
PDF benchmarking
…on the road to PDF4LHC21

J. Huston
Michigan State University
for PDF4LHC benchmarking group

For more details, see the talk of Tom Cridge at DIS21.
Thanks to Xiaoian Jing for new figures. 



Precision physics

l Precision physics at the LHC requires precise 
determinations of PDFs and of as(mZ) PDG 2019



PDFs
l Determined from global fits to 

data from a wide variety of 
processes, both from fixed
target and collider
experiments, with an
increasing contribution from
the LHC itself

l The 3 groups are CTEQ-TEA 
(CT), MSHT (new acronym) 
and NNPDF

l Each uses on order of 4000 
data points to determine the 
best fit PDFs and their 
uncertainties
� with CT and MSHT using a 

Hessian formalism and NNPDF 
using a neural net formalism

l Each group provides regularly 
updated sets of PDFs

to better understand similarities and
differences, it is useful to periodically
perform benchmarking exercises



…as for example, PDF4LHC15
l combination of CT14, MMHT2014, NNPDF3.0

• 1 year benchmarking exercise comparison of above PDFs
• comparing theory and treatment of experimental data from each group
• 300 Monte Carlo replicas generated for each of the above PDFs
• condensed to Hessian sets with from 30-100 members for distribution to users 

with central PDFs and error PDFs representing the three published PDFs
• good (too good?) agreement for gluon-gluon luminosity

…over 1200 citations



…in the meantime
l New critical data sets from the LHC on Drell-Yan, top, 

jets, W/Z+jets
l NNLO predictions available for all of above allowing this 

data to be included in PDF fits
� transferring NNLO information to global PDF fits still 

a bit of an issue, i.e. precision of K-factors (statistical 
jitter->need to smooth and/or use statistical error), 
availability of grids

l New NNLO PDFs available (CT18, MSHT20, 
NNPDF3.1) that make use of this LHC data (NNPDF4.0 
not yet publically available)
� additional technical improvements to the PDF fits

l These PDF sets will be used for the construction of  
PDF4LHC21



PDF4LHC21
• new PDFs CT18, MSHT2020, NNPDF3.1, containing large amount of LHC data
• some new/different techniques, i.e. fitted charm* for NNPDF3.1

• exercise: start with a reduced data set large enough to provide constraints, 
small enough that resulting PDFs should be similar for the different groups

• add more data sets, ttbar, jets … leading to something close to full data sets
• end result in ~few months: central PDFs and Hessian error sets representing the 

3 published PDFs->30-50 error PDFs should be sufficient
• paper will appear on archive (PDF4LHC15 paper has 1200 citations)

consistency with PDF4LHC15,
a bit more of a spread of the gg 
uncertainty bands than for the
2015 combination; some of 
gg fusion Higgs uncertainty will
be due to spread of central
values
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*charm is fit as a free PDF rather then
being generated through evolution



Aside: uncertainties
l PDF uncertainties depend first on the experimental uncertainties of 

the data (the path to 1% precision goes through the data)
l Data from two measurements, or even from within the same 

measurement,  can both be very precise, but the result of adding 
both to the PDF fit can be an increase in the PDF uncertainty (or 
more likely)  a smaller decrease in uncertainty than expected) if the 
data are in tension with each other 

l The resultant PDF uncertainty relies on the definition of a 
tolerance, i.e. (in the Hessian fit perspective) what is a significant 
increase from the global minimum c2, i.e. PDF uncertainty can be 
adjusted by changing the tolerance

l Dc2=1 is not applicable for ~4000 data points from different 
experiments

l NB: CT (Tier 2) and MSHT (dynamic tolerance) have introduced 
criteria to restrict the pull of data sets that disagree with global fit; 
can lead to non-Gaussian behavior



Datasets: CT18 example

Spartyness, a
statistical variable
that indicates the 
degree of tension
of a given data 
set with the
resultant PDF

Spartyness should
have a normal
distribution with a
mean of zero and
a standard
deviation of 1



CT18: 3681 data points, c2=4255 (similar c2/dof values for MSHT20, NNPDF3.1) 

LHC data



Benchmarking
l Origins of differences of PDFs

� due to variations of experimental input, different theory choices, fitting 
methodologies?

� so for benchmarking, use common theory settings (i.e. perturbative charm, 
mcharm=1.4 GeV, s=sbar at input scale, as(mZ)=0.118, positive-definite 
PDFs, no deuteron or nuclear corrections…)

l …and start with reduced set that contains targeted data

-later added ATLAS tt data
-now adding additional
LHC jet data



Theory/systematic errors
l First step, ensure that theory predictions are the same 

for each group, i.e. make predictions for data used in
reduced fit using PDF4LHC15 predictions
� some differences observed, understood

l Verify that treatment of systematic errors is the 
same/similar 



c2 values for reduced fits



Reduced fits
Reasonable agreement for the most part.  

strange is one of the least
well-determined PDFs



Uncertainties
Uncertainties increased with respect to full global fits, but in agreement with each other.

more variation in
uncertainty.



PDF luminosities

uncertainty band for 
all 3 PDFs larger (as 
expected); good overlap

Higgs



High x gluon
l Of great interest for both SM physics and searches
l 3 main datasets sensitive to high x gluon: jet data, top data, Z pT data
l Tensions between data sets, tensions within data sets

� correlated systematics important
l Consider ATLAS 8 TeV top datasets: mtt,yt,ytt,pTtop

� MSHT, CT, ATLAS cannot get good fit to all correlated distributions 
together, or to yt, ytt separately, in either reduced fit or full global fit

� NNPDF able to fit rapidity distributions if systematics for each 
observable are de-correlated; for correlated case find same large 
chisquares as the other PDFs

l Theory predictions check out, i.e. common theory used by all groups
l NB: top data sets have a low number of data points; NNPDF cannot 

divide into training and validation, so all data in training
� small data sets are effectively double-weighted (e.g. E866, CMS W 

charge asymmetry)



Tim Hobbs, Pavel NadolskyUseful tool



notice importance of jet data 

ideally, the sum at any x value should be
zero; non-zero indicates non-Gaussianity





L2 sensitivity for CT18red and MSHTred

use tolerance2=10, no Tier 2 penalty for CT18red
… and remember that the gluon distributions for all reduced PDFs are similar



L2 sensitivity for NNPDF3.1red for the gluon distribution

…this is using the MC
replicas; they have also
been converted into a
Hessian error set; results
are equivalent



Can also look at sensitivities for individual experiments

…expect L2 sensitivities for each PDF flavor to average to about zero (Gaussian 
behavior); asymmetric errors from dynamic (Tier 2) tolerance can change that 



Can also look at sensitivities for individual experiments



Can also look at sensitivities for individual experiments



ok, what’s the plan
l Add additional jet data sets into reduced set (in 

progress), consider impact on ATLAS tt and on gluon 
distribution
� ATLAS and CMS 7 TeV data

l Use L2 sensitivity to understand impact of each data 
set on PDF fits (in progress)
� differences between impact of Tier 2/dynamic 

tolerances on full fit compared to reduced fit
l Expand to complete CT18, MSHT20, NNPDF3.1 global 

fits
l Provide PDF4LHC21 PDF sets, collect even more 

citations



PDF4LHC21 and NNPDF4.0

from Maria’s talk on Monday, Tommaso’s talk
this session: the situation for gg looks different 
for NNPDF4.0 than for 3.1; spread of central 
PDFs would stillcontribute to gg PDF uncertainty 
(but plan is to use NNPDF3.1 in PDF4LHC21)
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Some points for discussion

l Any lessons from experience with PDF4LHC15 (from a 
user perspective) that we should take into account? 

l There are some variations that we could consider for 
additional PDF4LHC21 results
� perturbative vs fitted charm for NNPDF
� small x resummation effects->affects low x gluon

� very important for 100 TeV collider 
(PDF4100TeV?)

� any need for such additional sets?
l A new question: inclusive jets vs dijets

� my personal opinion: should be no significant 
difference between inclusive jets and dijets; with 
correlations can use both (studies underway in 
ATLAS)



Have you ever 
considered PDF 
benchmarking?



PDF4LHC15 exercise
l 300 Monte Carlo replicas generated from error sets of each of the 3 global 

PDF sets; information can be summarized in far fewer error PDFs


