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(!   i
!"
D µ ! ) # !   (iD µ ! ) $ (iD µ !   )! ; (!   i

!"
D I

µ ! ) # !   " I (iD µ ! ) $ (iD µ !   )" I ! where" I are the Pauli
matrices; TA # #A / 2 where #A are Gell-Mann matrices.

Four-quark operators:

O1( ijkl )
qq = (øqi $µ qj )(øqk $µ ql ), (1)

O3( ijkl )
qq = (øqi $µ " I qj )(øqk $µ " I ql ), (2)

O1( ijkl )
qu = (øqi $µ qj )(øuk $µ ul ), (3)

O8( ijkl )
qu = (øqi $µ TA qj )(øuk $µ TA ul ), (4)

O1( ijkl )
qd = (øqi $µ qj )( ødk $µ dl ), (5)

O8( ijkl )
qd = (øqi $µ TA qj )( ødk $µ TA dl ), (6)

O(ijkl )
uu = (øui $µ uj )(øuk $µ ul ), (7)

O1( ijkl )
ud = (øui $µ uj )( ødk $µ dl ), (8)

O8( ijkl )
ud = (øui $µ TA uj )( ødk $µ TA dl ), (9)

àO1( ijkl )
quqd = (øqi uj ) %(øqk dl ), (10)

àO8( ijkl )
quqd = (øqi TA uj ) %(øqk TA dl ), (11)

Two-quark operators:
àO(ij )

u ! = øqi uj ÷! (!   ! ), (12)

O1( ij )
! q = ( !   i

!"
D µ ! )(øqi $µ qj ), (13)

O3( ij )
! q = ( !   i

!"
D I

µ ! )(øqi $µ " I qj ), (14)

O(ij )
! u = ( !   i

!"
D µ ! )(øui $µ uj ), (15)

àO(ij )
! ud = ( ÷!   iD µ ! )(øui $µ dj ), (16)

àO(ij )
uW = (øqi &µ" " I uj ) ÷! W I

µ" , (17)
àO(ij )

dW = (øqi &µ" " I dj ) ! W I
µ " , (18)

àO(ij )
uB = (øqi &µ" uj ) ÷! Bµ" , (19)

àO(ij )
uG = (øqi &µ" TA uj ) ÷! GA

µ" , (20)

Two-quark-two-lepton operators:

O1( ijkl )
lq = ( øli $µ l j )(øqk $µ ql ), (21)

O3( ijkl )
lq = ( øli $µ " I l j )(øqk $µ " I ql ), (22)

O(ijkl )
lu = ( øli $µ l j )(øuk $µ ul ), (23)

O(ijkl )
eq = (øei $µ ej )(øqk $µ ql ), (24)

O(ijkl )
eu = (øei $µ ej )(øuk $µ ul ), (25)

àO1( ijkl )
lequ = ( øli ej ) %(øqk ul ), (26)

àO3( ijkl )
lequ = ( øli &µ" ej ) %(øqk &µ" ul ), (27)

àO(ijkl )
ledq = ( øli ej )( ødk ql ), (28)

Baryon- and lepton-number-violating operators:1

àO(ijkl )
duq = ( dc

i # uj $ )(qc
k%%ll ) ' #$%, (29)

àO(ijkl )
qqu = ( qc

i # %qj $ )(uc
k%el ) ' #$%, (30)

1In the latest version of Ref. [ 1], O1,3
qqq are merged into one single operator with SU(2) L indices mixed between

the two fermion bilinears. The two conventions are technically speaking equivalent [ 14].
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Ø Various dimension-6 operators can effect the top quark production 

processes at the LHC in different production modes
Ø CMS/ATLAS interpretation for the following processes at √s=13 TeV so far
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1. Introduction 1

1 Introduction
Many new physics models predict an enhanced or modified coupling to top quarks from
physics beyond the standard model (BSM). This is particularly relevant for not yet observed
processes that have small production cross sections, such as the production of four top quarks,
tttt. There is considerable interest in the measurement of the tttt cross section because of its
sensitivity to additional contributions from BSM physics. These include supersymmetry [1–
12], two-Higgs-doublet models [13], top-compositeness [14], and models with extra dimen-
sions [15, 16]. Within the effective field theory (EFT) framework, the contribution of any BSM
processes to tttt production can be parametrised in terms of non-renormalizable effective cou-
plings of the standard model (SM) fields, if the characteristic energy scale, ! , of the BSM states
is much larger than the typical energy scale of the pp ! tttt reactions. The availability of EFT
predictions [17] makes a model-independent analysis of tttt production possible.

The production of four top quarks from a single interaction (pp ! tttt) has not yet been
observed. The standard model (SM) predicts a next-to-leading-order (NLO) cross section of
spp!tttt ⇡ 9 fb at

p
s = 13 TeV [18–20]. Thus the experiments at the CERN LHC may just be

approaching sensitivity to the process, provided that it can be separated from the overwhelm-
ing background from SM tt events. The lowest-order Feynman diagrams illustrating typical
contributions to four top quark production in the SM are shown in Fig. 1.
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Figure 1: Representative diagrams for tttt production at the lowest order in the SM.

Experimental searches have been performed by ATLAS and CMS at 8 TeV [21, 22], and also at
13 TeV [23, 24]. These focused on the single-lepton and opposite-sign dilepton channels and
placed limits on the production cross section. In addition, the CMS Collaboration measured the
tttt production cross section, in a search exploiting same-sign dilepton and multilepton signa-
tures [25, 26] using data collected in 2016. The ATLAS Collaboration investigated anomalous
tttt production in events with boosted top quarks identified using top-tagging techniques [27]
with data collected during the 2015–2016 data taking period.

This letter presents a new search in the single-lepton and opposite-sign dilepton tttt decay
channels using proton-proton (pp) collisions at 13 TeV collected by the CMS experiment in
2016 and corresponding to 35.8 fb�1. For this analysis, only final states containing one or two
electrons or muons are considered, which constitute about 40% of all tttt decays.

2 Event simulation
The acceptance for the four top quark SM process (pp ! tttt ) is estimated using simulated
events generated using the NLO MG5 aMC@NLO event generator (V2.2.2) [19, 28]. Only dia-
grams arising from quantum chromodynamics (QCD) interactions were taken into account in
the calculations and an NLO cross section of 9.2+2.9

�2.4 fb [19] was used, where the quoted un-
certainty includes contributions from the variation of factorization and renormalization scales

2

Figure 1: Representative Feynman diagrams for the tW (left panel) and t t (right panel) pro-
duction at leading order. The upper row gives the SM diagrams, the middle and lower rows

present diagrams corresponding to the O(3)
! q , OtW ,OtG, OG and Ou/ cG contributions.

been set on the Wtb anomalous coupling through single top quark t-channel production and
measurements of the W boson polarisation from top quark decay by the D0 [5], ATLAS [6, 7]
and CMS [8, 9] Collaborations. Direct limits on the top chromomagnetic dipole moment have
been obtained by the CMS Collaboration at 7 TeV using top quark pair events [10]. Searches
for top quark FCNC interactions have been performed at Tevatron [11, 12] and at LHC [8, 13]
via single top quark production and limits are set on related anomalous couplings.

In this note, a search for new physics in top quark production using an EFT framework is re-
ported. Final states with two opposite-sign isolated leptons (electrons or muons) in association
with jets identiÞed as originated from the fragmentation of a b quark (Òb jetsÓ) are analysed.
The search is sensitive to new physics contributions to the tW and t t production, and the six

effective couplings, CG, C(3)
! q , CtW , CtG, CuG, and CcG, are constrained independently. Kinematic

distributions of Þnal state particles and the production rate of the tW and t t processes are both

affected by the effective couplings. For the C(3)
! q , CtW , CtG, and CG effective couplings, the de-

viation from the SM prediction is dominated by the interference term between SM and new
physics diagrams, which is linear with respect to the effective coupling. Therefore, kinematic
distributions of Þnal state particles vary as a function of Wilson coefÞcients and a small value of
the effective couplings leads to distributions similar to the SM predictions. On the other hand,
the new physics terms for the C uG and CcG effective couplings do not interfere with the SM
tW process, and the kinematic distributions of Þnal state particles are determined by the new
physics term independently of the SM prediction. In this analysis, we use the rates of tW and t t

production for probing the C (3)
! q , CtW , CtG, and CG effective couplings, while both variation in

rate and kinematic distributions of Þnal state particles are employed for probing the C uG and
CcG effective couplings. This is the Þrst search for new physics that uses the tW process. The
analysis utilises 35.9 fb! 1 of proton-proton collision data collected by the CMS experiment in
2016 at a centre-of-mass energy of 13 TeV.

The note is structured as follows. In Section 2, a description of the simulated samples used in
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1 Introduction

The restart of the LHC at a center-of-mass energy of 13 TeV allows the study of signatures
with mass scales higher than ever before. A top quark pair produced in association with a
Z (ttZ) or W boson (ttW) are among the heaviest set of standard model (SM) particles that
could be observed in the dataset accumulated so far. The Feynman diagrams for the dominant
production mechanisms of these processes are shown in Fig. 1. The theoretical cross sections of
the signal ttZ(! ! ) is 839+80

" 92(scale) +25
" 25(pdf) +25

" 25(" s) fb and ttW is 601+56
" 51(scale) +9

" 9(pdf) +11
" 11(" s) fb,

computed at next-to-leading order (NLO) [1], and are approximately 3-4 times higher than
the production rates for 8 TeV pp collisions. The precise measurement of these processes is
of particular interest as they are dominant backgrounds to several searches for new physics.
Furthermore, the ttZ production is the most sensitive process for direct measurement of the
couplings of the top quark and the Z boson.
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Figure 1: The leading order Feynman diagram for ttZ, ttW production at the LHC. The charge
conjugate of the diagrams shown is implied.

The ttZ cross section was first measured by the CMS experiment [2] in 7 TeV collisions, with
a precision of about 50% [3]. More recent measurements of the ttW and ttZ cross sections, in
events containing two, three, or four leptons, in 8 TeV collisions at CMS used elaborate mul-
tivariate techniques and constrained #(ttW) and #(ttZ) to within 30% and 25% of their SM
values respectively using a dataset of 19.5 fb" 1 [4, 5]. The ttZ process was observed with a sig-
nificance of 6.4 standard deviations (#) and evidence for ttW production was found with 4.8 #
significance. The ATLAS experiment analyzed events containing two and three leptons for the
ttW cross-section measurement and two, three and four leptons events for the ttZ cross-section
measurement, achieving a similar precision [6]. ATLAS also reported a measurement of the
ttW and ttZ production cross sections in multilepton final states, #(ttW) = 1.5 ± 0.8 pb and
#(ttZ) = 0.9 ± 0.3 pb, using 3.2 fb" 1 of 2015 data at a center of mass energy of 13 TeV [7].

In this document, we present a new measurement of the ttZ and ttW production cross-sections
at 13 TeV with data corresponding to an integrated luminosity of 35.9 fb" 1. The measurements
are performed using events in which at least one of the W bosons originating from a top quark
decays to a lepton and a neutrino, and the associated W(Z) boson decays to a lepton and neu-
trino (lepton pair), where a lepton (! ) refers to an electron or a muon. Decays to $ leptons
are included through its leptonic decays. The collision events are analysed in three exclusive
final states: events with two same-charge leptons are used to extract the ttW signal, while the
events with three leptons or four leptons with a lepton pair of same flavour and opposite charge
(SFOC) are used for obtaining ttZ signal counts. In addition to individual ttW and ttZ cross-
sections measurements, a two dimensional fit is performed for these cross-sections using the
results of all three analyses.
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Interpretation of ttZ measurements
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² Same-sign and Opposite sign dilepton, tri-
lepton and tetra-lepton inclusive cross-section 
analysis

² 5 operators can modify the ttZ rates: 

² !(3)
ΦQ and !(1)

ΦQ are contribute to ttZ vertex as 
a linear combination
² Measurement is  sensitive to the 

difference: !(3)
ΦQ - !(1)

ΦQ 

² Only one operator is considered at a time

and systematic uncertainties in similar proportions. For the tt̄Z determination, the dominant systematic
uncertainty sources are the modeling of the backgrounds and of the signal. For the tt̄W determination, the
dominant systematic uncertainty sources are the modeling of the signal and the limited amount of data
available in the control regions and simulated event samples.

Table 8: List of relative uncertainties in the measured cross sections of the tt̄Z and tt̄W processes from the fit,
grouped in categories. All uncertainties are symmetrized. The sum in quadrature may not be equal to the total due to
correlations between uncertainties introduced by the fit.

Uncertainty �t t̄Z �t t̄W

Luminosity 2.9% 4.5%
Simulated sample statistics 2.0% 5.3%
Data-driven background statistics 2.5% 6.3%
JES/JER 1.9% 4.1%
Flavor tagging 4.2% 3.7%
Other object-related 3.7% 2.5%
Data-driven background normalization 3.2% 3.9%
Modeling of backgrounds from simulation 5.3% 2.6%
Background cross sections 2.3% 4.9%
Fake leptons and charge misID 1.8% 5.7%
tt̄Z modeling 4.9% 0.7%
tt̄W modeling 0.3% 8.5%

Total systematic 10% 16%
Statistical 8.4% 15%

Total 13% 22%

8 Interpretation

The e! ective field theory (EFT) framework provides a model-independent approach to the parameterization
of possible deviations from the SM predictions. In this framework, e! ects due to BSM physics are described
by adding additional operators of dimension six or higher to the SM Lagrangian. Each EFT operator Oi

is associated with a Wilson coe" cient Ci, and the operators enter the modified Lagrangian in the form
(Ci/⇤

2
)Oi, where ⇤ is the characteristic energy scale of the BSM physics.

The complete set of independent, gauge-invariant and baryon-number conserving EFT operators at
dimension six contains 59 di! erent operators [83, 84]. In the present analysis, five of these operators are
considered, all of which modify the ttZ vertex: O(3)

�Q, O(1)
�Q, O�t , OtW , OtB. The operators are defined in

Table 9, following Ref. [85]. The first two operators enter the ttZ vertex as a linear combination, such that
the measurement is sensitive to the di! erence C

(3)
�Q � C

(1)
�Q. For this paper, the e! ect of this combination is

evaluated by varying C
(3)
�Q with C

(1)
�Q set to zero.
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Figure 14: The value of the profile-likelihood test statistic as a function of c/⇤2, for (a) C(3)
�Q, (b) C�t , (c) CtB, and

(d) CtW . In the C
(3)
�Q and C�t distributions, another, deeper minimum exists for large negative values of Ci , which is

excluded by indirect measurements. There, the vertical axis is chosen such that the value of the likelihood at the
minimum near Ci = 0 is zero.

38

40− 30− 20− 10− 0 10
2Λ/(3)

QφC

1−

0

1

2

3

4

5
 lo

g(
L)

Δ-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(a)

30− 25− 20− 15− 10− 5− 0 5 10
2Λ/tφC

1−

0

1

2

3

4

5

 lo
g(

L)
Δ-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(b)

8− 6− 4− 2− 0 2 4 6 8
2Λ/tBC

1−

0

1

2

3

4

5

 lo
g(

L)
Δ-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(c)

5− 4− 3− 2− 1− 0 1 2 3 4 5
2Λ/tWC

1−

0

1

2

3

4

5

 lo
g(

L)
Δ-

σ1

σ2

σ3

ATLAS
-1 = 13 TeV  36.1 fbs

Observed
Expected

(d)

Figure 14: The value of the profile-likelihood test statistic as a function of c/⇤2, for (a) C(3)
�Q, (b) C�t , (c) CtB, and

(d) CtW . In the C
(3)
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a positive term from the prediction. The most notable change is the improvement in the lower limit for C! t

at 95% CL, as the second minimum disappears when a linear expression is assumed.

Table 10: The expected and observed 68% and 95% confidence intervals, which include the value 0, for Ci/! 2 for the
EFT coe�cients C(3)

! Q, C! t , CtB and CtW . The intervals for C(3)
! Q are derived setting C

(1)
! Q to zero; the measurement is

sensitive to the di�erence C
(3)
! Q � C

(1)
! Q. All results are obtained by varying one coe�cient at the time and are given in

units of 1/TeV2. Previous indirect 68% CL constraints [88] are also quoted. The previous direct constraints at 95%
CL are obtained from Ref. [10] for C! t and CtB and from Refs. [89, 90] for C(3)

! Q and CtW , using Ref. [83] to translate
the measurements into limits on the coe�cients. Limits from fits for the EFT coe�cients with only the linear term
are also shown.

Coe�cients C
(3)
! Q/!

2
C! t/! 2

CtB/! 2
CtW/! 2

Previous indirect constraints at 68% CL [–4.7, 0.7] [–0.1, 3.7] [–0.5, 10] [–1.6, 0.8]
Previous direct constraints at 95% CL [–1.3, 1.3] [–9.7, 8.3] [–6.9, 4.6] [–0.2, 0.7]

Expected limit at 68% CL [–2.1, 1.9] [–3.8, 2.7] [–2.9, 3.0] [–1.8, 1.9]
Expected limit at 95% CL [–4.5, 3.6] [–23, 4.9] [–4.2, 4.3] [–2.6, 2.6]
Observed limit at 68% CL [–1.0, 2.7] [–2.0, 3.5] [–3.7, 3.5] [–2.2, 2.1]
Observed limit at 95% CL [–3.3, 4.2] [–25, 5.5] [–5.0, 5.0] [–2.9, 2.9]

Expected limit at 68% CL (linear) [–1.9, 2.0] [–3.0, 3.2] – –
Expected limit at 95% CL (linear) [–3.7, 4.0] [–5.8, 6.3] – –
Observed limit at 68% CL (linear) [–1.0, 2.9] [–1.8, 4.4] – –
Observed limit at 95% CL (linear) [–2.9, 4.9] [–4.8, 7.5] – –

9 Conclusion

Measurements of the production cross sections of a top-quark pair in association with a Z or W boson using
36.1 fb�1 of data collected by the ATLAS detector in

p
s = 13 TeV pp collisions at the LHC are presented.

Final states with two same- or opposite-sign leptons, three leptons or four leptons are analyzed. The tt̄Z and
tt̄W production cross sections are determined to be ! t t̄Z = 0.95 ± 0.08stat. ± 0.10syst. pb = 0.95 ± 0.13 pb
and ! t t̄W = 0.87 ± 0.13stat. ± 0.14syst. pb = 0.87 ± 0.19 pb. The measured values are consistent with the
SM predictions. The measurements are used to derive confidence intervals for the Wilson coe�cients of
dimension-6 e�ective field theory operators involving the top quark and the Z boson.
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Figure 5: Measured differential t tZ production cross sections in the full phase space as a func-
tion of the transverse momentum pT(Z) of the Z boson (top row), and cos ! !

Z, as deÞned in the
text (bottom row). Shown are the absolute (left) and normalized (right) cross sections. The data
are represented by the points. The inner (outer) vertical bars indicate the statistical (total) uncer-
tainties, respectively. The histogram shows the prediction from the M AD GRAPH5 aMC @NLO

Monte Carlo simulation, and the hatched band indicates the theory uncertainties in the predic-
tion. The lower planels display the ratio between prediction and measurement.
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" q , and C

3(33)
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Figure 6: The NN output distribution for data, MC and FCNC signals in the (njets,1-tag) cat-
egory used in the limit setting for the ee (upper row left), eµ (upper row right) and µµ (lower
row) channels. The hatched band corresponds to the sum of the statistical and systematic un-
certainties in the event yield for the sum of signal and background predictions. The ratios
of data to the sum of the predicted yields are shown at the bottom of each plot. The narrow
hatched band represents the contribution from the statistical uncertainty in the MC simulation.
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5.2 Effective Þeld theory interpretation

It is widely believed that the SM is an effective low-energy approximation of an unknown fun-
damental theory. Extensive new physics searches carried out by the ATLAS and CMS Collabo-
rations indicate that BSM states may be too heavy to be directly probed at the LHC. Neverthe-
less, new physics may manifest itself as modiÞed interactions of SM Þelds. Such interactions
can be modelled by extending the SM Lagrangian with additional terms involving compos-
ite operators of SM Þelds. Assuming that these terms preserve gauge symmetries of the SM,
possible new interactions can be classiÞed according to their scaling dimension and SM Þelds
content [76Ð78]. The EFT Lagrangian reads

L EFT = L (4)
SM +

1
! "

k

C(5)
k O(5)

k +
1

! 2 "
k

C(6)
k O(6)

k + ..., (1)

where L (4)
SM is the SM Lagrangian, while O(n)

k and C(n)
k denote dimension-n (dim- n) compos-

ite operators and their coupling parameters, respectively. Each term in the sum is suppressed
by ! n! 4, where ! is an effective energy cut-off of the model and n is the scaling dimension
of corresponding operator. The cut-off, ! , represents the energy scale below which on-shell
effects of BSM physics can be neglected and is typically related to the mass scale of the hypo-
thetical BSM states. The EFT approach is model independent and, in principle, experimental
constraints obtained within the EFT framework can be recast into restrictions on parameters of
any UV-complete new physics model.

Four top quark production is a unique Þnal state that provides information about models that
predict enhanced interactions of the third generation quarks. The dim-5 operators [79] do not
contribute to t tt t production because they do not couple to top quarks. A minimal basis of com-
posite dim-6 operators contributing in Eq. 1 was derived in Ref. [77]. Only a small subset of
these operators lead to four top quark production at LO in the EFT perturbation series. In a re-
stricted scenario [17, 80], assuming that new physics couples predominantly to the left-handed
doublet and right-handed up-type quark singlet of the third generation, only four operators
coupling to third generation quarks are expected to contribute signiÞcantly to t tt t production,
namely,

O1
tt = (øtR! µtR)

!
øtR! µtR

"
, (2)

O1
QQ = ( øQL! µQL)

! øQL! µQL
"

, (3)

O1
Qt = ( øQL! µQL)

!
øtR! µtR

"
, (4)

O8
Qt =

#
øQL! µTAQL

$#
øtR! µTAtR

$
, (5)

where QL and tR denote the left-handed third generation quark doublet and the right-handed
top quark singlet, respectively. The 4-fermion t tbb operators were not included because of the
vanishing b-quark parton density in the proton. Leading-order predictions for the pp " ttt t
cross section can be parameterized using the equation

" ttt t = " SM
ttt t +

1
! 2 "

k

Ck"
(1)
k +

1
! 4 "

j# k

CjCk"
(2)
j,k , (6)

where the linear terms, Ck"
(1)
k , represent the interference of the SM production with the dim-6

6. Summary 21

Independent limits were obtained under the assumption that only one operator contributes
to the tttt cross section, while coupling coefficients of the other operators were set to 0. The
obtained intervals are summarized in Table 6.

More conservative estimates were obtained by marginalizing the contribution of other opera-
tors within the interval Ck/L2 2 [�4p, 4p], defined by the stability of perturbation series. The
corresponding limits are listed in Table 7. The obtained results are only slightly weaker than
independent constraints due to small correlation between selected operators.

Table 6: Expected and observed 95% CL intervals for selected coupling parameters. The inter-
vals are extracted from upper limit on the tttt production cross section in the EFT model, where
only one selected operator has a non-vanishing contribution.

Operator Expected Ck/L2 ( TeV �2) Observed ( TeV �2)

O1
tt

[�1.5, 1.3] [�2.1, 2.0]

O1
QQ

[�1.5, 1.3] [�2.2, 2.0]

O1
Qt

[�2.4, 2.4] [�3.5, 3.5]

O8
Qt

[�5.6, 4.3] [�7.9, 6.6]

Table 7: Expected and observed 95% CL intervals for selected coupling parameters when con-
tribution of other operators is marginalized.

Operator Expected Ck/L2 ( TeV �2) Observed ( TeV �2)

O1
tt

[�1.5, 1.4] [�2.2, 2.1]

O1
QQ

[�1.5, 1.4] [�2.2, 2.0]

O1
Qt

[�2.5, 2.4] [�3.7, 3.5]

O8
Qt

[�5.7, 4.5] [�8.0, 6.8]

As shown in Tables 6 and 7, the data has highest sensitivity to the contribution of O1
tt

and
O1

QQ
. The allowed intervals for the coupling parameters are almost independent of the other

considered operators and stay stable after marginalization.

6 Summary
A search for the standard model (SM) tttt production has been performed in final states with
one or two oppositely charged electrons or muons. The observed yields attributed to tttt pro-
duction are consistent with the SM predictions and a measured value for the tttt cross section
of 0 + 20 fb has been obtained with an observed significance of 0.0 standard deviations. Com-
bining this result with a previous same-sign dilepton and multilepton search [25] the resulting
cross section is 13 + 11

� 9 fb with an observed significance of 1.4 standard deviations. The data
were analysed in the effective field theory framework. The limits on dimension-6 four-fermion
operators coupling to third generation quarks were obtained. These results constitute one of
the most stringent constraints on the four top quarks production to date and can be used for
phenomenological reinterpretation of a wide range of new physics models.

9 

!  EFT approach: inclusive cross section 

!  Reinterpretation of experimental limit on tttt production cross section 

!  Probe 4 heavy quark interactions including tttt operators are probed 

!   Final states: single lepton, dilepton, multilepton (+jets and b-jets) 

!   Limits are set on WCs when other are set to zero or marginalizing 

them. 

Other WC are set to zero Other WC are marginalized 
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Top Chromo-magnetic Dipole Moment

Prolay Kumar  Mal 11

² Anomalous Chromo-Magnetic Dipole 
Moment (CMDM) of the top quark 
corresponds to the ! tG operator in EFT

² Top pair Spin Density matrix 
measurement using the dilepton 
events 

² Simultaneous fit using 20 parton-level 
differential distributions sensitive to tt
spin correlation and top polarization:  

²-0.07< CtG/Λ2 <0.16 at 95% CL

² Previous constraints on CtG/Λ2 using 
the dσ/dΔφ(l,l)
² -0.06< CtG/Λ2 <0.41 at 95% CL

JHEP 02, 149 (2019)
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from the ! 2 at the best Þt value. This procedure yields ! 0.07 < CtG/ ! 2 < 0.16 TeV! 2 at 95%
CL.

Uncertainties arising from the theoretical predictions are estimated separately. The shapes of
the predictions are varied by changing the factorization and renormalization scales by factors
of 0.5 and 2.0 in the MAD GRAPH5 aMC @NLO simulation. The ! 2 minimization is repeated for
all variations, and the total theoretical uncertainty is determined from the maximally positive
and negative effects on the best Þt value ofCtG/ ! 2.

In Fig. 13 (left), the " ! 2 of the nominal Þt to the data as a function of CtG/ ! 2 is shown separately
for two conÞgurations called ÒallÓ and ÒlinearÓ. The Þrst one (solid line) takes into account the
full contribution from CtG/ ! 2 to the overall t t cross section while the second one (dashed line)
only includes the interference of CtG/ ! 2 with the SM and the squared amplitude of CtG/ ! 2

is omitted. The best Þt value data for the all conÞguration is represented by the vertical line
with the " ! 2 values for the 1" and 2" conÞdence intervalls indicated by the green and yellow
areas, respectively. In Fig. 13 (right), the evolution of sensitivity is shown when successively
including observables with the largest expected improvement as indicated on the x-axis.

Since the theoretical uncertainties do not have a clear frequentist interpretation, they are not
included in the conÞdence intervalls. Rather, the red and blue curves in the Þgure show the
results of the Þts that produce the maximally positive and negative deviations from the best-Þt
value when the theoretical predictions are allowed to vary within their uncertainties.

In Ref. [11], constraints of ! 0.42< CtG/ ! 2 < 0.30 TeV! 2 and ! 0.32< CtG/ ! 2 < 0.73 TeV! 2 at
95% CL are derived using NLO predictions for the total t t cross section as a function ofCtG/ ! 2

and measurements from
"

s= 8 TeV CMS and ATLAS data, as well as
"

s= 1.96 TeV Fermilab
Tevatron data, respectively. The CMS Collaboration used the differential t t cross sections as a
function of |" #``| at the particle level in a Þducial phase space, to constrain CtG/ ! 2 at the 95%
conÞdence level to ! 0.06< CtG/ ! 2 < 0.41 TeV! 2 [10]. The results of this work are consistent
with these previous results. The sensitivity to CtG/ ! 2 is improved by about 50% compared to
Ref. [10].
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Figure 13: Left: " ! 2 values from the Þt to the data are shown in the left plot as a function
of CtG/ ! 2. The green area indicates 1" CL, the orange the 2" CL. Right: Decrease in total
uncertainty on CtG/ ! 2 for the case of adding one distribution at a time to the ! 2 minimization.
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² With the 2016 and 2017 datasets both ATLAS and CMS have 

completed some of the key analyses related to Top quarks

² No clear evidence for the New Physics contribution into the Top 

physics is observed yet

² Many top quark results (FCNC, differential cross-section, 4 top) 

have been interpreted using Effective Field Theory approach 

using relevant dimension-6 operators (recommended by the 

LHCTopWG)

²For quite a few sensitive channels, Top quark related Wilson 

Coefficients are best constrained

² Many more Top EFT interpretation to follow using Run 2 

measurements

² Further exploration of different approaches considering consistent 

treatment of different top production processes

Summary & Conclusions
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