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Abstract

The newly combined HERA-I and II data are input to QCD analyses at NLO and NNLO
which determine preliminary versions of new sets of parton distributions, HERAPDF2.0(prel.),
with small experimental uncertainties. Model and parametrisation uncertaintiesof the fits
are also considered.



The H1 and ZEUS Collaborations

1 QCD Analysis of the Combined Data

The new combined data set on NC and CCe+p ande−p inclusive cross sections [1] is used
as the input for next-to-leading order (NLO) and next-to next to leading order (NNLO) QCD
PDF fits resulting in a new preliminary PDF set called HERAPDF2.0(prel.). The NCe+p data
includes data at different centre-of-mass energies such that different values ofy are accessed at
the samex,Q2. This data set has 162 systematic uncertainties which result from the ZEUS and
H1 data sets plus three sources of uncertainty which result from the combination procedure. All
these sources are treated as correlated in the QCD fit. The Hessian method is used to evaluate
the experimental uncertainties using the conventionalχ2 tolerance,∆χ2 = 1. Theχ2 definition
is taken from ref. [2].

The QCD predictions for the structure functions are obtainedby solving the DGLAP evo-
lution equations [3–7] at NLO and NNLO in theMS scheme with the renormalisation and
factorisation scales chosen to beQ2. The program QCDNUM [8] is used within the HERAFit-
ter framework [9]. The DGLAP equations yield the PDFs at all values ofQ2 if they are provided
as functions of Bjorken-x at some input scaleQ2

0. This scale is chosen to beQ2
0 = 1.9 GeV2 as

for HERAPDF1.0 [10]. The light quark coefficient functions are calculated in QCDNUM. The
heavy quark coefficient functions are calculated in the general-mass variable-flavour-number
scheme of [11], with recent modifications [12,14]- called RTOPT. The charm quark mass pa-
rameterMc in this scheme,Mopt

c , is determined by performing aχ2−scan vs. Mc of these
new inclusive data together with the HERA combined charm data [13] following the proce-
dure outlined in that paper. The value of the charm mass parameter is thus determined to be
Mopt

c = 1.47 GeV for the NLO fits andMopt
c = 1.44 GeV for the NNLO fits. The beauty quark

mass parameter is chosen asMb = 4.75 GeV following [16]. The strong coupling constant is
fixed to the valueαs(M2

Z) = 0.118 [15] for both the NLO and NNLO fits.

1.1 Parametrisations

PDFs are parametrised as a function of Bjorken-x at the input scale by the generic form

x f (x) = AxB(1− x)C(1+ Dx + Ex2). (1)

with the exception of the gluon for which an additional term of the form 1 A′gx
B′g(1 − x)C′g is

subtracted. The parametrised PDFs are the gluon distribution xg, the valence quark distributions
xuv, xdv, and theu-type andd-type anti-quark distributionsxŪ, xD̄. HerexŪ = xū, xD̄ = xd̄+xs̄
at the chosen starting scale. The central fit is found by first setting theD, E andA′g parameters
to zero (this leaves 10 parameters free) and then introducing them into the fit one at a time until
the fitχ2 saturates. This results in a 15 parameter fit which satisfies the criteria that all the PDFs
are positive and all predicted cross sections are positive in the fitted region.

1C′g = 25 is fixed since the fit is not sensitive to this value providedit is high enough (C′g > 15) that the term
does not contribute at largex.
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The resulting parametrisations are

xg(x) = Agx
Bg(1− x)Cg − A′gx

B′g(1− x)C′g , (2)

xuv(x) = Auv x
Buv (1− x)Cuv

(

1+ Duv x + Euv x
2
)

, (3)

xdv(x) = Adv x
Bdv (1− x)Cdv , (4)

xŪ(x) = AŪ xBŪ (1− x)CŪ (1+ DŪ x) , (5)

xD̄(x) = AD̄xBD̄(1− x)CD̄ . (6)

The normalisation parameters,Ag, Auv , Adv , are constrained by the quark number sum rules and
momentum sum rule. TheB parametersBŪ and BD̄ are set equal,BŪ = BD̄, such that there
is a singleB parameter for the sea distributions. The strange quark distribution is expressed
as x-independent fraction,fs, of thed-type sea,xs̄ = fsxD̄ at Q2

0. The central valuefs = 0.4
is chosen to be a compromise between the determination of a suppressed strange sea from
neutrino-induced di-muon production [16,17] and a recent determination of an unsuppressed
strange sea from the ATLAS collaboration [18]. The further constraintAŪ = AD̄(1− fs), together
with the requirementBŪ = BD̄, ensures thatxū→ xd̄ asx→ 0.

The HERA data used in the combination have a minimum invariant mass of the hadronic
system,W, of 15 GeV and a maximumx of 0.65, such that they are in a kinematic region where
there is no sensitivity to target mass and large-x higher-twist contributions. A minimumQ2 cut
of Q2

min = 3.5 GeV2 has been imposed on previous HERAPDF fits to remain in the kinematic
region where perturbative QCD should be applicable. In the present analysis the value used for
this cut is re-examined.

The predictions of the NLO and NNLO fits are first shown compared to the data using the
standard cutQ2

min = 3.5 GeV2. Figs.1, 2 show comparisons of the NLO and NNLO fits to
low-Q2 NC e+p data for

√
s = 318 GeV. Figs.3, 4 show comparisons of the NLO and NNLO

fits to low-Q2 NC e+p data for
√

s = 251 GeV. Figs.5, 6, show comparisons of the NLO and
NNLO fits to low-Q2 NC e+p data for

√
s = 225 GeV.

Figs. 7, 8 show comparisons of the NLO and NNLO fits to high-Q2 NC e+p data for√
s = 318 GeV. Figs.9, 10, show comparisons of the NLO and NNLO fits to high-Q2 NC e+p

data for
√

s = 251 GeV. Figs.11, 12show comparisons of the NLO and NNLO fits to high-Q2

NC e+p data for
√

s = 225 GeV.

Figs. 13, 14 show comparisons of the NLO and NNLO fits to high-Q2 NC e−p data for√
s = 318 GeV. Figs.15, 16 show comparisons of the NLO and NNLO fits to high-Q2 NC e−p

and NCe+p data for
√

s = 318 GeV.

Figs. 17, 18 show comparisons of the NLO and NNLO fits to high-Q2 CC e+p data for√
s = 318 GeV. Figs.19, 20show comparisons of the NLO and NNLO fits to high-Q2 CCee−p

data for
√

s = 318 GeV.

Figs.21, 22show comparisons of the NLO and NNLO fits to NCe+p data from HERA and
to fixed target data.

Fig.23 shows the NCe+p data for very lowQ2, below the fitted region, and is included for
completeness.

For the kinematic cutQ2
min = 3.5 GeV2 theχ2 per degree of freedom for the central NLO fit is

1385/1130 and for the central NNLO fit it is 1414/1130. These values are somewhat larger than
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Variation Standard Value Lower Limit Upper Limit
fs 0.4 0.3 0.5
Mopt

c (NLO) [GeV] 1.47 1.41 1.53
Mopt

c (NNLO) [GeV] 1.44 1.38 1.50
Mb [GeV] 4.75 4.5 5.0
Q2

min [GeV2] 10.0 7.5 12.5
Q2

min [GeV2] 3.5 2.5 5.0
Q2

0 [GeV2] 1.9 1.6 2.2

Table 1: Standard values of input parameters and the variations considered.

for HERAPDF1.0 and thus we examine the dependence of theχ2 on theQ2 cut applied to the
data. Fig.24shows scans ofχ2 per degree of freedom vs the minimumQ2

min of data used in the fit
for the NLO QCD fit and the NNLO QCD fits. The values drop steadily until Q2

min ∼ 10 GeV2,
whenχ2 per degree of freedom is 1156/1003 for NLO and 1150/1003 at NNLO. Thus fits are
presented forQ2

min = 10 GeV2 as well as for our standard cutQ2
min = 3.5 GeV2.

In Figures25 and 26 the fit predictions are compared to low-Q2 NC e+p data at
√

s =
318 GeV for NLO and NNLO fits for whichQ2

min = 10 GeV2. The data forQ2 < 10GeV2 are
poorly described since they are not in the fit, but more signficantly the discrepancies from the fit
predictions (shown by dashed lines for data that are not usedin the fit) show a systematic trend
becoming larger for lowerx and lowerQ2. The description of these low-x, low-Q2 data is not
improved at NNLO.

1.2 Model and Parametrisation Uncertainties

Model uncertainties and parametrisation uncertainties ofthe central fit solution are evaluated
by varying the input assumptions. The variation of numerical values chosen for the central fit
is specified in Table1. The variation offs is chosen to span the ranges between a suppressed
strange sea as determined in [16,17] and an unsuppressed strange sea [18]. The variation ofMopt

c

is taken from theχ2−scan vs.Mc for the RTOPT heavy quark scheme following the procedure
outline in ref. [13]. This allows a considerably reduced uncertainty due toMc variation as
compared to the HERAPDF1.0 analysis. The variation ofMb is taken from reference [16].

The difference between the central fit and the fits corresponding to model variations of
Mc, Mb, fs, Q2

min are added in quadrature, separately for positive and negative deviations, and
represent the model uncertainty of the HERAPDF2.0(prel.) set.

The variation inQ2
0 is regarded as a parametrisation uncertainty, rather than amodel uncer-

tainty. Variation of the number of terms in the polynomial (1+Dx+ Ex2) is also considered for
each fitted parton distribution. All the 16 parameter fits which have one moreD or E param-
eter non-zero are considered as possible variants. In practice none of these have significantly
different PDF shapes from the central fit.

The difference between the parametrisation variations and the central fit is stored and an
envelope representing the maximal deviation at eachx value is constructed to represent the
parametrisation uncertainty. This parametrisation uncertainty should be regarded as indicative
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rather than exhaustive. The total PDF uncertainty is obtained by adding in quadrature experi-
mental, model and parametrisation uncertainties.

In summary, the preliminary HERAPDF2.0 analysis uses a consistent data set with small
correlated systematic uncertainties and applies the conventionalχ2 tolerance,∆χ2 = 1, when
determining the experimental uncertainties on the PDFs. This data set includes four different
processes, NC and CC,e+p ande−p scattering, such that there is sufficient information to extract
xŪ, xD̄, xdv, xuv PDFs and the gluon PDF from the scaling violations. The NCe+p data includes
data at different centre-of-mass energies such that different values ofy are accessed at the same
x,Q2. This makes the data sensitive toFL and thus gives further information on the low-x gluon
distribution.

1.3 Fit Results

Figs.27 shows summary plots of the HERAPDF2.0(prel.) NLO fit for bothvalues ofQ2
min, at

the scaleµ2
f = 10 GeV2. The experimental, model and parametrisation uncertainties are shown

separately. The model and parameterisation uncertaintiesare asymmetric. For the sea and gluon
distributions the uncertainties arising from the variation of Q2

min affect the small-x region.

Figs.28compares theQ2
min = 3.5GeV2 NLO fit to the HERAPDF1.0 NLO on log and linear

x scales. A considerable decrease in uncertainty can be observed, particularly in the high-x sea
PDFs. The shapes of the PDFs have also changed somewhat. The valence shapes change due
to the considerable increase high-x data. The high-x sea becomes softer and the high-x gluon
becomes harder.

Figs.29compares the NLOQ2
min = 3.5 GeV2 fit to theQ2

min = 10 GeV2 fit on log and linear
scales. There is a slight flattening of the low-x gluon and sea shapes for theQ2

min = 10GeV2 fit,
but the main difference is an increase of low-x uncertainty.

Figs.30shows summary plots of the HERAPDF2.0(prel.) NNLO fit for both values ofQ2
min

at Q2 = 10 GeV2. In this case there is very a signficant difference in low-x shape for these two
fits. The choice of the value ofQ2

min shifts the gluon shape systematically towards becoming
more valence-like and the sea shape towards becoming flatter.

Figs.31 compares theQ2
min = 3.5 GeV2 NNLO fit to the HERAPDF1.5NNLO on log and

linear x scales respectively. There is some further reduction in uncertainty, since the new com-
bination contains more data at high-x than the preliminary HERA-I+II combination on which
HERAPDF1.5 was based.

Figs.32 compares the NNLOQ2
min = 3.5 GeV2 fit to the Q2

min = 10 GeV2 fit on log and
linear scales. The shape of both the low-x sea and gluon differs systematically for these fits.

2 Conclusions

QCD analyses are performed at NLO and NNLO based exclusively on the newly combined
HERA-I+II e±p scattering cross-section data. A new set of parton distribution functions, HER-
APDF2.0(prel.), is obtained using a variable-flavour-number scheme. The analysis yields small
experimental uncertainties and includes estimates for model and parametrisation uncertainties.
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Figure 1: The combined low-Q2 HERA data for the inclusive NCe+p reduced cross section at√
s = 318 GeV compared to an NLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 12: The combined high-Q2 HERA data for the inclusive NCe+p reduced cross section at√
s = 225 GeV compared to an NNLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 13: The combined HERA data for the inclusive NCe−p reduced cross section at
√

s =
318 GeV compared to an NLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 14: The combined HERA data for the inclusive NCe−p reduced cross section at
√

s =
318 GeV compared to an NNLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 15: The combined HERA data for the inclusive NCe−p ande+p reduced cross section at√
s = 318 GeV compared to an NLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 16: The combined HERA data for the inclusive NCe−p ande+p reduced cross section at√
s = 318 GeV compared to an NNLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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318 GeV compared to an NLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 19: The combined HERA data for the inclusive CCe−p reduced cross section at
√
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318 GeV compared to an NLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 21: The combined HERA data for the inclusive NCe+p reduced cross section and fixed
target data compared to an NLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 22: The combined HERA data for the inclusive NCe+p reduced cross section and fixed
target data compared to an NNLO QCD fit withQ2

min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 25: The combined low-Q2 HERA data for the inclusive NCe+p reduced cross section at√
s = 318 GeV compared to an NLO QCD fit withQ2

min = 10 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 26: The combined low-Q2 HERA data for the inclusive NCe+p reduced cross section at√
s = 318 GeV compared to an NNLO QCD fit withQ2

min = 10 GeV2. The green band includes
experimental uncertainties on the fit.
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Figure 27: The parton distribution functions from HERAPDF2.0(prel.) at NLO,xuv, xdv, xS =
2x(Ū + D̄), xg, at the scaleµ2

f = 10 GeV2, for the Q2
min = 3.5 GeV2 fit (top) and theQ2

min =

10 GeV2 fit (bottom) The gluon and sea distributions are scaled down by a factor 20. The
experimental, model and parametrisation uncertainties are shown separately.
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Figure 28: The parton distribution functions from HERAPDF2.0(prel.) at NLO,xuv, xdv, xS =
2x(Ū + D̄), xg, at the scaleµ2

f = 10 GeV2, for the Q2
min = 3.5 GeV2 fit compared to HERA-

PDF1.0 on log (top) and linear (bottom) scales. The bands represent the total uncertainties.
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Figure 29: The parton distribution functions from HERAPDF2.0(prel.) at NLO,xuv, xdv, xS =
2x(Ū + D̄), xg, at the scaleµ2

f = 10 GeV2, for theQ2
min = 3.5 GeV2 fit compared to theQ2

min =

10 GeV2 fit on log (top) and linear (bottom) scales.. The bands represent the total uncertainties.
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Figure 30: The parton distribution functions from HERAPDF2.0(prel.) at NNLO,
xuv, xdv, xS = 2x(Ū + D̄), xg, at the scaleµ2

f = 10 GeV2, for the Q2
min = 3.5 GeV2 fit (top)

and theQ2
min = 10 GeV2 fit (bottom) The gluon and sea distributions are scaled down by a

factor 20. The experimental, model and parametrisation uncertainties are shown separately.
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Figure 31: The parton distribution functions from HERAPDF2.0(prel.) at NNLO,
xuv, xdv, xS = 2x(Ū + D̄), xg, at the scaleµ2

f = 10 GeV2, for the Q2
min = 3.5 GeV2 fit com-

pared to HERAPDF1.5 NNLO on log (top) and linear (bottom) scales. The bands represent the
total uncertainties.
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Figure 32: The parton distribution functions from HERAPDF2.0(prel.) at NNLO,
xuv, xdv, xS = 2x(Ū + D̄), xg, at the scaleµ2

f = 10 GeV2, for the Q2
min = 3.5 GeV2 fit com-

pared to theQ2
min = 10 GeV2 fit on log (top) and linear (bottom) scales. The bands represent the

total uncertainties.
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