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Abstract
Salient results on deep inelastic scatttering from the HI and ZEUS collaborations are reviewed.
These include preliminary measurements of the proton structure function F2 extending to new regimes
at both high Q2 and low Q2 and x\ studies of the hadronic final states and discussion on QCD
interpretations of low a: data. New determination of a, from jet rates in deep inelastic scattering
based on 1994 data are presented. A consistent picture of the gluon density in the proton at low x
from a variety of processes is obtained.

1. Introduction

w

Fig. 1. Basic Feynman diagram for electron proton deep inelastic scattering. Q2 is minus the
squared four momentum transferred or minus the squared mass of the virtual photon. W is the
virtual photon-proton centre of mass energy.
In Deep Inelastic lepton-nucleon Scattering (DIS) at HERA Q2, minus the squared four-momentum
of the exchanged virtual photon (Fig.l), can reach 90000 GeV 2 , a value more than 100 times larger
than achieved in fixed target experiments. May be even more important, x, the fraction of proton
momentum carried by the struck quark can be as low as 5 10~5 at Q2 values < 4 GeV 2 . The low
x regime is a new domain of test for QCD. At sufficiently low x values, in perturbative calculations
resummations based on leading ( a , log(Q 2 A2o)) n terms, the so-called Dokshitzer Gribov Lipatov
Altarelli Parisi (DGLAP) mechanism ' should eventually be superseded by resummations based on
leading ( a 4 l o g l / i ) n terms, the so-called Balitski Fadin Kuraev Lipatov (BFKL) mechanism 2 .
In this review we present the most recent results on the structure function F2(x,Q2) of the proton
and then discuss how these data together with less inclusive measurements can give insight into the
QCD underlying mechanism at low x. We show how studies of the jets in deep inelasic scattering can
provide new determinations of the coupling constant as(Q2) and a direct measurement of the gluon
density in the proton. The mesurement of the gluon density is compared to determinations in other
processes.
2. The proton structure function F2(x,Q2)
The first determination 3 | 4 of the proton structure function F2(x,Q2) at HERA in 1992 has been
based on a recorded luminosity of about 30 nb~l and has revealed the striking feature of a proton
structure function rising as x decreases below 10~2, for Q2 values in the range 8 < Q2 < 60 GeV 2 .
The analysis of the 1993 data based on 10 to 20 times more integrated luminosity reported by the
HI 5 and ZEUS 6 collaborations extends the kinematic range to a lower Q2 value of 4.5 GeV2 and to
larger Q2 values up to 2000 GeV 2 . The 1994 data represents a further increase of about a factor 10
in statistics at large Q2 together with an extension of the accessible kinematic range towards Q2 = 1
GeV2 and x = 0.00005.
Access to such low Q2 values has been achieved by two different ways : first by operating HERA
for two days with the interaction point shifted to the proton direction 1 0 ' n to improve acceptance
at low scattering angle, second by selecting events from the nominal interaction point but where a
photon has been emitted collinear with the electron beam, thus reducing the effective electron beam
energy 12 .
At very high Q2 > 5000 GeV2 the number of recorded events is so far too meager to extract
structure functions of neutral or charge currents. Data at high Q2 are however very sensitive to new
phenomena. By comparing the measured differential cross section da/dQ2 with the expected cross
section from the Standard Model, the HERA experiments have provided new limits on masses and
couplings of leptoquarks and on fermion compositeness scales. For example, based on data recorded

in 1993 and 1994, compositeness scales smaller than 1.0 TeV to 2.5 TeV, pending on the chiralities of
the currents, can be ruled out 13 . Direct searches on leptoquarks, supersymmetric particles, excited
leptons, excited quarks have not yet been successful but provide limits comparable or even better
than obtained from other colliders 14>15.

2.1. Results on F2(x,Q2)
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Fig. 2. Measurement of the proton structure function F2(x,Q2) vs x for fixed values of Q2. Preliminary 1994 data from HI and ZEUS are compared to the fixed target data of BCDMS, E665 and
NMC.
The results on F2{x,Q2) from HI and ZEUS together with those of BCDMS 7 ,E665 8 and NMC 9
are shown in Fig. 2 as a function of x at fixed Q2 values. We can see that the x,Q2 bins of the HI
data have closed the kinematical gap between the fixed target data of E665 and the HERA results.
The preliminary HI data cover the full 1994 data set whereas the ZEUS data are so far restricted to
the low Q2 shifted interaction point data and data points at very high Q2. The preliminary results
of 1994 data have still systematics of about 10 % but there is a reasonable hope to decrease the
systematics down to 5 % in the final data from the nominal interaction point. The normalisation
errors in the large statistics 1994 HI data sample taken with HERA nominal conditions has become

almost negligible. It has been reduced to 1.5%.
In all the bins where the comparison is possible the data sets of HI and ZEUS agree well within
the errors. There is also a smooth transition between the fixed target data and the HERA data. It
is remarkable that the steep rise of F2 with x decreasing persists to Q2 values as low as 1.5 GeV2 at
x < 10~2 and is already visible at Q2 = 2000 GeV2 at x ~ 0.1. At a fixed low x value, for example
x = 10~ 3 , the steepness increases with Q2 increasing.
14

x=0.00005

HI-1994 PRELIMINARY

A BCDMS
O NMC-1995

•"*
x-0.00008
Jr^jrx=0.00013
~^*\^A
x=0.0002
___jJ>-+^_^+ x=0.00032

10

^ - 4 ^ * ^ ,
^i^r-f*"^

-

H1 NLO fit

x-0.0005
j) x=0.0008

^~k~+-rJr^*\*^

x-0.0013

_ _ _ ^ _ U * - * - " * " > > ~ \ ^ _ M x=0.002
-0.0032
x=0.005
. » • «*

1 x=0.008
^~*~

^__^_»_^

i-**-

_——o-»—*-*-• * '
.

. r

t

' f X = 3.013

i | j X-=0.02

» • • » • *

• • «k«lLllll«Mlt 11

1

* * -

1 ,{l

i x=0.032

. , It

, _J x-0.05

• • * f 1_

*

, x=0.08
. «-n 1 ^

10

10

JO

10

Fig. 3. Measurement of the proton structure function F2(x,Q2) vs Q2 for fixed values of x. Preliminary 1994 data from HI (closed points) are compared to the fixed target data of BCDMS (open
triangles) and NMC (open circles). The curves represent the DGLAP NLO QCDfitdescribed in
the text. For clarity the F? values are plotted, with all but normalisation errors, adding a term
c(x) = 0.6(ir — 0.5) to F2, where ix is the bin number starting at i r = 1 for x = 0.32.
The HI 1994 data are shown in Fig. 3 together with the data of BCDMS and NMC as a function
of Q2 at fixed x values. Here also the HI data agree well with a smooth extrapolation from NMC
and BCDMS data. As in the fixed target domain, there are no scaling violations at x ~ 0.1, but
pronounced Q2 scaling violations at low x, steeper with x decreasing towards x = 0.00005.

2.2. QCD interpretation
It was not known before data from HERA have become available whether some strong non perturbative effects would not mask the asymptotic behaviour anticipated in the early days of QCD 16 .
The observation of the steep rise of F-z at low x is a success of QCD as an asymptotic free field theory.
The two salient features of the data at low x, the rise of F2 as x decreases and the strong scaling
violations, can be interpreted in perturbative QCD. The HI collaboration has made a common fit
of the 1994 preliminary data at Q2 > 5 GeV2 together with the new NMC data and the BCDMS
measurements. Thefitis based on Next-to-Leading Order (NLO) DGLAP evolution equations and
it gives a very good description of the data not only at Q2 > 5 GeV2 but also surprisingly down to

Q2 = 1.5 GeV 2 and x = 0.00005 (see Fig.3). Similar fits have been made on ZEUS and HI 1993 data
combined with fixed target data 17.18-19-20. All the fits require a starting distribution at QQ = 4 GeV2
to be singular in x~-\ with X ~ 0.2 to 0.4, when x goes to zero. The fits give a satisfying description
of the data, demonstrating that, within the present size of the errors, the DGLAP evolution equations
are still valid in the HERA low x kinematic domain (see Fig.4). The fits have been used to determine
the gluon density in the proton at very low x 20 (see section 3.2.2).
The HI collaboration has also used the BFKL evolution equation as a further constraint at low
x 2 0 . The quality of the fit is neither improved nor deteriorated. There is at present clearly no need
for the BFKL mechanism to describe the Q2 evolution of the data. With more precise data it will
be possible to investigate the behaviour of the slope dF?/dlog(l/:r), a variable very sensitive to the
underlying mechanisms 2 1 .
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Fig. 4. Measurement of the structure F 2 in the low Q2 region of HI (solid points), ZEUS (open
triangles) and from the muon experiment E665 (open circles). The data are compared to different
parton parametrizations at Q2 < 5 GeV2 the Regge inspired DOLA and CKMT, at Q2 > 5 GeV2
the global fits MRSx and CTEQ3, and for the whole Q2 range the GRV.
An alternative way to test that the rise of F2 at low x is entirely due to the perturbative QCD
evolution has been developped by Gliick, Reya and Vogt (GRV) 2 2 . At a very low Q% = 0.34 GeV 2
value valence-like parton distributions are used as input to the DGLAP evolution equations. This
yields a parametrisation of the structure function F2 which is in accord with the data down to Q2 = 1.5
GeV 2 (see Fig.4). It demonstrates that the DGLAP evolution equations are not only capable to
describe the Q2 evolution but also capable to generate the rise of Fi with x decreasing provided a
non singular input distribution is used at a very low Q2 scale. This is in contrast to a Regge model
23
without Q2 evolution, referred to as DOLA in Fig.4, which is found not to describe the data even
at the lowest Q2 values at 1.5 GeV 2 . A model 24 , referred to as CKMT in Fig.4, inspired from Regge
phenomenology up to Q2 = 2 GeV2 and based on DGLAP evolution at higher Q2 values is closer to
the data although not fully satisfying.
3. The hadronic final state in DIS events
At moderate x > 0.01 values DIS events are a copious source of jets well described by the DGLAP

mechanism, from which the coupling constant as(Q2) and the gluon density in the proton can be
extracted (see section 3.2). At lower x values, hadron production in the region between the current
jet and the proton remnant is expected to be sensitive to the effects of the BFKL or DGLAP dynamics
(Fig.5).

Fig. 5. Diagrammatic representation of the gluon rungs contributing to deep inelastic scattering.

3.1. BFKL versus DGLAP dynamics
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Fig. 6. Average transverse energy measured in the forward hemisphere in the laboratory (r; > 0) by
HI and ZEUS at low x. The data are compared to analytic QCD calculations at the parton level
and to MEPS and CDMBGF full simulations.

In the DGLAP scheme, the parton cascade emitted before a quark is struck by the virtual photon
(see Fig. 5) follows a soft ordering for the fractional momentum x < xn < ... < x? < xi but a strong
ordering in transverse momentum Q2 > i j > • • • >
Q
the BFKL scheme there
is no strong ordering in transverse momentum but a strong ordering in the fractional momentum

x <C xn <C • • • <g. X2 <tC Xi. The phase space available is larger than for strong transverse momentum
ordering. BFKL evolution is expected to produce more transverse energy ET than DGLAP evolution.
The transverse energy measured by the HERA experiments 25>26 (Fig. 6) is found to be much smaller
than full simulations based on the DGLAP mechanism (the Matrix Element + Parton Shower model
MEPS) 2 r and a bit smaller than analytic calculations 28 performed at the parton level based on
the BFKL mechanism. In the BFKL calculation, however, contributions from hadronization are not
included which may add about 0.5 GeV to the parton transverse energy. In contrast to the MEPS
model, the CDMBGF model 29 (Colour Dipole Model plus Boson Gluon Fusion) gives a fair description
of the data. In this model, gluon emission is similar to that of BFKL emission because the gluons
emitted do not obey a strong ordering in transverse momentum.
The measured rate of forward jets 30 in DIS events at very low x provides similar hints on the
failure of the MEPS model and the success of BFKL-like calculations to describe the hadronic final
state between the current jet and the proton remnant. In the absence of full simulations based on
BFKL dynamics no firm conclusion can be drawn yet. The study of possible signatures of BFKL
mechanism in the hadronic final state looks promising at very low x.
3.2. Jet rates in DIS events
The hadronic final state of deep inelastic events is also a copious source of jets. Radiation of hard
gluon from the initial or struck quark, also called QCD-Compton (j'q —»• gq), or production of a
quark anti-quark pair by photon-gluon fusion (j'g -> qq) are expected to produce (2 + 1) jets (2 high
Pt jets and the proton remnant) in the hadronic final state of DIS events. The production rate is a
simple function of a3(Q2) and of the gluon density in the proton. With very large statistics it should
be possible to fit simultaneously these two quantities. So far, the data have been integrated over x to
extract as(Q2) and integrated over Q2 to extract the gluon density as a function of x.
3.2.1. Q, measurement
At x > 0.01, simulations based on the MEPS model give an excellent description of the energy
flow in multi-jet events 31 (see Fig. 7).

Fig. 7. The transverse energy flow in the laboratory frame as a function of a) A<£ and b) ATJ for the
most backward going jet and c) and d) for the most forward going jet using the jet axis as reference.
The points represent the jet data sample and the errors are statistical. The histogram gives the
predictions of the MEPS model.

It is a domain of x where the quark and gluon densities are well known from the fixed target
experiments. The measured (2+l)-jet rate of events has been corrected at the parton level to be
compared with a NLO theoretical calculation to determine aa in three Q2 intervals. A combined fit
of the six determinations by the Hi 31 and ZEUS 32 experiments extrapolated to the mass of the Z
particle provides the following average
aa(Mz) = 0.120 ±0.005 ±0.007

(1)

where the first error involves statistical and systematic errors non correlated between the two expriments and the second error is the quadratic average of common theoretical errors.
Combined HERA Result
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Fig. 8. The measured value of a, from the rate of (2+l)-jet events as a function of Q2. The data
points are from HI and ZEUS. The line presents the combined result of the two experiments with
the lcr total error band. For comparison the world average at the Z mass is also plotted.

3.2.2. Gluon density
The HI Collaboration has also provided a first direct determination of the gluon density in the
proton 33 . The analysis is based on the data sample accumulated in 1993 (242 nb" 1 ). In a (2+l)-jet
photon-gluon fusion event it is possible to reconstruct the fraction of the proton momentum carried
by the gluon xg/p = x(l + s/Q2) where s is the two-jet invariant mass. In the kinematic range defined
as 0.0003 < x < 0.0015 and 0.002 < xg/p < 0.2, 75 % of the (2+l)-jet events are due to the photon
gluon fusion process. The remained 25 % of events are due to QCD Compton processes and can be
statistically subtracted. The resulting LO gluon distribution is shown in figure 9 as a function of xg/v
at an average Q2 value of 30 GeV2. The measurement is compared to recent indirect determinations
from the scaling violations of the structure function F2 at very low x by the HI 34 and ZEUS 35
experiments or obtained in global parametrisations of LO parton densities 22>l8. The HERA data are
also compared to a determination from the NMC experiment based on inelastic J /ty determination
at x > 0.01. The overall consistency between direct and indirect determinations is a remarkable non
trivial success of QCD.
4. Conclusion
In summary HERA data on the proton structure function and on the hadronic final state in DIS
events have already brought important insight into the underlying QCD mechanisms at low x. From
8
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Fig. 9. The gluon density at < Q2 >= 30 GeV2 as a function of the fraction of the proton momentum
carried by the gluon. The HI points from jet-multiplicity are compared with indirect determinations
by HI and ZEUS at Q2 = 20 GeV2 and by NMC from J/tf production evolved to Q2 = 30 GeV2.

the jet multiplicity competitive determinations of the gluon density and of a, have been obtained. The
analysis of the special class of DIS events where the struck proton .stays intact after the interaction
is covered in another talk 37 . A discussion of photoproduction at HERA can also be found in these
proceedings 36 . These beautiful results only represent a part of H-ERA physics. Important topics
as production of heavy quarks and vector mesons, fragmentations and detailed searches beyond the
Standard Model have been omitted. A new field of HERA physics on rare events and at high Q2 will
be open as the HERA luminosity will increase.
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