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Abstract
A review is presented of numerous recent results, particularly those submitted to the EPS-
HEP99 conference: very high? ep interactions and direct tests of the Standard Model,
new measurements of the structure of the proton (including high x parton distributions and
tests of QCD involving the gluon distribution), low x physics (tests of the BFKL evolution),
diffraction in DIS at HERA, hard diffraction at the Tevatron and exclusive production of
vector particles at HERA. The focus is on hard QCD features.

1. Introduction.

The present review covers a very large field of research,
illustrated by over 80 papers submitted to this confer-
ence, including results form HERA, the Tevatron and 4
fixed target experiments. After a presentation of direct w
tests of the Standard Model (SM) performed at HERA p (p)
at very high@?, the focus of the paper is on hard QCD
features}. Figure 1. Deep inelastiep scattering.
Time has gone when QCD needed to be tested as the
theory of strong interactions. The task is now to improve ] o ) )
our understanding of the theory, i.e. provide a consistdrité variabler is, in the Breit frame, the fraction of the
and detailed QCD description of fundamental featurB&0ton momentum carried by the struck quankiis the
of particle physics, in particular the structure of hadroH¥/ariantmass of the hadronic systeys is theep centre
and diffractive scattering, and evaluate the validity & mass system (cms) energy.

different approximations and calculation techniques. !N the SM, the cross section for DEp scattering is
given in terms of theéy, Fy, and F3 structure functions

in the following forms:

e NC
A highlight of this conference is the presentation by the

2. Theproton at the 10—2 fm scale.

H1 and ZEUS experiments at HERA of measurements of d?e¢  2ra’ ¥, Fo(z, Q%)
the proton structure fa@? 2 M2, i.e. ata scale afo—3 dedQ?  zQt T2
fm [4,5]. These results were obtained from the scattering —y? Fy(z, Q?) Y. 2Pz, Q?)], 1)

of 27.5 GeV positrons with 820 GeV protong§ = 300
GeV, 40pb~" data taken in 1994-97) and of 27.5 GeWherea is the fine structure coupling constant and =
electrons with 920 GeV protonsg/fs = 320 GeV, 16 1 + (1 — y)?; the — sign in front of the electroweak
pb~! datataken in 1998-99), bothin neutral current (N@pntribution proportional te F' is fore* scattering and
and charged current (CC) interactions. They confirm, tife + sign fore~.
a widely extended kinematic domain, the validity of the
SM[6]. » CC

The kinematics oép deep inelastic scattering (DIS)
is sketched on Fig. 1. The following variables are used:d*’s“¢ _ G% ( M,
Q=-¢r=Q2p ;W ~Q*/z;y~Q*/x-s. dzdQ? 4mz M3 + Q?

2 2y — 2

t By lack of time and space, numerous interesting and important I FL(:B’ Q ) + Y- :BF?’(T” Q )] (2)
topics could not be covered by the present report, in particular hadron . L. 9

final state in DIS and diffraction [1], leading baryon studies [2], spiH IS Use_fU| to get rid of the triviat and'Q dependences
physics [3]. in relations (1) and (2), and to define “reduced” cross

)2 [Y+ F2(:'37 Qz)



2

sections& corresponding to the quantities between
brackets (see [4,5]).
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Fig. 2 presents measurements of él’fr@. ande™p  © . pcDMS (x097)s NMC e HL ep preliminary
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E_ | I ‘ | I ‘ | |

10° ) )
Q" (Gev) 3. The structure of the proton.
Figure2. ZEUS measurements eft p ande ~p NC and CC . . .
cross section measurements, as a functio@df[4]. The Understanding the structure of hadrons, in particular
lines represent the SM predictions using the CTEQ4D parttite proton, is one of the main goals of particle physics
distribution functions (pdf’s). but the task is difficult since it implies the description
of long distance, non-perturbative effects. Fortunately,

Parity violation effects due to the electroweak CO|.E_jctorisation applies in DIS between parton distribution

tribution (y — Z° interference) and corresponding to th
change of sign in relation (1) are visible from the differ-
ence between the p ande~p NC cross sections at high
Q? (see Fig. 3; the effect of the small difference/a is o ‘
negligible). & | x=0.08 T x=0.08
The helicity structure of the interaction is directly ir
visible from they dependence of the CC cross sections,
shown in Fig. 4. The cross section for CC p
interactions is proportional fa + ¢] + (1 — y)2[d + 3],

nctions (pdf's) in the target hadron (proton) and

o H1ep = H1 ep preliminary — NLO QCD Fit

Q 0
where g represents the density distribution of quark &
in the proton. It is dominated by quarks, and is thus 1
large and weakly dependent 6h— y)?. In contrast, the
CCetp cross section is proportional fa + ¢] + (1 —

y)2[d + |, thus proportional tg1 — y)* with a small o 0
intercept. The contribution af quarks at highx can be & L

seen in Fig. 5, which presents tliep CC cross section
measurement as a functionofn bins of Q2. ]
In conclusion, HERA has reached the space-like i B i
Q? ~ M2 region with a measurement at the 20%  glo——coro "+ &
precision level of thee™ ande~ CC and NC cross (1-y)? (1-y)?
sections. This allows the direct observation of the
electroweak unification, of parity violation effects in NG-igure 4. H1 measurements of thedependence of the p
and of the quark helicity structure. ande " p CC reduced cross sections [5].
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Figure6. Ratio of the ZEUS measurement of #iep CC cross
section to the SM expectation using the CTEQ4D pdf’s [4].

=« The dashed-dotted line is a NLO QCD fit [10]; the associated
piiand pdf uncertainties are shown as the shaded band. The dashed

e'pcc

_ crecsd line is the expectation for the modifiéd ratio [16].

015

——— NLO QCD fit
[Botje]

T s the choice of pdf's at the starting sc&é (different
..... cTEQAL functional forms and constraints);

X9 details of the choice of data and cuts;
the choice of SM parameter values )

details of the inclusion of heavy quarks.

0.05 -

Figure 5. ZEUS measurements of thetp reduced cross : )
sections as a function ofz in bins of Q2 [4]. The solid It should be stressed that the errors on the fitted pdf's

lines represent the SM predictions using the CTEQ4D pdf@re not well known, which limits the significance of
The dashed and dotted lines representdhe s anda + ¢ comparisons between theoretical predictions and data.
contributions, respectively (CTEQA4L pdf’s). The difficulty in asserting errors on pdf’s arises from the
difficulty in controlling the following effects, several of
which are addressed in the course of the present talk:
hard processes involving short distance interactions ofy the choice of experimental data (data of poor
partons. precision, conflicting results);
The parameterisation of the pdf's and the study of ¢ the treatment of experimental errors in the data
their evolution according to the interaction scale provide (correlated systematic errors);
information both on the proton structure and on the o the freedom of choice of the starting parameterisa-
relevant features of QCD. Their precise determinationis tion form:;
also the base-line for any investigation of new physics. e theoretical uncertainties (higher order effects, non
The functional form of the pdf's is not known DGLAP evolution, higher twist contributions, nu-
theoretically. Empirical parameterisations, guided by clear effects).
theoretical arguments, are thus used. In order to reduce |, the low and intermediate regions, the quark

the number of free parameters, additional conditions gfgyiptions are well known thanks to DIS and Drell-
imposed, mainly constraining refations between d'ﬁere‘ﬁi‘? measurements; the precision is lower for the gluon
sea quark density distributions and between sea qugi&yipution since gluons are not directly probed in DIS.
and gluon distributions. , At higherz, thed quark distribution forz > 0.5 (see
Modern parameterisations of pdf's [7-12] shargjy 6) and the gluon distribution far > 0.1 are rather

common features: poorly known.
e the use of NLO DLGAP [13] evolution equations;
e a starting scaleQ? = 1 — 2 GeV? (or even 3.1. Highx parton distributions.

lower [7]) for the QCD evolution;

¢ the dynamical inclusion of heavy quarks [14, 15
needed sinc®? < m?;

o the use of essentially the same data sets.

.1.1. Thed/u ratio. The measurement of thk'« ratio
f valence quarks at high is not only of theoretical
interest, itis also important for the search for new physics
features. In particular, jets with very large transverse
Differences between parameterisations concemergy Er) with respect to the beam direction at the
mainly: Tevatron are dominantly produced by quark interactions
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and small differences in the quark distributions can

induce large effects on the extracted gluon density.
Athighz, theu quark distributionis well constrained Et
by DIS on protons (in particular the fixed target experi- E,
ments NMC and BCDMS), but thiequark distributionis a) b)

extracted from deuterium data, where Fermi motion and _

nuclear binding have to be taken into account, leadingft§ure8. Two processestesting the gluon content of the proton

large uncertainties. in p(p)p interactions: a) higlE'r jet production ; b) prompt
photon production.
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Figure 7. Rapidity distribution of the charged lepton W % N
leptonic decay, measured by the CDF collaboration at the g 05 I * i
Tevatron [17]. The effect of the modification of tH¢w ratio b [
o
£

limit [16] is shown by the difference between the MRS-R2

predictions; the MRST pdf’s include the present measurement. et

. : Figure9. Ratio of scaled cross section for DO jet production at
A recent reanalysis of NMC and SLAC data [16]/s = 630 GeV and,/s = 1800 GeV, as a function of 7 =
favours a ratiod/u — 0.2 for # — 1, instead 2E¢/./s [18]. The shaded area corresponds to the systematic
of the limit 0 which is usually chosen, albeit withoutincertainties. The lines correspond to NLO calculations for

strong theoretical motivation. This reanalysis appedlifferent values of the QCD scale

to improve the description af-Fe cross section, of jet

E7 distributions at the Tevatron, eft p CC interactions . ) . .

at HERA (although, in view of the large experimentdlf the corresponding NLO calculations (Fig. 9). Itis un-

errors, global fits of parton distributions show littl&slear whether this is an experimental problem or if it is

sensitivity to this modification of thé/« ratio limit - see due to alarge influence of NNLO corrections resulting in

Fig. 6) and of thé¥ — lv charge asymmetry (Fig. 7). &N effective qhange_of scale. In adgiltlon, the extraction
A significant improvement of the knowledge of th@f the gluon distribution from hig' 7 jet measurements

d distributionwill be obtained froma+p CC interactions 'S affected by the uncertainty of thi ratio at larger.

at HERA, where no nuclear binding effects are presefftSummary, the uncertainty on the gluon distribution ex-

after the accelerator upgrade of year 2000 which whificted from large&r jets has not significantly decreased

result in an increase by a factor 15 of the presentfycently: o :
accumulated Iuminosityy P b Prompt photon productionis another process directly

testing the gluon content of the proton, but complications

arise from the need to resum soft gluon emission, leading
3.1.2. Thegluon density. The main reactions relevant foro a modification of the NLO predictions. This is
the measurement of the gluon momentum distributiparameterised in the form of an intringig contribution
zG(z) for z > 0.1 are highEr jet (Fig. 8a) and to the gluon distribution, withkz) ~ 1.2 GeV for
prompt photon production (Fig. 8b) i1{p)p interactions. high energy fixed target data (prompt photon and
Unfortunately, both suffer of severe problems. v, #° and jet data from the E706 experiment [19]). At

High E7 jet production has been a much debatebe Tevatron collider, an intrinsiger) ~ 3.5 GeV is

question [6]. It now appears that DO and CDF results arsjuired to describe the prompt photon measurement by
compatible within systematic errors (including normaleDF [20] (Fig. 10).
isation uncertainties). However, the DO jet analysis re- Because of these large NNLO corrections, which
veals an inconsistency between the ratio of the measweem not to be well under control, prompt photon data are
ments at/s — 630 GeV andy/s — 1800 GeV and that not used by the CTEQ group [8], and the gluon density
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il if @(z) = d(x). This is expected in perturbative QCD
125 —— NLO QCD (Owens et al), CTEQ4M, =Py (pQCD), in view of the equal coupling of the gluons to
B Ta Cor oo 18 mratmimer eton sneartainty on) u@ anddd pairs.
€ ool Pote Normalizetion Uncertainty 147 The NMC [23] and NA51 [24] experiments have
g reported a breaking of this hypothesis, respectively for
g f(d — @) dz (atQ? = 4 GeV?) and forz = 0.18. At
LTE A, this conference, the E866 collaboration has reported final
& of +r— results from Drell-Yan proton nucleon scattering [25],
02| Tes s 8 4 4 showing that thel andz distributions differ for0.02 <
Cos b z < 0.3 (see Fig. 12). Thisis confirmed by the HERMES
experiment studying charged pion productiorgnand
a3 en scattering, assuming isospin symmetry [26].
Photon Pr - (GeV/c) 5 ofFermilab E866 - Drell-Yan
Figure10. CDF measurement of ther distribution of prompt 2F - CTEQaM
photons inpp interactions, compared to the predictions of the 1.8F
CTEQ4M pdf’'s for two different values of the QCD scale 1.6F
4 [20]. 5 14t +H,
2 14f
is extracted from largeEr jet data. Conversely, the b 1
choice of the MRST group [9] is to use WA70 prompt osb
photon data, with a spread of values{bt), and not to 06 £0.032 Systematic eror not showh
use the jet data. In this case, different choicegkef) b
lead to significant differences for the absolute dijet rate 045""0.05 01 015 02 025 03 035
predictions, but not for the shape of the distributions. X

In conclusion, gluon parameterisations can Iargengre 12. The ratiod/@ in the proton as a function of

diI;fer forz > 0.1 (see Fig. 11). With increasing, measured by the E866 experiment [25], compared to the
Q*, the gluon density at large rapidly decreases, butcTEQ4M pdf prediction, which used the NA51 data point [24].
the discrepancies remain important, which has some

imposed by momentum sum rules. Only a small fraction of the effect is due to Pauli
blocking, the main contribution being attributed to
Gluon Veriations That Are Consistent an asymmetry in the pion clouds accompanying the
1.5 With DIS+Drell—Yan Data Sets

nucleons [27].

+15%

3.2. Parton distributionsand QCD.

3.2.1. Structure functions and scaling violations. AsS
shown in Fig. 13, the DGLAP QCD evolution describes
ep DIS data at HERA with an impressive precision for
e 2-107% < 2 < 0.65andl < Q2 < 3-10* GeV?[28,29].
Q=100 Gev No need is found for higher twist or other non-DGLAP

xG(x)/CTEQ4M

10"’ ‘I‘O" 1b" O.‘W 04‘2 033 0,‘4 0‘45 effects
Parton x In most of this wide kinematic domain, theandd

Figure 11. Various choices of the CTEQ5 and MrsTduark densities in the nucleon are thus precisely known.

gluon momentum distributions, normalised to the CTEQ4NIN€ gluon density distribution is not directly tested,

parameterisation [21]. but is extracted from scaling violations with a good
precision (see Fig. 14). Itis successfully tested in several
processes, in particular jet and charm production.

3.1.3. Thed/@ seafor 0.02 < = < 0.3. The Gottfried

sum rule [22], related to quark counting, states that 322. Gluons and jets. In DIS, high Er jets are
mainly due to the photon gluon fusion process (Fig.15a),

! " with a smaller contribution from the QCD-Compton
/0 dz/x [F}(z) — Fy' ()] = 1/3 mechanism (Fig.15b).
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Figure 13. Measurements of th&, structure function by the

H1 and fixed target collaborations; the lines are results off4gure 15. High Ex jet production in DIS: a) photon gluon
global NLO QCD fit. fusion; b) the QCD-Compton mechanism.

The differential distributions for dijet production

measured by H1 and ZEUS are in agreement [30, 31] § NLO QCD fit 12 = 200 GeV?
with predictions using the gluon momentum distribution x 127
extracted from scaling violations, f@.005 < ¢ < ol M1 dijets
0.3 and@? > pZ §. Here, ¢ is the fraction of the .
proton momentum carried by the gluon entering the hard sl N\ CTEQaM
interaction: ¢ = =z (1 + M};/Q?), where M;; is &N GRV94HO
the two-jet invariant mass ang the Bjorken scaling 61 T
variable. The measurement of the production rate allows al Qerusalem ™7
a precision extraction af;.

Conversely, using the,, measurement taken from 2t o
other processes, a joint fit to th@? evolution of F, H1 preliminary
(which fixes the quark densities) and to the dijet rate 0= T
(which drives the gluon density) can be performed. The 10 0

gluon density extracted from the dijet production [30] is

in agreement with that obtained from scaling violatiorfdgure 16. Gluon momentum distribution extracted by H1
alone (see Fig. 16). from dijet production (shaded area) [30], compared to standard

pdf's and to the distribution obtained by H1 from a DGLAP fit

§ For@? < p%, aresolved photon component may also have to iy the inclusive cross section measurement [11].
taken into account [32].
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3.2.3. Gluons and charm. Charm production is also systematic errors since models are needed to correct for
directly related to the gluon density, since charm quarksperimental cuts and extract the flllF rate from the

are radiatively produced through the photon gluon fusiafiserved signal, and to relate ti¥ distributions to
process (see Fig. 17). The charm contributionto the Cit& charm quark distribution (effects of the charm quark
cross section, expressed in the form of a “charm structfregymentation and of final state interactions between
function” F, is studied through the decay chdif — charm quarks and proton remnant, leading to a beam

D°r; D° — Kw or K3r [33,34]. drag). Uncertainties also arise from the choice of the
value ofm,.
> N\ v IRARRARRRN
= %ﬂ 20 i H1 NLO
. < e D* (DIS)
* D* (yp)

7 QCDfitto F, |

Figure 17. Charm production in DIS (photon gluon fusion 10

—— CTEQ4F3 |
process). 1

The fast increase of;s with decreasingz (see

Fig. 18) confirms the gluonic origin of charm. This [ W’=25GeV’

increase is faster than fdf,, and at lowz (i.e. high N . . e
energy W) and high@?, charm production accounts -4 -3 2 -1 0
for some 25 % of the DIS cross section [33]. The log X,

charm measurements by H1 and ZEUS agree well with o _
predictions based on gluon momentum distributiofégure 19. Gluon momentum distribution obtained by H1

obtained from global fits to th&, scaling violations. ~ from measurements of charm production [34]. The shaded
9 2 9 area corresponds to a NLO QCD fit to the inclusive DIS

measurement [11]. The curve represents the CTEQ4F3

ZEUS 1996-97 parameterisation.

'ELNOAG r r r
Q*=1.8 | 4 5 7
04 |- (Gev®) | h
I L 3.2.4. Determination of Fr. Following relation (1), the
0z [ N g LN differential NC cross section is proportional (flgf <
: N EN mZ%) to the reduced cross section = Fy(z, Q?) —
y? /Y, Fr(z, @?). Two consistent determinations of the
longitudinal structure functiof', have been obtained by
H1 at largey [35] (Fig. 20):

e the QCD evolution of the pdf's is assumed to
be valid at largey, and Fy, is computed by the
subtraction of the¥, contribution frome,;

e alinear extrapolation of the derivatidé’, /0 log y
is assumed for largg providing a determination of
Fr.

11 b 18 |

02 R\§ = R F

These determinations are consistent with QCD predic-
Y | zEUS NLO QCD tions, which are driven by the gluon distribution in the
' proton.

0.2 -

oo St 1o tia it X

Figure 18. Charm structure functio®’s measured by ZEUS 3.3. Conclusion.

as a function of: for several values of? [33]. The curves . .

correspond to a NLO calculation using the pdf's extracted B conclusion, the proton structure functidt(z, Q*)

ZEUS from a QCD fit to the inclusive DIS measurement [12]S measured over a huge kinematic domain, and QCD

fits describe the scaling violations with high precision.

An interesting feature of a measurement of the glugixcept for uncertainties at high for the d/u ratio

density obtained from charm production (Fig. 19) is thand for the gluon density, the parton distributions

it does not depend on a form assunagmtiori for zG(z). are thus precisely known. In particular, the gluon

However the charm measurement suffers of rather ladgnsity extracted from fits to the scaling violations in
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Figure 20. Fr determination by H1 for two values af, wwww
using the subtraction method (dots) and the derivative method : ~0 -1

(stars) [35]. The grey areas represent the QCD predictions; the

lines represent the case whdte = F5. . I L
P £ 2 Figure 21. Two limiting cases of QCD evolution in DIS:

high virtuality (DGLAP evolution) and high energy (BFKL

the intermediate: domain is in good agreement wittEVolution).
measurements of dijet and charm production and with
determinations of'r,.

4. Low X physics. ne?

H197Dre4iminarv
- ® H197prel.
[ NMC
In DIS, parton emission (mainly gluons) between the , [
struck quark and the target remnant can be described for [ \\
two limits, calculable in pQCD (see Fig. 21): I

e the high virtuality limit (large@?), described by i \\

the DGLAP evolution equations [13] which cor-
sz escev2 T : Q%= 85Gev?

respond to a strong ordering kx of the emitted '
gluons (fromk2 ~ @Q?% at the photon vertex to
k7. ~ 0 at the target vertex), with resummation of . |

the[a, log Q%™ terms (LO). Inthis limitky is thus I
small for a largez gluon. i
e the high energy limit (smalle, with W2 ~ g . 7
@*/z), described by the BFKL equations [36] | .. ... = o soat ] o= mcer
which correspond to a strong orderindlife (from N
very smallz to z ~ 1), with resummation of the i
[aslog1/2]™ terms. In this case, there is g L o
ordering andkr can be large even for a large i
gluon. ‘QZ: 2‘5GeV2‘ ‘ L Q = 35(3ev2 L Q = 45(3ev2
A striking prediction of the BFKL evolutionat LO is i
a strong energy dependence of the cross seaify): i i
sesrrr—1 ~ 0405 'whereas in “soft” hadron—hadron * - 5
interactions [38], only a weak energy dependence of the S - e mow -

cross section is observed(s) oc s%:%8=%10 (here,s is
the square of the total hadronic energy, denote@bin
DIS)||.

9

107 10

X

Figure 22. Measurement of th&,(z, @?) structure function
|| First studies of NLO contributions [37] indicated that the correby the H1, NMC and BCDMS collaborations as a functios of

sponding corrections can be very large, suggesting an unstable hehins on2 [35]. The lines show the result of aNLO DGLAP
haviour of the calculation. Recently, higher order corrections wegg

found to be better under control when using more “physical” renormal-
isation schemes than tid' S scheme [39, 40].



The most important result at HERA is probably thé.1. Large energy, large pr «° production at HERA.
observation of a fast increase of thigstructure function .
L4 dhe processetp — efx°X has been studied by

at low z in the DIS regime (see Fig. 22), attributed t ; o o
the increase of the gluon density. This is parameteridgf[41]for DIS events withlarge® energy and larggf.

for z < 0.1in the form Fa(z, Q%) « 2=~> (Fig. 23). (defmeg with respect to the'p axis): €z = pro/pp >
Whereas at smalp? ) is low and close to the “soft” 0.01, p% > 2.5 GeV, for events witiQ? > 2 GeV? and
value 0.08-0.10 [12, 35] the high value bfneasured at 5 - 107> < = < 5-10~2. For such events, the photon
high@? may be consistent with a BFKL interpretation ofirtuality @* and the transverse momentum squared of
thez evolution of the structure function (remember thdhe parton emitted in the parton cascakig, are thus of
1/x o« W?). However, this behaviour is also compatiblgimilar magnitudes. The® meson is emitted close to
with a DGLAP-type evolution, as demonstrated by tHbe proton direction (“forward” direction), and is well
quality of the DGLAP fits to th&? evolutionin Figs. 13 separated in rapidity from the quark jet (see Fig. 24)
and 22¢.

Loy o Q0 o ) o5 Y ONST -
<x>= §857885 8 8 §5 I3 SEHILEEE FY 58 FF o -
685§ & §5 85 SEBELLEEE T 58 &8

5 05r o e g
O ZEUS+E665 DATA p remnan T
i ZEUSQCD Il
0'35? Figure 24. Final state topology for large energy, large =°
03[ emission in DIS.
B As shown in Fig. 25, the absolute cross section and
02t $ ' the production rate for these events are consistent with
015 jid predictions of a (modified) LO BFKL model [43] for
g ; $4 several intervals i9%. They are not compatible with the
o [ predictions of the LEPTO6.5 model [44], which is based
005 on the DGLAP evolution. A model [45] which includes
2 a resolved photon contributionin DIS [32] gives a better,
107 1 10 10 but not satisfactory description of the data.

Q*(Gev?)

Figure 23. ZEUS measurement of the parameter = 4.2. Dijets with a large rapidity separation at the

d1In F>/d1In(1/2) describing, for fixed)?, the rise ofF» to- Tevatron.

wards lowz [12]. The lines representthe ZEUS NLO DGLAP

fit for Q> > 1 GeV? and a Regge type parameterisation fof he production, e.g. ipp interactions, of two higtEr

Q* < 1GeV2, jets separated by a large gap in (pseudo-)rapidity

(see Fig. 26) can also typically be described in a BFKL

The relevance of the BFKL approach can thus napproach [46]: the larger the gap in rapidity, the larger

be demonstrated on the basis of the total cross sectipa number of “rungs” (gluon emissions) in the BFKL

measurements alone. Footprints for BFKL evolution akgdder.

to be searched for specifically in exclusive channels, in The cross section for this process is given following

particular those characterised by both a strong enetgg BFKL evolution for jets of transverse energig§,

evolution and the absence of a stroag ordering. In  ET by the relation:

a high energy (very lowe) DIS process, a marked

difference characterises the emission of partons carryiagz:, 2, Q2 An) x z1P(z1, Qz) 23 P (2, Qz)

a large fraction of the proton momentum: for BFKL, 1 elasrxz—1) Ay
such partons can be emitted with a lakge whereas for ———F— )
DGLAP they are restricted to sma#- values. Q as A7

herez,; andz, are, respectively, the fractions of the

9 Note that the freedom of choice of the pdf parameterisations at t F‘eam particle energies carried by the partons entering

starting value of the DGLAP evolution may “hide” BFKL features.
Note also that gluon emissions (“rungs” of the BFKL ladder) are
separated by about two units in rapidity, implying that only a smaft A related process is the emission of a “forward” jet [42]. However
number of “rungs” plays a role at HERA energies. The rapidity of the acceptancein the forward direction for jet reconstructionis reduced
particle is given with respect to a given axisisy = 1 log %; compared to that for detecting? meson.

the rapidity interval between two patrticles is invariant under a boostThe pseudorapidity is given by = — In tan(8/2); it corresponds
alongz. with the rapidity in the limit of vanishing mass.
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o R (Hidoyx)|  INCreases. Itis suggestive of a BFKL evolution but the
$ Pin>256ev|  present measurement would correspond to the high value
" rroarsos|  @BFEKL — 1.T£0.1£0.1.

1~ —  mod. LO BFKL

e H1 data =

=
1500 PI.>25GeV | @ o003

do, /dx /nb

- LEPTO65

1000
- RAPGAP 2.06 0.002

- "‘ w“”

—— mod. LO BFKL
500

S [2.0..45]

Tl L
Q? /1 GeV?
[45..15.0]

[2.0..45]

" 4.3. Conclusion.

[45..15.0]

In summary, considerable theoretical work is providing
increasingly reliable and stable higher order calcula-
tions of the BFKL evolution. On the experimental side,
- measurements of processes characterised by large ra-

B oprul ol pidity separations between partons suggest the presence

(=]

[15.0...70.0] 0.008 [~ [15.0... 70.0]
Q? / GeV?

of BFKL processes. However Monte Carlo simula-
tions including higher order contributions and details of
i hadron fragmentation are necessary in order to provide
b) " conclusive tests of BFKL predictions.
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x 5, Diffraction.

Figure25. H1 measurement ef® production withpxe /p, >
0.01, p5 > 2.5 GeV, as a function of in 3 intervals of
Q7 [41]: left) cross section; right) production rate in DIS. TheJnderstanding diffractive interactions is of fundamen-
full histograms represent the predictions of the (mod_ifit_ad) L&l importance for the understanding of elementary parti-
BFKL model [43]; the dotted histograms are the predictions gf physics since diffraction governs the high energy be-

the LEPTOG.5 model [44]; the dashed histograms correspong,iq r of elastic cross sections and thus of total cross

g’lg [rzg]del which includes a resolved photon contribution bctions (this relation is provided by the optical theorem,

which derives from the unitarity of the S-matrix).
. Moreover, the hypothesis of analyticity of the S-
N matrix and the crossing property of elementary particle
s processes allow relating the physical amplitudes in the
] s- andi¢-channels. In particular, the energy dependence

of total cross sections in thechannel is related to the
g@/ properties (quantum numbers) of the particle states which

5.1. Introduction.

can be exchanged for elastic scattering inttiebannel.
- In the framework of Regge theory [48], the concept
Figure 26. Two jets &1, Er1) and &2, E12), separated by aof exchange of particles in thehannel is extended to the
large pseudorapidity gafaz. exchange of “trajectories”, defined in the squared four-
momentum / angular momentur &) plane. The mass
) ) i squared and the spin of real particles with related quan-
the strong interactionz P(z, @*) being the (colour tym numbers are observed to define linear trajectories:
weighted) sum of the gluon and quark distributiop(¢) = a(0) + o - ¢. This linear behaviour prolongates
functions, andp?® ~ ET - E7. __inthe negative, virtual exchange domain. The energy
In relation (3), the test of the BFKL evolution isjependence of cross sections is thus governed by the in-
provided by theAn dependence of the cross section. Abrcepta and the slope’ of the relevant trajectories.
a given beam energy, varyinyn means changing, For total cross sections, the optical theorem leads,
andz,, which leads to uncertainties due to the pdf'syhen neglecting the real part of the elastic amplitudes,
For this reason, the measurement was performed by {fighe relation;., « s*(®)-1. Among known particles,
DO collaboration [47] for jets withEr > 20 GeV, the, and f meson families (‘reggeon” trajectory) have
for two different beam energies (wits = 630 and the highest intercept, with z(0) ~ 0.5, implying that
1800 GeV, respectively) but for fixed values of, 22 5 « 1/,/5 for processes mediated by reggeon exchange;
and Q%, and thus different values akyn. The ratio for the pion family,a,(0) ~ 0 ande o 1/s.

R of the two cross sections is given Wisoo/es0 = Athigh energy, the total hadron—hadron cross section
elamrxce—1[Ams00 —Ansso] / [Agy 500/ Angao]t/2. is however known notto decrease, buttoincrease slightly
The DO measurements gives the vaRigoo/e30 = Wwith energy:o?: « 5998010 [38]. This behaviour is
2.9 + 0.3 (stat.) +0.3 (syst.) for{Anese) = 2.6 and thus attributed to the exchange of an object which cannot
(Amsoo) = 4.7. This value is incompatible with a QCDbe related to known hadrons and is found to carry the

LO evolution, which asymptotically tends to 1 &8 quantum numbers of the vacuum: the pomeron.
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Itis a challenge for QCD to provide a “microscopic”
picture of the pomeron (see e.g. [49-52]). The simplest
model is a two-gluon system, in contrast with reggeons
and other mesons which are fundamentally two-quark
systems (glueballs are thus possibly physical states " IM
related to the pomeron). Any QCD description of high
energy scattering needs to account for the pomeron
properties, in particular the increase of total cross Figure 28. Diffractive dissociation at HERA.
sections with energy. The observed power-law for this
increase is however incompatible at very high energy
with bounds arising from the unitarity of the S-matrixcattering (DDIS). Following the model of inclusive DIS,
(Froissart bound). Itis thus a major task to understaqdyisactive structure function’FzD(?’) (zp, B, Q%) is

how QCD offers a mechanism for the damping of th& 5 cted from the inclusive DDIS cross section [55-59)],

total cross section at high energy. ; -~ 2 2 2 2) ~ 1 —
It should be stressed that alternative models aiWlth zp = (QF + M)/(Q" + W) =~ TLy

N2 2 2 — .3 #
at explaining diffraction by soft colour recombinaﬁq— Q°/(Q"+ My)andz = 2p - *.

tion of partons, without a reference to the concept of It has been proven in pQCD [61] that the amplitudes
pomeron [44 5’3] for DDIS processes factorise into a part which depends

on zp (a “pomeron flux factor”), and a “structure

. e function” FP (8, Q?) corresponding to a universal
5.2. Diffractionin DISat HERA. partonic strlzjct(gre%f)diffractio% [62]. gThe variableg

5.2.1. Diffractive structure function and energy depen- andg can thus be interpreted, respectively, as the fraction
dence. The experimental study of the pomeron structugéthe proton momentum carried by the pomeron, and the
is facilitated by a process which generalises elastigction of the pomeron momentum carried by the struck
scattering: diffractive dissociatiom+ b6 — X + b, quark.

with Mx < +/s, the @b) cms energy — see Fig. 27 In a Regge approach, the “pomeron flux fac-
(in “double diffraction”, both states andb are excited tor” follows a power law: FX® (zp, 8, @?) «

into small mass systems). Diffractive dissociation tsi zp)2or—1. FP (8, Q).

explained by the differential absorption by the target of* |5 photoproduction, HERA measurements [63, 64]
the various hadronic states which build up the incomingye for the pomeron intercept values consistent with

P P

state [54]. the “soft” value1.08 — 1.10. In DIS, the pomeron
interceptap (0) is significantly higher: the H1 mea-
a a a X a X surement [55] isap(0) = 1.20 + 0.02 (stat.) +

0.01 (syst.) & 0.03 (model), and the ZEUS measure-
ment [57] isap(0) = 1.16 + 0.01 (stat.) T5:07 (syst.)
(ap(0) has here been computed from the ZEUS mea-

b b b b b Y surement ofap(f) usinga’ = 0.25 GeV~? and
[t = 1/7.1 GeV? [60]).
a) b) c) Atthis conference, ZEUS has presented the measure-

_ +0.04 H
Figure 27. a) elastic scattering; b) single diffractive dissocid"€Mt [58lap(0) = 1.17+£0.03 (s;at‘? Zo.o6 (syst.) n
tion; c) double diffraction. the range).22 < Q? < 0.70 GeV? (Fig. 29). A transi-
tion from a soft to a hard behaviour thus happens at low

It was an important observation at HERA that @ values. It should be noted that the valuexgf(0) ex-
to 10 % of the DIS cross section is due to diffractivisacted from the diffractive cross section at I@#& is sim-
dissociation (Fig. 28). These events are characterised@jito that obtained from the total p cross sectioninthis
a large gap in (pseudo-)rapidityn, devoid of hadronic domain (see Fig. 29). This means thatWielependence
energy, between the hadronic systém of massMy, Ofthe diffractive cross section is steeper than for the total
and the scattered proton (or the baryonic systEém
resulting from proton excitation), implying the exchang% When diffractive events are selected by the presence of a gap in

: ; ; ; pidity devoid of hadronic energy, the four-momentum squarad
of a colour singlet system. The gap is kmematlcal[ e proton vertex is usually not measured, and the measurements are

. 2
related to a small Val_ue affx, Mx < W;forsmall@Q?, _ integrated ovet. With the use of their proton spectrometer, the ZEUS
the momentum fraction lost by the proton (or the exciteglperiment has performed a measurement of thistribution [60].
e T2 2 . .
SYStem)_|3'3L = MX/W. <1 * In the HERA energy range, pomeron exchange dominates rapidity
A unique tool for testing the structure of the pomerogap events for: p < 0.01; for higherz p values (lower energy),
is thus provided at HERA by diffractive deep inelastiezggeon exchange has also to be taken into account (see e.g. [55]).
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cross section, as expected in Regge theory. In contrast, ine - szo(-)gOE’
the DIS domain at sever@leV?, the diffractive and total Ty [ = H11994 p=0.
. X K L. @ 005 « H1Preliminary 1995
deep inelastic cross sections exhibit the sdheepen- S c R
dence, at variance with Regge theory expectations. The of—tu =004
value ofap(0) for diffractive scattering is thus lower 00sE '
than for the total cross section (the latter is represented i RPN
on the figure by the curve labelled ALLM, which corre- () SREE A S i R B=oi
sponds to a Regge motivated parameterisation of the total 0050 .
~*p cross section [65]). i L b
0 : P L M| L - P
. ZEUS 1996 Preliminary 005k p=02
e * ZEUSBPC diffractive (THISANALYSIS) r A NS ¥
o .|  ZEUSBPCtota oba e o
= ZEUSDIS diffractive g B=04
. o H1DISdiffractive 005 M
1 ZEUSPHP diffractive F Dl
.l & HLPHPdiffractive Or T B =065
Q=0 0.05
12f L + + ﬁ’r_"_*ﬁi*
0 [ R R
1.5 005:, B—O.g
o ' ™ L
. 0 | L R | L L 2
1 10 10
1.05 | QZ (GeVZ)
1 Dl il sl s —" Figure 30. H1 measurement of the structure functiog -
e ‘@ (Gevd’ FP®) for zp = 0.005 as a function of2? in bins of 3 [56].

The curves are the result of a DGLAP fit; they indicate the
Figure 29. Measurements af »(0) as a function of9* [58]. kinematical region over which the fit was performed.
The curve represents the totdlp cross section, in the ALLM
parameterisation [65].
The pomeron pdf's extracted from QCD fits to
inclusive DDIS can in turn be convoluted with scattering
5.2.2. Parton distributions. Parton distributions in the amplitudes to describe specific processes. This is
pomeron follow the DGLAP evolution equations, exceperformed using Monte Carlo simulations, in particular
for higher twistterms which can be significant, especiallyge Rapgap model [45]. Several analyses of hadronic
at largeg values8 > 0.7 — 0.8 [49,51, 61]. final states show a good agreement between predictions
Positive scaling violations are exhibited by DDIS aind data [68, 69], which supports the universality of
HERA, even for relatively large values ¢f (Fig. 30). parton distributions in the pomeron.
QCD fits performed by H1 provide parton distributions  The description of DDIS in terms of a partonic
in the pomeron which are dominated by (hard) gluonsgttucture of the pomeron (Breit frame approach) can
the starting scal€? = 3 GeV? [55] °. be complemented by an approach using the proton rest
The ZEUS collaboration [66] (and similarly theframe (see Fig. 31). In this approach, the photon is
group [67]) has extracted the partonic content of thigscribed as a superposition of Fock staigs §4g,
pomeron through a joint fit to the DDIS cross sectiomtc.), which are “frozen” during the hard interaction
which probes the quarks directly, and diffractive jgjrocess [49-52].
photoproduction, which is mainly sensitive to the glu- At this conference, new results have been presented
ons. Although potentially sensitive to complicationgn two hard diffractive processes: dijet and charm
due to reinteractions between the diffracted proton apghductionin DIS. Hard diffraction has also been studied

remnants of resolved photons (see below, section 5.3g#){ERA in the case of dijet photoproduction [70, 71].
these analyses confirm that most of the pomeron mo-
mentum is carried by gluons.

5.2.3. Diffractivedijet production. The H1 collaboration

° It should be stressed that only data updo = 0.65 are used has measured diffractive dijet production Wji;ﬁt >4

for the DGLAP QCD fits. The details of the pomeron structure i ; i
higherg values (e.g. the H1 “peaked” gluon or the H1 “flat” gluonﬁev bor is measured with respect to thep axis), for

. 2 2
distributions [55]) are thus extrapolations outside the measurem&MS €Vents witht < @* < 80 GeV* andzp < 0.05.
domain and should not be taken too literally. Areasonable description of the differential distributions,
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1. This is observed only for a small fraction of the data,
as expected as a consequence of “colour transparency”:
high pr jets correspond to a small transverse distance
between the quark and the antiquark, leading to mutual
screening into a colour neutral object which is thus not
detected by the proton (Fig. 31b). At variance, in the
b) presence of an additional partogz§ or higher order
Fock states, Fig. 31d), the parton pair leading to the jets
is not in a colour singlet state and the interaction with
the proton takes place without attenuation due to colour
transparency.

A

5.2.4. Diffractive charm production. Diffractive charm
production in DIS has been studied both by the ZEUS
d) and H1 collaborations in the chanmBlf — K 2=, and
by ZEUS forD* — K4x [73,74]. The diffractive charm
Figure 31.  Deep inelastic diffractive scattering: |Eft3production rate is measured by ZEUS toh&% of the
the pomeron structure function approach (Breit frameia|charm yieldin DIS, and 4% for H1. In view of the
a) quarkonic pomeron, no pomeron rﬁr_nnﬁm’ hC) “""UFO”II rge errors, this corresponds only to a Biscrepancy.
Eff;tnee;%r,};r%hh ?p‘r)c?trgﬁrg;tr?rrgrrr]laer)]-tyqi%?:otéktsteat%- Oégrq_'g OCX "The shapes of the differential distributions are repro-
- ' ’ duced by calculations including the pomeron pdf's ex-
Fock state; the pomeron is modelled as a two gluon SyStemfracted fr)gm inclusive DDIS (sege Fig.%3). As inR[he case
of jet diffractive production, the absence of a peak close
both in normalisation and in shape, is obtained usifg? in thezp distribution (not shown, H1 analysis [74])
pdf's extracted from inclusive DDIS [72] is attributed to a dominant role @fjg or higher order
' Fock states, due to the effect of colour transparency.
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Figure32. H1 measurement of the variable for diffractive p,(D ) (GeV) nD)

dijet production [72]. The histograms represent predictions of

the Rapgap model [45] using pomeron pdf's extracted froFigure 33. ZEUS measurement of the diffractive* — K4
inclusive DDIS: the dashed and dotted histograms are forceoss section, as a function 6%, W, zp, the transverse
“flat” gluon, with two different QCD scales; the dashed-dotteshomentum and the pseudorapidity of thé particle [73]. The
histogram is for a “peaked” gluon [55]. histograms represent predictions of different models.

Fig. 32 presents the distribution of the variable
zp = (M3; + Q*)/(M% + @*), whereM;; is 525 Conclusions. The HERA experiments have pro-
the invariant mass of the two jet systemg represents vided a rich sample of results on diffractive processes in
the fraction of the pomeron momentum carried by thiee presence of a hard scale (diffractive final state studies
partons (gluons) entering the hard process. Inthe absendelS, jet and charm production). Within the limits of
of a pomeron remnant (Breit frame approach, Fig. 3lthe present statistics, these data are consistent with the
or, equivalently, for a purgg Fock state of the photonuniversality of the pdf’s extracted from QCD fits to in-
(rest frame approach, Fig. 31l@/;; ~ Mx andzp ~ clusive DDIS.
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5.3. Hard diffraction at the Tevatron. N~
Even before HERA data taking, hard diffractive pro- IM
cesses were observed at the CERiNcollider by the =

UAS8 experiment [75]: while the diffractively scattered o 8
proton was detected in a proton spectrometer, igh
jets were reconstructed in the central detector. Tipigure35. a) Dijet production with a gap in rapidity (jet + gap
observation supported the hypothesis of a partonriget), attributed to colour singlet exchange; b) dijet production
component of diffraction [76]. by double pomeron exchange (gap/2 jets + gap).

Atthe Tevatron collider, hard diffraction is being ex-
tensively studied by the DO and CDF collaborations [7

7], .
which complements the studies at HERA. 4.3.2. Factorisation breaking. Following a procedure
similar to ZEUS [66], the CDF collaboration has deter-

) ) ) ) ) mined the partonic content of the pomeron by taking
53.1. Single diffraction, double diffraction and double a4yantage of the different sensitivities of the various
pomeron exchange. Hard single diffraction processesyrocesses (dijeti” and b production) to quarks and
are studied at the Tevatron through the production gfyons [82]. The production rates were compared to
highpr jets [78, 79] (Fig. 34a), and d¥ bosons [80], predictions of the model Pompyt [86], which is based
J /¥ mesons [81] and particles [82] (Fig. 34b). Theseon the assumption of a factorisable pomeron flux; a hard
events are identified either through the detection of th@rtonic content of the pomeron was assumed.
diffractively scatteredp in a proton spectrometer (CDF A gluon fraction of0.55 + 0.15 is found, which is
dijet events), or by the presence of a gap in pseudogansistent with measurements at HERA (see Fig. 36),
pidity, devoid of hadronic activity, in the calorimeterhut the measured rates at the Tevatron are significantly
and the tracking detector. Production rates are at {B@er than expected, the reduction factor beldlg =
1% level compared to the corresponding non-diffractige18+0.04, whereas the order of magnitude of the HERA
processes [83]. results is reproduced.

T T .

a) b)

Figure 34. Hard single diffraction at the Tevatron: a) dijet
production (gag@ + 2 jets); b)W, J/+, bb production.
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Hard double diffraction (see Fig. 35a) is studied 04 [\
through the production of two jets separated by a gap :
in rapidity attributed to colour singlet exchange [79, 84].
The rate of such events has been studied/for= 630
and for/s = 1800. The ratioRgz0,1s00 IS Mmeasured
to be2.4 + 0.9 by CDF and1.9 &+ 0.2 by DO. This %0701 02 03 04 05 06 07 08 09 1
decrease of the diffractive process with increasing energy GLUON FRACTION IN POMERON
is at variance with expectations based on simple BFKL _ ) _ )
evolution [85], but is predicted by models of soft Co|0uflgur_e36. Ratio of measuredto predicted diffractive ratesas a
recombination [53]. unction of the gluon content of the pomeron, for CDF difét,

Finally hard diiet production has also been observaafdb production and for a measurementby ZEUS of DDIS and
. y Jetp L Gitfractive jet photoproduction. The predictions are from the
in the central detectors for events containing a scattegggtpyt model [86] with a hard pomeron structure. The shaded
pidentified in the proton spectrometer and a rapidity gagea is the & contour of a fit to the three CDF results [82].
on the other side of the detector (CDF) [81], or a rapidity
gap on each side of the detector (DO) [79] (Fig. 35b). Similarly, predictions for the diffractive production
These events are found to be produced atthé level rate of dijets and bosons [67] and for charm pro-
of the corresponding non-diffractive process, which guction and double pomeron exchange [87] based on
consistent with a picture of double pomeron exchangsmmeron pdf’'s extracted from inclusive DDIS indicate
each pomeron exchange corresponding to a probabilitgt factorisation, which is verified in DIS, is broken in
at the 1% level. the case of diffractive hadron—hadron interactions.
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The factorisation breaking is quantified in terms of a
“survival probability”. In hadron—hadron scattering, ad-‘(
ditional interactions between the diffractively scattered
particle and remnants of the other beam particle can de-
stroy the rapidity gap, whereas this effect is absent in |
DDIS [88]. This leads to a reduction of the diffractive——
rates at the Tevatron compared to predictions based on o) b)

HERA DDIS data’. The energy dependence of the gaFﬁgure 37. a) The DVCS process; b) the two LO diagrams

survival probability could also explain the observed degnyinuting to the Bethe-Heitler (QED Compton) process.
creasing rate of colour singlet exchange between jets for

increasing,/s.

The ZEUS collaboration [90] has for the first time at
5.3.3. Conclusion. In conclusion, active studies of hardhis conference shown evidence for the DVCS process,
diffraction are performed at the Tevatron, where diffragbtained with a sample of DIS events wig¥ > 6
tive processes represent about 1% of the correspondiey > containing an electromagnetic cluster with energy
non-diffractive processes. However, naive calculatiolagger than 10 GeV emitted in the backward region of the
for diffraction rates at the Tevatron based on pomer@gtector, a second electromagnetic cluster with energy
pdf’s obtained at HERA do not describe the data, whid#rger than 2 GeV detected in the central region, at most
are about a factor 4 lower. This reduction of the gap s@ne reconstructed track, and a maximum of 0.5 GeV
vival probability could be attributed to underlying inter-additional energy reconstructed in the detector.
actions between beam particle remnants.

5.4. Exclusive production of vector particles at HERA. Z0 [ ycandidates

Numerous vigorous attempts are being made to use 120

pQCD to calculate the cross section for several diffrac- 100
tive processes at HERA. Among them, diffractive (ex-

k . . K 80
clusive) production of a vector particle, either a photon

4
M At

(o L L L B B L B

or a vector meson, provides the most solid theoretical 60

ground, as well as numerous high quality data. We 40

concentrate here on the new results presented at this 0 E °

Conference 0 | rA—TATAué\ Lol \:.\:
0.5 1 15 2

5.4.1. Deeply virtual Compton scattering. Deeply virtual 8, (radians)

Compton scattering (DVCS + p — e +p + v

(see Fig. 37a) is' a gold-plated' proczess for the Studyﬁgure%. ZEUS measurement of the polar angle distribution
pQCD in diffraction [89]. At highQ®, the process is uf the photon candidate with energy larger than 2 GeV for

completely perturbatively calculable, since the incoming, events [90]. The data are the full dots, the predictions
and outgoing photon wave functions and all couplingsr the Bethe-Heitler process are the open triangles, and the
are known, and no strong interactions between final statedictions of a DVCS + Bethe-Heitler simulation are the open
particles affect the calculation. circles.

To extract the DVCS cross section, account has to
be taken of the interference with the Bethe-Heitler (QED

Compton) process (Fig. 37b), but the two processgs;ong cluster, when identified as a photon The excess
correspond to different regions of phase-space. Th&.ents over the Bethe-Heitler prediction is consistent,
DVCS process is dominated by cases where the phofonyyahe and normalisation, with the predictions of a
is emitted in the proton direction, since the photon fluXy,lation aimed at describing the DVCS and Bethe-
factor in the electron isc 1/y, whereas for the Bethe-pygitier processes, including the interference term.
Heitler process, the photon is dominantly emitted inthe |+ should be noted that, in the DVCS process, an

electron direction. incoming virtual photon is converted into a real photon.
Kinematics imply that longitudinal momentum must be

¢ In the case of diffractive photoproduction at HERA, addition
interactions can also take place between the scattered proton an;i]{ﬁé.'Sferred to the proton, and the two gluons are thus not

resolved components of the photon. An indication for such an effe@Mitted and reabsorbed with the same energyA z2).
has been found in diffractive dijet photoproduction by H1 [71]. This observation has led to the concept of “skewed parton

Fig. 38 shows the polar angle distribution of the
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300

distributions”[91]. The DVCS process is an ideal tool to FKS (GRVHO)

study correlations between gluons in the proton. S 200l — FKS (CTEQ4M)

2 -~ FKS (MRSR2) }
5.4.2. Vector Meson Production. Vector meson (VM) Tl oo
production, both in photo-@? ~ 0) and electropro- <= ‘st

duction has been intensively studied at HERA, for ZE

pyw, ¢, 0, T/, ¥, T [92-98].

50
40 | ,
e H1i prel.
A H1 )
v ZEUS

s0b-1

L L L L L L | L L
C . VM 40 50 60 70 80 90100 200 300
Ezé W, [GeV]

Figure 40. Energy dependence of thE/+ photoproduction

Figure 39. Vector meson production at high energy cross sectionat HERA [98], compared to QCD predictions [99]
’ " using several pdf's (the absolute normalisations have been

adjusted to the data).
These processes can be computed as the convolution

of three amplitudes involving very different time scales_,
in the proton rest frame (see Fig. 39): the — ¢g < 10"
transition (a long distance process at high energy), the,
hard scattering of theg pair (a short time process) ands 5
theqqg — VM recombination (on a typical hadronic ; 107
scale of 1 GeV, boosted to the protonrest frame). o g

H1 ZEUS |

Energy dependence of the cross section. In the = 102
presence of a hard scale (large photon virtuality, hea\@I i
quark mass, largét|), the hard process amplitude is®
modelled as two gluon exchange (reggeised gluons in. 19 L

a BFKL approach). The cross section is expected F S : ]
be proportional tdzG(z)|? and thus exhibit a “hard” [ % g H ] ]
energy dependence, which is clearly observed in the 1 ,;%l N J \ H L] 4
case ofJ /4 photoproduction (Fig. 40): the cross section FOE T \ {W w * ] ﬁr
can be parameterised, in a Regge inspired form, as . [ Toet ]
o(y'p) o« Wrer®-% with ap(f) ~ 1.20, and 10 L - 3 3 .
Q(CD z)redictions [99] describe tht(ajdata well. For light (Qemya [Gevy W =75 GeV,
VM production (p, ¢), ap(0) is observed to increase — e ‘
from a “soft” value typical of hadron—hadron scattering 1 , o 10

in photoproduction, to a value suggestive of a “hard” (Q+M?)/4 [GeV]

behaviour at higiQ? (see e.g. [95]).
Figure 41. Cross section for elastic vector meson electropro-
Q? dependence of the cross section. The @ duction, as a function of the variabjg @* + M) [93].
dependence of the cross section for electroproduction of
p mesons can be parameterised in the foif¥i*p)
1/(Q%+ M2)™, withn = 2.3+0.1[95]. This behaviour
is consistent with pQCD calculations: (1/Q°¢) [100],
when account is taken of th@? dependence afG(z) t dependence of the cross section. Thet depen-
anda. dence of the cross section for vector meson elastic pro-
The ratio of cross sections fgrandJ /1 to p meson duction can be parameterised for loiy (J¢] < 1 — 2
electroproduction [97] increases significantly wigt?, GeV?) asdo/dt « e~?Yl, the slope parametérbe-

towards values compatible with the quark counting rujgg related to the transverse size of the interacting ob-
(respectively the ratios 2/9 and 8/9), convoluted with thects: b ~ R

2 2 2
I + R%,, + R%. In Regge theory, the
effects of wave functions [99]. It is interesting to note P VM P

. : 9
that, when plotted as a function pf the Vgr'f”‘él@ T % in the case ofT production, large effects of skewed parton
MZ), ally*p — V M pcross sections exhibit a commonistributions may have to be taken into account [101].

behaviour (see Fig. 41 [931)
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distribution is expected to shrink with energylgs) = E: 5 I 1
b(so) + 20 - In(s/s,), with the trajectory slope/p ~ 7
0.25 GeV~2. At high energy, little shrinkage is expected =
in QCD (BFKL evolution), sincex's z . is expected to s | ]
be small [39].
A measurement of the evolution of theistribution 2 r 1
as a function of¥ within one experiment, H1, has been s { , s ]
presented for the first time at this conference Jgr} A ]
photoproduction [98]. In spite of large errors, the slope o M. e ]
of the trajectorye’ = 0.05 + 0.15 GeV ™2 is found to R TR TR M-S R R
be consistent with 0 (Fig. 42), which supports the QCD QIM? [GeV]
expectation. . _ —
Figure43. RatioR = o1 /o of the longitudinal to transverse
Regge trajectory cross sections fgs, ¢ andJ/+4¥ meson production, as afunction
o' R of Q% /M? [93]. The curve represents a phenomenological fit.
s 1o preliminary yp—>J/¥p
; a(t)=(1.26£0.05)+(0.05+0.15) t
L hard pomeron (L) different vector mesons appear to follow a common
oal ko O ] behaviour (Fig. 43).

1zf/J/ffff/“/// 6. Indicationsfor non-linear effects ?

i The numerous results presented in this review provide a
I bright support for the presently available QCD calcula-
tions: impressive tests of the DGLAP evolution in DIS
over a huge kinematic domain, indications for the rele-
vance of the BFKL evolution in several channels at very
T high energy, relevance of the QCD approach for under-
“i4 -tz -1 -o8 08 -04 02 0 standing diffraction and for exclusive vector particle pro-
duction.
Figure42. The Regge trajectory(t) = «(0)+«'-t measured However, several intriguing features, both in inclu-
by H1 for J/4 photoproduction (full line, the error beingsive DIS and in diffraction, suggest that this picture might
given by the shaded area) [98]. The BFKL prediction [39] gave to be complexified. They are discussed in ref. [105—
shown as the dotted line, and the “soft” pomeron is the dashegyg) \yhere it is advocated that they could be related to
%oggee? [“1%62’] the dashed line corresponds to a hard pomelon,q .y arge density of partons at very lavand atQ?
' of the order of a fewzeV?, leading to saturation effects
and a breakdown of the DGLAP and BFKL linear evo-
Polarisation. Detailed studies have been performddtion equations. Unitarity constraints [107,109] play an
of the polarisations state pf{95,97] andp [96] mesons, essential role in this dynamics.
particularly in electroproduction. Althoughichannel In DIS, it is observed that the parton distributions
helicity conservation (SCHC) is dominantly observe@xtracted from (statistically satisfactory) DGLAP fits to
to hold, a small but significant spin flip amplitude i$he measured total cross section exhibit an unexpected
measured in the transition from a transverse photonfiehaviour at lon@?: the gluon density at very low
a longitudinalp meson, at the level o8 + 3%; the becomes very small, even possibly negative, and the
longitudinal to transverse transition and the double flgea quark density is larger than for the gluon, whereas
amplitude are compatible with 0 within errors [93]at larger@? the gluon density drives the sea behaviour
These features are qualitatively reproduced by Qdgee Fig. 14). In addition, the logarithmic derivative
based calculations [103]. dF,/dIn @? of the F; structure function, presented in
The ratioR = o /o7 of the longitudinal to the Fig. 44 as a function aof and the corresponding average
transverse cross section has been measureg foand value of@?, shows an unexpected turn over at lwnd
J /4 meson production, and found to increase \@thin Q2 ~ a fewGeVZ. Such a turn over is not observed at
the DIS region (Fig. 43). Althoughthis increase is slowigherz for the sameQ? range, suggesting that it is not
than anticipated [100], it is reproduced by some modalse to higher twist effects.
based on QCD [103] or on generalised vector meson In diffractive DIS, the total cross section is observed
dominance (GVDM) [104]. When plotted as a functioto present a “hard” behaviour (see section 5.2.1 and
of the quantityQ?/M? [93], the measurements for theFig. 29), whereas the expectations are that the dominant

0.8

0.6
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ZEUS DATA

7. Conclusions.

In conclusion, huge amounts of data have been presented

at this conference about hadron structure, fophysics
and diffraction. The progress in these domains is im-
pressive, both on the theoretical and the experimental
sides. The parton distributionsin the proton are precisely
measured over most of tlkedomain, and new measure-
ments are being performed. Thg total cross sections
ZEUSQCD are described with high precision by the DGLAP evo-
h lution equations over a huge kinematic domain, but in-
dications for the relevance of the BFKL evolution be-
gin to appear in exclusive channels. A description of the
pomeron in terms of partonic structure functions gives
a consistent picture of the data in DIS at HERA, which
is complemented by perturbative QCD calculations for
Figure44. Logarithmic derivative of thé structure function hard processes. Hard diffractionis also intensively stud-
measured by ZEUS, as a functionaof12]; the corresponding ied at the Tevatron in several channels. Finally, at HERA,
average value of? is also indicated. The curves corresponthe DVCS process and vector meson production, with a
to a NLO DGLAP fit and to a Regge parameterisation. large amount of detailed data, provide a clean laboratory
for a perturbative QCD understanding of diffraction. In-
. , triguing features however suggest that the linear DGLAP
topology would correspond to the “aligned jet model’ang BFKL evolution equations might not be sufficient to

with small pr values and a “soft” energy dependencgascribe all data, with possibly an indication for satura-
similar to that of hadron—hadron scattering. In soffyn, effects at very lows and lowQ? values.

hadronic diffractive dissociatiop(p) + p — p(p) + X,

the measured cross section at high energy (CERN nci(

Tevatron colliders) is significantly lower than expecte%C nowledgements
from Regge theory (Fig. 45). Finally, as discussed jn . .
section 5.3.2, hard diffractive events at the Tevatron ard'iSh 0 thank numerous colleagues for their help
suppressed compared to expectations based on incluslv reparing this talk, in particular H. Abramowicz,

DIS measurements. All these features are also attribffed20r"as, B. Clerbaux, E.A. De Wolf, E. Elsen,

: - . . Erdmann, A. Garfagnini, A. Goussiou, A. Martin
to very high parton densities and saturation effects. ! ! ! !
yhighp P. Merkel, C. Royon, S. Schlenstedt, U. Stoesslein,

G. Snow. | also warmly thank B. Clerbaux for her useful
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