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1. Introduction


The inclusive neutral current (NC) and charged current (CC)deep-inelastic scattering (DIS)
at theep collider HERA (1992-2007) has been central to the exploration of proton structure and
quark-gluon interaction dynamics as prescribed in perturbative Quantum Chromodynamics (QCD).
At HERA electrons and positrons of 27.5 GeV collided with protons of 920 GeV (820 GeV un-
til 1997). This corresponds to anep center of mass energy of 320 GeV. Operation of HERA
proceeded in two phases, HERA I (1992-2000) with unpolarised and HERA II (2003-2007) with
longitudinally polarised lepton beam. The twoep interaction regions were instrumented with the
multi-purpose detectors of the H1 and ZEUS collider experiments. Each of the two experiments
collected a total integrated luminosity of≈ 0.5 f b−1, about equally shared between positive and
negative polarities and positive and negative longitudinal polarizations of the lepton beam. At the
end of the HERA data taking, special runs were performed withreduced energies of the proton
beam of 460 and 575 GeV.


An ultimate goal of the inclusive NC and CC cross section measurements is to obtain a unique
HERA data set, which provides averages of the H1 and ZEUS results produced in different years
benefiting from the different features of the respective apparatus. A combination of the H1 and
ZEUS measurements is performed for the HERA I as well as HERA II running periods. These
combined data are analyzed in the QCD framework, and the parton distribution functions (PDFs)
in the proton are determined.


The inclusive NC cross section data at the reduced and nominal proton beam energies are used
to measure the longitudinal structure functionFL in a model independent way.


2. Combined H1 and ZEUS inclusive cross sections


The deep-inelastice±p NC scattering cross section with unpolarised beams can be expressed
in a reduced form as


σ̃±
NC(x,Q2) =


d2σe±p
NC


dxdQ2


xQ4


2πα2


1
Y+


= F2(x,Q
2)∓


Y−
Y+


xF3(x,Q
2)−


y2


Y+
FL(x,Q


2), (2.1)


whereα is the fine structure constant,x is the Bjorken scaling variable,Q2 is the negative four-
momentum-transfer squared,ycharacterises the inelasticity of the interaction andY± = 1±(1− y2).
The NC cross section is dominated by the contribution of the proton structure functionF2. At lead-
ing order in QCD,F2 is related to a linear combination of sums of the quark and anti-quark mo-
mentum distributions in the proton, and the structure function xF3 is related to a linear combination
of their differences. The longitudinal structure functionFL is equal to zero in the leading order due
to the spin one half nature of the quarks. Non-zero values of the longitudinal structure function
appear in QCD due to gluon radiation.


The deep-inelastice±p CC scattering cross section can be expressed in a similar manner. The
W±-boson exchange in the charged current process distinguishes between the charges of the con-
stituent quarks. Thus, for the electron (positron) beam thecross section depends on theu, d̄ (d, ū)


quark content of the proton.
The H1 and ZEUS measurements on inclusive NC and CC reactionscover a wide range ofx


andQ2. For NC the kinematic range is 6·10−7 ≤ x≤ 0.65 and 0.045≤ Q2 ≤ 30000 GeV2, and for
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Figure 1: The combined HERAe+p NC (left plot) ande−p CC (right plot) unpolarized reduced cross
sections as a function ofQ2 andx, correspondingly, compared to the Standard Model predictions based on
HERAPDF1.5 [5].


CC it is 1.3·10−2 ≤ x≤ 0.65 and 300≤Q2 ≤ 30000 GeV2. All published NC and CC cross section
measurements from H1 and ZEUS obtained using data collectedduring the HERA I phase, are
combined in one simultaneous minimization [1]. The resulting shifts of the correlated systematic
uncertainties are propagated to both NC and CC data such thatone coherent data set is obtained.
The data sets considered for the combination were taken withproton beam energies of 820 and
920 GeV. Therefore, the data are corrected to a common centerof mass energy corresponding to
Ep = 920 GeV and then averaged. The NC data fory≥ 0.35 are kept separate for the two proton
beam energies. Since H1 and ZEUS have employed different experimental techniques, different
detectors and methods of kinematic reconstruction, the averaging leads to a significantly reduced
correlated systematic uncertainty. This reduction propagates to all average points, including also
those which are based solely on the measurement from one experiment.


This averaging is extended to include the H1 and ZEUS measurements [2, 3] from the HERA II
running period. The input H1 and ZEUS data show a good consistency withχ2/ndof = 967.5/1032.
The inclusion of the large HERA II data set leads to an improved uncertainty especially at large
Q2. This combined data set [4] contains complete information on inclusive DIS cross sections
measured by H1 and ZEUS at HERA. There are in total 134 sourcesof correlated systematic
uncertainty. None of these systematic sources shifts by more than 2σ of the nominal value in the
averaging procedure. The total uncertainty of the combineddata set reaches 1% for NC scattering
in the best measured region, 20< Q2 < 100 GeV2.


A next-to-leading order (NLO) QCD analysis is performed based exclusively on these com-
bined cross section data. New sets of parton distribution functions, HERAPDF1.0 [1] (HERA I
data) and HERAPDF1.5 [5] (HERA I and HERA II data), are obtained using a variable-flavour-
number scheme. They have total uncertainties at the level ofa few percent at lowx, which include
experimental as well as model and parametrisation uncertainties.
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Figure 2: The H1 and ZEUS measurement ofFL(Q2) averaged overx at fixed values ofQ2. The resulting
x values of the averagedFL are given in the figure for each point inQ2. The bands represent predictions
based on HERAPDF1.0 [1], CTEQ6.6 [8], and NNPDF2.1 [9] NLO aswell as MSTW08 [10], JR09 [11]
and ABKM09 [12] NNLO calculations.


In Figure 1 the averagede+ p NC (left plot) ande−p CC (right plot) reduced cross sections,
obtained using the entire HERA data, are shown together withthe Standard Model predictions
based on the PDFs from the HERAPDF1.5 QCD fit [5].


3. The longitudinal structure function FL


A model independent measurement of the longitudinal structure functionFL(x,Q2) requires
several sets of NC cross sections at fixedx andQ2 but differenty. This was achieved at HERA
by variation of the proton beam energy. TheFL measurements are performed usinge+p data with
three proton beam energies: the reduced energies of 460 GeV and 575 GeV and the nominal energy
of 920 GeV.


According to Eq. (2.1), theFL(x,Q2) contribution to the reduced cross section is proportional
to f (y) = y2/[1+ (1− y)2]. Therefore, theFL values can be determined as slopes of straight-
line fits of the measured̃σNC(x,Q2,y) values as a function of the y-dependent factorf (y). More
sophisticated procedures to determineFL andF2 are applied by H1 and ZEUS to take into account
correlations of data points due to systematic uncertainties. The H1 and ZEUS measurements of
FL(x,Q2) [6, 7] are averaged overx at fixedQ2, and the resultingFL(Q2) is shown in Figure 2.
The data are reasonably well reproduced by predictions based on NLO and NNLO QCD. The
measurements ofFL are used to determine the ratioR= FL/(F2−FL). ForQ2 ≥ 3.5 GeV2 the ratio
R shows constant behaviour withR= 0.26±0.05.


4. Summary


Inclusive cross sections ofe±p NC and CC scattering, measured by H1 and ZEUS at HERA,
are combined providing the most accurate data set with a total uncertainty which reaches 1% for
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NC in the bulk of the phase space. The inclusion of the large HERA II data set leads to a reduction
of the errors especially at largeQ2. The combined data are the sole input to NLO QCD analyses
which provide the HERAPDF1.0 and HERAPDF1.5 sets of parton distributions. With the data at
the reduced proton beam energies of 460 GeV and 575 GeV and at the nominal proton beam energy
of 920 GeV the measurement of the longitudinal structure function of the proton is performed
without any model assumptions. It is found that the ratioR= FL/(F2−FL) is consistent with being
constant withR= 0.26±0.05.
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