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Outline:

• Motivation
• State-of-the art predictions for ttV̄: where do we stand?
• What can ttV̄ tell us about new physics?
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Figure 8: The result of the simultaneous fit to the tt̄Z and tt̄W cross sections along with the 68% and 95% con-
fidence level (CL) contours. The shaded areas correspond to the theoretical uncertainties in the Standard Model
predictions, and include renormalisation and factorisation scale uncertainties as well as PDF uncertainties including
↵S variations.

8 Conclusion

Measurements of the production cross sections of a top-quark pair in association with a Z or W boson
using 3.2 fb�1 of data collected by the ATLAS detector in

p
s = 13 TeV pp collisions at the LHC are

presented. Final states with either two same-charge muons, or three or four leptons are analysed. From a
simultaneous fit to nine signal regions and two control regions, the tt̄Z and tt̄W production cross sections
are determined to be �tt̄Z = 0.9 ± 0.3 pb and �tt̄W = 1.5 ± 0.8 pb. Both measurements are consistent with
the NLO QCD theoretical calculations, �tt̄Z = 0.84 ± 0.09 pb and �tt̄W = 0.60 ± 0.08 pb.
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Figure 12: Result of the simultaneous fit for ttW and ttZ cross sections (denoted as star), along
with its 68 and 95% CL contours are shown on the left panel. The right panel presents the
individual measured cross sections along with the 68 and 95% CL intervals and the theory
prediction [1] with their respective uncertainties for ttW and ttZ.

8 Effective field theory interpretation
Within the framework of effective field theory, cross section measurements can be used to
search for NP in a model-independent way at energy scales that are not yet experimentally
accessible. Using this approach, the SM Lagrangian is extended with higher-order operators
that correspond to combinations of SM fields. The extended Lagrangian is a series expansion
in the inverse of the energy scale of the NP, 1/L [50], hence operators are suppressed as long
as L is large compared with the experimentally-accessible energy.

The effective Lagrangian is (ignoring the single dimension-five operator, which violates lepton
number conservation [50])

Leff = LSM +
1

L2 Â
i

ciOi + · · · , (1)

where LSM is the dimension-four SM Lagrangian, Oi are dimension-six operators, and the el-
lipsis symbol represents higher-dimension operators. The dimensionless Wilson coefficients ci

parameterize the strength of the NP interaction.

Assuming baryon and lepton number conservation, there are fifty-nine independent dimension-
six operators [51]. Thirty-nine of these operators were chosen for study in Ref. [52] because they
include at least one Higgs field; the four-fermion operators were omitted. Constraints on the
Wilson coefficients of some dimension-six operators have been reported in Refs. [2, 6, 53–59].

To investigate the effects of NP on any given process, it is necessary to calculate the expected
cross section as a function of the Wilson coefficients. The matrix element can be written as the
sum of SM and NP components:

M = M0 + Â
i

ciMi. (2)

In this work, we consider one operator at a time. The cross section is proportional to the square

• ttW̄ and ttZ̄ production has already been measured 
by the LHC experiments!  
(σNLO QCD=540/730 fb @13 TeV)

• They feature a multilepton + (b)-jet final state, 
possibly with same-sign leptons

• Because of this, they enter as background to many 
searches, for BSM physics and for the Higgs

Motivation - I
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the combined estimate is always dominated by systematic uncertainties, which is not always the case
when only the matrix method is used due to small number of events in the control regions. To check the
validity and robustness of the FNP lepton estimate, the distributions of several discriminating variables
in data are compared with the predicted background after various requirements on the number of jets and
b-jets. Examples of such distributions are shown in Figure 2, and illustrate that the data are described
by the prediction within uncertainties. The apparent disagreement for me↵ above 1 TeV in Figure 2(d) is
covered by the large theory uncertainty for the diboson background, which is not shown but amounts to
about 30% for me↵ above 1 TeV.
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Figure 2: Distributions of (a) the number of jets, (b) the number of b-tagged jets and (c), (d) the e↵ective mass.
The distributions are made after requiring at least two jets (pT > 40 GeV) and Emiss

T > 50 GeV, as well as at least
two same-sign leptons (a, b, c) or three leptons (d). The uncertainty bands include the statistical uncertainties
for the background prediction as well as the systematic uncertainties for fake- or non-prompt-lepton backgrounds
(using the matrix method) and charge-flip electrons. Not included are theoretical uncertainties in the irreducible
background contributions. The rare category is defined in the text.

5.2 Validation of irreducible background estimates

Dedicated validation regions are defined to verify the estimate of the tt̄V , WZ and W±W± background in
the signal regions. The corresponding selections are summarized in Table 3. The overlap with the signal
regions is resolved by removing events that are selected in the signal regions. The purity of the targeted
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Figure 4: Pre-fit background and signal predictions and observed data yields for each signal region. The tt̄H

prediction corresponds to the SM expectation (µt t̄H = 1). Charge misreconstruction backgrounds are indicated as
“QMisReco.”

CLs value [57]. Production of tt̄H is assumed to be SM-like in kinematic distributions. Single top-Higgs
boson associated production is fixed to the SM rate.

The best-fit value of µt t̄H , combining all channels, is 2.5 ± 0.7 (stat) +1.1
�0.9 (syst). The best-fit value of and

95% CL upper limit on µt t̄H for each individual channel and the combination of all channels are shown
in Figures 5 and 6 and Table 8. For the 4` channel, the observation of zero events makes it di�cult to
quote a best-fit result with meaningful uncertainties, and a 68% confidence level CLs upper limit is shown
instead. In the presence of the SM tt̄H signal, the fit is expected to return µt t̄H = 1.0 +0.7

�0.6 (stat) +0.9
�0.8 (syst).

The p-value associated with the no-tt̄H hypothesis is 0.015 (2.2�), and the p-value associated with the
SM expectation µt t̄H = 1 is 0.09 (1.3�).

Figures 7, 8, and 9 show the lepton flavor composition, jet, and b-tagged jet multiplicity of the events in
the 2`0⌧had, 2`1⌧had, and 3` signal regions.
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Figure 9: Same as Fig. 8 but channels combined.

7 Conclusions

We presented a search for supersymmetry in a final state of two leptons, b jets, and large miss-
ing transverse momentum, originating from decays of pair-produced top squarks to two top
quarks and neutralinos, with a subsequent fully leptonic decay of the top quarks. We used
a data set corresponding to an integrated luminosity of 12.9 fb�1 of pp collisions collected in
2016 at a center-of-mass energy of 13 TeV with the CMS detector at the LHC. An efficient back-
ground reduction using dedicated kinematical variables was achieved, with in particular the
large background of SM dilepton tt events suppressed by several orders of magnitude.

We observe no evidence for an excess above the expected background from standard model
processes. For neutralino masses of mec0

1
 150 GeV, mass configurations with met  650 GeV

are excluded at a confidence level of 95%.

CMS, SUS-16-027-PAS stop dilep

ATLAS, arXiv:1609.01599
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• These processes are also interesting by themselves: they give direct 
access to the top weak couplings, otherwise only indirectly bound by 
EW precision data

Motivation - II
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13 TeV, NLO QCD
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Figure 10: Projected constraints on the operators C
(33,3)
�q and C

33
�u obtained from the ��`+z `�z

distribution in tt̄Z production at the 13 TeV LHC. The parameter space outside the blue colored
area can be excluded at the 95% C.L. The thin bands are indirect constraints from electroweak
precision data.

current experiments. More reliable and stringent limits can only be obtained once more

data is accumulated. To estimate how limits will improve in such a case, we use the results

presented in Fig. 9 for the luminosities 30, 300, and 3000 fb�1. Recall that these results are

not only based on the total cross section but also on the shapes of the ��
`
+
z `

�
z
distribution.
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Figure 8. Projected bounds on anomalous ttZ couplings for at the LHC. Shown are 68.3% CL
limits for integrated luminosities of 300 fb−1 (solid) and 3000 fb−1 (dashed): (a) for ∆FZ

1A versus

∆FZ
1V , (b) for ∆FZ

2A versus ∆FZ
1A, (c) for ∆FZ

2V versus ∆FZ
1V and (d) for ∆FZ

2A versus ∆FZ
2V . In (a)

we also include the (indirect) constraints from LEP data (see Eqs. (17) and (18)) for two choices

of the loop momentum cutoff scale Λ (solid: Λ = 3 TeV, dashed: Λ = 1 TeV). In each graph, only
those couplings which are plotted against each other are assumed to be different from their SM
values.

performed an independent analysis using Poisson statistics and the log-likelihood method.
The normalization uncertainty in this approach is treated as a Gaussian fluctuation with
standard deviation ∆N . Except for F Z

1A, the limits obtained using the log-likelihood method
are similar to those shown in Table V and Fig. 8; they are typically 5 − 10% more strin-
gent. For the ttZ axial vector coupling we observe a somewhat larger variation. The same
statement also holds for the sensitivity of the bounds on the normalization uncertainty ∆N .
This is illustrated in Fig. 9, where we show 68.3% CL limits for ∆F Z

1A versus ∆F Z
1V and

300 fb−1 at the LHC, using the χ2 test described at the beginning of this section (solid
and dashed lines), and the log-likelihood method (dotted and dot-dashed lines). For both
methods, results are shown for ∆N = 30%, and ∆N = 10%. The sensitivity bounds on
∆F Z

1A are seen to vary by as much as 50% with the statistical method employed, and can

24
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Higher-order corrections for ttV̄
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• ttV̄(V=W,Z): simulation-wise, well within reach of NLO+PS generators
• NLO QCD corrections are moderate-to-large (~60%) at 13 TeV. Beware, for 

ttW they are huge (150%) at 100 TeV  
tt�̄� Melnikov et al. arXiv:1102.1967; ttW̄,tt�̄�*/Z, tt�̄� Hirschi et al. arXiv:1103.0621; ttZ̄ Lazopoulos et al. arXiv:
0804.2220; ttZ̄ Kardos et al. arXiv:1111.0610; ttW̄ Campbell et al. arXiv:1204.5678; …

• +1j can be included with NLO merging
• Beyond NLO QCD, resumed predictions (NNLL) and EW corrections are 

available for ttV̄  
Frixione, Hirschi, Pagani, Shao, MZ, arXiv:1504.03446  
Broggio, Ferroglia, Ossola, Pecjak, arXiv:1607.05303 & 1702.00800

• Both effects are found to be moderate; EW corrections enhanced in the tails

Precision for ttW̄ and ttZ̄
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p
s and pert. order process � [fb]

8 TeV NLO tt̄W+ 136.7+15.6

�15.2

8 TeV NLO tt̄W� 60.5+7.1

�6.8

8 TeV NLO tt̄Z 189.8+24.5

�24.8

8 TeV NLO+NNLL tt̄W+ 130.7+6.9

�4.9

8 TeV NLO+NNLL tt̄W� 59.1+3.1

�2.2

8 TeV NLO+NNLL tt̄Z 203.9+13.5

�15.8

13 TeV NLO tt̄W+ 356.3+43.7

�39.5

13 TeV NLO tt̄W� 182.2+23.1

�20.4

13 TeV NLO tt̄Z 728.3+93.8

�90.3

13 TeV NLO+NNLL tt̄W+ 341.0+23.1

�13.6

13 TeV NLO+NNLL tt̄W� 177.1+12.0

�6.9

13 TeV NLO+NNLL tt̄Z 777.8+61.3

�65.2

Table 3. Total cross section for tt̄Z and tt̄W production at the LHC with
p
s = 8 and

13 TeV and MMHT 2014 PDFs. The default value of the factorization scale is µf,0 = M/2,

and the uncertainties are estimated through variations of this scale (and of the resummation

scales µs and µh when applicable).

Figure 2. Total cross section at NLO (Green) and NLO+NNLL (Red) compared to the

ATLAS measurements at 8 TeV [2] (left panel) and CMS measurement at 13 TeV [4] (right

panel).

– 10 –

tt̄W+ : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003 · 10−1 2.496 · 10−1 (7.749 · 10−3) 3.908

NLO QCD 4.089 · 10−2 1.250 · 10−1 (4.624 · 10−3) 6.114

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.899 · 10−3 −1.931 · 10−2 (−1.490 · 10−3) −3.650 · 10−1

NLO EW no γ −7.103 · 10−3 −1.988 · 10−2 (−1.546 · 10−3) −3.762 · 10−1

HBR 2.414 · 10−3 9.677 · 10−3 (5.743 · 10−4) 8.409 · 10−1

Table 7: Same as in table 3, for tt̄W+ production.

tt̄W+ : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 40.8+11.2
−12.3 ± 2.9 50.1+14.2

−13.5 ± 2.4 (59.7+18.9
−17.7 ± 3.1) 156.4+38.3

−35.0 ± 2.4

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.9± 0.2 −7.7± 0.2 (−19.2 ± 0.7) −9.3± 0.2

NLO EW no γ −7.1± 0.2 −8.0± 0.2 (−20.0 ± 0.5) −9.6± 0.1

HBR 2.41 3.88 (7.41) 21.52

Table 8: Same as in table 4, for tt̄W+ production.

with those of table 6 of ref. [31] relevant to the weak-only contributions to the NLO cross

section, one sees that the relative impact of QED effects decreases with the c.m. energy

and is rather negligible in the boosted scenario, as expected. These QED effects have the

opposite sign w.r.t. those of weak origin, and can be as large as half of the latter at the

LHC Run I.

As far as the HBR cross sections are concerned, some general considerations about

the various mechanisms that govern the (partial) compensation between these terms and

the one-loop contributions of weak origin have already been given in ref. [31]; they are

not tt̄H-specific, and hence will not be repeated here. We limit ourselves to observing, by

inspection of tables 4, 6, 8, and 10, that relative to the LO QCD cross sections the tt̄H

and tt̄Z HBR contributions have a mild dependence on the c.m. energy (slightly increasing

for the former process and decreasing for the latter one); the NLO EW contribution tend

to become clearly dominant over HBR by increasing the collider energy and especially in

a boosted scenario. The situation is quite the opposite for tt̄W± production, where the

growth of the HBR rates is not matched by that of the NLO EW terms, so that the HBR

cross section is largely dominant over the latter at a 100 TeV collider (but not quite so in

a boosted configuration at the LHC Run II). The origin of this fact is the same as that

responsible for the growth of the NLO QCD contributions, namely partonic luminosities;

in particular, the tt̄W+W− final state can be obtained from a gg-initiated partonic process.

While the above statement must be carefully reconsidered in the context of fully-realistic

simulations, where acceptance cuts are imposed on the decay products of the tops and of
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tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379 · 10−1 5.282 · 10−1 (1.955 · 10−2) 37.69

NLO QCD 5.956 · 10−2 2.426 · 10−1 (7.856 · 10−3) 18.99

LO EW 6.552 · 10−4 −2.172 · 10−4 (4.039 · 10−4) −4.278 · 10−1

LO EW no γ −1.105 · 10−3 −5.771 · 10−3 (−6.179 · 10−5) −5.931 · 10−1

NLO EW −4.540 · 10−3 −2.017 · 10−2 (−2.172 · 10−3) −1.974

NLO EW no γ −5.069 · 10−3 −2.158 · 10−2 (−2.252 · 10−3) −2.036

HBR 1.316 · 10−3 5.056 · 10−3 (4.162 · 10−4) 3.192 · 10−1

Table 5: Same as in table 3, for tt̄Z production.

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 ± 3.6 45.9+13.2

−15.5 ± 2.9 (40.2+11.1
−15.0 ± 4.7) 50.4+11.4

−10.9 ± 1.1

LO EW 0.5 ± 0.9 0.0 ± 0.7 (2.1 ± 1.6) −1.1± 0.2

LO EW no γ −0.8± 0.1 −1.1± 0.0 (−0.3 ± 0.0) −1.6± 0.0

NLO EW −3.3± 0.3 −3.8± 0.2 (−11.1 ± 0.5) −5.2± 0.1

NLO EW no γ −3.7± 0.1 −4.1± 0.1 (−11.5 ± 0.3) −5.4± 0.0

HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

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 the NLO

EW effects are barely within the NLO QCD scale uncertainty band; conversely, for tt̄H and

tt̄Z production NLO EW contributions are amply within the NLO QCD uncertainties. By

imposing at the NLO EW level and at the 13-TeV LHC the boosted conditions enforced by

eq. (3.1), the change w.r.t. the non-boosted scenario is largest in the case of tt̄H production

(by a factor equal to about 6.8); tt̄Z and tt̄W± behave similarly, with enhancement factors

in the range 2.5 − 3. However, for all processes the boosted kinematics are such that the

NLO EW terms are equal or larger than the scale uncertainties that affect the corresponding

NLO QCD terms. For both of the processes which have a non-trivial LO EW cross section

(tt̄H and tt̄Z), the bb̄- and γg-initiated contributions tend to cancel each other. In the

case of tt̄H, an almost complete (and accidental) cancellation (relative to the LO QCD

term) occurs at a c.m. energy of 100 TeV, while for tt̄Z it so does at the much lower LHC

Run II energy. This implies that the impact of EW effects at the 13-TeV LHC is more

important in the case of tt̄Z than for tt̄H production, given that for the latter process the

LO and NLO contributions tend to cancel in the sum at this collider energy. However, it

is necessary to keep in mind the observation about the uncertainties induced on the LO

EW cross section by the photon density: a better determination of such a PDF would

be desirable, in order to render the statement above quantitatively more precise. Finally

for tt̄H production, by comparing the results of table 4 relevant to the NLO EW terms

– 9 –

ttW̄+ ttZ̄
EW corrections, α2αs2 (boosted kin.) NNLL resummation
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Figure 95: Fixed-order NLO predictions for differential tt̄W+ observables at 13 TeV. Each ratio plot shows all
results normalized to one particular NLO+PS prediction and the scale variation band of the reference prediction.
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Figure 99: Fixed-order NLO predictions for differential tt̄Z observables at 13 TeV. Each ratio plot shows all
results normalized to one particular NLO+PS prediction and the scale variation of the reference prediction.
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• Subleading contributions to ttW̄ (and ttZ̄) exist beyond NLO QCD and EW. An 
estimate based on coupling-constants suggest them to be negligible. 

• This is not the case: 

• Relative contributions /LO1 (number in parentheses are for a 100 GeV jet-veto)
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• Subleading contributions to ttW̄ (and ttZ̄) exist beyond NLO QCD and EW. An 
estimate based on coupling-constants suggest them to be negligible. 

• This is not the case: 

• Relative contributions /LO1 (number in parentheses are for a 100 GeV jet-veto)
• LO2,3 are completely negligible (LO2 is identically zero)
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Complete-NLO corrections for ttW̄ 
Frederix, Pagani, MZ, arXiv:1711.02116

• Subleading contributions to ttW̄ (and ttZ̄) exist beyond NLO QCD and EW. An 
estimate based on coupling-constants suggest them to be negligible. 

• This is not the case: 

• Relative contributions /LO1 (number in parentheses are for a 100 GeV jet-veto)
• LO2,3 are completely negligible (LO2 is identically zero)
• Because of the t-W scattering, NLO3 is positive and (much) larger than NLO2
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Complete-NLO corrections for ttW̄ 
Frederix, Pagani, MZ, arXiv:1711.02116

• Subleading contributions to ttW̄ (and ttZ̄) exist beyond NLO QCD and EW. An 
estimate based on coupling-constants suggest them to be negligible. 

• This is not the case: 

• Relative contributions /LO1 (number in parentheses are for a 100 GeV jet-veto)
• LO2,3 are completely negligible (LO2 is identically zero)
• Because of the t-W scattering, NLO3 is positive and (much) larger than NLO2

• The jet veto greatly reduces the NLO1 (QCD corrections), which is dominated 
by hard radiation,  and only mildly affects the other contributions
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• Subleading contributions to ttW̄ (and ttZ̄) exist beyond NLO QCD and EW. An 
estimate based on coupling-constants suggest them to be negligible. 

• This is not the case: 

• Relative contributions /LO1 (number in parentheses are for a 100 GeV jet-veto)
• LO2,3 are completely negligible (LO2 is identically zero)
• Because of the t-W scattering, NLO3 is positive and (much) larger than NLO2

• The jet veto greatly reduces the NLO1 (QCD corrections), which is dominated 
by hard radiation,  and only mildly affects the other contributions

• At 100 TeV, NLO3/LO1~60% → almost as large as NLO1 with the jet veto
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pT(tt)̄ and the effect of the jet veto

• QCD corrections to ttW̄ are dominated by real emissions recoiling against 
the tt ̄pair, with the W collinear to the emission or soft

• This leads to giant K-factors for the pT(tt)̄ distribution, which are greatly 
reduced with a jet veto
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• QCD corrections to ttW̄ are dominated by real emissions recoiling against 
the tt ̄pair, with the W collinear to the emission or soft

• This leads to giant K-factors for the pT(tt)̄ distribution, which are greatly 
reduced with a jet veto

 9

����

����

����

���

���
������ ��� ��	

�
��
��
��
��
�	

�� ���
��� ���

���	
��� �������

����

����

���

���

�
��
�
��
��
�	
��



�
�
�

�
�

�
�

�
�
�

� �� �� ��� ������ ����
�����

�� ���	�

��� ���
��� �����
���	
��� ���

�
�

�
�

�
�
�

� �� �� ��� ������ ����

����� ���� 	
� ��

����

����

����

���

���
������ ��� ��	

�
��
��
��
��
�	

�� ���
��� ���

���	
��� �������

����

����

���

���

�� 	���

�
��
�
��
��
�	
��



�
�
�

��

���

��
�

�� � ��� �� ������� ����
�����

�� ���	�

��� ���
��� �����
���	
��� ���

��

���

��
�

�� � ��� �� ������� ����

����� ���� 	
� ��

The effect of t-W 
scattering grows 
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Figure 11: Transverse momentum of the Z boson in pp ! tt̄Z production.

remaining 30% of the rate. However, for larger transverse momenta the NLO2 contribution

decreases very rapidly towards negative values, which can be as large as �25% of the total

at pT (Z) ' 3 TeV. There is thus a significant cancellation between NLO1 and NLO2, since

the former also grows (towards larger positive values) with increasing pT ’s, but slower than

the latter. In general, the pattern of the impact of the subleading terms is an interesting

one, in that it systematically violates the hierarchy one would naively expect on the basis

of a simple coupling-constant counting. For example, at small pT ’s the largest contribution

among the subleading ones is that due to LO3, that amounts to about 2.5% of the total

NLO rate, followed by LO2 (equal to about �1% of the total). Moving towards larger

pT ’s the NLO subleading terms become increasingly important. Apart from the case of

NLO2, which we have already discussed, it is worth noting at pT (Z) & 2 TeV we have

⌃LO3
> |⌃NLO4

| ' ⌃NLO3
> ⌃LO2

, with all these contributions being relatively close to

each other and thus featuring non-negligible cancellations (since ⌃NLO4
< 0).

The transverse momentum of the hard W+ boson in pp ! tt̄W+ production is pre-

sented in fig. 12. As was the case for Z transverse momentum of fig. 11, QCD-induced

mechanisms are responsible for the dominant contributions to the cross section, at both
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Subleading contributions negligible  
for ttZ and ttH

Frederix, Frixione, Hirschi, Pagani, Shao, MZ,  
arXiv:1804.10017
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More on pT(tt)̄ 
and other ttV̄(V) processes

 10

d
σ

/d
p

T
 [

p
b

/b
in

]

LHC13 NLO
LO

NLO pT(j) > 100 GeV
LO pT(j) > 50 GeV

LO pT(j) > 100 GeV
LO pT(j) > 150 GeV

 0.0001

 0.001

 0.01

 0.1

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

d
σ

/d
p

T
 [

p
b

/b
in

]

LHC13 tt-W± (µg)
tt-W±j (µg)

 0.0001

 0.001

 0.01

 0.1

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Κ
(µ

g
)

pT(tt-) [GeV]

LO unc. NLO unc.

 1

 2

 0  100  200  300  400  500  600  700  800

Κ
(µ

g
)

pT(tt-) [GeV]

tt-W±j        pT(j) > 100 GeV

 1

 2

 0  100  200  300  400  500  600  700  800

Figure 6. Comparison between differential distribution of the tt̄ transverse momentum in tt̄W
± as

obtained from calculations performed at different orders in QCD. The blue and red solid histograms
are obtained from the tt̄W

± calculation at LO and NLO respectively. The dashed histograms are
obtained from the tt̄W

±
j calculation at LO (light blue, purple, and mouse-grey) and at NLO

(green), for different minimum cuts (50, 100, 150 GeV) on the jet pT . The lower inset shows the
differential K-factor as well as the residual uncertainties as given by the tt̄W

±
j calculation.

↵s and same scale choice in order to consistently compare them with NLO tt̄W
± results)

with a minimum pT cut for the jets of 50, 100, 150 GeV, respectively. The three curves,
while having a different threshold behaviour, all tend smoothly to the tt̄W

± prediction
at NLO at high pT (tt̄), clearly illustrating the fact that the dominant contributions come
from kinematic configurations featuring a hard jet, such as those depicted on the right of
fig. 5. Finally, the dashed green line is the pT (tt̄) as obtained from tt̄W

±
j at NLO in QCD

with a minimum pT cut of the jet of 100 GeV. This prediction for pT (tt̄) at high pT is
stable and reliable, and in particular does not feature any large K-factor, as can be seen
in the lower inset which displays the differential K-factor for tt̄W

±
j production with pT

cut of the jet of 100 GeV. For large pT (tt̄), NLO corrections to tt̄W
±
j reduce the scale

dependence of LO predictions, but do not increase their central value. Consequentially, as
we do not expect large effects from NNLO corrections in tt̄W

± production at large pT (tt̄),
a simulation of NLO tt̄V +jets merged sample à la FxFx [50] should be sufficient to provide
reliable predictions over the full phase space.

For completeness, we provide in table 2 the total cross sections at LO and NLO accuracy
for tt̄W

±
j, as well as tt̄Zj and tt̄Hj production, with a cut pT (j) > 100 GeV. At variance

with what has been done in fig. 6, LO cross sections are calculated with LO PDFs and the
corresponding ↵s, as done in the rest of the article.

The mechanism discussed in detail in previous paragraphs is also the source of the giant
K-factors for large pT (tt̄) in tt̄� production, see fig. 4. This process can originate from the

– 12 –

Maltoni Pagani, Tsinikos, arXiv:1507.05640

• pT(tt)̄ receives huge NLO corrections, due to configurations where the tt ̄pair 
recoils against a hard jet (and a soft V)

• Do we expect large corrections also at NNLO?  
Probably not: ttW̄j receives smaller corrections at NLO

• The same happens for tt ̄VV
• In 1507.05640 a very detailed study of all ttV̄, ttV̄V processes is present
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Figure 15. Differential distributions for the pT of top-quark, pT (t). The format of the plots is
described in detail in subsection 2.1.
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Complex backgrounds for ttH̄:  
ttV̄V

Maltoni et al, arXiv:1507.05640

• All tt+̄VV processes studied at NLO+PS accuracy
• NLO corrections essential for realistic phenomenology
• Detailed study in the context of ttH̄ searches
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uncertainties (added linearly). The upper plot refers to tt̄V processes and tt̄H production, the lower
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Figure 15. Differential distributions for the pT of top-quark, pT (t). The format of the plots is
described in detail in subsection 2.1.
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Complex backgrounds for ttH̄:  
ttV̄V

Maltoni et al, arXiv:1507.05640

• All tt+̄VV processes studied at NLO+PS accuracy
• NLO corrections essential for realistic phenomenology
• Detailed study in the context of ttH̄ searches

 11

 [
p
b
]

N
L
O

σ

-110

1

10

210

H production at pp colliders at NLO in QCDtV, ttt

Ztt

±Wtt

γtt

Htt

 , MSTW2008 NLO PDFs (68% cl)
g

µ = 
r

µ = 
f

µcentral 

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

| | | | |

-f
a
ct

o
rs

K 1

1.2

1.4

| | | | |

 [TeV]s

-f
a

ct
o

rs
K

1

1.5

2

8 13
|

14
|

25
|

33
|

50
|

100

 [
fb

]
N

L
O

σ

1

10

210

310

410
 production at pp colliders at NLO in QCDtttVV, ttt

ZZtt

[4f]
-

W
+

Wtt

γγtt

Z±Wtt

γZtt

γ±Wtt

 , MSTW2008 NLO PDFs (68% cl)
g

µ = 
r

µ = 
f

µcentral 

tttt

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

| | | | |

-f
a
ct

o
rs

K 1

1.2

1.4

| | | | |

 [TeV]s

-f
a

ct
o

rs
K

1

1.5

2

8 13
|

14
|

25
|

33
|

50
|

100

Figure 21. NLO total cross sections from 8 to 100 TeV. The error bands include scale and PDF
uncertainties (added linearly). The upper plot refers to tt̄V processes and tt̄H production, the lower
plot to tt̄V V processes and tt̄tt̄ production. For final states with photons the pT (�) > 20 GeV cut
is applied. – 32 –

13 TeV �[fb] SR1 SR2 SR3

NLO+PS 1.54+5.1%
�9.0%

+2.2%
�2.6%

± 0.02 1.47+5.2%
�9.0%

+2.0%
�2.4%

± 0.02 0.095+7.4%
�9.7%

+2.0%
�2.4%

± 0.002

tt̄H(H ! WW
⇤) LO+PS 1.401+35.6%

�24.4%
+2.1%
�2.2%

± 0.008 1.355+35.2%
�24.1%

+2.0%
�2.2%

± 0.008 0.0855+34.9%
�24.0%

+2.0%
�2.2%

± 0.0007

K = 1.10 K
PS 1.10 ± 0.02 1.09 ± 0.02 1.11 ± 0.02

NLO+PS 0.0437+5.5%
�9.2%

+2.3%
�2.8%

± 0.0004 0.119+6.3%
�9.6%

+2.1%
�2.5%

± 0.002 0.0170+5.0%
�8.5%

+2.0%
�2.4%

± 0.0003

tt̄H(H ! ZZ
⇤) LO+PS 0.0404+36.1%

�24.6%
+2.2%
�2.3%

± 0.0002 0.1092+35.3%
�24.2%

+2.0%
�2.2%

± 0.0008 0.0152+34.7%
�23.9%

+1.9%
�2.1%

± 0.0001

K = 1.10 K
PS 1.08 ± 0.01 1.09 ± 0.02 1.12 ± 0.02

NLO+PS 0.563+4.6%
�8.8%

+2.2%
�2.7%

± 0.007 0.669+6.0%
�9.4%

+2.1%
�2.6%

± 0.008 0.0494+7.1%
�9.9%

+2.1%
�2.5%

± 0.0007

tt̄H(H ! ⌧
+
⌧
�) LO+PS 0.513+35.9%

�24.5%
+2.2%
�2.3%

± 0.003 0.611+35.4%
�24.2%

+2.1%
�2.2%

± 0.003 0.0438+35.1%
�24.1%

+2.0%
�2.2%

± 0.0003

K = 1.10 K
PS 1.10 ± 0.02 1.10 ± 0.01 1.13 ± 0.02

NLO+PS 5.77+15.1%
�12.7%

+1.6%
�1.2%

± 0.07 2.44+13.1%
�11.6%

+1.7%
�1.4%

± 0.01 -

tt̄W
±

LO+PS 4.57+27.7%
�20.2%

+1.8%
�1.9%

± 0.03 1.989+27.5%
�20.0%

+1.8%
�1.9%

± 0.007 -

K = 1.22 K
PS 1.26 ± 0.02 1.23 ± 0.01 -

NLO+PS 1.61+7.7%
�10.5%

+2.0%
�2.5%

± 0.02 2.70+9.0%
�11.2%

+2.0%
�2.5%

± 0.03 0.280+9.8%
�11.0%

+1.9%
�2.3%

± 0.003

tt̄Z/�
⇤

LO+PS 1.422+36.8%
�24.9%

+2.2%
�2.3%

± 0.008 2.21+36.4%
�24.7%

+2.1%
�2.2%

± 0.01 0.221+35.8%
�24.4%

+2.0%
�2.2%

± 0.001

K = 1.23 K
PS 1.13 ± 0.02 1.23 ± 0.01 1.27 ± 0.01

NLO+PS 0.288+8.0%
�11.1%

+2.3%
�2.6%

± 0.003 0.201+7.4%
�10.7%

+2.1%
�2.3%

± 0.003 0.0116+6.9%
�10.2%

+2.2%
�2.3%

± 0.0002

tt̄W
+
W

�
LO+PS 0.260+38.4%

�25.5%
+2.3%
�2.3%

± 0.001 0.181+38.0%
�25.3%

+2.2%
�2.2%

± 0.001 0.01073+37.7%
�25.1%

+2.2%
�2.2%

± 0.00008

K = 1.10 K
PS 1.11 ± 0.01 1.11 ± 0.01 1.08 ± 0.02

NLO+PS 0.340+27.5%
�25.8%

+5.5%
�6.4%

± 0.004 0.211+27.4%
�25.6%

+5.2%
�6.1%

± 0.003 0.0110+27.0%
�25.5%

+5.0%
�5.9%

± 0.0002

tt̄tt̄ LO+PS 0.271+80.9%
�41.5%

+4.6%
�4.6%

± 0.001 0.166+80.3%
�41.4%

+4.4%
�4.4%

± 0.001 0.00871+79.8%
�41.2%

+4.2%
�4.2%

± 0.00007

K = 1.22 K
PS 1.26 ± 0.02 1.27 ± 0.02 1.26 ± 0.03

13 TeV �[ab] SR1 SR2 SR3

NLO+PS 9.60+3.5%
�8.4%

+1.8%
�1.8%

± 0.06 5.02+3.7%
�8.3%

+1.8%
�1.7%

± 0.04 0.249+7.2%
�9.6%

+1.9%
�1.8%

± 0.009

tt̄ZZ LO+PS 9.71+36.3%
�24.5%

+1.9%
�1.9%

± 0.02 5.08+35.9%
�24.3%

+1.9%
�1.9%

± 0.02 0.250+35.5%
�24.2%

+1.9%
�1.9%

± 0.004

K = 0.99 K
PS 0.99 ± 0.01 0.99 ± 0.01 1.00 ± 0.04

NLO+PS 62.0+9.0%
�10.2%

+2.2%
�1.6%

± 0.7 27.9+9.2%
�10.3%

+2.3%
�1.7%

± 0.5 0.91+7.2%
�9.2%

+2.4%
�1.7%

± 0.02

tt̄W
±
Z LO+PS 60.2+32.2%

�22.6%
+2.4%
�2.3%

± 0.3 26.4+32.0%
�22.5%

+2.4%
�2.2%

± 0.2 0.893+31.9%
�22.4%

+2.4%
�2.2%

± 0.009

K = 1.06 K
PS 1.03 ± 0.01 1.06 ± 0.02 1.02 ± 0.02

Table 7. NLO and LO cross sections for signal and background processes for tt̄H to multileptons
at 13 TeV. The first uncertainty is given by scale variation, the second by PDFs. The assigned error
is the statistical Monte Carlo uncertainty.

and/or at different energies, K and K
PS could be in principle different and spin correlation

effects may be not negligible. Thus, a genuine NLO+PS simulation is always preferable.

cases that spin-correlation effects do not sensitively alter the results.
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What can ttV̄ tell us about new physics?
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tW scattering
Dror, Farina, Salvioni, Serra, arXiv:1511.03674

• ttW̄(j) at order αsα3 includes the tW→tW 
scattering. High sensitivity to the top-Higgs/
Z/gamma couplings

• If e.g. the top-Z couplings deviates from the 
SM value, the amplitude grows as ~s

• Extracting the tW→tW scattering 
contribution from ttW̄ production makes it 
possible to set bounds on top-Z couplings

 13
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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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Figure 2: Partonic cross section for the process tW� ! tW� as a function of the center of
mass energy

p
ŝ. The values of �L and c̄(1)

L
= �c̄(3)

L
are chosen to obtain the same ZtLtL

coupling for the blue and red solid curves (�L < 0) and for the blue and red dashed curves
(�L > 0). For the ZtRtR coupling there is a one-to-one correspondence between c̄R and �R,
so we show only one set of curves. A pseudorapidity cut |⌘| < 2 has been applied to remove
the forward singularity, whereas the soft singularity ŝ ! (mW +mt)2 is evident from the plot.
Both singularities arise due to the diagram where a photon is exchanged in the t-channel.
At large energy, the red, blue and green curves diverge like ŝ, whereas the SM cross section
(dotted black) falls o↵ as 1/ŝ.

We note that in ALL the term linear in c̄L vanishes. This can be traced back to the absence
of the contact interaction i�+@µ��t̄L�µtL/v2 + h.c. when c̄ (1)

L
+ c̄ (3)

L
= 0, see App. A.

The cross section for tW ! tW scattering is shown in Fig. 2, assuming representative values
of the parameters (�L,�R) and (c̄L, c̄R). As we already discussed, while there is a one-to-
one correspondence between �R and c̄R, the coupling and HDO hypotheses genuinely di↵er
in the left-handed interactions, because in the HDO case the WtLbL vertex is also modified.
To facilitate the comparison, in Fig. 2 we choose values of �L and c̄L that yield the same
ZtLtL coupling. The resulting di↵erence is striking: for c̄L 6= 0, the cross section is strongly
suppressed compared to the case where �L 6= 0. This is mainly due to the cancellation of
the O(c̄L) piece in the leading amplitude, see Eq. (3.5), which implies that the leading term
of the cross section is O(c̄ 4

L
). This in turn translates into a weaker sensitivity to c̄L with

respect to �L, because the latter appears in the leading term of the cross section at O(�2
L
).

Additionally, from Fig. 2 we learn that the cross section is enhanced for all energies, compared
to the SM, if �L > 0 (c̄L < 0), while for the opposite sign it is actually suppressed at low values
of

p
ŝ. Once the LHC parton luminosities are taken into account, we thus expect a weaker

sensitivity to the region with �L < 0 (c̄L > 0). The e↵ect is particularly striking for c̄L > 0,
in which case the cross section becomes larger than the SM one only well above 1 TeV. These
preliminary considerations, which were derived by simple inspection of the cross section of the
hard scattering process tW ! tW , will find confirmation in the results presented below.

9
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Indirect limits on t-Z couplings 
from tW scattering

• Recasting the CMS ttW̄ measurements at 8 TeV gives better 
bounds on t-Z coupling than the direct CMS ttZ̄ measurement

• Further improvements can come from a dedicated analysis of ttW̄j 
at 13 TeV
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Figure 3: In red, the constraints on top-Z coupling deviations (left panel) and HDO coe�cients
(right panel) derived from the tt̄W analysis at 8 TeV. For comparison, in blue we show the
constraint obtained from the 8 TeV tt̄Z analysis.

O(1). Thus the interpretation of the result in terms of HDO is not truly justified, and should
be intended as purely illustrative of the current sensitivity. Assuming only a modification of
the ZtRtR coupling, we find for 8TeV, 19.5 fb�1 at 95% CL7

� 3.6 < �R < 2.4 or � 1.13 < c̄R < 0.74 . (3.8)

Having proven the e↵ectiveness of our method, we move on to designing a search at 13 TeV
that specifically targets the process (tt̄Wj)EW. The latter has two distinctive features that
can be exploited to separate it from the background: a tW pair with large invariant mass
(where t can be either top or antitop, and W either of W±), due to the growth with energy of
the hard scattering process, and a highly energetic forward jet arising from the radiation of a
W o↵ an initial-state quark. We devise cuts that single out events with these properties and
thus increase the significance of the signal over the background, which is mainly composed
by (tt̄W+jets)QCD and misID`. We validate our background simulations against the CMS 8
TeV results, and perform the cut optimization using the point (�L,�R) = (0, 1) as signal
benchmark. This choice is motivated by the fact that the ZtRtR coupling is currently very
weakly constrained even under the assumption of heavy new physics, in contrast with the
ZtLtL coupling, which within the HDO framework is already bounded by the measurements
of ZbLbL and of WtLbL. Our basic selection requires two SSL and � 4 jets, among which � 1
must be b-tagged. We identify a set of useful kinematic variables to enhance the significance

7
Given the very large Ztt coupling deviations allowed by 8 TeV data, one may wonder about e↵ects in the

tt̄ forward-backward asymmetry measured at the Tevatron. The tree-level contribution due to qq̄ ! Z, � ! tt̄
is ⇠ 0.2% in the SM [46], and we estimate that, within the allowed region shown in the left panel of Fig. 3, it is

enhanced by a factor . 5, thus remaining strongly subdominant to the QCD contribution, which amounts to

approximately 8% [46]. Interestingly, at the LHC the tt̄ charge asymmetry in the tt̄W process is significantly

larger than in inclusive tt̄ production [47].
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Figure 5: In red, the constraints on top-Z coupling deviations (left panel) and HDO coe�cients
(right panel) derived from our 4j tt̄W analysis at 13 TeV. The solid contour assumes no
systematic uncertainty on the background, whereas the dotted one includes a 50% systematic
on the misID` component. For comparison, in dashed blue we show the constraint obtained
from tt̄Z, as derived in Ref. [6] by means of a NLO-QCD signal-only analysis.

ZtRtR coupling, our analysis gives for 13TeV, 300 fb�1 at 95% CL

�0.83 < �R < 0.74 or � 0.26 < c̄R < 0.23 , (3.11)

with no systematics on the background, while if a 50% systematic uncertainty on the misID`
component is included, we find �1.04 < �R < 0.95 or �0.32 < c̄R < 0.30. Based on these
results, we urge the ATLAS and CMS collaborations to search for the (tt̄Wj)EW signal in the
upcoming 13 TeV data. The necessary technical details of our analysis are presented in the
next section, which the reader interested only in the discussion of our results can omit, to
move directly to Sec. 5.

4 tt̄W analysis

In this section we present the technicals details of our analysis. Frequent reference will be
made to the 8 TeV CMS cut-and-count search for tt̄W [19], based on the requirements of two
SSL and a leptonic Z veto. After reinterpreting this search to obtain the 8 TeV bounds on
top-Z interactions, we employ its results to validate our background simulations. We then
propose a dedicated 13 TeV analysis that targets the signal process (tt̄Wj)EW.

4.1 8 TeV bounds

The SSL analysis of Ref. [19] was aimed at measuring the (tt̄W+jets)QCD process, while our
signal process (tt̄Wj)EW was neglected. On the other hand, the (tt̄Wj)EW amplitude interferes

13



Marco Zaro, 28-05-2018

Top asymmetry and 
polarisation in ttW̄

Maltoni, Mangano, Tsinikos, MZ, arXiv:1406.3262

• Top asymmetry and polarisation can provide useful (indirect) 
informations on the nature of new physics  

• A measurement of the top asymmetry does not seem feasible at 
the FCC, because tt ̄is essentially produced via gg only

• ttW̄ production can be an alternative
• qq ̄induced at LO, has a rather large asymmetry at NLO
• Attt=0.45,  AtttW=2.24 @LHC RunII
• Attt=0.12,  AtttW=1.85 @FCC

• Top quarks are highly polarised
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Polarised top production

• The radiation of a W boson from the initial line has the effect of 
polarising the light quarks for details see Parke, Shadmi, hep-ph:9606419

• ttW̄ is totally analogous to polarised qq→̄tt ̄scattering
• tt ̄pair is highly polarised (↑↓ dominates at threshold)
• The top decay products are asymmetric already at LO  

(spin-correlations have to be preserved in the simulation)
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Decay product asymmetries and 
prospects for LHC and FCC 

measurements
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8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

tt̄
�(pb) 198+15%

�14% 661+15%
�13% 786+14%

�13% 4630+12%
�11% 30700+13%

�13%

At
c(%) 0.72+0.14

�0.09 0.45+0.09
�0.06 0.43+0.08

�0.05 0.26+0.04
�0.03 0.12+0.03

�0.02

tt̄W±

�(fb) 210+11%
�11% 587+13%

�12% 678+14%
�12% 3220+17%

�13% 19000+20%
�17%

At
c(%) 2.37+0.56

�0.38 2.24+0.43
�0.32 2.23+0.43

�0.33 1.95+0.28
�0.23 1.85+0.21

�0.17

Ab
c(%) 8.50+0.15

�0.10 7.54+0.19
�0.17 7.50+0.24

�0.22 5.37+0.22
�0.30 3.36+0.15

�0.19

Ae
c(%) �14.83�0.65

+0.95 �13.16�0.81
+1.12 �12.84�0.81

+1.11 �9.21�0.87
+1.05 �4.94�0.63

+0.72

Table 6: NLO+PS cross sections for tt̄ and tt̄W± and corresponding asymmetries at several cms energies. The quoted uncertainties are
estimated with scale variations.

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

tt̄W+
, (qg, q̄g) (%) 7.5 15 17 33 51

Table 7: Contribution of the qg parton subprocess at NLO for the tt̄W+ process for µf = µr = 2mt.

• 14 TeV (L = 3000 fb�1):

�relAt
c
= 14%, �relAb

c
= 4%, �relA`

c
= 2%

• 100 TeV (L = 3000 fb�1):

�relAt
c
= 3%, �relAb

c
= 2%, �relA`

c
= 1%

where �relA = �A/A is the relative precision on the asym-
metries. While a realistic experimental analysis will cer-
tainly degrade this optimal precision, these numbers show
the great potential of this observable.

We remark that the larger sensitivity of Ab,`
c

compared
to At

c
follows from the larger value of the former com-

pared to the latter. The sensitivity to the purely QCD
component of Ab,`

c
, however, is comparable to the sensitiv-

ity of At
c
. For example, at 100 TeV �relA`

c
= 1% implies

�A`
c
⇠ 0.0005, which is about 3% of its QCD component,

a precision consistent with what we quote for At
c
.

In conclusion, the main motivation of our work has
been the observation that the top quark charge asymme-
try in pp ! tt̄W± at the LHC is larger than that of in-
clusive tt̄, being of a few percents. In addition, the lep-
ton and b asymmetries are very large and already present
at the leading order due to the polarization of the initial
fermionic line by the W± emission. As a simple applica-
tion, we have shown how the existence of an axigluon that
could describe the Tevatron measurements of the forward-
backward asymmetry would impact pp ! tt̄W± and dis-
cussed the prospects in LHC Run II, HL-LHC and at fu-
ture colliders.

The tt̄W± final state will not replace the use of the
tt̄ asymmetry, particularly while the total integrated lu-
minosity of the LHC is still below the O(100 fb�1). In
the long term, however, it will provide a powerful probe,
complementary to the tt̄ asymmetry, and uniquely sensi-
tive to the chiral nature of possible new physics that were

to manifest itself in these measurements.
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Appendix A. qLq̄R ! tt̄ vs qq̄ ! tt̄W±

We first review the main features of polarized qLq̄R !
tt̄ scattering, on the same lines as e�

L
e+
R
! tt̄ is discussed

in Ref. [51]. In the beam line basis, i.e., when the polar-
ization axis of the top is the light antiquark direction in
the top rest frame, the polarized differential cross sections
d�tpol,t̄pol for an initial state qL q̄R pair read

d�""
d cos ✓⇤

=
d�##

d cos ✓⇤
= N (�)

�2(1� �2) sin2 ✓⇤

(1 + � cos ✓⇤)2
,

7

ttW̄: δA/A t b e/μ
8TeV 40fb-1 209 % 58 % 33 %

14TeV 300fb-1 45 % 13 % 8 %
14TeV 3ab-1 14 % 4 % 2 %
100TeV 3ab-1 3 % 2 % 1 %
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ttZ̄ (and ttγ̄) in the SMEFT@NLO
Bylund, Maltoni, Tsinikos, Vryonidou, Zhang, arXiv:1601.08193
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2 Effective operators

In an EFT approach, SM deviations are described by higher-dimensional operators. Up to
dimension-six, we consider the following operators [22, 23]:

O(3)
'Q = i

1

2
y2t

⇣
'†
 !
D I

µ'
⌘
(Q̄�µ⌧ IQ) (2.1)

O(1)
'Q = i

1

2
y2t

⇣
'†
 !
D µ'

⌘
(Q̄�µQ) (2.2)

O't = i
1

2
y2t

⇣
'†
 !
D µ'

⌘
(t̄�µt) (2.3)

OtW = ytgw(Q̄�µ⌫⌧ It)'̃W I
µ⌫ (2.4)

OtB = ytgY (Q̄�µ⌫t)'̃Bµ⌫ (2.5)
OtG = ytgs(Q̄�µ⌫TAt)'̃GA

µ⌫ , (2.6)

where Q is the third generation left-handed quark doublet, ' is the Higgs field, gW , gY
and gs are the SM gauge coupling constants, yt is the top-Yukawa coupling, defined by
yt =

p
2mt/v where v is the Higgs vacuum expectation value and mt is the pole mass (and

so yt does not run). At lowest order in perturbation expansion, the Lagrangian is modified
by these operators as follows:

�L =
C(3)
�Q

⇤2
(O(3)

�Q + h.c.) +
C(1)
�Q

⇤2
(O(1)

�Q + h.c.) + . . . , (2.7)

i.e. the Hermitian conjugate of each operator is added.
The above operators form a complete set that parameterises the top-quark couplings to

the gluon and the electroweak gauge bosons of the SM, which could contribute at O(⇤�2). In
this work we focus on their contributions to top production processes at colliders calculated
at NLO in QCD. The first three operators are tree-level generated current-current operators.
They modify the vector and axial-vector coupling of the top quark to the electroweak gauge
bosons. The other three are dipole operators, that are more likely to be loop induced. OtW

and OtB give rise to electroweak dipole moments, and OtG is the chromomagnetic dipole
operator, relevant for the interaction of the top quark with gluons. Up to order ⇤�2, the
cross sections and differential observables considered in this work do not receive CP-odd
contributions, so in the following we assume the coefficients of OtW,tB,tG to be real. The
three current operators are Hermitian so their coefficients are always real.

A complete study of the processes considered here involve more operators at dimension-
six. For example, four-fermion operators featuring top-quark pairs will also contribute to
these processes. They are the same set of seven operators that contribute to top pair pro-
duction as discussed in [24, 25]. Additional four-fermion operators could enter and modify
the tt̄Z vertex through loops. In this work we will not consider this kind of operators, post-
poning this to future studies. Operators involving the gauge bosons and light quarks could
in principle contribute to these processes, but as they receive stringent constraints from
precision observables, we consider their effect to these processes to be negligible compared
to the top operators. Another operator that contributes to the tt̄Z/tt̄� processes is OG

– 3 –

that the ratios over the SM are significantly less sensitive to scale variations compared to
the cross-section numbers.

8TeV OtG O
(3)
�Q

O�t OtW

�(1)
i,LO

76.1+41.9%
�27.1% 18.6+45.2%

�28.6% 12.5+44.6%
�28.3% 0.077(8)+46.6%

�43.2%

�(1)
i,NLO

78.1+4.1%
�10.0% 20.8+5.6%

�11.5% 13.5+4.9%
�10.7% �0.32(2)+39.1%

�67.3%

K-factor 1.03 1.12 1.08 -4.2

�(2)
i,LO

39.9+53.6%
�31.8% 0.73(2)+45.2%

�28.8% 0.73(2)+46.3%
�28.8% 4.14+50.1%

�30.7%

�(2)
i,NLO

39.8+4.7%
�9.4% 0.8(2)+5.4%

�9.1% 0.8(2)+7.4%
�8.3% 4.81+6.2%

�12.5%

�(1)
i,LO

/�SM,LO 0.368+0.4%
�0.4% 0.0899+2.7%

�2.5% 0.0604+2.3%
�2.0% 0.00037(4)+33.6%

�42.5%

�(1)
i,NLO

/�SM,NLO 0.345+1.3%
�2.8% 0.0918+0.6%

�1.0% 0.0595+0.8%
�2.3% �0.0014(1)+31.4%

�56.8%

�(2)
i,LO

/�(1)
i,LO

0.524+8.2%
�6.5% 0.039(1)+0.3%

�0.5% 0.058(2)+1.2%
�0.7% 54(6)+84.7%

�29.1%

�(2)
i,NLO

/�(1)
i,NLO

0.509+1.4%
�8.4% 0.037(8)+2.7%

�4.5% 0.06(1)+3.2%
�5.9% �15(1)+36.9%

�43.5%

Table 2. Cross sections (in fb) for tt̄Z production at the LHC at
p
s = 8 TeV for the different

dimension-six operators. Percentages correspond to scale uncertainties. Integration errors are shown
in brackets if these are comparable in size to the scale uncertainties.

13TeV OtG O
(3)
�Q

O�t OtW

�(1)
i,LO

286.7+38.2%
�25.5% 78.3+40.4%

�26.6% 51.6+40.1%
�26.4% �0.20(3)+88.0%

�230.0%

�(1)
i,NLO

310.5+5.4%
�9.7% 90.6+7.1%

�11.0% 57.5+5.8%
�10.3% �1.7(2)+31.3%

�49.1%

K-factor 1.08 1.16 1.11 8.5

�(2)
i,LO

258.5+49.7%
�30.4% 2.8(1)+39.7%

�26.9% 2.9(1)+39.7%
�26.7% 20.9+44.3%

�28.3%

�(2)
i,NLO

244.5+4.2%
�8.1% 3.8(3)+13.2%

�14.4% 3.9(3)+13.8%
�14.6% 24.2+6.2%

�11.2%

�(1)
i,LO

/�SM,LO 0.376+0.3%
�0.3% 0.103+1.9%

�1.8% 0.0677+1.7%
�1.6% �0.00026(4)+89.5%

�167.2%

�(1)
i,NLO

/�SM,NLO 0.353+1.3%
�2.4% 0.103+0.7%

�0.8% 0.0654+1.1%
�2.1% �0.0020(2)+22.9%

�38.0%

�(2)
i,LO

/�(1)
i,LO

0.902+8.4%
�6.7% 0.036(1)+0.2%

�1.1% 0.056(2)+0.6%
�0.3% �104(16)+60.8%

�815.2%

�(2)
i,NLO

/�(1)
i,NLO

0.787+3.3%
�12.8% 0.042(4)+5.6%

�3.9% 0.067(6)+7.6%
�4.8% �14(1)+29.0%

�29.1%

Table 3. Cross sections (in fb) for tt̄Z production at the LHC at
p
s = 13 TeV for the different

dimension-six operators. Percentages correspond to scale uncertainties. Integration errors are shown
in brackets if these are comparable in size to the scale uncertainties.

In the tables, we include the O
(3)
�Q operator but not O

(1)
�Q. Results for O

(1)
�Q differ by

a sign at O(⇤�2) and are identical at O(⇤�4).1 Similarly at O(⇤�4) the contributions of
1This is only approximately true at the cross-section level. There is a small contribution from the bbZ

vertex which spoils the minus sign relation between the two operators. The bbZ vertex contributes as we
are working in the 5-flavour scheme. Nevertheless this contribution is in practice numerically negligible and
therefore the two operators give opposite contributions at O(⇤�2).
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operators give a contribution at the 4-7% level.
The contributions of OtW and OtB at O(⇤�2) are at the per mille level and subdomi-

nant compared to the O(⇤�4) contributions. Effectively this means that with our method
of extracting the interference contribution we are always very limited statistically. Even
maximising the interference contribution by choosing the appropriate value of the coeffi-
cient is not enough to give us good statistics, in particular at NLO which is evident in the
quoted statistical uncertainties.
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Figure 1. Invariant mass distributions for the top quark pair and Z pT distribution at 8 and
13 TeV for the chromomagnetic operator for CtG = 1 and ⇤ = 1 TeV. Scale uncertainty bands are
shown.
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2 Effective operators

In an EFT approach, SM deviations are described by higher-dimensional operators. Up to
dimension-six, we consider the following operators [22, 23]:

O(3)
'Q = i

1

2
y2t

⇣
'†
 !
D I

µ'
⌘
(Q̄�µ⌧ IQ) (2.1)

O(1)
'Q = i

1

2
y2t

⇣
'†
 !
D µ'

⌘
(Q̄�µQ) (2.2)

O't = i
1

2
y2t

⇣
'†
 !
D µ'

⌘
(t̄�µt) (2.3)

OtW = ytgw(Q̄�µ⌫⌧ It)'̃W I
µ⌫ (2.4)

OtB = ytgY (Q̄�µ⌫t)'̃Bµ⌫ (2.5)
OtG = ytgs(Q̄�µ⌫TAt)'̃GA

µ⌫ , (2.6)

where Q is the third generation left-handed quark doublet, ' is the Higgs field, gW , gY
and gs are the SM gauge coupling constants, yt is the top-Yukawa coupling, defined by
yt =

p
2mt/v where v is the Higgs vacuum expectation value and mt is the pole mass (and

so yt does not run). At lowest order in perturbation expansion, the Lagrangian is modified
by these operators as follows:

�L =
C(3)
�Q

⇤2
(O(3)

�Q + h.c.) +
C(1)
�Q

⇤2
(O(1)

�Q + h.c.) + . . . , (2.7)

i.e. the Hermitian conjugate of each operator is added.
The above operators form a complete set that parameterises the top-quark couplings to

the gluon and the electroweak gauge bosons of the SM, which could contribute at O(⇤�2). In
this work we focus on their contributions to top production processes at colliders calculated
at NLO in QCD. The first three operators are tree-level generated current-current operators.
They modify the vector and axial-vector coupling of the top quark to the electroweak gauge
bosons. The other three are dipole operators, that are more likely to be loop induced. OtW

and OtB give rise to electroweak dipole moments, and OtG is the chromomagnetic dipole
operator, relevant for the interaction of the top quark with gluons. Up to order ⇤�2, the
cross sections and differential observables considered in this work do not receive CP-odd
contributions, so in the following we assume the coefficients of OtW,tB,tG to be real. The
three current operators are Hermitian so their coefficients are always real.

A complete study of the processes considered here involve more operators at dimension-
six. For example, four-fermion operators featuring top-quark pairs will also contribute to
these processes. They are the same set of seven operators that contribute to top pair pro-
duction as discussed in [24, 25]. Additional four-fermion operators could enter and modify
the tt̄Z vertex through loops. In this work we will not consider this kind of operators, post-
poning this to future studies. Operators involving the gauge bosons and light quarks could
in principle contribute to these processes, but as they receive stringent constraints from
precision observables, we consider their effect to these processes to be negligible compared
to the top operators. Another operator that contributes to the tt̄Z/tt̄� processes is OG
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that the ratios over the SM are significantly less sensitive to scale variations compared to
the cross-section numbers.

8TeV OtG O
(3)
�Q

O�t OtW

�(1)
i,LO

76.1+41.9%
�27.1% 18.6+45.2%

�28.6% 12.5+44.6%
�28.3% 0.077(8)+46.6%

�43.2%

�(1)
i,NLO

78.1+4.1%
�10.0% 20.8+5.6%

�11.5% 13.5+4.9%
�10.7% �0.32(2)+39.1%

�67.3%

K-factor 1.03 1.12 1.08 -4.2

�(2)
i,LO

39.9+53.6%
�31.8% 0.73(2)+45.2%

�28.8% 0.73(2)+46.3%
�28.8% 4.14+50.1%

�30.7%

�(2)
i,NLO

39.8+4.7%
�9.4% 0.8(2)+5.4%

�9.1% 0.8(2)+7.4%
�8.3% 4.81+6.2%

�12.5%

�(1)
i,LO

/�SM,LO 0.368+0.4%
�0.4% 0.0899+2.7%

�2.5% 0.0604+2.3%
�2.0% 0.00037(4)+33.6%

�42.5%

�(1)
i,NLO

/�SM,NLO 0.345+1.3%
�2.8% 0.0918+0.6%

�1.0% 0.0595+0.8%
�2.3% �0.0014(1)+31.4%

�56.8%

�(2)
i,LO

/�(1)
i,LO

0.524+8.2%
�6.5% 0.039(1)+0.3%

�0.5% 0.058(2)+1.2%
�0.7% 54(6)+84.7%

�29.1%

�(2)
i,NLO

/�(1)
i,NLO

0.509+1.4%
�8.4% 0.037(8)+2.7%

�4.5% 0.06(1)+3.2%
�5.9% �15(1)+36.9%

�43.5%

Table 2. Cross sections (in fb) for tt̄Z production at the LHC at
p
s = 8 TeV for the different

dimension-six operators. Percentages correspond to scale uncertainties. Integration errors are shown
in brackets if these are comparable in size to the scale uncertainties.

13TeV OtG O
(3)
�Q

O�t OtW

�(1)
i,LO

286.7+38.2%
�25.5% 78.3+40.4%

�26.6% 51.6+40.1%
�26.4% �0.20(3)+88.0%

�230.0%

�(1)
i,NLO

310.5+5.4%
�9.7% 90.6+7.1%

�11.0% 57.5+5.8%
�10.3% �1.7(2)+31.3%

�49.1%

K-factor 1.08 1.16 1.11 8.5

�(2)
i,LO

258.5+49.7%
�30.4% 2.8(1)+39.7%

�26.9% 2.9(1)+39.7%
�26.7% 20.9+44.3%

�28.3%

�(2)
i,NLO

244.5+4.2%
�8.1% 3.8(3)+13.2%

�14.4% 3.9(3)+13.8%
�14.6% 24.2+6.2%

�11.2%

�(1)
i,LO

/�SM,LO 0.376+0.3%
�0.3% 0.103+1.9%

�1.8% 0.0677+1.7%
�1.6% �0.00026(4)+89.5%

�167.2%

�(1)
i,NLO

/�SM,NLO 0.353+1.3%
�2.4% 0.103+0.7%

�0.8% 0.0654+1.1%
�2.1% �0.0020(2)+22.9%

�38.0%

�(2)
i,LO

/�(1)
i,LO

0.902+8.4%
�6.7% 0.036(1)+0.2%

�1.1% 0.056(2)+0.6%
�0.3% �104(16)+60.8%

�815.2%

�(2)
i,NLO

/�(1)
i,NLO

0.787+3.3%
�12.8% 0.042(4)+5.6%

�3.9% 0.067(6)+7.6%
�4.8% �14(1)+29.0%

�29.1%

Table 3. Cross sections (in fb) for tt̄Z production at the LHC at
p
s = 13 TeV for the different

dimension-six operators. Percentages correspond to scale uncertainties. Integration errors are shown
in brackets if these are comparable in size to the scale uncertainties.

In the tables, we include the O
(3)
�Q operator but not O

(1)
�Q. Results for O

(1)
�Q differ by

a sign at O(⇤�2) and are identical at O(⇤�4).1 Similarly at O(⇤�4) the contributions of
1This is only approximately true at the cross-section level. There is a small contribution from the bbZ

vertex which spoils the minus sign relation between the two operators. The bbZ vertex contributes as we
are working in the 5-flavour scheme. Nevertheless this contribution is in practice numerically negligible and
therefore the two operators give opposite contributions at O(⇤�2).

– 8 –

operators give a contribution at the 4-7% level.
The contributions of OtW and OtB at O(⇤�2) are at the per mille level and subdomi-

nant compared to the O(⇤�4) contributions. Effectively this means that with our method
of extracting the interference contribution we are always very limited statistically. Even
maximising the interference contribution by choosing the appropriate value of the coeffi-
cient is not enough to give us good statistics, in particular at NLO which is evident in the
quoted statistical uncertainties.
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Figure 1. Invariant mass distributions for the top quark pair and Z pT distribution at 8 and
13 TeV for the chromomagnetic operator for CtG = 1 and ⇤ = 1 TeV. Scale uncertainty bands are
shown.
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• Operators involving top and weak bosons are 
among the least constrained at the LHC

• SMEFT upgraded to NLO-QCD accuracy, 
including mixing and extra operators. UFO 
Model available

• K-factors not same for different operators 
• Applying SM K-factors may not be enough for 

high-precision studies)
• Effects from (dim-6)2 operators can be large; EFT 

validity to be discussed case-by-case

are also shown in the plots. We plot the cross section obtained by varying the Wilson
coefficients of the various operators. For clarity and to avoid overcrowding the contour plots,
we present the operators in pairs. For the coefficients we employ the current constraints to
define our interval. Vertical lines indicate that the tt̄� process is not affected by the specific
operator, i.e. O�t,O

(3)
�Q and O

(1)
�Q. Cross sections with and without adding the O(1/⇤4)

contributions from the squared EFT amplitudes are compared. The OtB operator is very
loosely constrained, and therefore including the squared term for the large allowed values
of the Wilson coefficient has an enormous effect on the cross sections, as the O(1/⇤4)

contribution scales like C2
tB. For the more constrained current operators O

(1)
�Q and O

(3)
�Q,

the squared contribution becomes important only at the edges of the allowed intervals. We

) [fb]γt(tσ
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Figure 17. Sensitivity of the tt̄� and tt̄Z processes to the O(1)
�Q

and OtB operators. For each value of
the coefficient we show the cross-section including i) only the interference term (filled triangles) and
ii) both the interference and the squared contribution (unfilled triangles). The range for the Wilson
coefficients is determined by the current constraints as discussed in Section 2. The experimental
measurements used in this plot are taken from [2] and [5] for tt̄� and tt̄Z respectively. The squared
contribution of the OtB operator is very large, and therefore we employ a separate smaller interval
to obtain cross sections within the boundaries of this plot.

also notice that for the O�t and OtG operators the O(1/⇤4) contribution is important for a
sizeable part of allowed interval, in the first case because the constraints are rather loose and
in the second case because �(2)

tG is large. Finally we note that the contour plots qualitatively
demonstrate the size of the experimental uncertainties needed for these processes to have
an impact on the allowed values of the coefficients. In that respect we observe for example
that the OtW operator receives very stringent constraints from top decay, and it is not
expected to be further constrained by tt̄V measurements even with a significant reduction
of the experimental uncertainties.
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is even more exact at NLO and leads to large scale uncertainties in the inclusive result

and the unusual K-factor of 0.2. A partial cancellation e↵ect is also present for the O
(3)
'Q

interference contribution at LO, which is reduced at NLO, leading to the correspondingly

large K-factor. This is best seen from the top-Higgs invariant mass distribution also shown

in Figure 3. As for tZj, we observe qualitatively similar results moving from LO to NLO.
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Figure 3: Di↵erential cross-section contributions to tHj from Ot' and O
(3)
'Q

and similarly

for the OtW contribution to tZj, all for values of 1 TeV�2 of the corresponding Wilson

coe�cient. Hatched and solid bars represent the LO and NLO predictions respectively.

The subplots show the relative theory uncertainty from scale variation and PDFs of each

contribution.

In some cases, for numerically very small contributions coming from interference terms

between operators, the theory uncertainties are inflated due to lack of MC stats. The main

unexpected result is the K-factor of 5 for the OtW interference contribution. The top-Z

invariant mass distribution in Figure 3, does indicate a cancellation over the full phase

space which disappears at NLO. This is in part due to cancellations in the interference

contributions to tZj and t̄Zj, which are summed over in our results.

Considering the existing limits on the Wilson coe�cients summarised in Table 3 in

– 13 –
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Degrande, Maltoni, Mimasu, Vryonidou, Zhang, arXiv:1804.07773
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• tZ (and tH) can be very interesting probes of new physics
• For tZ, the cross section is comparable to ttZ̄ (800 fb)
• In the SM, delicate cancellations appear among diagrams, 

which are spoiled by BSM effects, even for operators 
without energy-growing interactions (e.g Otφ)

• NLO corrections can modify the cross-section sensitivity 
on a given operator, specially on the SM-EFT interference

� [fb] LO NLO K-factor

�SM 660.8(4)+13.7%
�9.6% ± 9.7% 839.1(5)+1.1%

�5.1% ± 1.0% 1.27

�W �7.87(7)+8.4%
�12.6% ± 9.7% �8.77(8)+8.5%

�4.3% ± 1.1% 1.12

�W,W 34.58(3)+8.2%
�3.9% ± 13.0% 43.80(4)+6.6%

�15.1% ± 2.8% 1.27

�tB 2.23(2)+14.7[0.9]%
�10.7[1.0]% ± 9.4% 2.94(2)+2.3[0.4]%

�3.0[0.7]% ± 1.1% 1.32

�tB,tB 2.833(2)+10.5[1.7]%
�6.3[1.9]% ± 11.1% 4.155(3)+4.7[0.9]%

�10.1[1.4]% ± 1.7% 1.47

�tW 2.66(4)+18.8[0.9]%
�15.3[1.0]% ± 11.4% 13.0(1)+15.8[2.1]%

�22.8[0.0]% ± 1.2% 4.90

�tW,tW 48.16(4)+10.0[1.7]%
�5.8[1.9]% ± 11.3% 80.00(4)+7.9[1.3]%

�14.7[1.6]% ± 1.9% 1.66

�'dtR 4.20(1)+14.9%
�10.9% ± 9.3% 4.94(2)+3.4%

�6.7% ± 1.0% 1.18

�'dtR,'dtR 0.3326(3)+13.6%
�9.5% ± 9.6% 0.4402(5)+3.7%

�9.3% ± 1.0% 1.32

�'Q 14.98(2)+14.5%
�10.5% ± 9.4% 18.07(3)+2.3%

�1.6% ± 1.0% 1.21

�'Q,'Q 0.7442(7)+14.1%
�10.0% ± 9.5% 1.028(1)+2.8%

�7.3% ± 1.0% 1.38

�
'Q

(3) 130.04(8)+13.8%
�9.8% ± 9.5% 161.4(1)+0.9%

�4.8% ± 1.0% 1.24

�
'Q

(3)
,'Q

(3) 17.82(2)+11.7%
�7.5% ± 10.5% 23.98(2)+3.7%

�9.3% ± 1.4% 1.35

�'tb 0 0 �

�'tb,'tb 2.949(2)+10.5%
�6.2% ± 11.1% 4.154(4)+5.1%

�11.2% ± 1.8% 1.41

�HW �5.16(6)+7.8%
�12.0% ± 10.5% �6.88(8)+6.4%

�2.0% ± 1.4% 1.33

�HW,HW 0.912(2)+9.4%
�5.2% ± 12.0% 1.048(2)+5.2%

�12.8% ± 2.1% 1.15

�HB �3.015(9)+9.9%
�13.9% ± 9.5% �3.76(1)+5.2%

�1.0% ± 1.0% 1.25

�HB,HB 0.02324(6)+12.7%
�8.5% ± 9.9% 0.02893(6)+2.3%

�7.5% ± 1.1% 1.24

�tG 0.45(2)+93.0%
�148.8% ± 4.9% �

�tG,tG 2.251(4)+20.9%
�30.0% ± 2.5% �

�
Qq

(3,1) �393.5(5)+8.1%
�12.3% ± 10.0% �498(1)+8.9%

�3.2% ± 1.2% 1.26

�
Qq

(3,1)
,Qq

(3,1) 462.25(3)+8.4%
�4.1% ± 12.7% 545.50(5)+7.4%

�17.4% ± 2.9% 1.18

�
Qq

(3,8) 0 �0.9(3)+23.3%
�26.3% ± 19.2% �

�
Qq

(3,8)
,Qq

(3,8) 102.73(5)+8.4%
�4.1% ± 12.7% 111.18(5)+9.3%

�18.4% ± 2.8% 1.08

Table 5: Cross-section results for tZj at 13 TeV, following the parametrisation of

Eq. (4.1). Central values are quoted followed by the upper and lower scale uncertainty

bands obtained by varying the renormalisation scale between half and twice the central

value, the EFT scale uncertainty where relevant and finally the PDF uncertainty. The MC

error on the last digit is shown in the bracket.

is a very strong cancellation over the phase space such that the contribution to the total

rate coming from the interference almost cancels. Figure 3 shows the top pT distributions

of the interference and squared contributions at LO and NLO. Clearly, the cancellation
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modify the SM gauge boson coupling to fermions and induce a ff̄V H contact term as in

the last diagram of Fig. 2. A more complete study of the full set of top & EW 2 ! 2

subamplitudes in the SMEFT and associated LHC processes is on going and will appear in

future work. In the meantime we keep these tables for reference and to help put into con-

text the energy dependence of the results of our predictions. Overall, the possible energy

enhancements in these channels suggest that, although tZj and particularly tHj are rare

processes in the SM, such behaviour might nevertheless lead to interesting constraints on

the operators studied, especially at di↵erential level.
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�t

�W 0 + �

+
p

s(s+t) mW

p
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s
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p
�t s

0
s
0

Table 2: Energy growth of the helicity amplitudes in the b W ! t H subamplitude in the

high energy limit, s, �t � v with s/ � t constant. Schematic energy growths for the SM

are also shown and s
0 denotes constant behaviour with energy. The RHCC operator (O'tb)

contributions are collected separately due to the fact that it is the only operator that can

yield right handed b-quark configurations in the 5-flavour scheme.

3 Constraints on dim-6 operators

In order to examine the sensitivity of our processes to SMEFT operators we first consider

the current limits on the dim-6 operators of interest. We briefly summarise the current

constraints in Table 3. Firstly, all top-quark operators can be constrained using collider

measurements. For example, the TopFitter collaboration has performed a global fit (ex-

cluding O'tb) at LO using both the Tevatron and the LHC data [48]. Individual limits

are given for each operator, by setting other operator coe�cients to zero. Marginalised

constraints are provided for O
(3)
'Q

, OtW , and OtG, while the remaining operator constraints

are too weak due to large uncertainties in pp ! tt̄Z and pp ! tt̄� measurements. One

can see that OtG is already significantly better constrained than its weak counterparts. In
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Table 1: Dim-6 operators relevant for the tZj and tHj processes in the Warsaw basis.

The first set corresponds to bosonic operators, then two-fermion ones, and, finally, four

fermion operators.

expectation-value:

O
(3)
ll

= (l̄i �µ⌧I li)(l̄j �
µ
⌧

I
lj), (2.2)

O
(3)
'l

= i
�
'

†$
Dµ ⌧I'

��
l̄i �

µ
⌧

I
li

�
+ h.c. . (2.3)

Some of these operators are constrained by Electroweak Precision Observables EWPO [36].

These include the two previous operators and those involving light-fermion fields, i.e., O(1)
'q

,

O
(3)
'q
, O'u, O'd, O

(3)
'l
, O

(1)
'l
, O'e, O

(3)
ll
, where

O'd = i
�
'

†$
Dµ '

��
d̄i �

µ
di

�
+ h.c. (2.4)

O
(1)
'l

= i
�
'

†$
Dµ '

��
l̄i �

µ
li

�
+ h.c. (2.5)

O'e = i
�
'

†$
Dµ '

��
ēi �

µ
ei

�
+ h.c. , (2.6)

as well as the operators that are often identified with the S and T parameters

O'WB = ('†
⌧I')B

µ⌫
W

I

µ⌫ and (2.7)

O'D = ('†
D

µ
')†('†

Dµ'). (2.8)

It is well-known that among these 10 basis operators, only 8 degrees of freedom are tightly

constrained [37], leaving two flat directions that are constrained only by diboson production

processes. This e↵ect has been discussed in the literature [38–40]. These two directions

correspond exactly to the two basis-operators in the HISZ parametrisation [41]:

OHW = (Dµ
')†⌧I(D

⌫
')W I

µ⌫ (2.9)

OHB = (Dµ
')†(D⌫

')Bµ⌫ . (2.10)
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Marco Zaro, 28-05-2018

Limits from tZ and tH

• Limits from current measurements 
(LO and NLO) are in general 
looser than other existing bounds 
(except for OtW)

• Effects enhanced in tail of 
distributions at the HL-LHC

• SMEFT global fits can be 
performed at the LHC
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(a) Current tZj (b) Current tHj

(c) Future, high pT tZj (d) Future tHj

Figure 6: Confidence intervals on the Wilson coe�cients of interest derived from a) the

signal strength measurements of the tZj process by ATLAS [25] and CMS [27] and b) from

the combined signal strength measurement of tt̄H tHj and tHW by CMS [72] assuming

only modifications to tHj apart from the modifications to tt̄H induced by Ot'. Future

sensitivity is shown in c) for tZj, assuming the same accuracy as for the current inclusive

measurement is achieved in the p
top

T
> 250 GeV region and in d) for tHj, assuming the

accuracy of the current tZj inclusive measurement is achieved. See text for further details.

In all cases the existing limits quoted in Table 3 as also included for reference.

– 22 –

(a) Current tZj (b) Current tHj

�25 �20 �15 �10 �5 0 5 10 15 20 25

c/�2 [TeV�2]

c (3,8)
Qq

c (3,1)
Qq

cHB

cHW

c�t

c (1)
�Q

c (3)
�Q

c�tb

ctB

ctW

cW

(� 10)

(� 10)

(� 5)

(� 5)

(� 10)

�tZj , ptop
T > 250 GeV

Existing individual limit
LO sensitivity
NLO sensitivity

(c) Future, high pT tZj (d) Future tHj

Figure 6: Confidence intervals on the Wilson coe�cients of interest derived from a) the

signal strength measurements of the tZj process by ATLAS [25] and CMS [27] and b) from

the combined signal strength measurement of tt̄H tHj and tHW by CMS [72] assuming

only modifications to tHj apart from the modifications to tt̄H induced by Ot'. Future

sensitivity is shown in c) for tZj, assuming the same accuracy as for the current inclusive

measurement is achieved in the p
top

T
> 250 GeV region and in d) for tHj, assuming the

accuracy of the current tZj inclusive measurement is achieved. See text for further details.

In all cases the existing limits quoted in Table 3 as also included for reference.
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Is a 1% measurement of yt possible?
 ttZ and the FCC can help…

Mangano, Plehn, Reimitz, Schell, Shao, arXiv:1507.08169

• ttH̄ and ttZ̄ are quite similar processes, with rather large 
theoretical uncertainties (~10%).
• Dominant production mode (gg) has identical diagrams 

Correlated QCD corrections, scale and αS systematics

• Almost identical kinematics boundaries (mZ~mH)  
Correlated PDF and mt systematics
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1. Results

1.1 Total cross sections

The default parameter setup is:

Parameter value Parameter value

Gµ 1.1987498350461625 · 10�5
nlf 5

mt 173.3 yt 173.3

mW 80.419 mZ 91.188

mH 125.0 ↵
�1 128.930

We also take MSTW2008 NLO [1] as our default PDF and µR = µF = µ0 =
P

f2final states
mT,f/2

as our default central scale, where mT,f is the transverse mass of the final particle f .

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)/�(tt̄Z)

13 TeV 0.475+5.79%+3.33%

�9.04%�3.08%
0.785+9.81%+3.27%

�11.2%�3.12%
0.606+2.45%+0.525%

�3.66%�0.319%

100 TeV 33.9+7.06%+2.17%

�8.29%�2.18%
57.9+8.93%+2.24%

�9.46%�2.43%
0.585+1.29%+0.314%

�2.02%�0.147%

Table 1: Total cross sections �(tt̄H) and �(tt̄Z) and the ratios �(tt̄H)/�(tt̄Z) with NLO

QCD corrections at 13 TeV LHC and 100 TeV FCC. Results are presented together with

the renormalization/factorization scale and PDF+↵s uncertainties.

The comparison of total cross sections and the ratios by using LHAPDF 5.9.1 [2] with

MSTW2008 NLO [1], CT10 NLO [3] and NNPDF2.3 NLO [4] is shown in tables. 2 and 3.

The PDF uncertainties in the ratio �(tt̄H)/�(tt̄Z) is at permille level.

By varing some parameters in the setup, we show the corresponding results in tables. 4

and 5. It is shown that the changing of the central scale to fixed scale µ0 = mt +mH,Z/2
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NLO QCD

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

Table 2: Results with NLO QCD corrections at 13 TeV LHC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 33.9+7.06%+0.941%

�8.29%�1.26%
57.9+8.93%+0.901%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.781%

�6.47%�0.781%
56.9+7.62%+0.754%

�7.29%�0.754%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 3: Results with NLO QCD corrections at 100 TeV FCC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

default 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

µ0 = mt +mH,Z/2 0.529+5.96%+2.13%

�9.42%�2.65%
0.885+9.93%+2.03%

�11.6%�2.51%
0.597+2.45%+0.219%

�3.61%�0.267%

mt = yt = 174.1 GeV 0.474+5.74%+2.02%

�9.01%�2.50%
0.773+9.76%+1.93%

�11.2%�2.39%
0.614+2.45%+0.218%

�3.66%�0.246%

mt = yt = 172.5 GeV 0.475+5.81%+2.01%

�9.05%�2.49%
0.795+9.82%+1.93%

�11.2%�2.39%
0.597+2.45%+0.210%

�3.65%�0.246%

mH = 126.0 GeV 0.464+5.80%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.593+2.42%+0.205%

�3.62%�0.247%

Table 4: Results with NLO QCD corrections at 13 TeV LHC by varying some parameter

values. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

will alter the ratio �(tt̄H)/�(tt̄Z) by 1%�1.5%, the uncertainty of mt value will alter it by

1.5% and the uncertainty of mH results in 2%. Some interesting features can also be seen

from these two tables. It is seen that �(tt̄H) is almost insensitive to the value of mt = yt,

while it is sensitive to the Higgs mass mH . In contrast, �(tt̄Z) is independent of mH but

sensitive to the value of mt.

The results inGµ-scheme are listed in Table 9. InGµ-scheme, we use ↵�1 = 132.50699632834286

and Gµ = 1.166390 · 10�5. The weak corrections to the ratio �(tt̄H)/�(tt̄Z) is at about

2% level, which is already comparable to the uncertainty of NLO QCD result.

1.2 Renormalization and factorization scales dependences

Within MadGraph5 aMC@NLO framework, the results with di↵erent renormalization and
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�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

Table 2: Results with NLO QCD corrections at 13 TeV LHC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 33.9+7.06%+0.941%

�8.29%�1.26%
57.9+8.93%+0.901%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.781%

�6.47%�0.781%
56.9+7.62%+0.754%

�7.29%�0.754%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 3: Results with NLO QCD corrections at 100 TeV FCC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

default 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

µ0 = mt +mH,Z/2 0.529+5.96%+2.13%

�9.42%�2.65%
0.885+9.93%+2.03%

�11.6%�2.51%
0.597+2.45%+0.219%

�3.61%�0.267%

mt = yt = 174.1 GeV 0.474+5.74%+2.02%

�9.01%�2.50%
0.773+9.76%+1.93%

�11.2%�2.39%
0.614+2.45%+0.218%

�3.66%�0.246%

mt = yt = 172.5 GeV 0.475+5.81%+2.01%

�9.05%�2.49%
0.795+9.82%+1.93%

�11.2%�2.39%
0.597+2.45%+0.210%

�3.65%�0.246%

mH = 126.0 GeV 0.464+5.80%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.593+2.42%+0.205%

�3.62%�0.247%

Table 4: Results with NLO QCD corrections at 13 TeV LHC by varying some parameter

values. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

will alter the ratio �(tt̄H)/�(tt̄Z) by 1%�1.5%, the uncertainty of mt value will alter it by

1.5% and the uncertainty of mH results in 2%. Some interesting features can also be seen

from these two tables. It is seen that �(tt̄H) is almost insensitive to the value of mt = yt,

while it is sensitive to the Higgs mass mH . In contrast, �(tt̄Z) is independent of mH but

sensitive to the value of mt.

The results inGµ-scheme are listed in Table 9. InGµ-scheme, we use ↵�1 = 132.50699632834286

and Gµ = 1.166390 · 10�5. The weak corrections to the ratio �(tt̄H)/�(tt̄Z) is at about

2% level, which is already comparable to the uncertainty of NLO QCD result.

1.2 Renormalization and factorization scales dependences

Within MadGraph5 aMC@NLO framework, the results with di↵erent renormalization and
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100TeV

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.78%

�6.47%�0.78%
56.9+7.62%+0.75%

�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

default 0.475+5.79%

�9.04%
0.785+9.81%

�11.2%
0.606+2.45%

�3.66%

µ0 = mt +mH,Z/2 0.529+5.96%

�9.42%
0.885+9.93%

�11.6%
0.597+2.45%

�3.61%

mt = ytv = 174.1 GeV 0.474+5.74%

�9.01%
0.773+9.76%

�11.2%
0.614+2.45%

�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%

�9.05%
0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%

�9.42%
0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%

�8.31%
58.6+8.93%

�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.78%

�6.47%�0.78%
56.9+7.62%+0.75%

�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

default 0.475+5.79%

�9.04%
0.785+9.81%

�11.2%
0.606+2.45%

�3.66%

µ0 = mt +mH,Z/2 0.529+5.96%

�9.42%
0.885+9.93%

�11.6%
0.597+2.45%

�3.61%

mt = ytv = 174.1 GeV 0.474+5.74%

�9.01%
0.773+9.76%

�11.2%
0.614+2.45%

�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%

�9.05%
0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%

�9.42%
0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%

�8.31%
58.6+8.93%

�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.78%

�6.47%�0.78%
56.9+7.62%+0.75%

�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

default 0.475+5.79%

�9.04%
0.785+9.81%

�11.2%
0.606+2.45%

�3.66%

µ0 = mt +mH,Z/2 0.529+5.96%

�9.42%
0.885+9.93%

�11.6%
0.597+2.45%

�3.61%

mt = ytv = 174.1 GeV 0.474+5.74%

�9.01%
0.773+9.76%

�11.2%
0.614+2.45%

�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%

�9.05%
0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%

�9.42%
0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%

�8.31%
58.6+8.93%

�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.78%

�6.47%�0.78%
56.9+7.62%+0.75%

�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

default 0.475+5.79%

�9.04%
0.785+9.81%

�11.2%
0.606+2.45%

�3.66%

µ0 = mt +mH,Z/2 0.529+5.96%

�9.42%
0.885+9.93%

�11.6%
0.597+2.45%

�3.61%

mt = ytv = 174.1 GeV 0.474+5.74%

�9.01%
0.773+9.76%

�11.2%
0.614+2.45%

�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%

�9.05%
0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%

�9.42%
0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%

�8.31%
58.6+8.93%

�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.
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Is a 1% measurement of yt possible?
 ttZ and the FCC can help…

Mangano, Plehn, Reimitz, Schell, Shao, arXiv:1507.08169

• ttH̄ and ttZ̄ are quite similar processes, with rather large 
theoretical uncertainties (~10%).
• Dominant production mode (gg) has identical diagrams 

Correlated QCD corrections, scale and αS systematics

• Almost identical kinematics boundaries (mZ~mH)  
Correlated PDF and mt systematics

 21

Contents

1. Results 1

1.1 Total cross sections 1

1.2 Renormalization and factorization scales dependences 2

1.3 Di↵erential distributions 4

2. Simulations 6

2.1 H ! �� and Z ! `
+
`
� 6

2.2 H ! bb̄ and Z ! bb̄ 9

1. Results

1.1 Total cross sections

The default parameter setup is:

Parameter value Parameter value

Gµ 1.1987498350461625 · 10�5
nlf 5

mt 173.3 yt 173.3

mW 80.419 mZ 91.188

mH 125.0 ↵
�1 128.930

We also take MSTW2008 NLO [1] as our default PDF and µR = µF = µ0 =
P

f2final states
mT,f/2

as our default central scale, where mT,f is the transverse mass of the final particle f .

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)/�(tt̄Z)

13 TeV 0.475+5.79%+3.33%

�9.04%�3.08%
0.785+9.81%+3.27%

�11.2%�3.12%
0.606+2.45%+0.525%

�3.66%�0.319%

100 TeV 33.9+7.06%+2.17%

�8.29%�2.18%
57.9+8.93%+2.24%

�9.46%�2.43%
0.585+1.29%+0.314%

�2.02%�0.147%

Table 1: Total cross sections �(tt̄H) and �(tt̄Z) and the ratios �(tt̄H)/�(tt̄Z) with NLO

QCD corrections at 13 TeV LHC and 100 TeV FCC. Results are presented together with

the renormalization/factorization scale and PDF+↵s uncertainties.

The comparison of total cross sections and the ratios by using LHAPDF 5.9.1 [2] with

MSTW2008 NLO [1], CT10 NLO [3] and NNPDF2.3 NLO [4] is shown in tables. 2 and 3.

The PDF uncertainties in the ratio �(tt̄H)/�(tt̄Z) is at permille level.

By varing some parameters in the setup, we show the corresponding results in tables. 4

and 5. It is shown that the changing of the central scale to fixed scale µ0 = mt +mH,Z/2

– 1 –

NLO QCD

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

Table 2: Results with NLO QCD corrections at 13 TeV LHC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 33.9+7.06%+0.941%

�8.29%�1.26%
57.9+8.93%+0.901%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.781%

�6.47%�0.781%
56.9+7.62%+0.754%

�7.29%�0.754%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 3: Results with NLO QCD corrections at 100 TeV FCC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

default 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

µ0 = mt +mH,Z/2 0.529+5.96%+2.13%

�9.42%�2.65%
0.885+9.93%+2.03%

�11.6%�2.51%
0.597+2.45%+0.219%

�3.61%�0.267%

mt = yt = 174.1 GeV 0.474+5.74%+2.02%

�9.01%�2.50%
0.773+9.76%+1.93%

�11.2%�2.39%
0.614+2.45%+0.218%

�3.66%�0.246%

mt = yt = 172.5 GeV 0.475+5.81%+2.01%

�9.05%�2.49%
0.795+9.82%+1.93%

�11.2%�2.39%
0.597+2.45%+0.210%

�3.65%�0.246%

mH = 126.0 GeV 0.464+5.80%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.593+2.42%+0.205%

�3.62%�0.247%

Table 4: Results with NLO QCD corrections at 13 TeV LHC by varying some parameter

values. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

will alter the ratio �(tt̄H)/�(tt̄Z) by 1%�1.5%, the uncertainty of mt value will alter it by

1.5% and the uncertainty of mH results in 2%. Some interesting features can also be seen

from these two tables. It is seen that �(tt̄H) is almost insensitive to the value of mt = yt,

while it is sensitive to the Higgs mass mH . In contrast, �(tt̄Z) is independent of mH but

sensitive to the value of mt.

The results inGµ-scheme are listed in Table 9. InGµ-scheme, we use ↵�1 = 132.50699632834286

and Gµ = 1.166390 · 10�5. The weak corrections to the ratio �(tt̄H)/�(tt̄Z) is at about

2% level, which is already comparable to the uncertainty of NLO QCD result.

1.2 Renormalization and factorization scales dependences

Within MadGraph5 aMC@NLO framework, the results with di↵erent renormalization and

– 2 –

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

Table 2: Results with NLO QCD corrections at 13 TeV LHC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

MSTW2008 33.9+7.06%+0.941%

�8.29%�1.26%
57.9+8.93%+0.901%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.781%

�6.47%�0.781%
56.9+7.62%+0.754%

�7.29%�0.754%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 3: Results with NLO QCD corrections at 100 TeV FCC by using three di↵erent sets

of PDF. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

�(tt̄H) [pb] �(tt̄Z) [pb] �(tt̄H)

�(tt̄Z)

default 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

µ0 = mt +mH,Z/2 0.529+5.96%+2.13%

�9.42%�2.65%
0.885+9.93%+2.03%

�11.6%�2.51%
0.597+2.45%+0.219%

�3.61%�0.267%

mt = yt = 174.1 GeV 0.474+5.74%+2.02%

�9.01%�2.50%
0.773+9.76%+1.93%

�11.2%�2.39%
0.614+2.45%+0.218%

�3.66%�0.246%

mt = yt = 172.5 GeV 0.475+5.81%+2.01%

�9.05%�2.49%
0.795+9.82%+1.93%

�11.2%�2.39%
0.597+2.45%+0.210%

�3.65%�0.246%

mH = 126.0 GeV 0.464+5.80%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.593+2.42%+0.205%

�3.62%�0.247%

Table 4: Results with NLO QCD corrections at 13 TeV LHC by varying some parameter

values. Results are presented together with the renormalization/factorization scale and

PDF uncertainties.

will alter the ratio �(tt̄H)/�(tt̄Z) by 1%�1.5%, the uncertainty of mt value will alter it by

1.5% and the uncertainty of mH results in 2%. Some interesting features can also be seen

from these two tables. It is seen that �(tt̄H) is almost insensitive to the value of mt = yt,

while it is sensitive to the Higgs mass mH . In contrast, �(tt̄Z) is independent of mH but

sensitive to the value of mt.

The results inGµ-scheme are listed in Table 9. InGµ-scheme, we use ↵�1 = 132.50699632834286

and Gµ = 1.166390 · 10�5. The weak corrections to the ratio �(tt̄H)/�(tt̄Z) is at about

2% level, which is already comparable to the uncertainty of NLO QCD result.

1.2 Renormalization and factorization scales dependences

Within MadGraph5 aMC@NLO framework, the results with di↵erent renormalization and
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100TeV

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.78%

�6.47%�0.78%
56.9+7.62%+0.75%

�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

default 0.475+5.79%

�9.04%
0.785+9.81%

�11.2%
0.606+2.45%

�3.66%

µ0 = mt +mH,Z/2 0.529+5.96%

�9.42%
0.885+9.93%

�11.6%
0.597+2.45%

�3.61%

mt = ytv = 174.1 GeV 0.474+5.74%

�9.01%
0.773+9.76%

�11.2%
0.614+2.45%

�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%

�9.05%
0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%

�9.42%
0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%

�8.31%
58.6+8.93%

�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.78%

�6.47%�0.78%
56.9+7.62%+0.75%

�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

default 0.475+5.79%

�9.04%
0.785+9.81%

�11.2%
0.606+2.45%

�3.66%

µ0 = mt +mH,Z/2 0.529+5.96%

�9.42%
0.885+9.93%

�11.6%
0.597+2.45%

�3.61%

mt = ytv = 174.1 GeV 0.474+5.74%

�9.01%
0.773+9.76%

�11.2%
0.614+2.45%

�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%

�9.05%
0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%

�9.42%
0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%

�8.31%
58.6+8.93%

�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%

�11.2%�2.39%
0.606+2.45%+0.216%

�3.66%�0.249%

CT10 0.450+5.70%+6.00%

�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%

�3.41%�0.205%

100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%

�2.02%�0.0758%

CT10 32.4+6.87%+2.29%

�8.11%�2.95%
55.5+8.73%+2.16%

�9.27%�2.78%
0.584+1.27%+0.189%

�1.99%�0.260%

NNPDF2.3 33.2+6.62%+0.78%

�6.47%�0.78%
56.9+7.62%+0.75%

�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to
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�(tt̄Z)
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default 0.475+5.79%
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mt = ytv = 174.1 GeV 0.474+5.74%
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�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%
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0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%
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0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%
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�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.

Measuring the Top Yukawa Coupling at 100 TeV 5

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)
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MSTW2008 0.475+5.79%+2.02%

�9.04%�2.50%
0.785+9.81%+1.93%
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�8.80%�5.34%
0.741+9.50%+5.91%

�10.9%�5.29%
0.607+2.34%+0.672%

�3.47%�0.675%

NNPDF2.3 0.470+5.26%+2.22%

�8.58%�2.22%
0.771+8.97%+2.16%

�10.6%�2.16%
0.609+2.23%+0.205%
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100 TeV

MSTW2008 33.9+7.06%+0.94%

�8.29%�1.26%
57.9+8.93%+0.90%

�9.46%�1.20%
0.585+1.29%+0.0526%
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�7.29%�0.75%
0.584+1.29%+0.0493%

�2.01%�0.0493%

Table 2: Results with NLO QCD corrections at 13 TeV and 100 TeV, using three di↵erent sets of PDF.
Results are presented together with the renormalization/factorization scale and PDF uncertainties.
Contrary to Table 1, the ↵S systematics is not included here.

We start by discussing the results at the LO in the EW e↵ects. The scale variation is performed
over the standard range 0.5µ0  µR,F  2µ0, with µR and µF varying independently. Both scale and
PDF choices are correlated between numerator and denominator when taking the ratios. The resulting
scale and MSTW 2008NLO PDF +↵S uncertainties, for the total cross sections of the individual
processes and of for the ratio, are shown in Table 1. Notice that the scale uncertainty of the individual
processes, in the range of ±7� 10%, is reduced to ±1.5% (±3%) for the ratios at 100 (13) TeV. The
PDF variation is reduced by a factor close to 10, to the few permille level.

To corroborate the great stability of the ratios, we also consider di↵erent PDF sets, showing in
Table 2 the results obtained using the following LHAPDF 5.9.1 [38] sets: MSTW2008 NLO [37], CT10
NLO [39] and NNPDF2.3 NLO [40] (in this case, we only consider the PDF variation, and not the
↵S systematics). While the overall envelope of the predictions for the individual rates includes a ±5%
range, the ratio uncertainty due to the PDFs remains at the few permille level.

We explore further variations in our default parameter set in Table 3. There, we remove the PDF
uncertainties, which are practically una↵ected by these parameter changes. Choosing the fixed value
µ0 = mt +mH,Z/2 for the central choice of the renormalization and factorization scales, modifies the
ratio �(tt̄H)/�(tt̄Z) by 1%� 1.5%, consistent with the range established using the dynamical scale.

For mt, we consider a variation in the range of mt = 173.3 ± 0.8 GeV. We notice that �(tt̄H) is
practically constant. This is due to the anti-correlation between the increase (decrease) in rate due to

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV

default 0.475+5.79%

�9.04%
0.785+9.81%

�11.2%
0.606+2.45%

�3.66%

µ0 = mt +mH,Z/2 0.529+5.96%

�9.42%
0.885+9.93%

�11.6%
0.597+2.45%

�3.61%

mt = ytv = 174.1 GeV 0.474+5.74%

�9.01%
0.773+9.76%

�11.2%
0.614+2.45%

�3.66%

mt = ytv = 172.5 GeV 0.475+5.81%

�9.05%
0.795+9.82%

�11.2%
0.597+2.45%

�3.65%

mH = 126.0 GeV 0.464+5.80%

�9.04%
0.785+9.81%

�11.2%
0.593+2.42%

�3.62%

100 TeV

default 33.9+7.06%

�8.29%
57.9+8.93%

�9.46%
0.585+1.29%

�2.02%

µ0 = mt +mH,Z/2 39.0+9.76%

�9.57%
67.2+10.9%

�10.6%
0.580+1.16%

�1.80%

mt = ytv = 174.1 GeV 33.9+7.01%

�8.27%
57.2+8.90%

�9.42%
0.592+1.27%

�2.00%

mt = ytv = 172.5 GeV 33.7+6.99%

�8.31%
58.6+8.93%

�9.46%
0.576+1.27%

�1.99%

mH = 126.0 GeV 33.2+7.04%

�8.28%
57.9+8.93%

�9.46%
0.575+1.25%

�1.95%

Table 3: Results with NLO QCD corrections at 13 TeV and 100 TeV by varying some parameter
values. Results are presented together with the renormalization/factorization scale uncertainties.

With 20ab-1, the ratio NH/NZ 
can be measured at 1% (stat. unc.)
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Conclusions

• At least two good reasons to look at ttW̄ and ttZ̄: they appear as 
background to the Higgs and to many BSM searches and they can 
shed light on new physics affecting the top weak couplings

• Current SM predictions have decent perturbative accuracy, which 
we are bound to live with for quite some time

• ttW̄ and ttZ̄ show complementary sensitivity to new physics: 
• asymmetry and t-W scattering in ttW̄
• sensitivity to HD operators through rate and distributions for ttZ̄

• LHC measurements of these processes are just started… 
Potentially large improvements ahead!
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Backup
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EW corrections for ttW/Z/H:  
setup 

more in Frixione, Hirschi, Shao, Zaro, arXiv:1504.03446

• EW corrections computed in the α(mZ) scheme  
(Gμ also available)

• Particle masses:
• mt=173.3 GeV                          mH=125 GeV 
• mW=80.385 GeV                      mZ=91.188 GeV

• NNPDF2.3 QED PDF, quoted uncertainties @68%CL
• Ren./Fac. scale choice:

• LO+NLO QCD scale uncertainties in the range
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and adopted the MSTWnlo2008 [68] PDFs with the associated αS(mZ) for all NLO as

well as LO predictions (since we are chiefly interested in assessing effects of matrix-element

origin). In our default α(mZ)-scheme, the EW coupling constant is [69]:

1

α(mZ)
= 128.93 . (3.2)

The central values of the renormalisation (µR) and factorisation (µF ) scales have been taken

equal to the reference scale:

µ =
HT

2
≡

1

2

∑

i

√

m2
i + p2T (i) , (3.3)

where the sum runs over all final-state particles. The theoretical uncertainties due to the

µR and µF dependencies that affect the coefficient Σ4,0 have been evaluated by varying

these scales independently in the range:

1

2
µ ≤ µR, µF ≤ 2µ , (3.4)

and by keeping the value of α fixed. The calculation of this theory systematics does not

entail any independent runs, being performed through the reweighting technique introduced

in ref. [70], which is fully automated in MadGraph5 aMC@NLO. All the input parameters

not explicitly mentioned here have been set equal to their PDG values [71].

We shall consider two scenarios: one where no final-state cuts are applied (i.e. fully

inclusive), and a “boosted” one, generally helpful to reduce the contamination of light-Higgs

signals due to background processes [72,73], where the following cuts

pT (t) ≥ 200 GeV , pT (t̄) ≥ 200 GeV , pT (H) ≥ 200 GeV , (3.5)

are imposed; since these emphasise the role of the high-pT regions, the idea is that of

checking whether weak effects will have a bigger impact there than in the whole of the

phase space. We shall report in sect. 3.1 our predictions for total rates, for the three

collider c.m. energies and in both the fully inclusive and the boosted scenario. In sect. 3.2

several differential distributions will be shown, at a c.m. of 13 TeV with and without the

cuts of eq. (3.5), and at a c.m. of 100 TeV in the fully-inclusive case only.

Throughout this section, we shall make use of the shorthand notation introduced at

the end of sect. 2 – see in particular table 4.

3.1 Inclusive rates

In this section we present our predictions for inclusive rates, possibly within the cuts of

eq. (3.5). As was already stressed, the results for the LO and NLO QCD contributions are

computed in the same way as has been done previously with MadGraph5 aMC@NLO or

its predecessor aMC@NLO in refs. [21,44]. There are small numerical differences (O(3%))

with ref. [44], which are almost entirely due to the choice of the value of α, and to a very

minor extent to that of mt. As far as ref. [21] is concerned, different choices had been made

there for the top and Higgs masses, and for the reference scale.
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Results for ttH̄ and ttZ̄:
 total rates (within boosted cuts)

• NLO EW correction have modest impact on inclusive xsect, but can be 
important in the boosted regime (same order of QCD uncertainties)

• Boosted regime enhances photon contribution in LO-EW
• HBR contributions remain small
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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 ± 3.5 29.7+6.8

−11.1 ± 2.8 (24.2+4.8
−10.6 ± 4.5) 40.8+9.3

−9.1 ± 1.0

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.

owing to the opening at the NLO of partonic channels (qg) that feature a gluon PDF, while

no initial-state gluon is present at the LO – in the case of tt̄H and tt̄Z production, one

has gg-initiated partonic processes already at the Born level. As a consequence of this, the

scale uncertainty, which is relatively large for all processes, becomes extremely significant

in tt̄W± production of increasing hardness (large c.m. energy or boosted regime), where it

is predominantly of LO-type because of the growing contributions of qg-initiated partonic

processes. In all cases, the PDF uncertainties of the NLO QCD term are smaller than those

due to the hard scales, 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± pro-

duction, which has a LO EW cross section identically equal to zero), but constitute 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 states, 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 constitutes 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
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tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379 · 10−1 5.282 · 10−1 (1.955 · 10−2) 37.69

NLO QCD 5.956 · 10−2 2.426 · 10−1 (7.856 · 10−3) 18.99

LO EW 6.552 · 10−4 −2.172 · 10−4 (4.039 · 10−4) −4.278 · 10−1

LO EW no γ −1.105 · 10−3 −5.771 · 10−3 (−6.179 · 10−5) −5.931 · 10−1

NLO EW −4.540 · 10−3 −2.017 · 10−2 (−2.172 · 10−3) −1.974

NLO EW no γ −5.069 · 10−3 −2.158 · 10−2 (−2.252 · 10−3) −2.036

HBR 1.316 · 10−3 5.056 · 10−3 (4.162 · 10−4) 3.192 · 10−1

Table 5: Same as in table 3, for tt̄Z production.

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 ± 3.6 45.9+13.2

−15.5 ± 2.9 (40.2+11.1
−15.0 ± 4.7) 50.4+11.4

−10.9 ± 1.1

LO EW 0.5 ± 0.9 0.0 ± 0.7 (2.1 ± 1.6) −1.1± 0.2

LO EW no γ −0.8± 0.1 −1.1± 0.0 (−0.3 ± 0.0) −1.6± 0.0

NLO EW −3.3± 0.3 −3.8± 0.2 (−11.1 ± 0.5) −5.2± 0.1

NLO EW no γ −3.7± 0.1 −4.1± 0.1 (−11.5 ± 0.3) −5.4± 0.0

HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

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 the NLO

EW effects are barely within the NLO QCD scale uncertainty band; conversely, for tt̄H and

tt̄Z production NLO EW contributions are amply within the NLO QCD uncertainties. By

imposing at the NLO EW level and at the 13-TeV LHC the boosted conditions enforced by

eq. (3.1), the change w.r.t. the non-boosted scenario is largest in the case of tt̄H production

(by a factor equal to about 6.8); tt̄Z and tt̄W± behave similarly, with enhancement factors

in the range 2.5 − 3. However, for all processes the boosted kinematics are such that the

NLO EW terms are equal or larger than the scale uncertainties that affect the corresponding

NLO QCD terms. For both of the processes which have a non-trivial LO EW cross section
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HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

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 the NLO

EW effects are barely within the NLO QCD scale uncertainty band; conversely, for tt̄H and

tt̄Z production NLO EW contributions are amply within the NLO QCD uncertainties. By

imposing at the NLO EW level and at the 13-TeV LHC the boosted conditions enforced by

eq. (3.1), the change w.r.t. the non-boosted scenario is largest in the case of tt̄H production

(by a factor equal to about 6.8); tt̄Z and tt̄W± behave similarly, with enhancement factors

in the range 2.5 − 3. However, for all processes the boosted kinematics are such that the

NLO EW terms are equal or larger than the scale uncertainties that affect the corresponding

NLO QCD terms. For both of the processes which have a non-trivial LO EW cross section

(tt̄H and tt̄Z), the bb̄- and γg-initiated contributions tend to cancel each other. In the

case of tt̄H, an almost complete (and accidental) cancellation (relative to the LO QCD

term) occurs at a c.m. energy of 100 TeV, while for tt̄Z it so does at the much lower LHC

Run II energy. This implies that the impact of EW effects at the 13-TeV LHC is more

important in the case of tt̄Z than for tt̄H production, given that for the latter process the

LO and NLO contributions tend to cancel in the sum at this collider energy. However, it

is necessary to keep in mind the observation about the uncertainties induced on the LO

EW cross section by the photon density: a better determination of such a PDF would

be desirable, in order to render the statement above quantitatively more precise. Finally

for tt̄H production, by comparing the results of table 4 relevant to the NLO EW terms

– 9 –

tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379 · 10−1 5.282 · 10−1 (1.955 · 10−2) 37.69

NLO QCD 5.956 · 10−2 2.426 · 10−1 (7.856 · 10−3) 18.99

LO EW 6.552 · 10−4 −2.172 · 10−4 (4.039 · 10−4) −4.278 · 10−1

LO EW no γ −1.105 · 10−3 −5.771 · 10−3 (−6.179 · 10−5) −5.931 · 10−1

NLO EW −4.540 · 10−3 −2.017 · 10−2 (−2.172 · 10−3) −1.974

NLO EW no γ −5.069 · 10−3 −2.158 · 10−2 (−2.252 · 10−3) −2.036

HBR 1.316 · 10−3 5.056 · 10−3 (4.162 · 10−4) 3.192 · 10−1

Table 5: Same as in table 3, for tt̄Z production.

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 ± 3.6 45.9+13.2

−15.5 ± 2.9 (40.2+11.1
−15.0 ± 4.7) 50.4+11.4

−10.9 ± 1.1

LO EW 0.5 ± 0.9 0.0 ± 0.7 (2.1 ± 1.6) −1.1± 0.2

LO EW no γ −0.8± 0.1 −1.1± 0.0 (−0.3 ± 0.0) −1.6± 0.0

NLO EW −3.3± 0.3 −3.8± 0.2 (−11.1 ± 0.5) −5.2± 0.1

NLO EW no γ −3.7± 0.1 −4.1± 0.1 (−11.5 ± 0.3) −5.4± 0.0

HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

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 the NLO

EW effects are barely within the NLO QCD scale uncertainty band; conversely, for tt̄H and

tt̄Z production NLO EW contributions are amply within the NLO QCD uncertainties. By

imposing at the NLO EW level and at the 13-TeV LHC the boosted conditions enforced by

eq. (3.1), the change w.r.t. the non-boosted scenario is largest in the case of tt̄H production

(by a factor equal to about 6.8); tt̄Z and tt̄W± behave similarly, with enhancement factors

in the range 2.5 − 3. However, for all processes the boosted kinematics are such that the

NLO EW terms are equal or larger than the scale uncertainties that affect the corresponding

NLO QCD terms. For both of the processes which have a non-trivial LO EW cross section

(tt̄H and tt̄Z), the bb̄- and γg-initiated contributions tend to cancel each other. In the

case of tt̄H, an almost complete (and accidental) cancellation (relative to the LO QCD

term) occurs at a c.m. energy of 100 TeV, while for tt̄Z it so does at the much lower LHC

Run II energy. This implies that the impact of EW effects at the 13-TeV LHC is more

important in the case of tt̄Z than for tt̄H production, given that for the latter process the

LO and NLO contributions tend to cancel in the sum at this collider energy. However, it

is necessary to keep in mind the observation about the uncertainties induced on the LO

EW cross section by the photon density: a better determination of such a PDF would

be desirable, in order to render the statement above quantitatively more precise. Finally

for tt̄H production, by comparing the results of table 4 relevant to the NLO EW terms

– 9 –

tt̄Z : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.379 · 10−1 5.282 · 10−1 (1.955 · 10−2) 37.69

NLO QCD 5.956 · 10−2 2.426 · 10−1 (7.856 · 10−3) 18.99

LO EW 6.552 · 10−4 −2.172 · 10−4 (4.039 · 10−4) −4.278 · 10−1

LO EW no γ −1.105 · 10−3 −5.771 · 10−3 (−6.179 · 10−5) −5.931 · 10−1

NLO EW −4.540 · 10−3 −2.017 · 10−2 (−2.172 · 10−3) −1.974

NLO EW no γ −5.069 · 10−3 −2.158 · 10−2 (−2.252 · 10−3) −2.036

HBR 1.316 · 10−3 5.056 · 10−3 (4.162 · 10−4) 3.192 · 10−1

Table 5: Same as in table 3, for tt̄Z production.

tt̄Z : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 43.2+12.8
−15.9 ± 3.6 45.9+13.2

−15.5 ± 2.9 (40.2+11.1
−15.0 ± 4.7) 50.4+11.4

−10.9 ± 1.1

LO EW 0.5 ± 0.9 0.0 ± 0.7 (2.1 ± 1.6) −1.1± 0.2

LO EW no γ −0.8± 0.1 −1.1± 0.0 (−0.3 ± 0.0) −1.6± 0.0

NLO EW −3.3± 0.3 −3.8± 0.2 (−11.1 ± 0.5) −5.2± 0.1

NLO EW no γ −3.7± 0.1 −4.1± 0.1 (−11.5 ± 0.3) −5.4± 0.0

HBR 0.95 0.96 (2.13) 0.85

Table 6: Same as in table 4, for tt̄Z production.

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 the NLO

EW effects are barely within the NLO QCD scale uncertainty band; conversely, for tt̄H and

tt̄Z production NLO EW contributions are amply within the NLO QCD uncertainties. By

imposing at the NLO EW level and at the 13-TeV LHC the boosted conditions enforced by

eq. (3.1), the change w.r.t. the non-boosted scenario is largest in the case of tt̄H production

(by a factor equal to about 6.8); tt̄Z and tt̄W± behave similarly, with enhancement factors

in the range 2.5 − 3. However, for all processes the boosted kinematics are such that the

NLO EW terms are equal or larger than the scale uncertainties that affect the corresponding

NLO QCD terms. For both of the processes which have a non-trivial LO EW cross section

(tt̄H and tt̄Z), the bb̄- and γg-initiated contributions tend to cancel each other. In the

case of tt̄H, an almost complete (and accidental) cancellation (relative to the LO QCD

term) occurs at a c.m. energy of 100 TeV, while for tt̄Z it so does at the much lower LHC

Run II energy. This implies that the impact of EW effects at the 13-TeV LHC is more

important in the case of tt̄Z than for tt̄H production, given that for the latter process the

LO and NLO contributions tend to cancel in the sum at this collider energy. However, it

is necessary to keep in mind the observation about the uncertainties induced on the LO

EW cross section by the photon density: a better determination of such a PDF would

be desirable, in order to render the statement above quantitatively more precise. Finally

for tt̄H production, by comparing the results of table 4 relevant to the NLO EW terms

– 9 –



Marco Zaro, 28-05-2018

Results for ttH̄ and ttZ̄:
distributions
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Marco Zaro, 28-05-2018

Results for ttW̄:
 total rates (within boosted cuts)

• EW corrections larger than ttH̄/Z, in particular with boosted cuts
• HBR enhanced by parton luminosities: ttW̄W has gg, ttW̄ only qq ̄
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tt̄W+ : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 1.003 · 10−1 2.496 · 10−1 (7.749 · 10−3) 3.908

NLO QCD 4.089 · 10−2 1.250 · 10−1 (4.624 · 10−3) 6.114

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.899 · 10−3 −1.931 · 10−2 (−1.490 · 10−3) −3.650 · 10−1

NLO EW no γ −7.103 · 10−3 −1.988 · 10−2 (−1.546 · 10−3) −3.762 · 10−1

HBR 2.414 · 10−3 9.677 · 10−3 (5.743 · 10−4) 8.409 · 10−1

Table 7: Same as in table 3, for tt̄W+ production.

tt̄W+ : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 40.8+11.2
−12.3 ± 2.9 50.1+14.2

−13.5 ± 2.4 (59.7+18.9
−17.7 ± 3.1) 156.4+38.3

−35.0 ± 2.4

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.9± 0.2 −7.7± 0.2 (−19.2 ± 0.7) −9.3± 0.2

NLO EW no γ −7.1± 0.2 −8.0± 0.2 (−20.0 ± 0.5) −9.6± 0.1

HBR 2.41 3.88 (7.41) 21.52

Table 8: Same as in table 4, for tt̄W+ production.

with those of table 6 of ref. [31] relevant to the weak-only contributions to the NLO cross

section, one sees that the relative impact of QED effects decreases with the c.m. energy

and is rather negligible in the boosted scenario, as expected. These QED effects have the

opposite sign w.r.t. those of weak origin, and can be as large as half of the latter at the

LHC Run I.

As far as the HBR cross sections are concerned, some general considerations about

the various mechanisms that govern the (partial) compensation between these terms and

the one-loop contributions of weak origin have already been given in ref. [31]; they are

not tt̄H-specific, and hence will not be repeated here. We limit ourselves to observing, by

inspection of tables 4, 6, 8, and 10, that relative to the LO QCD cross sections the tt̄H

and tt̄Z HBR contributions have a mild dependence on the c.m. energy (slightly increasing

for the former process and decreasing for the latter one); the NLO EW contribution tend

to become clearly dominant over HBR by increasing the collider energy and especially in

a boosted scenario. The situation is quite the opposite for tt̄W± production, where the

growth of the HBR rates is not matched by that of the NLO EW terms, so that the HBR

cross section is largely dominant over the latter at a 100 TeV collider (but not quite so in

a boosted configuration at the LHC Run II). The origin of this fact is the same as that

responsible for the growth of the NLO QCD contributions, namely partonic luminosities;

in particular, the tt̄W+W− final state can be obtained from a gg-initiated partonic process.

While the above statement must be carefully reconsidered in the context of fully-realistic

simulations, where acceptance cuts are imposed on the decay products of the tops and of
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tt̄W− : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427 · 10−2 1.265 · 10−1 (3.186 · 10−3) 2.833

NLO QCD 1.870 · 10−2 6.515 · 10−2 (2.111 · 10−3) 4.351

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −2.634 · 10−3 −8.502 · 10−3 (−5.838 · 10−4) −2.400 · 10−1

NLO EW no γ −2.761 · 10−3 −8.912 · 10−3 (−6.094 · 10−4) −2.484 · 10−1

HBR 1.924 · 10−3 8.219 · 10−3 (4.781 · 10−4) 8.192 · 10−1

Table 9: Same as in table 3, for tt̄W− production.

tt̄W− : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11.9
−12.7 ± 3.3 51.5+14.8

−13.8 ± 2.8 (66.3+21.7
−19.6 ± 3.9) 153.6+37.7

−34.9 ± 2.2

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.0± 0.3 −6.7± 0.2 (−18.3 ± 0.8) −8.5± 0.2

NLO EW no γ −6.2± 0.2 −7.0± 0.2 (−19.1 ± 0.6) −8.8± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, for tt̄W− production.

the vector bosons, it does say that, in such simulations, HBR contributions cannot simply

be neglected. Note that the behaviour with the c.m. energy of the tt̄W+ and tt̄W− cross

sections is not identical, mainly owing to the fact that the former (latter) process is more

sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus give predictions obtained in the Gµ scheme, with the

parameters set as in eq. (3.6); we limit ourselves to considering the 13-TeV LHC, and do

not include HBR cross sections in this study. We define a quantity analogous to that of

eq. (3.10) in the Gµ scheme:

δ
Gµ

X =
σ
Gµ

X

σ
Gµ

LO QCD

. (3.11)

We also introduce the following ratios, that help measure the differences between analogous

results in the two schemes:

∆
Gµ

LO QCD =
σLO QCD − σ

Gµ

LO QCD

σLO QCD
, (3.12)

∆
Gµ

LO EW =
σLO QCD + σLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW)

σLO QCD + σLO EW
, (3.13)

∆
Gµ

NLO EW =
σLO QCD + σLO EW + σNLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW + σ
Gµ

NLO EW)

σLO QCD + σLO EW + σNLO EW
. (3.14)

– 11 –

tt̄W− : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427 · 10−2 1.265 · 10−1 (3.186 · 10−3) 2.833

NLO QCD 1.870 · 10−2 6.515 · 10−2 (2.111 · 10−3) 4.351

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −2.634 · 10−3 −8.502 · 10−3 (−5.838 · 10−4) −2.400 · 10−1

NLO EW no γ −2.761 · 10−3 −8.912 · 10−3 (−6.094 · 10−4) −2.484 · 10−1

HBR 1.924 · 10−3 8.219 · 10−3 (4.781 · 10−4) 8.192 · 10−1

Table 9: Same as in table 3, for tt̄W− production.

tt̄W− : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11.9
−12.7 ± 3.3 51.5+14.8

−13.8 ± 2.8 (66.3+21.7
−19.6 ± 3.9) 153.6+37.7

−34.9 ± 2.2

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.0± 0.3 −6.7± 0.2 (−18.3 ± 0.8) −8.5± 0.2

NLO EW no γ −6.2± 0.2 −7.0± 0.2 (−19.1 ± 0.6) −8.8± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, for tt̄W− production.

the vector bosons, it does say that, in such simulations, HBR contributions cannot simply

be neglected. Note that the behaviour with the c.m. energy of the tt̄W+ and tt̄W− cross

sections is not identical, mainly owing to the fact that the former (latter) process is more

sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus give predictions obtained in the Gµ scheme, with the

parameters set as in eq. (3.6); we limit ourselves to considering the 13-TeV LHC, and do

not include HBR cross sections in this study. We define a quantity analogous to that of

eq. (3.10) in the Gµ scheme:

δ
Gµ

X =
σ
Gµ

X

σ
Gµ

LO QCD

. (3.11)

We also introduce the following ratios, that help measure the differences between analogous

results in the two schemes:

∆
Gµ

LO QCD =
σLO QCD − σ

Gµ

LO QCD

σLO QCD
, (3.12)

∆
Gµ

LO EW =
σLO QCD + σLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW)

σLO QCD + σLO EW
, (3.13)

∆
Gµ

NLO EW =
σLO QCD + σLO EW + σNLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW + σ
Gµ

NLO EW)

σLO QCD + σLO EW + σNLO EW
. (3.14)

– 11 –

tt̄W− : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427 · 10−2 1.265 · 10−1 (3.186 · 10−3) 2.833

NLO QCD 1.870 · 10−2 6.515 · 10−2 (2.111 · 10−3) 4.351

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −2.634 · 10−3 −8.502 · 10−3 (−5.838 · 10−4) −2.400 · 10−1

NLO EW no γ −2.761 · 10−3 −8.912 · 10−3 (−6.094 · 10−4) −2.484 · 10−1

HBR 1.924 · 10−3 8.219 · 10−3 (4.781 · 10−4) 8.192 · 10−1

Table 9: Same as in table 3, for tt̄W− production.

tt̄W− : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11.9
−12.7 ± 3.3 51.5+14.8

−13.8 ± 2.8 (66.3+21.7
−19.6 ± 3.9) 153.6+37.7

−34.9 ± 2.2

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.0± 0.3 −6.7± 0.2 (−18.3 ± 0.8) −8.5± 0.2

NLO EW no γ −6.2± 0.2 −7.0± 0.2 (−19.1 ± 0.6) −8.8± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, for tt̄W− production.

the vector bosons, it does say that, in such simulations, HBR contributions cannot simply

be neglected. Note that the behaviour with the c.m. energy of the tt̄W+ and tt̄W− cross

sections is not identical, mainly owing to the fact that the former (latter) process is more

sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus give predictions obtained in the Gµ scheme, with the

parameters set as in eq. (3.6); we limit ourselves to considering the 13-TeV LHC, and do

not include HBR cross sections in this study. We define a quantity analogous to that of

eq. (3.10) in the Gµ scheme:

δ
Gµ

X =
σ
Gµ

X

σ
Gµ

LO QCD

. (3.11)

We also introduce the following ratios, that help measure the differences between analogous

results in the two schemes:

∆
Gµ

LO QCD =
σLO QCD − σ

Gµ

LO QCD

σLO QCD
, (3.12)

∆
Gµ

LO EW =
σLO QCD + σLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW)

σLO QCD + σLO EW
, (3.13)

∆
Gµ

NLO EW =
σLO QCD + σLO EW + σNLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW + σ
Gµ

NLO EW)

σLO QCD + σLO EW + σNLO EW
. (3.14)

– 11 –

tt̄W− : σ( pb) 8 TeV 13 TeV 100 TeV

LO QCD 4.427 · 10−2 1.265 · 10−1 (3.186 · 10−3) 2.833

NLO QCD 1.870 · 10−2 6.515 · 10−2 (2.111 · 10−3) 4.351

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −2.634 · 10−3 −8.502 · 10−3 (−5.838 · 10−4) −2.400 · 10−1

NLO EW no γ −2.761 · 10−3 −8.912 · 10−3 (−6.094 · 10−4) −2.484 · 10−1

HBR 1.924 · 10−3 8.219 · 10−3 (4.781 · 10−4) 8.192 · 10−1

Table 9: Same as in table 3, for tt̄W− production.

tt̄W− : δ(%) 8 TeV 13 TeV 100 TeV

NLO QCD 42.2+11.9
−12.7 ± 3.3 51.5+14.8

−13.8 ± 2.8 (66.3+21.7
−19.6 ± 3.9) 153.6+37.7

−34.9 ± 2.2

LO EW 0 0 0

LO EW no γ 0 0 0

NLO EW −6.0± 0.3 −6.7± 0.2 (−18.3 ± 0.8) −8.5± 0.2

NLO EW no γ −6.2± 0.2 −7.0± 0.2 (−19.1 ± 0.6) −8.8± 0.1

HBR 4.35 6.50 (15.01) 28.91

Table 10: Same as in table 4, for tt̄W− production.

the vector bosons, it does say that, in such simulations, HBR contributions cannot simply

be neglected. Note that the behaviour with the c.m. energy of the tt̄W+ and tt̄W− cross

sections is not identical, mainly owing to the fact that the former (latter) process is more

sensitive to valence (sea) quark densities.

We now turn to discussing how the results presented so far might be affected by a

change of EW scheme. We thus give predictions obtained in the Gµ scheme, with the

parameters set as in eq. (3.6); we limit ourselves to considering the 13-TeV LHC, and do

not include HBR cross sections in this study. We define a quantity analogous to that of

eq. (3.10) in the Gµ scheme:

δ
Gµ

X =
σ
Gµ

X

σ
Gµ

LO QCD

. (3.11)

We also introduce the following ratios, that help measure the differences between analogous

results in the two schemes:

∆
Gµ

LO QCD =
σLO QCD − σ

Gµ

LO QCD

σLO QCD
, (3.12)

∆
Gµ

LO EW =
σLO QCD + σLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW)

σLO QCD + σLO EW
, (3.13)

∆
Gµ

NLO EW =
σLO QCD + σLO EW + σNLO EW − (σ

Gµ

LO QCD + σ
Gµ

LO EW + σ
Gµ

NLO EW)

σLO QCD + σLO EW + σNLO EW
. (3.14)

– 11 –



Marco Zaro, 28-05-2018

Results for ttW̄:
distributions
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ttW asymmetry:
A look BSM

• Several BSM solutions have been proposed to cure the 
discrepancies observed at the Tevatron

• What is their effect at the LHC, in particular for ttW̄? 
• Choose one simple case: the axigluon model
• Extra color octet G which couples differently to quarks of 

different chiralities and to u/d and heavy quarks
• The interference between the gluon and axigluon gives an 

asymmetry at LO
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Benchmark scenarios:

 30

Light, universal G Heavy, non-universal G

I (left) II (axial) III (left) IV (axial)

mG=200GeV
ΓG=50GeV

mG=2TeV

ΓG=1.123TeV ΓG=0.742TeV

guL=gdL=0.5gs guL=gdL=-0.4gs guL=gdL=-0.8gs guL=gdL=0.6gs

guR=gdR=0 guR=gdR=0.4gs guR=gdR=0 guR=-0.6gs  gdL=0

gtR,L=-guR,L gtR=0  gtL=6gs gtR=-gtL=4gs

W boson polarises light quarks: σ=0 in right-handed scenarios 
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Combination of BSM 
and SM asymmetries

• What is the expected asymmetry in the SM with an 
extra axigluon?
• The SM asymmetry appears at NLO
• The axigluon asymmetry appears at LO
• Combine the two asymmetries, beware of double counting!
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Results
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