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Proton structure probe
Neutral current Deep Inelastic Scatter-
ing (DIS) cross section:

d2σ±

dxdQ2
=

2πα2Y+
Q4x

σ±r =

=
2πα2Y+

Q4x

[

F2(x,Q2) − y
2

Y+
FL(x,Q2) ∓ Y−

Y+
xF3

]

where factorsY± = 1 ± (1 − y)2 and
y2 define polarisation of the exchanged
boson andy = Q2/(S x).

Kinematics is determined byQ2 and Bjorkenx.
At leading order:

F2 = x
∑

e2
q(q(x) + q̄(x))

xF3 = x
∑

2eqaq(q(x) − q̄(x))

σ+CC ∼ x(ū + c̄) + x(1− y)2(d + s)

σ−CC ∼ x(u + c) + x(1− y)2(d̄ + s̄)

xg(x) — from F2 scaling violation, jets andFL
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Cross sections at the LHC
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The cross sections are given by a convolution of the parton densities and coefficient
functions,∼ x1 f1(x1, µ) x2 f2(x2, µ) σ̂(x1, x2, µ). Leading order relation between
rapidityy andx1, x2: x1,2 =

Mℓℓ√
S

e±yℓℓ .
Kinematic range of the LHC is covered by the HERA measurements. LHC
measurements check validity of pQCD, provide information for PDF decomposition.

→ PDFs have on average> 1.3 citation per LHC paper (estimated based on
study of G. Salam, La Thuile 2012)
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PDF Sets
Several groups determine PDFs in fits to various data samples:

MSTW08 CTEQ6.6/CT10 NNPDF2.1/2.3 HERAPDF1.0/1.5 ABKM09/ABM11 GJR08/JR09

Evolution LO LO LO — — —

Order NLO NLO NLO NLO NLO NLO

NNLO NNLO NNLO NNLO NNLO NNLO

HF Scheme RT-GMVF ACOT-GMVF FONLL-GMVF RT-GMVF (*) BMSN-FFNS FFNS

αS NLO 0.120 0.118(f) 0.1191(b) 0.1176(f) 0.118 0.1135

αS NNLO 0.1171 0.118(f) 0.1174(b) 0.1176(f) 0.1135 0.1124

HERA DIS not up-to-date + + +/prelim. partial +

Fixed target DIS + + + - + +

DY + + + - + +

Tevatron W,Z some some some - some some

Tevatron jets some + + - some some

LHC - - W,Z+jets (NNPDF2.3) - - -

The analyses differ in many areas:
• Higher orders counting (e.g.FL), heavy flavour corrections,αS

treatment, EW corrections, extra theory assumptions.
• Inclusion of datasets, accounting for data-data-theory tensions.
• PDF parameterisation.

PDF4LHC meetings is a forum to discuss/understand these differences.
HERAFitter, open source PDF fit project, to study them in details.

arXiv:1101.0536, arXiv:1101.0538
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Cross-section predictions for the LHC
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(http://mstwpdf.hepforge.org/pdf4lhc/partonlumi7TeVnlo.html), by G. Watt.

• qq̄ luminosity, mostly relevant for DY (W, Z production) total
cross section,S -channel processes.

• Overall good agreement between predictions over many orders of
magnitude. However differences up to 10% level for the ratios.

For Mh = 126 GeV,
√

ŝ/s ≈ 0.02which corresponds to Bjorken-x of
the central Higgs production.
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Cross-section predictions at the LHC: Higgs

• Uncertainties for the dominantgg → H
process are mostly from gluon density
and αS . VBF process given at LO by
qq→ Hqq has smaller uncertainties.
• Overall∼ 10% agreement for the same
αS . Somewhat larger uncertainty for
HERAPDF since no jet data are
included. )2
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G. Watt, http://mstwpdf.hepforge.org/pdf4lhc/ringberg

P. Bolzoni,et. al. Phys. Rev. D 85, 035002 (2012), Anastasiou,et. al. arXiv:1202.3638.
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HERAPDF1.0 fit
H1 and ZEUS
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JHEP 1001 (2010) 109.

Combination of the published
H1/ZEUS data collected at
HERA-I for CC,NC,e±p mode.
14publications,1402input and
741outputσr measurements,110
correlated experimental error
sources. For NCe+p,
6 ·10−7< x< 0.65and
0.045<Q2 30000 GeV2.

Combination:

χ2/do f = 637/656

QCD Fit (to the combined HERA
data withQ2 ≥ 3.5 GeV2):

χ2/do f = 574/582

Good consistency between H1 and ZEUS. Stringent test of DGLAP
evolution.
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Measurement of the Structure FunctionFL
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Measurement of the structure functionFL extended toQ2 ≥ 1.5 GeV2

and compared to predictions from PDF groups. Good agreement,
within the uncertainties.Critical testfor gluon density.
H1 Collaboration, Eur.Phys.JC71 (2011) 1579
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HERAPDF1.0 and HERAPDF1.5 fits
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• Preliminary combination of H1 and ZEUS complete data samples.

• Experimental, modelandparameterisationuncertainties are estimated.

• HERAPDF1.5 fit provides determination of the valence quark densities
at highx with reduced uncertainties compared to HERAPDF1.0.
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Towards HERAPDF2.0: ZEUS and H12012
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H1 measurement ofxFγZ3 andFγZ2
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Impact of the HERA-II measurement
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for D = d + s-type quarks.
→ important step towards com-
bination of complete H1 and
ZEUS data samples.
H1 Collaboration, arXiv:1206.7007
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W,Z cross sections and charm-sea density.
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Charm and Bottom densities theory improvements
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Theoretical uncertainty in charm and bottom quark densities can be
reduced by usingMS-scheme for the masses. The scheme is
implemented in the recently released ABM11 set. The improvement
in b-quark density is important for single top production at theLHC.

S. Alekhin, J. Bl̈umlein, S. Moch, arXiv:1202.2281
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W,Z Total cross section results
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production at the LHC agree between
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cal predictions.
Largest uncertainty is due to luminosity
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ATLAS, Phys. Rev. D85 (2012) 072004.
CMS, JHEP 10 (2011) 132.

) [nb]
-
l+ l→*γ BR(Z/⋅ Z

fidσ

0.4 0.45 0.5 0.55

) 
[n

b]
ν l

→±
 B

R
(W

⋅ ±
Wfid σ

4

4.5

5

5.5

 = 7 TeV)sData 2010 (

MSTW08

HERAPDF1.5

ABKM09

JR09

total uncertainty
 sys⊕sta 

uncertainty

68.3% CL ellipse area

-1
 L dt = 33-36 pb∫

ATLAS

) [nb]
-
l+ l→*γ BR(Z/⋅ Z

fidσ

0.4 0.45 0.5 0.55

) 
[n

b]
ν l

→±
 B

R
(W

⋅ ±
Wfid σ

4

4.5

5

5.5

15



Differential Cross Sections:W
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Measurement ofW+ andW− production cross
sections differentially in lepton rapidityηℓ
give access touv anddv PDFs. ATLAS mea-
surements based on 2010 data can be trans-
lated to charge asymmetryAl, given for pℓt >
20GeV, pνt > 25GeV while CMS result based
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ATLAS, Phys. Rev. D85 (2012) 072004, CMS, arXiv:1206.2598
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Differential Cross Sections:Z
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Compared to measurements of theF2 structure function at HERA, which is
dominated byγ exchange,Z production at the LHC is more sensitive to
d-type quarks, provides information on̄d, ū ands decomposition atx ∼ 0.01.
ATLAS reports absolute cross sections, based on 2010 data. CMS measures
normalised cross sections, based on complete 2011 data sample.

ATLAS, Phys. Rev. D85 (2012) 072004, CMS PAS EWK-11-007
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Differential Cross Sections:γ∗
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Low mass DY process has similar PDF sensitivity
to HERA data. CMS measures normalised
(1/σ)dσ/d|Y | for 20< Mµµ < 1500 GeVrange.
The measurements are complemented by LHCb,
which measures down to 5 GeV.
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CMS PAS EWK-11-007, LHCb-CONF-2012-013
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W,Z measurements from LHCb
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LHCb extendsW differential cross-section measurement to
2 < ηµ < 4.5 range. Forηµ > 3.5, W− cross section exceedsW+ due
to V-A structure ofW production.

ATLAS and CMS measure up toyZ = 3.6 using central-forward
topology of the scattered electrons; LHCb measures in the same
range for symmetric configurations of the scattered muons:
complimentary information for PDFs and electroweak fits.

LHCb, arXiv:1204.1620
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Strange density from different PDFs
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Plots prepared by G. Watt

• Strange-sea density is determined from neutrino scattering,
νN → Xµ+µ− with dimuon final state, with the second muon
produced from the charm decay.

• These data are included in PDF fits leading, however, to results
which are hardly consistent with each other,

20



Determination of the strange-sea density
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Perform two NNLO fits: with fixed strangeness fraction
rs = 0.5(s + s̄)/d̄, rs = 0.5 and free strange density parametrized as

xs̄(x) = AsxBd̄ (1− x)Cs

For x = 0.023andQ2 = 1.9 GeV2, corresponding to the maximum
of ATLAS data sensitivity extrapolated to lowQ2

rs = 1.00± 0.20exp± 0.07mod
+0.10
−0.15par

+0.06
−0.07αS ± 0.08th.

consistent with sea quark flavour democracy at lowx.
ATLAS, arXiv:1203.4051
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Flavor decomposition of theZ production at the LHC
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Strange-sea determination at the LHC
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ments. CMS result is based onW + c production.
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correction, affecting dimuon data (dominant effect)
and includes ATLAS result (smaller effect).

ATLAS fit provides the best description of the
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ATLAS, arXiv:1203.4051 CMS PAS EWK-11-013
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NNPDF2.3 Strangeness Study
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NNPDF analysis also studies strangeness fraction, fitting HERA+ATLAS
only and in a global fit. ForQ2 = M2

Z andx = 0.013NNPDF finds for
ATLAS+HERA fit rs = 1.04± 0.23which has larger uncertainty compared to
the ATLAS resultrs = 1.00+0.08

−0.09. The maximum sensitivity on strangeness
fraction for NNPDF analysis is atx ∼ 0.005, the ATLAS data pulls
strangeness of the combined fit at lowx.

NNPDF Collaboration, arXiv:1207.1303
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LHeC: high energy frontier forep physics
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Future of DIS depends on proposed collider projects: EIC andLHeC.

LHeC is the high energy frontier which would use7 TeVprotons from LHC
and60 GeVpolarised electrons from a dedicated racetrack linac.

The large center-of-mass energy of the LHeC together with high luminosity
allows to measure strange density, using CC process with tagged charm.
Polarisation of the electron beam provides a way to measureFγZ2 accurately.
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LHeC — expected measurement of heavy flavours.
LHeC  F2

cc  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εc=0.1)

x

F
2cc

 x
 4

i

Q2 = 2 GeV2,i=1

Q2 = 4 GeV2,i=2

Q2 = 12 GeV2,i=3

Q2 = 20 GeV2,i=4

Q2 = 60 GeV2,i=5

Q2 = 200 GeV2,i=6

Q2 = 400 GeV2,i=7

Q2 = 1000 GeV2,i=8

Q2 = 10000 GeV2,i=9

Q2 = 50000 GeV2,i=10

HERA  combined data

LHeC   θc > 00

LHeC   θc > 20

LHeC   θc > 100

Q2 = 100000 GeV2,i=11

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

10 5

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

LHeC  F2
bb  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εb=0.5)

x

F
2bb

 x
 4

i

Q2 = 2 GeV2,i=1

Q2 = 5 GeV2,i=2

Q2 = 12 GeV2,i=3

Q2 = 25 GeV2,i=4

Q2 = 60 GeV2,i=5

Q2 = 200 GeV2,i=6

Q2 = 650 GeV2,i=7

Q2 = 2000 GeV2,i=8

Q2 = 10000 GeV2,i=9

Q2 = 50000 GeV2,i=10

H1 vtx DATA

LHeC   θb > 00

LHeC   θb > 20

LHeC   θb > 100

Q2 = 100000 GeV2,i=11

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

Large center-of-mass energy means that LHeC would access very
low x at low Q2. Combined with heavy flavour tagging, this would
provide unique opportunity to measure heavy flavours from the
threshold region and Bjorken-x down to10−6 up to EW scales.

LHeC study group arXiv:1206.2913
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Summary

• HERA data provide essential information on the
proton structure for the LHC. The analysis of the
HERA inclusive data enters final stages.

• Predictions for the LHC are overall in good agreement
with the data. LHC results start to have constraining
power e.g on strange-sea density, valence PDFs.

• Futureep colliders promise large improvements in the
understanding of the proton structure.
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Extras
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HERAFitter Open Source Code
• HERAFitter code is available for download fromhepforge

• Beta-2 version of the code is based onQCDNUM17 for parton
evolution, contains codes from MSTW, CTEQ, ABKM for
structure function calculation. LHC processes can be included
using APPLGRID, FastNLO (for jets and DY) and Hathor (for
tt̄) interfaces.

→ a tool for benchmarking and QCD analysis of LHC data.
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HERA jet measurements
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• Main information on the gluon density comes from scaling violation at
HERA.

• Jet cross section can be also used to control gluon density, measureαS .

• Correlated measurement of inclusive, di- and trijets by H1.
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Combined Jet+DIS inclusive fit andαS (mZ)
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H1 and ZEUS HERA I+II PDF Fit with Jets
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• FreeingαS in fits increasesxg(x) uncertainty
at low x due to largexg(x)-αS correlation.

• Inclusion jets allows to reduce this correlation
and improve uncertainty.

• αS (MZ) = 0.1202 ± 0.0013(exp) ±
0.0007(mod)± 0.0012(had)+0.0045

−0.0036(th).
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Probing proton strangeness at the LHC
Direct probe, usingW + c-jet
production. CMS measures

Rc = 0.143± 0.015stat± 0.024syst

vs expectation, based on CT10,

Rc = 0.13± 0.02.

CMS PAS EWK-11-013

Indirect probe, using different W
and Z cross-section dependence,
from their correlated measurement.
For W/Z ratio, smaller values are
expected for larger strangeness
fraction sinceZ production is more
affected thanW.

CMS, JHEP 10 (2011) 007
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Decomposingu andc densities at lowx

Inclusive structure functionF2 is sensitive
to

F2 ∼ 4
(

U + Ū
)

+
(

D + D̄
)

,

whereU = u + c andD = d + s + b. At
low x, contribution of charm toF2 reaches
30%.
The charm density can be calculated given
the gluon density, however description of
the charm threshold is complicated lead-
ing to a number of matching schemes (RT,
ACOT, FNOLL...).
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Combined HERAFcc
2 data reaches5− 10%precision per point, can

be used to study different HF models.
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W,Z cross sections and charm-sea density.
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0 Fit themmodel
c parameter for var-

ious models such that they de-
scribe HERA data.
Large∼ 7%spread of theZ
total cross section prediction at
the LHC formmodel

c scan between
1.2 − 1.8 GeV and also for a
fixed mmodel

c when considering
different models.

However, the spread is reduced significantly when predictions are
evaluated at themmodel

c (opt) values.

H1prelim-10-143, ZEUS-prel-10-019
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ATLAS rs result atQ2 = 1.9 GeV2 andQ2 = M2
Z

sr
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

ABKM09
NNPDF2.1
MSTW08
CT10 (NLO)

total uncertainty
experimental uncertainty

ATLAS, x=0.0132
Z = M2Q sepWZ free 

sr
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

ABKM09
NNPDF2.1
MSTW08
CT10 (NLO)

total uncertainty
experimental uncertainty

ATLAS, x=0.0232 = 1.9 GeV2Q sepWZ free 

ATLAS data have largest sensitiv-
ity to the strangeness fractionrs for
Q2 = M2

Z and for yZ = 0 corre-
sponding tox = 0.013.
Due to the QCD evolution, this
corresponds tox = 0.023 at Q2 =

1.9 GeV2

Flavour-blind gluon splitting process reduces and initialstrangeness
suppression as PDFs evolve to higher scales. Consequently,the
uncertainties are also reduced, by about factor2, for Q2 = M2

Z
compared toQ2 = 1.9 GeV2, for all PDF sets.
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Measurement of the neutron structure — tagged proton

• d/u limit for x → 1 probes different
theory predictions, important for high
energy predictions (e.g. jet rates,W-
mass).
• Measured usingFn

2/F
p
2 assuming

isospin symmetry:

Fn
2

F p
2

=
u + ū + 4(d + d̄) + s + s̄

4(u + ū) + d + d̄ + s + s̄

However, large uncertainties due to
nuclear corrections (EMC effect).

(from CTEQ-JLAB collaboration)

Detect the spectator proton from deu-
terium followingen scattering. Use spec-
tator proton momentum to correct kine-
matics. This can be done at colliders, EIC
and LHeC, too.
BoNuSexperiment using CLAS.
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BoNuS and MARATHON

• First results from the BoNuS
collaboration, using CLAS at
hall B.
• Results approximately agree

with CTEQ-JLAB analysis
• Higher beam energy is needed

to measure at higherx and
W > 2 GeV.

Another approach: use SuperRationR∗:

σHe3

σH3 ≈
FHe3

2

FH3

2

= R∗
2FP

2 + Fn
2

F p
2 + 2Fn

2

which is expected to be close to1 to < 1.5%. Proposed to be
measured by MARATHON withEe = 12 GeV.
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Futureep colliders

 Lepton-Proton Scattering Facilities
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• Much increased luminosity for EIC and LHeC colliders
compared to HERA.

• Increased center of mass energy for the LHeC allows for
accurate measurements in electroweak regime.

38



EIC

Two designs for EIC collider. Both designs consider flexiblesetting
for Ep, to measureFL accurately.
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ABM11 set

ABM11 is a recent update of the
analysis based on non-LHC data.
Comprehensive analysis with a
detailed study of experimental
uncertainties.
Some changes vs previous
ABKM09 set (shown as ared line)
are due to usage of combined
HERA data and improved
treatment of heavy flavours.

S. Alekhin, J. Bl̈umlein, S. Moch, arXiv:1202.2281
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