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1. Introduction

Introduction - PDF Landscape
PDF4LHC15 was a 1 year benchmarking exercise of the CT14,
MMHT14, NNPDF3.0 PDFs which resulted in a combination set.
It has now been more than 5 years since the PDF4LHC15
benchmarking exercise.
Increasing amounts of data coming out of the LHC, greater
precision, more channels, more differential ⇒ many changes in
PDFs.
In addition there have been theoretical improvements ⇒ full NNLO
predictions, and methodological improvements (parameterisations,
algorithms, etc).
PDFs now known more accurately and precisely than ever before,
but some differences remain ⇒ benchmarking needed.
We consider 3 global PDF fits most recent sets, which include
much of the recent datasets: MSHT20, CT18, NNPDF3.1.
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1. Introduction

Introduction - Changes in PDFs

Reduction in PDF uncertainties seen across all 3 groups.
Central value agreement not as good, some differences emerging.
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Plots from L.
Harland-Lang

Note: CT18A shown for ease of comparison, however CT18 is the default set.



2. Approach

PDF Benchmarking: Aim and Approach
New PDFs CT18, MSHT2020, NNPDF3.1 ⇒ now is a good time
to undertake a benchmarking exercise, examine and understand
differences ahead of a new PDF4LHC future combination.
End result of exercise will be a PDF4LHC21 set of PDFs.
Desire to understand origin of differences:

I Are they due to variations of experimental input, different theory
settings, methodologies? Are these equally valid choices?

Seek to remove as many differences in input/approach as possible:
I Common input data - Small subset of datasets ⇒ reduced fits.
I Common theory settings wherever possible.
I Examine methodological differences in parallel as much as possible.

Reduced fits offer ease of comparison at expense of robustness.
To benchmark the reduced fits:

I Compare PDFs directly to look for areas of difference.
I Compare χ2 to determine particular datasets showing differences.
I Compare cross-sections and point-by-point theory predictions.
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2. Approach

PDF Benchmarking: Datasets
Chosen subset of datasets fit by all 3 groups in (almost) the same
way, list is surprisingly small! Small reduced fit set.
Take most conservative cuts applied by any group for consistency.
Ensure enough datasets and a sufficient variety of dataset types are
fit to have some (but incomplete) constraints on all PDF flavours.
Overall list:

I NMC deuteron to proton ratio in DIS.
I NuTeV dimuon cross-sections.
I HERA I+II inclusive cross-sections from DIS.
I E866 fixed target Drell-Yan ratio pd/pp data.
I D0 Z rapidity distribution.
I ATLAS W ,Z 7 TeV rapidity distribution, only Z peak and central.
I CMS 7 TeV W asymmetry.
I CMS 8 TeV inclusive jet data.
I LHCb 7, 8 TeV W ,Z rapidity distributions.
I BCDMS proton and deuteron DIS data.
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2. Approach

PDF Benchmarking: Theory Settings
Choose common theory settings for simplicity:

I Same heavy quark masses (mc = 1.4GeV, mb = 4.75GeV) and
αS(M2

Z ) = 0.118.
I No strangeness asymmetry at input scale: (s − s̄)(Q0) = 0.
I Perturbative charm.
I Positive definite quark distributions (lack of constraint may allow

negative fluctuations).
I No deuteron or nuclear corrections.
I Fixed branching ratio for charm hadrons to muons.
I NNLO corrections for dimuon data.

Note: These are not the chosen settings for any one group, but
rather are a compromise to the least common denominator in each
case, we would not recommend them for a full global fit.
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3. Reduced vs Global Fits

Reduced Fits: CT18 changes - central values
Current Status:

Good compatibility with some increase in ū, and change in high x
gluon shape. Some changes in flavour decomposition.
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3. Reduced vs Global Fits

Reduced Fits: CT18 changes - uncertainties
Current Status:

Some increase in nominal PDF uncertainties, particularly at low x .
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3. Reduced vs Global Fits

Reduced Fits: NNPDF3.1 changes - central values
Current Status:

Good compatibility, changes in strangeness (see later) and change
in large x gluon (removal of top data, addition of CMS 8 TeV jet).
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3. Reduced vs Global Fits

Reduced Fits: NNPDF3.1 changes - uncertainties
Current Status:

Generally slightly increased uncertainties, particularly for the gluon.
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3. Reduced vs Global Fits

Reduced Fits: MSHT20 changes - central values
Current Status:

Good compatibility, changes in strangeness (removal of 8 TeV
ATLAS W ,Z data), flavour decomposition and large x gluon.
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3. Reduced vs Global Fits

Reduced Fits: MSHT20 changes - uncertainties
Current Status:

General marked increase in uncertainties of reduced fit, particularly
outside of regions where there are data.
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4. Comparison of Reduced Fits

Reduced Fits PDF Comparison - central values
Current Status:

Good general agreement within uncertainties, perhaps with the
exception of high x flavour decomposition of NNPDF.
Nonetheless, strangeness and flavour decomposition improved
through benchmarking (NuTeV - later).
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4. Comparison of Reduced Fits

Reduced Fits PDF Comparison - uncertainties
Current Status:

Similar size uncertainties in data regions, MSHT generally larger
errors where constraints lacking in reduced fit.
Parallel study into differences in uncertainty bands ongoing.
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5. Reduced Fits χ2 Comparison

PDF4LHC15 in Predictions Datasets χ2 Comparison
First make predictions with PDF4LHC15 PDFs, identifies any
differences in theory/data between groups with fixed PDFs.
Current status:

Similar overall quality of fit for MSHT and CT in χ2/N, NNPDF
significantly larger χ2/N.
Differences in some datasets:

I Difference in NNPDF HERA χ2 - flavour scheme, disappears in fit.
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5. Reduced Fits χ2 Comparison

Reduced Fits Datasets χ2 Comparison
Current status:

Similar overall quality of fit in χ2/N.
Differences remaining in some datasets:

I NuTeV agreement improved but difference remains, seen in s + s̄.
I Some potential differences in ATLAS 7 TeV W ,Z and LHCb?
I Some differences in NNPDF fit quality to small datasets.
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6. Flavour Decomposition - Strangeness and NuTeV

Flavour Decomposition - Strangeness and NuTeV
One of the main differences between the first reduced sets was in
the flavour decomposition and strangeness.
NuTeV dimuon data key driver of this, complicated dataset:

I Requires knowledge of charm → hadrons branching ratio (BR).
I Non-isoscalar nature of target.
I Prefers non-zero strangeness asymmetry.
I Acceptance corrections required.

BR(c → µ) anti-correlated with total
strangeness, 3 groups have different
default values:

I NNPDF 0.086± 0.05
I MSHT 0.092± 0.1 variable.
I CT 0.099, normalisation uncertainty.

MSHT20 reduced fit χ2/N:
Dataset /BR 0.086 0.092 0.099
NuTeV Dimuon 58.8/71 49.6/71 68.5/71
ATLAS 7 TeV W , Z 60.8/34 65.1/34 57.1/34
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6. Flavour Decomposition - Strangeness and NuTeV

Flavour Decomposition - Strangeness and NuTeV
Setting all variables the same in all 3 fits - same Dimuon BR fixed
at 0.092, all treat non-isoscalarity, same acceptance corrections.
NNPDF strangeness reduced as expected, CT strangeness increases.

Better strangeness agreement, certainly in data region, now largely
within uncertainties between all 3 groups.
Also aids reduction in flavour decomposition differences.

Thomas Cridge PDF4LHC2021 Benchmarking 14th April 2021 19 / 25

Plots from J. Rojo



7. High x gluon - ATLAS tt̄

High x gluon
High x gluon of interest to both reduced and global fits.

3 main datasets play a role
here - jet data, top data,
ZpT data, different pulls:
Not straightforward to fit
some of them:

I Difficulties fitting all bins.
I Possible tensions.
I Issue of correlated

systematics.

MSHT, CT, NNPDF observe differences in the relative importance
of these datasets and the quality of their individual fits
- does the same hold in reduced fits and can we understand this
better in this context?
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7. High x gluon - ATLAS tt̄

ATLAS 8 TeV multi-differential tt̄ lepton+jets
Comes differential in 4 variables with statistical and systematic
correlations - mtt , yt , ytt , pT

t .
MSHT∗, CT+ difficulties fitting all 4 distributions simultaneously.
MSHT, CT, ATLAS− cannot get good fit to yt or ytt individually.
NNPDF however able to fit all 4 distributions well individually †.

Benchmarking:
Start by adding this to the reduced fit, first check theory
predictions for PDF4LHC15 read in (no fitting):

I Data agree and theory agrees to better than 1%.
I All groups χ2 in agreement and follow same pattern:

Distribution/N MSHT CT NNPDF
pT

t /8 3.0 3.1 3.4
yt/5 10.6 10.1 9.5
ytt/5 17.6 15.3 16.2
mtt/7 4.3 4.2 4.1

I Differences in global fits likely not from tt̄ theory implementations.
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† Czakon et al 1611.08609.

+ Kadir et al 2003.13740.
− ATL-PHYS-PUB-2018-017.



7. High x gluon - ATLAS tt̄

Benchmarking ATLAS 8 TeV tt̄ lepton+jets
What happens when this dataset is added to the reduced fits?
Two cases considered - “uncorrelated” (all systematic and
statistical correlations between distributions turned off) and
“correlated” (including all correlations, produces a very poor fit):

Distribution/N pT
t /8 yt/5 ytt/5 mtt/7 Total

MSHT uncorrelated 3.9 8.4 12.5 6.4 31.2
NNPDF uncorrelated 7.2 3.9 5.1 2.5 18.7

CT uncorrelated 3.4 12.9 17.3 6.1 39.7
MSHT correlated - - - - 130.6

NNPDF correlated - - - - 122.7
MSHT decorrelated - - - - 35.3

MSHT observe usual pattern as in global fits, pT
t and mtt can be

fit but yt , ytt struggle, although better than in full fit. Awful fit if
all correlations included, can fit with parton shower decorrelation.
CT see usual global fit pattern also, poor fits to rapidities yt , ytt .
NNPDF however able to fit rapidity distributions in uncorrelated
case, yet correlated case similar to MSHT.
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7. High x gluon - ATLAS tt̄

Benchmarking ATLAS 8 TeV tt̄ lepton+jets
Potential explanations lie in other datasets included - tensions?
NNPDF-4.0, will have much more jet data, sees similar issues as
MSHT, CT, ATLAS for this dataset.
Useful to consider different jet datasets as well as CMS 8 TeV jets.
Potential further explanation is division of training and validation
data in NNPDF - training fraction 50% but for small datasets such
a division is unfeasible - all data in training.
Potentially double-weights small datasets - e.g. ATLAS tt̄.
May also explain NNPDF better fit of E866 DYratio data and CMS
W charge asymmetry data (15 and 11 points respectively):

Dataset MSHT uncorrelated NNPDF uncorrelated MSHT uncorrelated double weight
Total 2314.1 2731.4 2313.3
χ2/N 1.15 1.20 1.15

DYratio (15) 9.5 5.2 9.2
CMS W asym. (11) 14.2 8.2 10.2

pT
t (8) 3.8 7.2 4.2

yt (5) 8.4 4.3 5.8
ytt (5) 12.5 5.7 7.4
mtt (7) 6.4 2.4 6.5
tt̄ total 31.2 19.6 23.9
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8. Reduced Fits Status Summary - Luminosities

Reduced Fits: Current Status Summary∗

Very good agreement in gluon-gluon, quark-quark and quark-gluon
luminosities. (Latter two in backup slides).
Differences in quark-antiquark luminosity, still some flavour
decomposition differences, although within MSHT uncertainties.
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9. Conclusions and Future Work

Conclusions and Future Work
Fitting reduced datasets checks consistency between different
groups, provides an environment to analyse origin of differences.
Good overall consistency is now observed in the reduced fits
between the three groups involved, particularly in luminosities.
Sources of differences in strangeness in reduced fits largely
identified, currently analysing high x gluon region of interest.
Some differences in flavour decomposition and uncertainties of
reduced fits remain, mainly outside of data regions.
Several possibilities for further investigations:

I Continue analysis of high x gluon differences, consider different jet
datasets - and their effects on both the ATLAS tt̄ and the gluon.

I Ongoing effort to consider different uncertainties.
I Expand reduced fits towards global fits.

Overall very good progress towards benchmarking the global fits
and beyond that eventual combination ⇒ PDF4LHC21.
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Many thanks to all those involved in this work/discussions, special thanks to T. Hobbs, T.-J.
Hou, L. Harland-Lang, P. Nadolsky, E. Nocera, J. Rojo, R. Thorne for providing tables/plots/fits.
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10. Backup Slides

Introduction - New Datasets (MSHT20)

Lots of new information constraining PDFs.
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LHCb W ,Z data at
high rapidity

CMS W+c

Precision DY data

⇒ Flavour
Decomposition

LHC Jet, ZpT , tt̄
data
⇒ High x gluon

MSHT20, 2012.04684



10. Backup Slides

Introduction - Changes in PDFs: MSHT20

Notable changes in strangeness (ATLAS W ,Z data), down valence
(new data and parameterisation), gluon (new jets, top, ZpT data).
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10. Backup Slides

Effect of new LHC data in MSHT20
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10. Backup Slides

Introduction - Changes in PDFs: Uncertainties

Reduction in PDF uncertainties seen across all 3 groups.
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Plots from L.
Harland-Lang

Note: CT18A shown for ease of comparison, however CT18 is the default set.



10. Backup Slides

Introduction - Changes in PDFs: Uncertainties

Reduction in PDF uncertainties seen across all 3 groups.
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Note: CT18A shown for ease of comparison, however CT18 is the default set.
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Introduction - Changes in PDFs: Central Values

Central value agreement not as good, some differences emerging.
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10. Backup Slides

Introduction - Changes in PDFs: Central Values

Central value agreement not as good, some differences emerging.
In summary:

I Large amount of progress since the last PDF4LHC combination on
experimental, theoretical and methodological fronts.

I Some differences emerging between the 3 sets.
⇒ now is a good time to undertake a benchmarking exercise ahead
of a new PDF4LHC future combination.
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10. Backup Slides

ATLAS 8 TeV multi-differential tt̄ lepton+jets
MSHT∗, find difficulties fitting all 4 distributions - mtt , yt , ytt , pT

t -
simultaneously. CT find same and fit only pT

t and mtt together.
MSHT, CT+, ATLAS− cannot get good fit to yt or ytt individually.
NNPDF however able to fit all 4 distributions well individually †.
Different pulls observed for
mtt , pT

t relative to yt , ytt :
CT, MSHT decorrelate parton
shower systematic to obtain
reasonable fit to pT

t and mtt for
former or all 4 for latter:
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Decorrelate parton shower
(within and between)

∗ S. Bailey & L.Harland-Lang 1909.10541.
† Czakon et al 1611.08609.

+ Kadir et al 2003.13740.
− ATL-PHYS-PUB-2018-017.

Plot from C.-P. Yuan



10. Backup Slides

Benchmarking ATLAS 8 TeV tt̄ lepton+jets
Start by adding this to the reduced fit, first check theory
predictions for PDF4LHC15 read in (no fitting).
Differences noted in data treatment due to shifting (MSHT) to
centre of asymmetric errors, differences in theory due to inclusion
(MSHT) or not (CT,NNPDF) of EW corrections.
Upon removal of these differences, data agree and theory agrees to
better than 1%.
All groups χ2 in agreement
and follow same pattern:

Distribution/N MSHT CT NNPDF
pT

t /8 3.0 3.1 3.4
yt/5 10.6 10.1 9.5
ytt/5 17.6 15.3 16.2
mtt/7 4.3 4.2 4.1

Differences in global fits
likely not from tt̄ theory
implementations.

Thomas Cridge PDF4LHC2021 Benchmarking 14th April 2021 10 / 19



10. Backup Slides

ATLAS 8 TeV multi-differential tt̄ lepton+jets: MSHT20∗

MSHT observe the rapidity yt and ytt distributions have very poor
fit quality even when fit alone.
Moreover, fitting the pT

t and mtt together or all 4 datasets
combined results also in a very poor fit:

Tensions exists between shifts required for large systematics of the
different distributions, particularly parton shower uncertainty (and
ISR/FSR and hard scattering systematics).
Two-point systematic evaluated using 2 Monte Carlo generators,
assuming any correlation factor determined applies fully correlated
way across all bins and distributions is a strong assumption.
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Decorrelate parton shower
(within and between)

∗ S. Bailey & L.Harland-Lang 1909.10541 and MSHT20 2012.04684.



10. Backup Slides

ATLAS 8 TeV multi-differential tt̄ lepton+jets: MSHT20∗
Assumption of full correlation of parton shower systematic can be
relaxed, then a resonable fit is possible.
CT decorrelate this systematic between distributions and fit the pT

t
and mtt combination only by default †.
MSHT do this decorrelation between all 4 distributions and also
split it into 2 sources varying smoothly within each distribution:

Then a reasonable fit is
possible, e.g. in MSHT20:
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and MSHT20 2012.04684.

† T.-J. Hou et al, CT18 1912.10053.
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ATLAS 8 TeV multi-differential tt̄ lepton+jets
What effect does the inclusion of this data in the reduced fit have
on the gluon?

Fitting all 4 distributions separately, uncorrelated ⇒ gluon moves
down at high x , driven by the rapidity data.
Applying correlations ⇒ gluon raised and shape altered at high x .
Decorrelating parton shower between distributions ⇒ reverts the
gluon to shape obtained when all 4 separately uncorrelated fitted.
Additionally decorrelating within distributions ⇒ moves gluon
closer to fit without tt̄ data as its constraining power is reduced.
Overall, gluon shape moves in direction of global fit gluon.
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10. Backup Slides

ATLAS 8 TeV multi-differential tt̄ lepton+jets gluon
What effect does the inclusion of this data in the reduced fit have
on the gluon?

Double weighting (yellow) pulls gluon further in direction of
rapidity pull (lower at high x) as expected.
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Reduced Fits χ2 replica distributions
As well as the overall PDFs, can analyse χ2.
Can use CT/MSHT reduced fit eigenvectors to generate replicas.

Overall distributions of reduced fits replicas similar between CT
and MSHT, particularly non-symmetrised versions.
Symmetrised versions in better agreement with NNPDF but still
different.
Some limited qualitative agreement at least for symmetrised case.
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Reduced Fits: Current Status Summary∗

Very good agreement in the gluon-gluon, quark-quark and
quark-gluon luminosities.
Differences in quark-antiquark luminosity, still some flavour
decomposition differences, although within MSHT uncertainties.
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Deuteron and Nuclear Corrections in MSHT20
Several older DIS datasets use deuteron or heavy nuclear targets.
Deuteron data required to fully separate u, d at moderate-large x .
Heavy nuclear data, via C.C. scattering, required for more
constraints on flavour decomposition and strange (dimuon data).
Deuteron correction is 4-parameter prefactor to usual average of p
and n:

Nuclear correction is prefactor∗:

This is multiplied by a 3-parameter modification function to allow
penalty-free change in shape and/or normalisation.
Both deuteron and nuclear corrections prefer modifications of 1%.
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Future Work

Several possibilities for further investigations:
I Continue analysis of high x gluon differences, consider different jet

datasets - and their effects on both the ATLAS tt̄ and the gluon.
⇒ Of interest to both reduced fit benchmarking and global fits.

I Further work perhaps to identify source of flavour decomposition
differences?

I Ongoing effort to consider different uncertainties - CT implementing
MSHT dynamic tolerance to analyse reduced fit uncertainty
differences. Could repeat for NNPDF by generating Hessian set.

I Expand reduced fits towards global fits to see how any remaining
differences alter.

Once this is done we can consider a combination of the global fit
PDFs ⇒ PDF4LHC21.
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Conclusions
Fitting reduced datasets is a good mechanism to check consistency
between different groups, provides an environment where any
differences in treatment are more relevant to the overall PDFs.
Allows analysis of origin of differences ⇒ are they due to different,
equally valid choices in theoretical, methodological or data
approaches.
Good overall consistency found between the three groups involved,
particularly in luminosities.
Sources of differences in strangeness in reduced fits largely
identified, currently analysing high x gluon region of interest.
Some differences in flavour decomposition and uncertainties
remain, mainly outside of data regions.
Overall very good progress towards benchmarking the global fits
and beyond that eventual combination.
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Many thanks to all those involved in this work/discussions, special thanks to T. Hobbs, T.-J.
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