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1. Introduction and overview

Deep inelastic scattering of leptons off nucleons has played a fundamental role in the un-
derstanding of the structure of the nucleon. At the HERA electron proton collider it is
possible to study the proton in new kinematic regimes, in particular at low Bjatkerd

at large virtualityQ?2. Due to the large centre of mass energy.d300 GeV HERA is also

an important facility to search for new phenomena. The HERMES experiment also allows
the spin structure of the nucleon to be studied.

In this paper only a few of the many results from the HERA experiments are discussed.
They have been chosen to give a flavour of the full scope of physics topics that are explored
in high energy electron proton scattering. In the first section the measurements on the
proton structure functio’, are presented and interpreted in the context of perturbative
QCD. Next the measurements of the DIS cross-sections at(fgn both neutral and
charged current scattering are presented and the effects of the exchange of weak gauge
bosons are discussed. The DIS data are then used to put constraints on extensions to the
Standard Model where particles that have quantum numbers of both leptons and quarks are
produced. Then a search for direct productiomlofbosons is presented. Finally a first
result on the spin of the gluon is presented.

2. Proton structure

The kinematics of deep-inelastic scattering can be expressed in terms of the virtuality of
the exchanged boso@,?, and Bjorkens, which can be interpreted as the fraction of the
proton momentum that is carried by the struck quark.
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Figure 1. (a) The structure functiod at Q* = 15 GeV* as function ofz. Shown

are the H1 and Zeus data and the measurements by BCDMS, NMC and H{65.
The gluon density determined from a fit i data. Also shown are the experimental
uncertainties and the total uncertainty which is the quadratic sum of the experimental
and theoretical uncertainties.

One of the most interesting results obtained at HERA is the strong rise of the proton
structure functiorFs towards lowzx [1]. There are now measurements with high precision
confirming this observation. The measurement of the structure funEtios shown in
figure 1 as function of atQ? = 15 Ge\?.

A strong rise of the structure function towards Iews observed in the HERA data. Both
experiments, H1 and Zeus, give compatible results and are also consistent with the mea-
surements from fixed-target experiments (BCDMS [2], NMC [3] and E665 [4]) at higher
The precision of the HERA data is also much improved compared to previously published
results [5] and is now competitive with the precision of the fixed-target experiments.

The recent results oA, are shown in figure 2 as function ¢f? at different values of
z. While atz =~ 0.1 Bjorken scaling is observed, i.e. the structure function is independent
of @2, positive scaling violations are observed at lowerThese become stronger with
decreasing. At highz > 0.1 the scaling violations are negative.

The strong rise at low is interpreted in perturbative QCD as a strong rise of the gluon
density with decreasing. Using those preliminary data together with the data at higher
Q) and the NMC data a QCD analysis was performed in next-to-leading order. This NLO
QCD fit describes the data well in the entire kinematic range4i€.Q? < 30000 GeV?
and10~* < z < 0.65 as can also be seen from figure 2.

The gluon density as determined by the NLO QCD fit is shown in figure 1 as function
of z for different values of)2. The experimental precision on the gluon density is about
5%. When considering also uncertainties on the theoretical input (as e.g. the value of
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Figure 2. F as function ofQ? for fixed values ofc. Shown are the H1, BCDMS and
NMC measurements and a NLO QCD fit (full line) to those data.

the charm mass or the value®f) an additional error arises, so that the total uncertainty
on the gluon density is aboh% atQ? = 25 GeV? for z < 0.1.

The validity of the gluon extracted from the QCD analysis of fhedata may be tested
directly by analysing the charm production in DIS. In the QCD fit it is assumed that charm
is produced only by gluons splitting intaza pair, i.e. by the process shown in figure 3.
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Figure 3. (a)Diagram for charm production via the boson—gluon fusion progess.
FractionFs¢ / F as function ofz for different values of).

The cross-section for this process can be measured directly by tagging the charm meson
in the final state. A recent measurement of the DIS cross-secti@hfgroduction allowed
the charm induced structure functidfy® to be measured. The fraction &f° to the
inclusive F», F£%/Fy, is shown in figure 3. At lowQ? this fraction is only abou§% but
it increases to values of abos% at Q> = 100 GeV?. The data are well described in
the entire range by the QCD fit showing that indeed charm is produced via the process
indicated in figure 3 as assumed in the QCD prediction.

3. Deep-inelastic scattering at very highQ2

The large integrated luminosity collected in both lepton charges in the colkgibgams

of the HERA accelerator have allowed the phase space of inclusive DIS cross-section mea-
surements to be extended into new kinematic regions of very(@ighp to50 000 GeV2.

In this region wher&)? ~ M2 or M2, theZ° andiW* boson masses squared, the effects

of the electroweak sector of the Standard Model (SM) can be tested in DIS. In addition
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signals of new physics beyond the Standard Model may be expected to arise at the highest
Q? where the smallest distance scales of proton structure are probed.

The single differential cross-sectiods /dQ? for NC and CC are shown in figure 4
for y < 0.9. The measurements show the publishég data [6,7], and new preliminary
measurements of thee p data [8,9]. The positron data were takeRr &t ~ 300 GeV, whilst
the electron data were taken.gk ~ 320 GeV. The data are compared to the CTEQ4 [10]
prediction which is obtained from a NLO QCD analysis of global hard scattering data. The
new NC and CC measurements presented here were not included in the QCD fit.

The data are found to be in good agreement with the expectation@ For 3 000
GeV? the NCe~p cross-section is observed to be systematically larger thasttheross-
section. The influence of the increased centre-of-mass energy is indicated by the dashed
line and predicts an increased cross-section Gf% for Q% < 1000 GeV? rising to 50%
at@? = 30000 GeV?. However, at highQ? this is approximately an order of magnitude
smaller than the increase expected from the different lepton charge. The cross-sections are
consistent with the SM expectation of the contributioéfexchange.

The Q? dependence of the CC cross-sectiondtp ande~p scattering is shown in
figure 4b. The electron data are found to have a larger cross-section everywhere, by up to
a factor of ten at)? = 15000 GeV2. The effect of the increased centre-of-mass energy
is expected to be relatively small, and is shown as the dashed curve in figure 4b. The CC
cross-sections are in good agreement with the SM expectation based ondHe QLD
fit. The Q? dependence of the cross-section at hiphis largely due to the effect of the
electroweak propagator and therefdrgy . Therefore the CC data are consistent with the
expectation fot-channel exchange.
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Figure 4. The Q* dependence of the N@)and CC b) cross-sectionsa/dQ* are

shown for the preliminary™ p (solid points) and published p (open points) measure-
ments. The data are compared to the SM expectation. The influence of the increased
centre-of-mass energy is shown as the dashed curve.
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4. Search for leptoquarks

In the Standard Model leptons and quarks interact only through the electroweak gauge
bosons. Many extensions of the Standard Model discuss possible other interactions be-
tween these particles. One scenario is a coupling of quarks and leptons to so-called lep-
toquarks (LQ). Examples of such theories have been discussed in the context of grand
unification and superstring E(6) models [11].

At HERA leptoquarks could be produced assathannel resonance from the interaction
of the beam electron and one quark in the proton if the mass is lower than the centre-of-
mass energy. The production cross-section and the width of the leptoquark depend on the
unknown Yukawa coupling. The leptoquarks can decaydgor v .q (first generation LQ)
but may also violate lepton number conservation and decay.iato leptons. | will here
concentrate on the search for first generation leptoquarks.

The topology of the final state is in this case identical to those of the Standard Model
DIS processes. Since such particles would be produced inchannel they would cluster
at the value of the invariant mas$; . They may be distinguished from the DIS while the
dependance of the DIS cross-sectionyas 1/y? scalar leptoquarks decay isotropically in
the centre-of-mass system resulting in aglatistribution.

After optimizing they-cut for the search for leptoquarks there is a slight deviation at a
mass ofx 200 GeV in the H1 data which was already observed in the 1994-96 data [12].
Assuming that this deviation is only a statistical fluctuation limits can be placed on the
leptoquark as function of its mass and Yukawa coupindhese are shown in figure 5.

The limits from HERA can be seen to be very competitive with limits from other colliders
especially for low values of the branching fracti®.) — eq). For a branching ratio of
100% scalar leptoquarks are excluded for masses up to 275 GeV for a coupling equal to
the electromagnetic strength £ 0.3).

5. W production

In the Standard Moddll’ bosons are produced predominantly in photoproductipr+

eW X) via Bremsstrahlung off a quark. In certain scenarios beyond the Standard Model
W's may be produced via decays of heavier particles. For instance if single top quarks
were produced (via the reactiome — ¢, as proposed in [13])’'s would be observed in

the decay — bIV. A similar decay chain is possible for the production of a single stop in
super symmetry models where the stop decayg tsbottom [14]. In such models th&

would be produced along side a hadronic jet with high transverse momentum.

W events are searched for in tHé — ev andIW — uv decay channels, by selecting
events with large missing transverse energy, signifying a neutrino, and an isolated electron
or muon [15,16]. The events may contain in addition a hadronic jet and/or the scattered
electron. Further cuts [16] are introduced to suppress backgrounds that arise mainly from:
NC events, where the scattered electron is misidentified as the decay lepton and particles
losses in the beam pipe give rise to an apparent missing transverse momentum; CC events
where a final state particle is misidentified as the decay lepton; and events containing a
muon pairep — eX ™, where one of the muons is not identified.
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Figure 5. (a) Mass dependent exclusion limits at 95% CL on the branching ratio
B(LQ — eq) for scalar leptoquarks produced &yd ande*« fusion. Two exclusion
regions corresponding fo= 0.1 and\ = 0.05 are shown(b) Comparison of coupling
limits as function of the LQ mass a specific= 0 scalar leptoquark with a branching
ratio of 100%. The LEP result is from Opal, and the HERA result is from Zeus for
Mprg < 290 GeV and from H1 for larger masses. The Tevatron result is the combined
CDF and DO analysis.

At H1 a total of eighti¥ candidate events are found, all of which appeared irthe
data sample. Three of these events are observed ifi'the ev channel compared to
2.24 + 0.67 expected from¥ production and.88 + 0.19 from background sources. The
other five candidate events are observed ifthes uv channel compared @87 + 0.26
expected fromi¥” production and.14 + 0.09 from other Standard Model sources. In the
e p data sample the zero events observed should be compared with 2.0 events expected
from Standard Model processes.

The Zeus collaboration observetl5candidate events in good agreement with the Stan-
dard Model expectation. All the events were observed in the electron decay channel. Three
are observed inTp data compared with and expectation of 2.8.7. Two are seen in the
e p data compared with 0.& 0.4 expected. The zero events in the muon decay channel
should be compared with8 + 0.5 expected.

The excess of H1 events in the muon channel is even more striking when the events are
looked at differentially as a function @X. At low P# there is no significant deviation
from the Standard Model. AP > 40 GeV, 3 muon events are observed compared to a
Standard Model expectation of 0.601ande~, e andu decay channels combined).

Although the present number of candidtiteevents is very small, the event yield after
the HERA luminosity upgrade will be at least a factor of 20. Thus if the observed excess
really is a signal of new physics such a discovery would certainly be made at HERA in the
following years.
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6. Extraction of the gluon spin

It is still unclear how the proton spin is made of the individual constituents of the proton.
In the most general case the total spin of the proton is the sum of four components:

%: %AE+AG+LQ+Lg,

whereAY is the sum of the spins of the light quarks which is determined experimentally to
be between 0.2 and 0.AG is the spin of the gluon antl, andL,, are the orbital angular
momenta of the quarks and the gluons. Neither the orbital momenta nor the gluon spin has
ever been measured directly. How the individual quark flavours contribul&’tgs also

not yet well known.

The main aim of the HERMES experiment is the measurement of the contribution to the
proton spin from the individual quark flavours. The most recent result on this topic can be
found in [18]. However, the collaboration has also made a first attempt of extracting the
spin of the gluon which is presented here.

In order to access the spin of the individual components of the proton the lepton beam is
polarized longitudinally and collided with a polarized target. The HERMES spectrometer
records the particles produced in that interaction. The data that are presented here are
obtained when hydrogen and Heas used as targets.

There are in principle several methods of measudidg/G. It can be obtained from
scaling violations of the polarized structure functipnas it is done in the unpolarized
case (se§2) from the scaling violations af';. With the presently available data sets this
is, however, not possible due to the small rang@ fn Another possibility is the tagging of
charm events as also already discussed for the unpolarized ca§@)(s€his is also not
possible yet at HERMES since the statistics is too small. Therefore HERMES has adapted
a different method which, however, relies on a number of assumptions so that it can not be
viewed as a direct measurement.

The idea is to tag events with two hadrons with high momentum which are back to back
in the detector and have opposite charge. This topology is mainly expected from events
produced in boson—gluon—fusion (BGF) (see figure 3). This can be seen in figure 6 where
the Monte Carlo expectation is shown for the BGF, the QCD-Compton and QPM-process.
The latter two have no sensitivity to the gluon. Itis seen thatthe BGF process is expected to
give the largest contribution in particular at high value®¢f The details of the selection
criteria and the analysis can be found in [19].

The data are analysed in terms of the asymmetry

Nttt _ Nttt
= 7 T
Nt — Nt

whereNT (N is the number of oppositely charged pairs for target spin parallel (anti-
parallel) to the lepton beam spin orientation. The luminosities for each target spin state are
£ £y andLl (£1), the latter being weighted by the product of the beam and target
polarizations for each spin state.

The result is shown in figure 6. There is a clear asymmetry observed at large values of
P2 of the second hadron. Such an asymmetry could be caused by a non-zero spin of the
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Figure 6. (a) Comparison of data (circles) and Monte Carlo simulation (full line)
for dN/dP2? for P! > 1.5 GeV. The dashed, dashed-dotted and dotted lines repre-
sent the contributions from BGF, vector-meson-production (VMD) and QCD-Compton
processes respectively. The full line is their suim). A, for high-Pr hadron produc-

tion measured at HERMES compared with Monte Carlo predictionAsyG = +1
(lower/upper solid curveshG/G = 0 (middle solid curve) and for the phenomeno-
logical LO QCD fits for three values aAG/G (dashed, dashed-dotted and dotted
curves).

gluons as can be seen from the curves in the figure which are based on a LO QCD fit [20].
Assuming the PYTHIA Monte Carlo model the gluon spin is determined to be

AG/G = 0.41 £ 0.18(stat.) £ 0.03(exp.syst.)

at(zg) = 0.17 and(P2) = 2.1 Ge\2. The systematic error does not include the depen-
dence on the model assumption.

Although the result is not a direct measurement and it is consistent Withi & = 0 it
is an encouraging result which will hopefully be confirmed in future when the HERMES
collaboration has taken more data so that it can be measured from charm tagging and when
first results are available from the RHIC [21] experiment.
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