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Abstract

Westudiedtheconsequencesoftheconsistencyconditionimposedbythetrun-

Gatedperturbationtheoryontherenormalization-scheme(RS)dependenceof

perturbativeQCDcalculations.Bystudyingseveralphysicalquantitiesbeingfree

fromorinsensitivetothefactorization-schemedependence,wefoundthefollo-

wings:(1)ThesignificanceoftheRS-dependenceisalmostindependentofthe

processconsidered,(2)higherordercontributionsarealwaysimportantandnon-

negligiblefromthepointoftheoreticalconsistency,and(3)theresolutionofthe

RS-dependenceisreallyimportantinordertomakequantitativeconfrontations

ofperturbativeQCDwithexperiment.

IIntroduction

Whattroublesusinapplyingperturbativequantumchromodynamics(QCD)

tosomeprocessesistherenormalization-scheme(RS)dependences'-il',which

comesfromthearbitrarinessinrenormalizingthestrongcoupling/・/4π2.

Thisproblemhasbeenstudiedextensivelysofare'-lo>mainlyfromthepoint

ofgettingareliableperturbativeprediction,orofresolvingtheRS-ambiguity.

Recentlywestudiedlytheconsequencesoftheconsistencyconditionimposedon

theRS-dependencebythetruncatedperturbationtheory(TPT)(Hereafterwe

refertothispaperasI).TheonlyprocessconsideredinIis,however,the

deepinelasticleptonscatteringoffatargethadron.Thenthedefinitenessof

theconsequencesobtainedinImightbecomeobscuredbythefollowingtwo

reasons.ThefirstoneisthattheRS-dependencecouldbeprocess-dependent.

ThesecondoneisthatperturbativeQCDappliedtosuchaprocessinwhich
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severalhadronsparticipatesuffersfromthesecondambiguity,thefactorization

scheme(FS)dependence12>-14',whichresultsfromthearbitrarinessinfacto-

rizingthelongdistancepartoftheprocess.TheFS-dependencehasitstheoretical

importanceaswellasthephenomenologicalone.Infact,theinvestigationof

theFS-dependencetogetherwiththeRS-dependencerevealedanewpathwayto

theproblemofthescheme-dependencesinperturbativeQCD'4'.

ThepurposeofthispaperistostudytheproblemoftheRS-dependence

almostparalleltoI,but(i)moregenerallybyconsideringthreeprocesses:the

deepinelasticleptoproduction,thee+e-annihilationandtheheavyquarkonium

decay,and(ii)morecarefullybystudyingquantitieswhichmightbefreefrom

orinsensitivetotheFS-dependence:thelogarithmicderivativeofthestructure

functionmoment,theDrellratioandtheratioofthegluonicandleptonicwidths

oftheheavyquarkonium.Thisgeneralizationandrefinementmayallowusto

getmoredefiniteandthoroughconsequencesontheIBS-dependence,

⑲

IIThesecondordercalculationsandtheconsistencycondition

Wedefinethesecondordercouplingaasthesolutiontotheβ 一functionequa-

tiontruncatedatthesecondorder;

μ1髪 一 一ゐα2〔・+・a〕≡β(の・(・)

namelys',

τ≡bl・9券 一 ∫○.b
x2(dx1+cx),(2)

Q(μ)

wherebandcaretheRS-independentconstantsgivenby

b-112-of3・ ・一(5・-190f3)/(22-40f3)・(3)　
ThedefinitionofthescaleAthroughEq.(2)isanRS・dependentone.However,
　
A'sindifferentRS'scanberelatedexactlybyaone 。100pcalculaion3)

,i.e.,　 　
Aノ/ノ1・=exp(v

l/b),(4)

wherevlistheone-loopcoefficientgivenby

aノ(μ)=a(μ)〔1十vla(μ)十 ・・・… 〕.(5)

AphysicalquantityRwhichisafunctionofonephysicalvariableQ,the

relevantlargemass-scaleintheprocessconsidered,hasasecondorderpertur-

bativeexpressionoftheform
...

R-〔a(μ)〕N〔1+Y・(Q/μ,μ/の α(μ)〕.(6)

ThecoefficientyldependsontheparticularRSusedtorenormalizethecoupl-

inga,andisprocess-dependent.Throughoutthispaperweset,u=Q,andthe　
parameterlabelingRS'sisthescaleAasisobvionsfromEq.(2}*)

Hereweconsiderthethreeprocessesseparately.

*)FormoredetaileddiscussionsontheparametrizationoftheRS-dependenceandtheconsis・

tencycondition,seeStevenson,Ref.6),andNakkaandgawa-Kawaguchi,Ref.11).
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(a)Deepinelasticleptoproduction(DIL)

InthisprocessaphysicalquantitybeinginsensitivetotheFS-ambiguityis

thelogarithmicderivativeofamomentMn(Q')ofthestructurefunction(only

theflavor-nonsingletcombinationisconsidered);

1～DIL-一(8/ro7L)(∂lo9ル1九((～2)/∂logQ2)(7)

whichhasasecondorderexpression

RDIL==α 〔1十yn1{z〕,Yin=(4ゐ/γoη)テ1η 十6,(8)

wherefo7Listheone-loopresultoftheanomalousdimensionandisRS-indepen-

dent.Thesecondordercoefficient,"YlnwascalculatedbyBardeenθ'.al.2)in

theminimalsubtractionscheme(MS)15'andalsointhemodifiedMS(MS)2'.

(b)e+e-annihilation(EEA)

TheDrellratioR,+ε_一 σんad/σ μμisgiveninthesecondordercalculationby

Re+ε_一(3.Σ6i2)(1十REEA)(9)2
REEA-a〔1+7,IEEAa〕.(10)

Thecoefficient,,,IEEAwascalculated16)intheMSandMS.Inthisprocessthe

massscaleQisthetotalenergyofthee+e-system,Q=S.

(c)Decayofortho-quarkonium(DOQ)

Theratioofthegluonicandleptonicwidths,1了 σ/!マμμ,ofheavyortho-quarkonium

isinsensitivetotheFS-ambiguity.ThuswedefineRDOQas

RZ)o(～=・(81π θ(～2/10(π2-9))(α,肌2/π3)(1マgo(～/∫7μ μoQ),(11)

whichisgiveninthesecondordercalculationby

RDOQ=a3(1+riDOQa).(12)

InEq.(11)eQisthefractionalchargeoftheheavyquark.ThecoefficientrlDoQ

wascalculatedintheMSbyMackenzieandLepage17'.Herethephysicalvari-

ableQcorrespondstothemassoftheheavyquarkonium,Q=M,ortotheave-

ragemomentum-flowthroughagluon,Q一 ル∫/3.

NowinordertostudytheRS-dependenceofthesecondorderapproximantR,

Eq.(6),wefirstdefineabase-schemeSoandcalculateRinthisscheme,Rso(Q).

NextwestudyanyotherschemeSandcalculateR,s(Q)byimposingthetheore-

ticalrelationbetweenπ's,Eq.(4).ThenRso(Q)and」R8(Q)candifferonlybya

termofO(aN+2),orl",

∠1(S,(2」'So)…≡1(Rs((})一.R80((～))/1～80((r)1≦dal,(13)

wheredisaconstantofO(11.ThisinequalitymustholdforanypairofRS's,

SoandS,andistheconsistencyconditionimposedontheRS-dependencebythe
....

TPT.Theconsistencycondition(13)imposes/1tosatisfytheinequality
　　げ 　

/1≧4v12v=Qexp{一 〔1/a十 〇109(oα/(1十 〇α))〕1/∂},(14)

where

α==一レ/∠7(S,Q/So)/δ(15)
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IIIAnalysis

InthisanalysisweconsiderfiveRS'swhicharefamiliarintheperturbative

QCDcalculations:MS16',MSS',themomentum-spacesubtractionscheme(MO

M)3)・4)*),andthetwooptimumschemes,oneofwhichisbasedontheprinciple

ofminimalsensitivity(PMS)6),theotherontheprincipleoffastestapparent 　
convergence(FAC)5).DatausedtodeterminetheQCDscale浸intheabove

threeprocesses,DIL,EEAandDOQ,arethefollowings;(a)DIL:thedatafor

Fzp-n,Q2-valuesrangingfrom4.Oto25.OGeV2andthemomentn=2～618).(b)

EEA:thecompilationofRvalues19',and(c)DOQ:theleptonicandgluonic

decaywidths20)ofTandJ/ψ,∫ ▼μμ=1.16±O.15andrg27±7forT,rμ μ一4.8±0.6

andhg=44±6forJ/ψinkeVunit.Thenumberofquark-flavors,ofinEq・(3),

istakentobeof=4intheDILandDOQ,whereasof=5intheEEA.

e

3-1ThedeterminationoftheQCDscale、A

Hereweconsiderforconveniencetheconventionalscale翅,asdefinedby
ti

Buraset.al.21),whichisrelatedto.イby N
/1・=(2c/b)c/d/1.(16)

Thescale浸canbefittedtoexperimentaldataineachRSbytheleastZ2-me-

thod.Resultsaregiven,togetherwiththeresultsobtainedinI,inTableI.In

theDILerrorsofroughly100～200MeVshouldbeunderstoodl),whereasinthe

DOQerrorsareatmost50MeV17)**).InthePMSandFAC,∠'saregivenpro-

videdtheoriginalcalculationalschemeistheMS.Fordetails,seeI.

TableI.Thebest-fitvaluesoftheQCDscale翅.IntheschemesPMSandFAC,浸's

aregivenprovidedtheoriginalcalculationalschemeistheMS.ResultsforMn

itselfaretakenfromI.Asforthepossibleerrors,seeText.

MS

MS

MOM

PMS

FAC

、4exp(GeV)

Mη

.44

49

72

33

34

alOgMn/alOgQ2 Re+e一

1

.331.03

48i.05

721.09

30!.05

301.05

rg/1「 μμ(T)

.07

.11

.20

.09

.10

rg/rμ μ(J/の

.04

.07

.11

.05

.05

Thefollowingfactisworthwhilenoticing:Althoughthebest-fitvaluesofll

varyconsiderabllyprocesstoprocessconsidered,theratioofthemamongthe

differentRS'sisalmostprocess-independent,namely

*'Weonlyconsiderthemomentum-spacesubtractionintheLandaugauge .See,Refs.3)and4).

**)Theexperimentallyallowederrorstothebest-fitvaluesof浸giveninTableIcanbe

+150

determinedinthePMSschemeasfollows;(a1)DIL,Mn:・1=330,(a2)DIL,∂logMn/ -190
キ　　 キら4

∂109Q2:/1=300,(c1)DOQ,T:/レ94,(c2)DOQ,J/ψ:π=52±17inMeVunit.In
-220 　らユ

theanalysisoftheDrellratioerrorsofroughly500MeVcouldbepossible.
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/1:ノ1_:/1=1:1.5:2.2
M8M.S'MOM

1:2.1:3.7

1:1.6:2.9

1:1.6:2.7

Thisexperimentalratiois,however,

ratio(4}*)

thご んth

/1:∠1_:ノ1-1:2.66:
M'SMSMOM

ConsistencyCondition・

(DIL),

(EEA),

(DOQ,T),

(DOQ,ノ/ψ).
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C17a)

C17b)

(17c)

C17a)

significantlydifferentfromthetheoretical

5.73.(18)

Infact,evenifwetakeaccountofthereasonableerrors,itremainstobediff-

icultthattheexperimentalratiosintheDILandDOQ(17a,candd)become

consistentwiththetheoreticalone(18).

3-2Consistencyanalysis

WepresentresultsoftheanalysisbasedontheconsistencyconditioninFigs.

1～4andinTableII.Theconstantδintheinequality(13)andEq.(15)issetto

beδ 一10,whichmightshowusthemaximaldomainofthescaleApermitted

bytheconsistencycondition.Letusstudythethreeprocessesseparately.

(a)Deepinelasticleptoproduction
ヘノ

FigurelshowstheQ'-andthemoment-dependencesofム11N窪O.89痂 τNwhere

thePMSschemeistakenasabase-schemeSoandotherfourschemes,MS,MS,

MOMandFAC,arestudied.Theinputscale、{inthiscaseisthePMS-valueof

A
,浸exp=300MeV.WhentheMOMschemeisstudiedthelowestmomentn=2PMS
givesanextremelysmallムINofO(10-9)orlessinGeVunit,andtheresultis

notreproducedinthisfigure.Theerrorsattachedtotheresultsforthelowest

moments(n=2intheMS,MSandFACandn=4intheMOM)correspondtothe

errorsof∠exp(whichisnowtakentobe±100MeV)fittedtotheexperimental

data,andgiveanideaaboutthedefinitenessofourconclusion.

Wecanatfirsteasilyseethat翅MIN'sintheschemesFACandMOMdecrease

asQ2increases,whereas浸MIN'sintheMSandMSincreaseasQ2.Comparing

浸expinTableIwith浸MINinthisfigurewecanconcludethattheFACand

MOMareconsistentwiththePMS,whereastheMSandMSarenot.While

consistentsetofRS'sgiveequivalentperturbativeresults**),inconstentsetof

RS'sgiveinequivalentresults,thuspermittingtheindependentconfrontations

withthedata.Itisinterestingthatthereisacorrelationbetweenthebehavior

oftheQ2-dependeceOfMINandthetheoreticalconsistencysatisfiedbytheRS

considere.

Figure2showstheresultswhentheMOMistakenasabase-schemeSo.The

resultofthesecondmoment(n=2)inthePMSisnotgivenbecauseofthe

smallnessof浸MIN,whichisofO(10-9)orlessinGeVunit.InFig.3wepre-

sentth,eresultsintheMSandMOMwheretheMSisthebase-schemeandthe

*'ThisisalsonotedbyBardeenet
.a1.2'andHaruyamaesal.9」intheanalysisoftheDIL.

**)ThisconclusionconfirmsthosewhichclaimtheequivalenceoftheFACandthePMS
,see

Refs.10).
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inpuMisthe躍 ・xpinTableI・ ・4雛P-48・MeV・ResultsinthePMSaren・t

reproducedbecausewehavealreadyhadanideaabouttheinconsistencybetween

theschemesMSandPMS.ThoseintheFACarealsonotshown.Addedare

theresultsinwhichweused,astheinputvalueofA,the"world応 忌in

1981・1)whichist。be浸1211-160MeV(err。rs。mitted).Fr・mFigs.2and3we
MS

cansaythattheschemesMSandMOMcannotsatisfythetheoreticalconsis-

tency,despiteofthefactthatbothschemesareclaimed4)・7)togivesmallper-

turbativecorrectionsthustogivereliableperturbativepredictionsintheDIL.

AlsofromFig.3wecanconcludethattheMSandMSareinconsistentwith

eachother.Itshoulddenotedthattheseconclusionsareinsensitivetothe

experimentalerrors,ascanbeseenfromFig.1.

ResultsoftheanalyseswheretheschemesFACandMSaretakenasbase-

schemesarenotreproducedsimplybecausetheFACisalmostequivalentto
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thePMSinphenomenologicalsenselo)andbecausetheMSisapparentlyincons-

istentwithanyotherfourRS's,ascanbeeasilyseenfromFigs.1^-3 .

(b)a+e-annihllation

Figure4showstheレ/s-dependencesofMIN=O .87ムIN.TheFAC。veluesof

浸MINarenotshownbecausetheFACisalmostequivalenttothePMSlo).Inthe

MS・basedanalysiswestudiedthetwoinputvaluesfor遼 璽Poneisourbest-fit
MSexp

valued_
MS-5・MeVinTableI・the・therthe・w・rld浸 薦in・98・ ・1)4欝1-・6・MeV.

Comparisonof翅expinTableIwithムINinFig.4mayallowustosaythatthe

threeRS's,PMS,FACandMS,satisfytheconsistencyconditionofthe

andthattheremainingtwoRS's,MOMandMS,areisolatedfromany

RS's.Theseobservations,however,mightbedimmedbecauseofthe

experimentaluncertaintiesinherenttothee+e-annihilationprocess.

(c)Decayofortho-quarkonium

WepressentinTableIIthevaluesof4MIN窪0.89πMINdetermined

TPT,

other

large

through

theanalysisoftheratioofthegluonicandleptonicwidthsofTandJ/ψ,where
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TableII.MINintheanalysisoftheDOQ,wheretherenormalizationscaleischosen

tobethemassofthequarkonium,μ=M.

T

J/ψ

PMS-base

FAC-base

MOM-base

MS-base

MS-base

PMS-base

FAC-base

MOM-base
ド　つ

MS-base

MS-base

MIN(GeV)

MS MS

3.96

3.95

3.95

3.40

1.44

1.44

1.43

1.24

1.92

1.89

1.91

4.36

.87

.86

.85

1.63

MOM

.39×10-11

.15x10_6

2.30

5.29

.13x10_2

.20×10-3

1.05

1.97

PMS

.31x10-5

.40×1G-il

2.31

5.29

.94×10-5

.13x10_2

1'

1.99

FAC

.30×10-5

.15×10-6

2.27

5.28

.86x10-'

.11×10-3

1.07

1.98
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therenormalizationscaleistakentobethemassofthequarkoniumconsidered.

FromTablesIandIIwecansaythatthreeRS's,PMS,FACandMOM,can

satisfytheconsistencycond-itionoftheTPTwitheachother,whereastheMS

andMSareinconsistentwithanyotherRS's.Thisconclusiondoesnotdepend

onthespecificquarkoniumconsidered,TorJ/ψ,andmaybedefiniteuptothe

experimentaerrors.

IVConclusionanddiscussions

Inthispaperweanalyzedinvariousphysicalprocessesthesecondorderper-

turbativeQCDcalculationsofquantitiesbeingfreefromorinsensitivetothe

FS-dependence,andstudiedtheconsequensesoftheconsistencyconditionofthe

TPTimposedontheRS-dependence.Asaresultweconfirmedtheconclusions

obtainedinIandtheimportanceoftheresolusionoftheRS-dependence:Even

ifwecalculatehigherordercorrectionsandevenwhenweconsiderlargeQ2
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regions,thefurtherhigherordercontributionsbeingneglectedarealwaysimpor-

tantandnon-negliblefromthepointofthetheoreticalconsistency.Althoughany

RSisformallyequivalent,onlytheconsistentsetofRS'ssatisfyingwitheach

othertherequirement(13)cangiveequivalentperturbativeresults.ThoseRS's

whichcannotsatisfytheconstencycondition(13)giveinequivalentperturbative

results,thuspermittheindependentconfrontationswithexperiment.

Severaldiscussionsonthepresentresultsareinorder.

i)Theprocess-independenceoftheexperimentalratiooftheQCDscale翅,

Eqs.(17),seemstobeinteresting.Thisfactindicatesthatthesignificanceof

thehigherordercontributionsandoftheRS-dependenceisalmostindependent

oftheprocessconsidered.

ii)InthedeepinelasticleptoproductiontheanalysisofalogMn/alogQ2gives

slightlyimprovedratio(17a),whichshouldbecomparedwith

.イMS:/1雨:/1MOM-1:1.1:1.6

0btainedinIthroughtheanalysisofMnitself.Thisresultmayreflectthefact

thatalogMn/alogQ2isinsensitivetotheFS-dependencewhileMnitselfisnot.

iii)TheanalysisoftheDrellratioseemstogivedifferentconclusionfrom

thoseofothertwoprocesses.However,takingaccountofthelargeexperimental

uncertaintiesinherenttothee+e-annihilationprocessthisdiscrepancycannot

betakensoseriously.

iv)Intheanalysisoftheheavyquarkoninmdecay,thechoiceoftherenorma-

lizationscaleμ 一 ルf/3doesnotgiveusanynewinformationsconcerningthe

purposeofthispaper,exceptinthischoicetheMOMschemecannotreproduce

theexperimentaldata17'.Asaresultwedonotdiscussthischoiceseparately.

v)Thediscrepancybetweenthe/1-parametersfittedtothe'r-decayandtothe

J/ψ ・decaymayhavesomeimportancewithrespecttotheFS-dependenceofthe

ratio1コ9/rμ μconsideredinthispaper.Althoughitisusuallybelieved22)that

theeffectofthewave-functionmightbecancelledbytakingtheratioofthe

gluonicandleptonicwidths,theabovediscrepancymayforceustohavesome

doubtsaboutthevalidityofthisassumption.

ぎ
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