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Motivation

Uncertainties on Parton Distribution Functions (PDFs) are often the limiting factor 
in precision Standard Model studies and New Physics searches

Experimental push

Parton Distributions and LHC phenomenology
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1) PDFs fundamental limit for Higgs boson 
characterization in terms of couplings

Juan Rojo                                                                                                                      Experimental Seminar, SLAC, 07/04/2015

Solid: no TH unc!
Hatched: with TH unc

Accurate and reliable PDFs are crucial

for exploiting the full potential of LHC  
experiments

PDF uncertainties are a crucial 
input at the LHC, often being 
the limiting factor in the 
accuracy of theoretical 
predictions, both SM and BSM

J. Campbell, ICHEP 2012 

PDFs: why bother?

1

G. Watt, 2012

PDF uncertainty of each PDF set
Value of αS(MZ)
Combination of different PDF sets

Parton Distributions and LHC phenomenology
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2) Very large PDF uncertainties (>100%) for BSM heavy particle production

NLO+NLL calculations by Kulesza et al, NLL-fast collaboration

KNLO+NLL = (NLO+NLL)/NLO

Squark Pair Production Gluino Pair Production

Juan Rojo                                                                                                                      IPPP Seminar, Durham, 11/06/2015



Motivation

Impressive progress in computation of higher order corrections (QCD & EW)

Theoretical push

Top pair at NNLO                                                                              Alexander Mitov                                                                             Cannes, 26 Sep 2014 

Czakon, Fiedler, Mitov, super preliminary 
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FIG. 3: The gluon fusion cross-section at all perturbative or-
ders through N3LO in the scale interval [mH

4 ,mH ] as a func-

tion of the center-of-mass energy
p
S.

top-quark is infinitely heavy and can be integrated out,
see eq. (2). Moreover, we assumed that all other quarks
have a zero Yukawa coupling. Finite quark mass e↵ects
are important, but it is su�cient that they are inlcuded
through NLO or NNLO. Indeed, finite quark-mass e↵ects
have been computed fully through NLO in QCD [30],
while subleading top-quark mass corrections have been
computed at NNLO systematically as an expansion in
the inverse top-quark mass [34]. In these references it
was observed that through NLO finite quark mass ef-
fects amount to about 8% of the K-factor. At NNLO,
the known 1

m
top

corrections a↵ect the cross-section at

the ⇠ 1% level. A potentially significant contribution
at NNLO which has not yet been computed in the lit-
erature originates from diagrams with both a top and
bottom quark Yukawa coupling. Assuming a similar per-
turbative pattern as for top-quark only diagrams in the
e↵ective theory, eq. (2), higher-order e↵ects could be of
the order of 2%. We thus conclude that the computation
of the top-bottom interference through NNLO is highly
desired in the near future.

Finally, the computation of the hadronic cross-section
relies crucially on the knowledge of the strong coupling
constant and the parton densities. After our calculation,
the uncertainty coming from these quantities has become
dominant. Further progress in the determination of par-
ton densities must be anticipated in the next few years
due to the inclusion of LHC data in the global fits and the
impressive advances in NNLO computations, improving
the theoretical accuracy of many standard candle pro-
cesses.

To conclude, we have presented in this Letter the
computation of the gluon-fusion Higgs production cross-
section through N3LO in perturbative QCD. While a
thorough study of the impact of electroweak and quark
mass e↵ects is left for future work, we expect that the re-
maining theoretical uncertainty on the inclusive Higgs
production cross-section is expected to be reduced to
roughly half, which will bring important benefits in the
study of the properties of the Higgs boson at the LHC
Run 2. Besides its direct phenomenological impact, we
believe that our result is also a major advance in our un-
derstanding of perturbative QCD, as it opens the door to
push the theoretical predictions for large classes of inclu-
sive processes to N3LO accuracy, like Drell-Yan produc-
tion, associated Higgs production and Higgs production
via bottom fusion. Moreover, on the more technical side,
our result constitutes the first independent validation of
the gluon splitting function at NNLO [14], because the
latter is required to cancel all the infrared poles in the
inclusive cross-section. In addition, we expect that the
techniques developed throughout this work are not re-
stricted to inclusive cross-sections, but it should be pos-
sible to extend them to certain classes of di↵erential dis-
tributions, like rapidity distributions for Drell-Yan and
Higgs production, thereby paving the way to a new era
of precision QCD.
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 Recently massive development of NNLO higher-order calculations …!
 … now we even have the Higgs gluon fusion xsec at N3LO! Scale uncertainties down to 2%!!
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 PDF uncertainties are now dominant for a number of crucial LHC processes, and thus it is crucial to match 
the accuracy of hard-cross section calculations with that of the PDFs!

Anastasiou et al, arxiv:1503.06056

Pole approximation for mixed EW/QCD corrections 13

EW/QCD corrections in pole approximation vs POWHEG
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) naive product only appropriate for observables dominated by

resonance and insensitive to recoil

• Comparison of EW/QCD pole approximation to structure

function/shower approach to FSR in progress (Dittmaier/Huss/CS)

C. Schwinn DY theory status SM@LHC 2015

QCD/EW for DY

R. Boughezal et al, [arXiv:1504.02131]

C. Anastasiou et al, [arXiv:1503.06056]A. Mitov et al, Top2014

C. Schwinn,SM@LHC2015
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Figure 4: The transverse momentum spectrum of the W -
boson at LO, NLO and NNLO in perturbation theory. The
bands indicate the estimated theoretical error. The lower in-
set shows the ratios of the NLO over the LO cross section,
and the NNLO over the NLO cross section. The red vertical
error bars in the lower inset indicate the scale-variation error.

the NNLO cross section for a process with N final-state
jets to be written as the NLO cross section for N +1 jets
in the region TN > T cut

N , plus a contribution arising from
TN < T cut

N . The lower TN region can be obtained by
expanding out the resummation formula for this variable
to the appropriate order. The last missing ingredient
needed to obtain this expansion was the soft function,
which we have now derived [34]. We have validated our
approach in several ways: when possible the various com-
ponents have been cross-checked against known results in
the literature, the necessary cancellation of the logarith-
mic T cut

N between the phase-space regions TN > T cut
N and

TN < T cut
N has been established, and we have reproduced

known results for Higgs production in association with a
jet at NNLO. We are fully confident that the TN subtrac-
tion is a novel and powerful approach to the computation
of QCD cross sections at higher orders in perturbation
theory.

The NNLO corrections to the W+jet process indicate
a remarkably stable perturbative series ready to be used
for precision measurements at the LHC. The corrections
when going from NLO to NNLO in the strong coupling
constant decrease the cross section by approximately 3%,
and are flat as a function of the leading-jet pjetT . The
residual scale variation is reduced from ±20% at NLO
to the percent-level at NNLO. We will further study the
phenomenological impact of our NNLO result in future
work, including the prediction for the exclusive one-jet
bin, where an intricate interplay between various sources
of higher-order corrections was recently pointed out [45].

We believe that the jettiness-subtraction technique in-
troduced here represents a watershed moment in the field

of higher-order calculations. For the first time a com-
pletely general subtraction scheme valid for any number
of final-state jets has been introduced that is based on a
factorization theorem which extends to all orders in per-
turbation theory and is straightforward to implement in
existing frameworks for NLO calculations. We anticipate
that the W+jet process presented here is only the first
of many results obtained with this novel technique.
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 Inclusive jets and dijets 
         (medium/large x)
 Isolated photon and γ+jets 
         (medium/large x)
 Top pair production (large x)
 High pT Z(+jets) distribution 
          (small/medium x)
 
 High pT W(+jets) ratios 
         (medium/large x)
 W and Z production 
         (medium x)
 Low and high mass Drell-Yan 
         (small and large x)
 Wc (strangeness at medium x)

 Low and high mass Drell-Yan 
 WW production
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Data
Inclusion of LHC data

Parton Distribution Functions
Where do we measure them, where do we use them

This is the region where we 
measure PDFs, from DIS 
and Tevatron experiments

This is the region where we 
want to use PDFs for 

predictions at the LHC

DGLAP evolution

x dependence of PDFs at the 
reference scale extracted 
from (global) fits to data



(Unpolarized proton) PDF Determinations Overview
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Dataset Pert. 
Order

HQ 
Treatment α Param. Uncert.

ABM12 
[arXiv:1310.3059]

DIS

Drell-Yan
 NLO


NNLO
FFN


(BMSN)
Fit


(multiple values 
available)

6 indep. PDFs

Polynomial

(25 param.)

Hessian

(Δ

CT14 
[arXiv:1506.07443] Global

LO

NLO


NNLO
GM-VFNS

(S-ACOT)

External

(multiple values 

available)

6 indep. PDFs

Polynomial

(27 param.)

Hessian

Tolerance

HERAPDF2.0 
[arxiv:1506.06042]

DIS  
(HERA I+II)

NLO

NNLO

GM-VFNS

(TR)

External

(multiple values 

available)

5 indep. PDFs

Polynomial

(14 param.)

Hessian

(Δ

MMHT14 
[arXiv:1410.3989] Global

LO

NLO


NNLO
GM-VFNS


(TR)
Fit


(multiple values 
available)

7 indep. PDFs

Polynomial

(37 param.)

Hessian

Dyn. Tolerance

NNPDF3.0 
[arXiv:1410.8849] Global

LO

NLO


NNLO
GM-VFNS

(FONLL)

External

(multiple values 

available)

7 indep. PDFs

Neural Nets

(259 param.)

Monte Carlo

[LHAPDF v6.1.5 - http://lhapdf.hepforge.org/]

http://lhapdf.hepforge.org/%5D


Parton Distributions after LHC Run I 
Dataset

DATASET
NNPDF3.0 MMHT14 CT14(PREL)

SLAC P,D DIS ✔ ✔ ✗
BCDMS P,D DIS ✔ ✔ ✔
NMC P,D DIS ✔ ✔ ✔
E665 P,D DIS ✗ ✔ ✗
CDHSW NU-DIS ✗ ✗ ✔
CCFR NU-DIS ✗ ✔ ✔
CHORUS NU-DIS ✔ ✔ ✗
CCFR DIMUON ✗ ✔ ✔
NUTEV DIMUON ✔ ✔ ✔
HERA I NC,CC ✔ ✔ ✔
HERA I CHARM ✔ ✔ ✔
H1,ZEUS JETS ✗ ✔ ✗
H1 HERA II ✔ ✗ ✗
ZEUS HERA II ✔ ✗ ✗

E605 & E866 FT DY ✔ ✔ ✔
CDF & D0 W ASYM ✗ ✔ ✔
CDF & D0 Z RAP ✔ ✔ ✔
CDF RUN-II JETS ✔ ✔ ✔
D0 RUN-II JETS ✗ ✔ ✔
ATLAS HIGH-MASS DY ✔ ✔ ✔
CMS 2D DY ✔ ✔ ✗
ATLAS W,Z RAP ✔ ✔ ✔
ATLAS W PT ✔ ✔ ✗
CMS W ASY ✔ ✔ ✔
CMS W +C ✔ ✗ ✗
LHCB W,Z RAP ✔ ✔ ✔
ATLAS JETS ✔ ✔ ✔
CMS JETS ✔ ✔ ✔
TTBAR TOT XSEC ✔ ✔ ✗

TOTAL NLO 4276 2996 3248
TOTAL NNLO 4078 2663 3045

THE NNPDF3.0 DATASET
A BRIEF SUMMARY

NEW IN NNPDF3.0

• COMBINED HERA CHARM PRODUCTION (55
D.P)

• HERA II ZEUS+H1 STRUCTURE FUNCTIONS
(778 D.P.)

• ATLAS 2.76TEV JETS (59 D.P.)

• ATLAS HIGH-MASS DRELL-YAN (5 D.P.)

• ATLAS W pT (9 D.P.)

• CMS W MUON ASYMMETRY (11 D.P.)

• CMS DOUBLE-DIFFERENTIAL DRELL-YAN
(110 D.P.)

• CMS JETS (133 D.P.)

• CMS W + c (10 D.P.)

• LHCB Z RAPIDITY (9 D.P.)

• ATLAS & CMS TOP TOTAL XSECT (3+3 D.P.)

• TOTAL DATASET:
4276/4078 (NLO/NNLO)
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Parton Distributions after LHC Run I

Impact of LHC data (still) moderate but definitely noticeable

Impact of LHC data

Large-x gluon 
inclusive jet & top

Strangeness 
W+charm

Light flavours 
W asymmetry & 
(2D) Drell-Yan



Parton Distributions after LHC Run I
Improved agreement among global PDF sets

J. Houston, PDF4LHC 2015

“progress in convergence between the parton distribution functions will also be needed in
order to reduce the theoretical uncertainties below the experimental measurement
uncertainties.”

(J.Ellis, arXiv:1504.03654, April 15, 2015)

PROGRESS!
HIGGS IN GLUON FUSION

J.HUSTON, PDF4LHC, APRIL 2015

• ALMOST PERFECT AGREEMENT BETWEEN GLOBAL PDF FITS

• COMES OUT OF THE BOX, THANKS TO METHODOLOGICAL IMPROVEMENTS

Almost perfect agreement 
among the newest releases 
of global PDF sets for ggH

“Progress in convergence between the parton distribution functions will also be needed in order 
to reduce the theoretical uncertainties below the experimental measurement uncertainties”

J. Ellis, [arXiv:1504.03654]

9

ggF @ NNLO (pb) CT14 NNPDF3.0 MMHT2014

8 TeV 18.66 18.77 18.65

13 TeV 42.68 42.97 42.70

J. Houston, PDF4LHC April 2014

News for LHC@13 TeV
Gluon luminosity and Higgs production



Parton Distributions for LHC Run II

Precision LHC phenomenology, 
including EW effects, requires 
parton distributions with QED 
effects included in the evolution 
and a photon PDF 


NNPDF2.3 QED is the most 
recent PDF fit based on (N)NLO 
QCD + LO QED evolution and 
with a photon PDF determined 
from DIS and Drell-Yan (low- 
mass LHCb, W & Z peak and 
high-mass ATLAS) production 

LHC data are crucial for a reliable 
determination of the photon PDF 
 

Parton Distributions with QED corrections (NNPDF2.3 QED)

Dataset Observable Ref. Ndat [ηmin, ηmax]
[

Mmin
ll ,Mmax

ll

]

LHCb γ∗/Z Low Mass dσ(Z)/dMll [49] 9 [2,4.5] [5,120] GeV
ATLAS W,Z dσ(W±, Z)/dη [50] 30 [-2.5,2.5] [60,120] GeV

ATLAS γ∗/Z High Mass dσ(Z)/dMll [51] 13 [-2.5,2.5] [116,1500] GeV

Table 2: Kinematical coverage of the three LHC datasets used to determinethe photon PDF.

to guarantee that good accuracy is obtained by starting with a large number of photon
replicas. The initial prior set is thus obtained combining 500 photon PDF replicas with
a standard set of 100 NNPDF2.3 replicas. In practice, this is done by simply producing
five copies of the NNPDF2.3 100 replica set, and combining each of them at random with
one of the 500 photon PDF replicas obtained from the QED fit to DIS data discussed
in the previous section. The procedure is performed at NLO and NNLO, in each case
combining the photon PDF from the combined QED+QCD fit to DIS data with the other
PDFs from the corresponding standard NNPDF2.3 set. Furthermore, the procedure is
repeated for three different values of αs = 0.117, 0.118, 0.119. We find no dependence
of the photon PDF on the value of αs, though there are minor differences between the
photon determined using NLO or NNLO QCD theory in the DIS fit.
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Figure 11: Correlation between the photon PDF and the LHC data of Tab. 2, shown as
function of x for Q2 = 104 GeV2. Each curve corresponds to an individual data bin.

In each case, the set of Nrep = 500 replicas is then evolved to all scales using combined
QED+QCD evolution. Note that this in particular implies that no further violation of the
momentum sum rule is introduced on top of that which was present at the initial scale,

17
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Figure 27: Correlations between the W pair production cross section of Fig. 26 and the photon
PDF from the NNPDF2.3QED NLO set for Q = 104 GeV2. Each curve corresponds to one of 40
equally spaced bins in which the M cut

WW
range of Fig. 26 has been subdivided.

cuts.

33

Photon PDF strongly correlated 
with WW production at the LHC

[R. D. Ball et al, arXiv:1308.0598]
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Figure 17: Same as 16 for the NNPDF2.3QED NNLO PDF set.

are given by ⟨χ2⟩ = 25.6±164.4. After reweighting the value becomes ⟨χ2⟩ = 1.117±0.098,
thus showing that the χ2 of indvidual replicas has become on average almost as good as
that of the central reweighted prediction.

A first assessment of the impact of the photon-induced corrections and their effect
on the photon PDF can be obtained by comparing the data to the theoretical prediction
obtained using pure QCD theory and the default NNPDF2.3 set, QCD+QED with the
prior photon PDF, and QED+QCD with the final NNPDF2.3QED set. The comparison
is shown in Figs. 12-15 for the NLO sets (the NNLO results are very similar): in the left
plots we show the QED+QCD prediction obtained using the prior PDF set, and in the
right plots the prediction obtained using the final reweighted sets, compared in both cases
to the pure QCD prediction obtained using DYNNLO and the NNPDF2.3 set. At the W,Z
peak, the impact of QED corrections is quite small, though, in the case of neutral current
production, to which the photon-photon process contributes at Born level, when the prior
photon PDF is used one can see the widening of the uncertainty band due to the large
uncertainty of the photon PDF of Fig. 6. At low or high mass, as one moves away from
the peak, the large uncertainty on the prior photon PDF induces an increasingly large
uncertainty on the theoretical prediction, substantially larger than the data uncertainty.
This means that these data do constrain the photon PDF and indeed after reweighting
the uncertainty is substantially reduced.

The final NNPDF2.3QED photon PDF obtained in the NLO and NNLO fits is re-
spectively shown at Q2

0 = 2 GeV2 in Fig. 16 and Fig. 17. We display individual replicas,
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LHC data (both from Run I and Run II) to provide substantial constraints on 
PDFs in the (near) future
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The future of PDF fits
Run I data not yet included in PDF fits

CMS
Measurement

p
s, Lint Motivation Reference Used in PDF

or ↵S fits
High and low mass Drell-Yan 7 TeV, 5 fb�1 Sect. 3.4. [36] [21, 118]
High and low mass Drell-Yan 8 TeV, 20 fb�1 Sect. 3.4. [45] –
Drell-Yan AFB 7 TeV, 5 fb�1 Sect. 3.4. [176] –
W asymmetry 7 TeV, 36 pb�1 Sect. 3.3. [177] –
W e asymmetry 7 TeV, 880 pb�1 Sect. 3.3. [178] –
W µ asymmetry 7 TeV, 4.7 fb�1 Sect. 3.3. [26] [26, 118]
W,Z production and rapidity 7 TeV, 3 pb�1 Sect. 3.3. [179] –
W,Z inclusive production 7 TeV, 36 pb�1 Sect. 3.3. [180] –
W,Z inclusive production 8 TeV, 19 pb�1 Sect. 3.3. [181] –
Z pT and rapidity 7 TeV, 36 pb�1 Sect. 3.5.,3.3. [182] –
Z pT and rapidity 8 TeV, 19.7 fb�1 Sect. 3.5.,3.3. [132] –
Inclusive jets 7 TeV, 5 fb�1 Sect. 3.1. [25, 183] [21, 48, 91]
Dijets 7 TeV, 5 fb�1 Sect. 3.1. [25] –
Three-jets 7 TeV, 5 fb�1 Sect. 3.1. [184] [184]
Three-jets/Di-jets ratio 7 TeV, 5 fb�1 Sect. 3.1. [49] [49]
W+charm 7 TeV, 5 fb�1 Sect. 3.6. [29] [26, 31, 91]
Z+beauty 7 TeV, 5 fb�1 Sect. 3.6. [185] –
� inclusive production 7 TeV, 36 pb�1 Sect. 3.2. [186] [28]
�+jets 7 TeV, 2.1 fb�1 Sect. 3.2. [187] –
tt̄ inclusive 7 TeV, 2.3 fb�1 Sect. 3.7. [188] [32, 33, 139]
tt̄ differential 7 TeV, 5.0 fb�1 Sect. 3.7. [189] [33]
tt̄ inclusive 8 TeV, 1.14 fb�1 Sect. 3.7. [190] [32]
tt̄ inclusive 8 TeV, 2.8 fb�1 Sect. 3.7. [191] [32]
tt̄ inclusive 8 TeV, 2.4 fb�1 Sect. 3.7. [192] [33]
tt̄ differential 8 TeV, 19.7 fb�1 Sect. 3.7. [193] –

Table 3: Same as Table 2, for the CMS experiment. In the last column, we also indicate which of these measure-
ments have been used as input for either a determination of PDFs or of the strong coupling ↵s.

4.2. Constraints from CMS
The results from the CMS collaboration sensitive to PDFs are summarized in Table 3.

High-precision measurements of the cross-sections of multi-jet production in proton-proton colli-
sions have been performed by the CMS collaboration and the systematic correlations have been inves-
tigated. Also, the potential of several jet measurements to constrain the PDFs and determine the strong
coupling has been demonstrated.

Jets are reconstructed with the same anti-k
T

clustering algorithm used by ATLAS. A different
value of radius parameter, R = 0.7, is chosen for jet analyses performed with only jets in the final state.
This is motivated by the fact that a smaller cone is more sensitive to the final state radiation effects,
which are not well described by the NLO predictions in pQCD. However, in the case of the associated
production of jets with vector bosons, the value of the jet radius R = 0.5 is preferred.

The measurement of inclusive jet production cross-sections in pp collisions at
p
s = 7 TeV based

on the data collected in 2011, has been published in Ref. [25] as a function of jet kinematics. Further-
more, the correlations of the systematic uncertainties have been reanalyzed and the recommendations
for usage of the measurement in the PDF fits published [48]. Another analysis [183], designed to test
the performance and result of different jet radii, has measured the inclusive jets cross section ratio using
the same data with two different radii parameters: 0.5 and 0.7. In this latter paper, an inclusive jet cross
section with R = 0.5 is also presented, as well as the cross section with R = 0.7 extrapolated towards
lower p

T

.
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ATLAS
Measurement

p
s, year of data, Lint Motivation Reference PDF fits

W,Z rapidity 7 TeV, 2010, 36 pb�1 Sect. 3.3. [123] [16, 21, 22, 27, 91]
High mass Drell-Yan 7 TeV, 2011, 4.9 fb�1 Sect. 3.4. [37] [21, 22, 130]
Low mass Drell-Yan 7 TeV, 2011+2010, 1.6 fb�1+35 pb�1 Sect. 3.4. [145] -
Z AFB 7 TeV, 2011, 4.8 fb�1 Sect. 3.4. [14] -
W+charm production 7 TeV, 2011, 4.6 fb�1 Sect. 3.6. [30] [30]
W+beauty production 7 TeV, 2010, 35 pb�1 Sect. 3.6. [146] -
W+beauty production 7 TeV, 2011, 4.6 fb�1 Sect. 3.6. [147] -
Z+beauty production 7 TeV, 2010, 36 pb�1 Sect. 3.6. [148] -
Z+beauty production 7 TeV, 2011, 4.6 fb�1 Sect. 3.6. [149] -
Z pT 7 TeV, 2010, 40 pb�1 Sect. 3.5. [150] -
Z pT 7 TeV, 2011, 4.7 fb�1 Sect. 3.5. [131] -
W pT 7 TeV, 2010, 31 pb�1 Sect. 3.5. [151] [22]
Z+jets 7 TeV, 2010, 36 pb�1 Sect. 3.5. [152] -
Z+jets 7 TeV, 2011, 4.6 fb�1 Sect. 3.5. [153] -
W+jets 7 TeV, 2010, 36 pb�1 Sect. 3.5. [154] -
W+jets 7 TeV, 2011, 4.6 fb�1 Sect. 3.5. [155] -
Rjets (W+jets/Z+jets) 7 TeV, 2011, 4.6 fb�1 Sect. 3.5. [156] -
Inclusive jets 7 TeV, 2010, 37 pb�1 Sect. 3.1. [157] [21, 22, 91]
Inclusive jets 7 TeV, 2011, 4.5 fb�1 Sect. 3.1. [158] -
Inclusive jets (+ 7 TeV ratio) 2.76 TeV, 2010, 0.2 pb�1 Sect. 3.1., 3.10. [24] [21, 22, 24]
Dijets 7 TeV, 2010, 37 pb�1 Sect. 3.1. [157] -
Dijets 7 TeV, 2011, 4.6 fb�1 Sect. 3.1. [159] -
Trijets 7 TeV, 2011, 4.5 fb�1 Sect. 3.1. [160] -
� inclusive production 7 TeV, 2010, 35 pb�1 Sect. 3.2. [161] -
� inclusive production 7 TeV, 2011, 4.6 fb�1 Sect. 3.2. [162] [122]
�+jets 7 TeV, 2010, 37 pb�1 Sect. 3.2. [163] -
tt̄ incl (single lepton, dilepton) 7 TeV, 2010, 2.9 pb�1 Sect. 3.7. [164] [21]
tt̄ incl (dilepton) 7 TeV, 2010, 35 pb�1 Sect. 3.7. [165] [21]
tt̄ incl (single lepton) 7 TeV, 2010, 35 pb�1 Sect. 3.7. [166] [21]
tt̄ incl (dilepton) 7 TeV, 2011, 0.70 fb�1 Sect. 3.7. [167] [21, 22]
tt̄ incl (e/µ + ⌧ ) 7 TeV, 2011, 2.05 fb�1 Sect. 3.7. [168] [21]
tt̄ incl (tau+jets) 7 TeV, 2011, 1.67 fb�1 Sect. 3.7. [169] [21]
tt̄ incl (eµ b-tag jets) 7+8 TeV, 2012, 24.9 fb�1 Sect. 3.7. [170] [22]
tt̄ differential 7 TeV, 2011, 2.05 fb�1 Sect. 3.7. [171] -
tt̄ differential 7 TeV, 2011, 4.6 fb�1 Sect. 3.7. [172] -
WW , Z ! ⌧⌧ , tt̄ xsec 7 TeV, 2011, 4.6 fb�1 Sect. 3.3. [173] -

Table 2: Overview of published PDF-sensitive measurements from the LHC Run I from the ATLAS experiment,
where we provide the center-of-mass energy, year of data, and the integrated luminosity, its motivation in terms of
PDF sensitivity, the publication reference and the references where these measurements have been used to quantify
PDF constraints.
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LHCb
Measurement

p
s, Lint Motivation Reference Used in PDF fits

W,Z muon rap dist 7 TeV, 1.0 fb�1 Sect. 3.3. [201] [21, 22]
Z ! ee rap dist 7 TeV, 0.94 fb�1 Sect. 3.3. [199] [21, 22]
Z ! ee rap dist 8 TeV, 2.0 fb�1 Sect. 3.3. [203] –
W + b/c 7,8 TeV, 3.0 fb�1 Sect. 3.6. [207] –
cc̄ production 7 TeV, 15 nb�1 Sect. 3.8. [35] [34, 43]
bb̄ production 7 TeV, 0.36 fb�1 Sect. 3.8. [210] [34]
Exclusive J/ production 7 TeV, 1.0 fb�1 Sect. 3.9. [143] –
Exclusive ⌥ production 7, 8 TeV, 3.0 fb�1 Sect. 3.9. [211] –

Table 4: Same as Table 2, for the LHCb experiment.

of data collected in 2010 [198]. These measurements, along with those of Z production in the di-electron
channel at 7 TeV [199], have been incorporated by the CT, MMHT and NNPDF collaborations into their
latest PDF fits [21, 22]. Updated measurements of the W and Z production cross-sections and their
ratio have since been performed with the full 2011 dataset [200, 201]. Among these, Ref. [201] contains
the most up-to-date and precise measurement of both the W and Z cross-sections. The precision is
significantly improved due to the larger data sample, a better understanding of the detector effects, and
an improved luminosity determination [202]. As regards the dataset collected in 2012 at a centre-of-
mass energy of 8 TeV, Z production has been measured in the di-electron channel [203], with W and Z

measurements in the more precise muon channels expected to follow in 2015.
Low-mass Drell-Yan measurements at LHCb are sensitive to x values as low as 8 x 10�6 at

Q

2 = 25 GeV2. A preliminary measurement has been performed by the collaboration at 7 TeV [204]
and work is ongoing to finalize the result with the Run-I dataset. Measurements of the associated pro-
duction of Z bosons with b-quarks and D mesons have been performed in [205, 206] while more recent
measurements of W production in association with beauty and charm jets are also presented in [207].
In the latter measurement, the jets are identified using the algorithm outlined in [208] achieving a 65%
(25%) efficiency for identifying beauty (charm) jets with a corresponding light-jet mis-tag rate of 0.3%.
The first observation of top quark production in the forward region, relevant for constraining the large-x
gluon PDF, has been also presented in [209].

Measurements of inclusive beauty and charm quark production have been performed [35,210] us-
ing data collected in 2010 and 2011 at 7 TeV. The measurements exploit LHCb’s particle identification
and vertexing capabilities to fully reconstruct B and D mesons using hadronic decay modes. As dis-
cussed in Sect. 3.8., heavy flavor production can be used to constrain the gluon distribution at low-x and
the impact of these results on the PDFs is under study by a number of groups [34].,

As discussed in Sect. 3.9., precise measurements of J/ and ⌥ photo-production can also lead to
strong constraints on the low-x gluon distribution [140]. As these processes are characterized by events
containing just two muon tracks and a large rapidity gap, LHCb is well suited to their detection due to
its relatively low pile-up running conditions and partial backward coverage. Measurements have been
made of central exclusive J/ production at a centre-of-mass energy of 7 TeV [143] with ⌥ production
in collisions at 7 and 8 TeV [211].

5. Prospects for LHC Run II measurements
In this section we present a general overview of the plans for the ATLAS, CMS and LHCb collaborations
concerning PDF-sensitive measurements for the LHC Run II, including a possible time-line. In addition,
we present the results of a profiling analysis which provides an estimate of the impact on PDFs on a
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Fig. 11: Relative uncertainty of the strange-quark (left), gluon (center) and uv � dv (right) distributions as a function of x
for Q

2 = 104 GeV2 estimated based on CT10nnlo PDF set. The outer uncertainty band corresponds to the original PDF
uncertainty. The embedded bands represent results of the PDF profiling using the complete set of observables considered in
this exercise: RW/Z , Rtt̄/Z, A` and yZ pseudo-data at 13 TeV. The various bands correspond to (from outermost to innermost
band) conservative, baseline, aggressive model of the data uncertainties.

A study was performed to clarify the dependence of PDF uncertainty reduction as a function of the
R

t

¯

t/Z

pseudo-data uncertainty. Using the procedure described in Ref. [221] the PDFs eigenvectors were
re-diagonalised to isolate a linear combination of them which affects the R

t

¯

t/Z

observable the most. For
a single measurement such as R

t

¯

t/Z

this procedure returns a single re-diagonalised eigenvector which
affects the measurement while others have no impact. This eigenvector has a significant contribution
to the gluon density uncertainty at x = 0.1, however it does not saturate the uncertainty band. As a
consequence, while the eigenvector is constrained progressively as the pseudo-data accuracy increases,
the other irreducible uncertainty component prevents from further improvement in the total gluon density
uncertainty.

The lepton-asymmetry measurement has the largest impact on the difference of the u- and d-
valence distributions, u

v

� d

v

, which is shown in Fig. 9. There is a sizable reduction in the uncertainty
for x ⇠ 0.03 and x < 0.003 kinematic regions which becomes more significant as the pseudo-data
accuracy increases.

The data on y

Z

also has largest impact on the strange-quark distribution which is shown in Fig. 10.
The effect is complementary to the impact of the W/Z cross-section ratio pseudo-data, compared which
the reduction of the uncertainty is more concentrated in the small x < 0.01 region. Similarly to R

W/Z

,
the data also constrain the ū and d̄ light sea-quark distributions.

It is interesting to notice that the level of uncertainty reduction due to inclusion of the pseudo-data
is rather similar for the CT10nnlo and MMHT14 sets while it is significantly smaller for the NNPDF3.0
set. This behavior can be most likely explained by the difference of input data used in the sets and
different level of parameterisation flexibility.

Finally, all the pseudo-data samples are profiled together in a simultaneous fit. Fig. 11 shows result
of this profiling for the CT10nnlo sample and for the most affected PDF distributions. The simultaneous
fit yields to quantitatively similar reduction of PDF uncertainties compared to the fits to the individual
observables. This is not unexpected since with exception of R

W/Z

and y

Z

, the observables are sensitive
to different PDF combinations and they are not correlated experimentally.

To summarize, the
p
s = 13TeV LHC data will make a contribution for reduction of PDF uncer-

tainties. Measurements of the cross-section ratios of the W - to Z-boson and tt̄ to Z-boson production,
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FIG. 1: Gluon PDF uncertainties at 90% C.L. for the fits without any jet data included, with the
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FIG. 2: Gluon PDF uncertainties at 90% C.L. for the fits including the Run 2 D0 and CDF jet

data, and in addition with the ATLAS pseudodata.

only include the Tevatron jet data; the theoretical systematic errors are less of an issue for

ATLAS, where the other sources of correlated errors are large. With additional correlated

shifts due to theoretical errors, we obtain a slightly harder best-fit gluon in the large-x

region. Most importantly, the PDF uncertainty increases by up to 15 at large x, and by

up to 1 percentage point at moderate x (in the Higgs production region), as a consequence

of the momentum sum rule. Needless to say, these preliminary estimates of the theoretical

uncertainty at NLO (dominated by QCD scale dependence ) will likely be reduced once the
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Fig. 12: Left plot: Gluon PDF uncertainties at 90% C.L. for the CT10-like fits without any jet data included,
compared with the fits with the Run II D0 and CDF jet data, and with the Run I ATLAS jet data included. Right
plot: same comparison, now for the fits including the Run 2 D0 and CDF jet data, and in addition with the ATLAS
Run II simulated pseudo-data.

W -boson lepton asymmetry and Z-boson rapidity distribution can be used to constrain strange-quark,
gluon and valence-quark distributions. Additional constraints from 13TeV LHC data will be provided
from more differential distributions, provided the statistical and systematic experimental uncertainties
can be kept under control. The results of Fig. 11 also nicely illustrate the advantages of achieving a
reduction of experimental uncertainties in terms of improved PDF constraints.

5.3. Projected impact of the LHC inclusive jet data
Single-inclusive jet production, a key benchmark process at hadron-hadron colliders, proceeds through
multiple parton scattering channels. Under LHC conditions, much of the PDF uncertainty of inclusive jet
cross sections arises from the gluon PDF; hence they can constrain g(x,Q) in a wide range of x. Potential
impact of future LHC jet cross sections has been recently examined in the context of the CTEQ-TEA
global analysis. The CTEQ series of PDFs include single-inclusive jet cross sections from Tevatron D0
and CDF collaborations [222, 223], and, starting with CT14, from ATLAS [157] and CMS [25]. Sect. 2
of [17] shows that the PDF uncertainty of inclusive jet data is correlated with g(x,Q) at x ⇠> 0.07 at
CDF and at x ⇠> 0.005 at ATLAS; i.e. the reach in x of jet production is extended at least by an order of
magnitude at the LHC.

Let us illustrate how the gluon PDF changes upon including various data sets on inclusive jet
production, using the framework of the CT10 NNLO QCD analysis [59] as an example. We start by
including all experiments used in CT10 NNLO, except for jet experiments, and assuming the world-
average value of the QCD coupling constant, ↵

s

(m
Z

) = 0.118. The 90% confidence level error PDFs are
found by following the Hessian approach, as summarized in [220]. Single-inclusive jet cross sections are
evaluated using fast interpolation interfaces [61, 62] to the theoretical calculation at NLO in QCD [224].
We set the factorization and renormalization scales equal to p

T

of the jet in each experimental bin, which
minimizes both the residual scale dependence at NLO [4, 225] and the NNLO/NLO correction [94] in
the partial NNLO calculation in the gg sub-channel [95,119]. Thus, the unknown NNLO corrections are
believed to be inconsequential for the present study.

We include the full ATLAS data sample (7 TeV, 37 pb�1, cone size R = 0.6). Similar outcomes
are obtained with the ATLAS data set for R = 0.4. As an option, we also estimate the possible impact
of the NLO scale dependence and missing NNLO contributions on g(x,Q) using a phenomenological
approach that is similar to the ones proposed in [226,227]. This is done by treating additional theoretical
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R

W/Z

R

t

¯

t/Z

A

`

y

Z

Kinematic range p

t,`

> 25GeV, |⌘
`

| < 2.5
Number of bins 1 1 10 12
Baseline accuracy per bin 1% 2% ⇡ 1.5% ⇡ 1.5%

Table 5: Features of the pseudo-measurements considered for the
p
s = 13TeV profiling studies

2. The data have ⇠ 1% accuracy and can be described by a simple correlation model. This criterion
excludes final states with jets, such as inclusive jet and vector boson plus jet production. With
recent developments of NNLO calculations, these data may have the power to place strong con-
straints on the PDFs. However the impact of the data depends strongly on measurement-specific
correlation model, investigation of which is beyond this study.

3. The measurement can be expressed in a simplified phase-space region with well-defined particle
to parton-level corrections. This excludes observables such as W+ charm production.

4. Only data from the central detectors ATLAS and CMS are considered.
The observables are also selected such that the correlations among them are reduced. This leads to

a preference for ratio measurements rather than absolute cross-section determinations. Measurements of
absolute cross sections with full correlation information may lead to better PDF constraints, however they
depend on detector-specific correlation model, which is difficult to follow in this simplified investigation.

Taking into account these requirements, the four pseudo-measurements used in the present study
of the PDF sensitivity of the LHC Run II at

p
s = 13TeV data are the following:

• Ratio of inclusive cross sections of W -boson to Z-boson production, R
W/Z

. The reference mea-
surements for this observable are the ATLAS measurement performed at

p
s = 7TeV [123] and

the CMS measurement at
p
s = 8TeV [181]. The ratio is considered for the fiducial region de-

fined by the lepton transverse momentum and pseudorapidity cuts, p
t

> 25GeV and |⌘| < 2.5.
The baseline uncertainty is taken to be 1%.

• Ratio of inclusive cross sections of tt̄ to Z-boson production, R
t

¯

t/Z

. The tt̄ pseudo-data are based
on the ATLAS 7 and 8TeV total cross-section measurement in eµ channel with b-tagged jets [170].
This measurement reached 2% accuracy, excluding the luminosity uncertainty. The luminosity
uncertainty cancels for the tt̄ to Z cross-section ratio. If the Z cross-section measurement is
obtained using both Z ! e

+

e

� and Z ! µ

+

µ

� channels, a significant additional cancellation of
uncertainties may be also achieved for the reconstruction of leptons. Thus 2% uncertainty on R

t

¯

t/Z

is considered as a baseline. The fiducial definition for the Z ! `` cross-section measurement is
taken to be the same as for R

W/Z

.
• Lepton charge asymmetry for W decays, A

`

. The pseudo-data are based on the CMS measurement
of the muon charge asymmetry [26]. The data are considered in fiducial region p

T

> 25GeV and
|⌘

`

| < 2.5. The data are binned in 10 bins with bin width �|⌘
`

| = 0.25. The baseline statistical
uncertainty is taken to be 0.0005 per bin, which roughly corresponds to integrated luminosity of
10 fb�1 of

p
s = 13TeV data. The baseline systematic uncertainty varies from 0.0020 to 0.0036

for the data from the most central to the most forward bin. The bin-to-bin correlation model for the
systematic uncertainties is taken similar to the CMS analysis, as implemented in the HERAfitter
package, with the correlation coefficient between 0.2 and 0.3.

• Normalized inclusive Z-boson rapidity, y
Z

. The pseudo-data are based on the CMS measurement
of the Neutral-Current Drell-Yan production at 7TeV [36]. The data are considered in fiducial
region p

T

> 25GeV and |⌘
`

| < 2.5. The pseudo-data are binned in 12 bins with bin width
�|y

Z

| = 0.2. The statistical uncertainty is expected to be negligible compared to the system-
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Profiling analysis to estimate 
the impact of (some) Run II data  
on quark combinations  
 
Study performed using the  
HeraFitter tool

Run II jet data to further  
improve constraints on 
large-x gluon



Most PDF relevant measurements at LHC are systematics limited, difficult to 
quantify how uncertainties will improve

Notable exception: high-mass tails of distributions, probing PDFs at large-x  
Preliminary studies based on pseudodata for three representative processes, 
constraining different parton-parton luminosities


Top quark pair production (gluon-gluon luminosity)

High-mass Drell-Yan (quark-antiquark luminosity)

Z transverse momentum distribution (quark-gluon luminosity)


Generate pseudodata using CMC-PDFs (combination of MMHT14, CT14 and 
NNPDF3.0)

Add ~2-3% systematic uncertainty on top of expected statistical one

The future of PDF fits
HL-LHC

Based on an exercise by J. Rojo



The future of PDF fits
HL-LHC studies!

Generate pseudo-data for the invariant mass distribution in the leptonic final state!
 Statistical uncertainties determined from number of events per bin, after a binning optimisation!
Added a 3% systematic uncertainty to the statistical uncertainty

Juan Rojo                                                                                                                      HL-LHC workshop, CERN, 13/05/2015

Generation of pseudo-data: top quark pair
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PRELIMINARY
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!
Generate pseudo-data for the invariant mass distribution of di-electrons and di-muons!
 Statistical uncertainties determined from number of events per bin, after a binning optimisation!
Added a 2% systematic uncertainty to the statistical uncertainty

Generation of pseudo-data: high-mass Drell-Yan

PRELIMINARY

!
Generate pseudo-data for the transverse momentum distribution of Z bosons decaying into leptons!
 Statistical uncertainties determined from number of events per bin, after a binning optimisation!
Added a 2% systematic uncertainty to the statistical uncertainty

Juan Rojo                                                                                                                      HL-LHC workshop, CERN, 13/05/2015
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Generation of pseudo-data: the Z pt

PRELIMINARY

!
The CMC-PDFs have been reweighted by the HL-LHC pseudo-data (each observable separately), to 
estimate the reduction in the size of the PDF uncertainties!
Compare the relevant PDF luminosities before and after including the HL-LHC pseudo-data!
For  the quark-gluon channel, measurements of the Z pt helps in reducing PDF uncertainties, though the 
coverage is limited by statistics as compared to high-mass Drell-Yan and top quark pair production

Juan Rojo                                                                                                                      HL-LHC workshop, CERN, 13/05/2015
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Impact on PDFs: top quark pair production

PRELIMINARY

Juan Rojo                                                                                                                      HL-LHC workshop, CERN, 13/05/2015
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!
The CMC-PDFs have been reweighted by the HL-LHC pseudo-data (each observable separately), to 
estimate the reduction in the size of the PDF uncertainties!
Compare the relevant PDF luminosities before and after including the HL-LHC pseudo-data!
For  antiquarks, Drell-Yan data also helps in reducing PDF uncertainties

Impact on PDFs: top quark pair production

PRELIMINARY

Juan Rojo                                                                                                                      HL-LHC workshop, CERN, 13/05/2015
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!
The CMC-PDFs have been reweighted by the HL-LHC pseudo-data (each observable separately), to 
estimate the reduction in the size of the PDF uncertainties!
Compare the relevant PDF luminosities before and after including the HL-LHC pseudo-data!
For gg channel, top quark data leads to a very substantial reduction of PDF uncertainties

Impact on PDFs: top quark pair production

PRELIMINARY



LHeC - Lepton-Hadron collision at the LHC



The LHeC project

Voica Radescu ! 9!

LHeC%ep%kinema@cs%%
  DIS%is%best%tool%to%probe%structure%of%the%proton:%

o  Processes:% % % % % %%

o  Kinema@c%variables:%

%
o  Double%Differen@al%cross%sec@ons:%

%

%

Virtuality of the exchanged boson!

Bjorken scaling parameter!

Inelasticity parameter!

Invariant c.o.m.!

At LHeC in an extended range and precision:!
"  F2 dominates!
"  sensitive to all quarks!
"  xF3 !
"  sensitive to valence quarks!
"  FL !
"  sensitive to gluons!

"      also we have F2yZ, sCC+, sCC-!

PDF4LHC – April 2013!

The LHeC kinematics represents 
a substantial extension to the 
coverage of the data which are 
used today in PDF fits


Increase in the precision of PDF in 
regions which are now 
extrapolation regions


Unique opportunity to study the 
small-x region (x~10-6) and look 
for evidence of deviations from 
DGLAP evolution (resummation/
saturation effects)



LHeC simulated dataset

Scenario B 
Integrated Luminosity: e±p=50 fb-1

Ep = 7 TeV, Ee = 50 GeV, Pol = ± 0.4

Kinematic coverage:  2 < Q2 < 5∙105 GeV2; 2∙10-6 < x < 0.8


Uncertainties

Full simulation of Neutral and Charged current measurements

Including Statistical, Uncorrelated and Correlated Systematic uncertaities

Based on H1 best values


Typical uncertainties 
Stat.: from ~0.1% (low Q2, NC) to  
~10% (CC, x = 0.7)

Uncorr. Syst.: 0.7 %

Corr. Syst.: typically 1-3% (up to 9% for high-x CC)



PDF determination setup
Data 

Hera I combined dataset

BCDMS fixed target proton/duteron DIS

ATLAS W asymmetry data (adjusted uncertainties: stat/unc. syst: 0.5%, total:1%)


LHeC simulated data Scenario B  (e±p NC/CC red. cross sections, pol = ± 0.4)


Theory setup 
HERAPDF1.0 settings

NLO DGLAP, Thorne-Roberts scheme for HQ treatment

Fitted PDFs


uv, dv, g, U = u+c, D = d+b

strange sea distribution proportional  
to non-strange sea


One small-x exp. for sea and one valence

Valence and Momentum sum rules imposed



PDF constraints from LHeC - valence sector

Knowledge of PDFs at large x 
currently limited by


Luminosity barrier

Challenging systematics

Nuclear/higher twist effects


LHeC data could help reduce the 
uncertainties on large-x valence 
distributions to


2% for uv at x=0.8

4% for dv at x=0.8


Crucial to study the d/u ratio at 
large x

Voica Radescu!  12!

Valence%distribu@on%

  Current%knowledge%
is%limited%at%high%x:%
o  Lumi%barrier%
o  challenging%

systema@c%
o  nuclear%effects%
o  Effects%of%higher%
%%%%%%twists%%

%%
  LHeC%could%improve%

the%knowledge%of%
the%valence%at%high%x%
to%a%precision%of:%
o  2%%(uval)%x=0.8%
o  4%%(dval)%x=0.8%

Important%for%d/u%
limit%clarifica@on%

%

Now…!

dval 

uval 

PDF4LHC – April 2013!

dval 

uval 

…Then!



PDF constraints from LHeC - small-x gluon
Gluon%PDF%at%low%x%

Voica Radescu ! 13!

Low x! high x!

PDF4LHC – April 2013!

This%is%where%HERA%sensi@vity%stops%

•  HERA%sensi@vity%stops%at%5x10Q4%
%

%
%The%uncertain@es%are%driven%by%the%
parametrisa@on%

•  LHeC%sensi@vity%extends%to%x=10Q6%
•  LHeC%sensi@vity%to%gluon%can%be%

improved%by%the%FL%data%as%well%
%%%%%% %(not%included%in%this%study):%

%Allows%to%study%BFKL%vs%DGLAP%
%

 
 
 
 

Sensitivity of HERA data stops at 
x~5∙10-4 

Uncertainties on small-x gluon 
driven by the parametrization


LHeC data extend down to x~10-6, 
allowing for detailed studies of 
possible deviation from DGLAP 
evolution and evidence for BFKL 
resummation or saturation effects


LHeC sensitivity to small-x gluon 
improved by use of FL data (not 
considered in the present study)



PDF constraints from LHeC - large-x gluon

Large-x gluon uncertainty in PDF fits 
quite large, mostly due to limited 
statistics (constrained by inclusive jet 
data) 

Related by evolution to large-x sea 
quarks (DGLAP evolution of valence 
distribution decouples)


LHeC can disentangle the sea from 
the valence at large-x through 
measurements of CC reduced cross 
sections, F2, F2ɣZ, xF3


Crucial for searches of high-mass 
resonances in BSM scenarios (gluino 
pair production)

Gluon%PDF%at%high%x%

Voica Radescu ! 14!

Low x! high x!

PDF4LHC – April 2013!

Currently,%high%x%gluon%is%quite%uncertain%due%to%

limited%sta@s@cs%and%reduced%sensi@vity:%

%

•  the%gluon%effects%at%high%x%are%in%the%DGLAP%

formalism%from%sea%%

%

(valence%and%gluon%are%evolved%independently)%%

%

LHeC%can%reduce%this%significantly%and%it%is%

important%to%disentangle%sea%from%valence%at%

high%x%to%get%precise%gluon%at%high%x:%

%

•  Measurements%such%CC+,%CCQ,%F2,%F2yZ,%xF3%

help%to%provide%this%decoupling%

%%

 
 
 



Releasing standard assumptions (u=d at small-x)

Due to lack of constraining data standard PDF fits assume d=u at small-x


HERA data do not constrain flavour separation at small-x, uncertainties grow 
substantially when theoretical assumptions are released


LHeC data provide enough experimental constraints to keep uncertainties on 
small-x light flavour under control 

Voica Radescu ! 18!

Unconstrained%seung%at%low%x%
  Usual%assump@ons%for%light%quark%decomposi@on%at%low%x%may%not%necessary%hold.%
  Relaxing%the%assump@on%at%low%x%that%u=d%,%we%observe%that%uncertain@es%escalate:%
%

%

•  One%can%see%that%for%HERA%data,%if%we%relax%the%low%x%constraint%on%u%and%d,the%errors%are%
increased%tremendously!%

•  However,%when%adding%the%LHeC%simulated%data,%we%observe%that%uncertain@es%are%visibly%
improved%even%without%this%assump@on.%

•  Further%important%cross%check%comes%from%the%deuteron%measurements,%with%tagged%spectator%
and%controlling%shadowing%with%diffrac@on%[see%tomorrow%LHeC%talks]%

PDF4LHC – April 2013!

constrained (u=d) unconstrained 



Releasing standard assumptions (d/u ratio)

Voica Radescu ! 19!

Impact%on%d/u%ra@os%
  Constrained%%decomposi@on:%

  Unconstrained%sea%decomposi@on:%

PDF4LHC – April 2013!



The “ultimate” proton-only fit

Releasing%assump@ons%

Voica Radescu ! 21!

Dbar 

dval strange 

Ubar 

QCD fit with free 
u,d,s, HERA plus ultimate 
ATLAS and  
full systematic error 
simulation on LHeC 

Inclusive LHeC data leads to very precise determination of all PDFs even after removing large bulk 
of assumptions:!
LHeC ep data constrain better U than D distributions, however deuteron data would symmetrise our understanding. !
Determination of the strange can complement the strange determination from the charm data!

PDF4LHC – April 2013!

Combined fit to HERA, LHC and LHeC data has the potential to deliver a PDF 
set with very small, reliable, uncertainties even when releasing most of the 
standard assumptions (u=d at small-x, free strange parametrization)


Only on high-energy, proton data: no higher-twist or nuclear corrections



PDFs at a 100 TeV collider
A whole new playground

Substantial widening of 
kinematic coverage 
Extreme increase of parton-parton 
luminosities, especially for high-mass states 
“Massless” top? 
EW effects in the evolution 
Polarised PDFs for BSM studies

43

!
!
!

!
!

!
!
!

!
!

Going Beyond: PDFs at a 100 TeV collider!
!

 Growing consensus that the next big machine more suitable to 
explore the energy frontier should be a 100 TeV hadron collider, 
possibly with also e+e- and ep operation modes!

 The phenomenology of PDFs at such extreme energies is very 
rich: top quark PDFs, electroweak effects on PDFs and W/Z 
boson PDFs, ultra-low-x physics, BFKL dynamics, BSM physics 
with polarized PDFs, ...., lots of fun!!

 First studies being now performed in the context of the CERN 
FCC working group!

!
!
!
!
!

BSM physics with!
polarized PDFs!

J. R., 14

43

!
!
!

!
!

!
!
!

!
!

Going Beyond: PDFs at a 100 TeV collider!
!

 Growing consensus that the next big machine more suitable to 
explore the energy frontier should be a 100 TeV hadron collider, 
possibly with also e+e- and ep operation modes!

 The phenomenology of PDFs at such extreme energies is very 
rich: top quark PDFs, electroweak effects on PDFs and W/Z 
boson PDFs, ultra-low-x physics, BFKL dynamics, BSM physics 
with polarized PDFs, ...., lots of fun!!

 First studies being now performed in the context of the CERN 
FCC working group!

!
!
!
!
!

BSM physics with!
polarized PDFs!

J. R., 14

43

!
!
!

!
!

!
!
!

!
!

Going Beyond: PDFs at a 100 TeV collider!
!

 Growing consensus that the next big machine more suitable to 
explore the energy frontier should be a 100 TeV hadron collider, 
possibly with also e+e- and ep operation modes!

 The phenomenology of PDFs at such extreme energies is very 
rich: top quark PDFs, electroweak effects on PDFs and W/Z 
boson PDFs, ultra-low-x physics, BFKL dynamics, BSM physics 
with polarized PDFs, ...., lots of fun!!

 First studies being now performed in the context of the CERN 
FCC working group!

!
!
!
!
!

BSM physics with!
polarized PDFs!

J. R., 14

3

Kinematical coverage
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Figure 1: The kinematical coverage of the experimental data used in the NNPDF2.3 PDF
determination.

Tab. 1.1. A scatter plot of the kinematical plane for all experimental data from NNPDF2.3
is shown in Fig. 1. The LHC electroweak data span a larger range in Bjorken-x than the
Tevatron data thanks to the extended rapidity coverage (up to η = 4.5), while the inclusive
jets span a much wider kinematical range both in x and Q2 than the one accessible at the
Tevatron.

In Tab. 2 we also give the total number of data points used for PDF fitting, both for
the NLO and the NNLO global sets, and for the various other PDF sets discussed in Sec. 4.
Note that the NLO and NNLO noLHC data sets differ from those of the NNPDF2.1 NLO
and NNLO fits of Refs. [7, 8] because of the inclusion in the NNPDF2.3 data set of three
NMC data points which were inadvertently neglected in the NNPDF2.1 fits.

2.1 Electroweak boson production

ATLAS has measured the W lepton and Z rapidity distributions from 36 pb−1, and pro-
vides the full experimental covariance matrix [56]. This measurement supersedes the

1For jets, we plot only the x value of the parton with smallest x, given by x = 2 pt√
s
e−|η| in terms of

the transverse momentum pT and rapidity η of the jet and the center-of mass energy
√
s of the hadronic

collision

6

!
 Compare kinematical coverage to that of the NNPDF2.3 set:!

 Current PDF determinations have essentially no constraints for x < 10-4!

 The region of masses for M>1 TeV also unconstrained: rely on DGLAP evolution extrapolation!
 Poor constraints on high-x PDFs, relevant for high masses M!
 For M > 10 GeV, constraints from HERA only available for x > 10-3!

 Global PDF fits rely on QCD evolution, but EW effects will be required in multi-TeV region!

!
!
!

Juan Rojo                                                                                                           FCC QCD WG Meeting,  CERN, 16/04/2015

4

PDF luminosities!
 Compare the ratio of PDF luminosities between 100 TeV and 14 TeV in different channels as a 

function of the final state mass!
!

!
!
!
!

gg lumi ratio

!
 For final state masses M < 1 TeV 

moderate increase in PDF 
luminosity, between a factor 10 and 
100!

 For M > 1 TeV, much steeper 
increase (since 14 TeV lumis 
damped by large-x PDFs), up to a 
factor 108  for M = 10 TeV!

 Gluon-gluon and quark-gluon 
lumi rise faster than the others!

 Are look-up tables of lump ratios 
needed for FCC studies?!

!
!
!

Juan Rojo                                                                                                           FCC QCD WG Meeting,  CERN, 16/04/2015
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Parton Distribution Functions will remain a crucial ingredient of our 
theoretical predictions as long as we will be dealing with hadron colliders … 


Uncertainties on PDFs are, often, the limiting theoretical uncertainty on 
precision measurements at the LHC (MW is one example)


LHC (Run I) measurements are already providing constraints on some PDF 
combinations and more will come in the future


Future machines, in particular LHeC, offer unique possibilities for PDF 
determinations


A 100 TeV collider would be a whole new playground for PDF studies, with a 
plethora of new effects playing an important role (top PDFs, EW corrections/
evolution, ….)

Conclusions & Outlook


