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Abstract
Weupdatethewell-knownBLNYfittothelowtransversemomentumDrell-Yanleptonpairpro-

ductionsinhadroniccollisions,byconsideringtheconstraintsfromthesemi-inclusivehadronpro-

ductionindeepinelasticscattering(SIDIS)fromHERMESandCOMPASSexperiments. Wefollow

theCollins-Soper-Sterman(CSS)formalismwiththeb∗-prescription.Auniversalnon-perturbative

formfactorassociatedwiththetransversemomentumdependentquarkdistributionsisfoundin

theanalysiswithanewfunctionalformdifferentfromthatofBLNY.Thisreleasesthetension

betweentheBLNYfittotheDrell-YandatawiththeSIDISdatafromHERMES/COMPASSin

theCSSresummationformalism.
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I. INTRODUCTION

Toreliablypredictthetransversemomentumdistributionofthefinalstateparticlesin
somescatteringprocessesinhadroncollisionsmayrequireallorderresummationoflarge
logarithms.Amongthesehardprocesses,twooftheclassicexamplesincludetheDrell-Yan
leptonpairproductionandthesemi-inclusivehadronproductionindeepinelasticscatter-
ing(SIDIS)[1].Inbothprocesses,therearetwoseparatescales:thevirtualityofthe
virtualphotonQandthetransverse momentumofeitherfinalstatevirtualphotonq⊥
inDrell-YanprocessorfinalstatehadronPh⊥ inDISprocess. Largelogarithmsexistin
higherorderperturbativecalculationswhenQismuchlargerthanq⊥andareoftheform:
αis(lnQ

2/q2⊥)
2i−1
[2–5].Theresummationoftheselargelogarithmsarecarriedoutbyap-

plyingthetransversemomentumdependent(TMD)factorizationandevolutions[2,3,6–8],
wherethenon-perturbativeformfactorsassociatedwiththeTMDpartondistributionsplay
animportantrole[9–15]. ThisresummationisusuallyreferredtoastheTMDresum-
mationorCollins-Soper-Sterman(CSS)resummation. FollowingtheQCDfactorization
argumentsandtheuniversalityoftheTMDpartondistributions,weshallexpectthatthe
non-perturbativefunctionsdeterminedfromDrell-YanprocessescanbeappliedtotheSIDIS
processesaswell,subjecttotheneededmodificationfortakingintoaccountthefragmen-
tationfunctioncontributioninordertogeneratefinalstatetransversemomentumdistribu-
tions.RecentexperimentalmeasurementsofSIDISprocessesfromtheHERMES[16]and
COMPASS[17]collaborationsprovideanopportunitytounderstandtheTMDdistribu-
tionsinbothprocesses,whichhavealreadyattractedseveraltheorystudies[18–22]. The
goalofthecurrentpaperistoinvestigatetheuniversalityoftheTMDpartondistributions
intheCSSresummationformalismtosimultaneouslydescribethetransversemomentum
distributionsintheDrell-YanandSIDISprocesses1.
We willstart withthe well-known Brock-Landry-Nadolsky-Yuan(BLNY)fitto

thetransverse momentumdependent Drell-Yanleptonpairproductionsinhadronic
collisions[9]. The BLNYfitparameterizesthenon-perturbativeformfactorsas
(g1+g2ln(Q/2Q0)+g1g3ln(100x1x2)))b

2intheimpactparameterspacewithx1andx2
representingthelongitudinalmomentumfractionsoftheincomingnucleonscarriedbythe
initialstatequarkandantiquark. Theseparametersareconstrainedfromthecombined
fittothelowtransversemomentumdistributionsofDrell-Yanleptonpairproductionwith
4GeV<Q<12GeVinfixedtargetexperimentsandZproduction(Q∼90GeV)atthe
Tevatron. TheseresultscanalsobeappliedtoW productionattheTevatron. However,
thisparameterizationdoesnotapplytotheSIDISprocessesmeasuredbyHERMESand
COMPASScollaborations:ifweextrapolatetheaboveparameterizationdowntothetyp-
icalHERMESkinematicswhereQ2isaround3GeV2,wecannotdescribethetransverse
momentumdistributionofhadronproductionintheexperiments[18].
Inthispaper,weprovideanovelparametrizationformtoconsistentlydescribethe

Drell-YandataandSIDISdataintheCSSresummationformalismwithauniversalnon-
perturbativeTMDfunction.InordertodescribetheSIDISdata,itisnecessarytomodify
theoriginalBLNYparameterization.IntheoriginalBLNYparameterization,thereisa

1TheSIDISprocessesintheverysmall-xregionfromHERAmeasurementshavebeenanalyzedinRef.[23]

intheCSSresummation,whereatotallydifferentfunctionalformhasbeenusedtodescribetheexper-

imentaldata.SincetheHERAdatacoversmostlythesmall-xregion,wewillcomebacktothemina

futurepublication.
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strongcorrelationbetweenthexandtheQ2dependenceofthenon-perturbativeformfac-
tor[9].Thisisbecausex1x2=Q

2/SwhereSisthesquareofthecenter-of-massenergyof
theincominghadrons.Therefore,atthefirststep,wewillseparateoutthex-dependence,
andassumeapowerlawbehavior:(x0/x)

λ.Thesetwoparameterizations(logarithmicand
powerlaw)differstronglyintheintermediatexrange.Second,wemodifythelnQtermin
thenon-perturbativeformfactorbyfollowingtheobservationofRef.[18],whichhasshown
thatadirectintegrationoftheevolutionkernelcandescribetheSIDISandDrell-Yandata
withQvaluesrangingfromafewtotenGeV.Directintegrationoftheevolutionkernel
leadstoafunctionalformofln(b/b∗)ln(Q),insteadofb

2ln(Q2).Therefore,wewillperform
aglobalfittotheselectedsetofexperimentaldatawiththenon-perturbativefunction:

g1b
2+g2ln(b/b∗)ln(Q/Q0)+g3b

2 (x0/x1)
λ+(x0/x2)

λ , (1)

withb∗definedas,

b∗=b/ 1+b2/b2max,bmax<1/ΛQCD. (2)

AfterobtainingtheTMDnon-perturbativefunctionfromthefittotheDrell-Yandata,we
applythefittothetransversemomentumdistributionsinSIDISprocessesfromHERMES
andCOMPASS,whichalsodependonthefinalstatefragmentationfunctions. Wefindthat
thenewparametrizationformcandescribewelltheSIDISdata,andthereforeestablishthe
universalitypropertyoftheTMDdistributionsbetweenDISandDrell-Yanprocesses.
Therestofthepaperisorganizedasfollows.InSec.II,wepresentthetheoreticalframe-

workoftheCSSformalismandthebasicset-upinthecalculationsofthetransversemo-
mentumdistributionsinDrell-YanleptonpairproductionandSIDISprocesses.InSec.III,
weperformaglobalfittotheDrell-YandatawiththemodifiedBLNYparameterization.In
Sec.IV,weapplythenewlydeterminednon-perturbativefunctiontotheSIDISprocesses
anddemonstratethatitcanconsistentlydescribethetransversemomentumdistribution
measurementsfromHERMESandCOMPASSCollaborations. Wewillalsocommenton
theroleoftheY-termsinSIDISattheenergyrangeofHERMESandCOMPASS.Finally,
weconcludeourpaperandcommentontheimpactofthenewfit.

II. COLLINS-SOPER-STERMANFORMALISMFORLOWTRANSVERSE MO-

MENTUMDRELL-YANANDSIDISPROCESSES

Inthissection,wereviewthebasicformulasoftheCSSresummationformalismand
thetheoryframeworktocalculatethetransversemomentumdistributionsfortheDrell-Yan
leptonpairproductionathadroncollidersandsemi-inclusivehadronproductioninDIS
processes.Inthe(lowenergy)Drell-Yanleptonpairproductioninhadroniccollisions,we
have

A(PA)+B(PB)→γ
∗(q)+X→ℓ++ℓ−+X, (3)

wherePAandPB representthemomentaofhadronsAandB,respectively. Accordingto
theCSSresummationformalism,thedifferentialcrosssectioncanbeexpressedas

d4σ

dQ2dyd2q⊥
=σ

(DY)
0

d2b

(2π)2
eiq⊥·bWUU(Q;b)+Y

(DY)
UU (Q;q⊥), (4)

whereq⊥ andyaretransversemomentumandrapidityoftheleptonpair,respectively,

σ
(DY)
0 =4πα2em/(3NcSQ

2)withthecolorfactorNc=3andS=(PA+PB)
2.Inthe
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aboveequation,thefirsttermisdominantintheq⊥≪ Qregion,whilethesecondtermis
dominantintheregionofq⊥∼Qandq⊥>Q.Inthispaper,wefocusonthelowtransverse
momentumregiontoconstrainthenon-perturbativeformfactors,whichisembeddedinthe
firsttermoftheaboveequation.
Similarly,intheSIDISprocess,wehave,

e(ℓ)+p(P)→e(ℓ′)+h(Ph)+X, (5)

whichproceedsthroughexchangeofavirtualphotonwithmomentumqµ=ℓµ−ℓ
′
µ,and

invariantmassQ2=−q2.ThedifferentialSIDIScrosssectioniswrittenas

d5σ

dxBdydzhd2Ph⊥
=σ

(DIS)
0

1

z2h

d2b

(2π)2
eiPh⊥·b/zhFUU(Q;b)+Y

(DIS)
UU (Q;Ph⊥), (6)

whereσ
(DIS)
0 =4πα2emSep/Q

4×(1−y+y2/2)xBwithusualDISkinematicvariablesy,xB,
Q2,andSep=(ℓ+P)

2.Here,zh=Ph·P/q·P,whichdenotesthemomentumfractionof
thevirtualphotoncarriedbythefinalstatehadron.Thetransversemomentumofthefinal
statehadronPh⊥isdefinedinthelepton-protoncenter-of-massframe.
Followingtheresummationandevolutionofthesehardprocesses,wecanwritedownthe

followingexpressionsforthecrosssectionsintheimpactparameterspace,

WUU(Q;b)=e
−Spert(Q2,b∗)−SNP(Q,b)

×Σi,jC
(DY)
qi ⊗fi/A(x1,µ=b0/b∗)C

(DY)
q̄j ⊗fj/B(x2,µ=b0/b∗), (7)

FUU(Q;b)=e
−Spert(Q2,b∗)−SNP(Q,b)

×Σi,jC
(DIS)
qi ⊗fi/A(xB,µ=b0/b∗)̂C

(DIS)
qj ⊗Dh/j(zh,µ=b0/b∗), (8)

whereb0=2e
−γEwithγEtheEulerconstant,x1,2=Qe

±y/
√
srepresentthemomentumfrac-

tionscarriedbytheincomingquarkandantiquarkintheDrell-Yanprocesses,fi/AandDh/j
denotetherelevantlongitudinalpartondistributionandfragmentationfunctions,respec-
tively.Intheaboveequation,b∗-prescriptionisintroduced[3]andb∗followsthedefinition
inEq.(2).TheperturbativeSudakovformfactorresumsthelargedoublelogarithmsofall
ordergluonradiation,

Spert(Q,b)=
Q

b0/b

d̄µ

µ̄
Aln
Q2

µ̄2
+B , (9)

whereAandBarecalculableorderbyorderinperturbationtheory.Inthefollowing
numericalcalculations,wekeepAandBupto2-loopand1-looporder,respectively,inthe
QCDinteraction. Meanwhile,wewillkeepCcoefficientsandYtermsatone-looporderin
thenumericalcalculation.
Inaddition,theb∗-prescriptionintheCSSresummationformalismintroducesanon-

perturbativeformfactor,andagenericformwassuggested[3],

SNP =g2(b)lnQ/Q0+g1(b). (10)

Here,g1andg2arefunctionsoftheimpactparameterbandtheyalsodependonthechoice
ofbmax.Intheliterature,thesefunctionshavebeenassumedGaussianformsforsimplicity,
i.e.,g1,2∝b

2.Themostsuccessfulapproachistheso-calledBLNYparameterizationmen-
tionedintheIntroduction,whichhasbeenencodedinResBosprogram[9]withsuccessful
applicationsforvectorbosonproductionattheTevatronandLHC.Wenoticethattheabove
adaptionisnottheonlychoicetoapplytotheCSSresummation[11–15].
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III. UPDATE THE BLNY FIT FOR VECTOR BOSON PRODUCTIONIN

HADRONICCOLLISIONS

IntheBLNYfit,theflavordependenceofSNP hasbeenignoredforsimplicity,andthe
followingfunctionalformhasbeenchosen,

SNP =g1b
2+g2b

2ln(Q/3.2)+g1g3b
2ln(100x1x2), (11)

forDrell-Yantypeofprocessesinhadroniccollisions,whereg1,2,3arefittingparameters[9],

g1=0.21,g2=0.68,g1g3=−0.12,with bmax=0.5GeV
−1. (12)

AlthoughtheaboveparameterizationsdescribeverywelltheDrell-Yantypeofprocesses
inhadroniccollisionsfromfixedtargetexperimentstocolliders,wecannotusethemto
describethetransversemomentumdistributionsofsemi-inclusivehadronproductioninDIS
processes,asexplainedingreatdetailinRef.[18].
Theln(Q)dependenceofSNP,cf.Eq.(11),followsfromrenormalization-groupinvariance

ofsoft-gluonradiation,andneedstobemodifiedinordertosimultaneouslydescribethe
Drell-YanandSIDISprocessesusingtheTMDformalism.Forthat,wefollowtheobservation
madeinRef.[18]thattheg2functionshouldhavelogarithmicdependenceonb,insteadof
b2dependence.Therefore,inthiswork,weconsiderthefollowingparameterization,

g2ln(b/b∗)ln(Q/Q0). (13)

Atsmall-b,theabovefunctionreducestopowerbehaviorasb2,whichisconsistenttothe
powercountinganalysisinRef.[24].However,atlargeb,thelogarithmicbehaviorwilllead
todifferentpredictionsdependingonQ2.Itisinterestingtonotethattheaboveformhas
beensuggestedinanearlierpaperbyCollinsandSoper[25],buthasnotyetbeenadopted
inanyphenomenologicalstudy.
Inaddition,wewillmodifythex-dependenceinthenon-perturbativefunctionasmen-

tionedintheIntroductionsothat

SNP =g1b
2+g2ln(b/b∗)ln(Q/Q0)+g3b

2 (x0/x1)
λ+(x0/x2)

λ , (14)

wherewehavefixedQ20=2.4GeV
2,x0=0.01

2andλ=0.2.Thespecificx-dependenceis
motivatedbysomesaturationmodelofpartondistributionsatthesmall-xvalues[26].This
functionalformalsohasmilddependenceonxintheintermediatex-rangeascomparedto
theoriginalBLNYparameterization(withpureGaussianforminbspace).
Intheaboveparameterization,wehavechosenQ20=2.4GeV

2inordertomakeitconve-
nienttocomparetothefinalstatehadrondistributioninSIDISexperimentsfromHERMES
andCOMPASSCollaborations.FromthischoiceofQ20,theimportanceofg1andg3inSIDIS
isclearlyillustrated.
Somecommentsshallfollowbeforewepresenttheresultofouranalysis.Firstly,g1and

g2aregenerallynon-perturbativefunctionsofbandx. Wecouldguessfortheirfunctional
forms,butonlyexperimentaldatacantellwhichoftheseformsiscorrect3. Hence,itis

2 Thechoiceofx0=0.01ismotivatedbytheso-calledsaturationmodel,inwhichitwasassumedthat

gluondistribution(orquarkdistribution)hassaturationbehaviorasx<0.01[26].
3RecentproposalofalatticeformulationoftheTMDpartondistributionsinEuclideanspacemayhelpto

solvethisissueinthefuture[27].SomelatticecalculationattemptscanbefoundinRef.[28].
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TABLEI:Thenon-perturbativefunctionsparametersfittingresults. Here,Nfitisthefitted

normalizationfactorforeachexperiment.

Parameter SIYYfit

g1 0.212

g2 0.84

g3 0.0

E288 Nfit=0.83

(28points) χ2=51

E605 Nfit=0.85

(35points) χ2=60

R209 Nfit=1.02

(10points) χ2=3

CDFRunI Nfit=1.07

(20points) χ2=11

D0RunI Nfit=0.94

(10points) χ2=8

CDFRunIINfit=1.08

(29points) χ2=31

D0RunII Nfit=1.02

(8points) χ2=5.3

χ2 168.4

χ2/DOF 1.26

importanttoperformaglobalfittotheexistingexperimentaldatatotestouttheproposed
non-perturbativefunctionforms.InadditiontothepureGaussianformasadoptedinthe
BLNYfit,andthelogarithmicdependenceformasproposedinthiswork,anotherchoiceof
thenon-perturbativeformhasalsobeensuggested,suchastheQiu-Zhangprescriptionin
Ref.[11].Todiscriminatevariousformsofthenon-perturbativefunctionSNP wouldrequire
morepreciseexperimentaldatathanwhatwehaveathand.Secondly,weknowthatSNP
shallfollowb2powerlawatsmall-bvalues,asgivenbythepowercountinganalysis[24].
Thisrequirementimposesastrongconstrainttotheproposednon-perturbativemodels,and
themodelweproposedabovesatisfiesthisconstraint. Mostimportantly,afterfittingtothe
experimentaldata,theTMDevolutionshallpredictrelevantscaledependenceforvarious
interestingobservables.Forexample,thesingletransversespinazimuthalasymmetrieswill
beabletoprovideadditionalconstraintsontheevolutionofpartonsintheTMDformal-
ism[18].ThiswillbecomepossibleinthenearfuturewithhighprecisiondatafromJLab
12GeVupgradeandtheplannedelectron-ioncollider[1].Insummary,introducingthelog-
arithmicbdependenceintheln(Q)termandthemildx-dependenceintheintermediate-x
region,asdescribedinEq.(14),weareabletoconsistentlydescribethetransversemomen-
tumdistributionsinboththeDrell-YanandSIDISdata.
ToperformtheglobalanalysisofDrell-Yantypeprocesses,weincludethefollowingdata

inourfit.

•Drell-Yanleptonpairproductionfromfixedtargethadroniccollisions,includingR209,
E288andE605[29–31].
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FIG.1: FittothedifferentialcrosssectionforDrell-Yanleptonpairproductioninhadronic

collisionsfromE288Collaboration[29].

•ZbosonproductioninhadroniccollisionsfromTevatronRunIandRunII[32–35].

Intotal,weinclude7Drell-Yandatasetsfrom3fixedtargetexperimentsand4Tevatron
experiments. AlthoughbothCMSandATLAShavepublishedexperimentaldataonZ
bosonproductionattheLHC,theuncertaintiesinthepresentLHCdataarelargeenough
thattheydonotfurtherconstrainthefunctionalformoftheabovefit. Wewill,however,
showthatthetheorypredictionfromourfitcandescribetheLHCdatawell.
WewouldliketoemphasizethatthehighprecisiondatafromZ-bosonproductionatthe

TevatronRunII[35]requireprecisioncalculationsoftheresummation. Wetakeg1,g2,and
g3asfreeparametersintheglobalfit,andwehavechosenbmax =1.5GeV

−1,asproposed
intheKonychev-Nadolskyfit[10]whichtakestheexactsameformastheBLNYfit.In
thenumericalcalculations,weadapttheCT10-NLOpartondistributionfunctions[36]at
thescaleµ=b0/b∗.Intheresummationcalculation,wealsotakeintoaccounttherunning
effectsofαs,αem,andNf,whichareconsistentwiththeCT10parameterizations. These
effectsarenotnegligibleinthenumericresults,andwillaffectthefittingparameters. We
havealsoassignedanadditionalfittingparameter(Nfit)foreachexperimenttoaccount
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FIG.2:FittotheDrell-YandatafromtheE605Collaboration[31].
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FIG.3:FittotheDrell-YandatafromtheR209Collaboration[30].
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FIG.4:FittotheTevatronRunIdatafromtheCDFandD0Collaborations[32,33]. Thefits

includeonlytheA(1,2),B(1,2),andC(1)contributions.

fortheluminosityuncertaintiesintheexperimentalmeasurements.Nfitisdefinedasa
multiplicativefactorappliedtothetheoryprediction.
InFigs.1-5,weshowthebestfitstotheDrell-YandatafromE288,E605,andR209Col-

laborations,andZbosonproductionfromtheCDFandD0CollaborationsattheTevatron
RunIandII.Theresultsofourfitandthefittedχ2valuesforeachexperimentarelistedin
TableI.Fromtheseplots,weseethatEq.(14)providesareasonablefittoall7experiments,
withatotalof140datapoints,with3shapeparametersg1,2,3and7independentnormal-
izationfactors.factors.Therefore,thetotalnumberofdegreesoffreedominouranalysisis
130.
Animmediateandimportantfeaturefromourfitisthatthecurrentexperimentaldatado

notprovideanyusefulinformationonthex-dependenceofthenon-perturbativeformfactors,
assuggestedinEq.(14).Thisismainlybecausethex-rangecoveredintheseexperiments
doesnotreachtosmall-xregion,inparticularforthose(lowenergy)fixedtargetDrell-Yan
data.
Amongtheseparameters,themostimportantone,relevanttotheLHCW andZboson

physics,isg2,whichcontrolstheQ
2dependenceinthenon-perturbativeformfactors.To
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FIG.5:FittotheTevatronRunIIdatafromtheCDFandD0Collaborations[34,35].
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FIG.6: ∆χ2distributionscanningg2parameterinourfit:totalandseparatecontributionsfrom

differentexperiments:E288,allotherDrell-Yanexperiments,andtheTevatronZ-bosonexperi-

ments,respectively.

obtaintheerrorinthedeterminationofg2valueinourfit,wescang2arounditsbestfit
valueandshowthevariationinthetotalchi-squarefromthebestfit,denotedby∆χ2,in
Fig.6.Theg2errorisestimatedatthe68%confidencelevel(C.L.)bytaking∆χ

2around
7.3,for130degreesoffreedomintheχ2distribution.Hence,theg2valueinourfitis

g2=0.84
+0.040
−0.035 (at68%C.L.). (15)

Inordertodemonstratethesensitivitiesofofvariousexperimentsonthedetermination
oftheg2value,wefurtherplotthe∆χ

2distributionsasfunctionsofg2fromeachdata
set. Fromthisfigure,wecanclearlyseethatthemoststrongconstraintscomefromthe
precisionDrell-Yandataatfixedtargetexperiments,i.e.,theE288experiment. Although
theTevatrondataontheZ-bosonproductionisthemostpreciseDrell-Yantypedatain
hadroniccollisions,theydonotposeastrongconstraintonthenon-perturbativeformfactor
g2.ThisisduetothefactthattheenergyattheTevatronismuchhigher,andthereforeis
dominatedbytheperturbativeSudakovfactorinsteadofthenon-perturbativeSudakovfor
W andZbosonproductionathigherenergies.ThisalsowillholdtruefortheLHCsince
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FIG.7:SameasFig.6forg1.

itisevenhigherenergythantheTevatron.Similarobservationhasalsobeenobtainedin
Ref.[11]withdifferentprescriptionofimplementingthenon-perturbativeformfactorsin
theCSSresummationformalism.
Aswementionedabove,theg2terminthenon-perturbativeformfactorscalesasas

b2ln(Q)atsmallb,becauseln(b/b⋆)∼b
2/(2b2max)forb≪bmax.Byusingtheaboveparam-

eter,wefindthatthesmall-bbehaviorofourfitcanbewrittenas0.187b2ln(Q)whichisin
thesimilarrangeofthefitfoundinRef.[10]withthesamechoiceofbmax=1.5GeV

−1.Itis
interestingtonotethattheg2valuecanalsobeestimatedfromfixedordercalculations,from
whichwefindthatg2≈4CFαs/π[25].Therefore,thefittedg2valueimpliesα(µ)∼0.49,
whichsuggeststhattherelevantnonperturbativephysicseffectsetsinaroundµ∼1GeV,
thesameorderasbmax usedinthisanalysis.
Similarly,weexamineinFig.7thesensitivityofvariousexperimentsonthedetermination

oftheg1value.Themajorcontributiontothe∆χ
2againcomesfromfixedtargetDrell-Yan

experiments. Moreover,theg1valueinourfitisfoundtobe

g1=0.212
+0.006
−0.007 (at68%C.L.). (16)

Recently,bothCMSandATLASCollaborationshavepublishedtheirdataonZboson
productionattheLHC.WecompareourpredictionstotheATLASdata[37]inFig.8.From
thisfigure,wecanseethatourfitcandescribetheLHCdatawell.
BeforewechecktheconsistencybetweentheabovefittingresultswiththeSIDISdata

fromHERMES/COMPASS,wewouldliketoemphasizethattheaboveparametersarefitted
onlywiththeDrell-Yantypedata.Fromthecomparisontotheexperimentaldata,wecan
seethatthenewformisequallygoodascomparedtotheoriginalBLNYparameterization.
WewilldiscussmoreaboutthiscomparisonintheConclusionsection.
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IV. SEMI-INCLUSIVEDIS WITHTHENEWPARAMETERIZATIONS

TheuniversalityofthepartondistributionisapowerfulpredictionfromQCDfactor-
ization. AccordingtotheTMDfactorization,wewillexpecttheuniversalityoftheTMD
partondistributionsbetweenSIDISandDrell-Yanprocessesaswell. Therefore,thenon-
perturbativefunctionsdeterminedfortheTMDpartondistributionsfromtheDrell-Yan
typeofprocessesshallapplytothatintheSIDIS.Ofcourse,thetransversemomentum
distributionofhadronproductioninDISprocessesalsodependsonthefinalstateTMD
fragmentationfunctions,whichneedtobedeterminedbyfittingtoexistingexperimental
data.Followingtheuniversalityarguments,weassumethefollowingparameterizationsfor
thenon-perturbativeformfactorsforSIDISprocess,incontrasttoEq.(14)forDrell-Yan
process,

S
(DIS)
NP =

g1
2
b2+g2ln(b/b∗)ln(Q/Q0)+g3b

2(x0/xB)
λ+
gh
z2h
b2. (17)

Intheaboveparameterization,g1andg2havebeendeterminedfromtheexperimentaldataof
Drell-Yanleptonpairproduction.Thefactorof1/2infrontoftheg1termisduethefactthat
thereisonlyoneincominghadronintheSIDISprocess,whiletherearetwoincominghadrons
intheDrell-Yanprocess.Althoughtherehasbeenevidencefromrecentstudies[19,21]that
ghcouldbedifferentfortheso-calledfavoredanddis-favoredfragmentationfunctions,we
stilltakethemtobethesameinthisstudyforsimplicity. Whenmoreprecisedatabecome
available,wemayneedtoperformaglobalanalysiswithtwoseparateghparameters.
Inprinciple,wecanfitg1,g2,andghtogethertobothDrell-YanandSIDISdata.How-

ever,theSIDISdatafromHERMESandCOMPASSmainlyfocusintherelativelowQ2

range.Becauseofthat,thetheoreticaluncertaintyoftheCSSpredictionisnotwellunder
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controlled,particularly,fromtheY-termcontributionwhichwillbediscussedinthefol-
lowingsubsection.Therehavebeenseveralsuccessfulphenomenologicalstudiestodescribe
theexperimentaldatafromHERMESandCOMPASSexperiments,usingtheleadingorder
TMDformalism[19,20]. Thegoalofthispaperistocheckifwecanapplythenon-
perturbativeformfactorsdeterminedintheDrell-YanprocesstotheSIDISprocesses. As
showninRef.[18],wecannotdothatwiththeoriginalBLNYorKNfit,whereitwasfound
thattheextrapolationofthesefitstothekinematicregionofHERMESandCOMPASSis
inconflictwiththeexperimentaldata. Wewillshow,however,theSIYYformwillbeable
toextendtoSIDISexperimentsfromHERMESandCOMPASSCollaborations.
Therefore,inthefollowing,wewilltaketheparameters(g1,2)fittedtotheDrell-Yandata

tocomparetotheSIDIStocheckiftheyareconsistentwiththeSIDISdata.InFig.9,
weshowthecomparisonsbetweenthetheorypredictionswithgh=0.042andtheSIDIS
datafromHERMES,withtotalχ2around180.Thisparameterisconsistentwithprevious
analysiswhenleadingorderTMDformalismisconsidered[19,20].Itisalsoconsistent
withtheTMDformalismwithtruncatedevolutioneffectsinRef.[18]. Thedifferential
crosssectionforSIDISprocessdependsonthehadronfragmentationfunctions,forwhich
weadopttheparameterizationfromthenewDSSfit[38,39]. Weincludeanormalization
factorabout2.0inthecalculationofthemultiplicitydistributionsshowninFig.9,which
accountsfortheoreticaluncertaintiesfromhigherordercorrectionsforbothdifferentialand
inclusivecrosssections4. Here,theY-termcontributionisnotincluded,whichwillbe
discussedinthefollowingsubsection.
Figs.1-9clearlyillustratethatwehaveobtainedauniversalnon-perturbativeTMD

functionwhichcanbeusedtodescribebothDrell-Yanleptonpairproductionandsemi-
inclusivehadronproductioninDISprocessesintheCSSresummationframework. Wealso
wanttopointoutthatthenewfunctionalformforthenon-perturbativefunctioniscrucial
toachievethisconclusionasgiveninEqs.(14)and(17).

A. IssuewiththeYTerminSIDISforHERMESandCOMPASS

InFig.9,wehaveneglectedthecontributionfromtheY-term. Thismaybeastrong
approximationforHERMESandCOMPASSexperimentsbecausetheirdataaretypicallyin
therelativelowQ2range.Indeed,wefindthatthenumericcontributionsfromY-termare
importantforbothHERMESandCOMPASSexperiments.OneexampleisshowninFig.10
forzh=0.4-0.6.ThedashedcurverepresentstheY-termcontribution,whereasthesolid
curverepresentstheresummationpredictionwithoutincludingtheY-term.Itappearsthat
addingtheY-termcontributionwillworsentheagreementbetweenthetheoryprediction
andtheexperimentaldata. Numerically,theY-termcontributionisatthesameorderof
magnitudeastheleadingpowercontributionintheTMDresummaitonformalism,whichis
formallydefinedastheresummationcalculationwithoutincludingtheY-termcontribution.
Atasmallerzhvalue,theY-termcontributionbecomesevenmoreimportantascompared

4 ComparedtotheleadingorderTMDfitofRef.[20]wherethereisnonormalizationfactor,theC(1)

coefficientislargeandnegativeintheCSSresummationapplicationtotheSIDIS.Phenomenologically,

thatisthereasonwehavetoincludeafactorof2inthecomparisontotheSIDISdata.Thiscouldbe

improvedifthedifferentialcrosssection(insteadofmultiplicitydistributions)canbemeasuredinthe

future.
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FIG.9: Multiplicitydistributionasfunctionoftransversemomentuminsemi-inclusivehadron

productionindeepinelasticscatteringcomparedtotheexperimentaldatafromHERMESCollab-

orationatQ2=3.14GeV2.

tothetheleadingpowerTMDcontribution.
Thisisanimportantobservation,andraisesaconcernontheinterpretationoftheexisting

SIDISdatawhoserelevantenergyscaleislow,ontheorderofafewGeV.Theoretically,it
indicatesthathigherordercorrectionsinY-termareimportantandmayhavetobetaken
intoaccounttounderstandtheexperimentaldata.ThedashedcurvesinFig.10onlyinclude
Y(1)contribution.Y(2)forSIDIShasnotyetbeencalculatedintheliterature. Wehopeto
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carryoutthiscomputationandcomebacktothisissueinthenearfuture.Thismayalso
indicatethatweneedtotakeintoaccounthigherpowercorrectionsforSIDISprocessesin
therelativelowQ2range.Inthiscontext,itmeansthatcertaintermsintheY-termmay
comefromhigherpowercorrectionintheTMDfactorization,whichcouldresultindifferent
resummationresults. ThisissimilartowhathasbeendiscussedinRef.[40]forhigher-
twistcontributionstotheSIDIS,wherecosφandcos2φazimuthalasymmetriesinSIDIS
processescomefromhigher-twisteffectsintheTMDframework.However,thefactorization
forhigher-twistcontributionintheTMDframeworkisnotfullyunderstoodatthepresent.
Ontheotherhand,theconsistencybetweentheleadingpowerTMDresultsandthe

experimentaldatafromHERMESandCOMPASScollaborations,cf.Fig.9,supportsthe
applicationoftheTMDfactorizationintherelativelowQ2rangeofthesetwoexperiments.
TofurthertesttheTMDresummationformalismintheSIDISexperiments,weneedmore
datawithlargeQ2values,wheretheY-termcontributionswillbecomemuchlessimpor-
tant.InFig.11,weshowsomenumericresultsforQ2=10,20GeV2.Inparticular,for
Q2=20GeV2,itscontributionisnegligibleforallp⊥rangeofinterests. HigherQ

2range
isparticularlyoneoftheimportantfocusesfortheSIDISmeasurementsintheplanned
electron-ioncollider[1],wheretheaboveassumptionscanbewelltested.

V. DISCUSSIONANDCONCLUSION

Inthispaper,wehavere-analyzedthetransversemomentumdistributionoftheDrell-
YantypeofleptonpairproductionprocessesinhadroniccollisionsintheframeworkofCSS
resummationformalism. Ourgoalistofindanewformforthenon-perturbativefunction
whichcanbeusedtosimultaneouslydescribethesemi-inclusivehadronproductioninDIS
processes(suchasfromHERMESandCOMPASSCollaborations)andalltheDrell-Yan
typeprocesses(suchasW,ZandlowenergyDrell-Yanpairproductions).InSecs.IIand
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FIG.11:ComparisonbetweentheleadingpowerTMDcalculations(solidcurves)andtheY-term

contributions(dashedcurves)forQ2=10GeV2(left)andQ2=20GeV2(right)fortypicalvalues

ofxB=0.1andzh=0.5.

III,weargueforanewparametrizationform,Eq.(14),fordescribingDrell-Yanprocesses.
Forclarity,werecapourfindings,andnameitastheSIYY-1form,asfollows.

SSIYY−1NP =g1b
2+g2ln(b/b∗)ln(Q/Q0)+g3b

2 (x0/x1)
λ+(x0/x2)

λ , (18)

whereweadoptedtheb∗description,cf. Eq.(2),withbmax =1.5GeV
−1,andhavefixed

Q0=1.55GeV,x0=0.01andλ=0.2inaglobalanalysisofthelowenergyDrell-Yan
datafromE288,E605,R209,andZbosondatafromCDFandD0attheTevatron(inboth
RunIandII).Intotal,wehaveincluded140datapoints,fittedwith3shapeparameters
(g1,g2,g3)and7normalizationparameters.Thechi-squareperdegreeoffreedomisabout
1.3,cf.TableI. Wefoundthatatthe68%C.L.,

g1=0.212
+0.006
−0.007,

g2=0.84
+0.040
−0.035,

g3=0.0. (19)

ThedetailedcomparisonofthefittotheexperimentaldatacanbefoundinFigs.1to7.
Usingtheresultofthefit,weshowedinFig.8thattheLHCdatacanalsobewelldescribed
bytheSIYY-1fit.
AfterobtainingthesatisfactoryfittotheDrell-Yantypedata,weproposedtoaddan

additionaltermtotheSIYY-1formwiththezhdependencefordescribingthetransverse
momentumdistributionofthesemi-inclusivehadronproductioninDISprocesses,cf.Sec.
IV. WeshallnamethatastheSIYY-2form,whichis

SSIYY−2NP =
g1
2
b2+g2ln(b/b∗)ln(Q/Q0)+g3b

2(x0/xB)
λ+
gh
z2h
b2, (20)

wherethefactor1/2associatedwiththeg1coefficientisduetothefactthatonlyonehadron
beamisinvolvedintheSIDISprocesses,incontrasttotwohadronbeamsintheDrell-Yan
typeprocesses.Furthermore,theadditionalghtermistoparametrizethenon-perturbative
effectassociatedwiththefragmentationofthefinalstatepartonintotheobservedhadron.
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zhrepresentsthemomentumfractionofthevirtualphotoncarriedbythefinalstatehadron
intheSIDISprocess. UsingthefindingsfromfittingtotheDrell-Yantypedataforthe
3shapeparameters(g1,g2,g3),wefoundthattheexperimentaldatafromHERMESand
COMPASScanbewelldescribedbytheSIYY-2formwith

gh=0.042. (21)

Here,wearenotperformingafitforthelackofmoreprecisedata.Instead,wemerelyfind
avalueofghtoshowthattheproposedSIYY-2formcandescribetheexistingSIDISdata
ifonlytheleadingpowerprediction(definedastheresummationresultwithoutincluding
theY-term)isusedforthecomparison,cf.Fig.9.ThereasonfornotincludingtheY-term
inthiscomparisonisthatthetypicalenergyscales(Q2)oftheSIDISdatafromHERMES
andCOMPASSexperimentsarelow,atafewGeV.Hence,thetheoreticaluncertainties
inapplyingtheCSSformalismisnotwellundercontrol,andtheY-termcontributionis
expectedtobesizableascomparedtotheleadingpowercontribution.Thisisillustratedin
Fig.10.Followedbythat,weshowedinFig.11thatforfutureSIDISdatawithalargerQ2

value,theCSSformalismwillprovideabetterdescriptionofthedata,wheretheY-term
contributionisexpectedtobesmallintheregionthattheresummationeffectisimportant,
i.e.,inthelowtransversemomentumregion.Inotherwords,wehavedemonstratedthatthe
proposedSIYY-1andSIYY-2non-perturbativeformscanbeusedintheCSSresummation
formalismtosimultaneouslydescribetheDrell-YanandSIDISdata.
SincetheQ2dependenceinthenon-perturbativefunctionsisuniversalamongthespin-

independentandspin-dependentobservablesinthehardscatteringprocesses,including
Drell-Yanleptonpairproductioninhadroniccollisions,semi-inclusivehadronproduction
inDIS,anddi-hadronproductionine+e− annihilations,weexpectthatthenewfunction
obtainedinthispapershallhavebroadapplicationsintheanalysisofthespinasymmetries
intheseprocesses. Oneparticularexampleistheso-calledSiverssingletransversespin
asymmetriesinSIDISandDrell-Yanprocesses,wherethesignchangeoftheasymmetries
inthesetwoprocesseshasbeenoneoftopquestionsinhadronphysics. Withtheproposed
SIYY-1andSIYY-2forms,wecouldfurthertesttheuniversalitypropertyoftheTMD
formalism.
Beforeconcludingthissection,wewouldliketoupdatetheresultofthefitusingapure

Gaussianform,similartotheBLNYorKNfits,butincludingthemorepreciseZbosondata
fromtheCDFandD0CollaborationsattheTevatronRunII.AsnotedintheIntroduction
section,itisdifficulttosimultaneouslydescribetheDrell-YanandSIDISdatausingapure
Gaussianform.Nevertheless,itisstillusefultopresentanupdateofthetypeoffitwhich
isfoundtobeabletodescribeverywelltheDrell-Yantypedatasuchastheproductionof
W andZbosonsattheTevatronandtheLHC. WewillnamethisupdatedpureGaussian
formastheSIYY-gformhere,whichis

SSIYY−gNP =g1b
2+g2b

2ln(Q/2Q0)+g3b
2ln(100x1x2), (22)

fordescribingonlytheDrell-Yantypeofprocessesinhadroniccollisions.AfterfixingQ0to
be1.55GeVandbmax=1.5GeV

−1,wefoundthatatthe68%C.L.,

g1=0.181±0.005,

g2=0.167±0.01,

g3=0.003, (23)
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wherewehavefixedg3atitsbestfitvalue.ThequalityofthefittothesamesetofDrell-
YandataissimilartothatusingtheSIYY-1form. Theobtainedg2valueisconsistent
withtheestimationfromlatticeQCDcalculation,relatedtothevacuumaverageofthe
Wilsonloopoperator,as0.19+0.12−0.09GeV

2[41].Asnotedbefore,inthesmallbregion(much
lessthanbmax),ln(b/b∗)∼b

2/(2b2max). Clearly,thevalueofg2foundintheSIYY-gfitis
consistentwithourfindingsintheSIYY-1fitwhoseg2valueinthesmallblimitcorresponds
to0.84/(2∗1.52)=0.187.
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