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• t-channel: largest 
at LHC

• s-channel: smallest at 
LHC

• Wt-channel: second 
largest

5

Single Top Production at Tevatron
• Production via EW in 3 channels: s, t, Wt;!
• First Observation by CDF & D0 in 2009;!
! Phys.Rev. Lett., 103:092002, 2009;!

• Tevatron and LHC both sensitive to t-ch; Tevatron not sensitive to Wt-ch but advantage on s-ch!!
! at LHC 5 times more signal but 15 times more background….!
! will be very challenging also at RunII since processes like ttbar increase more than s-ch production!

Top2014, Cannes Manfredi Ronzani

s-ch t-ch Wt-ch

Single top production
• Three channels to produce single top quarks are usually 

identified

2

• Even though the cross sections are not small 
compared to top pair production, the first 
observation was more than 14 years later… 

• This is mainly due to the very large backgr., 
that are moreover similar in shape
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Single tops at the LHC

• Excellent agreement with the SM predictions for all three channels 
• Enough data for differential distributions — which have appeared 

as well 
• t-channel is the largest: this talk focusses almost exclusively on this

3
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Single top-quark production
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58 (2014) PLB 736NNLO 
scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD

 contribution removedttW: t
 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
VeG 65 =

F
µ and VeG 60 =  removalt veto for tb

T
tW: p
scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 

stat.  total
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Background suppression
• As mentioned, large background from top pair production 

• The difference is number of (b)-jets: top pair production typically 
comes with more jets than single-top production 

• An (effective) jet-veto is a must to suppress top pair production 
background 

• Introduces jet-veto logarithms in the calculation 

• Currently no (analytic) resummation known for these 
logarithms, beyond what’s generated by a parton shower… 

• Exp. results have appeared for both a fiducial region (with a jet 
veto) and unfolded to the full phase-space 

• Unfolding based on Monte Carlo 

• All recent pheno progress has, in one way or another, addressed 
the fiducial region —in this talk I’ll present an overview

4
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.JOJNJIÚKE����NNTransverse momentum resummation

• When the top+jet system has small 
transverse momentum, large logs appear: 
log[Q/qT] 

• These can be resummed to all orders in 
perturbation theory 
[Collins, Soper, Sterman, 1985] 

• Resummed results similar to parton shower 
(Pythia8), except when jet is forward 

• However, default Pythia8 suboptimal for 
DIS like configurations; improved dipole 
recoil scheme is currently being 
considered [Cabouat & Sjöstrand, 2018] 

• Might have an effect on these 
conclusions?

5

[Cao, Sun, Yan, Yuan, Yuan, 2018]

3

ing or outgoing color particle, the soft gluon radiation is
factorized into an associated gauge link along the parti-
cle momentum direction. The color correlation between
the color particles in this process can be described by a
group of orthogonal color bases. For the t-channel sin-
gle top quark production, there are two orthogonal color
configurations, which are

C
ij
1kl = �ik�jl, C

ij
2kl = T

a0

ik T
a0

jl , (5)

where i, j are color indices of the two incoming partons,
k, l are color indices of the jet and the top quark in final
states and a

0 is color index of the gluon. We follow the
procedure of Ref. [14] to calculate the soft factor. Its
definition in such color basis can be written as

SIJ =

Z ⇡

0

d�

⇡
C

bb0

Iii0C
aa0

Jll0h0|L
†
vcb0(b)Lv̄bc0(b)L†

v̄c0a0(0)

⇥ Lvac(0)L†
nji(b)Ln̄i0k(b)L†

n̄kl(0)Lnl0j(0)|0i , (6)

where we integrated out the azimuthal angle of the top
quark and traded the relative azimuthal angle � for the
q?. I and J represent the color basis index, n and n̄ rep-
resent the momentum directions of the top quark and the
jet in this process, v and v̄ are the momentum directions
of the initial states.

The anomalous dimension of the soft factor SIJ can be
calculated at one-loop order and found to be

�
S
ub!dt =

↵s

⇡

2

4
CF T CF /CA U

U
1
2 (CA � 2/CA)U � 1

2CA
T

3

5 ,

(7)

where,

T = ln(
�t̂

ŝ
) + ln(

�(t̂�m
2
t )

ŝ�m
2
t

), (8)

U = ln(
�û

ŝ
) + ln(

�(û�m
2
t )

ŝ�m
2
t

). (9)

Here CA = 3, t̂ = (pu � pd)2, û = (pb � pd)2 for the
ub ! dt process.

The hard factor HIJ contains the contribution from
the jet function which is proportional to the leading order
cross section. The jet function accounts for contribution
originated from collinear gluon radiation, and is depen-
dent on the jet algorithm used in the calculation. In this
work, we apply the anti-kT jet algorithm, as discussed in
Refs. [14, 29].
Phenomenology: Below, we present the numerical re-
sult of resummation calculation for the t-channel sin-
gle top quark production at the

p
S = 13 TeV LHC

with CT14NNLO PDF [21]. Figure 1 shows the q? dis-
tribution from the asymptotic piece (blue dashed line),
NLO calculation (red dotted line), resummation predic-
tion (black solid line) and Y -term (orange dot-dashed
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FIG. 1. The q? distribution from the asymptotic result (blue
dashed line), NLO calculation (red dotted line), resummation
prediction (black solid line), parton shower result by Pythia 8
(green solid line) and Y -term (orange dot-dashed line) for the
t-channel single top quark production at the

p
S = 13 TeV

LHC with |yt| < 3 and |yJ |  4.5 (a), or 3.0  |yJ |  4.5 (b)
. The resummation and renormalization scales are choose as
µ = µRes = µren = HT .

line) for the top quark production. Here, the asymptotic
piece is the fixed-order expansion of Eq. (1) up to the ↵s

order, and is expected to agree with the NLO prediction
as q? ! 0. In the same figure, we also compare to the
prediction from the parton shower event generator Pythia
8 [30] (green solid line), which was calculated at the lead-
ing order, with CT14LO PDF and ↵s(MZ) = 0.118 at the
Z-boson mass scale (91.118 GeV). For the fixed-order
calculation, both the renormalization and factorization
scales are fixed at HT ⌘

p
m

2
t + P

2
J? + PJ?. Similarly,

in the resummation calculation, the canonical choice of
the resummation (µRes) and renormalization (µren) scales
is taken to be HT in this study. The jet cone size is
taken to be R = 0.4, using the anti-kT algorithm, and
the Wolfenstein CKM matrix element parameterization
is used in our numerical calculation [31]. We shall com-
pare predictions for two di↵erent sets of kinematic cuts,
with |yt|  3 and PJ? > 30 GeV, and |yJ |  4.5 in
(a), and 3  |yJ |  4.5 in (b) of Fig. 1, respectively.
Some results of the comparison are in order. Clearly, the
asymptotic piece and the fixed-order calculation results
agree very well in the small q? (less than 1 GeV) re-
gion. As a further check, we calculated the NLO total
cross section predicted by our resummation calculation.
Specifically, we numerically integrated out the q? distri-
bution predicted by our resummation calculation from
0 to 1 GeV, and summed it up with the integration of
the perturbative piece (at the ↵s order) from 1 GeV up
to the allowed kinematic region [32]. We found that the
NLO total cross section predicted by our resummation
framework and MCFM [33] calculations are in perfect
agreement.
As shown in Fig. 1, the NLO prediction is not reli-

able when the q? is small. The resummation calculation
predicts a well behavior q? distribution in the small q?
region since the large logarithms have been properly re-

= pT(top+jet)
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FIG. 2. (a) The ratio of the resummation and Pythia pre-
diction for the t-channel single top quark production at thep
S = 13 TeV LHC with |yt| < 3, PJ? > 30 GeV and

|yJ |  4.5 (blue dashed line), or 3.0  |yJ |  4.5 (red solid
line); (b) The W -piece prediction for the single top quark
production process with mb = 4.75 GeV (blue dashed line )
and mb = 0 (red solid line) at the

p
S = 13 TeV LHC with

|yJ |  4.5, |yt| < 3 and PJ? > 30 GeV. The resummation and
renormalization scales are choose as µ = µRes = µren = HT .

summed. In Fig 2(a), we compare the predictions from
our resummation calculation to Pythia by taking the ra-
tio of their q? di↵erential distributions shown in Fig. 1.
With the jet rapidity |yJ |  4.5 (blue dashed line), this
ratio does not vary strongly with q?. Hence, they pre-
dict almost the same shape in the q? distribution, while
they predict di↵erent fiducial total cross sections because
Pythia prediction includes only leading order matrix ele-
ment and is calculated with CT14LO PDFs. However, if
we require the final state jet to be in the forward rapidity
region, with 3  |yJ |  4.5 (red solid line), which is the
so-called signal region of single top events, we find that
Pythia prediction disagrees with our resummation calcu-
lation. Our resummation calculation predicts a smaller
q? value when the final state jet is required to fall into the
forward region. We have checked that the Pythia result is
not sensitive to the e↵ects from beam remnants. Further-
more, the Y -term contribution, from NLO, is negligible in
this region, cf. Fig. 1(b) (orange dot-dashed line). Hence,
we conclude that their di↵erence most likely comes from
the treatment of multiple soft gluon radiation.

As shown in Eqs. (7)-(9), the e↵ect of multiple gluon
radiation, originated from soft gluons connecting the ini-
tial and final state gauge links, becomes more important
when the final state jet is required to be in the forward

region where the kinematic factor T ⇠ ln
�t̂

ŝ
becomes

large as |t̂| ! 0. Consequently, the q? distribution peaks
at a smaller value as compared to the case in which the
final state jet does not go into the forward region.

Next, we examine the e↵ect of the incoming bottom
quark mass to the q? distribution. As shown in Fig. 2(b),
a finite bottom quark mass, with mb = 4.75 GeV, shifts
the peak of the q? distribution by about 3 ⇠ 4 GeV as
compared to massless case.
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FIG. 3. The normalized distribution of �
⇤ for top quark

production at the
p
S = 13 TeV LHC with |yt| < 3 and

PJ? > 30 GeV. The resummation and renormalization scales
are choose as µ = µRes = µren = HT . The blue and black line
represents the resummation prediction with and without in-
cluding the factor T in Eqs. (7)-(9), respectively. The red lines
describe the results from Pythia prediction. The blue shaded
region represents the scale uncertainties which are varied from
HT /2 to 2HT .

As discussed above, the coherence e↵ect of gluon radi-
ation in the initial and final states becomes large when
the final state jet falls into more forward (or backward)
direction, with a larger absolute value of pseudorapid-
ity. Furthermore, a di↵erent prediction in q? would lead
to di↵erent prediction in the azimuthal angle between
the final state jet and the top quark moving directions
measured in the laboratory frame. Both of them sug-
gest that we could use the well-known �

⇤ distribution,
for describing the precision Drell-Yan pair kinematical
distributions [34], to test the e↵ect of multiple gluon ra-
diation in the t-channel single top quark production. The
advantage of studying the �

⇤ distribution is that it only
depends on the moving directions (not energies) of the
final state jet and top quark. Hence, it might provide
a more sensitive experimental observable when the final
state jet falls into forward (or backward) direction. We
follow its usual definition and define

�
⇤ = tan

✓
⇡ ���

2

◆
sin ✓⇤⌘, (10)

where �� is the azimuthal angle separation in radians
between the jet and top quark. The angle ✓

⇤
⌘ is defined

as

cos ✓⇤⌘ = tanh


⌘J � ⌘t

2

�
, (11)

where ⌘J and ⌘t are the pseudorapidities of the jet and
top quark, respectively.
As shown in Fig. 3, the predictions of Pythia and our

resumamtion calculation di↵er in the small �
⇤ region,

especially for the final state jet falls into more forward (or
backward) direction (Fig. 3(b)), which can be caused by a
large value of ⌘J�⌘t. i.e., in the events with large rapidity
gap. In such region, the subleading logarithm terms in
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EW corrections

• EW corrections are known to be a couple of percent 
[Beccaria et al., 2006, Mirabella 2008, Bardin et al., 2010] 

• Top decay through an electroweak vertex 
• Hence, one expect EW corrections to single top production to 

be of similar order as off-shell effects 
• EW corrections are now available in the MG5_aMC package 

[RF, Frixione, Hirschi, Pagani, Shao, Zaro, 2018] 
• EW corrections to production + decay (incl. off-shell & non-

resonant contributions available

6

u

d

b b

e+

ve

W
+

g g

u d

b
b

W
+

W

t

e
+

ve

b

e
+

ve

b

W

c
s

e
+

q

t

q’
_

W
+ W

+

e+

ve

b

b
_ g

u

d

b W
+

t

e+

ve

W
!

_

_

_

b
_

b
_

g

Figure 1. Selection of Feynman diagrams contributing to the signature (2.1). The upper-left diagram
contributes to NLO1 and NLO2 (W+jets), the upper-central diagram to NLO4 (single-top resonant),
and the upper-right diagram also to NLO4 (non-resonant). The lower-left diagram is a typical s-
channel single-top production diagram, with an extra gluon, while the lower-right diagram can be
considered t̄W

+-associated production, both contributing to NLO3.

tree-level diagrams: W+jets with leptonic W decays contributes to the O(↵
2
s↵

2
). Thus, as

already mentioned, single-top production is not the only production process contributing to
this signature. Furthermore also non-resonant contributions are possible.

In this section we present the calculation of all the contributions to fixed-order complete-
NLO predictions for the signature (2.1). Following the notation already used in Refs. [42, 72–
78], with complete-NLO predictions we denote all the one-loop and real emission corrections
of QCD and EW origin. To this purpose we calculate all the O(↵

m
s ↵

n+2
) contributions with

m,n > 0 and m+ n = 2, 3 to

pp ! ⌫eJJJ , (2.2)

where J is any particle that may potentially enter in a fully-democratic jet, i.e., a jet that is
obtained by clustering quarks (including b-quarks), gluons, photons and leptons. As discussed
in Refs. [42, 75], this procedure is necessary in order to fully ensure IR safety when dealing
with complete-NLO contributions and massless final state. In practice, given the presence of
an electronic neutrino,1 all the possible final-states include a positron and two(three) massless
particles.

1In our calculation lepton PDFs are safely set to zero [79], so no initial-state leptons can be present.

– 5 –
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fiducial region
• Include top decay 

• lepton, neutrino, light jet and b-jet 

• Due to non-resonant contributions, this process is only IR finite in fiducial 
region; requires tagging of the jets and lepton 

• Following fiducial region defined by ATLAS, arXiv:1702.02859

7

[RF, Pagani & Tsinikos, 2019]

3 Results

3.1 Fiducial region

In order to isolate the contribution to the signature (2.1) and select the fiducial region for
t-channel single-top production we perform the following procedure at the analysis level, adopt-
ing the cuts from Ref. [27].

As already mentioned in Sec. 2.1.3 jets are clustered via the anti-kT algorithm with
parameters �R

QCD
= 0.4 and p

QCD

T,min
= 30 GeV. Also, only jets that contain a b quark

or antiquark and have pseudorapidity |⌘(j)| < 2.5 are identified as b-jets; in the case of
|⌘(j)| > 2.5 a jet is always considered as a light jet. We also remind the reader that in
the case of the fixed-order results, if a bb̄ pair is clustered, the corresponding jet is always
considered as a light jet for IR safety. When we perform the calculation including shower
effects this requirement is not necessary and therefore we consider such a jet a b-jet, still only
if |⌘(j)| < 2.5. As already mentioned, we explicitly verified that this choice, being preferable
because it is much closer to a realistic experimental procedure, has a negligible impact on the
Single-Top results presented in this work.

After having defined jets (and dressed leptons), we define the fiducial region according
to (2.1), i.e., by requiring exactly one light jet (jl), one b-jet (jb), a positron and missing
transverse-energy. In particularly, following Ref. [27], these cuts are applied:

• exactly one lepton: |⌘(`)| < 2.5 and pT (`) > 25 GeV and identified as a positron,

• exactly one light jet: |⌘(jl)| < 4.5 and pT (jl) > 30 GeV,

• exactly one b-jet: |⌘(jb)| < 2.5 and pT (jb) > 30 GeV,

• missing transverse-energy: /ET > 30 GeV,

• positron and jets separation: �R(e
+
, `) > 0.4,

• positron and b-jet system: m(e
+
jb) < 160 GeV,

where /ET ⌘ pT (⌫e).
The requirement of exactly two jets of which one being a light jet and one being a b-jet is

suppressing the relative contribution of all the resonant processes besides the t-channel single
top. Indeed, s-channel single top typically leads to two b-jets and tW associate production to
three jets. Also, WZ and W + jets production mostly lead to 2 b-jets or 2 light jets.

3.2 Fixed order

In this section we present and discuss fixed-order results at complete-NLO accuracy for the
total cross section and the differential distributions at 13 TeV; we consider the signature
(2.1) in the fiducial region defined in Sec. 3.1. As summarised in (2.5), we will refer to the
perturbative orders LO3, NLO3 and NLO4 as “Single-Top”, while the remaining perturbative
orders LO1, LO2, NLO1 and NLO2 will be referred as “W+jets”.
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Figure 1. Selection of Feynman diagrams contributing to the signature (2.1). The upper-left diagram
contributes to NLO1 and NLO2 (W+jets), the upper-central diagram to NLO4 (single-top resonant),
and the upper-right diagram also to NLO4 (non-resonant). The lower-left diagram is a typical s-
channel single-top production diagram, with an extra gluon, while the lower-right diagram can be
considered t̄W

+-associated production, both contributing to NLO3.

tree-level diagrams: W+jets with leptonic W decays contributes to the O(↵
2
s↵

2
). Thus, as

already mentioned, single-top production is not the only production process contributing to
this signature. Furthermore also non-resonant contributions are possible.

In this section we present the calculation of all the contributions to fixed-order complete-
NLO predictions for the signature (2.1). Following the notation already used in Refs. [42, 72–
78], with complete-NLO predictions we denote all the one-loop and real emission corrections
of QCD and EW origin. To this purpose we calculate all the O(↵

m
s ↵

n+2
) contributions with

m,n > 0 and m+ n = 2, 3 to

pp ! ⌫eJJJ , (2.2)

where J is any particle that may potentially enter in a fully-democratic jet, i.e., a jet that is
obtained by clustering quarks (including b-quarks), gluons, photons and leptons. As discussed
in Refs. [42, 75], this procedure is necessary in order to fully ensure IR safety when dealing
with complete-NLO contributions and massless final state. In practice, given the presence of
an electronic neutrino,1 all the possible final-states include a positron and two(three) massless
particles.

1In our calculation lepton PDFs are safely set to zero [79], so no initial-state leptons can be present.

– 5 –
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• -3% corrections from NLO EW origin on top of -40% 
corrections from NLO QCD 

• Large impact from jet veto 
• Surprise? 

—No, already found before

8

Single-Top cross section

LO 4.623(1)
+0.415(+9.0%)

�0.533(�11.5%)
pb

NLO QCD 2.762(6)
+0.226(+8.2%)

�0.240(�8.7%)
pb

NLO QCD+EW 2.676(6)
+0.229(+8.6%)

�0.236(�8.8%)
pb

(NLO QCD)/LO 0.60(1)

(NLO QCD+EW)/(NLO QCD) 0.97(1)

W+jets cross section

LO 0.7656(6)
+0.3002(+39.2%)

�0.2265(�29.6%)
pb

NLO QCD 1.612(3)
+0.323(+20.1%)

�0.309(�19.2%)
pb

NLO QCD+EW 1.597(3)
+0.318(+19.9%)

�0.305(�19.1%)
pb

(NLO QCD)/LO 2.11(1)

(NLO QCD+EW)/(NLO QCD) 0.99(1)

Table 2. Various fixed-order cross sections (in pb), including their scale uncertainty, for the signature
(2.1) within the fiducial region defined in Sec. 3.1 for the Single-Top process (top table) and the
W+jets process (bottom table). The ratios (last two lines of both tables) are computed for the central
values of the corresponding predictions.

In Tab. 2, we also show results for W+jets, i.e., the contributions from the remaining
perturbative orders LO1, LO2, NLO1 and NLO2. The NLO QCD cross section (LO1+NLO1)
is much larger than the corresponding LO (LO1) prediction; the QCD K-factor is ⇠ 2.1.
Unlike the case of Single-Top, the requirement of exactly two jets does not lead to negative
corrections. This pattern is unusual for a NLO QCD calculation with a requirement of an
exclusive number of jets, i.e., applying a jet-veto. However, in this process real QCD radiation
can convert LO events that would not contribute to the signature (2.1) in events that do
contribute. For example, e+⌫egg final states, which are present at LO, do not contribute to
the signature (2.1). On the other hand, real QCD radiation can convert them via the g!bb̄

splitting into a e
+
⌫egbb̄ final state, which can contribute to the signature (2.1). Moreover,

the LO e
+
⌫egg final state has a much larger cross section than the e

+
⌫ebq one, which does

contribute to the signature (2.1) at LO. Hence, the NLO QCD contributions increase the
central value of the LO cross section by more than a factor 2.

At variance with Single-Top predictions, scale uncertainties decrease moving from LO
(⇠ +40%

�30%
) to NLO QCD (⇠ +20%

�20%
) accuracy. However, despite this reduction, they are larger

– 12 –
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• NNLO corrections to factorised 
approach 

• Fiducial region: requiring exactly 2 
jets, of which one is b-tagged 

• Effects larger than expected; 
outside of theoretical uncertainty 
bands 

• Large jet-veto logarithms(?)  

• Underestimated theory 
uncertainties(?)
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there exist NNLO contributions which are the interference between one-loop s-channel and

t-channel diagrams. These contributions fall into the class of two-gluon exchange diagrams

in Fig. 2c. These contributions are not present in the structure-function approximation,

consistent with the use of t-channel in the title of this work.
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Figure 2: Examples of the color component of NLO and NNLO Feynman diagrams for t-

channel single top-quark production. Both virtual and real diagrams can be represented in

this form. The lower loop represents the heavy-quark line, whereas the upper loop represents

the light-quark line.

The on-shell top quark approximation and structure-function approximation can be sum-

marized schematically in Fig. 3. Owing to these approximations, the full QCD corrections

are factored into a piece describing the decay of the top quark, Vd, DIS-like production of the

top quark, Vh, and the DIS-like production of a light jet, Vl. In the remainder of this section,

we shall discuss the QCD corrections to each of these three parts separately.

t

W �
W

b

u

b

�e

e+

d

Vl

Vh Vd

Figure 3: Schematic diagram for t-channel single top-quark production at hadron colliders

in the on-shell top quark approximation and the structure-function approximation. The full

QCD corrections are factored into three di↵erent parts with these approximations.

– 5 –

[Berger, Gao, Zhu, 2017, 2018]

fiducial [pb] LO NLO NNLO

t quark

total 4.07+7.6%
�9.8% 2.95+4.1%

�2.2% 2.70+1.2%
�0.7%

corr. in pro. -0.79 -0.24

corr. in dec. -0.33 -0.13

t̄ quark

total 2.45+7.8%
�10%

1.78+3.9%
�2.0% 1.62+1.2%

�0.8%

corr. in pro. -0.46 -0.15

corr. in dec. -0.21 -0.08

Table 2: Fiducial cross sections for top (anti-)quark production with decay at 13 TeV at

various orders in QCD with a central scale choice of mt in both production and decay. The

scale uncertainties correspond to a quadratic sum of variations from scales in production and

decay, and are shown in percentages. Corrections from purely production and purely decay

are also shown.

about 3 to ⇠ 1% at NNLO. However, for fiducial cross sections, the error bands from LO,

NLO, and NNLO do not overlap each other suggesting that scale variations underestimate

the true perturbative uncertainties in this case. The size of QCD corrections are similar for

top anti-quark production. The ratio of fiducial cross sections for top quark and anti-quark

production are 1.661, 1.657, and 1.667 at LO, NLO, and NNLO, respectively. Therefore these

charge ratio observables are stable against QCD corrections even in the fiducial phase space.

In experimental analyses, the total inclusive cross sections are usually determined through

extrapolation of the fiducial cross sections based on acceptance estimates obtained from MC

simulations. We can use the numbers shown in Tables 1 and 2 to derive the parton-level

acceptance at various orders. For top quark production, the acceptances are 0.0283, 0.0214,

and 0.0201 at LO, NLO, and NNLO respectively. The NNLO corrections can change the ac-

ceptance by 6% relative to the NLO value. This change also propagates into the measurement

of the total inclusive cross section through extrapolation.

A comment here is appropriate on the size of QCD corrections and the choice of the QCD

hard scale. With fiducial cuts applied, the jet veto introduces another hard scattering scale of

pT,veto = 40 GeV in addition to mt. A QCD scale choice (pT,vetomt)1/2 ⇠ mt/2 may therefore

be appropriate, especially at lower perturbative orders where the gluon splitting contributions

are absorbed into the bottom-quark PDF. Alternative results with a central scale choice of

mt/2 in production, with the central scale mt retained in decay, show better convergence of

the series, although the NNLO predictions are almost unchanged. It would be worthwhile to

resum the logarithmic contributions related to the scales pT,veto and mt.

– 31 –
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the forward region since the charged lepton tends to be soft there. The QCD corrections

can be large at both forward and backward angles, as can be seen in the lower panel. The

conventional forward-backward asymmetry of the angular distribution is proportional to the

top-quark polarization. The predictions are 0.383, 0.362, and 0.346 at LO, NLO, and NNLO,

respectively. Thus the NNLO correction is about -4% on the forward-backward asymmetry.
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Figure 27: Predicted transverse momentum distribution of the charged lepton and b-jet

system from t-channel single top-quark production at 13 TeV after fiducial cuts, with full

corrections included, with and without normalization respectively.

5 Summary

We presented a detailed phenomenological study of the next-to-next-to-leading order QCD

corrections for t-channel single top (anti-)quark production including its semi-leptonic decay

at the LHC. The calculations are carried out under the on-shell top-quark and the structure-

function approximations, allowing the QCD corrections to be factored into three simpler

pieces. The neglected corrections are suppressed either by the width of the top quark or by

a color factor of 1/N2
c .

The NNLO corrections are generally about �3% for the total inclusive rates at LHC with

di↵erent center of mass energies. The NNLO corrections can be much larger for di↵erential

distributions. They can reach a level of 10% or more in certain regions of the transverse

momentum distributions of the top (anti-)quark and the pseudo-rapidity distributions of the

leading jet. In all cases the scale variations are greatly reduced by the NNLO corrections. We

also show a comparison of the normalized parton-level distributions to the recent data from

the ATLAS 8 TeV measurement. The NNLO corrections tend to move theoretical predictions

– 34 –

there exist NNLO contributions which are the interference between one-loop s-channel and

t-channel diagrams. These contributions fall into the class of two-gluon exchange diagrams

in Fig. 2c. These contributions are not present in the structure-function approximation,

consistent with the use of t-channel in the title of this work.
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Figure 2: Examples of the color component of NLO and NNLO Feynman diagrams for t-

channel single top-quark production. Both virtual and real diagrams can be represented in

this form. The lower loop represents the heavy-quark line, whereas the upper loop represents

the light-quark line.

The on-shell top quark approximation and structure-function approximation can be sum-

marized schematically in Fig. 3. Owing to these approximations, the full QCD corrections

are factored into a piece describing the decay of the top quark, Vd, DIS-like production of the

top quark, Vh, and the DIS-like production of a light jet, Vl. In the remainder of this section,

we shall discuss the QCD corrections to each of these three parts separately.
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Figure 3: Schematic diagram for t-channel single top-quark production at hadron colliders

in the on-shell top quark approximation and the structure-function approximation. The full

QCD corrections are factored into three di↵erent parts with these approximations.
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NNLO for t-channel single top

• NNLO corrections to factorised 
approach 

• Fiducial region: requiring exactly 2 
jets, of which one is b-tagged 

• Effects larger than expected; 
outside of theoretical uncertainty 
bands 

• Large jet-veto logarithms(?)  

• Underestimated theory 
uncertainties(?)
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NLO comparison

• Slightly different definition of fiducial 
region: sensitive to size of NLO 
uncertainties; also left includes non-
resonant and off-shell effects (also a bit 
of s-channel and tW production) 

• NLO compatible with showered results 

• Can probably trust size of EW corrections 

• Need to have a framework of matching 
NLO EW corrections to shower 
consistently; first steps in these 
directions have been taken [Granata et al., 
2017, Kallweit et al. 2015 and Gütschow et al. 2018] 
but only correct when dominated by weak 
effects, which does not apply here
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fiducial [pb] LO NLO NNLO

t quark

total 4.07+7.6%
�9.8% 2.95+4.1%

�2.2% 2.70+1.2%
�0.7%

corr. in pro. -0.79 -0.24

corr. in dec. -0.33 -0.13

t̄ quark

total 2.45+7.8%
�10%

1.78+3.9%
�2.0% 1.62+1.2%

�0.8%

corr. in pro. -0.46 -0.15

corr. in dec. -0.21 -0.08

Table 2: Fiducial cross sections for top (anti-)quark production with decay at 13 TeV at

various orders in QCD with a central scale choice of mt in both production and decay. The

scale uncertainties correspond to a quadratic sum of variations from scales in production and

decay, and are shown in percentages. Corrections from purely production and purely decay

are also shown.

about 3 to ⇠ 1% at NNLO. However, for fiducial cross sections, the error bands from LO,

NLO, and NNLO do not overlap each other suggesting that scale variations underestimate

the true perturbative uncertainties in this case. The size of QCD corrections are similar for

top anti-quark production. The ratio of fiducial cross sections for top quark and anti-quark

production are 1.661, 1.657, and 1.667 at LO, NLO, and NNLO, respectively. Therefore these

charge ratio observables are stable against QCD corrections even in the fiducial phase space.

In experimental analyses, the total inclusive cross sections are usually determined through

extrapolation of the fiducial cross sections based on acceptance estimates obtained from MC

simulations. We can use the numbers shown in Tables 1 and 2 to derive the parton-level

acceptance at various orders. For top quark production, the acceptances are 0.0283, 0.0214,

and 0.0201 at LO, NLO, and NNLO respectively. The NNLO corrections can change the ac-

ceptance by 6% relative to the NLO value. This change also propagates into the measurement

of the total inclusive cross section through extrapolation.

A comment here is appropriate on the size of QCD corrections and the choice of the QCD

hard scale. With fiducial cuts applied, the jet veto introduces another hard scattering scale of

pT,veto = 40 GeV in addition to mt. A QCD scale choice (pT,vetomt)1/2 ⇠ mt/2 may therefore

be appropriate, especially at lower perturbative orders where the gluon splitting contributions

are absorbed into the bottom-quark PDF. Alternative results with a central scale choice of

mt/2 in production, with the central scale mt retained in decay, show better convergence of

the series, although the NNLO predictions are almost unchanged. It would be worthwhile to

resum the logarithmic contributions related to the scales pT,veto and mt.
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Figure 7. Single-Top cross section and their uncertainty from scale dependence in the fiducial region
in various approximations. Corresponding numbers are listed in Tabs. 2 and 3.

W+jets cross section

LO 0.7656(6)
+0.3002(+39.2%)

�0.2265(�29.6%)
pb

LOPS QCD 1.36(2)
+0.42(+31.1%)

�0.32(�23.6%)
pb

NLO QCD 1.612(3)
+0.323(+20.1%)

�0.309(�19.2%)
pb

NLOPS QCD 1.79(5)
+0.09(+5.1%)

�0.18(�10.3%)
pb

(NLOPS QCD)/(LOPS QCD) 1.31(4)

(LOPS QCD)/LO 1.78(3)

(NLOPS QCD)/(NLO QCD) 1.11(3)

Table 4. Total cross sections and their uncertainty from scale dependence in various QCD approxi-
mations for the signature (2.1) from W+jets within the fiducial region defined in Sec. 3.1. The ratios
are computed for the central values of the corresponding predictions.

(2.1), parton shower effects (or possibly analytic jet-veto resummation) are necessary in order
to reduce theory uncertainties. On the other hand, the impact of NLO EW corrections on top
of NLO QCD predictions is much smaller (⇠ 1% at the inclusive level) than the scale uncer-

– 24 –

[Berger, Gao, Zhu, 2017, 2018][RF, Pagani & Tsinikos, 2019]
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Differential

• Light (upper plots) and b-jet 
(lower plots) transverse 
momentum and pseudo-
rapidity 

• EW corrections always 
within QCD uncertainties 

• But effects of shower is 
large for tails of transverse 
momenta 
• Jet veto logarithms are 

important

12

[RF, Pagani & Tsinikos, 2019]
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Figure 9. Predictions at NLO(PS) QCD accuracy for the same observables considered in Fig. 2 for
the Single-Top process. Note that the second inset shows the ratio of the NLO QCD+EW over the
NLO QCD process, but with the relative uncertainty from the NLOPS QCD superimposed on the
latter.
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Combining ST and STJ

• Current analyses use POWHEG or 
MG5_aMC for NLO ST production matched 
to Pythia or Herwig 

• Due to large backgrounds, typically a jet 
veto is applied on jets beyond the light jet 
and the b-jet (from the semi-leptonic top 
decay) 
• Also important to model the vetoed jet 

well 
• Would like to combine ("merge") NLO ST 

and STJ predictions and match to the 
parton shower: use MINLO

13
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Small pT

• Start from the (NLO) STJ process 
• At small pT for the 2nd parton, this calculation becomes 

unreliable since large logarithms appear order-by-order in perturbation 
theory 
• These logarithms can be resummed 
• Factorisation leads to the following form (schematically) 

 
 
 
where Δ(y12) is the Sudakov from factor 
  
                                        
with y12 the kT-clustering scale to go from 2->3 to 2->2 kinematics 

• This is Minlo 
[Hamilton, Nason, Zanderighi (2012)]
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only accounts for NLO QCD corrections, the propagators entering all of our one-loop matrix
elements only contain QCD charged particles: the W -boson cannot be part of the loop itself.
Thus, the virtual corrections we have generated are fully consistent with the structure
function approximation that we have based our work on (see section 2.1).

We have carefully validated our implementation of all of the above elements in the
Powheg Box, by comparing our predictions for the total NLO cross section, as well as
key differential distributions, at fixed order, to those of MadGraph5_aMC@NLO. In all
cases we found complete agreement between the two codes.

While we do not consider the decays of the top quarks in this work, spin correlations
between the top production and decay processes can be important [85]. The latter can be
accounted for a posteriori by decaying the top quarks with the MadSpin program [86, 87].
MadSpin can parse the Les Houches event files generated by our Powheg Box code,
simulating the decay of the top quark in each event, including all tree-level correlations
between production and decay, to yield a new Les Houches event file wherein all tops have
been decayed.

2.3 Minlo

In the Powheg framework all events generated in the calculation of the NLO cross section
have a common associated underlying Born configuration, �STJ = {qi}, with {qi} being the
corresponding set of five momenta. The first step in the Minlo procedure is to input the
�STJ configuration to the exclusive kt algorithm4 [80], yielding a bq ! tq0 state together
with an associated kt-clustering scale, py12. Denoting the clustering operation P, we notate
the resulting set of 2 ! 2 momenta as � = �ST = {pi} ⌘ P[�STJ].

In the limit that py12 is small relative to any hard scales in �, the t-channel single-top
plus jet cross section is dominated by large Sudakov logarithms at all orders in perturbation
theory, rendering fixed order predictions of little or no use, depending on the extent to which
the second jet is unresolved. Minlo augments the latter NLO cross section to maintain
predictivity when such regions of phase space are probed, by matching it to an all orders
summation of these large logarithms, according to the following formula:

d�M = �(y12)
h
d�STJ

NLO
� �(y12)|↵̄S

d�STJ

LO

i
. (2.1)

In eq. (2.1) d�STJ

LO
, d�STJ

NLO
, and d�M are the LO, NLO, and Minlo cross sections, fully

differential in the three-particle phase space of the single-top plus jet Born-like terms,
and the four-particle phase space of their real emission counterparts. All instances of the
renormalization and factorization scales in �(y12), d�STJ

LO
and d�STJ

NLO
have been set to p

y12.
The Minlo Sudakov form factor is denoted by �(y12), with �(y12)|↵̄S

representing the
O(↵̄S) term in its expansion, ↵̄S being defined as

↵̄S =
↵S

2⇡
. (2.2)

4 Since we aim to provide a fully exclusive simulation and we have access to all particle flavours, we
employ a slightly modified version of the exclusive kt algorithm where we veto clusterings of two particles
that cannot be produced by a QCD branching. This is simply achieved by setting the kt algorithm distance
measure to infinity if any two partons that it attempts to combine cannot be associated with the QCD
branching of a quark or gluon [63].
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pTj2 , y12

�(y12) ⇠ exp{�R(log[Q2/y12])}
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.JOJNJIÚKE����NNMINLO - accuracy

• When including only universal coefficients in the Sudakov form factor 
(which is what Minlo has), one can show that 
 

• i.e., for observables inclusive over radiation, the Minlo STJ 
calculation is LO accurate (in ST) 

• What we want is (at least) NLO accuracy… 

• Could compute more terms in the Sudakov Form Factor (like has 
been done for W/Z/H production [Hamilton, Nason, Oleari, Zanderighi (2013)]), but 
this is tricky for single top

15
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Numerical Minlo’

• Instead of computing explicitly, one can also fit the higher order 
terms by enforcing that: 
 
 

• The function form is                                                         with A2 to 
fit and be O(1) 

• This results in a single event sample, STJ*, that is NLO accurate 
in the ST and STJ phase-spaces — without introducing a 
merging scale 
• There is no improvement in the resummation accuracy; rather 

we are adding higher order terms just to make the integral 
equal to the NLO ST diff. cross section

16

only accounts for NLO QCD corrections, the propagators entering all of our one-loop matrix
elements only contain QCD charged particles: the W -boson cannot be part of the loop itself.
Thus, the virtual corrections we have generated are fully consistent with the structure
function approximation that we have based our work on (see section 2.1).

We have carefully validated our implementation of all of the above elements in the
Powheg Box, by comparing our predictions for the total NLO cross section, as well as
key differential distributions, at fixed order, to those of MadGraph5_aMC@NLO. In all
cases we found complete agreement between the two codes.

While we do not consider the decays of the top quarks in this work, spin correlations
between the top production and decay processes can be important [85]. The latter can be
accounted for a posteriori by decaying the top quarks with the MadSpin program [86, 87].
MadSpin can parse the Les Houches event files generated by our Powheg Box code,
simulating the decay of the top quark in each event, including all tree-level correlations
between production and decay, to yield a new Les Houches event file wherein all tops have
been decayed.

2.3 Minlo

In the Powheg framework all events generated in the calculation of the NLO cross section
have a common associated underlying Born configuration, �STJ = {qi}, with {qi} being the
corresponding set of five momenta. The first step in the Minlo procedure is to input the
�STJ configuration to the exclusive kt algorithm4 [80], yielding a bq ! tq0 state together
with an associated kt-clustering scale, py12. Denoting the clustering operation P, we notate
the resulting set of 2 ! 2 momenta as � = �ST = {pi} ⌘ P[�STJ].

In the limit that py12 is small relative to any hard scales in �, the t-channel single-top
plus jet cross section is dominated by large Sudakov logarithms at all orders in perturbation
theory, rendering fixed order predictions of little or no use, depending on the extent to which
the second jet is unresolved. Minlo augments the latter NLO cross section to maintain
predictivity when such regions of phase space are probed, by matching it to an all orders
summation of these large logarithms, according to the following formula:

d�M = �(y12)
h
d�STJ

NLO
� �(y12)|↵̄S

d�STJ

LO

i
. (2.1)

In eq. (2.1) d�STJ

LO
, d�STJ

NLO
, and d�M are the LO, NLO, and Minlo cross sections, fully

differential in the three-particle phase space of the single-top plus jet Born-like terms,
and the four-particle phase space of their real emission counterparts. All instances of the
renormalization and factorization scales in �(y12), d�STJ

LO
and d�STJ

NLO
have been set to p

y12.
The Minlo Sudakov form factor is denoted by �(y12), with �(y12)|↵̄S

representing the
O(↵̄S) term in its expansion, ↵̄S being defined as

↵̄S =
↵S

2⇡
. (2.2)

4 Since we aim to provide a fully exclusive simulation and we have access to all particle flavours, we
employ a slightly modified version of the exclusive kt algorithm where we veto clusterings of two particles
that cannot be produced by a QCD branching. This is simply achieved by setting the kt algorithm distance
measure to infinity if any two partons that it attempts to combine cannot be associated with the QCD
branching of a quark or gluon [63].
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suggested NNLL� Sudakov form factor extension is precisely what one would obtain by
fitting the O(1) function A2(�) inside

ln ��(y12) = �2

Z Q2

bt

y12

dq2

q2
↵̄2

S
A2(�) ln

Q2
bt

q2
, (2.9)

such that
d�ST

NLO

d�
=

Z
dy12

d�M

d�dy12
��(y12) . (2.10)

We have chosen to normalise ln ��(y12) with the factor of two on the right-hand side
of eq. (2.9), to account for the fact that t-channel single-top production consists of two
emitting quark dipoles at lowest order, to enable a more easy/meaningful comparison with
other typical Sudakov coefficients at the same order.

Eq. (2.10) summarises the improvement procedure which we have applied to our base-
line STJ construction described in sections 2.2-2.3. The fit procedure to arrive at A2(�)

in eq. (2.9) can be attempted in a variety of ways, and we have chosen to use an advanced
procedure based on neural network techniques, for which we give details in section 2.5. In
practice, we have implemented the Sudakov form factor correction, ��(y12), evaluating the
q2 integral in eq. (2.9) with a one-loop running coupling:

ln ��(y12) = A2(�)G2(�) , G2(�) =
�1

2⇡2�2
0


2�+ (1� 2�) ln(1� 2�)

1� 2�

�
,

(2.11)
with

�0 =
11CA � 2nf

12⇡
, � =

1

2
↵S�0 ln

Q2
bt

y12
. (2.12)

While we use a form for the y12 resummation formula at NNLL�, we do not presume
to know the details of the related Sudakov ingredients at that order, so we assume that the
A2 coefficient has a general dependence on � already for this reason. There are, however,
established grounds to expect A2 to be generically �-dependent, as also elaborated in
appendix A.3.

We also point out that, if it is the case that the differences between the STJ and
NLO ST �-distributions owe purely to the omission of terms in the Sudakov form factor,
the A2 function fitted in this work, for a given 13 TeV LHC setup, should remain valid
for different beam energies, PDF sets, etc. We have carried out empirical investigations
regarding this point, using the STJ? Minlo Sudakov form factor fitted using samples of
ST and STJ generated for a 13 TeV LHC, to make predictions at 8 TeV. We find that
the STJ? simulation with the latter fit reproduces inclusive 8 TeV t-channel single-top
observables remarkably well. A representative sample of results from that study is given
in appendix B. Indeed, the latter results strongly suggest that a dedicated refitting of the
STJ? Sudakov form factor, using 8 TeV ST and STJ events, would fare comparably to the
one based on fitting with 13 TeV events.

Should the missing NNLL� terms in the Minlo Sudakov form factor of STJ not fully
account for the leading (O(↵̄S)) deviations in its � distribution with respect to NLO ST
predictions, the modification in eq. (2.10) is still admissible, provided that the fitted A2 is
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established grounds to expect A2 to be generically �-dependent, as also elaborated in
appendix A.3.

We also point out that, if it is the case that the differences between the STJ and
NLO ST �-distributions owe purely to the omission of terms in the Sudakov form factor,
the A2 function fitted in this work, for a given 13 TeV LHC setup, should remain valid
for different beam energies, PDF sets, etc. We have carried out empirical investigations
regarding this point, using the STJ? Minlo Sudakov form factor fitted using samples of
ST and STJ generated for a 13 TeV LHC, to make predictions at 8 TeV. We find that
the STJ? simulation with the latter fit reproduces inclusive 8 TeV t-channel single-top
observables remarkably well. A representative sample of results from that study is given
in appendix B. Indeed, the latter results strongly suggest that a dedicated refitting of the
STJ? Sudakov form factor, using 8 TeV ST and STJ events, would fare comparably to the
one based on fitting with 13 TeV events.

Should the missing NNLL� terms in the Minlo Sudakov form factor of STJ not fully
account for the leading (O(↵̄S)) deviations in its � distribution with respect to NLO ST
predictions, the modification in eq. (2.10) is still admissible, provided that the fitted A2 is
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suggested NNLL� Sudakov form factor extension is precisely what one would obtain by
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We have chosen to normalise ln ��(y12) with the factor of two on the right-hand side
of eq. (2.9), to account for the fact that t-channel single-top production consists of two
emitting quark dipoles at lowest order, to enable a more easy/meaningful comparison with
other typical Sudakov coefficients at the same order.

Eq. (2.10) summarises the improvement procedure which we have applied to our base-
line STJ construction described in sections 2.2-2.3. The fit procedure to arrive at A2(�)

in eq. (2.9) can be attempted in a variety of ways, and we have chosen to use an advanced
procedure based on neural network techniques, for which we give details in section 2.5. In
practice, we have implemented the Sudakov form factor correction, ��(y12), evaluating the
q2 integral in eq. (2.9) with a one-loop running coupling:
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While we use a form for the y12 resummation formula at NNLL�, we do not presume
to know the details of the related Sudakov ingredients at that order, so we assume that the
A2 coefficient has a general dependence on � already for this reason. There are, however,
established grounds to expect A2 to be generically �-dependent, as also elaborated in
appendix A.3.

We also point out that, if it is the case that the differences between the STJ and
NLO ST �-distributions owe purely to the omission of terms in the Sudakov form factor,
the A2 function fitted in this work, for a given 13 TeV LHC setup, should remain valid
for different beam energies, PDF sets, etc. We have carried out empirical investigations
regarding this point, using the STJ? Minlo Sudakov form factor fitted using samples of
ST and STJ generated for a 13 TeV LHC, to make predictions at 8 TeV. We find that
the STJ? simulation with the latter fit reproduces inclusive 8 TeV t-channel single-top
observables remarkably well. A representative sample of results from that study is given
in appendix B. Indeed, the latter results strongly suggest that a dedicated refitting of the
STJ? Sudakov form factor, using 8 TeV ST and STJ events, would fare comparably to the
one based on fitting with 13 TeV events.

Should the missing NNLL� terms in the Minlo Sudakov form factor of STJ not fully
account for the leading (O(↵̄S)) deviations in its � distribution with respect to NLO ST
predictions, the modification in eq. (2.10) is still admissible, provided that the fitted A2 is
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are rather uncorrelated from one another. As stated above, the Born variables are defined
from the two momenta associated with the final-state after clustering the events in the ST
and STJ Les Houches files with the exclusive kt algorithm, until each one consists of just
the top quark and a light jet, whose momenta we label pt and pj .10 From the latter we
construct our chosen Born variables: ytj , the rapidity of pt + pj ; ŷt, the rapidity interval
between the top quark and the latter; and pt,top, the transverse momentum of the top.

Since the constraint to be solved for A2(�), eq. (2.10), involves a convolution of the STJ
cross section with ��(y12), eq. (2.11), we discretize the three dimensional space spanned
by the Born variables, in order to use eq. (2.10) to fit A2(�) using samples of ST and STJ
Les Houches events.11 The discretization is carried out by first creating a regular binning
in the physically accessible region of the ŷt � ytj plane, wherein each bin covers 0.5 ⇥ 0.5

units of rapidity. Each of the latter 2D bins is further segmented according to pt,top, in such
a way that all resulting bins in the three dimensional parameter space contain 2000 of the
18 million STJ events used in carrying out the subsequent fit.12

The fitted A2(�) function is then determined by minimizing the following loss function:

L =
NbinsX

i=1

2

4
NX

j=1

wST

i,j �

N 0X

k=1

wSTJ

i,k e Ã2(�i)G2(�)

3

5
2

. (2.13)

Here, in eq. (2.13), Nbins is the total number of bins in the discretized three dimensional
Born variable parameter space. N and N 0 are, respectively, the number of ST and STJ
events used in carrying out the fit. wST

i,j is the weight of the jth ST event in bin i of the
discretized Born variable parameter space, with wSTJ

i,k being analogously defined for the STJ
events. Ã2(�) in eq. (2.13) is the model prediction for the desired effective Sudakov form
factor coefficient (eqs. (2.9-2.11)), evaluated at the centre of bin i. G2(�) is as defined in
eq. (2.11).

The fit of A2(�) according to eq. (2.13) is performed with machine learning techniques.
To avoid making assumptions regarding the analytic form of A2(�), we have employed an
artificial neural network parametrization based on a feed-forward multi-layer perceptron.
This choice eliminates the requirement of selecting a specific functional form for our prob-
lem, by providing a non-linear model which learns the data structure. Additionally, the
A2(�) function fitted in this way evaluates quickly when called on to reweight STJ!STJ?

events with the Sudakov form factor correction, ��(y12).
A grid search was carried out to determine the best neural network architecture, loss

function definition, and optimizer algorithm for our framework. The best architecture was
found to consist of a neural network with two hidden layers, comprising five and three nodes

10 Rarely an event will fail to cluster back to a two-body ST final-state, due to the flavour conservation
implemented in our kt clustering (footnote 4). Having no associated ST Born configuration, such events
are omitted from the A2(�) fitting procedure, and are untouched by the related reweighting.

11An alternative reweighting method, based on weighted kernel density estimation, has been explored
as well. In this method the discretization of the phase-space can be avoided, but it comes with a huge
computational cost and large memory usage and has therefore been disregared.

12At the edges of the phase space adjacent bins are combined, iteratively, if they are found to contain
less than 2000 events.
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Figure 1. Heatmap plots of the fitted A2(�) term in the Minlo Sudakov form factor, defined
through eqs. (2.9-2.11); used in promoting STJ!STJ

? events by reweighting the former with the
NNLL� exponential factor, ��(y12) (eq. (2.11)). The A2(�) shown here has been obtained using
the default (central) scale choices in the ST and STJ generators, for ytj = 0.0 (left plot), ytj = 1.5
(centre plot) and ytj = 3.0 (right plot). The ranges in each of the three plots vary in order to limit
the amount of physically inaccessible phase space shown, while not cutting away any accessible
regions.

3.1 Setup

Both here in our validation studies and in fitting the Minlo Sudakov form factor, we have
considered 13 TeV LHC collisions. We use the NNLO Nnpdf 3.0 parton distribution func-
tions [98] corresponding to ↵S(mZ) = 0.118 via the Lhapdf package [99] (index 261000).
The Fermi constant is set to GF = 1.16639 ⇥ 10�5 GeV�2. The Z-boson mass is set to
mZ = 91.118 GeV, and the fine structure constant evaluated at that scale is given by
1/↵ = 127.012. The W -boson mass, the weak mixing angle, and the weak coupling con-
stant are hence derived according to tree-level relations among the electroweak parameters.
The top quark mass has been set to 172.5 GeV, while all other quark masses have been set
to zero.

We use a diagonal CKM matrix. On the heavy quark line, where the bottom quark
converts to a top quark, we therefore have Vtb = 1, which is well within the uncertainties
on its current determination from Tevatron and LHC data |Vtb| = 1.009 ± 0.031 [100]. If
we further sum over the flavours of the final-state quark on the associated light quark line,
since the CKM matrix is unitarity, our matrix elements will be identical to those obtained
with the full CKM matrix.

All results shown in this section include the effects of parton showering, simulated
with the Pythia8 program [101]. Since our primary intention is to validate the new STJ
generator and its tuned STJ? counterpart, we have switched off hadronization and multiple
parton interactions in Pythia8, and we treat the top quark as a stable particle.15 We have
found it important to adopt a new momentum reshuffling option in Pythia8,16 intended
to yield an alternative treatment of showering initial-final QCD dipoles [102]. Similar

15 We remind that one can relatively quickly produce new Les Houches event files in which the top quarks
have been decayed, according to the relevant tree-level matrix elements, using MadSpin [86, 87].

16We set SpaceShower:dipoleRecoil = on in the Pythia8 input file. Ref. [102] describes in detail the
physical reasoning behind this option and how it modifies the showering of initial-final QCD dipoles. It
states that this option is theoretically better motivated than its alternatives.
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Setup

• Results are for 13 TeV LHC 
• Comparison of 

• ST: standard POWHEG t-channel single top  
• STJ: POWHEG single-top+jet code, including Minlo factor 
• STJ*: same as STJ, but with the numerical fit of additional 

coefficients to make it NLO accurate also in inclusive ST 
phase-space 

• Showered with Pythia8, including the new 
SpaceShower:dipoleRecoil=on developed for DIS [Cabouat & Sjöstrand (2017)], 
and therefore also relevant for t-channel single top 

• No hadronisation, nor top decays: focus on perturbative physics 
and comparisons among ST, STJ, and STJ*
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Top quark rapidity and pT

• ST, STJ and STJ* and 
their respective 
uncertainty bands from 
scale variation 

• Dark-red band variation 
of the hard scale (by a 
factor 4 up and down) in 
the fitted Sudakov term 
—> negligible effect 

• STJ* agrees with ST 
and both are NLO 
accurate 

• STJ is only LO accurate
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Figure 2. Rapidity (left) and transverse momentum (right) of the top quark in t-channel single-top
production. Predictions from the Powheg ST program [52] are shown in green. Results from the
new Minlo STJ simulation are displayed in blue, while those of its improved counterpart, STJ

?,
appear in red. All predictions include parton shower effects simulated by Pythia8 [101].

scale uncertainty at NLO, as is well known to be the case for inclusive t-channel single-
top observables, with the STJ predictions lying no more than 10% away from the latter,
throughout almost all of the two distributions, and with a larger associated uncertainty,
compatible with the fact that it is only LO accurate.

In the case of the top quark rapidity distribution the improved STJ? simulation agrees
with the ST results to within . 2% in the central region, deviating slightly from it, by ⇠ 6%,
at high values of the absolute rapidity, |y(t)| > 3. These deviations are, nevertheless, just
of the same size as the ST scale uncertainties in these regions, modulo some statistical
fluctuations.

Besides the central prediction of STJ? converging on that of the ST simulation, so too
does its scale uncertainty band. The uncertainty band of the ST simulation is as small
as ±3% in the central y(t) region of the first ratio plot. The STJ? uncertainty band in
the third ratio plot is at the level of +2%/�6% in the same region, to be compared with
+20%/�10% in the STJ case.

At the extremities of the top quark rapidity distribution, |y(t)| & 3.5, the STJ? un-
certainty band exceeds that of ST, and looks somewhat more like that of STJ. Such im-
perfections are not entirely unexpected in these regions due to limited statistics, especially
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suggested NNLL� Sudakov form factor extension is precisely what one would obtain by
fitting the O(1) function A2(�) inside
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We have chosen to normalise ln ��(y12) with the factor of two on the right-hand side
of eq. (2.9), to account for the fact that t-channel single-top production consists of two
emitting quark dipoles at lowest order, to enable a more easy/meaningful comparison with
other typical Sudakov coefficients at the same order.

Eq. (2.10) summarises the improvement procedure which we have applied to our base-
line STJ construction described in sections 2.2-2.3. The fit procedure to arrive at A2(�)

in eq. (2.9) can be attempted in a variety of ways, and we have chosen to use an advanced
procedure based on neural network techniques, for which we give details in section 2.5. In
practice, we have implemented the Sudakov form factor correction, ��(y12), evaluating the
q2 integral in eq. (2.9) with a one-loop running coupling:
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While we use a form for the y12 resummation formula at NNLL�, we do not presume
to know the details of the related Sudakov ingredients at that order, so we assume that the
A2 coefficient has a general dependence on � already for this reason. There are, however,
established grounds to expect A2 to be generically �-dependent, as also elaborated in
appendix A.3.

We also point out that, if it is the case that the differences between the STJ and
NLO ST �-distributions owe purely to the omission of terms in the Sudakov form factor,
the A2 function fitted in this work, for a given 13 TeV LHC setup, should remain valid
for different beam energies, PDF sets, etc. We have carried out empirical investigations
regarding this point, using the STJ? Minlo Sudakov form factor fitted using samples of
ST and STJ generated for a 13 TeV LHC, to make predictions at 8 TeV. We find that
the STJ? simulation with the latter fit reproduces inclusive 8 TeV t-channel single-top
observables remarkably well. A representative sample of results from that study is given
in appendix B. Indeed, the latter results strongly suggest that a dedicated refitting of the
STJ? Sudakov form factor, using 8 TeV ST and STJ events, would fare comparably to the
one based on fitting with 13 TeV events.

Should the missing NNLL� terms in the Minlo Sudakov form factor of STJ not fully
account for the leading (O(↵̄S)) deviations in its � distribution with respect to NLO ST
predictions, the modification in eq. (2.10) is still admissible, provided that the fitted A2 is
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in eq. (2.9) can be attempted in a variety of ways, and we have chosen to use an advanced
procedure based on neural network techniques, for which we give details in section 2.5. In
practice, we have implemented the Sudakov form factor correction, ��(y12), evaluating the
q2 integral in eq. (2.9) with a one-loop running coupling:

ln ��(y12) = A2(�)G2(�) , G2(�) =
�1

2⇡2�2
0


2�+ (1� 2�) ln(1� 2�)

1� 2�

�
,

(2.11)
with

�0 =
11CA � 2nf

12⇡
, � =

1

2
↵S�0 ln

Q2
bt

y12
. (2.12)

While we use a form for the y12 resummation formula at NNLL�, we do not presume
to know the details of the related Sudakov ingredients at that order, so we assume that the
A2 coefficient has a general dependence on � already for this reason. There are, however,
established grounds to expect A2 to be generically �-dependent, as also elaborated in
appendix A.3.

We also point out that, if it is the case that the differences between the STJ and
NLO ST �-distributions owe purely to the omission of terms in the Sudakov form factor,
the A2 function fitted in this work, for a given 13 TeV LHC setup, should remain valid
for different beam energies, PDF sets, etc. We have carried out empirical investigations
regarding this point, using the STJ? Minlo Sudakov form factor fitted using samples of
ST and STJ generated for a 13 TeV LHC, to make predictions at 8 TeV. We find that
the STJ? simulation with the latter fit reproduces inclusive 8 TeV t-channel single-top
observables remarkably well. A representative sample of results from that study is given
in appendix B. Indeed, the latter results strongly suggest that a dedicated refitting of the
STJ? Sudakov form factor, using 8 TeV ST and STJ events, would fare comparably to the
one based on fitting with 13 TeV events.

Should the missing NNLL� terms in the Minlo Sudakov form factor of STJ not fully
account for the leading (O(↵̄S)) deviations in its � distribution with respect to NLO ST
predictions, the modification in eq. (2.10) is still admissible, provided that the fitted A2 is
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Inclusive jet rates

• For Njets ≥ 0,1 bins ST is 
NLO accurate; 
for Njets ≥ 2 bin the STJ 
is NLO accurate 

• STJ* is NLO accurate in 
the first three bins 

• Excellent agreement 
among results where 
expected 

• Due to POWHEG 
methodology the 
uncertainty bands for the 
higher-multiplicity bins 
artificially small
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Figure 3. Inclusive jet cross sections in t-channel single-top production, with a jet transverse
momentum threshold of 25 GeV. The left-hand plot shows predictions for jets defined according
to the kt clustering algorithm with radius parameter R = 1, while the right-hand plot gives the
analogous predictions for the case of the anti-kt algorithm with R = 0.4. As in Fig. 2 we show in
green, blue and red, predictions from the ST, STJ and STJ

? simulations respectively.

cross sections fall below those of STJ and STJ? by an amount which increases with Njets.
Both the STJ? and STJ predictions in the Njets � 2 and Njets � 3 bins, are NLO and
LO accurate respectively. On the other hand, in the ST case, the description of Njets � 2

is LO accurate, while events in the Njets � 3 bin are due entirely to parton showering.
The undershooting of jet cross sections by simulations based on lower multiplicity matrix
elements, compared to those built from higher multiplicity ones, is a typical observation in
comparisons of event generators based on matrix element-parton shower matching/merging.

3.5 Differential jet rates

The n ! m differential jet rates, ynm, measure the value of the distance measure in the
exclusive kt clustering algorithm at which an n-jet event becomes resolved as an m-jet one.
They are key variables of interest in validating our STJ and STJ? generators.

The p
y01 jet rate, on the left-hand side of Fig. 4, is essentially equivalent to the

transverse momentum spectrum of the hardest jet obtained in the inclusive kt clustering
algorithm, with jet radius R = 1. Hence p

y01 is therefore described with NLO accuracy
by the ST simulation and LO accuracy by STJ. Correspondingly, except for the region

– 18 –

100

101

102

�
pe
rb
in
[p
b] STJ�

STJ
ST

PO
WH
EG

BO
X
+
PY
TH
IA
8

Number of jets (incl.)

anti-kT, R=0.4, pT(j)>25 GeV

0.8
0.9
1

1.1
1.25

#/
ST

0.8
0.9
1

1.1
1.25

#/
ST
J

0.8
0.9
1

1.1
1.25

0 1 2 3 4 5

#/
ST
J�

Njets

Figure 3. Inclusive jet cross sections in t-channel single-top production, with a jet transverse
momentum threshold of 25 GeV. The left-hand plot shows predictions for jets defined according
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analogous predictions for the case of the anti-kt algorithm with R = 0.4. As in Fig. 2 we show in
green, blue and red, predictions from the ST, STJ and STJ

? simulations respectively.

cross sections fall below those of STJ and STJ? by an amount which increases with Njets.
Both the STJ? and STJ predictions in the Njets � 2 and Njets � 3 bins, are NLO and
LO accurate respectively. On the other hand, in the ST case, the description of Njets � 2

is LO accurate, while events in the Njets � 3 bin are due entirely to parton showering.
The undershooting of jet cross sections by simulations based on lower multiplicity matrix
elements, compared to those built from higher multiplicity ones, is a typical observation in
comparisons of event generators based on matrix element-parton shower matching/merging.

3.5 Differential jet rates

The n ! m differential jet rates, ynm, measure the value of the distance measure in the
exclusive kt clustering algorithm at which an n-jet event becomes resolved as an m-jet one.
They are key variables of interest in validating our STJ and STJ? generators.

The p
y01 jet rate, on the left-hand side of Fig. 4, is essentially equivalent to the

transverse momentum spectrum of the hardest jet obtained in the inclusive kt clustering
algorithm, with jet radius R = 1. Hence p

y01 is therefore described with NLO accuracy
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Differential kT-jet rates

• Also these results are as 
expected 

• 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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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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Top-jet angular correlations
• These probe transition regions 

between topologies involving 
1, 2 and more jets 

• For azimuthal difference close 
to π, we are in a two-jet 
topology: ST is NLO accurate; 
away from this region, STJ is 
NLO accurate (Δφtj < 2π/3, 
which is only accessible it the 
top recoils against more than 2 
particles) 

• Similar for ΔRtj, for this region 
below π is only LO for ST and 
NLO for STJ 

• STJ* inherits NLO accuracy 
from both ST and STJ 
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Figure 5. The azimuthal separation of the top quark and the leading jet (left), and the ⌘ � �
plane distance, �Rtj1 = (��2

tj +�⌘2tj)
1
2 , between the same two objects (right). Predictions from

the Powheg ST program [52] are shown in green. Results from the new Minlo STJ simulation
are displayed in blue, while those of its improved counterpart, STJ

?, appear in red. All predictions
include parton shower effects simulated by Pythia8 [101].

On the left of Fig. 5 we show the azimuthal separation between the top quark and the
leading jet in t-channel single-top production. At lowest order in perturbation theory this
distribution would consist of a lone spike at ��tj = ⇡, since at that order the top quark
and the light parton must exactly balance each other’s transverse momentum. Additional
soft-collinear radiation on top of the latter smears the spike out into the peak seen around
��tj = ⇡, in the left-hand plot of Fig. 5. Furthermore, the integral of the ��tj distribution
must, by definition, yield the inclusive 1-jet cross section of Fig. 3. Thus, the normalizaton
of this distribution, which is largely set by the peak region, is described with NLO accuracy
by ST and LO accuracy by STJ. Taking the above points together, it then makes sense
that we see the STJ? program tend to the ST prediction in the peak region. Indeed, the
⇠ 10 � 15% deficit between the STJ prediction and that of ST, in the region ��tj = ⇡,
correlates with the ⇠ 10% deficit seen in the inclusive 1-jet cross section on the right of
Fig. 3. Equally, the agreement of ST and STJ? in the peak region is reflective of the
corresponding agreement in the inclusive 1-jet cross section of Fig. 3.

Moving off the peak region in ��tj , the distribution becomes increasingly populated
by topologies involving the top quark recoiling against two jets, or more. In fact the region
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Figure 5. The azimuthal separation of the top quark and the leading jet (left), and the ⌘ � �
plane distance, �Rtj1 = (��2

tj +�⌘2tj)
1
2 , between the same two objects (right). Predictions from

the Powheg ST program [52] are shown in green. Results from the new Minlo STJ simulation
are displayed in blue, while those of its improved counterpart, STJ

?, appear in red. All predictions
include parton shower effects simulated by Pythia8 [101].

On the left of Fig. 5 we show the azimuthal separation between the top quark and the
leading jet in t-channel single-top production. At lowest order in perturbation theory this
distribution would consist of a lone spike at ��tj = ⇡, since at that order the top quark
and the light parton must exactly balance each other’s transverse momentum. Additional
soft-collinear radiation on top of the latter smears the spike out into the peak seen around
��tj = ⇡, in the left-hand plot of Fig. 5. Furthermore, the integral of the ��tj distribution
must, by definition, yield the inclusive 1-jet cross section of Fig. 3. Thus, the normalizaton
of this distribution, which is largely set by the peak region, is described with NLO accuracy
by ST and LO accuracy by STJ. Taking the above points together, it then makes sense
that we see the STJ? program tend to the ST prediction in the peak region. Indeed, the
⇠ 10 � 15% deficit between the STJ prediction and that of ST, in the region ��tj = ⇡,
correlates with the ⇠ 10% deficit seen in the inclusive 1-jet cross section on the right of
Fig. 3. Equally, the agreement of ST and STJ? in the peak region is reflective of the
corresponding agreement in the inclusive 1-jet cross section of Fig. 3.

Moving off the peak region in ��tj , the distribution becomes increasingly populated
by topologies involving the top quark recoiling against two jets, or more. In fact the region
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Top pT for Njet=1

• Top transverse momentum for 
events with exactly 1 additional 
jet; i.e. vetoing additional radiation 

• Similar to what’s used to reject 
ttbar background in experimental 
analyses 

• For pT(t) below veto scale, there 
must be two balancing "jets" (the 
jet and a would-be jet); hence it’s 
best described by STJ: STJ* lies 
on top of it 

• At high pT(t) large logarithms 
due to veto scale are around; 
hence non of the predictions 
are particularly accurate
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Figure 6. Transverse momentum of the top quark in events containing exactly one light R = 0.4
anti-kt jet in addition to the top quark. On the left the distribution is defined with a 25 GeV jet
transverse momentum threshold, while on the right-hand side a 100 GeV threshold is used. No
other cuts are applied. All predictions follow the same colour conventions as Figs. 2-5.

In both left- and right-hand plots of Fig. 6, in order to populate the region where the
top quark’s pT(t) is low with respect to the transverse momentum threshold at which jets
are defined, and yet still have single-jet events, there must be a second collimated spray
of radiation, to balance the transverse momentum. Hence, the events in this region are
expected to be two-jet like, with the resolved jet and its would-be-jet counterpart nearly
back-to-back in azimuth as pT(t) ! 0 GeV. It follows that this region of pT(t) is best
described by the STJ program, with NLO accuracy, while the corresponding description in
the ST program is LO. Being two-jet-like, the Minlo Sudakov form factor, tuned or not,
will not act on these events, and so it is natural then to see STJ? (red) lie on top of STJ
(blue), as we approach pT(t) = 0 GeV. The relative closeness of the ST prediction to the
latter is consistent with it having LO accuracy in the same region.17

We now turn, temporarily, to consider the left-hand plot, wherein a 25 GeV jet trans-
verse momentum threshold is in effect. If one looks to the high pT(t) end, one is certainly
considering a region dominated by large Sudakov logarithms, of sizeable ratios of scales

17 The smallness of the ST uncertainty band here is again an underestimate of the true theory uncertainty.
It is a general feature in Powheg Nlops simulations, wherein the scale compensation associated with the
NLO underlying Born kinematics, by default, is spread through all of the real radiation phase space.
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Figure 6. Transverse momentum of the top quark in events containing exactly one light R = 0.4
anti-kt jet in addition to the top quark. On the left the distribution is defined with a 25 GeV jet
transverse momentum threshold, while on the right-hand side a 100 GeV threshold is used. No
other cuts are applied. All predictions follow the same colour conventions as Figs. 2-5.

In both left- and right-hand plots of Fig. 6, in order to populate the region where the
top quark’s pT(t) is low with respect to the transverse momentum threshold at which jets
are defined, and yet still have single-jet events, there must be a second collimated spray
of radiation, to balance the transverse momentum. Hence, the events in this region are
expected to be two-jet like, with the resolved jet and its would-be-jet counterpart nearly
back-to-back in azimuth as pT(t) ! 0 GeV. It follows that this region of pT(t) is best
described by the STJ program, with NLO accuracy, while the corresponding description in
the ST program is LO. Being two-jet-like, the Minlo Sudakov form factor, tuned or not,
will not act on these events, and so it is natural then to see STJ? (red) lie on top of STJ
(blue), as we approach pT(t) = 0 GeV. The relative closeness of the ST prediction to the
latter is consistent with it having LO accuracy in the same region.17

We now turn, temporarily, to consider the left-hand plot, wherein a 25 GeV jet trans-
verse momentum threshold is in effect. If one looks to the high pT(t) end, one is certainly
considering a region dominated by large Sudakov logarithms, of sizeable ratios of scales

17 The smallness of the ST uncertainty band here is again an underestimate of the true theory uncertainty.
It is a general feature in Powheg Nlops simulations, wherein the scale compensation associated with the
NLO underlying Born kinematics, by default, is spread through all of the real radiation phase space.
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• In the intermediate region, in particular for 
pT(j)>100 jet veto, one is rather inclusive over 
extra radiation, hence STJ* should be close 
to ST, which is what we obtain
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Conclusions
• Single-top production is one of the most prominent hard processes at the 

LHC 

• Experimentally defined with an (effective) jet veto to suppress large 
backgrounds from top pair production, unfolded to full phase-space 

• In this talk, I presented several recent works that improve upon currently 
used predictions 

• MINLO’ combination for ST and STJ production 
• NLO EW corrections to production+decay, including off-shell and non-

resonant contributions 

• NNLO QCD to production+decay in factorised approach (NWA) 
• Resummation of transverse momentum logarithms of tj system 

• None of these addresses the potentially large jet-veto logarithms directly 
• Better understanding/resummation of the jet-veto logarithms is the next 

step in order to improve accuracy in single-top production
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