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Hadrons 
l  The proton is a dynamical object; the structure observed depends on the 

time-scale (Q2) of the observation 
l  But we know how to calculate this variation (DGLAP) (at LO, NLO, NNLO) 
l  We just have to determine the starting points from fits to data 

the higher the value of Q2, 
the more detail we examine 
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Parton distribution functions and global fits 

l  Calculation of production cross 
sections at the LHC relies 
upon knowledge of PDF’s in 
the relevant kinematic region 

l  PDFs are determined by 
global analyses of data from 
DIS, DY and jet production…
now adding additional LHC 
processes such as ttbar 
production, W/Z/photon +c, etc 

l  PDF fitting groups come out 
with new PDF sets as new 
data/technology warrants, at 
LO, NLO and NNLO 
◆  ABM12 
◆  CT14 
◆  HERAPDF2.0 
◆  MMHT2014 
◆  NNPDF3.0 

high  
mass  
region 
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PDFs are important 

…at least to my citation index 
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Momentum carried by partons 

Don’t usually define top quarks as initial state partons, but could. May be  
important for 100 TeV collider.  

note: no γ	


charm saturates 
about 2.5% 
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not reliable at LHC 
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How non-reliable are LO PDFs? 

low x and high x for up 

missing 
ln(1-x)  
terms in 
LO ME 

missing ln(1/x) 
terms in LO ME  

everywhere for gluon 

Differences between NLO and NNLO PDFs 
typically much smaller.  
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Lessons 

l Don’t believe in predictions using LO 
PDFs unless you have checked at NLO 
or NNLO 

l (Don’t believe)n *  LO PDF error sets 

*where n is a large number 
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!
!

qQ PDF luminosity most important for VV 

high mass region 

qQ always 
sub-dominant 
 
gg falling rapidly 

quark-gluon comes 
in with higher order 
corrections 
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…but still have to pay attention to gg 

high mass region 

R. Rontsch  
LoopFest 2016 
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PDF luminosities: pre-history 

gluon-gluon and  
gluon-quark  
luminosities in 
reasonable, but 
again not perfect, 
agreement 
for CT10,  
MSTW08 and  
NNPDF2.3 for full  
range of invariant  
masses 
 
HERAPDF1.5  
uncertainties larger in 
general 

note the pinch 
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PDF luminosities 

quark-antiquark 
luminosities for 
CT10, MSTW08 
and NNPDF2.3 
overlap almost  
100% in W/Z  
range 
 
ABM11 systematically 
larger at small 
mass, then falls 
off more rapidly 
at high mass 

quark-quark and quark-antiquark 

for VBF 
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Uncertainties have improved 
l  …with additional data and in going from NLO to NNLO 

2010 2012 
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PDFs: the next generation 

l  NNPDF3.0 (arXiv:1410.8849) 
l  MMHT14 (arXiv:1412.3989) 
l  CT14 (arXiv:1506.07443)) 
l  HERAPDF2.0  
l  The gg PDF luminosities for the 

first three PDFs are in good 
agreement with each other in the 
Higgs mass range 

NNPDF down by 2-2.5%, CT14 up by ~1%, 
MMHT14 down by ~0.5% 
  partially data, partially corrections in  
fitting code, partially changes 
in fitting procedures 
 
lead to new PDF4LHC recommendations 
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A comparison of ggF at NNLO 

CT14 MMHT2014 NNPDF3.0 

8 TeV 18.66 pb 
-2.2% 
+2.0% 

18.65 pb 
-1.9% 
+1.4% 

18.77 pb 
-1.8% 
+1.8% 

13 TeV 42.68 pb 
-2.4% 
+2.0% 

42.70 pb 
-1.8% 
+1.3% 

42.97 pb 
-1.9% 
+1.9% 

The PDF uncertainty using this new generation of PDFs (2-3%) is similar in  
size to the NNNLO scale uncertainty and to the αs(mZ) uncertainty.  

scale = mH 
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Progress with recent PDFs 
Note in  
particular the  
changes in the 
gg luminosity, 
especially 
important in  
the Higgs  
mass region 
 
 
Note also  
differences 
remaining in 
high mass region 
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Progress with recent PDFs 
The gg precision 
has improved, 
but the qQ has 
not.  
 
We hope (and 
think) we are 
making progress, 
but next generation 
of PDFs could  
lead to somewhat 
different behavior, 
either data or  
formalism. 
 
The variation from 
generation to  
generation is  
related to the  
accuracy of the  
PDF sets.  
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Other new sets out as well 

behavior for 
HERAPDF2.0 
and ABM12 
somewhat  
different 
 
HERAPDF2.0 
uncertainties 
tend to be  
larger 
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note pinch 
again; not 
quite so  
severe 



!
!

Three main uses of PDFs at LHC 

For 2), use individual PDF sets. 
 
For 1), a more general uncertainty requires more than the use of 1 PDF set. 
 
For 3), may want to use an average of PDF sets. This point seems to be confusing to  
some, i.e. you can use PDF4LHC15 PDFs for MC generation. 
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What PDFs to use? 
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Monte Carlo representation 
l  So based on the criteria on the previous slide, we use 

CT14, MMHT2014 and NNPDF3.0, with the option of 
adding additional sets in future upgrades if they satisfy 
the listed criteria 

l  In the previous recommendation, we used an envelope 
of 3 PDF sets; envelope determined by outliers  

l  Given the level of agreement of the 3 PDFs that will be 
used, try for a more relevant statistical approach 

l  Generate Monte Carlo replicas, equal numbers from 
error PDF sets of CT14, MMHT2014 and NNPDF3.0 
using Thorne-Watt procedure 
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Aside 

…a different 
opinion, basically 
stating that all 
PDFs should be  
used for a general 
estimate of the  
total uncertainty 
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Monte Carlo replicas 

900 replicas 
seems enough 
 
->MC900 
or 
PDF4LHC_prior 
 
note that here we 
are trying for 
precision 
 
the accuracy is 
another question. 
that is outside 
the realm of  
choosing a given 
number of 
replicas 
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MC900 
Note that 
MC900 is  
not the  
envelope of 
the 3 PDF 
error bands 
 
The PDF error 
bands  
themselves 
are similar  
for the 
precision  
physics  
region, but 
not for low 
mass/high 
mass 
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Reduced sets 
l  900 error PDFs are too much for general use 
l  We would like to reduce this number while still maintaining as 

much information on the uncertainties and on correlations between 
PDF uncertainties as possible 

l  We have settled on 3 techniques/outputs 
◆  Compressed Monte Carlo PDFs (PDF4LHC15_nnlo(nlo)_mc) 

▲  100 PDF error sets; preserve non-Gaussian errors 
◆  META Hessian PDFs (PDF4LHC15_nnlo(nlo)_30 

▲  30 PDF error sets using METAPDF technique; Gaussian 
(symmetric) errors 

◆  MCH Hessian PDFs (PDF4lhc15_nnlo(nlo)_100 
▲  100 PDF error sets using MCH technique; Gaussian 

(symmetric errors) 
l  The META technique is able to more efficiently reproduce the 

uncertainties when using a limited number (30) of error PDFs 
l  The MCH technique best reproduces the uncertainties of the 900 

MC set prior->precision, not accuracy 
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Some comparisons: Hessian sets 

NB: differences of the _30 
at low mass mostly due to  
extremely low x values   

no y cut for these plots 
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Some comparisons for Higgs production 
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Application to cross sections 
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High mass for VV 
l  Look at dominant qqbar initial 

state 
l  Overlap of 3 global PDFs similar 

to PDF4LHC15 combinations in 
the precision mass regions, but at 
higher mass, CT14 tends to go 
low, NNPDF3.0 to go high, 
leading to an overlap band larger 
than PDF4LHC15 band 
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Correlations 

l Useful to look at correlations of PDFs or of 
cross sections 
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Correlations 
probably only 1  
digit for the  
correlations is  
significant, so  
plot like on right is 
more relevant 
 

correlations can differ 
significantly for example 
from the individual PDFs 
 
from YR2 
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Correlations for VV (Jun Gao) 

thick is ZZ 
thin is WW 
 
VV is LO; doesn’t  
include gg 
initial state 

all agree on 
very strong  
correlation 
with W/ZH 
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Correlations for VV 
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(Relatively) New 
l  Photon PDFs 

◆  the photon is a constituent of 
the proton just as quarks and 
gluons are 

◆  it also evolves just as quarks 
and gluons do, but with Abelian 
splitting kernels 

◆  it’s much smaller than the other 
PDFs and there are fewer  
experimental handles to try to 
estimate its size 

◆  but as it has implications for 
high mass physics, such as VV 
(or for a hypothetical particle at 
750 GeV which may be 
produced by a γγ initial state), 
or EW corrections for just about 
any LHC final state, it’s 
something we have to 
understand better 

arXiv:1509.02905 
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Photon PDFs 
l  MRST were the first 

◆  parametrize inelastic* contribution to 
the photon at initial scale Qo as  

◆  Pγqofo(x) is the convolution of the quark 
to photon splitting function with the 
primordial quark distribution 

◆  define Ai=ln(Q2/Qi
2), and setting Qi to 

current quark masses; alternatively 
use constitutent quark masses 

l  CT14qed followed a similar approach, 
but fitting to DIS data with isolated 
photons from ZEUS that allowed a 
constraint on the total photon 
momentum 

l  NNPDF2.3 used a more general 
photon parametrization, allowing 
photon to be fit to data (W,Z, Drell-
Yan); this implicitly includes an elastic 
component as well 
*There is also an elastic component for the  
photon in which the proton remains intact.  
See, for example, arxiv: 

fit constrains 
the photon PDF; 
γCM doesn’t fit the 
data;  
data fit well for  
current quark 
prescription with γ	

momentum fraction 
(at Qo)=0.1%; 90%CL 
from 0 to 0.14% 
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Evolution of photon PDF 
Elastic component of photon PDF shrinks as Q increases. Elastic does not evolve.  

includes elastic 
 
perturbative only, 0% intrinsic  

with 0.14% intrinsic 

elastic not negligible 
at high x, though 
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Evolution of photon PDF 
Elastic component of photon PDF shrinks as Q increases. Elastic does not evolve.  

includes elastic 
 
perturbative only, 0% intrinsic  

with 0.14% intrinsic 

elastic not negligible 
at high x, though 

artifact of 
model 
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NNPDF2.3qed 

appreciable  
fraction of WW cross  
section at large 
mass 

arxiv:1308.0598 
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…but 
l  ATLAS fit to  Drell-Yan data 

prefers photon distribution at 
lower end of NNPDF2.3qed 
uncertainty band, << central 
value 

l  Also, arXiv:1603.04874 

incorrect evolution at low x; 
fixed in NNPDF3.0qed 
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How bright is the photon?: arXiv:1607.04266 

Can define the MS photon PDF in terms of proton structure functions, resulting in 
a constraint of the photon PDF at the level of 1-2% over a broad range of x.  

LUXqed ratio with respect to LUXqed 

comes closest to LUXqed 

elastic component still important 

evolution at low x fixed 

only 8 and 100 
TeV shown for  
NNPDF 
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LoopFest last week 
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very good agreement with 
sherpa and NNLO 
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Charm 
l  The charm quark distribution is 

generated perturbatively through 
gluon splitting 

l  So normally no charm below 
ccbar threshold 

l  But what if there is an intrinsic 
charm present in the proton at 
low Q 

l  This has been Stan Brodsky’s 
dream for some time 
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Intrinsic charm 
l  …and has been studied by 

CTEQ in, for example, arXiv:
1309.0025 and in proceedings 
of DIS2014 
◆  these analyses carried  out at 

NNLO 

l  Two types of models: 
Brodsky-like (valence-like) or 
Sea-quark like 

l  One Brodsky-like model, 
BHPS1 actually leads to a 
modest reduction in χ2, but as 
we said in the paper, it’s 
interesting, but not enough to 
claim the discovery of intrinsic 
charm 
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New NNPDF paper 
l  Fit charm with flexibility present in 

other PDFs 
◆  this analysis carried out at NLO 
◆  this can be dangerous for a PDF 

that’s poorly constrained, as we 
saw for the photon 

l  Use EMC charm structure function 
data in global fit 
◆  EMC data has not been used in 

PDF fits for several decades due 
to known problems with the data 

▲  pointed out by the 
experimenters themselves 

◆  NNPDF argument is that data is 
precise enough to provide 
evidence of intrinsic charm 

◆  enchanced charm without the 
EMC data, but with much larger 
uncertainty 

◆  reduction in global χ2 with 
inclusion of fitted charm 

arXiv:1605.06515 + Richard Ball 
at LoopFest last week 
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LHC Impact 

even if intrinsic charm 
present at NNPDF  
level, cC final state 
will still be suppressed 
at high mass with 
respect to uU, but 
contribution would be 
noticeable 
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Impacts at LHC 
l  Impacts for any charm-related 

cross section but also for 
cross sections like Higgs ggF 

l  Noticeable change in central 
value and envelope, 
especially for fitted charm with 
no EMC 

l  If true, this would reflect on 
the accuracy of the previous 
error band 

l  NNPDF3.1 plans to use 
intrinsic/fitted charm as part of 
their baseline formalism 

l  So uncertainty for ggF will 
change for next PDF4LHC 
update 
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Further investigations 

l  Also, I’m working with J. Winter, F. Siegert and J. Krause on 
inclusion of photon+charm at NLO into Sherpa 
◆  need Sherpa-like framework since fixed-order is not sufficient 
◆  data from 2016 should be enough to discriminate 

no discrimination 
in LHC data so far, 
nor in Tevatron 

fitted charm     BHPS1
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LHC jet data 
l  In global PDF fits, we assume that 

fixed order (with non-perturbative 
predictions) is sufficient to describe 
the data, as long as the cross 
sections are sufficiently inclusive, 
such as the inclusive jet cross section 

l  There seems to be some difference 
between Powheg+parton shower and 
Powheg+fixed order 

l  This is not seen with Sherpa 
l  …and needs to be better understood 
l  In Les Houches 2015 study for Higgs

+jets observables, all ME+PS 
programs devolve to underlying fixed 
order predictions in non-Sudakov 
regions, i.e. the parton showers 
have little effect on either the 
normalization or shape of these 
cross sections 

l  So far ATLAS and CMS jet data seem 
to be pulling the high x gluon in 
different directions 

We eagerly await the final NNLO  
predictions for the inclusive jet cross section. 
only qq not published. NNLO corrections  
are small for all published sub-processes.  
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tT differential data 
l  tT differential cross 

sections provide a great 
handle on the high x 
gluon distribution 
◆  may settle the 

struggle between 
ATLAS and CMS jet 
data 

◆  More  
l  Recent calculation by 

Czakon, Heyes and 
Mitov; arXiv:1511.00549 

l  How can the predictions 
differ by so much at high 
mass, rapidity? If it’s the 
PDFs, then this should be 
clearly labelled 
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NB 
l  Modern technology for ME+PS programs allows the underlying event 

to be calculated (and tuned) using one PDF and the matrix element 
evaluation and parton showering to be done with another 
◆  can think of it as an effective factorization 

l  That UE PDF can even be LO…in fact usually better/easier if it’s LO 
l  Thus, a lot of work that is carried out by LHC experiments on 

creating tunes for new versions of PDFs can be avoided 
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Can also re-weight on the fly 
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8 is enough 
l  PDF4LHC15_30 is a general purpose 

LHC set 
l  Can re-diagonalize eigenvector set to 

look for directions most sensitive to a 
particular class of physics, for 
example Higgs physics 

l  In that case, 8 PDFs are sufficient 
l  Could also do the same for VV 

production 
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Summary 
l  First, let me summarize what I didn’t talk about 

◆  the combined HERA1+2 data set was released after this last generation of 
PDF sets 

◆  all PDF groups have included the data in a new round of (private) fits, and find 
that it doesn’t change the results obtained with using HERA1 data alone 

l  …and this 
◆  sometimes data is included in PDF fits not directly, but by re-weighting; I think 

this is typically not done correctly, and over-estimates the effect of the data-
>work in progress 

l  It appears that the photon PDF is fairly-well constrained now, and fairly small 
l  The idea of a large intrinsic charm component still needs more study, both 

theoretical and experimental 
◆  LHC data should be able to tell us 
◆  Stan will have to keep dreaming for a bit longer 

l  PDF fitting continues to grow in sophistication and in the amount of LHC data 
included in the fits 
◆  still hard to fight the precision of the DIS data 
◆  ATLAS, CMS, LHCb data have to agree in order to reduce the current size of 

PDF uncertainties 
◆  some PDFs, such as charm, strange, photon, and the high x gluon still have 

large uncertainties, but with further data/improvements, should improve 
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We don’t have the 750 GeV any more, but we still 
have … 

l  The new high precision Les Houches wishlist presents 
some real (and important) challenges for QCD and EW 
calculators 

l  The data to be taken in Run 2 by ATLAS and CMS 
requires the effort 

l  Don’t delay 
l …and just remember 
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Les Houches 2017 June 5-23 

Winter Les Houches is coming 

The topics in this talk, and many others, will be investigated.  



!
!

Ciaran Williams presents his vision of British 
HEP after Brexit 
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Extras 
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Some pre-history: PDF4LHC 

l  In 2010, we carried out an exercise to 
which all PDF groups were invited to 
participate 

l  A comparison of NLO predictions for 
benchmark cross sections at the LHC 
(7 TeV) using MCFM with prescribed 
input files 

l  Benchmarks included 
◆  W/Z production/rapidity 

distributions 
◆  ttbar production 
◆  Higgs production through gg 

fusion 
▲  masses of 120, 180 and 240 

GeV 
l  PDFs used include CTEQ6.6, 

MSTW08, NNPDF2.0, HERAPDF1.0, 
ABKM09, GJR08  
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PDF4LHC recommendations(arXiv:1101.0538) 

So basically, this is a factor of 2.  
 
At the time of this prescription, neither CTEQ nor NNPDF had NNLO PDFs.  
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More benchmarking 
2 studies in 2011 Les Houches proceedings(1203.6803) 
l  Benchmarking for inclusive DIS cross sections 

◆  with S. Alekhin, A. Glazov, A. Guffanti, P. Nadolsky, and J. 
Rojo 

◆  excellent agreement observed  
l  Benchmark comparison of NLO jet cross sections 

◆  J. Gao, Z. Liang, H.-L. Lai, P. Nadolsky, D. Soper, C.-P. Yuan 
◆  compare EKS results with FastNLO (NLOJET++) 
◆  excellent agreement between the two if care is taken on 

settings for jet algorithm, recombination scheme, QCD scale 
choices 
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Higgs Yellow Reports 

paralleled 2010 PDF4LHC 
report more extensive use of PDF and cross 

section correlations 
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Followup  

l  Study of NNLO PDFs from 5 PDF groups (no new updates for JR) 
◆  drawing from what Graeme Watt had done at NNLO, but now including 

CT10 NNLO, and NNPDF2.3 NNLO 
▲  HERAPDF has upgraded to HERAPDF1.5; ABM09->ABM11 

◆  using a common values of αs (0.118) as a baseline; varying in range 
from 0.117 to  0.119) 

◆  including a detailed comparisons to LHC data which have provided 
detailed correlated systematic error information, keeping track of 
required systematic error shifts, normalizations, etc 

▲  ATLAS 2010 W/Z rapidity distributions 
▲  ATLAS 2010 inclusive jet cross section data 
▲  CMS 2011 W lepton asymmetry 
▲  LHCb 2010 W lepton rapidity distributions in forward region 

l  The effort was led by Juan Rojo and Pavel Nadolsky and has resulted in 
an independent publication 

l  The results from this paper were utilized in a subsequent PDF4LHC 
document(s) 

l  …and are  in YR3 
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Now on LHAPDF 
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Recommendations 
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Pedagogical text about their use has been added 

…continues with discussion of MC PDFs 
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LHC data in global PDF fits 
l  LHC data will become increasingly 

important in global fits 
l  Not just inclusive jet data but for 

processes such as inclusive photon 
production, Drell-Yan, W/Z rapidity, ttbar 
mass and rapidity 

l  For any process to be used in a global 
PDF fit, correlated systematic errors 
must be provided 

l  2010 inclusive jet data from ATLAS 
provides no discrimination 

l  Data from 2011/2012, with increased 
statistics and improved systematics may 

l  Note that LHC data is competing against 
HERA data where two experiments 
have been combined and statistical and 
systematic errors are a few percent 
◆  may be difficult to compete in the 

precision physics range a la gg-
>Higgs 

◆  but definitely will contribute in the 
discovery physics range 

•  2010 ATLAS data lies below NLOJET++ 
prediction using CT10 at high pT/y 
•  difference if Powheg used instead of fixed  
order? extra radiation? 
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l …but consider the 2012 
inclusive jet 
measurement from CMS 
(8 TeV) where CT10 
seems to provide a good 
description 

l …with much higher 
statistics and improved 
systematics 

l  Errors aren’t public yet 
so don’t know the impact 
on global PDF fits 
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l …whereas 
NNPDF2.3 (or 
MSTW08) seems to 
be below the data at 
high pT 


