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Introduction

•TheHERAcolliderprovidesauniquelaboratoryforthestudyofthehadronicfinal
state,completingthecoveragefrome

+
e−topp̄.

•Jetdataarenowverypreciseathightransverseenergywhereexperimental
uncertaintiesandnon-perturbativeeffectsaresmall...

.PrecisiontestsofourunderstandingofQCD.

.Constraintsonproton(andphoton)partondistributionfunctions.

.Studywheretheoreticaluncertaintiesaresmall,andwherelarge.

.Wheresmall,allowsextractionofQCDparameters.

•Studysub-processesdirectlyproportionaltoαsorhigherpowers.

•ExplorelowQ
2

transitionregion.
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HERAkinematics

•HERAepcollider,colliding27.5GeVleptonswith820(920)GeVprotons; √
s=300(318)GeV

θe

γhp

xp

xp+q

q

k

k′
•(Negative)squared4-momentumtransfer

Q
2

=−(k−k′)2.

•Bjorkenscalingvariable

x≡
Q

2

2p.q
.

•Inelasticity
y≡

p.q

p.k
.

•Totalhadroniccentre-of-massenergysquared

W
2

=(q+p)
2

=ys−Q
2
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Jetsindeepinelasticscattering

Born
p

e
+

q

QCDC
p

e
+

q

ξp

BGF
p

e
+

q

ξp

•Factorisejetcross-sectionintoaconvolutionofPDF’sintheproton,fa,withshort
distancesubprocess,dσ̂a....

dσjet=
∑

a=q,q̄,g

∫
dxfa(x,µ

2
F)dσ̂a(x,αs(µ

2
R),µ

2
R,µ

2
F)×(1+δhad)

•LongitudinallyinvariantkTalgorithm(Catanietal).
AthighEThadronisationeffectsaresmallmorereliableQCDpredictions.

•LargescalevariationpossibleinbothQ
2

andETwhatistheappropriatescale?
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JetproductionintheBreitframe

Born

γ
*

(0;0,0,-Q)

incoming q

current q

QCDC
γ

*

(0;0,0,-Q)

•Breitframepurelyspace-likephoton.

•InclusivejetproductioninLABframeO(αα
0
s)atlowestorder.

•JetswithhighETintheBreitframe

.SuppressesBorncontribution(inBreitframecurrentquarkhasnoET).

.Lowestordercontributionsfromγ∗g→qq̄andγ∗q→qg.

DirectlysensitivetoQCDsubprocessatO(ααs)andhigheroders.
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NLOQCDcalculationsofjetproductioninDIS

•Severalcalculationsavailable,virtualandcollinearsingluaritiescancelledusing
subtractionorphasespaceslicingmethods,

.Dijetproduction
DISENT(CataniandSeymour)–subtractionmethod.
DISASTER++(Graudenz)–subtractionmethod.
MEPJET(MikesandZepenfeld)–phasespaceslicingmethod.

.TwoandThreejetproductuion
NLOJET(NagyandTrocsanyi)–subtractionmethod.

•Two“natural”scalesinjetproduction,QandE
jet
T,renormalisationand

factorisationscales,µR,µF=QorE
jet
T.

•Calculationsatpartonlevelcorrectcalculationsforhadronisationeffects.

•Theoreticaluncertainties...

.TermsbeyondNLO,usuallyestimatedbyvaryingscale,µRbyfactorof2.

.Uncertaintyonαsandtheprotonpartondistributionfunctions.

.Hadronisationcorrections.
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Dijetselectioncriteria

•NLOcalculationscanexhibitunphysical
infraredsensitivity...

.SymmetriccutsonJetET

unphysicalcrosssectiondepen-
dence.

.SymmetriccutsonJetET,butalsocut
onSum,orinvariantmass.

.Asymmetriccutsonbothjets.

•Lasttwocriteriabetter,butstillneedtobe
careful,largerenormalisationscale
uncertainties.

•Inclusivejetproductionnorestrictiononphasespaceofsecondjet.
Smallerscaleuncerrtainty.
MorereliableQCDprediction,butlessinformationoneventkinematics.
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Uncertaintiesinαsandtheprotonparton-densities

M.Botje;Eur.Phys.J.C14(2000)285.

•CrosssectionsusingdifferentPDF’s(eg
MRSTcfCTEQ)donotgiveareliable
estimationofthetrueuncertainty.

•Severalfits(Botje,ZEUS...)include
correlationmatricestoaccountfor

.Statisticalandcorrelatedsystematic
experimentaluncerrtainties.

.Theoreticaluncertaintiesfromextraction
ofPDF’sintheDGLAPevolution.

•ExtremerangesusedtoestimatereliablecorrelatedPDFuncertainty.

•PDF(gluon)andαsuncertaintycorrelatedseveralsetsavailable(MRST99
series,CTEQ4Aseries)withconsistentfitsatdifferentαsvalues.
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InclusivejetproductionathighET

•InclusivesinglejetproductioninBreit
frame,

150<Q
2
<5000GeV

2

E
Breit
T>7GeV,−1<η

Lab
<2.5

•NOrequirementonsecondjet(canbe
unobserved).

•NLOQCDgivesagoodsecriptionof
entirerangeofQ

2
andET.10
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1010
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ET,jet,Breit  / GeV

d
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jet  / dE
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inclusive jet cross section

H1 data

NLO ⊗ (1+δhadr.)
NLO  CTEQ5M1

Q
2
 / GeV

2

7102050100

[150 ... 200]
(× 200)

[200 ... 300]
(× 20)

[300 ... 600]
(× 2)

[600 ... 5000] incl. k⊥ algorithm
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InclusivejetproductionathighET

ZEUS
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Q
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 2 

(×10
5
)

(×10
4
)

(×10
3
)

(×100)

(×10)

(×1)

ZEUS 96-97

Jet energy scale uncertainty

NLO QCD:(corrected to hadron level)

αs (MZ)= 0.1175

DISENT MRST99 (µR=E
B  
T,jet    )

DISENT MRST99 (µR=Q)

•HighQ
2
>125GeV

2

•Inclusivejetcrosssectionsmeasured
intheBreitframeinDIS.

E
Breit
T>8GeV,−2<η

Breit
jet<1.8

•NOcutsonjetsintheLabframe.

•Precisiontestofourunderstandingof
perturbativeQCD.

•ReasonableagreementwithNLO
QCDpredictionovermanyordersof
magnitudeinQ

2
andE

Breit
T.
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InclusivejetproductionathighET

ZEUS
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•Hatchedband:NLOscaleuncer-
taintyforE

Breit
T/2<µR<2E

Breit
T.

•AtlowQ
2

andE
Breit
T,thedataare

abovethepredictionsofNLOQCD.

•Overall,reasonableagreement
withintheexperimentalandtheo-
reticaluncertainties.Extraction
oftheQCDcouplingαs.
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ExtractionoftheQCDcoupling–αs

•ClearrunningobservedwithjetET.

•H1valuefor150<Q
2
<5000GeV

2
,

αs(MZ)=0.1186±0.0030(exp.)
+0.0039
−0.0045(theor.)

+0.0033
−0.0023(pdf)

•ZEUSvalueforhighQ
2
>500GeV

2
,

αs(MZ)=0.1212±0.0017(stat.)
+0.0023
−0.0031(syst.)

+0.0028
−0.0027(theor.)

•Dominantuncertaintyfromtheory.

.Scaleuncertainty∼3%.

.ProtonPDF∼1%.

.Hadronisation∼0.2%.

•Precisioncompatiblewithbestmeasurementsfromelsewhere.
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Threejetproduction

•Three-jetcrosssectionsinBreitframeO(αα
2
s)processatleadingorder,

5<Q
2
<5000GeV

2
,−1<ηlab<2.5,Mjets>25GeV

•LargeNLOcorrections,goodagreementbetweendataandNLOcalculation.

•Ratioofthree-to-twojetrate,R3/2Reduceduncertaintiesfromthegluon
densityintheprotonandrenormalisationscale.
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Multi-jetsinDIS
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•Twoandthree-jetproductioninBreitframe,

10<Q
2
<5000GeV

2
,E

Breit
T>5GeV,−1<η

LAB
<2.5,Mjets>25GeV

•Dynamicswelldescribed.

M.Sutton–JetproductionatHERA14



Low-xWorkshop2003–5thJune,Nafplion

InclusivejetproductiontowardslowerQ
2
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•LowQ
2

region,
E

Breit
T>5GeV,

5<Q
2
<100GeV

2
,

0.2<y<0.6

•NLOcorrectionslargeforlow
ETandforwardηlab>1.5

Theoryliesbelowdata.
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Inclusivejetproduction–fowardregion
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•Forwardregion,1.5<ηlab<2.8inmoredetail.
•DiscrepancybetweendataandNLOlargeatlowQ

2
andlowET.

Improvedcalculationsareneeded;ContributionsprotonPDF’s?virtualphoton
structure?alternativeevolutionschemes(CCFM,BFKL)?
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LowQ2andvirtual-photonstructure

xγ

p

γ*
•Indijetproduction,atverylowQ

2
,thenQ

2
<E

2
T

largelogarithmsoflnET/Q
2
,formallyresum

into“resolved”photonstructure.
Photoncaninteractdirectlyorviaapartonwithsome

momentumfractionxγ<1.

•Possiblecontributionfromlongitudinally-polarised
“resolved”photonsvanishesasQ

2
→0andy→1.

•VirtualphotonPDF’smodeledusing

.LeadingLogpartofrealphotonlnET/ΛQCD

.AssymtoticbehaviourfromperturbativeQCDlnET/Q

•ParameterisationsofvirtualphotonPDF’s,

.DreesandGodbole,

.SchulerandSjöstrand,

.Glücketal.
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Alternativeevolutionschemes

•Unorderedpartonevolution,egCCFM(Cascade),

.Strongorderinx:x1�x2�...�xBj,unordered
inkT.

.AllowsthehighesttwoETjetsinaneventtocome
fromanywherealongtheladder.

•Usesonlyunintegratedgluondensityintheproton.

•Qualitativelysimilartoresolvedphotonpicture,but
withoutexplicitphotonstructure.

x1

x2

xn-1

xn

xBj

q

p
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Virtualphotonstructure

•Datasuggest“resolved”component
neccessaryatlowQ

2
orwhenĒTis

large.

•Leading-orderresolvedcomponent
aloneisnotadequate.

•Longitudinallypolarisedphoton
improvesthedescription.

•UnorderedCCFMpartoncascade
withNOresolvedphotonpredicts
highercontrbution.

•NeedNLOcomparison...

M.Sutton–JetproductionatHERA19



Low-xWorkshop2003–5thJune,Nafplion

Virtualphotonstructure–comparisonwithNLOtheory

ZEUS
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•DISASTERNLODISnore-
solvedphoton.

•DISASTERratiotoolowatlowerQ
2
.

•Expectlargerresolvedfractionwhen
includingresolvedvirtualphoton.

•NeedadditionalNLOcalculations.
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PhotoproductionatHERA

•Photoproduction,verylowphotonvirtuality∼10−3
GeV

2
perturbatively

calculablewhenthereisahardscaleprovidedbyhightransverseenergyjets.

•ToO(ααs),twotypesofprocesscontributetothehighETjetproduction.

Direct

p

e
+

γ
Resolved

p

γ
xγi

j
a

b

dσ
res

(γp→ij)=
∑
ab

∫
ydyfe→γ(y)

∫
xpdxpfp→a(xp,t)

∫
xγdxγfγ→b(xγ,t)dσ(ab→ij)

Photonflux,fe→γ(y),PDF’sintheproton,fp→a(xp,t),andphoton,fγ→b(xγ,t).

•Inleadingorderpicture,twojets,balancedinET,backtobackinφ.
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PhotonStructure
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•PhotonstructurefromfitstoF
γ
2fromγ-DISate

+
e−

collidersgluoninphotonpoorlyconstrained.

•Lowestorderjetcrosssectionsinphotoproduction
sensitivetobothquarkandgluondensities

•Dataatevenlargerscales,
µ

2
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2
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4
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2
.

•LongitudinallyinvariantkTalgorithm.

•Studyfractionofphotonenergyintwohighest
ETjets,
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NLOphotoproductioncalculations

•LongitudinallyinvariantkTalgorithm,inη-φspaceinLaboratoryframe(Ellisand
Soperscheme).

•SeveralNLOcalculations(phasespaceslicing,subtractionmethod).

.KlasenandKramer,HarrisandOwens,FrixioneandRidolfi,Aurencheetal

•µR=µF=E
jet
T,(Q

2
≈0).

•ProtonPDF’s,NLOfits,CTEQ5M,MRST99.

•PhotonPDF’s,NLOfits,GRV-HO,AFG-HO.

•PartontohadroncorrectionsestimatedusingHerwigorPythia.

•UnderlyingeventestimatedusingMulti-partoninteractionorSoftunderlyingevent
models,parameterstunedtodescribeenergyflowaroundthejets.

•Toavoidinfraredsensitivejetcrosssectionsagaindefinedwith

.Asymmetricjetcuts.
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TheH1dijetcrosssection
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•Dijetcrosssecions

E
jet1,2
T>25,15GeV,−0.5<η

jet
<2.5

Q
2
<1GeV

2
,95<Wγp<285GeV

•CTEQ5MprotonandGRV/AFGphoton
PDF’s.

•NLOdescribesthedatawellatlowxγ.

•Differenceinpredictionsfromphoton
PDF’ssmallerthanscaleuncertainty

Needimprovedtheoreticalpredic-
tions.
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TheZEUSdijetcrosssection
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•DijetphasespaceE
jet1,2
T>14,11GeV,−1<η

jet
<2.4.

•Smallexperimentaluncertainties,largescaleuncertainty.

•NLOpredictionbelowthedataforlowxγcontradictsH1measurement?
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Dependenceonsub-leadingjettransverseenergy.
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•25<E
jet1
T<35GeV:H1andZEUS

usedifferentcutsonETofthesub-
leadingjet.

.H1:E
jet2
T>15GeV.

.ZEUS:E
jet2
T>11GeV.

•Dependenceofcrosssectionnot
reproducedbyNLOcalculation.

Largerenormalisationuncer-
rtainties.

•Improvedtheoreticalunderstandingrequired
Higherordercorrections?Resummed

calculations?Improvedjetselection?
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Inclusivejetphotoproduction

•Inclusivejetproductiondoesnotrestrict
thephasespaceofthesecondjet,or
evenrequireittobewithinthedetector
acceptance.

•Reducedtheoreticaluncertainties,
morereliableQCDpredictionsbut

lesscompleteinformationonevent
kinematics.

•Crosssectionforalljetswithalljets

E
jet
T>21GeV,−1<η

jet
<2.4

(95<Wγp<285GeV,Q
2
<1GeV
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Theinclusivecrosssection

•Crosssectionforalljets,

17<E
jet
T<95GeV,−1<η

jet
<2.5

142<Wγp<293GeV,Q
2
≤1GeV

2

•ForE
jet
T<45GeV,resolvedprocesses

dominant.

•Smalltheoreticaluncertainties...

.Renormalisationscale∼10%,

.Photonandprotonpdfs∼5%,

.αs∼8%atlowE
jet
T.

•GoodagreementofNLOwiththedata
overmanyordersofmagnitude.
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Therunningofαs

•ExtractαsineachE
jet
Tbinusingthe

MRST99pdfsets.

•Clearrunningofαsinasingle
measurement.

ZEUS

•RunningbacktotheZ
0

mass...

αs(MZ)=0.1224±0.0001(stat.)
+0.0022
−0.0019(exp.)

+0.0054
−0.0042(th.)

•ConsistentwithrecentfitofBethke,theoryerrorstilldominates.
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Therunningofαs
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   ZEUS (39 pb
-1

) (inclusive jet DIS)

µ (GeV)

 α
sZEUS

•Spanstheoverlapregionof
existingZEUSdata.

•Runningseenoveranorder
ofmagnitudeinscalevaria-
tionfromZEUSdataalone.
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Therunningofαs
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) (inclusive jet DIS)
   CDF   (87 pb

-1
) (inclusive jet pp)

µ (GeV)

 α
sZEUS

•Spanstheoverlapregionof
existingZEUSdata.

•Runningseenoveranorder
ofmagnitudeinscalevaria-
tionfromZEUSdataalone.

•IncludingCDFdata,seeαsrunningwithscalevariationwelloveranorderof
magnitude.
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Comparisonwithothermeasurements

theoretical
uncertainty

experimental
uncertainty

 WORLD AVERAGE
 (S. Bethke, hep-ex/0211012)

 Dijet cross sections in DIS  ZEUS
 (Phys Lett B 507 (2001) 70)

 Inclusive jet cross sections in DIS  ZEUS
 (Phys Lett B 547 (2002) 164)

 Inclusive jet cross sections in DIS  H1
 (Eur Phys J C 19 (2001) 289)

 NLO QCD fit  ZEUS
 (Phys Rev D 67 (2003) 012007)

 NLO QCD fit  H1
 (Eur Phys J C 21 (2001) 33)

 Jet shapes in DIS  ZEUS (prel.)
 (Contributed paper to IECHEP01)

 Subjet multiplicity in DIS  ZEUS
 (Phys Lett B 588 (2003) 41)

 Inclusive jet cross sections in pp  CDF
 (Phys Rev Lett 8 (2002) 042001)

 Inclusive jet cross sections in γp  ZEUS
 (hep-ex/0212064)

0.10.120.14
αs(MZ)

•Allvaluesconsistentwithotherrecent
measurementsandBethkeworld
average.

•Competitivelysmallexperimental
uncertainties.
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SummaryandOutlook

•HERAisnowproducingawealthofprecisionjetdataathighETindeepinelastic
scattering,photoproductionandthetransitionregion.

•ManyextractionsoftheQCDcouplingconstant,αswithastatisticalprecision
competitivewiththeworldaverage,runningbehaviourclearlyseen.

•AthighE
jet
Tininclusivecrosssections,theoreticaluncertaintiesaresmall,and

predictionisabletoreproducecrosssectionsovermanyordersofmagnitude.

•AtlowerQ
2

andindijetphotoproduction,theoreticaluncertaintiesaredominant.
Theoreticaldevelopments,resummedcalculationsetc.areneeded.

•Experimentalprecisionandcoverageofdatanowverygood,Timefor
inclusionofthesedatainglobalPDFfits.
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