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The Top Quark and the Higgs Boson

!2

The top quark and the Higgs boson are the two heaviest particles in 
the Standard Model. 

Weak interactions of (and especially 
between) these two particles are not so 
weak, being proportional to their masses 
and those of W and Z (for the Higgs).  

Heavy final-states imply large energy scales 
and in turn sizable Weak Sudakov logs. 

Sizable and non-trivial effects from 
EW corrections are present for 
processes involving the top and/or the 
Higgs. 

XIX School “Bruno Touschek” - 7-8 May 2018          Fabio Maltoni

Higgs couplings
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1. The coupling to fermions is 
proportional to the mass. 

2.The coupling to bosons is proportional 
to the mass squared.  

3.Four-point couplings HHVV and 
HHHH are also predicted from the 
gauge symmetry and the structure of 
the Higgs potential. 

4.Couplings to photons and gluons are 
loop (Vs and quarks) induced. 



Very well known example: Higgs stability

!3

Assuming the SM, the stability of the Higgs potential critically 
depends on the top-Higgs interaction.

In particular, EW corrections to the Higgs potential induced by the 
top Yukawa coupling determine the (in)stability of the potential. 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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Higgs and Top coupling
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Figure 15: Reduced coupling-strength modifiers F mF

v for fermions (F = t, b, ⌧, µ) and p
V

mV

v for weak gauge
bosons (V = W, Z) as a function of their masses mF and mV , respectively, and the vacuum expectation value of
the Higgs field v = 246 GeV. The SM prediction for both cases is also shown (dotted line). The black error bars
represent 68% CL intervals for the measured parameters. For µ the light error bars indicate the 95% CL interval.
The coupling modifiers F and V are measured assuming no BSM contributions to the Higgs boson decays, and the
SM structure of loop processes such as ggF, H ! �� and H ! gg. The lower inset shows the ratios of the values to
their SM predictions.

7.5 Generic parameterization including e�ective photon and gluon couplings with and
without BSM contributions in decays

The models considered in this section are based on the same parameterization as the one in Section 7.4 but
the ggF, H ! gg and H ! �� loop processes are parameterized using the e�ective coupling-strength
modifiers g and �, similar to the benchmark model probed in Section 7.3.

The measured parameters include Z , W , b, t , ⌧ , � and g. The sign of t can be either positive or
negative, while Z is assumed to be positive without loss of generality. All other model parameters are
also assumed to be positive. Furthermore it is assumed that the probed for BSM e�ects do not a�ect the
kinematics of the Higgs boson decay products significantly. Three alternative scenarios are considered for
the total width of the Higgs boson:
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(a) No BSM contributions to the total width (Binv = Bundet = 0).

(b) Both Binv and Bundet are added as free parameters to the model. The measurements of Higgs boson
decays into invisible final states described in Section 3.8 are included in the combination, for these
results only, and used to provide a constraint on Binv. The conditions W  1 and Z  1 are used to
provide a constraint on Bundet as discussed in Section 7.1.

(c) A single free parameter BBSM = Binv + Bundet is added to the model. The measurements of o�-shell
production described in Section 3.9 are included in the combination, for these results only, and used
to provide a constraint on BBSM under the assumptions listed in Section 7.1.

The numerical results for the various scenarios are summarized in Table 11 and illustrated in Figure 16.
Limits on Binv, Bundet and BBSM are set using the t̃µ prescription presented in Section 4. All probed
fundamental coupling-strength scale factors, as well as the probed loop-induced coupling scale factors are
measured to be compatible with their SM expectation for all explored assumptions. Upper limits are set
on the fraction of Higgs boson decays into invisible or undetected decays. In scenario (b) the observed
(expected) 95% CL upper limits on the branching fractions are Binv < 0.30 (0.16) and Bundet < 0.21 (0.36),
and the lower limits on the couplings to vector bosons are Z > 0.88 (0.76) and W > 0.85 (0.77). In
scenario (c), the observed (expected) upper limit on BBSM is 0.49 (0.51). The probability of compatibility
between the SM hypothesis with the best-fit point in scenario (a) corresponds to a p-value of pSM = 88%,
computed using the procedure outlined in Section 4 with seven degrees of freedom.

Table 11: Fit results for Higgs boson coupling modifiers per particle type with e�ective photon and gluon couplings
and either (a) Binv = Bundet = 0, (b) Binv and Bundet included as free parameters, the conditions W,Z  1 applied
and the measurement of the Higgs boson decay rate into invisible final states included in the combination, or (c)
BBSM = Binv + Bundet included as a free parameter, the measurement of o�-shell Higgs boson production included in
the combination, and the assumptions described in the text applied to the o�-shell coupling-strength scale factors.
The SM corresponds to Binv = Bundet = BBSM = 0 and all  parameters set to unity. All parameters except t are
assumed to be positive.

Parameter (a) Binv = Bundet = 0 (b) Binv free, Bundet � 0, W,Z  1 (c) BBSM � 0, o� = on

Z 1.11 ± 0.08 > 0.88 at 95% CL 1.20 + 0.18
� 0.17

W 1.05 ± 0.09 > 0.85 at 95% CL 1.15 ± 0.18
b 1.03 + 0.19

� 0.17 0.85 + 0.15
� 0.13 1.14 + 0.21

� 0.25

t 1.09 + 0.15
� 0.14 [�1.08,�0.77] [ [0.96, 1.23] at 68% CL 1.18 ± 0.23

⌧ 1.05 + 0.16
� 0.15 0.99 ± 0.14 1.16 + 0.22

� 0.24

� 1.05 ± 0.09 0.96 + 0.08
� 0.06 1.16 + 0.17

� 0.18

g 0.99 + 0.11
� 0.10 1.05 + 0.12

� 0.14 1.08 + 0.17
� 0.18

Binv - < 0.30 at 95% CL -
Bundet - < 0.21 at 95% CL -
BBSM - - < 0.49 at 95% CL
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ATLAS, arXiv:1909.02845

Assuming SM structure, the the top-Higgs 
interaction is already probed at ~15% 
accuracy.  
EW corrections cannot be neglected, 
especially for future improvements.

Even before moving to a more general 
EFT description (see many talks from 
yesterday), many aspects concerning the 
top-Higgs interaction and electroweak 
corrections are non-trivial and cannot be 
ignored.



Outline of the talk

In this talk I will focus on EW corrections to processes that are 
relevant for the study of top-Higgs interactions and the top-Higgs 
interactions within EW corrections themselves. 

tt̄H

tt̄W

tt̄Z

tt̄tt̄

Top-Higgs at tree level (Higgs on-shell). Higgs self-coupling at 1-loop. 

Background to          leptonic signatures. Tension with data.tt̄H

Top-Higgs at tree level (Higgs off-shell). No ΓH dependence.

Background to          leptonic signatures.tt̄H

tt̄ Top-Higgs at 1-loop. No dependence on other Higgs interactions.



EW corrections: the Complete-NLO

αs
2α2ααs

3 αsα
3 α4

α2αsαs
2α α3

tt̄H : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 9.685 · 10−2 3.617 · 10−1 (1.338 · 10−2) 23.57

NLO QCD 2.507 · 10−2 1.073 · 10−1 (3.230 · 10−3) 9.61

LO EW 1.719 · 10−3 4.437 · 10−3 (3.758 · 10−4) 1.123 · 10−2

LO EW no γ −2.652 · 10−4 −1.390 · 10−3 (−2.452 · 10−5) −1.356 · 10−1

NLO EW −5.367 · 10−4 −4.408 · 10−3 (−1.097 · 10−3) −6.261 · 10−1

NLO EW no γ −7.039 · 10−4 −4.919 · 10−3 (−1.131 · 10−3) −6.367 · 10−1

HBR 8.529 · 10−4 3.216 · 10−3 (2.496 · 10−4) 2.154 · 10−1

Table 3: Contributions, as defined in table 1, to the total rate (in pb) of tt̄H production,

for three different collider energies. The results in parentheses are relevant to the boosted

scenario, eq. (3.1).

tt̄H : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 25.9+5.4
−11.1 29.7+6.8

−11.1 (24.2+4.8
−10.6) 40.8+9.3

−9.1

LO EW 1.8 ± 1.3 1.2 ± 0.9 (2.8 ± 2.0) 0.0± 0.2

LO EW no γ −0.3± 0.0 −0.4± 0.0 (−0.2 ± 0.0) −0.6± 0.0

NLO EW −0.6± 0.1 −1.2± 0.1 (−8.2 ± 0.3) −2.7± 0.0

NLO EW no γ −0.7± 0.0 −1.4± 0.0 (−8.5 ± 0.2) −2.7± 0.0

HBR 0.88 0.89 (1.87) 0.91

Table 4: Same as in table 3, but given as fractions of corresponding LO QCD cross sections.

Scale (for NLO QCD) and PDF uncertainties are also shown.

or boosted regime), where it is predominantly of LO-type because of the growing contri-

butions of qg-initiated partonic processes. In all cases, the PDF uncertainties on the NLO

QCD term are smaller, and decrease with the c.m. energy. Secondly, the contributions

due to processes with initial-state photons are quite large at the LO (except for tt̄W±

production, which has a LO EW cross section identically equal to zero), but consistitute

only a small fraction of the total at the NLO. This is due to the fact that LO EW processes

proceed only through two types of initial state, namely γg and bb̄, whereas NLO EW ones

have richer incoming-parton luminosities. Thirdly, as a consequence of the previous point,

the uncertainty of the photon density only marginally increases (if at all) the total PDF

uncertainty that affects the NLO EW term, while it constitute a dominant factor at the

LO EW level (for tt̄H and tt̄Z).

Other aspects characterise differently the four tt̄V processes. The relative importance

of NLO EW contributions w.r.t. the NLO QCD ones increases with energy in the cases

of tt̄H and tt̄Z production, while it decreases for tt̄W± production. At the 8-TeV LHC,

NLO EW terms have the largest impact on tt̄W+ (about 17% of the NLO QCD ones), and

the smallest on tt̄H (2.7%). This is reflected in the fact that for tt̄W± production, while

the NLO EW effects are within the NLO QCD scale uncertainty band, they are almost

marginally so. Conversely, for tt̄H and tt̄Z production NLO EW contributions are amply

– 8 –

as example
LO,1 LO,2 LO,3 

NLO,1 NLO,2 NLO,3 NLO,4 

NLO,1 = NLO QCD 
NLO,2 = NLO EW 

The complete set of LO,i and NLO,i is denoted as 
“Complete NLO”. 

In general, NLO,3 and NLO,4 sizes are negligible, 
but there are exceptions. 

!6



JHEP07(2018)185

pp→ tt̄ pp→ tt̄Z pp→ tt̄W+ pp→ tt̄H pp→ tt̄j

LO1 4.3803±0.0005 ·102 pb 5.0463±0.0003 ·10−1 pb 2.4116±0.0001 ·10−1 pb 3.4483±0.0003 ·10−1 pb 3.0278±0.0003 ·102 pb

LO2 +0.405± 0.001 % −0.691± 0.001 % +0.000± 0.000 % +0.406± 0.001 % +0.525± 0.001 %

LO3 +0.630± 0.001 % +2.259± 0.001 % +0.962± 0.000 % +0.702± 0.001 % +1.208± 0.001 %

LO4 +0.006± 0.000 %

NLO1 +46.164± 0.022 % +44.809± 0.028 % +49.504± 0.015 % +28.847± 0.020 % +26.571± 0.063 %

NLO2 −1.075± 0.003 % −0.846± 0.004 % −4.541± 0.003 % +1.794± 0.005 % −1.971± 0.022 %

NLO3 +0.552± 0.002 % +0.845± 0.003 % +12.242± 0.014 % +0.483± 0.008 % +0.292± 0.007 %

NLO4 +0.005± 0.000 % −0.082± 0.000 % +0.017± 0.003 % +0.044± 0.000 % +0.009± 0.000 %

NLO5 +0.005± 0.000 %

Table 3. Cross sections for the five tt̄+X processes of eqs. (6.23) and (6.24), resulting from the setup described in section 6.1. The uncertainties
quoted are of statistical nature only, originating from the Monte Carlo integration over the phase space. The subleading LO and NLO contributions
are given as percentage fractions of LO1.

–
71

–
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Frederix, Frixione, Hirschi, DP, Shao, Zaro  ‘18

tt̄H, tt̄W, tt̄Z

NLO QCD and NLO EW corrections calculated in:  
Frixione, Hirschi, DP, Shao, Zaro ’15 

Complete-NLO in: NLO,1 = NLO QCD 
NLO,2 = NLO EW 

tt̄H, tt̄Z :   NLO,3 below the 1% level. 
tt̄W :           NLO,3 ~ 12%  



for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-

– 3 –
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One of the exceptions. 



Reminder: tension with data in the ttH analysis

!9

ATLAS:	results	
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Complete-NLO

The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W± and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W±
(↵s,↵) =

X

m+n�2

↵m
s ↵n+1⌃tt̄W±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m
s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W±

m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W±

(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).
Similarly to ref. [19], we introduce a more user-friendly notation for referring to the

different ⌃tt̄W±
m+n+1,n and ⌃tt̄tt̄

m+n,n quantities. At LO accuracy, we can denote the tt̄W± and
tt̄tt̄ observables as ⌃tt̄W±

LO and ⌃tt̄tt̄
LO and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)
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Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2
W ) terms in the NLO1 contribution. The

right one is of O(↵1/2
s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LOi for referring to the different perturbative orders. Clearly the ⌃(N)LOi
terms

in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1 +⌃NLO1 , which we will also denote as LOQCD +NLOQCD. The so-called
NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2 terms, so we will also
denote it as NLOEW. Since in this article we will use the (N)LOi notation, the term “LO”
will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied

– 5 –

!10

The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W± and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W±
(↵s,↵) =

X

m+n�2

↵m
s ↵n+1⌃tt̄W±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m
s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W±

m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W±

(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).
Similarly to ref. [19], we introduce a more user-friendly notation for referring to the

different ⌃tt̄W±
m+n+1,n and ⌃tt̄tt̄

m+n,n quantities. At LO accuracy, we can denote the tt̄W± and
tt̄tt̄ observables as ⌃tt̄W±

LO and ⌃tt̄tt̄
LO and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)
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Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2
W ) terms in the NLO1 contribution. The

right one is of O(↵1/2
s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LOi for referring to the different perturbative orders. Clearly the ⌃(N)LOi
terms

in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1 +⌃NLO1 , which we will also denote as LOQCD +NLOQCD. The so-called
NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2 terms, so we will also
denote it as NLOEW. Since in this article we will use the (N)LOi notation, the term “LO”
will refer to the sum of all the LOi contributions rather than LO1 alone. The prediction
at complete-NLO accuracy, which is the sum of all the LOi and NLOi terms, will be also
denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

In tt̄W+(tt̄W�)production, tree-level diagrams originate only from ud̄(ūd) initial states
(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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(u and d denote generic up- and down-type quarks), where a W+(W�) is radiated from the
u(d) quark and the tt̄ pair is produced either via a gluon or a photon/Z boson (see Fig. 1).
The former class of diagrams leads to the LO1 via squared amplitude, the latter to LO3.
The interference between these two classes of diagrams is absent due to colour, thus LO2

is analytically zero. Conversely, all the NLOi contributions are non-vanishing.
The NLO1 is in general large, it has been calculated in refs. [10, 35–37] and studied
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Cross sections: order by order

13 TeV 100 TeV

�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.8 0.9 1.1

NLO1 34.8 (7.0) 50.0 (25.7) 63.4 (42.0)
NLO2 �4.4 (�4.8) �4.2 (�4.6) �4.0 (�4.4)
NLO3 11.9 (8.9) 12.2 (9.1) 12.5 (9.3)
NLO4 0.02 (�0.02) 0.04 (�0.02) 0.05 (�0.01)

Table 3. �(N)LOi
/�LOQCD ratios for tt̄W± production at 13 TeV for various values of µ = µr = µf .

i > 1 changes the cross section by about 1% and leaves also the scale dependence almost
unchanged. As discussed in sec. 2, the LO2 is exactly zero due to colour, thus this small
correction is entirely coming from the LO3 contribution. In Tabs. 3 and 4 it can be seen
that the scale dependence of this LO3 contribution is slightly different from the LO1. The
factorisation scale dependence is almost identical for the LO1 and LO3 terms (both are qq̄0

initiated and have similar kinematic dependence), thus this difference is entirely due to the
variation of the renormalisation scale, which, at leading order, only enters the running of
↵s. The LO1 has two powers of ↵s while the LO3 has none. The value of ↵s decreases with
increasing scales, and therefore, it is no surprise that �LO3 increases with larger values for
the scales.

As already known, in tt̄W± production NLO QCD corrections are large and lead to a
reduction of the scale uncertainty. Indeed, for the central scale choice, the total cross section
at 13 TeV increases by 50% when including the NLOQCD contribution, and a massive 150%
correction is present at 100 TeV. The reduction in the scale dependence is about a factor
two for 13 TeV, resulting in an 11% uncertainty. On the other hand, given the large
NLOQCD corrections, at 100 TeV the resulting scale dependence at LOQCD + NLOQCD is
larger than at 13 TeV, remaining at about 16%. Comparing these pure-QCD predictions to
the complete-NLO cross sections (LO + NLO) we see that the latter are about 6% larger
at 13 TeV, while the relative scale dependencies are identical. At 100 TeV, even though
the relative scale dependence at complete-NLO is 1-2 percentage points smaller than at
LOQCD + NLOQCD, in absolute terms it is actually larger. This effect is due to the large
increase of about 26% induced by (N)LOi terms with i > 1. Indeed, this increase is mostly
coming from the contribution of the tW ! tW scattering, which appears at NLO3 via the
quark real-emission and has a Born-like scale dependence. However, this dependence is
relatively small since the NLO3 involves only a single power of ↵s.

In Tabs. 3 and 4 we can see that �NLO1 ⌘ �NLOQCD
is strongly µ dependent, while

this is not the case for �NLOi with i > 1. In fact, this behaviour is quite generic and not
restricted to tt̄W± production; it can be observed for a wide class of processes. The µ

dependence in �NLO1 leads to the reduction of the scale dependence of LOQCD +NLOQCD

results w.r.t. the LOQCD ones. On the contrary, the �NLOi quantities with i > 1 are
typically quite independent of the value of µ. The reason is the following. The NLOi

contributions are given by “QCD corrections” to LOi contributions as well “EW corrections”
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�[%] µ = HT /4 µ = HT /2 µ = HT

LO2 - - -
LO3 0.9 1.1 1.3

NLO1 159.5 (69.8) 149.5 (71.1) 142.7 (73.4)
NLO2 �5.8 (�6.4) �5.6 (�6.2) �5.4 (�6.1)
NLO3 67.5 (55.6) 68.8 (56.6) 70.0 (57.6)
NLO4 0.2 (0.1) 0.2 (0.2) 0.3 (0.2)

Table 4. �(N)LOi
/�LOQCD ratios for tt̄W± production at 100 TeV for various values of µ = µr = µf .

to the LOi�1 ones. The former involve explicit logarithms of µ due the renormalisation of
both ↵s and PDFs, while the latter contain only explicit logarithms of µ due the O(↵)

PDFs counterterms. Indeed, in the Gµ-scheme, or other schemes such as ↵(0) or ↵(mZ),
the numerical input for ↵ does not depend on an external renormalisation scale. Moreover,
the O(↵) PDF counterterms induce a much smaller effect than those of QCD, since they are
O(↵/↵s) suppressed and do not directly involve the gluon PDF. Thus, for a generic process,
since a LOi contribution is typically quite suppressed w.r.t. the LOi�1 one —or even absent,
as e.g. for (multi) EW vector boson production— the scale dependence of �NLOi with i > 1

is small. For this reason it is customary, and typically also reasonable, to quote NLO EW
corrections independently from the scale definition. As can be seen in Tabs. 3 and 4 this is
also correct for tt̄W±, but as we will see in the next section the situation is quite different
for tt̄tt̄ production, where also the �(N)LOi

(µ) quantities with i > 1 strongly depend on the
value of µ.

By considering the µ dependence of the �NLO1(µ) contributions in Tabs. 3 and 4, we
see a different behaviour in the two tables. At 13 TeV the scale dependence of �NLOQCD

(µ)

increases with increasing scales. This is to be expected: the LO1 contribution has a large
renormalisation-scale dependence, resulting in a rapidly decreasing cross section with in-
creasing scales. In order to counterbalance this, the scale dependence of the NLO1 contribu-
tion must be opposite so that the scale dependence at NLO QCD accuracy is reduced. On
the other hand, at 100 TeV, the scale dependence of the �NLO1(µ) decreases with increasing
scales, suggesting that the scale dependence at LOQCD + NLOQCD is actually larger than
at LOQCD. As can be seen in Tab. 2 this does not appear to be the case. The reason
is that contrary to 13 TeV, at 100 TeV collision energy the LOQCD has not only a large
renormalisation-scale dependence, but also the factorisation-scale one is sizeable. In fact,
the scale dependence in Tab. 2 is dominated by terms in which µr and µf are varied in op-
posite directions, i.e., {µr, µf} = {2µc, µc/2} and {2µc, µc/2}. However, in Tab. 4 we only
consider the simultaneous variation of µr and µf . If we had estimated the scale uncertainty
in Tabs. 1 and 2 by only varying µ = µr = µf , we would actually have seen an increment
of the uncertainties in moving from LOQCD to LOQCD +NLOQCD.

The NLO EW corrections, the NLO2 contribution, are negative and have a �4-6%
impact w.r.t. the LO1 cross section. This is well within the LOQCD + NLOQCD scale
uncertainties. The opening of the tW ! tW scattering enhances the NLO3 contribution
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�[fb] LOQCD LOQCD +NLOQCD LO LO +NLO LO+NLO
LOQCD+NLOQCD

µ = HT /2 363+24%
�18% 544+11%

�11% (456+5%
�7%) 366+23%

�18% 577+11%
�11% (476+5%

�7%) 1.06 (1.04)

Table 1. Cross sections for tt̄W± production at 13 TeV in various approximations. The numbers
in parentheses are obtained with the jet veto of eq. (3.6) applied.

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

µ = HT /2 6.64+28%
�21% 16.58+17%

�15% (11.37+11%
�12%) 6.72+27%

�21% 20.86+15%
�14% (14.80+11%

�11%) 1.26 (1.30)

Table 2. Same as in Tab. 1 but for 100 TeV.

3.2 Results for pp ! tt̄W± production

We start by presenting predictions for pp ! tt̄W± total cross sections at 13 and 100 TeV
proton–proton collisions with and without applying a jet veto and then we discuss results
at the differential level. The total cross sections at 13 TeV for tt̄W± production are shown
in Tab. 1 at different accuracies, namely, LOQCD, LOQCD +NLOQCD, LO and LO+NLO.
We also show for each value its relative scale uncertainty and we provide the ratio of the
predictions at LO + NLO and LOQCD +NLOQCD accuracy. Analogous results at 100 TeV
are displayed in Tab. 2. Numbers in parentheses refer to the case in which we apply a jet
veto, rejecting all the events with

pT (j) > 100 GeV and |y(j)| < 2.5 , (3.6)

where also hard photons are considered as a jet.4 The purpose of this jet veto will become
clear in the discussion below. Further details about the size of the individual (N)LOi terms
are provide in Tab. 3 (13 TeV) and Tab. 4 (100 TeV), where we show predictions for the
quantities

�(N)LOi
(µ) =

⌃(N)LOi
(µ)

⌃LOQCD
(µ)

, (3.7)

where ⌃(µ) is simply the total cross section evaluated at the scale µf = µr = µ. In Tabs. 3
and 4 we do not show the result for LO1 ⌘ LOQCD, since it is by definition always equal
to one, regardless of the value of µ. We want to stress that results in Tabs. 3 and 4 do not
show directly scale uncertainties; the value of µ is varied simultaneously in the numerator
and the denominator of �. The purpose of studying � as a function of µ will become clear
below when we discuss the different dependence in �NLO1 versus �NLO2 and �NLO3 .

From Tabs. 1 and 2 it can be seen that the LOQCD predictions, both at 13 and 100
TeV, have a scale dependence that is larger than 20%. Including the LOi contributions with

4We explicitly verified that vetoing only quark and gluons, but not photons, leads to differences below
the percent level. Moreover, from an experimental point of view, vetoing jets that are not isolated photons
would be simply an additional complication.
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NLO3 is large and it is not suppressed by the 
jet veto (number in parentheses) as much as 
NLO QCD corrections. 
NLO QCD corrections depend on the scale, 
while NLO EW and NLO3 do not.

10 
1

10 
1 

0.1 
0.01

Naive estimate 

!11

Number in parentheses refer to the case of a jet 
veto                                                          is applied
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Figure 1: tW ! tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW� ! tW�.

To summarize, in certain two to two scattering processes the sensitivity to non-standard top-Z
couplings is enhanced at high energies, possibly overcoming the limited experimental precision.
The enhancement scales as c̄ p2/v2 ⇠ g2⇤p

2/⇤2, which can be much larger than one in models
where g⇤ � 1, without being in conflict with the e↵ective field theory expansion, that is p2 <
⇤2. This approach then takes advantage of the high scattering energies accessible at the LHC.
We explicitly demonstrate its e↵ectiveness in the next section, focusing on tW ! tW .

3 tW ! tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms) and W,Z or
h that increase at high energies, and to exploit this growth to probe top-Z interactions. After
examining all the possible combinations, we focus on the process tW ! tW . Our motivation
for this choice is threefold:

1. The amplitude for tW ! tW scattering grows with the square of the energy if either
the ZtLtL or the ZtRtR couplings deviate from their SM values.

2. The corresponding collider process, pp ! tt̄Wj, gives rise to same-sign leptons (SSL),
an extremely rare final state in the SM. This process arises at O(gsg3w) in the gauge
couplings, where gs denotes the strong coupling and gw any electroweak coupling, as
shown in Fig. 1.

3. The main irreducible background, pp ! tt̄W +jets at O(g2+n
s gw) with n � 0 the number

of jets, is insensitive to the details of the top sector, because the W is radiated o↵ a light
quark.

The amplitude for two to two scattering processes of the type  
1

+ �
1

!  
2

+ �
2

, where
 
1,2 = {t, b} and �

1,2 = {�± ⌘ (�
1

⌥ i�
2

)/
p
2, �

3

, h} are the longitudinal W±, Z or h, is most
conveniently expressed in the basis of chirality eigenstate spinors. Retaining only terms that
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tt̄H, tt̄Z, tt̄W
The currently most-precise  

predictions 



                    :  Complete-NLO with resummation at NNLL

Complete-NLO (QCD and EW) calculated with a public version of 
MG5_aMC@NLO. Frederix, Frixione, Hirschi, DP, Shao, Zaro  ‘18

Resummation of soft gluon at NNLL accuracy via SCET: 
, 

Broggio, Ferroglia, Ossola, Pecjak  ’16  
Broggio, Ferroglia, Pecjak, Yang ’16  

    Broggio, Ferroglia, Ossola, Pecjak, Sameshima  ’17  

tt̄H, tt̄W, tt̄Z

tt̄W
tt̄H
tt̄Z

Resummation of soft gluon at NNLL accuracy via resum. in Mellin space: 
, 

                 Kulesza, Motyka, Stebel, Theeuwes ’17  

Kulesza, Motyka, Schwartländer, Stebel, Theeuwes ’17  

Kulesza, Motyka, Schwartländer, Stebel, Theeuwes ’18  

tt̄H
tt̄W
tt̄V
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Complete NLO (QCD and EW) + Resummation NNLL 

The currently most accurate predictions for                            . tt̄H, tt̄W, tt̄Z
    Broggio, Ferroglia, Frederix, DP, Pecjak, Tsinikos     arXiv:1907.04343  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    :  Complete-NLO with resummation at NNLLtt̄H, tt̄Z

We consider two different functional forms  (                                ) for the hard 
scale and we identify the envelope of the two associated scale uncertainties, 
together with PDF uncertainties, as the total theory uncertainty band.  

HT /2 and m(tt̄V )/2

As expected, in this approach, theory uncertainties are reduced when 
resummation is also included. EW effects and especially the Complete NLO 
are smaller with         and  .     . tt̄H tt̄Z Numbers in the back-up slides 
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Figure 2. Distribution of the invariant mass of the tt̄V system at 13 TeV. The upper plots refer to
tt̄W+ (left) and tt̄W� (right), while the lower ones to tt̄H (left) and tt̄Z (right). In the first inset
we focus on the resummation effects (NLO vs. NLO+NNLL), in the second one on the difference
between the additive and multiplicative approach (NLO + NNLL vs. NLO ⇥ NNLL) including
only scale uncertainties, and in the third on the impact of EW corrections (NLOQCD + NNLL vs
NLO+NNLL). More details can be found in the main text.

in the middle inset, the additive and multiplicative approaches lead to slightly different
shapes for the m(tt̄H/Z) invariant mass distribution. This difference is marginal, though,
and remains well within the uncertainty band. Nevertheless, for large values of m(tt̄H/Z),
this difference in shape amounts to a few percent. In this phase-space region, predictions
in the multiplicative approach can be preferred, as discussed in Section 2.3.
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Figure 2. plots

given by the blue band, and the latter by the brown band. We warn the reader that in the
interpretation of the (absolute) cross sections care must be taken, since the y-axis are given
as cross section per bin. For the invariant mass and transverse momentum distributions
the x-axis is logarithmic, meaning that the bin sizes are not a constant when interpreting
these results as linear in the observables.

We start by discussing the invariant mass of the tt̄V system in fig. 2. In the upper
left (right) plot the the invariant mass of the tt̄W+ (tt̄W�) system is shown. From the
first ratio inset it can be seen that the resummation does not change the distribution
sizably as compared to the NLO. Even though the uncertainties are slightly reduced, they
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:  Complete-NLO with resummation at NNLLtt̄W

We consider two different functional forms  (                                ) for the hard 
scale and we identify the envelope of the two associated scale uncertainties, 
together with PDF uncertainties, as the total theory uncertainty band.  

HT /2 and m(tt̄V )/2
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given by the blue band, and the latter by the brown band. We warn the reader that in the
interpretation of the (absolute) cross sections care must be taken, since the y-axis are given
as cross section per bin. For the invariant mass and transverse momentum distributions
the x-axis is logarithmic, meaning that the bin sizes are not a constant when interpreting
these results as linear in the observables.

We start by discussing the invariant mass of the tt̄V system in fig. 2. In the upper
left (right) plot the the invariant mass of the tt̄W+ (tt̄W�) system is shown. From the
first ratio inset it can be seen that the resummation does not change the distribution
sizably as compared to the NLO. Even though the uncertainties are slightly reduced, they
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Resummation leads to only small reduction of scale uncertainties. 
The bulk of QCD corrections originates from hard emissions. 
An improved description of hard emissions is necessary! 
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Figure 2. Distribution of the invariant mass of the tt̄V system at 13 TeV. The upper plots refer to
tt̄W+ (left) and tt̄W� (right), while the lower ones to tt̄H (left) and tt̄Z (right). In the first inset
we focus on the resummation effects (NLO vs. NLO+NNLL), in the second one on the difference
between the additive and multiplicative approach (NLO + NNLL vs. NLO ⇥ NNLL) including
only scale uncertainties, and in the third on the impact of EW corrections (NLOQCD + NNLL vs
NLO+NNLL). More details can be found in the main text.

in the middle inset, the additive and multiplicative approaches lead to slightly different
shapes for the m(tt̄H/Z) invariant mass distribution. This difference is marginal, though,
and remains well within the uncertainty band. Nevertheless, for large values of m(tt̄H/Z),
this difference in shape amounts to a few percent. In this phase-space region, predictions
in the multiplicative approach can be preferred, as discussed in Section 2.3.
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we compare LO, NLO results and LO predictions rescaled by a global flat K-factor for
production only. In section 4 we draw our conclusions and present an outlook.

2 Fixed-order corrections at the production level

In this section we describe the effects of fixed-order NLO QCD corrections at the production
level for tt̄V processes and tt̄H production (subsection 2.1), for tt̄V V processes (subsection
2.2) and then for tt̄tt̄ production (subsection 2.3). All the results are shown for 13 TeV
collisions at the LHC. In subsection 2.4 we provide total cross sections and global K-factors
for proton–proton collision energies from 8 to 100 TeV. With the exception of tt̄��, detailed
studies at NLO for tt̄V V processes are presented here for the first time. The other pro-
cesses have already been investigated in previous works, whose references have been listed
in introduction. Here, we (re-)perform all such calculations within the same framework,
MadGraph5_aMC@NLO, using a consistent set of input parameters and paying special
attention to features that are either universally shared or differ among the various processes.
Moreover, we investigate aspects that have been only partially studied in previous works,
such as the dependence on (the definition of) the factorisation and renormalisation scales,
both at integrated and differential level. To this aim we define the variables that will be
used as renormalisation and factorisation scales.

Besides a fixed scale, we will in general explore the effect of dynamical scales that
depend on the transverse masses (mT,i) of the final-state particles. Specifically, we will
employ the arithmetic mean of the mT,i of the final-state particles (µa) and the geometric
mean (µg), which are defined as

µa =
HT

N
:=

1

N

X

i=1,N(+1)

mT,i , (2.1)

µg :=

0

@
Y

i=1,N

mT,i

1

A
1/N

. (2.2)

In these two definitions N is the number of final-state particles at LO and with N(+1) in
eq. (2.1) we understand that, for the real-emission events contributing at NLO, we take
into account the transverse mass of the emitted parton.2 There are two key aspects in
the definition of a dynamical scale: the normalisation and the functional form. We have
chosen a “natural” average normalisation in both cases leading to a value close to mt when
the transverse momenta in the Born configuration can be neglected. This is somewhat
conventional in our approach as the information on what could be considered a good choice
(barring the limited evidence that a NLO calculation can give for that in first place) can
be only gathered a posteriori by explicitly evaluating the scale dependence of the results.
For this reason, in our studies of the total cross section predictions, we vary scales over

2This cannot be done for µg; soft real emission would lead to µg ⇠ 0. Conversely, µa can also be defined
excluding the partons from real emission and, in the region where mT,i’s are of the same order, is numerically
equivalent to µg. We remind that by default in MadGraph5_aMC@NLO the renormalisation and
factorisation scales are set equal to HT /2.
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In combination with the measurement of 

The cross section depends on       to the fourth power. 
It does not depend on        , since the Higgs is off-shell.

  and       determination via     .

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)
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production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is
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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-
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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
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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
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demanded to decay hadronically in order to maximize
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b-jets. Instead, we demand at least 5 jets are tagged and
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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
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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.
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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-
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�(tt̄tt̄)H / 4

t�
SM(tt̄tt̄)H , (6)
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�(tt̄tt̄) = �SM(tt̄tt̄)g+Z/� + 2

t�
SM

int

+ 4

t�
SM(tt̄tt̄)H , (7)
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�SM(tt̄tt̄)g+Z/� /
��Mg +MZ/�

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

int

/ Mg+Z/�M†
H +M†

g+Z/�MH . (8)
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int
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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
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at the parton level using MadEvent [5] at the 14 TeV
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accounts by multiplying the leading order cross sections
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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-
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1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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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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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)

63

for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-
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1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H
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Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction
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rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
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of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
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Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:
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450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].
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properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
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is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible
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FIG. 1. Illustrative Feynman diagrams of tt̄tt̄ productions.
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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-
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jet, namely b-decays, and the dominant one is the tt̄+X
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b-jets decay from top quark appear in the final state.
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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-
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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
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SM(tt̄tt̄)H , (7)
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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:
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�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-
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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
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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
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:
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: �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-
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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.
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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
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We use MadEvent [5] to calculate the leading order cross
section of tt̄tt̄ production in the SM. The numerical
results are summarized as follows:
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: �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-

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).

Probing Higgs Width and Top Quark Yukawa Coupling from tt̄H and tt̄tt̄ Productions

Qing-Hong Cao,1, 2, 3, ⇤ Shao-Long Chen,4, 3, † and Yandong Liu1, ‡

1Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
3Center for High Energy Physics, Peking University, Beijing 100871, China

4Key Laboratory of Quark and Lepton Physics (MoE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China

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

ar
X

iv
:1

60
2.

01
93

4v
1 

 [h
ep

-p
h]

  5
 F

eb
 2

01
6=

"⇣p
NS + NB

⌘2
+

✓
NBp
Nside

◆2
#1/2

= 0.013 NS . (22)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,
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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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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
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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
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(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
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independent, therefore, one cannot determine them from
the tt̄H production alone. Bounds on the t, x and
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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
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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
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dramatically. One thus can determine the bound on
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same as the SM predictions.
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for tt̄W± in [8, 12–14] and for tt̄tt̄ in [15]. In the case of tt̄H both NLO QCD [16–19]
and (Electro)Weak [20, 21] corrections have already been calculated, the former have been
also matched to parton showers [22, 23]. Our results are in agreement with those in the
literature.[TS: We have checked the tt̄tt̄ and tt�� papers. Should we check also others? ]

[Davide: We could do some check for tt̄H, tt̄�, tt̄Z, for tt̄W± you already checked in the
other article]

In section 2 we also show the dependence of the total cross sections and of global K-
factors for tt̄V V - and tt̄V -type processes and tt̄tt̄ production on the total energy of the
proton–proton system, by varying it from 8 to 100 TeV.

In section 3.1 we present an analysis at NLO accuracy, based on [6], for the searches of
tt̄H production with the Higgs boson subsequently decaying into photons. We implement
in our analyses the cuts [TS: Not exaclty their cuts..] and the definition of the signal region
of [6] [TS: They have two signal regions for the photons. Maybe we should say the leptonic
signal region]. We provide the corresponding results at 13 TeV including NLO corrections
properly matched to parton shower effects via the procedure explained in [24], which is
part of the MadGraph5_aMC@NLO framework. We shower events with Pythia8 [25] and
cluster partons into jets via FastJet [26] using the same parameters of [6]. For the signal
and background processes tt̄��, we compare LO, NLO results and LO predictions rescaled
by a global flat K-factor for production only, as obtained in section 2. We discuss the range
of validity and the limitations of the last approximation, which is typically employed in the
experimental analyses.

In section 3.2 we present an analysis at NLO accuracy for the searches of tt̄H production
with the Higgs boson subsequently decaying into leptons, on the same lines of section 3.1.
In this case, different signal regions and exclusive final states are considered, and they can
in general receive a contribution from tt̄tt̄ production and from all the tt̄V - and tt̄V V -type
processes with the exception of tt̄��. Also here, we compare LO, NLO results and LO
predictions rescaled by a global flat K-factor for production only.

In section 4 we give our conclusions an outlooks.

2 Fixed-order corrections at the production level

In this section we describe the effects from fixed-order NLO QCD corrections at the pro-
duction level for tt̄V -type processes and tt̄H production (subsection 2.1), for tt̄V V -type
processes (subsection 2.2) and then for tt̄tt̄ production (subsection 2.3). In these subsec-
tions, all the results are shown for 13 TeV collisions at the LHC, in subsection 2.4 we provide
total cross sections and global K-factors for proton–proton collision energies from 8 to 100
TeV. With the exception of tt̄��, as already said, detailed studies at NLO for tt̄V V -type
processes are presented for the first time here. The other processes have already been in-
vestigated in previous works, whose references are listed in section 1. Here, we (re-)perform
all these calculations within the same framework, MadGraph5_aMC@NLO, and using a
consistent set of input parameters. Moreover, we investigate aspects that have been only
partially studied in previous works, such as the dependence on (the definition of) the fac-

– 3 –

both      and        can be determined.

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)
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Fig. 55: Relative uncertainty on the signal strength µtt̄H projected in the plane t and R� at a 100 TeV hadron
collider with 20 ab�1 for the Higgs decay modes H ! bb̄ (red band). The yellow (green, blue) vertical band
denotes the limit 0.927  t  1.051 ( 0.952  t  1.038, 0.962  t  1.031 ) corresponding to the 1� signal
uncertainty with the integrated luminosity of 10 ab�1 (20 ab�1, 30 ab�1).

measured at a 5� confidence level with an integrated luminosity of 8.95 fb�1. We thus expect the tt̄tt̄
production to be discovered soon after the operation of the 100 TeV machine. The great potential enables
us to discuss the precision of measuring the top Yukawa coupling in the tt̄tt̄ production. We estimate the
signal statistical fluctuation as

�NS =
p

NS + NB, (32)

assuming that the events number satisfies the Gaussian distribution. The signal uncertainty is �NS =
0.0095NS for L = 10 ab�1, �NS = 0.0067NS for L = 20 ab�1, and �NS = 0.0055NS for L =
30 ab�1, respectively. We interpret the uncertainty of the signal event as the uncertainty of the top
Yukawa coupling, i.e.

�NS = �t

h
2�SM(tt̄tt̄)int + 4�SM(tt̄tt̄)H

i
⇥ L + O(�2

t ), (33)

where �t ⌘ t�1 and the SM cross sections refer to the values after all the cuts shown in the last column
in Table 23. It yields a precision of t measurement as follows: 0.927  t  1.051 for L = 10 ab�1,
0.952  t  1.038 for L = 20 ab�1, and 0.962  t  1.031 for L = 30 ab�1, respectively.

Figure 55 displays the correlation between R� and t imposed by the projected µbb̄
tt̄H measure-

ment [133]; see the red band. The expectations of the t measurement in the tt̄tt̄ production are also
plotted where the yellow (green, blue) contour region denotes the uncertainty of t with L = 10 ab�1

(20 ab�1, 30 ab�1), respectively. Combining both the tt̄H and tt̄tt̄ productions imposes a tight
bound on the Higgs boson width; for example, 0.85 �SM

H  �H  1.12 �SM
H for L = 10 ab�1,

0.89 �SM
H  �H  1.09 �SM

H for for L = 20 ab�1, and 0.91 �SM
H  �H  1.08 �SM

H for L = 30 ab�1,
respectively.

4.6 Rare SM Exclusive Higgs decays
The measurement of the rare exclusive decays H ! V �, where V denotes a vector meson, would allow
a unique probe of the Higgs coupling to light quarks. While the absolute value of the bottom-quark

67

Fig. 55: Relative uncertainty on the signal strength µtt̄H projected in the plane t and R� at a 100 TeV hadron
collider with 20 ab�1 for the Higgs decay modes H ! bb̄ (red band). The yellow (green, blue) vertical band
denotes the limit 0.927  t  1.051 ( 0.952  t  1.038, 0.962  t  1.031 ) corresponding to the 1� signal
uncertainty with the integrated luminosity of 10 ab�1 (20 ab�1, 30 ab�1).

measured at a 5� confidence level with an integrated luminosity of 8.95 fb�1. We thus expect the tt̄tt̄
production to be discovered soon after the operation of the 100 TeV machine. The great potential enables
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assuming that the events number satisfies the Gaussian distribution. The signal uncertainty is �NS =
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plotted where the yellow (green, blue) contour region denotes the uncertainty of t with L = 10 ab�1

(20 ab�1, 30 ab�1), respectively. Combining both the tt̄H and tt̄tt̄ productions imposes a tight
bound on the Higgs boson width; for example, 0.85 �SM

H  �H  1.12 �SM
H for L = 10 ab�1,

0.89 �SM
H  �H  1.09 �SM

H for for L = 20 ab�1, and 0.91 �SM
H  �H  1.08 �SM

H for L = 30 ab�1,
respectively.

4.6 Rare SM Exclusive Higgs decays
The measurement of the rare exclusive decays H ! V �, where V denotes a vector meson, would allow
a unique probe of the Higgs coupling to light quarks. While the absolute value of the bottom-quark

67

Fig. 55: Relative uncertainty on the signal strength µtt̄H projected in the plane t and R� at a 100 TeV hadron
collider with 20 ab�1 for the Higgs decay modes H ! bb̄ (red band). The yellow (green, blue) vertical band
denotes the limit 0.927  t  1.051 ( 0.952  t  1.038, 0.962  t  1.031 ) corresponding to the 1� signal
uncertainty with the integrated luminosity of 10 ab�1 (20 ab�1, 30 ab�1).

measured at a 5� confidence level with an integrated luminosity of 8.95 fb�1. We thus expect the tt̄tt̄
production to be discovered soon after the operation of the 100 TeV machine. The great potential enables
us to discuss the precision of measuring the top Yukawa coupling in the tt̄tt̄ production. We estimate the
signal statistical fluctuation as
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p

NS + NB, (32)

assuming that the events number satisfies the Gaussian distribution. The signal uncertainty is �NS =
0.0095NS for L = 10 ab�1, �NS = 0.0067NS for L = 20 ab�1, and �NS = 0.0055NS for L =
30 ab�1, respectively. We interpret the uncertainty of the signal event as the uncertainty of the top
Yukawa coupling, i.e.

�NS = �t

h
2�SM(tt̄tt̄)int + 4�SM(tt̄tt̄)H

i
⇥ L + O(�2

t ), (33)

where �t ⌘ t�1 and the SM cross sections refer to the values after all the cuts shown in the last column
in Table 23. It yields a precision of t measurement as follows: 0.927  t  1.051 for L = 10 ab�1,
0.952  t  1.038 for L = 20 ab�1, and 0.962  t  1.031 for L = 30 ab�1, respectively.

Figure 55 displays the correlation between R� and t imposed by the projected µbb̄
tt̄H measure-

ment [133]; see the red band. The expectations of the t measurement in the tt̄tt̄ production are also
plotted where the yellow (green, blue) contour region denotes the uncertainty of t with L = 10 ab�1

(20 ab�1, 30 ab�1), respectively. Combining both the tt̄H and tt̄tt̄ productions imposes a tight
bound on the Higgs boson width; for example, 0.85 �SM

H  �H  1.12 �SM
H for L = 10 ab�1,

0.89 �SM
H  �H  1.09 �SM

H for for L = 20 ab�1, and 0.91 �SM
H  �H  1.08 �SM

H for L = 30 ab�1,
respectively.

4.6 Rare SM Exclusive Higgs decays
The measurement of the rare exclusive decays H ! V �, where V denotes a vector meson, would allow
a unique probe of the Higgs coupling to light quarks. While the absolute value of the bottom-quark
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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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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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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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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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Figure 4: The predicted SM value of s(pp ! tttt) [2], calculated at LO and scaled to the
12.0+2.2

�2.5 fb cross section obtained in Ref. [1], 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).

Figure 5: Cross section limits, as a function of boson mass, for heavy scalar (left) and pseu-
doscalar (right) bosons, produced in association with one or two top quarks. The bosons sub-
sequently decay to top quark pairs. The theoretical cross sections are shown with solid red
lines.
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Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).
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= 0.013 NS . (22)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010 NS .

The analysis for larger pT cuts leads to the numbers in the following table:

pT,min[GeV] NS NB NS + NB NSideband �NS/NS NS/NB NS/
p

NB

250 29400 74700 104000 155000 0.013 0.39 107
300 18800 39000 57900 116000 0.014 0.48 95
350 13300 27500 40800 79800 0.017 0.48 80
400 8970 16700 25600 50300 0.020 0.54 69
450 5950 9810 15800 35100 0.023 0.61 60
500 3830 5730 9560 24400 0.027 0.67 51

For the signal region we count NS in the region with NS/NB > 1/5, for the sideband region we require
NS/NB < 1/10. The corresponding mbb distribution is binned in steps of 10 GeV. NB is the sum of all
tt̄bb̄, tt̄+ jets and tt̄Z events combined. We notice that the precision on the number of extracted signal
events, �NS/NS , remains at the level of 1-2% over a broad range transverse momenta, providing an
important validation of the robustness of the analysis.

More details, and the results of the combined Crystal Ball fit of the Z and H signals, are given in
Ref. [133]. The continuum side band and the second peak offer two ways to control the backgrounds as
well as the translation of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We therefore find that
ytop could be measured to around 1% with a 100 TeV collider and an integrated luminosity of 20 ab�1.
This is an order of magnitude improvement over the expected LHC reach, with significantly improved
control over the critical uncertainties.

There exist additional, complementary opportunities offered by the tt̄H study. For example, the
H ! �� decay could allow a direct measurement of the ratio of branching ratios B(H ! ��)/B(H !
bb̄). It would serve as a complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H ! 2`2⌫ could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, especially for the e±µ⌥⌫⌫̄ final state, could be particularly clean.

4.5 Combined determination of yt and �(H) from ttH vs tt̄tt̄ production
Precise information of Higgs boson, e.g. its mass, width, spin, parity, and couplings, should shed light on
new physics beyond the Standard Model. In this section we discuss the measurements of two important
properties of the Higgs boson, the total width (�H ) and its coupling to top-quark (yHtt̄), through the tt̄H
and tt̄tt̄ productions at a 100 TeV pp collider. The top Yukawa-coupling can be measured in the tt̄H
production. An ultimate precision of about 1% is expected at a 100 TeV pp collider in the channel of
pp ! tt̄H ! tt̄bb̄ with an integrated luminosity (L) of 20 ab�1, assuming the H ! bb̄ branching ratio
is the same as in the SM. However, this assumption may not be valid in NP models; for example, �H

might differ from the SM value (�SM
H ) in the case that the Higgs boson decays into a pair of invisible

particles. It is important to find a new experimental input to relax the assumption. Four top-quark (tt̄tt̄)
production provides a powerful tool to probe the top-quark Yukawa coupling, and in addition, combining
the tt̄H and tt̄tt̄ productions also determines �H precisely [159].

Under the narrow width approximation, the production cross section of pp ! tt̄H ! tt̄bb̄ is

�(pp ! tt̄H ! tt̄bb̄) = �SM(pp ! tt̄H ! tt̄bb̄) ⇥ 2
t 

2
b
�SM

H

�H

⌘ �SM(pp ! tt̄H ! tt̄bb̄) ⇥ µbb̄
tt̄H ,

(23)
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Already now, limits on   with the Higgs off-shell can be set. They are 
independent on the value of the Higgs total width.  

Measuring the Top Yukawa Coupling at 100 TeV 2

1. Introduction

After the discovery of a light and likely fundamental Higgs boson during the LHC Run I [1, 2], the
test of the Standard Model nature of this Higgs boson will be one of the key goals of the upcoming
LHC run(s). One of the most interesting parameters of the Standard Model (SM) is the top Yukawa
coupling yt. One reason is that, because of its large size, it dominates the renormalization group
evolution of the Higgs potential to higher, more fundamental energy scales [3]. On the other hand,
this coupling is one of the hardest to directly determine at colliders [4, 5], because this requires a precise
measurement of the tt̄H production cross section. This cross section can in principle be measured at
hadron colliders [6, 7, 8] as well as at e+e� colliders [9, 10]. However, a suitable e+e� collider should
at least have an energy of 500 GeV. If a future e+e� Higgs factory should have lower energy, the
precise measurement of yt will have to be postponed to a future hadron collider, such as the 100 TeV
pp collider under consideration at CERN [11] and in China [12].

The global set of physics opportunities of such a 100 TeV collider is being explored in many
studies. Obvious pillars of the physics program will include the study of weakly interacting thermal
dark matter [14], the gauge sector at high energies [15], the complete understanding of the nature of the
electroweak phase transition [16], and shedding more light on the hierarchy problem. The picture will
rapidly evolve in the near future, also in view of the forthcoming results for the search of new physics
at the LHC, in the experiments dedicated to the study of flavor and CP violating phenomena, and
at the astro/cosmo frontier. Nevertheless, the continued study of Higgs properties, pushing further
the precision of LHC measurements, exploring rare and forbidden decays, and unveiling the whole
structure of the electroweak symmetry-breaking sector [17], will provide the underlying framework for
the whole program.

These goals and benchmarks are, already today, clearly defined, allowing us to start assessing
their feasibility. For example, first studies indicate that a SM Higgs self-coupling could be measured
at 100 TeV with a precision of 5-10% [18], for an integrated luminosity of 30 ab�1, consistent with
the current expectations [19]. Similar 100 TeV studies, for the Higgs couplings that are already under
investigation at the LHC, are still missing. The fact that already at the high-luminosity LHC (HL-
LHC) the couplings’ extraction will be dominated by systematic and theoretical uncertainties [20],
makes it hard to produce today reliable predictions. One important exception, where statistics may
still be limited at the HL-LHC, is tt̄H production. This measurement is also a key ingredient for the
determination of the Higgs self-coupling.

In this paper we will show that a precision measurement of the top Yukawa coupling yt should
be added to the main physics opportunities of a 100 TeV hadron collider. The crucial distinction
between this measurement at 100 TeV w.r.t. LHC energies is the potential to fully exploit the features
of boosted objects and jet substructure [21], thanks to a large-statistics sample of highly boosted top
and Higgs particles, as shown in Fig. 1. Our analysis will be based on the first HEPTopTagger

Figure 1: Integrated transverse momentum distributions for the Higgs boson and top (anti-top) quark,
in the tt̄H process at a 100 TeV collider (left) and the 13 TeV LHC (right).

CMS PAS TOP-18-003  

Blue band: LO calculation rescaled to the SM Complete-NLO predictions. 
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8 Summary

The standard model (SM) production of tttt has been studied using data from
p

s = 13 TeV
proton-proton collisions collected with the CMS detector during Run 2 of the LHC (2016-2018),
corresponding to an integrated luminosity of 137 fb�1. The final state with two same-sign lep-
tons or at least three leptons is analyzed with two strategies, the first relying on a cut-based cat-
egorization in lepton and jet multiplicity and jet flavor, the second taking advantage of a mul-
tivariate approach to distinguish the tttt from its many backgrounds. The multivariate strat-
egy yields an observed (expected) significance of 2.6 (2.7) standard deviations relative to the
background-only hypothesis, and a measured value for the tttt cross section of 12.6+5.8

�5.2 fb, in
agreement with the standard model prediction of 12.0+2.2

�2.5 fb [1]. The cut-based strategy yields
an observed (expected) significance of 1.7 (2.5) standard deviations relative to the background-
only hypothesis, and a measured value for the tttt cross section of 9.4+6.2

�5.6 fb, in agreement with
the BDT result. The results of the BDT analysis are also used to constrain the top quark Yukawa
coupling with respect to its SM value, based on the |yt| dependence of s(pp ! tttt) calculated
at leading order in Ref. [2], resulting in a 95% confidence level limit of |yt/ySM

t | < 1.7. Ad-
ditionally, in Type II two-Higgs-double models, the analysis provides exclusions in the mass
ranges of 350-470 GeV and 350-550 GeV for heavy scalar and pseudoscalar bosons, respectively.
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There is no gg 
contribution at 
NLO5 and NLO6.

The structure of the paper is the following. In sec. 2 we describe the calculations and
we introduce a more suitable notation for referring to the various O(↵i

s↵
j) contributions. In

sec. 3 we provide numerical results at the inclusive and differential levels for complete-NLO
predictions for proton–proton collisions at 13 and 100 TeV. We discuss in detail the impact
of the individual O(↵i

s↵
j) contributions. The common input parameters are described

in sec. 3.1, while pp ! tt̄W± and pp ! tt̄tt̄ results are described in secs. 3.2 and 3.3,
respectively. Conclusions are given in sec. 4.

2 Calculation framework for tt̄W± and tt̄tt̄ production at complete-NLO

Performing an expansion in powers of ↵s and ↵, a generic observable for the processes
pp ! tt̄W±(+X) and pp ! tt̄tt̄(+X) can be expressed as

⌃tt̄W±
(↵s,↵) =

X

m+n�2

↵m
s ↵n+1⌃tt̄W±

m+n+1,n , (2.1)

⌃tt̄tt̄(↵s,↵) =
X

m+n�4

↵m
s ↵n⌃tt̄tt̄

m+n,n , (2.2)

respectively, where m and n are positive integer numbers and we have used the notation
introduced in refs. [11, 17]. For tt̄W± production, LO contributions consist of ⌃tt̄W±

m+n+1,n

terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
all the perturbative orders entering at the complete-NLO accuracy, i.e., m + n = 2, 3 for
⌃tt̄W±

(↵s,↵) and m+ n = 4, 5 for ⌃tt̄tt̄(↵s,↵).
Similarly to ref. [19], we introduce a more user-friendly notation for referring to the

different ⌃tt̄W±
m+n+1,n and ⌃tt̄tt̄

m+n,n quantities. At LO accuracy, we can denote the tt̄W± and
tt̄tt̄ observables as ⌃tt̄W±

LO and ⌃tt̄tt̄
LO and further redefine the perturbative orders entering

these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)
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Figure 4. Representative diagrams for the one-loop gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵3

s), the central one is of O(↵2
s↵) and the right one is of O(↵s↵2). The interferences of these

diagrams with those shown in Fig. 3 lead to contributions to NLO1, NLO2, NLO3 and NLO4.

level of complexity. While the NLO1 contribution have already been calculated in refs. [11,
43] and studied in detail in ref. [38], all the other (N)LOi contributions are calculated for
the first time here.

The gg ! tt̄tt̄ Born amplitude contains only O(↵2
s) and O(↵s↵) diagrams, while the

qq̄ ! tt̄tt̄ Born amplitude contains also O(↵2) diagrams. Thus the gg initial state con-
tributes to LOi with i  3 and the qq̄ initial states contribute to all the LOi. Also the
�g and �� initial states are available at the Born level; they contributes to LOi with re-
spectively i � 2 and i � 3. However, their contributions are suppressed by the size of the
photon parton distribution function (PDF). Representative gg ! tt̄tt̄ Born diagrams are
shown in Fig. 3. As already mentioned in the introduction, LO2 and LO3 are larger than
the values naively expected from ↵s and ↵ power counting, i.e., LO2 � (↵/↵s) ⇥ LOQCD

and LO3 � (↵/↵s)2⇥LOQCD. Thus, NLO2, NLO3 and also NLO4 are expected to be non-
negligible, especially NLO2, NLO3 because they involve “QCD corrections”2 to LO2 and
LO3 contributions, respectively. As discussed in ref. [38], the tt̄tt̄ production cross-section
is mainly given by the gg initial state, for this reason we expect LO4, (N)LO5 and NLO6 to
be negligible. Representative gg ! tt̄tt̄ one-loop diagrams are shown in Fig. 4. Although
suppressed by the photon luminosity, also the �g and �� initial states contribute to NLOi

with i � 2 and i � 3 respectively,
Note that, for both the pp ! tt̄W± and pp ! tt̄tt̄ processes, we do not include the

(finite) contributions from the real-emission of heavy particles (W±, Z and H bosons and
top quarks), sometimes called the “heavy-boson-radiation (HBR) contributions”. Although
they can be formally considered as part of the inclusive predictions at complete-NLO ac-
curacy, these finite contributions are typically small and generally lead to very different
collider signatures.3

Eqs. (2.5) and (2.6) define the NLO corrections in an additive approach. Another
possibility would be applying the corrections multiplicatively, which is not uncommon when
combining NLO QCD and NLO EW corrections. The difference between the two approaches

2As discussed in ref. [17], this classification of terms entering at a given order is not well defined;
some diagrams can be viewed both as a “QCD correction” and an “EW correction” to different tree-level
diagrams. Nevertheless, this intuitive classification is useful for understanding the underlying structure of
such calculations. For this reason we use these expressions within quotation marks.

3HBR contributions to NLO2 in tt̄W± production have been provided in ref. [18].
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terms with m + n = 2 and are induced by tree-level diagrams only. NLO corrections are
given by the terms with m + n = 3 and are induced by the interference of diagrams from
the all the possible Born-level and one-loop amplitudes as well all the possible interferences
among tree-level diagrams involving one additional quark, gluon or photon emission. Anal-
ogously, for tt̄tt̄ production, LO contributions consist of ⌃tt̄tt̄

m+n,n terms with m + n = 4

and NLO corrections are given by the terms with m + n = 5. In this work we calculate
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these two quantities as

⌃tt̄W±
LO (↵s,↵) = ↵2

s↵⌃
tt̄W±
3,0 + ↵s↵⌃

tt̄W±
3,1 + ↵2⌃tt̄W±

3,2

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 , (2.3)

⌃tt̄tt̄
LO(↵s,↵) = ↵4

s⌃
tt̄tt̄
4,0 + ↵3

s↵⌃
tt̄tt̄
4,1 + ↵2

s↵
2⌃tt̄tt̄

4,2 + ↵3
s↵⌃

tt̄tt̄
4,3 + ↵4⌃tt̄tt̄

4,4

⌘ ⌃LO1 + ⌃LO2 + ⌃LO3 + ⌃LO4 + ⌃LO5 . (2.4)

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W±
NLO (↵s,↵) = ↵3

s↵⌃
tt̄W±
4,0 + ↵2

s↵
2⌃tt̄W±

4,1 + ↵s↵
3⌃tt̄W±

4,2 + ↵4⌃tt̄W±
4,3

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 , (2.5)

⌃tt̄tt̄
NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄
5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3
s↵

2⌃tt̄tt̄
5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1
s↵

4⌃tt̄tt̄
5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1 + ⌃NLO2 + ⌃NLO3 + ⌃NLO4 + ⌃NLO5 + ⌃NLO6 . (2.6)

– 4 –

t

t̄

t̄

t

1

t

t̄

t

t̄

H

2

Figure 3. Representative diagrams for the Born gg ! tt̄tt̄ amplitude. The left diagram is of
O(↵2

s), the right one is of O(↵s↵). Both diagrams involve tt ! tt scattering contributions.

in detail in ref. [38], where giant K-factors for the pT (tt̄) distribution have been found.
Large QCD corrections are induced also by the opening of the gq ! tt̄W±q0 channels,
which depend on the gluon luminosity and are therefore enhanced for high-energy proton–
proton collisions. Moreover, the pT (tt̄) distribution receives an additional log2(p2T (tt̄)/m2

W )

enhancement in the qg initial-state subprocess (see left diagram in Fig. 2 and ref. [38] for
a detailed discussion). Also, the impact of soft-gluon emissions is non-negligible and their
resummed contribution has been calculated in refs. [39–41] up to next-to-next-to-leading-
logarithmic accuracy. The NLO2 has been calculated for the first time in ref. [18] and
further phenomenological studies have been provided in ref. [42]. In a boosted regime, due
to Sudakov logarithms, the NLO2 contribution can be as large as the NLO QCD scale
uncertainty.

The NLO3 and NLO4 contributions are calculated for the first time here. In particular,
the NLO3 contribution is expected to be sizeable since it contains gq ! tt̄W±q0 real-
emission channels that involve EW tW ! tW scattering (see right diagram in Fig. 2),
which as pointed out in ref. [33] can be quite large. Moreover, as in the case of NLO1,
due to the initial-state gluon this channel becomes even larger by increasing the energy of
proton–proton collisions.1 The tW ! tW scattering is present also in the NLO4 via the
�q ! tt̄W±q0, however in this case its contribution is suppressed by a factor ↵/↵s and
especially by the smaller luminosity of the photon. In addition to the real radiation of
quarks, also the qq̄0 ! tt̄W±g and qq̄0 ! tt̄W±� processes contribute to the NLO3 and
NLO4, respectively. Concerning virtual corrections, the NLO4 receives contributions only
from one-loop amplitudes of O(↵5/2), interfering with O(↵3/2) Born diagrams. Instead,
the NLO3 receives contributions both from O(↵5/2) and O(↵s↵3/2) one-loop amplitudes
interfering with O(↵s↵1/2) and O(↵3/2) Born diagrams, respectively. Clearly, due to the
different charges, NLOi terms are different for the tt̄W+ and tt̄W� case, however, since we
did not find large qualitative differences at the numerical level, we provide only inclusive
results for tt̄W± production.

We now turn to the case of tt̄tt̄ production, whose calculation involves a much higher

1In tt̄Z(tt̄H) production the NLO3 contributions feature tH ! tH(tZ ! tZ) scattering in gq !
tt̄Zq(gq ! tt̄Hq) real-emission channels. However, at variance with tt̄W± production, the gg initial state
is available at LOQCD. Thus, the qg luminosity is not giving an enhancement and the relative impact from
NLO3 is smaller than in tt̄W± production.

– 6 –

The gg initial-state is giving  ~90% 
of LO cross section at 13 TeV and 
almost all the cross section at 100 
TeV.  
There is no gg contribution at LO4 
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Cross sections
13 TeV 100 TeV

�[%] 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 7. tt̄tt̄: �(N)LOi
/�LOQCD ratios at 13 TeV, for different values of µ = µr = µf .

large. Indeed, NLO2 and NLO3 terms involve explicit logarithms of µ that compensate
the PDF and ↵s scale dependence at LO2 and LO3 accuracy, respectively. Thus, in tt̄tt̄

production, at variance with most of the other production processes studied in the literature,
quoting the relative size of NLOEW ⌘ NLO2 or NLO3 corrections without specifying the
QCD-renormalisation and factorisation scale is simply meaningless. Moreover, �NLO2 and
�NLO3 corrections can separately be very large, easily reaching ±15% (depending on the value
of µ). Surprisingly, for our central value of the renormalisation and factorisation scales, the
�NLO2 and �NLO3 are almost zero8, particularly for 13 TeV. On the other hand, if we had
taken HT /2 or even mtt̄tt̄ as our central scale choice, the NLO2 and NLO3 corrections
relative to the LO1, �NLO2 and �NLO3 , would have been much larger. Still, even for the
central value µ = HT /4, the corrections are much larger than foreseen, especially for �NLO3

which naively is expected to be of order ↵3
s↵

2/↵4
s = ↵2/↵s ⇠ 0.1% level. On the other hand,

the relative cancellation observed between NLO2 and NLO3 contributions is even larger than
in the case of LO2 and LO3. As can be seen in the last rows of Tabs. 7 and 8, at the inclusive
level the sum of the ratios �NLO2 + �NLO3 is not only small, but also stable under scale
variation,9 resulting in corrections of at most a few percents w.r.t. the LOQCD. Furthermore,
particularly at 13 TeV, �NLO2 + �NLO3 receives also additional cancellations when summed
to �NLO4 , which itself is much larger than the expected ↵2

s↵
3/↵4

s = ↵3/↵2
s ⇠ 0.01% level.

To the best of our understanding, these cancellations are accidental.
These large and accidental cancellations among the (N)LOi terms with i > 1 are

particularly relevant from a BSM perspective, since the level of these cancellations may
be altered by new physics. As an example, we can refer to the case of an anomalous yt
coupling, which, as we have already mentioned, has been considered in the tree-level analysis

8Our choice for the central value of the scales has not been tuned in order to reduce the effects from
the NLO2 and NLO3. Rather, it is motivated by the study in ref. [38], which deals only with the LO1 and
NLO1.

9We verified this feature also with different functional forms for the scale µ.
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�[%] 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 different values of µ = µr = µf .

of ref. [34]. Terms proportional to y2t are present in all the (N)LOi with i � 2 and terms
proportional to y4t are present in all the (N)LOi with i � 3, but also terms proportional to
y6t are present for any i � 3. Moreover, also contributions proportional to yt, y3t and y5t are
possible. Similar considerations apply also to other new physics effects in tt̄tt̄ production
(see, e.g., ref. [64] and references therein for scenarios already analysed in the literature).

In order to understand the hierarchy of the different (N)LOi contributions, it is impor-
tant to note that at 13 TeV and especially at 100 TeV the total cross section is dominated
by the gg initial state (see, e.g., ref. [38]). For this reason, the LO4, LO5, NLO5 and NLO6

contributions, which are vanishing for the gg initial state, are much smaller than the other
contributions. The modest scale dependence of �NLO4 is also induced by this feature; the
NLO4 contribution mainly arises from “EW corrections” to gg-induced LO3 contributions,
which do not have any explicit dependence on µ; and therefore the scale dependence of the
NLO4 follows the scale dependence of the LO3 to a large extent.

Differential distributions

We now move to the description of the results at the differential level, where we consider the
following distributions: the invariant mass of the four (anti)top quarks m(tt̄tt̄) (Fig. 9), the
sum of the transverse masses of all the particles in the final state HT as defined in eq. (3.5)
(Fig. 10), the transverse momenta of the hardest of the two top quarks pT (t1) (Fig. 11), and
the rapidity of the softest one y(t2) (Fig. 12). At variance with the case of tt̄W± production
in sec. 3.2, we organise plots according to the observable considered. In the figures we
display 13 TeV results on the left and 100 TeV results on the right. In the upper plots of
each of these figures we provide predictions at different levels of accuracy, using a similar
layout10 as in Figs. 5 and 6, which is described in detail in sec. 3.2. Also for tt̄tt̄ production,
comparisons among the scale uncertainties of the LOQCD and LOQCD+NLOQCD result have

10At variance with tt̄W± production, we do not show LOQCD + NLOQCD + NLOEW predictions. This
level of accuracy is rather artificial, since the NLOEW ⌘ NLO2 terms are dominated by “QCD corrections”
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0.0001 

Naive estimate

LO2 and LO3 are large and have also large cancellations. 
NLO2 and NLO3 are mainly given by ‘QCD corrections’ on top of them, so they are large 
and strongly depend on the scale choice, at variance with standard EW corrections. 
Accidentally, relatively to LO1 , NLO2+NLO3 scale dependence almost disappear. 
What happens if BSM enters into the game? Anomalous yt ? 
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Figure 9. The m(tt̄tt̄) distribution in tt̄tt̄ production. Left: 13 TeV. Right: 100 TeV. Upper
plots: scale uncertainty bands (same layout as the plots in Figs. 5 and 6). Central plots: individual
(N)LOi contributions normalised to LO1 ⌘ LOQCD. Lower plots: same as central plots but only
with NLO2, NLO3, and their sum, at different values of the scale µ. These lower plots do not show
scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Large cancellations among (N)LO2 and (N)LO3 
are present also at the differential level,  
At the threshold also NLO4 is large.
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Figure 4: (a) Signal acceptance times e�ciency as a function of � for the bb̄bb̄, bb̄⌧+⌧� and bb̄�� analyses. The
bb̄bb̄ curve is the average of the 2015 and 2016 curves weighted by the integrated luminosities of the two datasets.
(b) Upper limits at 95% CL on the cross-section of the ggF non-resonant SM HH production as a function of �. The
observed (expected) limits are shown as solid (dashed) lines. In the bb̄�� final state, the observed and expected
limits coincide. The ±1� and ±2� bands are only shown for the combined expected limit. The theoretical prediction
of the cross-section as a function of � is also shown.

Table 2: Allowed � intervals at 95% CL for the bb̄bb̄, bb̄⌧+⌧� and bb̄�� final states and their combination. The
column “Obs.” lists the observed results, “Exp.” the expected results obtained including all statistical and systematic
uncertainties in the fit, and “Exp. stat.” the expected results obtained including only the statistical uncertainties.

Allowed � interval at 95% CL
Final state Obs. Exp. Exp. stat.
bb̄bb̄ �10.9 — 20.1 ≠11.6 — 18.8 ≠9.8 — 16.3
bb̄⌧+⌧� ≠7.4 — 15.7 ≠8.9 — 16.8 ≠7.8 — 15.5
bb̄�� ≠8.1 — 13.1 ≠8.1 — 13.1 ≠7.9 — 12.9
Combination ≠5.0 — 12.0 ≠5.8 — 12.0 ≠5.3 — 11.5
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1 Introduction

The discovery of the Higgs boson (H) [1, 2] at the Large Hadron Collider (LHC) [3] in 2012 has
experimentally confirmed the Brout–Englert–Higgs (BEH) mechanism of electroweak symmetry breaking
and mass generation [4–6]. The BEH mechanism not only predicts the existence of a massive scalar particle,
but also requires this scalar particle to couple to itself. Therefore, observing the production of Higgs
boson pairs (HH) and measuring the Higgs boson self-coupling �HHH is a crucial validation of the BEH
mechanism. Any deviation from the Standard Model (SM) predictions would open a window to new physics.
Moreover, the form of the Higgs field potential, which generates the Higgs boson self-coupling after
electroweak symmetry breaking, can have important cosmological implications, involving, for example,
predictions for vacuum stability or models in which the Higgs boson acts as the inflation field [7–10].

In the SM, the gluon–gluon fusion pp ! HH process (ggF) accounts for more than 90% of the Higgs
boson pair production cross-section, and only this production mode is considered here. It proceeds via two
amplitudes: the first (A1) represented by the diagrams (a) and (b), and the second (A2) represented by
the diagram (c) in Figure 1. The interference between these two amplitudes is destructive and yields an

g

g

H

H

t/b

(a)

g

g

H

H

t/b

(b)

g

g

κλ

H

H

t/b

H

(c)

g

g

H

H

X

(d)

Figure 1: Examples of leading-order Feynman diagrams for Higgs boson pair production: the diagrams (a) and (b)
are proportional to the square of the heavy-quark Yukawa couplings, while the diagram (c) is proportional to the
product of the heavy-quark Yukawa coupling and the Higgs boson self-coupling. Here � is the ratio of the BSM
Higgs boson self-coupling to that of the SM. The diagram (d) represents the production of the Higgs boson pair
through an intermediate resonance (X) that couples to gluons through an e�ective coupling and to the SM Higgs
boson.

overall cross-section of �SM
ggF(pp ! HH) = 33.5+2.4

�2.8 fb at
p

s = 13 TeV [11], calculated at next-to-leading
order (NLO) in QCD with finite top-quark mass e�ects [12], and corrected at next-to-next-to-leading order
(NNLO) in QCD matched with next-to-next-to-leading logarithmic (NNLL) resummation in the heavy
top-quark limit [11]. Beyond-the-Standard-Model (BSM) scenarios can bring substantial enhancement of
this cross-section by modifying the relative sign of A1 and A2, and by increasing A2. The A2 amplitude
is proportional to the Higgs self-coupling �HHH . The Higgs boson self-coupling modifier due to BSM
scenarios is defined as � = �HHH/�SM

HHH . In this analysis, all other Higgs boson couplings are assumed
to have SM values. Indirect limits on � have been obtained using the measurements of single Higgs boson
production and decay [13] and electroweak precision observables [14, 15], constraining � to the range

2

Double Higgs production is more than 
1000 times suppressed w.r.t. single-
Higgs production.

�28

Status of the Higgs couplings



We can exploit at the LHC the  
“High Precision for Hard Processes”

An additional and complementary strategy for the determination 
(at the LHC) of the Higgs self coupling is desirable.

and probe the quantum effects (NLO EW) induced by the Higgs self 
coupling on single Higgs production and decay modes. 
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Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !
1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W ), q2/(4m2
H) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1To our knowledge this is the first-ever two-loop computation of a physical observable
performed in the unitary gauge.
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Figure 2: Structure of the �SM
3 -dependent part inM1

�SM

3

for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V ⇤ ! 4f).
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Figure 3: Sample of �SM
3 -dependent diagrams in tt̄H production.

the fermions in the final state. The same applies toH ! WW ⇤ ! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V ⇤ ! 4f), the �3-dependent parts in M1

�SM

3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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All the single Higgs production and decay processes are affected by an 
anomalous trilinear (not quartic) Higgs self coupling, parametrized by     .

of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M0 and the virtual EW amplitude
M1, besides the wave-function-renormalisation constant. The amplitude
M1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M1, which we denote as M1

�
3

, can be obtained for any process
by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�SM

3

) and then rescaling them by a factor �. In order to correctly

identify M1
�SM

3

(the contributions related to the H3 interaction) in the M1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3 -dependent diagrams
are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M1
�
3

and ZH are taken into account,
denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M1
�SM

3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM
NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�
3

⌘ ⌃NLO � ⌃SM
NLO

⌃LO
= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3� ↵
2) terms in the r.h.s, can be compactly written as

�⌃�
3

= (� � 1)C1 + (2� � 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
parameter     , which can thus be constrained via a global fit.

of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M0 and the virtual EW amplitude
M1, besides the wave-function-renormalisation constant. The amplitude
M1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M1, which we denote as M1

�
3

, can be obtained for any process
by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�SM

3

) and then rescaling them by a factor �. In order to correctly

identify M1
�SM

3

(the contributions related to the H3 interaction) in the M1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3 -dependent diagrams
are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M1
�
3

and ZH are taken into account,
denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M1
�SM

3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM
NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�
3

⌘ ⌃NLO � ⌃SM
NLO

⌃LO
= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3� ↵
2) terms in the r.h.s, can be compactly written as

�⌃�
3

= (� � 1)C1 + (2� � 1)C2 , (7)

7

Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2/(4m2

H) where q2 is the virtuality
of the external Higgs momentum, to be set to m2

H at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H/m
6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q2 = 4m2

H and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2
V )/(k

2 �M2
V + i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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Figure 3: Sample of �SM
3 -dependent diagrams in tt̄H production.

the fermions in the final state. The same applies toH ! WW ⇤ ! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V ⇤ ! 4f), the �3-dependent parts in M1

�SM

3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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Numerical results

C�
1 [%] �� ZZ WW ff̄ gg

on-shell H 0.49 0.83 0.73 0 0.66

Table 1: Values of the C1 factor in units 10�2 for the most relevant decay
modes of the Higgs boson.

C�
1 [%] ggF VBF WH ZH tt̄H

7 TeV 0.66 0.65 1.06 1.23 3.87

8 TeV 0.66 0.65 1.05 1.22 3.78

13 TeV 0.66 0.64 1.03 1.19 3.51

14 TeV 0.66 0.64 1.03 1.18 3.47

Table 2: Same as Tab. 1 for the production modes for pp collisions at centre-
of-mass energies relevant for the LHC.

and C2 factors in Eq. (7), which parametrise the �3-dependent contributions.
The input parameters of our calculation are [53]

Gµ = 1.1663787 · 10�5 GeV�2 , mW = 80.385 GeV , mZ = 91.1876 GeV ,
(12)

with the Higgs boson and the top-quark masses set to

mH = 125 GeV , mt = 172.5 GeV . (13)

All the other fermions are treated as massless. In the production cross
sections, the renormalisation and factorisation scales are both set equal to

µ ⌘ 1

2

X

i

mi , (14)

where mi are the masses of the particle in the final state. As PDF set, we
use the PDF4LHC2015 set [54–57].

The process-independent factor C2 defined in Eq. (8) depends upon �ZH ,
as defined in Eq. (3), and also �. With the parameter inputs used, �ZH =
�1.536 · 10�3, thus C2 can range from C2 = �1.536 · 10�3 for � = 1 up to
C2 = �9.514 · 10�4 for � = ±20.

In Tab. 1 we report the values of the C�
1 term for the most relevant Higgs

decay modes at the LHC, namely, WW , ZZ, ��, ff̄ and also gg, which
yields a non-negligible fraction of the total decay width. In the analyses of
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Figure 6: Dependence of ���
3

for the relevant production processes at the
LHC as a function of � in the range |�|  20 (left) and zoomed in the
region �2 < � < 8 (right). The style and colour conventions of the lines
are: ggF = solid black, tt̄H = dash-dotted red, VBF = dotted green, ZH
= dashed blue, WH = long-dashed magenta.

vector-boson-fusion, Higgs-strahlung (WH and ZH) and tt̄H production.
In the plot on left we display the ���

3

corrections for the various processes
in the full range of validity of our calculation, �20 . � . 20, while in the
plot on the right we zoom the region �2 < � < 8, where corrections are
within 5% in absolute value.

As can be seen, tt̄H receives positive sizeable corrections (⇠ 20% at
� ⇠ 10), thanks to the large value of C�

1 (tt̄H). For all the other production
processes large corrections can only be negative and only for large value of
|�|. The plots on the right of Fig. 6 shows that ���

3

remains at the percent
level for a quite extended range for the ggF, VBF and V H production modes.
Moreover, for these processes, ���

3

can be zero for values of � 6= 1, i.e.,
di↵erent from the SM prediction. In particular, in the case of gluon-gluon
fusion and VBF, the SM is degenerate with � ⇠ 3, while in the case of V H
production the SM is degenerate with � ⇠ 6. The fact that the degeneracy
appears at di↵erent values � for di↵erent processes is important in order
to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7.
We plot (left) �⌃�

3

as a function of � for the decay widths of the rele-
vant modes at the LHC, which we denote as ���

3

, and we show (right) the
analogous quantity (�BR�

3

) for the Branching Ratios (BRs). The quan-
tity �BR�

3

(i) for the Higgs decay into the final-state i can be conveniently
written as

�BR�
3

(i) =
(� � 1)(C�

1 (i)� C�
tot

1 )

1 + (� � 1)C�
tot

1

, (15)
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M0 and the virtual EW amplitude
M1, besides the wave-function-renormalisation constant. The amplitude
M1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M1, which we denote as M1

�
3

, can be obtained for any process
by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�SM

3

) and then rescaling them by a factor �. In order to correctly

identify M1
�SM

3

(the contributions related to the H3 interaction) in the M1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3 -dependent diagrams
are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M1
�
3

and ZH are taken into account,
denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M1
�SM

3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM
NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�
3

⌘ ⌃NLO � ⌃SM
NLO

⌃LO
= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3� ↵
2) terms in the r.h.s, can be compactly written as

�⌃�
3

= (� � 1)C1 + (2� � 1)C2 , (7)
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Process and kinetic dependent

universalwith

C2 =
�ZH

(1� 2��ZH)
. (8)

Before describing the method and results of the calculation of the C1 coef-
ficients, we scrutinise the theoretical robustness of Eq. (6) and its range of
validity. Our aim is to employ Eq. (6) to evaluate the LHC sensitivity on �3

without making “a priori” any assumptions on the value of the parameter
�. We will, however, demand as a consistency constraint that, for large
values of �, �3-dependent terms from O(↵j) corrections with j > 1 do not
overwhelm the e↵ects from the Ci coe�cients. In order to take into account
all the O((2�↵)

n) contributions and perform a resummation of the 2� �ZH

terms in ZH we need to impose that 2� �ZH . 1, i.e., |�| . 25. The cor-
responding parametric uncertainty in ⌃NLO is therefore given by O((3�↵

2))
terms that can be sizeable for large values of �. The size of such missing
terms can be estimated by calculating the di↵erence between �⌃�

3

computed
using Eq. (6) and Eq. (7), or equivalently �(⌃NLO/⌃LO) ' 3�C1�ZH . Re-
quiring this uncertainty to be . 10% and assuming as an order of magnitude
of the two-loop contribution C1�ZH ⇠ 10�5, we find |�| . 20, which we
take as the range of validity of our perturbative calculation.

It is important to note that in an E↵ective-Field-Theory (EFT) approach
much stronger bounds would be set by the requirement that v is the global
minimum and that the Higgs-doublet potential is bounded from below, es-
pecially if only the (�†�)3 operator is included, as done in Ref. [40]. In
this approach the constraint 1 < � < 3 can be derived from the previous
requirements, as demonstrated in Appendix B, where we discuss also further
constraints induced by the size of the Wilson coe�cient in front of (�†�)3

and we present general formulas for �3 and �4 including all the tower of
(�†�)n operators.

At variance with the SM, where the Higgs self coupling and the Higgs
mass are related, in our setup they are two independent parameters. This
in general spoils the renormalisability of the model and makes its parame-
ters sensitive to the UV scales. However, one knows a priori that the �3–
dependent O(↵) corrections to ⌃ in Eq. (6) are finite. The reason is twofold:

i) the LO result does not depend on �3 and therefore no renormalisation
of �3 at NLO is either needed nor possible.

ii) All the counterterms needed at NLO do not contain divergent contri-
butions proportional to the trilinear coupling.

8

Production:      .

C�
1 [%] 25 GeV 50 GeV 100 GeV 200 GeV 500 GeV

WH 1.71 (0.11) 1.56 (0.34) 1.29 (0.72) 1.09 (0.94) 1.03 (0.99)

ZH 2.00 (0.10) 1.83 (0.33) 1.50 (0.71) 1.26 (0.94) 1.19 (0.99)

tt̄H 5.44 (0.04) 5.14 (0.17) 4.66 (0.48) 3.95 (0.84) 3.54 (0.99)

Table 3: C�
1 at 13 TeV obtained by imposing the cut pT (H) < pT,cut, for

several values of pT,cut. In parentheses the fraction of events left after the
quoted cut is applied.

C�
1 [%] 1.1 1.2 1.5 2 3

WH 1.78 (0.17) 1.60 (0.36) 1.32 (0.70) 1.15 (0.89) 1.06 (0.97)

ZH 2.08 (0.19) 1.86 (0.38) 1.51 (0.72) 1.31 (0.90) 1.22 (0.98)

tt̄H 8.57 (0.02) 7.02 (0.10) 5.11 (0.43) 4.12 (0.76) 3.64 (0.94)

Table 4: C�
1 at 13 TeV obtained by imposing the cut mtot < K · mthr,

for several values of K. In parentheses the fraction of events left after the
quoted cut is applied.

In order to support the arguments outlined above, the kinematical de-
pendence of the C1 coe�cients can be studied. To this purpose, we evaluate
C�
1 for these processes imposing an upper cut on the transverse momentum

of the Higgs or on the total invariant mass of the final state. The results
obtained for 13-TeV collisions are shown in Tabs. 3 and 4, for the cases
pT (H) < pT,cut and mtot < K ·mthr, being mthr the threshold of the specific
process. C�

1 is strongly enhanced when energetic configurations are vetoed.
In this respect, boosted configurations, which feature a smaller cross section
and a milder dependence on �, are certainly not optimal to detect devi-
ations in the Higgs trilinear coupling. On the other hand, the selection of
threshold regions may improve the sensitivity on �. Results for VBF have
not been included in the table because the dependence on the cuts turns out
to be very mild (very few percentages w.r.t the value in table 2), as expected
from the fact that the �3 dependence involve HV V vertex corrections, which
are not connected with the quark lines.

We turn now to the presentation and discussion of the results for pro-
duction and decay. We first consider the corrections ���

3

to the various
channels as defined in Eq. (6). In Fig. 6 we plot ���

3

as a function of � for
the relevant production processes at the LHC, namely, gluon–gluon fusion,
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for the relevant production processes at the
LHC as a function of � in the range |�|  20 (left) and zoomed in the
region �2 < � < 8 (right). The style and colour conventions of the lines
are: ggF = solid black, tt̄H = dash-dotted red, VBF = dotted green, ZH
= dashed blue, WH = long-dashed magenta.

vector-boson-fusion, Higgs-strahlung (WH and ZH) and tt̄H production.
In the plot on left we display the ���

3

corrections for the various processes
in the full range of validity of our calculation, �20 . � . 20, while in the
plot on the right we zoom the region �2 < � < 8, where corrections are
within 5% in absolute value.

As can be seen, tt̄H receives positive sizeable corrections (⇠ 20% at
� ⇠ 10), thanks to the large value of C�

1 (tt̄H). For all the other production
processes large corrections can only be negative and only for large value of
|�|. The plots on the right of Fig. 6 shows that ���

3

remains at the percent
level for a quite extended range for the ggF, VBF and V H production modes.
Moreover, for these processes, ���

3

can be zero for values of � 6= 1, i.e.,
di↵erent from the SM prediction. In particular, in the case of gluon-gluon
fusion and VBF, the SM is degenerate with � ⇠ 3, while in the case of V H
production the SM is degenerate with � ⇠ 6. The fact that the degeneracy
appears at di↵erent values � for di↵erent processes is important in order
to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7.
We plot (left) �⌃�

3

as a function of � for the decay widths of the rele-
vant modes at the LHC, which we denote as ���

3

, and we show (right) the
analogous quantity (�BR�

3

) for the Branching Ratios (BRs). The quan-
tity �BR�

3

(i) for the Higgs decay into the final-state i can be conveniently
written as

�BR�
3

(i) =
(� � 1)(C�

1 (i)� C�
tot

1 )

1 + (� � 1)C�
tot

1

, (15)
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C�
1 [%] �� ZZ WW ff̄ gg

on-shell H 0.49 0.83 0.73 0 0.66

Table 1: Values of the C1 factor in units 10�2 for the most relevant decay
modes of the Higgs boson.

C�
1 [%] ggF VBF WH ZH tt̄H

7 TeV 0.66 0.65 1.06 1.23 3.87

8 TeV 0.66 0.65 1.05 1.22 3.78

13 TeV 0.66 0.64 1.03 1.19 3.51

14 TeV 0.66 0.64 1.03 1.18 3.47

Table 2: Same as Tab. 1 for the production modes for pp collisions at centre-
of-mass energies relevant for the LHC.

and C2 factors in Eq. (7), which parametrise the �3-dependent contributions.
The input parameters of our calculation are [53]

Gµ = 1.1663787 · 10�5 GeV�2 , mW = 80.385 GeV , mZ = 91.1876 GeV ,
(12)

with the Higgs boson and the top-quark masses set to

mH = 125 GeV , mt = 172.5 GeV . (13)

All the other fermions are treated as massless. In the production cross
sections, the renormalisation and factorisation scales are both set equal to

µ ⌘ 1

2

X

i

mi , (14)

where mi are the masses of the particle in the final state. As PDF set, we
use the PDF4LHC2015 set [54–57].

The process-independent factor C2 defined in Eq. (8) depends upon �ZH ,
as defined in Eq. (3), and also �. With the parameter inputs used, �ZH =
�1.536 · 10�3, thus C2 can range from C2 = �1.536 · 10�3 for � = 1 up to
C2 = �9.514 · 10�4 for � = ±20.

In Tab. 1 we report the values of the C�
1 term for the most relevant Higgs

decay modes at the LHC, namely, WW , ZZ, ��, ff̄ and also gg, which
yields a non-negligible fraction of the total decay width. In the analyses of
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3

for the relevant production processes at the
LHC as a function of � in the range |�|  20 (left) and zoomed in the
region �2 < � < 8 (right). The style and colour conventions of the lines
are: ggF = solid black, tt̄H = dash-dotted red, VBF = dotted green, ZH
= dashed blue, WH = long-dashed magenta.

vector-boson-fusion, Higgs-strahlung (WH and ZH) and tt̄H production.
In the plot on left we display the ���

3

corrections for the various processes
in the full range of validity of our calculation, �20 . � . 20, while in the
plot on the right we zoom the region �2 < � < 8, where corrections are
within 5% in absolute value.
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1 (tt̄H). For all the other production
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�31

01-only results
• A likelihood fit is performed to constrain 01 in the combination of single-Higgs and double-Higgs
• All other Higgs boson couplings are fixed to the SM (0w = 0~ = 0� = 0K = 0O = 1)
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• 01 = 4.6L-.rc-.) = 4.6L-.ic).n fghg. LH.)cH.) jkl. Lm.icm.e fop. gℎ. LH.mcm.d(#tp. gℎ. ) (obs.)
• 01 = 1.0L-.rce.- = 1.0L-.mcd.) fghg. LH.ec-.m jkl. LH.)cH.r fop. gℎ. LH.HcH.e(#tp. gℎ. ) (exp.)

95% CL Obs. Exp.
H [ATL-PHYS-PUB-2019-009] [-3.2, 11.9] [-6.2, 14.4]
HH [arXiv:1906.02025] [-5.0, 12.0] [-5.8, 12.0]
H+HH [ATLAS-CONF-2019-049] [-2.3, 10.3] [-5.1, 11.2]

• The combination can better constrain 01

slide from Kunlin Ran talk (ATLAS)

This alternative strategy is already now competitive and 
complementary to double-Higgs production measurements!



C1: kinematic dependence

Contributions to ttH and HV processes can be 
seen as induced by a Yukawa potential, giving a 
Sommerfeld enhancement at the threshold. 
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Figure 2: Structure of the �SM
3 -dependent part inM1
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for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V ⇤ ! 4f).
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Figure 3: Sample of �SM
3 -dependent diagrams in tt̄H production.

the fermions in the final state. The same applies toH ! WW ⇤ ! 4f . In the
case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V ⇤ ! 4f), the �3-dependent parts in M1

�SM

3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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Fig. 5 Effect of O(λ3) correction in t t̄ H at 13 TeV LHC. Upper panel: normalized distributions at LO (red) and at O(λ3) (blue). Lower panel: C1
at the differential (green) and inclusive (blue) level

the unitary gauge. Having understood this point, the calcula-
tion is straightforward and can be performed automatically
in the Feynman gauge.

In our results we include both t H j and t̄ H j channels and
we do not apply cuts on the jet, since the result is infrared
finite. We find the C1 for the total cross section is about
0.91%. In Fig. 6, we showC1 for kinematic distributions such
as pT (H), pT (t), m(t H) and m(t H j). We note that unlike
the other variables pT (t) does not decrease monotonically as
we move from low to high pT values. Near threshold m(t H)

displays a quite impressive difference in shape.

3.5 H → 4ℓ

The Higgs decay into four fermions is the only Higgs decay
channel with non-trivial final-state kinematics. Moreover, it
is the only one where a priori alsoC1 can have a shape depen-
dence. Indeed, all the other decays correspond to a 1 → 2
process, and since the H boson is a scalar, there is not a
preferred direction in its reference frame. In the previous

study [39] the C1 for H → Z Z∗ decay was calculated to be
0.83%. Although the full off-shell configuration was taken
into account, possible angles between the decay products
were not analyzed. Using the form-factor code mentioned
above we calculate C1 for H → e+e−µ+µ− channel. We
analyzedC1 for many observables involving the four leptons,
but we found that it has in general almost no kinematic depen-
dence. As an example, in Fig. 7, we display C1 for leading
and subleading lepton pair invariant masses. Since the Higgs
boson interactions with the final-state fermions are negligi-
ble, this result can be extended to all the other decays into
four leptons and in general into four fermions.

4 Anomalous trilinear effects and the NLO electroweak
corrections

The set of one-loop corrections to single Higgs production
and decays involving the trilinear Higgs self-coupling is
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single top is a particularly rich and interesting process, espe-
cially in searching for observables sensitive to relative phases
among the Higgs couplings to fermions and bosons [64–67].
Naively, one would expect this process to have a sensitivity
to the trilinear one between that of VBF and t t̄ H ; the t H j
process features a top quark in the final state as well as W
boson(s) in the propagators. The contribution of one-loop
diagrams featuring the Higgs self-coupling to this process
has not been considered in Ref. [39] for two major reasons.
The first one was of phenomenological nature: in the SM
this process is barely observable at the Run II of the LHC.
The second one is of a technical nature: the calculation needs
a careful check of EW gauge invariance and UV finiteness,
since a few subtleties, which are not present for the other
processes discussed in this work, arise. We describe them in
the following.

Similar to the case of the H → γ γ decay [38,39], Gold-
stone bosons appear in the Feynman diagrams contributing
to the LO. Thus, HGG and HHGG interactions are present
in one-loop EW corrections. While the former is not modi-

fied by (#†#)n effective operators, the latter is indeed mod-
ified [38,39]. The calculation can be consistently performed
in two different ways: either directly eliminating Goldstone
bosons by employing the unitary gauge, as also done for
other quantities in Refs. [39,42], or keeping track of HHGG
effects in the intermediate calculation steps, as we explain in
the following and as we actually will do in our calculation.

In a generic gauge, the on-shell renormalization of the
EW sector [68] involves the counterterm for the Goldstone
self-energy, which depends on the Higgs tadpole counter
term δt , which in turn depends on the trilinear coupling λ3.
Therefore, if we only modify the value of λ3, the Goldstone
self-energy counterterm receives a UV-divergent contribu-
tion proportional to (κ3 − 1), which is not cancelled by any
divergence from loop diagrams. Instead, if we consistently
take into account the modification of the HHGG vertex,
loop diagrams featuring a seagull in the G propagator are
also present; they exactly cancel the UV-divergent contribu-
tion proportional to (κ3 − 1) in the Goldstone self-energy
counter term, leading to the same result one would obtain in
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Figure 6: The expected differential ttH + tH cross sections times branching ratio, along with
their respective uncertainties, in bins of pH
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defined in the bottom left of the plot. The error bars on the black points include the statistical
uncertainty, the experimental systematic uncertainties and the theoretical uncertainties related
to the ggH and VH yields. The theoretical uncertainties in the inclusive ttH + tH cross section
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level contours are shown by the solid and dashed lines respectively. The SM expectation is
shown by the black cross.
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Only ttH+tH with H—>γγ. 

Differential information is used. 
Including a free parameter for the 
global rescaling, bounds are not 
dramatically changed!
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Contact: cms-phys-conveners-ftr@cern.ch 2018/11/19

Constraints on the Higgs boson self-coupling from ttH+tH,
H ! gg differential measurements at the HL-LHC

The CMS Collaboration

Abstract

This note details a study of prospects for ttH+tH, H ! gg differential cross section
measurements at the HL-LHC with the CMS Phase-2 detector. The study is performed
using simulated proton-proton collisions at a centre-of-mass energy of

p
s = 14 TeV,

corresponding to 3 ab�1 of data. The expected performance of the upgraded CMS
detector is used to model the object reconstruction efficiencies under HL-LHC con-
ditions. The results are interpreted in terms of the expected sensitivity to deviations
of the Higgs boson self-coupling, kl, from beyond standard model effects. Using the
HL-LHC data, the precision expected in ttH+tH, H ! gg differential cross section
measurements will constrain kl within the range �4.1 < kl < 14.1, at the 95% con-
fidence level, assuming all other Higgs boson couplings are fixed to standard model
predictions. Moreover, it is possible to disentangle the effects of a modified Higgs
boson self coupling from the presence of other anomalous couplings by using the
differences in the shape of the measured spectrum. This separation is unique to dif-
ferential cross section measurements. The ultimate sensitivity to the Higgs boson self
coupling, achievable using differential cross section measurements, will result from a
combination across Higgs boson production modes and decay channels.

CMS PAS FTR-18-020 
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2

Yukawa coupling. Section 3 describes the CMS detector. The data and simulated samples used
in the analysis are described in Section 4. The event selection criteria are discussed in Section 5.
The algorithm used to reconstruct tt events is described in Section 6. Details on background
estimation and event yields are covered in Sections 7 and 8. The statistical methodologies and
the systematic uncertainties are described in Sections 9 and 10, respectively. Section 11 presents
the results of the fit to data. Section 12 summarizes the results.

2 Weak interaction corrections to tt production

Recent calculations provide next-to-next-to-leading-order (NNLO) predictions within the frame-
work of perturbative quantum chromodynamics (QCD) for the tt production cross section [15,
16]. Photon-mediated corrections have been determined to be small [17]. The weak force cor-
rections to the tt production cross section were originally calculated [18] before the top quark
discovery and were found to have a very small effect on the total cross section, so they are typ-
ically not implemented in Monte Carlo (MC) event generators. Nevertheless, they can have a
sizable impact on differential distributions and on the top quark charge asymmetry. There is no
interference term of order aSaweak between the lowest-order strong force mediated and neutral
current amplitudes in the quark-induced processes. The weak force corrections start entering
the cross section at loop-induced order a2

Saweak (as shown in Fig. 1). A majority of weak correc-
tions do not depend on the top quark Yukawa coupling. Amplitudes linear in Yt , which arise
from the production of an intermediate s-channel Higgs boson through a closed b quark loop,
can be ignored because of the small b quark mass. However, the amplitude of the Higgs boson
contribution to the loop (G = H in Fig. 1) is proportional to Y2

t . The interference of this pro-
cess with the Born-level tt production has a cross section proportional to a2

SY2
t . Thus, in some

kinematic regions, the weak corrections become large and may lead to significant distortions
of differential distributions.

g

g t

t

Γ

q

q
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t

t

Γ

Figure 1: Example of Feynman diagrams for gluon- and qq-induced processes of tt production
and the virtual corrections. The symbol G stands for all contributions from gauge and Higgs
boson exchanges.

The HATHOR generator calculates the partonic cross section value, including the next-to-leading-
order (NLO) weak corrections at order O(a2

Saweak) for given Mtt and |Dytt |. The mass of the
top quark is fixed at mt = 172.5 GeV, and its uncertainty is treated as a source of systematic un-
certainty. We use HATHOR to extract a two-dimensional correction factor that contains the ratio
of the tt production cross section with weak corrections over the LO QCD production cross
section in bins of Mtt and |Dytt |. This is done for different hypothesized values of Yt , as shown
in projections in Fig. 2. The largest effects arise near the tt production threshold region and can
be as high as 12% for Yt = 2. We then apply this correction factor at the parton level as a weight
to each tt event simulated with POWHEG (v2) [19–22]. In the distributions at the detector level,
the experimental resolutions and the systematic uncertainties, which are especially significant
in the low-Mtt region, will reduce the sensitivity to this effect.
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certainty. We use HATHOR to extract a two-dimensional correction factor that contains the ratio
of the tt production cross section with weak corrections over the LO QCD production cross
section in bins of Mtt and |Dytt |. This is done for different hypothesized values of Yt , as shown
in projections in Fig. 2. The largest effects arise near the tt production threshold region and can
be as high as 12% for Yt = 2. We then apply this correction factor at the parton level as a weight
to each tt event simulated with POWHEG (v2) [19–22]. In the distributions at the detector level,
the experimental resolutions and the systematic uncertainties, which are especially significant
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The code HATHOR allows to calculate NLO Weak corrections by varying yt. 
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Figure 2: The dependence of the ratio of weak force corrections over the LO QCD production
cross section as calculated by HATHOR on the sensitive kinematic variables Mtt and Dytt at the
generator level for different values of Yt . The lines contain an uncertainty band (generally not
visible) derived from the dependence of the weak correction on the top quark mass varied by
±1 GeV.

3 The CMS detector

The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the coverage provided by the barrel and endcap detectors. Muons are mea-
sured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.
A more detailed description of the CMS detector, together with a definition of the coordinate
system and relevant kinematical variables, can be found in Ref. [23].

The particle-flow (PF) algorithm [24] reconstructs and identifies each individual particle with
an optimized combination of information from the various elements of the detector systems.
The energy of photons is directly obtained from the ECAL measurements, corrected for zero-
suppression effects. The energy of electrons is determined from a combination of the electron
momentum at the primary interaction vertex as determined by the tracker, the energy of the
corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially com-
patible with originating from the electron track. The momentum of muons is obtained from
the curvature of the corresponding track, combining information from the silicon tracker and
the muon system. The energy of charged hadrons is determined from a combination of their
momentum measured in the tracker and the matching ECAL and HCAL energy deposits, cor-
rected for zero-suppression effects and for the response function of the calorimeters to hadronic
showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energy. The reconstructed vertex with the largest value of the sum of the
physics objects transverse momentum squared, p2

T, is taken to be the primary proton-proton
(pp) interaction vertex.

4 Data set and modeling

The data used for this analysis corresponds to an integrated luminosity of 35.8 fb�1 at a center-
of-mass energy of 13 TeV. Events are selected if they pass single-lepton triggers [25]. These
require a transverse momentum pT > 27 GeV for electrons and pT > 24 GeV for muons, each
within pseudorapidity |h| < 2.4, as well as various quality and isolation criteria.

Again, this effect can be seen as induced by a Yukawa potential, giving a 
Sommerfeld enhancement at the threshold. 



Top-Higgs coupling from EW corrections

!36

Very accurate predictions for differential distributions are already available. 
NNLO QCD + NNLL’ + Complete NLO: Czakon et al. ’19. 

Very precise measurements are available for top-pair production.

18

tY
0 0.5 1 1.5 2 2.5 3

 ln
 L

∆
-2

 

0

1

2

3

4

5

6
Expected
Observed

CMS

 (13 TeV)-135.8 fb
+jets, 3 jetsµe/

68% CL

Z

95% CL

Z
tY

0 0.5 1 1.5 2 2.5 3

 ln
 L

∆
-2

 

0

1

2

3

4

5

6
Expected
Observed

CMS

 (13 TeV)-135.8 fb
+jets, 4 jetsµe/

68% CL

Z

95% CL

Z

tY
0 0.5 1 1.5 2 2.5 3

 ln
 L

∆
-2

 

0

1

2

3

4

5

6
Expected
Observed

CMS

 (13 TeV)-135.8 fb
 5 jets≥+jets, µe/

68% CL

Z

95% CL

Z
tY

0 0.5 1 1.5 2 2.5 3

 ln
 L

∆
-2

 

0

1

2

3

4

5

6
Expected
Observed

CMS
 (13 TeV)-135.8 fb

 3 jets≥+jets, µe/

68% CL

Z

95% CL

Z

(Channels combined)

Figure 11: The test statistic scan versus Yt for each channel (three, four, and five or more jets),
and all channels combined. The test statistic minimum indicates the best fit of Yt . The horizon-
tal lines indicate 68 and 95% CL intervals.

Table 3: The expected and observed best fit values and 95% CL upper limits on Yt .

Channel Best fit Yt 95% CL upper limit

Expected Observed Expected Observed

3 jets 1.00+0.66
�0.90 1.62+0.53

�0.78 <2.17 <2.59

4 jets 1.00+0.50
�0.72 0.87+0.51

�0.77 <1.88 <1.77

�5 jets 1.00+0.59
�0.83 1.27+0.55

�0.74 <2.03 <2.23

Combined 1.00+0.35
�0.48 1.07+0.34

�0.43 <1.62 <1.67

CMS, arXiv:1907.01590

Stronger constraints than from four-top production. 
The result does not depend on the other Higgs couplings.



Conclusion

EW corrections introduce a dependence on additional couplings: 
- EW corrections to top-pair production introduce a dependence on top-

Higgs interaction. 
- EW corrections any single Higgs production/decay mode introduce a 

dependence the Higgs self coupling. ttH has the largest dependence.

Precise  predictions  (QCD, EW,  Complete-NLO)  are  essential  for  the 
determination of top-Higgs interactions:

- ttH signal. 
- ttH background: especially ttW.
- four-top: Higgs off-shell
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m(tt̄W+)/2-based scales

Order � [fb] AC [%]

LOQCD 225.45(1)
+51.61(+22.9%)
�39.41(�17.5%)

+5.85(+2.6%)
�5.85(�2.6%) 0

NLOQCD 355.69(4)
+43.50(+12.2%)
�39.29(�11.0%)

+8.12(+2.3%)
�8.12(�2.3%) 2.58(1)

+0.50(+19.4%)
�0.37(�14.3%)

+0.08(+2.9%)
�0.08(�2.9%)

NLO 376.58(5)
+46.52(+12.4%)
�41.73(�11.1%)

+8.02(+2.1%)
�8.02(�2.1%) 2.76(2)

+0.45(+16.1%)
�0.33(�12.0%)

+0.09(+3.2%)
�0.09(�3.2%)

nNLOQCD 363.13(4)
+37.14(+10.2%)
�27.29(�7.5%)

+8.3(+2.3%)
�8.3(�2.3%) 3.33(2)

+0.16(+4.7%)
�0.12(�3.6%)

+0.08(+2.4%)
�0.08(�2.4%)

nNLO 384.02(5)
+40.16(+10.5%)
�29.73(�7.7%)

+8.20(+2.1%)
�8.20(�2.1%) 3.47(2)

+0.18(+5.1%)
�0.15(�4.3%)

+0.09(+2.7%)
�0.09(�2.7%)

NLOQCD+NNLL 347.1(1)
+23.9(+6.9%)
�14.4(�4.2%)

+7.9(+2.3%)
�7.9(�2.3%) –

NLO+NNLL 368.0(1)
+26.5(+7.2%)
�16.2(�4.4%)

+7.8(+2.1%)
�7.8(�2.1%) –

HT /2-based scales

Order � [fb] AC [%]

LOQCD 241.146(9)
+57.030(+23.6%)
�43.182(�17.9%)

+6.367(+2.6%)
�6.367(�2.6%) 0

NLOQCD 375.64(4)
+47.98(+12.8%)
�42.76(�11.4%)

+8.4(+2.2%)
�8.43(�2.2%) 2.78(1)

+0.56(+20.3%)
�0.41(�14.9%)

+0.08(+2.9%)
�0.08(�2.9%)

NLO 397.90(6)
+51.39(+12.9%)
�45.48(�11.4%)

+8.3(+2.1%)
�8.32(�2.1%) 2.94(2)

+0.51(+17.7%)
�0.38(�13.0%)

+0.10(+3.2%)
�0.10(�3.2%)

nNLOQCD 380.31(4)
+42.52(+11.2%)
�32.34(�8.5%)

+8.55(+2.2%)
�8.55(�2.2%) 3.26(3)

+0.17(+5.3%)
�0.02(�0.7%)

+0.09(+2.6%)
�0.09(�2.6%)

nNLO 402.57(6)
+45.94(+11.4%)
�35.06(�8.7%)

+8.44(+2.1%)
�8.44(�2.1%) 3.39(3)

+0.19(+5.7%)
�0.06(�1.8%)

+0.10(+2.9%)
�0.10(�2.9%)

NLOQCD+NNLL 378.1(1)
+32.4(+8.6%)
�21.7(�5.7%)

+8.5(+2.2%)
�8.5(�2.2%) –

NLO+NNLL 400.4(1)
+35.3(+8.8%)
�23.4(�5.9%)

+8.4(+2.1%)
�8.4(�2.1%) –

Combined scales

Order � [fb] AC [%]

LOQCD 233.297(8)
+64.88(+27.8%)
�47.26(�20.3%)

+6.16(+2.6%)
�6.16(�2.6%) 0

NLOQCD 365.66(3)
+57.95(+15.85%)
�49.27(�13.5%)

+8.35(+2.3%)
�8.35(�2.3%) 2.68(1)

+0.66(+24.6%)
�0.47(�17.4%)

+0.08(+2.9%)
�0.08(�2.9%)

NLO 387.24(4)
+62.05(+16.0%)
�52.39(�13.5%)

+8.25(+2.1%)
�8.25(�2.1%) 2.85(1)

+0.60(+21.1%)
�0.42(�14.7%)

+0.09(+3.2%)
�0.09(�3.2%)

nNLOQCD 371.72(3)
+51.11(+13.8%)
�35.88(�9.7%)

+8.50(+2.3%)
�8.50(�2.3%) 3.30(2)

+0.19(+5.8%)
�0.08(�2.5%)

+0.09(+2.6%)
�0.09(�2.6%)

nNLO 393.29(4)
+55.21(+14.0%)
�39.00(�9.9%)

+8.40(+2.1%)
�8.40(�2.1%) 3.43(2)

+0.21(+6.2%)
�0.11(�3.3%)

+0.10(+2.9%)
�0.10(�2.9%)

NLOQCD+NNLL 362.59(8)
+47.94(+13.2%)
�29.95(�8.3%)

+8.26(+2.3%)
�8.26(�2.3%) –

NLO+NNLL 384.17(9)
+51.52(+13.4%)
�32.36(�8.4%)

+8.16(+2.1%)
�8.16(�2.1%) –

Table 1. Cross sections and asymmetry for tt̄W+ production for the 13 TeV LHC at various
accuracies. The top part of the table corresponds to scales based on m(tt̄W+)/2, the middle part
on HT /2, while the lower part contains our best predictions based on combining the two scale
choices. For the cross sections and asymmetry, the first number in brackets corresponds to the
statistical uncertainty in the Monte Carlo integration, the second is the uncertainty coming from
missing higher orders (including their relative values) and the final is the uncertainty coming from
the parton distribution functions (including their relative values).

– 13 –

:  Complete-NLO with resummation at NNLLtt̄W+



m(tt̄H)/2-based scales

Order � [fb] AC [%]

LOQCD 327.65(4)
+94.18(+28.7%)
�68.46(�20.9%)

+7.11(+2.2%)
�7.11(�2.2%) 0

NLOQCD 463.70(8)
+45.1(+9.7%)
�49.72(�10.7%)

+11.08(+2.4%)
�11.08(�2.4%) 0.84(2)

+0.19(+22.2%)
�0.13(�15.8%)

+0.04(+4.2%)
�0.04(�4.2%)

NLO 475.68(8)
+46.94(+9.9%)
�51.11(�10.7%)

+11.21(+2.4%)
�11.21(�2.4%) 1.01(2)

+0.19(+19.0%)
�0.14(�13.6%)

+0.04(+4.0%)
�0.04(�4.0%)

nNLOQCD 490.38(8)
+18.46(+3.8%)
�9.61(�2.0%)

+11.82(+2.4%)
�11.82(�2.4%) 0.79(5)

+0.30(+38.5%)
�0.00(�0.0%)

+0.04(+5.1%)
�0.04(�5.1%)

nNLO 502.36(8)
+20.27(+4.0%)
�10.99(�2.2%)

+11.95(+2.4%)
�11.95(�2.4%) 0.95(5)

+0.28(+29.5%)
�0.00(�0.0%)

+0.05(+4.7%)
�0.05(�4.7%)

NLOQCD+NNLL 479.1(1)
+29.0(+6.1%)
�24.2(�5.0%)

+11.5(+2.4%)
�11.5(�2.4%) –

NLO+NNLL 491.1(1)
+27.8(+5.7%)
�24.0(�4.9%)

+11.6(+2.4%)
�11.6(�2.4%) –

HT /2-based scales

Order � [fb] AC [%]

LOQCD 344.86(4)
+101.38(+29.4%)
�73.22(�21.2%)

+7.61(+2.2%)
�7.61(�2.2%) 0

NLOQCD 472.22(7)
+41.31(+8.7%)
�48.83(�10.3%)

+11.41(+2.4%)
�11.41(�2.4%) 0.92(2)

+0.22(+23.9%)
�0.16(�17.1%)

+0.04(+4.2%)
�0.04(�4.2%)

NLO 484.31(7)
+43.15(+8.9%)
�50.24(�10.4%)

+11.55(+2.4%)
�11.55(�2.4%) 1.09(2)

+0.23(+20.9%)
�0.16(�14.7%)

+0.04(+4.0%)
�0.04(�4.0%)

nNLOQCD 490.17(8)
+15.35(+3.1%)
�8.95(�1.8%)

+11.92(+2.4%)
�11.92(�2.4%) 0.94(5)

+0.003(+0.3%)
�0.09(�9.4%)

+0.04(+4.6%)
�0.04(�4.6%)

nNLO 502.26(7)
+17.19(+3.4%)
�10.37(�2.1%)

+12.06(+2.4%)
�12.06(�2.4%) 1.11(5)

+0.03(+2.5%)
�0.11(�9.6%)

+0.05(+4.3%)
�0.05(�4.3%)

NLOQCD+NNLL 489.58(9)
+34.35(+7.0%)
�22.54(�4.6%)

+11.91(+2.4%)
�11.91(�2.4%) –

NLO+NNLL 501.67(9)
+33.34(+6.6%)
�22.54(�4.5%)

+12.05(+2.4%)
�12.05(�2.4%) –

Combined scales

Order � [fb] AC [%]

LOQCD 336.25(3)
+109.98(+32.7%)
�77.07(�22.9%)

+7.42(+2.2%)
�7.42(�2.2%) 0

NLOQCD 467.96(5)
+45.57(+9.7%)
�53.98(�11.5%)

+11.31(+2.4%)
�11.31(�2.4%) 0.88(1)

+0.25(+28.9%)
�0.17(�19.2%)

+0.04(+4.2%)
�0.04(�4.2%)

NLO 479.99(5)
+47.46(+9.9%)
�55.42(�11.5%)

+11.45(+2.4%)
�11.45(�2.4%) 1.05(1)

+0.27(+25.5%)
�0.18(�16.8%)

+0.04(+4.0%)
�0.04(�4.0%)

nNLOQCD 490.27(6)
+18.56(+3.8%)
�9.50(�1.9%)

+11.93(+2.4%)
�11.93(�2.4%) 0.87(4)

+0.23(+26.4%)
�0.01(�1.5%)

+0.04(+5.1%)
�0.04(�5.1%)

nNLO 502.31(6)
+20.32(+4.0%)
�10.95(�2.2%)

+12.06(+2.4%)
�12.06(�2.4%) 1.03(4)

+0.20(+19.5%)
�0.03(�2.6%)

+0.05(+4.7%)
�0.05(�4.7%)

NLOQCD+NNLL 484.33(7)
+39.60(+8.2%)
�29.43(�6.1%)

+11.78(+2.4%)
�11.78(�2.4%) –

NLO+NNLL 496.36(7)
+38.64(+7.8%)
�29.35(�5.9%)

+11.92(+2.4%)
�11.92(�2.4%) –

Table 3. Similar to tab. 1 but for tt̄H production.

NLO QCD corrections. The contributions from the EW corrections (and more subleading
EW contributions) increases the NLOQCD cross section by 2.5%, which is a small correction
when compared to the scale uncertainty which, even though the latter is more than a factor
two smaller than at LO, remains of the order of ±10%.

Including QCD corrections beyond the NLO, the agreement between the predictions
made with the two scale choices is rather remarkable at the approximate NNLO level: the
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m(tt̄Z)/2-based scales

Order � [fb] AC [%]

LOQCD 463.90(4)
+133.53(+28.8%)
�96.96(�20.9%)

+10.30(+2.2%)
�10.30(�2.2%) 0

NLOQCD 732.9(1)
+92.7(+12.6%)
�90.1(�12.3%)

+17.0(+2.3%)
�17.0(�2.3%) 0.76(2)

+0.16(+21.6%)
�0.12(�16.1%)

+0.05(+6.3%)
�0.05(�6.3%)

NLO 741.5(1)
+92.3(+12.4%)
�89.9(�12.1%)

+17.2(+2.3%)
�17.2(�2.3%) 0.85(2)

+0.16(+18.80%)
�0.12(�13.9%)

+0.05(+5.3%)
�0.05(�5.3%)

nNLOQCD 811.9(1)
+36.7(+4.5%)
�24.7(�3.0%)

+18.9(+2.3%)
�18.9(�2.3%) 0.91(6)

+0.06(+6.8%)
�0.03(�2.9%)

+0.05(+5.9%)
�0.05(�5.9%)

nNLO 820.5(1)
+36.4(+4.4%)
�24.4(�3.0%)

+19.1(+2.3%)
�19.1(�2.3%) 0.99(6)

+0.06(+5.8%)
�0.02(�2.3%)

+0.05(+5.2%)
�0.05(�5.2%)

NLOQCD+NNLL 790.7(2)
+61.5(+7.8%)
�66.2(�8.4%)

+18.4(+2.3%)
�18.4(�2.3%) –

NLO+NNLL 799.3(2)
+61.7(+7.7%)
�66.3(�8.3%)

+18.6(+2.3%)
�18.6(�2.3%) –

HT /2-based scales

Order � [fb] AC [%]

LOQCD 504.63(8)
+150.89(+29.9%)
�108.36(�21.5%)

+11.2(+2.3%)
�11.52(�2.3%) 0

NLOQCD 769.5(3)
+92.7(+12.1%)
�93.6(�12.2%)

+18.2(+2.4%)
�18.2(�2.4%) 0.82(4)

+0.20(+24.5%)
�0.13(�16.6%)

+0.05(+5.9%)
�0.05(�5.9%)

NLO 777.4(3)
+92.1(+11.8%)
�93.2(�12.0%)

+18.3(+2.4%)
�18.3(�2.4%) 0.90(4)

+0.19(+21.7%)
�0.13(�14.1%)

+0.05(+5.1%)
�0.05(�5.1%)

nNLOQCD 822.3(3)
+37.1(+4.5%)
�25.2(�3.1%)

+19.5(+2.4%)
�19.5(�2.4%) 1.00(5)

+0.00(+0.0%)
�0.05(�4.7%)

+0.05(+5.3%)
�0.05(�5.3%)

nNLO 830.2(3)
+36.5(+4.4%)
�24.7(�3.0%)

+19.6(+2.4%)
�19.6(�2.4%) 1.08(5)

+0.00(+0.0%)
�0.05(�4.5%)

+0.05(+4.7%)
�0.05(�4.7%)

NLOQCD+NNLL 814.5(3)
+77.4(+9.5%)
�51.8(�6.4%)

+19.3(+2.4%)
�19.3(�2.4%) –

NLO+NNLL 822.5(3)
+77.7(+9.4%)
�51.9(�6.3%)

+19.4(+2.4%)
�19.4(�2.4%) –

Combined scales

Order � [fb] AC [%]

LOQCD 484.26(4)
+171.26(+35.4%)
�117.32(�24.2%)

+11.05(+2.3%)
�11.05(�2.3%) 0

NLOQCD 751.2(1)
+111.1(+14.8%)
�108.5(�14.4%)

+17.7(+2.4%)
�17.7(�2.4%) 0.79(2)

+0.23(+29.0%)
�0.15(�19.1%)

+0.05(+6.3%)
�0.05(�6.3%)

NLO 759.5(1)
+110.1(+14.5%)
�107.8(�14.2%)

+17.9(+2.4%)
�17.9(�2.4%) 0.87(2)

+0.22(+25.0%)
�0.14(�16.2%)

+0.05(+5.3%)
�0.05(�5.3%)

nNLOQCD 817.1(1)
+42.3(+5.2%)
�29.9(�3.7%)

+19.3(+2.4%)
�19.3(�2.4%) 0.96(4)

+0.02(+1.7%)
�0.07(�7.5%)

+0.06(+5.8%)
�0.06(�5.8%)

nNLO 825.4(1)
+41.3(+5.0%)
�29.3(�3.5%)

+19.5(+2.4%)
�19.5(�2.4%) 1.03(4)

+0.01(+1.4%)
�0.07(�6.3%)

+0.05(+5.2%)
�0.05(�5.2%)

NLOQCD+NNLL 802.6(2)
+89.4(+11.1%)
�78.1(�9.7%)

+19.0(+2.4%)
�19.0(�2.4%) –

NLO+NNLL 810.9(2)
+89.2(+11.0%)
�77.8(�9.6%)

+19.1(+2.4%)
�19.1(�2.4%) –

Table 4. Similar to tab. 1 but for tt̄Z production.

prediction for tt̄Z production is given by the combined-scales prediction at the NLO+NNLL
accuracy, yielding a total cross section of about 811 fb, with an uncertainty from missing
higher orders at the level of +11%

�10%. This prediction already includes the contributions from
the NLO EW corrections (and further subleading EW terms), which are rather small for
the total cross sections; they increase it by about 1% and fall therefore well within the
theory uncertainty band.
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ttWj as a probe of tW —> tW scattering
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Figure 1: tW ! tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW� ! tW�.

To summarize, in certain two to two scattering processes the sensitivity to non-standard top-Z
couplings is enhanced at high energies, possibly overcoming the limited experimental precision.
The enhancement scales as c̄ p2/v2 ⇠ g2⇤p

2/⇤2, which can be much larger than one in models
where g⇤ � 1, without being in conflict with the e↵ective field theory expansion, that is p2 <
⇤2. This approach then takes advantage of the high scattering energies accessible at the LHC.
We explicitly demonstrate its e↵ectiveness in the next section, focusing on tW ! tW .

3 tW ! tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms) and W,Z or
h that increase at high energies, and to exploit this growth to probe top-Z interactions. After
examining all the possible combinations, we focus on the process tW ! tW . Our motivation
for this choice is threefold:

1. The amplitude for tW ! tW scattering grows with the square of the energy if either
the ZtLtL or the ZtRtR couplings deviate from their SM values.

2. The corresponding collider process, pp ! tt̄Wj, gives rise to same-sign leptons (SSL),
an extremely rare final state in the SM. This process arises at O(gsg3w) in the gauge
couplings, where gs denotes the strong coupling and gw any electroweak coupling, as
shown in Fig. 1.

3. The main irreducible background, pp ! tt̄W +jets at O(g2+n
s gw) with n � 0 the number

of jets, is insensitive to the details of the top sector, because the W is radiated o↵ a light
quark.

The amplitude for two to two scattering processes of the type  
1

+ �
1

!  
2

+ �
2

, where
 
1,2 = {t, b} and �

1,2 = {�± ⌘ (�
1

⌥ i�
2

)/
p
2, �

3

, h} are the longitudinal W±, Z or h, is most
conveniently expressed in the basis of chirality eigenstate spinors. Retaining only terms that
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understanding of the origin of the electroweak scale beyond what can be achieved at the LHC.

5.3 Non-Resonant Signatures
5.3.1 Measuring Top Couplings via tW/tZ Scattering
Although the top quark was discovered more than twenty years ago, some of its properties are still poorly
known. In particular, only recently the couplings of the top to the electroweak Z gauge boson have been
directly probed, in t¯tZ production at the LHC [801], though with uncertainties that are currently several
times the SM values, while projected sensitivities at Run-II are barely below 100% [802]. The lack of
experimental precision is due to the complicated environment in hadronic machines, aggravated by the
relatively high mass thresholds. However, in ref. [803] a different approach to probe the properties of the
top was put forward that takes advantage of the high energies accessible at hadronic machines: certain
scattering amplitudes, such as tW ! tW , grow quadratically with momenta whenever the electroweak
couplings of the top deviate from their SM predictions. Such a behaviour is reminiscent of WW scat-
tering when the Higgs couplings to the electroweak gauge bosons depart from the SM [804], and it is
a genuine signal of models where the top quark, along with the Higgs, is part of a strongly interacting
sector [805].20

As shown in Fig. 109, tW scattering participates in the process pp! t¯tWj, giving rise to a clean
same-sign leptons signature. A machine such as a hadron collider at 100 TeV would significantly profit
from the enhanced sensitivity to non-standard top couplings at high energies present in this channel,
thanks to the large momenta carried by the initial state partons. This is true already at the inclusive
level. The dominant background for such a search is expected to come from QCD production of pp !
t¯tW+0(1) jets, which arises at O(g2(3)s gw) and has a cross section �

QCD

⇡ 25 pb. The signal arises
at O(gsg3w), with a cross section �

EW

⇡ 4 pb (cross sections computed at LO with MadGraph5 [379]
and a custom FeynRules [104] model). These numbers should be compared with the QCD and EW
cross sections at the 13 TeV LHC, of ⇡ 0.7 pb and ⇡ 0.06 pb, respectively. Nevertheless, the potential
improvement in sensitivity can be best seen by studying the unique kinematical features of the final state
particles.

Let us be specific and focus on the Z coupling to the right-handed top quark,

cR gZtRtR
¯tR�µtRZµ , (118)

where gZtRtR = �2

3

(gs2w/cw) and cR = 1 in the SM. The effect on this coupling from heavy new
physics can be effectively parametrised by the dimension-6 operator [803]

ic̄R
v2

H† !DµH¯tR�µtR , (119)

and gives rise to a deviation from the SM, cR � 1 =

3

4

c̄R/s2w, of an expected size c̄R ⇠ g2⇤v2/⇤

2,
where ⇤ is the mass of the resonance that has been integrated out, and g⇤ its coupling to the top quark.
Such a non-standard coupling makes the scattering amplitude tW ! tW grow with energy. The leading
divergence is given by

M = � g2

2m2

W

q
ŝ(ŝ +

ˆt) c̄R + O(

p
ŝ) . (120)

The high energy behaviour of this amplitude has been explicitly shown in ref. [803].
Here we directly focus on the effects that such a high energy growth has on the kinematical vari-

ables associated with t¯tWj production. In particular, for a sizeable c̄R the particles that participate in
the strong scattering, the W and either one of the two tops (the other is a spectator), will have larger in-
variant masses than in the SM. This is depicted in Fig. 110, where we show the (normalized) distribution

20Indeed, its large mass indicates that the top quark is a key player in composite Higgs scenarios, and crucial BSM particles
such as the top-partners [623] could potentially be exchanged in tW scattering.
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(tt̄W )
QCD

(tt̄W )
EW

(tt̄Wj)
QCD

(tt̄Wj)
EW

(tt̄Wj)
full

1� �
full

�⇢⇢int

8 TeV
SM 130.6 0.99 94.0 12.6 104.1

0.19(4)
�R = 3.2 130.6 1.73 94.0 64.9 146.5

13 TeV
SM 347.9 2.85 341.3 56.0 386.1

0.02(15)
�R = 1 347.9 2.71 341.3 94.6 423.9

Table 1: Parton-level cross sections in femtobarns. By (tt̄Wj)
full

we denote the full amplitude
including the interference. For the tt̄Wj process we imposed the cuts pjT > 20 GeV and
|⌘| < 5. The quantity �

full,��int ⌘ ��

R

6=0

(t¯tWj)
full,EW

� �SM

(t¯tWj)
full,EW

is the deviation from the SM,

computed either including (‘full’) or neglecting (‘��int’) the interference. In the last column, the
uncertainty in parentheses refers to the last digit.

with the one-jet component of (tt̄W+jets)
QCD

, which we will label (tt̄Wj)
QCD

, thus a priori our
signal cannot be generated separately from the (tt̄W+jets)

QCD

process. A further subtlety
arises because the tt̄W final state can also be produced purely from weak interactions, at
O(g3w). To quantify these e↵ects, we compute inclusive parton-level cross sections for the SM
and one representative signal point, which is chosen to be �R = 3.2 at 8 TeV and �R = 1 at 13
TeV, roughly corresponding to the sensitivity of our analysis (see Figs. 3 and 5, respectively).
The cross sections are computed with MadGraph5 [49], employing a FeynRules [50] model
that allows us to add to the SM either the corrections �L,R to the top-Z couplings, or the

dim-6 operators proportional to c̄ (1)L , c̄ (3)L , c̄R. The model was validated against analytical
computations of several 2 ! 2 amplitudes, and employed for all the MC simulations used in
this paper. For the SM parameters we take the values

mZ = 91.19 GeV , ↵(mZ) = 1/127.9 , GF = 1.166⇥ 10�5 GeV�2 ,

↵s(mZ) = 0.1184 , mt = 173 GeV . (4.1)

Inspection of the inclusive cross sections in Table 1 shows that the pure electroweak contribu-
tion to tt̄W is very small, thus we will neglect it in our study. On the other hand, the e↵ect
of the interference between the (tt̄Wj)

QCD

and (tt̄Wj)
EW

amplitudes on the deviation from
the SM cross section in presence of anomalous top-Z couplings is at most 20%. Given the
exploratory nature of our study, for simplicity we choose to perform our analysis neglecting
the interference, and take into account its e↵ect by including a conservative 20% systematic
uncertainty on the (tt̄Wj)

EW

signal.

Because we neglect the interference, to compute the constraints on top-Z interactions we need
to apply the CMS cuts to the (tt̄Wj)

EW

process, and extract the dependence of the signal event
yield on the parameters �L,R and c̄L,R. The signal yield will then be summed to those of the
processes already simulated in Ref. [19], including (tt̄W+jets)

QCD

. Signal events are generated
with MadGraph5, employing our FeynRules model. Showering and hadronization e↵ects are
accounted for with Pythia 6.4 [51], and the detector simulation is performed using PGS4 [52].
To match Ref. [19], the following changes are made to the default CMS settings in PGS: the
b-tagging is modified to reproduce the performance of the medium working point of the CSV
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ttWj is part of inclusive ttW production, but the tW-scattering component 
does not appear neither at NLO QCD nor (squared) at NLO EW. 
It appears beyond NLO EW, in an EW subleading contribution, which 
anyway induces large NLO corrections.
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Figure 11. The pT (t1) distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Figure 11. The pT (t1) distribution in tt̄tt̄ production. See the caption of Fig. 9 for the description
of the plots.
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Numerical results

C�
1 [%] �� ZZ WW ff̄ gg

on-shell H 0.49 0.83 0.73 0 0.66

Table 1: Values of the C1 factor in units 10�2 for the most relevant decay
modes of the Higgs boson.

C�
1 [%] ggF VBF WH ZH tt̄H

7 TeV 0.66 0.65 1.06 1.23 3.87

8 TeV 0.66 0.65 1.05 1.22 3.78

13 TeV 0.66 0.64 1.03 1.19 3.51

14 TeV 0.66 0.64 1.03 1.18 3.47

Table 2: Same as Tab. 1 for the production modes for pp collisions at centre-
of-mass energies relevant for the LHC.

and C2 factors in Eq. (7), which parametrise the �3-dependent contributions.
The input parameters of our calculation are [53]

Gµ = 1.1663787 · 10�5 GeV�2 , mW = 80.385 GeV , mZ = 91.1876 GeV ,
(12)

with the Higgs boson and the top-quark masses set to

mH = 125 GeV , mt = 172.5 GeV . (13)

All the other fermions are treated as massless. In the production cross
sections, the renormalisation and factorisation scales are both set equal to

µ ⌘ 1

2

X

i

mi , (14)

where mi are the masses of the particle in the final state. As PDF set, we
use the PDF4LHC2015 set [54–57].

The process-independent factor C2 defined in Eq. (8) depends upon �ZH ,
as defined in Eq. (3), and also �. With the parameter inputs used, �ZH =
�1.536 · 10�3, thus C2 can range from C2 = �1.536 · 10�3 for � = 1 up to
C2 = �9.514 · 10�4 for � = ±20.

In Tab. 1 we report the values of the C�
1 term for the most relevant Higgs

decay modes at the LHC, namely, WW , ZZ, ��, ff̄ and also gg, which
yields a non-negligible fraction of the total decay width. In the analyses of
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M0 and the virtual EW amplitude
M1, besides the wave-function-renormalisation constant. The amplitude
M1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M1, which we denote as M1

�
3

, can be obtained for any process
by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�SM

3

) and then rescaling them by a factor �. In order to correctly

identify M1
�SM

3

(the contributions related to the H3 interaction) in the M1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3 -dependent diagrams
are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M1
�
3

and ZH are taken into account,
denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M1
�SM

3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM
NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�
3

⌘ ⌃NLO � ⌃SM
NLO

⌃LO
= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3� ↵
2) terms in the r.h.s, can be compactly written as

�⌃�
3

= (� � 1)C1 + (2� � 1)C2 , (7)
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Process and kinetic dependent

universalwith

C2 =
�ZH

(1� 2��ZH)
. (8)

Before describing the method and results of the calculation of the C1 coef-
ficients, we scrutinise the theoretical robustness of Eq. (6) and its range of
validity. Our aim is to employ Eq. (6) to evaluate the LHC sensitivity on �3

without making “a priori” any assumptions on the value of the parameter
�. We will, however, demand as a consistency constraint that, for large
values of �, �3-dependent terms from O(↵j) corrections with j > 1 do not
overwhelm the e↵ects from the Ci coe�cients. In order to take into account
all the O((2�↵)

n) contributions and perform a resummation of the 2� �ZH

terms in ZH we need to impose that 2� �ZH . 1, i.e., |�| . 25. The cor-
responding parametric uncertainty in ⌃NLO is therefore given by O((3�↵

2))
terms that can be sizeable for large values of �. The size of such missing
terms can be estimated by calculating the di↵erence between �⌃�

3

computed
using Eq. (6) and Eq. (7), or equivalently �(⌃NLO/⌃LO) ' 3�C1�ZH . Re-
quiring this uncertainty to be . 10% and assuming as an order of magnitude
of the two-loop contribution C1�ZH ⇠ 10�5, we find |�| . 20, which we
take as the range of validity of our perturbative calculation.

It is important to note that in an E↵ective-Field-Theory (EFT) approach
much stronger bounds would be set by the requirement that v is the global
minimum and that the Higgs-doublet potential is bounded from below, es-
pecially if only the (�†�)3 operator is included, as done in Ref. [40]. In
this approach the constraint 1 < � < 3 can be derived from the previous
requirements, as demonstrated in Appendix B, where we discuss also further
constraints induced by the size of the Wilson coe�cient in front of (�†�)3

and we present general formulas for �3 and �4 including all the tower of
(�†�)n operators.

At variance with the SM, where the Higgs self coupling and the Higgs
mass are related, in our setup they are two independent parameters. This
in general spoils the renormalisability of the model and makes its parame-
ters sensitive to the UV scales. However, one knows a priori that the �3–
dependent O(↵) corrections to ⌃ in Eq. (6) are finite. The reason is twofold:

i) the LO result does not depend on �3 and therefore no renormalisation
of �3 at NLO is either needed nor possible.

ii) All the counterterms needed at NLO do not contain divergent contri-
butions proportional to the trilinear coupling.
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Figure 6: Dependence of ���
3

for the relevant production processes at the
LHC as a function of � in the range |�|  20 (left) and zoomed in the
region �2 < � < 8 (right). The style and colour conventions of the lines
are: ggF = solid black, tt̄H = dash-dotted red, VBF = dotted green, ZH
= dashed blue, WH = long-dashed magenta.

vector-boson-fusion, Higgs-strahlung (WH and ZH) and tt̄H production.
In the plot on left we display the ���

3

corrections for the various processes
in the full range of validity of our calculation, �20 . � . 20, while in the
plot on the right we zoom the region �2 < � < 8, where corrections are
within 5% in absolute value.

As can be seen, tt̄H receives positive sizeable corrections (⇠ 20% at
� ⇠ 10), thanks to the large value of C�

1 (tt̄H). For all the other production
processes large corrections can only be negative and only for large value of
|�|. The plots on the right of Fig. 6 shows that ���

3

remains at the percent
level for a quite extended range for the ggF, VBF and V H production modes.
Moreover, for these processes, ���

3

can be zero for values of � 6= 1, i.e.,
di↵erent from the SM prediction. In particular, in the case of gluon-gluon
fusion and VBF, the SM is degenerate with � ⇠ 3, while in the case of V H
production the SM is degenerate with � ⇠ 6. The fact that the degeneracy
appears at di↵erent values � for di↵erent processes is important in order
to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7.
We plot (left) �⌃�

3

as a function of � for the decay widths of the rele-
vant modes at the LHC, which we denote as ���

3

, and we show (right) the
analogous quantity (�BR�

3

) for the Branching Ratios (BRs). The quan-
tity �BR�

3

(i) for the Higgs decay into the final-state i can be conveniently
written as

�BR�
3

(i) =
(� � 1)(C�

1 (i)� C�
tot

1 )

1 + (� � 1)C�
tot

1

, (15)
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on-shell H 0.49 0.83 0.73 0 0.66

Table 1: Values of the C1 factor in units 10�2 for the most relevant decay
modes of the Higgs boson.

C�
1 [%] ggF VBF WH ZH tt̄H

7 TeV 0.66 0.65 1.06 1.23 3.87

8 TeV 0.66 0.65 1.05 1.22 3.78

13 TeV 0.66 0.64 1.03 1.19 3.51

14 TeV 0.66 0.64 1.03 1.18 3.47

Table 2: Same as Tab. 1 for the production modes for pp collisions at centre-
of-mass energies relevant for the LHC.
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for the relevant decay widths (right) and
corresponding �BR�

3

as defined in Eq. (15) (left). The solid black line
represents �ff̄ , the long-dashed red line �WW , the dashed blue line �ZZ and
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where we have defined C�
tot
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1 (j) and with our input pa-

rameters C�
tot

1 = 2.3 · 10�3. The quantity C�
tot

1 , which actually is the C1

term for the total decay width, is very small since C�
1 (bb̄) = 0 and bb̄ is the

dominant decay channel. Note that, although the H ! gg decay is not phe-
nomenologically relevant, the total decay width does depend on ���

3

(gg),
since �gg yields a non-negligible fraction (8.5 %) of �tot.

Figure 7 shows that the corrections to the partial widths can reach up
to �40% or �50% for � ⇠ �20, while for � > 0 the corrections are
smaller due to the di↵erent sign of the contributions depending on C�

1 and
C2. The only exception is ���

3

(ff̄), which is symmetric since C�
1 (ff̄)=0.

On the other hand, the corrections to the branching ratios �BR�
3

, which
are more important than ���

3

from a phenomenological point of view, are
much smaller, reaching up to ⇠ 10% for BR(ZZ). The reasons behind the
smallness of the �BR�

3

are two. First, as explicitly shown in Eq. (15) �BR�
3

depends only linearly upon �, since the contribution of the wave function
renormalisation constant cancels in the ratio. Second, the C1 coe�cients
have the same sign and therefore there is a partial cancellation in the ra-
tio. In any case, it is interesting to note that in the range of � shown in
the right-hand plot of Fig. 6, apart from tt̄H, the terms �BR�

3

are of the
same size or larger than ���

3

. In other words, in the range close to the SM
predictions, the decays modes are more sensitive to � than the production
processes.
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vector-boson-fusion, Higgs-strahlung (WH and ZH) and tt̄H production.
In the plot on left we display the ���

3

corrections for the various processes
in the full range of validity of our calculation, �20 . � . 20, while in the
plot on the right we zoom the region �2 < � < 8, where corrections are
within 5% in absolute value.

As can be seen, tt̄H receives positive sizeable corrections (⇠ 20% at
� ⇠ 10), thanks to the large value of C�

1 (tt̄H). For all the other production
processes large corrections can only be negative and only for large value of
|�|. The plots on the right of Fig. 6 shows that ���

3

remains at the percent
level for a quite extended range for the ggF, VBF and V H production modes.
Moreover, for these processes, ���

3

can be zero for values of � 6= 1, i.e.,
di↵erent from the SM prediction. In particular, in the case of gluon-gluon
fusion and VBF, the SM is degenerate with � ⇠ 3, while in the case of V H
production the SM is degenerate with � ⇠ 6. The fact that the degeneracy
appears at di↵erent values � for di↵erent processes is important in order
to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7.
We plot (left) �⌃�

3

as a function of � for the decay widths of the rele-
vant modes at the LHC, which we denote as ���

3

, and we show (right) the
analogous quantity (�BR�

3

) for the Branching Ratios (BRs). The quan-
tity �BR�

3

(i) for the Higgs decay into the final-state i can be conveniently
written as

�BR�
3

(i) =
(� � 1)(C�

1 (i)� C�
tot

1 )

1 + (� � 1)C�
tot

1

, (15)
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5 Constrains on �3: present and future

In this section we describe the method and the results of a simplified fit we
have performed in order to estimate the limits that can be set on � with
our approach. Our analysis is based on the experimental results presented
in Tab. 8 of Ref. [5]. We also estimate the expected limits that could be
obtained at LHC Run-II at 300 fb�1 and 3000 fb�1 of luminosity.

The key aspect of our approach is that the predictions for all the avail-
able production and decay channels depend on a single parameter (�) and
therefore a global fit can be in principle very powerful in constraining the
Higgs trilinear coupling. As our aim is mostly illustrative, we want to assess
the competitiveness of our method rather than trying to obtain the best
and most robust bounds. To this purpose, we make a series of simplify-
ing approximations. For example, being usually quite small (see Fig. 7 of
Ref. [5]), we ignore correlations between the di↵erent uncertainties of a single
measurement or between the measurements of the di↵erent observables.

The basic inputs of our analysis are the signal-strength parameters µf
i ,

which are defined for any specific combination of production and decay chan-
nel i ! H ! f as

µf
i ⌘ µi ⇥ µf =

�(i)

�(i)SM
⇥ BR(f)

BRSM(f)
. (16)

The quantities µi and µf are the production cross section �(i) (i = ggF,
VBF, WH, ZH, tt̄H) and the BR(f) (f = ��, ZZ,WW, bb̄, ⌧⌧) normalised
to their SM values, respectively. Assuming on-shell production, the product
µi ⇥ µf is therefore the rate for the i ! H ! f process normalised to the
corresponding SM prediction.

Using Eq. (6) and Eq. (15), µi and µf , which enter the definition of µf
i

in Eq. (16), can be expressed as

µi = 1 + ���
3

(i) ,

µf = 1 + �BR�
3

(f) . (17)

By definition, µf
i = µi = µf = 1 in the SM.

In the following we denote the measured signal strengths as µ̄f
i . Given

a collection of µ̄f
i measurements {µ̄f

i }, we define as best value of � the one
that minimises the �2(�) function defined as

�2(�) ⌘
X

µ̄f
i 2{µ̄

f
i }

(µf
i (�)� µ̄f

i )
2

(�f
i (�))

2
, (18)
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Figure 8: Left: �2 for the di↵erent sets of observables presented in Tab. 5:
the dotted red line represents P1, the solid black line P2, the dashed magenta
line P3, and the blue dash-dotted line P4. The two horizontal lines represent
��2 = 1 and ��2 = 3.84. Right: corresponding p-value. The various Pn

data sets are colour-coded in the same way. The horizontal line is p = 0.05.

For the Future scenarios, we consider

• F1: “CMS-II” (300 fb�1),

• F2: “CMS-HL-II” (3000 fb�1),

as presented in Tab. 1 of Ref. [9]. A summary of the sets of data used in
each fit is presented in Tab. 5.

As shown in Fig. 8, we identify the 1� and 2� intervals assuming a �2

distribution. Following this procedure and using the gluon-gluon-fusion and
VBF data from Tab. 8 of Ref. [5] (scenario P2 in Tab. 5) we obtain

best� = �0.24 , 1�� = [�5.6, 11.2] , 2�� = [�9.4, 17.0] , (19)

where the best� is the best value and 1�� , 2�� are respectively the 1� and
2� intervals. The choice of P2 as reference set is motivated by the measured
significance for the di↵erent production processes, which is at the moment
above 5� only for ggF and VBF (see Tab. 14 in Ref. [5]). Moreover, P2

returns the most stringent values for 1�� and 2�� . The other data sets
presented in Tab. 5 are reported in Fig. 8. Notice how the minimum of the
distribution in the figure jumps to ⇠ 10 when the tt̄H production channel
is included. This e↵ect originates from the anomalous values presented in
Ref. [5] for µ̄f

tt̄H
, especially with f = WW . Similarly, the low compatibility

of µ̄f
V H with SM predictions is the reason behind larger 1�� and 2�� intervals

in P3.
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each fit is presented in Tab. 5.

As shown in Fig. 8, we identify the 1� and 2� intervals assuming a �2

distribution. Following this procedure and using the gluon-gluon-fusion and
VBF data from Tab. 8 of Ref. [5] (scenario P2 in Tab. 5) we obtain

best� = �0.24 , 1�� = [�5.6, 11.2] , 2�� = [�9.4, 17.0] , (19)

where the best� is the best value and 1�� , 2�� are respectively the 1� and
2� intervals. The choice of P2 as reference set is motivated by the measured
significance for the di↵erent production processes, which is at the moment
above 5� only for ggF and VBF (see Tab. 14 in Ref. [5]). Moreover, P2

returns the most stringent values for 1�� and 2�� . The other data sets
presented in Tab. 5 are reported in Fig. 8. Notice how the minimum of the
distribution in the figure jumps to ⇠ 10 when the tt̄H production channel
is included. This e↵ect originates from the anomalous values presented in
Ref. [5] for µ̄f

tt̄H
, especially with f = WW . Similarly, the low compatibility

of µ̄f
V H with SM predictions is the reason behind larger 1�� and 2�� intervals

in P3.
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5 Constrains on �3: present and future

In this section we describe the method and the results of a simplified fit we
have performed in order to estimate the limits that can be set on � with
our approach. Our analysis is based on the experimental results presented
in Tab. 8 of Ref. [5]. We also estimate the expected limits that could be
obtained at LHC Run-II at 300 fb�1 and 3000 fb�1 of luminosity.

The key aspect of our approach is that the predictions for all the avail-
able production and decay channels depend on a single parameter (�) and
therefore a global fit can be in principle very powerful in constraining the
Higgs trilinear coupling. As our aim is mostly illustrative, we want to assess
the competitiveness of our method rather than trying to obtain the best
and most robust bounds. To this purpose, we make a series of simplify-
ing approximations. For example, being usually quite small (see Fig. 7 of
Ref. [5]), we ignore correlations between the di↵erent uncertainties of a single
measurement or between the measurements of the di↵erent observables.

The basic inputs of our analysis are the signal strength parameters µf
i ,

which are defined for any specific combination of production and decay chan-
nel i ! H ! f as

µf
i ⌘ µi ⇥ µf =

�(i)

�(i)SM
⇥ BR(f)

BRSM(f)
. (16)

The quantities µi and µf are the production cross section �(i) (i = ggF,
VBF, WH, ZH, tt̄H) and the BR(f) (f = ��, ZZ,WW, bb̄, ⌧⌧) normalised
to their SM values, respectively. Assuming on-shell production, the product
µi ⇥ µf is therefore the rate for the i ! H ! f process normalised to the
corresponding SM prediction.

Using Eq. (6) and Eq. (15), µi and µf , which enter the definition of µf
i

in Eq. (16), can be expressed as

µi = 1 + ���
3

(i) ,

µf = 1 + �BR�
3

(f) . (17)

By definition, µf
i = µi = µf = 1 in the SM.

In the following we denote the measured signal strengths as µ̄f
i . Given

a collection of µ̄f
i measurements {µ̄f

i }, we define as best value of � the one
that minimises the �2(�) function defined as

�2(�) ⌘
X

µ̄f
i 2{µ̄

f
i }

(µf
i (�)� µ̄f

i )
2

(�f
i (�))

2
, (18)
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Combined fit with others EFT parameters
How are limits on      affected by lifting the condition that Higgs interactions with 
the other particle are SM-like?  

of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M0 and the virtual EW amplitude
M1, besides the wave-function-renormalisation constant. The amplitude
M1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M1, which we denote as M1

�
3

, can be obtained for any process
by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�SM

3

) and then rescaling them by a factor �. In order to correctly

identify M1
�SM

3

(the contributions related to the H3 interaction) in the M1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3 -dependent diagrams
are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M1
�
3

and ZH are taken into account,
denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M1
�SM

3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM
NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�
3

⌘ ⌃NLO � ⌃SM
NLO

⌃LO
= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3� ↵
2) terms in the r.h.s, can be compactly written as

�⌃�
3

= (� � 1)C1 + (2� � 1)C2 , (7)
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Assumptions:

- Consider all the possible EFT dimension-6 operators that enter only in single 
Higgs production and decay (10 independent parameters).  

of the 10 quantities tested experimentally (5 production and 5 decay modes), 9 independent409

constraints can be derived, which are enough to determine the set of single-Higgs couplings410

(�cz, czz, cz⇤, ĉz� , ĉ�� , ĉgg, �yt, �yb, �y⌧ ).411

In our numerical analysis we estimate the theory and experimental systematic uncer-412

tainties by following the ATLAS projections presented in ref. [10]. The full list of uncer-413

tainties is given in table 1. Notice that, with respect to the ATLAS analysis we introduced414

a few updates. We reduced the theory uncertainty in the gluon fusion production cross415

section to take into account the recent improvement in the theory predictions [3, 28]. In416

addition, we updated the entries corresponding to the VBF production mode with ZZ and417

WW final states using the more recent estimates presented in refs. [11] and [12]. To esti-418

mate the separate uncertainties in the WH and the ZH production modes with ZZ final419

state, which are considered together in ref. [10], we divided the experimental uncertainty420

for V H by the square root of the corresponding event fractions.8421

Our projections are also in fair agreement with the ‘Scenario 1’ in the CMS extrap-422

olations [26], in which the systematic uncertainties are assumed to be the same as in the423

8TeV LHC run. Notice that our choice is more conservative than the one made in ref. [7],424

and should be interpreted as a ‘pessimistic’ scenario. We will comment in section 5.2 on425

how the numerical results change as a function of the systematic uncertainties.426

To extract the fit we assume that the measured signal strengths are equal to the SM427

predictions, i.e. µf
i = 1, and we perform a simple statistical analysis by constructing the428

�2 function429

�2 =
X

i,f

(µf
i � 1)2

(�f
i )

2
, (3.3)

where �f
i are the errors associated to each channel.430

If we consider only small deviations in the single-Higgs couplings, we can linearly431

expand the signal strengths in terms of the 9 fit parameters (the numerical expressions are432

given in Appendix A). In this way the �2 function becomes quadratic in the parameters433

and we end up in a Gaussian limit. The 1� intervals and the full correlation matrix (with434

large correlations enlightened in boldface) for the parameters are given by (by construction435

the best fit coincides with the SM point, where all the coe�cients vanish)436

0

BBBBBBBBBBBBBB@

ĉgg
�cz
czz
cz⇤
ĉz�
ĉ��
�yt
�yb
�y⌧

1

CCCCCCCCCCCCCCA

= ±

0

BBBBBBBBBBBBBB@

0.07 (0.02)

0.07 (0.01)

0.64 (0.02)

0.24 (0.01)

4.94 (0.65)

0.08 (0.02)

0.09 (0.02)

0.14 (0.03)

0.17 (0.09)

1

CCCCCCCCCCCCCCA

2

666666666666664

1 �0.01 �0.02 0.03 0.08 0.01 �0.71 0.03 0.01

1 �0.45 0.36 �0.61 �0.33 0.18 0.89 0.53

1 �0.99 0.69 0.11 0.38 �0.47 �0.74

1 �0.58 �0.23 �0.42 0.42 0.71

1 �0.58 0.09 �0.46 �0.63

1 0.14 0.04 0.04

1 0.25 �0.08

1 0.57

1

3

777777777777775

(3.4)

8In this way, we get that the ratio of uncertainties between the WH and ZH channels with ZZ final

state is in good agreement with a previous estimate by ATLAS [29].
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The leading new-physics e↵ects are usually associated with EFT operators with the112

lowest dimensionality, namely the dimension-6 ones. In the following we restrict our atten-113

tion to these operators and neglect higher-order e↵ects. To further simplify our analysis we114

also assume that the new physics is CP-preserving and flavor universal. With these restric-115

tions we are left with 10 independent operators that a↵ect Higgs physics at leading order116

and have not been tested below the % accuracy in existing precision measurements [13].2117

Before discussing our operator basis, it is important to mention that a much larger set of118

dimension-6 operators could in principle be relevant for Higgs physics. A first class of these119

operators include deformations of the SM Lagrangian involving the light SM fermions. They120

correct at tree level the Higgs processes but also a↵ect observables not involving the Higgs.121

Therefore most of them have already been tested with good precision in EW measurements.122

A second set of dimension-6 operators involve the top quark and are typically much less123

constrained. However they a↵ect Higgs physics only at loop level, thus their e↵ects are124

usually not very large. We postpone a more detailed discussion to section 2.2.125

A convenient choice for dimension-6 operators is provided by the “Higgs basis” [3, 14]126

in which the Higgs is assumed to be part of an SU(2)L doublet and operators connected127

to the LHC Higgs searches are separated from the others that can be tested in observables128

not involving the Higgs.3 The 10 e↵ective operators we will focus on can be split into three129

classes: the first one contains deformations of the Higgs couplings to the SM gauge bosons,130

parametrized by131

�cz , czz , cz⇤ , ĉz� , ĉ�� , ĉgg , (2.2)

the second class is related to deformations of the fermion Yukawa’s132

�yt , �yb , �y⌧ , (2.3)

and finally the last e↵ect is a distortion of the Higgs trilinear self-coupling133

� . (2.4)

The corresponding corrections to the Higgs interactions in the unitary gauge are given by

L � h

v

"
�cw

g2v2

2
W+

µ W�µ + �cz
(g2 + g02)v2

4
ZµZ

µ

+ cww
g2

2
W+

µ⌫W�µ⌫ + cw⇤g
2
�
W+

µ @⌫W+µ⌫ + h.c.
�
+ ĉ��

e2

4⇡2
Aµ⌫A

µ⌫

+ cz⇤g
2Zµ@⌫Z

µ⌫ + c�⇤gg
0Zµ@⌫A

µ⌫ + czz
g2 + g02

4
Zµ⌫Z

µ⌫ + ĉz�
e
p
g2 + g02

2⇡2
Zµ⌫A

µ⌫

#

+
g2s

48⇡2

✓
ĉgg

h

v
+ ĉ(2)gg

h2

2v2

◆
Gµ⌫G

µ⌫ �
X

f


mf

✓
�yf

h

v
+ �y

(2)
f

h2

2v2

◆
f̄RfL + h.c.

�

� (� � 1)�SM
3 vh3 , (2.5)

2The assumption of flavor universality is not crucial for our analysis. It is only introduced to restrict the

EFT analysis to the operators that can only be tested in Higgs physics. The same can be done in several

other flavor scenarios, as for instance minimal flavor violation and anarchic partial compositeness.
3For the relation between the independent couplings in the Higgs basis and the Wilson coe�cients of

other operator bases, see [14].
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- Consider only inclusive single-Higgs observable (9 independent constraints) 
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Incl. single Higgs data
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exclusive CMS II

global fit (Higgs + TGC) ×20
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3 ab-1

Figure 2. �2 as a function of the Higgs trilinear coupling � obtained by performing a global
fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [7]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

An additional way to probe the flat direction is to compare single-Higgs production583

rates at di↵erent collider energies. This possibility stems from the fact that the kinematic584

distributions in Higgs production channels with associated objects (VBF, ZH, WH and585

ttH) changes in a non-trivial way as a function of the collider energy. As a consequence586

the impact of the modification of the Higgs couplings on the production rates shows some587

dependence on the energy as well. As one can see from the numerical results reported in588

Appendix A, the dependence of the VBF, ZH and WH rates on the czz, cz⇤, ĉz� and ĉ��589

parameters changes as a function of the collider energy (eqs. (A.1), (A.2) and (A.3)). The590

corrections due to � also show a dependence on the energy. In particular the strongest591

e↵ects are present in the ttH production rate, as can be seen from eq. (A.13) and the list592

of coe�cients in table 3.593

The di↵erence in the new physics e↵ects at the di↵erent LHC energies are quite small,594

so that they do not really allow for an improvement in the fit, taking also into account595

the fact that accurate enough predictions will be obtained only for one center of mass596

energy. Future colliders (as for instance a 33 TeV hadron machine) could lead to more597

pronounced changes in the parameter dependence.12 However the improvement achievable598

with a combined fit is only marginal. A more e�cient way of exploiting higher-energy599

machines is to look for double Higgs production which could probe � with enough accuracy600

to make its contributions to single Higgs processes negligible (assuming that no significant601

deviation with respect to the SM is found) [23].602

12We thank D. Pagani for providing us with the results for the � contribution to the inclusive observables

at 33 and 100 TeV.
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tree-level: loop: 

10 parameters vs 9 constraints —> 1 flat direction 
so no constraints for the weakest:  
We moved from 1 to 10: no Physics in the 
middle?  
Effect of top chromo-dipole operators (11)? 

9 constraints can become 10 (Higgs plus jet, 
Double Higgs ..), or many (look at distributions) 

The leading new-physics e↵ects are usually associated with EFT operators with the112

lowest dimensionality, namely the dimension-6 ones. In the following we restrict our atten-113

tion to these operators and neglect higher-order e↵ects. To further simplify our analysis we114

also assume that the new physics is CP-preserving and flavor universal. With these restric-115

tions we are left with 10 independent operators that a↵ect Higgs physics at leading order116

and have not been tested below the % accuracy in existing precision measurements [13].2117

Before discussing our operator basis, it is important to mention that a much larger set of118

dimension-6 operators could in principle be relevant for Higgs physics. A first class of these119

operators include deformations of the SM Lagrangian involving the light SM fermions. They120

correct at tree level the Higgs processes but also a↵ect observables not involving the Higgs.121

Therefore most of them have already been tested with good precision in EW measurements.122

A second set of dimension-6 operators involve the top quark and are typically much less123

constrained. However they a↵ect Higgs physics only at loop level, thus their e↵ects are124

usually not very large. We postpone a more detailed discussion to section 2.2.125

A convenient choice for dimension-6 operators is provided by the “Higgs basis” [3, 14]126

in which the Higgs is assumed to be part of an SU(2)L doublet and operators connected127

to the LHC Higgs searches are separated from the others that can be tested in observables128

not involving the Higgs.3 The 10 e↵ective operators we will focus on can be split into three129

classes: the first one contains deformations of the Higgs couplings to the SM gauge bosons,130

parametrized by131

�cz , czz , cz⇤ , ĉz� , ĉ�� , ĉgg , (2.2)

the second class is related to deformations of the fermion Yukawa’s132

�yt , �yb , �y⌧ , (2.3)

and finally the last e↵ect is a distortion of the Higgs trilinear self-coupling133

� . (2.4)

The corresponding corrections to the Higgs interactions in the unitary gauge are given by

L � h
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2
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3 vh3 , (2.5)

2The assumption of flavor universality is not crucial for our analysis. It is only introduced to restrict the

EFT analysis to the operators that can only be tested in Higgs physics. The same can be done in several

other flavor scenarios, as for instance minimal flavor violation and anarchic partial compositeness.
3For the relation between the independent couplings in the Higgs basis and the Wilson coe�cients of

other operator bases, see [14].
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Combined fit with other EFT parameters

Even with 10 independent parameters, using differential distributions, single-
Higgs measurements at the HL-LHC can be sensitive to loop-induced anomalous 
trilinear contributions. Results further improve at HE-LHC (27 TeV). 

Single-Higgs differential measurements can improve the constraints from 
differential measurements in Double Higgs. 

!48

Di Vita, Grojean, Panico, Riembau, Vantalon ’17 (updated results from HL-HE-LHC report)

-15 -10 -5 0 5 10 15
0

2

4

6

8

10

12

14

2

dotted: only / solid: global fit

width: S1 and S2 scenarios

HL-LHC single Higgs, inclusive

HL-LHC single Higgs, differential

-6 -4 -2 0 2 4 6
0

2

4

6

8

10

12

14

2

dotted: only / solid: global fit

width: extrapolation from S1 and S2 scenarios

HE-LHC 15ab-1 single Higgs, inclusive

HE-LHC 15ab-1 single Higgs, differential

HL-LHC HE-LHC



The relevance of differential information
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Fig. 12 1σ and 2σ bounds on κ3 from single production processes, based on future projections for ATLAS-HL at 14 TeV. Left: only statistical
uncertainty (S1). Right: experimental systematic uncertainty and theoretical uncertainty included (S2)

Since no differential information is available in the mea-
sured data at the moment, we focus on the same future sce-
nario at 14 TeV (ATLAS-HL) considered in Ref. [41]. How-
ever, our results cannot be directly compared with those in
Ref. [41], since there are a few differences in the treatment of
the inputs from experimental projections. Details are reported
in Appendix A, where we also carefully describe the proce-
dure of the fit we performed and the assumptions on the
uncertainties. In short, bounds on κ3, κt and κV are obtained
by maximizing a log-likelihood function.

We perform the fit considering two very different sce-
narios for the uncertainties. In the first scenario (S1), only
the statistical uncertainty is included. This crude assump-
tion corresponds to the ideal (and rather unrealistic) situation
where theoretical and experimental systematic uncertainties
are negligible. On the other hand, we exploit it for a direct
comparison with the second scenario (S2), where both the-
oretical and experimental systematic uncertainties are taken
into account. At the differential level we performed the com-
bination of the uncertainties via two different approaches that
are described in detail in Appendix A. For this reason dif-
ferential results for this second scenario always appear as
bands rather than lines, accounting the uncertainty related to
the different assumptions on the systematic and theoretical
errors.

Before performing the global fit, we separately consider
the different experimental inputs corresponding to ggF, VBF,
V H and t t̄ H production13 and we restrict to the configura-

13 In this section when we refer to a production mode X in fact we mean
one of the different X -like categories in Table 3. As can be seen, in any
X -like category the contribution of the actual X process is in general
dominant, so we can refer directly to it on the text for simplicity. Only
the VBF-like category receives a non-negligible contribution from ggF,
which on the other hand has a C1 very similar to VBF.

tion with κ3 only (κt = κV = 1). We remind the reader that
different decay channels are entering for each of the produc-
tion processes. Results are shown in Fig. 12, where the plot
on the left refers to scenario S1 and the plot on the right to
scenario S2. For the case of V H and t t̄ H production dashed
lines correspond to the fit of differential information; details
of the binning are reported in Appendix A.

The different shapes of the curves for values smaller and
larger than κ3 = 1 can be understood from the behavior of κ3
andκ2

3 terms in Eqs. (6) and (13). While forκ3 < 1 both theκ3
and the κ2

3 terms induce negative contributions in the produc-
tion signal strengths, for κ3 > 1 there are large cancellations
that suppress the effect of κ3. If we only include the statistical
uncertainty (S1) the ggF-like channel provides the best con-
straints for κ3 both for the regions κ3 > 1 and κ3 < 1, where
also t t̄ H is giving strong constraints, which are not improved
by the inclusion of differential information. A similar effect
is visible also for V H ; differential information does not lead
to any significant improvement. On the other hand, in the
region κ3 > 1 we see a clear improvement due to differen-
tial information for t t̄ H , although bounds from this single
production process are not sufficient to set a constraint in the
region for κ3 > 1.

The plot on the right (S2) shows that including theoretical
and experimental systematic uncertainties makes a differ-
ence. The t t̄ H process is giving the strongest constraints in
the region κ3 < 1 and receive improvements from the differ-
ential information, with a tiny dependence on the assumption
made for the combination of the uncertainties. This differ-
ence is induced by the change of the ggF result moving from
scenario S1 to scenario S2 rather than by an improvement
for t t̄ H . Note, however, that the impact of the differential
information for ggF production is not known and, while the
exact calculation of the (two-)loop-induced effects from λ3

123
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Fig. 13 1σ and 2σ bounds on κ3 including all production processes, based on future projections for ATLAS-HL at 14 TeV. Left: only statistical
uncertainty (S1). Right: experimental systematic uncertainty and theoretical uncertainty included (S2)

in pp → H j would be useful, it is currently out of reach.
Although constraints from ggF becomes much weaker in sce-
nario S2, in the region κ3 > 1 they are still the strongest. At
variance with ggF, t t̄ H is in general very slightly affected by
theoretical and systematic uncertainties since the dominant
error is of statistical origin. Regarding the bounds on κ3 from
VBF-like and V H -like channels, they are always worse than
those from ggF and t t̄ H , even when the differential infor-
mation is used for V H .

Next, we perform the global fit including all the exper-
imental data as input and taking into account the anoma-
lous couplings κt and κV . In Fig. 13 we present bounds
after combining all the production channels, under differ-
ent assumptions: i) only κ3 is anomalous, ii) κ3, κt or κ3, κV
are anomalous, iii) all three parameters κ3, κV , κt are anoma-
lous. In the presence of anomalous couplings other than κ3,
we marginalize over them. The plot on the left refers to sce-
nario S1, only statistical uncertainties, and the one on the
right to scenario S2, systematic and theoretical uncertainties
included. As we expect, in scenario S1 the differential infor-
mation (dashed line) does not noticeably improve any of the
constraints, while in the scenario S2 in the region κ3 < 1
and especially in the region κ3 > 1 differential information
from V H and t t̄ H leads to a clear improvement of the con-
straints. What, instead, is not obvious, especially given the
findings of Ref. [41], is the effect induced by anomalous κt
and/or κV terms to the fit. While constraints in the region
κ3 < 1 are relaxed, although not washed out completely, by
the inclusion of one or two new degrees of freedom, in the
region κ3 > 1 they are almost unaltered. In other words, in
scenario S2, bounds in the region κ3 > 1 are more affected by
differential information than by the addition of the κt or κV
parameters. Moreover, especially in the region κ3 < 1, these
two parameters alter the κ3 constraints more in the unrealistic

scenario S1 than S2. We describe rather in detail the observed
features exploiting the information contained in Fig. 12.

In scenario S1 for κ3 < 1 the constraints are strongly
affected by the inclusion of κt and/or κV since the global fit
with only κ3 is completely dominated by ggF in that region.
For this process only the total cross-section information is
used in the fit, so that a flat direction appears, i.e., the fit
is dominated by one input,14 which is sufficient for setting
constraints on only κ3 but not at the same time on κ3 and
κt , κV . To resolve this degeneracy, more constraining infor-
mation must be added to the fit. Indeed, the constraints with
two parameters (κ3, κt or κ3, κV ) or three (κ3, κt , κV ) are in
the region of the constraints from VBF and t t̄ H in Fig. 12.

The previous argument cannot be applied to the region
κ3 > 1 for scenario S1, where the bounds in the global fit
with only κ3 are not completely dominated by ggF. Indeed
the t t̄ H (and in a smaller way the VBF) contribution is not
negligible in that region, as can be seen from the left plot
of Fig. 12. Moreover, at variance with ggF production, there
is not a large background in t t̄ H production for the experi-
mental signatures involving the Higgs toµ+µ− decay, whose
branching ratio has a differentκV andκt dependence w.r.t. γ γ

and VV ∗ decays, and for values κ3 ∼ 8 the impact of decays
is more relevant. For this reason t t̄ H and ggF are sufficient
for constraining one, two or three parameters, with negligible
difference when parameters other than κ3 are marginalized.
We explicitly verified this feature.

Moving to scenario S2, the plot on the right where all
uncertainties are included, for κ3 < 1 the bounds are dom-

14 Note we have three decay channels for ggF that are almost fully
controlled by kV , namelyWW ∗, VV and γ γ . Indeed, also for H → γ γ
the contribution from top-quark loop is known to be much smaller than
W -loop contribution.
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The interplay between additional possible couplings, experimental uncertainties 
and differential information leads to different results. 

In general, differential information improves constraints, especially when 
additional couplings are considered. 
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Experimental results (ATLAS) for present data (13 TeV)
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Figure 6: Negative log-likelihood contours at 68% and 95% C.L. in the (�, F ) plane under the assumption of V = 1
(a), and in the (�, V ) plane under the assumption of F = 1 (b). The best fit value is indicated by a cross while the
SM hypothesis is indicated by a star. The plot assumes that the approximations in Refs. [8,9] are valid inside the
shown contours.

6 Conclusion

The Higgs boson self-coupling modifier � = �HHH/�SMHHH has been extracted with a global fit procedure [8,
9] applied to the combination of analyses targeting the single Higgs production modes on data collected
at
p

s = 13 TeV up to an integrated luminosity of up to 80 fb�1 [4]. In the simplified assumption that all
deviations from the SM expectation have to be interpreted as a modification of the trilinear coupling of the
Higgs boson, the best fit value of � is � = 4.0+4.3

�4.1, excluding at the 95% C.L. values outside the interval
�3.2 < � < 11.9. Additional results, including the simultaneous determination of the Higgs boson
self-coupling and single Higgs boson couplings to either fermions or bosons, have also been derived.

This analysis shows that an alternative and complementary approach to constrain the Higgs boson self-
coupling through direct double Higgs production searches is feasible. This approach can provide sensitivity
that is not far from to the more direct determination of the Higgs boson self-coupling through double
Higgs production. However, the constraints become significantly weaker in new physics scenarios where
simultaneous modifications to the single Higgs boson couplings are allowed, to the point of almost vanishing
when a single overall Higgs coupling rescaling modifier is considered. The di�erential information currently
provided by the STXS regions in the VBF, WH and ZH production modes does not help to remove such
degeneracies nor to improve the sensitivity to � significantly. Nevertheless, a dedicated optimization of
the kinematic binning, including the most sensitive ggF and ttH production modes, still needs to be fully
theoretically and experimentally explored and might improve the sensitivity in the future.
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POIs Granularity F+1�
�1� V+1�

�1� �+1�
�1� � [95% C.L.]

� STXS 1 1
4.0+4.3

�4.1 [�3.2, 11.9]
1.0+8.8

�4.4 [�6.2, 14.4]

� inclusive 1 1
4.6+4.3

�4.2 [�2.9, 12.5]
1.0+9.5

�4.3 [�6.1, 15.0]

�, V STXS 1
1.04+0.05

�0.04 4.8+7.4
�6.7 [�6.7, 18.4]

1.00+0.05
�0.04 1.0+9.9

�6.1 [�9.4, 18.9]

�, F STXS
0.99+0.08

�0.08 1
4.1+4.3

�4.1 [�3.2, 11.9]
1.00+0.08

�0.08 1.0+8.8
�4.4 [�6.3, 14.4]

Table 6: Best fit values for  modifiers with ±1� uncertainties. The first column shows the parameter(s) of interest in
each fit configuration, where the other coupling modifiers are kept fixed to the SM prediction. The fit to determine �
has been performed in two configurations, one using the full STXS granularity for VBF, ZH and WH (STXS), and
the other only considering the inclusive parametrization for all the production modes (inclusive). The 95% C.L.
interval for � is also reported. For each fit result the upper row corresponds to the observed results, and the lower row
to the expected results obtained using Asimov datasets generated under the SM hypothesis [32]. The �, V and �,
F fit results are obtained under the assumption that the approximations in Refs. [8,9] are valid in 95% C.L. regions.
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The presence of other anomalous 
couplings affects the  bounds on 
the value of the Higgs self 
coupling.



Generic model
• To give the most generic measurement, a likelihood fit is performed to constrain 

simultaneously 01, 0K, 0O, 0w, 0~ and 0�
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• Only the single-Higgs and double-Higgs combination could give enough sensitivity 
to exploit the generic model
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Limits in a generic Kappa-framework are already available!


