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QCD results from HERA and JLAB
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Abstract. Recent QCD results from electron-proton interactions at HERA and Ar&Rresented.
Inclusive cross section measurements as well as studies of the ltdftrahstate like jet production
or the production of heavy quarks are discussed. The results afgacedhto perturbative QCD
predictions and their impact on the determination of the parton density fasadithe proton as
well as of the strong coupling; is discussed.
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1. Introduction

Electrorf] proton scattering offers unique possibilities to studystracture of the proton

in a clean experimental environment. The exchanged vidoson, a photon, & or aWW
boson, acts as a probe of the internal structure of the prdio@resolving power is given
by the virtualityQ? of the exchanged boson. The kinematics of the interactierfuather
described by the inelasticity, which corresponds to the relative energy transfer from the
electron to the boson in the proton rest frame, and the Bjoskaling variable: which, in

the Quark Parton Model, corresponds to the fraction of tlo#égprmomentum carried by
the struck quark. These variables are connected with tlérefeproton centre-of-mass
energy,/s by Q? = zy s. The probability to find a parton with momentum fractiemn

the proton is parametrized by parton distribution funci¢RDFs),f (x, Q?).

The PDFs are an essential input for predictions of crossssescat hadron colliders like
the LHC or the Tevatron. Perturbative QCD (pQCD) predictsadbpendence of the PDFs
on the scal&)?, while thex dependence has to be determined from data. The kinematic
coverage of various experiments in the- Q2 plane is indicated in figuild 1.

Predictions of perturbative QCD can be tested in inclusjvscattering, but also for
certain hadronic final states. The production of jets isisigato the proton PDFs as well
as the strong couplings. In the production of heavy quarks like charm or bottom the
mass of the heavy quark provides an additional scale for p@&&€ulations. It allows
tests of the treatment of several scales in the calculatosis sensitive to the heavy
quark mass.

Recent measurements of electron proton and electron rauctdlisions at high ener-
gies are available from the HERA collider and the facilit¢Sefferson Lab (JLAB). The

*kat j a. krueger @lesy. de
1The term“electron” is used here to denote both electron asirpa unless stated otherwise.
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Figure 1. Kinematic coverage in proton momentum fractioand scale)? of various
experiments atp, pp and pp colliders, as well as fixed targep experiments. The
evolution inQ? which is predicted by pQCD is indicated by red arrows.

HERA ep collider in Hamburg was operated in the years 1992 to 200llidtw elec-
trons or positrons with an energy 8.6 GeV and protons with an energy 620 GeV,

at a centre-of-mass energy 39 GeV. The two collider experiments H1 and ZEUS col-
lected an integrated luminosity of abdub fb~! each. The Hermes experiment used the
longitudinally polarized lepton beam of HERA for scattgrion polarized fixed targets,
corresponding to a centre-of-mass energy per nuclegr2g@ieV. At JLAB in Newport
News, Virginia, the longitudinal polarized electron beamnfi the CEBAF accelerator
with a beam energy df GeV is used in three experimental halls for scattering on polar-
ized fixed targets, corresponding to a centre-of-mass gmengnucleon oB.4 GeV. An
upgrade of the beam energyt® GeV is ongoing.

2. Inclusive electron proton scattering

The most important information for the determination of Bi@Fs comes from electron
proton scattering at virtualitie®? > 1GeV?, the regime of deep-inelastic scattering
(DIS). Two kinds of processes are distinguished: neutraleci (NC) processesp —

eX, where a photon or & boson is exchanged (figuré 2 left), and charged current (CC)
processesp — vX, where al¥/ boson is exchanged (figuré 2 right).

The NC cross section as a function@f andz, usually quoted in terms of the reduced
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Figure 2. Schematic diagrams for the leading order neutral current (left) aadyed
current (right) processes in deep-inelastic electron proton scattering.

cross sectiod, can be expressed in terms of structure functions:

+
dPoyd  Q'z s Yo - y? -
5t NC 2 2 9
= . - K = F _ o
INC T q2dQ?  2malY, 2(2, Q%) F v, " 3(2,Q7) Y, L(z, Q%)

with Y. =1+ (1 —y)?,

where the upper sign appliesddp scattering and the lower sign t0 p scattering. The
dominating term comes from the structure functign which in the leading order picture
is proportional to the sum of the quark and antiquark degssiti the proton. The contribu-
tion of zF; originates from the interference of theandZ exchange. It is proportional to
the difference between quark and antiquark densities aéftbre to the valence quarks.
F;, corresponds to the exchange of a longitudinally polarizestgn. In the leading order
picture £, = 0, but due to higher order pQCD contributions it is approxiehapropor-
tional to the product of the strong coupling and the gluon density.

Due to the charge of the exchang@tboson, CC processes allow a flavour decompo-
sition of the quark densities. k1" p interactions, the CC cross section is mostly sensitive
to the down-type quarksd ands, while in e~ p interactions predominantly thep-type
qguarksu andc take part in CC processes.

The H1 and Zeus experiments at HERA have presented combines section mea-
surements of NC and CC processes with the full HERA lumigddlk The method|[2]
used for the combination of the measurements by H1 and ZEkES ©orrelated uncer-
tainties into account and leads to a cross-calibration ®two experiments. Due to this
procedure the uncertainties reduce considerably moretiesfactorl /1/2 expected from
statistics. The results for the NG p data are shown in figufé 3. The results cover a very
wide range inc from 0.00005 to 0.65 and more than four orders of magnitudegA. The
best precision with abolit% total uncertainty is reached in the range of medium virtu-
alities 10 < Q2 < 100 GeV?2. While at mediumz approximate scaling is observed, the
reduced cross section rises strongly wilh at smallz. These scaling violations origi-
nate from gluons splitting into quark-antiquark pairs amastprovide information on the
gluon density.

The combined CC reduced cross section measurement of H1 eunsliZ shown in
figure[4 fore™p andep collisions. As expected from the valence quark densities-do
inating the larger region, thee ™ p cross section that is sensitive to thg-type quarks is
about twice as large as tke&p cross section which is sensitive to thewn-type quarks.
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Figure 3. Combined H1 and ZEUS N€"p cross section measurements. Older fixed
target measurements are also indicated. The data are compared toEQ@MDcalcu-
lation using HERAPDF1.5.
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Figure 4. Combined H1 and Zeus CE"p (left) ande™ p (right) cross section mea-
surements. The data are compared to a NLO pQCD calculation using HERAP.
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3. PDF fits and predictions for hadron colliders

The HERA NC and CC measurements together provide a uniqusjstent data set as
input for the determination of the proton PDFs. The resultBDF fits to the combined
inclusive cross section data of H1 and Zeus, called HERAPRFe shown in figuriel 5
at next-to-leading order (NLO) and next-to-next-to-legpdbrder (NNLO). Since only
experimentally and theoretically well controlled measueats are used, a criterion of
Ax? = 1is used to determine the experimental uncertainties. Autdit uncertainties
due to model assumptions like the heavy quark masses andahe® at which the
PDFs are paramterized as well as uncertainties from theifurad from chosen for the
parameterization are also determined. In the mediurange, where the HERA data
have very small experimental uncertainties, the PDFs allewaestrained, while the PDF
uncertainties grow towards smail
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Figure 5. Summary of the proton PDF set HERAPDF1.5 determined from the full
HERA combined inclusive NC and CC data at NLO [3] (left) and at NNLD(fight).
Shown are the densities of the (u.,) anddown (d,) valence quarks, of the gluog)(
and the sea quarks) at a scale of)? = 10 GeV?2. The bands show the experimen-
tal uncertainty, the uncertainty from model assumptions and from thetifumral from
chosen for the parameterization.

The PDFs can be used to predict cross sections at the LHCHieitoduction of
jets at large transverse momentum. An example from the ATIC&8aboration |[5] is
shown in figuréd . The predictions based on HERAPDF1.5 agyaally well with the
measurement as PDFs determined from global fits, althougét mata were used in the
determination of HERAPDFL1.5.

A measurement at HERA that provides independent informaiimthe gluon density
in the proton is the structure functiaf,. At the end of the HERA running the proton
beam energy was reduced in order to allow a separate varittio, y andQ? and thus a
model-independent determination Bf. The measurements of the H1 [6] and ZEUS [7]
experiments in the region of lo@? are compared to pQCD predictions based on several
PDFs at NLO and NNLO in figurEl 7. The good agreement with tha dahfirms the
validity of the pQCD approach and the universality of theogitPDF.
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Figure 6. ATLAS measurement of the double differential jet cross section divlae
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momenturmpr. The data are compared to predictions based on several PDFs.
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Figure 7. Measurements of the structure functiBp at low Q? by the H1 and ZEUS
experiments. The data are compared to pQCD predictions based armtiffgoton
PDFs at NLO and NNLO.

4. Deuteron and neutron scattering

In the scattering of electrons on heavier targets in the HEBMxperiment at HERA
and the experiments at JLAB, the structure of heavier nuslstudied. The scattering
on deuterons allows access to the structure of the neutréchvid related to the pro-
ton structure via isospin symmetry. A summary of deuteromcstire function measure-
ments from different experiments including recent resintisn HERMES [8] is shown
in figure[8. The new data cover the transition region betwéenperturbative and the
non-perturbative regime. They are well described by a pmemological fit inspired by
Regge theory.

In order to extract information on the neutron from the dearianeasurements, usually
corrections due to the bound state have to be applied. Byrtaglye outgoing spectator
proton and using its kinematics the BoNuS experiment in Balt JLAB could measure
the neutron structure functidr}’ from a quasi-free neutron target in a model-independent
way. The ratio of the structure functions of the neutron dwedgrotonFy/FY (figure[9
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left) can be used to constrain the PDF ratjt: in the proton (figur€19 right) which up
to now has large uncertainties at latgeThese uncertainties result to a large extent from
nuclear corrections in the determinationicf.

5. Spin of the proton and generalized parton distributions

The proton has a spin of exactly2, which is rather surprising since it is a composite
object. The origin of the proton spin can be studied in peattielectron proton scatter-
ing. The proton spin receives contributions from the spirtb® quarks and the gluons as
well as from their orbital angular momenta. It is known sithaeg that the spins of the
quarks makes up only a small fraction of the proton spin. Reoeasurements of the
Compass|[11] and Hermes [12] experiments show that alsoathigiloution of the gluon
spin is too small to explain the total spin of the proton. Thigital angular momenta of
the quarks and gluons are experimentally difficult to assBssy can be determined from
integrals of the generalized parton distributions (GPBiich take not only the longitu-
dinal momentum but also the transverse spatial positiotiseopartons into account (see
illustration in figure 10 left). The GPDs are a generalizatid form factors, which are
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Figure 10. (left) lllustration of generalized parton distributions and their depen-
dence on the momentum fractianand transverse spatial positien of the partons
(from [13]). (right) Summary of asymmetry amplitudes for DVCS asswed by the
Hermes experiment [14].

the moments of the GPDs, and PDFs, which are given by the fdrlivait of the GPDs.
The GPDs can be determined from measurements of exclusioegses, in which the
proton stays intact, like the exclusive production of vecio pseudoscalar mesons or
deeply virtual compton scattering (DVCS). In order to gébimation on all four GPDs
H, H, FE and E the asymmetries of the cross sections with respect to the lskarge,
the beam spin and the target spin have to be measured. Masmt reeasurements of the
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experiments at JLAB and of Hermes (figlré 10 right) provide imormation and fill in
the picture of GPDs.

6. Jet production and determination of the strong coupling

Jet measurements at HERA are usually performed in the Bwaaitd of reference, in
which the photon and the proton collide head-on. In this &ahe leading order process
eq — eq produces no transverse momentum, and the cross sectiomigated by the
QCD Compton process; — eqg, in which a gluon is radiated from the quark (figlireé 11
left), and the photon gluon fusion procegs— eqq, in which a gluon from the proton and
the photon produce a quark-antiquark pair (figurk 11 rightlerefore the jet production
is directly sensitive to the strong couplings and allows to disentangles from the
gluon density in PDF fits, while the inclusive cross sections are mostly sensitive to the
product ofag and the gluon density.

g (jet)

rSGSG_ q (jet)

Figure 11. Schematic diagrams for the QCD Compton (left) and photon gluon fusion
(right) processes in electron proton scattering.

q q (jet) g

H1 and ZEUS recently have measured the cross sections abineljet production as
well as of dijets and trijets [15%, 16]. The dominating expental uncertainty usually
originates from the jet energy scale uncertainty, for widoth experiments have reached
a value of onlyl%. As an example, the first double-differential cross secti@asure-
ment of trijet production at large photon virtualities0 < Q2 < 15000 GeV?, measured
with the H1 detector, is shown in figurel12. The data are wedtdbed by a NLO pQCD
calculation using HERAPDF1.5 ands (M) = 0.1180. A fit to the trijet cross sections
yields as(Mz) = 0.1196 & 0.0016(exp) + 0.0010(pdf) 35055 (th) where the uncer-
tainty is dominated by the theoretical uncertainty fromsinig higher orders, estimated
by varying the renormalisation and factorization scaléadalculation.

Since the measurements of jet production are performed e range of transverse
jet energies, the cross sections are sensitive to the stomgling in a large range of
scales, and the scale dependence gfthe so called running, can be determined from
the data of a single experiment. Both H1 and Zeus have deradedtthe running of
ag, and the results of the Zeus measurements in photoprodu@® ~ 0 GeV?) and
in NC DIS are shown as an example in figlrd 13. The data agreeebrtthe two
measurement, and they are well described by the pQCD exjpectar the as run-
ning. The value forg (M) determined from the photoproduction datavig(Mz) =
0.12061 50055 (exp) T 0-0033 (th), again dominated by the theoretical higher order uncer-
tainties. Theas(M) values determined from jet production at HERA are compatibl
with the world average [17].
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In order to disentangle the strong correlation betwegm@and the gluon density present
in fits to the inclusive HERAep cross sections, DIS jet cross sections measured by H1
and Zeus have been included in a simultaneous fit of the PDors @/, ) [1€]. The re-
sulting PDFs are shown in figurel14 for the fit to only inclusitega (left) and to inclusive
and jet data (right). The PDFs agree well, and as expecteid¢hesion of the jets leads
to a large improvement of the uncertainty of the gluon dgn3ibe strong coupling is de-
termined to bevg(Myz) = 0.1202 4 0.0013(exp) 4 0.0007(param) 4+ 0.0012(hadr) +
0.0045(scale), where the theoretical uncertainty is split into uncetiamrelated to the
PDF parametrization, the hadronization of the pQCD catmnaand the variation of the
renormalization and factorization scale.
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Figure 12. Double differential trijet cross sections measured with the H1 detector as a
function of the photon virtuality9? and the mean transverse jet moment{ffz). In
the lower parts the ratios of the data to the NLO pQCD prediction are shown.

10



xf

QCD results from HERA and JLAB

ZEUS

7)) T L L B L A S B B s B S
S 0.22 7 ZEUS (prel.) — QCD 8
: o NC DIS 300 pk* 1
0.20 - corr. uncert. th. uncert. b
r o photoproduction 300 plj1 ]
0.18 - corr. uncert. th. uncert. b
0.16 - b
0.14+ gt 4
L i ) -
0-127‘\HH\HH\HH\HH\HH\HHT

10 20 30 40 50 60 70
jet
E, (GeV)

Figure 13. Running of the strong couplings determined from inclusive jet cross sec-
tions measured by the ZEUS experiments in photoproduction and NC Rifuastion
of the transverse jet energy.

H1 and ZEUS HERA I+l PDF Fit H1 and ZEUS HERA I+l PDF Fit with Jets
' - g % ! . g
Q°=10 GeV? < Q%=10 GeV <
= =
5 5
o8 —— HERAPDFL.5f (prel.) s sl —— HERAPDFL1.6 (prel.) s
. freea(M Z) y freea(M Z)
Il exp. uncert. Il exp. uncert.
o o
[ model uncert. XUy, 3 [ model uncert. XU, 3
parametrization uncert. = o parametrization uncert. O
= 0.6 o
5 5
= =
< <
s s
B 0.4f 3
S xg (x 0.0 g
I e
© @
5 5
g S g
£ 02F ~ &
& XS (K 0.05) e 5
[’ g [’
g / g
o _ o
w R w
I 0E —— L I
1 10* 10° 10? 10" 1
X X

Figure 14. PDFs determined in a simultaneous fit of the PDFsagp@i\/z) to inclu-
siveep NC and CC cross sections (left) and to inclusive and jet cross sectighg) (r

11



Katja Kriiger

7. Heavy flavour production

The production of charm and beauty quarks at HERA is domihlyethe photon gluon
fusion process and is therefore sensitive to the gluon tiefigie mass of the heavy quark
provides an additional hard scale for pQCD calculationsc&icharm contributes up to
30% of the inclusiveep cross section, the treatment of the heavy quark mass is tenior
for a correct prediction also of the inclusive cross sectibleasurements based on dif-
ferent techniques like the reconstruction of charmed mesothe long lifetimes of the
andb flavoured hadrons can be compared by looking at the charnut§yeeontribution
Fg° (F?) to the inclusive structure functioR,. Since the H1 and ZEUS measurements
of F£© based on different experimental techniques are consjsheyt are combined [19]
using the same combination procedure as for the inclusi®edddss section. The results
(figure[I3) reach a typical precision 6f— 10%. The data are compared to predictions
by pQCD calculations at NLO and NNLO employing differentatiments of the charm
mass and using different proton PDFs. The data are moresprétan the spread of the
calculations and thus can be used to constrain the thearptiedictions.
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Figure 15. Combined H1 and ZEUS measurement of the charm contribufiginto
the structure functiot>, compared to pQCD predictions.

Since the treatment of the charm mass in the pQCD calcutaiiorolves assump-
tions and approximations, the mass paramet@pdc! in a certain heavy flavour scheme
("model”) does not have to agree with the physical charm mésgact, when theFs°
measurements together with the inclusive HE&Across sections are used for a simul-
taneous determination of the proton PDFs arjfi°?°! in several heavy flavour schemes,
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different optimal values forn°de! with minimum x? are found for different schemes
(figure[16 left). Sincen. has an influence of the decomposition of the sea quark density
into quark flavours, it affects the cross section prediditor proton-proton collisions,

for example for the production d/ and Z bosons at the LHC. The dependence of the
W+ cross section predictions on°d¢! for different heavy flavour schemes, using the
corresponding PDFs determined from the HERA data, is showigiire[16 right. The
predictions using the optimah™°d¢! in each scheme differ by less thati, which is
much smaller than the spread for one fixedin all schemes.
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Figure 16. (left) x* of the simultaneous determination of the proton PDFs and the
charm mass parameter™°9¢! from the HERA inclusive and"s¢ data as a function

of m®°de! in several heavy flavour schemes. (right) Dependence:pfi®®! of the
predictions of thd// ™ cross section at the LHC for different heavy flavour schemes.
The optimatm™°?¢! parameters are indicated by stars.

A simultaneous fit of inclusive NC and CC data, jet cross sestandFs® from HERA
data [21] shows that all measurements can be described bsathe PDFs and that a
consistent picture of the proton emerges.

8. Conclusions

Inclusiveep cross sections measured by the H1 and ZEUS experiments aAlERide
essential information on the structure of the proton angbditon content. The HERA
combined measurements are a unique data set with excetiisipn and cover a huge
range in virtualityQ? and parton momentum fraction The PDF set HERAPDF1.5 is
extracted at NLO and NNLO with the HERA inclusive cross smwdias sole input. Cross
section predictions by pQCD calculations based on HERARDEile a good description
of jet cross sections at the LHC.

The origin of the spin of the proton is studied in polarizestéion-proton and electron-
nucleus scattering in experiments at JLAB and the Hermesrarpnt at HERA. Gener-
alized parton distributions, which are accessible in DVE€&jtain information on the
contribution of the orbital angular momenta of quarks anmgk to the proton spin.

Measurements of the hadronic final statecjncollisions like cross sections for the
production of jets or of heavy quarks provides not only aingsground for pQCD pre-
dictions, but also additional information on the protomusture and access to other quan-
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tities. Jet production allows a precise determination ef $trong couplingvs and its
running, as well as a possibility to disentangle the coti@tabetweernyg and the gluon
density that is present in inclusi¥@ cross sections. The measurements of heavy quarks
are sensitive to the quark mass and its treatment in pQCDiletitens.
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