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Introduction

•TheHERAcolliderprovidesauniquelaboratoryforthestudyofthehadronicfinal
state,completingthecoveragefrome

+
e−topp̄.

•Jetdataarenowverypreciseathightransverseenergywherenon-perturbative
effectsaresmall

precisiontestsofourunderstandingofQCDandtheextractionofQCD
parameters.

•Thepartonmodelpredictscrosssectionsthatscalewiththecentre-of-massenergy.

•QCDpredictsscalingviolationsduetotheevolutionofhadronpartondensity
functionsandtherunningcouplingconstant

notyetdirectlyobservedinphotoproduction.
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TheHERAcollider
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•HERAistheonlylepton-hadroncollidingbeammachine.

•1998-2000,27.5GeVleptonson920GeVprotons,√s=318GeV.
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HERAkinematics
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γhp
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k′•Kinematicvariables...

.(Negative)squared4-momentumtransfer

Q
2

=−(k−k′)2.

.Bjorkenscalingvariable

x≡
Q

2

2p.q
.

.Inelasticity

y≡
p.q

p.k
.

•Totalhadroniccentre-of-massenergy,

W
2

=(q+p)
2

=ys−Q
2

•Forphotoproduction,Q
2
∼0GeV

2
,W

2
≈ys
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PhotoproductionatHERA

•Inphotoproductionthephotonhasaverylowvirtuality,atHERA∼10−3
GeV

2

perturbativelycalculablewhenthereisahardscaleprovidedbyhightransverse
energyjets.

•ToO(ααs),twotypesofprocesscontributetothehighETjetproduction.

Direct

p

e
+

γ
Resolved

p

γ
xγ

•AtLeadingorderpicture,twojets,balancedinET,back-to-backinφ.

•Differenthadroniccentre-of-massenergies,Wγpareaccessiblewithinthesame
dataset.
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Whysingleinclusivejetproduction?

•Forperturbativlycalculablecrosssections,needaninfraredandcollinearsafejet
algorithmKTalgorithmintheinclusivemode.

•FixedordercalculationsavailableatNLO–O(αα
2
s).

predictdijetcrosssections,butlargerenormalisationscaleuncertaintydueto
restrictionofphasespaceforthesecondhighesttransverseenergyjet.

•Inclusivejetproductiondoesnotrestrictthephasespaceofthesecondjet,oreven
requireittobewithinthedetectoracceptance,

Smallerrenormalisationscaleuncertainty,morereliableQCDpredictionsbut
atthecostoflessinformationontheeventkinematics.
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Next-to-leadingorderprediction

•NLOcalculationherefromKlasen,KleinwortandKramer,usingthephasespace
slicingmethodtocanceltheinfraredandcollineardivergences.

.Twoloopαs(MZ)=0.1175.

.RenormalisationandfactorisationscalesµF=µR=E
jet
T.

.MRST99proton,andGRVphoton.

•PartonlevelNLOcorrectedtohadronlevelusingPythia.

•Theoreticaluncertaintiesshown

.CorrectionsduetotermsbeyongNLO,estimatedfromscalevariation
1
2E

jet
T<µR<2E

jet
T

.PhotonandprotonPDF’s–AFG-HO(photon)andMBFIT(proton).

.0.1125<αs(MZ)<0.1225.

.Hadronisation(Herwig)<2.5%.

•Indicatedasshadedband.
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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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Scalingviolations

•Withthescalinghypothesis,thescaledjetinvariantcrosssection

(E
jet
T)

4
E

jetd
3
σ

dp
jet
Xdp

jet
Ydp

jet
Z

asafunctionof

xT≡
2E

jet
T

W
shouldbeindependentofWγptakeratioofthecrosssectionsindistinctranges
ofWγp...

169<Wγp<191GeV−meanWγp=180GeV

240<Wγp<270GeV−meanWγp=255GeV

•UnfoldfordifferentphotonfluxateachWγpintheratio.

•Restrictjetsto−2<η
jet
γp<0intheγpcentre-of-massframe.
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Thescaledcrosssection

 ZEUS

10
-6

10
-5

0.20.30.40.5

    ZEUS 98-00 •
NLO QCD
LO QCD

 -2 < η
jet

γp < 0 and <Wγp> = 180 GeV

 xT

  (E
T  jet ) 4 < E

jet d
3σ

/dp
X  jet dp

Y  jet dp
Z  jet >

η

-1

-0.5

0

0.5

0.20.30.40.5

jet energy scale uncertainty

NLO uncertainty

 xT

(data-N
L

O
)/N

L
O

 ZEUS

10
-6

10
-5

0.20.30.40.5

    ZEUS 98-00 •
NLO QCD
LO QCD

 -2 < η
jet

γp < 0 and <Wγp> = 255 GeV

 xT

  (E
T  jet ) 4 < E

jet d
3σ

/dp
X  jet dp

Y  jet dp
Z  jet >

η

-1

-0.5

0

0.5

0.20.30.40.5

jet energy scale uncertainty

NLO uncertainty

 xT

(data-N
L

O
)/N

L
O

•NLOconsistentwiththedata.
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Scalingviolations(contd.)
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R
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•Ratioofcrosssections,
<Wγp>=180GeVwithrespectto
<Wγp>=255GeV.

•Theoreticaluncertaintiesreduced...

.Renormalisationscale∼2.5%,

.Photon,protonpdfs∼5%,0.3%,

.αs∼4%.

•NLOconsistentwithdata.

•Firstobservationofscalingviola-
tionsinjetphotoproduction.
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TherunningofαsatHERA

ZEUS

•ExtractαsineachE
jet
Tbinusing

theMRST99pdfsets.

•Clearrunningofαsinasingle
measurement.
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Therunningofαs
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•Spanstheoverlapregionof
existingZEUSdata.

•Runningseenoveranorder
ofmagnitudeinscalevaria-
tionfromZEUSdataalone.
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Therunningofαs
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•Spanstheoverlapregionof
existingZEUSdata.

•Runningseenoveranorder
ofmagnitudeinscalevaria-
tionfromZEUSdataalone.

•IncludingCDFdata,seeαsrunningwithscalevariationwelloveranorderof
magnitude.
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Theextrationofαs(MZ)

•RunningthecouplingbacktotheZ
0

mass...

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

+0.0054
−0.0042(th.)

•Smallexperimentaluncertainties.

•ConsistentwithrecentfitofBethke,theoryerrorstilldominates.
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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)

•Consistentwithallrecentmeasure-
ments.

•Smallexperimentaluncertainties
verycompetitive.
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TheQCDβfunction

•Totwo-looporder

α−1
s(ET)=

β0

2π
ln(ET/Λ)×







1−
β1

β2
0

ln(ln(ET/Λ))

ln(ET/Λ)









−1

•β0=11−
2
3nf

•Takingβ1=(19β0−107)/2,extract
β0...

β0=8.53±0.22(stat.)
+0.56
−0.53(exp.)

+1.34
−0.82(th.)

•(cf.QCDβ0=7.67fornf=5).

ZEUS

M.Sutton–ScalingviolationsinjetphotoproductionatHERA16



DIS03–April24th,StPetersburg

Conclusions

•Theinclusivesinglejetphotoproductioncrosssectionhasbeenmeasuredwith
highprecision.

•ThetheoreticaluncertaintiesontheNLOpredictionsaresmall,andthecalculation
isabletoreproducethemeasuredcrosssectionovermanyordersofmagnitude.

•Scalingviolationshavebeenseeninjetphotoproductionforthefirsttime.

•ThevalueoftheQCDcoupling,αs,hasbeenextractedfromphotoproductiondata
forthefirsttimewithaprecisioncomparablewiththeworldaverage,andit’s
runningbehaviourclearlyseen.

•Lookingforwardtoimprovedtheoreticalpredictionstomatchtheexistingdata,
andtheincreasedprecisiondata,atevenhighertransverseenergy,expectedfrom
HERAII.
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