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Minlo’ t-channel single-top

Small differences between 
ST/STJ and STJ* at 
small scales, but this is 
deep in the Sudakov 
region, where higher 
accurate resummation is 
needed (and non-
perturbative effects play 
an important role as well)

Uncertainty band for ST 
y12 is too small -> artefact 
of POWHEG 
methodology
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Figure 4. Differential jet rates in the exclusive kt clustering algorithm [80], with jet radius param-
eter R = 1. The left-hand plot presents predictions for the 0 ! 1 jet rate, py01, corresponding to
the value of the distance measure in that algorithm at which a 1-jet event would become resolved as
a 0-jet one. The right-hand plot shows the 1 ! 2 jet rate, py12, analogously defined. As in Figs. 2
and 3, all predictions include the effects of parton showering provided by Pythia8, and follow the
same colour conventions.

p
y01 . 5 GeV, the blue STJ prediction lies within ⇠ 10% of the green ST result. In the

same region, all the way up to p
y01 = 1 TeV the central STJ? prediction lies within the tiny

ST scale uncertainty band, which is never more than ±4% wide. Moreover, the STJ? scale
uncertainty band is, again, greatly shrunk with respect to that of the STJ simulation, being
at the level of +2%/�6% down to p

y01 . 10 GeV. This level of agreement is satisfying
considering that a linear plot of the leading jet transverse momentum spectrum (not shown)
reveals that the cross section falls by five orders of magnitude in the interval 10 ! 1000 GeV.

As we approach 5 GeV in the p
y01 spectrum from above, we observe a sharp irregu-

lar behaviour from the NLO accurate ST generator. In particular, the latter distribution
exhibits a sharp downward step with respect to the STJ and STJ? predictions. This same
trend is also clear very close to 5 GeV in the transverse momentum spectra of the first and
second jets (not shown). The feature arises due to the fact that the ST program generates
real radiation events from bq ! tq0 underlying Born configurations via the Powheg Su-
dakov form factor. The latter Sudakov form factor exponent contains b-quark PDFs in its
numerator and denominator, evaluated at the transverse momentum scale of the would-be
emitted radiation, pT,rad. The b-quark PDFs evaluate to zero as soon as pT,rad < mb,0, where
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the value of the distance measure in that algorithm at which a 1-jet event would become resolved as
a 0-jet one. The right-hand plot shows the 1 ! 2 jet rate, py12, analogously defined. As in Figs. 2
and 3, all predictions include the effects of parton showering provided by Pythia8, and follow the
same colour conventions.

p
y01 . 5 GeV, the blue STJ prediction lies within ⇠ 10% of the green ST result. In the

same region, all the way up to p
y01 = 1 TeV the central STJ? prediction lies within the tiny

ST scale uncertainty band, which is never more than ±4% wide. Moreover, the STJ? scale
uncertainty band is, again, greatly shrunk with respect to that of the STJ simulation, being
at the level of +2%/�6% down to p

y01 . 10 GeV. This level of agreement is satisfying
considering that a linear plot of the leading jet transverse momentum spectrum (not shown)
reveals that the cross section falls by five orders of magnitude in the interval 10 ! 1000 GeV.

As we approach 5 GeV in the p
y01 spectrum from above, we observe a sharp irregu-

lar behaviour from the NLO accurate ST generator. In particular, the latter distribution
exhibits a sharp downward step with respect to the STJ and STJ? predictions. This same
trend is also clear very close to 5 GeV in the transverse momentum spectra of the first and
second jets (not shown). The feature arises due to the fact that the ST program generates
real radiation events from bq ! tq0 underlying Born configurations via the Powheg Su-
dakov form factor. The latter Sudakov form factor exponent contains b-quark PDFs in its
numerator and denominator, evaluated at the transverse momentum scale of the would-be
emitted radiation, pT,rad. The b-quark PDFs evaluate to zero as soon as pT,rad < mb,0, where
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ST: default POWHEG NLO t-channel single-top predictions 
STJ: new t-channel single-top+jet NLO in POWHEG 
STJ*: Minlo’ merged ST+STJ (without merging scale through enforcing unitarity)

[S. Carrazza, RF, K. Hamilton and G. Zanderighi, arXiv:1805.09855]

The preferred (i.e. most-accurate) predictions for t-channel single-top production



NLO EW corrections



EW corrections
Just as one can have a perturbative series in the strong 
coupling, one can also include higher order corrections in 
the electroweak (EW) coupling

By comparing the strength of the strong to the EW 
coupling, one expects that NNLO QCD corrections of 
similar importance to NLO EW corrections

On top of that, EW corrections can be enhanced in 
certain kinematical regions, where they can result in 
several tens of percents:

Close to EW resonances, radiation from decay 
products results in sizeable changes

When photon luminosity is important

Large transverse) momenta or invariants result in 
large EW corrections

Important in BSM searches, particularly when 
understanding shapes of backgrounds is a must
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Figure 7: Transverse momentum of the hardest same-flavour dressed-lepton pair in the

processes of eq. (6.17) (left panel), and Higgs transverse momentum in the processes of

eq. (6.18) (right panel).

We have chosen the two processes in eq. (6.17) in order to be definite, as representatives of

the class of reactions with four final-state leptons; both have been studied before [26, 27,

30, 35, 130, 131]. In fact, without any additional complications, MG5 aMC is able to deal

with any process that belongs to this class, regardless of the particular flavour and charge

combinations.

In detail, the definitions of the pT (ll) (relevant to pp ! e+e�µ+µ�) and pT (l⌫) (relevant

to pp ! e+⌫eµ�⌫̄µ) observables are the following. For the former, one uses dressed leptons;

the e+e� and µ+µ� pairs transverse momenta are then computed, and the largest of the

two is set equal to pT (ll). In the latter case, charged leptons are again dressed first;

then, the transverse momenta of the e+⌫e and µ�⌫̄µ pairs are computed (by using the MC

truth information to find the neutrinos), and the largest of the two is set equal to pT (l⌫).

The NLO EW corrections behave rather di↵erently for the two processes. While for the

four charged lepton process they display the typical Sudakov behaviour at high pT , for

the other process the corrections are positive and growing for pT & 40 GeV, starting to

decrease only towards pT ' 400 GeV. We point out that the two processes have significant

di↵erences in their underlying mechanisms. Firstly, although both 2l2⌫ and 4l production

are dominated by di-boson resonant contributions (namely, di-W and di-Z, respectively),

it is only the former case that features diagrams with t-channel spin-one exchanges (thus

enhanced at large momentum transfers). These appear in ��-initiated processes, owing

to the direct �W+W� coupling. Secondly, partonic processes such as �q ! W+⇤W�⇤q0

that give rise to 2l2⌫ final states may be enhanced at large lepton-pair pT ’s owing to

quasi-collinear q⇤ ! W ⇤q0 splittings (see e.g. ref. [121]). While a similar mechanism also

occurs in 4l production, in that case its e↵ects are balanced by a stronger suppression

than in the case of 2l2⌫ production37. Finally, at the NLO 2l2⌫ production features a

37The overall impact of quasi-collinear enhancements on observable cross sections ultimately depends on

the interplay between their kinematics characteristics, the partonic matrix elements, and PDF e↵ects – see
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Figure 8: Transverse momentum of the hardest vector boson in the processes of eq. (6.19)

(left panel), and transverse momentum of the Higgs boson in the processes of eq. (6.20)

(right panel). Some of the histograms in the main frames are rescaled as indicated in order

to enhance their visibility.

is loop-induced, and therefore is also ignored. As in all of the other cases treated so far,

processes obtained by means of charge conjugation from those of eq. (6.20) can be generated

without problems by MG5 aMC, but have not been considered here.

For inclusive rates (see table 2) the NLO EW corrections are �9% for pp ! HZZ,

�11% for pp ! HHZ, and �13% for pp ! HHW+, while for pp ! HW+Z they are a

positive 1.6%. At the di↵erential level, all of the four processes display the typical behaviour

of EW corrections (i.e. negative and growing in absolute value with pT ) at large transverse

momenta; however, the pT values for which these e↵ects become dominant do depend on the

specific process. In particular, as is the case for the inclusive rates, it is HW+Z production

that stands apart, since up to relatively large transverse momenta (pT ' 200 GeV) the

negative contributions due to the EW Sudakovs (which are present in the other three

processes as well) are compensated by positive contributions. Among these, the dominant

one is driven by a quasi-collinear enhancement stemming from �q ! HW+q⇤(! Zq), a

mechanism fully analogous to that already advocated for the second process in eq. (6.17),

and that cannot be present in the other three processes in eq. (6.20). Finally, we notice

that (smaller) di↵erences between the triple-boson processes of eq. (6.20) can be induced

by virtual corrections, owing to the di↵erent ways in which the bosons enter the one-loop

diagrams (chiefly, by being directly attached to the heavy-quark loop, or by resulting from

the branching of a parent particle that is directly attached to the loop).

⌥ Associated top-quark, and jet production

In the left panel of fig. 9 we consider the transverse momentum of the tt̄ pairs in the

following processes:

pp �! tt̄W+ , pp �! tt̄Z , pp �! tt̄H . (6.21)

These have been studied before in the literature [22, 25, 31, 120, 161], also with a then-
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Figure 9: Top-pair transverse momentum in the processes of eq. (6.21) (left panel), and

transverse momentum of the hardest jet in the processes of eq. (6.22) (right panel). Some

of the histograms in the main frames are rescaled as indicated in order to enhance their

visibility.

private version of MG5 aMC. The pT (tt̄) distributions behave as is typical for EW cor-

rections dominated by EW Sudakov logarithms. Full agreement with our previous re-

sults [22, 25] is found, which constitutes a further cross check of the full automation of the

mixed-coupling expansion achieved in the current version of MG5 aMC. The processes of

eq. (6.21) are also considered in sect. 6.3, where we include all of the LO and NLO terms,

as anticipated in eqs. (6.2) and (6.3).

On the right panel of fig. 9 we show the transverse momentum of the hardest jet in

triple jet, single-top, and tt̄j production:

pp �! jjj , pp �! tj , pp �! tt̄j . (6.22)

As the notation suggests, in the single-top process we do not include single anti-top pro-

duction.

NLO EW corrections to triple-jet production are computed here for the first time.

As fig. 9 shows, we find them to be small for this observable, but not entirely negligible

at the upper end of the considered transverse momentum range (⇠ 1 TeV), where they

are of O(�10%). Up to small di↵erences, they thus exhibit the same pattern as the EW

corrections to the inclusive transverse momentum in dijet production [32, 162]. We have

verified that similar e↵ects are present in the second- and third-hardest jet pT ’s. Conversely,

the impact of NLO EW corrections is seen to be essentially negligible on any of the two- and

three-jet invariant masses (up to 4 TeV) that can be constructed from the three-hardest

jet momenta.

The single-top process of eq. (6.22) includes both t- and s-channel mechanisms. Its

NLO EW corrections have been computed before in the context of supersymmetric exten-

sions of the SM [163–165] (a soft approximation has been employed in ref. [163] to deal

with real-emission contributions). We find that EW corrections follow the typical pattern

– 67 –



EW vs Strong corrections

When including higher order corrections in the strong coupling, 
renormalisation (and factorisation) scale dependence is reduced in 
the predictions

This is not the case for EW corrections: scale dependence is 
effectively the same in LO and NLO EW computations

Instead, scheme dependence is reduced

Note that scheme dependence is typically not considered to be an 
uncertainty: it is quite obvious which scheme is preferred

�5



EW scheme choices

The EW sector of the SM has 3 independent parameters for the gauge 
interactions. Historically taken to be α, MW and MZ (with α measured in 
Thomson scattering, and MW and MZ the on-shell weak boson masses)

Other EW parameters are then predictions: vev, GF, sin(θW), λ, ρ, …

Alternatively, by using other input parameters, and updating the 
renormalisation conditions accordingly, one resums some important 
higher order contributions

At LO, scheme dependence is only through the numerical value of 
the input parameters (which effectively means the value of α)

�6



Common EW schemes: overview

�7

Schemes recap

{α(0) , MW , MZ} → α(0) scheme

{α(MZ) , MW , MZ} → α(MZ) scheme

{Gμ , MW , MZ} → Gμ scheme

and vf , af are the vector and axialvector couplings of the Z-boson to the fermion f , given
explicitly in (A.15). This yields in fact two conditions, namely

0 = −Qf (δZe + δZf,V
ii +

1

2
δZAA) + Λf

V (0) + Λf
S(0) + vf

1

2
δZZA, (3.29)

0 = −Qf δZf,A
ii + Λf

A(0) + af
1

2
δZZA. (3.30)

The first one (3.29) for f = e fixes the charge renormalization constant. The second
(3.30) is automatically fulfilled due to a Ward identity which can be derived from the
gauge invariance of the theory. The same Ward identity moreover yields

Λf
V (0) + Λf

S(0) − QfδZ
f,V
ii + af

1

2
δZZA = 0. (3.31)

Inserting this in (3.29) we finally find (using vf − af = −QfsW/cW )

δZe = −
1

2
δZAA −

sW

cW

1

2
δZZA =

1

2

∂ΣAA
T (k2)

∂k2

∣∣∣∣∣
k2=0

−
sW

cW

ΣAZ
T (0)

M2
Z

. (3.32)

This result is independent of the fermion species, reflecting electric charge universality.
Clearly it does not depend on a specific choice of field renormalization. Consequently the
analogue of (3.17) holds for arbitrary fermions f .

In the on-shell scheme the weak mixing angle is a derived quantity. Following Sirlin
[26] we define it as

sin2 θW = s2
W = 1 −

M2
W

M2
Z

, (3.33)

using the renormalized gauge boson masses. This definition is independent of a specific
process and valid to all orders of perturbation theory.

Since the dependent parameters sW and cW frequently appear, it is useful to introduce
the corresponding counterterms

cW,0 = cW + δcW , sW,0 = sW + δsW . (3.34)

Because of (3.33) these are directly related to the counterterms to the gauge boson masses.
To one-loop order we obtain

δcW

cW
=

1

2

(
δM2

W

M2
W

−
δM2

Z

M2
Z

)

=
1

2
R̃e

(
ΣW

T (M2
W )

M2
W

−
ΣZZ

T (M2
Z)

M2
Z

)

,

δsW

sW
= −

c2
W

s2
W

δcW

cW
= −

1

2

c2
W

s2
W

R̃e

(
ΣW

T (M2
W )

M2
W

−
ΣZZ

T (M2
Z)

M2
Z

)

.

(3.35)

We have now determined all renormalization constants in terms of unrenormalized self
energies. In the next sections we will describe the methods to calculate these self energies
and more general diagrams at the one-loop level.
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3 ↵(m2
Z
) scheme (and generalization to ↵(Q2) scheme)

As we said, one has to get rid of the mf dependence, but not via the ↵MS-scheme. The
common way is using the ↵(Q2) scheme, where typically Q = mZ and has been exploited
in the precision studies at the Z peak at LEP.

The first important point to remember is that ↵(Q2) is NOT the straightforward gener-
alization of the condition of eq. 1.1, i.e., �̂ee�

µ (p, p0) for p2 = m2
e, p02 = m2

e and (p+p0)2 = Q2.
The scheme ↵(Q2) is defined as

�Ze|↵(Q2) ⌘ �Ze|↵(0) �
1

2
�↵(Q2) (3.1)

where
�↵(Q2) ⌘ ⇧AA

f 6=t
(0)�<{⇧AA

f 6=t
(Q2)} (3.2)

where ⇧AA

f 6=t
is the contribution to the vacuum polarization induced by all fermion but the

top quark. We remind that the definition of vacuum polarization is

⇧AA(k2) =
⌃AA

T
(k2)

k2
(3.3)

Explicitly, using eqs (3.2),(1.7), (1.5),(1.6) we obtain that each fermion different from the
top contributes to �↵(Q2) as

�↵fermion(Q
2,mf ) =

↵

3⇡
Q2

f
K2

f
{B0(0;mf ,mf )�B0(Q

2;mf ,mf ) +

2m2[B0
0(0;mf ,mf )�

1

q2
(B0(q

2;m,m)�B0(0;m,m))]}+O(✏) (3.4)

For Q > 2mf we obtain

�↵fermion(Q
2,mf ) =

↵

3⇡Q
2
f
K2

f

h
�

8
3 + �2

�
1
2�(3� �2) log

⇣
1��

1+�

⌘ i
= (3.5)

↵

3⇡Q
2
f
K2

f

h
�

5
3 + log(Q2/m2

f
) +O(m2

f
/Q2)

i
(3.6)

with � =

r
1�

4m2
f

Q2 . Clearly eq. (3.6) is valid only for Q >> mf and can be obtained from
eq. (3.4) via the formulae in appendix A. For Q < 2mf we get in the limit Q << mf

�↵fermion(Q
2,mf ) =

↵

3⇡
Q2

f
K2

f

h
�

1

6

m2
f

Q2

i
(3.7)

Some comments are in order at this point. Let’s imagine for one moment that there
is no QCD in this world and �↵(Q2) =

P
f 6=t

�↵fermion(Q2,mf ). We can see combining
eqs. (1.10), (3.1) and (3.6) that in the limit Q >> mf the dependence on mf of the
�Ze|↵(Q2) counterterm disappears. On the other hand we can also see from eq. (3.7) that
if a very heavy electrically charged new BSM fermion exists, it will not affect physics at
the EW scale. Equation (3.7) is simply showing the decoupling limit of QED. We can also
explicitly relate ↵(Q2) to ↵(0)

↵(Q2) =
e2|↵(Q2)

4⇡
=

(e|↵(0)[1 +
1
2�↵(Q2)])2

4⇡
= ↵(0)(1 +�↵(Q2)) +O(↵3) (3.8)
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with s̄2
W

⌘ s2
W

+ c2
W
�⇢.

In conclusion the renormalization condition is defined as

�Ze|Gµ ⌘ �Ze|↵(0) �
1

2
�r = �Ze|↵(m2

Z) �
1

2

✓
�
c2
W

s2
W

�⇢+�rrem

◆
(5.11)

The �⇢ term is the leading contribution to �2 �cW
cW

, as can be inferred comparing
eqs. (5.3) and (5.6). Every time we have a W interaction with a quark the coupling is
g = e/sW , so we can see that

�g =
e

sW
�Ze �

e

sW

�sW
sw

= g(�Ze �
�sW
sw

) = g(�Ze +
cW
s2
W

�cW ) ⇠ g(�Ze �
1

2

c2
W

s2
W

�⇢) (5.12)

that is if �Ze is in the Gµ-scheme (eq. (5.11)) the finite effect induced by the �sW coun-
terterm is canceled by the renormalization condition for the charge. We used the relations
cw�cw = �sw�sw and �cw ⇠ �

1
2cw�⇢ in the steps.

Another way to see this: every g2 = ↵/s2
W

term in the cross-section receives corrections
to s2

W
from

s2W + �s2W ⇠ s2W + c2W �⇢ (5.13)

which are then canceled by �Ze|Gµ .

6 Additional comments

It would be interesting to understand if the Gµ-scheme is really incorporating the dominant
corrections also for the LHC and future 100 TeV collider. For total cross sections at LHC
or in general for physics at LEP this is true, but when Q is of the order of several TeV may
not be the case due to the running of ↵ that could be a larger effect. On the other hand,
let’s keep in mind that the dependence is of the order log(Q2/m2
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). In order to have Q that

gives the same shift given by log(m2
Z
/m2

e), the contribution of the electron to the running
from ↵(0) to ↵(m2

Z
), we need Q ⇠ 1.6⇥ 104 TeV. This crude estimate may variate a lot in

reality, since the electron is not the only particle entering in the running and all the others
enter in a different way between [0,mZ ] and [mZ , Q].

It is interesting to note that this running effects are taken into account when precise
predictions for the g � 2 of the muon are done. Indeed on a logarithmic scale half a way
between the me and mZ we have 2mµ ⇠

p
memZ , so it is not negligible.

Last but not least, for a generic process one cannot run just ↵ as done for the g � 2

where the only vertex at tree-level is the QED one; in general we have any SM interactions
so also the other weak parameters should run for a correct evaluation.
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α(0) ∼1/137 α(MZ) ∼1/128 α |Gμ
∼1/132

As a rule of thumb, for a generic process at the LHC, the Gmu scheme is 
superior and has to be preferred. However, if a photon is present in the Born 
final-state, alpha(0) and the corresponding renormalisation should be used for  
the associated QED vertex.
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{α(0) , MW , MZ} → α(0) scheme

{α(MZ) , MW , MZ} → α(MZ) scheme

{Gμ , MW , MZ} → Gμ scheme

and vf , af are the vector and axialvector couplings of the Z-boson to the fermion f , given
explicitly in (A.15). This yields in fact two conditions, namely

0 = −Qf (δZe + δZf,V
ii +

1

2
δZAA) + Λf

V (0) + Λf
S(0) + vf

1

2
δZZA, (3.29)

0 = −Qf δZf,A
ii + Λf

A(0) + af
1

2
δZZA. (3.30)

The first one (3.29) for f = e fixes the charge renormalization constant. The second
(3.30) is automatically fulfilled due to a Ward identity which can be derived from the
gauge invariance of the theory. The same Ward identity moreover yields

Λf
V (0) + Λf

S(0) − QfδZ
f,V
ii + af

1

2
δZZA = 0. (3.31)

Inserting this in (3.29) we finally find (using vf − af = −QfsW/cW )

δZe = −
1

2
δZAA −

sW

cW

1

2
δZZA =

1

2

∂ΣAA
T (k2)

∂k2

∣∣∣∣∣
k2=0

−
sW

cW

ΣAZ
T (0)

M2
Z

. (3.32)

This result is independent of the fermion species, reflecting electric charge universality.
Clearly it does not depend on a specific choice of field renormalization. Consequently the
analogue of (3.17) holds for arbitrary fermions f .

In the on-shell scheme the weak mixing angle is a derived quantity. Following Sirlin
[26] we define it as

sin2 θW = s2
W = 1 −

M2
W

M2
Z

, (3.33)

using the renormalized gauge boson masses. This definition is independent of a specific
process and valid to all orders of perturbation theory.

Since the dependent parameters sW and cW frequently appear, it is useful to introduce
the corresponding counterterms

cW,0 = cW + δcW , sW,0 = sW + δsW . (3.34)

Because of (3.33) these are directly related to the counterterms to the gauge boson masses.
To one-loop order we obtain

δcW

cW
=

1

2

(
δM2

W

M2
W

−
δM2

Z

M2
Z

)

=
1

2
R̃e

(
ΣW

T (M2
W )

M2
W

−
ΣZZ

T (M2
Z)

M2
Z

)

,

δsW

sW
= −

c2
W

s2
W

δcW

cW
= −

1

2

c2
W

s2
W

R̃e

(
ΣW

T (M2
W )

M2
W

−
ΣZZ

T (M2
Z)

M2
Z

)

.

(3.35)

We have now determined all renormalization constants in terms of unrenormalized self
energies. In the next sections we will describe the methods to calculate these self energies
and more general diagrams at the one-loop level.
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3 ↵(m2
Z
) scheme (and generalization to ↵(Q2) scheme)

As we said, one has to get rid of the mf dependence, but not via the ↵MS-scheme. The
common way is using the ↵(Q2) scheme, where typically Q = mZ and has been exploited
in the precision studies at the Z peak at LEP.

The first important point to remember is that ↵(Q2) is NOT the straightforward gener-
alization of the condition of eq. 1.1, i.e., �̂ee�

µ (p, p0) for p2 = m2
e, p02 = m2

e and (p+p0)2 = Q2.
The scheme ↵(Q2) is defined as

�Ze|↵(Q2) ⌘ �Ze|↵(0) �
1

2
�↵(Q2) (3.1)

where
�↵(Q2) ⌘ ⇧AA

f 6=t
(0)�<{⇧AA

f 6=t
(Q2)} (3.2)

where ⇧AA

f 6=t
is the contribution to the vacuum polarization induced by all fermion but the

top quark. We remind that the definition of vacuum polarization is

⇧AA(k2) =
⌃AA

T
(k2)

k2
(3.3)

Explicitly, using eqs (3.2),(1.7), (1.5),(1.6) we obtain that each fermion different from the
top contributes to �↵(Q2) as

�↵fermion(Q
2,mf ) =

↵

3⇡
Q2

f
K2

f
{B0(0;mf ,mf )�B0(Q

2;mf ,mf ) +

2m2[B0
0(0;mf ,mf )�

1

q2
(B0(q

2;m,m)�B0(0;m,m))]}+O(✏) (3.4)

For Q > 2mf we obtain

�↵fermion(Q
2,mf ) =

↵

3⇡Q
2
f
K2

f

h
�

8
3 + �2

�
1
2�(3� �2) log

⇣
1��

1+�

⌘ i
= (3.5)

↵

3⇡Q
2
f
K2

f

h
�

5
3 + log(Q2/m2

f
) +O(m2

f
/Q2)

i
(3.6)

with � =

r
1�

4m2
f

Q2 . Clearly eq. (3.6) is valid only for Q >> mf and can be obtained from
eq. (3.4) via the formulae in appendix A. For Q < 2mf we get in the limit Q << mf

�↵fermion(Q
2,mf ) =

↵

3⇡
Q2

f
K2

f

h
�

1

6

m2
f

Q2

i
(3.7)

Some comments are in order at this point. Let’s imagine for one moment that there
is no QCD in this world and �↵(Q2) =

P
f 6=t

�↵fermion(Q2,mf ). We can see combining
eqs. (1.10), (3.1) and (3.6) that in the limit Q >> mf the dependence on mf of the
�Ze|↵(Q2) counterterm disappears. On the other hand we can also see from eq. (3.7) that
if a very heavy electrically charged new BSM fermion exists, it will not affect physics at
the EW scale. Equation (3.7) is simply showing the decoupling limit of QED. We can also
explicitly relate ↵(Q2) to ↵(0)

↵(Q2) =
e2|↵(Q2)

4⇡
=

(e|↵(0)[1 +
1
2�↵(Q2)])2

4⇡
= ↵(0)(1 +�↵(Q2)) +O(↵3) (3.8)
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The �⇢ term is the leading contribution to �2 �cW
cW

, as can be inferred comparing
eqs. (5.3) and (5.6). Every time we have a W interaction with a quark the coupling is
g = e/sW , so we can see that

�g =
e

sW
�Ze �

e

sW

�sW
sw

= g(�Ze �
�sW
sw

) = g(�Ze +
cW
s2
W

�cW ) ⇠ g(�Ze �
1

2

c2
W

s2
W

�⇢) (5.12)

that is if �Ze is in the Gµ-scheme (eq. (5.11)) the finite effect induced by the �sW coun-
terterm is canceled by the renormalization condition for the charge. We used the relations
cw�cw = �sw�sw and �cw ⇠ �

1
2cw�⇢ in the steps.

Another way to see this: every g2 = ↵/s2
W

term in the cross-section receives corrections
to s2

W
from

s2W + �s2W ⇠ s2W + c2W �⇢ (5.13)

which are then canceled by �Ze|Gµ .

6 Additional comments

It would be interesting to understand if the Gµ-scheme is really incorporating the dominant
corrections also for the LHC and future 100 TeV collider. For total cross sections at LHC
or in general for physics at LEP this is true, but when Q is of the order of several TeV may
not be the case due to the running of ↵ that could be a larger effect. On the other hand,
let’s keep in mind that the dependence is of the order log(Q2/m2

Z
). In order to have Q that

gives the same shift given by log(m2
Z
/m2

e), the contribution of the electron to the running
from ↵(0) to ↵(m2

Z
), we need Q ⇠ 1.6⇥ 104 TeV. This crude estimate may variate a lot in

reality, since the electron is not the only particle entering in the running and all the others
enter in a different way between [0,mZ ] and [mZ , Q].

It is interesting to note that this running effects are taken into account when precise
predictions for the g � 2 of the muon are done. Indeed on a logarithmic scale half a way
between the me and mZ we have 2mµ ⇠

p
memZ , so it is not negligible.

Last but not least, for a generic process one cannot run just ↵ as done for the g � 2

where the only vertex at tree-level is the QED one; in general we have any SM interactions
so also the other weak parameters should run for a correct evaluation.
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α(0) ∼1/137 α(MZ) ∼1/128 α |Gμ
∼1/132

As a rule of thumb, for a generic process at the LHC, the Gmu scheme is 
superior and has to be preferred. However, if a photon is present in the Born 
final-state, alpha(0) and the corresponding renormalisation should be used for  
the associated QED vertex.
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NLO dissection
For example: consider di-jet production 

"NLO EW" is a bit of a misnomer: 
NLO2 and NLO3 part of a "mixed" expansion

"Complete-NLO" takes all the LO and NLO contributions 
in the mixed coupling expansion into account

�8

the possibility of having Σk0+p,0 = 0 or Σk0+p,∆(k0)+p = 0 (or both) for p > k0, since

this renders eqs. (2.18) and (2.19) always true. Equation (2.23) has the advantage of a

straightforward interpretation of the role of NLO corrections.

An example may help make the points above more explicit. Consider the contribution

to dijet production due to the partonic process uu → uu; the corresponding lowest-order

t- and u-channel Feynman diagrams feature the exchange of either a gluon or a photon (or

a Z, but we stick to the pure-U(1) theory here). The Born matrix elements will therefore

be the sum of terms that factorise the following coupling combinations:

α2
S , αSα , α2 , (2.24)

which implies k0 = 2, ∆(2) = 2, and cs(2) = c(2) = 0. Therefore, according to eq. (2.23),

the NLO contribution p = 1 will feature the following coupling combinations:

α3
S , α2

Sα , αSα
2 , α3 . (2.25)

From the procedural point of view, it is convenient to identify QCD and QED corrections

according to the relationship between one coupling combination in eq. (2.24) and one in

eq. (2.25), as follows:

αn
Sα

m QCD−→ αn+1
S αm , (2.26)

αn
Sα

m QED−→ αn
Sα

m+1 , (2.27)

which has an immediate graphic interpretation, depicted in fig. 1. Such an interpretation

αs
3 αs

2α α2αs α3

αs
2 αsα α2

Figure 1: QCD (blue, right-to-left arrows) corrections and QED (red, left-to-right arrows)

corrections to dijet production. See the text for details.

has a Feynman-diagram counterpart in the case of real-emission contributions, which is

made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in
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Figure 1: QCD (blue, right-to-left arrows) corrections and QED (red, left-to-right arrows)

corrections to dijet production. See the text for details.

has a Feynman-diagram counterpart in the case of real-emission contributions, which is

made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in
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Figure 2: Real-emission contributions to dijet production at the NLO and O(α2
Sα). The

saw-shaped lines represent Cutkosky cuts.

the bottom row of fig. 1 can be reached by means of two different arrows when starting

from the top row (i.e., the Born level). Therefore, fig. 1 also immediately shows that when

one considers only the Born term associated with the highest power of αS (α), then QCD-

only (QED-only) corrections are sensible (because only a right-to-left or left-to-right arrow

is relevant, respectively): they coincide with the NLO corrections as defined above (see

the paragraph after eq. (2.10)). It also should be clear that the above arguments have a

general validity, whatever the values of cs(k0), c(k0), and ∆(k0) in eq. (2.23) – the former

two quantities never play a role in the analogues of fig. 1, while by increasing ∆(k0) one

simply inserts more blobs (i.e., coupling combinations) in both of the rows of fig. 1. Finally,

note that reading eqs. (2.26) and (2.27) in terms of diagrams, as has been done for those

of fig. 2, becomes much harder when one considers virtual contributions. For example, the

one whose O(α2
Sα) cut-diagram is shown in fig. 3 (and its analogues) can indeed be equally

well interpreted as a QED loop correction to a QCD×QCD O(α2
S) Born cut-diagram, or

as a QCD loop correction to a QCD×QED O(αSα) Born cut-diagram.

MadGraph5 aMC@NLO has been constructed by having eq. (2.23) in mind; although

the majority of the relevant features are not yet available in the public version of the code,

all of them have already been thoroughly tested in the module responsible for computing

one-loop matrix elements (see sects. 2.4.2 and 4.3), which is by far the hardest from this

point of view, and the checks on the real-emission part are also at quite an advanced stage.

The basic idea is that of giving the user the choice of which coupling combinations to retain

either at the Born or at the NLO level; this corresponds to choosing a set of blobs in the

upper or lower row of fig. 1, respectively. MadGraph5 aMC@NLO will then automatically

also consider the blobs in the row not involved in the selection by the user, in order to

construct a physically-meaningful cross section, compatible with both the user’s choices,

and the constraints due to a mixed-coupling expansion (the arrows in fig. 1). It should be

stressed that, although the results for the coefficients Σk0+p,q can be handled separately by

MadGraph5 aMC@NLO, such coefficients are not (all) independent from each other from a
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Figure 2: Real-emission contributions to dijet production at the NLO and O(α2
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saw-shaped lines represent Cutkosky cuts.
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Figure 3: Virtual contribution to dijet production at the NLO and O(α2
Sα). The saw-

shaped line represents a Cutkosky cut.

computational viewpoint, because a single Feynman diagram (an amplitude-level quantity)

may contribute to several Σk0+p,q’s (the latter being amplitude-squared quantities). For

this reason, as far as the CPU load is concerned the choice of which coupling combinations

to consider can be equivalently made at the amplitude level. Indeed, this is the only

option presently available in the public version of MadGraph5 aMC@NLO; more detailed

explanations are given in appendix B.1.

2.4.1 NLO cross sections and FKS subtraction: MadFKS

In this section, we briefly review the FKS subtraction [10,12] procedure, and emphasise the

novelties of its implementation in MadGraph5 aMC@NLO w.r.t. its previous automation

in MadFKS [61], the dedicated module included in aMC@NLO.

We shall denote by n the number of final-state particles relevant to the Born con-

tributions to a given cross section. The set of all the partonic 2 → n subprocesses that

correspond to these contributions will be denoted by Rn; each of these subprocesses can

be represented by the ordered list of the identities of its 2 + n partons, thus:

r = (I1, . . . In+2) ∈ Rn . (2.28)

The first operation performed byMadGraph5 aMC@NLO is that of constructingRn, given

the process and the theory model. For example, if one is interested in the hadroproduction

of a W+Z pair in association with a light jet

pp −→ W+Zj (2.29)

as described by the SM, MadGraph5 aMC@NLO will obtain:

R3 =
{(

u, d̄,W+, Z, g
)
, . . .

(
u, g,W+, Z, d

)
, . . .

}
. (2.30)

Since the processes in Rn are tree-level, MadGraph5 aMC@NLO will construct them very

efficiently using the dedicated algorithms (see sect. 2.3.1). Beyond the Born level, an NLO
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Figure 4. Single-inclusive transverse momentum, for |y|  1.

from proton structure functions [69], suggest that its central value is much smaller than

the NNPDF2.3 one at large x and rather precisely determined (in the recent sets), thus

e↵ectively lying close to the lower limit of the NNPDF2.3QED uncertainty band.

We also remark that the removal of the photon-jet cross sections has a negligible impact

in the whole transverse momentum range considered. It does a↵ect the individual LOi and

NLOi, i � 2 contributions, especially LO2 where it can be as large as 30%; however, this

occurs mostly for pinclT . 0.5 TeV, where non-QCD terms can be safely ignored.

The single-inclusive transverse momentum is again shown in figs. 4 and 5, subject to

the constraint |y|  1 (in other words, each jet that gives a contribution to these histograms

must satisfy a small-rapidity constraint). The patterns in these figures are very similar to
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the possibility of having Σk0+p,0 = 0 or Σk0+p,∆(k0)+p = 0 (or both) for p > k0, since

this renders eqs. (2.18) and (2.19) always true. Equation (2.23) has the advantage of a

straightforward interpretation of the role of NLO corrections.

An example may help make the points above more explicit. Consider the contribution

to dijet production due to the partonic process uu → uu; the corresponding lowest-order

t- and u-channel Feynman diagrams feature the exchange of either a gluon or a photon (or

a Z, but we stick to the pure-U(1) theory here). The Born matrix elements will therefore

be the sum of terms that factorise the following coupling combinations:

α2
S , αSα , α2 , (2.24)

which implies k0 = 2, ∆(2) = 2, and cs(2) = c(2) = 0. Therefore, according to eq. (2.23),

the NLO contribution p = 1 will feature the following coupling combinations:

α3
S , α2

Sα , αSα
2 , α3 . (2.25)

From the procedural point of view, it is convenient to identify QCD and QED corrections

according to the relationship between one coupling combination in eq. (2.24) and one in

eq. (2.25), as follows:

αn
Sα

m QCD−→ αn+1
S αm , (2.26)

αn
Sα

m QED−→ αn
Sα

m+1 , (2.27)

which has an immediate graphic interpretation, depicted in fig. 1. Such an interpretation
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Figure 1: QCD (blue, right-to-left arrows) corrections and QED (red, left-to-right arrows)

corrections to dijet production. See the text for details.

has a Feynman-diagram counterpart in the case of real-emission contributions, which is

made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in
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from proton structure functions [69], suggest that its central value is much smaller than

the NNPDF2.3 one at large x and rather precisely determined (in the recent sets), thus

e↵ectively lying close to the lower limit of the NNPDF2.3QED uncertainty band.

We also remark that the removal of the photon-jet cross sections has a negligible impact

in the whole transverse momentum range considered. It does a↵ect the individual LOi and

NLOi, i � 2 contributions, especially LO2 where it can be as large as 30%; however, this

occurs mostly for pinclT . 0.5 TeV, where non-QCD terms can be safely ignored.

The single-inclusive transverse momentum is again shown in figs. 4 and 5, subject to

the constraint |y|  1 (in other words, each jet that gives a contribution to these histograms

must satisfy a small-rapidity constraint). The patterns in these figures are very similar to
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this renders eqs. (2.18) and (2.19) always true. Equation (2.23) has the advantage of a
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An example may help make the points above more explicit. Consider the contribution
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t- and u-channel Feynman diagrams feature the exchange of either a gluon or a photon (or

a Z, but we stick to the pure-U(1) theory here). The Born matrix elements will therefore
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made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in
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Single-top production



t- and s-channel

Single-top production (with on-shell top quark) is a purely EW 
process. Hence, no difficulties in defining NLO QCD & EW

However, t- and s-channel differentiation needs to be revisited

At NLOEW, Initial state photon results in diagrams that 
contain both an t-channel and an s-channel W-boson (but 
one can  probably still use parton flavours for differentiation)

In the next results, no attempt in updating the differentiation 
will be made. We will only consider the sum

If necessary, one could always subtract the s-channel 
contribution at LO to obtain an NLO t-channel prediction

NLO EW corrections for single-top production first studied by 
M. Beccaria et al. (2006), Mirabella (2008) and Bardin et al. 
(2011). 
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Inclusive rates

For inclusive rates, the contributions from NLO EW corrections are  
small (less than a percent)

This does no longer hold for the (extreme) tails of distributions, 
where the corrections can reach tens of percents
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Off-shell effects

Generate the process at complete-NLO 
p p > e+ ve j j

This includes single-top production, 
but also background processes, with 
possible interferences

Straightforward to generate, but 
difficult to interpret, assess 
uncertainties and to make use of
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requiring (at least) one b-tag
simple lepton and jet selection cuts
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<latexit sha1_base64="Yjpd+wWbne8cfwzsmLro5qlEHbQ=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9iVgB6DXjxGMA9I1qV3MpsMmX0wMxsIS/7EiwdFvPon3vwbJ8keNLGg6aKqm+mpIBVcacf5tkobm1vbO+Xdyt7+weGRfXzSVkkmKWvRRCSyG6BigsespbkWrJtKhlEgWCcY3839zoRJxZP4UU9T5kU4jHnIKWoj+bbdR5GO0FfL/lT37apTcxYg68QtSBUKNH37qz9IaBaxWFOBSvVcJ9VejlJzKtis0s8US5GOcch6hsYYMeXli8tn5MIoAxIm0lSsyUL9vZFjpNQ0CsxkhHqkVr25+J/Xy3R44+U8TjPNYrp8KMwE0QmZx0AGXDKqxdQQpJKbWwkdoUSqTVgVE4K7+uV10r6quU7NfahXG7dFHGU4g3O4BBeuoQH30IQWUJjAM7zCm5VbL9a79bEcLVnFzin8gfX5A1dMk3M=</latexit><latexit sha1_base64="Yjpd+wWbne8cfwzsmLro5qlEHbQ=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9iVgB6DXjxGMA9I1qV3MpsMmX0wMxsIS/7EiwdFvPon3vwbJ8keNLGg6aKqm+mpIBVcacf5tkobm1vbO+Xdyt7+weGRfXzSVkkmKWvRRCSyG6BigsespbkWrJtKhlEgWCcY3839zoRJxZP4UU9T5kU4jHnIKWoj+bbdR5GO0FfL/lT37apTcxYg68QtSBUKNH37qz9IaBaxWFOBSvVcJ9VejlJzKtis0s8US5GOcch6hsYYMeXli8tn5MIoAxIm0lSsyUL9vZFjpNQ0CsxkhHqkVr25+J/Xy3R44+U8TjPNYrp8KMwE0QmZx0AGXDKqxdQQpJKbWwkdoUSqTVgVE4K7+uV10r6quU7NfahXG7dFHGU4g3O4BBeuoQH30IQWUJjAM7zCm5VbL9a79bEcLVnFzin8gfX5A1dMk3M=</latexit><latexit sha1_base64="Yjpd+wWbne8cfwzsmLro5qlEHbQ=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9iVgB6DXjxGMA9I1qV3MpsMmX0wMxsIS/7EiwdFvPon3vwbJ8keNLGg6aKqm+mpIBVcacf5tkobm1vbO+Xdyt7+weGRfXzSVkkmKWvRRCSyG6BigsespbkWrJtKhlEgWCcY3839zoRJxZP4UU9T5kU4jHnIKWoj+bbdR5GO0FfL/lT37apTcxYg68QtSBUKNH37qz9IaBaxWFOBSvVcJ9VejlJzKtis0s8US5GOcch6hsYYMeXli8tn5MIoAxIm0lSsyUL9vZFjpNQ0CsxkhHqkVr25+J/Xy3R44+U8TjPNYrp8KMwE0QmZx0AGXDKqxdQQpJKbWwkdoUSqTVgVE4K7+uV10r6quU7NfahXG7dFHGU4g3O4BBeuoQH30IQWUJjAM7zCm5VbL9a79bEcLVnFzin8gfX5A1dMk3M=</latexit><latexit sha1_base64="Yjpd+wWbne8cfwzsmLro5qlEHbQ=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9iVgB6DXjxGMA9I1qV3MpsMmX0wMxsIS/7EiwdFvPon3vwbJ8keNLGg6aKqm+mpIBVcacf5tkobm1vbO+Xdyt7+weGRfXzSVkkmKWvRRCSyG6BigsespbkWrJtKhlEgWCcY3839zoRJxZP4UU9T5kU4jHnIKWoj+bbdR5GO0FfL/lT37apTcxYg68QtSBUKNH37qz9IaBaxWFOBSvVcJ9VejlJzKtis0s8US5GOcch6hsYYMeXli8tn5MIoAxIm0lSsyUL9vZFjpNQ0CsxkhHqkVr25+J/Xy3R44+U8TjPNYrp8KMwE0QmZx0AGXDKqxdQQpJKbWwkdoUSqTVgVE4K7+uV10r6quU7NfahXG7dFHGU4g3O4BBeuoQH30IQWUJjAM7zCm5VbL9a79bEcLVnFzin8gfX5A1dMk3M=</latexit>
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3
<latexit sha1_base64="S/vV/ncxjVb+m732Ldqw7eewnug=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxUr7qg3kVgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WhlBY=</latexit><latexit sha1_base64="S/vV/ncxjVb+m732Ldqw7eewnug=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxUr7qg3kVgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WhlBY=</latexit><latexit sha1_base64="S/vV/ncxjVb+m732Ldqw7eewnug=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxUr7qg3kVgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WhlBY=</latexit><latexit sha1_base64="S/vV/ncxjVb+m732Ldqw7eewnug=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxUr7qg3kVgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WhlBY=</latexit>
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2
<latexit sha1_base64="XpMb/kH/BTA4SeyYY60NepdWbqU=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxU72JBvWpgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WplBY=</latexit><latexit sha1_base64="XpMb/kH/BTA4SeyYY60NepdWbqU=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxU72JBvWpgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WplBY=</latexit><latexit sha1_base64="XpMb/kH/BTA4SeyYY60NepdWbqU=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxU72JBvWpgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WplBY=</latexit><latexit sha1_base64="XpMb/kH/BTA4SeyYY60NepdWbqU=">AAAB+3icbZBNS8NAEIYnftb6FevRS7AInkpSBT0WvXisYD+gTcNku2mXbjZhdyOW0r/ixYMiXv0j3vw3btsctPWFhYd3ZpjZN0w5U9p1v6219Y3Nre3CTnF3b//g0D4qNVWSSUIbJOGJbIeoKGeCNjTTnLZTSTEOOW2Fo9tZvfVIpWKJeNDjlPoxDgSLGEFtrMAudZGnQwxU72JBvWpgl92KO5ezCl4OZchVD+yvbj8hWUyFJhyV6nhuqv0JSs0Ip9NiN1M0RTLCAe0YFBhT5U/mt0+dM+P0nSiR5gntzN3fExOMlRrHoemMUQ/Vcm1m/lfrZDq69idMpJmmgiwWRRl3dOLMgnD6TFKi+dgAEsnMrQ4ZokSiTVxFE4K3/OVVaFYrnlvx7i/LtZs8jgKcwCmcgwdXUIM7qEMDCDzBM7zCmzW1Xqx362PRumblM8fwR9bnD4WplBY=</latexit>

LO1 LO2 LO3

NLO1 NLO2 NLO3 NLO4

[Work in progress: RF, D. Pagani, I. Tsinikos]



single-top

Off-shell effects

Generate the process at complete-NLO 
p p > e+ ve j j

This includes single-top production, 
but also background processes, with 
possible interferences

Straightforward to generate, but 
difficult to interpret, assess 
uncertainties and to make use of
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M(e+ ve b-jet) 
requiring (at least) one b-tag
simple lepton and jet selection cuts
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2
<latexit sha1_base64="JBLAV4gf1k1KiQc4V9yD5eIi4xc=">AAAB+3icbZBNS8NAEIYn9avWr1iPXoJF8FSSIuix6MVjBfsBbRom2027dLMJuxuxlP4VLx4U8eof8ea/cdvmoK0vLDy8M8PMvmHKmdKu+20VNja3tneKu6W9/YPDI/u43FJJJgltkoQnshOiopwJ2tRMc9pJJcU45LQdjm/n9fYjlYol4kFPUurHOBQsYgS1sQK73EOejjBQ/dqS+rXArrhVdyFnHbwcKpCrEdhfvUFCspgKTTgq1fXcVPtTlJoRTmelXqZoimSMQ9o1KDCmyp8ubp8558YZOFEizRPaWbi/J6YYKzWJQ9MZox6p1drc/K/WzXR07U+ZSDNNBVkuijLu6MSZB+EMmKRE84kBJJKZWx0yQolEm7hKJgRv9cvr0KpVPbfq3V9W6jd5HEU4hTO4AA+uoA530IAmEHiCZ3iFN2tmvVjv1seytWDlMyfwR9bnD4QdlBU=</latexit><latexit sha1_base64="JBLAV4gf1k1KiQc4V9yD5eIi4xc=">AAAB+3icbZBNS8NAEIYn9avWr1iPXoJF8FSSIuix6MVjBfsBbRom2027dLMJuxuxlP4VLx4U8eof8ea/cdvmoK0vLDy8M8PMvmHKmdKu+20VNja3tneKu6W9/YPDI/u43FJJJgltkoQnshOiopwJ2tRMc9pJJcU45LQdjm/n9fYjlYol4kFPUurHOBQsYgS1sQK73EOejjBQ/dqS+rXArrhVdyFnHbwcKpCrEdhfvUFCspgKTTgq1fXcVPtTlJoRTmelXqZoimSMQ9o1KDCmyp8ubp8558YZOFEizRPaWbi/J6YYKzWJQ9MZox6p1drc/K/WzXR07U+ZSDNNBVkuijLu6MSZB+EMmKRE84kBJJKZWx0yQolEm7hKJgRv9cvr0KpVPbfq3V9W6jd5HEU4hTO4AA+uoA530IAmEHiCZ3iFN2tmvVjv1seytWDlMyfwR9bnD4QdlBU=</latexit><latexit sha1_base64="JBLAV4gf1k1KiQc4V9yD5eIi4xc=">AAAB+3icbZBNS8NAEIYn9avWr1iPXoJF8FSSIuix6MVjBfsBbRom2027dLMJuxuxlP4VLx4U8eof8ea/cdvmoK0vLDy8M8PMvmHKmdKu+20VNja3tneKu6W9/YPDI/u43FJJJgltkoQnshOiopwJ2tRMc9pJJcU45LQdjm/n9fYjlYol4kFPUurHOBQsYgS1sQK73EOejjBQ/dqS+rXArrhVdyFnHbwcKpCrEdhfvUFCspgKTTgq1fXcVPtTlJoRTmelXqZoimSMQ9o1KDCmyp8ubp8558YZOFEizRPaWbi/J6YYKzWJQ9MZox6p1drc/K/WzXR07U+ZSDNNBVkuijLu6MSZB+EMmKRE84kBJJKZWx0yQolEm7hKJgRv9cvr0KpVPbfq3V9W6jd5HEU4hTO4AA+uoA530IAmEHiCZ3iFN2tmvVjv1seytWDlMyfwR9bnD4QdlBU=</latexit><latexit sha1_base64="JBLAV4gf1k1KiQc4V9yD5eIi4xc=">AAAB+3icbZBNS8NAEIYn9avWr1iPXoJF8FSSIuix6MVjBfsBbRom2027dLMJuxuxlP4VLx4U8eof8ea/cdvmoK0vLDy8M8PMvmHKmdKu+20VNja3tneKu6W9/YPDI/u43FJJJgltkoQnshOiopwJ2tRMc9pJJcU45LQdjm/n9fYjlYol4kFPUurHOBQsYgS1sQK73EOejjBQ/dqS+rXArrhVdyFnHbwcKpCrEdhfvUFCspgKTTgq1fXcVPtTlJoRTmelXqZoimSMQ9o1KDCmyp8ubp8558YZOFEizRPaWbi/J6YYKzWJQ9MZox6p1drc/K/WzXR07U+ZSDNNBVkuijLu6MSZB+EMmKRE84kBJJKZWx0yQolEm7hKJgRv9cvr0KpVPbfq3V9W6jd5HEU4hTO4AA+uoA530IAmEHiCZ3iFN2tmvVjv1seytWDlMyfwR9bnD4QdlBU=</latexit>
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3

<latexit sha1_base64="VrlbCHs9LExIp+E0PlYodkQ7tWg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQq6LHoxWMF+wFtDJPtpl262YTdTaGE/hMvHhTx6j/x5r9x2+agrQ+Gebw3w86+MOVMadf9tkpr6xubW+Xtys7u3v6BfXjUUkkmCW2ShCeyE6KinAna1Exz2kklxTjktB2O7mZ+e0ylYol41JOU+jEOBIsYQW2kwLZ7yNMhBmrRny4Du+rW3DmcVeIVpAoFGoH91esnJIup0ISjUl3PTbWfo9SMcDqt9DJFUyQjHNCuoQJjqvx8fvnUOTNK34kSaUpoZ67+3sgxVmoSh2YyRj1Uy95M/M/rZjq68XMm0kxTQRYPRRl3dOLMYnD6TFKi+cQQJJKZWx0yRIlEm7AqJgRv+curpHVR89ya93BVrd8WcZThBE7hHDy4hjrcQwOaQGAMz/AKb1ZuvVjv1sditGQVO8fwB9bnD1XIk3I=</latexit><latexit sha1_base64="VrlbCHs9LExIp+E0PlYodkQ7tWg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQq6LHoxWMF+wFtDJPtpl262YTdTaGE/hMvHhTx6j/x5r9x2+agrQ+Gebw3w86+MOVMadf9tkpr6xubW+Xtys7u3v6BfXjUUkkmCW2ShCeyE6KinAna1Exz2kklxTjktB2O7mZ+e0ylYol41JOU+jEOBIsYQW2kwLZ7yNMhBmrRny4Du+rW3DmcVeIVpAoFGoH91esnJIup0ISjUl3PTbWfo9SMcDqt9DJFUyQjHNCuoQJjqvx8fvnUOTNK34kSaUpoZ67+3sgxVmoSh2YyRj1Uy95M/M/rZjq68XMm0kxTQRYPRRl3dOLMYnD6TFKi+cQQJJKZWx0yRIlEm7AqJgRv+curpHVR89ya93BVrd8WcZThBE7hHDy4hjrcQwOaQGAMz/AKb1ZuvVjv1sditGQVO8fwB9bnD1XIk3I=</latexit><latexit sha1_base64="VrlbCHs9LExIp+E0PlYodkQ7tWg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQq6LHoxWMF+wFtDJPtpl262YTdTaGE/hMvHhTx6j/x5r9x2+agrQ+Gebw3w86+MOVMadf9tkpr6xubW+Xtys7u3v6BfXjUUkkmCW2ShCeyE6KinAna1Exz2kklxTjktB2O7mZ+e0ylYol41JOU+jEOBIsYQW2kwLZ7yNMhBmrRny4Du+rW3DmcVeIVpAoFGoH91esnJIup0ISjUl3PTbWfo9SMcDqt9DJFUyQjHNCuoQJjqvx8fvnUOTNK34kSaUpoZ67+3sgxVmoSh2YyRj1Uy95M/M/rZjq68XMm0kxTQRYPRRl3dOLMYnD6TFKi+cQQJJKZWx0yRIlEm7AqJgRv+curpHVR89ya93BVrd8WcZThBE7hHDy4hjrcQwOaQGAMz/AKb1ZuvVjv1sditGQVO8fwB9bnD1XIk3I=</latexit><latexit sha1_base64="VrlbCHs9LExIp+E0PlYodkQ7tWg=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSQq6LHoxWMF+wFtDJPtpl262YTdTaGE/hMvHhTx6j/x5r9x2+agrQ+Gebw3w86+MOVMadf9tkpr6xubW+Xtys7u3v6BfXjUUkkmCW2ShCeyE6KinAna1Exz2kklxTjktB2O7mZ+e0ylYol41JOU+jEOBIsYQW2kwLZ7yNMhBmrRny4Du+rW3DmcVeIVpAoFGoH91esnJIup0ISjUl3PTbWfo9SMcDqt9DJFUyQjHNCuoQJjqvx8fvnUOTNK34kSaUpoZ67+3sgxVmoSh2YyRj1Uy95M/M/rZjq68XMm0kxTQRYPRRl3dOLMYnD6TFKi+cQQJJKZWx0yRIlEm7AqJgRv+curpHVR89ya93BVrd8WcZThBE7hHDy4hjrcQwOaQGAMz/AKb1ZuvVjv1sditGQVO8fwB9bnD1XIk3I=</latexit>

↵4
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Jet veto enhances 
corrections

Let’s ignore possible interferences and focus again on single-top as signal: 
LO3 + NLO3 & NLO4

To enhance single-top signal, typically (b-)jet-veto is applied

require exactly one lepton, one b-jet, and one additional non-b-tagged jet

In particular, the jet vetos enhance 
the effects from NLO corrections  
enormously

Including higher orders does 
not solve the problem. Also at 
NNLO QCD ([Berger et al.]) 
the corrections remain large

Resummation through parton  
shower improves the situation 
considerably, however not available 
for the EW corrections

�14

pp ! e
+
vebj, PDFs=LUXQED17 (82200)

µ
0
f = µ

0
r = HT /2

Order � [fb]

LO QCD 4.616(4)
+0.415(+9.0%)
�0.532(�11.5%)

NLO QCD 2.75(3)
+0.22(+8.2%)
�0.24(�8.8%)

NLO QCD+EW 2.57(3)
+0.22(+8.5%)
�0.25(�9.6%)

LO QCD + PS 3.038(6)
+0.280(+9.2%)
�0.357(�11.7%)

NLO QCD + PS 2.36(2)
+0.12(+5.0%)
�0.10(�4.0%)

Table 1: Cross sections for pp ! e+vebj, di↵erent orders.

1

[Work in progress: RF, D. Pagani, I. Tsinikos]



Differential distributions 1

Lepton + b-jet invariant mass

left: Fixed order comparison; right: NLO vs NLO+PS (with QCD 
corrections)

EW corrections small compared to other effects
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[Work in progress: RF, D. Pagani, I. Tsinikos]



Differential distributions 2

Angle between lepton, in the top rest-frame, and light jet: very 
sensitive to spin correlations

Effects from parton shower again larger than from EW corrections
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Differential distributions 3

Reconstructed to quark mass from lepton, b-jet and missing energy, 
using W-boson mass constraint

EW corrections are of similar size as compared to effects from 
parton shower
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Conclusions

NLO EW corrections are a part of a family of NLO corrections due to the 
mixed coupling expansion of the perturbative series (complete-NLO)

Automation of complete-NLO for all* relevant SM processes (e.g. in 
MadGraph5_aMC@NLO v3_beta)

Not covered: beyond NLOQCD the distinction between jets, photons and 
leptons becomes non-trivial without fragmentation functions (work in 
progress)

Work-in-progress: consistent matching to parton showers when including 
NLOEW corrections 

EW corrections to single-top production are small, but enhanced in tails of 
distributions. Also applying a jet-veto enhances the effects from higher-
order corrections enormously, but here the EW corrections remain smaller 
than other effects
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