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Abstract
Diffractive reactionsinvolving a hard scalecan be understoodin termsof
quarksandgluons. Thesereactionshave becomea valuabletool for inves-
tigatingthelow-x structureof theprotonandthebehavior of QCDin thehigh-
densityregime, andthey may provide a cleanenvironmentto studyor even
discover theHiggsbosonat theLHC. In this paperwe give a brief introduc-
tion to thedescriptionof diffractionin QCD.Wefocusonkey featuresstudied
in ep collisionsat HERA andoutlinechallengesfor understandingdiffractive
interactionsat theLHC.

1 Intr oduction

In hadron-hadronscatteringasubstantialfractionof thetotalcrosssectionis dueto diffractive reactions.
Figure1 shows thedifferenttypesof diffractive processesin thecollisionof two hadrons:in elasticscat-
teringbothprojectilesemerge intact in the �nal state,whereassingleor doublediffractive dissociation
correspondsto oneor bothof thembeingscatteredinto a low-massstate;thelatterhasthesamequantum
numbersastheinitial hadronandmaybea resonanceor continuumstate.In all cases,theenergy of the
outgoinghadronsa;b or thestatesX , Y is approximatelyequalto thatof theincomingbeamparticles,
to within a few percent.Thetwo (groupsof) �nal-stateparticlesarewell separatedin phasespaceand
in particularhave a largegapin rapiditybetweenthem.

Fig. 1: Elasticscattering,singlediffractivedissociationanddoublediffractivedissociationin thecollision of two
hadronsa andb. Thetwo (groupsof) �nal-statehadronsareseparatedby a largerapidity gap(LRG). Thezigzag
linesdenotetheexchangeof a Pomeron(IP) in thet-channel.Therearefurthergraphs,not shown, with multiple
Pomeronexchange.

Diffractive hadron-hadronscatteringcanbedescribedwithin Reggetheory(seee.g.[1]). In this
framework, the exchangeof particlesin the t-channelis summedcoherentlyto give the exchangeof
so-called“Reggetrajectories”.Diffraction is characterizedby theexchangeof a speci�c trajectory, the
“Pomeron”,which hasthe quantumnumbersof the vacuum. Reggetheoryhasspawneda successful
phenomenologyof soft hadron-hadronscatteringat high energies. Developedin the1960s,it predates
the theoryof the stronginteractions,QCD, and is basedon generalconceptssuchasdispersionrela-
tions.Subsequentlyit wasfoundthatQCDperturbationtheoryin thehigh-energy limit canbeorganized
following thegeneralconceptsof Reggetheory; this framework is often referredto asBFKL after the
authorsof theseminalpapers[2].
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Fig. 2: Distributionof theintensityI in thediffractionof light of wavelength� from a circulartargetof sizeR0.

It is clearthata t-channelexchangeleadingto alargerapiditygapin the�nal statemustcarryzero
netcolor: if colorwereexchanged,thecolor �eld would leadto theproductionof furtherparticles�lling
any would-berapiditygap.In QCD,Pomeronexchangeis describedby theexchangeof two interacting
gluonswith thevacuumquantumnumbers.

Theeffort to understanddiffractionin QCD hasreceiveda greatboostfrom studiesof diffractive
eventsin epcollisionsatHERA (seee.g.[3] for furtherreadingandreferences).Theessentialresultsof
thesestudiesarediscussedin thepresentpaperandcanbesummarizedasfollows:

– Many aspectsof diffraction are well understoodin QCD when a hard scaleis present,which
allows oneto useperturbative techniquesandthusto formulatethedynamicsin termsof quarks
andgluons.By studyingwhathappenswhenthehardscaleis reducedtowardsthenon-perturbative
region, it mayalsobepossibleto shedlight on softdiffractive processes.

– Diffractionhasbecomeatool to investigatelow-momentumpartonsin theproton,notablythrough
thestudyof diffractive partondensitiesin inclusive processesandof generalizedpartondistribu-
tionsin exclusive ones.Diffractive partondensitiescanbeinterpretedasconditionalprobabilities
to �nd apartonin theprotonwhenthe�nal stateof theprocesscontainsafastprotonof givenfour-
momentum.Generalizedpartondistributions,throughtheir dependenceon both longitudinaland
transversevariables,provide a three-dimensionalpictureof theprotonin high-energy reactions.

– A fascinatinglink hasemergedbetweendiffractionandthephysicsof heavy-ion collisionsthrough
the conceptof saturation,which offers a new window on QCD dynamicsin the regime of high
partondensities.

Perhapsunexpectedly, the productionof the Higgs bosonin diffractive pp collisionsis drawing more
andmoreattentionasa cleanchannelto studythe propertiesof a light Higgs bosonor even discover
it. This is an exampleof a new theoreticalchallenge:to adaptandapply the techniquesfor the QCD
descriptionof diffraction in ep collisionsto themorecomplex caseof pp scatteringat theLHC. A �rst
glimpseof phenomenato beexpectedthereis providedby thestudiesof harddiffractionin p�p collisions
at theTevatron.

1.1 A digressionon the nomenclature: why “diffraction” ?

Physicsstudents�rst encounterthe term “dif fraction” in optics. Light of wavelength� impinging on
a black disk of radiusR0 produceson a distantscreena diffraction pattern,characterizedby a large
forwardpeakfor scatteringangle� = 0 (the“dif fractionpeak”)anda seriesof symmetricminimaand
maxima,with the �rst minimum at � min ' � �= (2R0) (Fig. 2). The intensity I asa function of the
scatteringangle� is givenby

I (� )
I (� = 0)

=
[2J1(x)]2

x2 ' 1 �
R2

0

4
(k� )2; (1)



Fig. 3: Compilationof proton-protonelasticcrosssectiondataasa function of t. The symbolP indicatesthe
momentumof theincomingprotonin a �x edtargetexperimentand

p
s thecenter-of-massenergy in a pp collider

setup.

whereJ1 is the Besselfunction of the �rst orderandx = kR0 sin � ' kR0 � with k = 2� =� . The
diffractionpatternis thusrelatedto thesizeof thetargetandto thewavelengthof thelight beam.

As shown in Fig. 3, thedifferentialcrosssectiond� =dt for elasticproton-protonscattering,pp !
pp, bearsa remarkableresemblanceto thediffractionpatternjust described(seee.g.[4]). At low values
of jt j onehas

d�
dt (t)

d�
dt (t = 0)

' e� bjt j ' 1 � b(P� )2; (2)

wherejt j ' (P � )2 is theabsolutevalueof thesquaredfour-momentumtransfer, P is theincidentproton
momentumand� is thescatteringangle. Thet-slopeb canbewritten asb = R2=4, whereonceagain
R is relatedto thetargetsize(or morepreciselyto thetransversedistancebetweenprojectileandtarget).
A dip followedby a secondarymaximumhasalsobeenobserved,with thevalueof jt j at which thedip
appearsdecreasingwith increasingprotonmomentum.It is hencenotsurprisingthatthetermdiffraction
is usedfor elasticpp scattering. Similar t distributions have beenobserved for the other diffractive
reactionsmentionedabove, leadingto theuseof thetermdiffractionfor all suchprocesses.

1.2 Diffraction at HERA ?!

Signi�cant progressin understandingdiffractionhasbeenmadeattheepcolliderHERA,where27.5GeV
electronsor positronscollide with 820 or 920 GeV protons.This may soundpeculiar: diffraction is a
typical hadronicprocesswhile ep scatteringat HERA is an electro-weakreaction,wherethe electron
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Fig. 4: Schematicdiagramof inclusivediffractiveDIS, ep ! eX p. Four-momentaareindicatedin parentheses.

radiatesa virtual photon(or a Z or W boson),which then interactswith the proton.1 To understand
this, it is usefulto look atepscatteringin a framewherethevirtual photonmovesvery fast(for instance
in theprotonrestframe,wherethe 
 � hasa momentumof up to about50 TeV at HERA). Thevirtual
photoncan �uctuate into a quark-antiquarkpair. Becauseof its large Lorentzboost,this virtual pair
hasa lifetime muchlongerthana typical stronginteractiontime. In otherwords,thephoton�uctuates
into a pair long beforethecollision,andit is thepair that interactswith theproton.This pair is a small
colordipole.Sincetheinteractionbetweenthepairandtheprotonis mediatedby thestronginteraction,
diffractive eventsarepossible.

An advantageof studyingdiffractionin epcollisionsis that,for suf�ciently largephotonvirtuality
Q2, thetypical transversedimensionsof thedipolearesmallcomparedto thesizeof ahadron.Thenthe
interactionbetweenthequarkandtheantiquark,aswell astheinteractionof thepairwith theproton,can
betreatedperturbatively. With decreasingQ2 thecolordipolebecomeslarger, andat very low Q2 these
interactionsbecomesostrongthata descriptionin termsof quarksandgluonsis no longerjusti�ed. We
maythenregardthephotonas�uctuating into avectormeson– this is thebasisof thewell-known vector
mesondominancemodel– andcanthereforeexpectto seediffractive reactionsvery similar to thosein
hadron-hadronscattering.

A differentphysicalpictureis obtainedin a framewheretheincidentprotonis very fast.Here,the
diffractive reactioncanbe seenasthedeepinelasticscattering(DIS) of a virtual photonon theproton
target,with a very fastprotonin the �nal state.Onecanthusexpectto probepartonsin theprotonin a
veryspeci�c way. For suitablediffractive processestherearein factdifferenttypesof QCDfactorization
theorems,whichbearout thisexpectation(seeSects.2 and3).

2 Inclusivediffracti ve scattering in ep collisions

Figure4 shows aschematicdiagramof inclusive diffractive DIS. Thefollowing featuresareimportant:

– Theprotonemergesfrom theinteractioncarryinga largefractionx L of theincomingprotonmo-
mentum.Diffractive eventsthusappearasa peakat xL � 1, thediffractive peak,whichat HERA
approximatelycoverstheregion 0:98 < xL < 1 (seethe left panelof Fig. 5). Theright panelof
Fig. 5 shows that large valuesof jt j areexponentiallysuppressed,similarly to thecaseof elastic
pp scatteringwe discussedin Sect.1.1. Theseprotonsremainin thebeam-pipeandcanonly be
measuredwith detectorslocatedinsidethebeam-pipe.

– The collision of the virtual photonwith the proton producesa hadronic�nal stateX with the
photonquantumnumbersandinvariantmassM X . A large gapin rapidity (or pseudorapidity)is
presentbetweenX andthe�nal-stateproton.Figure6 shows a typical diffractive eventatHERA.

1For simplicity we will speakof a virtual photonin thefollowing, keepingin mind thatonecanhave a weakgaugeboson
instead.
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Fig. 5: Left: Differentialcrosssectiond� =dxL for the processep ! eX p (from [5]). The diffractive peakat
xL � 1 is clearlyvisible. Right: Differentialcrosssectiond� =dt for thesameprocessfor xL > 0:99 (from [6]).
Theaveragejt j of thisspectrumis hjt ji � 0:15GeV2.

Diffractiveepscatteringthuscombinesfeaturesof hardandsoftscattering.Theelectronreceivesa large
momentumtransfer;in factQ2 canbein thehundredsof GeV2. In contrast,theprotonemergeswith its
momentumbarelychanged.

2.1 Diffracti ve structure functions

Thekinematicsof 
 � p ! X p canbedescribedby theinvariantsQ2 = � q2 andt = (P � P 0)2, andby
thescalingvariablesx IP and� givenby

x IP =
(P � P0) � q

P � q
=

Q2 + M 2
X � t

W 2 + Q2 � M 2
p

; � =
Q2

2(P � P0) � q
=

Q2

Q2 + M 2
X � t

; (3)

whereW 2 = (P + q)2 andthe four-momentaarede�ned in Fig. 4. The variablex IP is the fractional
momentumlossof theincidentproton,relatedasx IP ' 1� xL to thevariablexL introducedabove. The
quantity� hastheform of a Bjorkenvariablede�ned with respectto themomentumP � P 0 lost by the
initial protoninsteadof theinitial protonmomentumP. TheusualBjorkenvariablex B = Q2=(2P � q)
is relatedto � andx IP as� x IP = xB .

The crosssectionfor ep ! eX p in the one-photonexchangeapproximationcanbe written in
termsof diffractive structurefunctionsF D (4)

2 andF D (4)
L as

d� ep! eX p

d� dQ2 dxIP dt
=

4� � 2
em

� Q4

� �
1 � y +

y2

2

�
F D (4)

2 (� ; Q2; x IP ; t) �
y2

2
F D (4)

L (� ; Q2; x IP ; t)
�
; (4)

in analogywith thewayd� ep! eX =(dxB dQ2) is relatedto thestructurefunctionsF2 andFL for inclusive
DIS,ep ! eX . Herey = (P �q)=(P �k) is thefractionof energy lostby theincidentleptonin theproton
restframe.ThestructurefunctionF D (4)

L correspondsto longitudinalpolarizationof thevirtual photon;



Fig. 6: A DIS eventwith a largerapidity gap(LRG) observedwith the ZEUSdetectorat HERA. The scattered
protonescapesinto thebeam-pipe.Thesymbol� � denotesthedifferencein pseudorapiditybetweenthescattered
proton and the most forward particle of the observed hadronicsystemX . Pseudorapidityis de�ned as � =
� ln tan( � =2) in termsof the polar angle� measuredwith respectto the incoming protondirection, which is
de�ned as“forward”.
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Fig. 7: Partonmodeldiagramsfor deepinelasticdiffractive (a) andinclusive (b) scattering.Thevariable� is the
momentumfractionof thestruckquarkwith respectto P � P 0, andxB its momentumfractionwith respectto P.

its contribution to thecrosssectionis small in a wide rangeof theexperimentallyaccessiblekinematic
region(in particularat low y). ThestructurefunctionF D (3)

2 is obtainedfrom F D (4)
2 by integratingovert:

F D (3)
2 (� ; Q2; x IP ) =

Z
dt F D (4)

2 (� ; Q2; x IP ; t): (5)

In apartonmodelpicture,inclusive diffraction
 � p ! X p proceedsby thevirtual photonscatter-
ing onaquark,in analogyto inclusivescattering(seeFig. 7). In thispicture,� is themomentumfraction
of thestruckquarkwith respectto theexchangedmomentumP � P 0 (indeedtheallowed kinematical
rangeof � is between0 and1). Thediffractive structurefunctiondescribestheprotonstructurein these
speci�c processeswith a fastprotonin the �nal state.F D

2 mayalsobeviewedasdescribingthestruc-
tureof whatever is exchangedin thet-channelin diffraction, i.e. of thePomeron(if multiple Pomeron
exchangecanbeneglected).It is however importantto bearin mind thatthePomeronin QCDcannotbe
interpretedasaparticleon which thevirtual photonscatters,aswewill seein Sect.2.5.

Figures8 and9 show recentH1 data[7] on F D (3)
2 at �x edx IP asa functionof � for differentQ2

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

2To be precise,the H1 dataare for the so-calledreduceddiffractive crosssection,which equalsF D (3)
2 if F D

L can be
neglected.



Fig. 8: Left: the diffractive structurefunction of the protonasa function of � (from [7]). Right: the structure
functionof theprotonasa functionof xB (from [8]). Thetwo highlightedbinsshow thedifferentshapesof F D

2

andF2 in correspondingrangesof � andxB atequalQ2.

Fig. 9: Left: thediffractive structurefunction of theprotonasa functionof Q2 (from [7]). Right: thestructure
functionof theprotonasa functionof Q2 (from [9]).



– F D
2 is largely �at in themeasured� range.Keepingin mind theanalogybetween� in diffractive

DIS and xB in inclusive DIS, this is very different from the behavior of the “usual” structure
functionF2, whichstronglydecreasesfor xB & 0:2 (seeFig. 8).

– The dependenceon Q2 is logarithmic,i.e. oneobservesapproximateBjorken scaling. This in-
dicatesthe applicability of the partonmodelpicture to inclusive 
 � p diffraction. The structure
function F D

2 increaseswith Q2 for all � valuesexcept the highest. This is reminiscentof the
scalingviolationsof F2, exceptthatF2 riseswith Q2 only for xB . 0:2 andthatthescalingvio-
lationsbecomenegativeathigherxB (seeFig. 9). In theproton,negative scalingviolationsre�ect
thepresenceof thevalencequarksradiatinggluons,while positivescalingviolationsaredueto the
increaseof theseaquarkandgluondensitiesastheprotonis probedwith higherresolution.The
F D

2 datathussuggestthatthepartonsresolvedin diffractiveeventsarepredominantlygluons.This
is not too surprisingif onebearsin mind that thesepartonscarryonly a smallpartof theproton
momentum:thestruckquarkin thediagramof Fig. 7ahasamomentumfraction� x IP = xB with
respectto theincidentproton,andx IP . 0:02 – 0:03 in diffractive events.

2.2 Diffracti ve parton distributions

Theconclusionjust reachedcanbemadequantitative by usingtheQCDfactorizationtheoremfor inclu-
sive diffraction,
 � p ! X p, which formalizesthepartonmodelpicturewe have alreadyinvoked in our
discussion.Accordingto this theorem,thediffractive structurefunction,in thelimit of largeQ2 at �x ed
� , x IP andt, canbewrittenas[10–12]

F D (4)
2 (� ; Q2; x IP ; t) =

X

i

Z 1

�

dz
z

Ci

� �
z

�
f D

i (z; x IP ; t ; Q2); (6)

wherethe sum is over partonsof type i . The coef�cient functionsCi describethe scatteringof the
virtual photonon thepartonandareexactly thesameasin inclusive DIS. In analogyto theusualparton
distribution functions(PDFs),thediffractive PDFsf D

i (z; x IP ; t ; Q2) canbe de�ned asoperatormatrix
elementsin a proton state,and their dependenceon the scaleQ2 is given by the DGLAP evolution
equations.In partonmodellanguage,they canbeinterpretedasconditionalprobabilitiesto �nd aparton
i with fractionalmomentumzx IP in a proton,probedwith resolutionQ2 in a processwith a fastproton
in the�nal state(whosemomentumis speci�edby x IP andt).

During theworkshop,several�ts of theavailableF D
2 datawerediscussedwhicharebasedon the

factorizationformula(6)atnext-to-leadingorder(NLO) in � s [13,14]. Figure10comparesthediffractive
PDFsfrom anearlierH1 �t [7] to thosefrom the�t of theZEUSdata[15] by SchillingandNewman[13].
As expectedthedensityof gluonsis larger thanthat of quarks,by abouta factor5–10. Discrepancies
betweenthetwo setsareevident,andit remainsto beclari�ed to whichextentthey re�ect differencesin
the�tted data.Martin,RyskinandWatt [16] havearguedthattheleading-twistformula(6) is inadequate
in large partsof themeasuredkinematics,andperformeda �t to a modi�ed expressionwhich includes
anestimateof power-suppressedeffects.Thediscrepanciesbetweenthevariousdiffractive PDFs,while
not fully understood,maybetakenasanestimateof theuncertaintieson thesefunctionsat this point in
time. A preciseandconsistentdeterminationof thediffractive PDFsandtheiruncertaintiesis oneof the
main taskstheHERA communityhasto facein thenearfuture. They area crucial input for predicting
crosssectionsof inclusive diffractive processesat theLHC.

2.3 Diffracti ve hard-scattering factorization

Like usualpartondensities,diffractive PDFsareprocess-independent functions. They appearnot only
in inclusive diffractionbut alsoin otherprocesseswherediffractive hard-scatteringfactorizationholds.
In analogywith Eq. (6), thecrosssectionof sucha processcanbeevaluatedastheconvolution of the
relevant parton-level crosssectionwith thediffractive PDFs. For instance,thecrosssectionfor charm
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productionin diffractive DIS canbecalculatedat leadingorderin � s from the
 � g ! c�c crosssection
andthediffractivegluondistribution. An analogousstatementholdsfor jet productionin diffractiveDIS.
Bothprocesseshave beenanalyzedatnext-to-leadingorderin � s.

As anexample,Fig. 11 shows a comparisonbetweenthemeasuredcrosssectionsfor diffractive
dijet productionandtheexpectationsbasedon diffractive PDFsextractedfrom a �t to F D

2 . Thesedata
lend supportto the validity of hard-scatteringfactorizationin diffractive 
 � p interactions.For further
discussionwereferthereaderto [18].

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

A naturalquestionto askis whetheronecanusethediffractivePDFsextractedatHERA to describehard
diffractive processessuchastheproductionof jets,heavy quarksor weakgaugebosonsin p�p collisions
at theTevatron.Figure12 shows resultson diffractive dijet productionfrom theCDF collaboration[19]
comparedto theexpectationsbasedon thediffractive PDFs[6,7] from HERA. Thediscrepancy is spec-
tacular:thefractionof diffractivedijeteventsatCDFisafactor3 to 10smallerthanwouldbeexpectedon
thebasisof theHERA data.Thesametypeof discrepancy is consistentlyobservedin all harddiffractive
processesin p�p events,seee.g.[20]. In general,while atHERA harddiffractioncontributesa fractionof
order10%to thetotal crosssection,it contributesonly about1%at theTevatron.
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Fig. 12: CDF resultsfor thecrosssectionof diffractivedijet productionwith a leadingantiprotonin p�p collisions
(expressedin termsof a structurefunction F D

J J ), comparedwith the predictionsobtainedfrom the diffractive
PDFs[6] and[7] extractedatHERA (from [21]). Seealsotheanalogousplot in theoriginalCDFpublication[19].

In fact,diffractivehard-scatteringfactorizationdoesnotapplyto hadron-hadroncollisions[11,12].
Attemptsto establishcorrespondingfactorizationtheoremsfail becauseof interactionsbetweenspectator
partonsof the colliding hadrons. The contribution of theseinteractionsto the crosssectiondoesnot
decreasewith the hard scale. Sincethey are not associatedwith the hard-scatteringsubprocess(see
Fig. 13), we no longerhave factorizationinto a parton-level crosssectionandthe partondensitiesof
oneof the colliding hadrons.Theseinteractionsaregenerallysoft, andwe have at presentto rely on
phenomenologicalmodelsto quantifytheireffects[22].
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Fig. 13: Examplegraphfor diffractivedijet productionwith a leadingantiprotonin ap�p collision. Theinteraction
indicatedby thelargeverticalblob breaksharddiffractive factorization.It reducesthediffractivecrosssection,as
explainedin thetext.

Theyield of diffractive eventsin hadron-hadroncollisionsis loweredpreciselybecauseof these
soft interactionsbetweenspectatorpartons(often referredto as “reinteractions”or “multiple scatter-
ings”). They canproduceadditional�nal-stateparticleswhich �ll thewould-berapidity gap(hencethe
often-usedterm“rapidity gapsurvival”). Whensuchadditionalparticlesareproduced,avery fastproton
canno longerappearin the�nal statebecauseof energy conservation.Diffractive factorizationbreaking
is thusintimatelyrelatedto multiplescatteringin hadron-hadroncollisions;understandinganddescribing
thisphenomenonis achallengein thehigh-energy regimethatwill bereachedat theLHC [23].

In ppor p�p reactions,thecollisionpartnersarebothcompositesystemsof largetransversesize,and
it is not toosurprisingthatmultiple interactionsbetweentheirconstituentscanbesubstantial.In contrast,
thevirtual photonin 
 � p collisionshassmall transversesize,which disfavorsmultiple interactionsand
enablesdiffractive factorizationto hold. Accordingto ourdiscussionin Sect.1.2,wemayexpectthatfor
decreasingvirtuality Q2 thephotonbehavesmoreandmorelike a hadron,anddiffractive factorization
mayagainbebroken. This aspectof diffractive processesin photoproductionat HERA wasintensively
discussedduringtheworkshop,and�ndings arereportedin [18].

2.5 Space-timestructure: the Pomeron is not a particle

It is temptingto interpretdiffractive 
 � p processesasthe scatteringof a virtual photonon a Pomeron
which hasbeenradiatedoff theinitial proton.Diffractive DIS would thenprobethedistribution of par-
tonsin a “Pomerontarget”. This is indeedthepictureproposedby IngelmanandSchleinlongago[24].

This pictureis however not supportedby ananalysisin QCD (seee.g.[25]). There,high-energy
scatteringis dominatedby theexchangeof two gluons,whoseinteractionis (in an appropriategauge)
describedby ladderdiagrams,asshown in Fig. 14. By analyzingthesediagramsin time-orderedper-
turbationtheory, onecanobtainthedominantspace-timeorderingin thehigh-energy limit. The result
dependson the referenceframe,asillustratedin the �gure. In the Breit frame,which is naturalfor a
parton-modelinterpretation,thephotondoesnot scatteroff apartonin apre-existing two-gluonsystem;
in fact someof the interactionsin thegluon ladderbuilding up thePomeronexchangetake placelong
after thevirtual photonhasbeenabsorbed.Thepicturein theBreit frameis however compatiblewith
theinterpretationof diffractivepartondensitiesgivenin Sect.2.2,namelytheprobabilityto �nd aparton
undertheconditionthatsubsequentinteractionswill producea fastprotonin the�nal state.

We notethat the Ingelman-Schleinpicturesuggeststhat thediffractive structurefunction takesa
factorizedform F D (4)

2 = f IP (x IP ; t) F IP
2 (� ; Q2), wheref IP is the “Pomeron�ux” describingtheemis-

sion of the Pomeronfrom the protonandits subsequentpropagation,andwhereF IP
2 is the “structure

function of the Pomeron”. Phenomenologically, sucha factorizingansatzworks not too badly andis
oftenused,but recenthigh-precisiondatahave shown its breakdown atsmallx IP [15].
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Fig. 14: Dominanttime orderingfor diffractive dissociationof a virtual photonin (a) the Breit frame, (b) the
photon-protoncenter-of-mass,(c) the protonrest frame. The physicalpicture in (a) correspondsto the parton-
modeldescriptionof diffraction, and the one in (b) and (c) to the pictureof the photonsplitting into a quark-
antiquarkdipolewhichsubsequentlyinteractswith theproton.

3 Exclusivediffracti ve processes

Let usnow discussdiffractive processeswherea realor virtual photondissociatesinto a singleparticle.
Sincediffraction involvestheexchangeof vacuumquantumnumbers,this particlecanin particularbe
a vectormeson(which hasthe sameJ P C quantumnumbersasthe photon)– in this casethe process
is sometimesreferredto as“elastic” vectormesonproduction.Anotherimportantcaseis deeplyvirtual
Comptonscattering(DVCS),
 � p ! 
 p.3 A strikingfeatureof thedatatakenatHERA (Figs.15and16)
is thattheenergy dependenceof theseprocessesbecomessteepin thepresenceof ahardscale,whichcan
beeitherthephotonvirtuality Q2 or themassof themesonin thecaseof J=	 or � production.This is
similar to theenergy dependenceof the
 � p totalcrosssection(relatedby theopticaltheoremto forward
Comptonscattering,
 � p ! 
 � p), whichchangesfrom �at to steepwhengoingfrom realphotonsto Q2

of a few GeV2.

To understandthis similarity, let us recall that in perturbative QCD diffractionproceedsby two-
gluon exchange. The transitionfrom a virtual photonto a real photonor to a quark-antiquarkpair
subsequentlyhadronizinginto a mesonis a short-distanceprocessinvolving thesegluons,providedthat
eitherQ2 or thequarkmassis large. In fact,in anapproximationdiscussedbelow, thecrosssectionsfor
DVCSandvectormesonproductionareproportionalto thesquareof thegluondistribution in theproton,
evaluatedat a scaleof orderQ2 + M 2

V andat a momentumfractionx IP = (Q2 + M 2
V )=(W 2 + Q2),

wherethe vectormesonmassM V now takesthe role of M X in inclusive diffraction [28]. In analogy
to thecaseof thetotal 
 � p crosssection,theenergy dependenceof thecrosssectionsshown in Figs.15
and16 thusre�ects the x andscaledependenceof the gluon densityin the proton,which grows with
decreasingx with a slopebecomingsteeperasthescaleincreases.

Thereis however animportantdifferencein how thegluondistribution entersthedescriptionsof
inclusive DIS andof exclusive diffractive processes.The inclusive DIS crosssectionis relatedvia the
optical theoremto the imaginarypart of the forward virtual Comptonamplitude,so that the graphsin
Fig.17representthecrosssectionof theinclusiveprocess.Hence,thegluondistribution in Fig.17agives
theprobability to �nd onegluonin theproton(with any numberof unobserved spectatorpartonsgoing
into the �nal state). In contrast,the correspondinggraphsfor DVCS andexclusive mesonproduction
in Fig. 18 representthe amplitudesof exclusive processes,which are proportionalto the probability
amplitudefor �rst extractinga gluon from the initial protonandthenreturningit to form theprotonin
the �nal state. In the approximationdiscussedbelow, this probability amplitudeis given by the gluon
distribution. The crosssectionsof DVCS andexclusive mesonproductionarethenproportionalto the
square of thegluondistribution.

A detailedtheoreticalanalysisof DVCS andexclusive mesonproductionat large Q2 shows that
short-distancefactorizationholds, in analogyto the caseof inclusive DIS. QCD factorizationtheo-
rems[29] statethat in the limit of large Q2 (at �x ed Bjorken variablexB and �x ed t) the Compton

3Wedonotdiscussprocesseswith diffractivedissociationof theprotonin thispaper, but wishto mentioninterestingstudies
of vectormesonor realphotonproductionat largejt j, wheretheprotonpredominantlydissociates,seee.g.[26].



Fig. 15: Compilationof resultson thecrosssectionfor vectormesonphotoproduction,
 p ! V p, with V = � , ! ,
� , J=	 ,  0, � , asa functionW . Thetotal 
 p crosssection� tot is alsoshown.

amplitudefactorizesintoahard-scatteringsubprocessandahadronicmatrixelementdescribingtheemis-
sionandreabsorptionof apartonby theprotontarget(seeFig.18a).As shown in Fig.18b,theanalogous
resultfor exclusive mesonproductioninvolvesin additionthequark-antiquarkdistribution amplitudeof
themeson(oftentermedthemesonwave function)andthusa furtherpieceof non-perturbative input.

The hadronicmatrix elementsappearingin the factorizationformulaefor exclusive processes
would be the usualPDFsif the proton had the samemomentumin the initial and �nal state. Since
this is not the case,they aremoregeneralfunctionstaking into accountthe momentumdifferencebe-
tweenthe initial and �nal stateproton (or, equivalently, betweenthe emittedandreabsorbedparton).
These“generalizedpartondistributions” (GPDs)dependon two independentlongitudinalmomentum
fractionsinsteadof a singleone(compareFigs.17aand18a),on thetransversemomentumtransferred
to theproton(whosesquareis � t to agoodapproximationathighenergy), andonthescaleatwhichthe
partonsareprobed.Thescaledependenceof theGPDsis governedby a generalizationof theDGLAP
equations.The dependenceon the differenceof the longitudinalmomenta(often called “skewness”)
containsinformationon correlationsbetweenpartonmomentain the protonwave function. It canbe
neglectedin the approximationof leadinglogx (thenthe GPDsat t = 0 reduceto the usualPDFsas
anticipatedabove), but it is numericallyimportantin typical HERA kinematics. The dependenceon
t allows for a very intuitive interpretationif a Fourier transformationis performedwith respectto the
transversemomentumtransfer. We thenobtaindistributionsdependingon the impactparameterof the
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partons,whichdescribethetwo-dimensionaldistributionof thestruckpartonin thetransverseplane,and
onits longitudinalmomentumfractionin theproton.Thet dependenceof exclusivediffractiveprocesses
thusprovidesuniqueinformationbeyondthe longitudinalmomentumspectraencodedin theusualpar-
ton densities.Thestudyof thegeneralizedpartondistributionsis a primereasonto measureDVCS and
exclusive mesonproductionin ep scattering.Detaileddiscussionsandreferencescanbe found in the
recentreviews [30,31].

An observableillustrating theshort-distancefactorizationin mesonproductionat high Q2 is the
ratio of the� and� productioncrosssections,shown in Fig. 19. At largeQ2 theprocessis describedin
termsof a light quarkcouplingto thephotonandof thegeneralizedgluondistribution. Usingapproxi-
mate�a vor SU(3)symmetrybetweenthe � and� wave functions,theonly differencebetweenthe two
channelsis thendueto differentquarkchargeandisospinfactors,whichresultin acrosssectionratioof
2=9.

3.1 High-energy factorization and the dipole picture

Sofar we have discussedthedescriptionof hardexclusive diffractionwithin short-distance,or collinear
factorization.A differenttypeof factorizationis high-energy, or k t factorization,which is basedon the
BFKL formalism.Heretheusualor generalizedgluondistribution appearingin thefactorizationformu-
laedependsexplicitly on the transversemomentumkt of the emittedgluon. In collinearfactorization,
this kt is integratedover in thepartondistributionsandsetto zerowhencalculatingthehard-scattering
process(thepartonsarethusapproximatedas“collinear” with their parenthadron).Likewise, theme-
sonwave functionsappearingin kt factorizationexplicitly dependon therelative transversemomentum
betweenthe quarkandantiquarkin the meson,whereasthis is integratedover in the quark-antiquark
distribution amplitudes(cf. Sect.3) of the collinearfactorizationformalism. Only gluon distributions
appearin kt factorization,whereascollinearfactorizationformulaeinvolve both quarkandgluon dis-
tributions (seee.g.Sects.8.1 and8.2 in [30] for a discussionof this difference). We note that other
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Fig. 17: Factorizationof forward Comptonscattering,which is relatedto the total inclusive structurefunction
via the optical theorem,Im A(
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P
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inclusiveprocessis obtainedby cuttingthediagramsalongtheverticalline. Theblobsrepresentthegluonor quark
distribution in theproton.Graph(b) is absentin thekt factorizationformalism(seeSect.3.1): its role is takenby
graph(a) in the“alignedjet con�guration”, wherethequarkline joining thetwo photonscarriesalmosttheentire
photonmomentum.

g (*)g*

p p

 V

p p

(a) (b)

g

x x'

Fig. 18: (a)Factorizationof deeplyvirtual Comptonscattering,
 � p ! 
 p, whichcanbemeasuredin theexclusive
processep ! ep
 . Theblob representsthegeneralizedgluondistribution,with x andx0 denotingthemomentum
fractionsof the gluons. (b) Factorizationof exclusive mesonproduction. The small blob representsthe vector
mesonwave function. In the collinear factorizationformalism, thereare further graphs(not shown) involving
quarkinsteadof gluonexchange.
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factorizationschemeshave beendeveloped,whichcombinefeaturesof thecollinearandk t factorization
formalisms.

Thetwo differenttypesof factorizationimplementdifferentwaysof separatingdifferentpartsof
thedynamicsin ascatteringprocess.Thebuilding blocksin ashort-distancefactorizationformulacorre-
spondto eithersmallor largeparticlevirtuality (or equivalentlyto smallor largetransversemomentum),
whereasthe separationcriterion in high-energy factorizationis the particlerapidity. Collinearandk t

factorizationarebasedon takingdifferentlimits: in theformercasethelimit of largeQ2 at �x edxB and
in the lattercasethe limit of small xB at �x edQ2 (which musthowever be large enoughto justify the
useof QCD perturbationtheory). In thecommonlimit of largeQ2 andsmallxB thetwo schemesgive
coincidingresults.Insteadof largeQ2 onecanalsotake a largequarkmassin thelimits justdiscussed.

A far-reachingrepresentationof high-energy dynamicscanbeobtainedby castingtheresultsof k t

factorizationinto a particularform. Thedifferentbuilding blocksin thegraphsfor Comptonscattering
andmesonproductionin Figs.17aand18 canbe rearrangedasshown in Fig. 20. The resultadmitsa
very intuitive interpretationin a referenceframewherethephotoncarrieslargemomentum(thismaybe
theprotonrestframebut alsoa framewheretheprotonmovesfast,seeFig. 14): theinitial photonsplits
into aquark-antiquarkpair, whichscattersontheprotonand�nally formsaphotonor mesonagain.This
is thepicturewe have alreadyappealedto in Sect.1.2.

In addition,onecanperformaFouriertransformationandtradetherelative transversemomentum
betweenquarkandantiquarkfor their transversedistancer , which is conserved in thescatteringon the
target. Thequark-antiquarkpair actsasa color dipole,andits scatteringon theprotonis describedby
a “dipole crosssection” � q�q dependingon r andon x IP (or on xB in the caseof inclusive DIS). The
wave functionsof the photonandthe mesondependon r after Fourier transformation,andat small r
the photonwave function is perturbatively calculable. Typical valuesof r in a scatteringprocessare
determinedby theinverseof thehardmomentumscale,i.e. r � (Q2 + M 2

V )� 1=2. An importantresultof
high-energy factorizationis therelation

� q�q(r; x) / r 2xg(x) (7)

atsmallr , wherewehave replacedthegeneralizedgluondistribution by theusualonein thespirit of the
leadinglogx approximation.A morepreciseversionof therelation(7) involvesthek t dependentgluon
distribution. Thedipolecrosssectionvanishesat r = 0 in accordancewith thephenomenonof “color
transparency”: ahadronbecomesmoreandmoretransparentfor a colordipoleof decreasingsize.

Thescopeof thedipolepictureis wider thanwe have presentedso far. It is temptingto apply it
outsidethe region whereit canbederived in perturbationtheory, by modelingthedipolecrosssection
andthephotonwave functionat largedistancer . Thishasbeenverybeenfruitful in phenomenology, as
wewill seein thenext section.

Thedipolepictureis well suitedto understandthet dependenceof exclusiveprocesses,parameter-
izedasd� =dt / exp(� bjt j) atsmallt. Figure21shows thatbdecreaseswith increasingscaleQ2 + M 2

V
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Fig. 21: The logarithmicslopeof the t dependenceat t = 0 for differentmesonproductionchannels,aswell as
for non-resonantdipionproduction.

andat high scalesbecomesindependentof theproducedmeson.A Fourier transformfrom momentum
to impactparameterspacereadilyshows thatb is relatedto thetypical transversedistancebetweenthe
colliding objects,asanticipatedby theanalogywith opticaldiffractionin Sect.1.1.At highscale,theq�q
dipole is almostpointlike, andthe t dependenceof thecrosssectionis controlledby the t dependence
of thegeneralizedgluondistribution, or in physicalterms,by thetransverseextensionof theproton.As
the scaledecreases,the dipole acquiresa sizeof its own, and in the caseof � or � photoproduction,
thevaluesof b re�ect thefact that thetwo colliding objectsareof typical hadronicdimensions;similar
valueswouldbeobtainedin elasticmeson-protonscattering.

3.2 Exclusive diffraction in hadron-hadron collisions

The conceptswe have introducedto describeexclusive diffraction canbe taken over to pp or p�p scat-
tering,althoughfurther complicationsappearin theseprocesses.A mostnotablereactionis exclusive
productionof a Higgs boson,pp ! pH p, sketchedin Fig. 22. The generalizedgluon distribution is
a centralinput in this description. The physicsinterest,theorydescription,andprospectsto measure
this processat the LHC have beendiscussedin detail at this workshop[33,34]. A major challengein
thedescriptionof this processis to accountfor secondaryinteractionsbetweenspectatorpartonsof the
two projectiles,which canproduceextra particlesin the �nal stateandhencedestroy the rapidity gaps
betweentheHiggsand�nal-stateprotons– theverysamemechanismwediscussedin Sect.2.4.

4 Parton saturation

Wehaveseenthatdiffractioninvolvesscatteringonsmall-x gluonsin theproton.Considerthedensityin
thetransverseplaneof gluonswith longitudinalmomentumfractionx thatareresolvedin aprocesswith
hardscaleQ2. Onecanthink of 1=Q asthe“transversesize” of thesegluonsasseenby theprobe.The
numberdensityof gluonsat given x increaseswith increasingQ2, asdescribedby DGLAP evolution
(seeFig. 23). Accordingto theBFKL evolution equationit alsoincreasesat givenQ2 whenx becomes
smaller, so that the gluonsbecomemoreandmoredenselypacked. At somepoint, they will start to
overlapandthusreinteractandscreeneachother. Onethenentersa regimewherethedensityof partons
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Fig. 22: Graphfor the exclusive productionof a Higgs bosonin pp scattering. The horizontalblobs indicate
generalizedgluondistributions,andtheverticalblob representssecondaryinteractionsbetweentheprojectiles(cf.
Fig. 13).

saturatesandwherethe linearDGLAP andBFKL evolution equationsceaseto 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 quantifytheonsetof non-lineareffects,oneintroducesa saturationscale
Q2

s dependingon x, suchthatfor Q2 < Q2
s(x) theseeffectsbecomeimportant.For smallervaluesof x,

thepartondensityin thetargetprotonis higher, andsaturationsetsin at largervaluesof Q2 asillustrated
in Fig. 23.

Fig. 23: Schematicview of thedensityof gluonsin thetransverseplane,asa functionof themomentumfraction
x andtheresolutionscaleQ2. Abovetheline givenby Q2

s(x), saturationeffectssetin.

Thedipolepicturewe introducedin Sect.3.1 is well suitedfor thetheoreticaldescriptionof satu-
rationeffects.Whensucheffectsareimportant,therelation(7) betweendipolecrosssectionandgluon
distribution ceasesto bevalid; in factthegluondistribution itself is thenno longeranadequatequantity
to describethedynamicsof a scatteringprocess.In a certainapproximation,theevolution of thedipole
crosssectionwith x is describedby theBalitsky-Kovchegov equation[36], whichsupplementstheBFKL
equationwith anon-lineartermtamingthegrowth of thedipolecrosssectionwith decreasingx.

Essentialfeaturesof the saturationphenomenonarecapturedin a phenomenologicalmodel for
the dipole crosssection,originally proposedby Golec-BiernatandWüsthoff, see[37,38]. Figure24
shows � q�q asa function of r at given x in this model. Thedipole sizer now playsthe role of 1=Q in
our discussionabove. At small r thecrosssectionrisesfollowing therelation� q�q(r; x) / r 2xg(x). At
somevalueRs(x) of r , thedipolecrosssectionis so large that this relationceasesto bevalid, and� q�q



startsto deviate from the quadraticbehavior in r . As r continuesto increase,� q�q eventuallysaturates
at a value typical of a meson-protoncrosssection. In termsof the saturationscaleintroducedabove,
Rs(x) = 1=Qs(x). For smallervaluesof x, theinitial growth of � q�q with r is strongerbecausethegluon
distribution is larger. Thetargetis thusmoreopaqueandasaconsequencesaturationsetsin at lower r .

A striking featurefound both in this phenomenologicalmodel [39] and in the solutionsof the
Balitsky-Kovchegov equation(seee.g.[40]) is that thetotal 
 � p crosssectiononly dependson Q2 and
xB througha singlevariable� = Q2=Q2

s(xB ). This property, referredto asgeometricscaling,is well
satis�edby thedataatsmallxB (seeFig.25)andis animportantpieceof evidencethatsaturationeffects
arevisible in thesedata.Phenomenologicalestimates�nd Q2

s of theorder1 GeV2 for xB around10� 3

to 10� 4.

Thedipoleformulationis suitableto describenot only exclusive processesandinclusive DIS, but
also inclusive diffraction 
 � p ! X p. For a diffractive �nal stateX = q�q at partonlevel, the theory
descriptionis very similar to the one for deeplyvirtual Comptonscattering,with the wave function
for the �nal statephotonreplacedby planewavesfor the producedq�q pair. The inclusionof the case
X = q�qg requiresfurtherapproximations[37] but is phenomenologicallyindispensablefor moderateto
small� . Experimentally, oneobservesa very similar energy dependenceof theinclusive diffractive and
thetotalcrosssectionin 
 � p collisionsatgivenQ2 (seeFig.26). Thesaturationmechanismimplemented
in the Golec-BiernatWüsthoff model provides a simple explanationof this �nding. To explain this
aspectof the datais non-trivial. For instance,in the descriptionbasedon collinear factorization,the
energy dependenceof the inclusive anddiffractive crosssectionsis controlledby the x dependenceof
theordinaryandthediffractive partondensities.Thisx dependenceis notpredictedby thetheory.

The descriptionof saturationeffectsin pp, pA andAA collisionsrequiresthe full theoryof the
colorglasscondensate,whichcontainsconceptsgoingbeyondthedipoleformulationdiscussedhereand
is e.g.presentedin [35]. We remarkhowever thatestimatesof thesaturationscaleQ2

s(x) from HERA
datacanbeusedto describefeaturesof therecentdatafrom RHIC [41].

5 A short summary

Many aspectsof diffraction in ep collisionscan be successfullydescribedin QCD if a hard scaleis
present.A key to this successarefactorizationtheorems,which renderpartsof the dynamicsaccessi-
ble to calculationin perturbationtheory. Theremainingnon-perturbative quantities,namelydiffractive
PDFsand generalizedpartondistributions, can be extractedfrom measurementsand containspeci�c
informationaboutsmall-x partonsin the protonthat canonly be obtainedin diffractive processes.To
describeharddiffractive hadron-hadroncollisionsis morechallengingsincefactorizationis broken by
rescatteringbetweenspectatorpartons.Theserescatteringeffectsareof interestin their own right be-
causeof their intimaterelationwith multiplescatteringeffects,whichatLHC energiesareexpectedto be
crucial for understandingthestructureof eventsin hardcollisions. A combinationof dataon inclusive
anddiffractive ep scatteringhints at the onsetof partonsaturationat HERA, andthe phenomenology
developedthereis ahelpfulsteptowardsunderstandinghigh-densityeffectsin hadron-hadroncollisions.
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