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Precision Measurements of the Proton Structure
from HERA, LHC and the impact of LHeC

Voica A. Radescu
DESY

 Deep Inelastic Scattering at HERA
 PDF constraints from LHC
 Impact of the LHeC

 Summary
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 Factorization theorem states that cross
section can be calculated using universal
partons x short distance calculable partonic
reaction.

 Probing Proton Structure via Deep Inelastic
Scattering using elementary particles such as:

o Neutrinos, muons (fixed target experiments)
o Electrons (fixed target and collider experiments)

 Knowledge on proton structure can be
complemented by the collider experiments at
Tevatron and LHC

Proton Structure

Fixed
target

HERA

LHC TeV

Q2=M2
W

x1 x2

xQ2

e

Persistent experimental effort over the last 40 years both by fixed-target and collider
experiments around the world supported by the theoretical developments

HERA Fixed
target

TeVLHC

LHeC
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Deep Inelastic Scattering
 DIS is best tool to probe structure of the proton:

o Processes: Kinematic variables:

o Double Differential cross sections:

Virtuality of the exchanged boson

Bjorken scaling parameter

Inelasticity parameter

Invariant c.o.m.

F2 dominates sensitive to all quarks
xF3 sensitive to valence quarks
FL  sensitive to gluons
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 World’s first e±p accelerator and collider
 located at DESY, Hamburg - Germany, in  operation for 15 years (1992-2007)

 H1 and ZEUS collider experiments:
 general purpose detectors
  ~1fb-1 of integrated luminosity of physics data

• Kinematics is determined with scattered electron or with HFS
•  high precision due to redundancy

HERAPDF1.5

HERAPDF1.0

HERA
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Combination of the H1 and ZEUS Measurements
 Ultimate precision is obtained by combining

the H1 and ZEUS measurements

 The combination procedure is performed
before QCD analysis using χ2 minimisation

 Improvement on Statistical precision:
• H1 and ZEUS collected similar

amounts of physics data.
 Improvement of Systematic precision:

• H1 and ZEUS are different detectors
and use different analysis techniques;

• The H1 and ZEUS cross sections
have different sensitivities to similar
sources of correlated systematic
uncertainty.

[JHEP01 (2010) 109]
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Combination of the H1 and ZEUS Measurements
 Ultimate precision is obtained by combining

the H1 and ZEUS measurements

 The combination procedure is performed
before QCD analysis using χ2 minimisation

 Improvement on Statistical precision:
• H1 and ZEUS collected similar

amounts of physics data.
 Improvement of Systematic precision:

• H1 and ZEUS are different detectors
and use different analysis techniques;

• The H1 and ZEUS cross sections
have different sensitivities to similar
sources of correlated systematic
uncertainty.

Before combination, the systematic errors
are ~3 times larger than statistical for
Q2<100 GeV2

After combination, the systematic errors
are of same precision as the statistical
errors, reaching 1% total precision!

[JHEP01 (2010) 109]
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Combining HERA I and II Inclusive data

Without HERA II With HERA II

Much more precise CC measurements after including new high Q2 HERA II set

HERA CC data give flavour information:
 e+p CC process sensitive to dv at high x
 e-p CC process sensitive to uv at high x
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Schematics of PDF extractions

PDFs are extracted from QCD fits to double differential cross section data:
 Parametrise PDFs at a starting scale by smooth functions with sufficient parameters;
 Evolve PDFs to other scales by the evolution equations (DGLAP)
 Compute cross sections for DIS (or other processes) at NLO (NNLO)
 Calculate χ2 measure of agreement between data and theory model
 Obtain the best estimate of the PDFs by varying the free parameters to minimize χ2
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HERAFitter Open Source QCD Fit package
A common initiative of H1 and ZEUS:
∇ HERAFitter is a set of PDF fitting tools jointly developed by the H1 and ZEUS collaborations for
determination of the parton density functions.

∇ The current distribution contains a BETA-version of the first code released within the HERAFitter
package, the H1fitter program.

 HERAFitter package available online at http://projects.hepforge.org/herafitter/
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 HERA PDFs are determined from QCD Fits to solely HERA data
o NLO (and NNLO) DGLAP evolution equations, RT-VFNS (as for MSTW08)

• Other schemes were investigated as well:  RT (optimal), ACOT (full and χ), FFNS

 The QCD settings are optimised for HERA measurements of proton structure functions 

o PDF parametrised at the starting scale Q0
2:

o Simple Functional form:

 Where Pi(x) are polynomials in powers of x and only terms
 that bring significant improvement  to the fit quality are retained

 QCD sum rules: Additional Constraints:

PDF determination at HERA

A - normalisation

B - low x behaviour

C - high x behaviour

D,E - medium x tuning
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 HERAPDF1.5: most precise DIS data, recommended PDF
 HERAPDF sets are based only on combined H1 and ZEUS HERA I+II data
   with well understood systematics

 eigenvectors available in LHAPDF allows for specific studies (i.e. model variations)

HERAPDF1.5

NLO NNLO

• Observe a possible turn over of gluon at low x
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FL from Low Energy Run at HERA
 Accurate measurement in Q2>1.5 GeV2 range

from HERA II low energy runs sensitive to
structure function FL are included in the QCD
analysis on top of the HERA I data:

o Observe sensitivity to the Q2 cut applied
which triggers further explorations of
DGLAP validity at low Q2.

Gluon becomes larger while
 the sea decreases at low x
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    An alternative to the Q2
min variation is a saturaton

      inspired cut on data [F. Caola, DIS2010]:
• With different values of parameters As and lamda=0.3

→ fit quality improves with the increase of AS

Q2 cut dependence study

 Stability of the fit to inclusion of low Q2 data is studied by varying the Q2
min cut

→ fit has more difficulties to describe data at the
lowest Q2 values

o Change of Q2 cut from 1.5 to 7.5 GeV2 leads to
increase of the gluon

Eur.Phys.J.C71 (2011)



Voica Radescu Stellenbosch, South Africa - 2.02.2012 14

Low x phenomenology with Dipole Models

 At low x and Q2 the virtual photon-proton scattering
can be described using the color dipole model:
o Fluctuation of the photon into a quark-antiquark pair

(dipole) interacting with proton
o Dipole has built-in saturation assumption

 Following models have been considered:

Eur.Phys.J.C71 (2011)



Voica Radescu Stellenbosch, South Africa - 2.02.2012 15

Model Comparisons: DGLAP vs Dipole
 To facilitate comparisons with dipole models, fits are performed in the same

kinematic domain:
o X<0.01 [where Dipole is applicable]

o Q2>3.5 GeV2 [where DGLAP is valid]

 DGLAP fits:
o However, for x<0.01 region valence quark cannot be determined in this range when

DGLAP fits are performed  fix valence parameters to values obtained from the fits to
the full kinematic range

Data not yet precise enough to discern among models

DGLAPDIPOLE

Eur.Phys.J.C71 (2011)
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Model Comparisons: DGLAP vs Dipole
 To facilitate comparisons with dipole models, fits are performed in the same

kinematic domain:
o X<0.01 [where Dipole is applicable]

o Q2>3.5 GeV2 [where DGLAP is valid]

 DGLAP fits:
o However, for x<0.01 region valence quark cannot be determined in this range when

DGLAP fits are performed  fix valence parameters to values obtained from the fits to
the full kinematic range

NLO ACOT DGLAP yields best agreement with data! 

Low Q2 region remains interesting to be investigated!

Eur.Phys.J.C71 (2011)
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Alphas from HERA

Free alphas (no jets) Free alphas (with jets)

   HERA data prefer larger value for strong coupling:

 Addition of the HERA Jet cross section data (NLOJet++/fastNLO) into the fits allows to
constrain simultaneously alphas and gluon

 Comparison of the PDFs with free alphas fit with and without Jet data
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Effect of the charm data

 Addition of the HERA combined F2 charm data can help reduce model uncertainty of mc(1.35-1.65):
o Inclusive data show low sensitivity,  addition of the charm data have strong constraining power

Including charm
data

without charm
data

•   11% error due to different schemes
•   Uncertainty on σW prediction due to
    HF treatment in PDFs reduced to 1 %
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A summary of PDF sets
 Table shows a summary of the current status of available PDFs

0.11450.11790.1176(f)0.1190.118(f)0.120Alphas (NLO)

NLO,
NNLO

NLO,
NNLO

NLO,
NNLO

LO,
NLO,
NNLO

LO,
NLO,
NNLO

LO,
NLO,
NNLO

PDF order

0.11240.11470.1176(f)0.11740.118(f)0.1171Alphas (NNLO)

FFNSBMSN FFNSRT GMVFNFONLL GMVFNSACOT GMVFNRTGMVFHF Scheme

✔✔-✔✔✔Tevatron jets

---✔✔✔Tevatron W, Z

✔✔-✔✔✔Fixed target DY

✔✔-✔✔✔Fixed target DIS

✔ (new)✔ (new)✔ (new/newest)✔ (new)✔  (old/new)✔ (old)HERA DIS

GJR08/JR09ABKM09/ABM11HERAPDF1.0/1.5NNPDF2.0/2.1CTEQ6.6/CT10MSTW08

The analyses differ in many areas:
• different treatment of heavy quarks
• inclusion of various data sets and account for possible tensions
• different alphas assumption
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Level of PDF agreement

o Overall disagreement in W, Z cross sections was found ~8%

HERAPDf1.5

Updated version
(Plots from G. Watt -68%CL)

HERAPDF
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Probing the Proton Structure at LHC

HERA

Tevatron
LHC

Fixed
target

o At the LHC: Drell Yan (DY)

So, to predict  Z or W production
at LHC with a rapidity y=-4, it is needed:
So, to predict  Z or W production
at LHC with a rapidity y=-4, it is needed:

q(x1,Q2=M2
W,Z) q(x2,Q2=M2

W,Z)

Partonic cross
      section

hadronic cross
      section
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 Main information on proton structure comes from DIS data at HERA:
o probes linear combination of quarks:

• CC: provides constraints on valence quarks
• NC:

 No flavour decomposition of the sea distribution [S=2(ubar+dbar+sbar)]

 Additional constrain come from DY and jet data at the LHC
o probe a bi-linear combination of quarks

o Different couplings:
• Z production more sensitive to d vs u quarks and more sensitive to s than W production

 LHC data can provide complementary information:
flavour decomposition of the quark sea

PDF Constraints from LHC
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Measurements at the LHC relevant to PDFs
 A successful 2010 and 2011 years: rediscovery of the SM:

o  sufficient lumi to measure precisely W, Z production

 Inclusive measurements:
o W, Z total cross sections:

• W+, W-, W+ + W-, Z for electron and muon  decay channels

o Ratios of W and Z cross sections:
• W+/Z and W-/Z

o Lepton charge asymmetry
• (measured in fiducial volume, hence ATLAS and CMS different)

o Z rapidity and pt distributions
 Beyond inclusive measurements:

o W, Z + jets
o Diboson production

• W+gamma, Z+gamma
• W+W-

 Large correlations between uncertainties due to the common lumi uncertainty 

[PRD2011, arXiv:1109.5141v3



Voica Radescu Stellenbosch, South Africa - 2.02.2012 24

Measurements at the LHC relevant to PDFs
 A successful 2010 and 2011 years: rediscovery of the SM:

o  sufficient lumi to measure precisely W, Z production

 Inclusive measurements:
o W, Z total cross sections:

• W+, W-, W+ + W-, Z for electron and muon  decay channels

o Ratios of W and Z cross sections:
• W+/Z and W-/Z

o Lepton charge asymmetry
• (measured in fiducial volume, hence ATLAS and CMS different)

o Z rapidity and pt distributions
 Beyond inclusive measurements:

o W, Z + jets
o Diboson production

• W+gamma, Z+gamma
• W+W-

 Uncertainties due to lumi is cancelled, hence reduced uncertainties

[arXiv:1109.5141v3
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 A successful 2010 and 2011 years: rediscovery of the SM:
o  sufficient lumi to measure precisely W, Z production

 Inclusive measurements:
o W, Z total cross sections:

• W+, W-, W+ + W-, Z for electron and muon  decay channels

o Ratios of W and Z cross sections:
• W+/Z and W-/Z

o Lepton charge asymmetry
• (measured in fiducial volume)

o Z rapidity and pt distributions
 Beyond inclusive measurements:

o W, Z + jets
o Diboson production

• W+gamma, Z+gamma
• W+W-

Measurements at the LHC relevant to PDFs

arXiv:1103.3470

•  Assuming u ̄ ≈ d ̄, W± asymmetry is
   given by

•  Large spread in theory predictions is
   due to differences in dv/uv at low x.

arXiv:1109.5141v3
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Measurements at the LHC relevant to PDFs
 A successful 2010 and 2011 years: rediscovery of the SM:

o  sufficient lumi to measure precisely W, Z production

 Inclusive measurements:
o W, Z total cross sections:

• W+, W-, W+ + W-, Z for electron and muon  decay channels

o Ratios of W and Z cross sections:
• W+/Z and W-/Z

o Lepton charge asymmetry
• (measured in fiducial volume)

o Z rapidity distribution
 Beyond inclusive measurements:

o W, Z + jets
o Diboson production

• W+gamma, Z+gamma
• W+W-

Z production is more sensitive to d-
quarks compared to F2 from HERA

 y=0 corresponds to x1,2∼0.01
 y=3 to x1=0.3, x2=6x10－4.

arXiv:1109.5141v3
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Measurements at the LHC relevant to PDFs
 A successful 2010 and 2011 years: rediscovery of the SM:

o  sufficient lumi to measure precisely W, Z production

 Inclusive measurements:
o W, Z total cross sections:

• W+, W-, W+ + W-, Z for electron and muon  decay channels

o Ratios of W and Z cross sections:
• W+/Z and W-/Z

o Lepton charge asymmetry
• (measured in fiducial volume)

o Z rapidity distribution
o Inclusive jets:

• Sensitive to gluon at high x
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Measurements at the LHC relevant to PDFs
 A successful 2010 and 2011 years: rediscovery of the SM:

o  sufficient lumi to measure precisely W, Z production

 Inclusive measurements:
o W, Z total cross sections:

• W+, W-, W+ + W-, Z for electron and muon  decay channels

o Ratios of W and Z cross sections:
• W+/Z and W-/Z

o Lepton charge asymmetry
• (measured in fiducial volume)

o Z rapidity distribution
o Inclusive jets

 Beyond inclusive measurements:
o W, Z + jets:

• sensitive to higher order QCD effects
• Sensitive to PDFs

o Diboson production
• W+gamma, Z+gamma
• W+W-

• Rapid increase of accumulated luminosity should allow for improved accuracy
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Motivation for LHeC
 What HERA could/did not do:

overall not precise enoughHigh precision measurement of αs

too small rangeDetermination of gluon distribution at hi/lo x

too low LuminosityResolving d/u question at large Bjorken x

too short running time with low
energy runs

Precise measurement of FL

too low c.o.m energyStudy of top quark distribution in the proton

too low cross sectionDiscovery of Higgs in WW fusion in CC

too low LuminosityMeasurement of the strange quark distribution

too low c.o.m energyVerification of saturation prediction at low x

no time for eAInvestigation of the q-g dynamics in nuclei

no deuteronsTest of the isospin symmetry (u‐d) with eD

(M. Klein)
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The Large Hadron Electron Collider at CERN
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Kinematic range of LHeC
 To evaluate the impact of LHeC,

the following data sets have been
used under the same QCD settings
as for HERAPDF (same machinery):
o LHeC data: NC e+p, NC, e-p, CC

e+p, CC e-p postive and negative
polarisations P=±0.4

o Published HERA I
• NC, CC e±p data, P=0
• Kinematics of HERA data:

0.65>x>10-4, 30 000 >Q2>3.5
GeV2

o Fixed target data from BCDMS
o Extrapolated LHC precision

assuming the same y range
• stat 0.5%, uncor 0.5%, total 1%

o Uncertainties are estimated using
Hessian method cross checked
against MC method

LHeC scenario: (Lumi e+/-p = 50 fb-1)

Ep=7TeV, Ee=50 GeV, Pol=±0.4
o Kinematic region:

• 2 < Q2 < 500 000 GeV2

• 0.000002 < x < 0.8

Typical uncertainties:
o Statistical <1%

it ranges from 0.1% (low Q2) to 45%
(highest x, Q2  CC)

o Uncorrelated systematic: 0.7 %
o Correlated systematic: typically 1-3 %

(for CC high x up to 9%)



Voica Radescu Stellenbosch, South Africa - 2.02.2012 32

Valence distribution

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

o challenging
systematic

o nuclear effects

 LHeC could
improve the
knowledge of the
valence at high x
to 5% precision

NOW THEN

dval

uval
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Gluon Distribution

Amazing precision over extended kinematic range, from low to high x
enable for accurate determination of alphas from DIS

NOW

Then Low x high x
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Alpha strong from DIS
 The precise knowledge of αs(MZ

2) is of instrumental importance for the correct prediction
of the electroweak gauge boson production cross sections and the Higgs boson cross
section at Tevatron and the LHC

 The strong coupling αs exhibits the largest uncertainty out of SM couplings, which is
currently of the size of ∼ 1%.

LHeC promises per mille accuracy on alphas!
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Summary
 HERA data is the main ingredient for determination of the PDFs

o Combination of the H1 and ZEUS data brings ultimate precision for PDFs.

o FL measurement down to Q2 = 1.5 GeV2 as a new input for low x phenomenological analyses

o Fit to inclusive + DIS-jet data provides determination of strong coupling with consistent
treatment of PDF uncertainties.

o Charm data constrain heavy flavour models parameter and reduce PDF uncertainties for the LHC
predictions

 HERAPDF fits provide basis for QCD analysis with a consistent and high accuracy input data
having well understood systematic uncertainties.

 LHC data can provide complementary PDF constraints:
o Very successful operation of the LHC allows for precision physics measurements
o data precision is comparable to the PDF uncertainties and requires NNLO calculations.

 The LHeC has the potential to constrain the full set of PDFs and strong coupling due to its
kinematic range, huge luminosity, availability of electron and positron beams, as of proton
and deuteron beams.
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FL from Low Energy Run at HERA
 Accurate measurement in Q2>1.5 GeV2 range,

sensitive to structure function FL are included in
the QCD analysis on top of the HERA I data
using DGLAP

o Observe sensitivity to the Q2 cut applied which
triggers further explorations of DGLAP validity at
low Q2.

Prelim 2010
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Dipole Model Fits

 At low x and Q2 the virtual photon-proton
scattering can be described using the color
dipole model:

o Fluctuation of the photon into a quark-antiquark
pair (dipole) interacting with proton

 Following models have been considered:

 Dipole models are applicable for x<0.01 where the gluon and sea dominate. All models
neglect valence contributions, However…

Contribution of the valence to the ep scattering cross
section is sizeable for the whole HERA kinematics:
for x in 0.0001 to 0.01 contribution varies 5-15%
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Standard Dipole Model Fit Results
 GBW model yields very bad description of data with χ2/ndf=719/352
 B-SAT model yields slightly improved description of data with χ2/ndf=425/352
 IIM model yields a reasonable description of data with χ2/ndf=398/352
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LHC predictions: for LHCb and CMS W asymmetry data

From G.Watt

HERAPDF provide reasonable predictions for LHCb and CMS data too
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LHC predictions for Higgs and top cross sections

NLO NNLO

From G.Watt [PDF4LHC March 2011]
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Fitting LHC data
 Fitting machinery exists:

o DIS processes at NLO and NNLO calculations

o DY process at LO + kfactors from external sources (MCFM)

 First impact studies performed on ATLAS muon asymmetry data.

After including
Atlas data in the fit:
χ2/dof= 13/11

Before including
Atlas data in the fit

 Soon more data will be
available for fits in ATLAS:
o W, Z cross sections

o Z rapidity distributions
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comparisons

HERAPDF1.0 NNLO

HERAPDF1.5 NNLO

MSTW NNLO

Gluon,Q2=10 Gluon,Q2=10

HERAPDF1.5 NLO

HERAPDF1.0 NLO
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 QCD fits without charm data have only small sensitivity to the value of the charm mass
 However, there is a strong preference for a particular mc once charm data is included

o Study performed for RT, ACOT, ZMVFNS schemes

 Comparisons of the χ2 minima of
HERA I + charm data using different
schemes that account for quark
masses (shown in different colors)

 Observe sizeable spread in optimal
values of mc: 1.25 - 1.68 GeV

 Each scheme describes data well at
the corresponding χ2 minimum

Effects of inclusion of the HERA charm data
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HERAPDF1.5 vs HERAPDF1.0
 xg, xuv, xdv, xS (xS=xU+xD) at the scale Q0

2=10 GeV2

(prel.)

 Inclusion of the HERA II data reduces the uncertainties on PDFs in the high x region
especially visible on the valence distributions!

o See HERAPDF1.5(prel) vs HERAPDF1.0
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HERAPDF1.7 (NLO)
 Data Sets:

o Combined HERA I+II data (prelim)

o Combined HERA Charm data (prelim)

o Combined HERA II low energy data

o Separate H1 and ZEUS jet data

 Adjustments of the settings:
o Use extended parametrisation

o Use RT optimised version with its prefered value of
mc=1.5 GeV

• From the studies based using charm data
o Raise the value of strong coupling from 0.1176 to

0.1190

• From the studies using jet data


