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Proposal for the four-top section:	
Theory part

1. Precision	
A. The complete-NLO predicitons for four-top production  

Frederix, Pagani, MZ, arXiv:1711.02116  
New numbers for 27 TeV available	

2. Four top as a probe of new physics	
A. Constraining qqtt operators in the EFT  

Zhang, arXiv:1708.05928	
B. Constraining top quark flavor violation and dipole moments 

through three and four-top quark productions at the LHC  
Malekhosseini, Ghominejad, Khanpour, Najafabad, (+Ebadi, Khatibi), arXiv:1804.05598  
Study for 27 TeV/15ab-1 started, at the inclusive and differential level. Results in 
O(month)	

C. Higgs width and top quark Yukawa coupling 
Cao, Chen, Liu, arXiv:1602.01934	

3. Bonus (i.e. if time and energy allows): how to use findings of 1.A in 
BSM searches
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Proposal for the four-top section:	
Experimental part

• Two possibilities, to be discussed depending on available space and 
plans/analyses of experiments	
1. Selection	

A. ATLAS	
B. CMS	

2. Uncertainties	
A. ATLAS	
B. CMS	

• Or	
1. Description of ATLAS analysis, final yelds and uncertainties	
2. Description of CMS analysis, final yelds and uncertainties	
3. ATLAS+CMS results: table with numbers and short comments, with 

references to analyses/PAS
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1.A) Complete-NLO corrections  
in 4-top production

• Subleading corrections are numerically important, up to several 10%s of LO1 
Mostly originated by QCD corrections on LOi, rather than EW corrections on LOi-1 	

• Large (scale-independent) cancelations occur among terms at LO (LO2,3) and NLO 
(NLO2,3), in particular away from the 4-top threshold	

• Away from threshold, complete-NLO and NLO QCD are remarkably closer	
• Cancelations may be spoiled by BSM effects
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Updated preliminary results:  
Complete NLO to 4top @27TeV 

5

2 t¯tt¯t

See Figures 3, 4, 5, 6

�[fb] LOQCD LOQCD +NLOQCD LO LO+NLO LO(+NLO)
LOQCD(+NLOQCD)

µ = HT /4 6.83+70%
�38% 11.12+19%

�23% 7.59+64%
�36% 11.97+18%

�21% 1.11 (1.08)

Table 3: Cross section for pp ! tt̄tt̄ at 13 TeV in various approximations.

�[fb] LOQCD LOQCD +NLOQCD LO LO+NLO LO(+NLO)
LOQCD(+NLOQCD)

µ = HT /4 45.34+59%
�35% 71.31+16%

�20% 48.57+54%
�33% 73.94+15%

�18% 1.07(1.04)

Table 4: Cross section for pp ! tt̄tt̄ at 27 TeV in various approximations.

�[pb] LOQCD LOQCD +NLOQCD LO LO+NLO LO(+NLO)
LOQCD(+NLOQCD)

µ = HT /4 2.37+49%
�31% 3.98+18%

�19% 2.63+44%
�28% 4.18+17%

�17% 1.11 (1.05)

Table 5: Same as in Tab. 4 but for 100 TeV.
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13

27

100

Preliminary

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �26.0 �28.3 �30.5
LO3 32.6 39.0 45.9
LO4 0.2 0.3 0.4
LO5 0.02 0.03 0.05

NLO1 14.0 62.7 103.5
NLO2 8.6 �3.3 �15.1
NLO3 �10.3 1.8 16.1
NLO4 2.3 2.8 3.6
NLO5 0.12 0.16 0.19
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �1.7 �1.6 0.9

Table 6: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 13 TeV, for di↵erent values of µ = µr = µf .

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �22.2 �24.4 �26.5
LO3 25.8 31.1 36.8
LO4 0.2 0.3 0.4
LO5 0.0 0.1 0.1

NLO1 14.3 57.3 93.8
NLO2 6.2 �2.4 �11.2
NLO3 �10.0 �2.7 6.3
NLO4 2.8 3.5 4.3
NLO5 0.2 0.3 0.3
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �1.7 �1.6 0.9

Table 7: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 27 TeV, for di↵erent values of µ = µr = µf .

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �18.7 �20.7 �22.8
LO3 26.3 31.8 37.8
LO4 0.05 0.07 0.09
LO5 0.03 0.05 0.08

NLO1 33.9 68.2 98.0
NLO2 �0.3 �5.7 �11.6
NLO3 �3.9 1.7 8.9
NLO4 0.7 0.9 1.2
NLO5 0.12 0.14 0.16
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �4.2 �4.0 2.7

Table 8: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 100 TeV, for di↵erent values of µ = µr = µf .

3

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �26.0 �28.3 �30.5
LO3 32.6 39.0 45.9
LO4 0.2 0.3 0.4
LO5 0.02 0.03 0.05

NLO1 14.0 62.7 103.5
NLO2 8.6 �3.3 �15.1
NLO3 �10.3 1.8 16.1
NLO4 2.3 2.8 3.6
NLO5 0.12 0.16 0.19
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �1.7 �1.6 0.9

Table 6: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 13 TeV, for di↵erent values of µ = µr = µf .

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �22.2 �24.4 �26.5
LO3 25.8 31.1 36.8
LO4 0.2 0.3 0.4
LO5 0.0 0.1 0.1

NLO1 14.3 57.3 93.8
NLO2 6.2 �2.4 �11.2
NLO3 �10.0 �2.7 6.3
NLO4 2.8 3.5 4.3
NLO5 0.2 0.3 0.3
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �2.8 �5.1 4.9

Table 7: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 27 TeV, for di↵erent values of µ = µr = µf .

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �18.7 �20.7 �22.8
LO3 26.3 31.8 37.8
LO4 0.05 0.07 0.09
LO5 0.03 0.05 0.08

NLO1 33.9 68.2 98.0
NLO2 �0.3 �5.7 �11.6
NLO3 �3.9 1.7 8.9
NLO4 0.7 0.9 1.2
NLO5 0.12 0.14 0.16
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �4.2 �4.0 2.7

Table 8: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 100 TeV, for di↵erent values of µ = µr = µf .

3

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �26.0 �28.3 �30.5
LO3 32.6 39.0 45.9
LO4 0.2 0.3 0.4
LO5 0.02 0.03 0.05

NLO1 14.0 62.7 103.5
NLO2 8.6 �3.3 �15.1
NLO3 �10.3 1.8 16.1
NLO4 2.3 2.8 3.6
NLO5 0.12 0.16 0.19
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �1.7 �1.6 0.9

Table 6: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 13 TeV, for di↵erent values of µ = µr = µf .

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �22.2 �24.4 �26.5
LO3 25.8 31.1 36.8
LO4 0.2 0.3 0.4
LO5 0.0 0.1 0.1

NLO1 14.3 57.3 93.8
NLO2 6.2 �2.4 �11.2
NLO3 �10.0 �2.7 6.3
NLO4 2.8 3.5 4.3
NLO5 0.2 0.3 0.3
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �2.8 �5.1 4.9

Table 7: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 27 TeV, for di↵erent values of µ = µr = µf .

�[%] µ = HT /8 µ = HT /4 µ = HT /2

LO2 �18.7 �20.7 �22.8
LO3 26.3 31.8 37.8
LO4 0.05 0.07 0.09
LO5 0.03 0.05 0.08

NLO1 33.9 68.2 98.0
NLO2 �0.3 �5.7 �11.6
NLO3 �3.9 1.7 8.9
NLO4 0.7 0.9 1.2
NLO5 0.12 0.14 0.16
NLO6 < 0.01 < 0.01 < 0.01

NLO2 +NLO3 �4.2 �4.0 2.7

Table 8: tt̄tt̄: �(N)LOi
/�LOQCD ratios at 100 TeV, for di↵erent values of µ = µr = µf .

3



Marco Zaro, 02-05-2018

2.A)	
Constraining qqtt operators in the EFT

6
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function of operators in the third category, with the help
of parity. Namely, if one imposes

C(8)
Qu =C(8)

Qd , C(1)
Qu =C(1)

Qd , (36)

then the cross section is invariant under the following
transformation

C(a)
Qu =C(a)

Qd , C(a)
tq , (37)

C(a)
tu
td

) C(a,1)
Qq ±C(a,3)

Qq , (38)

C
(a,13)
Qq ) 1

2

⇣
C(a)

tu ±C(a)
td

⌘
, (39)

where a=1,8. Using these relations, the dependence on
the third category operators can be derived from that of
the first two.

When the four-top operators are included, in each
category one has to consider together the 4 qqtt opera-
tors and the 4 tttt operators. The tttt operators can be
inserted only once in the amplitude, if the qqtt opera-
tors are not inserted twice in the same amplitude. This
increases the total number of independent terms to 705,
which is still manageable. The parity relations can still
be used to derive the dependence on the third category
operators, provided that

C(+)
QQ ,Ctt (40)

is added to Eqs. (37)-(39).
Following the procedures described above, to deter-

mine the dependence of the four-top cross section on the
14 qqtt and 4 tttt operator coe�cients, we have randomly
generated ⇠O(1000) points in the parameter space, and
computed the cross section at these points, applying
Mcut = 2, 3, 4 TeV respectively. These points are uni-
formly distributed roughly within the experimentally al-
lowed region of the coe�cients. Results are then fitted to
the polynomial described above. We have checked that
the prediction of the fitted function at all these sampled
points agree with the simulation within 3% error.

With this function we are ready to evaluate the con-
straining power of the signal process, and compare the
constraints from four-top production with those obtained
from tt̄ measurements. For this purpose we first consider
single measurements on the tt̄ total cross sections at the
LHC, including:

• 8 TeV ATLAS, �=242.9±8.8 pb [52],

• 13 TeV CMS, �=888+33
�34 pb [53].

Corresponding theoretical predictions at NNLO+NNLL
are taken from [4, 5]. For the four-top production, we
consider the current upper bound with signal strength
µ < 4.6 [30], applying the Mcut = 3 TeV cut on the
center-of-mass energy. We further consider the projec-
tion for an integrated luminosity at 300 fb�1, µ < 1.87,

estimated by Ref. [32], and apply Mcut = 2 TeV and 3
TeV respectively.

In Figure 4 we show the resulting constraints at 95%
confidence level, for the operators in the first category
(i.e. those that couple to uR), with two operators turned
on at a time. Results for the other two categories are
similar and are given in Appendix B. From these plots,
our observations are the following:

• Current constraints from four-top production
already provide competitive constraints (black
dashed), which are close to, and in some cases bet-
ter than, the constraints from the 13 TeV tt̄ mea-
surement with only a 4% error (green dashed).

• The 8 TeV tt̄ measurement so far gives bet-
ter constraints (green shaded), but even these
will be superseded in the future by an improved
search/measurement of four-top production at 300
fb�1 luminosity with a projected µ < 1.87 upper
bound (black solid), assuming Mcut =3 TeV.

• Lowering Mcut to 2 TeV will give somewhat looser
constraints (blue solid), but results can be applied
to more underlying models where the BSM scales
are not so heavy. On the other hand, increasing
this cut can further improve the constraints.
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Fig. 4. Constraints from four-top cross section
and individual tt̄ cross section measurements,
on the operator coe�cients in the first category
(C̃(8)

tu , C̃(1)
tu , C̃(8)

Qu, C̃
(1)
Qu), assuming two coe�cients

to be nonzero at a time.

It is important to point out that the tt̄ measure-
ment is limited by systematic errors, and further im-
provements with higher luminosity is di�cult. On the
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Fig. 5. Selected results for tt̄ global fit, compared with projected constraints from the four-top production at
high luminosity, at 95% CL. Black solid and dashed contours represent constraints from tt̄ inclusive measurements
(i.e. cross sections and asymmetries) and mtt di↵erential measurement respectively. The green shaded area is the
combined result. Constraints from ttt̄t̄ with Mcut =3, 4 TeV are given by the blue and red curves separately.
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Fig. 6. Marginalized constraints on four-top op-
erators, using the current bound as well as the
projection for 300 fb�1, for several Mcut values.

For illustration, in Figure 6 we present the constraints
on four-top operators. These are marginalized over other
four-top operators, but not the qqtt operators. The cur-
rent constraints are derived using Mcut = 3 TeV, while
the projected ones for 300 fb�1 are given with Mcut =2,
3, 4 TeV, respectively. The constraints are more con-
servative than those directly extracted from a tailored
experimental analysis, e.g. Ref. [28]. This is expected
because we assumed SM signal shape and only use the
cross section below Mcut. Also note that even for the
most constraining limits, the dim-6 squared contribu-
tion already dominates over the interference. For this

reason, including these operators in our analysis should
not significantly a↵ect the constraints on the other 14
qqtt operators.

In Figure 7 we present the most important results of
this work: a comparison of fixed (i.e. one operator at
a time) and fully marginalized (i.e. all other operators
floated) constraints for all qqtt operators, from the four-
top measurement and from the tt̄ measurements. The
tt̄ constraints are from our global fit, including cross
sections, asymmetries, and mtt distribution, while the
four-top constraints are from the 300 fb�1 projection,
µ < 1.87, with di↵erent Mcut values applied. Perturba-
tivity in the EFT requires Eq. (35) to hold. This leads to
an upper bound of |C̃|< 39, 18, and 9.9 respectively for
Mcut =2, 3, 4 TeV. The latter two are shown in Figure 7
by the vertical dotted lines.
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mensional operators, to make sure that the truncation
of the SMEFT at dim-6 is valid.

6 Conclusion

Precision measurements are not just for precision it-
self. The ultimate goal is the higher reach in testing new
physics and the ability to exclude deviations from the
SM, and therefore sensitivity to SM deviations is cru-
cial. An observable with an enhanced sensitivity to SM
deviations, even poorly measured, may have a chance
to play an important role. We have demonstrated this
last point, using the four-top production process in the
top EFT context. As a benchmark to assess its sensi-
tivity, we use the top-pair production measurements for
comparison. We have found that, as far as the dim-
6 four-fermion operators are concerned, the current up-
per bound on the four-top signal strength at the O(10)
level is already as powerful as the tt̄ cross section mea-
surements which have percentage level precision. Fur-
thermore, using the projected bounds for 300 fb�1 at 13
TeV, the four-top measurement can even compete with
a global fit using tt̄ measurements, including the mtt dif-
ferential distributions. This comparison is remarkable
as the four-top cross section was never considered as a
precision measurement like the tt̄ process.

The origin of the enhanced sensitivity of four-top
cross section comes from the fact the four-fermion op-
erators can be inserted up to four times in the squared
amplitude, each time with a factor CE2/⇤2 enhancing
their contribution to the cross section. This factor can be
larger than one given the current limits on C/⇤2, and the
typical center-of-mass energy of the four top quarks pro-
duced. We have shown that the validity of the EFT, or
in other words the validity of expansion in higher dimen-
sional operators, can be controlled by E2 <M2

cut <⇤2
NP ,

without spoiling the enhancement e↵ect for Mcut ⇠ a few
TeV, and that the EFT perturbativity CM2

cut/⇤
2 < (4⇡)2

is also satisfied in general. The four-top measurement
can thus provide useful bounds for underlying BSM mod-
els that live at a scale & a few TeV, and is therefore a
valuable add to the precision top physics at the LHC, in
particular, given that there is still a lot of room for this
process to improve in the future. On the other hand, for
BSM scenarios below a few TeV, these results may not
apply, but in any case one expects that there the explicit
resonant searches provide better exclusion.

For comparison purpose we have performed a global
fit for the most relevant tt̄measurements, including a dif-
ferential measurement on mtt, to which the four-fermion
operators are sensitive. Unlike previous studies, our fit is
done including all dim-6 squared terms as well as interfer-
ence e↵ects between all 14 dim-6 operators. We have also
included the four-top operators in our analysis, and have

demonstrated that marginalizing over these operators do
not qualitatively change our conclusion. Compared with
our tt̄ global fit, the four-top process gives comparable
limits on all operator coe�cients. One should however
keep in mind that these limits are still relatively conser-
vative, given that the upper bound on the total cross sec-
tion assumes SM signal shape, and is used regardless of
the value of the Mcut. We expect that future experimen-
tal analyses following the SMEFT strategy will further
improve the sensitivity of this process to SM deviations.

Finally, we would like to point out that potentially
other processes can have a similar enhanced sensitivity,
provided that the following conditions are satisfied: 1)
there are multiple heavy particles in the final state, so
that the process is naturally related with a large energy
scale; 2) multiple insertion of dim-6 operators are al-
lowed, and thus potentially leading to more powers of
CE2/⇤2 enhancing the EFT contribution; and 3) the
contribution of dim-6 operators goes like E2/⇤2, i.e. not
suppressed by any mass or Higgs vev factors. Of course,
the validity of EFT has to be checked carefully as one
starts to approach the boundary of its applicability. Still,
we hope that this study could inspire new ideas about
using observables that are not so precisely measured, to
further push the frontier of precision measurements in
the EFT context.
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Appendix A: Operator basis

Here we present the relations between the coe�cients of
our four-fermion operators and those of the basis operators
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Figure 1: A representative leading order Feynman diagram of the tqg FCNC contributions to the

three-top quark production at the LHC including the lepton decay of the W boson from the top quark

decay and hadronic decays of the W boson from the anti-top quark.

the other FCNC interactions are similar except that the gluon should be replaced by a photon, a

Z-boson, or a Higgs boson.

In this work, the search is performed for all FCNC couplings of tqg, tq�, tqZ, and tqH indepen-

dently, i.e. one is switched on at a time. We also do the analysis separately for q = u and q = c.

We concentrate on a very clean signature with two same-sign leptons, where lepton could be either

an electron or a muon. Therefore, the signal events are generally characterized by the presence of

exactly two isolated same-sign charged leptons, large missing transverse energy, and several jets

from which three of them come from b-quarks. We perform the analysis for 300 and 3000 fb�1 of

the LHC at the center-of-mass energy of 14 TeV and present the upper limits on the branching

fractions of B(t ! qX) at 95% CL.

A. Event simulation and selection

In this section, the simulation tools and techniques as well as the event selection and recon-

struction are described. The process of signal is taken as three-top quarks followed by the leptonic

decay of two same-sign top quarks and hadronic decay of the other top quark. As a result, the final

state consists of two same-sign charged leptons, at least five jets from which three are originating

from b-quarks, and missing transverse energy. In this exploratory study, the background processes
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Figure 3: Illustrative leading order Feynman diagrams for tt̄tt̄ production representing the effect of

strong dipole moments as filled circles.

�(pp ! tt̄tt̄)(fb) = �
SM

+ 154.827⇥ dgV + 3404.44⇥ (dgV )
2,

�(pp ! tt̄tt̄)(fb) = �
SM

+ 2731.27⇥ (dgA)
2,

�(pp ! tt̄tt̄)(fb) = �
SM

� 0.689188⇥ dZV + 37.0581⇥ (dZV )
2,

�(pp ! tt̄tt̄)(fb) = �
SM

+ 27.962⇥ (dZA)
2, (14)

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

cross sections to quadratic polynomials.

In Ref. [12], the CMS experiment has presented the results of a search for four-top quark pro-

duction based on a dataset corresponding to an integrated luminosity of 35.9 fb�1 in proton-proton

collisions at
p
s = 13 TeV. The analysis relies on selecting events containing either a same-sign

lepton pair or at least three leptons (e, µ) topologies. The observed signal significance is found to

be 1.0 standard deviation and the cross section is measured to be 16.9+13.8
�11.4 fb which is in agreement

FCNC

Dipole

11

Table III: The upper limits on the tqX FCNC at 95% C.L obtained at the
p
s = 14 TeV based on the

integrated luminosities of 300 and 3000 fb�1. The HL-LHC results from a recent ATLAS experiment study

which uses tt̄ process are presented for comparison [105].

Branching fraction three-top, 300 fb�1 three-top, 3 ab�1 other-channels, HL-LHC, 3 ab�1

B(t ! uH) 1.03⇥ 10�3 3.09⇥ 10�4 2.4⇥ 10�4 [105]

B(t ! cH) 8.52⇥ 10�3 2.54⇥ 10�3 2.0⇥ 10�4 [105]

B(t ! ug) 4.00⇥ 10�4 1.19⇥ 10�4 -

B(t ! cg) 4.51⇥ 10�3 1.35⇥ 10�3 -

B(t ! uZ)� �µ⌫ 2.73⇥ 10�3 8.18⇥ 10�4 4.3⇥ 10�5 [105]

B(t ! cZ)� �µ⌫ 2.67⇥ 10�2 7.98⇥ 10�3 5.8⇥ 10�5 [105]

B(t ! uZ)� �µ 5.73⇥ 10�3 1.71⇥ 10�3 4.3⇥ 10�5 [105]

B(t ! cZ)� �µ 4.52⇥ 10�2 1.35⇥ 10�2 5.6⇥ 10�5 [105]

B(t ! u�) 2.18⇥ 10�2 6.53⇥ 10�3 2.7⇥ 10�5 [106]

B(t ! c�) 2.14⇥ 10�1 6.40⇥ 10�2 2.0⇥ 10�4 [106]

tqH FCNC coupling. However, it should be noted that the limits from the three-top process could

be considerably improved taking into account the other three-top quark signatures. In addition,

employing more powerful variables and tools (like a multivariate technique [107]) to discriminate

signal events from backgrounds would lead to better sensitivities. Taking into account the next to

leading order QCD corrections to the signal processes which includes the three-top plus a light jet,

would significantly tighten the upper bounds on the FCNC branching fractions.

IV. SENSITIVITY OF FOUR-TOP QUARK PRODUCTION TO THE TOP QUARK

WEAK AND STRONG DIPOLE MOMENTS

In this section, we explore the sensitivity of four-top quark production in pp collisions at the

center-of-mass energy of 13 TeV to the strong (dgA,V ) and weak (dZA,V ) top quark electric and

magnetic dipole moments. The representative leading order Feynman diagrams including the con-

tributions of strong dipole moments as filled circles are displayed in Fig. 3.

The contributions of the top quark (weak)chromoelectric (dg,ZA ), (weak)chromomagnetic (dg,ZV )

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 [94]. 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:

Use 3 and 4 tops to constrain FCNC top decays

13

Table IV: Limits on dg,ZV and dg,ZA at 95% CL corresponding to current and future four-top cross section

measurements.

Coupling Current four-top with 35.6 fb�1 Future four-top with 300 fb�1

dgV [-0.20, 0.11] [-0.07,0.03 ]

dgA [-0.16, 0.16] [-0.05, 0.05]

dZV [-1.42,1.45 ] [-0.45, 0.47]

dZA [-1.65, 1.65] [-0.53, 0.53]

with the standard model prediction. In Ref. [12], the results are interpreted to limit the top quark

Yukawa coupling (yt) which leads to yt/ySMt < 2.1 at the 95% confidence level.

The ATLAS experiment search for the four-top quark production is based on the single electron

or muon with large transverse momentum and a high jet multiplicity topology [9]. The analysis

has been performed using 3.2 fb�1 of pp collisions at the center-of-mass energy of 13 TeV and to

improve the search sensitivity, events are classified based on the jet and b-jet multiplicities. An

upper limit of 190 fb on the four-top cross section (21 times the SM value) is set at the 95% CL.

In the ATLAS study, upper bounds on the four-fermion contact interaction and a universal extra

dimensions (UED) model parameters have been set. In our study, we only use the four-top cross

section measurement done by the CMS experiment that is used as it is the most restrictive results

to date.

The upper limits at 95% CL on the strong (dgA,V ) and weak (dZA,V ) dipole moments using the

CMS experiment measurement [12], which is the most recent one, are presented in Table IV. The

resulted bounds are compatible with the ones obtained from top quark pair cross sections at the

Tevatron and the LHC. Although the results are looser, this study complements the capabilities of

other channels at the LHC. The four-top channel would not be able to compete with the tt̄Z and

tt̄ZZ channels to probe the weak dipole moments of the top quark.

A. Future prospect for the top quark dipole moments

To complete our study towards accessing more sensitivity to new physics effect at the LHC,

it is important to have an estimate of the sensitivity of the four-top quark production using the

Run-II LHC reach. In this section, we derive the limits at 95% CL on the branching fractions of the

FCNC transitions and the top quark strong and weak couplings using the possible future reach of

the LHC to measure the four-top cross section. In Ref. [14], a novel strategy to search for four-top

4 tops xsect constrains on dipole moments
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2.C) Higgs width 	
and top quark Yukawa coupling

• Use 4top to constrain yt, then ttH to constrain the 
Higgs width
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.

and R
�

based on Eqs. 4 and 5, respectively. Below
we show that the tt̄tt̄ production is a powerful tool to
constrain the top Yukawa coupling.

Figure 1 displays the representative Feynman diagrams
of the tt̄tt̄ production, which occurs either through the
gluon mediation, the electroweak gauge-boson mediation,
or the Higgs boson mediation in the SM. We name
the corresponding matrix elements as Mg, MZ/� , and
MH . There are two advantages of the Higgs-induced
tt̄tt̄ production: i) no dependence on the Higgs boson
width; ii) the cross section proportional to the top quark
Yukawa coupling to the fourth power, i.e.

�(tt̄tt̄)H / 4

t�
SM(tt̄tt̄)H , (6)

where �SM(tt̄tt̄)H denotes the SM production cross
section. The not-so-small interferences among the three
kinds of Feynman diagrams are also accounted. Since
the QCD and electroweak gauge interactions of top
quarks have been well established, we consider only the
top Yukawa coupling might di↵er from the SM value
throughout this work. As a result, the cross section of
tt̄tt̄ production is

�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 2

t�
SM

int

+ 4

t�
SM(tt̄tt̄)H , (7)

where

�SM(tt̄tt̄)g+Z/� /
��Mg +MZ/�

��2 ,
�SM(tt̄tt̄)H / |MH |2 ,
�SM(tt̄tt̄)

int

/ Mg+Z/�M†
H +M†

g+Z/�MH . (8)

We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:

8 TeV 14 TeV

�SM(tt̄tt̄)g+Z/� : 1.193 fb, 12.390 fb,

�SM(tt̄tt̄)H : 0.166 fb, 1.477 fb,

�SM(tt̄tt̄)
int

: �0.229 fb, �2.060 fb. (9)

The numerical results shown above are checked with
CalcHEP [6]. A high integrated luminosity is needed to
reach a 5� discovery of the rare tt̄tt̄ production. However,
null searching results in the low luminosity operation
of the LHC are also useful because they can be used
to constrain the top Yukawa coupling. For example, a
95% CL bound, �(tt̄tt̄)  23 fb, is reported recently by

the ATLAS [7] and the CMS collaborations [8] at the
8 TeV LHC. That yields a bound of t  3.49. The t

bound, though loose, is robust in the sense that it does
not depend on how the Higgs boson decays.
Next we examine how well the top-quark Yukawa

coupling could be measured in the tt̄tt̄ production at
the future LHC. A special signature of the tt̄tt̄ events is
the same-sign charged leptons (SSL) from the two same-
sign top quarks. The ATLAS and CMS collaborations
have extensively studied the same sign lepton pair signal
at the LHC [9, 10]. The other two top quarks are
demanded to decay hadronically in order to maximize
the production rate. Therefore, the topology of the
signal event consists of two same-sign charged leptons,
four b-quarks, four light-flavor quarks, and two invisible
neutrinos. In practice it is challenging to identify four
b-jets. Instead, we demand at least 5 jets are tagged and
three of them are identified as b-jets. The two invisible
neutrinos appear as a missing transverse momentum ( 6ET )
in the detector. Thus, the collider signature of interests
to us is two same-sign leptons, at least five jets and three
of them tagged as b-jets, and a large 6ET .
The SM backgrounds for same-sign leptons can be

divided into three categories: i) prompt same-sign lepton
pair from SM rare process, including di-boson and
W±W±jj; ii) fake lepton, which comes from heavy quark
jet, namely b-decays, and the dominant one is the tt̄+X
events [11]; iii) charge misidentification. As pointed out
by the CMS collaboration [10], the background from
charge mis-identification is generally much smaller and
stays below the few-percent level. We thus ignore this
type of backgrounds in our simulation and focus on those
non-prompt backgrounds tt̄ + X and rare SM processes
contributions. For four top quark production process
another feature worthy being specified is that multiple
b-jets decay from top quark appear in the final state.
Same-sign lepton plus multiple b-jets has a significant
discrimination with the backgrounds. Another SM
process can contribute the same-sign lepton are the di-
boson production, however, it can be highly suppressed
by the request of tagging multiple jets in the final state.
Therefore, the major backgrounds are from the tt̄ + X
and W±W±jj channels.
Both the signal and background events are generated

at the parton level using MadEvent [5] at the 14 TeV
LHC. The higher order QCD corrections are taken in
accounts by multiplying the leading order cross sections
with a next-to-leading-order K-factor, e.g., KF = 1.27
for the tt̄tt̄ production [12], KF = 1.4 for the t̄t
production [13, 14], KF = 1.22 for the t̄tW+ channel
and KF = 1.27 for the t̄tW� channel [15], KF = 1.49
for the t̄tZ production [16–21], and KF = 0.9 for
the W±W±jj channel [22, 23]. We use Pythia [24]
to generate parton showering and hadronization e↵ects.
The Delphes package [25] is used to simulate detector
smearing e↵ects in accord to a fairly standard Gaussian-

~yt4

~yt2
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FIG. 3. The relative uncertainty on the signal strength µtt̄H

projected in the plane of t and x (a) and in the plane of
t and R� (b) at the 14 TeV with L = 300 fb�1 for H !
�� (yellow), H ! µ+µ� (blue), H ! ZZ (gray), and also
the combination (green). The red (black) meshed region is
excluded by the tt̄tt̄ production with L = 300 (500) fb�1,
respectively, if null signal events were observed.

projected in the plane of of t and x (a) and in the
plane of t and R

�

(b). The blue band represents the
tt̄H measurement in the H ! µ+µ� mode, the yellow
band denotes the H ! �� mode, and the gray band
labels the H ! ZZ mode. The green band is the result
of combining di↵erent channels of Higgs production and
decay. See Eq. 3 for details. The red and black meshed
regions are excluded by the tt̄tt̄ production with L =
300 fb�1 and 500 fb�1, respectively, if null results were
reported on top of the SM background.

First, we consider the correlation between t and
x in the case of �H ' �SM

H . In Fig. 3(a) we plot
constraints on rare Higgs-decay modes, H ! �� (yellow)
and H ! µµ (blue), assuming all Higgs couplings except
the top Yukawa coupling the same as in the SM. The t

exclusion limit derived from the tt̄tt̄ production requires
that µ � 0.32 and � � 0.49 with L = 300 fb�1.

Accumulating more luminosities improves the t bound
and mildly tightens the x bound, e.g., µ � 0.43
and � � 0.66 with L = 500 fb�1. The combination
of multiple Higgs production channels yields a slightly
tighter constraint.

Secondly, consider all the Higgs couplings as in the SM,
i.e. x = 1. We obtain the correlation between t and R

�

shown in Fig. 3(b). The �� (ZZ, µ+µ�) mode demands
R

�

 4.1 (5.0, 9.8), respectively, at the 14 TeV LHC
with L = 300 fb�1. The combination analysis demands
�H  3.7 �SM

H . Increasing the integrated luminosity
to 500 fb�1 leads to much tighter constraints on R

�

as
follows: the �� (ZZ, µ+µ�) mode demands R

�

 2.3
(2.8, 5.5), respectively. The combined analysis requires
�H  2.1 �SM

H .
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Probing Higgs Width and Top Quark Yukawa Coupling from tt̄H and tt̄tt̄ Productions
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We demonstrate that four top-quark production is a powerful tool to constrain the top Yukawa
coupling. The constraint is robust in the sense that it does not rely on Higgs boson decay. Taking
into account the projection of the tt̄H production by the ATLAS collaboration, we obtain a bound
on Higgs boson width, �H  3.1 �SM

H , at the 14 TeV LHC with an integrated luminosity of 300 fb�1.
Increasing the luminosity to 500 fb�1 yields �H  2.1 �SM

H .

Four years after the Higgs boson discovery we still
know little about Higgs boson width (�H) and its
couplings to fermions in the Standard Model (SM). For
its smallness the Higgs boson width cannot be measured
directly from the line-shape of Higgs boson resonance.
One way to determine �H is through the gg ! H !
ZZ channel by comparing the production rate in the
vicinity of Higgs resonance with the rate away from
the resonance [1]. So far only an upper bounds are
obtained; for example, the current bounds on �H at 95%
confidence level are �H  (4.5 ⇠ 7.5) ⇥ �SM

H by the
ATLAS collaboration [2] and �H  5.4 �SM

H by the CMS
collaboration [3]. Similarly, the top Yukawa coupling
(yHt¯t) is not directly measured yet, although the Higgs
boson discovery indicates the Higgs boson must interact
with top quarks to generate Higgs-gluon-gluon e↵ective
coupling. The top Yukawa coupling can be measured
in the rare tt̄H production on condition that the Higgs
boson decays exactly as in the SM. Precise information of
Higgs boson width and top Yukawa coupling will help us
to decipher Higgs boson property and also shed light on
new physics beyond the SM. In this work we discuss the
measurement of �H and yHt¯t in the four top quark (tt̄tt̄)
production and the tt̄H production at the Large Hadron
Collider (LHC). We demonstrate that the combination
of the two production channels imposes stringent bounds
on �H and yHt¯t.

As reported by the ATLAS collaboration [4], the
top Yukawa coupling could be measured in the tt̄H
production with an ultimate precision of about 20% at
the 14 TeV LHC with an integrated luminosity (L) of
300 fb�1. Under the narrow width approximation the
production cross section of pp ! tt̄H ! tt̄xx is

�(pp ! tt̄H ! tt̄xx)

= �SM(pp ! tt̄H ! tt̄xx)⇥ 2

t
2

x

�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄xx)⇥ µxx
t¯tH , (1)

where t ⌘ yHtt/y
SM

Htt and x ⌘ yHxx/y
SM

Hxx are the
scaling factors of Higgs couplings. The signal strength

µxx
t¯tH , defined as

µxx
t¯tH ⌘ �

�SM

=
2

t
2

x

R
�

with R
�

⌘ �H

�SM

H

, (2)

is expected to be measured with uncertainties [4]

µ��
t¯tH = 1.00± 0.38 , µZZ

t¯tH = 1.00± 0.49 ,

µµµ
t¯tH = 1.00± 0.74 , µ comb

t¯tH = 1.00± 0.30 , (3)

at the 14 TeV LHC with L = 300 fb�1. Here µ comb

t¯tH

refers to the result of combining multiple Higgs decay
modes. The t, x and �H parameters in µt¯tH are
independent, therefore, one cannot determine them from
the tt̄H production alone. Bounds on the t, x and
R

�

could be derived from a global analysis of various
Higgs boson productions and decays [4]. Nevertheless it
is still valuable to consider one specific channel to directly
bound on the three parameters. Luckily, there is a large
hierarchy among branching ratios of Higgs decay modes.
That ensures us to consider two special cases:

i) �H ' �SM

H : it is a good approximation for the H !
µ+µ� and H ! �� modes because modifications on
those rare decays would not a↵ect the total width
dramatically. One thus can determine the bound on
the product of t and x as

2

t
2

x = µt¯tH , (4)

assuming other couplings of the Higgs boson are the
same as the SM predictions.

ii) x ' 1: Higgs boson might decay into a pair of
invisible particles and modify the total width. A
bound on t and R

�

is

2

t

R
�

= µt¯tH . (5)

If the top-quark Yukawa coupling could be directly
measured or constrained in one particular Higgs
production channel, then one can impose bounds on x
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Experimental results

• ATLAS	
• analysis team presented their plans in February 2018 (https://indico.cern.ch/event/

702718/contributions/2896988/attachments/1608138/2552601/Upgrade_topWG1_4tops_28FEB18.pdf)	
• same-sign + multilepton cut-based analysis, based on FastSim MC 

samples	
• interested in inclusive cross section as well as differential distributions, if 

sensitive to BSM	

• CMS	
• several people interested, but no firm commitment yet	
• same-sign + multilepton final state, but also some interest in 1-lepton 

and 2 opposite-sign leptons 	
• possibilities: fulll Delphes MC analysis or a luminosity/cross-section 

extrapolation of Run2 results (arXiv:1710.10614)
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Issues

• 5 pages for the contribution seems quite short, specially 
if tables and plots are included	

• Detailed plan of experiments needs to be understood, 
in particular for CMS
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Thank you for your attention 
and for your feedback!
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Figure 5: The predicted SM value of s(pp ! tttt) [16], calculated at LO with an NLO/LO
K-factor of 1.27, as a function of |yt/ySM

t | (dashed line), compared with the observed value of
s(pp ! tttt) (solid line), and with the observed 95% CL upper limit (hatched line).

4 top
• 4-top production is being searched at the LHC, and a 

very rough cross-section measurement already exists, 
σNLO QCD=11 fb, σtt̄tt̄=16.9+13.8-11.4 fb CMS TOP-17-009	

• It features a multi-lepton/(b)-jets final state, and it is a 
background for many BSM physics cases	

• Only NLO QCD corrections are known  
Bevilacqua et al, arXiv:1206.3064, Maltoni et al, arXiv:1507.05640	

• Besides the dominant LO term of O(αs4), it also 
features sizeable contributions where the Higgs is 
exchanged between top quarks: at O(ααs3) and 
O(α2αs2) terms respectively ~yt2 and ~yt4 appear	

• This process can be sensitive on anomalous top-
quark Yukawa couplings, but studies exist only at LO 
accuracy Cao et al, arXiv:1602.01934	

• Subleading NLO corrections have also terms ~yt3, ~yt5 
and ~yt6 → a LO-based analysis might not be enough
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