt̄ and
`+`� bounds are based on the CMS [33] and ATLAS [34] mea-
surements, respectively. When calculating the signal cross
sections, we have taken the dynamical width e↵ect into ac-
count. For the tt̄⇢ ! tt̄tt̄ channel, we use the SSDL event
contour N(`±`± + jets) = 20 to set an estimate for the 3
ab�1 LHC.

too week to be shown in Fig. 4 due to its low integrated
luminosity (3.2 fb�1). CMS considers both the narrow
and broad resonances [36], in which the di-jet final state
is searched. The study considers the dynamical width
e↵ect, and gives results for �⇢/M⇢ up to 30%. Since no
b-tagging is used in this search, the limit is weak.

Besides the Drell-Yan processes, there are other chan-
nels sensitive to our scenario. Since the left-handed top is
strongly coupled, the same-sign di-lepton (SSDL) channel
in the four top final state pp ! tt̄⇢ ! tt̄tt̄ can be quite
sensitive [37]. We expect that this channel has depen-
dence to the modeling of the width. The expected sensi-
tivity in our parameter space set by requiring 20 SSDL
signal events (the green contour) is shown in Fig. 4. This
channel can cover the large g⇢ region, which is hard to
probe via Drell-Yan process.

The signature in the large coupling region g⇢ & 4 would
be very broad heavy resonance in the `+`�, tt̄, bb̄, tb̄/t̄b
final states. One possible way to enhance the sensitivity
of the searches for the broad resonance is to consider the
interference between the signal and the SM irreducible
background. This is similar to explore energy grow-
ing behavior from the higher dimension (four fermion)
operators [38–46]. Since our ⇢ resonance is color neu-
tral, the Drell-Yan production channel do not interfere
with the QCD tt̄ background. The t-channel bb ! bb
and the Drell-Yan `+`� do have interference with the
SM irreducible backgrounds, respectively. However, due
to the suppression of bottom PDF at high energy and
the suppression of the di-lepton branching ratio at large

g⇢, they don’t have significant sensitivity to the region
M⇢ & 4 TeV, g⇢ & 4. On the other hand, the produc-
tions of top partners T and X provide another probes
of our model. Compare to the pair production process,
the single production of T , X can reach a higher mass
region. We estimate the sensitivity in the SSDL chan-
nel from singly produced of the lighter top partner, i.e.
the charge-5/3 top partner X by the constant number
of event N(`±`± + jets) = 20. It turns out that such
a method can reach MX ⇠ 2.6 TeV (corresponding to
⇠ ⇠ 0.036) in the parameter choice y1R = 2, a⇢ = 1/2,
c1 = 1. There can be additional handles on the signal,
which could become important while reconstruction of a
sharp resonance is less e↵ective. For example, the ⇢ reso-
nance strongly interacts with the left-handed top quarks,
the the polarization measurement of the top quarks in the
tt̄ final states can also help improve the sensitivity.

Conclusion.–In this letter, we have studied the sce-
nario that the left-handed third generation quark doublet
qL = (tL, bL)T are massless bound state of the strong
dynamics, using the minimal coset SO(5)/SO(4) as an
example. We have considered constraints on our model
from the EWPT (S, T -parameters and �gLb) and direct
searches at the LHC. Instead of in the di-boson final state
in the case of narrow spin-1 resonances in the Minimal
Composite Higgs Model, the smoking gun of the signa-
ture in our model is the broad resonances in the tt̄, bb̄,
`+`�, tb̄/t̄b channels and four top final state. We have
recast the searches at the present LHC and made projec-
tions at the HL-LHC. We find that tt̄ is comparable to
the di-lepton channel in our model and the SSDL channel
in the four top final state can probe the large g⇢ region.
Further studies, taking into account additional informa-
tion such as top angular distribution and polarization,
are needed to fully optimize the search for such broad
composite resonances.
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Supplementary Materials: analytical formulae

for the S, T -parameters.–In this addendum, we list
the analytical formulae for the S, T -parameters in our
model. We assume that ⇠ is small and keep the leading
terms in ⇠ expansion. As discussed in the main text, the
total contribution can be divided into three classes: the
fermion loop, the ⇢ resonance loop and the Higgs loop
with modified Higgs gauge boson coupling:

S = Sf + S⇢ + SH , T = Tf + T⇢ + TH . (9)

pp → tt̄ρ, ρ → tt̄

Cacciapaglia, Cai, Deandrea, Flacke, Lee, Parolini, 1507.02283
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FIG. 6: Rate of four top production at the LHC as a function of ⇤ with g = 4⇡. Also indicated on the graph is
the leading order SM prediction for four top production of about 4 fb.

V. OUTLOOK

The top quark is a mystery. Its large mass may be an indication that is special in some way, and its
status as the most recently discovered ingredient within the Standard Model allows great opportunity for
new physics to cause its properties to deviate from our expectations. The truth about top is still largely
unknown. In this article, we explore some of the deviations possible at the Tevatron and LHC when the
top is not standard.

We find that bounds from top pair production at the Tevatron provide some information, but are rela-
tively weak because of the possibility of cancellations between contributions from new physics. Kinematic
distributions are much more powerful. The invariant mass distribution of the tt system can be pushed to
peak at higher values, and the rapidity distribution may become more central or shifted asymmetrically,
leading to a deviation in the forward-backward charge asymmetry of top pairs.

At the LHC, a more promising channel is provided by the production of four top quarks. The Standard
Model predicts a very small rate for this process, leaving a lot of room for new physics to creep in. We find
that a strongly coupled four top operator can lead to observable deviations even when its characteristic
energy scale is multi-TeV.

While we are motivated by the picture that the top quark is composite, our results are presented in
the language of e↵ective field theory, and can be used far beyond the scenario at hand. Any theory of
new physics modifying the inter-top interactions or top coupling to gluons is described at low energies by
these operators. Once a deviation is found, the pattern of couplings reflects the UV physics which gave
rise to the operators and provides the blue-print through which we can build a UV-complete description.
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Figure 3: Illustrative leading order Feynman diagrams for tt̄tt̄ production representing the effect of

strong dipole moments as filled circles.

dipole moments, coming from O33
uW and O33

uG� and O33
uB� operators, to the ttt̄t̄ production rate is

determined with the MadGraph5_aMC@NLO [99]. By considering at most an effective vertex in each

diagram, which means up to O(⇤�2), the total four-top cross section becomes at most a quadratic

function of dipole moments:
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where SM four-top cross section is denoted by �SM and the linear terms are the interference

between the SM and new physics and its contribution is at ⇤�2 order. The quadratic terms in

the cross section are corresponding to the power of ⇤�4 which are the first contributing terms

for the strong and weak dipole moments. The four-top cross section is symmetric with respect to

dg,ZA = 0 because the cross section is a CP-even observable. To find the coefficients of cross sections

in Eq. (16), the calculations with different values of dg,ZA and dg,ZV are done and fit the obtained

cross sections to quadratic polynomials.
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(g⇤/gSM)2E2/⇤2
NP > 1, and similarly the BSM squared

term dominates over the interference term between SM
and BSM. The EFT expansion is still valid if E/⇤NP < 1,
because a 2 ! 2 scattering at the tree level can be en-
hanced at most by g2

⇤, and therefore no g⇤/gSM factor
exists between dimension-six and dimension-eight oper-
ators. In general the validity of the EFT expansion is
not spoiled by a large g⇤, or a large C/⇤2, because the
maximum power of g⇤ in a given process is fixed. As
a physics case, in reality the LHC sensitivities to the
triple-gauge-boson couplings are completely dominated
by dim-6 squared contributions, while the global EFT
analyses can be performed without including dim-8 op-
erators [47, 48].

In four-top production the situation is similar. The
qq̄ ! ttt̄t̄ amplitude can be enhanced at most by
g4
⇤E

4/⇤4
NP ⇠ (CE2/⇤2)2, and the cross section by

(CE2/⇤2)4, as shown in for example Figure 2 (a). Upon
integrating out the heavy mediators, the amplitude in
the EFT is described by Figure 2 (b), i.e. with two in-
sertions of dimension-six operators. However, the crucial
di↵erence here is that truncating the higher-dimensional
operators is not guaranteed as in a 2 ! 2 process. At
this point, model dependent assumptions on the underly-
ing theories are indispensable for further discussion. For
simplicity, and following Ref. [46], let us assume that the
underlying theory is characterized by one scale ⇤NP and
one coupling g⇤, and that the power counting in the EFT
is given by [49]
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Higher dimensional operators can be constructed in dif-
ferent ways. One can use the first expansion param-

eter in Eq. (34), Dµ/⇤NP , to increase the dimension
without changing the field content. This is like ex-
panding a heavy mediator propagator (p2

�M2)�1 =
�M�2 (1+p2/M2+p4/M4+ . . .), where M ⇡ ⇤NP , so
the expansion parameter is simply E2/⇤2

NP . In this case
neglecting higher-dimensional operators is justified. Al-
ternatively, one can also use g⇤fL,R/⇤

3/2
NP or g⇤H/⇤NP to

increase the dimension, and the expansion parameter is
enhanced by g⇤, so higher-dimensional operators have a
chance to contribute more. This however cannot be done
repetitively, because at some point the operator will con-
tain more than six fields and become irrelevant (assum-
ing LO amplitude dominates, and neglecting the vev as
we are interested in the high-energy regime). The ques-
tion is where to stop this g⇤ enhanced expansion. Note
that the dim-6 contribution is dominated by amplitudes
like Figure 2 (b) which already scale like g4

⇤E
4/⇤4

NP .
The first relevant operator that is enhanced by g4

⇤ is a
dim-10 operator, g4

⇤f
6D, whose contribution scales like

g4
⇤E

6/⇤6
NP . This is still subdominant. For illustration we

give an example in Figure 2 (c) and (d), in a model with
a heavy mediator with coupling strength g⇤. Note that
the two-to-four process can be enhanced at most by g4

⇤ at
the tree level, and a SMEFT operator that contains six
fermions is at least at dim-10, because odd-dimensional
operators do not exist in the SM if B and L number vio-
lating operators are ignored [50, 51]. On the other hand,
dim-8 operators are enhanced at most by 3 powers of
g⇤. Since both the dim-8 and dim-10 contributions are
less than g4

⇤E
4/⇤4

NP , and further enhancement with g⇤
beyond dim-10 is not possible without adding more par-
ticles, we conclude that, under the above assumption,
truncating the SMEFT at dim-6 is justified.

(a) (b) (c) (d)

Fig. 2. The qq̄ ! ttt̄t̄ amplitudes that are enhanced by four powers of BSM coupling g⇤. Blue lines are heavy

mediators. Double lines represent the top quarks. The square represents a g⇤ coupling, and the blue blob represents

e↵ective operators, coming from integrating out the mediators. Diagrams (a), (c) describe the amplitudes in the

underlying theory, while in the EFT they respectively correspond to (b) and (d). Diagrams (a) and (b) correspond

to two insertions of dim-6 operators. They scale like g4⇤E
4/⇤4

NP . Diagrams (c) and (d) correspond to one insertion

of a dim-10 operator. They scale like g4⇤E
6/⇤6

NP .
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Consider a simplified model (SM+S) and its EFT limit
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FIG. 3: (a) Tree-level graph in the theory of eq.(1) contributing to four top production; (b) tree-level contribution in the EFT
description upon integrating out the heavy scalar, where the grey blob represents the operator of eq. (8).
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FIG. 4: Representative 1-loop Feynman diagram contributions to gg ! tt̄ arising in the e↵ective theory formulation of eq. (1),
the shaded region represents a four top insertion.

application of EFT in the present context would corre-
spond to including the two operators of eqs. (7) and (8)
in all relevant tree-level diagrams for top production pro-
cesses, and using experimental data to impose constraints
on combinations of their (a priori undetermined) coe�-
cients. However, the fact that both operators are gener-
ated in top pair production at loop level in the full theory
means that they mix with each other in the EFT. This
e↵ect can only be captured by going to at least NLO level
in the latter.

We have performed such a calculation, and in doing
so it is necessary to include the diagrams of figure 4,
which contain the four-fermion operator in a loop. These
contributions require addtional UV counterterms which
are not present in the full theory but which renormalise
the EFT operators. For illustrative purposes, we show
the counterterm graphs in the gluon channel in figure 2.
Renormalisation of the UV divergences is performed in
the MS scheme, and we have checked UV finiteness of
all of our expressions for the final amplitude. In the LO
EFT, the Wilson coe�cients ci of the operators Oi in
eqs. (7, 8) are in principle undetermined in general sce-
narios. Following renormalisation at NLO, these will no
longer be constant, but instead run with energy. Further-
more, our use of a specific model of new physics at high
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choices and scalar masses as detailed in the text.
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FIG. 1: Representative 1-loop Feynman diagram contributions to gg ! tt̄ arising in the simplified model of eq. (1).
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FIG. 2: Representative counter term contributions to gg ! tt̄.

to isolating the resonance shape and cross section, which
is not our focus here. Note, however, that loop e↵ects
and their relation to (Higgs) e↵ective field theory were
first discussed in [81–84].

For our analysis, we implement the leading or-
der, virtual and counter term (fig. 2) contributions
for qq̄, gg ! tt̄ production at O(c2S) in a modi-
fied version of Vbfnlo [85–88] which links Form-
Calc/LoopTools [89, 90]. Various analytical compar-
isons against alternative calculations as well as numer-
ical cross checks of leading order amplitudes have been
performed using MadGraph [91]. We use the on-shell
renormalisation scheme, and have verified UV finiteness
both analytically and numerically for the gg and qq̄ chan-
nels independently. We use real masses throughout this
work, but note that the discrimination of signal and back-
ground can have shortfalls when the scalar width be-
comes comparable to the resonance mass [92–96], which
is indicative of a loss of perturbative control [97].

We now turn to the e↵ective theory description of the
model of eq. (1) at low energies or, equivalently, when
the scalar mass mS is taken to be large. Integrating out

the heavy scalar generates two dimension six operators
that enter the processes considered in this paper. The
first of these is a modified gluon-tt̄ interaction, described
by the e↵ective operator

OtG = Q̄L�cta�µ⌫tR Ga
µ⌫ , (7)

(and its Hermitian conjugate) where �c = i�2�⇤ is the
charge-conjugated SM Higgs doublet. The second is
a four-fermion operator involving four top quarks, and
given by expanding the scalar propagator for large mS in
relation to its four momentum q2,

(t̄t)
1

q2 �m2
S

(t̄t) �! �
1

m2
S

(t̄t)2 = �
1

m2
S

Ott (8)

see e.g. fig. 3. In four top production, the operator of
eq. (8) enters at tree-level in the EFT, as illustrated in
figure 3, whereas the operator of eq. (7) is not relevant.
In top pair production, the operator of eq. (7) enters at
tree-level in the EFT, via diagrams whose topology is
the same as the upper three diagrams in figure 2. On
the other hand, the four top operator of eq. (8) occurs
in loops, as shown in the diagrams of figure 4. A LO

𝒪tG = QLΦctaσμνtRGa
μν

𝒪tttt
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Consider a simplified model (SM+S) and its EFT limit
7

on the coe�cients of the new physics operators OtG and
Ott. By matching with the full theory as described pre-
viously, constraints on the operator coe�cients can also
be converted to curves in the (mS , cS) plane.

The top pair production cross section is currently
known at NNLO precision [99, 100] (see also [101]).
Given the large cross section, the theoretical uncertainty
will be the limiting factor of physics in the top sector
(see also [24]). In fig. 9, we show the sensitivity of the
LHC under the assumption that the unfolded mtt̄ dis-
tribution can be described at an optimistic 3% level us-
ing a binned �2 test as detailed in Ref. [15]. For this
particular error choice the EFT and full theory agree-
ment happens to be at the perturbative unitarity limit
of c2S ' 8⇡ that can be derived from tt̄ ! tt̄ scatter-
ing. A larger error budget quickly pushes the constraints
deeply into the non-perturbative regime. On the other
hand sensitivity to cS ' 1 requires per mille level uncer-
tainties. These are beyond the current state-of-the-art.
As can be seen, for large scalar masses where the EFT
reproduces the full model expectations both approaches
are compatible. At lower masses, tighter constraints are
obtained in the EFT than in the full theory. This is due
to the systematic tendency (visible in figures 6–7) of the
EFT to overestimate the full theory due to the absence
of absorptive parts in the region where the scalar contri-
bution gets resolved. Thus, applying EFT alone would
result in overly optimistic reported constraints on new
physics, that would not be strictly valid. Note that in
this comparison we include the squared s-channel scalar
contribution with an approximate K factor ' 2.5 as this
significantly impacts the exclusion for the dynamic S.
Notwithstanding the accuracy at which the EFT man-
ages to approximate the full computation, we see that
hadron collider systematics do seriously curtail precision
physics in the top sector. Hence, a comprehensive top
programme that seeks to pinpoint new physics beyond
the SM outside the LHC’s kinematic reach will have to
be informed by more precise SM predictions.

One might argue that finding a contrived top-philic
new physics scenario is di�cult to achieve in the first
place. However, for the scenario that we have investi-
gated there is the possibility to investigate four top fi-
nal states similar to existing analyses [26, 48, 49]. The
experiments have also performed extrapolations to the
HL-LHC, e.g. [53–55]. As the cross sections for this pro-
cess are relatively small, O(10 fb) [102, 103], statistical
and experimental uncertainties will be important. There
is reason to believe that the latter can be brought un-
der su�cient control and e.g. ATLAS have shown that
a sensitivity of 11% around the SM expectation can be
achieved [54] which is smaller than the current theoreti-
cal precision. It is not unreasonable to expect that the-
oretical predictions can be improved and we assume a
18% accuracy in the extraction of the unfolded tt̄tt̄ cross
section, which is slightly worse than the ATLAS extrap-
olation and the lowest bound provided by CMS [53].

We simulate four top events using MadEvent [91] keep-
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FIG. 9: 95% confidence level exclusion contours for the sim-
plified model of eq. (1) as a function of its mass mS and
top coupling cS . The blue solid contour shows the full result
(i.e. propagating S at NLO) while the blue dashed line corre-
sponds to the EFT calculation. For pp ! tt̄ we assume a flat
uncertainty of 3%. The solid red line represents a pp ! tt̄tt̄
analysis of the simplified scenario using the extrapolation of
Ref. [54] while the dashed line represents the (LO) EFT four
top results (for details see text).

ing track of destructive interference e↵ects that arise be-
tween the QCD and new scalar contributions. In the four
top case, these are much smaller than for gg ! tt̄, we
find a typical mild correction of O(�10%). Constraints
on the parameter space from applying the full simplified
model, and the EFT approach, are shown in figure 9.
Given that there is a tree-level induced dimension six
operator in this process (i.e. the four-fermion operator),
we restrict the present discussion to LO only. For low
scalar masses the constraints are comparable. However,
for larger masses applying the full model directly leads to
very weak constraints. This behaviour is dominated by
the assumed uncertainties, coupled with the fact that at
higher masses in the full theory, the decay width of the
scalar (from eqs. (2)–(4)) becomes large. This decreases
the scalar contribution to four top final states to a large
extent, leading to a loss of sensitivity for the simplified
model in four top final states under our assumptions at
around mS ' 2.2 TeV. The Breit-Wigner cross section
distribution of the tt̄ system for large enough cS behaves
as ⇠ �̃�2 (see eq. (2)), i.e. flattens out as a function of
cS such that the cross section constraint for large enough
cS is determined by the mass mS . This means that the
sensitivity translated to our simplified model calculation
is no longer under perturbative control. The EFT de-
scription, in principle, provides sensible constraints: it is
an expansion in inverse powers of the new physics scale
⇤ ⇠ mS , and thus becomes more accurate as mS in-
creases. However, the uncertainties drive constraints on
the coupling cS into the non-perturbative regime as mS

increases, so that it remains impossible to convert these
constraints into the language of the full theory of eq. (1),
due to the lack of a perturbative description in the latter.

Fulltt̄

EFT
tt̄tt̄
Full EFT
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and then combine them statistically to present discovery/evidence luminosities as well as
exclusion limits for the SM four-top signal strength. To be as general as possible, we also
consider the impact on signal sensitivity when using different estimations of the reducible
backgrounds (fake leptons and charge-flip). In Section 4 we use our SM four-top strategy to
give bounds on two top-philic non-resonant NP models that contribute to pp ! tt̄tt̄ at the
LHC. We give a final discussion and present our main conclusions in Section 5. A detailed
analysis of all irreducible and reducible backgrounds can be found in the Appendices.

2 Signal features

In the SM, the production of tt̄tt̄ is predominantly a QCD process of order O(↵4
S
) that

requires a partonic center-of-mass energy of at least 4mt ⇠ 692 GeV, resulting in a very small
cross-section at the LHC. Besides QCD, there is also a sub-leading Higgs boson exchange
contribution of order O(↵2

S
y
4
t
) and an EW contribution of order O(↵2

S
↵
2), both accounting

for ⇠10% of the total cross-section. The QCD driven four-top process is given at leading
order (LO) by 72 and 12 topologically inequivalent diagrams from initial gg and qq̄ scattering,
respectively. At the LHC, the gluon-initiated process accounts for approximately 95 % of the
total QCD cross-section. Using MadGraph5 [43] we calculated at

p
s = 13 TeV the four-top

production cross-section and found �
LO(tt̄tt̄) = 9.7 fb at LO and �

NLO(tt̄tt̄) = 12.32 fb at
next-to-leading order (NLO). For a complete analysis of pp ! tt̄tt̄ at NLO in QCD, the
reader is referred to Ref. [29]. In Fig. 2 we show three representative Feynman diagrams
contributing to the gg ! tt̄tt̄ process.

Since tt̄tt̄ decays into a large number of final states (of order O(10) particles) predom-
inantly along the central direction, it is important to give a rough estimate of the amount
of accidental object overlaps expected in the detector. For this we considered the minimum

Figure 2: Gluon initiated representative LO diagrams contributing to pp ! tt̄tt̄ in the SM. The first
two diagrams give leading contributions of order O(↵4

S
) while the last diagram includes a sub-leading

contribution of order O(↵2
S
y4t ) with a Higgs boson exchange (blue dashed propagator).

4

QHC, Chen, Liu, 1602.01934

mX < 2mt

* Non-resonance effect
* Interference with the SM contribution
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of gSM. Large sections of the phase space of simplified dark matter models are excluded, and
the reach of this analysis is complementary to that of analyses considering decays of H/A into
invisible dark matter candidates, such as those of Refs. [35, 78].

Figure 5: The observed s(pp ! tttt) (solid line) and 95% CL upper limit (hatched line) are
shown as a function of |yt/y

SM
t |. The predicted value (dashed line) [2], calculated at LO and

scaled to the calculation from Ref. [1], is also plotted. The shaded band around the measured
value gives the total uncertainty, while the shaded band around the predicted curve shows the
theoretical uncertainty associated with the renormalization and factorization scales.

Figure 6: The 95% CL exclusion regions in the plane of the f/Z0-top quark coupling versus mf

or mZ0 . The excluded regions are above the hatched lines.
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of gSM. Large sections of the phase space of simplified dark matter models are excluded, and
the reach of this analysis is complementary to that of analyses considering decays of H/A into
invisible dark matter candidates, such as those of Refs. [35, 78].

Figure 5: The observed s(pp ! tttt) (solid line) and 95% CL upper limit (hatched line) are
shown as a function of |yt/y

SM
t |. The predicted value (dashed line) [2], calculated at LO and

scaled to the calculation from Ref. [1], is also plotted. The shaded band around the measured
value gives the total uncertainty, while the shaded band around the predicted curve shows the
theoretical uncertainty associated with the renormalization and factorization scales.

Figure 6: The 95% CL exclusion regions in the plane of the f/Z0-top quark coupling versus mf

or mZ0 . The excluded regions are above the hatched lines.
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ℒZ′� = − gtZ′ �tR /A′ �tR

ℒϕ = − ytϕtLϕtR + h . c .

and then combine them statistically to present discovery/evidence luminosities as well as
exclusion limits for the SM four-top signal strength. To be as general as possible, we also
consider the impact on signal sensitivity when using different estimations of the reducible
backgrounds (fake leptons and charge-flip). In Section 4 we use our SM four-top strategy to
give bounds on two top-philic non-resonant NP models that contribute to pp ! tt̄tt̄ at the
LHC. We give a final discussion and present our main conclusions in Section 5. A detailed
analysis of all irreducible and reducible backgrounds can be found in the Appendices.

2 Signal features

In the SM, the production of tt̄tt̄ is predominantly a QCD process of order O(↵4
S
) that

requires a partonic center-of-mass energy of at least 4mt ⇠ 692 GeV, resulting in a very small
cross-section at the LHC. Besides QCD, there is also a sub-leading Higgs boson exchange
contribution of order O(↵2

S
y
4
t
) and an EW contribution of order O(↵2

S
↵
2), both accounting

for ⇠10% of the total cross-section. The QCD driven four-top process is given at leading
order (LO) by 72 and 12 topologically inequivalent diagrams from initial gg and qq̄ scattering,
respectively. At the LHC, the gluon-initiated process accounts for approximately 95 % of the
total QCD cross-section. Using MadGraph5 [43] we calculated at

p
s = 13 TeV the four-top

production cross-section and found �
LO(tt̄tt̄) = 9.7 fb at LO and �

NLO(tt̄tt̄) = 12.32 fb at
next-to-leading order (NLO). For a complete analysis of pp ! tt̄tt̄ at NLO in QCD, the
reader is referred to Ref. [29]. In Fig. 2 we show three representative Feynman diagrams
contributing to the gg ! tt̄tt̄ process.

Since tt̄tt̄ decays into a large number of final states (of order O(10) particles) predom-
inantly along the central direction, it is important to give a rough estimate of the amount
of accidental object overlaps expected in the detector. For this we considered the minimum

Figure 2: Gluon initiated representative LO diagrams contributing to pp ! tt̄tt̄ in the SM. The first
two diagrams give leading contributions of order O(↵4

S
) while the last diagram includes a sub-leading

contribution of order O(↵2
S
y4t ) with a Higgs boson exchange (blue dashed propagator).
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Four-top production becomes a powerful tool to probe NP. 
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Four-top channel is complementary to the top-pair channel.

(e.g. 2HDB, Axigluon, KK gluon, Composite Higgs/top, SUSY…)

Thank You!


