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HERA–theworld’sonlye
±

pcollider

√s=
√

4EeEp≈320GeVequivalentto50TeVfixedtarget!

HERA-I(1993-2000):integratedluminosity–morethan100pb
−
1perexperiment
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4-momentumtransfersquared

xIP=
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β=
Q2

2q·(p−Y)fractionofIPmomentumcarried

bystruckquark(xIPβ=x)

MXInv.massofsystemX

Diffraction–t-channelexchangeofthevacuumquantumnumbers

–Colourlessexchange
–LargeRapidityGap
–smallmomentumtransfert

–xIP
<
∼0.05

–MX�W
–MY'mp
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Ifnohardscale–Q
2
,|t|≈0:similartosofthadron-hadroninteractions

→weakenergydependence
–Reggetheory:diffractionisexchangeofPomeron

IflargeQ
2
,|t|,p

jet
T,mq:pQCDatγ

∗
IPvertex

→steepenergydependence
–ResolvedPomeron:γ

∗
probesIPstructure

–Colourdipole:diffractionisexchangeofcoloursingletgluonladder
between(γ∗→qq̄,qq̄g)andtheproton
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DiffractionatHERA

AtHERA:

•Q
2
∼0,|t|∼0→similartosofthadronicdiffraction

BRegge:diffractionisexchangeofPomeron

•LargeQ
2
,|t|,PTjets→pQCDatγ

∗
IPvertex

BQCDfactorisation,γ
∗

probespartoniccontentofIP

BCDM:inLOdiffractionis2gluoncoloursinglet
exchangebetweenγ

∗
→qq̄,qq̄gandproton

HERA⇒

Uniquefacilitytoprobepartoniccontentof

diffractiveexchange(IP)andtostudythetransition

fromsofttohardregime
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HERA–uniquefacility
tostudytransitionfromsofttohardregimeand
toprobepartoniccontentofdiffractiveexchange.
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PhotoproductionofVectorMesons

γp→Vp

DIFFRACTIVEVECTORMESONPRODUCTION

VM

/p p

�

Virtuality:
Squared4-mom.transferatvertex:
CMEnergy:GeV

Classical(Regge)Approach:
andLightVectorMesonproduction

describedvia”Softomeron”exchange
Expect
Slowriseof

Shrinkage
SCHC

Isthisapproachvalidatlargevaluesof?

MESON2002,Kraków,May24-28,2002JanOlsson

•ThecrosssectionsofVMphotoproduction

(andσ
γp
tot)indicateapowerlawbehaviour

σ∼W
δ

forW>10GeV

•Forρ,ω,φ:δ≈0.2,compatiblewithσ
γp
tot

•ForJ/Ψ:δ≈0.7

=⇒SteeperWdependenceforheavy

VectorMesons

MJ/ΨsetsahardscaleforpQCDcalculation!
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ExclusiveProductionofJ/Ψ
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–ThepQCDcalculationsdescribetheenergydependenceforJ/Ψ

–ComparisontodifferentPDFs–strongsensitivityto(generalized)gluondistribution
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VM-mesonProductioninDIS
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WdependencesteeperforρwithincreasingQ
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⇒TransitionfromsofttohardphysicsasQ
2
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σ∼W
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2
)

Recentdevelopmentintheory:theNLOcalculationsforVectorMesons!
(D.Ivanov,A.Schäfer,L.Szymanovksi,G.Krasnikov-presentedatDIS-2004)
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DeeplyVirtualComptonScattering(DVCS)

–Elasticscatteringofavirtualphotonoffaproton.

–Verycleanpicture(noVMwavefunction),fullycalculableinQCD

–SensitivitytoGeneralizedPartonDistributions(GPDs)
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NewHERAmeasurementsarewellreproducedbyQCDcalculationsbasedonGPDs.
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ZEUS

FNC
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–‘Leadingproton’method(scatteredprotondetectedin‘RomanPot’detectors)

–‘Rapiditygap’method

–‘MX’method(non-diffractivecontributionsubtractedfromfittoMXdistribution)

SelectionofdiffractiveDISevents
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Selectionofdiffractiveevents-MXmethod

dN
dlnM2

X
=D+c·exp(b·lnM

2
X)

PropertiesofMXdistribution:

♦exponentialrisewithMXfor
non-diffractiveevents

♦flatbehaviourvslnM
2
Xfor

diffractiveevents

♦=⇒
non-diffractiveeventscanbe
subtractedfromfittoMX
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EnergydependenceofσdiffinDIS
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=⇒
Sameenergybehaviourindiffractiveand

inclusiveDIS!
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EnergydependenceofσdiffinDIS

InpQCDdiffraction–exchangeofcoloursingletgluonladderbetween
(γ

∗
→qq̄,qq̄g)andtheproton.

Expectations:differentapproaches

•Twoperturbative(hard)gluons

DiffractionatHERA

AtHERA:

•Q
2
∼0,|t|∼0→similartosofthadronicdiffraction

BRegge:diffractionisexchangeofPomeron

•LargeQ
2
,|t|,PTjets→pQCDatγ

∗
IPvertex

BQCDfactorisation,γ
∗

probespartoniccontentofIP

BCDM:inLOdiffractionis2gluoncoloursinglet
exchangebetweenγ

∗
→qq̄,qq̄gandproton

HERA⇒

Uniquefacilitytoprobepartoniccontentof

diffractiveexchange(IP)andtostudythetransition

fromsofttohardregime
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σdiff∝|xg(x)|
2
,

→σdiff/σtot∝xg(x)∝W
a

(sinceσtot∝xg(x)andW
2

∼Q
2
/xforx�1)

•Softergluonsareexchanged(SoftColourInteractionmodel,Saturation
model,...)
→σdiff/σtotriseslesssteepthang(x)orW

a

♦Measurements:SameenergybehaviourindiffractiveandinclusiveDIS.

Softerthan”twohardgluon”exchange!
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Cross-sectionofInclusiveDiffractiveDIS
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–TypesetbyFoilTEX–13



FactorizationPropertiesofDiffractiveCross-Section:

QCDfactorization-provenindiffractiveep(Collins1997)

σ
D

(γ
∗
p→Xp)∼

∑

if
D
i/p(xIP,t,x,Q

2
)
⊗

σ̂γ∗i(x,Q
2
)

Diffractivepartondensities:f
D
i/p(xIP,t,x,Q

2
):

♦conditionalprotonpartonprobabilitydistributionswithfinalstateproton

atfixedxIP,t

♦evolvewithxandQ
2

accordingtoQCDevolution

AretheyuniversalfordiffractiveDIS(!?)

=⇒ApplyNLOQCDDGLAPtechniquetoQ
2

andβdependencesasforinclusiveDIS.

ExtractdiffractivepartondensitiesfromF
D
2andusetopredictthediffractivefinal

states.
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xIP,β,Q
2

dependenceofF
D(3)
2
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andβdependenceofF
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andxdependenceofF
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x = 0.00020, i = 18

x = 0.00013, i = 19
x = 0.000080, i = 20

x = 0.000050, i = 21
H1 e

+
p

ZEUS e
+
p

BCDMS

NMC

H1 PDF 2000

extrapolation

H
1 C

ollaboration
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Q
2

andβdependenceofF
D(3)
2
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x
IP  σ

r D
(3)

Q
2
=20 GeV

2

xIP = 0.03H1 preliminary

Q
2
=25 GeV

2

Q
2
=35 GeV

2

Q
2
=45 GeV

2

Q
2
=60 GeV

2

β

Q
2
=90 GeV

2

Q
2
=120 GeV

2

Q
2
=200 GeV

2

Q
2
=400 GeV

2

Q
2
=800 GeV

2

β

Q
2
=1600 GeV

2

H1 97 (√s=301 GeV, prel.)

H1 99-00 (√s=319 GeV, prel.)

H1 2002 σr
D NLO QCD fit

(√s=319 GeV, prel.)

IP only

extrapol. fit
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0
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0

0.05

0

0.05

10
2
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10
2

10
3

x
IP  σ

r D
(3)

x=0.00032 , β=0.0107

xIP = 0.03H1 preliminary

x=0.0005 , β=0.0167

x=0.0008 , β=0.0267

x=0.0013 , β=0.0433

x=0.002 , β=0.0667

Q
2
 [GeV

2
]

x=0.0032 , β=0.1067

x=0.005 , β=0.1667

x=0.008 , β=0.2667

x=0.013 , β=0.4333

Q
2
 [GeV

2
]

x=0.02 , β=0.6667

H1 97 (√s=301 GeV, prel.)

H1 99-00 (√s=319 GeV, prel.)

H1 2002 σr
D NLO QCD fit

(√s=319 GeV, prel.)

IP only

extrapol. fit

–βdependencerelativelyflat(differentfromF
p
2)

–scalingviolationrisingwithlnQ
2

uptolargeβ

→largegluoncontributionforF
D
2!
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DiffractivePartonDensitiesfromQCDFittoF
D(3)
2

ApplysameNLOQCDDGLAPtechniquetoQ
2

andβdependencesasforinclusiveDIS
.singletquarkdensityΣ(z,Q

2
)–directlyfromF

D
2

(Σ=6u,u=d=s=ū=d̄=s̄)

.gluondensityg(z,Q
2
)–fromscalingviolation

g

p p

q γ

q

IP(1-z)

(z)

z-long.momentumfractionoftheexchange

•lowzbehavioursimilartoF
p
2

•hardgluondistributionextendingtohighz

•momentumfractionofcoloursingletexchange

carriedbygluons75±15%for

Q
2

∝6.5...800GeV
2

•largeuncertaintyforg(z,Q
2
)atz>0.6

0
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0.20.40.60.81

0

1

0.20.40.60.81
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0.20.40.60.81
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1

0.20.40.60.81

0

0.1

0.2

0.20.40.60.81
0

1

0.20.40.60.81

H1 2002 σr
D NLO QCD Fit

z Σ(z,Q
2)

z g(z,Q
2)Q

2

[GeV
2
]

6.5

15

zz

90

SingletGluon

H1 preliminary

H1 2002 σr
D NLO QCD Fit

(exp. error)
(exp.+theor. error)

H1 2002 σr
D LO QCD Fit
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xIP,β,Q
2

dependenceofF
D(3)
2
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1.5

Q
2
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2
]

H1 preliminary
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400
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xIP

1600

H1 99 (√s=319 GeV, prel.)
H1 99-00 (√s=319 GeV, prel.)
H1 97 (√s=301 GeV, prel.)

H1 2002 σr
D NLO QCD fit (prel.)

extrapol. fit
HERA Diffractive DIS Cross Section

0

0.05

x
IP  σ

r D
(3)

β=0.01β=0.04β=0.1β=0.2β=0.4β=0.65β=0.9

2.5

Q
2

[GeV
2
]

0

0.053.5

0

0.055

0

0.056.5
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0.058.5
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0.0512
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0.0515
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0.0520
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0.0525
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-2
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-4
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-3
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-2
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-4
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-3
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-2
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-4
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-3
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-2

xIP

35

H1 (LRG, prel.)
H1 (FPS,prel.)
ZEUS (LPS)

H1 2002 NLO fit (prel., √s=319 GeV)

–DGLAPevolutionbasedfitdescribesthedataoverfullkinematicrange

–PredictionsofNLOfitbasedonmediumQ
2

describelowQ
2

andhighQ
2

data
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MeasurementsathighQ
2

vsPredictionsofQCDfit

0

0.05

0

0.05

0

0.05

0

0.05

10
-3

10
-2

10
-3

10
-2

10
-3

10
-2

10
-3

10
-2

10
-3

10
-2

x
IP  σ

r D
(3)

β=0.1β=0.2β=0.4β=0.65β=0.9

200

Q
2

[GeV
2
]

H1 preliminary

400

800

xIP

1600

H1 99-00 (√s=319 GeV, prel.)
H1 94-97 (√s=301 GeV, prel.)

H1 2002 σr
D NLO QCD fit (prel.)

IP only

•Improvedstatisticsandkinematical

rangeofnewmeasurementcompared

topreviousmeasurements

•PredictionsofNLOfitbasedonmedium

Q
2

describehighQ
2

data

•Sub-leadingtrajectoryneededat

highxIPandlowβ
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DiffractiveDijetsandOpenCharmproduction
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+,)-

Idealtestofunderlyingdynamicsofdiffraction:

•Testuniversalityofpartondistributions(extractedfromF
D
2)

•Productionmechanismisdirectlysensitivetothegluoncontentofcoloursinglet

exchange→giveconstrainofshapeandnormalizationofgluondensityindiffractive

exchange

•Presenceoftwohardscales(Q
2

andp
jet
T,mQ)
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OpenCharm(D
∗
)inDiffractiveDIS

•TestoffactorizationinheavyflavourproductionindiffractiveDIS

NewH1measurement:

) / [MeV] π ) - M(K, sπ, π  M = M(K, ∆
0.1350.140.1450.150.1550.160.1650.17

D
* C

andidates/M
eV

0

20

40

60

80

100

 

H1 99-00 (prel.)

N(D*) = 140+/-16

Numberofselectedevents:140±16

•Diffractiveselections
xIP<0.04,
MY<1.6GeV,|t|<1GeV

2

•DISkinematicrange

–2<Q
2

<100GeV
2

–0.05<y<0.7

•D∗selection
pT,D∗>2GeV,|ηD∗|<1.5

totaldiffractiveD
∗±

cross-section

H1data358±41(stat.)±61(syst.)pb

ZEUSdata(extrapolated305±25(stat.)
+20
−34(syst.)pb

fromdifferentphasespace)

H1NLO242
+66
−39pb
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DifferentialD
∗±

crosssectionsinDiffractiveDIS

1

10

10
2

pT,D* [GeV]

dσ/dp
T,D

*  [pb/G
eV

]

H1 Diffractive D
*

H1 99-00 (prel.)
NLO QCD
ZEUS (rescaled)

log10β

dσ/dlog
10 β [pb]

0
50

100
150
200
250
300
350
400
450
500

-2-1.5-1

0

100

200

300

400

500

600

700

-2.5-2.25-2-1.75-1.5

log10xIP

dσ/dlog
10 x

IP  [pb]

H1 Diffractive D
*

H1 99-00 (prel.)
NLO QCD (H1 fit 2002)
RAPGAP MC (H1 fit 2002)

0

200

400

600

800

1000

00.20.40.60.8
 

zIP

dσ/dz
IP  [pb

•agreementbetweenH1and

ZEUSmeasurements

•NLOpredictionsbelowthe

databutagreementwithin

errors

•alsoRAPGAPMonteCarlo

agreeswithdata

=⇒

•supportforthevalidity

ofQCDfactorizationin

diffractiveDIS
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OpenCharm–comparisonwith2-gluonexchangemodels

0
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350

00.20.40.60.8
0

50
100
150
200
250
300
350
400
450

-2.6-2.4-2.2-2

10

10
2

H1 Diffractive D
*
, xIP<0.01

zIP

dσ/dz
IP  [pb]H1 99-00 (prel.)

NLO QCD (H1 fit 2002)
2gluon (CCFM)

log10xIP

dσ/dlog
10 x

IP  [pb]

pT,D* [GeV]

dσ/dp
T,D

*  [pb/G
eV

]

2510
ηD*

dσ/dη
D

*  [pb]

0

20

40

60

80

100

120

140

-101

Perturbative‘2-gluon’approach:

useofunintegratedgluondensity

obtainedfromCCFMevolution

totheinclusiveF2data

DiffractionatHERA

AtHERA:

•Q
2
∼0,|t|∼0→similartosofthadronicdiffraction

BRegge:diffractionisexchangeofPomeron

•LargeQ
2
,|t|,PTjets→pQCDatγ

∗
IPvertex

BQCDfactorisation,γ
∗

probespartoniccontentofIP

BCDM:inLOdiffractionis2gluoncoloursinglet
exchangebetweenγ

∗
→qq̄,qq̄gandproton

HERA⇒

Uniquefacilitytoprobepartoniccontentof

diffractiveexchange(IP)andtostudythetransition

fromsofttohardregime

g

p p

q γ

q

IP(1-z)

(z)

.0/

1
1

22

33

Goodagreementwithdatainall

distributions
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CharmContributiontoDiffractiveStructureFunction

WelldescribedbyNLOQCDfit(ZEUS)
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DiffractivedijetsinDIS

H1 Diffractive DIS Dijets
H1 Preliminary
correl. uncert.

H1 2002 fit (prel.)
DISENT NLO*(1+δhad)
RAPGAP
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0.10.20.30.40.50.60.70.80.91
zIP 

jets

dσ/dz
IP jets (pb)
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-2.3-2.2-2.1-2-1.9-1.8-1.7-1.6-1.5
log10(xIP)

dσ/dlog
10 (x

IP ) (pb)

(b)

0
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567891011
p*

T

,jet1
 (GeV)

dσ/dp*T ,jet1 (pb G
eV

-1)
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-0.7-0.6-0.5-0.4-0.3-0.2-0.100.10.2
〈η

jet

lab
〉

dσ/d〈η
jet

lab〉 (pb)

H1 Diffractive DIS Dijets
H1 Preliminary
correl. uncert.

H1 2002 fit (prel.)
DISENT NLO*(1+δhad)
DISENT NLODISENT LO

10
-1

1

10
Q

2
 (GeV

2
)

dσ/dQ
2 (pb G

eV
-2)
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20

40

60

80

100

120

140
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0.30.350.40.450.50.550.60.65
y

dσ/dy (pb)

   

  

NLOpredictionswithQCDfitsto

inclusivediffractiveDISarein

agreementwithmeasurements

=⇒SupportforQCDfactorizationindiffractiveDIS
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DiffractivedijetsinPhotoproduction

H1 Diffractive γp Dijets
H1 Preliminary
correl. uncert.

H1 2002 fit (prel.)
FR NLO*(1+δhad)
RAPGAP

0

100
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0.10.20.30.40.50.60.70.80.91
zIP 

jets

dσ/dz
IP jets (pb)

(a)

0

200

400

600

800

1000

0.10.20.30.40.50.60.70.80.91
xγ 

jets

dσ/dx
γ jets (pb)

(b)

NLOpredictionsaretoohighby∼factor2

=⇒BreakingofQCDfactorizationindiffractivedijetphotoproduction
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DiffractiveDijets:ratiosData/NLO

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.30.350.40.450.50.550.60.65

H1 Diffractive Dijets (prel.)

DIS NLO 0.5<µr /E*
,jet1

<2 T

y

D
ata/N

LO

DIS

γp

W=165 GeVW=242 GeV

data bin correlated uncertainty
H1 2002 fit (prel.)

.DIS:ratio’Data/NLO’iscompatiblewith1

.photoproduction:ratio‘Data/NLO’isaround0.5

but...atTeVatronthefactoris∼0.2–0.1!
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BreakdownofQCDfactorizationatTeVatron

Tevatron(pp̄)

0.11

0.1

1

10

100

CDF data

ET
Jet1,2

 > 7 GeV

0.035 < ξ < 0.095

| t | < 1.0 GeV
2

H1 fit-2

H1 fit-3

( Q
2
= 75 GeV

2
 )

β

F ∼
DJJ  (β)

H1 2002 σr
D QCD Fit (prel.)

IR only

Harddiffractioninppissuppressed

byfactor5-10w.r.t.predictions

usingdiffractivePDFsfromHERA

→reductionof‘gapsurvivalprobability’

Expectsimilarsuppressioneffectin

resolvedphotoproductionatHERA

(resolvedphotoninteractshadronically)

γ

γ

Kaidalov,Khoze,MartinandRyskin:

InRealPhotoproductiontheresolved

contributionsuppressedby0.34

(Phys.Lett.B567(2003)61)
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DiffractivedijetsinPhotoproduction

H1 Diffractive γp Dijets
H1 Preliminary
correl. uncert.

H1 2002 fit (prel.)
FR NLO*(1+δhad), (xγ 

jets
<0.9)×0.34
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600
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γ jets (pb)

NLO(xγ 
jets

<0.9)×0.34
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200
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1200

1400

1600

0.30.350.40.450.50.550.60.65
y

dσ/dy (pb)

NLO(xγ 
jets

<0.9)×0.34

    

Suppressionofonlyresolvedcomponentbyfactor0.34(predictedby
Kaidalovetal.)isnotfavoredbythesemeasurements
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DiffractivedijetsinPhotoproduction

H1 Diffractive γp Dijets
H1 Preliminary
correl. uncert.

H1 2002 fit (prel.)
FR NLO*(1+δhad) ×0.5
FR NLO ×0.5
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NLO×0.5

GoodagreementwithNLOpredictionsusingdiffractivePDFsglobally
suppressedby∼0.5
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CharmandDijetswithLeadingNeutrons

Possiblemechanismsforproductionofhighlyenergeticproton/neutronin
forwarddirection:
–Fragmentationofprotonremnant

444444444444 444444444444 444444444444 444444444444 444444444444 444444444444

555555555555 555555555555 555555555555 555555555555 555555555555 555555555555

e

p

e’

X

γ*

–Exchangeprocesses

666666666666 666666666666 666666666666 666666666666 666666666666 666666666666

777777777777 777777777777 777777777777 777777777777 777777777777 777777777777

e

p

e’

X

γ

n 
t

π+   

*

σ(ep→e
′
nX)=fπ/p(xL,t)×σ(eπ→e

′
X)

–Studythemechanismofleadingneutronproduction
–Factorizationhypothesis→leadingneutron(LN)productionrateis

independentfromkinematicalvariables
–Rescatteringhypothesis(I.D.’AlesioandH.J.Pirner,2000)→

neutronrescattersonthehadroniccomponentofthephoton→
LNratedependsonthetransversesizeofvirtualphoton
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ForwardNeutronCalorimetersatHERA

H1

FPS

y

B77B72B67Q51,55,58B47Q42Q30,34,38B26B18,22Q6-15

S2 S3 S4 S5 S6  S1

ZEUS

FNC

LPS

proton

•Dedicateddetectorsinstalled107mdownstreaminprotondirectionfrom
HERA-interactionpoint.

•Acceptancelimitedbymagnetapertures
H1andZEUSFNC:θn

<
∼0.8mrad,pt<0.66xL
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D
∗

withaleadingneutrons

∆ M (D
*
 - D

0
)  (GeV)  right ch

ZEUS
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0.140.1450.150.1550.160.165

•  ZEUS  1998-2000 
xL > 0.2, θn < 0.8 mrad
Wrong-charge background
N(D

*
 → Kππs) = 298±31

M(Kππs) - M(Kπ)     (GeV)

C
om

binations

ZEUS

0
1
2
3
4
5
6
7
8

0.20.40.60.81

RAPGAP (OPE)
HERWIG
PYTHIA
RAPGAP (incl.)

(a)

xL

dσ/dx
L  (nb)

0
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3

4

5

0.20.40.60.81

GRV set 1
Owens set 1
Owens set 2

(b)

xL

dσ/dx
L  (nb)

•  ZEUS  1998-2000 
xL > 0.2, θn < 0.8 mrad

xL=En/Ep

•Standardfragmentationmodels(HERWIG,

PYTHIA,..)describewellcrosssectionsin

pT,ηandW(notshown),butdon’t

describexLdistribution.

Onlypionexchangemodel(RAPGAP)

describesxL.

•Measurementisnotsensitivetothe

differentparameterizationsofthepionPDF
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Dijeteventswithaleadingneutrons
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)H1 Preliminary
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jet
 < 2
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)

H1 preliminary

RAPGAP-(GRV-π-LO)

En > 400 GeV
θn< 0.8 mrad
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jet
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25% normalization error
not shown
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dσ
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γ  jet (pb)H1 Preliminary
POMPYT (GRV-π-LO)
RAPGAP (π-exchange)
PYTHIA (no mult.interact.)

En> 400 GeV
θn< 0.8 mrad
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jet
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jet

 < 2

25% normalization error
not shown
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En (GeV)
arbitrary unitsH1-preliminary

RAPGAP (π-exchange)
RAPGAP (inlclusive DIS)

WelldescribedbyapionexchangemodelsbothinγpandinDIS(RAPGAP,
POMPYT).

γpγp

DIS

DISDIS
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YieldofD∗andDijeteventswithaLeadingNeutron
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Conclusions

•HERAisanidealfacilitytoinvestigatethediffractiveexchangeintermsofpQCDand

tostudytransitionfromsofttoharddiffraction,exploredusingdifferenthardscales

(Q
2
,Mq,p

jet
T,...)

•MeasurementsofinclusivediffractionandthehadronicfinalstatesindiffractiveDIS

canbedescribedwithinaconsistentpicture:

–QCDfactorization

–NLODGLAPevolution

–DiffractivePDFsdominatedbygluoncontribution(>75%)

•Openquestions(e.g.breakdownoffactorizationatTeVatron,flatdependence

σdiff/σtot,...)

Outlook

◦StillmoreresultstocomefromHERA-Idata

◦HERA-II–newqualityofdiffractivemeasurements

–×5increaseofstatistics

–newdetectors-H1VFPS–largeacceptanceforlowxIPand|t|
<
∼0.5GeV

2
.
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