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Combined Measurement of Inclusivee® p Scattering Cross
Sections at HERA

H1 and ZEUS Collaborations

Abstract

A combination is presented of all inclusive deep inelast@ss sections measured by the
H1 and ZEUS collaborations in neutral and charged currepblamisede® p scattering at
HERA. The data correspond to a luminosity of about 2 fand span six orders of magni-
tude in negative four-momentum-transfer squa@él, and Bjorkenx. They include data
taken at proton beam energies of 920, 820, 575 and 460 GeVcdiination method

used takes the correlations of systematic uncertaintiesaiccount, resulting in improved
accuracy.






1 Introduction

Deep inelastic scattering (DIS) of electréorm protons at HERA has been central to the ex-
ploration of proton structure and quark—gluon interactignamics as prescribed by perturba-
tive Quantum Chromodynamics (QCD). HERA operated at a eevftmass energy of up to
v/s ~ 320 GeV. This enabled the two collaborations, H1 and ZEUS®xfore a large phase
space inx andQ?. The kinematic range for neutral current (NC) interactinas 0045 < Q? <
50000 GeV and 6 1077 < x for values of the inelasticity, = Q?/(sX), between @05 and (5.
The kinematic range for charged current (CC) interactioas 200< Q? < 50000 Ge\ and
1.3- 1072 < x < 0.40 for values ofy between 037 and 076.

HERA was operated in two phases: HERA I, from 1992-2000, aB&AlIl, from 2002—
2007. It was always operated with an electron beam enerds, of 27.5GeV. For most of
HERAI and Il, the proton beam energy wks = 920 GeV, resulting in the highest centre-
of-mass energy ofy/s ~ 320 GeV. The total luminosity collected by both H1 and ZEUSwa
aproximately 500 pi#, divided about equally betweesip ande pscattering. In HERA I, each
experiment collected about 100Pkof e"p and 15 pb! of e p data. The HERA | data was
the basis of a combination published previoudly [The paper presented now is based on the
combination of all published H12(9] and ZEUS [L0-23] measurements from both HERA |
and Il on inclusive DIS in NC and CC reactions. This includasadaken aty/s =319, 301,
252 and 255 GeV, corresponding to proton beam energigg ef 920, 920, 575 and 460 GeV.
The HERAIl measurements were made with polarised beamsindividually averaged to
obtain cross sections for unpolarised beams used as imgpilits tombination.

The combination was performed using the packages HERAgeldd,25 and HERA(it-
ter [26,27]. It is based on a method introduced idg] and extended ind]. HERAverager
not only combines data, but also provides a model-indeperatheck of the consistency of the
data. The correlated systematic uncertainties and glairataisations are averaged such that
one coherent data set is obtained. Since H1 and ZEUS haveysadptifferent experimental
techniques, using fferent detectors and methods of kinematic reconstructi@ceémbination
leads to a significantly reduced uncertainty.

Analyses of thex and Q?> dependences of the NC and CC DIS cross sections measured at
HERA have determined sets of quark and gluon momentum hligtoins in the proton, both
from H1 [3] and ZEUS P9] and from the combined HERA | inclusive datf.[ In such analy-
ses, the lowe®? NC data constrain the low-sea quark and gluon distributions. The high-
CC data, together with theffierence between NE p ande™ p cross sections at hig@?, con-
strain the valence quark distributions. The use of the HERAdata allows the down quark
distribution in the proton to be determined without assugmaospin symmetry. In addition, the
use of HERA data alone for the determination of parton diatron functions (PDFs) eliminates
the need for heavy target corrections, which must be apphd€S data from nuclear targets.
The new combined HERA data were used to determine a new sattoipdistributions termed
HERAPDF2.0. Consistency of the input data allowed the erpanrtal uncertainty of the HER-
APDF2.0 set to be determined using rigorous statisticahodg. Uncertainties resulting from
model assumptions and from the choice of PDF parametrisatgre also considered.

LIn this paper, the word electron refers to both electronsgrsitrons, unless otherwise stated.



2 Cross Sections and Parton Distributions

The NC deep inelastie® p scattering cross sections are at tree level given by a lic@abina-
tion of generalised structure functions. For unpolariseaibs, they can be expressed as

L Pl e Y P
Orne = dXdQ2 . 27Ta'2Y+ =F,7F Y_+XF3 - Y_+FL 5 (l)

where the electromagnetic coupling constanthe photon propagator and a helicity factor are
absorbed in the definitions ofﬁNC andY, = 1+ (1 - y)?. The structure functions;,, F, and

xF3, depend on the electroweak parameters38k |

Fo, = Fo—kabe- F;Z + 152 +ad) - F5,
IEL = FL_KZUe' FZZ‘FK%(Ug-l‘ag)' FZ .
XF3 = Kkz@e- XFgZ — K2 - 20680 - XFZ | (2)

whereve andae are the vector and axial-vector weak couplings of the edecto theZ boson,
andxz(Q?) = Q?/[(Q? + M2)(4 sirf 6y cog 6w)]. In HERA(itter, the values of sfroy, = 0.2315
andMz = 91187 GeV were used for the electroweak mixing angle an&theson mass.

At low Q?, the contribution oZ exchange is negligible and
Tine = Fa = y7FL/Ys )
The contribution of the term containing the longitudinalisture functiorf, is only significant
for large values of.

In the Quark Parton Model (QPM), gluons are not presentfand= 0 [31]. The other
functions in equatio become

[(€2, 26,04, 0% + 82)(XU + XU) + (€, 2e4v4, 07 + a3)(xD + xD)] ,
2[(48u, vudu) (XU — XU) + (e4ay, vgaq)(XD — xD)] , (4)

wheree, andey denote the electric charge of up- or down-type quarks whijeanda, 4 are

the vector and axial-vector weak couplings of the up- or doype quarks to th& boson. The
termsxU, xD, xU andxD denote the sums of parton distributions for up-type and dtype
guarks and anti-quark, respectively. Below thguark mass threshold, these sums are related
to the quark distributions as follows

(Fa2. FZZ, F%)
(XF2%, xF%)

xU = xu+ xc, XU = XU + XC, XD = xd + Xs, XD = xd + X3, (5)

wherexsandxc are the strange and charm quark distributions. Assumingrsstny between
the quarks and anti-quarks in the sea, the valence quaribdisbns can be expressed as

xu, = xU — xU, xd, = xD - xD. (6)

The reduced cross sections for inclusive unpolarised&Gscattering are defined as

o2 [ MG+ QT ol (7)
r,CC — GIZZ M\?V dXdQ2 :
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In HERAfitter the values o6 = 1.16637x 10° GeV? andM,y = 8041 GeV were used
for the Fermi constant and W-boson mass. In analogy to emuatiCC structure functions are
defined such that

Y. . Y. 2

+ + y +
Trce = ?WE ¥ ?X\Ngt - EWE' (8)

In the QPM,W = 0 andW;, X\ represent sums andfférences of quark and anti-quark
distributions, depending on the charge of the lepton beam:

Wy =xU+xD, xWf=xD-xU, W,=xU+xD, xW;=xU-xD. (9)
From these equations, it follows that
oo =XU +(1-y°xD,  orc=xU+(1-y)*xD. (10)

The combination of NC and CC measurements makes it possildetermine both the com-
bined sea quark distribution functiond) andxD, and the valence quark distributionsi, and

Xd,.

3 Measurements of Inclusive DIS Cross Sections

3.1 Detectors

The H1 B7-39] and ZEUS {0] detectors both had nearlyrhermetic coverage They were
built following similar physics considerations but theledlorations opted for éierent technical
solutions, both for the calorimeters and the tracking detec The luminosity upgrade for
HERA Il made significant changes in both detectors neces3ds HERA machine had to be
extended into the experimental area with final-focus magnestde the detectors. This required
some detector elements to be retracted. As a result, theptaooe for lowQ? events was
reduced.

The most relevant components of the H1 detector for thessuneaents were the liquid ar-
gon calorimeter (LAr), in the polar angular range<46 < 154, the backward lead-scintillator
calorimeter (SpaCal) with a coverage of 1530 < 177 and the inner tracking system enclosed
by the two calorimeters.

Each of the calorimeters had an inner electromagnetic amdien hadronic part. Depend-
ing on the polar angle the thickness of the LAr’s electronsdigrsection varied between 20 and
30 radiation lengths and that of the hadronic sections ihfrgen 45 to 8 nuclear interaction
lengths. For the SpaCal the corresponding figures wekeradiation lengths and 2 nuclear in-
teraction lengths, respectively. The relative energyliggmsog, as measured with test beams,

2Both experiments used a right-handed Cartesian coordayatem, with theZ axis pointing in the proton
beam direction, referred to as the forward direction, amdXtaxis pointing towards the centre of HERA. The
coordinate origins were at the nominal interaction poifiise pseudorapidity was defined s —In(tan(6/2)),
where the polar angl®, was measured with respect to the proton beam direction.



arecg ~ 0.11/ VE/GeVa®0.01 (LAr) andog ~ 0.07/ VE/GeVa0.01 (SpaCal) for electromag-
netic particles andg ~ 0.50/ VE/GeV® 0.02 (LAr) andog ~ 0.70/ VE/GeVa 0.01 (SpaCal)

for hadronic energy deposites. The LAr was surrounded byarsonducting coil providing a
solenoidal magnetic field of.16 T to enable the momentum measurement of charged particles
passing the inner tracking system. The instrumented iramne/oke of the solenoid was used
for measuring the energy leakage of high energetic hadsirowers in the LAr and for muon
detection.

The inner tracking system consisted of the central trackiegctor (CTD), the forward
tracking detector (FTD) and the backward drift chamber (BD#&hich was replaced by the
backward proportional chamber (BPC) for the HERA-II rurgperiod. The CTD measured the
trajectories of charged particles in two cylindric driftachbers (CJC). A further drift chamber
(COZ) between the two drift chambers of the CJC improvesztbeordinate reconstruction.
During the HERA-I running period an additional drift chaml{€1Z) attached to the inner
wall of the inner CJC was used for the same purpose. Sets difvralproportional chambers
between the inner CJC and the beam line (CIP) and betweewth@iCs (COP) served mainly
for trigger purposes. The components of the inner trackysgesn closest to thepinteraction
point were a set of silicon detectors: the central silicacker (CST) and the backward silicon
tracker (BST) which were supplemented by the forward silicacker (FST) during the HERA-
[l running period. The CTD measures charged particle ttajexs in the polar angular range
15 < 6 < 165 with a transverse momentum resolutionafpr)/pr =~ 0.002pr/GeV &
0.015% for particles passing both CJCs. The FTD consisted ef afglrift chamber modules
of different orientation. It mainly served for improving the maasuent of the hadronic final
state. The BDEBPC in front of the SpaCal improved tixeandy reconstruction of the position
of electromagnetic showers in the SpaCal.

The main component of the ZEUS detectéf][was a compensating uranium—scintillator
calorimeter (CAL) f11] consisting of three parts: forward (FCAL), barrel (BCAL)dcrear
(RCAL). Each part was segmented into one electromagnetitose(EMC) and either one
(in RCAL) or two (in BCAL and FCAL) hadronic sections (HAC).nder test-beam condi-
tions, the energy resolutions werel®E/GeV and 0B5VE/GeV for the EMC and HAC
sections, respectively. The timing resolution of the CALswaél ns for energy deposits greater
than 45 GeV. A Scintillator-tile presampler was mounted in frohtlee CAL. The RCAL was
instrumented at a depth of 3.3 radiation lengths with a@ilipad hadron-electron separator
(HES).

Charged particles were tracked in the central trackingatet€CTD) [42] which operated
in a magnetic field of 1.43 T provided by a thin supercondgcsiolenoid, positioned between
the BCAL and the presampler. The CTD consisted of 72 cyloaddrift chamber layers, organ-
ised in nine superlayers covering the polar-angle regionifb < 164°. Planar drift chambers
provided additional tracking in the forward and rear dil@ts. The small angle rear tracking
detector (SRTD), consisting of two orthogonal planes afitidtator strips, was used to measure
electrons at large.. In HERA 11, the drift chamber based tracking detectors vwer@plemented
by a silicon microvertex detector (MVD}p], consisting of three active layers in the barrel and
four disks in the forward region. For CTD-MVD tracks that gad through all nine CTD super-
layers, the transverse momnentum resolutionan@s)/pr = 0.002%+ ¢ 0.00814 0.0012/ pr,
with pr in GeV. In HERA, the angular coverage in the electron bearmaation was extended
with a tungsten—scintillator calorimeter (BP@)], located behind the RCAL at Z-294 cm



close to the beam axis, and a silicon microstrip trackingade(BPT) [L1] installed in front of
the BPC.

Both experiments measured the luminosity using the Betkéldf reactiorep — eyp. In
HERAI, H1 and ZEUS both had photon taggers positioned ab@tddown the electron beam
line and achieved accuracies on the luminosity measureofi@mout 1-2% for this period.

For the HERA Il period, both H144] and ZEUS upgraded their luminosity detectors. The
ZEUS luminosity detector consisted of independent leadi#leitor calorimeter 45,46] and
magnetic spectrometed ] systems. The fractional systematic uncertainty on thesonesl
luminosity for ZEUS was 1.8% for most of the HERAII period. H&termined the overall
normalisation for the HERA Il measuremen® [ising a precision measurement of the QED
Compton processif].

3.2 Reconstruction of Kinematics

The deep inelastiep scattering cross sections of the inclusive neutral andgeuacurrent
reactions depend on the centre-of-mass enexfg/,and on the two kinematic variable®?
andx. Usually, x is obtained from the measurement of the inelastigityand fromQ? and's
through the relationshig = Q?/(sy). The specialty of the HERA collider experiments is the
ability to determine the NC event kinematics from the scattelectroneg, or from the hadronic
final state h, or from a combination of the two. The choice of the most appete kinematic
reconstruction method for a given phase space region isdh@seesolution, possible biases
of the measurements anéfects due to initial or final state radiation. The optimisatied

to different choices for the two experiments. The usage féémdint reconstruction techniques
contributes to an improved accuracy when combining data set

The “electron method” is applied on NC scattering eventse Ghantitiesy and Q? are
calculated using only the variables measuered for theesedtelectron:

z P.ZI. QZ

— 5 Qg = = s Xe = == > (11)
2Ee 1 - ye S/e

whereZ. = E/(1 — cosb,), E, is the energy of the scattered electranis its angle with respect
to the proton beam, arfé . is its transverse momentum.

Ye=1-

For CC scattering, the reconstruction of the hadronic fitalesh yields similar rela-
tions [49:

_ & 2 P12',h _ gﬁ
T 2E, =1y A
whereX;, = (E — Pz)n = X (Ei — pz;) is the hadroni& — Pz variable with the sum extending
over the reconstructed hadronic final state parti¢lemdPr = |Zi pl,i| is the total transverse
momentum of the hadronic final state wigh; being the transverse momentum vector of the
particlei. The hadronic scattering angl®, is computed as

(12)

6 )y
tan—h = h

— 1
2 Prp’ (13)

which, within the QPM, corresponds to the direction of thect quark.
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In the “sigma method”§0], the totalE — P, variable,

E - Pz = E((1-coste) + ) (Ei - pz;) = Ze + Zn, (14)
i

isintroduced. For events without initial or final state etdin,E—P; = 2E.. Thus, equation$1
and12 become

z:h 2 I:)'ZI' e Q%
= R = . s Xy = — . 15
~TECR, % 1-ys T 13)
An extension of the sigma metho#, 3] provides
03 Q4
Ysr = Ys, Q% = Q§ , Xy - = (16)

T 2E,(E-Pys  2E%

This modification takes radiation at the lepton vertex intocant by replacing the electron
beam energy in the calculation gf in a way similar to its replacement in the calculationyef

In the hybrid “e-sigma method{11,50], Q3 andx; are used to reconstruct the event kine-
matics as
_ ¢ 2E

2 =Q? = Xs . 17

Yes

The “double angle method'5[,52] is used to reconstruc®? andx from the electron and
hadronic scattering angles as

_ tan (Hh/Z) 2 2 cot (99/2) _ %A
"~ tan @e/2) + tan Pn/2) ba = 4Ee tan Pe/2) + tan Pn/2) XoA= Syoa (18)

YDA

This method is largely insensitive to hadronisatidiieets. To first order, it is also independent
of the detector energy scales. However, the hadronic asgletias well determined as electron
angle due to particle loss in the beampipe.

In the “PT method” of reconstructiorbf], the well-measured electron variables are used
to obtain a good event-by-event estimate of the loss of maclenergy by employinger =
Prn/Pre. This improves both the resolution and uncertainties orréeenstructed and Q2.
The PT method uses all measured variables to optimise tbkities over the entire kinematic
range measured. A varialdgr is introduced as

Opt  ZpT

tan— = ,
2 Pre

C(6h, Pr, 0pT) - Zh
Ye + C(6h, Prp, 0p7) - Zh '

where Xp7 = 2E, (29)
The variabledp is then substituted fat, in the formulae for the double angle method to deter-
minex, y andQ?. The detector-specific functio@, is calculated using Monte Carlo simulations
asXiuen/Zh, depending oy, Pty anddpr.

The methods of the kinematic reconstruction used by H1 arld<Zfér the individual data
sets is given in Tablé& as part of their specification.



3.3 Data Samples

A summary of the 41 data sets used in the combination is givdiablel. HERA was always
operated with an electron beam energyEf~ 27.5GeV. In the first years, until 1997, the
proton beam energ¥,, was set to 820 GeV. In 1998 it was increased to 920 GeV. In 2007
was lowered to 575 GeV and 460 GeV.

The very low<Q? region is covered by data from HERAI. The lowe®f > 0.045 GeV,
data come from the measurements of ZEUS using the BPC and BRIQ? range from
0.2 GeV? to 1.5 Ge\? is covered using special HERA| runs, in which the interactiertex
position was shifted forward, bringing backward scattexiedtrons with larger angles into the
acceptance of the detectos1[2,54]. The lowestQ? for the shifted-vertex data was reached
using events, in which the electron energy was reduced bwglietate radiations].

TheQ? > 1.5 Ge\? range was covered by HERA | and HERA Il data in various configur
tions. The high©? data from HERA | were kept as in the previously published cioation[1].
However, for highQ?, the high statistics data from HERA Il were essential, esigdor e p
scattering, where the integrated luminosity for HERA | waspMimited.

The 2007 data with lowered proton energ&8[23] were included in the combination and
provide data with reduced/s andQ? up to 800 GeV.

4 Combination of the Measurements

The combination of the data was performed with the HERAver i, 25 and HERAfitter R6,
27] tools.

4.1 Averaging Data Points

The averaging of the data points was performed using the HER®ger P4,25] tool which is
based on &2 minimisation methodd]. This method assumes that there is one and only one
correct value for the cross section of each process at eachgithe phase space. These values
are estimated by optimising a vectar, They? function used takes into account the correlated
and uncorrelated systematic uncertairitiebthe H1 and ZEUS cross-section measurements
and allows for shifts of the data to accomodate the cormlateertainties. For a single data
set,ds they? is defined as

[l = i, -]
Xongs(Mb) = > + > = — —— — + > bf, (20)
s IZdS % Z 5i2:stat,ul (ml - Zj 'yljmlbj) + (5i,uncorml)2 Z J

wherey' is the measured value at a poi'ntandyij, di.stat aNd d; uncor @re the relative correlated
systematic, relative statistical and relative uncoreglagystematic uncertainties, respectively.

3The original double-dferential cross-section measurements were published éthstatistical and system-
atic uncertainties. The systematic uncertainties werssiflad as either point-to-point correlated or point-téapo
uncorrelated.



For the reduced cross-section measuremghts,o ., i runs over all point on thex(Q?) plane
for which a measurement existsdis. The vectorb represents the shifts with respect to the cor-
related systematic uncertainties; the summations pesttends over all correlated systematic
uncertainties.

Equation20 takes into account that the quoted uncertainties are bas@geasured cross
sections, which are subject to statistical fluctuationsdésrihe assumptions, that the statistical
uncertainties are proportional to the square root of thelbrarmof events and that the systematic
uncertainties are proportional o, the minimisation ojggxpdsfrom equatior20with respect to
m provides an unbiased estimator of the true values.

The leading systematic uncertainties on the cross-sectgasurements used for the com-
bination arose from the uncertainties on the acceptangeat@mns and luminosity determina-
tions. This indicates that both the correlated and uncatedl systematic uncertainties are of
multiplicative nature, i.e. they increase proportiondtlythe central values. In equati@®,
the multiplicative nature of these uncertainties is tak#a account by multiplying the relative
eI’I’OI‘S'yiJ- andd; yncor by the estimaten’. For the inclusive DIS cross-section measurements, the
background contributions were small and thus, it is justifetake the square root of the num-
ber of events used to determing as the statitical uncertainty. The expected number of event
is calculated from the estimaton. Corrections due to the shifts allowed to accomodate the

correlated systematic uncertainties are introduced girobe terms?, u (m - ¥, yijm‘b,-) :

For the combination of several datasets, a tptdlinction is defined as:

o= DD 4D (21)

ds ids j,b

with 3 4s and};;;, as introduced in equatia?0. The averaging of the data is performed such
that equatior21takes a form similar to equatid® andmagain is an estimator of the true cross
sections:

_ . _ Y
Nu [ml — 3 ey — ﬂ'va"e]
. i7 j

Ko (MD) = i + ) ————
i=1 5i,avestatﬂl’ave(ml - Zj ’}/j’ emlb’J) + (5i,aveuncor

b)), (22
m‘)“Z(‘) (22)

whereu2€ is the average value at poirili,andyij’a"e, Ji.avestat aNA i aveuncor &re Iits relative cor-
related systematic, relative statistical and relativeouredated systematic uncertainties, respec-
tively. The value ofy2. = corresponds to the minimum of equatidh The ratioy?. /Ngor is a
measure of the consistency of the data sets. The number odagegf freedomnyes, is calcu-
lated as the dierence between the total number of measurements and theenoifrdveraged
points, Ny. The systematic uncertainti& are obtained from the original shift;, by an
orthogonal transformatior?].

Some of the measurements were originally reported with asgtmc systematic uncertain-
ties. They were symmetrised by the collaborations befoterigry the combination procedure.
The comination was found to be insensitive to the detailbefsymmetrisation proceduré§|
An overall normalisation uncertainty of3% due to uncertainties on higher order corrections to
the Bethe-Heitler process was assumed for all data sethwidoe normalised with data from
the luminosity monitors.



~ The experimental uncertainties which are treated as poipbint correlated uncertainties
y! may be common for CC and NC data as well as for several datafsthis same experiment.
A full table of the correlations of the systematic uncerti@® across the data sets can be found
elsewhere5]. The systematic uncertainties are treated as indepebdemeen H1 and ZEUS.
All the NC and CC cross-section data from H1 and ZEUS are coetbin one simultaneous
minimisation. Therefore resulting shifts of the correthystematic uncertainties propagate
coherently to both CC and NC data.

4.2 Common vVs-Values and &, Q?)-Grids

The data were taken at severgE and the cross sections were published fdfedent &, Q?)
grids. In order to average a set of data points, the pointe labe translated to a common
VSom @nd @ commonXig, Qgrid). The translation requires the ratio of the doublfetential

cross sections akgia, Q7;y) and & Q). The determination of these ratios is described in the
next section. Here, the choice gfs.,m and grid points is decribed.

Three common center-of-mass valug&om;, With v/Seom1 = 318 GeV €, = 820 GeV and
Ep, = 920 GeV), VSomz = 252 GeV €, = 575 GeV) vSoms = 225 GeV E,, = 460 GeV) were
chosen to combine data. An exception was made for dataByith 820 GeV orEj, = 920 GeV
which were not translated tq/s.om1 if ¥ > 0.35. Such data were kept separatelyyat =301
and 319 GeV, respectively.

Two common Kyig, Qgrid) grids were chosen, one for data §&.,m1 and one for data at

VSomz @and v/soms. The two grids have a fierent structure iy such that the translation
corrections are minimised. Figufiedepicts the grids. For a given data point witfs.om> Or
VSoms, the grid point was chosen such that it is close€@trandy. For a given data point with
VSom1, the grid point was chosen such that it is closespfrandx.*

Over most of the phase space, it was ensured that separatane@ants from the same data
set were not translated to the same grid point. Only 9 (8) poidts accumulated two (three)
points from the same dataset. Up to 10 datasets were awlflaba given process. The vast
majority of grid points accumulated data from both H1 and Zatdeasurements, in many cases
six measurements from sixftrent datasets. However, there are grid points where ordy on
measurement was available. It should be noted that in tressescthe combination procedure
nevertheless introduced shifts with respect to the orlgimeasurements due to the correlation
of systematic uncertainties.

4.3 Combination Procedure

The combination procedure is iterative. Each iteration ddisst step, in which the data are
translated to the commor/s values and X, Q%) grids and a second step, in which they are
averaged.

4The grid points closest inwere chosen for data points frowis.om1 datasets marked wittt or *¥° in Tablel
forall y ory > 0.5, respectively.

10



For the translation, predictions for the ratios of the deutifferential cross section at the
(x, Q%) and y/swhere the measurements took place and XQ%,(QSH(,) to which they are trans-
lated are needed. These predictiofgiq, were obtained from the data themselves by per-
forming fits to the data using the HERAfitter tool. FQF > 3 Ge\?, a QCD fit within the
DGLAP formalism was performed. In addition, a fit using thactal model [2,56] was
performed forQ? < 4.9Ge\2. For Q?> < 3Ge\?, the fit to the fractal model was usetb
obtain factorsTgig_rm. For Q* > 4.9 Ge\?, the QCD fit was used to providByig_ocp. For
3GeV? < P < 4.9 Ge\?, the factors were averagedBgg = (1-0.53(Q*—3 GeVA)) Tyria_rum +
0.53(Q? - 3 GeV?)Tyiid_aco-

The averaging of the data was done as decribed in settion

In the first interation the fits to provide thig,iq values are performed on the uncombined
data. Starting with the second iteration, the fits are peréar on combined data. The process
was stopped after the third iteration. It was tested thahé&rriterations do not induce significant
changes in the cross sections.

4.4 Procedural Uncertainties

They? definition from equatior20treats all systematic uncertainties as multiplicative, their
size is expected to be proportional to the “true” valmesWhile this generally is a good as-
sumption for normalisation uncertainties, it might not be éther uncertainties. Therefore an
alternative averaging was performed, in which only the radisation uncertainties were taken
as multiplicative while all other uncertainties were teshais additive. The fferences between
this alternative average and the nominal averages were takeorrelated procedural uncertain-
tieS davere- The typical values 06 4erel for the v/s = 320 GeV (lower4/s) combination were
below Q5% (1%) for medium@? data, increasing to a few percent for low- and highelata.

The H1 and ZEUS collaborations at some stage used simildradsetto calibrate the de-
tectors. They also employed similar Monte Carlo simulatradels. These similar approaches
led to correlations between the H1 and ZEUS measuremepesiedly for the HERA | period.
This was investigated in depth for the combination of HERAtad[l]. The important corre-
lations for this period were found to be related to the baockgd from photoproduction and
hadronic energy scales. The correlations between the iexgets for the HERA Il period were
considered much less important, because both experimevetoged diverging methods to deal
with these issues. In addition, the correlations betweeRAIEand HERA Il were weak, es-
pecially for ZEUS, because of new methods and changes indteetdr. The correlations for
the HERA | period were taken into account as befdie The diferences between the nominal
average and the averages in which systematic sources fphtteproduction background and
hadronic energy scale are considered to be correlatedkame & additional procedural uncer-
taintiesdave,p aNddavenas: Typical values 0baye,p anddavenad are below 1% (0.5%) for NC (CC)
scattering. For low@? data, they can reach a few percent.

SThe ansatzof the fractal model is based on the self-similar properitiex and Q? of the proton structure
function at lowx. They are represented by two continuous, variable andlatecefractal dimensions.

6A cross check was performed using the colour dipole mdsiglgs implemented in HERAfitter. The results
did not change significantly.
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5 Cross Sections

The averaged NC and CC reduced cross sections togethertatigtisal, uncorrelated system-
atic and procedural uncertainties will be provided in thalfpaper. The full information about
correlation between cross-section measurements will gadle elsewheresf]. The total in-
tegrated luminosity of the combined data set correspondddait 500 pbt for both e p and

e p. In total, 2927 data points were combined to 1307 crossesenteasurements. The data
showed good consistency, wWith/ngos = 16851620.

For data pointsk, contributing to point on the &, Q?)-grid, pulls p* were defined as

ik o ik,
pi’k _ 'ul 'ul ave(]_ ZJ')’J- b],ave) , (23)

v Afk - Aﬁave

whereA, x andA, s are the statistical and uncorrelated systematic uncéegaiadded in quadra-
ture for the poink and the average, respectively. The distribution of pultsrasno exceptional
tensions for all datasets, i.e. processes across the kilngoene, as demonstrated in Figute

There are in total 162 sources of correlated systematicrtaioty including global normal-
isations characterising the separate data sets. Nones# fystematic sources shifts by more
than 24 o of the nominal value in the averaging procedure.

The influence of several correlated systematic uncereasntas reduced significantly for the
averaged result. For example, the uncertainty due to the Atlcalorimeter energy scale was
reduced by 55% while the uncertainty due to the ZEUS photiysrtoon background is reduced
by 70%. There are two main reasons for this significant rednctSince H1 and ZEUS use
different reconstruction methods, described in se@i@nsimilar systematic sources influence
the measured cross sectioffdiently as a function ot andQ?. Therefore, requiring the cross
sections to agree at atland Q? constrains the systematic§ieiently. In addition, for certain
regions of the phase space, one of the two experiments hasg@uprecision compared to the
other. For these regions, the less precise measurememedstiitthe more precise one, with a
simultaneous reduction of the correlated systematic saiogy. This reduction propagates to
the other average points, including those which are badetysm the measurement from the
less precise experiment.

Over most of the phase space, the precision of the H1 and ZE&#Sumements are about
equal and the systematic uncertainties are reduced unyfofine total uncertainty is typically
around 1% for 20< Q? < 100 GeV, less tharX% for 100< Q? < 500 GeV and less thaiX%
for 500 < Q? < 3000 Ge\t.

Figures3 and4 show the averaged N€ p reduced cross sections together with the input
data from H1 and ZEUS foe' p scattering and together with the equivalent result from the
HERA | combination 1], respectively. FigureS and6 depict the results for N€& p scattering.
The benefit of averaging is enormous and the improvementnegpect to HERA | due to the
high-Q? data impressive, especially ferp scattering. Figurd shows combined NC data for
e'p ande p. The physics potential is obivous.

Figures8, 9 and Figured.0, 11 show the averaged CC cross sections together with the input
data from H1 and ZEUS and the comparison to the HERA | comimnagsults fore* p ande p
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scattering, respectively. Again, both the power of averg@ind the improved precision due to
the high statistics data from HERA Il is demonstrated.

Figures12 and13 demonstrate the power of combination for the data with ledgroton
beam energy. This part of the phase space is sensitive tdube density in the nucleon.

6 Conclusions

The result of a combination of all inclusive deep inelastioss sections measured by the H1
and ZEUS collaborations in neutral and charged current lanigede* p scattering at HERA
was presented. The combination based on a total luminoSipaut 1 fb! of data produced
cross section measurements of very high precisions whecbrae of the legacies of the HERA
experiments.
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Data Set x Grid Q?/GeV? Grid L et /e \s x,Q? from | Ref.
from to from to | pb? GeV equations

HERA | Ep = 820 GeV andEp = 920 GeV data sets
H1 svx-mb 95-00| 0.000005 002 0.2 12 21 e p 301,319 | 11,1516 [2]
H1 low Q? 96-00 | 0.0002 01 12 150 22 ep 301,319 | 11,1516 [3]
H1NC 94-97 | 0.0032 065 150 30000| 356 ep 301 17 [4]
H1CC 94-97| 0.013 Q40 300 15000| 356 ep 301 12 [4]
H1NC 98-99 | 0.0032 065 150 30000| 164 ep 319 17 [5]
H1CC 98-99| 0.013 Q40 300 15000| 164 ep 319 12 [5]
H1NCHY 98-99 | 0.0013 001 100 800 | 164 ep 319 11 [6]
H1NC 99-00 | 0.0013 065 100 30000| 652 ep 319 17 [6]
H1CC 99-00| 0.013 Q40 300 15000| 652 ep 319 12 [6]
ZEUS BPC 95| 0.000002 000006 0.11 065 | 1.65 ep 300 11 [10
ZEUS BPT 97| 0.0000006 @01 0.045 Q065 39 ep 300 11,17 [17
ZEUS SVX 95 | 0.000012 00019 0.6 17 0.2 ep 300 11 [12]
ZEUS NC 96-97 | 0.00006 065 2.7 30000 | 300 ep 300 19 [13
ZEUS CC 94-97| 0.015 Q42 280 17000| 477 ep 300 12 [14]
ZEUS NC 98-99| 0.005 Q65 200 30000| 159 ep 318 18 [15
ZEUS CC 98-99| 0.015 Q42 280 30000| 164 ep 318 12 [16]
ZEUS NC 99-00| 0.005 Q65 200 30000| 632 ep 318 18 [17
ZEUS CC 99-00| 0.008 Q42 280 17000| 609 ep 318 12 [18]
HERA Il Ep = 920 GeV data sets
H1NC 03-07 | 0.0008 065 60 30000 | 182 ep 319 11,17 [71*
H1CC 03-07 | 0.008 Q40 300 15000| 182 ep 319 12 [71*
H1NC 03-07 | 0.0008 065 60 50000 1517 ep 319 11,17 7t
H1CC 03-07 | 0.008 Q40 300 30000 1517 ep 319 12 [71*
H1 NC medQ? *-5 03-07 | 0.0000986 (@05 85 90 | 976 ep 319 11 [9]
H1 NC low Q? *5 03-07 | 0.000029 000032 25 12 5.9 ep 319 11 [9]
ZEUS NC 06-07| 0.005 Q65 200 30000| 1355 e p 318 11,1218 | [21]
ZEUS CC 06-07| 0.0078 042 280 30000| 132 ep 318 12 [22]
ZEUS NC 05-06 | 0.005 Q65 200 30000 1699 ep 318 18 [19
ZEUS CC 04-06| 0.015 Q065 280 30000| 175 ep 318 12 [20
ZEUS NC nominal*  06-07 | 0.000092 0008343 7 110 | 445 ep 318 11 [23
ZEUS NC satellite®  06-07 | 0.000071 0008343 5 110 | 445 e'p 318 11 [23]
HERA Il Ep = 575GeV data sets
H1 NC highQ? 07 | 0.00065 065 35 800 | 54 ep 252 11,17 [8]
H1 NC low Q? 07 | 0.0000279 (148 15 90 5.9 ep 252 11 [9]
ZEUS NC nominal 07| 0.000147 0013349 7 110 | 71 e p 251 11 [23
ZEUS NC satellite 07| 0.000125 0013349 5 10| 71 e'p 251 11 [23]
HERA Il Ep = 460 GeV data sets
H1 NC highQ? 07 | 0.00081 065 35 800 | 118 ep 225 11,17 [8]
H1 NC low Q? 07 | 0.0000348 (148 15 90 | 122 ep 225 11 [9]
ZEUS NC nominal 07| 0.000184 0016686 7 110 | 139 e'p 225 11 [23]
ZEUS NC satellite 07| 0.000143 0016686 5 110 | 139 ep 225 11 [23

Table 1: The 41 data sets from H1 and ZEUS used for the comdmathe markers’° and

¥ in the collumn “Data Set”are explained in a footnote in smt#.2. The marker* for [7]
indicates that published cross section were scaled by arfati.018 [erratum-48]].
Luminosities are quoted as given by the collaborations; iihosities are given for the data
within the Z-vertex acceptance; ZEUS luminosities are given withoytasteptance cut. The
equations used for the reconstructiorxafndQ? are given in sectioB.2
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Figure 1: The points of the two grids foy's.om1 = 318 GeV (big open circles) an§/'S;omz2 =
252 GeV as well asy's,oms = 225 GeV (small filled squares) are shown. The latter grid has a
finer binning inx in accordance with its special structureyin
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H1 and ZEUS prelimina
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Figure 2: Distribution of pulls p for the following sample®: NCe* p for Q% < 3.5 Ge\Z; b) NC
e'pfor 3.5 < Q? < 100 GeV; ¢c) NCe*pfor Q? > 100 GeV; d) NCe p; e) CCe*pandf) CC
e p. There are no entries outside the histogram ranges. RMS tjiegoot mean square of each
distribution calculated gs*. The curves show the results of binned log-likelihood Geaunsfits

to the distributions.
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Figure 3: HERA combined N@* p reduced cross section as a function@ffor six selected
x-bins compared to the separate H1 and ZEUS data which wermplé to the averaging
procedure. The individual measurements are displaceddraglly for better visibility. Errors
bars represent the total uncertainties.
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Figure 4: HERA combined N@* p reduced cross section as a function@ffor six selected
x-bins compared to the results from HERA | alorig¢. [The two measurements are displaced
horizontally for better visibility. Errors bars represéiné total uncertainties.
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Figure 5: HERA combined N@ p reduced cross section as a functior@3ffor four selected
x-bins compared to the separate H1 and ZEUS data which wermple to the averaging
procedure. The individual measurements are displaceddraglly for better visibility. Errors
bars represent the total uncertainties.
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Figure 6: HERA combined N@ p reduced cross section as a functior@ffor four selected
x-bins compared to the results from HERA | alorig¢. [The two measurements are displaced
horizontally for better visibility. Errors bars represéiné total uncertainties.
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Figure 7: HERA combined N@" p ande™ p reduced cross sections as a functioléffor four
selectedk-bins. Errors bars represent the total uncertainties.
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Figure 8: HERA combined C@*p reduced cross section as a function ofdbr 10 Q? bins
compared to the separate H1 and ZEUS data which were thetmgh# averaging procedure.
The individual measurements are displaced horizontalypédter visibility. Errors bars repre-
sent the total uncertainties.
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Figure 9: HERA combined C&' p reduced cross section as a function okdbr 10 Q? bins to
the results from HERA | aloné€l]. The individual measurements are displaced horizonfally
better visibility. Errors bars represent the total undaties.
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Figure 10: HERA combined C@ p reduced cross section as a function ofxofor 10 Q?
bins compared to the separate H1 and ZEUS data which weraghetb the averaging proce-
dure. The individual measurements are displaced horitgrita better visibility. Errors bars
represent the total uncertainties.
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Figure 11: HERA combined C€ p reduced cross section as a function okdbr 10 Q? bins
to the results from HERA| alon€l]. The individual measurements are displaced horizontally
for better visibility. Errors bars represent the total utaiaties.
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Figure 12: HERA combined N@*p reduced cross section &, = 460 GeV running as a
function ofx for five selectedd? bins compared to the separate H1 and ZEUS data which were
the input to the averaging procedure. The individual mesments are displaced horizontally
for better visibility. Errors bars represent the total utaiaties.
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Figure 13: HERA combined N@*p reduced cross section &, = 575 GeV running as a
function ofx for five selectedd? bins compared to the separate H1 and ZEUS data which were
the input to the averaging procedure. The individual mesments are displaced horizontally
for better visibility. Errors bars represent the total utaiaties.
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