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New experimental results on inclusive structure function measurements as well as on hadronic final states
are presented and discussed. Special emphasis is given to the new results from HERA which are relevant
for the discussion of QCL} dynamics at small parten momentum fractions x.

1 Introduction

Deep inelastic seattering (DIS) is a fundamental process
for measuring quark and gluon densities in the nucleon
and to make quantitative tests of QCD. The theoretical
predictions are very solid based on perturbative QCD
and QCD sum rules. DIS is also one of the best processes
to measure ;. The large extension of the kinematic
range by the HERA experiments especially the extension
to small x has created new challenges as discussed by
A. Mueller in his plenary talk!. The key question at
HERA is the QCD dynamics at small values of the parton
momentum fraction x ( Bjorken x ) in the DIS regimee.g.
for values of the four momentum transfer squared Q% >
1 GeV2. :

2 New Structure Function Measurements

The new muon collaboration NMC has presented the fi-
nal analysis of muon proton and muon denteron data
taken back in 1989 at muon energies of 90, 120, 200 and
280 GeV 2, These data cover the low x range down to
2 & 8%1072 starting at @° = 1 GeV2. Preliminary results
have been presented by the Fermilab experiment EG65.
This experiment has used muon beams on P, D and nuclei
with energies in the range 350 GeV < E; < 600 GeV.
The experiment has suffered from low integrated lumi-
nosities. A spectal low angle forward spectrometer has
allowed them however to provide unique data at very
low Q% > 0.3 GeV? and low x (107% < 2 < 01 ) ®
Both muon experiments have also shown measurements
of F§/F§ and of structure function ratios for heavy tar-
gets 4 down to very small x- values.

New preliminary results on FJ based on the 1994
data have been presented by the HERA experiments H1 7
and ZEUS ® which represent a big step forward. They are
based on a total integrated luminosity of about 2.8 ph~!

- an increase by a factor 6 compared to published results.
This allowed a much better look into the high Q? region.
At the same time both experiments have also extended
the kinematic range significantly towards smaller values
of x and Q2. .

The new data from NMC and E665 close very nicely
the gap between the well established resuits of the fixed
target experiments BCDMS ? and SLAC and the HERA
measurements such that we have now a good coverage
over a huge kinematic range given by

0.3 GeV? < @° < 10000 GeV?

5%107% <z < 0.75

for the inclusive structure function of the proton. This
kinematic range matches also well the range of parton
momentum fractions which is probed at the TEVATRON
and in future at the LHC in hard scattering processes,

A new measurement of the polarized structure func-
tion gf(z) extending down to x values of .003 has been-
obtained by the SMC collaboration 5.

.- 2.1 Measurements of very high Q? from HERA

The large increase of integrated luminosity allows a sen-
stive look into the go far inaccessible region at very high
Q%. Both experiments have accumulated about 0.8 pb~!
for e~p and 2.8 pb~! for e*p running and 150 charged
current events ep — »X. Figure 1 shows the differential
cross sections de/dQ? for neutral and charged current
interaction at high Q2 compared to standard model ex-
pectations 1911,

The measurements agree well with the standard
model. For the first time we are able to see that the
charged current cross section indeed becomes compara-
ble to the neutral current cross section for Q¥ > mi,
as expected. The measurements are sensitive to the
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Figure 1: Measurements of Charged Current and Neutral Current
croas sections for et p and e~ p interactions compared to standard
madel predictions from the HERA experiments.

propagator mass of the W-boson within an error of
Ampy = £15GeV.

The high @* region is also the region where we can
sensitively look for signs of new physics. The HI col-
laboration has found two events which created a lot of
excitement when they were first found 2. One event is of
the type e*p — pt X the second one etp — e~ X. These
are signatures which would occur in several new particle
scenarios. Within the standard model both events can
hovever be explained by photoproduction of 2 W-bason
which decays semileptonically with probabilities of 3%
resp. 10% for the two events (using H1 statistics only).

The relatively high statistics of neutral current
events at high Q2 allows already sensitive seatches for
compositeness. Both experiments have e.g. reported up-
per limits on contact interactions with mass scales > 1 to
2 TeV depending on coupling comparable to the results
from other colliders 12

This is clearly only a first glimpse into HERA’s fu-
ture. Much higher luminosity is expected in future.

2.2 New Fy-measurements from fized targel experi-
ments

An example of the new structure function measurements
of NMC is shown in figure 2 which shows the deuteron
structure function F§ at small values of x versus Q2.
The data points for the four energies are shown sepa-
rately. The addition of the 120 and 200 GeV data points
gives a better handle on systematic errors and should

also allow in the near future to get a measurement of the
longitudinal structure function.
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Figure 2: Measurement of F; versus Q2 for low values of x for the
four beam energies (NMC,preliminary}.

Figures 3 and 4 show a comparison of the NMC data
with the published data of BCDMS ® and SLAC for Ff
together with a common QCD NLO fit to all three data
sets for protons and deuterons, There is remarkably good
agreement also in normalisation which agrees to a level
of about 2% , well within the given normalisation errors.
The systematic uncertainties of the NMC measurements
are shown as dashed error bands and are at a level of 3
to 5 % at small x and 1 to 1.5 % at large x.

Both NMC and E665 have presented preliminary re-
sults on the structure function ratio Ff(x)/Ff(z) down
to x values of 107%.These measurements are systemati-
cally very precise because Hz and Ds targets have been
used simultaneously in the same beam. They provide the
basis for an improved measurernent of

F{—F =(1-Fp/F))/(1+ F}[F}) = F}

The preliminary result of NMC is shown in figure 5 to-
gether with the evaluation of the Gottfried sum rule

1 1
Se= jo (FP — FPVde/s = 1/3+2/3 fo (i(z) - d(z))de

at the average @% = 4 GeV?2.
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The experimental result, extrapolated to x=0 using
the assumption F¥ — F ~ z° is measured as

Selexp) = 0.216 £ .024,0p + 00902, £ 015 1uise

for Q = 4 CeV?, significantly different from 1/3 as
naively expected. The value includes large corrections
for shadowing and higher twist contributions which also
introduce sizeable error contributions. NMC has also
studied the Q? dependence of §g and found no signif-
icant change such that the Gottfried sum rule is violated
in the @2 range from 0.5 GeV/? to 10 GeV?2. The mea-
surement can be translated into a flavour asymmetry of
the sea quarks :

fu l(ﬁ(z) — d(z))de = —0.176 £ .043

The flavour asymmetry has been confirmed by a more
direct measurement of the NA51 Drell-Yan experiment
which compared pp and pD production of muon pairs
and found 4

afd=051+£.04%£.05 for 2=0.18 and Q*=
25 GeV2.
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Figure 5: The difference Ff — F? and the cumulative integral
Sglzmin to 0.8) as measured by NMC (prelim.)

The latest resubts presented st this conference by
the muon experiments is something like the last word of




fixed target experiments on unpolarised structure func-
tions {except for the neutrino program at Fermilab which
will continue for some more years). Our knowledge on
quark distributions and of e, is based on these experi-
ments especially SLAC(ep) , BCDMS, NMC and the neu-
trino experiment CCFR, and will not be improved in the
forseeable future. These experiments have carried out a
herotc effort over many years of hard work and they have
brought our knowledge to a rather satisfactory status.

2.8 Polarized Siructure Functions

The SLAC and NMC spectrometers have been revived for
the measurement of polarised structure functions which
requires a longitudinally polarised lepton bearn and a lon-
gitudinally polarised target and the possibility to change
their relative polarisation. Muon beams are naturally po-
larised from pion decay and a polarisation of 80% is easily
obtained, SEAC on the other hand has learned how to
produce electron beams with high polarisation { ~ 80%).
Measurements have so far been obtained from proton
deuterium and ®He targets. The experiments rneasure
the asymmetry

Ar(z, Q%) ~ (deth = de™ f(do™ + do?F)
and get from there the spin structure function
01(z. Q) = Au(2)+Fi(e, Q%) = Ai(e)*Fulz, @)=/ (1+R)

where the asymmetry is so far assumed to be independent
of Q% and the small contribution of the structure funciion
g2 is neglected - both approximations are justified at the
present level of accuracy. The structure functions can be
related in the QPM to the quark densities ¢ (z) and g} (2)
for finding a quark of flavour i with spin parallel resp.
antiparaliel 4o the nucleon spin by:

Fil) = 3 3. ¢H(al (=) + 0} (2))

n(@) =3 S e) - de) = 3 5 FAntz)

Finally the spin fraction carried by flavour i can be ob-
tained by

1
Aq,-:] Agy(2)dz
o

The spin muon collaboration SMC %€ has presented
a new measurement of A$(z) as shown in figure 6 together
with the measurements of the SLAC E143 experiment *°,

The SMC resuit covers the range 0.003 < = < 0.7
and 1 € Q% < 60 GeV? whereas the SLAC data starts
only at x = 0.03 and is at lower @*

The corresponding measurements of g4(z) and g7 (2)
are shown in figure 7.
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Figure 7: Polarised structure functions y,d and g' as evaluated by
SMC and the SLAC experiments E142 and E143,

The most surprising result of the new SMC mea-
surement is the negative value of ¢f at small x. This also
reflects in large negative values of g} (z) at small x which
was directly measured by experiment E142 on He® and
was derived by a compatison of D and p measurements by
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Figure 8: Polarised structure function gf as evaluated by SMC and
E143.

Ei43 and SMC (figure 7). Since also g shows indication
of a nontrivial ¥- dependence at small x this has raised
serious discussions on the small x behaviour of polarised
structure functions and on how to extrapolate them to
x=0 as required for the QCD sum rules. This will be
discussed further in section 4.

2.4 New Measurements of F;7 at HERA

Both HERA experiments have presented new structure
function measurements based on the data taken in 94%7.
Figure 9 shows the distribntion of DIS events recorded
in '94 by H1 in the log x - log Q? plane. .

Figure 9: Distribution of the "94 D2IS evenis from Hl in the plane
x-Q

Whereas the *03 data was restricted to electron scat-
tering angles of < 173°, the kinematic range in '94 has

been extended by both H1 and ZEUS towards small 2
and x by taking a small fraction of data (58 pb~!) with
the interaction vertex shifted by 62 cm. H1 has already
analysed the full ’94 data set whereas the preliminary
ZEUS analysis is so far restricted to the low Q¢ shifted
vertex data and data points at very high Q2. In addition
Hi has evaluated a subsample of events where the initial
electron has losi energy by radiation, thus reducing the
CM energy in the hard collision. This extends the use-
ful range down to @ = 1 GeV2 The Q2 dependence
of Fy for fixed values of x is shown in figure 10 for the
new HERA measurements compared to the fixed target
measurements.

It can be noted that the H1 and ZEUS measurements
are in good agreement with each other and that they
match well with the fixed target measurements. There
is good agreement in normalisation within the system-
atic error bands of the NMC data. The preliminary
H1 data points are dominated by systematic errors for
Q® < 500 GeV? which are typically 6F2/Fy =~ 10%.
Major error contributions come from the ¢lectron and
hadron energy calibrations of 1.5 % resp. 5% which
translate into errors of Fy of up to 7 % resp. 5 %. It
will be possible to reduce these errors in future. The
normalisation error for the new data is about 1.5%.

The x dependence of the same measurements for bins
in Q* is shown in figure 11.

It can be noted that F; changes in the HERA range
by more than a factor two as a fugction of x for nearly
all bins in @*.

3 QCD Interpretation and Parton Distributions

8.1 Gluon and Quark Distributions

1t’s well known, that the @7 evolution of the pub-
lished DIS structure function measurements including
the HERA '93 data can be well described by the

’standard’ next to leading order (NLO) DGLAP evolu-
tion equations 8. This is still true for the preliminary '94
data as shown by the H1 collaboration which has fitted
their new measurements together with the latest NMC
and BCDMS measutements of Fi¥ for Q% > 4 GeV?2.
The fit involves 11 shape parameters and 6 relative nor-
malisations !°, The result is shown in figure 12 and is
obviously able to describe the x and Q? dependence down
to the smallest values of 2. It also underlines the large
rise of Fy with Q¥ at small x. This rise is strongly cou-
pled to the gluon distribution and can therefore be used
to determine it assuming the validity of the DGLAP evo-
lution equation in this kinematic range. This has been
published both by ZEUS and H1 22! bhased on the 93
data and is shown in figure 13 including the estimate
of systematic uncertainties which are clearly dominant.
Also shown are the gluon distributions as given by some
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Figure 10: Measurcruents of FY va. @7 for different x from HERA and from fixed target experiments.

of the global fits to all DIS data - see below Whereas
these parametrisations - except for MSR(D,) which is
prior to HERA - clearly agree with the determinations
of H1 and ZEUS they give not the slightest idea how
well we actually know this distribution. As a result the
gluon distribution in the proton is now reasonably well
constrained down to 2 ~ 3+ 10~%1. Gluons rise steeply
at small x - typically £G{z, Q%) ~ z~*s with A, =~ 25
to 0.4 and are about 20 times more abundant at smali x
compared to sea quarks.

The transfer of the universal parton distributions
from DIS to other hard scattering processes in e.g. pp
collisions requires a complete and consistent set of parton

distributions which are obtained by the global analysis of
selected DIS data and a few measurements of hard pro-
cesses in hadron hadron collisions .
global fits is as follows:

The procedure for

o choose selected, consistent experimental data sets.

+ choose a parametrisation for all patton distributions
at 4° = Q3. This requires between 15 and 25 pa-
rameters,

e use NLO DGLAP evolution to evolve these input
distributions to the @ values of the data points and
compate.
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Figure 11: Measurements.of F} vs. x for different Q2 from HERA and from fixed target experiments. * )

Where does our present kmowledge of parton distribu-
tions come from?

Shortly, the quark distributions and «, are deter-
mined by BCOMS and the CCFR DIS experiments. The
gluon distribution is determined by NMC and HERA
data plus a consiraint for large x from prompt photon
production in pp collisions, The newest sets of parametri-
sations also use constraints on the flavour asymmetries
u/d and #/d from hadron hadron collisions which how-
ever are always testricted to a small x-range. For a recent
review see eg. 25

There are three major sets of parametrisations which
are at a comparable level of sophistication. Two of them,
MRS (Martin, Roberts and Stirling) * and CTEQ %
chose a value of @F = 4 GeV? and use only data above
that starting point. Anocther approach is used by GRV
(Giick, Reya and Vogt) *® which start at very low QF =

0.34 GeV? and make no explicit use of HERA data. Since
this approach is both successful and instructive its worth
while to have a closer look to it.

The original idea of GRV is to start with only va-
lence distributions of the *constituent quarks’ and to cre-
ate all gluons and sea quarks by the DGLAP evolution.
‘Fhis concept did not work, they have to parameirise also
gluon and sea quark distributions at QZ but these are as-
sinied to be valence like e.g. they are zero at x=0 as
shown in figure 14. The NLO DGLAP evolution equa-
tions are used to evolve them to higher 2 as shown e.g
. in figure 15 where a large rise of the gluon distribution
and of the sea quarks and hence also Fy is necessarily
predicted. This approach was the only one which neces-’
sarily predicted the steep tise of F5 at small x as observed
at HERA. It equally well predicts that the slopes in x
have to decrease towards low Q2 as actually observed in
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Figure 13: Determination of the gluon distribution from NLO QCD

fits by H1 and ZEUS 293} compared to some global parametrisa-

ticns. The H1 result shows the error band incl. systematic errors,
ZEUS has a similar error band.

the new HERA data.

data.

The predictions of several parton parametrisation
are compared to the new 34 data at small Q2 in fig-
ure 16. The top row shows the Q2 bins below 4 GeV?
with the predictions of GRV94 % and Repge inspired
models 27 which both have a definite prediction for the
x-dependence. Whereas the Regge models are unable to
describe the observed x-dependence in the HERA range,
GRV94 does very well. The bottom row shows the higher
@? bins where also recent MRS and CTEQ parametrisa-
tions ate shown. They will certainly be able to improve
the present sets - it would be desirable however to ex-
tend them to lower values of 2. Of specific interest as
pointed out by A. Mueller ! is the information if GRV is
able to also describe the evolution down to even smaller
values of Q2. The answer can be seen in figure 17 which
shows the preliminary data from experiment E665 ex-
tending down to ¥ = 0.5 GeV2. This data is also well
described by the Regge mode! of Donnachie and Land-
shoff 27 based on the soft pomeron idea but equally well
by GRV4.

The interest in GRV is thus not the specific assump-

tions about the parton distributions at small @2 but the

undeniable fact, that the use of ordinary DGLAP evolu-
tion which sums only the InQ? and InQ%x In(1/x) terms
neglecting all In{1/x) terms is able to describe the evo-

H1 1994 preliminory
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Figure 16: Measurements of FJ vs. x for different low Q% bins from HERA and from experiment E665 compared to d.iﬂgmnt parton
parametrisations. (DOLA and CKMT: Regge inspired parametrisations, MRSx,CTEQ3:global DGLAP fits.)
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Figure 17: GRV parametrisation compared to low Q2 data of E663 and NMC,

at sufficiently low x for all Q2 - gives a very different evo-
lution equation (BFKL-equation). Specifically the gluon
distribution is expected in this approximation to behave
a8 £G(z, Q) ~ 2~ for x—0 , with A, = 0.5 (’Lipa-

Iution of Fy in x and Q* over this large range at small
x. [t has been shown by Lipatov and collaborators 7
that neglection of the In(1/Q?) terms but keeping the
In(1/x) terms - an approximation which should be good
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tov Pomeron’ or *hard Pomeron’). The success of GRY
demonstrates that the interpretation of the steep rise of
Fy at low x does not need this Lipatov behaviour but
that NLO DGLAP evolution does it all alone and is more-
over able to bridge naturally the transition from the *soft
pomeron’ to the *hard pomeron’ regime as discussed by
Levy 2, Why do we see no sign of the In(1/x} terms
which can give very sizable effects at a given order as has
been demonstrated by several groups 187

3.2 Testing QUD dynamics ol small 2

The use of rather involved numerical QCD fits to the data
is not too illuminating. We can ask ourselves if there is
a more sensitive way to see possible deviations from the
DGLAP evolution at small x. The answer is yes. The
success of the GRV approach snggests that the HERA
data may be near to the *asymptotic’ double log sclution
of the DGLAP equations. If we define the double log
variables

=+/In(zp/z) % In(t fto) =\/Iﬂ(30/2) * (e, (QF)/:(Q%)

In(zo/z)/In{tfta) = I(Q /A"
then for sufficiently large t and small x the QCD evolu-
tion becomes much simpler and the shape of F; at small
X is actually predicted because it is determined by radi-
ation processes independent of the starting distribution.
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Figure 15: GRV94 parton densities after evolution to Q2=10 Ge¥'2,

This fact can be expressed by two scaling relations which
should hold in the asymptotic region as shown by Georgi
and Politzer in *74 2* and recently revived by Ball and
Forte 2°,

In{Rp(o,p) x Fa(o,p)) =a+ 270

Rp(e,p)* Falo, p) = f(v/p) *a — const

Here RF and Rp are known functions as defited e.g. in
reference 37, 2y = 4y/3/(11 - 2/3ny) = 2.4 is predicted
by QCD &nd S(/p) 15 a smooth function which depends
on the boundary cenditions for the gluon dlstnbut:on at
(29, %0) and should got to 1 for large p.

The use of double log scaling variables thus elimi-
nates the leading "universal’ scaling violations ; we should
therefore be more sensitive to other contributions. There
is of course no prediction what Q?® sufficiently large
means - this has to be answered by experiment. It has
also to be pointed out that the scaling relations will
only hold IF the gluon distribution is nonsingular at
the boundaries. It has been demonstrated convincingly
by Ball and Forte ®° that a ’Lipatov type’ behaviour

2G(20,t0) ~ z=*¢ at (zg,%0) with A, ~ .4 would spoil
double log scaling drastically.

Double log scaling was shown by the H1 collabora-
tion in 93 to hold approximately for Q2 > 4.5 GeV2 21,
The new data is displayed in figure 18 for a value of
Q% = 1.0-GeV?, where data for Q% below and above 5
GeV? are shown with different symbols.
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Figure 18: Test of double log scaling with the *94 H1 data using
Q3 =1 GeV2. Low nnd high Q2 points are shown separately.

Double log scaling requires that log(Rp + Fy) is lin-
ear in ¢ with slope 2 for all points whereas Ry * Fa be-
comes constant for sufficiently large p. Whereas the high
@Q* data shows excellent double log scaling, the data at
low Q? shows systematic deviations from it. They rise

. at high values of p and deviate systematically from the

straight line in ¢. Deviations of this kind can be due
to higher order corrections or subleading terms in the
DGLAP description or indicate signs of unusual QCD
dynamics, As a first attempt H1 has tried to minimize
higher order cotrections by a better choice of Q3. Indeed
a choice of Q3 = 0.5 GeV? leads to approximate double
log scaling over the whole Q* ramge as shown in figure
19. ‘
A better way of doing the tests would be to confront
the data with the calculated NLO corrections and to see
if they describe the observed deviations ( this work is in
progress). We may nevertheless conclude that double log
scaling starting at rather low values of Q2 is a dominant
feature of the H1 data on F; leaving little room for BFKL
17 jike contributions.

A quantitative analysis gives a value of (29).p =
2.5 £ 0.03 & .10,4,¢ for a value of Apg = 250 MeV in
good agreement with the LO QCD expectation of 2.4, It
should be pointed out that the observation of double log
sealing is only possible if ¢, shows very strong running
with Q? as can be seen from the definition of o. In the
H1 range In{xo/x) varies by a factor 2.5 which means
that In(w,) has to vary by the same amount. The slope
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Figure 19: Test of double log scaling for Q3 = 0.5 GeV'2,

in & is therefore highly sensitive to the value of A.
To surnmarise this part we can say:

« very surprisingly the Q2 evolution of F, shows a very
simple behaviour at small x over the whole kinematic
range of the new HERA data.

« It is hard to beleive that the observation of double
log scaling even at low Q7 is accidential since 2v is
measured correctly which is a non trivial QCD test.

o the linearity in o depends critically on A.

So we have to ask: are we already in the asymptotic
regime? We can hope that the observation of double log
sealing conld be used for a precise and sensitive test of .~
the Q@* evolution of «, and a precise determination of
A. An analysis along this line has actually been pub-
lished by Ball and Forte ! using published 93 data of -
H1 and ZEUS. They have made a NLO analysis of this
data with the following results: 1) double log scaling is
preserved in NLO. 2) NLO corrections improve agree-
ment with data. 3) a fit to the data with only 4 free
parameters : Qo, Ay, Ay, and a,(mg), where Ay and ),
define the low x behaviour of gluons and quarks at @3,
they find

ay(mg) = 0.120 £ .005 & .009 (theory).

This result is encouraging. The problem is that their
analysis is dependent on the expansion scheme. Their
approach is eriticised by other theorists so we have to
wait for further clarification.

It will be very interesting to see which conclusions
theorists will draw from the success of GRV and the ob-
servation of double log scaling at low (¥?, This is a real
surprise and the first reaction of experts at this confer-
ence was that they have no explanation and need rethink-
ing.




3.8 summary of QCD lests at low z
The results discussed so far can be summarised as follows:

# there is no evidence yet for new log(1/x) components
in the QCD evolution of structure functions. They
must however exist in some (x,Q?) range.

the DGLAP evolution works remarkably well down
to Q% as low as 0.5 GeV? and 2 ~ 5x10™° as shown
by the success of GRV and the observation of double
log scaling.

HERA measurements of F» have dramatically im-
proved gince last year. They still wait for serious
confrontation with theory,

Further extensions of the kinematic range down to
Q% 22 8 GeV? and improvements in presision are al-
ready reached with the data recorded by the HERA
experiments in *95.

there is some hope that the low x data can be used
for quantitative QCD tests and precision measure-
ments of o,

*

4 QCD Sum Rules

4.1 Fundamental QCD Sum Rules

The fundamiental sumn rules contain only nonsinglet con-
tributions. They test very basic and fundamental QCD
predictions and can also be used to make precision mea-
surements of a,.

The Gross -Llewellyn-Smith sum rule:

This sum rule is well known: It gives the definite QCD.

prediction that the integral over the valence quark den-
sities in the Bjorken Jimit Q% — oo has to be exactly 3.
The QCD corrections are known to third order 32 up to
uncertainties due to higher twist contributions for which
only an estimate exists (AHTY):
fu oF{ %(z,Q%)da/z =
3% {1 - a,jx — a(ng e /x)? = bn)as/7)P+) — AHT
This sum rule can be tested in neutrino experiments.
The Bjorken Sum Rule:
This sum rule depends on the spin densities of the proton
and neutron:
Jo =6} = g7)de/z =
T gax{1- o./7 — 3.5833(a./m)® — 20.2153(a,/x)?
= {~ 130){a,/7)* + ...} = Cprr/Q?
In the Bjorken limit the integral has to be exactly 1/6 of
the axial coupling constant as measured in neutron beta
decay 2.
SU(3)r sum rule:
In principle there is a third sum rule based on SU(3)
flavour symmetry, for which however there is no direct
experimental test. Tts validity will be assumed in the fol-
lowing.
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AutAd—2As5 = ga *CNs(Qz)
where gg can be measured via hyperon semileptonic de-
cays.

4.2 Sum Rules involving flavour singlet coniributions

There are no firm QCD predictions for these sum rules
because the evolution of the singlet contributions involves
anormalons dimensions. Hete we ate concerned with two
sum rules:

* The Gottfried sum rule discussed in section 2, which
gave the surprising result , that the momentum frac-
tion carried by @ is smaller than the momentum frac-
tion carried by d.

« The Ellis-Jaffe Sum Rule related to the spin densities

i ot sasalase il b Aleariaan, A Bala
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These singlet sum rules are those which provided the sur-
prises . They give important information about the con
stituent quarks.

A common feature of all sum rules is that they in-
volve the integral over quark densities down to x = 0.
Since every experiment can only méasure down to a low-
est value zpin if QF > 1 GeV? is required, every evalu-
ation of a sum rule involves some mode! dependent ex-
trapolation to x=o. -

4.3 New measuremenis of the Gross-Liewellyn-Smith
sum rule

The CCFR, neutrino collaboration has presented to this
conference a new evaluation in bins of Q? between 1 <
Q% < 20 GeV?. In order to do that they combined their
own data with low energy data from bubble chambers
3 The sum rule is well satisfied including the higher
order QCD corrections and tested to the level of about
10% . They can also use the measured Q% dependence
to determine o,(@?). They find:

ay(3 GeV?) = 0.26FJ%(stat.)2.02(syst)+.03(highertwist)
corresponding to a value
@a(mz) = 0.108% §3(stat) £ .004(syst Y* SUHT)

This is & precision measurement of «, at a small scale.
It suffers however from rather large uncertainties due to
higher twist corrections.

4.4 Sum Rules involving Moments of spin structure
functions

We have to determine the moments of the polarised strue-
ture funetions I'y = fol 1 (z,Q%)dz. This poses several
problems:

1} The data has to be evolved to a common value of

2, whereas different x- values cover a Q? range of
1< Q% < 6.5 GeV? for experiment E143 and 1 < Q% <
60 GeV? for SMC. This extrapolation is done assuming
that the asymmetry A(x) is independent of Q? which is
not strictly teue but an acceptable approximation given
the large experimental errors.

2) The integrals have to be extrapolated to x=1 which is
uneritical and safe.

3) The integral has to be extrapolated to x=0. This poses
major problems and gives rise to large uncertainties.

The case is best illustrated by a discussion of I'].
The present knowledge of g7 () is summarised in figure 7
which shows both the direct measurement of E142 which
stops at x=.03 and the evaluations of SMC and E143 by a
combination of their proton and denteron measurements.
The SMC data extend down to x=.003 ,their x points
below the SLAC data show strong negative values. If
we take this result serious - and there is no reason why
we should not - then the contribution to T} for .003 <
< .03 is equally large as the rest of the integral for x>
0.3. The SLAC experiments have set ¢ constant for x
< .03, grossly underestimating the contribution to the
sum rule or at least of the uncertainty involved in this
extrapolation. The published values of the integrals are
therefore inconsistent and cannot be averaged.

. A much better way to combine the data sets has
recently be done by the SMC collaboration 5. They
average the SLAC and SMC measurements of the asym-
metries, injerpolaie to a common value Q2 = 5 GeV?2,
and then form the integral keeping of course the low x
SMC points. The extrapolation from x=.003 to x=0 is
done assuming a functional behaviour gy(x) ~ 2z with
0 < & < 0.5. This gives new 'world averages’:
[$=136+£.010 T?=-067£.016 @Q%=5GeV?
The value of I'? differs by a factor three from the pub-
lished E142 result!. Using these moments we can now
test the sum rules.

Test of the Bjorken sum rule

This test is graphically shown in figure 20.

Numerically one gets
% — T3 = 0.203 % .023 for Q> =5 GeV?
to be compared to the QUD prediction
(T? - T)oep = 0.185 + .004
for value of a,{mz} = .117+ .005. In summary the
Bjorken sum rule is tested to an accuracy of about 10%.
Unfortunately the data is not good enough to use this
sum rule for a quantitative determination of o, mainly
because T has too large uncertainties.
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Figure 20: World averaged experimental results and BJorken pre-
diction for the first moments l'"; anrd 'Y at Q? =5 GeV2 35,

Evaluation of the Ellis-Jaffe Sum Rule

The proton and neutron moments can be expressed as
follows:
"= (i;—ga + 339'5 ) xCrs(QF)
+1A%(Q )* Cs{@?)
AB(c0) = Au +Ad+As—ng St AG
where AG is the moment of the polarized gluon distribu-
tion and the (37 dependent corrections are given by QCD.
From the last expression it can be seen that AE{oo) is not
only the spin fraction carried by the gquarks, in addition
it contains a term coming from the density of polarised
gluons which enters by the axial anomaly. The origin
of the famous spin crises’ is based here: Ellis and Jaffe
assumed that AG and As are zeto as expected in the
constituent quark model.

The experimental measurements of the moments can
now be used to determine a best value for AX(o0). The
global SMC analysis gives

AE(c0) = .10 % .07

fixing:
ga = 12573+ 0028 aend gg =0.579+.016

This value is much smaller than the Ellis-Jaffe prediction
of AL = gg = 0.58. Since there are only two measure-
ments but three nnknown contributions to the moments
we have to make model assumptions:

1) we can assume AG=0. In this case we find As =



l
|

" —0.13 £ .03. Published resuits of this most comman
approach are summarised in figure 21.
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Figure 21: Experimental results on the total (AL) and strange
(As) quark contributions to the nucleon spin at §% = § GeV2.

All points cluster in one area far from the Ellis-Jaffe

point except the old published point of E142. This point
however moves to the other points if the extrapolation to
x=0 is done according to the new SMC data as explained
above.
2) We can assume As = 0.0 and fix AD; = Au+ Ad=
gs = .58 to the Ellis-Jaffe value. In this case we find
AG = 3.2+ .75. Such a large value of AG would restore
the prediction of the constituent quark model.

new experimental input

The situation can mainly be improved by new experi-
mental input. A very promising road is to disentangle
the various contributions to the moments like valence,
sea quark and gluon contributions. The new HERMES
experiment at HERA , which just started data taking,
will be able to disentangle quark distributions (valence
,sea quarks, up, down and eventually strange quarks) by
measuring semiinclusive asymmetries of pions and kaons
like
+ +
ot NN
NI+ N7

A new proposal (HMC=heavy muen collaboration) is
pending at CERN SPS to determine AG via charm
production in polarised muon nucleon scattering. Such
an experiment could answer the question if the axial
anomaly is responsible for the smallness of AT,
Fhe problem.of the low x region could be attacked at
HERA by storing polarised protons in the proton ring.
This is technically feasible and would allow to measure
spin structure functions down to values of 2 = 10~%.

Experimmental efforts atong these Jines ate very inter-
esting because they can bridge the gap between current
quarks and constituent quarks.
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4.5 summary on QCD sum rules

¢ The sacred sum rules , the Bjorken and Gross-
Llewellyn-Smith sum rules, are verified to a level of
about 10%. They have the potential to determine
a, very precisely because they are measured at low
scales. They suffer however from higher twist cor-
rections and from uncertainties of extrapolations to
x=0.

« The sea is not flavour symmetric. Wefindd > a> 3
from the Gottfried sum rule and direct measure-
ments in Drell Yan processes.

« The spin structure of the nucleon is complicated.
The simple picture suggested by the success of the
constitntent quark model does not work, because
we are testing the parton structure inside the con-
stituent quarks, and this seems to be complicated.

5 Deep Inclastic Final States at HERA

The HERA collider experiments measure the complete
hadronic final state apart from the particles disappearing
in the beam pipe. Compared to ete~ colliders HERA has
the advantage that it offers a huge scale variation within
one experiment. If we take Q as the relevant scale, which
it is in the Breit frame, then the range 1 < @ < 40GeV
can be used now which can be extended to 100 GeV with
increasing luminosity. HERA is thus ideally suited to
measure 1/Q corrections.
Compared to LEP we start with one strongly interacting
parton in the initial state which makes life more difficult
but also more interesting. Thus HERA is an intermediate
step frorm LEP to the hadron colliders.

New results presented to this conference included in-
teresting results on single particle spectra ** which will
not be discussed here.

5.1  Multijel events at HERA

Multijet events are expected at HERA as a consequence
of higher order QCI processes. In next to leading order
events with two hard partons in the final state are pre-
dicted via the.the photon gluon fusion process gy — g
and the QCD Compton process ¢y — ¢g. Both processes
are proportional to e, (@?), the gluon fasion process re-
quires in addition the knowledge of the gluon distribution
in the proton. Ideally one would like to make a simul-
taneous analysis over the full Q% range with &,(Q?) and
zg(z, Q%) to be determined. Such an analysis is under
way but is theoretically and technically demanding. So
far the analysis has been broken up in two steps:

Determination of o,(Q?) for Q% > 100 GeV?

In this kinematic range (z > 0.01) the photon gluon
fusion process makes only a modest contribution. Pre-
liminary analyses of the '94 data have been presented
by both H1 and ZEUS 3. They avoid the target frag-
mentation region and the higher oxder effects of initial
state gluon radiation by requiring &5, > 10° (H1) and

"Zp = Pxpju/Pxg > 0.1 (Hl and ZEUS) and use a

modified JADE algorithm with the separation parameter
¥ = m} /W? . The 2-jet fraction

Rona(Q%, ) = 0241(Q%, ve) o (Q7)

is then compared to NLO QCD calculations * and
a,determined in bins of Q2. Here the +1 stands for
the proton spectator jet. The H1 and ZEUS results are
shown in figure 22.

os0 . Combined HERA Result
on gg

0.25

020 ¥
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Figure 22: Measurements of o,by H1 and ZEUS from the 2-jet rate
at high Q2 compared to the world average.

The lines show the combined HERA result {central
value and x1 o) together with the present world average
for @y(Mz). The numerical value is:

as(mz) = 0.120 % .005 + .007(syst)

This result is competitive with the cortesponding LEP
measurement from the three jet rate and is presently sys-
tematically limited by ¢alibration errors and scale depen-
dences. This will be improved in the next round.
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Direct determination of the gluon distribution at
low x

The 2-jet sample for @* < 80 GeV? and .0003 < z5; <
0015 is dominated by the photon giuon coniribution
which gives about 75% of all events. It has therefore
been used by H1 3 to determine directly the gluon dis-
tribution in leading order (LO) using a fixed value for
o, (LO). The analysis uses a cone algorithm with cone
width AR = 1 and asks for a transverse momentum in
the yp CM system of p§. > 3.5 GeV. A total of 328 (2+1)
jet events have been found by H1 in '93 which cover the
range .002 < 2, < .2. The result of this first direct mea-
surement of the gluon distribution at small x is shown
as solid points in figure 23 compared to indirect deter-
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Figure 23: xG(x,Q2) evaluated in LO. The solid points give the

diract measurement from the 2-jet rate at smallx , other resulis of

H1 and ZEUS from the analysis of scaling violations are shown for
. comparison.

minations from the scaling violations of F; at small x as
determined by H1 and ZEUS in leading order. There is
overall good consistency . .

5.2 ‘Transverse energy flow al small z

The study of transverse energy flow especially at mid
rapidity between the current quark and the proton di-
rection is another very promising handle to study QCD
dynamics at small x as will be shown in the following.
Rather surprising results have been obtained by H1
39 which studied the transverse energy flow dEp/dn* in
the yp CM system both for photoproduciion (@ = 0. )
and for DIS scattering as a function of Q2. This is shown
in figure 24. One surprising result is that the transverse
energy per unit of rapidity at mid rapidity (.5 < 7 < .5)
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Figure 24: Transverse energsr versus rapidity in the 'rﬁ CM system
as d by H1 for photoproduction and DIS in different bins
of Q%

is about 2 GeV nearly independent of Q2. It is especially
surprising that photoproduction and high 2 events have
the same mid rapidity energy flow not only in average but
also in the differential Fr distribution. This result can
be qualitatively summarised by saying that the memory
of large virtuality at the y-vertex is lost very fast over a
distance An = 1.5. The other surprising fact is that in
the current region (the region of the scattered quark) the
transverse energy flow changes very slowly from §*=0.0
up to @ =~ 11 GeVZ It is therefore no surprise that
none of the presently available Monte Carlo generators is
able to describe the transverse energy flow at small x.

The Er flow in e-p interactions can also be compared
with that of # — p and p-p interactions. The surprising
result is that the transverse energy flow at mid rapidity
i5 universal independent of projectile and target for the
same invariant mass of the hadronic system. This gives
some hope that DIS scatiering can be a handle to resolve
this question becanse definite QCD predictions can be
made for the transverse energy flow at high Q2.

The diagram which is relevant for the calculation
of the transverse energy flow is shown in figure 25.
This diagram is calculable in QCD. However , not
surprisingly, such a calculation faces the same prob-
lems at small x as the analysis of scaling violations.
Again we are faced with contributions proportional to
n(1/Q?), {In(1/Q*}* * {In(1/2)}™ and In(1/x) which
cannot be dealt with simultaneously. Neglection of the
In(1/x) terms leads to the DGLAP predictions. In this
case parton emission along the ladder is strongly ordered
in £r, the jet production and the transverse energy at
mid rapidity are therefore small. In contrast neglection
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Figure 25: Ladder diagram to describe the transverse energy flow
in'DIS .

of ihe In{1/@*) terms ieads to the BFKL predietions with
no ke ordering giving enhanced Ey flow and large jet
rate which moreover ig predicted to rise towards small x.
The study of transverse energy flow at mid rapidity gives
therefore another handle on QCD dynamics at small x
which is more direct and more discriminative than the
study of scaling violations of F.

Measurements of the transverse energy flow
in DIS at small x .

The transverse energy flow for DIS events at smalt x
has been systematically studied by both Hl and ZEUS
40 using their calorimeters and compared to the DGLAP
and BFKL predictions at the parton level, In addition
they also compare to ’standard’ DIS Monte Carlos. One
of their results is shown in figure 26. It can be seen
that the transverse energy flow is large and badly de-
scribed by the present version of a DGLAP MC with
LUND fragmentation (MEPS 4%). Better agreement is
reached by using the colour dipole model (CDM) for frag-
mentation which includes independent patticle emission
from colour dipoles without kr ordering, thus simulating
a BFKL type of behaviour 4!, The predictions of DGLAP
and BFKL at the parton level differ very substantially by
something like 1 GeV per unit of rapidity - the large value
of Ex may therefore be the first indication of unusual
(BFKL type) QCD evolution at small x. Unfortunately
however, as can be seen from figure 26 the hadronisation
process has a very large effect on the energy flow such
that the correlation between parton and particle flow is
weak. It is therefore unlikely that definite conclusions on
the underlying parton dynantics can be drawn from these
measurements.

Forward jets at low x. It looks much more promis-
ing to measure *parton’ eross sections which can be pre-
dicted directly. This is possible using a proposal of A.
Mueller ** which asks for a low x event with an addi-
tional jet ai large ;e >> = and kZ(jet) = Q% For this
kinematic selection BFKL predicts a much larger dijet
rate than DGLAP.
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Figure 26: Average transverse energy at mid rapidity as measured
by H1 and ZEUS (prel.} at small x compared to QCD predictions

-~ at the parton level and predictions of the MEPS and CDM Monte

Carlo simulations.

A preliminary analysis along these lines has been
published by the H1 collaboration ¥ using their *93 data.
They clearly show that this measurement is feasible.
Based on a total of 429 selected events for z < 2% 103
they draw the following conclusions: the 2-jet rate for
forward jets is rather high - much highet than the pre-
diction of a DGLAP MC like MEPS. The 2-jet rate in-
creases with 1/x as expected from BFKL contributions.
A direct comparison with a BFKL prediction is however
not yet possible. We have therefore to wait for future
calculations to see if kp-ordered scenarios are indeed dis-
favoured. The new ’94 data will already allow much more
quantitative tests and BFKL calculations are under way
such that there is a good chance that the study of final
states will give much better clarification of QCD dynam-
ics at low x.

6 Hadronic Final State in Rapidity Gap Events

Rapidity gap events have been discussed in detail in his
plenary talk by A. Levy 25, He also defines the relevant
variables and structure functions. Here I want to add
information concerning the hadronic final state which will
also help to understand these events further.

Rapidity gap events which show no energy flow at
mid rapidity have the following global properties 4415,
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the fraction of rapidity gap events is about 10% in-
dependent of x and (Q?

the single paticle spectra for these events are iden-
tical to ordinary DIS events if we compare them at
W2 = Mf.

the fraction of K° is the same as in ordinary DIS
events.

-

We see a large fraction of single jet and dijet events
(~ 35% at M = 35 GeV) (see figure 27).

L

the fraction of dijet events with rapidity gap at small
x is 8+2 % of the "4 — g sample” used for the direct
measurement of the gluon distribution.
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Figure 27; Fraction of multijet events v, hadronic mass m; for
rapidity gap events as evaluated by H1. The analysis locks for jets
with Ep > 5 GeV in a cone of radius 1 in the 4% — p rest system.

The observation of jets and the constant ratio of ra-
pidity gap events independent of x and Q2 clearly demon-
strate that we are faced with a hard scatiering process.

A. Levy has discussed in detail the success of the
’Pomeron model’ of Ingelmann and Schlein to describe
the rapidity gap events. In this model the process is de-
scribed as the emission of a quasireal Pomeron from the
proton with flux ~ 1/zp followed by the deep inelastic




scattering of the electron from a parton in the Pomeron.
We can ask however if this is the only possible descrip-
tion. It is certainly surprising that rapidity gap events
look so similar to ordinary DIS events:

Rapidity gap evenis look - at the preseni level of accu-
racy - like ordinary DIS events with reduced invariant
hadronic mass W? '= MZ2. They occur at a constant
level of about 10%. They can therefore be successfully
described -by the ossumption that they are standard DIS
events with unusual fragmentaiion.

A very interesting model using this idea has been
proposed by Buchmiiller and Hebbeker 46 This model is
much more economic than the "Pomeron’ model because
it predicts the rate and the differential cross section for
the rapidity gap events. The model describes the rapidity
gap events as deep inelastic scattering from gluons via the
~vg fusion process, the standard diagram for scattering
from sea quarks at low x. The ¢§ pair is produced in a
coloured state. The basic assumption of the model is that
there is a fast statistical colour rotation in the field of the
nucleon which leads to a colour neutralisation ot the pair
in 1/9 of all cases. In this model the variable 2p is the
momentum fraction of the gluon whereas the ‘Pomeron
structure function’ is given by the splitting function g—
¢§. A specific prediction of the model 1s :

Fi(z, Q% zp) ~ 0.04 % ;};Fg(ﬁ‘,p,Qz)
This prediction is compated to the H1 measurement in
figure 28.
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Figure 28: A comparison of the diffractive structure function of H1
to the prediction of the model of Buchmiiller **

The agreement is quite impressive. To some extent
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the Buchmueller model is equivalent to a Pomeron model
where the pomeron is composed of one hard gluon which
carries all its momentum and a soft gluon used for colour
neutralisation.

7 Global Summary

Deep inelastic scattering is again a very active research
area with two main branches: HERA physics and po-
larised structure function measurements. The HERA ex-
periments study the QCD dynamics at small x. They
study the nature of ’diffraction’ and of the "Pomeron®
which so far were not understood in the framework of
QCD. They can measure jets and hadronisation proper-
ties with large scale variations of 3 < Q% < 120 GeV2.

The program on polarised structure functions by
SMC, SLAC, HERMES and may be new experiments
has the goal to bridge the gap between current quarks
and constituent quarks.

DIS experiments have had the major impact on oux
knowledge of parton distributions in the nucleon. Since
HERA we know the gluon distribution rather well down
to x-values of # 25 10~%. The steep rise of this distri-
bution towards small x has a significant impact on LHC
physics. DIS events have also given some of the most
precise measurements of o, (see e.g. 7).

The HERA. experiments have provided us with a few
surprises already which still wait for a satisfactory expla-
nation and further experimental input:

o the observation of the steep rise of Fy towards low
X.

+ the observation of double log scaling down to very
low values of Q<. -

the observation of funiversality’ of the transverse en-
ergy flow at mid rapidity.

rapidity gap events with surprising properties.

We can be sure that more surprises will be found in the
next round.
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