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Abstrat

The ZEUS inlusive di�erential ross-setion data from HERA, for harged and

neutral urrent proesses taken with e

+

and e

�

beams, together with di�erential

ross-setion data on inlusive jet prodution in e

+

p sattering and dijet produ-

tion in p sattering, have been used in a new NLO QCD analysis to extrat the

parton distribution funtions of the proton. The input of jet-prodution data

onstrains the gluon and allows an aurate extration of �

s

(M

Z

) at NLO;

�

s

(M

Z

) = 0:1183 � 0:0028(exp:)� 0:0008(model):

An additional unertainty from the hoie of sales is estimated as �0:005. This

is the �rst extration of �

s

(M

Z

) from HERA data alone.
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1 Introdution

Sine the advent of HERA, onsiderable progress has been made in the determination of

the parton distribution funtions (PDFs) of the proton. Preise knowledge of the PDFs,

and of the strong oupling onstant, �

s

(M

Z

), is ruial for an understanding of proton

struture. Moreover, it is required for any alulation of ross setions at hadron olliders

both for Standard Model physis and for the disovery of physis beyond the Standard

Model.

The PDFs are usually determined in global �ts [1{3℄ made within the onventional

DGLAP formalism [4{7℄ at next-to-leading order (NLO). Suh �ts use data from many

di�erent experiments, with the inlusive ross-setion data from deep inelasti satter-

ing (DIS) experiments providing the major soure of information. The wide kinemati

range overed by the HERA DIS data [8{10℄, as well as their preision, has allowed the

determination of PDFs aross a broad range of phase spae spanned by the frational

proton momentum arried by the struk quark, Bjorken x, and the negative squared

four-momentum transfer between the lepton and nuleon, Q

2

. The high-statistis HERA

neutral urrent e

+

p data determine the low-x sea and gluon distributions, whereas the

�xed-target data, taken at lower entre-of-mass energy, determine the valene distribu-

tions and the higher-x sea distributions.

The gluon PDF ontributes only indiretly to the inlusive DIS ross setions. However

it makes a diret ontribution to jet ross setions through boson-gluon and quark-gluon

sattering. Tevatron high-E

T

jet data [11,12℄ have been used to onstrain the gluon in the

�ts of MRST [1, 2℄ and CTEQ [3℄. However, these data su�er from very large orrelated

systemati unertainties from a variety of soures. For example, the total systemati

unertainty of CDF data is � 60% over its full E

T

range. In the present paper, ZEUS

neutral urrent e

+

p DIS inlusive jet ross setions [13℄ and diret photoprodution dijet

ross setions [14℄ have been used to onstrain the gluon. These ross setions have only

� 5% total systemati unertainty, mainly due to the absolute energy-sale unertainty

of the jets.

These jet data were used, together with ZEUS data on neutral and harged urrent (NC

and CC) e

+

p and e

�

p DIS inlusive ross setions [15{20℄, as inputs to an NLO QCD

DGLAP analysis in order to determine the PDFs. This �t is alled the ZEUS-JETS �t.

In the ZEUS-JETS �t, the lower Q

2

NC inlusive ross-setion data determine the low-x

sea and gluon distributions

1

and the high Q

2

NC and CC inlusive ross setions determine

the valene distributions. The use of ZEUS data alone eliminates the unertainty from

heavy-target orretions required in global analyses in whih the �Fe and �D �xed-target

1

The HERA kinematis is suh that the lower-Q

2

data are also at low x.

VII



data, together with isospin-symmetry onstraints between u and d in the proton and

neutron, have been used for determining the valene distributions. The jet ross-setion

data onstrain the mid- to high-x (x � 0:01 � 0:5) gluon PDF. The preditions for the

jet ross setions are alulated to NLO in QCD and are used in the �t rigorously, rather

than approximately as in previous �ts [1{3℄. The quality of the �t establishes that NLO

QCD is able simultaneously to desribe both inlusive ross setions and jet ross setions,

thereby providing a ompelling demonstration of QCD fatorisation.

The value of �

s

(M

Z

) is �xed in most PDF �ts; for the ZEUS-JETS �t, the value �

s

(M

Z

) =

0:118 [21℄ is used. A simultaneous �t for �

s

(M

Z

) and the PDF parameters, alled the

ZEUS-JETS-�

s

�t, has also been made. This �t aounts for the orrelation between

�

s

(M

Z

) and the gluon shape. The addition of the jet prodution data provides enough

onstraints to give an aurate determination of �

s

(M

Z

) despite this orrelation.

The PDFs are presented with full aounting for unertainties from orrelated systemati

errors. Performing an analysis within a single experiment has onsiderable advantages

in this respet sine global �ts have found signi�ant tensions between di�erent data

sets [1℄. In the present analysis, the ontribution to the PDF unertainties from orre-

lated experimental unertainties and normalisation unertainties is signi�antly redued

in omparison to the previous ZEUS-S global �t analysis [8℄, whih used data from many

di�erent DIS experiments.

This paper is organised as follows. In Setion 2, the theoretial bakground is reviewed

briey and in Setion 3, the method of analysis is outlined, with partiular emphasis on

the new features needed to inlude the jet ross setions in the �t. In Setion 4, the

ZEUS-JETS �t is ompared to data and the extrated parton distributions and their

experimental unertaintes are presented. Model unertainties are disussed and a om-

parison is made to the Tevatron jet data. In Setion 5, the analysis is extended to the

evaluation of �

s

(M

Z

) in the ZEUS-JETS-�

s

�t and the unertainties on �

s

(M

Z

) from

theoretial soures are disussed. Setion 6 gives a summary and onlusions.

2 Theoretial Bakground

The kinematis of deep inelasti lepton-nuleon sattering are desribed in terms of the

variables Q

2

, Bjorken x and y, the frational energy transfer between the lepton and

hadron systems. The di�erential ross setions for the NC DIS proess are given in terms

of struture funtions by

d

2

�

NC

(e

�

p)

dxdQ

2

=

2��

2

xQ

4

�

Y

+

F

2

(x;Q

2

)� y

2

F

L

(x;Q

2

)� Y

�

xF

3

(x;Q

2

)

�

;
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where Y

�

= 1� (1�y)

2

. The struture funtions F

2

and xF

3

are diretly related to quark

distributions, and their Q

2

dependene, or saling violation, is predited by perturbative

QCD. AtQ

2

<

�

1000 GeV

2

, the harged lepton-hadron ross setion is dominated by photon

exhange and the struture funtion F

2

. For x

<

�

10

�2

, F

2

is sea-quark dominated and its

Q

2

dependene is driven by the gluon ontribution, suh that HERA data provide ruial

information on both quark and gluon distributions. The longitudinal struture funtion

F

L

is only important at high y and is alulated, in perturbative QCD, from the quark

and gluon distributions [22℄. At high Q

2

, the struture funtion xF

3

beomes inreasingly

important; it provides information on valene quark distributions. The CC interations

are sensitive to the avour of the valene distributions at high x sine their (LO) ross

setions are given by

d

2

�

CC

(e

+

p)

dxdQ

2

=

G

2

F

M

4

W

2�x(Q

2

+ M

2

W

)

2

x

�

(�u + �) + (1� y)

2

(d + s)

�

;

d

2

�

CC

(e

�

p)

dxdQ

2

=

G

2

F

M

4

W

2�x(Q

2

+ M

2

W

)

2

x

�

(u + ) + (1� y)

2

(

�

d + �s)

�

;

where the parton distributions u, d, s,  are funtions of x and Q

2

. Thus the e

�

p CC

ross setion gives information on the u valene quark at high x, whereas the e

+

p CC

ross setion gives information on the d valene quark at high x. This is partiularly

important sine this proess is a diret probe of the d valene quark on a proton target at

high Q

2

. Determinations of the d valene distribution have previously been dominated by

low Q

2

data using isosalar iron or deuterium targets. Suh determinations are subjet to

unertainties from higher-twist ontributions, heavy-target and binding orretions and

isospin-symmetry assumptions.

The inlusive ross-setion data depend diretly on the quark distributions, but the gluon

distribution a�ets these ross setions indiretly through the saling violations. Pertur-

bative QCD predits the rate at whih the quark distributions evolve with the sale Q

through the DGLAP equation

dq

i

(x;Q

2

)

d lnQ

2

=

�

s

(Q

2

)

2�

1

Z

x

dy

y

"

X

j

q

j

(y;Q

2

)P

q

i

q

j

�

x

y

�

+ g(y;Q

2

)P

q

i

g

�

x

y

�

#

; (1)

where the `splitting funtion' P

ij

(z) represents the probability of a parton (either quark

or gluon) j emitting a quark i with momentum fration z of that of the parent parton.

Thus the gluon distribution an be obtained indiretly from the saling violations of the

quark distributions. The parameters that desribe the gluon shape and the value of the

strong oupling onstant, �

s

(M

Z

), are orrelated through the DGLAP equations.

The QCD proesses that give rise to saling violations in the inlusive ross setions,

namely the QCD-Compton (QCDC) and boson-gluon-fusion (BGF) proesses, are ob-
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served as events with distint jets in the �nal state provided that the energy and mo-

mentum transfer are large enough. The ross setion for QCDC sattering depends on

�

s

(M

Z

) and the quark PDFs. For HERA kinematis, this proess dominates the jet

ross setion at large sales, where the quark densities are well known from the inlusive

ross-setion data, so that the value of �

s

(M

Z

) may be extrated without strong orre-

lation to the shape of the gluon PDF. The ross setion for the BGF proess depends

on �

s

(M

Z

) and the gluon PDF so that measurements of jet ross setions also provide a

diret determination of the gluon density.

3 Analysis Method

The present analysis was performed within the Standard Model onventional paradigm

of leading-twist NLO QCD. The QCD preditions for the PDFs were obtained by solving

the DGLAP evolution equations at NLO. These equations yield the PDFs at all values

of Q

2

provided they are parameterised as funtions of x at some input sale Q

0

. The

programme Qdnum [23℄ was used to perform the evolution.

The appliability of the leading-twist, NLO DGLAP formalism to HERA data was inves-

tigated in the previous ZEUS analysis [8℄, and suitable data uts were de�ned. All the

present data lie above these uts. The data sets �tted in this analysis and their kine-

mati overage are presented in Table 1. In total there are 577 data points from a total

luminosity of 112 pb

�1

from the HERA-I (1992-2000) running period.

Full aount has been taken of orrelated experimental systemati unertainties using the

O�set method, desribed in the previous ZEUS-S PDF analysis [8℄

2

. There are 22 inde-

pendent soures of orrelated systemati unertainty and 4 independent normalisations

for the data sets in the present analysis. The number of orrelated systemati unertain-

ties for eah data set, their normalisations and the orrelations between the data sets are

detailed in Table 1.

3.1 Inlusive ross-setion data

The inlusive ross-setion data used in the �ts were redued double di�erential ross-

setions in x and Q

2

from: NC e

+

p sattering [15, 19℄; NC e

�

p sattering [17℄; CC e

+

p

sattering [16,20℄; and CC e

�

p sattering [18℄.

2

Di�erent treatments of experimental unertainties in PDF analyses are disussed extensively else-

where [24{26℄. The O�set method gives onservative PDF unertainty estimates.
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The NLO QCD preditions for the struture funtions, whih enter into the expressions

for the ross setions, were obtained by onvoluting the PDFs with the QCD oeÆient

funtions appropriate to the proess. It is neessary to speify the sheme and sale

hoie for the alulations. The renormalisation and fatorisation sales for the inlusive

DIS proesses were hosen to be Q. The DGLAP equations were solved in the MS

sheme. For heavy-quark prodution, the general-mass variable avour-number sheme

of Thorne and Roberts (TRVFN) [27℄ was used in order to interpolate orretly between

threshold behaviour and high-sale behaviour for heavy quarks, as disussed in the ZEUS-

S analysis [8℄. The values of the heavy quark masses used were m



= 1:35 GeV and

m

b

= 4:3 GeV. Variation of these values in the ranges 1:2 < m



< 1:5 GeV and 4:0 <

m

b

< 4:6 GeV produed hanges in the PDF parameters that are negligible in omparison

to the experimental unertainties.

3.2 Jet data

The jet data used in the �ts were: DIS inlusive jet di�erential ross setions as a funtion

of the transverse energy in the Breit frame, E

B

T

, for di�erent Q

2

bins [13℄; photoprodu-

tion dijet ross setions as a funtion of the transverse energy of the most energeti jet,

E

jet1

T

, in the laboratory frame, for di�erent jet-pseudorapidity ranges [14℄. The systemati

unertainty from the absolute jet energy sale was fully orrelated between these two sets

of data.

The ross-setion preditions for photoprodued jets are sensitive to the hoie of the

input photon PDFs. The AFG photon PDF [28℄ has been used in the �ts. In order

to minimise sensitivity to this hoie, the analysis has been restrited to use only the

`diret' photoprodution ross setions. These are de�ned by the ut x

obs



> 0:75, where

x

obs



is a measure of the fration of the photon's momentum that enters into the hard

satter [14,29,30℄.

The programme of Frixione and Ridol� [31℄ was used to ompute NLO QCD ross setions

for photoprodued dijets and Disent [32℄ was used to ompute NLO QCD ross setions

for jet prodution in DIS. These programmes treat the heavy quarks in a massless sheme.

However all the jet data are at sales suÆiently high that the TRVFN sheme and the

zero-mass variable avour number sheme (ZMVFN) are equivalent. The alulation of

the NLO jet ross setions was too slow to be used iteratively in the �t. Thus, they were

used to ompute LO and NLO weights, ~�, whih are independent of �

s

and the PDFs,

and are obtained by integrating the orresponding partoni hard ross setions

3

in bins of

3

For the dijet photoprodution ross setions, the weights also inluded the onvolution with the photon

PDFs.
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� (the proton momentum fration arried by the inoming parton), �

F

(the fatorisation

sale) and, for the ase �

F

6= �

R

, �

R

(the renormalisation sale). The NLO QCD ross

setions, for eah measured bin, were then obtained by folding these weights with the

PDFs and �

s

aording to the formula

� =

X

n

X

a

X

i;j;k

f

a

(h�i

i

; h�

F

i

j

) � �

n

s

(h�

R

i

k

) � ~�

(n)

a;fi;j;kg

; (2)

where the three sums run over the order n in �

s

, the avour a of the inoming parton,

and the indies (i; j; k) of the �, �

F

and �

R

bins, respetively. The PDF, f

a

, and �

s

were evaluated at the mean values h�i, h�

F

i and h�

R

i of the variables �, �

F

and �

R

in

eah (i; j; k) bin. The fatorisation sale was hosen as �

F

= Q for the DIS jets, and the

renormalisation sale was hosen as �

R

= E

B

T

(with �

R

= Q as a ross-hek). For the

photoprodued dijets, the standard sale hoies were �

R

= �

F

= E

T

=2 (where E

T

is the

summed transverse momenta of �nal-state partons). This proedure reprodues the NLO

preditions to better than 0:5%.

The preditions were multiplied by hadronisation orretions before they were used to �t

the data. These were determined by using Monte Carlo (MC) programmes, whih model

parton hadronisation to estimate the ratio of the hadron- to parton-level ross setions

for eah bin. For the DIS jet data, an average of the values obtained using the Ariadne,

Lepto and Herwig MC programmes was taken [13℄. For the photoprodution data,

an average of the values obtained from the Herwig and Pythia MC programmes was

taken [14℄. The hadronisation orretions are generally within a few perent of unity [13,

14℄. The preditions for DIS jet prodution were also orreted for Z

0

ontributions.

3.3 Parameterisation of PDFs

The PDFs for u valene, d valene, total sea, gluon and the di�erene between the d and

u ontributions to the sea, are eah parameterised, at Q

2

0

= 7 GeV

2

, by the form

xf(x) = p

1

x

p

2

(1� x)

p

3

(1 + p

4

x):

It was heked that no signi�ant improvement in �

2

results from the use of more omplex

polynomial forms or from variation of the value of Q

2

0

. The following onstraints were

imposed on the parameters p

i

:

� the normalisation parameters p

1

, for the d and u valene and for the gluon, were

onstrained by imposing the number sum-rules and momentum sum-rule, respetively;

� the p

2

parameters, whih onstrain the low-x behaviour of the valene distributions,

were set equal for u and d, sine there is insuÆient information to onstrain any

di�erene;
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� there is also no information on the avour struture of the light-quark sea in a �t to

ZEUS data alone. Thus, the normalisation of the

�

d � �u distribution was �xed to be

onsistent with the measured violation of the Gottfried sum-rule [33,34℄ and its shape

was �xed to be onsistent with the Drell-Yan data [35℄;

� a suppression of the strange sea by a fator of two at Q

2

0

was imposed in aordane

with neutrino indued dimuon data from CCFR-NuTeV [36,37℄.

The �t is not sensitive to reasonable variations of these assumptions, indiating that it is

only possible to extrat a avour-averaged sea distribution from these ZEUS data.

The ZEUS inlusive ross-setion data are statistis limited at large x, where the sea

and the gluon distributions are small. This leads to sizeable unertainties in the mid- to

high-x sea and gluon shapes if a �t is made to inlusive ross-setion data alone. The

ZEUS jet data onstrain the gluon distribution in this kinemati region. Two di�erent

strategies were used to onstrain the sea distribution: �rstly, a simple parameterisation

setting p

4

= 0 was used; seondly, the p

4

parameter was freed but the p

3

parameter

was �xed to the value obtained in the ZEUS-S global �t [8℄. In the latter ase, model

unertainties on the high-x sea inlude the e�et of hanging this �xed value of p

3

within

the limits of its unertainty as determined in the global �t. There is very little di�erene

in the shapes and unertainties of the sea PDF as determined in these two strategies one

this model unertainty on p

3

is taken into aount. Distributions are presented for the

former hoie beause of its simpliity. Finally, there are 11 free parameters desribing

the input PDF distributions, whih are listed in Table 2.

4 Results

The ZEUS-JETS �t and the NC and CC redued ross-setion data are shown in Figs. 1, 2

and 3. The �t and the jet ross-setion data are illustrated in Figs. 4 and 5. A good

desription of the data is obtained over many orders of magnitude in sale. A measure of

the goodness of �t for the O�set method is obtained by re-evaluating the �

2

by adding

the statistial, unorrelated and orrelated systemati unertainties in quadrature [24℄.

The total �

2

obtained is 470 for 577 data points. The extrated PDF parameters and

their experimental unertainties are given in Table 2.

The valene distributions for the ZEUS-JETS �t are shown in Fig. 6. Although the

high-x valene distributions are not as well onstrained as they are in global �ts whih

inlude �xed-target data, they are ompetitive, partiularly for the less well-known d

valene distribution. Furthermore, they are free from unertainties due to heavy-target

orretions, higher-twist e�ets and isospin-symmetry assumptions.
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The gluon and sea distributions for the ZEUS-JETS �t are shown together in Fig. 7.

Whereas the sea distribution rises at low x for all Q

2

, the gluon distribution attens for

Q

2

� 2:5 GeV

2

and beomes valene-like for lower Q

2

. The gluon and sea distributions

are as well determined as the orresponding distributions of the global �ts [1{3,8℄ at low

x sine the HERA inlusive NC data determine these distributions for all the �ts. At

high x, the unertainties of the sea are onstrained to be similar to those of the ZEUS-S

global �t by the hoie of parameterisation, whereas the unertainties of the gluon have

been redued by the addition of the ZEUS jet data.

In Fig. 8 the unertainty of the gluon distribution for �ts with and without the jet data

are ompared. The shapes of the PDFs are not hanged signi�antly by the addition

of jet data, even though the gluon parameterisation is suÆiently exible to allow this,

indiating that there is no tension between the jet data and the inlusive ross-setion

data. Although the jet data onstrain the gluon mainly in the range 0:01

<

�

�

<

�

0:4, the

momentum sum-rule ensures that the indiret onstraint of these data is still signi�ant

at higher x. The derease in the unertainty on the gluon distribution is striking; for

example at Q

2

= 7 GeV

2

and x = 0:06 the unertainty is redued from 17% to 10%. A

similar derease in unertainty by a fator of about two is found in this mid-x range, over

the full Q

2

range.

In Fig. 9, the valene, sea and gluon PDFs are ompared for the ZEUS-JETS �t and the

previous ZEUS-S global PDF analysis. There is good agreement between the ZEUS PDF

extrations. The �gure also ompares the MRST and CTEQ PDFs to the ZEUS-JETS

PDFs. These PDFs are ompatible with the ZEUS PDFs, onsidering the size of the

unertainties on eah of the PDF sets.

4.1 PDF Unertainties

The following soures of model unertainty have been inluded in the PDF unertainty

bands:

� the value of Q

2

0

was varied in the range 4 < Q

2

0

< 10 GeV

2

;

� the forms of the input PDF parameterisations were hanged, by modi�ying the form

(1 + p

4

x) to (1 + p

4

x + p

5

p

x) for the valene parameterisations and by varying the

hoie of onstraints applied to the sea parameterisation as explained in Setion 3;

� the standard E

T

uts applied to the jet data were raised to E

B

T

> 10 GeV and

E

jet1

T

> 17 GeV for DIS jets and photoprodued jets, respetively, sine there are

some small disrepanies between the �t preditions and the jet data at the lowest
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transverse energies

4

;

� the hadronisation orretions applied to the jet data have been varied by half the dif-

ferene between the values obtained from the Herwig and Pythia MC programmes

for the photoprodued jet ross setions [14℄ and by the variane of the values ob-

tained from the Ariadne, Lepto and Herwig MC programmes for the DIS jet

ross setions [13℄. The unertainties on the hadronisation orretions determined by

these proedures are < 1%; they lead to unertainties in the PDFs whih are small in

omparison to the experimental unertainties;

� as explained in Setion 3.2, the photoprodution data used in the �t are enrihed with

diret photon proesses by the ut x

obs



> 0:75; however it is not possible to selet

jet ross setions that are ompletely independent of photon struture. Therefore the

sensitivity of the �t results to the input photon PDFs was investigated. In Fig. 10a

the proton PDFs extrated from the ZEUS-JETS �t using the AFG photon PDFs [28℄

are ompared with those extrated using the GRV [38,39℄ and CJK [40℄ photon PDFs.

There is no visible di�erene in the extrated proton PDFs. In Fig. 10b this omparison

is shown for a �t in whih the `resolved' photon ross setions, x

obs



< 0:75 [14℄,

have been inluded. A signi�ant di�erene is now observed between the extrated

proton PDFs using the AFG, GRV, or CJK photon PDFs. Note that this di�erene

is greatest in the region of x where the jet data have the most signi�ant impat

in reduing the unertainty of the gluon PDF. Thus, although the addition of the

resolved photoprodution ross setions redues the experimental unertainty on the

extrated gluon PDF, it introdues a model unertainty due to the limited knowledge

of the photon PDFs whih outweighs this advantage. Hene the present analysis used

only the photoprodution ross setions with x

obs



> 0:75. The di�erene in the proton

PDFs extrated using the AFG and GRV photon PDFs was used to estimate the small

residual model unertainty due to the photon PDF in the ZEUS-JETS �t.

The e�et of some of the larger model variations listed above on the shapes of the extrated

PDFs is illustrated in Fig. 11. These model variations are a muh smaller soure of

unertainty than the experimental unertainties.

In addition to these model unertainties a variety of ross-heks have been made:

� the minimum x of data entering the �t was raised to x > 5� 10

�4

, and the minimum

Q

2

of data entering the �t was raised to Q

2

> 4:5 GeV

2

. These variations did not

produe any signi�ant hanges in the PDF parameters;

� the ZMVFN heavy quark prodution sheme wasused instead of the TRVFN sheme.

The jet data are all at suÆiently high sale that the TRVFN and ZMVFN shemes

4

This is also the ase for the MRST and CTEQ PDFs [13,14℄.
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are equivalent. However, it is well known that the use of the ZMVFN sheme makes

small di�erenes to the shape of the gluon at x < 10

�3

. This shift is well within the

experimental unertainty bands;

� the hoies of fatorisation and renormalisation sale have been varied. The hoie

of Q is not in dispute for inlusive DIS proesses. However, the sale hoies for jet-

prodution are not so unambiguous. Thus, fatorisation and renormalisation sales

were varied by a fator of

p

2 for both the DIS jets and the photoprodued jets and

additionally the onventional sale �

F

= �

R

= Q for the inlusive ross-setion data

was varied by the same fator

5

. The renormalisation sale for the DIS jet data was

also hanged from �

R

= E

B

T

to �

R

= Q. These hanges in the hoie of sale produed

hanges in the shapes of the PDFs whih are small in omparison to the experimental

unertainties;

� a Hessian �t was performed to the same data sets as for the ZEUS-JETS �t. The

entral values of the PDF parameters were found to be similar to those of the ZEUS-

JETS �t, well within the latter's unertainties. In the Hessian �tting method [25,26℄,

the theoretial predition is used to determine the optimal orrelated systemati shifts

of the data. The orrelated systemati unertainties are assumed to be Gaussian

distributed. This assumption is not orret for the data sets onsidered here, and the

resulting unertainties of the �t are underestimated. On the other hand, the method

has a �

2

whih is a well de�ned measure of the goodness-of-�t, not available in the

O�set method. The �

2

per degree of freedom of the Hessian �t was 1.12 for 566 degrees

of freedom

6

.

Figure 12 shows the ZEUS-JETS PDFs ompared to those of the H1 2000 PDF anal-

ysis [10℄. The omparison is done in terms of the xU = x(u + ), x

�

U = x(�u + �),

xD = x(d + s), x

�

D = x(

�

d + �s) and gluon PDFs, whih have been diretly extrated by

H1. The PDFs extrated by ZEUS and H1 are broadly ompatible. Note that the Hessian

method of treatment of the orrelated systemati unertainties used in the H1 �t results

in a smaller experimental unertainty on the gluon PDF [25℄, but the model unertainty

is signi�ant. By ontrast, the O�set method of treatment of orrelated systemati un-

ertainties used in the ZEUS �t results in a larger experimental unertainty, so that it

dominates in omparison to the model unertainties.

5

Larger variations, by a fator of 2, are not presented sine they produe �ts with unaeptably large

�

2

. The aeptability of a �

2

is judged by the hypothesis testing riterion [8℄ suh that the variation

from the minimum should not exeed �

p

2N , where N is the number of degrees of freedom. In the

ZEUS-JETS �t,

p

2N = 33.

6

If the E

T

uts applied to the jet data are raised, as desribed in Setion 4.1, the �

2

per degree of

freedom of the Hessian �t beomes 1.01 for 554 degrees of freedom.
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4.2 Comparison to Tevatron jet data

It has been suggested that PDF �ts to DIS data alone annot produe a hard enough high-

x gluon to desribe the high-E

T

inlusive jet ross setions measured at the Tevatron [1℄.

To investigate this issue, the ZEUS-JETS PDFs were used to make preditions for the

CDF jet ross setions. The information on the orrelated systemati unertainties of the

CDF data is supplied in suh a way that it is possible to make a �t to these data by the

Hessian method. In suh a �t, the PDF parameters are �xed but the eight systemati

unertainties are freed. The �

2

of the CDF jet data with respet to the ZEUS-JETS �t

was alulated using this proedure and �

2

= 48:9 was obtained. This is to be ompared

to �

2

= 46:8 whih was obtained by the CDF ollaboration [12℄, using the same proedure,

for a �t to the CTEQ4HJ PDFs, whih were speially developed to �t the CDF jet data.

Thus, the ZEUS-JETS PDFs give an aeptable desription of the CDF jet data.

5 Extration of �

s

The strong orrelation between the gluon shape and the value of �

s

(M

Z

), whih a�ets �ts

to inlusive ross-setion data alone, an be broken by inluding the jet prodution ross-

setion data, whih are dependent on the gluon PDF and the value �

s

(M

Z

) in a di�erent

way from the total ross setion. Jet prodution ross setions are diretly dependent on

the gluon PDF through the BGF proess, but jet prodution also proeeds though the

QCDC proess, whih dominates the ross setion at large sales. This proess depends

on �

s

(M

Z

) and the quark densities, whih are diretly determined from the inlusive

ross-setion data. Thus the addition of jet data allows an extration of �

s

(M

Z

) that is

not strongly orrelated to the shape of the gluon PDF.

In previous determinations of �

s

(M

Z

) using ZEUS jet data [13, 41{45℄, the unertainty

from the orrelation to the PDFs was taken into aount by using PDFs from the global

�ts of CTEQ and MRST, whih were determined assuming di�erent values of �

s

(M

Z

).

In the present analysis this orrelation is diretly inluded by �tting the PDF parameters

and �

s

(M

Z

) simultaneously. The onditions for the ZEUS-JETS-�

s

�t are otherwise the

same as for the ZEUS-JETS �t. The value

�

s

(M

Z

) = 0:1183 � 0:0007(unorr:)� 0:0022(orr:)� 0:0016(norm:)� 0:0008(model)

was obtained, where the four unertainties arise from the following soures: statisti-

al and other unorrelated soures; experimental orrelated systemati soures exluding

normalisation unertainties; normalisation unertainties; and model unertainty. Here the

unertainty on �

s

(M

Z

), whih usually omes from the orrelation to the PDF shapes, is
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automatially inluded in the experimental unertainties. The soures of model uner-

tainty were disussed in Setion 4.1. In addition to the model unertainties inluded in the

PDF extration, the following extra soures have been inluded in the model unertainty

for �

s

(M

Z

): variation of the Q

2

and x uts on the data, as spei�ed in Setion 4.1; and

the use of the ZMVFN instead of the RTVFN sheme for heavy quark prodution.

This extration is at NLO. A rude estimate of the e�et of terms beyond NLO an be

made by variation of the hoie of �

R

. This sale was varied by a fator of

p

2 for all

the data sets entering into the �t, as desribed in Setion 4.1. The most signi�ant e�et

omes from the variation of the renormalisation sale for the photoprodution proess.

These sale hanges produed shifts of ��

s

(M

Z

) � �0:005.

Figure 13 illustrates that the improved auray of the extration of �

s

(M

Z

) in the ZEUS-

JETS-�

s

�t is due to the inlusion of the jet data. The �

2

pro�le around the minimum

is shown as a funtion of �

s

(M

Z

) for the ZEUS-JETS-�

s

�t and a similar �t in whih

the jet data are not inluded. The value of �

s

(M

Z

) extrated is in agreement with reent

determinations using measurements in DIS [8, 9, 13, 41{44, 46℄ and photoprodution of

jets [45℄ at HERA and with the urrent world average of 0:1182 � 0:0027 [47,48℄.

The extrated value of �

s

(M

Z

) is lose to the �xed value used in the ZEUS-JETS �t, and

there are therefore no signi�ant hanges in the entral values of the PDF parameters.

The unertainties of the valene and sea PDFs are also una�eted. However, there is some

inrease in the overall unertainty of the gluon PDF beause a weak orrelation remains

between �

s

(M

Z

) and the gluon PDF parameters. This is illustrated for various Q

2

values

in Fig. 14.

The input of the jet data results in a muh redued unertainty on the extrated value of

�

s

(M

Z

) ompared to the previous ZEUS-�

s

analysis [8℄. Sine the present analysis was

performed within a single experiment, the ontributions from normalisation unertainties

and from orrelated systemati unertainties are both signi�antly redued. In onse-

quene, the total unertainty on the gluon, inluding the unertainty due to �

s

(M

Z

), is

redued in omparison to the total gluon unertainty determined in the ZEUS-�

s

global

�t.

6 Summary

Due to the preision and kinemati overage of the ZEUS data, it is now possible to

extrat proton PDFs and �

s

(M

Z

) in a �t to data from a single experiment with minimal

external input. The ZEUS high-Q

2

ross setions were used to onstrain the valene PDFs,

ZEUS low-Q

2

NC data were used to onstrain the low-x sea and gluon distributions and

ZEUS data on jet prodution were used to onstrain the mid- to high-x gluon. This
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provides a ompelling demonstration of QCD fatorisation, showing that NLO QCD in

the framework of the Standard Model is able to simultaneously desribe inlusive ross

setions and jet ross setions. The additional onstraint on the gluon PDF from the jet

prodution data allows an aurate extration of the value of �

s

(M

Z

) in NLO QCD,

�

s

(M

Z

) = 0:1183 � 0:0028(exp:)� 0:0008(model):

The unertainty in �

s

(M

Z

) due to terms beyond NLO has been estimated as ��

s

(M

Z

) �

�0:005, by variation of the hoie of sales. This is the �rst extration of �

s

(M

Z

) from

HERA data alone.

The total unertainty on the gluon PDF is redued in omparison to the ZEUS-�

s

global

�t beause of the greater preision of the �

s

(M

Z

) measurement. The unertainties on

the valene PDFs are beoming ompetitive with those of the global �ts, and they are

not subjet to unertainties from heavy-target orretions, higher-twist ontributions or

isospin-symmetry assumptions. The preision of PDFs extrated from the global �ts is

now limited by the systemati unertainties of the ontributing experiments, whereas the

preision of the present �t using ZEUS data only is limited by the statistial unertainties

and so further improvement an be expeted when higher preision HERA-II data beome

available.
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Data Set Ndata Norm Nsys Kinemati range

of the data

NC e

+

p 96-97 [15℄ 242 2% 10 2:7 < Q

2

< 30; 000 GeV

2

(1%) 1,2,3,4,5,6,7,8,9,10 6:3� 10

�5

< x < 0:65

CC e

+

p 94-97 [16℄ 29 2% 3 280 < Q

2

< 17; 000 GeV

2

5,6,11 0:015 < x < 0:42

NC e

�

p 98-99 [17℄ 92 1:8% 6 200 < Q

2

< 30; 000 GeV

2

12,13,14,15,16,11 0:005 < x < 0:65

CC e

�

p 98-99 [18℄ 26 1:8% 3 280 < Q

2

< 17; 000 GeV

2

17,18,11 0:015 < x < 0:42

NC e

+

p 99-00 [19℄ 90 2% 8 200 < Q

2

< 30; 000 GeV

2

12,13,14,15,19,11,20,21 0:005 < x < 0:65

CC e

+

p 99-00 [20℄ 30 2% 3 280 < Q

2

< 17; 000 GeV

2

17,-18,11 0:008 < x < 0:42

DIS jets e

+

p 96-97 [13℄ 30 2% 1 125 < Q

2

< 30; 000 GeV

2

22 8 < E

B

T

< 100 GeV

p dijets 96-97 [14℄ 38 2% 1 14 < E

jet1

T

< 75 GeV

x

obs



> 0:75 22

Table 1: The number of data points (Ndata), normalisation unertainties (Norm)

and number of point-to-point orrelated systemati unertainties (Nsys) are detailed

for eah of the data sets used in the ZEUS-JETS �t. The kinemati regions of

the data sets are also given. The number of independent orrelated systemati

unertainties is spei�ed as follows. Eah independent soure of unertainty is

assigned a number in the order of the systemati unertainties as given in the

orresponding publiation. These numbers are given in the olumn headed Nsys, for

eah data set. For example, for the CC e

+

p 94-97 data set, the �rst two systemati

unertainties are fully orrelated to the �fth and sixth systemati unertainties for

the NC e

+

p 96-97 data set. Note also that the seond systemati unertainty for the

CC e

+

p 99-00 data set is fully anti-orrelated to the seond systemati unertainty

for the CC e

�

p 98-99 data. The normalisation unertainties are applied as follows.

There are two normalisation unertainties for the NC e

+

p 96-97 data: an overall

unertainty and the relative unertainty (indiated in parentheses) of the data with

Q

2

< 30GeV

2

, with respet to the higher Q

2

data. The CC e

+

p 94-97 data are

dominated by the 96-97 data, so that the same overall normalisation unertainty

is applied to this data set. The two jet prodution data sets also share the overall

normalisation unertainty of the 96/97 data. The NC and CC e

�

p 98-99 data share

a ommon normalisation unertainty as do the NC and CC e

+

p 99-00 data.
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PDF p

1

p

2

p

3

p

4

xu

v

(3:1� 0:7� 1:2) 0:64� 0:05� 0:08 4:06� 0:18� 0:24 2:3� 1:1� 1:0

xd

v

(1:7� 0:3� 0:5 0:63� 0:05� 0:08 4:8� 0:7� 1:0 2:6� 2:2� 2:3

xS 0:72� 0:03� 0:10 �0:217� 0:005� 0:020 7:0� 0:8� 2:0 0

xg (0:9� 0:1� 0:3) �0:28� 0:02� 0:04 10:2� 0:7� 2:1 16� 4� 10

Table 2: Table of PDF parameters at Q

2

0

= 7 GeV

2

, as determined from the

ZEUS-JETS �t. The �rst unertainty given originates from statistial and other

unorrelated soures and the seond unertainty is the additional ontribution from

orrelated systemati unertainties. The numbers in parentheses were derived from

the �tted parameters via the number and momentum sum-rules.
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Figure 1: ZEUS-JETS �t ompared to ZEUS low-Q
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Figure 4: ZEUS-JETS �t ompared to ZEUS DIS jet data. Eah ross setion

has been multiplied by the sale fator in brakets to aid visibility.
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Figure 6: Valene PDFs extrated from the ZEUS-JETS �t. The inner ross-

hathed error bands show the statistial and unorrelated systemati unertainty,

the grey error bands show the total unertainty inluding experimental orrelated
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Figure 10: (a) PDFs extrated from the ZEUS-JETS �t using di�erent photon

PDFs. The AFG photon PDF is used to obtain the entral line, the GRV photon

PDF gives the dashed line and the CJK photon PDF gives the dotted line. (b)

PDFs extrated from a �t in whih the resolved photoprodution ross-setions are

inluded in addition to all the standard data sets for the ZEUS-JETS �t. The AFG

photon PDF is used to obtain the entral line, the GRV photon PDF gives the

dashed line and the CJK photon PDF gives the dotted line. The total experimental

error bands shown in these �gures were obtained using the AFG photon PDF; for

details see the aption to Fig. 8.
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Figure 11: Model variations disussed in the text are illustrated as frational
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the shaded band shows the total experimental unertainty.
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