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• The ‘Post-Run I’ set from the 
MSTW, MMHT… group: 
MSHT20.

• Focus on including significant amount of new 
data, higher precision theory and on 
methodological improvements.
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• More recent major update: extended to (approximate) N3LO order.

• Will discuss here on two follow up studies that build on this:
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★ First QED and aN3LO PDF analysis.
★ First study of jet vs. dijet production at aN3LO.



MSHTaN3LO_QED: 
including QED + aN3LO 

in a global fit
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• In the high precision LHC era: much focus on providing PDFs that are 
as accurate and precise as possible.

• Two key recent avenues for improvement have been pursued:

Motivation

★ Increasing QCD order: moving to 
aN3LO and including MHOUs.

★ Including QED in PDF evolution 
and photon PDF. 

Need to combine these to achieve highest possible precision!

• First such combination achieved here: MSHT20 aN3LO+QED PDFs.
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MSHT20 aN3LO+QED PDFs

• Basic idea very simple. DGLAP evolution in previous MSHT studies:

QED

NNLO QCD

aN3LO QCD

★ MSHT20aN3LO:

Both of the above elements, namely the inclusion of corrections up to aN3LO in QCD, as
well as QED corrections, and the photon PDF, are therefore crucial when providing the highest
precision and accuracy PDF fit possible. However, until now these have not been combined in a
single fit. In this paper, we rectify this situation, presenting the first combined QED and aN3LO
QCD global PDF determination. These are provided in the MSHT20aN3LOqed PDF set.

Having accounted for both sets of corrections, we consider the impact on the resulting PDFs
as well as the key LHC phenomenological application of Higgs production in gluon fusion, for
which some further mild reduction in the predicted N3LO cross section is found. We in addition
address the question of the extent to which QED and aN3LO QCD corrections factorise in terms
of their PDF impact. Namely, whether the relative change from including QED corrections is
similar at lower orders in QCD to that at aN3LO. Broadly speaking, we find that this is the
case.

Finally, we also briefly present in this paper a new leading order (LO) in QCD fit which
includes QED corrections. As discussed in e.g. [1] a LO fit is still of use in for example Monte
Carlo event generation for LHC physics. In this case, it can be useful to provide a fit that
consistently includes a photon PDF, and hence we provide this here, and briefly discuss the
PDFs that result from this fit.

The outline of this paper is as follows. In Section 2 we provide a brief overview of the manner
in which QED and aN3LO QCD corrections are simultaneously included in the MSHT fit. In
Section 3.1 we present the resulting fit quality, and compare to the NNLO case. In Section 3.2
we present the resulting PDFs and the predicted N3LO Higgs cross section via gluon fusion. In
Section 4 we present the LO QED fit. Finally, in Section 5 we conclude.

2 The Combined QED and aN3LO QCD Fit

To produce a QED and aN3LO fit requires a relatively straightforward combination of the
theoretical corrections described in [6, 7] and [5], respectively. In particular, for the DGLAP
evolution of the PDFs we include the splitting functions
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Here, the first line corresponds to the known O(↵,↵S↵,↵
2) QED corrections, the second the

known up to O(↵3

S
) (i.e NNLO) QCD corrections, and the third the aN3LO QCD corrections that

are approximately evaluated according to the procedure described in [5]. While the contributions
in the first and second lines are included in the MSHT20 NNLO QED fit [7], the second and
third are included in the MSHT20 aN3LO fit [5].

Combining QED and aN3LO QCD is then in principle relatively straightforward, and simply
requires including all three lines of corrections. In practice, as discussed in [6], the inclusion of
QED corrections distinguishes between the up and down type quarks in a manner that purely
QCD DGLAP evolution does not. This therefore requires that the evolution basis of the partons
is changed from the basis used in the default MSHT aN3LO fit (and earlier purely QCD fits) to
a set that is separable by charge:

q
±
i
= qi ± qi , g , � (4)
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★ (MMHT15/MSHT20)qed:

Both of the above elements, namely the inclusion of corrections up to aN3LO in QCD, as
well as QED corrections, and the photon PDF, are therefore crucial when providing the highest
precision and accuracy PDF fit possible. However, until now these have not been combined in a
single fit. In this paper, we rectify this situation, presenting the first combined QED and aN3LO
QCD global PDF determination. These are provided in the MSHT20aN3LOqed PDF set.

Having accounted for both sets of corrections, we consider the impact on the resulting PDFs
as well as the key LHC phenomenological application of Higgs production in gluon fusion, for
which some further mild reduction in the predicted N3LO cross section is found. We in addition
address the question of the extent to which QED and aN3LO QCD corrections factorise in terms
of their PDF impact. Namely, whether the relative change from including QED corrections is
similar at lower orders in QCD to that at aN3LO. Broadly speaking, we find that this is the
case.

Finally, we also briefly present in this paper a new leading order (LO) in QCD fit which
includes QED corrections. As discussed in e.g. [1] a LO fit is still of use in for example Monte
Carlo event generation for LHC physics. In this case, it can be useful to provide a fit that
consistently includes a photon PDF, and hence we provide this here, and briefly discuss the
PDFs that result from this fit.

The outline of this paper is as follows. In Section 2 we provide a brief overview of the manner
in which QED and aN3LO QCD corrections are simultaneously included in the MSHT fit. In
Section 3.1 we present the resulting fit quality, and compare to the NNLO case. In Section 3.2
we present the resulting PDFs and the predicted N3LO Higgs cross section via gluon fusion. In
Section 4 we present the LO QED fit. Finally, in Section 5 we conclude.

2 The Combined QED and aN3LO QCD Fit

To produce a QED and aN3LO fit requires a relatively straightforward combination of the
theoretical corrections described in [6, 7] and [5], respectively. In particular, for the DGLAP
evolution of the PDFs we include the splitting functions
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Here, the first line corresponds to the known O(↵,↵S↵,↵
2) QED corrections, the second the

known up to O(↵3

S
) (i.e NNLO) QCD corrections, and the third the aN3LO QCD corrections that

are approximately evaluated according to the procedure described in [5]. While the contributions
in the first and second lines are included in the MSHT20 NNLO QED fit [7], the second and
third are included in the MSHT20 aN3LO fit [5].

Combining QED and aN3LO QCD is then in principle relatively straightforward, and simply
requires including all three lines of corrections. In practice, as discussed in [6], the inclusion of
QED corrections distinguishes between the up and down type quarks in a manner that purely
QCD DGLAP evolution does not. This therefore requires that the evolution basis of the partons
is changed from the basis used in the default MSHT aN3LO fit (and earlier purely QCD fits) to
a set that is separable by charge:

q
±
i
= qi ± qi , g , � (4)

2

• To combine the two, simply combine linearly (i.e. no cross talk):

QED

NNLO QCD

aN3LO QCD

Both of the above elements, namely the inclusion of corrections up to aN3LO in QCD, as
well as QED corrections, and the photon PDF, are therefore crucial when providing the highest
precision and accuracy PDF fit possible. However, until now these have not been combined in a
single fit. In this paper, we rectify this situation, presenting the first combined QED and aN3LO
QCD global PDF determination. These are provided in the MSHT20aN3LOqed PDF set.

Having accounted for both sets of corrections, we consider the impact on the resulting PDFs
as well as the key LHC phenomenological application of Higgs production in gluon fusion, for
which some further mild reduction in the predicted N3LO cross section is found. We in addition
address the question of the extent to which QED and aN3LO QCD corrections factorise in terms
of their PDF impact. Namely, whether the relative change from including QED corrections is
similar at lower orders in QCD to that at aN3LO. Broadly speaking, we find that this is the
case.

Finally, we also briefly present in this paper a new leading order (LO) in QCD fit which
includes QED corrections. As discussed in e.g. [1] a LO fit is still of use in for example Monte
Carlo event generation for LHC physics. In this case, it can be useful to provide a fit that
consistently includes a photon PDF, and hence we provide this here, and briefly discuss the
PDFs that result from this fit.

The outline of this paper is as follows. In Section 2 we provide a brief overview of the manner
in which QED and aN3LO QCD corrections are simultaneously included in the MSHT fit. In
Section 3.1 we present the resulting fit quality, and compare to the NNLO case. In Section 3.2
we present the resulting PDFs and the predicted N3LO Higgs cross section via gluon fusion. In
Section 4 we present the LO QED fit. Finally, in Section 5 we conclude.

2 The Combined QED and aN3LO QCD Fit

To produce a QED and aN3LO fit requires a relatively straightforward combination of the
theoretical corrections described in [6, 7] and [5], respectively. In particular, for the DGLAP
evolution of the PDFs we include the splitting functions
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Here, the first line corresponds to the known O(↵,↵S↵,↵
2) QED corrections, the second the

known up to O(↵3

S
) (i.e NNLO) QCD corrections, and the third the aN3LO QCD corrections that

are approximately evaluated according to the procedure described in [5]. While the contributions
in the first and second lines are included in the MSHT20 NNLO QED fit [7], the second and
third are included in the MSHT20 aN3LO fit [5].

Combining QED and aN3LO QCD is then in principle relatively straightforward, and simply
requires including all three lines of corrections. In practice, as discussed in [6], the inclusion of
QED corrections distinguishes between the up and down type quarks in a manner that purely
QCD DGLAP evolution does not. This therefore requires that the evolution basis of the partons
is changed from the basis used in the default MSHT aN3LO fit (and earlier purely QCD fits) to
a set that is separable by charge:

q
±
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• In a little more detail, in fact requires as usual we move to QED basis:

Both of the above elements, namely the inclusion of corrections up to aN3LO in QCD, as
well as QED corrections, and the photon PDF, are therefore crucial when providing the highest
precision and accuracy PDF fit possible. However, until now these have not been combined in a
single fit. In this paper, we rectify this situation, presenting the first combined QED and aN3LO
QCD global PDF determination. These are provided in the MSHT20aN3LOqed PDF set.

Having accounted for both sets of corrections, we consider the impact on the resulting PDFs
as well as the key LHC phenomenological application of Higgs production in gluon fusion, for
which some further mild reduction in the predicted N3LO cross section is found. We in addition
address the question of the extent to which QED and aN3LO QCD corrections factorise in terms
of their PDF impact. Namely, whether the relative change from including QED corrections is
similar at lower orders in QCD to that at aN3LO. Broadly speaking, we find that this is the
case.

Finally, we also briefly present in this paper a new leading order (LO) in QCD fit which
includes QED corrections. As discussed in e.g. [1] a LO fit is still of use in for example Monte
Carlo event generation for LHC physics. In this case, it can be useful to provide a fit that
consistently includes a photon PDF, and hence we provide this here, and briefly discuss the
PDFs that result from this fit.

The outline of this paper is as follows. In Section 2 we provide a brief overview of the manner
in which QED and aN3LO QCD corrections are simultaneously included in the MSHT fit. In
Section 3.1 we present the resulting fit quality, and compare to the NNLO case. In Section 3.2
we present the resulting PDFs and the predicted N3LO Higgs cross section via gluon fusion. In
Section 4 we present the LO QED fit. Finally, in Section 5 we conclude.

2 The Combined QED and aN3LO QCD Fit

To produce a QED and aN3LO fit requires a relatively straightforward combination of the
theoretical corrections described in [6, 7] and [5], respectively. In particular, for the DGLAP
evolution of the PDFs we include the splitting functions
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Here, the first line corresponds to the known O(↵,↵S↵,↵
2) QED corrections, the second the

known up to O(↵3

S
) (i.e NNLO) QCD corrections, and the third the aN3LO QCD corrections that

are approximately evaluated according to the procedure described in [5]. While the contributions
in the first and second lines are included in the MSHT20 NNLO QED fit [7], the second and
third are included in the MSHT20 aN3LO fit [5].

Combining QED and aN3LO QCD is then in principle relatively straightforward, and simply
requires including all three lines of corrections. In practice, as discussed in [6], the inclusion of
QED corrections distinguishes between the up and down type quarks in a manner that purely
QCD DGLAP evolution does not. This therefore requires that the evolution basis of the partons
is changed from the basis used in the default MSHT aN3LO fit (and earlier purely QCD fits) to
a set that is separable by charge:

q
±
i
= qi ± qi , g , � (4)
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but nothing in principle new here at aN3LO (same QCD splitting functions 
as in QCD only fit).

• Photon PDF calculated as in earlier studies, i.e. following modification 
to LUXqed framework. Recap:

mula [20,21]:
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at input scale Q0 = 1 GeV. The structure functions F2,L receive contributions from both elastic

and inelastic photon emission, and are precisely determined using experimental data on lepton–

proton scattering. In more detail, the elastic structure functions are determined from a fit by

the A1 collaboration [32], and the inelastic via the HERMES GD11–P fit [33] and data from the

CLAS collaboration [34], in the continuum and resonance regions, respectively. Uncertainties

on the photon are included due to several sources (see [26]) for further details): the experimental

uncertainty on the elastic structure functions, the value of the R ratio used to determine the

inelastic FL, the value of the threshold W between which the HERMES and CLAS data are

used for the inelastic structure functions, the experimental uncertainty on the CLAS data for

the resonance region, the uncertainty in the HERMES fit for the continuum region, and the

modelling of renormalon corrections to the quark evolution. Each of these is included as a

separate error eigenvector pair, while in addition the standard PDF uncertainties due to the

fit of the QCD partons as in the MSHT20 set [31] are included; these give 32 eigenvectors, and

hence in total there are 38 eigenvectors for the MSHT20qed set1.

QED corrections to DGLAP evolution are again included up O(↵2) and O(↵↵S). The

treatment of these is therefore broadly the same as in MMHT15qed, with however one exception.

Namely, we now choose to include leptonic loop contributions to the photon–photon splitting

function, which at O(↵) is proportional to the sum
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In the MMHT15qed fit, the second term was omitted, as the inclusion of this strictly implies

that we must include lepton PDFs (see [35, 36] for further studies), which in principle enter

due to splittings of the form � ! ll̄. As these are not present in the MSHT framework the

inclusion of lepton loops in P�� would in particular lead to some small amount of violation

of the momentum sum rule, due to absence of l ! l� splitting contributions.2 However, as

discussed in [26] (see Fig. 24 of that paper) the impact of such lepton loops is not completely

1
We in fact find that a more stable set of eigenvectors is found by fixing the 3rd rather than the 4th Chebyshev

polynomial associated with the down valence, but otherwise the same parameters are fixed as in the previous

MSHT20 PDFs when generating the eigenvectors.
2
In fact the MMHT15qed PDFs had a momentum violation of +0.00008% due to contributions to the photon

from inelastic and higher twist sources above Q2
0. The e↵ect from lepton splitting from photons is in the opposite

direction, and of comparable, though slightly smaller size, so in total momentum is more closely conserved in

MSHT20qed than in MMHT15qed.
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★ Set                                 in order to determine photon at input scale and 
then coupled QED DGLAP above that. Upper limit of       integral 
suitably modified/matched to achieve this.

★ Precise determination of structure function input       precise photon PDF.
★ Depends on QCD parton via inelastic               evolution. 
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mula [20,21]:
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at input scale Q0 = 1 GeV. The structure functions F2,L receive contributions from both elastic

and inelastic photon emission, and are precisely determined using experimental data on lepton–

proton scattering. In more detail, the elastic structure functions are determined from a fit by

the A1 collaboration [32], and the inelastic via the HERMES GD11–P fit [33] and data from the

CLAS collaboration [34], in the continuum and resonance regions, respectively. Uncertainties

on the photon are included due to several sources (see [26]) for further details): the experimental

uncertainty on the elastic structure functions, the value of the R ratio used to determine the

inelastic FL, the value of the threshold W between which the HERMES and CLAS data are

used for the inelastic structure functions, the experimental uncertainty on the CLAS data for

the resonance region, the uncertainty in the HERMES fit for the continuum region, and the

modelling of renormalon corrections to the quark evolution. Each of these is included as a

separate error eigenvector pair, while in addition the standard PDF uncertainties due to the

fit of the QCD partons as in the MSHT20 set [31] are included; these give 32 eigenvectors, and

hence in total there are 38 eigenvectors for the MSHT20qed set1.

QED corrections to DGLAP evolution are again included up O(↵2) and O(↵↵S). The

treatment of these is therefore broadly the same as in MMHT15qed, with however one exception.

Namely, we now choose to include leptonic loop contributions to the photon–photon splitting

function, which at O(↵) is proportional to the sum
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In the MMHT15qed fit, the second term was omitted, as the inclusion of this strictly implies

that we must include lepton PDFs (see [35, 36] for further studies), which in principle enter

due to splittings of the form � ! ll̄. As these are not present in the MSHT framework the

inclusion of lepton loops in P�� would in particular lead to some small amount of violation

of the momentum sum rule, due to absence of l ! l� splitting contributions.2 However, as

discussed in [26] (see Fig. 24 of that paper) the impact of such lepton loops is not completely

1
We in fact find that a more stable set of eigenvectors is found by fixing the 3rd rather than the 4th Chebyshev

polynomial associated with the down valence, but otherwise the same parameters are fixed as in the previous

MSHT20 PDFs when generating the eigenvectors.
2
In fact the MMHT15qed PDFs had a momentum violation of +0.00008% due to contributions to the photon

from inelastic and higher twist sources above Q2
0. The e↵ect from lepton splitting from photons is in the opposite

direction, and of comparable, though slightly smaller size, so in total momentum is more closely conserved in

MSHT20qed than in MMHT15qed.

4

• In more detail, our inputs for the SFs closely follow LUXqed:

★ Elastic form factors from A1 collaboration data.
★ Inelastic SF divided into low scale resonant (CLAS data), low scale 

continuum (HERMES parameterisation) and high scale continuum 
(NNLO pQCD) contributions.

• We in addition include renormalon corrections, relevant in low scale region.

• Uncertainties due to the above experimental inputs, renormalon corrections 
+ usual eigenvector uncertainties from global fit also included.

• 32 PDF + 6 photon eigenvectors = 38 in total.

HERMES, A. Airapetian et al., 
JHEP 05, 126 (2011) 

CLAS, M. Osipenko et al., Phys. 
Rev. D67, 092001 (2003) 

A1 Collaboration, Phys. Rev. 
C90, 015206 (2014)
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EW corrections/PI contributions
• As usual include photon-initiated (PI) production in QED fit where possible. 

• EW corrections included by default (dominantly not QED).

• In terms of PI, worth recalling these are ~ sub permille for many processes.
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Figure 1: (Left) The ratio of the � to the g distributions at Q2
= 10

4
GeV

2. In addition the same ratio,
but weighted by ↵(MZ)/↵S(MZ), is shown. (Right) Ratio of the �� to the charge weighted qq luminosity
at 13 TeV. Also shown is the same ratio, weighted by inverse of the LO QCD DY colour factor. In both
plots the PDFs result from NNLO fits to the MSHT20 dataset, with QED e↵ects included

therefore should, and can, be verified by explicit calculation. This is achieved in e.g. [24,37] for

the case of tt production, and in fact the level of suppression is found to be larger than that

expected from Fig. 1 (left), by roughly a further order of magnitude. For jet production, we can

expect the suppression to be even greater, due to the presence of pure gluonic channels, which

of course receive no leading PI contribution, although the heavy top quark mass in the tt case

makes the comparison a little less direct. For DIS, the same argument applies as above, but now

it is the NLO in QCD gluon–initiated diagram that receives the leading correction as above,

and hence the suppression is expected to be an O(↵S) more. We therefore conclude that the

impact of PI contributions to these processes is in general not expected to be significant at the

NNLO QCD precision level3, although this should of course be verified by explicit calculation,

given it may not apply uniformly in all kinematic regions and for all processes.

We are therefore left to consider lepton pair production, for which the final state is of course

not strongly interacting, and hence the arguments above do not apply. Here, as is well known,

the t–channel �� ! l
+
l
� process can be of much greater phenomenological relevance. To

demonstrate this, in Fig. 1 (right) we show the ratio of the �� partonic luminosity to the e
2
q

charge weighted qq luminosity, relevant for qq ! �
⇤ DY production; see e.g. [39] for a definition

of these. We can see that this ratio is at the level of a few per mille, however once we divide by

the LO QCD DY colour factor, 1/NC , this is at the level of 1%, as can be seen in the figure.

When we also account for the t–channel enhancement of the �� cross section:

|M(�� ! l
+
l
�)|2

|M(qq ! l+l�)|2
/

ŝ
2

ût̂
� 4 , (3)

where ŝ, t̂, û are the usual partonic Mandlestam variables, we can expect this to enter at the

3
A similar argument can be applied to the case of e.g. isolated photon production, which is included in the

NNPDF4.0 fit [38].
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expect the suppression to be even greater, due to the presence of pure gluonic channels, which

of course receive no leading PI contribution, although the heavy top quark mass in the tt case

makes the comparison a little less direct. For DIS, the same argument applies as above, but now

it is the NLO in QCD gluon–initiated diagram that receives the leading correction as above,

and hence the suppression is expected to be an O(↵S) more. We therefore conclude that the

impact of PI contributions to these processes is in general not expected to be significant at the

NNLO QCD precision level3, although this should of course be verified by explicit calculation,

given it may not apply uniformly in all kinematic regions and for all processes.

We are therefore left to consider lepton pair production, for which the final state is of course

not strongly interacting, and hence the arguments above do not apply. Here, as is well known,
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� process can be of much greater phenomenological relevance. To

demonstrate this, in Fig. 1 (right) we show the ratio of the �� partonic luminosity to the e
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⇤ DY production; see e.g. [39] for a definition

of these. We can see that this ratio is at the level of a few per mille, however once we divide by

the LO QCD DY colour factor, 1/NC , this is at the level of 1%, as can be seen in the figure.
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�� ! l+l�

• Off peak DY the exception (1% level), but here at least NLO/SF calculation 
needed for precision. LHL, JHEP 03 (2020) 128

T. Cridge et al., Eur.Phys.J.C 82 (2022) 1, 90
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Results: Fit Quality
• Dataset/theory settings v. similar to MSHT20.

• Global fit quality:

Data set �
2
/Npt ��

2

aN3LO
��

2

NNLO
��

2

QCD,QED

aN3LO (QED) QED-QCD QED-QCD aN
3
LO-NNLO

ATLAS W
+, W�, Z [39] 30.2/30 - - -

CMS W asym. pT > 35 GeV [40] 6.2/11 (-2.1) - (-2.1, -2.1)
CMS asym. pT > 25, 30 GeV [41] 7.4/24 - - -
LHCb Z ! e

+
e
� [42] 24.1/9 - - (+1.4, +1.0)

LHCb W asym. pT > 20 GeV [43] 12.4/10 - - -
CMS Z ! e

+
e
� [44] 17.6/35 - - -

ATLAS High-mass Drell-Yan [45] 19.4/13 - - -
CMS double di↵. Drell-Yan [46] 128.7/132 - - (-16.9, -16.8)
Tevatron, ATLAS, CMS �tt̄ [47]- [48] 13.9/17 - - -
LHCb 2015 W , Z [49, 50] 103.3/67 - (-1.4) (+1.8, +2.5)
LHCb 8 TeV Z ! ee [51] 28.6/17 - - (+3.3, +3.2)
CMS 8 TeV W [52] 12.5/22 (-1.1) - ( - , -1.6)
ATLAS 7 TeV jets [53] 201.7/140 (-2.6) (-4.2) (-10.8, -9.1)
ATLAS 8 TeV jets [14] 318.6/171 (-6.2) (-8.4) (-11.9, -9.7)
CMS 7 TeV W + c [54] 12.0/10 - - (+4.5, +4.1)
ATLAS 7 TeV high precision W , Z [55] 99.8/61 (+2.4) (+2.0) (-20.4, -20.0)
CMS 7 TeV jets [56] 208.9/158 - - (+5.5, +6.0)
CMS 8 TeV jets [57] 316.8/174 (+5.1) (+6.3) (-7.0, -8.2)
CMS 2.76 TeV jet [58] 109.7/81 - - (+10.3, +9.4)
ATLAS 8 TeV Z pT [59] 112.1/104 (+4.0) (+12.0) (-87.7, -95.7)
ATLAS 8 TeV single di↵ tt̄ [60] 24.5/25 - - (-1.7, -1.8)
ATLAS 8 TeV single di↵ tt̄ dilepton [61] 1.8/5 - - -
CMS 8 TeV double di↵erential tt̄ [62] 23.4/15 - - (+1.3, +1.0)
CMS 8 TeV single di↵erential tt̄ [63] 7.6 /9 - - (-1.6, -1.4)
ATLAS 8 TeV High-mass Drell-Yan [64] 65.2/48 - - (+7.7, +7.7)
ATLAS 8 TeV W [65] 57.8/22 - - -
ATLAS 8 TeV W + jets [66] 19.2/30 - - -
ATLAS 8 TeV double di↵erential Z [67] 85.5/59 (+1.6) (+1.8) (+11.2, +10.0)
Total 5323.6/4534 (+3.6) (+17.3) (-209.3, -223.1)

Table 2: The values of �2/Npt for the LHC data sets included in the aN3LO fit, including QED corrections. The
difference in �2/Npt between different fits is also shown explicitly, for the cases that the magnitude is larger than 1
point. In particular, the 3rd column corresponds to the difference between the QED and QCD fits at aN3LO, the 4th
column corresponds to the difference between the QED and QCD fits at NNLO, and the fifth column corresponds
to the difference between the aN3LO and NNLO fits in the QCD, QED cases. The total �2 value corresponds to the
sum of the individual values shown in Tables 1 and 2.
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★ NNLO: mild deterioration (~ 0.004 per point) upon inclusion of 
QED.

★ aN3LO: deterioration is less (sub ~ 0.001 per point) - difference now 
fairly marginal - though still not improvement. Similar if NNLO K-
factors used.

★ Similar to MSHTaN3LO QCD fit, significant improvement in going 
from NNLO to aN3LO. Remains true in QED fit.
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• Much of QED-QCD difference spread across datasets. But some trends 
clear.
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ATLAS 8 TeV High-mass Drell-Yan [64] 65.2/48 - - (+7.7, +7.7)
ATLAS 8 TeV W [65] 57.8/22 - - -
ATLAS 8 TeV W + jets [66] 19.2/30 - - -
ATLAS 8 TeV double di↵erential Z [67] 85.5/59 (+1.6) (+1.8) (+11.2, +10.0)
Total 5323.6/4534 (+3.6) (+17.3) (-209.3, -223.1)

Table 2: The values of �2/Npt for the LHC data sets included in the aN3LO fit, including QED corrections. The
difference in �2/Npt between different fits is also shown explicitly, for the cases that the magnitude is larger than 1
point. In particular, the 3rd column corresponds to the difference between the QED and QCD fits at aN3LO, the 4th
column corresponds to the difference between the QED and QCD fits at NNLO, and the fifth column corresponds
to the difference between the aN3LO and NNLO fits in the QCD, QED cases. The total �2 value corresponds to the
sum of the individual values shown in Tables 1 and 2.
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QCD,QED

aN3LO (QED) QED-QCD QED-QCD aN
3
LO-NNLO

ATLAS W
+, W�, Z [39] 30.2/30 - - -

CMS W asym. pT > 35 GeV [40] 6.2/11 (-2.1) - (-2.1, -2.1)
CMS asym. pT > 25, 30 GeV [41] 7.4/24 - - -
LHCb Z ! e

+
e
� [42] 24.1/9 - - (+1.4, +1.0)

LHCb W asym. pT > 20 GeV [43] 12.4/10 - - -
CMS Z ! e

+
e
� [44] 17.6/35 - - -

ATLAS High-mass Drell-Yan [45] 19.4/13 - - -
CMS double di↵. Drell-Yan [46] 128.7/132 - - (-16.9, -16.8)
Tevatron, ATLAS, CMS �tt̄ [47]- [48] 13.9/17 - - -
LHCb 2015 W , Z [49, 50] 103.3/67 - (-1.4) (+1.8, +2.5)
LHCb 8 TeV Z ! ee [51] 28.6/17 - - (+3.3, +3.2)
CMS 8 TeV W [52] 12.5/22 (-1.1) - ( - , -1.6)
ATLAS 7 TeV jets [53] 201.7/140 (-2.6) (-4.2) (-10.8, -9.1)
ATLAS 8 TeV jets [14] 318.6/171 (-6.2) (-8.4) (-11.9, -9.7)
CMS 7 TeV W + c [54] 12.0/10 - - (+4.5, +4.1)
ATLAS 7 TeV high precision W , Z [55] 99.8/61 (+2.4) (+2.0) (-20.4, -20.0)
CMS 7 TeV jets [56] 208.9/158 - - (+5.5, +6.0)
CMS 8 TeV jets [57] 316.8/174 (+5.1) (+6.3) (-7.0, -8.2)
CMS 2.76 TeV jet [58] 109.7/81 - - (+10.3, +9.4)
ATLAS 8 TeV Z pT [59] 112.1/104 (+4.0) (+12.0) (-87.7, -95.7)
ATLAS 8 TeV single di↵ tt̄ [60] 24.5/25 - - (-1.7, -1.8)
ATLAS 8 TeV single di↵ tt̄ dilepton [61] 1.8/5 - - -
CMS 8 TeV double di↵erential tt̄ [62] 23.4/15 - - (+1.3, +1.0)
CMS 8 TeV single di↵erential tt̄ [63] 7.6 /9 - - (-1.6, -1.4)
ATLAS 8 TeV High-mass Drell-Yan [64] 65.2/48 - - (+7.7, +7.7)
ATLAS 8 TeV W [65] 57.8/22 - - -
ATLAS 8 TeV W + jets [66] 19.2/30 - - -
ATLAS 8 TeV double di↵erential Z [67] 85.5/59 (+1.6) (+1.8) (+11.2, +10.0)
Total 5323.6/4534 (+3.6) (+17.3) (-209.3, -223.1)

Table 2: The values of �2/Npt for the LHC data sets included in the aN3LO fit, including QED corrections. The
difference in �2/Npt between different fits is also shown explicitly, for the cases that the magnitude is larger than 1
point. In particular, the 3rd column corresponds to the difference between the QED and QCD fits at aN3LO, the 4th
column corresponds to the difference between the QED and QCD fits at NNLO, and the fifth column corresponds
to the difference between the aN3LO and NNLO fits in the QCD, QED cases. The total �2 value corresponds to the
sum of the individual values shown in Tables 1 and 2.
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Improvement and deterioration: difference largely maps onto known 
tensions between datasets (CMS vs. ATLAS jets,          vs, other sets…).
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Z pT

★ QED-QCD deterioration in           less at aN3LO. Possibly linked to 
dramatic improvement seen at this order vs. NNLO.            
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Z pT

★ Broad trend in QED-QCD is however very similar between NNLO 
and aN3LO cases.
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Results: PDFs

• Consider ratio to NNLO. aN3LO/NNLO trend in both QCD and QED 
fits similar, and similar to MSHT20aN3LO.
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Figure 1: PDF ratios of the aN3LO fits, with (‘QED’) and without (‘QCD’) including QED corrections to the NNLO
fit.
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See Robert’s talk11
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• Also clear from     comparison
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• Naive              analysis does not apply at all here. Why?
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S

★             only holds for                 . Much data has lower       .
★ Higher order QCD receives              enhancements (c.f.       ).
★ QCD K-factors often larger than naive scaling. PI production 

additionally suppressed by photon PDF…
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ln 1/x...
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Pij

• Much of QED-QCD difference spread across dataset. But some trends 
clear.

Data set �
2
/Npt ��

2

aN3LO
��

2

NNLO
��

2

QCD,QED

aN3LO (QED) QED-QCD QED-QCD aN
3
LO-NNLO

ATLAS W
+, W�, Z [39] 30.2/30 - - -

CMS W asym. pT > 35 GeV [40] 6.2/11 (-2.1) - (-2.1, -2.1)
CMS asym. pT > 25, 30 GeV [41] 7.4/24 - - -
LHCb Z ! e

+
e
� [42] 24.1/9 - - (+1.4, +1.0)

LHCb W asym. pT > 20 GeV [43] 12.4/10 - - -
CMS Z ! e

+
e
� [44] 17.6/35 - - -

ATLAS High-mass Drell-Yan [45] 19.4/13 - - -
CMS double di↵. Drell-Yan [46] 128.7/132 - - (-16.9, -16.8)
Tevatron, ATLAS, CMS �tt̄ [47]- [48] 13.9/17 - - -
LHCb 2015 W , Z [49, 50] 103.3/67 - (-1.4) (+1.8, +2.5)
LHCb 8 TeV Z ! ee [51] 28.6/17 - - (+3.3, +3.2)
CMS 8 TeV W [52] 12.5/22 (-1.1) - ( - , -1.6)
ATLAS 7 TeV jets [53] 201.7/140 (-2.6) (-4.2) (-10.8, -9.1)
ATLAS 8 TeV jets [14] 318.6/171 (-6.2) (-8.4) (-11.9, -9.7)
CMS 7 TeV W + c [54] 12.0/10 - - (+4.5, +4.1)
ATLAS 7 TeV high precision W , Z [55] 99.8/61 (+2.4) (+2.0) (-20.4, -20.0)
CMS 7 TeV jets [56] 208.9/158 - - (+5.5, +6.0)
CMS 8 TeV jets [57] 316.8/174 (+5.1) (+6.3) (-7.0, -8.2)
CMS 2.76 TeV jet [58] 109.7/81 - - (+10.3, +9.4)
ATLAS 8 TeV Z pT [59] 112.1/104 (+4.0) (+12.0) (-87.7, -95.7)
ATLAS 8 TeV single di↵ tt̄ [60] 24.5/25 - - (-1.7, -1.8)
ATLAS 8 TeV single di↵ tt̄ dilepton [61] 1.8/5 - - -
CMS 8 TeV double di↵erential tt̄ [62] 23.4/15 - - (+1.3, +1.0)
CMS 8 TeV single di↵erential tt̄ [63] 7.6 /9 - - (-1.6, -1.4)
ATLAS 8 TeV High-mass Drell-Yan [64] 65.2/48 - - (+7.7, +7.7)
ATLAS 8 TeV W [65] 57.8/22 - - -
ATLAS 8 TeV W + jets [66] 19.2/30 - - -
ATLAS 8 TeV double di↵erential Z [67] 85.5/59 (+1.6) (+1.8) (+11.2, +10.0)
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ATLAS 8 TeV W + jets [66] 19.2/30 - - -
ATLAS 8 TeV double di↵erential Z [67] 85.5/59 (+1.6) (+1.8) (+11.2, +10.0)
Total 5323.6/4534 (+3.6) (+17.3) (-209.3, -223.1)

Table 2: The values of �2/Npt for the LHC data sets included in the aN3LO fit, including QED corrections. The
difference in �2/Npt between different fits is also shown explicitly, for the cases that the magnitude is larger than 1
point. In particular, the 3rd column corresponds to the difference between the QED and QCD fits at aN3LO, the 4th
column corresponds to the difference between the QED and QCD fits at NNLO, and the fifth column corresponds
to the difference between the aN3LO and NNLO fits in the QCD, QED cases. The total �2 value corresponds to the
sum of the individual values shown in Tables 1 and 2.
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Data set �
2
/Npt ��

2

aN3LO
��

2

NNLO
��

2

QCD,QED

aN3LO (QED) QED-QCD QED-QCD aN
3
LO-NNLO

ATLAS W
+, W�, Z [39] 30.2/30 - - -

CMS W asym. pT > 35 GeV [40] 6.2/11 (-2.1) - (-2.1, -2.1)
CMS asym. pT > 25, 30 GeV [41] 7.4/24 - - -
LHCb Z ! e

+
e
� [42] 24.1/9 - - (+1.4, +1.0)

LHCb W asym. pT > 20 GeV [43] 12.4/10 - - -
CMS Z ! e

+
e
� [44] 17.6/35 - - -

ATLAS High-mass Drell-Yan [45] 19.4/13 - - -
CMS double di↵. Drell-Yan [46] 128.7/132 - - (-16.9, -16.8)
Tevatron, ATLAS, CMS �tt̄ [47]- [48] 13.9/17 - - -
LHCb 2015 W , Z [49, 50] 103.3/67 - (-1.4) (+1.8, +2.5)
LHCb 8 TeV Z ! ee [51] 28.6/17 - - (+3.3, +3.2)
CMS 8 TeV W [52] 12.5/22 (-1.1) - ( - , -1.6)
ATLAS 7 TeV jets [53] 201.7/140 (-2.6) (-4.2) (-10.8, -9.1)
ATLAS 8 TeV jets [14] 318.6/171 (-6.2) (-8.4) (-11.9, -9.7)
CMS 7 TeV W + c [54] 12.0/10 - - (+4.5, +4.1)
ATLAS 7 TeV high precision W , Z [55] 99.8/61 (+2.4) (+2.0) (-20.4, -20.0)
CMS 7 TeV jets [56] 208.9/158 - - (+5.5, +6.0)
CMS 8 TeV jets [57] 316.8/174 (+5.1) (+6.3) (-7.0, -8.2)
CMS 2.76 TeV jet [58] 109.7/81 - - (+10.3, +9.4)
ATLAS 8 TeV Z pT [59] 112.1/104 (+4.0) (+12.0) (-87.7, -95.7)
ATLAS 8 TeV single di↵ tt̄ [60] 24.5/25 - - (-1.7, -1.8)
ATLAS 8 TeV single di↵ tt̄ dilepton [61] 1.8/5 - - -
CMS 8 TeV double di↵erential tt̄ [62] 23.4/15 - - (+1.3, +1.0)
CMS 8 TeV single di↵erential tt̄ [63] 7.6 /9 - - (-1.6, -1.4)
ATLAS 8 TeV High-mass Drell-Yan [64] 65.2/48 - - (+7.7, +7.7)
ATLAS 8 TeV W [65] 57.8/22 - - -
ATLAS 8 TeV W + jets [66] 19.2/30 - - -
ATLAS 8 TeV double di↵erential Z [67] 85.5/59 (+1.6) (+1.8) (+11.2, +10.0)
Total 5323.6/4534 (+3.6) (+17.3) (-209.3, -223.1)

Table 2: The values of �2/Npt for the LHC data sets included in the aN3LO fit, including QED corrections. The
difference in �2/Npt between different fits is also shown explicitly, for the cases that the magnitude is larger than 1
point. In particular, the 3rd column corresponds to the difference between the QED and QCD fits at aN3LO, the 4th
column corresponds to the difference between the QED and QCD fits at NNLO, and the fifth column corresponds
to the difference between the aN3LO and NNLO fits in the QCD, QED cases. The total �2 value corresponds to the
sum of the individual values shown in Tables 1 and 2.
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Improvement and deterioration: difference largely maps onto known 
tensions between datasets (CMS vs. ATLAS jets,          vs, other sets…).
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Z pT

★ QED-QCD deterioration in           less at aN3LO. Possibly linked to 
dramatic improvement seen at this order vs. NNLO.            
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Z pT

★ Broad trend in QED-QCD is however very similar between NNLO 
and aN3LO cases.

• Still, QED does have some effect (!) …
12
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Figure 3: PDF ratios of the aN3LO and NNLO fits including QED corrections to that without.

10

• Consider QED/QCD ratio at both orders. Impact small (% level) but not 
negligible, in line with previous studies….
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• Reduction in gluon from 
momentum sum rule 
(photon PDF).

• Reduction in high    up 
quark singlet from               
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• QED - QCD difference is v. similar at NNLO and aN3LO.
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corrections at level of PDFs.
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Figure 2: PDF ratios of the aN3LO photon and charge weighted singlet to the NNLO fit, with QED corrections
included in all cases.

photon PDF.
To investigate the above e↵ects in more details, it is also interesting to see how the relative

impact of including QED corrections changes with going from NNLO to aN3LO in the QCD
order. This is shown in Fig. 3, and we can see that the broad trends are similar. This is not
surprising, as the dominant e↵ects will be very similar irrespective of the QCD order. Namely
the reduction in the gluon and strangeness is, as discussed in [6, 7], due to the presence of the
photon PDF and the corresponding compensation that is then required in the other partons in
order to maintain the momentum sum rule. In addition, the up singlet distribution, u + u is
reduced at high x, due to the impact of q ! q + � emission (for the down case this is largely
absent due to the lower electric charge). Both of the above e↵ects will be expected to occur,
and have similar e↵ects, irrespective of the QCD order.

Nonetheless, we can see that there are some subtle di↵erences. For example, the reduction
in the strangeness, and gluon at low x, is somewhat less at aN3LO. There are also some mild
di↵erences in the quark sector, in particular the uV , dV valence distributions.

Another useful way to demonstrate the impact of QED corrections at aN3LO is on the PDF
luminosities at the 14 TeV LHC, as defined in [70], and which are shown in Fig. 4. Here we
can see that while again the impact of including QED corrections is in general less than that of
going to aN3LO in QCD, the former is nonetheless not negligible. The gg luminosity is broadly
suppressed by a couple of percent with respect to the QCD only aN3LO fit across the considered
mass region, consistent with the impact on the gluon PDF. The di↵erences nonetheless are
within the luminosity uncertainties. The qq, qq and qg luminosities are similarly suppressed, in
particular at high mass, again consistent with the impact on the quark/antiquark PDFs. The
change at the highest mass values is in particular the only region where the impact of QED
corrections becomes larger than that of going to aN3LO in QCD. The �� luminosity is also
shown, and a consistent level of enhancement is seen as in the photon PDF.

[NOTE: TC – Should we also compare with other groups’ NNLO + QED PDFs?]
[NOTE: LHL – I don’t think we should - the aim is to see what di↵erence the

QED and aN3LO corrections have relative to our set and this would dilute that in
my view. Comparisons to other PDF sets have been presented elsewhere in the
NNLO case. Happy to add a comment referring to this though.]

Finally, we can see in Fig. 4 that the gg luminosity, which is suppressed in the Higgs mass
region by the inclusion of aN3LO corrections in the fit, is further suppressed by the inclusion
of QED corrections. It is therefore interesting to examine the impact this has on the Higgs
production cross section in gg fusion. These are shown in Table 3 and plotted in Fig. 5 for
a range of di↵erent cases, with the corresponding cross sections calculated using n3loxs [71].

9

Photon PDF

• Some difference in photon PDF at NNLO vs. aN3LO. Largely follows 
charge weighted quark singlet, i.e. due to evolution.
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Luminosities
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Figure 4: Ratio of the PDF luminosities at the 14 TeV LHC for the aN3LO fits, including (‘QED’) and excluding
(‘QCD’) QED corrections, to the NNLO case with QED corrections excluded.
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• Phenomenological impact of QED clearer by looking at luminosities. 
Moderate, and less than aN3LO QCD. But not negligible.
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Cross Sections

� [pb] �(PDF) �(scale)

NNLO (QCD) 51.98 +0.58

�0.63

+4.17

�4.90

NNLO (QED) 51.56 +0.59

�0.62

+4.14

�4.86

N3LO (QCD, NNLO PDF) 53.80 +0.60

�0.65

+0.12

�1.70

N3LO (QCD) 50.78 +0.76

�0.72

+0.12

�1.60

N3LO (QED) 50.35 +0.84

�0.68

+0.11

�1.58

Table 3: Higgs cross section predictions at 14 TeV and their corresponding PDF and scale uncertainties (with
the central scale µF = µR = mH/2. Cross sections are calculated with n3loxs [71], while the scale uncertainty is
calculated using the 7–point variation described in this reference.
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LO (QCD, NNLO PDF)
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3
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N
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Figure 5: Higgs cross sections as per Table 3. The PDF errors are shown by the solid error bands and the scale
uncertainty in dashed. [NOTE: TC – Add energy and scale to caption?][NOTE: LHL – I think don’t
need here - point is just to say ‘as in’ the table without repeating things like this]

For the scale choice we take µF = µR = mH/2 and we show results at 14 TeV. We also give
the corresponding PDF and scale variation uncertainties. We note that the purpose here is to
to evaluate the impact of PDF e↵ects rather than to compare other theoretical settings. For
example, somewhat lower cross section results can be obtained with the ggHiggs code [72], due
to the inclusion of the bottom and charm Yukawas and also not using the infinite top mass EFT
approximation.

We can see that, as observed in [5], the increase that is observed in the cross section in
going from NNLO to aN3LO in QCD, when the same (NNLO) PDFs are used, is completely
compensated for upon the use of consistent aN3LO PDFs for the latter cross section, with the
central value of this now predicted to be somewhat lower than the central value using the NNLO
PDFs with the N3LO cross-section. The inclusion of QED corrections then slightly reduces the
cross section further at aN3LO (and NNLO). In all cases we find N3LO cross-section + aN3LO
PDF results which are consistent with and close to the NNLO cross-section + NNLO PDF
result. It should also be noted that the above changes are all encompassed in the scale variation
uncertainty of the NNLO cross section prediction. The final result, at both aN3LO order in
QCD, and including QED corrections in the PDF extraction, then represents the most precise
prediction to date with respect to the PDF treatment for the Higgs production cross section via
gg fusion.

[NOTE: TC – Any other cross-sections worth showing, e.g. NC DY or VH at
di↵erent energies?]

[NOTE: LHL – Good idea, will do]
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Figure 4: Ratio of the PDF luminosities at the 14 TeV LHC for the aN3LO fits, including (‘QED’) and excluding
(‘QCD’) QED corrections, to the NNLO case with QED corrections excluded.
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• Both QED and aN3LO QCD lead 
to reduction in gluon in Higgs mass 
region.

N3LO QCD + aN3LO PDFS

N3LO QCD + aN3LO/QED PDFS

N3LO QCD + NNLO PDFS

• QED further reduces N3LO ggH 
cross section by ~ 1%, though 
aN3LO more significant (~ 5%).
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Summary
★ Impact of QED corrections to aN3LO QCD fit considered for first 

time.

★ These largely factorise, i.e. QED-QCD difference at level of fit 
quality and PDFs is similar at NNLO and aN3LO orders.

★ Impact of QED corrections generally a lot smaller than aN3LO. 

★ To be provocative: does this call into question the benefit of QED 
PDFs without also considering (a)N3LO QCD?*

*Of course in the end QED correction/photon PDF needed for consistency 
with PI production. And this is important for e.g. off-peak DY.
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Figure 1: PDF ratios of the aN3LO fits, with (‘QED’) and without (‘QCD’) including QED corrections to the NNLO
fit.
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Jets for PDF fits
• Jet production a key ingredient in modern PDF fits.

Figure 4: Typical kinematical coverage in the (x,Q2) plane for the datasets included in a global analysis, in this case
NNPDF3.1. For hadronic observables, leading order kinematics are assumed to map each data bin to a pair of (x,Q2)
values. The various datasets are clustered into families of related processes.

is mostly covered by the HERA collider structure functions as well as by some LHC data. The very small–x
region, below the coverage of the HERA data, x . 5 · 10�5, is only accessed via D meson production and
exclusive J/ production in the processes listed above.

In the rest of this section, we discuss in turn the various processes that can be used to constrain the parton
distributions in a global analysis, listed in Table 1. We restrict the discussion to theoretical calculations
based on fixed–order perturbative QCD, see Refs. [170–172] and [173] for studies of the impact of the PDF
fit of theory calculations based on all–order resummations of logarithmically enhanced terms at small-x and
large–x respectively.

3.2. Deep-inelastic scattering
PDF sensitivity

Before the establishment of QCD as the renormalizable quantum field theory of the strong interaction,
the results of DIS experiments were interpreted in the context of the so–called quark parton model. In this
model, the proton is composed of non–interacting, co–moving quarks, each of them carrying a given fraction
x of its total momentum. In this case the DIS structure functions have particularly simple expressions in
terms of the PDFs. Moreover, in this model the PDFs have a simple probabilistic interpretation, with qi(x)�x
giving the probability of finding a quark of flavour i inside the proton carrying a momentum fraction in
the range [x, x + �x]. The expressions of the DIS structure functions in the quark parton model therefore
provide a useful way to illustrate the PDF sensitivity of this process.
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• By pushing to larger jet       (dijet        ) go to larger    .
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High p?, mjj
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• NNLO QCD (and NLO 
EW) theory available for both 
inclusive and dijet data.

• In addition, high precision 
LHC data available, spanning 
large range of kinematic space.

!
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Jets in MSHT20

Data set NLO NNLO
ATLAS W

+, W�, Z [119] 34.7/30 29.9/30
CMS W asym. pT > 35 GeV [155] 11.8/11 7.8/11
CMS asym. pT > 25, 30 GeV [156] 11.8/24 7.4/24
LHCb Z ! e

+
e
� [157] 14.1/9 22.7/9

LHCb W asym. pT > 20 GeV [158] 10.5/10 12.5/10
CMS Z ! e

+
e
� [159] 18.9/35 17.9/35

ATLAS High-mass Drell-Yan [160] 20.7/13 18.9/13
CMS double di↵. Drell-Yan [72] 222.2/132 144.5/132
Tevatron, ATLAS, CMS �tt̄ [93]- [94] 22.8/17 14.5/17
LHCb 2015 W , Z [95, 96] 114.4/67 99.4/67
LHCb 8 TeV Z ! ee [97] 39.0/17 26.2/17
CMS 8 TeV W [98] 23.2/22 12.7/22
ATLAS 7 TeV jets [18] 226.2/140 221.6/140
CMS 7 TeV W + c [99] 8.2/10 8.6/10
ATLAS 7 TeV high precision W , Z [20] 304.7/61 116.6/61
CMS 7 TeV jets [100] 200.6/158 175.8/158
CMS 8 TeV jets [101] 285.7/174 261.3/174
CMS 2.76 TeV jet [107] 124.2/81 102.9/81
ATLAS 8 TeV Z pT [75] 235.0/104 188.5/104
ATLAS 8 TeV single di↵ tt̄ [102] 39.1/25 25.6/25
ATLAS 8 TeV single di↵ tt̄ dilepton [103] 4.7/5 3.4/5
CMS 8 TeV double di↵erential tt̄ [105] 32.8/15 22.5/15
CMS 8 TeV single di↵erential tt̄ [108] 12.9/9 13.2/9
ATLAS 8 TeV High-mass Drell-Yan [73] 85.8/48 56.7/48
ATLAS 8 TeV W [106] 84.6/22 57.4/22
ATLAS 8 TeV W + jets [104] 33.9/30 18.1/30
ATLAS 8 TeV double di↵erential Z [74] 157.4/59 85.6/59
Total 5822.0/4363 5121.9/4363

Table 7: The values of �2/Npts. for the LHC data sets included in the global fit and the overall global
fit �2/N at NLO and NNLO. The corresponding values for the non-LHC data sets are shown in Table 6,
and the total value corresponds to the sum over both tables.

38

Data set NLO NNLO
ATLAS W

+, W�, Z [119] 34.7/30 29.9/30
CMS W asym. pT > 35 GeV [155] 11.8/11 7.8/11
CMS asym. pT > 25, 30 GeV [156] 11.8/24 7.4/24
LHCb Z ! e

+
e
� [157] 14.1/9 22.7/9

LHCb W asym. pT > 20 GeV [158] 10.5/10 12.5/10
CMS Z ! e

+
e
� [159] 18.9/35 17.9/35

ATLAS High-mass Drell-Yan [160] 20.7/13 18.9/13
CMS double di↵. Drell-Yan [72] 222.2/132 144.5/132
Tevatron, ATLAS, CMS �tt̄ [93]- [94] 22.8/17 14.5/17
LHCb 2015 W , Z [95, 96] 114.4/67 99.4/67
LHCb 8 TeV Z ! ee [97] 39.0/17 26.2/17
CMS 8 TeV W [98] 23.2/22 12.7/22
ATLAS 7 TeV jets [18] 226.2/140 221.6/140
CMS 7 TeV W + c [99] 8.2/10 8.6/10
ATLAS 7 TeV high precision W , Z [20] 304.7/61 116.6/61
CMS 7 TeV jets [100] 200.6/158 175.8/158
CMS 8 TeV jets [101] 285.7/174 261.3/174
CMS 2.76 TeV jet [107] 124.2/81 102.9/81
ATLAS 8 TeV Z pT [75] 235.0/104 188.5/104
ATLAS 8 TeV single di↵ tt̄ [102] 39.1/25 25.6/25
ATLAS 8 TeV single di↵ tt̄ dilepton [103] 4.7/5 3.4/5
CMS 8 TeV double di↵erential tt̄ [105] 32.8/15 22.5/15
CMS 8 TeV single di↵erential tt̄ [108] 12.9/9 13.2/9
ATLAS 8 TeV High-mass Drell-Yan [73] 85.8/48 56.7/48
ATLAS 8 TeV W [106] 84.6/22 57.4/22
ATLAS 8 TeV W + jets [104] 33.9/30 18.1/30
ATLAS 8 TeV double di↵erential Z [74] 157.4/59 85.6/59
Total 5822.0/4363 5121.9/4363

Table 7: The values of �2/Npts. for the LHC data sets included in the global fit and the overall global
fit �2/N at NLO and NNLO. The corresponding values for the non-LHC data sets are shown in Table 6,
and the total value corresponds to the sum over both tables.

38

Data set NLO NNLO
ATLAS W

+, W�, Z [119] 34.7/30 29.9/30
CMS W asym. pT > 35 GeV [155] 11.8/11 7.8/11
CMS asym. pT > 25, 30 GeV [156] 11.8/24 7.4/24
LHCb Z ! e

+
e
� [157] 14.1/9 22.7/9

LHCb W asym. pT > 20 GeV [158] 10.5/10 12.5/10
CMS Z ! e

+
e
� [159] 18.9/35 17.9/35

ATLAS High-mass Drell-Yan [160] 20.7/13 18.9/13
CMS double di↵. Drell-Yan [72] 222.2/132 144.5/132
Tevatron, ATLAS, CMS �tt̄ [93]- [94] 22.8/17 14.5/17
LHCb 2015 W , Z [95, 96] 114.4/67 99.4/67
LHCb 8 TeV Z ! ee [97] 39.0/17 26.2/17
CMS 8 TeV W [98] 23.2/22 12.7/22
ATLAS 7 TeV jets [18] 226.2/140 221.6/140
CMS 7 TeV W + c [99] 8.2/10 8.6/10
ATLAS 7 TeV high precision W , Z [20] 304.7/61 116.6/61
CMS 7 TeV jets [100] 200.6/158 175.8/158
CMS 8 TeV jets [101] 285.7/174 261.3/174
CMS 2.76 TeV jet [107] 124.2/81 102.9/81
ATLAS 8 TeV Z pT [75] 235.0/104 188.5/104
ATLAS 8 TeV single di↵ tt̄ [102] 39.1/25 25.6/25
ATLAS 8 TeV single di↵ tt̄ dilepton [103] 4.7/5 3.4/5
CMS 8 TeV double di↵erential tt̄ [105] 32.8/15 22.5/15
CMS 8 TeV single di↵erential tt̄ [108] 12.9/9 13.2/9
ATLAS 8 TeV High-mass Drell-Yan [73] 85.8/48 56.7/48
ATLAS 8 TeV W [106] 84.6/22 57.4/22
ATLAS 8 TeV W + jets [104] 33.9/30 18.1/30
ATLAS 8 TeV double di↵erential Z [74] 157.4/59 85.6/59
Total 5822.0/4363 5121.9/4363

Table 7: The values of �2/Npts. for the LHC data sets included in the global fit and the overall global
fit �2/N at NLO and NNLO. The corresponding values for the non-LHC data sets are shown in Table 6,
and the total value corresponds to the sum over both tables.

38

• Range of inclusive 
LHC jet data fit:

• PDF impact tied up 
with other high    gluon 
sensitive data….
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NNLO, �2/Npt
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• Fit quality acceptable. N.B. For ATLAS data smooth decorrelation of 
systematic errors applied.



MSHT20 updates: Jet data

★ CMS 2.76 TeV:   81 points — 5.43           — 

• Focussing on Run-I data (i.e. current PDF fits):

• Inclusive jets:
<latexit sha1_base64="VCBeqEH3VbrtHI0GyAS2DSmlQEQ=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84jP3sLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQLDxZIY</latexit>

pb�1 <latexit sha1_base64="c3iOuW3cwmrg3jzhSDaqhzx7pL4=">AAACBHicdVDLSgMxFM3UV62vqstugkVwIcO01Fahi4ILXVawD+iUkklv29DMTEgyQhm6cOOvuHGhiFs/wp1/Y6YPUNEDl3s4516SezzBmdKO82mlVlbX1jfSm5mt7Z3dvez+QVOFkaTQoCEPZdsjCjgLoKGZ5tAWEojvcWh548vEb92BVCwMbvVEQNcnw4ANGCXaSL1srlKqip4rQApcxWcXRfc0dqWPr6A57WXzjl12EmDHLi1JcU4K9qw7ebRAvZf9cPshjXwINOVEqU7BEbobE6kZ5TDNuJECQeiYDKFjaEB8UN14dsQUHxuljwehNBVoPFO/b8TEV2rie2bSJ3qkfnuJ+JfXifTgvBuzQEQaAjp/aBBxrEOcJIL7TALVfGIIoZKZv2I6IpJQbXLLmBCWl+L/SbNoF8p28aaUr1UXcaRRDh2hE1RAFVRD16iOGoiie/SIntGL9WA9Wa/W23w0ZS12DtEPWO9fzqOWSA==</latexit>

74 < p? < 592GeV

★ CMS 7 TeV:   158 points — 5.0           — 

<latexit sha1_base64="FLRP1dlAKXalla6kbx+8YqigSVs=">AAAB/HicdZDLSgMxFIYz9VbrbbRLN8EiuHHIVKsuuii4cVnBXqAdSibNtKGZC0lGGKb1Vdy4UMStD+LOtzHTTkFFDyT8fP855OR3I86kQujTKKysrq1vFDdLW9s7u3vm/kFbhrEgtEVCHoquiyXlLKAtxRSn3UhQ7LucdtzJdeZ37qmQLAzuVBJRx8ejgHmMYKXRwCwjC8E6nCZTfVet2umZhQZmBVk1lBXU9lLkxM5JBeTVHJgf/WFIYp8GinAsZc9GkXJSLBQjnM5K/VjSCJMJHtGelgH2qXTS+fIzeKzJEHqh0CdQcE6/T6TYlzLxXd3pYzWWv70M/uX1YuVdOSkLoljRgCwe8mIOVQizJOCQCUoUT7TARDC9KyRjLDBROq+SDmH5U/i/aFct+8Kq3p5XGvU8jiI4BEfgBNjgEjTADWiCFiAgAY/gGbwYD8aT8Wq8LVoLRj5TBj/KeP8C+XORvg==</latexit>

0.0 < |y| < 2.5� 3.0

<latexit sha1_base64="69Xj8O2R/eFDZbYcOYxdMo4bcew=">AAACB3icdZDLSgMxFIYzXmu9VV0KEiyCCxnSUlsXXRRc6LKCvUCnlEx62oZmZkKSEcrQnRtfxY0LRdz6Cu58G9MbqOiBkI//P4fk/L4UXBtCPp2l5ZXVtfXURnpza3tnN7O3X9dRrBjUWCQi1fSpBsFDqBluBDSlAhr4Ahr+8HLiN+5AaR6Ft2YkoR3Qfsh7nFFjpU7mqFTAZSw7ngQlLeXPCfHOEk8F+Arq404mS9wimRQmbmEB+Rnk3OlNsmhe1U7mw+tGLA4gNExQrVs5Ik07ocpwJmCc9mINkrIh7UPLYkgD0O1kuscYn1ili3uRsic0eKp+n0hooPUo8G1nQM1A//Ym4l9eKza9i3bCQxkbCNnsoV4ssInwJBTc5QqYESMLlClu/4rZgCrKjI0ubUNYbIr/h3rezRXd/E0hWynP40ihQ3SMTlEOlVAFXaMqqiGG7tEjekYvzoPz5Lw6b7PWJWc+c4B+lPP+BehKls0=</latexit>

74 < p? < 2500GeV

★ CMS 8 TeV:   174 points — 19.7           — 

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1 <latexit sha1_base64="wh5g9yZQLbAjex3pRsiV81ZNn4Q=">AAACCHicdZDLSgMxFIYz3q23UZcuDBbBhQyZWqqLLgQXuqxgq9AZSiY91WBmJiQZoQxduvFV3LhQxK2P4M63MdMLqOiBkI//P4fk/JEUXBtCPp2p6ZnZufmFxdLS8srqmru+0dJpphg0WSpSdRVRDYIn0DTcCLiSCmgcCbiMbk8K//IOlOZpcmH6EsKYXie8xxk1Vuq42zWC61h2AglKWvIPCMHBfh6oGJ9Ca9Bxy8SrkaIw8aoTqIzA94Y3KaNxNTruR9BNWRZDYpigWrd9Ik2YU2U4EzAoBZkGSdktvYa2xYTGoMN8uMgA71qli3upsicxeKh+n8hprHU/jmxnTM2N/u0V4l9eOzO9ozDnicwMJGz0UC8T2KS4SAV3uQJmRN8CZYrbv2J2QxVlxmZXsiFMNsX/Q6vi+TWvcl4tH9fHcSygLbSD9pCPDtExOkMN1EQM3aNH9IxenAfnyXl13katU854ZhP9KOf9Czellu8=</latexit>

60 < p? < 1300GeV

★ ATLAS 7 TeV:   140 points — 4.5           — 
<latexit sha1_base64="77GM3BUnNfDVJe6hcVilSE0JVt0=">AAACCXicdZDLSgMxFIYz9VbrrerSTbAILmTIlFJddFFwocsK9gKdUjLpaRuamQlJRihDt258FTcuFHHrG7jzbUxvoKIHQj7+/xyS8wdScG0I+XQyK6tr6xvZzdzW9s7uXn7/oKHjRDGos1jEqhVQDYJHUDfcCGhJBTQMBDSD0eXUb96B0jyObs1YQiekg4j3OaPGSt089gjBFSy7vgQlLRWJFfyz1FchvoLGpJsvELdMpoWJW1pCcQ6eO7tJAS2q1s1/+L2YJSFEhgmqddsj0nRSqgxnAiY5P9EgKRvRAbQtRjQE3Ulnm0zwiVV6uB8reyKDZ+r3iZSGWo/DwHaG1Az1b28q/uW1E9O/6KQ8komBiM0f6icCmxhPY8E9roAZMbZAmeL2r5gNqaLM2PByNoTlpvh/aBRdr+wWb0qFamURRxYdoWN0ijx0jqroGtVQHTF0jx7RM3pxHpwn59V5m7dmnMXMIfpRzvsXoCiXIg==</latexit>

100 < p? < 2000GeV
<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

★ ATLAS 8 TeV:   171 points — 20.2           — 
<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1 <latexit sha1_base64="byV30M2zWAUTkiiN2wg/NlobN/4=">AAACCHicdZDLSgMxFIYzXmu9VV26MFgEFzKkpbYuuii40GUFe4FOKZn0tA3NzIQkI5ShSze+ihsXirj1Edz5NqY3UNEDIR//fw7J+X0puDaEfDpLyyura+upjfTm1vbObmZvv66jWDGosUhEqulTDYKHUDPcCGhKBTTwBTT84eXEb9yB0jwKb81IQjug/ZD3OKPGSp3MUYngMpYdT4KSlvLnhHhnOPFUgK+gPu5kssQtkklh4hYWkJ9Bzp3eJIvmVe1kPrxuxOIAQsME1bqVI9K0E6oMZwLGaS/WICkb0j60LIY0AN1OpouM8YlVurgXKXtCg6fq94mEBlqPAt92BtQM9G9vIv7ltWLTu2gnPJSxgZDNHurFApsIT1LBXa6AGTGyQJni9q+YDaiizNjs0jaExab4f6jn3VzRzd8UspXyPI4UOkTH6BTlUAlV0DWqohpi6B49omf04jw4T86r8zZrXXLmMwfoRznvXz5GlvM=</latexit>

70 < p? < 2500GeV

724 points in total, v.s. ~ 4500 in global MSHT fit (inc.).!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

• We take the larger of the jet radii available in both cases, 
i.e. R=0.6/0.7.

<latexit sha1_base64="H5cKzE35AQq7mNIIQ3oWwOonc3I=">AAACEHicdVDLSgMxFM3UV62vqks3wSK6qpMifYCLghuXFewDOrVk0rQNTWZCkhHK0E9w46+4caGIW5fu/Bsz7QgqeiBw7jn3cnOPLznTxnU/nMzS8srqWnY9t7G5tb2T391r6TBShDZJyEPV8bGmnAW0aZjhtCMVxcLntO1PLhK/fUuVZmFwbaaS9gQeBWzICDZW6uePY08JOJjdlDzNRgKfprXse5IqCdNy2s8X3KLrugghmBBUKbuW1GrVEqpClFgWBZCi0c+/e4OQRIIGhnCsdRe50vRirAwjnM5yXqSpxGSCR7RraYAF1b14ftAMHlllAIehsi8wcK5+n4ix0HoqfNspsBnr314i/uV1IzOs9mIWyMjQgCwWDSMOTQiTdOCAKUoMn1qCiWL2r5CMscLE2AxzNoSvS+H/pFUqonKxdHVWqJ+ncWTBATgEJwCBCqiDS9AATUDAHXgAT+DZuXcenRfnddGacdKZffADztsn/fGdNA==</latexit>

d2�/dp?dy
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• Dijets:

★ ATLAS 7 TeV:   90 points — 4.5           — 
<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

• Again take the larger of the jet radii available in both cases, 
i.e. R=0.6/0.7.

★ CMS 7 TeV:   54 points — 5.0           — 

★ CMS 8 TeV:   122 points — 19.7           — 

<latexit sha1_base64="M37KeWctFGC7AhGkuC5xm4yh0Q8=">AAACCHicdZDLSgMxFIYz9VbrbdSlC4NFcCFDOtTqoouCG5cVeoN2GDJp2qZNZoYkI5ShSze+ihsXirj1Edz5NqY3UNEDIR//fw7J+YOYM6UR+rQyK6tr6xvZzdzW9s7unr1/0FBRIgmtk4hHshVgRTkLaV0zzWkrlhSLgNNmMLqe+s07KhWLwpoex9QTuB+yHiNYG8m3j5HjlmAZCj8dDicGLhxU7JynHSlgjTYmvp1HTglNCyKnuAR3DgVndqM8WFTVtz863YgkgoaacKxUu4Bi7aVYakY4neQ6iaIxJiPcp22DIRZUeelskQk8NUoX9iJpTqjhTP0+kWKh1FgEplNgPVC/van4l9dOdO/KS1kYJ5qGZP5QL+FQR3CaCuwySYnmYwOYSGb+CskAS0y0yS5nQlhuCv+HhusUSo57W8xXyos4suAInIAzUACXoAJuQBXUAQH34BE8gxfrwXqyXq23eWvGWswcgh9lvX8BPWqW9Q==</latexit>

0.26 < mjj < 5.04TeV

<latexit sha1_base64="RPIJoy39mGprJO81Ct0g20vPY/0="></latexit>

d2�/dmjjd|y⇤|

<latexit sha1_base64="VLn/PuVpjj04I2o+zGw8OnfGUd0="></latexit>

d2�/dmjjd|ymax|

<latexit sha1_base64="rPhnsXEGns8OojdIzLFcHFGhPoA="></latexit>

d3�/dp?,avgdybdy
⇤

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

<latexit sha1_base64="qqw2ZYjfC9Rau99BU0OFHjUhFsM=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwY0hiaCu4KLhxWcE+oI1lMp20Q2eSODMplJDvcONCEbd+jDv/xklbQUUPXDiccy/33uPHjEplWR9GYWV1bX2juFna2t7Z3SvvH7RllAhMWjhikej6SBJGQ9JSVDHSjQVB3Gek40+ucr8zJULSKLxVs5h4HI1CGlCMlJa8tC84DPzsLj2zs0G5YpkX9arjVqFlWlbNduycODX33IW2VnJUwBLNQfm9P4xwwkmoMENS9mwrVl6KhKKYkazUTySJEZ6gEelpGiJOpJfOj87giVaGMIiErlDBufp9IkVcyhn3dSdHaix/e7n4l9dLVFD3UhrGiSIhXiwKEgZVBPME4JAKghWbaYKwoPpWiMdIIKx0TiUdwten8H/Sdky7ajo3bqVxuYyjCI7AMTgFNqiBBrgGTdACGNyDB/AEno2p8Wi8GK+L1oKxnDkEP2C8fQK0V5IO</latexit>

fb�1

<latexit sha1_base64="94Cz1bS9H7MjvLfZXmIc8PCUvak=">AAACCHicdZDLSgMxFIYzXmu9jbp0YbAILmSYDmPtoouCG5cVeoNOKZk006ZNZoYkI5Rhlm58FTcuFHHrI7jzbUxvoKIHQj7+/xyS8/sxo1LZ9qexsrq2vrGZ28pv7+zu7ZsHh00ZJQKTBo5YJNo+koTRkDQUVYy0Y0EQ9xlp+ePrqd+6I0LSKKyrSUy6HA1CGlCMlJZ65oltOZewAnkvHY0yDa7llr2L1BMc1kkz65kF2yrZ04K25S7BmUPRmt12ASyq1jM/vH6EE05ChRmSslO0Y9VNkVAUM5LlvUSSGOExGpCOxhBxIrvpbJEMnmmlD4NI6BMqOFO/T6SISznhvu7kSA3lb28q/uV1EhWUuykN40SREM8fChIGVQSnqcA+FQQrNtGAsKD6rxAPkUBY6ezyOoTlpvB/aDpWsWQ5t26hWlnEkQPH4BScgyK4AlVwA2qgATC4B4/gGbwYD8aT8Wq8zVtXjMXMEfhRxvsXRrWW+w==</latexit>

0.25 < mjj < 4.48TeV

<latexit sha1_base64="Z2vf2nYaqg4DVfsLN7ozOgayCAI="></latexit>

143 < p?,avg < 1638GeV

266 points in total, v.s. ~ 4000 in global MSHT fit (inc.).!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

23

• CMS 8 TeV data the only cases where this is triple differential. Only 
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Fit Quality
• Consider impact of both inclusive or dijet data at NNLO and aN3LO in 
the MSHT20 fit.

Jet fit:

Dijet fit:

Npts NNLO aN
3
LO

ATLAS 7 TeV jets 140 1.54 1.44

CMS 7 TeV jets 158 1.29 1.31

ATLAS 8 TeV jets 171 1.96 1.82

CMS 8 TeV jets 174 1.83 1.82

Total Jets 643 1.67 1.61

Table 1: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

Npts NNLO aN
3
LO

ATLAS 7 TeV dijets 90 1.06 1.12

CMS 7 TeV dijets 54 1.43 1.39

CMS 8 TeV dijets 122 1.05 0.82

Total Dijets 266 1.13 1.04

Table 2: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

Dijet (+...) study : Title TBD

T. Cridge
a
, L. A. Harland-Lang

b
, and R.S. Thorne

b

a
DESY...

b
Department of Physics and Astronomy, University College London, London, WC1E 6BT, UK

Abstract

We present ...

1 Introduction

2 Dijets

Acknowledgements

We thank...

References

[1] ATLAS, G. Aad et al., JHEP 02, 153 (2015), 1410.8857, [Erratum: JHEP 09, 141 (2015)].

[2] CMS, S. Chatrchyan et al., Phys. Rev. D 90, 072006 (2014), 1406.0324.

Npts NNLO aN
3
LO

ATLAS Z p? 104 1.89 1.02

Di↵. top 54 1.10 1.06

7 + 8 TeV dijets 266 [1.30] [1.08]

Table 3: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

1

★ NNLO: Fit quality to dijet data very good (1.13), clearly worse for jets (1.67).

★ aN3LO: Some improvement in both cases (1.04, 1.63 for jets, dijets) but 
inclusive jet remains a rather bad fit!

Dijets Jets
*NB we use stat. correlations here. Not included by other groups, and leads to deterioration in fit quality.

*

NB: smooth decorrelation 
of systematics applied for 
ATLAS inclusive jet data.

All results preliminary
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• What about interplay with other gluon sensitive data?

Jet fit: Dijet fit:

Dijets Jets

★ Jet data: no signs of significant inconsistency in fit vs. prediction though 
some difference in pull implied.

★ NNLO: Fit quality to top (          ) data better in jet (dijet) fit. Latter 
particularly  notable       overall tension less in dijet fit. 

★ aN3LO: tensions reduced in all cases. No clear difference between jet/dijets.
★ (Not shown) - fit quality to other data in global fit v. similar.
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With some preference for aN3LO

Npts NNLO aN
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ATLAS 7 TeV jets 140 1.54 1.46

CMS 7 TeV jets 158 1.29 1.32

ATLAS 8 TeV jets 171 1.96 1.90

CMS 8 TeV jets 174 1.83 1.80

Total Jets 643 1.67 1.63
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2
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The �
2
per point is shown in brackets.
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Figure 2: The calculated EW K-factors, corresponding to a selection of the CMS 8 TeV inclusive jet [?] and dijet [?]

data.

Npts NNLO aN
3
LO

ATLAS Z p? 104 1.66 1.05

Di↵. top 54 1.26 1.09

7 + 8 TeV jets 643 [1.75] [1.65]

7 + 8 TeV dijets 266 1.13 1.04

Table 1: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

logarithmic e↵ect that becomes more significant at larger jet p? and dijet mjj . Photon–initiated
production is not included in these, but as discussed in [?] these are negligible for jet production.
The EW K-factors corresponding to a representative selection of the CMS 8 TeV inclusive jet [?]
and dijet [?] data are shown in Fig. 2. We can see that in one bin these are as large as ⇠ 10�20%
at larger values of the kinematic variable, pj? or pav? in this case, but that for other rapidity bins
they are significantly smaller. The magnitude of the EW corrections is moderately larger for
the inclusive case, although not significantly so.

2.2 Fit quality

2.3 Impact on PDFs

3 ATLAS 8 TeV Z p? data: a reassessment

Acknowledgements
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theory grids for certain jet and dijet datasets. We thank Alex Huss for providing NNLO K-
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Impact of EW corrections
<latexit sha1_base64="LDHKaSE+Q3CAdU2Nvi9X/17Kl3A="></latexit>

�2 (no EW) ! �2 (EW) : 1.57 ! 1.67
Jet fit:

NNLO:

aN3LO:

Dijet fit:
<latexit sha1_base64="TykcjvbKM/akIZG2fQ6II0tVn3o="></latexit>

�2 (no EW) ! �2 (EW) : 1.37 ! 1.13
<latexit sha1_base64="ej0E/UKjxgMtjNfcVSGKBvbnNr8="></latexit>

�2 (no EW) ! �2 (EW) : 1.27 ! 1.04

NNLO:

aN3LO:

★ Significant improvement in dijet fit upon including EW corrections. 
However trend is opposite for inclusive jets (!). Given these are there:

Dijets Jets

indeed even absent EW correction dijet fit quality is better.

★ Remains true at aN3LO. Deterioration in fit quality for no EW fit somewhat 
improved but not entirely          not true that freedom in aN3LO K-factors 
can (fully) absorb other theoretical deficiencies.

<latexit sha1_base64="+UEgk5NU29p5aTzmCIhgV6JBK2k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF49V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PRzcxvP3JthEoecJzyIKaDRESCUbSS370XgyFSrdVTr1xxq+4cZJV4OalAjkav/NXtK5bFPEEmqTG+56YYTKhGwSSflrqZ4SllIzrgvqUJjbkJJvOTp+TMKn0SKW0rQTJXf09MaGzMOA5tZ0xxaJa9mfif52cYXQcTkaQZ8oQtFkWZJKjI7H/SF5ozlGNLKNPC3krYkGrK0KZUsiF4yy+vktZF1bus1u5qlXo9j6MIJ3AK5+DBFdThFhrQBAYKnuEV3hx0Xpx352PRWnDymWP4A+fzB5NvkXQ=</latexit>)

<latexit sha1_base64="rgCT5iIKoP1jjr24+bSmrJJj3p4="></latexit>

�2 (no EW) ! �2 (EW): 1.59 ! 1.63

26 Impact on PDFs small: Backup



Inclusive Jets: scale choice
• Default inclusive fits taken with                scale choice. However some 
indication that                 may be preferable.

J. Currie et al., 
JHEP 10 (2018) 155

<latexit sha1_base64="glaki332PhJ8S8AuRw0TavyXeeM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16WSyCp7Irol6EghePFewHdNeSTbNtbJKNSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL5KMauN5305hZXVtfaO4Wdra3tndK+8fNHWSKkwaOGGJakdIE0YFaRhqGGlLRRCPGGlFw5up3xoRpWki7s1YkpCjvqAxxchYKQx4ei27gSRKPjx2yxWv6s3gLhM/JxXIUe+Wv4JeglNOhMEMad3xPWnCDClDMSOTUpBqIhEeoj7pWCoQJzrMZkdP3BOr9Nw4UbaEcWfq74kMca3HPLKdHJmBXvSm4n9eJzXxVZhRIVNDBJ4vilPmmsSdJuD2qCLYsLElCCtqb3XxACmEjc2pZEPwF19eJs2zqn9RPb87r9RqeRxFOIJjOAUfLqEGt1CHBmB4gmd4hTdn5Lw4787HvLXg5DOH8AfO5w/Yy5Io</latexit>

µ = pj?
<latexit sha1_base64="LWXmE5mJnCiZ7DKsOogGCkSNOM4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIqBuh4KbLCvYBnWHIpJk2NMmEJKOUsZ/ixoUibv0Sd/6NaTsLbT1w4XDOvdx7TywZ1cbzvp3S2vrG5lZ5u7Kzu7d/4FYPOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e3M7z4QpWkq7s1EkpCjoaAJxchYKXKrAc9ughEyeXMaBZIoGbk1r+7NAVeJX5AaKNCK3K9gkOKME2EwQ1r3fU+aMEfKUMzItBJkmkiEx2hI+pYKxIkO8/npU3hqlQFMUmVLGDhXf0/kiGs94bHt5MiM9LI3E//z+plJrsOcCpkZIvBiUZIxaFI4ywEOqCLYsIklCCtqb4V4hBTCxqZVsSH4yy+vks553b+sX9xd1BqNIo4yOAYn4Az44Ao0QBO0QBtg8AiewSt4c56cF+fd+Vi0lpxi5gj8gfP5A3OIlCI=</latexit>

µ = Ĥ?
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Ĥ? =
X

i

pi?

• What does global fit say?

NNLO:

aN3LO:

<latexit sha1_base64="LWXmE5mJnCiZ7DKsOogGCkSNOM4=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyIqBuh4KbLCvYBnWHIpJk2NMmEJKOUsZ/ixoUibv0Sd/6NaTsLbT1w4XDOvdx7TywZ1cbzvp3S2vrG5lZ5u7Kzu7d/4FYPOzrNFCZtnLJU9WKkCaOCtA01jPSkIojHjHTj8e3M7z4QpWkq7s1EkpCjoaAJxchYKXKrAc9ughEyeXMaBZIoGbk1r+7NAVeJX5AaKNCK3K9gkOKME2EwQ1r3fU+aMEfKUMzItBJkmkiEx2hI+pYKxIkO8/npU3hqlQFMUmVLGDhXf0/kiGs94bHt5MiM9LI3E//z+plJrsOcCpkZIvBiUZIxaFI4ywEOqCLYsIklCCtqb4V4hBTCxqZVsSH4yy+vks553b+sX9xd1BqNIo4yOAYn4Az44Ao0QBO0QBtg8AiewSt4c56cF+fd+Vi0lpxi5gj8gfP5A3OIlCI=</latexit>

µ = Ĥ?

Scale choice does not appear to play significant role at NNLO 
and beyond.

!
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<latexit sha1_base64="pRu8CAIZv+nQu6zJ1Qf1dMwEP7s="></latexit>

�
2(pj?) ! �

2(Ĥ?) : 1.58 ! 1.60

NLO:

★ NLO fit quality better with                  but difference marginal at NNLO/
aN3LO.

★ Trend for improved description with order not present with                 . 
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µ = Ĥ?
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�
2(pj?) ! �

2(Ĥ?) : 1.64 ! 1.65

27 Impact on PDFs small: Backup
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NB. Cuts for CMS 7 jet data slightly different here



Taking step back: pQCD working?
•Worth taking a look at NLO fit quality…

Jets fit:

Dijets fit:

Not a typo!

★ Clear trend in both cases for QCD corrections to improve fit quality. 
pQCD working as it should!

★ Improvement in CMS 8 TeV dijets particularly remarkable. Clear need 
for NNLO QCD at high precision + multi-differential LHC.

See also: ATLAS high 
precision W,Z

Figure 2: The calculated EW K-factors, corresponding to a selection of the CMS 8 TeV inclusive jet [7] and

dijet [14] data.

Npts NLO NNLO aN
3
LO

ATLAS 7 TeV jets 140 1.61 1.54 1.46

CMS 7 TeV jets 158 1.37 1.29 1.32

ATLAS 8 TeV jets 171 2.24 1.96 1.90

CMS 8 TeV jets 174 1.66 1.83 1.80

Total Jets 643 1.73 1.67 1.63

Table 1: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

logarithmic e↵ect that becomes more significant at larger jet p? and dijet mjj . Photon–initiated
production is not included in these, but as discussed in [23] these are negligible for jet production.
The EW K-factors corresponding to a representative selection of the CMS 8 TeV inclusive jet [7]
and dijet [14] data are shown in Fig. 2. We can see that in one bin these are as large as ⇠ 10�20%
at larger values of the kinematic variable, pj? or pav? in this case, but that for other rapidity bins
they are significantly smaller. The magnitude of the EW corrections is moderately larger for
the inclusive case, although not significantly so.

3

Npts NLO NNLO aN
3
LO

ATLAS 7 TeV dijets 90 1.12 1.06 1.12

CMS 7 TeV dijets 54 1.70 1.43 1.39

CMS 8 TeV dijets 122 5.27 1.05 0.82

Total Dijets 266 3.14 1.13 1.04

Table 2: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

Npts NNLO inc. jets aN
3
LO inc. jets NNLO dijets aN

3
LO dijets

ATLAS 7 TeV jets [5] 140 215.2 (1.54) 203.7 (1.46) 229.8 (1.64) 216.1 (1.54)

CMS 7 TeV jets [6] 158 203.8 (1.29) 208.8 (1.32) 243.4 (1.54) 211.1 (1.34)

ATLAS 8 TeV jets [8] 171 336.6 (1.96) 325.5 (1.90) 328.1 (1.92) 332.3 (1.94)

CMS 8 TeV jets [7] 174 318.6 (1.83) 313.8 (1.80) 321.6 (1.85) 301.9 (1.74)

Total (jets) 643 1074.2 (1.67) 1051.2 (1.63) 1122.9 (1.75) 1061.4 (1.65)

ATLAS 7 TeV dijets [13] 90 98.5 (1.09) 101.6 (1.13) 95.0 (1.06) 101.1 (1.12)
CMS 7 TeV dijets [9] 54 88.3 (1.62) 79.5 (1.47) 77.1 (1.43) 75.3 (1.39)
CMS 8 TeV dijets [14] 122 158.0 (1.30) 112.1 (0.92) 128.5 (1.05) 99.5 (0.82)

Total (dijets) 266 344.8 (1.30) 293.2 (1.10) 300.6 (1.13) 275.9 (1.04)
CMS 2.76 TeV jets [24] 81 99.9 (1.25) 111.1 (1.37) 107.0 (1.32) 106.9 (1.32)

ATLAS Z p? [25] 104 196.6 (1.89) 106.6 (1.03) 172.3 (1.66) 108.7 (1.05)
Di↵erential tt [26–29] 54 59.4 (1.10) 57.3 (1.06) 57.4 (1.26) 58.7 (1.09)

Total [�
2
/Npt] 5529.6/4534 (1.22) 5326.6/4534 (1.17) 4755.0/4147 (1.15) 4529.2/4157 (1.09)

Table 3: �
2
breakdown for global fits at NNLO and aN

3
LO including jet and dijet data, as described in the

text. Datasets that are fit are shown in bold, while �
2
comparisons for datasets not included in the fit are not.

The �
2
per point is shown in brackets.

NNLO aN
3
LO

Npts µ = p
j
? µ = HT µ = p

j
? µ = HT

ATLAS 7 TeV jets [5] 140 216.4 (1.55) 188.9 (1.35) 203.3 (1.45) 183.9 (1.31)

CMS 7 TeV jets [6] 118 120.7 (1.02) 146.8 (1.24) 117.7 (1.00) 128.1 (1.09)

ATLAS 8 TeV jets [8] 171 332.5 (1.94) 319.2 (1.87) 321.4 (1.88) 295.6 (1.73)

CMS 8 TeV jets [7] 174 318.8 (1.83) 338.6 (1.95) 312.8 (1.80) 358.8 (2.06)

Total (jets) 603 988.4 (1.64) 993.5 (1.65) 955.2 (1.58) 966.4 (1.60)

Total 4534 5441.4 (1.20) 5447.0 (1.20) 5230.1 (1.15) 5233.1 (1.15)

Table 4: �
2
breakdown for global fits at NNLO and aN

3
LO including jet data, with two choices of jet scale. For

the CMS 7 TeV data, NNLO K-factors for µ = HT are only available for the more limited jet p? region as in the

earlier analysis [9], and hence a p
j
? > 114 GeV is imposed here, and for a direct comparison in the µ = p

j
? case

in this table (but not elsewhere).

NNLO aN
3
LO

Npts Default No EW. Default No EW

ATLAS 7 TeV jets [5] 140 215.2 (1.54) 207.6 (1.48) 203.7 (1.46) 203.5 (1.45)

CMS 7 TeV jets [6] 158 203.8 (1.29) 195.8 (1.24) 208.8 (1.32) 207.2 (1.31)

ATLAS 8 TeV jets [8] 171 336.6 (1.96) 343.8 (2.01) 325.5 (1.90) 330.7 (1.92)

CMS 8 TeV jets [7] 174 318.6 (1.83) 263.8 (1.52) 313.8 (1.80) 277.9 (1.60)

Total (jets) 643 1074.2 (1.67) 1011.0 (1.57) 1051.2 (1.63) 1019.3 (1.59)

Total 4534 5529.6 (1.22) 5461.4 (1.20) 5313.8 (1.17) 5292.3 (1.17)

Table 5: �
2
breakdown for global fits at NNLO and aN

3
LO including jet data, with and without EW corrections

included.

NNLO aN
3
LO

Npts Default No EW. Default No EW

ATLAS 7 TeV dijets [13] 90 95.0 (1.06) 120.7 (1.34) 101.1 (1.12) 127.3 (1.41)

CMS 7 TeV dijets [9] 54 77.1 (1.43) 85.8 (1.59) 75.3 (1.39) 83.9 (1.55)

CMS 8 TeV dijets [14] 122 128.5 (1.05) 157.5 (1.29) 99.5 (0.82) 126.6 (1.04)

Total (dijets) 266 300.6 (1.13) 364 (1.37) 275.9 (1.04) 337.8 (1.27)

Total 4147 4755.0 (1.15) 4818.8 (1.16) 4529.2 (1.09) 4592.8 (1.11)

Table 6: �
2
breakdown for global fits at NNLO and aN

3
LO including dijet data, with and without EW corrections

included.
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PDFs: dijets vs. Jets

★ Focus on gluon: largest 
expected impact.
★ Overall consistency 
between two cases…

29

NNLO
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★ But some difference in pull 
observed between jets/dijets 
at NNLO.
★ At aN3LO pulls rather 
similar.
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★ Clear reduction in 
uncertainty in both cases and 
at both orders.

★ Marginally more significant 
for dijets.
★ Slightly less significant at 
aN3LO.
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ATLAS        data: a closer 
look

31
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5. ATLAS 8 TeV Z pT data

ATLAS 8 TeV ZpT at NNLO and aN3LO
Precise ATLAS 8 TeV ZpT data
constrains high x gluon PDF.
Tensions with other datasets, certainly
at NNLO.
Di�erent groups treat it di�erently -
di�ering numbers of datapoints and
uncertainties assigned. 104 datapoints
in MSHT æ most of any group.
Fit quality at NNLO is poor, but at
aN3LO is good:

Order NNLO aN3LO
ATLAS 8 TeV ZpT 1.87 1.05

Total 1.22 1.17

Question: What’s responsible for this? ∆ Next slides...
Thomas Cridge MSHT Review and Updates 24th October 2023 17 / 22

MSHT20 2012.04684

L2 study 2306.03918

Preliminary!
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5. ATLAS 8 TeV Z pT data

ATLAS 8 TeV ZpT at NNLO and aN3LO
Any evidence of resummation/EW corrections at low/high p

ll

T

causing poor fit?
Alter p

ll

T
min/max cut and examine fit quality and PDFs.

p
ll

T
minimum cut (GeV) p

ll

T
maximum

cut (GeV)
Fit Order Default (30) 45 55 65 75 85 105 150

NNLO 1.87 1.73 1.72 1.47 1.45 1.47 1.24 1.91
aN3LO 1.05 0.97 1.03 0.86 0.88 0.71 0.83 1.08
Npts 104 88 77 66 55 44 33 82

Fit quality smoothly improves at each order as more data cut, aN3LO
always much better fit than NNLO, regardless of cut/data treatment.
Same observed in PDFs - e�ect of cut less pronounced at aN3LO.

Thomas Cridge MSHT Review and Updates 24th October 2023 18 / 22

NNLO aN3LO

Preliminary!

33



5. ATLAS 8 TeV Z pT data

ATLAS 8 TeV ZpT at NNLO and aN3LO
Tensions between ATLAS 8 TeV ZpT and other datasets also reduced
at aN3LO, e.g. below is �‰2 upon removal of ATLAS 8 TeV ZpT :

Dataset Npts

�‰2 relative to baseline
NNLO aN3LO

NMC µd F2 123 ≠4.2 ≠1.3
CCFR ‹N æ µµX 86 ≠2.3 +0.4

HERA e
+

p NC 920 GeV 402 ≠4.1 +2.2
ATLAS 7 TeV jets 140 ≠3.4 ≠0.6

ATLAS 7 TeV high prec. W , Z 61 ≠8.4 ≠3.9
ATLAS 8 TeV W 22 ≠4.1 ≠1.3

ATLAS 8 TeV double di�. Z 59 ≠5.5 ≠4.3
ATLAS 8 TeV jets 171 ≠6.4 ≠4.3

Total 4430 ≠35.9 ≠22.0

Reduced tensions enable ZpT to have notable impact on high x gluon
PDF uncertainty, unlike at NNLO.

Fit strongly prefers
aN3LO over NNLO.
High precision data
requires high precision
theory.

Thomas Cridge MSHT Review and Updates 24th October 2023 19 / 22

Preliminary!

L2 study 2306.03918
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Summary/Outlook
★ First QED + aN3LO PDF analysis presented here. Publicly available PDF 
sets + accompanying paper to appear soon. Stay tuned! 

★  Study of jet vs. dijet production at up to aN3LO

• Jet fit quality relatively poor, remains so in aN3LO fit.

• Dijet fit quality good, and with improvement at aN3LO in line 
with expectations.

• Scale choice does not play big role in inclusive, EW corrections 
make fit quality worse (!).

★All indicates that dijet data may be preferable. However remains preliminary: 
impact of full colour and more precise K-factors under investigation.

★Study of ATLAS ZpT data: no sign of issues in any particular region. Dramatic 
improvement at aN3LO.

Thank you for listening!
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9. Backup Slides

New data - Seaquest (NNLO)
Seaquest (E906) fixed target DY data - sensitivity to high x q, q̄:
∆ ‡D/‡H ≥ 1 + d̄/ū. Direct measurement of d̄/ū at high x .
Various models for d̄/ū at high x : Pauli blocking, pion cloud, etc.
Previous questions of NuSea (E866) data preferring d̄ < ū at x ¥ 0.4.
Clearly raises high x d̄/ū. Tension with NuSea which pulls it down.

Dataset Npts MSHT20 New
Seaquest 6 - 8.2
NuSea 15 9.8 19.0

Total (without
Seaquest or NuSea) 4348 5102.3 5112.1

NuSea ‰2/Npts: 0.65 æ 1.27,
when Seaquest added.

Rest of data also worsens in ‰2 by 9 points, with 4.5 in E866 absolute
DY (rather than ratio), 4.4 in NMC n/p, 4.3 in DØ W asymmetry.

Thomas Cridge MSHT20aN3LO Review 21st March 2023 21 / 29

Preliminary!

37
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9. Backup Slides

MSHT20aN3LO PDFs - Seaquest
At aN3LO, the d̄ become negative above x ≥ 0.5 with a minimum at
x ≥ 0.6. Nonetheless remains positive within uncertainties.
Like at NNLO, adding the Seaquest data raises the d̄/ū.

Adding Seaquest ∆ NNLO and aN3LO d̄ , ū again very similar.
E�ect on fit quality of adding Seaquest similar to NNLO, �‰2 = +6 in
rest of data, NuSea ‰2/N doubles from ≥ 0.6 to ≥ 1.3.
Thomas Cridge MSHT20aN3LO Review 21st March 2023 23 / 29

Preliminary!
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x ≥ 0.6. Nonetheless remains positive within uncertainties.
Like at NNLO, adding the Seaquest data raises the d̄/ū.

Adding Seaquest ∆ NNLO and aN3LO d̄ , ū again very similar.
E�ect on fit quality of adding Seaquest similar to NNLO, �‰2 = +6 in
rest of data, NuSea ‰2/N doubles from ≥ 0.6 to ≥ 1.3.
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aN3LO w SQ

aN3LO w/o SQ
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• Jets: At higher     clear 
difference between pulls of 
ATLAS and CMS (also seen 
in MSHT20).

• Final result compromise 
between these.
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• Dijets: consistency between 
CMS and ATLAS, but latter 
has very little impact alone.

• Again CMS 8 TeV driving 
fit.

• Similar story at NNLO 
(not shown).
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Consistency within datasets

• 7 & 8 TeV data ~ consistent 
pulls inclusive jets.

• Similar for NNLO (not 
shown).

• 7 & 8 TeV data consistent 
for dijets, but this is due to 
broader result.

• All dijet fits completely 
driven by CMS 8 TeV data

• Similar for NNLO (not 
shown).
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PDFs: EW corrections/scale choice
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★Impact of these on gluon 
small, though not completely 
negligible.
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• No clear, by eye, trend for better description at NNLO, aN3LO.

• However this is before shifting by correlated systematics.

stat + sys
stat alone
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• Impact on shape of distributions in 3D kinematic space and interplay with 
correlated systematics drives this.

• However some clue from looking at K-factors:
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★ NNLO corrections reasonable large, in particular in some regions of 
phase space.

★ Also shown are the aN3LO K-factors preferred by the fit: nice trend for 
perturbative stability, in line with lower orders.
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Figure 24: K-factor expansion up to aN3LO shown for the CMS 7 TeV jets dataset (R = 0.7) [101].
The K-factors shown here are absolute i.e. all with respect to LO (KN

m
LO/LO

8 m 2 {1, 2, 3}).

69

★ Similar stability in inclusive jet case, but overall smaller K-factors.
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