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QCD Analysis of the Inclusivee* p Scattering Cross Sections
at HERA

H1 and ZEUS Collaborations

Abstract

The newly combined HERA-I and Il data are input to QCD analyses at NbdDNINLO
which determine preliminary versions of new sets of parton distributions, AHDE2.0(prel.),
with small experimental uncertainties. Model and parametrisation uncertadritibe fits
are also considered.



The H1 and ZEUS Collaborations

1 QCD Analysis of the Combined Data

The new combined data set on NC and €@ ande p inclusive cross sectiond] is used
as the input for next-to-leading order (NLO) and next-totrtexieading order (NNLO) QCD
PDF fits resulting in a new preliminary PDF set called HERARDKprel.). The NG=*p data
includes data at elierent centre-of-mass energies such thiedent values off are accessed at
the samex, Q2. This data set has 162 systematic uncertainties whichtriesai the ZEUS and
H1 data sets plus three sources of uncertainty which resuit the combination procedure. All
these sources are treated as correlated in the QCD fit. Theadassthod is used to evaluate
the experimental uncertainties using the conventigablerance Ay? = 1. They? definition

is taken from ref. 2].

The QCD predictions for the structure functions are obtaimgdolving the DGLAP evo-
lution equations 3-7] at NLO and NNLO in theMS scheme with the renormalisation and
factorisation scales chosen to @&. The program QCDNUME] is used within the HERAFit-
ter framework P]. The DGLAP equations yield the PDFs at all value€¥3fif they are provided
as functions of Bjorkencat some input scal@3. This scale is chosen to IfgZ = 1.9 Ge\* as
for HERAPDFL1.0 LQ]. The light quark cofficient functions are calculated in QCDNUM. The
heavy quark coficient functions are calculated in the general-mass vagifiblour-number
scheme of 11], with recent modifications12,14]- called RTOPT. The charm quark mass pa-
rameterM, in this schemeMS™ | is determined by performing g2—scan vs. M. of these
new inclusive data together with the HERA combined charna ¢&8] following the proce-
dure outlined in that paper. The value of the charm mass petsans thus determined to be
M = 1.47 GeV for the NLO fits andS™ = 1.44 GeV for the NNLO fits. The beauty quark
mass parameter is chosenMs = 4.75 GeV following [L6]. The strong coupling constant is
fixed to the valuers(M2) = 0.118 [15] for both the NLO and NNLO fits.

1.1 Parametrisations

PDFs are parametrised as a function of Bjorkeau-the input scale by the generic form
xf(x) = AxB(1 - X)°(1 + Dx + EX?). (1)

with the exception of the gluon for which an additional terfrttee form* A’ x%(1 — x)% is
subtracted. The parametrised PDFs are the gluon distiossi, the valence quark distributions
Xu,, Xd,, and theu-type andd-type anti-quark distributiongU, xD. HerexU = xu, XD = xd+Xxs
at the chosen starting scale. The central fit is found by fetirg theD, E andA) parameters
to zero (this leaves 10 parameters free) and then introdubem into the fit one at a time until
the fity? saturates. This results in a 15 parameter fit which satidfesriteria that all the PDFs
are positive and all predicted cross sections are positivied fitted region.

1C; = 25 is fixed since the fit is not sensitive to this value provides high enough; > 15) that the term
does not contribute at large



The resulting parametrisations are

xg(X) = AXF(L-x% = Ax(1-x)%, 2)
XU(¥) = AyXP(1— )% (1+ Dy x+Eyx?), (3)
xd,(X) = AgxB(1— x)%, (4)
XU(X) = AGX(1-x)° (1+ Dgx), (5)
xD(X) = Agx®(1- x)%e. (6)

The normalisation parametei,, A, , Aq,, are constrained by the quark number sum rules and
momentum sum rule. ThB parameter8B; and By are set equalB; = Bg, such that there

is a singleB parameter for the sea distributions. The strange quarkilalision is expressed
as x-independent fractionfs, of the d-type seaxs = fsxD at Q3. The central valuefs = 0.4

Is chosen to be a compromise between the determination oppressed strange sea from
neutrino-induced di-muon productiod,17] and a recent determination of an unsuppressed
strange sea from the ATLAS collaboratidl]. The further constraind; = Ag(1-fs), together
with the requiremenBy = By, ensures thatu — xd asx — 0.

The HERA data used in the combination have a minimum invansess of the hadronic
systemW, of 15 GeV and a maximurx of 0.65, such that they are in a kinematic region where
there is no sensitivity to target mass and larxggigher-twist contributions. A minimur®? cut
of Q%,, = 3.5 Ge\# has been imposed on previous HERAPDF fits to remain in thentie
region where perturbative QCD should be applicable. In tlesgmt analysis the value used for
this cut is re-examined.

The predictions of the NLO and NNLO fits are first shown comgddrethe data using the
standard cuQ?,. = 3.5 Ge\£. Figs.1, 2 show comparisons of the NLO and NNLO fits to
low-Q? NC e* p data for+/s = 318 GeV. Figs3, 4 show comparisons of the NLO and NNLO
fits to low-Q? NC e*p data for /s = 251 GeV. Figs5, 6, show comparisons of the NLO and

NNLO fits to low-Q? NC e* p data for+/s = 225 GeV.

Figs. 7, 8 show comparisons of the NLO and NNLO fits to higR-NC e*p data for
\/s = 318 GeV. Figs9, 10, show comparisons of the NLO and NNLO fits to high-NC e*p
data forv/s = 251 GeV. Figs11, 12show comparisons of the NLO and NNLO fits to hiGh-
NC e*p data for+/s = 225 GeV.

Figs.13, 14 show comparisons of the NLO and NNLO fits to higi-NC e p data for
v/s = 318 GeV. Figs15, 16show comparisons of the NLO and NNLO fits to hiGR-NC e p
and NCe' p data for+/s = 318 GeV.

Figs.17, 18 show comparisons of the NLO and NNLO fits to hig-CC e p data for
\/S= 318 GeV. Figs19, 20show comparisons of the NLO and NNLO fits to higi-CCee p
data for+/s = 318 GeV.

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

Fig.23 shows the NG&* p data for very lowQ?, below the fitted region, and is included for
completeness.

For the kinematic cuR?, . = 3.5 Ge\# they? per degree of freedom for the central NLO fitis
13851130 and for the central NNLO fititis 1414130. These values are somewhat larger than

2



Variation Standard Value Lower Limit | Upper Limit

fs 04 0.3 0.5
MSP(NLO) [GeV] 147 141 153
M2P (NNLO) [GeV] 1.44 1.38 1.50
My [GeV] 4.75 4.5 5.0

2. [GeVd] 100 7.5 125

2. [GeV?] 35 25 5.0
Q3 [GeV4] 1.9 1.6 2.2

Table 1: Standard values of input parameters and the vammtionsidered.

for HERAPDF1.0 and thus we examine the dependence ofilom theQ? cut applied to the
data. Fig24shows scans gf? per degree of freedom vs the minimu@3, . of data used in the fit
for the NLO QCD fit and the NNLO QCD fits. The values drop steadii$iluQ?, . ~ 10 Ge\?,
wheny? per degree of freedom is 115803 for NLO and 11501003 at NNLO. Thus fits are
presented fofQ%, . = 10 Ge\? as well as for our standard cQ®, = 3.5 Ge\~.

In Figures25 and 26 the fit predictions are compared to |0@* NC e*p data at+/s =
318 GeV for NLO and NNLO fits for whictQz,, = 10 Ge\?. The data foIQ? < 10Ge\* are
poorly described since they are not in the fit, but more signtly the discrepancies from the fit
predictions (shown by dashed lines for data that are not imsez fit) show a systematic trend
becoming larger for lowexk and lowerQ?. The description of these low-low-Q? data is not
improved at NNLO.

1.2 Model and Parametrisation Uncertainties

Model uncertainties and parametrisation uncertaintiethefcentral fit solution are evaluated

by varying the input assumptions. The variation of numénedues chosen for the central fit

is specified in Tabld. The variation off is chosen to span the ranges between a suppressed
strange sea as determined 1%L 7] and an unsuppressed strange d6% [The variation oM™

is taken from thg/2—scan vs.M for the RTOPT heavy quark scheme following the procedure
outline in ref. [L3]. This allows a considerably reduced uncertainty duévkovariation as
compared to the HERAPDF1.0 analysis. The variatioMgis taken from referencelf].

The diference between the central fit and the fits corresponding tdemeariations of
M., My, fs, Q2 are added in quadrature, separately for positive and negdéviations, and
represent the model uncertainty of the HERAPDF2.0(pret) s

The variation inQ; is regarded as a parametrisation uncertainty, rather tiaackel uncer-
tainty. Variation of the number of terms in the polynomial({Dx + Ex?) is also considered for
each fitted parton distribution. All the 16 parameter fits ebhhave one mor® or E param-
eter non-zero are considered as possible variants. Inipgacbne of these have significantly
different PDF shapes from the central fit.

The diference between the parametrisation variations and theatémtis stored and an
envelope representing the maximal deviation at easfalue is constructed to represent the
parametrisation uncertainty. This parametrisation uiatetly should be regarded as indicative



rather than exhaustive. The total PDF uncertainty is obthioy adding in quadrature experi-
mental, model and parametrisation uncertainties.

In summary, the preliminary HERAPDF2.0 analysis uses aisterd data set with small
correlated systematic uncertainties and applies the ctiovel y? tolerance Ay? = 1, when
determining the experimental uncertainties on the PDFss data set includes four fikerent
processes, NC and C€',p ande™ p scattering, such that there isfBoient information to extract
xU, xD, xd,, xu, PDFs and the gluon PDF from the scaling violations. Thed\&data includes
data at diferent centre-of-mass energies such théedent values of are accessed at the same
X, Q2. This makes the data sensitiveRp and thus gives further information on the lowgluon
distribution.

1.3 Fit Results

Figs.27 shows summary plots of the HERAPDF2.0(prel.) NLO fit for bugues ofQ?, , at
the scalg:? = 10 Ge\2. The experimental, model and parametrisation uncereairgtie shown
separately. The model and parameterisation uncertaentgegsymmetric. For the sea and gluon
distributions the uncertainties arising from the variataf Q2, . affect the smallx region.

Figs.28 compares th€?, = 3.5Ge\* NLO fit to the HERAPDF1.0 NLO on log and linear
x scales. A considerable decrease in uncertainty can bevaasearticularly in the highe¢sea
PDFs. The shapes of the PDFs have also changed somewhatal€hees/shapes change due
to the considerable increase higldata. The highk sea becomes softer and the higlgtuon
becomes harder.

Figs.29 compares the NLQ@?2. = 3.5 Ge\# fit to the Q2. = 10 Ge\# fit on log and linear

scales. There is a slight flattening of the lavgluon and sea shapes for tQ8, = 10Ge\# fit,
but the main diterence is an increase of lowtncertainty.

Figs.30shows summary plots of the HERAPDF2.0(prel.) NNLO fit fortbealues ofQz2, .
atQ? = 10 Ge\2. In this case there is very a signficanffdience in lowx shape for these two
fits. The choice of the value @@, = shifts the gluon shape systematically towards becoming
more valence-like and the sea shape towards becoming.flatter

Figs.31 compares th€?. = 3.5 Ge\? NNLO fit to the HERAPDF1.5NNLO on log and
linear x scales respectively. There is some further redaati uncertainty, since the new com-
bination contains more data at highthan the preliminary HERA4II combination on which

HERAPDF1.5 was based.
Figs. 32 compares the NNLAZ, = 3.5 Ge\ fit to the Q2,, = 10 Ge\# fit on log and

min

linear scales. The shape of both the lgawea and gluon diers systematically for these fits.

2 Conclusions

QCD analyses are performed at NLO and NNLO based exclusivelthe newly combined
HERA-I+II e*p scattering cross-section data. A new set of parton digtabdunctions, HER-
APDF2.0(prel.), is obtained using a variable-flavour-nemdcheme. The analysis yields small
experimental uncertainties and includes estimates forataad parametrisation uncertainties.
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Figure 1: The combined low@? HERA data for the inclusive N@&*p reduced cross section at
\/S = 318 GeV compared to an NLO QCD fit wit?
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experimental uncertainties on the fit.

min

= 3.5 Ge\2. The green band includes
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Figure 2: The combined low@? HERA data for the inclusive N@* p reduced cross section at
Vs = 318 GeV compared to an NNLO QCD fit wit@Z, , = 3.5 Ge\~. The green band includes
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experimental uncertainties on the fit.
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Figure 3: The combined low@? HERA data for the inclusive N@* p reduced cross section at
Vs = 251 GeV compared to an NLO QCD fit wit@2,, = 3.5 Ge\2. The green band includes
experimental uncertainties on the fit.
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Figure 4: The combined low@? HERA data for the inclusive N@* p reduced cross section at
Vs = 251 GeV compared to an NNLO QCD fit wit@Z, , = 3.5 Ge\~. The green band includes
experimental uncertainties on the fit.
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Figure 5: The combined low@? HERA data for the inclusive N@*p reduced cross section at

\/S = 225 GeV compared to an NLO QCD fit with?

experimental uncertainties on the fit.
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Figure 6: The combined lov@? HERA data for the inclusive N@*p reduced cross section at
Vs = 225 GeV compared to an NNLO QCD fit wit@?, , = 3.5 Ge\~. The green band includes
experimental uncertainties on the fit.
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Figure 7: The combined hig®? HERA data for the inclusive N@" p reduced cross section at
Vs = 318 GeV compared to an NLO QCD fit wit@2,, = 3.5 Ge\2. The green band includes
experimental uncertainties on the fit.
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Figure 8: The combined hig®? HERA data for the inclusive N&" p reduced cross section at
Vs = 318 GeV compared to an NNLO QCD fit wit@Z, , = 3.5 Ge\~. The green band includes
experimental uncertainties on the fit.
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Figure 9: The combined hig®? HERA data for the inclusive N&" p reduced cross section at

Vs = 251 GeV compared to an NLO QCD fit with

experimental uncertainties on the fit.
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Figure 10: The combined higf? HERA data for the inclusive N&' p reduced cross section at
Vs = 251 GeV compared to an NNLO QCD fit wit@?, , = 3.5 Ge\~. The green band includes
experimental uncertainties on the fit.
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Figure 11: The combined higf? HERA data for the inclusive N&' p reduced cross section at

vs = 225 GeV compared to an NLO QCD fit with

experimental uncertainties on the fit.
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Figure 12: The combined higf? HERA data for the inclusive N&' p reduced cross section at
Vs = 225 GeV compared to an NNLO QCD fit wit@Z, , = 3.5 Ge\~. The green band includes
experimental uncertainties on the fit.
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Figure 13: The combined HERA data for the inclusive §® reduced cross section afs =
318 GeV compared to an NLO QCD fit witQ2, = 3.5 Ge\%. The green band includes
experimental uncertainties on the fit.
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Figure 14: The combined HERA data for the inclusive §® reduced cross section afs =
318 GeV compared to an NNLO QCD fit witQ%,, = 3.5 Ge\2. The green band includes
experimental uncertainties on the fit.
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Figure 15: The combined HERA data for the inclusive Bi® ande* p reduced cross section at
Vs = 318 GeV compared to an NLO QCD fit wit@2,, = 3.5 Ge\2. The green band includes
experimental uncertainties on the fit.
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Figure 16: The combined HERA data for the inclusive Bi@ ande* p reduced cross section at
Vs = 318 GeV compared to an NNLO QCD fit wit@Z, , = 3.5 Ge\~. The green band includes
experimental uncertainties on the fit.
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Figure 17: The combined HERA data for the inclusive €@ reduced cross section afs =
318 GeV compared to an NLO QCD fit witQ2, = 3.5 Ge\%. The green band includes
experimental uncertainties on the fit.
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Figure 18: The combined HERA data for the inclusive €@ reduced cross section afs =
318 GeV compared to an NNLO QCD fit witQ%,, = 3.5 Ge\A. The green band includes
experimental uncertainties on the fit.
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Figure 19: The combined HERA data for the inclusive €@ reduced cross section afs =
318 GeV compared to an NLO QCD fit witQ2, = 3.5 Ge\%. The green band includes
experimental uncertainties on the fit.
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Figure 20: The combined HERA data for the inclusive €@ reduced cross section afs =
318 GeV compared to an NNLO QCD fit witQ%,, = 3.5 Ge\A. The green band includes
experimental uncertainties on the fit.
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Figure 21: The combined HERA data for the inclusive B reduced cross section and fixed
target data compared to an NLO QCD fit wi@f,, = 3.5 Ge\%. The green band includes
experimental uncertainties on the fit.
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Figure 22: The combined HERA data for the inclusive B reduced cross section and fixed
target data compared to an NNLO QCD fit wif,, = 3.5 Ge\. The green band includes
experimental uncertainties on the fit.
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the NLO and NNLO fits.
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Figure 25: The combined loW@? HERA data for the inclusive N&" p reduced cross section at

\/s = 318 GeV compared to an NLO QCD fit witQ?

experimental uncertainties on the fit.
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Figure 26: The combined loW@? HERA data for the inclusive N&" p reduced cross section at
\/Ss = 318 GeV compared to an NNLO QCD fit witQ?
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Figure 27: The parton distribution functions from HERAPD®prel.) at NLO,xu,, Xd,, XS =
2x(U + D), xg, at the scale? = 10 Ge\?, for the Q2. = 3.5 Ge\? fit (top) and theQ?,, =
10 Ge\? fit (bottom) The gluon and sea distributions are scaled dow tfactor 20. The
experimental, model and parametrisation uncertaintieshown separately.
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Figure 28: The parton distribution functions from HERAPD®prel.) at NLO,xu,, Xd,, XS =
2x(U + D), Xg, at the scalg:s = 10 Ge\?, for the Q2. = 3.5 Ge\~ fit compared to HERA-

PDF1.0 on log (top) and linear (bottom) scales. The bandesept the total uncertainties.
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Figure 29: The parton distribution functions from HERAPD®prel.) at NLO xu,, Xd,, XS =
2x(U + D), xg, at the scalg = 10 Ge\?, for the Q2 = 3.5 Ge\# fit compared to th&?, =

10 Ge £ fit on log (top) and linear (bottom) scales.. The bands reprethe total uncertainties.
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Figure 30: The parton distribution functions from HERAPDG{®rel.) at NNLO,
XUy, Xd,, XS = 2x(U + D), xg, at the scalgi = 10 Ge\?, for the Q2. = 3.5 Ge\ fit (top)
and theQ2. = 10 Ge\ fit (bottom) The gluon and sea distributions are scaled dowa b
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Figure 31: The parton distribution functions from HERAPDG{®rel.) at NNLO,
XUy, Xd,, XS = 2x(U + D), xg, at the scalg:? = 10 Ge\?, for the QZ,, = 3.5 Ge\? fit com-
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total uncertainties.
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