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Motivation

EW corrections

- Tension between theory and data at high pT (t) region at 8 TeV

- The pT spectrum in data for top quarks is softer than expected
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High-precision differential predictions for top-quark pairs at the LHC

Michal Czakon,1 David Heymes,2 and Alexander Mitov2

1Institut für Theoretische Teilchenphysik und Kosmologie,
RWTH Aachen University, D-52056 Aachen, Germany

2Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK

We present the first complete Next-to-Next-to-Leading Order (NNLO) QCD predictions for dif-
ferential distributions in the top-quark pair production process at the LHC. Our results are derived
from a fully differential partonic Monte Carlo calculation with stable top quarks which involves no
approximations beyond the fixed-order truncation of the perturbation series. The NNLO corrections
improve the agreement between existing LHC measurements [V. Khachatryan et al. (CMS Collabo-
ration), arXiv:1505.04480] and Standard Model predictions for the top-quark transverse momentum
distribution, thus helping alleviate one long-standing discrepancy. The shape of the top-quark pair
invariant mass distribution turns out to be stable with respect to radiative corrections beyond NLO
which increases the value of this observable as a place to search for physics beyond the Standard
Model. The results presented here provide essential input for parton distribution function fits,
Monte Carlo generator tuning as well as top-quark mass and strong coupling determination.

INTRODUCTION

There is remarkable overall agreement between Stan-
dard Model (SM) predictions for top-quark pair produc-
tion and LHC measurements. Measurements of the total
inclusive cross-section at 7, 8 and 13 TeV [1–5] agree well
with Next-to-Next-to Leading Order (NNLO) QCD pre-
dictions [6–11]. Differential measurements of final state
leptons and jets are generally well-described by existing
NLO QCD Monte Carlo (MC) generators. Concerning
top-quark differential distributions, the description of the
top-quark pT has long been in tension with data [12–14];
see also the latest differential measurements in the bulk
[15] and boosted top [16] regions. First 13 TeV measure-
ments have just appeared [17, 18] and they show similar
results, i.e. MC predictions tend to be harder than data.

This “pT discrepancy” has long been a reason for con-
cern. Since the top quark is not measured directly, but
is inferred from its decay products, any discrepancy be-
tween top-quark-level data and SM prediction implies
that, potentially, the MC generators used in unfolding
the data may not be accurate enough in their description
of top-quark processes. With the top quark being a main
background in most searches for physics beyond the SM
(BSM), any discrepancy in the SM top-quark description
may potentially affect a broad class of processes at the
LHC, including BSM searches and Higgs physics.

The main “suspects” contributing to such a discrep-
ancy are higher order SM corrections to top-quark pair
production and possible deficiencies in MC event gener-
ators. A goal of this work is to derive the NNLO QCD
corrections to the top-quark pT spectrum at the LHC
and establish if these corrections bridge the gap between
LHC measurements, propagated back to top-quark level
with current MC event generators, and SM predictions
at the level of stable top quarks.

Our calculations are for LHC at 8 TeV. They show
that the NNLO QCD corrections to the top-quark pT
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FIG. 1: Normalised top/antitop pT distribution vs. CMS
data [15]. NNLO error band from scale variation only.

spectrum are significant and must be taken into account
for proper modelling of this observable. The effect of
NNLO QCD correction is to soften the spectrum and
bring it closer to the 8 TeV CMS data [15]. In addition
to the top-quark pT, all major top-quark pair differential
distributions are studied as well.

DETAILS OF THE CALCULATION

In the context of our previous work on the top-quark
forward-backward asymmetry at the Tevatron [19], we

arXiv:1511.00549

21

GeV t
T

p
0 50 100 150 200 250 300 350 400 450 500

-1
G

eV
 t T

dpσd  
σ1

0
1
2
3
4
5
6
7
8

-310×

Data
MadGraph+Pythia6
MC@NLO+Herwig6
Powheg+Pythia6
Powheg+Herwig6
Approx. NNLO

 = 8 TeVs at -1CMS, 19.7 fb

 + Jetsµe/

(Phys.Part.Nucl. 45 (2014) 714)

GeV t
T

p
0 50 100 150 200 250 300 350 400 450 500

Da
ta

Th
eo

ry

0.8
1

1.2
1.4
1.6

 Syst.⊕Stat. 
Stat.

GeV* t
T

p
0 50 100 150 200 250 300 350 400 450 500

-1
G

eV
 *t T

dp
σd  

σ1

0
1
2
3
4
5
6
7
8
9

-310×

Data
MadGraph+Pythia6
MC@NLO+Herwig6
Powheg+Pythia6
Powheg+Herwig6

 = 8 TeVs at -1CMS, 19.7 fb

 + Jetsµe/

GeV* t
T

p
0 50 100 150 200 250 300 350 400 450 500

Da
ta

Th
eo

ry

0.8
1

1.2
1.4
1.6

 Syst.⊕Stat. 
Stat.

t
y

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 t
dyσd  

σ1

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Data
MadGraph+Pythia6
MC@NLO+Herwig6
Powheg+Pythia6
Powheg+Herwig6
Approx. NNLO

 = 8 TeVs at -1CMS, 19.7 fb

 + Jetsµe/

(Phys.Part.Nucl. 45 (2014) 714)

t
y

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

Da
ta

Th
eo

ry

0.9

1

1.1

1.2
 Syst.⊕Stat. 

Stat.

rad) t(t,φ∆

0 0.5 1 1.5 2 2.5 3
 

-1
ra

d
 )t

(t,φ
∆d
σd

 
σ1

0

0.5

1

1.5

2

2.5

3

Data
MadGraph+Pythia6
MC@NLO+Herwig6
Powheg+Pythia6
Powheg+Herwig6

 = 8 TeVs at -1CMS, 19.7 fb

 + Jetsµe/

rad) t(t,φ∆
0 0.5 1 1.5 2 2.5 3

Da
ta

Th
eo

ry

0.9

1

1.1

1.2
 Syst.⊕Stat. 

Stat.

Figure 9: Normalized differential tt production cross section in the `+jets channels as a function
of the pt

T (top left), the tt rest frame pt⇤
T (top right), and the rapidity yt (bottom left) of the

top quarks or antiquarks, and the difference in the azimuthal angle between the top quark
and the antiquark Df(t,t̄) (bottom right). The data points are placed at the midpoint of the
bins. The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainties. The measurements are compared to predictions from MADGRAPH+PYTHIA6,
POWHEG+PYTHIA6, POWHEG+HERWIG6, MC@NLO+HERWIG6, and to approximate NNLO [16]
calculations, when available. The lower part of each plot shows the ratio of the predictions to
data.
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Motivation

EW corrections

- Theory uncertainties decrease → Relevance of EW corrections increase

- Experimental uncertainties will further decrease at LHC13

- tt̄ process enters many LHC analyses as signal or background → NNLO QCD
and NLO EW predictions are necessary for tt̄ production

Weak: Beenakker et al., Nu.Ph.B.411(1994), Kuhn et al., hep-ph/0610335, arXiv:1305.5773, Bernreuther et al.,

hep-ph/0508091, Campbell et al., arXiv:1608.03356; QED+gγ LO: Hollik et al., arXiv:0708.1697; FB

asymmetry: Hollik et al., arXiv:1107.2606, Kuhn et al., arXiv:1109.6830, Manohar et al., arXiv:1201.3926,

Bernreuther et al., arXiv:1205.6580; NLO+EW+decay (NWA): Bernreuther et al., arXiv:1003.3926; EW to

e+µ−ννbb̄: Denner et al., arXiv:1607.05571; NLO+EW to tt̄j : Gütschow et al., arXiv:1803.00950

Photon-induced contributions

- The (negative) Sudakov suppression can be compensated by the (positive)
photon-induced contributions

PDF sets including γ(x,Q): MRST2004QED: Martin et al. ’04, NNPDF2.3QED: Ball et al. ’13, CT14QED(inc):

Schmidt et al. ’16, NNPDF3.0QED: Bertone, Carrazza ’16, LUXqed: Manohar et al. ’16, NNPDF3.1luxQED,

LUXQED17, additional Studies: Harland-Lang, Khoze, Ryskin ’16

Ioannis Tsinikos Precision calculations for top-quark pair production at the LHC 4 / 16



Outline Introduction NNLO QCD + NLO EW Conclusions Additional slides

Different PDF sets

Different assumptions for the PDF sets
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At low Q = 3 GeV there is a similar behaviour

At high Q values and low x , the NNPDF2.3QED is different due to different
DGLAP QCD and QED running (not relevant for tt̄)

At high Q values and large x →

{
NNPDF2.3QED, APFEL, large γ(x ,Q)

CT14QED, LUXqed, small γ(x ,Q)
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Calculation framework

tt̄ distributions at NNLO QCD+NLO EW accuracy

PDF sets considered

- Main results → NNPDF3.0QED, LUXQED

Scale choice based on arXiv:1606.03350 (Czakon, Heymes, Mitov)

Fastest convergence → Choose the scale that minimizes the NLO and NNLO
corrections in an observable by observable basis

µ =

{
mT/2 for pT ,avt

HT/4 for m(tt̄), yavt , y(tt̄)

Supported by the NNLO+NNLL’ agreement with the NNLO (arXiv:1803.07623)
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Figure 4. Results for the absolute (left) and normalized (right) top-pair invariant mass

distribution at the LHC with
p

s = 13 TeV. In all cases the ratio is to the NNLO result with

µf = HT /4. The uncertainty bands are obtained through scale variations as described at the

beginning of section 5 and in eqs. (5.1) and (5.2).

5 Results and discussion

In this section we give our main results for the top-pair invariant mass and (anti) top-

quark pT distributions, as well as the total cross section, with a focus on comparing

NNLO results with NNLO+NNLL0 ones. Some further comparisons across di↵erent

perturbative orders are presented in appendix A. Although we present only a limited

set of results for the LHC operating at a center-of-mass energy of 13 TeV, distributions

with alternate binning and at di↵erent collider energies can be produced on request

from the authors.

Results for the absolute (normalized) Mtt̄ distribution are shown in left (right)

panel of figure 4. The NNLO results use µf = HT /4 by default (we shall always set the

renormalization scale appearing in the NNLO calculation to µr = µf unless otherwise

specified), which is the scale favored by the analysis of perturbative convergence of

the fixed-order series performed in [24]. The NNLO+NNLL0 results are obtained from

the matching relation eq. (2.5). All pieces of that equation must be evaluated at a

common µf , which is also chosen as µf = HT /4 by default. In addition, we draw on

the analysis of the previous section and use µh = HT /2 and µs = HT /N̄ by default, as

well as µdh = mt and µds = mt/N̄ . In both the NNLO and the NNLO+NNLL0 results,

the bands in figure 4 represent perturbative uncertainties estimated through scale vari-

ations. For the NNLO calculation, we obtain the bands by keeping the factorization

– 31 –
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Figure 6. Results for the absolute (left) and normalized (right) pT,avt distributions at the

LHC with
p

s = 13 TeV. In all cases the ratio is to the NNLO result with µf = mT /2.

Uncertainty bands are obtained in complete analogy to those in figure 4.

Figure 7. Predictions for the total top-pair production cross section at the LHC withp
s = 13 TeV, where the error bars represent perturbative uncertainty estimates through

scale variations. The method for obtaining results and the uncertainty estimates at di↵erent

values of µf is described in the second to last paragraph of section 5.

NLO+NNLL0 to NNLO+NNLL0 is an important e↵ect for the pT distributions, espe-

cially in reducing the scale uncertainties in the high pT region. This is an important

fact to keep in mind when using NLO-based Monte Carlo event generators to model

pT distributions.

Finally, in figure 7 we show results for the total cross section, obtained in several

– 34 –

Different approaches to combine the perturbative orders

- Additive vs. multiplicative
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PDF comparison

NNPDF3.0QED vs LUXQED
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LUXQED ←→ NNPDF3.0QED (no γ(x ,Q))

LUXQED and NNPDF3.0QED in agreement within uncertainties
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Calculation setup

Additive approach

LO

qq̄,gg

α2
s

LO QCD

gγ

αsα

LO EW

γγ

α2

res EW

NLO

qg

α3
s

NLO QCD

gγ,qγ

α2
sα

NLO EW

αsα
2

res EW

α3

res EW

NNLO α4
s

NNLO QCD

ΣQCD ≡ ΣLO QCD + ΣNLO QCD + ΣNNLO QCD

ΣEW ≡ ΣLO EW + ΣNLO EW + Σres EW(α2 + αsα
2 + α3)

ΣQCD+EW ≡ ΣQCD + ΣEW
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Different combination approaches

Additive vs multiplicative combination

LO
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N3LO α4
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ΣQCD+EW ≡ ΣQCD +

ΣEW︷ ︸︸ ︷
ΣLO EW + ΣNLO EW + Σres EW

ΣQCD×EW ≡ ΣQCD + KNLO
QCDΣNLO EW + ΣLO EW + Σres EW

ΣQCD2×EW ≡ ΣQCD + KNNLO
QCD ΣNLO EW + ΣLO EW + Σres EW
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Different combination approaches

Additive vs multiplicative combination

Additive (ΣQCD+EW)

→ Exact up to the order of truncation

Multiplicative (ΣQCD×EW)

→ Approximates leading higher order EW corrections i.e. O(α3
sα)

→ Rescale NLO EW corrections with NLO QCD K -factors

→ Motivated by the soft QCD and EW Sudakov log factorisation

→ Stabilisation of scale dependence

Stability check (ΣQCD2×EW)

→ Use NNLO QCD K -factors to estimate O(α4
sα)

Ioannis Tsinikos Precision calculations for top-quark pair production at the LHC 10 / 16
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13 TeV results

Additive vs multiplicative combination
tt

, LHC13, LUXQED

(QCD+EW)/QCD (QCD×EW)/QCD (QCD
2
×EW)/QCD

 0.8

 1

 1.2

QCD QCD+EW

 0.6

 0.8

 1
(QCD+EW)/QCD; scale unc.

QCD QCD×EW

 0.6

 0.8

 1
(QCD×EW)/QCD; scale unc.

QCD QCD
2
×EW

 0.6

 0.8

 1
(QCD

2
×EW)/QCD; scale unc.

pT,avt [GeV]

(QCD+EW)/QCD (QCD+EW−EWres)/QCD

 0.8

 1

 0  500  1000  1500  2000  2500  3000

tt

, LHC13, NNPDF3.0QED

(QCD+EW)/QCD (QCD×EW)/QCD (QCD
2
×EW)/QCD

 0.8

 1

 1.2

QCD QCD+EW

 0.6

 0.8

 1
(QCD+EW)/QCD; scale unc.

QCD QCD×EW

 0.6

 0.8

 1
(QCD×EW)/QCD; scale unc.

QCD QCD
2
×EW

 0.6

 0.8

 1
(QCD

2
×EW)/QCD; scale unc.

pT,avt [GeV]

(QCD+EW)/QCD (QCD+EW−EWres)/QCD

 0.8

 1

 0  500  1000  1500  2000  2500  3000

Central value → QCD + EW ∼ QCD× EW

NNLO QCD corrections reduce the scale dependence significantly

Reduction of scale unc. in the multiplicative approach

In the LUXQED PDF set the total result deviates from the pure QCD
one, especially after the 1 TeV region
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13 TeV results

Differential distributions
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New PDF sets

LUXQED→LUXQED17,NNPDF30QED→NNPDF31luxQED

arXiv:1706.00428, arXiv:1712:07053

Figure 3.2. Comparison between �(x, Q) in the NNPDF3.1luxQED NLO and NNLO fits.
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Figure 3.3. Comparison between the photon PDF �(x, Q) in NNPDF3.0QED and in NNPDF3.1luxQED
at Q = 1.65 GeV (left) and at Q = 100 GeV (right plot). In the latter case, results are normalised to the
central value of NNPDF3.0QED.

3.2 QED e↵ects on the quark and gluon PDFs

In this section we study the quark and gluon PDFs in NNPDF3.1luxQED as compared to their
corresponding QCD-only counterparts in NNPDF3.1. This comparison gauges the impact on
quarks and gluons of three di↵erent QED e↵ects: the modification of the momentum sum rule,
the QED splitting functions in the DGLAP evolution equations, and the QED corrections to
the DIS coe�cient functions.

In Fig. 3.5 we show the singlet and gluon PDFs of the NNPDF3.1 and NNPDF3.1luxQED
sets at Q = 100 GeV normalised to the central value of the former. While di↵erences at the
level of the singlet are small, di↵erences for the gluon PDF are somewhat larger. Indeed, the
NNPDF3.1luxQED gluon is smaller than its QCD counterpart by about 1% at x ' 10�2 and
enhanced by about 5% for x ' 0.5. In both cases, the shift in the central values is at the edge
of the corresponding PDF uncertainty band. The e↵ect on the gluon PDF can be explained by
observing that, as we will discuss in Sect. 3.4, the photon PDF can carry up to 0.5% of the proton
momentum. This fraction is e↵ectively subtracted from the singlet and gluon distributions by
means of the sum rule, Eq. (2.2). However, the sum rule mostly a↵ects the gluon PDF because
the normalisation of the quark singlet is more tightly constrained from the DIS inclusive structure
function data. We conclude that the back-reaction of QED e↵ects onto the quark and gluon
PDFs is small but not negligible, particularly for the latter.

For completeness, in Fig. 3.6 we show the same comparison as in Fig. 3.5 but now be-
tween NNPDF3.1luxQED and LUXqed17. Note that the quark and gluon PDFs of LUXqed17
correspond closely to those of the PDF4LHC15 set, di↵ering only by a rescaling of the gluon
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Figure 3.8. The L��/Lgg (left) and L��/Lqq̄ (right plot) ratios of PDF luminosities.

Figure 3.9. The momentum fraction hxi� carried by photons in the proton (left) and its percentage
uncertainty (right) as a function of Q for NNPDF3.0QED, NNPDF3.1luxQED, and LUXqed17.

fraction for all values of Q. As expected from the PDF-level comparisons, there is a significant
reduction in the uncertainty on the value of hxi� once the LUXqed theoretical constraints are
accounted for. Indeed, while in NNPDF3.0QED the uncertainties in the photon momentum
fraction range from around 50% to 100%, in NNPDF3.1luxQED the contribution of the photon
PDF to the momentum of the proton is known with an accuracy better than 1% over the entire
range in Q. Nevertheless, the central value of hxi� in NNPDF3.0QED turns out to be rather
close to that of NNPDF3.1luxQED, highlighting the consistency between the two approaches.

hxi� (Q = 1.65 GeV) hxi� (Q = mZ)

NNPDF3.0QED (0.3 ± 0.3)% (0.5 ± 0.3)%

NNPDF3.1luxQED (0.229 ± 0.003)% (0.420 ± 0.003)%

LUXqed17 � (0.421 ± 0.003) %

Table 3.1. The momentum fraction hxi� carried by photons in the proton, Eq. (3.1), at the initial
parametrization scale Q = Q0 = 1.65 GeV and at typical LHC scale Q = mZ .

In Tab. 3.1 we report the photon momentum fraction Eq. (3.1) both at the initial parametri-
sation scale Q0 = 1.65 GeV and at Q = mZ for the three PDF sets including the associated
uncertainties. While in NNPDF3.0QED the photon momentum fraction at the initial scale
is consistent with zero, in NNPDF3.1luxQED one finds a non-zero photon momentum frac-
tion with very high statistical significance. In particular, the photon momentum fraction in
NNPDF3.1luxQED increases from 0.23% at low scales to 0.42% at Q = mZ , with small uncer-
tainties in both cases. For Q = mZ , the results of NNPDF3.1luxQED are fully consistent with
those of LUXqed17, as also shown in Fig. 3.9.
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Figure 5.8: Comparison of parton luminosities with the NNPDF3.0 and NNPDF3.1 NNLO PDF sets
for the LHC 13 TeV. From left to right and from top to bottom quark-antiquark, quark-quark, gluon-
gluon and quark-gluon PDF luminosities are shown. Results are shown normalized to the central value
of NNPDF3.1.

Agreement becomes marginal at large masses, MX ⇠> 2 TeV, reflecting the limited knowledge of
the large-x PDFs. For the gluon-gluon and gluon-quark channels we find reasonable agreement
for masses up to MX ' 600 GeV, relevant for precision physics at the LHC, but rather worse
agreement for larger masses, relevant for BSM searches, in particular between NNPDF3.1 and
MMHT14. Of course it should be kept in mind that NNPDF3.1 has a wider dataset and a larger
number of independently parametrized PDFs than MMHT14 and CT14, hence the situation may
change in the future once all global PDF sets are updated.

Next, in Fig. 5.11 we compare to ABMP16 PDFs. In this case, we show results corresponding
both to the default ABMP16 set, which has ↵s(mZ) = 0.1147, and to the set with the common
↵s(mZ) = 0.118 adopted so far in all comparison. While there are sizable di↵erences between
NNPDF3.1 and ABMP16 when the default ABMP16 value ↵s(mZ) = 0.1147 is used, especially
for the gluon-gluon luminosity, the agreement improves when ↵s(mZ) = 0.118 is adopted also
for ABMP16. However, ABMP16 luminosities have very small uncertainties at low and high
MX , presumably a consequence of an over-constrained parametrization, and of using a Hessian
approach but with no tolerance, as discussed in Section 3.3.

76

NNPDF3.1 adopts the LUXQED approach

γγ Luminosity in agreement between the two
PDF sets

In NNPDF3.1 the PDF uncertainties from
the QCD part reduce
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New PDF sets

NNPDF3.1luxQED vs LUXQED17
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LUXQED17 and NNPDF3.1luxQED in agreement within uncertainties
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New PDF sets

Recent results
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Conclusions

13 TeV results

- NNLO QCD are necessary in order to reduce the scale dependence

- At 13 TeV, in pT distributions EW corrections induce deviations w.r.t. the pure
QCD ones (LUXQED(17), NNPDF3.1luxQED)

PDF sets

- NNPDF2.3(3.0)QED → Large impact of photon-induced contributions
accompanied with large uncertainties

- CT14QED, LUXQED(17), NNPDF3.1luxQED → Negligible impact of
photon-induced contributions in tt̄ distributions

- NNPDF3.1luxQED → Reduces the QCD uncertainty w.r.t. NNPDF3.0QED

Recent results available to be compared with CMS data

http://www.precision.hep.phy.cam.ac.uk/results/ttbar-nnloqcd-nloew
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High-precision differential predictions for top-quark pairs at the LHC

Michal Czakon,1 David Heymes,2 and Alexander Mitov2

1Institut für Theoretische Teilchenphysik und Kosmologie,
RWTH Aachen University, D-52056 Aachen, Germany

2Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK

We present the first complete Next-to-Next-to-Leading Order (NNLO) QCD predictions for dif-
ferential distributions in the top-quark pair production process at the LHC. Our results are derived
from a fully differential partonic Monte Carlo calculation with stable top quarks which involves no
approximations beyond the fixed-order truncation of the perturbation series. The NNLO corrections
improve the agreement between existing LHC measurements [V. Khachatryan et al. (CMS Collabo-
ration), arXiv:1505.04480] and Standard Model predictions for the top-quark transverse momentum
distribution, thus helping alleviate one long-standing discrepancy. The shape of the top-quark pair
invariant mass distribution turns out to be stable with respect to radiative corrections beyond NLO
which increases the value of this observable as a place to search for physics beyond the Standard
Model. The results presented here provide essential input for parton distribution function fits,
Monte Carlo generator tuning as well as top-quark mass and strong coupling determination.

INTRODUCTION

There is remarkable overall agreement between Stan-
dard Model (SM) predictions for top-quark pair produc-
tion and LHC measurements. Measurements of the total
inclusive cross-section at 7, 8 and 13 TeV [1–5] agree well
with Next-to-Next-to Leading Order (NNLO) QCD pre-
dictions [6–11]. Differential measurements of final state
leptons and jets are generally well-described by existing
NLO QCD Monte Carlo (MC) generators. Concerning
top-quark differential distributions, the description of the
top-quark pT has long been in tension with data [12–14];
see also the latest differential measurements in the bulk
[15] and boosted top [16] regions. First 13 TeV measure-
ments have just appeared [17, 18] and they show similar
results, i.e. MC predictions tend to be harder than data.

This “pT discrepancy” has long been a reason for con-
cern. Since the top quark is not measured directly, but
is inferred from its decay products, any discrepancy be-
tween top-quark-level data and SM prediction implies
that, potentially, the MC generators used in unfolding
the data may not be accurate enough in their description
of top-quark processes. With the top quark being a main
background in most searches for physics beyond the SM
(BSM), any discrepancy in the SM top-quark description
may potentially affect a broad class of processes at the
LHC, including BSM searches and Higgs physics.

The main “suspects” contributing to such a discrep-
ancy are higher order SM corrections to top-quark pair
production and possible deficiencies in MC event gener-
ators. A goal of this work is to derive the NNLO QCD
corrections to the top-quark pT spectrum at the LHC
and establish if these corrections bridge the gap between
LHC measurements, propagated back to top-quark level
with current MC event generators, and SM predictions
at the level of stable top quarks.

Our calculations are for LHC at 8 TeV. They show
that the NNLO QCD corrections to the top-quark pT
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FIG. 1: Normalised top/antitop pT distribution vs. CMS
data [15]. NNLO error band from scale variation only.

spectrum are significant and must be taken into account
for proper modelling of this observable. The effect of
NNLO QCD correction is to soften the spectrum and
bring it closer to the 8 TeV CMS data [15]. In addition
to the top-quark pT, all major top-quark pair differential
distributions are studied as well.

DETAILS OF THE CALCULATION

In the context of our previous work on the top-quark
forward-backward asymmetry at the Tevatron [19], we
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EW Corrections

EW α renormalisation schemes

α(0)-scheme

→ Pure QED → Tomson scattering, me

→ Preferable for external photons

α(mZ )-scheme

→ Drell-Yan, mZ

→ Avoid log
m2

Z

m2
e
, log

m2
Z

m2
q

terms

→ Still pure QED

Gµ-scheme

→ αGµ(Gµ,mW ,mZ ) =

√
2Gµm

2
W

π
(1− m2

W

m2
Z

)

→ α(mZ ) and Gµ from muon decay (Weak)

→ Include EW effects

→ Preferable for external W ’s

Running of α effects

log
m2

Z

m2
e
⇔ log

Q2

m2
Z

Q ∼ 1.6× 104 TeV

→ Not significant for LHC
energies

Scheme dependence

→∼ 3% for O(α3)
perturbative order
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EW Corrections

Sudakov logarithms

The QED part of the EW corrections ⇐⇒ QCD corrections

Weak virtual corrections are finite even without real contributions (massive vector
bosons)

The Sudakov logs are the IR limit of virtual 1-loop EW corrections

EW correction at the LHC Motivation

Example of electroweak corrections

Electroweak corrections to dijet production (O(αα2
s))

! EW vertex correction

⎛
⎜⎝

⎞
⎟⎠

O(ααs)

×

⎛
⎜⎝ ⊕

⎞
⎟⎠

∗

O(αs)

! EW box correction

⎛
⎜⎝

⎞
⎟⎠

O(ααs)

×

⎛
⎜⎝ ⊕

⎞
⎟⎠

∗

O(αs)

Jia Zhou (Fermilab, UB) FermiLab Seminar Talk August 26, 2014 3 / 58

EW correction at the LHC Motivation

Example of electroweak corrections

Electroweak corrections to dijet production (O(αα2
s))

! EW vertex correction

⎛
⎜⎝

⎞
⎟⎠

O(ααs)

×

⎛
⎜⎝ ⊕

⎞
⎟⎠

∗

O(αs)

! EW box correction

⎛
⎜⎝

⎞
⎟⎠

O(ααs)

×

⎛
⎜⎝ ⊕

⎞
⎟⎠

∗

O(αs)

Jia Zhou (Fermilab, UB) FermiLab Seminar Talk August 26, 2014 3 / 58

DL(s) = − α

4πs2
w

log2 Q2
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SL(s) = +
α

4πs2
w

log
Q2

m2
W

Q2 ∼ ŝ, t̂, û. When Q2 � m2
V ,m

2
H , EW corrections are dominated by

Sudakov-like corrections
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The photon PDF

NNPDF2.3QED

- No assumption for the γ(x ,Q0) functional form

- Different scales for QCD/QED evolutions - Splitting functions at O(α)

CT14QED

- Uses an ansatz like MRST2004 with one free parameter

- The momentum fraction carried by the photon is constrained to be ≤ 0.14% at
90% CL

- A set including the elastic photon contribution is also provided (CT14QEDinc)

LUXQED

- The QCD part is from PDF4LHC (CT14, MMHT14, NNPDF3.0)

- Match the Master formula with the Parton model formula σ → extract γ(x ,Q0)

- Splitting functions at O(α + αsα)
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The photon PDF

NNPDF3.0QED

- Simultaneous evolution of QCD/QED is implemented (also in APFEL NN23),
which changes the low x behaviour, but with no effect in tt̄ phenomenology

- Splitting functions at O(α)

LUXQED17

- Splitting functions at O(α + αsα + α2)

NNPDF3.1luxQED (arXiv:1706.00428)

- Adopts the LUXQED approach for the photon PDF

- PDF unc. reduced from 5% (NNPDF3.0) to 1-2% for the range of |y | ≤ 2 and
100 GeV ≤ Mx ≤ 1 TeV

- Significant reduction of gluon uncertainty: combination of many mutually
consistent constraints on the gluon from DIS (especially at HERA), Z transverse
momentum distributions, jet production, and top pair production, which taken
together cover a very wide kinematic range
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Scale choice

NNLO+NNLL’ insensitive to the scale choice
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Figure 5. Results for the absolute (left) and normalized (right) top-pair invariant mass

distribution at the LHC with
p

s = 13 TeV as a ratio to the NNLO result evaluated using

µf = HT /4. The uncertainty bands are obtained through scale variations as described at the

beginning of section 5 and in eqs. (5.1) and (5.2).

result (with either scale choice) and the NNLO result with µf = HT /4 is a highly

non-trivial fact. This provides an important confirmation of the result of [24], which

favors the choice µf = HT /4 for the fixed-order calculation of the Mtt̄ distribution. The

overall picture emerging from the above analysis is that the perturbative description of

the top-quark pair invariant mass distribution is under good control.

Results for the absolute (normalized) average top/anti-top (pT,avt) distribution at

NNLO and NNLO+NNLL0 are shown in the left (right) panel of figure 6. The NNLO

results (with which resummation is matched) have been calculated using the definition

d�

dpT,avt

=
1

2

✓
d�

dpT,t

+
d�

dpT,t̄

◆
, (5.3)

where pT,t (pT,t̄) denotes the transverse momentum of the top (anti-top) quark, and we

have labeled the distributions in figure 6 accordingly. The pT distribution is calculated

using the scale choice µf = mT /2 (where mT refers to the transverse mass of either

the top or anti-top quark depending on the distribution under consideration), which is

favored by the study [24]. The resummed results use µh = mT and µs = 2mT /N̄ by de-

fault, as justified in the previous section. The bands refer to perturbative uncertainties

estimated through scale variations using the same procedure as for the Mtt̄ distribution

above. We see that the NNLO+NNLL0 result is consistent with the NNLO one. On

the other hand, we show in appendix A that upgrading matching with fixed-order from

– 33 –

arXiv:1803.07623
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The gγ Luminosity
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LUXqed lies very close to CT14QED

Effects due to the different evolution in NNPDF2.3QED are not visible
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Parton Luminosities and scale choice
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In both dynamical and fixed scales the gγ luminosity is suppressed with respect
to the gg one at the low M region
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Multiplicative approach

Small QCD K -factors. Check the threshold regions, they are not driven
by Sudakov logs, there should be no effect
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Multiplicative approach
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Additive vs multiplicative combination

tt

, LHC13, LUXQED

(QCD+EW)/QCD (QCD×EW)/QCD (QCD
2
×EW)/QCD

 0.9

 1

 1.1

QCD QCD+EW

 1

 1.5 (QCD+EW)/QCD; scale unc.

QCD QCD×EW

 1

 1.5 (QCD×EW)/QCD; scale unc.

QCD QCD
2
×EW

 1

 1.5 (QCD
2
×EW)/QCD; scale unc.

m(tt

) [GeV]

(QCD+EW)/QCD (QCD+EW−EWres)/QCD

 0.9

 1

 1.1

 0  1000  2000  3000  4000  5000  6000

tt

, LHC13, NNPDF3.0QED

(QCD+EW)/QCD (QCD×EW)/QCD (QCD
2
×EW)/QCD

 0.9

 1

 1.1

QCD QCD+EW

 1

 1.5 (QCD+EW)/QCD; scale unc.

QCD QCD×EW

 1

 1.5 (QCD×EW)/QCD; scale unc.

QCD QCD
2
×EW

 1

 1.5 (QCD
2
×EW)/QCD; scale unc.

m(tt

) [GeV]

(QCD+EW)/QCD (QCD+EW−EWres)/QCD

 0.9

 1

 1.1

 0  1000  2000  3000  4000  5000  6000

QCD + EW ∼ QCD× EW

Ioannis Tsinikos Precision calculations for top-quark pair production at the LHC 27 / 16



Outline Introduction NNLO QCD + NLO EW Conclusions Additional slides

tt̄ asymmetry at 8 TeV
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Asymmetry definition
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Representative Feynman diagrams (QCD)

LO QCD (α2
s )
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Representative Feynman diagrams (EW)

LO EW (αsα)
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Representative Feynman diagrams (sub EW)
LO3 (α2)
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The effect of the photon-induced contributions becomes visible only at very high
m(tt̄) (and pT (t)) regions

Larger effects are expected at 8 TeV, where already we have data
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LHC13, FCC100, σgg/σT vs pT
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Normalised (1/σ) rapidity distributions → Exp. errors reduce at few % level.

Large PDF uncertainties and visible impact of photon PDF (NNPDF2.3QED)

Can be used for constraining the photon PDF (NNPDF2.3QED)
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NO photon PDF

NNPDF2.3QED
YES photon PDF

In pT distributions the impact of the photon PDF is larger at the tail

Sudakov logs vs γ(x ,Q) compensation depends on the scale definition

For 13 TeV comparisons between theory and experiment EW corrections and
photon-induced contributions need to be taken into account

Scale uncertainty still large at NLO QCD → NNLO QCD needed
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