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Abstract

This talk reports on important steps in deep inelastic scallering, starting in the sixties before
scaling violations were observed, and ending with most recent results from HERA. The selection is
rather subjective and no systenalic review was attempted. The emphasis is on structure functions,
QCLD eflects in the hadronic final states and clectroweak effects in clectron scatbering.

Résumé

Cel article relate les étapes importantes des expériences de diffusion profondément inélastique
depuis les années soixantes, avant 'obscrvation de la violation de Pinvariance d’échelle, jusqu’aux
plus réeents résultats de HERA. Le choix est plutol subjectif et aucunne revue systémalique
n’est tentée. Llaccent est mis sur les fonctions de struclure, les ceffets QCD dans les clats finals
hadroniques ¢t les eflels clectrofaibles dans la diffusion d’électron.

1. Introduction

Since the time of the clectron nucleus scatlering
experiments of R. Hofstadter [1], the scaltering of
leptons ofl light and heavy nuclei has proven to be one
of the most fruitful branches ol particle physics. In
particular the understanding of nuclear matter in terms
of quark constituents, the theory of interactions of these

sstituents (QCD) and the unification of the theories
ol electrodynamic and weak interactions were either
dircetly pushed forward by electron, muon and neutrino
scaltering experiments or the fundamental theoretical
predictions could be verified by them.

The relation of experimental results to theoretical
concepls is most direct in the case of [ully inclusive
measurements where only the final state leplon is
obscrved, summing over all hadronic final state
confligurations.  Dectailed analysis of the hadronic
final stale was however always a challenge for the
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experimenters which tried to gain further knowledge
about the scatlering process. In particular to
understand the materialisation of the quarks to hadrons
and to observe the emission of gluons by the quarks were
the goals of many analyses.

We shortly clarify the notation: Denotling the lour-
momenta of the incident and scaltered lepton and the
incident nucleon by p, p; and p, we can specify the
four momentum transfer ¢2, the scaling variables
(“Bjorken-2”) and y, and the invariant mass of the
hadronic final state (W) and ol the tolal system (s)
as ,

¢ =m-n)’=-Q*

r=1jw=Q 2% -q ,
Wi=@+q)®

I'or M, << s, with M, the proton mass, the diflerential
scallering cross seclion can be written [or charged
current. (CC) interactions (eN — v X, vN — ¢.\) as

y=p-m/v-q
s=(m+ 1))'“’



e GL o MY,
dady — 27 (Q? + Mg,)?

(T=w)Fa(, Q°) +y i (e, Q%) £ (y— v /2)2 Fa(z, Q%))
In neutral current (NC) interactions of charged leptons
the parity violating structure funclion F3 can be
neglected in most experiments due to dominance of
virtual photon exchange. In this case Lhe corresponding
formula is obtained by replacmg 7L (—_}%&?‘- by
dra?/Q1.

The structure functions /7 and Fy are related by
(I = 2¢) /22l = R, where R = o1/, is the
ratio of cross sections of longitudinally and transversely
polarized virtual photons.

In the present talk 1 do not attempt to give a
systematic review. I rather select some topics which
I find especially important and interesting or which are
directly related to present work at HERA.

The paper is structured as [ollows:

[ section 2 the experiments are shortly discussed which
'ed to the discovery of Bjorken scaling and the point
ke constituents in the nucleon, followed by the first
cvidence for scaling violations. Scction 3 reports on
some very carly statements concerning gluons. The
discovery of nuclear cffects in lepton scattering is
recalled in section 4. Recent fixed target results,
especially on the Gottlried and Gross-Llewellyn Smith
sum rules, followed by results on structure [unclions
obtained at UBERA are discussed in seclions 5 and 6.
Section 7 reportls on early jet obscrvations up to the
determination of ay from jet rates at HERA. Finally
I present in section § results on electroweak effects in
electron scattering from SLAC in 1978 and from HERA.

bi X

2. From First Indications of Scaling to Scaling
Violations

2.4, The Time before Observalion of Scaling

In the sixties electron scattering experiments were

arformed at various labs detecling the electrons in
magnetic spectrometers of small acceptance (typically
I msr and about 10% in momentum). The first
interest was, in the tradition of Hoflstadler’s form factor
measurcments, to explore elastic ep scattering. Belore
SLAC came to operalion, it was shown that the nucleon
lorm factors decrcased rapidly with @2, in particular the
magnetic form factor of the proton, G (Q?), was well
described by the "dipole formula”

Car(@Y) = 1/(1+ Q2/0.71GeV?)?

~ 10 GeV? [2]. But no deep insight resulted
especially no hint for

up to Q*
from these analyses al Lhe time,
point like nucleon substructures.

Lowering the magnet current of the spectrometers,
higher mass final states could be observed showing reso-
nance structures familiar from pion-nucleon scatlering.
Typical energy spectra taken at CEA in 1967 [3] ab dil-
ferent incident energies but fixed scatlering angle are
shown in figure 1.

O
XM
1o
/
E = 2.358 GeV 10732 em¥/Bev s1)
m | i
. dNdE 8
‘ l i u”I
||l||;ll| |’||| R !
il
l Hﬂlx lll‘lu ) m' LR TR il ¢
]' | |H!| Ul |
! it )
1
______________ "N | J 2
________________ [ANR
! 1 1 1 1 A B P ORI +7 110
. Q6 0.8 ) 12 T e X}
E(GeV)
E = 2988 GeV
“ (10°32 cm¥Bev 0
2, 240
I luuu"\ ! W . inee 2
et [; 30
_____ o I' |z
~~~~~~~~~~~~~~~~ [ Jf 1.0
P S i L [ TS fdedotnd - e eena !
08 1.0 l!z ' n] - ‘f.la ! i z'o
B'(GeV)
E = 4.874 GeV
322 e
l ”‘ |“‘;l|| lio c:\z(/lmvu) o3
! LT . dnag’
| e, 0.2
ERR Ve [
oy, o § o1
~~~~~~ [ T
I S il STt PO L 1 1 1 1 e T,
16 1.6 2.0 2.2 24 26 2.8
E'(GeV)

Figure 1. Luergy spectra of scatlered clectrons at 0 = 31°, with
different primary enervgies, (CEA,1967 [3])

At that time there was no general understanding
how nuclear constituents like quarks might manifest
themselves in such data (allthough the basic concept
of scaling was auticipated by Bjorken already in 1966
(1], see C. Llewellyn Smith, these proceedings). 1t
is however interesting to mnole, thal already these
data showed patlerns which were later interpreted as
the elfect of point like substructures of the nucleon,
The elastic peak vanishes much more rapidly with
increasing Q* than the higher resonances or the inclastic
continuum al W 2 2 GeV. It was explicitly pointed out
by a DESY-group [5], that the higher the value of W,
the slower the decrease with @2, quite different from the
naive expeclation from elastic forin factors.

2.2. Observalion of Scaling

The break-through came with the data from SLAC
presented by W. Panofsky al Vienna, 1968 [6]. They
were taken at higher energies than available before
and showed (figure 2) that the structure function [y
approximalely was a function of @ only, independent
of Q% (“scaling”), as expected by Bjorken  [4, 7].



changing appropriately the length of the spectrometer,
by introducing dummy malterial to increase multiple
scatlering at the high energy run.  IBven the target
length was changed such as to keep the event rale
constant if scaling holds.

The results (figure 5) showed for the first time the
by now familiar pattern: at high = the cross section
decreases faster with @2 than expected [rom scaling and
the opposite at low .
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Figure 5. Scaling violations{13],1974. Bvent ratio al same z,
different Q2. The dala are also compared with o simulation
assuming scaling.

Scaling violations were later confirmed by SLAC [14]
and further results from Fermilab [15].

3. The Appcarance of Gluons

Already before the development of QCD and belore the

observaltion of scaling violations gluons entered the game

via the sum [ Fade. Its experimental value led to the
onclusion that there are not just charged quarks in the
nucleon. It 1s interesting to note some carly statements

i thal context:

e In 1969 Bjorken and Paschos [16] studied this
integral and expected for the proton in a simple
model, with N partons (valence plus symmetric sea)
of charges ¢;, having equal momentum distributions

1 .
0 2

/ Iyde =< qf >=[1+ (N
0 9

i.e. 1/3 for just 3 valence quarks. In view of the
experimental data they then stated: “numerically
[ dl?y 2 0.16, yielding a rather small mean-square

- 3)]/1V )

charge per parton”, but refrained from any further
comment.

e In 1970 Llewellyn Smith [17], based on the
same arithimetic, stated that the dala allow [or
“neutral partons” with fraction ¢ of the non-valence
“background” with ¢ > 0.28 and I/ <N > <0.16.

e In 1971 Kuti and Weisskopf [18] remarked, that
there is “evidence for the presence of uncharged
partons (gluons) within the proton (Feynman,
private communicat.ion)” and derived that “about
1/3 of the momentum is carried by gluons”.

Meanwhxle we know thalt aboul hall of the nucleons
momentumis carried by gluons. The Gargamelle bubble
chamber reported 1975 [19] a value of foo.s Fyde = 047+
0.02 from v Freon data. lere the integral corresponds
directly to the gluon momentum fraction. Similarly an
carly QCD analysis [20] using Fermilab and SLAC data
gave a gluon momentum fraction of 0.44 at Q? = 10
GeV2.

Later, on the basis of v data [21] from BEBC
and CDUS besides the Fermilab p data [15], the slow
decrease off Foda with Q% was considered as a triumph
of QCD, as it excluded theories with scalar gluons or
non-abelian vector gluons [22).

4. Nuclear Effects

One of the big surprises in lepton scaticring was the
discovery reported in 1983 [23] by the European Muon
Collaboration (EMC) that iron nuclei appear not simply
as the sum of their nucleons with some eflfects of Fermi
motion: the nuclear environment modifies the eflective
z distribution of the quarks, seen by the scatlered
muon, as shown in figure 6, in which Iy per nucleon
is compared for iron and deuterium targets [23].

This observation was not the result of a dedicated
experiment. EMC had started its program in 1979 with
an iron target. Then nearly one year later, alter a series
of runs on hydrogen, EMC took data with a deuterium
target, with the main aim to measure n/p cross scetion
ratios. So it was not straight lorward to decide on the
basis of a small observed cffect (about 4 10 to 15%)
that an unexpected physics phicnoinenon was discovered,
and it was only alter long systematic studies and heavy
internal discussions that EMC procceded to publish in
January 1983.

It was cven more surprising that the resull was
confirmed only one month later by A. Bodek ct al. [24].
They were able to rcanalyse extremely fast old data
taken about 10 years before by the experiment E87 at
SLAC. In particular the control runs with empty steel
and aluminium vessels of the deuterium targets allowed
to study Fe/D [24] and Al/D ratios [25] (figure 7).
Besides the agreement with EMC, the clfect of Fernii



The relevance of this observation was well seen and
considered as “indicative thal point-like interactions are
being involved™ [6].
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Figure 2. First obscrvation of scaling, 0.7 < Q% < 2.3 GeV2,
assuming R =0 and N = co. SLAC data, 1968[6]

In 1969 more data were available from SLAC (8],
showing scaling in a wider kinematic range. The concept
ol point-like constituents was nicely supported also

pictures like figure 3 [8], showing that indeed the
mclaslic cross seclions behave as expecled [rom point
charges, contrary to the clastic ones. In the latter case
the clectron scalters ofl an extended object which is
kept intact in the interaction, corresponding to a rapidly
falling proton form factor.

These findings at SLAC changed the perspectives at
DESY considerably and approximate scaling could now
be observed also there, but with iuferior quality due to
lack of clectron encrgy [9].

2.3, Spin of the Consliluents

Very imporlant conclusions on the spin of the proton
constituents could be drawn already in 1969. The data
showed thal the ratio R = o;/0o, is small which is
expected for spin 1/2 quarks (Callan Gross rule [10]).

This conclusion was possible by combining large
angle data from DESY with small angle data from SLAC
. wure 4), and also by interpolation of SLAC dala alonc,
as presented first at the Electron Photon Conf. at
Liverpool by R. Taylor [11].

2.4, First Obscrvation of Scaling Violations

The concept of spin 1/2 constituents of the hadrons
was finally established by the results ol ep scatiering
discussed above. Before, quarks were rather a tool to
classily hadrons, now they were more dircctly felt in
scallering processes.  The remaining deviations from
scaling led to efforts to find better scaling variables
besides, w = 1/, with the aim to extend the kinemadlic
range where scaling holds [12].
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Figure 3. (l2a/deE’ Jontore vs. Q2. Inclastic and clastic dala
from SLAC [8], 1969
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Figure 4. R = a;/oy, DESY/SLAC, 1969 [11].

The important experimental ellort was however lo
test the scaling hypothesis seriously at high energies.
This was possible in the new je beam line at Fermilab
and led to first results in 1974 [13]. The experiment
was carelully designed especially for such a test. Muons
incident on an iron larget were measured in a magnelic
spectrometer. The data had been taken al two beam
cnergies, 56.3 GeV and 150 GeV, with the apparatus
changed such that the acceptance and resolution in
¢ stayed the same for the two cases with Q7 scaling
by the encrgy ratio (150/56.3). This was achicved by
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Figure 6. Ratio of I% per nuclcon for iron and deuterium as
~easured by EMC[23],1983. The shaded arca indicates the effcct
systematic ervors on the slope.

smearing could nicely be observed al large .
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Figure 7. Confirmation of the "EMC effect” by ratios
a(Al)/a(D) and a(Fec)/o (D), SLAC [24, 25],1983.

The surprising result and its rapid conflirmation led
in the following years to an industry ol both, experi-
mental and theoretical work on the “EMC-cffect”. Ded-
icated experiments followed at SLAC and the collabo-
rations BCDMS, EMC, NMC at CERN and 665 at
Fermilab. Now precise data are available (see c.g. fig-
ure 8 [26]) for many nuclei, spanning a large range of
(down to S10~1) and Q2.
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Figure 8. F{‘/F{" vs.t with A = Ille, C and Ca. Results from
NMC, SLAC and BCDMS, from [26],1991.

Some main characteristics:

o There is little or no Q* dependence of (A)/a(D).
e Nuclear shadowing is observed lor £50.04.
o The ratio 0(A)/o(D) increases with A between & &

0.1 and 2 = 0.2 and than decreases with A at larger

x. The cflects of Fermi motion get visible at x20.7.
e There is little or no dependence of It = a7/, on A.

The very first theorelical papers, appearing soon
after the EMC publication, aimed for an explanation
of the eflect in terms of enhanced pion clouds in nuclei,
which lead to more ¢ pairs for & < My /M, [27].

It gocs far beyond the scope of this talk to cover
the present theorctical and experimental situation. 1
refor to the excellent review of M. Arncodo [28] and the
discussions of this workshop [29].

5. Recent Fixed Target Data

There is a wealth of data available from inclusive ¢, nt
and v scallering, from “fixed targets”, which beautifully
confirm with very high precision the patterns of scaling
violation as predicted by QCD. The most precise
data, which are now mainly used in QCD analyses,
are from SLAC (eN) and the BDCMS, NMC (pN)
and CCI'R (vN) collaborations.  Other experiments
have either little statistical weight or larger systemalic



uncertainties. There exist comprehensive recent reviews
by M. Virchaux [30], R. Voss [31] and J. Feltesse [32].
New ;N data, especially al low @, are coming {rom the
15665 collaboration [33].

In somewhat more detail 1 will only discuss recent
results on the Gross-Llellyn Smith sum rule and on the
Gottlried sum rule.

5.1, Gollfried Sum and Flavour Symmelry
The Gottfried sum [34]

v dx
SGE/ (Fy — Iy)—
0 &

can be expressed in the quark parton model, assuming
isospin invariance, in terms of quark densilies as

i

S = 1/3+2/3/0 (@(z) — d(x))dz

which reduces to the valence quark contribution 1/3 for
a flavour symmetric sea. The results (figure 9) obtained
‘991 by NMC and an improved analysis in 1994 [35]
show that the QPM value of 1/3 is by far not rcached
in the covered x range leading to

1
/ (@(x) — d(x))de = —0.147 £ 0.039
0

which implies, that there is more sea of d than of u
(lavour in the proton.
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Figure 9. 77 — 3 (full symbols) and f:mm (Fy = FP)da/=
(open). NMC, 1991 (triangles) and 1994 (circles) [35].

That the d-sca exceeds that of w was recently
also concluded [rom the measured asymmetry of Drell
Yan production on p and n targets [36] and the W#*
charge asymmuetry in pp collisions [37]. The results had
considerable impact on parton densily parametrizations.

Acceleration of deuterium nuclei at HERA [38]
would allow to extend the test of the Gotblried sum rule
to much smaller & and would therefore reduce very much
the remaining uncertainty in the extrapolation to & = 0
in the NMC results.

5.2, Gross-Llewellyn Smilh Sum Rule

This sum rule, derived in 1969 [39], states that

1
Sars E/ Fa(z)de = 3
0

As the quark content of 7 is the sum over ¢;(2) — §; (),

the sum measures the number of valence quarks.

The sum rule is interesting al present, for two reasons:

e There exist very precise data from CCIFR [40]:
Sers = 2.50 £ 0.018 £ 0.078 at Q? = 3 GeV?,
obtained from the difference of v and ¥ cross seclions
on iron (figure 10).

e There exist next to next to leading order QCD
corrections [41, 42] to the sum rule which allow for
a precise determination of ay, the strong coupling
constant, at small Q2.

GLS Sum Rule: CCFR Data at Q® = 3 GeV?
T T

f§ Fadx

S Fadx = 2,50 + 0.018 + 0.078

1 1
103 10-2 10-1 100

X

Figure 10. /7 (open symbols) and f]l Iyda (closed) at Q% =3
GeV2, CCFR [40], 1993.

In fact the analysis of Chyla and Kataev [42] led
to aMNLO(My) = 0.115 £ .001 =& .005 = .003 £-.0005
(crrors: due to statistics, systematics, higher twist and
scheme dependence).  This value is well compatible
and competitive with the world average [rom scaling
violations in DIS: ay(Mz) = 0.112 4 .002 £ .004 [43].

It would be desirable to get s (Q?) by cvaluating
this sum rule at different momentum transfers (sce

also [33]).



6. K, at HERA

A new regime of deep inclastic scatlering (DIS) was
opened at HERA, where the range of Q% and 1/x is
increased by aboul a factor 100 compared to previous
experiments. At high Q* (21000 GeV?), x is in the
range ol previous fixed target experiments and the new
cross seclions are predicted by perturbative QCD on
the basis of the previous ones. This allows for stringent
QCD tests.

In the new small @ domain (z < 1072), on the
other hand, the techniques of QCD calculalions are
under study, as terms log(1/x) may get important in the
purturbative expansion. Furthermore new phenomena
may appear due to very high parton densilies.

Already inin 1974 it was derived (double logarithmic
asymplolic scaling [44]) thal Fy rises versus small ¢ at
high Q2 faster than any power of log(1/x), but slower
than any power of 1/x. A strong rise of [%y at small @
could also be expected due to the BFKL equalions [45],
which predict a growth of the gluon density like 1//x
by leading log(1/x) sumumation. On the other hand, the
more Lraditional QCD fits based on lincar Q*-evolution
. 1ations (DGLAP [46]), which where so successful
on former data, have little predictive power for the @
dependence unless further assumptions are made.

~60 -
X NLO fits Q*=20GeV"
o
XSO - L. HI
e CTEQ3M
N MRS(DO')
40 MRS(G)
- —_ ZEUS
0F -
20 -
10 5
O 1 PR BT I B A AT | L s Coaoaa )
~4 =3 =2
10 10 10 X

Figure 11. Gluon densily xg(x) ot Q% = 20GeV? from
neal-to-leading order QCD fits. Resulls from HI (crror-band)
and ZEUS [50] together with the parametrizations CTEQIM,

MRSDO and MRSG. From [52]

The 111 and ZEUS collaborations reported indeed a
strong rise ol Iy al small @ on the basis of data taken in
1992 [47], the first year of HERA operation. Now final

analyses of the 1993 dala arc available {18, 49], which
confirm the former results. At small 2 a strong rise of
ag(x), where g(z) is the gluon density, like x=% with &
in the range 0.2 to 0.4, is deduced from QCD analyses
of these dala [50, 51, 52]. (figure L1).

For strongly increasing gluon densitics, saturation
effects were expected and discussed since 1981 [63].
According a simple estimale [54] the proton is denscly
packed wilh gluons if the @ g(2) = 6Q? (Q* in GeV?).
Mecasured is only about, 1/3 of that.

The data are remarkably well described by fits based
on the DGLAP evolution equations and no experimental
evidence for a BI'KL mechanism can be claimed yet.
IFor further details on the actual data, the quality of the
QCD fits ete. see [65].

It might well be possible that the analysis ol the
hadronic final state sheds some light on these questions
due to diflerent ordering ol parton energics and parton
transverse momenta in the different. QCD  evolution
schemes (sec [56, 57)).

7. Quark and Gluon Jets and the
Determination of o

7.1.  Darly Jel Observalions

Jets in the sense of a spray of hadrons as materialisation
of quarks were first observed in 1975 [58] at the SPEAR,
ete™ accelerator. Gluon jels got “visible” in 1979 by
clean 3 jet events (figure 12) [59] al PETRA.

5 tracks TASSO

4 lrccks»,,v""“

4.1 Gev' 43 Gev

4 lrocvks"‘
7.8 Gev

Figure 12. One of the first 8 jet event observed in ete™ al
PETRA (59), 1979.

In DIS the situation was less clear due to the smaller
available centre of mass energies and/or smaller angular
acceptance for final state hadrons. Nevertheless, in the
years around 1980 it was considered as a very important .
task to scarch [or the patterns predicted by purturbalive



QCD for the hadronic final state, with the hope to
support the quantitative QCD tests performed in fully
inclusive DIS (detecting only the final state lepton).
a) Increase of p,
From gluon emission a sizable increase with W of the
tranverse momenta of hadrons with respect to the axis

given by the virtual photon and incident proton was

expected [60] and also scen in v [61] and pu
scatlering.
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Figure 13. < 7)% > of hadrons in p and v scattering for 3

ranges of z as function of W2, 1980. Curves: Leplo-model
weluding fivst order QCD malrix elements wilh different

asswmplions on transverse fnlrinsic quark momenta [63].
b) Event Shape

As already observed in ete™ interactions, flat events

were expected in the hadronic centre of mass system
(CMS) due to gluon emission.  Such

events and
the favoured plane of hadrons were scarched for by

minimizing the summed p out of this planc [64]. Strong
tails were observed in the distribution of the pf-sum
in the event plane (figure 15,b)) which again were well
described by inclusion of QCD malrix elements of order
ag in the Lepto Monte Carlo model [65], but could not
easily be reproduced just by different assumptions on

[G 2] xg/%ggc"—> }
The results (figure 13) for different z = p ¢
P ™ /p - ¢ were well described by models [63] which

included QCD matrix elements to order o, (figure 14).
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Figure 14. Diegrams for photon-gluon fusion (a) end the QCD

Compton process (b) in first order of QCD.

the fragmentation process.

"G00000600™

! : v T . y v ! v v v v
[P . 280 Gev
1= -
- \\ 100 ¢ Wl 460 Gev? Q> 3Gev?
z .}\ (W?) = 310 Gev? (0?) - 20Gev?
g 'k fi \ »4 chorged hadrons , p,,, »6 GeV _
3 \
ot A
R\
2 [
z w0’ ! -
z ,
2 4
Y
\
\
" VAL
107} AW =
i
16" L N 1 1 f i Y] 1 i N i
0o | 3 o 2 a 6 )
p?, (Gev?)

Zp2,, (Gev?)

Figuve 15. Distributions Z p? out of and in the favoured plane
of hadrons. Solid line: Leplo model. [65] Dashed line and

dashed dolted lines: Quark jel fragmentalion assuming standard

or large pr due to fragmentalion (og = 310 McV and aqg = 470
MeV). From EMC [64], 1981.

¢) Energy Flow in the Event Plane
The flow of energy in the event plane (section b) above)
in the forward hemisphere of the hadronic CMS was
shown [64] to be collimated versus the forward (virtual
7 direction), corresponding lo a current jet structure

(figure 16,a)). If however events are selected which
contain a high p, particle (figure 16,h)), a structure

evolves which can be interpreted as the patbern of two
forward jets (the proton remmnant jeb is not accepled).
Indeed such a structure was predicted in the Lepto
model, if first order QCD maltrix clenients were included.

To sununarize, the details of the hadronic final slate
(points a) Lo ¢)) as obscrved in the carly cighties gave
very satisfying qualitative support to the quantilalive
QCD analyses performed in inclusive lepton scattering,
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7.2

The E665 collaboration at Fermilab was, to my
knowledge, the first to apply jel algorithms to data in
DIS [66]. Dvents with *(241)" jels (2 observed jets
+1 proton remnant jet) were reconstructed using the
JADE algorithm [68]. The observed jet rates and other
obscrvables were shown to be in agreement with QCD

First Jel analyses in DIS

based models, comparable to the results of section 7.1. -

A big next step was a determination of a(Q?) [67)].
The £, distribution of jets was cvaluated on the basis
“a leading order QCD calculation [60]. The resulting
«+(@%) is shown in figure 17 in comparison to other
determinations. "The 665 results fit beautifully into the
general picture, but the questions remain, whether the
process is hard enough for a reliable purturbative QCD
caleulation (< Ey >~ 3 GeV? for the 2 observed jels),
whether the reconstructed jets can directly be identified
with partons, and what the influence of next to leading
order corrections might be.

7.8, Jel analyscs and o5 determination al [IERA

Due to the increase of W2 by about a factor 100
compared to fixed largel cxperiments, the jets at
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Figure 17. as vs. Q2 or vs. s in case of ete™. Resulls of
E665: solid points [67].

HERA have ecnough phase space to show up as distinct
structures. Jet-jet masses are typically 20 GeV using
e.g. the JADE algorithm [68] with a jet resolution
parameter yeuy ~ 0.02 with m;f'e,'jet > Y W2, Clean
Jjeb structures are seen in the energy flow with respect
to the reconstructed jel axis (ligure 18, [6Y9]) or also in
individual events (figure 19).

The crucial point in the determination of o, [rom
the observed multi jet rates is the reliable reconstruction
of the underlying parton kinematics from the observed
hadrons event by event. The Monte Carlo Model mostly
used so far for this purpose is the LEPTO gencrator [70],
which contains in the “MEPS” option the QCD mabrix
clements (ME) to order o (figure 14) and “leading log”
parton showers (PS) to describe approximalely higher
order eflects.

The remaining problems are

e the model dependence in the corrections (rom jels
to partons,

e the approximalions in the trcatment of the parton
showers and their matching to the calculation hased
on the matrix elements.

Nevertheless the H1 collaboration determined a,(Q?)
[71] on the basis of a next to leading order calculation
of the (2+1)-jet rate (2 obscrved jels 41 proton remnant,
Jjet) using the program PROJET of D. Graudens [72].
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To remove the uncertain influence of parton showers in
the Monte Carlo corrections and to depend less on the
[ragmentation of the proton remnant, a cut Oje0 > 10°
was introduced, where 0}, is the polar angle of the jets
with respect to the proton beam in the lab frame.

In figure 20, a,(Q?) is shown as function of Q? as
deduced from the fraction of 24-1-jet events. Indeed o
is "running” as expected on the basis of QCD. A value
as(Mz) =0.123£0.018 was determined from the points
at @* > 100 GeV?. Here the model dependence of the
corrections is reduced. The result compares well with
results from LEP, a(Mz) = 0.119 &+ 0.010, obtained
from similar observables [73]. The HERA result adds
nothing in precision to LEP, but the comparison is a

Alevant QCD test, as the two results are obtained from
different processes with either large time like or space
like virtual plioton masses which set the renormalization
scale.

The ZEUS collaboration has presented a very
detailed paper [69] on jet measurements at high Q2. In
particular for (2+1)-jet events the scaling variables )
and z were studied with

. Q*
tp=Q2%p-q=wp; /¢ = 0245

where & is the momentum [raction of the incident
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proton, which enters the hard scaltering process, and

Bjoi(1 = cos(0je1)
Z?:l E}et(l - CO-"(()}ee)

It is shown in figure 21 that the Monte Carlo models
and also the NLO PROJET calculation describe the
data quite well besides the region of z < 0.1, where one
of the 2 jets is close to the proton beam direction. The
It1 collaboration has removed this uncertain region by
the cut 0j¢r > 10° (sce above). ZEUS at this stage [69]
refrained to determine «; in view of this discrepancy
with PROJET.

This is certainly not the end of the story and alrcady
at this workshop new analyses have been presented 74,
56].

=ppiafp g

8. Electroweak Effects in eN scattering

Electron nucleon scattering is dominaled by the electro-
magnetic one photon exchange at Q% S M. To obscrve
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wealk effects, either extreme precision is nceded or very
high energies must be available as e.g. al HERA.

8.4, Parily non-conservalion in ed scatlering

Onc of the high lights of elcctron scatlering was the
observation of parity violation in ed scaltering in
1978 at SLAC [75]. Longitudinally polarized electrons
were scatlered from an unpolarized deuberium target
(figure 22). Only a tiny polarization asymmetry of
A= 1071Q%, with 1 < Q% < 1.9 GeV?, was expecled.
Therefore extreme statistical accuracy and very small
systematical errors were required.

A Gallium-Arsenide source, pumped by circularly
polarized laser light, supplied electrons with a polar-
ization of 37%. The sign of the polarization could be
changed randomly on a pulse Lo pulse basis. Alter accel-
eration about 10° electrons were scaltered per sec into
a magnelic spectrometer (figure 22). They were not
counted, but the output currents of a Cerenkov and a
“shower counter” (calorimeter) were integrated. It could
be demonstrated on the 1075 level that the asymmetry
followed the changing orientation ol the clectron spin,
both by polarizalion changes al the source and due (o
the g — 2 electron spin procession in the 24.5° deflection
in the beam, which led to diflerent spin orientations at
the target as [unction of beam cnergy.

The measured asymmetry

AlQ* = (=954 1.6) 107° GeV~2

showed that electrons indeed prefor to scatler left
handed as predicted by the Glashow-Salam-Weinberg
(GSW) electroweak theory. The Weinberg angle was
deduced corresponding to

sin?0w = 0.2040.03

This beautiful experiment gave imporlant support
for the clectroweak theory, well before the confirmadtions
al the pp and ete™ colliders.

At HERA large efllects in such asymmelry measure-
ments at Q% = 10* GeV? are expected and will be mea-
surable with polarized electrons and luminositics of or-

der 10pb—1.

8.2.  Search for effects of the propagator mass in
charged current inleractions

Alrcady in the sixtics people searched for deviations
of the total N cross scction from the lincar rise
proportional Lo cunergy as a trace of an cxchanged
particle (“IVB”, intermediale vector boson, al the time)
ha , Xf son, al L

in charged current (CC) inleractions. Thal the mass
of the exchanged particle was far too heavy Lo he
observed that way, could be underslood only after the
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Figure 22. Bxperimental set-up al SLAC, 1978, for ed
scattering with polarized beam and unpolarized target [75].

the discovery in 1973 [76] of weak neutral current (NC)
Interactions.

At the 1976 Rencontres Moriond, V. Brisson
presented [77] an analysis of NC vN and N from the
Gargamelle bubble chamber [78].

Assuming V and A couplings the NC cross section
can be written

do(vN) Gp My I,

(AL + Ar(1 - y)?)

dy
do(oN) _Gp My E5 9
iy - (AL(1=y)* + An)

The Gargamelle result (figure 23) for the left and
right handed couplings A; and Agr excluded pure
AV,VH+A and also V-A theories, and this gave strong
support. to the GSW model. That the mass of the
exchanged boson was very heavy was than obvious from
the resulting Weinberg angle (sin?0w = 0.28 & 0.05)
[rom which the W mass could be calculated as

M, = (37.3 GeV)*/sin®0w ~ (70 GeV)?

Pure V + A
A
R 1
.9
.2 Jeinberg L Pure V
8 or Pure A
.7
1 \e
a»‘oc\
5 o®
3
-l 0 Pure V - A
£
.1 .2 .3 AL

Figure 23. Determination of Right handed and lefl handed
couplings from neulral current v data of the Gargamelle bubble
chamber as presented in [77],1976.

AL HERA CC interactions are studied by the inverse
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neutrino interactions

e p—v, X and e+p — 7, N
The impressive event at Q% & 20000 GeV? shown in
figure 24 illustrates that such CC events can be detected
by hadron jets with large missing transverse momentum
) . -
due to the escaping v or 7.
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Figure 24. event of the reaction etp — v X in the i1
detector, Top: sideview, p beam from below (in figurc). Bollom:
View along p beam.

The reduction of the total cross section by
the W-propagator can be scen al HERA energics
(figure 25) [79]. It could also be demonstrated [80]
(figure 26) that at momentum (ransfers Q* of order
M3, M3 the ep NC and CC cross sections are of similar
magnitude, quite dillerent from low %, where, due to
photon exchange, NC dominates over CC by about a
[actor 1000.

Furthermore it was measured [81] that the cross
section for ep — v, X is about 2.3 times larger than
that for etp — 7, X\ for the given kinematics at HERA,
in agreement with the expectation from the standard
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Figure 26. Neuwlral current (solid) and charged current (open)
c™p cross scction as funclion of Q2 [80].

model taking into account the quark content of the
proton and the couplings of W+ and W~

The measurements at HERA ol clectroweak phe-
nomena are, just starting and have not reached the pre-
cision of ete~ and pp collider and fixed target v experi-
ments. The results are however very valuable alrcady
now, as the standard model is tested at large space like
momentum translers, a regime little explored so far.

13

9. Concluding Remarks

Looking back into the history of deep inclastic scalter-
ing, we notice that the most important discoveries were
made in the late sixties and early seventics. Starting
with scaling (1968-69), assignment of spin 1/2 to the
constituents (1969), discovery of weak neutral currents
(1973) up to scaling violations (1974), the most funda-
mental observations of DIS were made in a few years.
Looking aside, we nolice that in this productive time
also the c-quark was finally discovered in 1974 (having
left some traces long before in di-p-events in v scatter-
ing, in the Drell-Yan process and in R in ete™) and the
7 lepton in 1975. The cighties saw less unexpected ex-
perimental effects in DIS, to mention are in particular
the nuclear “EMC-effect” (1983) and the EMC results
on the nucleon spin of 1988.

In the late seventics and eightics the patlerns
predicted by QCD were beautifully borne out by the
experiments which produced precision data on I and
I3 in a wide kinemalical range. Bul the basic theoretical
concepls of QCD had been developed alrcady in 1972-
1973. Bven the DGLAP and BFKL evolution cquations,
the applicability of which to low @ data we just discuss,
are around 20 years old by now. Saluration due Lo
high gluon densities was discussed already in 1981 [53].
Similarly, to probe the pomeron structure as done
recently al JIERA [82] was proposed already 10 years
before [83].

However the basic old theoretical concepts do not
allow for firm predictions in all the ncw HERA regime.
For example the rise of [ and the gluon density al
low 2 came for many as a surprise, in spite of general
QCD based arguments [44]. Similarly the phenomena of
final states, c.g. jet ordering or patterns of diffraction
are difficult to predict from basic QCD principles,
but experimental data may clarily the appropriate
application of them.

At high Q?, UERA provides stringenl tests of
QCD and of the clectrowcak theory, both in structure
functions and by the analysis ol the hadronic final stale,
with increasing precision in the forthcoming years.

HERA has a very rich and interesting program
from which 1 mentioned only a fraction in this talk. I
therefore think we are in the proper timme and Lown lo
update the the very old judgement of Paris:

“Iera 1s most beautiful”.
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