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Motivation

• Top pair production enters almost all LHC 
analyses, either as a signal, as a background or via 
PDF fits and MC-tunes	

• NLO-accurate MCs do a decent job, still there is 
some tension with data	

• The decreasing exp. uncertainties call for better 
predictions: NNLO and/or NLO EW mandatory	

• Unlike QCD corrections, the EW ones bring two 
new features: 	
• Sudakov suppression (negative) and photon-

initiated contributions (positive). 	
• How large is their effect? Can t t ̄production be 

used to constrain the photon PDF?
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EW corrections to t t ̄production

!

!

!

!

!
• NLO EW corrections to t t ̄have been known for years, but they 

remain a hot topic 
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-vvbb̄: Denner et al., 
arXiv:1607.05571	

• The γ-initiated contribution was known only at LO and with the 
old PDF set MSTW2004…  
             Things have changed (and are changing) since then!
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The photon PDF, circa June 2016

• Two modern PDF sets with the photon exist, NNPDF2.3/3.0 QED 
and CT14-QED  
NNPDF coll., arXiv:1308.0598 & Bertone, Carrazza arXiv:1606.07130;  
Schmidt, Pumplin, Stump, Yuan, arXiv:1509.02905	

• Very different assumptions and strategies: 	
• NNPDF uses no assumption for the γ(x,Q0) functional form, and uses DIS 

and 7-TeV DY data data to constrain it	
• CT14QED uses an ansatz à la MRST2004, with one free parameter 

(momentum fraction at the initial scale constrained to be <0.14% at 90% CL). 
A set which includes the elastic photon contribution is also provided	

• Unlike all other sets, NNPDF2.3 uses different scales for QCD/QED 
evolution. The simultaneous evolution has been implemented in APFEL and is 
used in NNPDF3.0. This has no impact on t t ̄phenomenology
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The photon PDF, circa June 2016
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• The NNPDF photon PDF is large at large x, with O(100%) error 
bands	

• CT14 (and MRST) have a much smaller photon at large x	
• APFEL_NN23 has the same photon PDF at the initial scale as 

NNPDF2.3, but with the simultaneous QED+QCD evolution  
                                                                                            Bertone, Carrazza, Pagani, MZ, arXiv:1508.07002
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• Two new studies appeared with new predictions for the photon PDF 	
• Both support the case of a small photon PDF (at large x) with small 

errors

The photon PDF, circa July 2016

6

0

0.5

1

0.01 0.1

1e-05

0.0001

0.001

0.01

0.1

x�(x,µ = 100GeV)

x

coh.

incoh.

evol.

Tot.

NNPDF3.0

Figure 2: The photon PDF at scale µ

F

= 100 and 2000 GeV, with the breakdown between
coherent, incoherent and evolution components, defined as in (3) and (10) given. Also shown
is the NNPDF3.0 [10] result, with the corresponding 68% C.L. uncertainty bands. In the
lower plots the ratios of the di↵erent components to the total photon PDF are shown.

evolution component in (3) is dominant, and as a result the corresponding uncertainties are
under reasonable control5. As x increases, however, the phase space for the DGLAP q ! q�

emission process decreases, and the contribution from the coherent photon input becomes
more important. This e↵ect is evident in the NNPDF set, where the increasing contribu-
tion from the poorly determined input photon leads to a rapidly increasing uncertainty as x
increases.

In Fig. 3 we show the corresponding PDF luminosities, defined as
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where ⌧ = M

2

X

/s and f

i

is the corresponding PDF for parton i. As well as the �� case
discussed above, we also show for comparison the qq, qq (defined in both cases as a uniform
sum over the 5 corresponding quark flavours) and gg cases, using the same NNPDF set. For
our prediction, we now for illustration include an uncertainty band due to varying the inco-
herent component between x�(x,Q

0

) = 0 and the upper bound of (11), although in the plots
this is essentially invisible within the width of the central curves. Other uncertainties, due
for example to the quark (and at higher orders, gluon) PDFs entering the photon evolution
in (1), the use of the dipole approximation (9) for the elastic form factor and the choice of
Q

0

in (3) are not included here. These e↵ects are expected to be generally subleading in
comparison to that due to the incoherent input, and will be omitted in the results which

5The slight deviation between our results and the NNPDF sets, even accounting for the PDF uncertainties,
at lower x is due to the di↵ering ‘truncated’ solution to the DGLAP equation applied in the latter case.

9

Harland-Lang, Khoze, Ryskin, arXiv:1607.04635LUXqed: Manohar, Nason, Salam, Zanderighi,  
arXiv:1607.04266
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FIG. 4. The ratio of common PDF sets to our LUXqed result,
along with the LUXqed uncertainty band (light red). The CT14
and MRST bands correspond to the range from the PDF mem-
bers shown in brackets (95% cl. in CT14’s case). The NNPDF

bands span from max(µr � �r, r16) to µr + �r, where µr is
the average (represented by the blue line), �r is the standard
deviation over replicas, and r16 denotes the 16th percentile
among replicas. Note the di↵erent y-axes for the panels.

as the di↵erence between the CLAS and CB fits (RES);
a systematic uncertainty due to the choice of the transi-
tion scale between the HERMES F

2

fit and the pertur-
bative determination from the PDFs, obtained by reduc-
ing the transition scale from 9 to 5 GeV2 (M); missing
higher order e↵ects, estimated using a modification of
Eq. (6), with the upper bound of the Q2 integration set
to µ2 and the last term adjusted to maintain ↵2(↵

s

L)n

accuracy (HO); a potential twist-4 contribution to F
L

parametrised as a factor (1 + 5.5 GeV2/Q2) [54] for
Q2 � 9GeV2 (T). One-sided errors are all symmetrised.
Our final uncertainty, shown as a solid line in Fig. 3, is
obtained by combining all sources in quadrature and is
about 1-2% over a large range of x values.

In Fig. 4 we compare our LUXqed result for the MS f
�/p

to determinations available publicly within LHAPDF [55].
Of the model-based estimates CT14qed inc, CT14qed [23]
and MRST2004 [21], it is CT14qed inc that comes closest
to LUXqed. Its model for the inelastic component is con-
strained by ep ! e� + X data from ZEUS [24]. It also

FIG. 5. �� luminosity in pp collisions as a function of the
�� invariant mass M , at four collider centre-of-mass energies.
The NNPDF30 results are shown only for 8 and 100 TeV. The
uncertainty of our LUXqed results is smaller than the width of
the lines.

includes an elastic component. Note however that, for
the neutron, CT14qed inc neglects the important neu-
tron magnetic form factor. As for the model-independent
determinations, NNPDF30 [56], which notably extends
NNPDF23 [22] with full treatment of ↵(↵

s

L)n terms in
the evolution [57], almost agrees with our result at small
x. At large x its band overlaps with our result, but the
central value and error are both much larger.
Similar features are visible in the corresponding ��

partonic luminosities, defined as
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d lnM2

=
M2

s

Z
dz

z
f
�/p

(z,M2) f
�/p

✓
M2

zs
,M2

◆
, (9)

and shown in Fig. 5, as a function of the �� invariant
mass M , for several centre-of-mass energies.
As an application, we consider pp ! HW+(! `+⌫) +

X at
p
s = 13 TeV, for which the total cross section with-

out photon-induced contributions is 91.2±1.8 fb [6], with
the error dominated by (non-photonic) PDF uncertain-
ties. Using HAWK 2.0.1 [58], we find a photon-induced
contribution of 5.5+4.3

�2.9

fb with NNPDF30, to be compared
to 4.4± 0.1 fb with LUXqed.
In conclusion, we have obtained a formula (i.e. Eq. (6))

for the MS photon PDF in terms of the proton structure
functions, which includes all terms of order ↵L (↵

s

L)n,
↵ (↵

s

L)n and ↵2L2 (↵
s

L)n. Our method can be eas-
ily generalised to higher orders in ↵

s

and holds for any
hadronic bound state. Using current experimental in-
formation on F

2

and F
L

for protons we obtain a pho-
ton PDF with much smaller uncertainties than existing
determinations, as can be seen from Fig. 4. The pho-
ton PDF has a substantial contribution from the elas-
tic form factor (⇠ 20%) and from the resonance region
(⇠5%) even for high values of µ ⇠ 100�1000 GeV. Our
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the average (represented by the blue line), �r is the standard
deviation over replicas, and r16 denotes the 16th percentile
among replicas. Note the di↵erent y-axes for the panels.
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The photon PDF, circa July 2016
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• LUXqed lies very close to CT14 0.14% and to CT14_inc 0.00
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• LUXqed lies very close to CT14 0.14% and to CT14_inc 0.00	
• Effects due to the different evolution in NNPDF2.3 are not visible
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LO EW 

NLO EW 

!

Calculation framework
The calculation has been performed in a completely automated way via an 
extension of MadGraph5_aMC@NLO (Frixione, Hirschi, DP, Shao, Zaro ’14,’15).  
We take into account LO QCD + LO EW + NLO QCD + NLO EW.

_s
3 _s

2_ _2_s _3

_s
2 _s_ _2

LO 

NLO 

2 D. Pagani et al.: The impact of the photon PDF and electroweak corrections on tt̄ distributions

contributions are taken into account both at O(asa), from the
gg-channel at tree-level, and at O(a2

s a), from the gg as well
as the qg(q̄g) initial states arising in the NLO EW corrections.
For all the results presented here, the calculation has been per-
formed within the MADGRAPH5_AMC@NLO framework [32],
thanks to an extension of the code that allows to automatically
calculate NLO QCD and EW corrections [33, 34]. In order to
have a reliable estimate of the photon-induced contribution and
of its uncertainties, we evaluate the impact of electroweak cor-
rections with both the NNPDF2.3QED [35] and CT14QED [36]
PDF sets, the only modern sets that include LO QED contribu-
tion in the DGLAP evolution and, with very different assump-
tions and strategies in the extraction from data, the photon dis-
tribution.

We show that, besides higher-order QCD corrections, it is
also necessary to take into account EW corrections, including
photon-induced contributions, for a correct determination of
both the central value and the uncertainty of theoretical predic-
tions. This is particularly important in the context of the ongo-
ing discussion on NLO-accurate event generators and the com-
patibility with experimental data for the pT (t) distribution at
the LHC 8-TeV measurements [37] and in view of the measure-
ments at 13 TeV. Furthermore, we show that differential ob-
servables in top-pair production, in particular top-quark and tt̄
rapidities, can be used to improve the determination of the pho-
ton PDF within the NNPDF approach, while in the CT14QED
approach tt̄ production is not sensitive to the photon-induced
contributions.

The structure of our paper is the following: in sect. 2 we
present the framework employed to perform our calculation
and discuss relevant input parameters. In sect. 3 we discuss
differences among existing PDF sets which provide a photon
distribution (NNPDF2.3QED, CT14QED and the older MRST-
2004QED set). We describe the different theoretical approaches
employed in the sets, and we compare central values and uncer-
tainties for the photon PDF and the parton luminosities relevant
for our calculation. In sect. 4 we show predictions at 13 and 100
TeV, and we compare results with and without the contribution
of photon-induced processes and using the NNPDF2.3QED or
the CT14QED PDF set. In sect. 5 we analyse the impact of EW
corrections and the photon PDF for specific measurements per-
formed by ATLAS and CMS at 8 TeV. We compare the usage
of NNPDF2.3QED with a standard modern set with QCD-only
partons and DGLAP evolution. We give our conclusions and
outlook in sect. 6.

2 Calculation setup and input parameters

The calculation has been performed in a completely automated
way and we do not describe here the technical details; they can
be found in [33, 34], where the tt̄H process has been calcu-
lated in the same framework. In the following, we only want to
match the notation of this paper to the one introduced in [33]
and precisely define the quantities included in our calculation,
specifying those that depend on the photon PDF.

In the case of pp ! tt̄ process a generic observable S tt̄

can be expanded simultaneously in the QCD and EW coupling

constants as:

S tt̄(as,a) = Â
m+n�2

am
s anSm+n,n . (2.1)

Following this notation, one can separate the LO (m+ n = 2)
and NLO (m+n = 3) contributions as follows:

S tt̄
LO(as,a) = a2

s S2,0 +asaS2,1 +a2S2,2 ⌘
⌘ SLO,1 +SLO,2 +SLO,3 ,

S tt̄
NLO(as,a) = a3

s S3,0 +a2
s aS3,1 +asa2S3,2 +a3S3,3 ⌘

⌘ SNLO,1 +SNLO,2 +SNLO,3 +SNLO,4 . (2.2)

In our results we include the SLO,1, SLO,2, SNLO,1 and SNLO,2
terms. We checked that the remaining terms are subleading as
expected, giving results of the order or below 1% of the LO,1
contribution both in the total cross section and at the differential
level. In order to help the reader we further define the quantities

SLO QCD ⌘ SLO,1 , SNLO QCD ⌘ SNLO,1 , (2.3)
SLO EW ⌘ SLO,2 , SNLO EW ⌘ SNLO,2 , (2.4)

SQCD ⌘ SLO QCD +SNLO QCD , (2.5)
SEW ⌘ SLO EW +SNLO EW , (2.6)

SQCD+EW ⌘ SQCD +SEW . (2.7)

In the following text with the term “EW corrections” we
will in general refer to the quantity SEW, while we will use
“NLO EW corrections” for SNLO EW. At variance with refs. [33,
34], in our calculation we do not consider the effect due to the
Heavy-Boson-Radiation (HBR). Although the LO cross sec-
tions of pp ! tt̄V , V = W±,Z,H processes may in principle
contribute at the same perturbative order of SNLO EW to the in-
clusive tt̄ production, in this work we assume that tt̄ and tt̄V
final states can always be distinguished.

The quantities that depend on the photon PDF are SLO EW
and SNLO EW. The gg ! tt̄ process contributes to SLO EW and
to SNLO EW. In addition, SNLO EW receives contributions from
the qg ! tt̄q and q̄g ! tt̄q̄ processes at the tree level, which
feature initial-state singularities that have to be subtracted. As
in the case of qq̄ ! tt̄g processes, the subtracted QED singular-
ities are taken into account in the DGLAP evolution in MRST-
2004QED, NNPDF2.3QED and CT14QED. Thus, for theoreti-
cal consistency, these three PDF sets should be preferred when-
ever NLO EW corrections are computed. However, since the
QED accuracy of DGLAP evolution is only LO in all the three
PDF sets, one could not technically claim at the moment NLO
QED and thus NLO EW accuracy for hadronic predictions.
Even before considering the numerical results in sects. 4 and
5, this issue points to the necessity of a better determination of
the photon PDF by means of fits which include NLO QED ef-
fects in the DGLAP evolution [38, 39].

Our calculation is performed using the following input pa-
rameters

mt = 173.3 GeV , mH = 125.09 GeV ,

mW = 80.385 GeV , mZ = 91.1876 GeV , (2.8)

and setting all the other fermion masses to zero. All masses are
renormalised on-shell and all decay widths are set to zero. The

2 D. Pagani et al.: The impact of the photon PDF and electroweak corrections on tt̄ distributions
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also necessary to take into account EW corrections, including
photon-induced contributions, for a correct determination of
both the central value and the uncertainty of theoretical predic-
tions. This is particularly important in the context of the ongo-
ing discussion on NLO-accurate event generators and the com-
patibility with experimental data for the pT (t) distribution at
the LHC 8-TeV measurements [37] and in view of the measure-
ments at 13 TeV. Furthermore, we show that differential ob-
servables in top-pair production, in particular top-quark and tt̄
rapidities, can be used to improve the determination of the pho-
ton PDF within the NNPDF approach, while in the CT14QED
approach tt̄ production is not sensitive to the photon-induced
contributions.

The structure of our paper is the following: in sect. 2 we
present the framework employed to perform our calculation
and discuss relevant input parameters. In sect. 3 we discuss
differences among existing PDF sets which provide a photon
distribution (NNPDF2.3QED, CT14QED and the older MRST-
2004QED set). We describe the different theoretical approaches
employed in the sets, and we compare central values and uncer-
tainties for the photon PDF and the parton luminosities relevant
for our calculation. In sect. 4 we show predictions at 13 and 100
TeV, and we compare results with and without the contribution
of photon-induced processes and using the NNPDF2.3QED or
the CT14QED PDF set. In sect. 5 we analyse the impact of EW
corrections and the photon PDF for specific measurements per-
formed by ATLAS and CMS at 8 TeV. We compare the usage
of NNPDF2.3QED with a standard modern set with QCD-only
partons and DGLAP evolution. We give our conclusions and
outlook in sect. 6.

2 Calculation setup and input parameters

The calculation has been performed in a completely automated
way and we do not describe here the technical details; they can
be found in [33, 34], where the tt̄H process has been calcu-
lated in the same framework. In the following, we only want to
match the notation of this paper to the one introduced in [33]
and precisely define the quantities included in our calculation,
specifying those that depend on the photon PDF.

In the case of pp ! tt̄ process a generic observable S tt̄

can be expanded simultaneously in the QCD and EW coupling

constants as:

S tt̄(as,a) = Â
m+n�2

am
s anSm+n,n . (2.1)

Following this notation, one can separate the LO (m+ n = 2)
and NLO (m+n = 3) contributions as follows:

S tt̄
LO(as,a) = a2

s S2,0 +asaS2,1 +a2S2,2 ⌘
⌘ SLO,1 +SLO,2 +SLO,3 ,

S tt̄
NLO(as,a) = a3

s S3,0 +a2
s aS3,1 +asa2S3,2 +a3S3,3 ⌘

⌘ SNLO,1 +SNLO,2 +SNLO,3 +SNLO,4 . (2.2)

In our results we include the SLO,1, SLO,2, SNLO,1 and SNLO,2
terms. We checked that the remaining terms are subleading as
expected, giving results of the order or below 1% of the LO,1
contribution both in the total cross section and at the differential
level. In order to help the reader we further define the quantities

SLO QCD ⌘ SLO,1 , SNLO QCD ⌘ SNLO,1 , (2.3)
SLO EW ⌘ SLO,2 , SNLO EW ⌘ SNLO,2 , (2.4)

SQCD ⌘ SLO QCD +SNLO QCD , (2.5)
SEW ⌘ SLO EW +SNLO EW , (2.6)

SQCD+EW ⌘ SQCD +SEW . (2.7)

In the following text with the term “EW corrections” we
will in general refer to the quantity SEW, while we will use
“NLO EW corrections” for SNLO EW. At variance with refs. [33,
34], in our calculation we do not consider the effect due to the
Heavy-Boson-Radiation (HBR). Although the LO cross sec-
tions of pp ! tt̄V , V = W±,Z,H processes may in principle
contribute at the same perturbative order of SNLO EW to the in-
clusive tt̄ production, in this work we assume that tt̄ and tt̄V
final states can always be distinguished.

The quantities that depend on the photon PDF are SLO EW
and SNLO EW. The gg ! tt̄ process contributes to SLO EW and
to SNLO EW. In addition, SNLO EW receives contributions from
the qg ! tt̄q and q̄g ! tt̄q̄ processes at the tree level, which
feature initial-state singularities that have to be subtracted. As
in the case of qq̄ ! tt̄g processes, the subtracted QED singular-
ities are taken into account in the DGLAP evolution in MRST-
2004QED, NNPDF2.3QED and CT14QED. Thus, for theoreti-
cal consistency, these three PDF sets should be preferred when-
ever NLO EW corrections are computed. However, since the
QED accuracy of DGLAP evolution is only LO in all the three
PDF sets, one could not technically claim at the moment NLO
QED and thus NLO EW accuracy for hadronic predictions.
Even before considering the numerical results in sects. 4 and
5, this issue points to the necessity of a better determination of
the photon PDF by means of fits which include NLO QED ef-
fects in the DGLAP evolution [38, 39].

Our calculation is performed using the following input pa-
rameters

mt = 173.3 GeV , mH = 125.09 GeV ,

mW = 80.385 GeV , mZ = 91.1876 GeV , (2.8)

and setting all the other fermion masses to zero. All masses are
renormalised on-shell and all decay widths are set to zero. The
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34], in our calculation we do not consider the effect due to the
Heavy-Boson-Radiation (HBR). Although the LO cross sec-
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clusive tt̄ production, in this work we assume that tt̄ and tt̄V
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Even before considering the numerical results in sects. 4 and
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the photon PDF by means of fits which include NLO QED ef-
fects in the DGLAP evolution [38, 39].

Our calculation is performed using the following input pa-
rameters

mt = 173.3 GeV , mH = 125.09 GeV ,

mW = 80.385 GeV , mZ = 91.1876 GeV , (2.8)

and setting all the other fermion masses to zero. All masses are
renormalised on-shell and all decay widths are set to zero. The

2 D. Pagani et al.: The impact of the photon PDF and electroweak corrections on tt̄ distributions

contributions are taken into account both at O(asa), from the
gg-channel at tree-level, and at O(a2

s a), from the gg as well
as the qg(q̄g) initial states arising in the NLO EW corrections.
For all the results presented here, the calculation has been per-
formed within the MADGRAPH5_AMC@NLO framework [32],
thanks to an extension of the code that allows to automatically
calculate NLO QCD and EW corrections [33, 34]. In order to
have a reliable estimate of the photon-induced contribution and
of its uncertainties, we evaluate the impact of electroweak cor-
rections with both the NNPDF2.3QED [35] and CT14QED [36]
PDF sets, the only modern sets that include LO QED contribu-
tion in the DGLAP evolution and, with very different assump-
tions and strategies in the extraction from data, the photon dis-
tribution.

We show that, besides higher-order QCD corrections, it is
also necessary to take into account EW corrections, including
photon-induced contributions, for a correct determination of
both the central value and the uncertainty of theoretical predic-
tions. This is particularly important in the context of the ongo-
ing discussion on NLO-accurate event generators and the com-
patibility with experimental data for the pT (t) distribution at
the LHC 8-TeV measurements [37] and in view of the measure-
ments at 13 TeV. Furthermore, we show that differential ob-
servables in top-pair production, in particular top-quark and tt̄
rapidities, can be used to improve the determination of the pho-
ton PDF within the NNPDF approach, while in the CT14QED
approach tt̄ production is not sensitive to the photon-induced
contributions.

The structure of our paper is the following: in sect. 2 we
present the framework employed to perform our calculation
and discuss relevant input parameters. In sect. 3 we discuss
differences among existing PDF sets which provide a photon
distribution (NNPDF2.3QED, CT14QED and the older MRST-
2004QED set). We describe the different theoretical approaches
employed in the sets, and we compare central values and uncer-
tainties for the photon PDF and the parton luminosities relevant
for our calculation. In sect. 4 we show predictions at 13 and 100
TeV, and we compare results with and without the contribution
of photon-induced processes and using the NNPDF2.3QED or
the CT14QED PDF set. In sect. 5 we analyse the impact of EW
corrections and the photon PDF for specific measurements per-
formed by ATLAS and CMS at 8 TeV. We compare the usage
of NNPDF2.3QED with a standard modern set with QCD-only
partons and DGLAP evolution. We give our conclusions and
outlook in sect. 6.

2 Calculation setup and input parameters

The calculation has been performed in a completely automated
way and we do not describe here the technical details; they can
be found in [33, 34], where the tt̄H process has been calcu-
lated in the same framework. In the following, we only want to
match the notation of this paper to the one introduced in [33]
and precisely define the quantities included in our calculation,
specifying those that depend on the photon PDF.

In the case of pp ! tt̄ process a generic observable S tt̄

can be expanded simultaneously in the QCD and EW coupling

constants as:

S tt̄(as,a) = Â
m+n�2

am
s anSm+n,n . (2.1)

Following this notation, one can separate the LO (m+ n = 2)
and NLO (m+n = 3) contributions as follows:

S tt̄
LO(as,a) = a2

s S2,0 +asaS2,1 +a2S2,2 ⌘
⌘ SLO,1 +SLO,2 +SLO,3 ,

S tt̄
NLO(as,a) = a3

s S3,0 +a2
s aS3,1 +asa2S3,2 +a3S3,3 ⌘

⌘ SNLO,1 +SNLO,2 +SNLO,3 +SNLO,4 . (2.2)

In our results we include the SLO,1, SLO,2, SNLO,1 and SNLO,2
terms. We checked that the remaining terms are subleading as
expected, giving results of the order or below 1% of the LO,1
contribution both in the total cross section and at the differential
level. In order to help the reader we further define the quantities

SLO QCD ⌘ SLO,1 , SNLO QCD ⌘ SNLO,1 , (2.3)
SLO EW ⌘ SLO,2 , SNLO EW ⌘ SNLO,2 , (2.4)

SQCD ⌘ SLO QCD +SNLO QCD , (2.5)
SEW ⌘ SLO EW +SNLO EW , (2.6)

SQCD+EW ⌘ SQCD +SEW . (2.7)

In the following text with the term “EW corrections” we
will in general refer to the quantity SEW, while we will use
“NLO EW corrections” for SNLO EW. At variance with refs. [33,
34], in our calculation we do not consider the effect due to the
Heavy-Boson-Radiation (HBR). Although the LO cross sec-
tions of pp ! tt̄V , V = W±,Z,H processes may in principle
contribute at the same perturbative order of SNLO EW to the in-
clusive tt̄ production, in this work we assume that tt̄ and tt̄V
final states can always be distinguished.

The quantities that depend on the photon PDF are SLO EW
and SNLO EW. The gg ! tt̄ process contributes to SLO EW and
to SNLO EW. In addition, SNLO EW receives contributions from
the qg ! tt̄q and q̄g ! tt̄q̄ processes at the tree level, which
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2004QED, NNPDF2.3QED and CT14QED. Thus, for theoreti-
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PDF sets, one could not technically claim at the moment NLO
QED and thus NLO EW accuracy for hadronic predictions.
Even before considering the numerical results in sects. 4 and
5, this issue points to the necessity of a better determination of
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and setting all the other fermion masses to zero. All masses are
renormalised on-shell and all decay widths are set to zero. The

D. Pagani et al.: The impact of the photon PDF and electroweak corrections on tt̄ distributions 3

renormalisation of as is performed in the five-flavour scheme,
while EW parameters are chosen in the Gµ -scheme, with

Gµ = 1.1663787 ·10�5 GeV�2 . (2.9)

Since NLO EW corrections of O(a2
s a) to tt̄ hadroproduction

do not involve the renormalisation of a , the choice of a differ-
ent EW scheme will not change our results in a visible way.
The CKM matrix is taken as the identity.

Unless differently specified, we use a dynamical reference
scale for the central values of the renormalisation (µr) and fac-
torisation (µ f ) scales defined as

µ =
HT

2
=

1
2 Â

i
mT,i , (2.10)

where the sum of the transverse masses runs over all the final-
state particles. In all cases theoretical uncertainties due to miss-
ing higher orders are estimated via independent variations of µr
and µ f in the interval {µ/2,2µ}.

It is worth to note that the NNPDF2.3QED set is in the
variable-flavour scheme with six active flavours, which for µ >
mt is equivalent to the six-flavour scheme. On the contrary,
in CT14QED the active flavours are five, leading to the five-
flavour scheme also for µ > mt . As we said, we renormalise as
in the five-flavour scheme for all the predictions; for the com-
parison between the NNPDF2.3QED and CT14QED results we
simply change the PDF set without modifying the calculation
framework. The change of scheme can be easily performed
by following the recipe described in [40] and based on [41],
which, at NLO QCD + NLO EW accuracy, has a direct effect
only on the qq̄-induced contribution to SNLO QCD. We explicitly
verified that the numerical impact of such a change of renor-
malisation scheme is always much smaller of the scale uncer-
tainty and furthermore cancels in any ratio involving SNLO QCD
both at the numerator and the denominator. Thus, it has not any
influence on the discussion presented in this work.

3 Photon PDF and parton luminosities

In this section we discuss in some details the different mod-
elling of the photon PDF in the NNPDF2.3QED, CT14QED1

and MRST2004QED sets.
Although for all the three PDF sets the DGLAP evolution

is performed at NLO QCD + LO QED accuracy 2, very differ-
ent and crucial assumptions underlie the determination of the

1 CT14QED provides two kinds of sets, one with only the incoher-
ent component of the photon PDF and another one with both the co-
herent and incoherent components. The latter set has been presented in
Ref. [42]. In our work we have used the first set. We have checked that
the inclusion of the coherent component in the photon PDF does not
significantly alter our findings. The predictions obtained with the pho-
ton PDF with momentum fraction pg

0 = 0.00% including both compo-
nents are very similar, in the x and Q ranges relevant for our study, to
those from the incoherent-only photon PDF with pg

0 = 0.14%.
2 In the case of NNPDF2.3QED, PDFs at NNLO QCD + LO QED

accuracy as well as at LO QCD + LO QED accuracy are also available.
However we considered here only the NLO QCD + LO QED case,
consistently with the other PDF sets discussed.

photon PDF g(x,Q). These differences mainly concern the fol-
lowing three aspects. First, the ansatz for g(x,Q) at the initial
scale Q = Q0. Second, the different datasets which are used
in the fit. Third, the practical implementation of the DGLAP
evolution from the initial scale Q0 to the scale Q.

In fig. 1 we show the photon PDF for the different sets at
the scales Q = (3,173,5000) GeV. As it can be seen, these as-
sumptions affect the dependence on x and Q for both the central
value and the uncertainty band 3. The main reasons for the dif-
ferences can be traced to the different assumption for the pho-
ton PDF at the initial scale and in differences in the QCD+QED
evolution. In particular:

– Consistently with the approach pursued for coloured par-
tons, in NNPDF2.3QED no functional form is specified for
the photon PDF at the initial scale, g(x,Q0). The photon
PDF is only constrained to be positive. In a first step, PDF
replicas for all the partons are fit together from DIS-data
only. Afterwards, they are further constrained by Drell-Yan
data form the LHC Run-I at 7 TeV. At variance with DIS,
neutral-current Drell-Yan is sensitive to the photon PDF al-
ready at LO, and it can put stronger constraints on g(x,Q0).
Because of the positivity requirement for the photon PDF,
the replicas distribute in a very non-Gaussian way around
the central value. The prescription suggested in order to de-
termine a 68% CL uncertainty band consists in the evalua-
tion of the symmetric error including 68 of the 100 replicas
around the central value. Since no model is assumed for the
photon PDF and no data are present for large x, in this re-
gion uncertainties are very large and the central value alone
can be misleading, leading even to an unphysical peak at
very large x, which can be seen in fig. 1.

– The CT14QED and MRST2004QED sets are based on a
completely different assumption for g(x,Q) at the initial
scale Q = Q0. Since the amount of data for constraining
the shape of the photon PDF is limited, g(x,Q0) is chosen
to be described by an ansatz; the photon PDF at Q = Q0
is assumed to be completely determined by the valence
quark distributions. Specifically, in CT14QED and MRST-
2004QED the photon parameterisation at the initial scale
Q0 GeV reads

fg/p(x,Q0) =
a
2p

�
Aue2

uP̃gq ⌦u0(x)+Ade2
dP̃gq ⌦d0(x)

�
.

(3.1)

In eq. (3.1) P̃gq ⌦ f 0(x) corresponds to the convolution of
the splitting function P̃gq(x) with the so-called “primordial”
quark distributions f 0(x). In the case of MRST2004QED,
f 0(x) are valence-like model distributions, i.e., they are not
those fitted within the global MRST2004 [43] analysis. In
the case of CT14QED, f 0(x) correspond to the initial up
and down valence distributions from CT14NLO [44].
More importantly, in CT14QED Au is set equal to Ad in
order to obtain a dependence on a single parameter. Con-
versely, in MRST2004QED, the coefficients Ai are given by
Ai = ln

�
Q2

0/m2
i
�
, where mi are the “Current Mass” (CM)

of the quarks (mu = 6 MeV and md = 10 MeV). Thus, the
3 The red dotted curve labelled as APFEL_NN23 will be explained

after in the text.
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scale Q = Q0. Since the amount of data for constraining
the shape of the photon PDF is limited, g(x,Q0) is chosen
to be described by an ansatz; the photon PDF at Q = Q0
is assumed to be completely determined by the valence
quark distributions. Specifically, in CT14QED and MRST-
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f 0(x) are valence-like model distributions, i.e., they are not
those fitted within the global MRST2004 [43] analysis. In
the case of CT14QED, f 0(x) correspond to the initial up
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More importantly, in CT14QED Au is set equal to Ad in
order to obtain a dependence on a single parameter. Con-
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contributions are taken into account both at O(asa), from the
gg-channel at tree-level, and at O(a2

s a), from the gg as well
as the qg(q̄g) initial states arising in the NLO EW corrections.
For all the results presented here, the calculation has been per-
formed within the MADGRAPH5_AMC@NLO framework [32],
thanks to an extension of the code that allows to automatically
calculate NLO QCD and EW corrections [33, 34]. In order to
have a reliable estimate of the photon-induced contribution and
of its uncertainties, we evaluate the impact of electroweak cor-
rections with both the NNPDF2.3QED [35] and CT14QED [36]
PDF sets, the only modern sets that include LO QED contribu-
tion in the DGLAP evolution and, with very different assump-
tions and strategies in the extraction from data, the photon dis-
tribution.

We show that, besides higher-order QCD corrections, it is
also necessary to take into account EW corrections, including
photon-induced contributions, for a correct determination of
both the central value and the uncertainty of theoretical predic-
tions. This is particularly important in the context of the ongo-
ing discussion on NLO-accurate event generators and the com-
patibility with experimental data for the pT (t) distribution at
the LHC 8-TeV measurements [37] and in view of the measure-
ments at 13 TeV. Furthermore, we show that differential ob-
servables in top-pair production, in particular top-quark and tt̄
rapidities, can be used to improve the determination of the pho-
ton PDF within the NNPDF approach, while in the CT14QED
approach tt̄ production is not sensitive to the photon-induced
contributions.

The structure of our paper is the following: in sect. 2 we
present the framework employed to perform our calculation
and discuss relevant input parameters. In sect. 3 we discuss
differences among existing PDF sets which provide a photon
distribution (NNPDF2.3QED, CT14QED and the older MRST-
2004QED set). We describe the different theoretical approaches
employed in the sets, and we compare central values and uncer-
tainties for the photon PDF and the parton luminosities relevant
for our calculation. In sect. 4 we show predictions at 13 and 100
TeV, and we compare results with and without the contribution
of photon-induced processes and using the NNPDF2.3QED or
the CT14QED PDF set. In sect. 5 we analyse the impact of EW
corrections and the photon PDF for specific measurements per-
formed by ATLAS and CMS at 8 TeV. We compare the usage
of NNPDF2.3QED with a standard modern set with QCD-only
partons and DGLAP evolution. We give our conclusions and
outlook in sect. 6.

2 Calculation setup and input parameters

The calculation has been performed in a completely automated
way and we do not describe here the technical details; they can
be found in [33, 34], where the tt̄H process has been calcu-
lated in the same framework. In the following, we only want to
match the notation of this paper to the one introduced in [33]
and precisely define the quantities included in our calculation,
specifying those that depend on the photon PDF.

In the case of pp ! tt̄ process a generic observable S tt̄

can be expanded simultaneously in the QCD and EW coupling

constants as:

S tt̄(as,a) = Â
m+n�2

am
s anSm+n,n . (2.1)

Following this notation, one can separate the LO (m+ n = 2)
and NLO (m+n = 3) contributions as follows:

S tt̄
LO(as,a) = a2

s S2,0 +asaS2,1 +a2S2,2 ⌘
⌘ SLO,1 +SLO,2 +SLO,3 ,

S tt̄
NLO(as,a) = a3

s S3,0 +a2
s aS3,1 +asa2S3,2 +a3S3,3 ⌘

⌘ SNLO,1 +SNLO,2 +SNLO,3 +SNLO,4 . (2.2)

In our results we include the SLO,1, SLO,2, SNLO,1 and SNLO,2
terms. We checked that the remaining terms are subleading as
expected, giving results of the order or below 1% of the LO,1
contribution both in the total cross section and at the differential
level. In order to help the reader we further define the quantities

SLO QCD ⌘ SLO,1 , SNLO QCD ⌘ SNLO,1 , (2.3)
SLO EW ⌘ SLO,2 , SNLO EW ⌘ SNLO,2 , (2.4)

SQCD ⌘ SLO QCD +SNLO QCD , (2.5)
SEW ⌘ SLO EW +SNLO EW , (2.6)

SQCD+EW ⌘ SQCD +SEW . (2.7)

In the following text with the term “EW corrections” we
will in general refer to the quantity SEW, while we will use
“NLO EW corrections” for SNLO EW. At variance with refs. [33,
34], in our calculation we do not consider the effect due to the
Heavy-Boson-Radiation (HBR). Although the LO cross sec-
tions of pp ! tt̄V , V = W±,Z,H processes may in principle
contribute at the same perturbative order of SNLO EW to the in-
clusive tt̄ production, in this work we assume that tt̄ and tt̄V
final states can always be distinguished.

The quantities that depend on the photon PDF are SLO EW
and SNLO EW. The gg ! tt̄ process contributes to SLO EW and
to SNLO EW. In addition, SNLO EW receives contributions from
the qg ! tt̄q and q̄g ! tt̄q̄ processes at the tree level, which
feature initial-state singularities that have to be subtracted. As
in the case of qq̄ ! tt̄g processes, the subtracted QED singular-
ities are taken into account in the DGLAP evolution in MRST-
2004QED, NNPDF2.3QED and CT14QED. Thus, for theoreti-
cal consistency, these three PDF sets should be preferred when-
ever NLO EW corrections are computed. However, since the
QED accuracy of DGLAP evolution is only LO in all the three
PDF sets, one could not technically claim at the moment NLO
QED and thus NLO EW accuracy for hadronic predictions.
Even before considering the numerical results in sects. 4 and
5, this issue points to the necessity of a better determination of
the photon PDF by means of fits which include NLO QED ef-
fects in the DGLAP evolution [38, 39].

Our calculation is performed using the following input pa-
rameters

mt = 173.3 GeV , mH = 125.09 GeV ,

mW = 80.385 GeV , mZ = 91.1876 GeV , (2.8)

and setting all the other fermion masses to zero. All masses are
renormalised on-shell and all decay widths are set to zero. The
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contributions are taken into account both at O(asa), from the
gg-channel at tree-level, and at O(a2

s a), from the gg as well
as the qg(q̄g) initial states arising in the NLO EW corrections.
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formed within the MADGRAPH5_AMC@NLO framework [32],
thanks to an extension of the code that allows to automatically
calculate NLO QCD and EW corrections [33, 34]. In order to
have a reliable estimate of the photon-induced contribution and
of its uncertainties, we evaluate the impact of electroweak cor-
rections with both the NNPDF2.3QED [35] and CT14QED [36]
PDF sets, the only modern sets that include LO QED contribu-
tion in the DGLAP evolution and, with very different assump-
tions and strategies in the extraction from data, the photon dis-
tribution.

We show that, besides higher-order QCD corrections, it is
also necessary to take into account EW corrections, including
photon-induced contributions, for a correct determination of
both the central value and the uncertainty of theoretical predic-
tions. This is particularly important in the context of the ongo-
ing discussion on NLO-accurate event generators and the com-
patibility with experimental data for the pT (t) distribution at
the LHC 8-TeV measurements [37] and in view of the measure-
ments at 13 TeV. Furthermore, we show that differential ob-
servables in top-pair production, in particular top-quark and tt̄
rapidities, can be used to improve the determination of the pho-
ton PDF within the NNPDF approach, while in the CT14QED
approach tt̄ production is not sensitive to the photon-induced
contributions.

The structure of our paper is the following: in sect. 2 we
present the framework employed to perform our calculation
and discuss relevant input parameters. In sect. 3 we discuss
differences among existing PDF sets which provide a photon
distribution (NNPDF2.3QED, CT14QED and the older MRST-
2004QED set). We describe the different theoretical approaches
employed in the sets, and we compare central values and uncer-
tainties for the photon PDF and the parton luminosities relevant
for our calculation. In sect. 4 we show predictions at 13 and 100
TeV, and we compare results with and without the contribution
of photon-induced processes and using the NNPDF2.3QED or
the CT14QED PDF set. In sect. 5 we analyse the impact of EW
corrections and the photon PDF for specific measurements per-
formed by ATLAS and CMS at 8 TeV. We compare the usage
of NNPDF2.3QED with a standard modern set with QCD-only
partons and DGLAP evolution. We give our conclusions and
outlook in sect. 6.

2 Calculation setup and input parameters

The calculation has been performed in a completely automated
way and we do not describe here the technical details; they can
be found in [33, 34], where the tt̄H process has been calcu-
lated in the same framework. In the following, we only want to
match the notation of this paper to the one introduced in [33]
and precisely define the quantities included in our calculation,
specifying those that depend on the photon PDF.
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expected, giving results of the order or below 1% of the LO,1
contribution both in the total cross section and at the differential
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In the following text with the term “EW corrections” we
will in general refer to the quantity SEW, while we will use
“NLO EW corrections” for SNLO EW. At variance with refs. [33,
34], in our calculation we do not consider the effect due to the
Heavy-Boson-Radiation (HBR). Although the LO cross sec-
tions of pp ! tt̄V , V = W±,Z,H processes may in principle
contribute at the same perturbative order of SNLO EW to the in-
clusive tt̄ production, in this work we assume that tt̄ and tt̄V
final states can always be distinguished.

The quantities that depend on the photon PDF are SLO EW
and SNLO EW. The gg ! tt̄ process contributes to SLO EW and
to SNLO EW. In addition, SNLO EW receives contributions from
the qg ! tt̄q and q̄g ! tt̄q̄ processes at the tree level, which
feature initial-state singularities that have to be subtracted. As
in the case of qq̄ ! tt̄g processes, the subtracted QED singular-
ities are taken into account in the DGLAP evolution in MRST-
2004QED, NNPDF2.3QED and CT14QED. Thus, for theoreti-
cal consistency, these three PDF sets should be preferred when-
ever NLO EW corrections are computed. However, since the
QED accuracy of DGLAP evolution is only LO in all the three
PDF sets, one could not technically claim at the moment NLO
QED and thus NLO EW accuracy for hadronic predictions.
Even before considering the numerical results in sects. 4 and
5, this issue points to the necessity of a better determination of
the photon PDF by means of fits which include NLO QED ef-
fects in the DGLAP evolution [38, 39].

Our calculation is performed using the following input pa-
rameters

mt = 173.3 GeV , mH = 125.09 GeV ,

mW = 80.385 GeV , mZ = 91.1876 GeV , (2.8)

and setting all the other fermion masses to zero. All masses are
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contributions are taken into account both at O(asa), from the
gg-channel at tree-level, and at O(a2

s a), from the gg as well
as the qg(q̄g) initial states arising in the NLO EW corrections.
For all the results presented here, the calculation has been per-
formed within the MADGRAPH5_AMC@NLO framework [32],
thanks to an extension of the code that allows to automatically
calculate NLO QCD and EW corrections [33, 34]. In order to
have a reliable estimate of the photon-induced contribution and
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PDF sets, the only modern sets that include LO QED contribu-
tion in the DGLAP evolution and, with very different assump-
tions and strategies in the extraction from data, the photon dis-
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also necessary to take into account EW corrections, including
photon-induced contributions, for a correct determination of
both the central value and the uncertainty of theoretical predic-
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of photon-induced processes and using the NNPDF2.3QED or
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formed by ATLAS and CMS at 8 TeV. We compare the usage
of NNPDF2.3QED with a standard modern set with QCD-only
partons and DGLAP evolution. We give our conclusions and
outlook in sect. 6.
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be found in [33, 34], where the tt̄H process has been calcu-
lated in the same framework. In the following, we only want to
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clusive tt̄ production, in this work we assume that tt̄ and tt̄V
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and SNLO EW. The gg ! tt̄ process contributes to SLO EW and
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ities are taken into account in the DGLAP evolution in MRST-
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ever NLO EW corrections are computed. However, since the
QED accuracy of DGLAP evolution is only LO in all the three
PDF sets, one could not technically claim at the moment NLO
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Even before considering the numerical results in sects. 4 and
5, this issue points to the necessity of a better determination of
the photon PDF by means of fits which include NLO QED ef-
fects in the DGLAP evolution [38, 39].
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rameters

mt = 173.3 GeV , mH = 125.09 GeV ,
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and setting all the other fermion masses to zero. All masses are
renormalised on-shell and all decay widths are set to zero. The
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contributions are taken into account both at O(asa), from the
gg-channel at tree-level, and at O(a2

s a), from the gg as well
as the qg(q̄g) initial states arising in the NLO EW corrections.
For all the results presented here, the calculation has been per-
formed within the MADGRAPH5_AMC@NLO framework [32],
thanks to an extension of the code that allows to automatically
calculate NLO QCD and EW corrections [33, 34]. In order to
have a reliable estimate of the photon-induced contribution and
of its uncertainties, we evaluate the impact of electroweak cor-
rections with both the NNPDF2.3QED [35] and CT14QED [36]
PDF sets, the only modern sets that include LO QED contribu-
tion in the DGLAP evolution and, with very different assump-
tions and strategies in the extraction from data, the photon dis-
tribution.

We show that, besides higher-order QCD corrections, it is
also necessary to take into account EW corrections, including
photon-induced contributions, for a correct determination of
both the central value and the uncertainty of theoretical predic-
tions. This is particularly important in the context of the ongo-
ing discussion on NLO-accurate event generators and the com-
patibility with experimental data for the pT (t) distribution at
the LHC 8-TeV measurements [37] and in view of the measure-
ments at 13 TeV. Furthermore, we show that differential ob-
servables in top-pair production, in particular top-quark and tt̄
rapidities, can be used to improve the determination of the pho-
ton PDF within the NNPDF approach, while in the CT14QED
approach tt̄ production is not sensitive to the photon-induced
contributions.

The structure of our paper is the following: in sect. 2 we
present the framework employed to perform our calculation
and discuss relevant input parameters. In sect. 3 we discuss
differences among existing PDF sets which provide a photon
distribution (NNPDF2.3QED, CT14QED and the older MRST-
2004QED set). We describe the different theoretical approaches
employed in the sets, and we compare central values and uncer-
tainties for the photon PDF and the parton luminosities relevant
for our calculation. In sect. 4 we show predictions at 13 and 100
TeV, and we compare results with and without the contribution
of photon-induced processes and using the NNPDF2.3QED or
the CT14QED PDF set. In sect. 5 we analyse the impact of EW
corrections and the photon PDF for specific measurements per-
formed by ATLAS and CMS at 8 TeV. We compare the usage
of NNPDF2.3QED with a standard modern set with QCD-only
partons and DGLAP evolution. We give our conclusions and
outlook in sect. 6.

2 Calculation setup and input parameters

The calculation has been performed in a completely automated
way and we do not describe here the technical details; they can
be found in [33, 34], where the tt̄H process has been calcu-
lated in the same framework. In the following, we only want to
match the notation of this paper to the one introduced in [33]
and precisely define the quantities included in our calculation,
specifying those that depend on the photon PDF.

In the case of pp ! tt̄ process a generic observable S tt̄

can be expanded simultaneously in the QCD and EW coupling

constants as:

S tt̄(as,a) = Â
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in the case of qq̄ ! tt̄g processes, the subtracted QED singular-
ities are taken into account in the DGLAP evolution in MRST-
2004QED, NNPDF2.3QED and CT14QED. Thus, for theoreti-
cal consistency, these three PDF sets should be preferred when-
ever NLO EW corrections are computed. However, since the
QED accuracy of DGLAP evolution is only LO in all the three
PDF sets, one could not technically claim at the moment NLO
QED and thus NLO EW accuracy for hadronic predictions.
Even before considering the numerical results in sects. 4 and
5, this issue points to the necessity of a better determination of
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renormalised on-shell and all decay widths are set to zero. The

D. Pagani et al.: The impact of the photon PDF and electroweak corrections on tt̄ distributions 3

renormalisation of as is performed in the five-flavour scheme,
while EW parameters are chosen in the Gµ -scheme, with

Gµ = 1.1663787 ·10�5 GeV�2 . (2.9)

Since NLO EW corrections of O(a2
s a) to tt̄ hadroproduction

do not involve the renormalisation of a , the choice of a differ-
ent EW scheme will not change our results in a visible way.
The CKM matrix is taken as the identity.

Unless differently specified, we use a dynamical reference
scale for the central values of the renormalisation (µr) and fac-
torisation (µ f ) scales defined as

µ =
HT

2
=

1
2 Â

i
mT,i , (2.10)

where the sum of the transverse masses runs over all the final-
state particles. In all cases theoretical uncertainties due to miss-
ing higher orders are estimated via independent variations of µr
and µ f in the interval {µ/2,2µ}.

It is worth to note that the NNPDF2.3QED set is in the
variable-flavour scheme with six active flavours, which for µ >
mt is equivalent to the six-flavour scheme. On the contrary,
in CT14QED the active flavours are five, leading to the five-
flavour scheme also for µ > mt . As we said, we renormalise as
in the five-flavour scheme for all the predictions; for the com-
parison between the NNPDF2.3QED and CT14QED results we
simply change the PDF set without modifying the calculation
framework. The change of scheme can be easily performed
by following the recipe described in [40] and based on [41],
which, at NLO QCD + NLO EW accuracy, has a direct effect
only on the qq̄-induced contribution to SNLO QCD. We explicitly
verified that the numerical impact of such a change of renor-
malisation scheme is always much smaller of the scale uncer-
tainty and furthermore cancels in any ratio involving SNLO QCD
both at the numerator and the denominator. Thus, it has not any
influence on the discussion presented in this work.

3 Photon PDF and parton luminosities

In this section we discuss in some details the different mod-
elling of the photon PDF in the NNPDF2.3QED, CT14QED1

and MRST2004QED sets.
Although for all the three PDF sets the DGLAP evolution

is performed at NLO QCD + LO QED accuracy 2, very differ-
ent and crucial assumptions underlie the determination of the

1 CT14QED provides two kinds of sets, one with only the incoher-
ent component of the photon PDF and another one with both the co-
herent and incoherent components. The latter set has been presented in
Ref. [42]. In our work we have used the first set. We have checked that
the inclusion of the coherent component in the photon PDF does not
significantly alter our findings. The predictions obtained with the pho-
ton PDF with momentum fraction pg

0 = 0.00% including both compo-
nents are very similar, in the x and Q ranges relevant for our study, to
those from the incoherent-only photon PDF with pg

0 = 0.14%.
2 In the case of NNPDF2.3QED, PDFs at NNLO QCD + LO QED

accuracy as well as at LO QCD + LO QED accuracy are also available.
However we considered here only the NLO QCD + LO QED case,
consistently with the other PDF sets discussed.

photon PDF g(x,Q). These differences mainly concern the fol-
lowing three aspects. First, the ansatz for g(x,Q) at the initial
scale Q = Q0. Second, the different datasets which are used
in the fit. Third, the practical implementation of the DGLAP
evolution from the initial scale Q0 to the scale Q.

In fig. 1 we show the photon PDF for the different sets at
the scales Q = (3,173,5000) GeV. As it can be seen, these as-
sumptions affect the dependence on x and Q for both the central
value and the uncertainty band 3. The main reasons for the dif-
ferences can be traced to the different assumption for the pho-
ton PDF at the initial scale and in differences in the QCD+QED
evolution. In particular:

– Consistently with the approach pursued for coloured par-
tons, in NNPDF2.3QED no functional form is specified for
the photon PDF at the initial scale, g(x,Q0). The photon
PDF is only constrained to be positive. In a first step, PDF
replicas for all the partons are fit together from DIS-data
only. Afterwards, they are further constrained by Drell-Yan
data form the LHC Run-I at 7 TeV. At variance with DIS,
neutral-current Drell-Yan is sensitive to the photon PDF al-
ready at LO, and it can put stronger constraints on g(x,Q0).
Because of the positivity requirement for the photon PDF,
the replicas distribute in a very non-Gaussian way around
the central value. The prescription suggested in order to de-
termine a 68% CL uncertainty band consists in the evalua-
tion of the symmetric error including 68 of the 100 replicas
around the central value. Since no model is assumed for the
photon PDF and no data are present for large x, in this re-
gion uncertainties are very large and the central value alone
can be misleading, leading even to an unphysical peak at
very large x, which can be seen in fig. 1.

– The CT14QED and MRST2004QED sets are based on a
completely different assumption for g(x,Q) at the initial
scale Q = Q0. Since the amount of data for constraining
the shape of the photon PDF is limited, g(x,Q0) is chosen
to be described by an ansatz; the photon PDF at Q = Q0
is assumed to be completely determined by the valence
quark distributions. Specifically, in CT14QED and MRST-
2004QED the photon parameterisation at the initial scale
Q0 GeV reads

fg/p(x,Q0) =
a
2p

�
Aue2

uP̃gq ⌦u0(x)+Ade2
dP̃gq ⌦d0(x)

�
.

(3.1)

In eq. (3.1) P̃gq ⌦ f 0(x) corresponds to the convolution of
the splitting function P̃gq(x) with the so-called “primordial”
quark distributions f 0(x). In the case of MRST2004QED,
f 0(x) are valence-like model distributions, i.e., they are not
those fitted within the global MRST2004 [43] analysis. In
the case of CT14QED, f 0(x) correspond to the initial up
and down valence distributions from CT14NLO [44].
More importantly, in CT14QED Au is set equal to Ad in
order to obtain a dependence on a single parameter. Con-
versely, in MRST2004QED, the coefficients Ai are given by
Ai = ln

�
Q2

0/m2
i
�
, where mi are the “Current Mass” (CM)

of the quarks (mu = 6 MeV and md = 10 MeV). Thus, the
3 The red dotted curve labelled as APFEL_NN23 will be explained

after in the text.
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and the PDF set …

In EW contributions, cancellations 
between Sudakov logs (NLO EW) and 
photon-induced processes (LO EW) 
are expected.
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t t ̄distributions at 13 TeV:	
y(t)
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t t ̄distributions at 13 TeV:	
y(tt)
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t t ̄distributions at 13 TeV:	
Comments

• Relative impact of EW corrections computed with CT14QED 
or setting γ(x,Q)=0 in NNPDF2.3QED are equivalent; the 
photon PDF of CT14QED gives a negligible effect to t t ̄
distributions	

• With NNPDF2.3QED, there are important cancelations at large 
pT(t) or m(tt) between Sudakov logs and photon-induced effects 	

• At large rapidities of the top quark or t t ̄system, photon-
induced effects are not negligible	

• In all cases, photon-induced effects dominantly come from the 
LO QED term. Genuine NLO effects are negligible

15
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Results at the FCC, √s=100 TeV
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t t ̄distributions at 100 TeV:	
y(t)
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t t ̄distributions at 100 TeV:	
m(tt)
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t t ̄distributions at 100 TeV:	
m(tt)
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t t ̄distributions at 100 TeV:	
Comments

• At 100 TeV, t t ̄differential distributions are almost insensitive to 
photon-induced effects, because of the smaller Bjorken x’s	

• Photon-induced effects can be seen only when very hard cuts 
are imposed	

• Larger effects (even larger than at 13 TeV) are expected at 8 
TeV: we have data to compare with!

20
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Results at the LHC, √s=8 TeV	
and comparison with data

ATLAS, arXiv:1510.03818
ATLAS, arXiv:1511.04716

CMS, arXiv:1505.04480
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Results at the LHC, √s=8 TeV	
and comparison with data
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Results at the LHC, √s=8 TeV	
and comparison with data
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Results at the LHC, √s=8 TeV	
and comparison with data
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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 differ-
ential 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 correc-
tions improve the agreement between existing LHC measurements [V. Khachatryan et al. (CMS
Collaboration), Eur. Phys. J. C 75, 542 (2015)] 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 distri-
bution function fits, implementation of higher-order effects in Monte Carlo generators 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 exist-
ing NLO QCD Monte Carlo (MC) generators. Concern-
ing 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. The 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 “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.
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FIG. 1: Normalized top-antitop pT distribution vs CMS
lepton+jets data [15]. NNLO error band from scale vari-
ation only. The lower panel shows the ratios LO/NNLO,
NLO/NNLO, and data/NNLO.

Our calculations are for the LHC at 8 TeV. They show
that the NNLO QCD corrections to the top-quark pT
spectrum are significant and must be taken into account
for proper modeling 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.

Czakon, Heymes, Mitov, arXiv:1511.00549
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Figure 2: Results for the inclusive W+jet yield (left) and charge asymmetry (right) versus
pT(µ+ j) compared to SM predictions at NLO obtained using MCFM. The data error bars are
smaller than the marker size, the SM uncertainties are highly correlated across pT(µ+ j) bins.

about 1.5% [26].
Migration of events in jet pT due to the detector response is studied with a data sample

enriched in b jets using SV tagging. The pT(SV)/pT(j) distribution observed in data is
compared to templates obtained from simulation in bins of jet pT. The resolution and
scale for each jet pT bin are varied in simulation to find the best description of the data
and to construct a detector response matrix. Figure 2 shows that the SM predictions,
obtained with all detector response e↵ects applied, agree with the inclusive W+jet data.

The yields of W+c and W+b, which includes t ! Wb decays, are determined using
the subset of candidates with an SV-tagged jet and binned according to pT(µ)/pT(jµ).
In each pT(µ)/pT(jµ) bin, the two-dimensional SV-tagger BDT-response distributions
are fitted to determine the yields of c-tagged and b-tagged jets, which are used to form
the pT(µ)/pT(jµ) distributions for candidates with c-tagged and b-tagged jets. These
pT(µ)/pT(jµ) distributions are fitted to determine the SV-tagged W+c and W+b yields.

A fit to the pT(µ)/pT(jµ) distribution built from the c-tagged jets from the full data
sample is provided as supplemental material to this Letter [27]. Figure 3 shows that the
W+c yield versus pT(µ+ c) agrees with the SM prediction. Since the W+c final state
does not have any significant contributions from diboson or top quark production in the
SM, this comparison validates the analysis procedures.

Figure 4 shows a fit to the pT(µ)/pT(jµ) distribution built from the b-tagged jets
from the full data sample. For pT(µ)/pT(jµ) > 0.9 the data are dominantly from W

decays. Figure 5 shows the yield and charge asymmetry distributions obtained as a
function of pT(µ+ b). The direct W+b prediction is determined by scaling the inclusive
W+jet distribution observed in data by the SM prediction for �(Wb)/�(Wj) and by the
b-tagging e�ciency measured in data [24]. As can be seen, the data cannot be described
by the expected direct W+b contribution alone. The observed yield is about three times
larger than the SM prediction without a top quark contribution, while the SM prediction

4

Results at the LHC, √s=8 TeV:	
Comments

• Normalised rapidity distributions show very small (1%) 
experimental uncertainties and even smaller scale uncertainties 
already at NLO QCD. PDF uncertainties are larger and the 
impact of the photon PDF is visible at large rapidities  
Constraints to a large photon PDF (à la NNPDF) can be set  
Can LHCb future data help?	

• The impact of the photon PDF is larger in the large-pT tail, and it 
compensates the Sudakov logs. The compensation strongly 
depends on the scale choice. However, experimental errors are 
larger than these effects, and also larger scale uncertainties affect 
the results	

• In view of the quality of the 13 TeV data, EW corrections and 
photon-initiated contributions need to be taken into account	

• For a reliable TH vs EXP comparison, NNLO QCD is 
mandatory. Combination of NNLO QCD and NLO EW is in 
progress 
Czakon, Heymes, Mitov, Pagani, Tsinikos, MZ, in progress
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Conclusions
• Can the study of tt production at differential level provide 

informations on the photon PDF?	
• With NNPDF, photon-initiated effects are large with large 

uncertainties. On the contrary, with CT14QED (and LUXqed) these 
effects are almost invisible	

• 8 TeV data, in particular normalised rapidity distributions, show a 
possible sensitivity to a photon à la NNPDF	

• For 13 TeV data and un-normalised distributions, NNLO QCD 
corrections are mandatory to reduce the scale dependence. 
Photon-initiated contributions are smaller than at 8 TeV, but may be 
still visible in pT distributions	

• The sensitivity to the photon PDF is strongly reduced at 100 TeV, 
unless very hard cuts are imposed

27
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Parton luminosities and the scale choice
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Photon PDFs with the NNPDF sets
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Luminosities with the NNPDF sets
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Results with LUXqed	
8 TeV
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Results with LUXqed	
13 TeV
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