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The LHC top PT discrepancy  
ü  Since 2012 there has been a consistent discrepancy between top quark measurements and SM 

 

ü  Several qualifications: 

ü  Top quark-level observables show some deviation. 

ü  But tops are not measured; they are “inferred” from data using MC’s. 

ü  Therefore, any discrepancy between SM top quark predictions and ‘measurements’ are 
testing how well current MC’s describe top production. 

ü  Implications beyond top physics. 
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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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Figure 12: Normalized differential tt production cross section in the dilepton 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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More details about what is computed 

ü  Calculations is complete and exact: 

•  All partonic reactions 
•  No approximations made (like, for example, leading color) 

ü  Results for LHC 8 TeV 
ü  Calculation done with fixed scales: μR=μF=mt. 

•  Done for simplicity and for cross-checks. Eventually will switch to dynamic scales 
•  Pheno is OK since our ranges are not large (for example PT<400 GeV) 

ü  Scale variation: with independent μR,F variation. 

ü  For now results with only one pdf set (MSTW2008). No pdf error computed 

•  Eventually will study many pdf’s (but see Tevatron results below) 
•  Pdf error smaller in absolute distributions 
•  In normalized distributions pdf error as large as scale  
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More details about the calculation 

ü  First calculation done in the 4-dimensional STRIPPER formulation 

•  Main advantage: use standard tree-level amplitudes 
 
ü  Calculation done in double precision  

•  Except for the evaluation of the one-loop 2-to-3 amplitude 

ü  New implementation of STRIPPER in C++ 

•  Further details can be found in M. Czakon’s RADCOR 2015 presentation 

ü  Overall speedup compared to our previous code is a factor of O(100). 

ü  Results cross-checked with earlier CDR Tevatron calculation (will show in the following)  

Czakon, Heymes ‘14 

A. van Hameren’s library 

S. Dittmaier’s library 

Czakon, Heymes 



NNLO top pair differential distributions                                           Alexander Mitov                                                                            CERN, 17 Nov 2015 

ü  There are two obvious theory sources: 

•  Higher order corrections that we 
know are not inside MC’s (NNLO 
QCD for example) 

 
•  Further tuning of MC’s: treatment 

of color, recoil, hadronization, etc. 

ü  The goal of this work is to clarify the 
role of NNLO QCD (before we start 
tuning MC’s!) 

ü  NNLO QCD corrections systematically 
improve the agreement with CMS 
data.  

•  Pdf error not included 

Cavendish-HEP-15/yy, TTK-15-zz

Top quark pair di↵erential distributions for 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 predictions for top quark pair di↵erential distributions measured at the LHC. Our
result is based on fully di↵erential calculation in NNLO QCD which is exact and complete. Our
results improve the agreement between existing LHC measurements and LHC data thus, hopefully,
helping to alleviate the existing tension between LHC measurements and Standard Model predictions
for the top quark transverse momentum distribution. We note that the invariant mass distribution
is very stable with respect to higher order corrections which makes it well suitable, for example, for
searches for physics beyond the Standard Model.

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 TeV, 8 TeV [1–3] and, since
few months ago, 13 TeV [4, 5] agree well with Next-to-
Next-to Leading Order (NNLO) QCD predictions [6–11].
Di↵erential measurements of final state leptons and jets
are generally well-described by existing NLO QCDMonte
Carlo (MC) generators. Concerning top quark di↵eren-
tial distributions, the description of top quark P

T

has
long been in tension with data [12–14]; see also the latest
di↵erential measurements in the bulk [15] and boosted
top [16] regions. First 13 TeV measurements have just
appeared [17, 18] and they show similar results, i.e. MC
predictions tend to be harder than data.

This so-called top P
T

“discrepancy” has long been a
reason for concern. Since the top quark is not measured
directly, but is inferred from its decay products, any dis-
crepancy between top-quark-level data and SM predic-
tion implies that, potentially, the MC generators used in
unfolding the data may not be accurate enough in their
description of top quark processes. Since the top is a
main background in most searches for physics beyond
the SM (BSM) any discrepancy in the SM top descrip-
tion may potentially a↵ect a broad class of processes at
the LHC, including BSM searches and Higgs physics.

The main “suspects” contributing to such a discrep-
ancy are possible deficiencies in MC event generators and
higher order SM corrections to top-pair production. The
goal of this work is to derive the so-far unknown NNLO
QCD corrections to the top quark P

T

spectrum at the
LHC and establish if these corrections bridge the gap be-
tween LHC measurements, propagated back to top quark
level with current MC event generators, and SM predic-
tions 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 P

T

spectrum are significant and must be taken into account
for proper modelling of this observable. The e↵ect of
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FIG. 1: Normalised top/antitop PT distribution vs. CMS
data [15]. NNLO error band from scale variation only.

NNLO QCD corrections is to soften the spectrum and
bring it closer to the 8 TeV CMS data [15].
The rest of this paper is organised as follows...

DETAILS OF THE CALCULATION

Our results are based on a fully di↵erential NNLO
QCD calculation of inclusive top-pair production at the
LHC. Similarly to our earlier Tevatron predictions for the
top-quark forward-backward asymmetry [19] this calcu-
lation is complete and exact, i.e. it includes all partonic
channels contributing at this order in perturbation the-
ory, without any approximation.
With some important modifications which we describe

The LHC top PT discrepancy  

See Peter Richardson’s talk 

arXiv:1511.00549 
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The LHC top PT discrepancy  

ü  The quality of the calculation is high: 

ü  Fine binning 

ü  NNLO does what one normally 
expects: 

•  Convergence 
•  Decrease of scale error 
•  Pdf error not included 

•  Threshold effects can be seen 

3

interesting.
We do not compare with CMS data for the M

t

¯

t

and
y
t

¯

t

distributions since the mismatch in binning is more
significant. Instead, in fig. 4,5 we present the NNLO
predictions for the absolute normalisations of these dis-
tributions. We stress that the bin sizes we present are
significantly smaller than the ones in the existing experi-
mental publications. This should make it possible to use
our results in a variety of future experimental and theo-
retical analyses. For this reason we present in fig. 3 also
the absolute prediction for the top P

T

distribution with
much finer binning compared to the one in fig. 1.

In figs. 3,4,5 we show the scale variation for each com-
puted perturbative order, together with the NLO and
NNLO K-factors. In all cases one observes consistent re-
duction in scale variation with successive perturbative or-
ders. Importantly, we also conclude that our scale varia-
tion procedure is good, since NNLO QCD corrections are
typically contained within the NLO error bands (same for
NLO and LO). We also notice that the NNLO corrections
do not a↵ect the shape of the M

t

¯

t

distribution. Its sta-
bility with respect to higher-order corrections makes it
an ideal place to, among others, search for BSM physics.

In the following we make few more observations. The
K-factors in figs. 3,3 show peculiar rise. This is due to
threshold e↵ects (both soft gluons and Coulomb e↵ects).
We have not investigated those further in this short work
but intend to investigate their resummation in a future
work. These e↵ects have been investigated at NLO in
Refs. [...].

Another feature of our calculations that deserves atten-
tion is the fact that we use fixed scales. Running scales
would typically be more appropriate for such a di↵eren-
tial calculation. However, in this first work, we opted for
the simplicity of fixed scales, as well as for having the
ability to perform checks with prior NNLO calculations.
We intend to extend our result to dynamical scales in
future publications. We stress, however, that the result
presented here will not be a↵ected very much by such a
change due to the limited kinematical range considered
here (for example P

T,t

< 400GeV).
Conclusions

In this paper we present for the first time di↵erential
distribution for top quark pair production at the LHC 8
TeV. Our calculation is of very high quality as evident
from the various K-factors shown. Our result is exact
in the sense that includes fully all partonic channels con-
tributing to NNLO, and moreover includes them fully
(i.e. we do not resort to leading colour approximation as
often done in NNLO calculations.

The results o↵er the possibility for a number of high-
calibre phenomenological analyses at the LHC. Among
these are validation and further improvements in MC
event generators, extractions of NNLO pdfs from LHC
data, improved extraction of top quark mass and mea-
suring the running of the strong coupling constant at high
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FIG. 3: Top/antitop quark PT distribution in LO, NLO and
NNLO QCD. Error bands from scale variation only.

scales. Improved precision in SM predictions will allow
high-level of scrutiny of the SM with LHC data. Fur-
thermore, it will make possible various searches for BSM
physics, possibly along the lines of Ref. [37].

Before concluding this work we would like to mention
that various NNLO approximations exist in the litera-
ture [...]. Due to space limitation in this work we do not
compare with them but intend to return to this in future
work. Partial NNLO results have also been computed by
two groups [...]. These results are in agreement with our
corresponding earlier results for �

tot

. Unfortunately we
cannot compare with the single existing di↵erential re-
sult [Aude] because it involves a single partonic channel
which we cannot separate (another partial, leading colour
approximation also exists [...] but we can’t compare with
it).

We thank Stefan Dittmaier for kindly providing us
with his code for the evaluation of the one-loop vir-
tual corrections. The work of M. C. was supported by
the German Research Foundation (DFG) via the Son-
derforschungsbereich/Transregio SFB/TR-9 “Computa-
tional Particle Physics”, and the Heisenberg programme.
M.C. thanks Emmanuel College Cambridge for hospital-
ity during the completion of this work. The work of
A. M. and D.H. is supported by the UK Science and

arXiv:1511.00549 
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The LHC top yt distribution  

ü  Stable w/r to NNLO corrections 

•  Partly due to bin size 

ü  Data error is still large; can’t draw 
serious conclusions just yet 

ü  (Slight mismatch in sizes of the 
highest bin) 

2
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FIG. 2: As in fig. 2 but for the top/antitop rapidity.

below, this calculation follows the approach we have de-
veloped in our previous calculations for tt̄ production at
hadron colliders [6–9]: the two-loop virtual corrections
are evaluated as in Refs. [20, 21], utilising the analytical
form for the poles [22]. The one-loop squared ampli-
tude has been calculated previously [23] and confirmed
by us. The real-virtual (RV) corrections are derived by
integrating the one-loop amplitude with a counter-term
that regulates all its singular limits [24]. The finite part
of the one-loop amplitude is computed with a code used
in the calculation of pp ! tt̄j at NLO [25]. The double
real corrections (RR) are computed as in Refs. [26, 27].

An important di↵erence compared to our previous
NNLO calculations for top production is the utilisation
of the four-dimensional formulation of the STRIPPER
approach [28]. A four-dimensional approach allows one
to use existing tools for computing tree-level amplitudes
which significantly speeds up the calculation. We have
used results by van Hameren ... [cite them all].

We use the top pole mass m
t

= 173.3GeV, the
MSTW2008 pdf set [29] and kinematics-independent
scales with central value µ

R

= µ
F

= m
t

. The theoretical
uncertainty is estimated with independent scale variation
µ
R

6= µ
F

[30]. The pdf uncertainty is not included. The
above choice of scales, pdf sets and parameters is dic-
tated mainly by reasons of backward compatibility with
our previous work and the need for extensive checks at
the level of intermediate and final results. In the future
we intend to consider various choices of running scales,
pdf sets and errors as well as values of m

t

.

We have checked that our calculation reproduces �
tot

from Refs. [6–9] for each value of µ
R

, µ
F

with a preci-
sion around one permil. We also verify the cancellation
of infrared singularities in each bin. At NLO our cal-
culation has been cross-checked with the MC generator
MCFM [31, 32]. The predicted NNLO P

T,t

¯

t

distribu-
tion for non-vanishing transverse momentum is consistent
with results for the NLO QCD corrections to pp ! tt̄j
from Refs. [33–35] and agrees with an independent eval-
uation using Helac-Nlo [36].

RESULTS

In the following we discuss the P
T,t

, y
t

,M
t

¯

t

and y
t

¯

t

dif-
ferential distributions. We do not present the transverse
momentum distribution of the top pair since it can be
obtained with readily available NLO tools. The P

T,t

and
y
t

distributions are for average top and antitop.
In fig. 1 we show the prediction for the normalised P

T,t

distribution computed in LO, NLO and NNLO QCD,
and compared to the most resent CMS data [15]. The
corresponding top rapidity distribution is shown in fig. 2.
As explained in the previous section, pdf variation has
not been included in these results (or in any other results
shown in this paper). For clarity, in figs. 1,2 the scale
variation only for the NNLO correction is shown. When
computing various perturbative orders we always use pdfs
of matching order.
No overflow events are included in any of the bins

shown in this paper. The normalisations of the distri-
butions in figs. 1,2 are derived in such a way that the in-
tegral over the bins shown in these figures adds to unity.
Because of a slight di↵erence in the bins, we note a small
mismatch with respect to the measurements we compare
to: for the top P

T

distribution CMS has one more bin
400GeV < P

T

< 500GeV (not shown in fig. 1). This bin
contributes only around 4 permil to the normalisation of
the data and we neglect it in the comparison. The y

t

distribution computed by us extends to |y
t

| < 2.6. This
last bin di↵ers slightly from the corresponding CMS bin
which extends to |y

t

| < 2.5. This mismatch is shown
explicitly in fig. 2.

We observe that the inclusion of NNLO QCD correc-
tions in the P

T,t

distribution brings SM predictions closer
to CMS data in all bins. In fact the two agree within er-
rors in all bins but one (recall that pdf error has not
been included in fig. 2). The case of the y

t

distribution
is more intriguing; we observe from fig. 2 that the NNLO
and NLO central values are essentially identical in the
whole rapidity range (this is partly related to the size of
the bins). Given the size of the data error, it does not
appear that there is any notable tension between NNLO
QCD and data. The apparent stability of this distribu-
tion with respect to radiative corrections, however, will
make comparisons with future high-precision data very
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The LHC top Mtt distribution 

ü  The quality of the calculation is high: 

ü  Fine binning 

ü  NNLO does what one normally 
expects: 

•  Convergence 
•  Decrease of scale error 
•  Pdf error not included 

•  Threshold effects can be seen 

•  Note the extreme stability of the 
shape: no change from NLO to 
NNLO (within 0.5% or so) 

•  An opportunity for searches? 

4

PP → tt
-
+X

mt=173.3 GeV

MSTW2008

µF,R/mt∈{0.5,1,2}

Czakon, Heymes, Mitov (2015)

d
σ
/
d
M
t
t-
 
[
p
b
/
G
e
V
]

NNLO

NLO

LO

 0

 0.25

 0.5

 0.75

 1

 1.25

 400  500  600  700  800  900  1000

PP → tt
-
+X

mt=173.3 GeV

MSTW2008

µF,R/mt∈{0.5,1,2}

Czakon, Heymes, Mitov (2015)

d
σ
/
d
M
t
t-
 
[
p
b
/
G
e
V
]

 

 0

 0.25

 0.5

 0.75

 1

 1.25

 400  500  600  700  800  900  1000

PP → tt
-
+X

mt=173.3 GeV

MSTW2008

µF,R/mt∈{0.5,1,2}

Czakon, Heymes, Mitov (2015)

d
σ
/
d
M
t
t-
 
[
p
b
/
G
e
V
]

 

 0

 0.25

 0.5

 0.75

 1

 1.25

 400  500  600  700  800  900  1000

PP → tt
-
+X

mt=173.3 GeV

MSTW2008

µF,R/mt∈{0.5,1,2}

Czakon, Heymes, Mitov (2015)

d
σ
/
d
M
t
t-
 
[
p
b
/
G
e
V
]

 

 0

 0.25

 0.5

 0.75

 1

 1.25

 400  500  600  700  800  900  1000

N
N
L
O
/
N
L
O

 0.9

 1

 1.1

 1.2

 400  500  600  700  800  900  1000

N
L
O
/
L
O

Mtt- [GeV]

 0.8
 1

 1.2
 1.4
 1.6

 400  500  600  700  800  900  1000

FIG. 4: As in fig. 3 but for the top pair invariant mass.
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The LHC top ytt distribution 

ü  The quality of the calculation is high: 

ü  Fine binning 

ü  NNLO does what one normally 
expects: 

•  Convergence 
•  Decrease of scale error 
•  Pdf error not included 
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Differential results for the Tevatron 

ü  Calculations is also complete and exact 
ü  Fixed scales and the rest similar to LHC 
ü  Computation is older: done in CDR. 
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Figure 1. The Mtt̄ distribution computed through NNLO in QCD and compared to data from
the DØ Collaboration [15]. The plot on the left shows the absolute normalisation, while the one on
the right the same distribution but normalised to unity. The plots show the ratio of data to NNLO
QCD as well as the NNLO/NLO and NLO/LO K-factors KNNLO and KNLO. The error of the theory
predictions at NLO and NNLO are from adding scales and pdf in quadrature.

estimated to be about 3-4%.

3.2 PT distribution of the top quark

In fig. 2 we show the single inclusive PT spectrum of the top quark in absolute normalisation

(eft) and normalised to unity (right). The bins correspond to the ones used in the DØ

analysis [15]: the data is split in six unequal-size bins spanning the interval (0, 500)GeV.

Computed events with PT > 500GeV have been collected in a separate overflow bin; they are

not shown in fig. 2; their contribution can be found in appendix A table 4.

The DØ data is for the PT of average top/antitop while our calculations are for the PT,t

(or PT,t̄). We have checked that the PT,t and PT,t̄ spectra agree within the MC error of the

calculation.

The relative MC integration error is estimated to be below 1% for all bins with PT,t 
300GeV. The highest bin in fig. 2, 300  PT,t  500GeV, has MC error that approaches
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Figure 2. The PT,t spectrum computed through NNLO in QCD and compared to data from the
DØ Collaboration [15]. The plot on the left shows its absolute normalisation, while the one on the
right the same distribution but normalised to unity. The plots also show the ratio of data to NNLO
QCD as well as the NNLO/NLO and NLO/LO K-factors KNNLO and KNLO. The error of the theory
predictions at NLO and NNLO is derived by adding in quadrature errors from scales and pdf.

2%, while the MC error for the overflow bin PT,t � 500GeV (shown in appendix A table 4)

is around 5%.

In fig. 2(left) we present the di↵erential distribution (in absolute normalisation) at LO,

NLO and NNLO QCD and compare it with available DØ data. Data and NNLO QCD agree

in four of the six bins, while in two of the bins data exceeds theory by, roughly, 2�. As for

the Mtt̄ distribution, the experimental errors are significantly larger than the theory ones. A

dedicated comparison of the normalised PT,t distribution with, hopefully, future data might

be helpful in revealing sensitivity of di↵erential distributions to mt and possibly separate the

question of the quality of the NNLO QCD description of the shape of the top PT spectrum

from the one of the precise value of mt.

To better clarify the size of higher order radiative corrections we also show the K-factors

KNNLO and KNLO. From the plot of the normalised Mtt̄ distribution we conclude that,
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Figure 4. The normalised top quark cos ✓ distribution (left) and related Legendre moments (right)
through NNLO QCD compared to data from Ref. [16]. Also shown is a naive estimate of the EW
corrections (see text) as well as the K-factors KNNLO and KNLO. The error of the theory predictions
is based on scale variation only.

estimate of the EW corrections is imperfect it should be su�cient to get an idea of the size of

the EW corrections. From that figure we conclude that the EW corrections are comparable to

the size of the error of the NNLO QCD corrections are are thus not negligible. Furthermore,

they tend to decrease the di↵erence between NNLO QCD and data. Still, the EW corrections

are not very large and thus their inclusion, or not, is not significantly a↵ecting the comparison

of SM theory with data (especially given the sizeable error of the available data).

Finally, let us explain exactly how the EW(naive) corrections were derived by us. The

NLO (QCD+EW) result has been taken from Ref. [17] which, in turn, has been provided by

the authors of Ref. [18]. While the setups for the calculation of the cos ✓ distribution (as well

as the related Legendre moments, see below) between this work and Ref. [18] di↵er in several

aspects, we have cross-checked the pure NLO QCD results with Ref. [18] 2 and found that

they are in reasonable agreement (for the Legendre moments the agreement is only good for

2We wish to thank Werner Bernreuther for his help with this comparison.
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PDF dependence: absolute normalization at the Tevatron 
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Figure 10. NNLO QCD prediction for three di↵erential distributions (in Mtt̄, PT,t and |yt|) with
four pdf sets. Given are the ratios of the CT10, HERA 1.5 and NNPDF 2.3 based predictions with
respect to MSTW2008. For reference also the scale dependence of the MSTW2008 prediction is shown
(red band). For improved visibility, in the lower plots we compare the same predictions with the
available data from the DØ Collaboration [15].
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Figure 11. As in fig. 10 but for the normalised to unity distributions.

and |yt|. Additionally, in the upper plots we present the scale error of the MSTW2008 result,

while in the lower plots we compare with the available data from the DØ collaboration [15].

We observe that the spread among the pdf sets is comparable to the size of the NNLO

scale variation and only the HERA 1.5 prediction lies outside the scale error band. Since in

the kinematic range considered in this work pdf error is (much) smaller than the one due to
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PDF dependence: normalized distributions at the Tevatron 
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Figure 10. NNLO QCD prediction for three di↵erential distributions (in Mtt̄, PT,t and |yt|) with
four pdf sets. Given are the ratios of the CT10, HERA 1.5 and NNPDF 2.3 based predictions with
respect to MSTW2008. For reference also the scale dependence of the MSTW2008 prediction is shown
(red band). For improved visibility, in the lower plots we compare the same predictions with the
available data from the DØ Collaboration [15].
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Figure 11. As in fig. 10 but for the normalised to unity distributions.

and |yt|. Additionally, in the upper plots we present the scale error of the MSTW2008 result,

while in the lower plots we compare with the available data from the DØ collaboration [15].

We observe that the spread among the pdf sets is comparable to the size of the NNLO

scale variation and only the HERA 1.5 prediction lies outside the scale error band. Since in

the kinematic range considered in this work pdf error is (much) smaller than the one due to
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ü  Very impressive consistency between pdf’s once the normalization ambiguity is taken out.  

ü  Good news for mtop extractions from differential distributions. 
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Future directions 

Ø  Top decay  
Ø  Combine with EW corrections 
Ø  Understand properly the TeV PT region (large collinear logs, etc.) 

Ø  + introduce dynamic scale setting 
Ø  Plenty of interesting phenomenology! 
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Summary and Conclusions 

Ø  Clearly, top physics is in precision phase 

Ø  High quality agreement between SM and Tevatron/LHC measurements at all collider energies. 

Ø  Total and differential x-section for tT production now known in full NNLO. 

Ø  So far all is for stable tops. 
 
Ø  Important phenomenology ahead: 

Ø  Constrain and improve PDF’s 
Ø  Searches for new physics 
Ø  Very high-precision test of SM (good th/exp agreement so far!) 


