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Prologue:ep as a proton structure probe
Neutral current Deep Inelastic Scatter-
ing (DIS) cross section:

d2σ±

dxdQ2
=

2πα2Y+
Q4x

σ±r =

=
2πα2Y+

Q4x

[

F2(x,Q2) −
y2

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 by boson virtualityQ2 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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HERA and LHC kinematics

x1, x2 are momentum frac-
tions.
Factorization theorem states
that cross section can be
calculated using universal
partons× short distance cal-
culable partonic reaction.

x1,2 =
M
√

S
exp(±y)

x

Q
2  / 

G
eV

2

Atlas and CMS

Atlas and CMS rapidity plateau

D0 Central+Fwd. Jets

CDF/D0 Central Jets

H1

ZEUS

NMC

BCDMS

E665

SLAC

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

10 7

10 8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

3



Neutral Current Processes at the LHC
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Double differential cross section:

dσ2

dMdy
=

4πα2(M)
9

·M·P(M)·Φ(y,M2).

Propogator forγ exchange:

Pγ(M) =
1

M4
,

pureZ exchange:

PZ(M) =
k2

Z(v2e + a2
e)

(

M2 − M2
Z

)2
+ Γ2

Z M2
Z

,

wherekZ = (4 sin2 θW cos2 θW )−1, and
γZ interference:

PγZ(M) =
kZve(M2 − M2

Z)

M2
[

(

M2 − M2
Z

)2
+ Γ2

Z M2
Z

] ,
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Z and low mass DY production flavour decomposition
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Z vsγ∗ are sensitive toU/D ratio:

Z ∼ 0.29(uū + cc̄) + 0.37(dd̄ + ss̄ + bb̄)

γ∗ ∼ 0.44(uū + cc̄) + 0.11(dd̄ + ss̄ + bb̄)

Contribution fromγ − Z interference is small.
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W+ andW− production flavour decomposition
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W+ (W−) production is sensitive toud̄ (dū) as well ascs̄ (sc̄) flavour
combinations and to lesser extend to Cabbibo suppressed pairs:

W+ ∼ 0.95(ud̄ + cs̄) + 0.05(us̄ + cd̄)

W− ∼ 0.95(dū + sc̄) + 0.05(dc̄ + sū)
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W decays
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For W± production the observables are leptonpt andη. V-A structure of the
decay modifies rapidity distribution of the lepton vs the boson. W+

production accesses highery for a givenηe range.

(plots based on LOMCFM, HERAPDF1.0)
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NNLO Predictions forW,Z production cross sections

Recent analysis based on existing NNLO PDF sets.
S. Alekhin et. al., arXiv:1011.6259.
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Combined HERA data

H1 and ZEUS
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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

HERA data precision is similar to fixed target experiments. Good
consistency between H1 and ZEUS. Stringent test of DGLAP evolution.
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HERAPDF1.0 Fit Settings
• Input: combined HERA-I data fore±p NC and CC scattering.

Well understoodexperimental errorsandminimal theoretical
uncertainties: pureep data far from lowW region, no jets.

• (N)NLO evolution, RT-VFNS for charm and bottom,
αS = 0.1176.

• Evolution starting scaleQ2 = 1.9 GeV2, belowmmodel
c = 1.4 GeV.

Start fitting data atQ2
min = 3.5 GeV2.

• Fitted PDFs arexg, xuv, xdv(x), xŪ, xD̄ wherexŪ = xū and
xD̄ = xd̄ + xs̄ at the starting scale. For the strange,xs̄ = fsxD̄
with fs = 0.31 is assumed.

• Standard parameterisation form

x f (x) = AxB(1− x)C(1+ ǫ
√

x + Dx + Ex2)

with only significantǫ, D andE terms kept.

• Ag, Auv , Adv fixed by sum rules. Extra constraintsfor small x
behaviour ofd andu-type quarks:Buv = Bdv , BŪ = BD̄,
AŪ = AD̄(1− fs)
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QCD analysis of the HERA combined data
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HERAPDF1.0 — NLO
QCD analysis of the
combined HERA data.

Separation ofexperimental,
modelandparameterisation
uncertainties.

AccuratexS andxg at low x
due to precise measurement
of F2.
Large uncertainties for va-
lence quarks at lowx.
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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%.
Determination of charm contribution is a
mixed theoretical/experimental problem: it
can be calculated given the gluon den-
sity, however description of the charm
threshold is complicated leading to a num-
ber 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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Scan ofmmodel
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Fits to combined HERA inclu-
sive andFcc

2 data using different
models for HF treatment.
All models use a parameter
mmodel

c which is related to the
charm pole mass. Use it as a
free parameter to tune the mod-
els to the charm data.

→ depending on the model, large spread of the values, but similarχ2

values atmmodel
c (opt) (except ZMVFNS).
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Sensitivity of LHC predictions to the charm
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Large∼ 7% spread of the
total cross section predic-
tion for mmodel

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

c when consid-
ering different models.
However, the spread is re-
duced to< 0.5% (exclud-
ing ZMVFNS) when pre-
dictions are evaluated at the
mmodel

c (opt) values.

More info including table of predictions, uncertainties can be found at

http://www.desy.de/h1zeus/combined_results/heavy_flavours/MCScan/charmfit.pdf
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LHC predictions vs charm data fit
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• Fcc
2 data excludes simplified model of ZMVFN.

• Models with smallerχ2/nd f return smaller spread in predictions,
all within 0.5%.

→ HERA Fcc
2 data and upcoming full NNLO calculations should

providec-u decomposition with (probably) sufficient accuracy for the
LHC.
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Importance ofc-density:Z-at the LHC
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Large spread of predictions can be
to large extend explained by different
charm treatment.

• CTEQ6.5: S-ACOT-χ with
mmodel

C = 1.3 GeV (close to
optimal 1.26 GeV)

• MSTW08: RT with mmodel
C =

1.4 GeV (optimal is 1.58 GeV)

• NNPDF2.0: ZMVFNS with
mmodel

C =
√

2 = 1.41 GeV
(optimal is 1.68 GeV.

Recently MSTW08 released sets with different values ofmmodel
C .

Comparing CTEQ6.6 and MSTW08 for the same values ofαS and
mmodel

C close to optimal values, one finds (MCFM4.7, PDF4LHC
benchmark settings):

σZ × Br(Z0 → ℓℓ) =















0.949 nb(MSTW08, αS = 0.118,mmodel
C = 1.6 GeV)

0.947 nb(CTEQ6.6, αS = 0.118,mmodel
C = 1.3 GeV
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Decomposition ofU andD
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Low x behaviour ofd andu is
assumed to be the same. Forced
in HERAPDF1.0 fit by requir-
ing

BŪ = BD̄

and

AŪ = AD̄(1− fs)

This imposes constraint on
other linear combinations of
Ū, D̄ vs 4Ū + D̄.

Uncertainties are determined MC method, green lines: individual replicas,
red: RMS.
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HERA fits withoutd = u assumption
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Unconstrained fit preserves
narrow4Ū + D̄ but orthogonal
combination Ū − 4D̄ has
very large spread. The only
significant constraint comes
from the positivity of the PDFs,
D̄ > 0, Ū > 0, which is built in
the parameterisation.
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Ū andD̄ densities in the unconstrained fit
Q2 = 1.9. GeV2
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Central unconstrained fit prefers solution with low̄D and increased
Ū. The difference is dramatic at the starting scale, but it remains
sizable at theMW scale too.
LHAPDF grid file for the unconstrained fit:

https://www.desy.de/h1zeus/combined_results/proton_structure/Fits/HERAPDF1.0u.LHgrid.gz
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Low mass DY vsZ for U overD decomposition
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Since γ∗ exchange has the same
sensitivity to the quark flavours as
the measurement ofF2 at HERA,
unconstrained fit agrees with
HERAPDF1.0 at lowMe+e− , but
sizable lower atMe+e− = MZ .

based on NLO MCFM

To separateŪ and D̄ for the same(Q2, x) region a good observable
is the ratio ofdσ/dy for Z production at

√
s = 7 TeV and DY for

Mℓ+ℓ− = MZ/2 at
√

s = 14 TeVat the LHC.
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Valence quarks at lowx
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Significant differences between valence quark densities from different PDF
groups. Assuminḡu ≈ d̄, W± asymmetry is given by

A ≈
uv − dv
u + d

Discrepancy atx = 0.01corresponds toyW = 0 for s = 7 TeV.
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Valence quarks: existing sources of information

• Data:
– Neutrino scattering data.
– CC data from HERA.
– xF3 structure function from HERA.
– Tevatron and LHCW asymmetry.

• Theory:
– Fermion counting sum rules.
– Lattice QCD.
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xF3 at HERA and LHeC
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Measurement of thexF3 structure function gives direct constraint on
uv anddv quark density. It is however not sufficiently precise at
HERA. LHeC could provide an extremely precise measurement
down tox = 0.001
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CC from HERA-II data
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• Analysis of highQ2 data being finalised by H1 and ZEUS.
Almost tenfold increase ine−p luminosity compared to HERA-I

• CC data constrain the decomposition of contributions fromuv, dv
andŪ, D̄ in important for the LHCx range.
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Strange density
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The least know quark density at lowx is the strange density. The only
direct information comes from di-muon events for neutrino scattering.

ss̄ asymmetry can be measured at the LHC by tagging the charm jet.

LHeC could provide very precise data on strange density using CC,
with tagged charm.

25



Summary

• HERA structure functionF2 measurements provide accurate
determination of the linear combination of the quark densities
4(U + Ū) + (D + D̄).

• Combination of the HERAFcc
2 data together with theory

improvements should allow to decompose contribution of heavy
quarksc andb.

• Contribution ofU andD quark densities can be decomposed at
the LHC by comparingγ andZ exchange contributions. Data at
different

√
s are very useful for that.

• Accuracy of the valence quark determination will improve with
HERA-II data. Measurements of the lepton asymmetry at the
LHC will have significant impact too.
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