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Outline and references:

• t t:̄ EW (and complete-NLO) corrections (+NNLO 
QCD)  
Pagani, Tsinikos, MZ: arXiv:1606.01915, +Czakon, Mitov, Heymes: arXiv:1705.04105 & 1711.03945	

• t tV̄(V=W/Z/H): (EW corrections for t tV̄ and) complete-
NLO for t tW̄ 
Frixione, Hirschi, Pagani, Shao, MZ: arXiv:1504.03446, Frederix, Pagani, MZ:arXiv:1711.02116	

• t tW̄ charge asymmetry 
Maltoni, Mangano, Tsinikos, MZ, arXiv:1406.3262	

• t tt̄ t:̄ complete-NLO corrections 
Frederix, Pagani, MZ:arXiv:1711.02116
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EW Corrections for t t:̄

• Sudakov-like behaviour of EW corrections, very similar  
between 13 and 100 TeV	

• Corrections are moderate (~-10% w.r.t LO at pT=1 TeV), and comparable to 
NNLO QCD uncertainties (dominated by PDF at 13 TeV)	

• Contributions of subleading coupling combinations at LO and NLO is negligible
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Fig. 4. Differential distributions for the pT (t) at 13 TeV. The format of the plots is described in detail in the text.
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Fig. 5. Differential distributions for the m(tt̄) at 13 TeV. The format of the plots is described in detail in the text.

of the detector, these cuts have an effect on predictions for high
m(tt̄). This is shown in fig. 6, which is equivalent to fig. 5, but
with |y(t)|, |y(t̄)|< 2.5 cuts. At large invariant masses, tops are
preferably produced in the forward or backward region, due
to the t- and u-channel diagrams in the gg-channel, which is
much less suppressed than the qq̄ channels featuring only s-
channel diagrams at LO QCD. Rapidity cuts suppress the gg
contribution, as well as gg contributions, but also enhance the
typical value of the partonic Mandelstam variables t̂ and û.

Consequently, with those cuts, we observe larger values for the
Sudakov logarithms (plot on the left) and a similar behaviour
for the photon-induced contributions. Moreover, we can notice
that, as in the pT (t) distributions in fig. 4, also in the tails of
the plots in fig. 6 the ratio SNLO QCD/SLO QCD in the first insets
decrease, at variance with fig. 5, where cuts are not applied.
This trend is correlated with the fraction of the cross section
originating from the gg initial state, which is decreasing in the
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Fig. 10. Differential distributions for the pT (t) at 100 TeV. The format of the plots is described in detail in the text.
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Fig. 11. Differential distributions for the m(tt̄) at 100 TeV. The format of the plots is described in detail in the text.

asymmetry [28–30, 51]. However, we observed the same qual-
itative behaviour for the photon PDF and the EW corrections
in y(t) and y(t̄) distributions. Moreover, the gg channel cannot
give a contribution to the numerator of the charge asymmetry
(see also ref. [52]), and all the other contributions to the asym-
metry have already been investigated in ref. [30].

The distributions that have been discussed for the LHC at
13 TeV are also presented for a FCC at 100 TeV, with larger

ranges for the abscissae. 9 By comparing plots in figs. 10-13
with their corresponding ones at 13 TeV, it can be noticed that
the impact of the photon PDF is strongly reduced at 100 TeV.
In each figure, the plot on the right (with photons in the ini-
tial state) does not exhibit any qualitatively different behaviour
w.r.t. the plot on the left. The smaller impact of the photon-
induced contributions at 100 TeV w.r.t the 13 TeV case is due

9 We provided a few representative results also in [53].
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Figure 1. Our best predictions for the four LHC 13 TeV tt̄ di↵erential distributions considered in
this work. The predictions are based on the multiplicative approach. Shown are the scale, PDF and
combined (in quadrature) theory uncertainties for each QCD⇥ EW distribution. The boundaries
of the PDF variation band are marked with black dashed lines. Also shown is the ratio of central
scales for the combined QCD and EW prediction with respect to the NNLO QCD one.

interested reader to consult secs. 3 and 4 where detailed comparisons between the two PDF

sets as well as between the two approaches for combining QCD and EW corrections can

be found.

From the plots shown in fig. 1 we conclude that the impact of the EW corrections

relative to NNLO QCD depends strongly on the kinematic distribution. The smallest

impact is observed in the two rapidity distributions: the relative e↵ect for yavt is around

2 permil and is much smaller than the scale uncertainty. The y(tt̄) distribution is slightly
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Complete-NLO corrections for t tW̄

4

• QCD corrections to ttW are dominated by hard-
jet and soft-W configurations (giant K-factors)	

• A jet veto (pT>100 GeV, |y|<2.5) disfavours these 
configurations, bringing more stable predictions	

• NLO3 (αsα3) includes t-W scattering, large and 
positive contribution which survives jet veto:  
10/20/55% (vs NLO1 25/30/70%) w.r.t LO1 at 
13/27/100 TeV, while EW (αs2α2) corrections are 
~-5%	

• Complete-NLO and NLO QCD+EW bands 
barely overlap in large part of the phase-space
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Figure 2: Individual NLOi contributions to tt̄W± production at 27 TeV normalised to LO1 ⌘
LOQCD, for di↵erent values of the scale µ for the same distributions as considered in Fig. ??.
These plots do not directly show scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘
NLOEW.
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Figure 8. Same as Fig. 7 but for 100 TeV collisions.
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Figure 7. Individual NLOi contributions to tt̄W± production at 13 TeV normalised to LO1 ⌘
LOQCD, for different values of the scale µ for the same distributions as considered in Fig. 5. These
plots do not directly show scale uncertainties. Note that NLO1 ⌘ NLOQCD and NLO2 ⌘ NLOEW.
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Charge asymmetry in t tW̄

• ttW̄ displays a rather large (2.5%) central-peripheral 
asymmetry	

• W polarizes initial quarks→tops are highly polarised 
→very large asymmetries for the top decay products 
(if spin correlations are kept)	

• Estimate of collider reach makes it interesting to try 
to measure asymmetries in t tW̄ already at 13/14 TeV 
(more from Andrea and Pieter?)

5

*

3

Order tt̄W± tt̄W+ tt̄W�

�(fb) NLO 210+11%
�11% 146+11%

�11% 63.6+11%
�11%

At
C (%)

LO 0.01± 0.05 �0.02± 0.05 0.00± 0.05

LO+PS 0.02± 0.03 0.05± 0.03 0.05± 0.03

NLO 2.5+0.7
�0.3 2.7+0.8

�0.4 2.0+0.8
�0.2

NLO+PS 2.3+0.6
�0.4 2.4+0.6

�0.2 1.9+0.4
�0.4

TABLE II: Total cross sections and the asymmetry At
C , cal-

culated at LO, NLO fixed order and LO+PS, NLO+PS, for
pp ! tt̄W± at 8 TeV. At the LO there is no top-quark
charge asymmetry, while including the parton shower gener-
ates a small asymmetry. The uncertainties for the total cross
sections refer respectively to scales and PDFs. For the asym-
metries, at LO(+PS) we quote the MC uncertainties and at
NLO(+PS) those coming from scale variation. For the asym-
metries PDF uncertainties are negligible and MC uncertain-
ties are less than 0.1 (%).
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FIG. 3: At
C asymmetry at fixed NLO.

dū ! tt̄W

�, respectively. The longitudinal momenta of
the initial partons are on average pu > pd > pū ⇡ pd̄. In
both cases the momentum of the t (t̄) quark is connected
to the momentum of the q (q̄). The large longitudinal
momentum transferred to the t quark from the initial u
quark (tt̄W+) increases the corresponding |⌘t| value. As
a result the asymmetry (�t

⌘ = |⌘t| � |⌘t̄|) is enhanced
compared to the tt̄W

� final state.
As a next step, we consider results in the case of a

NLO+PS simulation, using Herwig6 [37] for showering
and hadronization. We show the results in the third
line of Tab. II. The asymmetry at LO+PS (not shown
in the table) remains zero within uncertainties. At the
NLO+PS level a small decrease compared to fixed order
NLO is found.

Finally, we analyze the results obtained including the
decays of the top quarks and the W -boson. In order to
keep spin correlations intact for the final lepton and b,
b̄ distributions, Madspin [38] is employed. In so doing

parton-level events are decayed using the full tree-level
matrix element 2 ! 8 for the Born-like contributions and
2 ! 9 for those involving extra radiation, before they are
passed to Herwig6.

Order tt̄W± tt̄W+ tt̄W�

Ab
C (%)

LO+PS 7.32+0.08
�0.28 7.90+0.14

�0.16 5.60+0.14
�0.08

NLO+PS 8.39+0.09
+0.04 9.32+0.01

�0.20 6.76+0.05
�0.11

Ae
C (%)

LO+PS �17.30�0.07
+0.27 �18.65�0.18

+0.07 �13.51�0.02
+0.05

NLO+PS �15.1�1.2
+0.4 �16.1�0.8

+0.8 �12.1�0.9
+0.5

TABLE III: Asymmetries Ab,e
C , calculated at LO+PS and

NLO+PS level, for pp ! tt̄W± at 8 TeV. Figures in the
table have around 0.1% of statistical uncertainty.

At this exploratory stage, we use the MC truth in
order to correctly identify leptons and b-jets coming from
the top and anti-top quark decays, without considering
issues related with the top quark reconstruction. Fur-
thermore we ask that the leptons coming from top (anti)
quark decays are positrons (electrons), while the extra
W bosons decay into muons, requiring the following
decay chains:

• t ! bW

+ ! be

+
⌫e • t̄ ! b̄W

� ! b̄e

�
⌫̄e

• W

� ! µ

�
⌫̄µ • W

+ ! µ

+
⌫µ .

We present the asymmetries Ab
C and A

e
C in Tab. III. The

former is computed by reconstructing the b-jets in the
event which come from the top and anti-top quark. We
cluster hadrons into jets using the kT algorithm as im-
plemented in FastJet [39], with R = 0.7, pT > 20 GeV
and |⌘| < 4.5. Using smaller values of the R parameter
does not alter significantly the results. Events which do
not feature two b-jets are discarded for the computation
of Ab

C .
Two observations on the e↵ects of NLO corrections

can be made: the first is that for both A

e
C and A

b
C NLO

corrections tend to shift the asymmetries towards posi-
tive values, an e↵ect which is consistent with A

t
C being

positive at the NLO. The second observation is that the
scale dependence of these asymmetries is very small at
the LO, while it becomes larger at the NLO, as it can be
seen in Fig. 4. This is due to the fact that being the LO
asymmetry a result of spin correlations, it has therefore
a di↵erent origin from the NLO A

t
C asymmetry.

III. BSM : THE AXIGLUON MODEL

The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a

*b-jets, kT-algo, R=0.5, pT>20 GeV, |y|<4.5, MCTruth
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and hadronization. We show the results in the third
line of Tab. II. The asymmetry at LO+PS (not shown
in the table) remains zero within uncertainties. At the
NLO+PS level a small decrease compared to fixed order
NLO is found.

Finally, we analyze the results obtained including the
decays of the top quarks and the W -boson. In order to
keep spin correlations intact for the final lepton and b,
b̄ distributions, Madspin [38] is employed. In so doing
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matrix element 2 ! 8 for the Born-like contributions and
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Order tt̄W± tt̄W+ tt̄W�

Ab
C (%)

LO+PS 7.32+0.08
�0.28 7.90+0.14

�0.16 5.60+0.14
�0.08

NLO+PS 8.39+0.09
+0.04 9.32+0.01

�0.20 6.76+0.05
�0.11

Ae
C (%)

LO+PS �17.30�0.07
+0.27 �18.65�0.18

+0.07 �13.51�0.02
+0.05

NLO+PS �15.1�1.2
+0.4 �16.1�0.8

+0.8 �12.1�0.9
+0.5

TABLE III: Asymmetries Ab,e
C , calculated at LO+PS and

NLO+PS level, for pp ! tt̄W± at 8 TeV. Figures in the
table have around 0.1% of statistical uncertainty.

At this exploratory stage, we use the MC truth in
order to correctly identify leptons and b-jets coming from
the top and anti-top quark decays, without considering
issues related with the top quark reconstruction. Fur-
thermore we ask that the leptons coming from top (anti)
quark decays are positrons (electrons), while the extra
W bosons decay into muons, requiring the following
decay chains:

• t ! bW

+ ! be

+
⌫e • t̄ ! b̄W

� ! b̄e

�
⌫̄e

• W

� ! µ

�
⌫̄µ • W

+ ! µ

+
⌫µ .

We present the asymmetries Ab
C and A

e
C in Tab. III. The

former is computed by reconstructing the b-jets in the
event which come from the top and anti-top quark. We
cluster hadrons into jets using the kT algorithm as im-
plemented in FastJet [39], with R = 0.7, pT > 20 GeV
and |⌘| < 4.5. Using smaller values of the R parameter
does not alter significantly the results. Events which do
not feature two b-jets are discarded for the computation
of Ab

C .
Two observations on the e↵ects of NLO corrections

can be made: the first is that for both A

e
C and A

b
C NLO

corrections tend to shift the asymmetries towards posi-
tive values, an e↵ect which is consistent with A

t
C being

positive at the NLO. The second observation is that the
scale dependence of these asymmetries is very small at
the LO, while it becomes larger at the NLO, as it can be
seen in Fig. 4. This is due to the fact that being the LO
asymmetry a result of spin correlations, it has therefore
a di↵erent origin from the NLO A

t
C asymmetry.

III. BSM : THE AXIGLUON MODEL

The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a

In order to calculate the asymmetries at the best of our
knowledge we combine additively the NLO prediction for
the SM to the BSM one at LO, i.e.,

�tot ⌘ �

SM
NLO + �

BSM
LO ,

where
�

BSM
LO = |AG̃ +ASM|2 � |ASM|2,

i.e., the contribution of the diagram featuring the axigluon
exchange squared as well as the interference with the SM
amplitude. For consistency, we employ NLO PDF’s in
both SM and BSM terms.

The total asymmetry reads

Ac =
�

SM
NLO

�tot
A

SM
c +

�

BSM
LO

�tot
A

BSM
c . (10)

NLO+BSM (µf = µr = 2mt) At
c(%) Ab

c(%) A`
c(%)

mG̃ = 200 GeV, left-handed 5.23 10.67 �13.42

mG̃ = 200 GeV, axial 6.69 11.55 �11.96

mG̃ = 2000 GeV, left-handed 8.76 13.50 �9.02

mG̃ = 2000 GeV, axial 7.63 12.55 �10.25

Table 4: Total asymmetries Ai
c, calculated for pp ! t¯tW± at 8 TeV.

Figures in the table have around 0.1 (%) of statistical uncertainty.

NLO+BSM (µf = µr = 2mt) At
c(%) Ab

c(%) A`
c(%)

mG̃ = 200 GeV, left-handed 4.73 9.91 �11.93

mG̃ = 200 GeV, axial 6.28 10.61 �10.37

mG̃ = 2000 GeV, left-handed 11.54 15.53 �3.45

mG̃ = 2000 GeV, axial 7.35 11.13 �7.46

Table 5: Total asymmetries Ai
c, calculated for pp ! t¯tW± at 13 TeV.

Figures in the table have around 0.1 (%) of statistical uncertainty.

All results include showering and hadronization. The ef-
fect of the axigluon BSM is calculated using Eq. (10) and
the results are presented in Tables 4 and 5 (at 8 and 13
TeV respectively), with the scales µf = µr = 2mt. We in-
clude the uncertainties due to scale variation (µf = µr =

mt, 2mt, 4mt) separately for the three A

i
c asymmetries in

Fig. 6 (Fig. 7) for
p
s = 8 TeV (

p
s = 13 TeV).

To compare with the sensitivity of the standard charge
asymmetry in t

¯

t final states, we show the results for 13 TeV
in Fig. 8. These plots, compared to those in Fig. 7, show
that the relative impact of BSM modifications is larger for

the t

¯

tW

± asymmetries than for the t

¯

t ones. The reason is
that any asymmetry in the t

¯

t final state, whether induced
by QCD effects or by BSM physics, is largely washed out
by the symmetric contribution due to the gg initial state.
Of course the ultimate reach of measurements in the t¯tW±

is challenged by the reduced statistics; we shall show in the
next section that the high luminosities expected in future
runs of the LHC are sufficient to precisely measure the SM
asymmetries, and to expose possible BSM contributions.

4. Outlook and conclusions

In the previous sections we have argued that the po-
larization and asymmetry effects in t

¯

tW

± production are
large enough to offer a useful handle to constrain new
physics effects. The question, however, is whether such
effects will be measurable given the expected cross sec-
tions and luminosities at present and future colliders. To
this aim, we have calculated the cross section for the t¯tW±

process (Tab. 6) at various pp collider energies, as well as
the corresponding asymmetries Ai

c, i = t, b, e. For compar-
ison, we also show the results for inclusive t

¯

t production.
To start with, we observe the steady reduction with

beam energy of the leptonic and b asymmetries. This is due
to the growing role of the qg initial-state channel (shown in
Tab. 7), which dilutes the EW component of the asymme-
try of the decay products. The intrinsic QCD component
of the asymmetry is nevertheless more stable, with A

t
c be-

ing reduced by at most 20% over the range 8–100 TeV.
The values of Ab,`

c obtained at 100 TeV by suppressing the
spin correlations are A

b
c = 1.47 and A

`
c = 1.55, once again

close to the value of At
c = 1.85.

The charge asymmetry in t

¯

t production, viceversa, is
reduced by a factor ⇠ 6 when increasing the energy from
8 to 100 TeV. This is due to two effects related to the
small-x behavior of the PDF’s: first the gg channel, which
is symmetric and therefore enters only in the denomina-
tor of Eq. (1) becomes more and more dominant; second
the q and q̄ asymmetry at large rapidities is less and less
pronounced.

To derive a quantitative estimate of the statistical pre-
cision that could be optimistically reached under various
energies and luminosity scenarios, we assume leptonic (` =
e, µ) decays for the top quarks

� = �(t

¯

tW

±
) · BR(t ! bl

+
⌫l)

2
= 0.0484 · �(t¯tW±

) ,

and neglect acceptance and reconstruction efficiencies. Us-
ing the results collected in Tab. 6 we find:

• 8 TeV (L = 40 fb�1):

�relA
t
c = 209%, �relA

b
c = 58%, �relA

`
c = 33%

• 14 TeV (L = 300 fb�1):

�relA
t
c = 45%, �relA

b
c = 13%, �relA

`
c = 8%

6

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 t¯t and t¯tW± 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 t¯tW+ process for µf = µr = 2mt.

• 14 TeV (L = 3000 fb�1):

�relA
t
c = 14%, �relA

b
c = 4%, �relA

`
c = 2%

• 100 TeV (L = 3000 fb�1):

�relA
t
c = 3%, �relA

b
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 A

t
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 A

t
c.

In conclusion, the main motivation of our work has
been the observation that the top quark charge asymme-
try in pp ! t

¯

tW

± at the LHC is larger than that of in-
clusive t

¯

t, 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 ! t

¯

tW

± and dis-
cussed the prospects in LHC Run II, HL-LHC and at fu-
ture colliders.

The t

¯

tW

± final state will not replace the use of the
t

¯

t 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 t

¯

t 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 !
t

¯

t scattering, on the same lines as e

�
Le

+
R ! t

¯

t 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
) sin

2
✓

⇤

(1 + � cos ✓

⇤
)

2
,

7

Uncertainties estimate  
(di-leptonic top decay), 100% eff.
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Complete-NLO corrections  
in 4-top production

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

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

• Away from threshold, complete-NLO and NLO QCD are remarkably closer	
• Cancelations may be spoiled by BSM effects
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Thank you!
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Backup: t tH̅ and t tZ̅	
rates (with boosted cuts)

8

• 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

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

– 8 –
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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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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
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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

(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
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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
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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
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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
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