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Abstract

Diffractive reactionsinvolving a hard scalecan be understoodn terms of
quarksandgluons. Thesereactionshave becomea valuabletool for inves-
tigatingthelow-x structureof theprotonandthebehaior of QCDin thehigh-
densityregime, andthey may provide a cleanervironmentto studyor even
discover the Higgs bosonat the LHC. In this paperwe give a brief introduc-
tion to thedescriptiorof diffractionin QCD. We focuson key featuresstudied
in ep collisionsat HERA andoutline challengedor understandingliffractive
interactionsaatthe LHC.

1 Intr oduction

In hadron-hadroscatteringa substantiafractionof thetotal crosssectionis dueto diffractive reactions.
Figurel shaws thedifferenttypesof diffractive processem thecollision of two hadronsin elasticscat-
tering both projectilesemege intactin the nal state,whereassingleor doublediffractive dissociation
correspond#o oneor bothof thembeingscatterednto alow-massstate thelatterhasthe samegquantum
numbersastheinitial hadronandmay be aresonancer continuumstate.In all casestheenegy of the

outgoinghadronsa; b or the statesX , Y is approximatelyequalto thatof theincomingbeamparticles,
to within afew percent. Thetwo (groupsof) nal-state particlesarewell separatedh phasespaceand

in particularhave alarge gapin rapidity betweerthem.
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Fig. 1: Elasticscatteringsinglediffractive dissociatioranddoublediffractive dissociationn the collision of two
hadronsa andb. Thetwo (groupsof) nal-state hadronsareseparatedby alarge rapidity gap(LRG). The zigzag
linesdenotethe exchangeof a Pomeron(IP) in thet-channel.Therearefurthergraphsnot shovn, with multiple
Pomerorexchange.

Diffractive hadron-hadroscatteringcanbe describedvithin Reggetheory(seee.g.[1]). In this
framework, the exchangeof particlesin the t-channelis summedcoherentlyto give the exchangeof
so-called’'Reggetrajectories”. Diffractionis characterizedby the exchangeof a speci c trajectory the
“Pomeron”, which hasthe quantumnumbersof the vacuum. Regge theory hasspavned a successful
phenomenologwf soft hadron-hadromscatteringat high enegies. Developedin the 1960s,it predates
the theory of the stronginteractions,QCD, andis basedon generalconceptssuchasdispersiornrela-
tions. Subsequentlit wasfoundthat QCD perturbatiortheoryin the high-enegy limit canbe organized
following the generalconceptof Reggetheory;this framework is oftenreferredto asBFKL afterthe
authorsof theseminalpaperq2].
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Fig. 2: Distribution of theintensityl in thediffractionof light of wavelength from acirculartargetof sizeRg.

It is clearthatat-channekxchangdeadingto alargerapidity gapin the nal statemustcarryzero
netcolor: if colorwereexchangedthecolor eld wouldleadto theproductionof furtherparticleslling
ary would-berapidity gap.In QCD, Pomerorexchangds describedy the exchangeof two interacting
gluonswith thevacuumquanturmumbers.

The effort to understandliffractionin QCD hasreceved a greatboostfrom studiesof diffractive
eventsin epcollisionsatHERA (seee.g.[3] for furtherreadingandreferences)The essentiatesultsof
thesestudiesarediscussedhn the presenpaperandcanbe summarizeasfollows:

— Marny aspectsof diffraction are well understoodn QCD when a hard scaleis present,which
allows oneto useperturbatre techniqguesaandthusto formulatethe dynamicsin termsof quarks
andgluons.By studyingwhathappensvhenthehardscaleis reducedowardsthenon-perturbatie
region, it mayalsobe possibleto shedlight on soft diffractive processes.

— Diffractionhasbecomeatool to investigatdow-momentunpartonsn the proton,notablythrough
the studyof diffractive partondensitiesn inclusive processeandof generalizegartondistribu-
tionsin exclusie ones.Diffractive partondensitiescanbeinterpretedasconditionalprobabilities
to nd apartonin theprotonwhenthe nal stateof theprocessontainsafastprotonof givenfour-
momentum.Generalizegartondistributions, throughtheir dependencen both longitudinaland
transersevariables provide a three-dimensionglictureof theprotonin high-enegy reactions.

— A fascinatindink hasemepgedbetweerdiffractionandthe physicsof heary-ion collisionsthrough
the conceptof saturationwhich offers a new windon on QCD dynamicsin the regime of high
partondensities.

Perhapainexpectedly the productionof the Higgs bosonin diffractive pp collisionsis draving more
and more attentionas a cleanchannelto studythe propertiesof a light Higgs bosonor even discover
it. Thisis anexampleof a new theoreticalchallenge:to adaptand apply the techniquedor the QCD
descriptionof diffractionin ep collisionsto the morecomplex caseof pp scatteringatthe LHC. A rst
glimpseof phenomen#o beexpectedhereis providedby the studiesof harddiffractionin pp collisions
atthe Tevatron.

1.1 A digressionon the nomenclature: why “diffraction” ?

Physicsstudentsrst encounteithe term “diffraction” in optics. Light of wavelength impinging on
a black disk of radiusRq produceson a distantscreena diffraction pattern,characterizedy a large
forward peakfor scatteringangle = 0 (the“diffraction peak”) anda seriesof symmetricminimaand
maxima,with the rst minimumat i =(2Rg) (Fig. 2). Theintensityl asa function of the
scatteringangle is givenby
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Fig. 3: Compilationof proton-protonelasticcrosssectiondataasa function of t. The symbolP indicatesthe
momentunof theincomingprotonin a x edtargetexperimemandIO s the centerof-massenengy in a pp collider
setup.

wherelJ; is the Besselfunction of the rst orderandx = kRgsin ' kRg withk = 2 = . The
diffractionpatternis thusrelatedto the sizeof thetargetandto thewavelengthof thelight beam.

As shawvn in Fig. 3, thedifferentialcrosssectiond =dt for elasticproton-protorscatteringpp !
pp, bearsaremarkableesemblancéo the diffraction patternjust describedseee.g.[4]). At low values
of jtj onehas

O
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wherejtj ' (P )?is theabsolutevalueof the squaredour-momentuntransfer P is theincidentproton
momentumand is the scatteringangle. Thet-slopeb canbe written asb = R?=4, whereonceagain
R is relatedto thetametsize(or morepreciselyto thetransersedistancenetweernrojectileandtaget).
A dip followed by a secondarynaximumhasalsobeenobsenred, with the valueof jtj at which thedip
appearsiecreasingvith increasingorotonmomentumit is hencenot surprisingthatthetermdiffraction
is usedfor elasticpp scattering. Similar t distributions have beenobsenred for the other diffractive
reactiongmentionedabore, leadingto the useof thetermdiffractionfor all suchprocesses.

1.2 Diffraction at HERA ?!

Signi cant progressn understandindiffractionhasbeermadeattheepcolliderHERA, where27.5GeV
electronsor positronscollide with 820 or 920 GeV protons. This may soundpeculiar: diffractionis a
typical hadronicprocesswhile ep scatteringat HERA is an electro-weakreaction,wherethe electron
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Fig. 4: Schematidiagramof inclusive diffractive DIS, ep! eXp. Fourmomentaareindicatedin parentheses.

radiatesa virtual photon(or aZ or W boson),which theninteractswith the proton! To understand
this, it is usefulto look atep scatteringn a framewherethevirtual photonmovesvery fast(for instance
in the protonrestframe,wherethe  hasa momentunmof up to about50 TeV at HERA). The virtual
photoncan uctuate into a quark-antiquarkpair. Becauseof its large Lorentz boost, this virtual pair
hasa lifetime muchlongerthanatypical stronginteractiontime. In otherwords,the photon uctuates
into a pair long beforethe collision, andit is the pair thatinteractswith the proton. This pairis a small
colordipole. Sincetheinteractionbetweerthe pair andthe protonis mediatedy the stronginteraction,
diffractive eventsarepossible.

An adwantageof studyingdiffractionin epcollisionsis that,for sufciently large photonvirtuality
Q?, thetypicaltransersedimension®f thedipole aresmallcomparedo the sizeof ahadron.Thenthe
interactionbetweerthe quarkandtheantiquark aswell astheinteractionof thepairwith theproton,can
betreatedperturbatiely. With decreasing)? the color dipole becomesarger, andatvery low Q2 these
interactionsbecomeso strongthata descriptionin termsof quarksandgluonsis nolongerjusti ed. We
maythenregardthephotonas uctuating into avectormeson-thisis thebasisof thewell-known vector
mesondominancanodel- andcanthereforeexpectto seediffractive reactionsvery similar to thosein
hadron-hadroscattering.

A differentphysicalpictureis obtainedn aframewheretheincidentprotonis very fast.Here the
diffractive reactioncanbe seenasthe deepinelasticscattering(DIS) of a virtual photonon the proton
talget, with a very fastprotonin the nal state.Onecanthusexpectto probepartonsin the protonin a
veryspeci c way. For suitablediffractive processetherearein factdifferenttypesof QCD factorization
theoremswhich bearout this expectation(seeSects2 and3).

2 Inclusive diffracti ve scatteringin ep collisions
Figure4 shavs a schematidiagramof inclusive diffractive DIS. Thefollowing featuresareimportant:

— Theprotonemegesfrom theinteractioncarryinga large fractionx of theincomingprotonmo-
mentum.Diffractive eventsthusappealasa peakatx, 1, thediffractive peak,whichatHERA
approximatelycoverstheregion 0:98 < x|, < 1 (seetheleft panelof Fig. 5). Theright panelof
Fig. 5 shaws thatlarge valuesof jtj areexponentiallysuppressedsimilarly to the caseof elastic
pp scatteringwve discussedn Sect.1.1. Theseprotonsremainin the beam-pipeandcanonly be
measuredvith detectordocatedinsidethe beam-pipe.

— The collision of the virtual photonwith the proton producesa hadronic nal stateX with the

photonquantumnumbersandinvariantmassM x . A large gapin rapidity (or pseudorapidity)s
presenbetweenX andthe nal-state proton.Figure6 shavs atypical diffractive eventat HERA.

For simplicity we will speakof a virtual photonin the following, keepingin mind thatone canhave a weakgaugeboson
instead.
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Fig. 5: Left: Differentialcrosssectiond =dx_ for theprocessep! eXp (from [5]). The diffractive peakat
x.  lisclearlyvisible. Right: Differentialcrosssectiond =dt for the sameprocesdor x. > 0:99 (from [6]).
Theaveragdtj of thisspectrumis hitji ~ 0:15Ge\~2.

Diffractive ep scatteringhuscombinedeaturesof hardandsoft scattering.Theelectronrecevesalarge
momenturrtransfer;in factQ? canbein the hundred®of GeV2. In contrastthe protonemegeswith its
momentumbarelychanged.

2.1 Diffracti ve structur e functions

Thekinematicsof p! X p canbedescribedy theinvariantsQ? = ¢?andt= (P P92, andby
thescalingvariablesxp and givenby

(P PYqg_ Q+MZ t _ Q* Q|
P q W2+ Q2 Mg’ 2P P9 g Q2+MZ t’
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whereW? = (P + )2 andthe four-momentaarede ned in Fig. 4. The variablexp is the fractional
momentumossof theincidentproton,relatedasxp ' 1 X tothevariablex, introducedabore. The
quantity hastheform of a Bjorkenvariablede ned with respecto themomentunP P %lost by the
initial protoninsteadof theinitial protonmomentun® . TheusualBjorkenvariablexg = Q?=(2P q)
isrelatedto andxp as Xp = Xg.

The crosssectionfor ep ! eXp in the one-photorexchangeapproximationcan be written in

termsof diffractive structura‘unctionstD @) andFLD @) as
d % =X 4 &m y?> D@ Y2 _p@)
= 1 + — F - 02 ‘1 ZF - 02- 1) - 4
d dQ2dxp dt Q4 y* 5 M ( ;Q%Xp;t) > FL (;Q%xp;t) 5 (4)

in analogywith thewayd € €X =(dxg dQ?) isrelatedto thestructurdunctionsF, andF, for inclusive

DIS,ep! eX.Herey = (P g=P k) isthefractionof enegy lostby theincidentleptonin theproton

restframe. The structurefunction FI_D @) correspondso longitudinalpolarizationof thevirtual photon;
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Fig. 6: A DIS eventwith a large rapidity gap (LRG) obsened with the ZEUS detectorat HERA. The scattered
protonescapemto thebeam-pipeThesymbol  denoteghedifferencen pseudorapiditypetweerthescattered
proton and the most forward particle of the obsened hadronicsystemX . Pseudorapiditys de ned as =
Intan( =2) in termsof the polar angle measuredvith respectto the incoming proton direction, which is
de ned as“forward”.
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Fig. 7: Partonmodeldiagramdor deepinelasticdiffractive (a) andinclusive (b) scattering.The variable is the
momenturrfractionof the struckquarkwith respecto P~ P9 andxg its momenturnrfractionwith respecto P.

its contrikution to the crosssectionis smallin a wide rangeof the experimentallyaccessibl&inematic
region(in particularatiow y). Thestructurd‘unctioanD(3) is obtainedrom F2D(4) by integratingovert:
z
3
F2P0Q%xe) = dtF Q% xp;0): (5)

In apartonmodelpicture,inclusive diffraction p! X p proceeddy thevirtual photonscatter
ing onaquark,in analogyto inclusive scatteringseeFig. 7). In this picture, isthemomentunfraction
of the struckquarkwith respecto the exchangednomentumP P © (indeedthe allowed kinematical
rangeof is betweerD andl). Thediffractive structurefunctiondescribeghe protonstructurein these
speci ¢ processesvith a fastprotonin the nal state.F? may alsobe viewed asdescribingthe struc-
ture of whatever is exchangedn thet-channelin diffraction,i.e. of the Pomeron(if multiple Pomeron
exchangecanbengylected).It is howeverimportantto bearin mind thatthe Pomeronn QCD cannotbe
interpretedasa particleon which thevirtual photonscattersaswe will seein Sect.2.5.

Figures8 and9 shaw recentH1 data[7] on F2D(3) at x edx;p asafunctionof for differentQ?

bins,andasa functionof Q2 for differentbinsof .2 Thedatahave two remarkabldeatures:

2To be precise,the H1 dataare for the so-calledreduceddiffractive crosssection,which equaIstD @) if FP canbe

neglected.
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Fig. 8: Left: the diffractive structurefunction of the protonasa functionof (from [7]). Right: the structure
function of the protonasa functionof xg (from [8]). Thetwo highlightedbins shav the differentshapesof F?
andF; in correspondingangesof andxg atequalQ?.
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— FP islargely at in themeasured range.Keepingin mind theanalogybetween in diffractive
DIS andxg in inclusive DIS, this is very differentfrom the behaior of the “usual” structure
functionF»,, which stronglydecreasefor xg & 0:2 (seeFig. 8).

— The dependencen Q2 is logarithmic,i.e. one obseres approximateBjorken scaling. This in-
dicatesthe applicability of the partonmodel pictureto inclusve p diffraction. The structure
function F increasesvith Q2 for all  valuesexceptthe highest. This is reminiscentof the
scalingviolationsof F», exceptthatF, riseswith Q2 only for xg . 0:2 andthatthescalingvio-
lationsbecomenegative at higherxg (seeFig. 9). In the proton,negative scalingviolationsre ect
the presencef thevalencequarksradiatinggluons,while positive scalingviolationsaredueto the
increaseof the seaquarkandgluondensitiesasthe protonis probedwith higherresolution. The
FP datathussuggesthatthepartongesohedin diffractive eventsarepredominantlygluons.This
is not too surprisingif onebearsin mind thatthesepartonscarry only a small part of the proton
momentum:the struckquarkin thediagramof Fig. 7ahasa momentunfraction xjp = xg with
respecto theincidentproton,andx;p . 0:02-0:03in diffractive events.

2.2 Diffracti ve parton distrib utions

Theconclusionjust reachedcanbe madequantitatve by usingthe QCD factorizatiortheorentor inclu-
sive diffraction, p! Xp, whichformalizesthe partonmodelpicturewe have alreadyinvokedin our
discussionAccordingto this theoremthediffractive structurefunction,in thelimit of large Q2 at x ed
, Xjp andt, canbewrittenas[10-12]
X Z1
F2 9 Q% xpit) = %Ci ~ P (@xeitQY); (6)
|

wherethe sumis over partonsof typei. The coefcient functionsC; describethe scatteringof the
virtual photonon the partonandareexactly the sameasin inclusive DIS. In analogyto the usualparton
distribution functions(PDFs),the diffractive PDFsf P (z; xp ; t; Q%) canbe de ned asoperatomatrix
elementsin a proton state,and their dependencen the scaleQ? is given by the DGLAP evolution
equationsln partonmodellanguagethey canbeinterpretedasconditionalprobabilitiesto nd aparton
i with fractionalmomentunex in aproton,probedwith resolutionQ? in a processwith afastproton
in the nal state(whosemomentumis speci edby xp andt).

During theworkshop several ts of theavailableF? datawerediscusseavhich arebasednthe
factorizatiorformula(6) atnext-to-leadingorder(NLO) in  ¢[13,14]. Figurel0compareshediffractive
PDFsfromanearlierH1 t [7] tothosefromthe t of theZEUSdata[15] by SchillingandNewman[13].
As expectedthe densityof gluonsis larger thanthat of quarks,by abouta factor5-10. Discrepancies
betweerthetwo setsareevident,andit remainsto beclari ed to which extentthey re ect differencesn
the tted data.Martin, RyskinandWatt[16] have aguedthattheleading-twisttormula(6) is inadequate
in large partsof the measuredkinematics,andperformeda t to a modi ed expressionwhich includes
anestimateof power-suppressedffects. The discrepanciebetweenrnthe variousdiffractive PDFs,while
not fully understoodiay be taken asanestimateof the uncertaintieon thesefunctionsat this pointin
time. A preciseandconsistenteterminatiorof the diffractive PDFsandtheir uncertaintiess oneof the
maintasksthe HERA communityhasto facein the nearfuture. They area crucialinput for predicting
crosssectionof inclusive diffractive processeatthe LHC.

2.3 Diffracti ve hard-scattering factorization

Like usualpartondensities diffractive PDFsare process-independefunctions. They appeamot only
in inclusive diffraction but alsoin otherprocessesvherediffractive hard-scatteringactorizationholds.
In analogywith Eq. (6), the crosssectionof sucha processcanbe evaluatedasthe convolution of the
relevant parton-lerel crosssectionwith the diffractive PDFs. For instance the crosssectionfor charm
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subprocess.



productionin diffractive DIS canbe calculatedat leadingorderin ¢ fromthe g! cc crosssection
andthediffractive gluondistribution. An analogoustatemenholdsfor jet productionin diffractive DIS.
Both processebave beenanalyzedat next-to-leadingorderin .

As an example,Fig. 11 shavs a comparisorbetweenthe measuredarosssectionsor diffractive
dijet productionandthe expectationsbasedon diffractive PDFsextractedfrom a t to FQ. Thesedata
lend supportto the validity of hard-scatterindactorizationin diffractive  p interactions. For further
discussionwe referthereaderto [18].

2.4 Limits of diffracti ve hard-scattering factorization: hadron-hadron collisions

A naturalquestionto askis whetheronecanusethediffractve PDFsextractedatHERA to describéhard
diffractive processesuchasthe productionof jets, heary quarksor weakgaugebosonsn pp collisions
atthe Tevatron.Figure12 shavs resultson diffractive dijet productionfrom the CDF collaboration19]
comparedo the expectationdbasedn thediffractive PDFs[6, 7] from HERA. Thediscrepang is spec-
tacular:thefractionof diffractive dijet eventsat CDFis afactor3 to 10 smallethanwould beexpectedon
thebasisof the HERA data. Thesametypeof discrepang is consistentlyobseredin all harddiffractive
processen pp events,seee.g.[20]. In generalwhile atHERA harddiffractioncontritutesafractionof
order10%to thetotal crosssection,it contritutesonly about1% atthe Tevatron.
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Fig. 12: CDF resultsfor the crosssectionof diffractive dijet productionwith aleadingantiprotonin pp collisions
(expressedn termsof a structurefunction FP;), comparedwith the predictionsobtainedfrom the diffractive
PDFs[6] and[7] extractedat HERA (from [21]). Seealsotheanalogougplot in theoriginal CDF publication[19].

In fact,diffractive hard-scatterinfactorizatiordoesnotapplyto hadron-hadronollisions[11,12].
Attemptsto establisttorrespondindgactorizatiortheoremdail becausef interactiondetweerspectator
partonsof the colliding hadrons. The contrikution of theseinteractionsto the crosssectiondoesnot
decreasawith the hard scale. Sincethey are not associatedvith the hard-scatteringubprocesgsee
Fig. 13), we no longerhave factorizationinto a parton-le&el crosssectionand the partondensitiesof
oneof the colliding hadrons. Theseinteractionsare generallysoft, andwe have at presentto rely on
phenomenologicahodelsto quantifytheir effects[22].
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Fig. 13: Examplegraphfor diffractive dijet productionwith aleadingantiprotonin a pp collision. Theinteraction
indicatedby thelarge vertical blob breaksharddiffractive factorization.It reduceghediffractive crosssection,as
explainedin thetext.

Theyield of diffractive eventsin hadron-hadromollisionsis loweredpreciselybecausaf these
soft interactionsbetweenspectatompartons(often referredto as “reinteractions”or “multiple scatter
ings”). They canproduceadditional nal-state particleswhich Il thewould-berapidity gap(hencethe
often-usederm“rapidity gapsurvial”). Whensuchadditionalparticlesareproducedaveryfastproton
cannolongerappeain the nal statebecausef enegy conseration. Diffractive factorizatiorbreaking
is thusintimatelyrelatedto multiple scatteringn hadron-hadrogollisions;understandingnddescribing
this phenomenois a challengen the high-enegy regimethatwill bereachedatthe LHC [23].

In ppor pp reactionsthecollisionpartnersaarebothcompositesystem®f largetrans\ersesize,and
it is nottoo surprisingthatmultiple interactiondetweertheir constituentganbe substantialln contrast,
thevirtual photonin  p collisionshassmalltrans\ersesize,which disfavors multiple interactionsand
enabledliffractive factorizatiorto hold. Accordingto our discussiorin Sect.1.2,we mayexpectthatfor
decreasingirtuality Q? the photonbehaes moreandmorelike a hadron,anddiffractive factorization
may againbe broken. This aspecbf diffractive processem photoproductiorat HERA wasintensiely
discussedluringtheworkshop,and ndings arereportedn [18].

2.5 Space-timestructure: the Pomeron is not a particle

It is temptingto interpretdiffractive  p processessthe scatteringof a virtual photonon a Pomeron
which hasbeenradiatedoff theinitial proton. Diffractive DIS would thenprobethe distribution of par
tonsin a“Pomerontamget”. Thisis indeedthe pictureproposedy IngelmanandSchleinlong ago[24].

This pictureis however not supportedby ananalysisin QCD (seee.g.[25]). There,high-enegy
scatterings dominatedby the exchangeof two gluons,whoseinteractionis (in an appropriategauge)
describedby ladderdiagramsasshavn in Fig. 14. By analyzingthesediagramsin time-orderedoer
turbationtheory one canobtainthe dominantspace-timeorderingin the high-enegy limit. Theresult
dependon the referencerame, asillustratedin the gure. In the Breit frame,which is naturalfor a
parton-modeinterpretationthe photondoesnot scatteroff a partonin a pre-&isting two-gluonsystem;
in fact someof the interactionsin the gluonladderbuilding up the Pomeronexchangetake placelong
afterthe virtual photonhasbeenabsorbed.The picturein the Breit frameis however compatiblewith
theinterpretatiorof diffractive partondensitiegivenin Sect.2.2,namelythe probabilityto nd aparton
underthe conditionthatsubsequennteractionswill produceafastprotonin the nal state.

We notethatthe Ingelman-Schleimpicturesuggestshatthe diffractive structurefunctiontakesa
factorizedform F @ = fp(xp:t) FP( ;Q?), wheref p is the“Pomeronux” describingthe emis-
sion of the Pomeronfrom the protonandits subsequenpropagationandwhereF F is the “structure
function of the Pomeron”. Phenomenologicallysucha factorizingansatzworks not too badly andis
oftenused but recenthigh-precisiordatahave shavn its breakdavn atsmallx p [15].
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Fig. 14: Dominanttime orderingfor diffractive dissociationof a virtual photonin (a) the Breit frame, (b) the
photon-protorcenterof-mass,(c) the protonrestframe. The physicalpicturein (a) correspondso the parton-
model descriptionof diffraction, andthe onein (b) and (c) to the picture of the photonsplitting into a quark-
antiquarkdipole which subsequentlynteractswith the proton.

3 Exclusive diffracti ve processes

Let usnow discusdiffractive processesvherea realor virtual photondissociategnto a singlepatrticle.
Sincediffraction involves the exchangeof vacuumqguantumnumbersthis particlecanin particularbe
a vectormeson(which hasthe sameJ P¢ quantumnumbersasthe photon)— in this casethe process
is sometimeseferredto as“elastic” vectormesonproduction.Anotherimportantcaseis deeplyvirtual
Comptonscattering DVCS), p! p.® A strikingfeatureof thedatatakenat HERA (Figs.15and16)
is thattheenegy dependencef theseprocessebecomesteefin thepresencef ahardscalewhichcan
be eitherthe photonvirtuality Q2 or the massof themesonin thecaseof J= or  production.Thisis
similarto theenegy dependencef the p totalcrosssection(relatedoy theopticaltheorento forward
Comptonscattering, p'! p), which changegrom at to steepvhengoingfrom realphotonsto Q?
of afew Ge\?.

To understandhis similarity, let usrecallthatin perturbatie QCD diffraction proceedsy two-
gluon exchange. The transitionfrom a virtual photonto a real photonor to a quark-antiquarkpair
subsequentlynadronizingnto a mesonis a short-distanc@rocessnvolving thesegluons,provided that
eitherQ? or thequarkmassis large. In fact,in anapproximatiordiscussedelow, the crosssectiongor
DVCSandvectormesorproductionareproportionako thesquareof thegluondistribution in the proton,
evaluatedat a scaleof orderQ? + M2 andat a momentunfractionxp = (Q? + M3Z)=(W?2 + Q?),
wherethe vectormesonmassMy now takestherole of M x in inclusive diffraction[28]. In analogy
to thecaseof thetotal p crosssectiontheenegy dependencef thecrosssectionsshawvn in Figs.15
and 16 thusre ects the x andscaledependencef the gluon densityin the proton,which grows with
decreasing with a slopebecomingsteeperasthe scaleincreases.

Thereis however animportantdifferencein how the gluondistribution entersthe descriptionsof
inclusive DIS andof excluswve diffractive processesThe inclusive DIS crosssectionis relatedvia the
opticaltheoremto the imaginarypart of the forward virtual Comptonamplitude,so thatthe graphsin
Fig. 17 representhecrosssectionof theinclusive processHence thegluondistributionin Fig. 17agives
the probabilityto nd onegluonin the proton(with any numberof unobsered spectatopartonsgoing
into the nal state). In contrastthe correspondingraphsfor DVCS and exclusive mesonproduction
in Fig. 18 representhe amplitudesof exclusive processeswhich are proportionalto the probability
amplitudefor rst extractinga gluonfrom theinitial protonandthenreturningit to form the protonin
the nal state.In the approximationdiscussedelow, this probability amplitudeis given by the gluon
distribution. The crosssectionsof DVCS andexclusive mesonproductionarethenproportionalto the
squae of thegluondistribution.

A detailedtheoreticalanalysisof DVCS and exclusive mesonproductionat large Q2 shaws that
short-distancdactorizationholds, in analogyto the caseof inclusve DIS. QCD factorizationtheo-
rems[29] statethatin the limit of large Q2 (at x ed Bjorken variablexg and x edt) the Compton

3We do notdiscusgrocessewith diffractive dissociatiorof theprotonin this paper but wish to mentioninterestingstudies
of vectormesonor real photonproductionat largejtj, wherethe protonpredominantlydissociatesseee.q.[26].
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Fig. 15: Compilationof resultson the crosssectionfor vectormesonphotoproduction, p! Vp,withV = |1,
,J=, O ,asafunctionW. Thetotal p crosssection  isalsoshavn.

amplitudefactorizesnto ahard-scatteringubprocesandahadroniomatrixelementescribingheemis-
sionandreabsorptiomf a partonby the protontamget(seeFig. 18a).As shawvn in Fig. 18b,theanalogous
resultfor exclusive mesonproductioninvolvesin additionthe quark-antiquarklistribution amplitudeof
the meson(oftentermedthe mesonwave function)andthusa furtherpieceof non-perturbate input.

The hadronicmatrix elementsappearingn the factorizationformulae for exclusive processes
would be the usual PDFsif the proton hadthe samemomentumin the initial and nal state. Since
this is not the case they are more generalfunctionstaking into accountthe momentumdifferencebe-
tweenthe initial and nal stateproton (or, equivalently betweenthe emittedand reabsorbegbarton).
These“generalizedpartondistributions” (GPDs)dependon two independentongitudinalmomentum
fractionsinsteadof a singleone(compareFigs. 17aand18a),on the transersemomentumtransferred
to theproton(whosesquards t to agoodapproximatiorat high enegy), andonthescaleatwhichthe
partonsare probed. The scaledependencef the GPDsis governedby a generalizatiorof the DGLAP
equations. The dependencen the differenceof the longitudinal momenta(often called “skewness”)
containsinformation on correlationsbetweenpartonmomentain the protonwave function. It canbe
neglectedin the approximationof leadinglogx (thenthe GPDsatt = 0 reduceto the usualPDFsas
anticipatedabove), but it is numericallyimportantin typical HERA kinematics. The dependencen
t allows for a very intuitive interpretationif a Fouriertransformatioris performedwith respecto the
transersemomentumtransfer We thenobtaindistributions dependingon the impactparameteof the
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partonswhich describehetwo-dimensionatlistribution of thestruckpartonin thetranserseplane,and
onits longitudinalmomentunfractionin theproton. Thet dependencef exclusive diffractive processes
thusprovidesuniqueinformationbeyondthe longitudinalmomentumspectraencodedn the usualpar
ton densities.The studyof the generalizedartondistributionsis a prime reasorto measurddVCS and
exclusive mesonproductionin ep scattering. Detaileddiscussionsandreferencexanbe foundin the
recentreviews[30,31].

An obsenrableillustrating the short-distancéactorizationin mesonproductionat high Q2 is the
ratioof the and productioncrosssectionsshavn in Fig. 19. At large Q2 the processs describedn
termsof a light quarkcouplingto the photonandof the generalizedyluondistribution. Using approxi-
mate a vor SU(3) symmetrybetweerthe and wave functions,the only differencebetweernthe two
channelss thendueto differentquarkchage andisospinfactors which resultin a crosssectionratio of
2=9.

3.1 High-energy factorization and the dipole picture

Sofarwe have discussedhe descriptionof hardexclusive diffractionwithin short-distancegr collinear
factorization.A differenttype of factorizationis high-enegy, or k; factorizationwhichis basedon the
BFKL formalism.Herethe usualor generalizedyluondistribution appearingn thefactorizationformu-
lae dependsxplicitly onthe transersemomenturk; of the emittedgluon. In collinearfactorization,
this k; is integratedover in the partondistributionsandsetto zerowhencalculatingthe hard-scattering
procesqthe partonsarethusapproximatechs“collinear” with their parenthadron). Likewise, the me-
sonwave functionsappearingn k; factorizationexplicitly dependn therelatve transersemomentum
betweenthe quarkand antiquarkin the meson,whereashis is integratedover in the quark-antiquark
distribution amplitudes(cf. Sect.3) of the collinearfactorizationformalism. Only gluon distributions
appeaiin k; factorization,whereascollinearfactorizationformulaeinvolve both quarkand gluon dis-
tributions (seee.g. Sects.8.1 and 8.2 in [30] for a discussionof this difference). We note that other
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Fig. 17: Factorizationof forward Comptonscattﬁring,which is relatedto the total inclusive structurefunction
via the opticaltheoremm A( p'! p) = % «JAC p! X)j2/ ( p! X). The nal stateof the

inclusive processs obtainedby cuttingthediagramsalongtheverticalline. Theblobsrepresenthegluonor quark
distributionin the proton. Graph(b) is absenin thek; factorizationformalism(seeSect.3.1): its role is taken by
graph(a)in the“alignedjet con guration”, wherethe quarkline joining thetwo photonscarriesalmostthe entire
photonmomentum.
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Fig. 18: (a) Factorizatiorof deeplyvirtual Comptonscattering, p! p, whichcanbemeasureéh theexclusive
procesep! ep . Theblobrepresentshe generalizedyluondistribution, with x andx° denotingthe momentum
fractionsof the gluons. (b) Factorizationof exclusive mesonproduction. The small blob representshe vector

mesonwave function. In the collinearfactorizationformalism, thereare further graphs(not shawvn) involving
quarkinsteadof gluonexchange.

o3f T T T

S¢/s,
[ ]
- |
=
<
I
=

ST
s é

L I TR T T RN ST
0 5 10 15

Q* (GeV)
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factorizationschemesave beendeveloped which combinefeaturesof thecollinearandk; factorization
formalisms.

Thetwo differenttypesof factorizationmplementdifferentwaysof separatinglifferentpartsof
thedynamicsan ascatteringorocessThebuilding blocksin ashort-distancéactorizatiorformulacorre-
spondto eithersmallor large particlevirtuality (or equivalentlyto smallor largetransersemomentum),
whereaghe separatiorcriterion in high-enegy factorizationis the particlerapidity Collinearandk;
factorizatiorarebasedn takingdifferentlimits: in theformercasethelimit of large Q2 at x edxg and
in the latter casethe limit of smallxg at x ed Q? (which musthowever be large enoughto justify the
useof QCD perturbatiortheory). In the commonlimit of large Q2 andsmallxg thetwo schemegjive
coincidingresults.Insteadof large Q2 onecanalsotake alarge quarkmassin thelimits justdiscussed.

A farreachingepresentationf high-enegy dynamicscanbeobtainedoy castingtheresultsof k;
factorizationinto a particularform. The differentbuilding blocksin the graphsfor Comptonscattering
andmesonproductionin Figs.17aand18 canberearrangedsshavn in Fig. 20. The resultadmitsa
very intuitive interpretationin areferencdramewherethe photoncarrieslarge momentunm(this maybe
the protonrestframebut alsoa framewherethe protonmovesfast,seeFig. 14): theinitial photonsplits
into aquark-antiquarkpair, which scatteroontheprotonand nally formsaphotonor mesormagain.This
is the picturewe have alreadyappealedo in Sect.1.2.

In addition,onecanperforma Fouriertransformatiorandtradetherelative transwersemomentum
betweerguarkandantiquarkfor their transersedistancer, which is conseredin the scatteringon the
talget. The guark-antiquarlpair actsasa color dipole, andits scatteringon the protonis describedy
a“dipole crosssection” g dependingonr andon xp (or on xg in the caseof inclusve DIS). The
wave functionsof the photonandthe mesondependon r after Fourier transformationandat small r
the photonwave function is perturbatiely calculable. Typical valuesof r in a scatteringprocessare
determinedy theinverseof thehardmomentunscalej.e.r  (Q?+ M&) 12 An importantresultof
high-enegy factorizationis therelation

qa(r;X) 1 r?xg(x) (7)

atsmallr, wherewe have replacedhegeneralizedjluondistribution by theusualonein the spirit of the
leadinglog x approximation A morepreciseversionof therelation(7) involvesthek; dependentjluon
distribution. The dipole crosssectionvanishesatr = 0 in accordancevith the phenomenorf “color
transparenc: ahadronbecomesnoreandmoretransparentor a color dipole of decreasingize.

The scopeof the dipole pictureis wider thanwe have presentedgofar. It is temptingto applyit
outsidethe region whereit canbe derived in perturbatiortheory by modelingthe dipole crosssection
andthe photonwave functionat large distancer. This hasbeenvery beenfruitful in phenomenologyas
wewill seein thenext section.

Thedipolepictureis well suitedto understandhet dependencef exclusive processegarameter
izedasd =dt/ exp( btj) atsmallt. Figure21 shavsthatb decreasewith increasingscaleQ? + M\%
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Fig. 21: Thelogarithmicslopeof thet dependencatt = 0 for differentmesonproductionchannelsaswell as
for non-resonandipion production.

andat high scaleshecomesndependenbf the producedmeson.A Fouriertransformfrom momentum
to impactparametespacereadily shavs thatb is relatedto the typical transersedistancebetweerthe
colliding objects asanticipatedy theanalogywith opticaldiffractionin Sect.1.1. At high scale theqq
dipoleis almostpointlike, andthet dependencef the crosssectionis controlledby thet dependence
of thegeneralizedyluondistribution, or in physicalterms,by thetranserseextensionof the proton. As
the scaledecreaseshe dipole acquiresa size of its own, andin the caseof or photoproduction,
the valuesof bre ect thefactthatthe two colliding objectsareof typical hadronicdimensionssimilar
valueswould be obtainedn elasticmeson-protorscattering.

3.2 Exclusive diffraction in hadron-hadron collisions

The conceptsne have introducedto describeexclusive diffraction canbe taken over to pp or pp scat-
tering, althoughfurther complicationsappeatin theseprocessesA mostnotablereactionis exclusive
productionof a Higgs boson,pp ! pHp, sketchedin Fig. 22. The generalizedyluon distribution is
a centralinput in this description. The physicsinterest,theory description,and prospect¢o measure
this processat the LHC have beendiscussedn detail at this workshop[33,34]. A major challengen
the descriptionof this procesds to accountfor secondarynteractionsbetweerspectatopartonsof the
two projectiles,which canproduceextra particlesin the nal stateandhencedestry the rapidity gaps
betweerthe Higgsand nal-state protons— thevery samemechanisnwe discussedn Sect.2.4.

4 Parton saturation

We have seenthatdiffractioninvolvesscatteringon smallx gluonsin the proton.Consideithedensityin
thetranswerseplaneof gluonswith longitudinalmomentunfractionx thatareresolhedin aprocesswith
hardscaleQ?. Onecanthink of 1=Q asthe “trans\ersesize” of thesegluonsasseenby the probe. The
numberdensityof gluonsat given x increasesvith increasingQ?, asdescribedoy DGLAP evolution
(seeFig. 23). Accordingto the BFKL evolution equatiorit alsoincreasesit givenQ? whenx becomes
smaller so that the gluonsbecomemore and more denselypacled. At somepoint, they will startto
overlapandthusreinteractandscreereachother Onethenentersaregimewherethe densityof partons
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Fig. 22: Graphfor the exclusive productionof a Higgs bosonin pp scattering. The horizontalblobs indicate
generalizedjluondistributions,andtheverticalblob representsecondarynteractiondetweerthe projectiles(cf.
Fig. 13).

saturatesndwherethelinear DGLAP andBFKL evolution equationseaseo bevalid. If Q2 is large
enoughto have a small coupling s, we have a theory of this non-linearregime called “color glass
condensate”seee.g.[35]. To quantifythe onsetof non-lineareffects,oneintroducesa saturatiorscale
Q2 dependingn x, suchthatfor Q2 < Q3(x) theseeffectsbecomeamportant.For smallervaluesof x,
the partondensityin thetametprotonis higher andsaturatiorsetsin atlargervaluesof Q2 asillustrated
in Fig. 23.
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Fig. 23: Schematioziew of the densityof gluonsin the trans\erseplane,asafunction of the momentunfraction
x andtheresolutionscaleQ?. Abovetheline givenby Q2(x), saturatioreffectssetin.

Thedipolepictureweintroducedn Sect.3.1is well suitedfor thetheoreticadescriptionof satu-
ration effects. Whensucheffectsareimportant,therelation(7) betweerdipole crosssectionandgluon
distribution ceaseso bevalid; in factthe gluondistribution itself is thenno longeran adequatguantity
to describethe dynamicsof a scatteringprocessln a certainapproximationthe evolution of the dipole
crosssectionwith x is describedy theBalitsky-Kovchegov equatior36], whichsupplementtheBFKL
equatiorwith anon-lineartermtamingthe growth of thedipole crosssectionwith decreasing.

Essentialfeaturesof the saturationphenomenorare capturedin a phenomenologicainodelfor
the dipole crosssection,originally proposedby Golec-Biernatand Wisthof, see[37,38]. Figure24
shavs ¢q asafunctionof r atgivenx in this model. The dipole sizer now playstherole of 1=Q in
our discussiorabove. At smallr the crosssectionrisesfollowing therelation q(r;x) / r2xg(x). At
somevalueRs(x) of r, thedipole crosssectionis solarge thatthis relationceasego bevalid, and ¢q



startsto deviate from the quadraticbehaior in r. Asr continuesto increase, oq eventuallysaturates
at a value typical of a meson-protorcrosssection. In termsof the saturationscaleintroducedabore,
Rs(x) = 1=Qs(x). For smallervaluesof x, theinitial growth of g with r is strongeibecausé¢hegluon
distributionis larger. Thetargetis thusmoreopaqueandasa consequencsaturatiorsetsin atlowerr.

A striking featurefound both in this phenomenologicainodel [39] andin the solutionsof the
Balitsky-Kovchegov equation(seee.g.[40]) is thatthetotal p crosssectiononly dependn Q2 and
xg throughasinglevariable = Q2=Q2%(xg). This property referredto asgeometricscaling,is well
satis edby thedataatsmallxg (seeFig. 25)andis animportantpieceof evidencethatsaturatioreffects
arevisible in thesedata. Phenomenologicastimatesnd Q2 of theorderl GeV? for xg around10 3
to 10 4.

Thedipoleformulationis suitableto describenot only exclusive processeandinclusive DIS, but
alsoinclusive diffraction p ! Xp. For adiffractive nal stateX = qg at partonlevel, the theory
descriptionis very similar to the one for deeplyvirtual Comptonscattering,with the wave function
for the nal statephotonreplacedby planewavesfor the producedqq pair. The inclusionof the case
X = qgg requiresfurtherapproximation$37] but is phenomenologicalljndispensabléor moderateo
small . Experimentallyoneobseresa very similarenegy dependencef theinclusive diffractive and
thetotalcrosssectionin  p collisionsatgivenQ? (seeFig. 26). Thesaturatiormechanisnimplemented
in the Golec-BiernatWiisthof model provides a simple explanationof this nding. To explain this
aspectof the datais non-trivial. For instance,in the descriptionbasedon collinear factorization,the
enegy dependencef theinclusive anddiffractive crosssectionss controlledby the x dependencef
theordinaryandthediffractive partondensities.This x dependences not predictedby thetheory

The descriptionof saturationeffectsin pp, pA andAA collisionsrequiresthe full theoryof the
colorglasscondensatayhich containsconceptgoingbeyondthedipoleformulationdiscussedhereand
is e.g.presentedn [35]. We remarkhowever that estimatesof the saturationscaleQ?2(x) from HERA
datacanbe usedto describeeaturesof therecentdatafrom RHIC [41].

5 A short summary

Many aspectsof diffraction in ep collisions can be successfullydescribedn QCD if a hardscaleis
present.A key to this successrefactorizationtheoremswhich renderpartsof the dynamicsaccessi-
ble to calculationin perturbatiortheory Theremainingnon-perturbatie quantities hamelydiffractive
PDFsand generalizedbartondistributions, can be extractedfrom measurementand containspeci ¢
informationaboutsmallx partonsin the protonthat canonly be obtainedin diffractive processesTo
describeharddiffractive hadron-hadrormollisionsis more challengingsincefactorizationis broken by
rescatteringpetweenspectatompartons. Theserescatteringeffectsare of interestin their own right be-
causeof theirintimaterelationwith multiple scatteringeffects,whichatLHC enegiesareexpectedo be
crucialfor understandinghe structureof eventsin hardcollisions. A combinationof dataon inclusive
anddiffractive ep scatteringhints at the onsetof partonsaturationat HERA, andthe phenomenology
developedthereis a helpful steptowardsunderstandingigh-densityeffectsin hadron-hadrogollisions.
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