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Jets for PDF fits

• Jet production a key ingredient in modern PDF fits.

• Sensitive to gluon and quark initial states:

NNPDF2.0 DIS+JET

NNPDF2.0 DIS+JET

Figure 6: Left: the relative PDF uncertainties in the HERAPDF2.0NNLO fit, separated into experimental, model,
and parametrization uncertainties, at Q2 = 10 GeV2, for the various antiquark PDFs. Right: the gluon PDF in the
NNPDF2.0 analysis at small x (top) and large x (bottom), comparing the results of a DIS–only fit with those of a
DIS+jet fit. See text for more details.

When comparing the predicted parton–level cross section to the experimentally measured jet cross sec-
tion, it is essential to correct these to the hadron level. That is, additional non–perturbative corrections due,
for example, to the underlying event and hadronization e↵ects, must be accounted for. These are usually
provided by the experimental collaborations as multiplicative factors derived from leading–order event gen-
erators. The size of such corrections can be significant at low pT , as high as ⇠ 20%, while at high pT they
are generally small, at the percent level [228]. Variations of these non–perturbative corrections, by con-
sidering for example di↵erent generator predictions, are then treated as an additional source of correlated
systematic error. Although PDF fits typically use parton–level predictions, results also exist that include the
matching of NLO calculations to parton shower and hadronization [229], and which can then be directly
compared with the data at hadron–level.

PDF sensitivity
At leading order, jet production at hadron colliders includes the following subprocesses

gg! gg, gg! qq̄, gq! gq, qq̄! gg ,
qq̄! qq̄, qq̄! q0q̄0, qq̄0 ! qq̄0, qq! qq, qq0 ! qq0 , (36)

along with the corresponding charge conjugate processes. Therefore, jet production is in general sensitive to
both the gluon and quark PDFs. The kinematics of the two leading jets in the final state can be characterised
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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    .

• Though quark-initiated 
contribution can be large, these 
are rather well constrained (DIS).

• Hence, jet data particularly 
relevant for gluon at high     (less 
well constrained).
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High p?, mjj
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• NNLO QCD (and NLO EW) theory available for both inclusive and dijet 
data.

• On the theoretical side we have a wealth of high precision theory (NNLO 
QCD + NLO EW) as inputs in to fits…

2002 2004 2006 2008 2010 2012 2014 2016 2018

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov

H total, Ravindran, Smith, van Neerven

WH total, Brein, Djouadi, Harlander

H diff., Anastasiou, Melnikov, Petriello

H diff., Anastasiou, Melnikov, Petriello

W diff., Melnikov, Petriello

W/Z diff., Melnikov, Petriello

H diff., Catani, Grazzini

W/Z diff., Catani et al.

VBF total, Bolzoni, Maltoni, Moch, Zaro

WH diff., Ferrera, Grazzini, Tramontano

�-�, Catani et al.

Hj (partial), Boughezal et al.

ttbar total, Czakon, Fiedler, Mitov

jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires

ZH diff., Ferrera, Grazzini, Tramontano

ttbar diff., Czakon, Fiedler, Mitov

Hj, Boughezal et al.
Wj, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
�-�, Campbell, Ellis, Li, Williams
ptZ, Gehrmann-De Ridder et al.
MCFM at NNLO, Boughezal et al.
single top, Berger, Gao, C.-Yuan, Zhu
ptH, Chen et al.
ptZ, Gehrmann-De Ridder et al.
jj, Currie, Glover, Pires
�X, Campbell, Ellis, Williams
�j, Campbell, Ellis, Williams
VH, H->bb, Ferrera, Somogyi, Tramontano
single top, Berger, Gao, Zhu
VH, H->bb, Caola, Luisoni, Melnikov, Roentsch
ptW, Gehrmann-De Ridder et al.
VBF diff., Cruz-Martinez, Gehrmann, Glover, Huss

Wj, Zj, Gehrmann-De Ridder et al.
�j, Chen et al.

H->bbj, Mondini, Williams

Image Credit: Gavin Salam

• On the road to high precision?

Precise Theory
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• As we will see a key ingredient in fitting these data (particularly dijets).

See T. 
Gehrmann’s Talk
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• In addition, significant amount of inclusive jet and dijet data from LHC. 
High precision and spanning large range of kinematic space. See B. Bilin and P. 

Starovoitov talks



Jet Kinematics: Inclusive

•  Large-x gluon constrained by three independent processes  
•  Consistent picture and uncertainty reduction
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IMPACT OF THE LHC DATA - GLUON PDF
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INCLUSIVE JETS TOP PAIR Z PT

NNPDF collaboration, arXiv:1706.00428

Example 1 - The Gluon

M. Ubiali, Higgs Coupling 2019

• Impact of most recent LHC data (red     blue) significant, with percent level 
uncertainties across wide range of     .x
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M. Ubiali, Higgs Coupling 2019

Confronting Precise Data

• LHC data playing increasingly important role in PDF fits. 
Basic motivation: 

� High precision, multi-differential data.
� High precision theory: NNLO QCD ‘standard’.

High precision PDF determination.!
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• However in a number of cases we are seeing difficulty in confronting 
such high precision data in PDF fits.

• Occurs in three ‘textbook’ LHC processes for PDF determination:
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• Inclusive jets measured in terms of jet       and     .

• Schematically, LO relationship to high    parton:
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x =
p?p
s
(eyj + eyj0 )
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Observed Jet j (yj > 0)
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Need 3 kinematic inputs to uniquely determine    .
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‘Unobserved’ Jet j0

• Inclusive jets: effectively integrate over                     . 
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Jet Kinematics: Dijets
• For dijets, both jets measured. Same schematic LO relationship:

• Double differential measurements in terms of         and                  : not 
sufficient to uniquely pin down LO    .

• That is, some washing out (though precise effect depends on choice of    
variable).

• However, also possible to measure triple differentially - expect to 
provide stronger, more direct constraints.

See J.Stark’s/K. 
Rabbertz’s talks
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Jets in MSHT20

Parton distributions from LHC, HERA,
Tevatron and fixed target data:

MSHT20 PDFs

S. Baileya, T. Cridgeb, L. A. Harland-Langa, A. D. Martinc, and R.S. Thorneb

a Rudolf Peierls Centre, Beecroft Building, Parks Road, Oxford, OX1 3PU
b Department of Physics and Astronomy, University College London, London, WC1E 6BT,

UK
c Institute for Particle Physics Phenomenology, Durham University, Durham, DH1 3LE, UK

Abstract

We present the new MSHT20 set of parton distribution functions (PDFs) of the proton,

determined from global analyses of the available hard scattering data. The PDFs are

made available at NNLO, NLO, and LO, and supersede the MMHT14 sets. They are

obtained using the same basic framework, but the parameterisation is now adapted and

extended, and there are 32 pairs of eigenvector PDFs. We also include a large number of

new data sets: from the final HERA combined data on total and heavy flavour structure

functions, to final Tevatron data, and in particular a significant number of new LHC 7 and

8 TeV data sets on vector boson production, inclusive jets and top quark distributions.

We include up to NNLO QCD corrections for all data sets that play a major role in

the fit, and NLO EW corrections where relevant. We find that these updates have an

important impact on the PDFs, and for the first time the NNLO fit is strongly favoured

over the NLO, reflecting the wider range and in particular increased precision of data

included in the fit. There are some changes to central values and a significant reduction

in the uncertainties of the PDFs in many, though not all, cases. Nonetheless, the PDFs

and the resulting predictions are generally within one standard deviation of the MMHT14

results. The major changes are the u � d valence quark di↵erence at small x, due to

the improved parameterisation and new precise data, the d̄, ū di↵erence at small x, due

to a much improved parameterisation, and the strange quark PDF due to the e↵ect

of LHC W,Z data and inclusion of new NNLO corrections for dimuon production in

neutrino DIS. We discuss the phenomenological impact of our results, and in general find

reduced uncertainties in predictions for processes such as Higgs, top quark pair and W,Z

production at post LHC Run–II energies.

We dedicate this paper to the memory of James Stirling and Dick Roberts, both of whom sadly died in the past

two years. They were founding members of the collaboration of our PDF global analyses, which started with

the presentation of the first ever NLO PDF sets in 1987.

1

ar
X

iv
:2

01
2.

04
68

4v
2 

 [h
ep

-p
h]

  2
0 

D
ec

 2
02

0

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

S. Bailey et al., Eur.Phys.J.C 81 (2021) 4, 341

• Focus on including significant amount of new data, higher precision theory 
and on methodological improvements.

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.
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• Range of inclusive 
LHC jet dat fit:

• Fit quality acceptable. Impact tied up with other high    gluon sensitive 
data….
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•  Large-x gluon constrained by three independent processes  
•  Consistent picture and uncertainty reduction
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IMPACT OF THE LHC DATA - GLUON PDF

7

INCLUSIVE JETS TOP PAIR Z PT

NNPDF collaboration, arXiv:1706.00428

Example 1 - The Gluon

M. Ubiali, Higgs Coupling 2019

• Impact of most recent LHC data (red     blue) significant, with percent level 
uncertainties across wide range of     .x
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<latexit sha1_base64="VzC1yPJkhQ/iSn97dFCEosqUJs0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrR5wk3I/oUIlQMIpWeuhh3C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNfA43X</latexit>
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Confronting Precise Data

• LHC data playing increasingly important role in PDF fits. 
Basic motivation: 

� High precision, multi-differential data.
� High precision theory: NNLO QCD ‘standard’.

High precision PDF determination.!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

• However in a number of cases we are seeing difficulty in confronting 
such high precision data in PDF fits.

• Occurs in three ‘textbook’ LHC processes for PDF determination:

18

High    gluon: global sensitivity<latexit sha1_base64="DFmNr+pujbTgWryXc6XmWrBAe78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+dPjP8=</latexit>x
• Jet data one of three major LHC datasets with potential significant  impact 

on high     gluon.

• NNLO QCD + high precision multi-differential data available.

High precision PDF determination.!
<latexit sha1_base64="iL0QbFwpJq5JNTK0x4mhnUTHifo=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KokWH7uiG5cV7APSUCbTSTt0MhNmbpQS+hluXCji1q9x5984SYOo9cCFwzn3cu89QcyZBsf5tEpLyyura+X1ysbm1vZOdXevo2WiCG0TyaXqBVhTzgRtAwNOe7GiOAo47QaT68zv3lOlmRR3MI2pH+GRYCEjGIzk9RUbjQErJR8G1ZpTd3LYi8QtSA0VaA2qH/2hJElEBRCOtfZcJwY/xQoY4XRW6SeaxphM8Ih6hgocUe2n+ckz+8goQzuUypQAO1d/TqQ40noaBaYzwjDWf71M/M/zEggv/JSJOAEqyHxRmHAbpJ39bw+ZogT41BBMFDO32mSMFSZgUqrkIVxmOPt+eZF0Turuab1x26g1r4o4yugAHaJj5KJz1EQ3qIXaiCCJHtEzerHAerJerbd5a8kqZvbRL1jvX9vVkcU=</latexit>

• Caveats: various issues in fit quality in all three cases.

• In terms of gluon impact, these do not pull in same direction (for 
MSHT).

S. Bailey et al., Eur.Phys.J.C 81 (2021) 4, 341
S. Bailey and LHL., Eur.Phys.J.C 80 (2020) 1, 60
LHL, R.S. Thorne and A.D. Martin., Eur.Phys.J.C 
78 (2018) 3, 248

<latexit sha1_base64="DFmNr+pujbTgWryXc6XmWrBAe78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+dPjP8=</latexit>x
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• MSHT20: top and jet data pull in (roughly) same direction, i.e. lower 
high    gluon.          prefers the opposite.

• Final result a balance between these. Important to bear in mind: 
impact on PDFs in global fit and not in isolation!

<latexit sha1_base64="DFmNr+pujbTgWryXc6XmWrBAe78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsMjMrhpAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781iMqzWN5b8YJ+hEdSB5yRo2V6k+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD+dPjP8=</latexit>x
<latexit sha1_base64="LyBfV6mCHTF27XlFrG28lCU5Rt4=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4kJIUUU9S8OKxgv3AJJTNdtIu3WyW3Y1QQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF0nOtHHdb2dldW19Y7O0Vd7e2d3brxwctnWaKQotmvJUdSOigTMBLcMMh65UQJKIQyca3U79zhMozVLxYMYSwoQMBIsZJcZK/mNwjmUvkKBkr1J1a+4MeJl4BamiAs1e5SvopzRLQBjKida+50oT5kQZRjlMykGmQRI6IgPwLRUkAR3ms5Mn+NQqfRynypYweKb+nshJovU4iWxnQsxQL3pT8T/Pz0x8HeZMyMyAoPNFccaxSfH0f9xnCqjhY0sIVczeiumQKEKNTalsQ/AWX14m7XrNu6zV7y+qjZsijhI6RifoDHnoCjXQHWqiFqIoRc/oFb05xnlx3p2PeeuKU8wcoT9wPn8AmiGQzw==</latexit>

Z p?
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Fitting Jets

• Is fit quality good? For jets well beyond simple:

<latexit sha1_base64="GG9A5Id16tqLKLviUIBmYkigZN4="></latexit>

�2 =

NptX

k=1

(Dk � Tk)2

s2k

• In particular, measurements often 
dominated by systematic errors and 
their correlations:

family of fits, no positivity constraints are imposed at the PDF level (except of course at the LO case), but
during the fit the strict positivity of a range of physical cross sections is imposed by means of a Lagrange
multiplier. Specifically, in the NNPDF3 sets the positivity of the following cross sections is imposed at
Q2 = 5 GeV2: Fu

2,Fd
2 , Fs

2, FL, �uū
DY, �dd̄

DY, and �ss̄
DY. Note that in general in this approach the positivity

constraint applies to all conceivable cross sections, including for instance those that involve hypothetical
new particles, and is not restricted to the actual cross sections that are accessible experimentally.

4.2. Fit quality and minimization strategies
In this section we discuss how the quality of the agreement between experimental data and theoretical

predictions can be quantified within a PDF fit, and the associated issue of the minimization strategy adopted
to find the optimal set of PDF parameters starting from a figure of merit, �2.

4.2.1. Fit quality and �2 definition
The quality of the agreement between experimental measurements and the corresponding theoretical

predictions within a global fit is usually expressed in terms of the log–likelihood function, or �2. When the
correlations between the experimental systematic errors are not available, the �2 as a function of the PDF
parameters is given by

�2({a}) =
NptX

k=1

1
�2

k

(Dk � Tk({a}))2 , (83)

where Npt is number of data points, and �k are the total experimental errors, given by adding the statistical
and systematic errors in quadrature. In this expression, Tk({a}) are theoretical predictions, expressed in
terms of the PDF parameters {a}, and Dk are the central values of the experimental measurement.

Modern experiments provide correlated sources of the various systematic uncertainties, in addition to
the statistical and uncorrelated systematics. The simplest example is the luminosity error in collider exper-
iments, which is fully correlated among all the bins from the same dataset. Typically, there are many other
sources that are introduced in the process of any given analysis. In such cases, the �2 has the following
form [117]

�2({a}, {�}) =
NptX

k=1

1
s2

k

0
BBBBBB@Dk � Tk �

N�X

↵=1

�k,↵�↵

1
CCCCCCA

2

+

N�X

↵=1

�2
↵ , (84)

for N� sources of correlated error. Here, sk represents the total uncorrelated error, which is constructed by
adding the statistical and uncorrelated systematic errors in quadrature. Each source of correlated systematic
error is described by a nuisance parameter �↵, with the error �i,↵ correlated among all data points. Thus
the induced systematic shift to the experimental measurement is

P
↵ �k,↵�↵. The second sum on the right

hand side of Eq. (84) includes the penalty terms to the �2, assuming standard Gaussian distributions for the
nuisance parameters.

In global PDF analyses we are more interested in the PDF parameters than the specific values that these
nuisance parameters take. Therefore, for any given set {a} we can first minimise the �2 with respect to the
nuisance parameters �↵ to give the profiled log–likelihood function �2({a}) ⌘ �2({a}, {�̂}). While naı̈vely
we might worry that this would be a computationally intensive exercise, the simple quadratic dependence
of the �2 on the �↵ allows the profiled nuisance parameter �̂↵ to be solved for analytically, assuming purely
Gaussian errors. Explicitly, we have

�̂↵ =

NptX

i=1

(Di � Ti)
si

N�X

�=1

A�1
↵�

�i,�

si
, (85)

62

Uncorrelated errors Correlated errors Penalty for shifts
Dk ! Dk �

N�X

↵=1

�k,↵�̂↵

<latexit sha1_base64="foOT9Kffz1xeg9UCBG44KSauAGI="></latexit>

• Fit quality accounts for these, and can 
be dominated by them:
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Fitting Jets
• This issue/question arises in e.g. description of ATLAS 7, 8 TeV jet data. 
Provided differentially in       for various jet rapidity bins.
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Stat. errors only shown!

Shift

• Studied in arXiv:1711.05757. 7 TeV data can be v. well fit for single rapidity 
bin, but not all in combination. 
• Can also get good fit with systematics correlated only within rapidity bins.

LHL, R.S. Thorne and A.D. Martin., 
Eur.Phys.J.C 78 (2018) 3, 248

• This is clearly too strong a choice, but indicates sensitivity.  

<latexit sha1_base64="eMY4xk9acoGmAlqMHrh5wU4z8AA=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kkCXjxGMA9IljA76U2GzM4OM7NCCPkILx4U8er3ePNvnCR70MSChqKqm+6uSAlurO9/e2vrG5tb24Wd4u7e/sFh6ei4adJMM2ywVKS6HVGDgktsWG4FtpVGmkQCW9Hobua3nlAbnspHO1YYJnQgecwZtU5qqV5XoVa9Utmv+HOQVRLkpAw56r3SV7efsixBaZmgxnQCX9lwQrXlTOC02M0MKspGdIAdRyVN0IST+blTcu6UPolT7UpaMld/T0xoYsw4iVxnQu3QLHsz8T+vk9n4JpxwqTKLki0WxZkgNiWz30mfa2RWjB2hTHN3K2FDqimzLqGiCyFYfnmVNKuV4KpSfbgs127zOApwCmdwAQFcQw3uoQ4NYDCCZ3iFN095L96797FoXfPymRP4A+/zB3Yvj6U=</latexit>p?
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• Fitting to e.g. just one rapidity bin throws away information and does not 
resolve underlying issue. ATLAS Collab., JHEP 09 (2017) 020

Tables 5 and 6 show the �2 obtained when applying various splitting options3 to both the experimental (JES
Flavour Response, the JES MJB Fragmentation, JES Pile-up Rho topology) and theoretical uncertain-
ties (the scale variations, the alternative scale choice and the non-perturbative corrections uncertainties)
simultaneously. Results are shown for both the CT14 and the NNPDF3.0 pdf sets.

Table 5: Summary of �2/ndf obtained from the comparison of the inclusive jet cross-section and the NLO QCD
prediction for the CT14 and the NNPDF30 PDF sets and the pjet,max

T scale choice for anti-kt jets with R = 0.4,
for pT > 100 GeV and various de-correlation options (see text) of the JES Flavour Response, the JES MJB
Fragmentation, JES Pile-up Rho topology, the uncertainty related to the scale variations, the uncertainty related
to the alternative scale choice and the uncertainty related to the non-perturbative corrections. All the p-values
corresponding to the �2/ndf in the table are << 10�3.

Splitting options for R = 0.4 CT14 NNPDF3.0
JES Flavour Response Opt 7
JES MJB Fragmentation Opt 17
JES Pile-up Rho topology Opt 18
Scale variations Opt 17
Alternative scale choice Opt 7
Non-perturbative corrections Opt 7 268/159 257/159
JES Flavour Response Opt 7
JES MJB Fragmentation Opt 17
JES Pile-up Rho topology Opt 18
Scale variations Opt 20
Alternative scale choice Opt 17
Non-perturbative corrections Opt 7 261/159 260/159

3 The splitting options shown here are restricted to the ones yielding the largest �2 reductions when splitting either the experi-
mental or the theoretical uncertainties.

38

No decor. Ref. [15] decor. Smooth decor. Full decor.
LOEW 2.00 1.09 1.48 0.81
NLOEW 1.80 1.15 1.57 0.92

Table 3: �2/Npts for the ATLAS 7 TeV inclusive jet data, as in the global MSHT20 NNLO fit (↵S free).
Results including various decorrelation scenarios, explained in the text, as well including/excluding EW
corrections, are shown.

now also include far more precise LHC jet data, which moreover, have a much wider kinematic

coverage. For all of these data we include full NNLO corrections (in the form of pT dependent

K-factors), using the results of [68], with the NLO theory provided by NLOjet++ [127] interfaced

to APPLGrid [111] or FastNLO [128, 129]. In all cases we use the scale choice µ = pT for both

renormalisation scale and factorisation scale, though as demonstrated in [15] the significant

correlated uncertainties on the data allow very similar fit quality and PDFs independent of

scale choice. For the ATLAS 7 TeV data, we in addition include EW corrections, as provided

by and described in [18]. Such corrections were not included in [15], and hence we will examine

their impact below.

For ATLAS we fit the 7 TeV inclusive jet distributions [18] (these supersede the much lower

statistics 7 TeV and 2.76 TeV jet data [130,131] used in MMHT14), and use the higher jet radius

R = 0.6. A detailed discussion of the inclusion of these data in a global fit has already appeared

in [15], where the di�culty in fitting all rapidity bins simultaneously was highlighted, and the

possibility of solving this by allowing a very small number of systematic uncertainties to be

decorrelated across rapidity bins explored. The focus here was in particular on the decorrelation

of so–called ‘two–point’ systematic uncertainties, which are based on the di↵erence between two

alternative MC treatments, and therefore may not be expected to provide a reliable guide to the

true error correlation, see also [19] for further discussion. In principle the approach of [15] may

be too drastic, as it allows the corresponding shifts in each rapidity bin to vary in a manner

that may not be particularly smooth (though in practice it is far from guaranteed that the

preferred variation will not be smooth), whereas we expect the correction due to these e↵ects

to vary smoothly. This was addressed in [132] where a set of smoother potential decorrelation

scenarios were presented.

We now perform our fit using an approach based on [19,132], which allows a suitably smooth

variation and focuses on allowing data points that are distant in (yj, p
j

?) space to in principle

have di↵erent variations. We in particular define

xp? =
log(pj?)� log(pj?,min

)

log(pj?,max
)� log(pj?,min

)
, xy =

yj � yj,min

yj,max � yj,min

, (17)

and then

r =
1
p
2

�
x
2

p?
+ x

2

y

�
, � = arctan

✓
xy

xp?

◆
. (18)

26

• In some cases due to two-point model 
variations - can certainly loosen. 
Dedicated ATLAS study on this.

• We follow this in MSHT fits:

ATLAS 7 TeV
<latexit sha1_base64="Oj1KvbwXa4UR95lyVY4OETGS4tU=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFc1UyQPjZScONKKtgHNDFMppN26OTBzEQpsZ/ixoUibv0Sd/6Nk7aCih64cDjnXu69x084k8qyPoyl5ZXVtfXCRnFza3tn1yztdWScCkLbJOax6PlYUs4i2lZMcdpLBMWhz2nXH5/nfveWCsni6FpNEuqGeBixgBGstOSZJYeM2I19culljghhoqaeWbYqlmUhhGBOUK1qadJo1G1Uhyi3NMpggZZnvjuDmKQhjRThWMo+shLlZlgoRjidFp1U0gSTMR7SvqYRDql0s9npU3iklQEMYqErUnCmfp/IcCjlJPR1Z4jVSP72cvEvr5+qoO5mLEpSRSMyXxSkHKoY5jnAAROUKD7RBBPB9K2QjLDAROm0ijqEr0/h/6RjV1C1Yl+dlptnizgK4AAcgmOAQA00wQVogTYg4A48gCfwbNwbj8aL8TpvXTIWM/vgB4y3T9tbk8E=</latexit>

�2/Npt S. Bailey et al., Eur.Phys.J.C 81 (2021) 4, 341

• Permissible decorrelation improves fit. 
Impact on gluon limited (though not zero).

• However: level of improvement sensitive to 
theory input. More complete theory/inclusion of 
MHO uncertainties may reduce this sensitivity 
further. Delicate interplay here…

Figure 11: Ratio of gluon PDFs to MSHT20 baseline, with ↵S free, at NNLO at Q2 = 104 GeV2. The
result of a fit to the ATLAS 7 TeV jet data, with the standard experimental correlated systematics errors
(No decor.), a full decorrelation of all systematic errors across each rapidity bin (Full decor.), and with the
jet data removed from the fit, are shown.

the di↵erence between the fit with no decorrelation and our baseline smooth decorrelation is

rather small, only larger than ⇠ 1% above x & 0.5, where the PDF uncertainty is significantly

larger and the constraints from the jet data are small. The result for the decorrelation of [15] is

also shown, and we can see that it lies very close to our baseline decorrelation across the entire

x region. On the other hand, when we take a full decorrelation of errors, which we can see from

Table 3 leads to a �
2
/Npts ⇠ 0.9, the di↵erence is more significant, though clearly within error

bands of the baseline. More specifically, the pull of the ATLAS data on the gluon in this case

is smaller, as by throwing away all information about the systematic correlations we loosen the

constraining power of the data. To demonstrate this, we show the result of performing a fit

but with the ATLAS jet data excluded, and we can see that this lies very close to the fully

decorrelated case. Thus the impact of throwing all of the experimental information contained

in the systematic errors, most of which are known very precisely, is non–negligible.

We also include 2.76 TeV, 7 TeV and 8 TeV inclusive jet data from CMS in our fit [100,101,

107]. We use the same scale choice as for the ATLAS data, and again chose the larger available

jet radius, in this case R = 0.7 (for 2.76 TeV data this is the only choice), in order to minimise

nonperturbative corrections. Unlike the ATLAS data there is no problem in obtaining a good

quality fit for each of the CMS data sets. The fit is consistently better at NNLO than at NLO

for the CMS and ATLAS jets data sets.

We find some tensions between the di↵erent sets of jet data included in the global fit. These

can be illustrated by removing subsets of the jet data sets from the fit and determining the

impact on the gluon PDF, as shown in Fig. 12. This illustrates their di↵erent pulls on the high

x gluon, and their relative overall importance at given x values can be seen by comparing to the

fit with no LHC jet data included. There is clearly a slight tension between the CMS jet data

and the ATLAS jet data in the region 0.3 . x . 0.5, with the former pulling the gluon up (and

so upon its removal the gluon is reduced) and the latter pulling the gluon down in this region

28
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Fitting Jets/Dijets: Recent 
Studies
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Jet Data at the LHC

★ 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

See B. Bilin and P. 
Starovoitov talks
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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>
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Fit Quality
• Will consider fits either to 7 + 8 TeV inclusive jets, or to 7 + 8 TeV dijets. 

• MSHT20 baseline, and NNLO QCD + NLO EW, unless otherwise stated. 
Theory from arXiv:2005.11327 + NNLOJET.

• For inclusive jets take              , for dijets                .

• Various benchmarks/checks performed, but results presented here 
preliminary.

<latexit sha1_base64="eLNqH6F8Ffjoe3X0tBanH3zm7mY=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqewWUS9KwYvHCvYD2rVk09k2NpuNSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL5CcaeO6305uZXVtfSO/Wdja3tndK+4fNHScKAp1GvNYtQKigTMBdcMMh5ZUQKKAQzMY3kz95giUZrG4N2MJfkT6goWMEmMlvxMlV7LbkaDkw2O3WHLL7gx4mXgZKaEMtW7xq9OLaRKBMJQTrdueK42fEmUY5TApdBINktAh6UPbUkEi0H46O3qCT6zSw2GsbAmDZ+rviZREWo+jwHZGxAz0ojcV//PaiQkv/ZQJmRgQdL4oTDg2MZ4mgHtMATV8bAmhitlbMR0QRaixORVsCN7iy8ukUSl75+XK3Vmpep3FkUdH6BidIg9doCq6RTVURxQ9oWf0it6ckfPivDsf89ack80coj9wPn8A142SJA==</latexit>

µ = pj?
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FIG. 1: Ratio of theory predictions to data for 0.0 < |y⇤| < 0.5 (left) and 1.5 < |y⇤| < 2.0 (right) for the scale choices µ = mjj

(top) and µ = hpT i (bottom) at LO (green), NLO (blue) and NNLO (red). Scale bands represent variation of the cross section
by varying the scales independently by factors of 2 and 0.5.

was done for dijet studies at the DØ experiment [20], or
the triply di↵erential distribution in pT1 , y1 and y2 (or
alternatively, average jet pT , |y⇤| and |ȳ|) [21, 22], which
would provide more specific information on the x-values
probed.

The data sample we compare to is the ATLAS 7 TeV
4.5 fb�1 2011 data [19]. This constitutes the recording
of all events with at least two jets reconstructed in the
rapidity range |y| < 3.0 using the anti-kt algorithm with
R=0.4 such that the leading and subleading jets satisfy
a minimum pT cut of 100 GeV and 50 GeV respectively.

As detailed in [15], we include the leading colour
NNLO corrections in all partonic sub-processes. The cal-
culation is performed in the NNLOJET framework, which
employs the antenna subtraction method [24, 25] to re-
move all unphysical infrared singularities from the matrix
elements [26–28]. We use the MMHT2014 NNLO parton
distribution functions [30] with ↵s(MZ) = 0.118 for all
predictions at LO, NLO and NNLO to emphasize the role
of the perturbative corrections at each successive order.

At any given fixed order in perturbation theory, the
predictions retain some dependence on the unphysical
renormalization and factorization scales. The natural
physical scale for dijet production is the dijet invariant
mass, µ = mjj , which has not been widely used in di-
jet studies to date. Another scale, which was used at
DØ [20] and is currently used by CMS [18] is the average
pT of the two leading jets, µ = hpT i = 1

2 (pT1 + pT2).

In Fig. 1 we show the predictions at LO, NLO and
NNLO for these two scale choices at small and large |y⇤|.
For small |y⇤|, both scale choices provide reasonable pre-
dictions with largely overlapping scale bands, reduced
scale variation at each perturbative order, convergence of
the perturbative series and good description of the data.
For the larger |y⇤| bin we see significant di↵erences in the
behaviour of the predictions for the two scales. For the
µ = mjj scale choice, the behaviour is qualitatively sim-
ilar to what is seen at small |y⇤|; in contrast, the NLO
prediction with µ = hpT i falls well away from the LO

prediction and is even outside the LO scale band. For
this scale choice, the NLO contribution induces a large
negative correction, which brings the central value in line
with the data but with a residual scale uncertainty of up
to 100%. Indeed for |y⇤| >2.0 the scale band for µ = hpT i
widens further and even includes negative values of the
cross section. These issues are resolved by the inclusion of
the NNLO contribution such that the NNLO prediction
is positive across the entire phase space and provides a
good description of the data. With the issue of unphysi-
cal predictions resolved, we are free to make a scale choice
based upon more refined qualities such as perturbative
convergence and residual scale variation. On this basis
we choose the theoretical scale µ = mjj and present de-
tailed results using this scale choice throughout the rest
of this letter.

In Fig. 2 we present the absolute cross section as a
function of mjj for each |y⇤| bin, compared to NNLO-
accurate theory. We observe excellent agreement with
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FIG. 2: The dijet cross section as a function of invariant
mass, mjj , for the six bins of |y⇤|, compared to ATLAS 7 TeV
4.5 fb�1 data.
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FIG. 1: Double-di↵erential inclusive jet cross-sections mea-
surement by ATLAS [6] and NNLO perturbative QCD pre-
dictions as a function of the jet pT in slices of rapidity, for
anti-kT jets with R = 0.4 normalized to the NLO result. The
shaded bands represent the scale uncertainty of the theory
predictions obtained by varying µR and µF as described in
the text. The red dashed line displays the NNLO/NLO ratio
corrected multiplicatively for electroweak corrections [37].

Nc, to all these subprocesses. In practice this amounts
to calculating the N2

c , NcNF and N2
F corrections to all

LO subprocesses, where NF is the number of light quark
flavours. We include the full LO and NLO coe�cients in
this calculation but note that retaining only the leading
colour correction to all partonic subprocesses at NLO
gives the full result to within a few percent across all
distributions. The analogous subleading colour contri-
butions at NNLO are expected to be small and we do
not include them in this study. To support this assump-
tion we note that the subleading colour NNLO contribu-
tion for pure gluon scattering was presented in a previ-
ous study [34] and found to be negligible. We construct
subtraction terms to regulate all IR divergences in the
phase space integrals and cancel all explicit poles in the
dimensional regularization parameter, ✏ = (4� d)/2, the
details of which for the antenna subtraction method can
be found in [25, 34, 36]. The IR finite cross section at
NNLO is then integrated numerically in four dimensions
over the appropriate two-, three- or four-parton massless
phase space to yield the final result.

In Fig. 1 we present the results for the double-
di↵erential inclusive jet cross section at NLO and NNLO,
normalized to the NLO theoretical prediction to empha-
size the impact of the NNLO correction to the NLO re-

FIG. 2: NLO and NNLO k-factors for jet production atp
s = 7 TeV. The lines correspond to the double di↵erential

k-factors (ratios of perturbative predictions in the perturba-
tive expansion) for pT > 100 GeV and across six rapidity |y|
slices.

sult. The collider setup is proton-proton collisions at a
centre of mass energy of

p
s = 7 TeV where the jets are

reconstructed using the anti-kT jet algorithm [35] with
R = 0.4. We use the NNPDF3.0 NNLO PDF set [15]
with ↵s(M2

Z) = 0.118 throughout this paper for LO,
NLO and NNLO predictions to emphasise the behaviour
of the higher order coe�cient functions at each pertur-
bative order. By default we set the renormalization and
factorization scales µR = µF = pT1, where pT1 is the
pT of the leading jet in each event. To obtain the scale
uncertainty of the theory prediction we vary both scales
independently by a factor of 1/2 and 2 with the constraint
1/2  µR/µF  2. We find that the NNLO coe�cient
has a moderate positive e↵ect on the cross section, 10%
at low pT across all rapidity slices relative to NLO. This is
significant because it is precisely in this region where the
majority of the cross section lies, especially in the cen-
tral rapidity slices, and it is where we observe the largest
NNLO e↵ects. At higher pT we see that the relative size
of the NNLO correction to NLO decreases to the 1-2%
level and so the perturbative series converges rapidly.

Given that we see a moderate NNLO correction to the
NLO prediction in the region where the bulk of the cross
section lies, it is instructive to compare to the available
data. The data points in Fig. 1 represent the ATLAS
data for an integrated luminosity of 4.5 fb�1 [6], nor-
malized to the NLO prediction. We do not include non-



Dijet fit:

Jet fit:

Npts 7 TeV 8 TeV
ATLAS 7 TeV jets 140 211.8 [222.4]
ATLAS 8 TeV jets 171 [249.0] 249.4
CMS 7 TeV jets 158 188.1 [211.8]
CMS 8 TeV jets 174 [321.9] 308.8

Table 11: Inclusive fit �2 comparison for 7, 8 TeV only cases.

Npts �
2
/Npt

ATLAS 7 TeV jets 140 1.53
ATLAS 8 TeV jets 171 1.45
CMS 7 TeV jets 158 1.22
CMS 8 TeV jets 174 1.80

Total Jets 643 1.50

Table 12: teeset

Npts NLO NLO (µ = HT )
ATLAS 7 TeV jets 140 236.2 302.3
ATLAS 8 TeV jets 171 404.9 311.0
CMS 7 TeV jets 158 217.9
CMS 8 TeV jets 174 287.9 315.3

Table 13: Inclusive fit �2 comparison at NLO.

Npts Central only No decor
ATLAS 7 TeV jets 31,140 35.4 243.6
ATLAS 8 TeV jets 34,171 51.1 270.6
CMS 7 TeV jets 158 194.0 191.6
CMS 8 TeV jets 174 307.9 314.4
Total (per pt) - 1.12 1.21

Table 14: Inclusive fit �2 comparison at NNLO, with just central rapidity bin/no decorrelation for ATLAS.

6

• We find:

★ Fit quality to dijet data very good (1.12), clearly worse for jets (1.50).
★ No signs of significant inconsistency in fit vs. predicted      , though 

some difference in pull implied.
★ Fit quality to top (          ) data better in jet (dijet) fit. Latter 

particularly  notable.
★ (Not shown) - fit quality to other data in global fit v. similar.

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

*
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Z p?

Npts �
2
/Npt

ATLAS 7 TeV dijets 90 1.05
CMS 7 TeV dijets 54 1.43
CMS 8 TeV dijets 122 1.04

Total Dijets 266 1.12

Table 3: test

Npts �
2
/Npt

ATLAS Z p? 104 1.65
Di↵. top 60 1.11

7 + 8 TeV Jets 643 [1.62]

Table 4: test

Npts MSHT20 Full fit no Z p? no tt no Z p?, tt
ATLAS 7 TeV dijets 90 [99.6] 94.9 96.1 94.8 95.9
CMS 7 TeV dijets 54 [84.9] 77.1 78.2 75.6 76.7
CMS 8 TeV dijets 122 [165.7] 126.8 138.4 129.9 139.1

ATLAS 7 TeV jets 140 221.6 [230.5] [227.3] [233.1] [230.5]
ATLAS 8 TeV jets 171 [252.6] [250.0] [245.1] [254.7] [247.7]
CMS 7 TeV jets 158 [199.6] [238.3] [242.0] [240.7] [247.0]
CMS 8 TeV jets 174 [308.2] [320.3] [325.3] [318.0] [321.8]

ATLAS Z p? 104 190.0 171.3 [220.6] 167.1 [217.4]
ATLAS tt, lep + jet 25 25.6 24.6 26.4 [25.1] [26.6]
ATLAS tt, dilep 5 3.4 3.7 3.1 [4.7] [3.8]

CMS tt sd 15 13.2 14.7 12.2 [18.8] [14.6]
CMS tt dd 15 22.5 23.8 21.8 [24.5] [22.0]

CMS 2.76 TeV jets 81 102.9 106.7 105.3 109.0 106.3

Total (per pt) - 1.17 1.15 1.13 1.14 1.13

Table 5: Dijet fit �2 comparisons. Anything in brackets is not included in the fit. All NNLO. Z p? has slightly
updated treatment of PI production, hence the small di↵erence wrt MSHT20. The CMS inclusive jets now include
EW corrections, which makes the fit quality rather worse- it is given as brackets for MSHT20 though as not refit
there with these. The total �2 corresponds to those datasets in the fit (with the exception of the MSHT case
where it corresponds to the MSHT20 dataset + dijets and without 7,8 TeV inclusive jets).
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Prediction

Npts �
2
/Npt

ATLAS 7 TeV dijets 90 1.05
CMS 7 TeV dijets 54 1.43
CMS 8 TeV dijets 122 1.04

Total Dijets 266 1.12

Table 3: test

Npts �
2
/Npt

ATLAS Z p? 104 1.65
Di↵. top 54 1.24

7 + 8 TeV Jets 643 [1.62]

Table 4: test

Npts MSHT20 Full fit no Z p? no tt no Z p?, tt
ATLAS 7 TeV dijets 90 [99.6] 94.9 96.1 94.8 95.9
CMS 7 TeV dijets 54 [84.9] 77.1 78.2 75.6 76.7
CMS 8 TeV dijets 122 [165.7] 126.8 138.4 129.9 139.1

ATLAS 7 TeV jets 140 221.6 [230.5] [227.3] [233.1] [230.5]
ATLAS 8 TeV jets 171 [252.6] [250.0] [245.1] [254.7] [247.7]
CMS 7 TeV jets 158 [199.6] [238.3] [242.0] [240.7] [247.0]
CMS 8 TeV jets 174 [308.2] [320.3] [325.3] [318.0] [321.8]

ATLAS Z p? 104 190.0 171.3 [220.6] 167.1 [217.4]
ATLAS tt, lep + jet 25 25.6 24.6 26.4 [25.1] [26.6]
ATLAS tt, dilep 5 3.4 3.7 3.1 [4.7] [3.8]

CMS tt sd 15 13.2 14.7 12.2 [18.8] [14.6]
CMS tt dd 15 22.5 23.8 21.8 [24.5] [22.0]

CMS 2.76 TeV jets 81 102.9 106.7 105.3 109.0 106.3

Total (per pt) - 1.17 1.15 1.13 1.14 1.13

Table 5: Dijet fit �2 comparisons. Anything in brackets is not included in the fit. All NNLO. Z p? has slightly
updated treatment of PI production, hence the small di↵erence wrt MSHT20. The CMS inclusive jets now include
EW corrections, which makes the fit quality rather worse- it is given as brackets for MSHT20 though as not refit
there with these. The total �2 corresponds to those datasets in the fit (with the exception of the MSHT case
where it corresponds to the MSHT20 dataset + dijets and without 7,8 TeV inclusive jets).

3

Npts 7 TeV 8 TeV
ATLAS 7 TeV jets 140 211.8 [222.4]
ATLAS 8 TeV jets 171 [249.0] 249.4
CMS 7 TeV jets 158 188.1 [211.8]
CMS 8 TeV jets 174 [321.9] 308.8

Table 12: Inclusive fit �2 comparison for 7, 8 TeV only cases.

Npts �
2
/Npt

ATLAS 7 TeV jets 140 1.53
ATLAS 8 TeV jets 171 1.45
CMS 7 TeV jets 158 1.22
CMS 8 TeV jets 174 1.80

Total Jets 643 1.50

Table 13: teeset

Npts �
2
/Npt

ATLAS Z p? 104 1.85
Di↵. top 54 1.12

7 + 8 TeV Dijets 643 [1.32]

Table 14: test

Npts NLO NNLO
ATLAS 7 TeV jets 140 1.69 1.53
ATLAS 8 TeV jets 171 2.37 1.45
CMS 7 TeV jets 158 1.38 1.22
CMS 8 TeV jets 174 1.65 1.80

Total Jets 643 1.78 1.50

Table 15: Inclusive fit �2 comparison at NLO.

Npts NLO NLO (µ = HT )
ATLAS 7 TeV jets 140 236.2 302.3
ATLAS 8 TeV jets 171 404.9 311.0
CMS 7 TeV jets 158 217.9
CMS 8 TeV jets 174 287.9 315.3

Table 16: Inclusive fit �2 comparison at NLO.
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Impact of HO corrections
★ EW corrections:

Dijet fit:
(NNLO 
QCD)Jet fit:

i.e. we find dijet fit quality improved (driven by CMS 8 TeV), but inclusive 
(uniformly) deteriorates! Unclear why, but clearly impacts on discussion of 
relative fit quality.
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Figure 3.3. The EW K-factors, Eq. (3.3), for the ATLAS and CMS single-inclusive (top) and dijet
(bottom) measurements. For single-inclusive jets the K-factors are shown as a function of jet pT in six
di↵erent rapidity bins. For dijets they are shown as a function of the dijet invariant mass mjj for di↵erent
y⇤ bins for ATLAS (left) or ymax bins for CMS (right).

is required to speed up the computation of hadronic observables when the fit is performed.
Fast interpolation grids accurate to NNLO, for instance in theAPPLfast format, are not yet

publicly available: indeed, the NNLOJET+APPLfast fast interpolation tables with NNLO
QCD corrections are so far only available for jet production in deep-inelastic scattering [53]. We
therefore implement NNLO and EW corrections by supplementing our NLO grids with the QCD
and EW K-factors defined above, which we combine through the multiplicative prescription

d2�

dpTdy

�����
NNLOQCD+EW

=
d2�

dpTdy

�����
NLOQCD

⇥KQCD

NNLO
(pT , y,

p
s)⇥KEW(pT , y,

p
s) . (3.4)

The first term on the right-hand side of the equation is the output of the NLO computation,
while the second and third terms are the bin-by-bin QCD and EWK-factors defined in Eqs. (3.2)
and (3.3), respectively. If the EW K-factor is not included, Eq. (3.4) exactly reproduces the
NNLO results obtained with NNLOJET.

As observed in Sects. 3.1-3.2, QCD K-factors are a↵ected by point-to-point fluctuations
which reveal an underlying numerical uncertainty. For illustration purposes, this uncertainty
is displayed in Fig. 3.4 for the central rapidity bins of the ATLAS 7 TeV single-inclusive jet
and of the CMS 8 TeV dijet distributions. We have estimated this uncertainty through the
procedure for the suppression of outliers as described in Ref. [54]. When performing PDF
fits, this numerical uncertainty is added in quadrature to the experimental uncertainty, fully
uncorrelated datapoint by datapoint. An alternative possibility would be to perform a smooth
interpolation of the K-factor, see Ref. [55].

Finally, we note that the theoretical computations of single-inclusive and dijet observables are
subject to non-perturbative corrections and to missing higher order uncertainties (MHOU). The
former arise from the underlying event and multiple parton interactions, and are estimated by
the experimental collaborations by comparing predictions obtained from di↵erent Monte Carlo
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is required to speed up the computation of hadronic observables when the fit is performed.
Fast interpolation grids accurate to NNLO, for instance in theAPPLfast format, are not yet

publicly available: indeed, the NNLOJET+APPLfast fast interpolation tables with NNLO
QCD corrections are so far only available for jet production in deep-inelastic scattering [53]. We
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interpolation of the K-factor, see Ref. [55].

Finally, we note that the theoretical computations of single-inclusive and dijet observables are
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the experimental collaborations by comparing predictions obtained from di↵erent Monte Carlo
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★ NNLO QCD 
corrections.

Dijet fit:

Npts 7 TeV 8 TeV
ATLAS 7 TeV jets 140 211.8 [222.4]
ATLAS 8 TeV jets 171 [249.0] 249.4
CMS 7 TeV jets 158 188.1 [211.8]
CMS 8 TeV jets 174 [321.9] 308.8

Table 11: Inclusive fit �2 comparison for 7, 8 TeV only cases.

Npts �
2
/Npt

ATLAS 7 TeV jets 140 1.53
ATLAS 8 TeV jets 171 1.45
CMS 7 TeV jets 158 1.22
CMS 8 TeV jets 174 1.80

Total Jets 643 1.50

Table 12: teeset

Npts �
2
/Npt

ATLAS Z p? 104 1.85
Di↵. top 60 1.01

7 + 8 TeV Dijets 643 [1.32]

Table 13: test

Npts NLO NNLO
ATLAS 7 TeV jets 140 1.69 1.53
ATLAS 8 TeV jets 171 2.37 1.45
CMS 7 TeV jets 158 1.38 1.22
CMS 8 TeV jets 174 1.65 1.80

Total Jets 643 1.78 1.50

Table 14: Inclusive fit �2 comparison at NLO.

Npts NLO NLO (µ = HT )
ATLAS 7 TeV jets 140 236.2 302.3
ATLAS 8 TeV jets 171 404.9 311.0
CMS 7 TeV jets 158 217.9
CMS 8 TeV jets 174 287.9 315.3

Table 15: Inclusive fit �2 comparison at NLO.

6

Jets fit:

Npts Default No EW No Sm. No Ew/K-fac CMS 8 (def) NNPDF K
ATLAS 7 TeV dijets 90 94.9 119.1 103.1 116.7 95.0 102.4
CMS 7 TeV dijets 54 77.1 84.9 73.4 100.8 77.9 73.3
CMS 8 TeV dijets 122 126.8 152.3 125.9 646.2 127.9 127.5

ATLAS 7 TeV jets 140 [230.5] [233.9] [230.3] [255.8] [229.3] [228.3]
ATLAS 8 TeV jets 171 [250.0] [250.6] [249.7] [266.9] [249.4] [250.1]
CMS 7 TeV jets 158 [242.0] [245.6] [237.3] [285.6] [234.7] [234.4]
CMS 8 TeV jets 174 [320.3] [324.4] [320.1] [350.9] [321.2] [318.9]

ATLAS Z p? 104 171.3 171.5 173.5 130.6 170.8 174.1
ATLAS tt, lep + jet 25 24.6 24.5 24.6 23.2 24.4 24.6
ATLAS tt, dilep 5 3.7 3.7 3.6 5.4 3.5 3.6

CMS tt sd 15 14.7 14.9 14.6 20.9 14.2 14.8
CMS tt dd 15 23.8 23.8 23.6 28.9 23.8 23.6

CMS 2.76 TeV jets 81 106.7 107.2 106.0 120.5 105.9 106.3

Total (per pt) - 1.15 1.16 1.15 1.31 1.15 1.15

Table 6: Dijet fit �2 comparisons. Anything in brackets is not included in the fit. All NNLO. Z p? has slightly
updated treatment of PI production, hence the small di↵erence wrt MSHT20. The CMS inclusive jets now include
EW corrections, and the various labels refer only to the treatment of the dijet data, i.e. for the purpose of the
�2 comparison the inclusive jet treatment is fixed to the default.

Npts NLO
ATLAS 7 TeV dijets 90 98.7
CMS 7 TeV dijets 54 92.1
CMS 8 TeV dijets 122 645.9

Table 7: Dijet fit �2 comparison at NLO.

Npts NLO NNLO
ATLAS 7 TeV dijets 90 1.10 1.05
CMS 7 TeV dijets 54 1.71 1.43
CMS 8 TeV dijets 122 5.30 1.04

Total Dijets 266 3.15 1.12

Table 8: Dijet fit �2 comparison at NLO.

Npts 7 TeV 8 TeV
ATLAS 7 TeV dijets 90 95.8 [95.0]
CMS 7 TeV dijets 54 78.6 [78.4]
CMS 8 TeV dijets 122 [141.4] 127.1

Table 9: Dijet fit �2 comparison, to 7 or 8 only.

4

Not a typo!

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

★ For jets, this is different to arXiv:2005.11327 trend (though same as in 
MSHT20), but note scale different (       rather than       ).

★ Improvement in CMS 8 TeV dijets particularly remarkable. Clear need for 
NNLO QCD at high precision LHC (c.f. e.g. ATLAS 7 TeV, W,Z, which 
gives 5.0      1.9). In more detail…<latexit sha1_base64="mdmQmQ+3Sm6ksdAg3OWRRvncgjo=">AAAB63icbVDLSgMxFL3xWeur6tJNsAiuykwRdSUFNy4r2Ae0Q8mkmTY0yQxJRihDf8GNC0Xc+kPu/Bsz7Sy09UDgcM695J4TJoIb63nfaG19Y3Nru7RT3t3bPzisHB23TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLfRvjQaXq1bw58CrxC1KFAs1B5as/jGkqmbJUEGN6vpfYICPacirYrNxPDUsInZAR6zmqiGQmyOa3zvC5U4Y4irV7yuK5+nsjI9KYqQzdpCR2bJa9XPzP66U2ugkyrpLUMkUXH0WpwC5hHhwPuWbUiqkjhGrubsV0TDSh1tVTdiX4y5FXSbte869q9YfLauO2qKMEp3AGF+DDNTTgHprQAgpjeIZXeEMSvaB39LEYXUPFzgn8Afr8AbamjgQ=</latexit>!
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CMS 8 TeV Dijets
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• What is driving this improvement? 
<latexit sha1_base64="CskyO1+3lO9Q66mFb7l4eqoDzno="></latexit>

d�
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• Focus in on data/theory comparison…
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• Overlaying data/theory no clear, by eye, trend for better description at NNLO.
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• However this is before shifting by 
correlated systematics.

stat + sys
stat alone
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• After including shifts from correlated systematics:
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• Now improvement of NNLO is 
clear.

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

stat alone
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Impact on PDFs
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Dijets vs. Jets
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• Add dijets or jets to 
MSHT20 (no jets) baseline. 
Focus on gluon here.

• Overall consistency 
between two cases.

• But pull rather different.

• Impact of jets data on gluon 
uncertainty very mild. Larger 
for dijets.

0

5

10

15

20

25

30

35

40

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Gluon, NNLO, Q2
= 10

4
GeV

2
, % errors (sym)

x

No 7,8 TeV jets
Dijets
Jets

23



0.7

0.8

0.9

1

1.1

1.2

1.3

0.01 0.1

Gluon, NNLO, Q2
= 10

4
GeV

2
, no top, no Z p?

x

No 7,8 TeV jets
Dijets
Jets

• Now consider fits but 
added to MSHT20 baseline 
with no diff. top or           .

• Basic pulls as before.

• However relative impact on 
uncertainty different. Now 
jets more significant at 
high    .

Clear that interplay with other data in fit drives impact. In 
particular greater consistency between dijets and        .

!
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• In more detail, Dijets and     
both prefer rather higher 
gluon in                         region  
(          out to higher    ).
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Consistency within datasets
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• 7 & 8 TeV data ~ consistent 
for inclusive jets.

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

• That is: all dijet fits 
completely driven by CMS 8 
TeV data.
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• At higher     clear difference 
between pulls of ATLAS and 
CMS (also seen in 
MSHT20).

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

• Again CMS 8 TeV 
driving fit.
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Technical aside (1) - NP corrections
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• Not just high precision QCD/EW 
needed. 

• Nonperturbative corrections enter at 
same level ~ NNLO QCD corrections. 
Percent level (two-point) uncertainties.

• Turning off in dijet fit,      deteriorates 
from 1.12 to 1.40. Some impact on gluon.
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Technical aside (2) - K-factors

• NNLO QCD corrections included via K-factors. MC uncertainties on 
these not negligible. 

• We argue better to fit these to smooth functions. Can impact on fit quality 
at the ~ 0.1-0.2 per point level, though PDFs very stable.

• Provides cleaner idea of improvements from NLO to NNLO etc.
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Technical aside (3) - CMS 8 dijets
• Systematic uncertainties related to jet calibration correlated across 
kinematic (rapidity/     ) space. Shape of these indicates anti-correlation 
between certain regions. However hepdata entries entirely positive.
• Through discussion with CMS colleagues have changed sign to more 
‘natural’ (anti)-correlation.
• In the end this makes very little difference: improves      by ~ 1-2 points 
and gluon very stable. But more by chance than design.
• Detailed understanding/bookkeeping of systematic correlations key.

Appendix

Figure A.3: The relative size of the jet energy scale uncertainties for the sources SinglePionECAL,
SinglePionHCAL, and FlavorQCD are shown for all y

ú and yb bins.
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The strong coupling

• All results so far performed with fixed value of 
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LHL et al., Eur.Phys.J.C 75 (2015) 9, 
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• Jet data can clearly be sensitive to 
value of strong coupling.

• However this is strongly correlated 
to extracted gluon.

• Work in preparation.

-4

-2

0

2

4

6

8

0.0001 0.001 0.01 0.1

x

Gluon (NNLO), Q2
= 10

4
GeV

2

↵S(M2
Z) = 0.116

↵S(M2
Z) = 0.117

↵S(M2
Z) = 0.118

↵S(M2
Z) = 0.119

↵S(M2
Z) = 0.120

-20

-10

0

10

20

30

0.0001 0.001 0.01 0.1

x

Strange quark (NNLO), Q2
= 10

4
GeV

2

↵S(M2
Z) = 0.116

↵S(M2
Z) = 0.117

↵S(M2
Z) = 0.118

↵S(M2
Z) = 0.119

↵S(M2
Z) = 0.120

Figure 13: Percentage di↵erence in the NNLO gluon and strange quark PDFs at Q2 = 104

GeV2 relative to central (↵S(M2
Z) = 0.118) set for fits with di↵erent values of ↵S, with the

percentage error bands for the central set also shown.

Figure 14: Percentage di↵erence in the NNLO up and down quark PDFs at Q2 = 104 GeV2

relative to central (↵S(M2
Z) = 0.118) set for fits with di↵erent values of ↵S, with the percentage

error bands for the central set also shown.
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• Care needed in interpretation of 
preferred value of          in PDF 
sensitive observables outside of 
global fit.
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Summary/Outlook
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★ Impact of 7 + 8 TeV inclusive jets and dijets consistent (within 
uncertainties). However precise pulls not identical.

★ Fit quality better for dijets and impact on gluon uncertainty larger in 
MSHT baseline fit.

★ Great impact driven by 3D nature of CMS 8 TeV data, but also 
interplay with other data in fit. Global view needed.

• We find:
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★ NNLO QCD corrections improve fit quality for inclusive jets and 
absolutely essential for dijets.

★ Some difference in pulls between ATLAS/CMS for inclusive jets. Not 
seen in dijet data.

★ However, for dijets this is essentially a trivial statement, as here 
completely driven by single CMS 8 TeV dataset.

★ Our results qualitatively similar, though not identical in all cases, with 
original NNPDF study. See Tommaso’s talk (now).
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• Not discussed here:

★ Impact of missing higher order corrections. Essential to include these in 
fit before making firm conclusion about jets vs. dijets and interplay with 
other data in fit. Work ongoing.

Figure 10: Data vs. MSHT20 NNLO theory for the ATLAS 8 TeV W±+ jets data with W+ (W�) in the
left (right) plots. The purple represents the unshifted data, the black the data after shifting via correlated
and uncorrelated systematics and other error sources, and the red line is the MSHT20 theory prediction,
with these data included in the fit. The errors plotted here are the total uncorrelated errors for each point.

4.3 CMS W + c data.

We include CMS data on the production of W+ charm jets. In principle one might think that

this is not appropriate as there is no NNLO calculation of this process included at present,

with the full NNLO corrections to the dominant CKM-diagonal contribution only recently

calculated [123]. However, we choose to include it essentially as a cross check on the impact

of other data, given the degree of tension observed between the dimuon and ATLAS W , Z

data. In particular, it provides a very direct constraint on the strange quark and strange

antiquark (when one considers W+ and W
� data separately). In practice, the data are fit very

well with a strange (and antistrange) quark distribution which is a compromise between the

dimuon and ATLAS W , Z data, but given the small number of data points and relatively low

statistical precision, the pull of the data is not very strong. The NNLO corrections from [123]

appear to imply a positive correction in the cross section of perhaps up to 10% relative to the

NLO included in MSHT20, hence this suggests they may provide a marginal additional pull

downwards on the strange PDF. It should be noted however that the NNLO calculations are

performed using a flavour-k? algorithm, which is not used in the measurement, and hence the

precise value of this K–factor is not yet firmly established.

4.4 LHC data on jets

We now include a far more extensive collection of collider jet data. In [1] we only included

Tevatron jet data [124,125] at NNLO, using the threshold approximation to NNLO corrections

[126]. As mentioned, we still apply this approximate NNLO correction to these data sets, as

the data are all quite near threshold and now carry very little weight in the fit. However, we

25

★ Other jet related data. For example, 
ATLAS 8 TeV W + jets included in 
MSHT20 fit. Sensitive to high    gluon/
quarks. Well fit, with moderate impact.

Thank you for listening!
(and over to Tommaso)
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★ Jets in DIS. No included so far in 
MSHT20, but to be looked at.


