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Abstract

Recent experimental results on the partonic structuresgbtioton and on the color sin-
glet exchange in strong interaction processes are revietatle LEPe™ e~ and HERAep
colliders, complementary and consistent measurements thean achieved on the quark-
gluon structure of quasi-real and virtual photons. At theRAEp and Tevatrorpp collid-
ers, the quark-gluon configuration of the diffractive exafp@is consistently found to have
a large gluon component. The rate of diffractive interawiobserved by the HERA and
Tevatron experiments, however, is largely different anallelnges explanation.
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1 The Partonic Structure of the Photon

The motivation behind studying the structure of the photon results from the intenestian-
standing the formation of hadronic matter. Permitted by the Heisenberg untertation,

the photon can fluctuate for some time into a quark—anti-quark state. This fluctoatidre
disturbed, e.g., by an electron or proton probe which allows the density of quarks andgfluons
the partonic state of the photon to be determined.

At the LEPete~ and HERAep colliders, photons are emitted by the leptons which gives
access to the partonic structure of almost real photons [1] as well as highlyl pinbtans. The
measurements to obtain information on the partonic state of the photons discussackher

1. the photon structure function from deep inelastic electron—photon scattering JFi

2. jet and particle cross sections (e.g. Fig. 2), and

3. the total photon—photon cross section.
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Figure 1: Feynman diagram of deep inelastic electron—photon scattering: the paitociare
of the quasi-real photon from the untagged lepton is probed by the virtual photon from the
tagged electron.
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Figure 2: Examples of Feynman diagrams for photoproduction of jefsdollisions in leading
order QCD: a) direct photon—proton process, b) resolved photon—proton process.



1.1 Measurements Related to the Quark Distributions of Quasi-Real Pho-
tons

New F’ structure function measurements have been performed in the interestimyoégmall
parton momenta ~ 10~2 by the L3 collaboration:[2] ¥}’ is determined from the measurement
of the double differential inclusive cross section

d*c 2o’ 5 , ,
dl’szsz‘l <1+(1—y))F2(:1;,Q), (1)

wherea is the electro-magnetic coupling consta@f denotes the virtuality of the probing
photon and gives the resolution scale of the processyamithe inelasticityy = Q*/(xs.,). In
Fig.'3, thex dependence af’, is shown in two bins of)?.

A major challenge in this analysis is the determination: 0Eince the lepton that emitted
the target photon remains undetected, the energy of the target has to be deterornméukefr
hadronic final state. Using a new improved reconstruction methaod fero results forf) are
presented by the L3 collaboration using two different Monte Carlo generatdissfoprrection
of detector effects (Phojet’;[3], Twogam; [4]). These two data sets demtmngig over a
large region in: the structure function result does not depend on the details of simulating the
hadronic final state. Only below~ 1072 this limitation becomes sizable.

In the same figure, previous results of the OPAL collaboration are shovn [Shi¥he
errors, good agreement is observed between the two experiments. Also steodiffexent
parameterizations of the quark density in the photon demonstrating that the dateegive-
formation on the quark distributions at law(LAC [6], GRV [¥], SaS [8]). Scaling violations
caused by gluon emission off the quark before the scattering process occussireauise of
F; below a small value of. The data are not yet precise enough to confirm or reject such a
rise atr ~ 1072,

In the momentum region around ~ 0.5, where the quark and the anti-quark each carry
half of the photon energy, results on the structure functiprexist from many experiments. A
compilation of these measurements is shown inFig. 4 as a function of the rescoale))?

[9]. The data are compatible with an increasing quark density in the photod axreases.
This Q* dependence is very different from that of hadronic structure functions atdaagd is
expected by perturbative QCD (Fjg. 5 and discussion in Section 2.2): thégptiftthe photon
into a quark-anti-quark pair gives rise to the probabifity, of finding a quark in the photon to
increase as

2

n
2
AQCD

fq/w ~1 (2)

in leading order.

In the same figure an effective parton distribut'toﬁy of the photon is shown which has
been extracted from di-jet measurements in photon—proton collisions by the Hiaratian
[10]. This effective parton distribution combines the quark and the gluon derdities photon
with a weight of color factors: [11]:

xfw =T (fq/w + %fg/w) . ()
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Figure 3: The photon structure functiéfl, measured in two—photon collision at LEP, is shown
as a function of the parton fractional momentuiin two bins of the virtualityQ? of the probing
photon. The squared symbols and the circles represent the measurements of the ibBexper
using two different Monte Carlo generators for correcting detector effdéts comparison,
previous results of the OPAL experiment are shown (triangle symbols). The cemesent
different parameterizations of the parton distributions in the photon.

The vertical scale for: fw on the right side of Fig.4 has been adjusted relative tafthscale,

since in contrast to thé) measurements the jet processes are independent of the electric
charges of the quarks. The relevant resolution scale is the transverse momgwofitire scat-

tered partons which is here taken to have the same resolution powegr dhe results of the
di-jet measurements are in good agreement with/theata. The jet data probe the partons of
the photon at large resolution scales and compete well in precision wiff} theeasurements.

The quark density close to the kinematic limit~ 1 is analysed in photoproduction of
two jets. Here the contributions of the direct and resolved photon—proton processes e
understood (Fig.2). They differ in their matrix elements and therefore idiftiebution of the
parton scattering angl¥.

In Fig.®, a new di-jet cross section measurement of the ZEUS collaboratstiovwen dif-
ferentially in| cos 6| for large di-jet masses and correspondingly largEL2]. Also shown are
next-to-leading order QCD calculations [13] using two different parton paeimations of
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Figure 4: The structure functioh;, of the photon is shown as a function of the virtualigy

of the probing photon for parton fractional momenta around 0.5. Measurements of the
photon structure functiofi;, from e*e~ data are shown in comparison with an effective parton
distribution extracted from photoproduction of di-jetseim collisions (H1 data). The curves
represent different parameterizations of the parton distributions of the photon.

the photon (GRV 1[7], GS'[14]). The direct photon contribution (not shown in the figuretis
sufficient to describe the measured jet cross section either in shapeher abbsolute normal-
ization. Contributions of resolved photon processes are required to describeaehdzh are
sufficiently precise to discriminate different parton parameteonatof the photon at large

1.2 Measurements Related to the Gluon Distribution of Quasi-Real Pho-
tons

New measurements of the inclusive charm production cross section at the ERybdam

energies are shown in Fig. 7 by the L3 collaboration; [15]. The cross section basdbe

termined using semi-leptonic charm decays in the electron and muon channéhe dame

figure, next-to-leading order QCD calculations ;[16] using two different charssesand the
GRV parameterization: [7] of the parton distributions in the photons are shown. Thealdm
contribution to the cross section results from gluon induced processes witlemga gluon

momentum as small ds) ~ 0.03 [17].
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Figure 5: The structure functiof, of the proton is shown as a function of the virtualigy
of the probing photon for the parton fractional momentura 0.4 from fixed target data and
preliminary H1 data.

Also di-jet data are used to access the loghion distributions of the photon. In Fig. 8, a
new measurement of the di-jet cross section is shown as a function of the pamosntum:
by the H1 collaboration i[18]. The histograms represent a leading-order QCDataoul[3]
showing the contributions of the direct photon-proton interactions and quark and gluon induced
processes using the GRV parton parameterizations for the photon and the proton.

Both the charm and di-jet measurements give compatible conclusions on thedmen
density of the photon and are precise to the levelost.

New information on the gluon distribution of the photon results from di-jet production in
photon-photon collisions which has been measured by the OPAL collaboratipn [19%. @, Fi
the cross section is shown differentially in the transverse jet enBfdy At sufficiently large
E!® the measurement can well be described by a next-to-leading order QCD dateUl20]
using the parton distribution function of GRV; [7].

In Fig. 10, the di-jet cross sections are shown differentially in the j@tlity |’<'|. The data
explore different regions of the parton fractional momentum 0.8, = < 0.8 with a precision
of ~ 20%. They are compared to leading order QCD calculations (Phajet [3], Pythla [21])
and discriminate different parameterizations of the gluon distributions of thepioAC [§],
GRV [i7], SaS {8]).
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Figure 6: The di-jet cross section ép collisions involving quasi-real photons is shown differ-
entially in terms of the cosine of the parton scattering angle at large digss abovd7 GeV
from ZEUS data. The curves represent next-to-leading QCD calculations uBerguli parton
distributions of the photon.

1.3 Parton Distributions of Virtual Photons

The fluctuation of a virtual photon into a quark-anti-quark pair is suppressed by the photon
virtuality Q2. In comparison with real photons one therefore expects a smaller probability of
finding the virtual photon in a partonic state. Also, there is less time to defreloptheqq pair

a vector meson bound state such that the hadronic contributions to the virtual photturstruc
should be small.

In Fig. 11, the first triple-differential di-jet cross section is showa &snction of the photon
virtuality ? in two bins of the parton momentumfor a fixed resolution scalgls;”)? = 50
GeV? [22]. The cross section measurement at 1 (Fig.11b) is well described by a leading
order QCD calculation using the direct photon-proton interaction processes ortefddasve
[23]). At = ~ 0.5 (Fig.11a) the absolute cross section is found to be smaller compared to the
measurement at ~ 1 as expected from the short fluctuation time of the photon. Here the direct
photon contributions are not sufficient to describe the data at gpialt 2 GeV?: the di-jet
process is able to resolve the partonic structure of the virtual photor)*Aspproaches the
squared transverse energy of the jet$/6f")? = 50 GeV?, the resolution power of the di-jet
process becomes insufficient for detecting the fluctuations of the virtual photons.

_Inanalogy to the real photon case, eg. (3), an effective parton distribotieirfual photons
xfor = x(fy» +9/4f,,+) has been extracted from the data and is shown in‘Fjg. 12a in the
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Figure 7: Measurements of the total charm production cross sections from two—photon col-
lisions are shown as a function of the lepton beam energy (L3 experiment). Theuifuds
represent next-to-leading QCD calculations using the GRV parton distributimiéns of the
photon and different values for the charm mass. The direct photon contribution ia skpa-

rately (dashed curves).

interval0 < Q? < 80 GeV? forz = 0.6 and(E,{e”‘)2 = 85 GeV. The partonic structure of
the virtual photon is only slowly suppressed with the photon virtuglity Such a dependence
is predicted by perturbative QCD: in the regionf., < Q* < (£{”)? the probability
of finding a quark in the virtual photon decreases logarithmically)asapproaches the jet
resolution scale:

(B
« ~ In . 4
fq/w 02 (4)

The formation of a hadronic bound state from tlgepair of the photon can be studied with
the production ofp mesons. In Fig: 12b, th@* dependence of the cross section is shown
which exhibits a fast decrease proportionald@ + M?)~" with n = 2.24 £0.09 [24]. As
expected from the short photon fluctuation time into a quark-anti-quark pair, the piigbibil
develop a hadronic bound state from the quark-anti-quark pair is highly suppressed. At suf-
ficiently largeQ?, the partonic structure of the virtual photon can therefore be predicted by
perturbative QCD. In Fig. 12a, the full curve represents a QCD inspired motiet efffective
parton distribution of the virtual photon (SaS1d ;[25]) which is in agreement Wwittmteasure-
ment within the experimental errors.
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Figure 8: Photoproduction of di-jets ip collisions is shown as a function of the parton frac-
tional momentune from H1 data. The cross section measurement is compared to a leading-
order QCD calculation showing above the quark and direct photon contributions the glmen ¢
ponent of the photon at small(the histograms are calculated using the GRV parameterizations
of the partons in the photon).

1.4 Total Photon-Photon Cross Section

The total photon-photon cross sectiep, is dominated by soft scattering processes in which
the photons develop a hadronic structure before the interaction occurs. A majonghatlie
this measurement is the understanding of the different contributions, the edi$tactive and
non-diffractive processes. The visibility of the first two contributions indkgectors is small
and requires reliable Monte Carlo generator calculations.

Progress has recently been made by the L3 experiment which succeeded itingplec
few hundred events of exclusive four pion production which contains contributions atelast
doublep production at center of mass energies belowseV (Fig.'13) {26]. These data test
the two generator calculations shown (Phojet [3], Pythig [21]).

A new measurement of the total photon-photon cross section is shown in Fig. 14 using the
two different Monte Carlo generators (L3 collaboration, [26, 27]). The datevshose above
W = /5, = 10 GeV and are compatible within errors with the preliminary measurement of
the OPAL collaboration [28]. This observed rise can be described by a power lawith
e = 0.158 £ 0.006 & 0.028 [28]. The rise has the tendency to be stronger than expected from
soft Pomeron exchange which successfully describes all hadron—hadron and photon—proton to-
tal cross sections with= 0.095 + 0.002 [29].
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Figure 9: The di-jet cross sections from two—photon processesdn collisions is shown as

a function of the transverse jet energy from OPAL data. The curves represgbreading

QCD calculations of the different photon contributions using the GRV parton distwbiutnc-

tions of the photon. The labels refer to direct photon—photon interactions via quark exchange
(direct), processes where one photon interacts directly with a parton of threpbibten (single
resolved) and processes which involve partons of both photons (double resolved).

1.5 Summary 1: Photon

Improved knowledge on the partonic structure of real photons results from
¢ new structure functiot’, measurements at low parton fractional momenta 102,

e di-jet cross section measurements aalues down tev 1072 and highz — 1 in photon-
proton and photon-photon interactions, and

e charm production in photon—photon processes atdew10~2.

For the first time the partonic structure of highly virtual photgis > 1 GeV? has been
investigated irep collisions. The fluctuations of the virtual photon into a quark-anti-quark pair
is only slowly suppressed witQ? and is compatible with a logarithmic decrease as predicted

by perturbative QCD.
The understanding of the total photon-photon cross section has improved by the detection
of elasticp production.

Overall, the results on the photon obtainedir~ andep collisions complement each other
and are well compatible. The precision of the measurements remains angedibe the next

few years in order to be well prepared for the linear collider.
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Figure 10: The di-jet cross sections from two—photon processesein collisions is shown
differentially in terms of the jet pseudo-rapidity in two bins of the reconstadiparton frac-
tional momentumr of the photon (OPAL experiment). The histograms represent leading order
QCD calculations of two Monte Carlo generators using different parton disiwibfunctions

for the photon.

2 Colour Singlet Exchange

A sizable fraction of strong interaction processes includes the exchange of cioigiet sb-

jects. At the HERAe¢p and Tevatrorpp colliders, these objects are emitted by the hadrons
and may involve the exchange of quantum numbers (meson exchange) or may not (diffractive
processes).

A handle on the type of the interaction process is given, e.g., by the observationsif a fa
baryon in the proton beam direction. Detection of energetic neutrons indicate dbpinis
1 exchanges are present, in particular charged pion exchange. Protons areestmbitith
isoscalar and isovector exchanges.

Where the leading proton is close to the beam energy, diffractive scatteraxgected to
be dominant. Partonic scattering processes in such diffractive intamadive access to quark-
gluon configurations that are colour neutral but different from the well known hadrons.

The following measurements to obtain information on colour singlet exchange enssksl
here:
1. theep structure function with a tagged baryon (Fig. 15),
10
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Figure 11: The triple differential di-jet cross section fremcollisions is shown as a function
of the photon virtuality)* for two bins of the fractional momentumof the parton from the
photon at fixed transverse jet enerfy/’ (H1 experiment). The full curve is a leading order
QCD calculation including the direct photon—proton interactions (dashed curve) soldee
photon processes, the latter reflecting the partonic structure of the virtual photon.

2. theep structure function of diffractive exchange (Figs, 1B™and '17),
3. di-jet and W-boson production in diffractiye scattering (Fig. 22), and

4. vector meson production ip interactions (Fig. 28).

2.1 Tagged Baryon Production in ep Collisions

The production of protons and neutrons is studied in both the H1 and ZEUS experiments. A
hadron calorimeter detects neutrons scattered at zero angle with resfiexproton direction.
A series of Roman pot stations between the beam magnets serves as a protomsgperct

In Fig. 16, new measurements of the structure function fepnaollisions with a tagged
baryon F-*® are shown as a function of the baryon fractional energy E,/E, for fixed
photon virtualityQ?* = 4.4 GeV* and parton fractional momentumy; = 10~° (H1 collabo-
ration [30]). FQLB(S) was determined from cross section measurements which were integrated
over the baryon transverse momenta in the rangep, < 0.2 GeV:

o 2mra’

drp;dQ)?dz - TBj Q* <1 T (1 B y)2> FZLB(S)(xij szz)' (5)

Herea is the electro-magnetic coupling constant grtbnotes the inelasticity = Q*/(x ;s ).
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Figure 12: a) The effective parton distribution of virtual photons is shown as aidanot

the photon virtualityQ? for fixed parton fractional momentum = 0.6 and scattered parton
squared transverse momentpfn= 85 GeV* (H1 experiment). The curve represents the SaS1d
parameterization of the photon effective parton distribution. b) Aingeson cross section is
shown as a function of the photon virtuali§? for the photon-proton center of mass energy
W =75 GeV.

The proton tagged structure function is found to be larger than that of the neutron tagged
data. The curves are predictions of model calculations inspired by Regge phenomenology
(Fig. 1%). In this picture, the proton data cannot be explained ‘bgxchange alone, since
from the7°p and7*n isospinl/2 states one would expect the proton measurement to be a
factor two below the neutron data. Instead, the proton data can be explained by iatussim
of 7°, Reggeon f, w) and Pomeron exchange. The neutron data can be explained by charged
pion exchange alone and demonstrate the potential access to the pion structure f@iftron
the new kinematic domain at small parton momenta araurd1(0~>.

Further information on the type of the interaction process comes from a new measire
of tagged baryons with the coincident formation of a large rapidity gap between teensys
andY (Fig.r17) wher&” may or may not be observed in the main detector (ZEUS collaboration
[82]). In Fig.18, the rate of events with a large rapidity gap is shown as aifumat the baryon
fractional energy:;, = = = Ei/E,. Forz, — 1, the tagged proton production (full circle) is
dominated by diffractive processes. kgr < 1, the minimum gap size chosen for the analysis
implies thatAfy > M,,. In this kinematic region, the rate of events with a large rapidity gap is
small and shows that diffraction is not the main mechanism for the production batlens.

12
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Figure 13: The number of events with exclusive four pion production from two-photon col-
lisions inete™ scattering is shown as a function of the photon—photon center of mass energy
W., = /5 (L3 experiment). The data are compared with calculations of different Monte
Carlo generators, showing the total four-pion production (histograms) and the iexqhus-
duction twop mesons (shaded histogram) separately.
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Figure 14: The total photon-photon cross section is shown as a function of the photon—photon
center of mass enerdy’,, = ,/s,,. The preliminary measurements of the L3 and OPAL exper-
iments are compared using two different Monte Carlo generators for the atetectections.
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Figure 15: A Feynman diagram of deep inelastic electron—proton scattering weétgad
baryon is shown in the interpretation of colour singlet exchange.
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Figure 16: Theep structure functionsFQLB(?’) with a tagged proton (open circle) or neutron
(full circle) are shown as a function of the baryon fractional energyfixed photon virtuality
@* = 4.4 GeV? and parton fractional momentumy; = 10~° from H1 data. The curves
represent the prediction of a Regge model.

2.2 The Partonic Structure of Diffractive Exchange

Evidence for diffractive scattering processesjninteractions can be obtained from different
methods:

A tagging of highly energetic protons in the proton spectrometers (Section 2.1),

B from analysis of rapidity regions which are free of hadronic activity (“rapigéap”, Fig.17),
or

C from the mass distribution of the hadronic final state which is observed in thredagector.
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Figure 18: The rate ofp collisions with a tagged proton (full circle) or neutron (open square)
with simultaneous formation of a rapidity gap is shown as a function of the bargondnal
energyz;, (ZEUS experiment). The curves show the predictions of different Monte Carlo gen-

erator calculations.

The ep Structure Function of Diffractive Exchange

The structure functiod’ @ for diffractive exchange

d*c _ 2m o’ Y D) ,
dedQ*deédt [ Q° (L+ (1 =y)?*) F,708,Q%61) (6)

has been measured by the ZEUS collaboration using the tagged proton metho¢d A [33] as a
function of the following four variables:

1. the virtualityQ? of the exchanged photon.

2. the squared four-momentum trangfér= (p — p’)? from the proton side,

3. the momentum fractioh= (Q* + M%)/(Q? + s4+,) (£ = zp), with Mx being the mass
of the diffractive system observed in the main detector, and

4. the fractional momentum = x5,/¢.
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When interpreting this process in terms of the exchange of a colour singlet objgcLiyi¢
gives the fractional momentum that this object takes from the protonjsaedhe fractional
momentum of the quark involved in the electron-quark scattering process.faieetais deep
inelastic scattering measurement gives access to the partonic strofdiffractive color singlet
exchange and provides information on the corresponddtigtribution of this process. A new
measurement of thedistribution is shown in Fig. 19 (ZEUS collaboratign[32]).
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Figure 19: The distribution of the squared four-momentum transferf diffractive ep pro-
cesses is shown together with an exponential fit to the data (ZEUS experiment)

The methods B (Fig. 17) and C of measuring the deep inelastic scattering ottilifra
exchange have to integrate over sofsrange and can here take advantage of the knowledge of
thet distribution of the proton tagged data. The two methods also do not include the detection
of proton remnant particles at small massés of the dissociated proton system and integrate
over a small range of this mass (typically 1-4 GeV). Since the acceptangeioin-tagged
events is at the percent level, the statistics using methods B,C are angehlby far.

In Fig. 20, a new triple differential structure function measuremég%) of the ZEUS col-
laboration (method Ci[34]) are compared with previous measurements by theletiocation
(method B [35]). The data are shown in a small selection of the large phasespsered as a
function of the fractional momentu) which the colour singlet object takes from the proton,
in two bins of the parton momentum observabland the photon virtuality)?.

At small ¢, they are consistent in these and surrounding phase space bins with a power law
¢~ and therefore are compatible with factorization of {h@ependence. The measured value
by the ZEUS collaboration® [34] is — 1 = 0.253 4 0.017%507% and is compatible with the
result of the H1 collaboration: [35]. The measured value @ slightly larger than the value
expected for soft Pomeron exchange in Regge inspired modeld (~ 0.1).

The 3 and)? dependence QFQD(S) at fixed small value of therefore gives the partonic
structure of colour singlet exchange. The results of the two collaborations aretenhsis
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most of the 15 phase space regions commonly covered, for example in_Fig. 20b, and call in
a few of them for homework (Fig. 20a), especially in an understanding of slightigrelift
kinematic regions covered in the squared momentum transiied the mass of the diffractive
systemMy-.

~ $=0.2, Q°=7.5 GeV* g=0.4, Q=12 GeV?
8N 107} = H1 . = H1
L - ZEUS || @ - ZEUS

)

Figure 20: The:p structure functionf,’ ®) of diffractive exchange is shown as a function of
the fractional energy of the exchanged object in two bins of the photon virtualiyand the
parton fractional momenturi (H1 and ZEUS experiments). The curves have the functional
form £~ and serve the guidance of the eye.

In Fig. 21, the resolution scatg* dependence OFQD(S) of colour singlet exchange at large
parton momenta& = 0.4 is shown. This measurement has been newly extended todErgp
to 800 GeV* by the H1 collaboration:[36]. The data are at relatively large valugs-ef0.02
and can be described by a dominant diffractive exchange (Pomeron exchange) togéther wi
meson contributions (Reggeon exchange).

The Q? dependence oFQD(?’) is found to be consistent with flat which is very different
from the structure function measurements of hadrons, e.g., the proton structurerfRi. %
[B7]). Itis also different from th&)? dependence of the photon structure function (Fig. 4). The
different distributions can be understood from the QCD evolution equations: the pigb#bil
of finding a quark in the proton, color singlet exchange, or photon depends logarithmically on

Q*

df,
d1n (2

= qq@fq"'qu@fg"'qu (7)

The P;; @ f; denote the splitting functions convoluted with the parton densities. The finst ter
F,, ® f, represents the contribution of quarks after radiating a gluon. The secondfemy,
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Figure 21: The structure functiah;, of the diffractive exchange is shown as a function of the
virtuality Q* of the probing photon at the parton fractional momentéine= 0.4 and at the
fractional momentuny = = = 0.02 of the colour singlet object (H1 experiment). The curves
are QCD fits to measurements bel@t = 100 GeV-.

gives the contributions of gluons that split into a quark—anti-quark pair. The thirdigradds
the quarks resulting from the photon splitting into a quark—anti-quark pair (relevaphbton

only).

The proton structure function falls at large= 0.4 with increasing resolution scalg?:
the probability of finding a parton in the proton above the average valence quark momentum
decreases with increasing resolving powgr(first term of eq. {7)). The logarithmic increase
of the photon structure function with? is caused by the third term of eq; (7) which is to first
approximation independent Gf.

The structure function of diffractive exchange differs from those of the proton arghtie
ton: the flat shape makes it distinct from a quark dominated object. The large chtiaitive
exchange excludes an explanation by photon exchange. Instead, a large gluon density in the
exchanged diffractive object can explain the obse@édiependence of the structure function
which is driven by the second term of e, (7). Therefore the structure functiasurement
mainly probes the gluon splitting into a quark—anti-quark pair and reflects thewst&waftthe
strong interactions.

This partonic structure of colour singlet exchange has been quantified by extracting gluon
and quark distributions from the diffractive data using the structure functicasunements
alone (H1 Collaboration' [35]) or in combination with jet cross section measemes (ZEUS
Collaboration {38]).

18



Different final state observables have been measured in diffragtigeattering by the H1
and ZEUS Collaborations, e.g., thrust :[39; 40], di-jet cross sections | [41, 38\efiew
[42, 40], multiplicity [43], and charm production J44,:45]. A large fraction of theasure-
ments have been compared to Monte Carlo generators which simulate diffkacscattering
processes by the emission of colour singlet objects with the parton distribusamdracted
from the fits to #}’ ) mentioned above. Overall, the data are well described by such sim-
ulations which demonstrates a consistently working framework for understandfragctivie
parton scattering processesep collisions. A deviation of this good description of the data
may be seen in the photoproduction of di-jets which is discussed below in the ceorpafi
the rates of diffractive processes at the HERA and Tevatron colliders.

Note that the picture of exchanging a colour singlet object with a partonic structoog is
the only one to describe the data: interesting alternative approaches exibt ivel@id fewer
parameters and describe certain aspects of the data well. Exampldscamenescattering off
a quark or a gluon of the proton with colour neutralization by the exchange of a second parton
that cancels the colour charge, or models that predict tthependence Q‘Ff(?’), or the concept
of fracture functions iJ46]. For reviews of the different approaches refer to, &g, 48].

Colour Singlet Exchange at the Tevatron

The methods used by the Tevatron experiments CDF and DO to select di#rscaittering pro-
cesses are detection of leading protons (method A) or measurement of rapidifyngdpsd B).
The observables used to analyse the diffractive exchange are di-jet foraadidime production
of W-bosons.

Both experiments have observed events involving the exchange of one or - as a new result
- two colour singlet objects (Fig. 22a,¢ [49, 50]). In the latter process, teeajet produced
centrally and in each beam direction a large rapidity gap or a tagged protoneis/eths In
Fig. 23, the shapes of transverse eneft§ distributions of the leading jets in di-jet events
are compared for single and double colour singlet exchange and non-diffractive data (CDF
Collaboration). TheF* range covered and the similarity of these distributions give several
interesting observations:

------------------
,,,,,,,,,,,,,,,,,,,,,,,,,,,

@ | Gap [ Jet+Jet: of: Jetii| Gap: Jet: @| Gap Jet+JetGap

gggggggggg

ccccccccccccccccccccccccccccccccc

Figure 22: Di-jet production at the Tevatron with a) rapidity gap on one beam sidapioljty
gap between the jets, or c) central jet production with two rapidity gaps.

The diffractive di-jet production results from the same type of parton—partotesogtpro-
cesses as the non-diffractive data. In the latter case, the fractiona¢nia of the partons from
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the proton are smalt ~ E//\/s ~ 10/1800 and therefore likely to come from gluon—gluon
scattering processes. In the diffractive case with the exchange of one ool singlet ob-
jects, the center-of-mass energy of the scattering process is muclersthah that of thep
beams since these objects carry only a fraction of the beam proton energythétsss, the
jet transverse energy reaches ouffs’ ~ 20 GeV such that almost the full energy of these
objects is involved in the hard parton—parton scattering process.

CDF Preliminary

@ : DPE Signal Region — ! SD Dijet - : ND Dijet
= R T T TEntries © 7 7 7 907
O 1| Mean 10.52 7
> 10 b RMS 2.2415
S u ]
= L ]
~ = i
— =2 @~
10 = - =
E | ' Y k-
5 10 15 20 25
E; (GeV)

Leading Jet

Figure 23: The shape of the transverse energy spectrum of the leading jet is showmofr-
diffractive (dashed histogram), single diffractive (full histogram), dodble diffractive (full
circles) events ipp collisions (CDF experiment).

Both Tevatron experiments have observed events with a rapidity gap betweejets
(Fig. 22b [49,/51]). In these events, the full energy of the exchanged object is idviolve
the jet production process and the object is probed at very large squared four-mortrang:m
fer |¢| of the order of £/")2. In Fig.24, the rate of events with such a colour singlet exchange
relative to non-diffractive events is shown from the DO collaboration. Tke&idution of the
size of the rapidity gap is shown to be within errors independent of the jet trseseaergy
(Fig.24b,c). In Fig; 24a, the rate is given as a function of the jet transveesgyewhich has a
tendency to rise with increasing®’.

The data are sufficiently precise to discriminate different models of cologlies exchange:
they exclude the exchange of a photon (dotted curves in_Fig. 24) and a calculation using two
hard gluons (“BFKL”, dashed curves [52]). The data can be consistently desbyimecodel
calculating the exchange of one energetic gluon with an additional parton to ensure colour
neutrality (full curve [53]).

The CDF experiment has observed the production of W-bosons in diffractive stgfien-
cesses ' [B4]. These events have essentially one lepton and missingrsamehargy and can be
interpreted as resulting from quark—anti-quark fusion. A comparison of the diffeat/-boson
rate with that of the di-jet production is shown in Fig. 25 as a function of theivelgluon
contribution in the colour singlet object and is expressed as a momentum sum ruigliu®he
contribution is found to be large7 + 0.2 which is well compatible with previous (shown in the
figure) and new fits of the ZEUS collaboration;[38] (not shown) and previous results Afithe
collaboration {35].
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Figure 24: The rate gfp events with a rapidity gap between two jets is shown from preliminary
DO data: a) differentially in the transverse jet enefgy’, and in b,c) as a function of the gap
size Ay for low and high values of:/*. The curves represent the predictions of different model
calculations.

Different Rates of Diffractive Processes at the HERA and Tevatron Collid-
ers

While the large gluon component is consistently observed in diffractive pracesdeERA
and the Tevatron, the rate of such events is found to be largely different: R&HEe rate of
diffractive deep inelastic scattering events is of the ordelr08f. In the phase space regions
covered so far, the HERA final state data are overall consistentlyrided when compared
to calculations that use the parton distributions resulting from the difl@structure function
measurements. Using the same parton distributions for the Tevatron tiirdata, the pre-
dicted rate is much larger than the observed rate of the ordék df64, 5%]. This discrepancy
can, e.g., be expressed in terms of a momentum sum rule as shownint Fig. 25. Thisieoops
is a puzzle which is under lively discussion.

Instructive measurements have been made, allowing the efgrgyvolved in the interac-
tion to be measured relative to the total hadronic center-of-mass egerdn Fig.: 26, rates of
diffractive events are shown as a function of the rétig//s.

For the Tevatron jet results J40,:50; 51], the jet transverse enétgyat the threshold has
been used as a measure)f (Fig.26a-c). The rate of diffractive events appears to decrease
as the total center-of-mass energ§;, becomes large relative to the energy involved in the
scattering process.
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Figure 25: The total momentum fraction carried by the partons of the diffractisleamge
object is shown as a function of the relative gluon contribution. The lower bandssesyr
the region allowed from the measurements of diffractive di-jet productigip icollisions and

W production respectively (CDF experiment). The bands in the upper half of the figuae are
comparison of diffractive jet production with diffractive structure fuantmeasurements up
collisions (ZEUS experiment).

Such dependence can, e.g., be explained by the increased potential of destroyinglitye rapi
gap by beam remnant interactions which may be formulated in a reduced surababity
for the rapidity gap. Different other explanations have been suggested, key wordsare he
absorption corrections, flux renormalization, or other means of factorizatiakibe [56,'57,
b8].

For the HERA data, two measurements are discussed here: in the case ahelastic
scattering data, the massy of the diffractive system has been taken as a measukg,offhe
data in Figi26d are consistent with being flat as a function/ef/, /s ~, [34] and show no
indication of a decreasing survival probability.

In photoproduction of di-jets, the fractional momenturof the parton from the photon is
related to the ratid:;'/ /5 INFig.27, the di-jet cross section from diffractive scattering pro-
cesses is shown as a functiomofrom H1 data [41]. At large: ~ 1, where the direct photon
contribution dominates, the data are described by the calculations of the POlENéfator
[69] when using the parton distribution functions for the colour singlet exchange astegtrac
from the £}’ ®) measurements. However,atk 0.8 the data are better described, if an overall
reduction factor o5 = 0.6 is applied to the calculation of the resolved photon—proton interac-
tions. This observation hints for a reduced survival probability of the rapidity gapsolved
photon—proton processes. Owing to the presence of a proton and a photon remnanty these
processes are similar to that of diffractive processespinollisions. In the future, more ex-
tended and precise measurements of the photoproduction of jets may help in the nddegsta
of the different diffractive rates observed by the HERA and Tevatron exgeits.
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Figure 26: A comparison of the measured rates of diffractive interactiohswgsas a function
of the energy involved in the interaction relative to the total hadronic caftmass energy:
a,b) rapidity gap signature between two jets of transverse energy &pdvieom pp collisions
(CDF and DO experiments), c) diffractive di-jet productionpm collisions (DO data), and
d) diffractive structure function iap collisions wherel/x denotes the mass of the diffractive
system observed in the main detector (ZEUS experiment).

2.3 Vector Meson Production in ep Collisions

In elastic vector meson production framcollisions, the full energy of the colour singlet object
is involved in the scattering process (Fig. 28). Of special interegtraesses with a hard scale
such as

1. the mass\/y of a heavy vector meson,
2. the virtuality? of the photon in a deep inelastic scattering process, or

3. the squared four-momentum transferf the colour singlet exchange.

Such processes allow perturbative QCD calculations to be compared withe®urements
and therefore give additional information on colour singlet exchange as well as orotbe pr
and the vector meson J60].
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Figure 27: Photoproduction of di-jets in diffractive collisions is shown as a function of
the fractional momentum of the parton from the photon (H1 data). The dotted and dashed
histograms show Monte Carlo generator calculations using two different padtibdiion
functions for the colour singlet exchange which were extracted from structuredomoga-
surements. The full histogram represents the contribution of direct photon—protonsgooes
diffractive interactions. In the dash-dotted histogram, a “rapidity gapgairfactor” of S = 0.6

was applied to the calculation for the generated momenta of the partons from the palaon
x = 0.8.

In this context, the following measurements of vector meson productiem @ollisions at
HERA are discussed here:

1. vector meson cross sections and their dependencies on the center-of-mggs Bngr
the photon virtuality)?, and the squared momentum trangfeand

2. photoproduction of /¢> mesons from proton and nuclear targets.

Measurements Related to the Gluon Distribution of the Proton

In Fig. 29, a compilation of the measurements of the total photoproduction cross segtion
and elastic vector meson cross sectiefisup to the production off [61, 62] is shown as a
function of the photon—proton center-of-mass endigy= ,/s,,. The measured total cross
section is at large center-of-mass energies compatible with a sl@irtg distribution as

Top ~ 8° (8)

24



Figure 28: Feynman diagram of vector meson production in electron—proton scattering.

with ¢ ~ 0.095 + 0.002 [29]. The optical theorem relates the total cross section to the imag-
inary part of the amplitude of forward elastic scattering. Thereforetielsctor meson cross
sections should rise with approximately twice the power:

ol ~ s (9)

Photoproduction of light vector mesongs, (v, ¢) show an increase in the production that is
compatible with this prediction. However, photoproduction of the heg\y mesons exhibit a
stronger dependence on the center-of-mass energy with.2.

A steeper energy dependence is also observed for light vector meson productiop in dee
inelastic scattering processes: in Fig. 30a, the energy dependence of neveasurements
by the H1 and ZEUS Collaborations [24, 63; 64, 65] was again expressed in terms of the fit
parametet using eq. (9) and is shown as a function of the scale. The scale was here chosen to
be the sum of the photon virtuality and the vector meson squared@iass/?. The parameter
¢ is found to increase with increasing scale.

Such energy dependence is similar to that observed in inclusive deep meslzstering
cross sections (Fig._30b’ ]68]). At fixeg? and small parton momentas;, the total photon—
proton cross section,-, is directly related to the large gluon density observed in the pro-
ton which gives rise to thérz;)~* dependence of the proton structure function Using
the relationxp;s.«, ~ (* = const. gives an energy dependence of the cross section as
Oyip ~ Fy ~ (2p;)™ ~ (s4+,)". The similar energy dependencies observed in vector meson
production (Figi 30a) and inclusive deep inelastic scattering processe8{bjgs suggestive
of sensitivity of the vector meson data to the gluon distribution of the proton.

In Fig.:31, the longitudinal component of theneson production cross section is shown as
a function ofz; in four bins of@* [63]. Similarly, the./ /> production cross section is shown
in Fig.:32 as a function of the photon—proton center-of-mass enérgy , /s,-, [63].

The measurements can be described by perturbative QCD calculations whiekisisey
parameterizations of the gluon distributions in the proton (curyes: [66, 67]). Thelaabns
use the square of the gluon density to account for the colour neutrality of the exchanged object
(e.g. Fig.r33). Therefore, the comparisons of the data with the calculations diighly
sensitive measure of the gluons in the proton. A further component of the calculatitves is t
mechanism for formation of the vector meson such that the comparisons to theiltlgiaew
new information also on this part of the process.
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Figure 29: The photon-proton total cross section and vector meson cross sectionxéwmm fi
target experiments ang collisions at HERA are shown as a function of the photon-proton
center of mass enerdy” = , /s-,. The full curves represent the predictions of a Regge model.
The dashed curves are functions of the fa#m = (s.,)* to guide the eye.

Measurements Related to Quark—Anti-Quark States

In elastic vector meson production, the squared momentum trans#ich is exchanged be-
tween the vector meson and the proton, gives information on the size of the ficienss
gion. Such distributions can be fitted for small valuesiofising an exponential distribution

exp (—0t).

In Fig. 34, a compilation of the fittelparameters is shown for the HERA data for, and

J/v> meson production as a function of the scale (new measurements{ "[24, 63, 64, 65]).

The

scale has here again been chosen to be the sum of the photon vififaing the vector meson
squared mass/Z. With increasing scale, the data tend to approach a constant value df
GeV~? which corresponds to the size of the proton. The size of;¢hetate is therefore small
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Figure 30: a) The energy dependence of vector meson cross seﬁj,ions (8y:5)% iNep
collisions is shown as a function of the scale taken here to be the sum of the photaifityirt
@* and the vector meson squared mas$ (H1 and ZEUS experiments). b) The energy
dependence of inclusive cross section measurenagnts~ (s.«,)" is shown as a function of
the photon virtualityQ? from H1 data.

compared to that of the proton and probes the proton at small distances.

The b parameter measured for the photoproductior 6f mesons indicates the small size
of the charm-anti-charm object in the interaction with the proton. Further intaman this
cc configuration results from nuclear dependencies of non-diffragtivemeson production in
comparison to that of protons 69]:

In Fig. 3%, the shapes of proton—nucleus cross sectighs— pX [7Q] are shown as
a function of the rapidity changay. Here Ay denotes the rapidity difference between the
beam proton and the most energetic tagged proton. These distributions can be déscabed
exponential formexp (—Ay/Ay,). The fitted slopes decrease as the nuclear mass increases,
i.e., the protons are on average more decelerated with a heavier target.

It is interesting to compare the deceleration process of the protons with thatohesons
resulting from non-diffractive photoproduction off nucleh — J/¢X. Here the rapidity
difference between the photon and the) is used as a measure of the deceleration process
(Fig. 35, data of the EMC: [T1], H1: [72], and ZEUS “[73] experiments).

Also these distributions in the rapidity difference can be described by an exjarferm.
In contrast to the proton data, the slope of #lié: production does not decrease with increasing
mass of the nucleus which implies that the iron target does not deceleratedhpct better
than the proton target. The slight increase in the slope wittan be explained, according to
Monte Carlo generator studies, by the different center-of-mass energies BMBeand the
HERA experiments.
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Figure 31: The longitudinal meson cross section from deep inelastiscattering is shown as
a function of the proton parton fractional momentugy in four bins of the photon virtuality)?
(ZEUS experiment). The curves represent the predictions of QCD calculatimgsdierent
gluon distributions of the proton.

The absence of a nuclear deceleration effect for.thé mesons may be interpreted as
resulting from nuclear transparency. For a discussion of nuclear transpafiuty eefer, e.g.,
to [[74]. In this interpretation, the colour charges of the small quark—anti-quarkgcoafion
are sufficiently screened to penetrate a nucleus without further interactions

2.4 Summary 2: Colour Singlet Exchange

The HERA and Tevatron experiments have measured different observablearnha¢ related
to the parton distributions of diffractive exchange. Using structure functiasorements inp
collisions, di-jet production irp andpp scattering, and W-Boson productiongip collisions,
they consistently find a large gluon component in this colour singlet state.

The overall rate of diffractive processes observeebiandpp collisions, however, is found
to be different and challenges explanation.

Measurements of elastic vector meson production involving a hard scale peovialéer-
native approach to understanding colour singlet exchange. Comparisons of the data With QC

28



H1 Preliminary

v H1 @ H1 prel A ZEUS A ZEUS prel.
¥ EMC * FTPS = E401 ¢ E687

~ [T T T T T T T T ]

2 [ —  GRV(HO) (FKS) Q=0

- 1021 MRSR2  (FKS) .

g Fo CTEQ4M (FKS)

> 13.5 GeV?

/I\ e X 1/5

- ]

i?; 110.1 GeV?

o | x 1/50

133.6 GeV?

=4 % 1/100

W [GeV]
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Figure 33: Feynman diagram @f > meson production in electron—proton scattering with two-
gluon exchange.

calculations that rely on two-gluon exchange give new information on the gluon digiritmit
the proton and on the vector meson states.

At sufficiently large scales, the spatial extension of the quark—anti-qudds sippears to
be small. Photoproduction of/¢> mesons indicates that tle state penetrates a nuclear envi-
ronment essentially undisturbed.

Overall, diffractive physics is a very active field of research andeiveloping away from a
soft interaction language to the understanding of a fundamental process of stronctionsra
within the framework of QCD.
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