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Abstract
Weinvestigatethepossibilityofa(sizable)nonperturbativecontributiontothecharmparton

distributionfunction(PDF)inanucleon,theoreticalissuesarisinginitsinterpretation,andits

potentialimpactonLHCscatteringprocesses.The“fittedcharm”PDFobtainedinvariousQCD

analysescontainsaprocess-dependentcomponentthatispartlytracedtopower-suppressedra-

diativecontributionsinDISandisgenerallydifferentattheLHC. Wediscussseparationofthe

universalcomponentofthenonperturbativecharmfromtherestoftheradiativecontributionsand

estimateitsmagnitudeintheCT14globalQCDanalysisatthenext-to-next-toleadingorderinthe

QCDcouplingstrength,includingthelatestexperimentaldatafromHERAandtheLargeHadron

Collider. ModelsforthenonperturbativecharmPDFareexaminedasafunctionofthecharm

quarkmassandotherparameters. Theprospectsfortestingthesemodelsintheassociatedpro-

ductionofaZbosonandacharmjetattheLHCarestudiedunderrealisticassumptions,including

effectsofthefinal-statepartonshowering.
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I. INTRODUCTION:CTEQDISTRIBUTIONS WITHINTRINSICCHARM

TheprincipleoftheglobalanalysisistouseQCDtheorytoanalyzeabroadrangeofex-

perimentaldata,includingprecisiondatafromHERA,theTevatron,andtheLargeHadron

Collider(LHC).Inparticular,theoreticalpredictionsforshort-distancescatteringprocesses

allowthemeasurement,withinsomeapproximations,ofuniversalpartondistributionfunc-

tions(PDFs)fortheproton. Thesefunctionscanthenbeusedtopredicthadroniccross

sectionsintheQCDandelectroweaktheories,andinbeyond-the-standard-modeltheories.

Withthenewhigh-precisiondatabecomingavailablefromtheLHC,theultimategoalfor

theglobalQCDanalysisistobeabletomakepredictionsthatareaccuratetoaboutoneper-

cent.This,inturn,requiresimprovementsintheoreticalpredictionstoallowforanaccurate

extractionofthepartoncontentoftheprotoninglobalfits.

Arecentlypublished CTEQ-TEA(CT)analysisof QCDdata [1]producedthe

CT14NNLOPDFs,referredtoastheCT14PDFsinthispaper. Theanalysisisbased

onthenext-to-next-to-leadingorder(NNLO)approximationforperturbativeQCD.That

is,NNLOexpressionsareusedfortherunningcouplingαS(Q),fortheDokshitzer-Gribov-

Lipatov-Altarelli-Parisi(DGLAP)evolutionequations[2–6],andforthosehardmatrixele-

mentsforwhichtheNNLOapproximationisavailable,suchasthedeep-inelasticscattering

(DIS)neutral-currentdatafromHERAandfixed-targetexperiments,andtheDrell-Yan

datafromtheTevatron,fixed-targetexperiments,andtheLHC[7–17]. Next-to-leading

order(NLO)isusedonlyforinclusivejetdatafromtheTevatronandtheLHCandfordeep-

inelasticscattering(DIS)charged-currentdatafromHERAandfixed-targetexperiments.

TheNNLOpredictionsfortheseprocesses[18–20]werenotavailableorincompleteatthe

timeoftheCT14study,andwehaveargued[1,21]thattheeffectofmissingNNLOtermsin

jetproductiononthePDFsissmallrelativelytotheexperimentaluncertaintiesintheCT14

datasets. Similarly,theNNLOcontributionforcharged-currentDIS,includingmassive

charmscatteringcontributions,ismodestcomparedtotheexperimentaluncertainties.

Intheglobalanalysis,allQCDparameters,suchasαsandthequarkmasses,arecorrelated

withthePDFs. ThedeterminationofthePDFsdependsnotonlyonthedatasample

includedinthefits,butalsoonthespecifictheoryassumptionsandunderlyingphysics

models. AsonesuchchoicemadeinthestandardCTPDFsets,thecharmquarkand

antiquarkPDFsaretakentobezerobelowalowenergyscaleQc=Q0oforderofthe

charmmass.IntheCT14analysis,thecharmquarkandantiquarkPDFswereturnedon

atthescaleQc=Q0=mc=1.3GeV,withaninitialO(α
2
s)distributionconsistentwith

NNLOmatching[15,22]tothethree-flavorresult. AthigherQ,mostofthecharmPDF

isgeneratedfromtheDGLAPevolutionthatproceedsthroughperturbativesplittingsof

gluonsandlight-flavorquarks. Hence,thecharmPDFfromastandardglobalanalysisis

called“perturbative”,foritwasobtainedbyperturbativerelationsfromlight-partonPDFs

atscaleQcandperturbativelyevolvedtotheexperimentaldatascaleQ.

Inadditiontotheperturbativecharmproductionmechanism,itisbelievedthat“intrinsic
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charmquarks”mayemergefromthenonperturbativestructureofthehadronicboundstate.

Theplausibilityoftheintrinsiccharm(IC)component,itsdynamicalorigin,anditsactual

magnitudehavebeenasubjectofalong-standingdebate.Indeed,QCDtheoryrigorously

predictsexistenceofpower-suppressed(higher-twist)channelsforcharmquarkproduction

thatareindependentoftheleading-power(twist-2,orperturbative)productionofcharm

quarks.Theintrinsiccharm(IC)quarkshavebeenassociatedwiththehigher|uudccFock

stateoftheprotonwavefunction[23–28]andpredictedbymeson-baryonmodels[29–32].

Ontheotherhand,Refs.[33,34]concludedthatthemomentumfractioncarriedbyintrinsic

charmquarksisatmost0.5%atthe4σlevel,thoughthisconclusionhasbeenchallenged

inRef.[35]. ThisistobecomparedtotheearlierCT10ICstudy[36],whichconcluded

thattheexistingdatamaytolerateamuchlargermomentumfractioncarriedbyintrinsic

charmquarks.Foravalence-likemodel,itwasfoundtobelessthanabout2.5%,atthe90%

confidencelevel(C.L.).Recently,severalanalysesbytheNNPDFgroup[37–40]established

asmallerfittedcharmmomentumfraction.NNPDFdeterminedafittedcharmmomentum

fractionequalto(0.26±0.42)%at68%C.L.justabovethecharmmassthreshold,withthe

charmquarkpolemasstakentobe1.51GeV[40],andequalto(0.34±0.14)%whenthe

EMCdata[41]onSIDIScharmproductionwereincluded.

ThecurrentpaperrevisitstheissueinthecontextoftheCT14analysis[1],alsoincluding

morerecentadvancesthatweremadeinthefollow-upCT14HERA2study[42].Itupdates

thepreviouswork[36]onfittingthecharmPDFsbasedontheCT10NNLOframework[21],

aswellastheCTEQ6.6ICstudy[43]doneatNLO.Inadditiontoimplementingthecombined

HERAI+IIdataonDIS,thenewLHCdata,andimprovedparametrizationsforlight-parton

distributions,weshalladdresssomefundamentalquestions: Whatdynamicsproducesthe

nonperturbativecandccomponentsoftheproton?Isthereauniversaldescriptionofthis

typeofcharmcomponentthatissupportedbytheQCDfactorizationtheorem,suchthat

thesamecharmPDFcanbeusedinbothlepton-hadronandhadron-hadronscattering

processes?

ThesecorequestionsmustberaisedtoappraisetherangeofvalidityofthePDFmodels

withnonperturbativecharminourworkandintheotherrecentstudies[33,34,39,40,44].

WeaddressthembystartingfromthefundamentalQCDresult,thefactorizationtheorem

forDIScrosssectionswithmassivefermions. Westartbydiscussingthedefinitiontothe

“intrinsiccharm”,thetermthathasbeenusedinconsistentlyintheliterature.Inthe

theoreticalsection,weadvanceaviewpointthatthe“intrinsiccharm”canrefertorelated,

butnon-equivalentconceptsofeitherthe“fittedcharm”PDFparametrization,ononehand,

orthegenuinenonperturbativecharmcontributiondefinedbythemeansofpowercounting

ofradiativecontributionstoDIS.Thismeansthatthegenericnotionofthe“intrinsiccharm”

maycoverseveralkindsofunalikeradiativecontributions.Afterwedrawthisconsequential

distinction,andassumingthatthenonperturbativecharmscatteringcrosssectioncanbe

approximatedbyafactorizedform,ourglobalanalysisexaminesagreementofvariousmodels

forthenonperturbativecharmwiththemodernQCDexperimentaldata.
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Thenonperturbativecharmcontentisnormallyassumedtobesuppressedbypowers

of(Λ2/m2c),whereΛisanonperturbativeQCDscale. But,sincethisratioisnotvery

small,itmayberelevantinsomeprocessessuchaspreciseDIS.Theallowedmagnitudeof

thenonperturbativecharmisinfluencedbyothertheoreticalassumptionsthataglobalfit

makes,especiallybytheheavy-quarkfactorizationscheme[22,45–49],theαsorderofthe

calculation,theassumedcharmmassmc,andtheparametrizationformsforthePDFsof

allflavors. Westudysucheffectsinturnandfindthat,amongthelistedfactors,theIC

componentisstronglycorrelatedwiththeassumedcharmmass.

Dependenceonmcintheabsenceofthenonperturbativecharmhasbeenaddressedat

NNLOintheCT10NNLOframework[50]andinotherreferences[39,51–55].Inthecontext

oftheCT10analysis[50],thegeneraldependenceonthecharmquarkmasswasstudied,and

apreferredvalueofmc(mc)=1.15
+0.18
−0.12GeVwasobtainedat68%C.L.,wheretheerrorisa

suminquadratureofPDFandtheoreticaluncertainties.Here,mc(mc)denotestherunning

massofthecharmquark,definedinthemodifiedminimal-subtraction(MS)schemeand

evaluatedatthescaleofmc.Thisvalue,constrainedprimarilybyacombinationofinclusive

andcharmproductionmeasurementsinHERAdeep-inelasticscattering,translatesintothe

polemassmpolec =1.31+0.19−0.13GeVand1.54
+0.18
−0.12GeVwhenusingtheconversionformulain

Eq.(17)ofRef.[56]attheone-loopandtwo-looporder,respectively. Asthepolemassof

1.3-1.8GeVbordersthenonperturbativeregion,accuracyofitsdeterminationislimitedby

significantradiativecontributionsassociatedwithrenormalons[57–59].Inthislightboth

convertedvaluesarecompatiblewiththevalueofmpolec =1.3GeV,whichwasassumedby

CT10andCT14andprovidesthebestfittoHERAI+IIdataatNNLOwiththechosenPDF

parametricform. Weshalluseitasourstandardcharmquarkpolemassvalueinthispaper,

unlessspecifiedotherwise.

Toestablishrobustnessofourconclusions,inourfitswevariedtheselectionofdataand

theanalysissetup. ConstraintsontheICfrombothCT14[1]andCT14HERA2sets[42]

ofexperimentaldatawerecompared.AstheCT14HERA2fitprefersasmallerstrangeness

PDFthanCT14,comparisonoftheCT14andCT14HERA2allowedustoestimatethe

sensitivityoftheICtothestrangenesscontent.[Thesensitivitytothetreatmentofbottom

quarksisexpectedtobemarginal.]

Finally,weconsidertheimpactofthepossiblenonperturbativecharmonpredictions

forthepresentandfutureexperimentaldata. Themomentumsumrule,oneofthekey

QCDconstraints,impliesthatintroductionofafittedcharmPDFmodifiesthegluonand

sea(anti)quarkPDFs,particularly,forūandd̄. Hence,accuratepredictionsofthecand

cpartondistributionswillberelevanttovariousimportantLHCmeasurements,suchas

productionofW±,Z0,andHiggsboson,orassociatedproductionofacharmjetandaZ0.

Theremainderofthispaperisorganizedasfollows.InSec.IIwereviewthetheoretical

foundationsoftheCTEQglobalPDFanalysiswithcontributionsofmassivequarks.In

particular,wediscussissuesrelatedtothefactorizationofthecharmPDFintheproton,

afterclarifyingthemeaningofthePDFsfortheleading-power(perturbative)charm,power-
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suppressedcharm,andthefittedcharm.Severaltheoreticalmodelsoftheintrinsiccharm

PDFattheQ0scalewillbepresentedinSec.III.Theresultsofourglobalfits,called

theCT14ICPDFs,arediscussedinSec.IV,wherethequalityofthedatadescriptionis

documented,andadetailedcomparisonoftheCT14ICPDFswiththeCT14PDFsand

otherPDFsetsisprovided.ThedependenceoftheCT14ICPDFfitsonthecharm-quark

massisdetailedinSec.IVC.InSec.IVF,wediscusstheimpactofincludingtheEMC

dataintheglobalfitsforthefittedcharmPDFs,aspredictedbythosetheoreticalmodels

introducedinSec.III.WeexaminetheimpactoftheCT14ICPDFsontheproductionofthe

electroweakW±,ZandHiggsbosonsattheLHCinSec.V,andonacharmjetproduction

associatedwithaZbosonattheLHCinSec.VI.Finally,ourconclusionsarepresentedin

Sec.VII.

II. QCDFACTORIZATION WITH POWER-SUPPRESSED CHARM CONTRI-

BUTIONS

ParticleinteractionswithenergiesofhundredsofGeV,atmoderncolliderssuchasthe

LHCortheTevatron,arenotdirectlysensitivetothemassesofmostStandardModel(SM)

fermions. Atsuchhighenergy,onemaysafelyneglectthemassofanyquarkinashort-

distancescatteringcrosssection,exceptforthetopquark.Protons,theinitial-statenucleons

attheLHC,behaveasboundstatescomposedofstronglyinteractingconstituentslighter

thanthetop,includinglightquarks(u,d,s),heavyquarks(candb),andgluonsg.1 A

partonaknockedoutofaninitial-stateprotonbyahardcollisionmovesessentiallyasa

masslessparticle;however,theprobabilityforknockingthepartonout,quantifiedbythe

partondistributionfunctionfa/p(ξ,µ),ora(ξ,µ)forshort,dependsontheparton’sflavor

and,ultimately,theparton’smass.

Acharmquarkwithmassmc∼1.3−1.6GeVisheavierthanaprotonatrest,withmass

0.938GeV.Ifweintroduceapartondistributionforthecharm,whatisthephysicalorigin

ofthisPDF?

Theanswerisnotasclear-cutasforthelighterquarks,whosePDFsaredominatedby

nonperturbativeQCDcontributionsarisingfromenergiessmallerthantheprotonmass.The

light-quarkPDFsareessentiallynonperturbative;weparametrizeeachlight-quarkPDFbya

phenomenologicalfunctionfa/p(x,Q0)ataninitialenergyscaleQ0oforder1GeVandevolve

thePDFstohigherenergiesusingtheDGLAPequations[2–6].Forthecharmandanticharm

contributions,ontheotherhand,therespectivePDFsatsuchlowQ0arenotmandatory.

OnlysomeQCDfactorizationschemesintroducethem,withthegoaltoimproveperturbative

convergenceatscalesQmuchlargerthanQ0.TheperturbativecomponentofthecharmPDF

dominatesinconventionaltreatments,suchasthoseimplementedinthegeneral-purpose

1Withoutlossofgenerality,wefocusonasituationwhenneithertopquarksnorphotonsareclassifiedas

nucleon’spartonicconstituents.
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QCDanalysesbyCTEQ-TEAandothergroups. However,anonperturbativecomponent

inthecharmPDFcannotbeexcludedeither–wewillexploreitinthispaper. Whatare

thetheoreticalmotivationandexperimentalconstraintsforthenonperturbativecomponent?

CanitberelevantfortheLHCapplications?

WecansystematicallyapproachthesequestionsbyreviewingQCDfactorization,andthe

associatedfactorizationtheorem,foraperturbativeQCDcalculationofaradiativecontri-

butionwithheavyquarks. Letusfocusonpredictionsforneutral-currentDISstructure

functionsF(x,Q)with3and4activeflavors,atarelativelylowmomentumtransferQthat

iscomparabletothemassmcofthecharmquark.Ourconsiderationscanbeextendedread-

ilytosituationswithmorethanfouractiveflavors,andtohigherQvalues. Moreover,among

theexperimentalprocessesincludedintheglobalQCDanalysis,theneutral-currentDISis

themostsensitivetocharmscatteringdynamics[39,50,52–55]withtherestoftheprocesses

providingweakerconstraints.Therefore,itisnaturaltofocusonDISasthestartingpoint.

A. Exactandapproximatefactorizationformulas

Wefirstwritedowna phenomenologicalformfortheDISstructurefunctionthatisim-

plementedintheCTEQ-TEAPDFanalysis:

F(x,Q)=

Nf

a=0

1

x

dξ

ξ
C(Nord)a

x

ξ
,
Q

µ
,
mc
µ
;αs(µ) f

(Nord)
a/p (ξ,µ)

≡

Nf

a=0

C(Nord)a ⊗f
(Nord)
a/p (x,Q). (1)

Thisis a standard convolutionformula, consisting of the coefficientfunction

C
(Nord)
a (x/ξ,Q/µ,mc/µ;αs(µ))andthePDFsf

(Nord)
a/p (ξ,µ)dependentonthelight-conepar-

tonicmomentumfractionξandfactorizationscaleµoforderQ(settocoincidewiththe

renormalizationscaletosimplifythenotation).Theindexadenotestheinitial-stateparton’s

flavor,runningfroma=0,correspondingtothegluon,tothenumberNfofactivequark

flavorsassumedintheQCDcouplingstrengthαs(µ)andthePDFsfa/p(ξ,µ).Implicitly,

summationoverquarksandantiquarksisassumed. Wereservetheindex“h”foraheavy-

quarkflavor,h=cinDIScharmproduction.2Thesuperscripts(Nord)inbothC
(Nord)and

f
(Nord)
a/p emphasizethattheirperturbativecoefficientsarecomputeduptoafixedorderNord
ofαs.

Letushighlightseveralaspectsofthisformula.First,Nf,thenumberofactiveflavors,is

notmeasurable,itisatheoreticalparameteroftherenormalizationandfactorizationschemes

chosenfortheperturbativecalculation.NfshouldbedistinguishedfromN
fs
f [60,62],the

2 BeyondtheNNLOaccuracyconsideredinthispaper,DISincludescontributionswithbothcandbquarks.

TreatmentofsuchcontributionsintheACOTformalismisexplainedinRefs.[60,61].
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numberof(anti-)quarkspeciesthatcanbephysicallyproducedinthefinalstateinDISat

givencollisionenergy.TheoptimalvalueofNfischosenasapartoftheQCDfactorization

schemetooptimizeperturbativeconvergence.Nfsf canbedeterminedfromanexperimental

observable,suchasthefinal-statehadronicmassintheneutral-currentDISprocess.

Second,theCTEQ-TEAgroupcomputestheperturbativecoefficientsofC
(Nord)
a inthe

S-ACOT-χscheme[46,63–65],ageneral-purposefactorizationschemeforlepton-hadron

andhadron-hadronscatteringprocesses. Forneutral-currentDIS,C
(Nord)
a werederivedin

thisschemeuptoO(α2s),orNNLO[60]. Figure1isreproducedherefromRef.[60]and

showstheFeynmandiagramsandnotationsfortheperturbativecoefficientsofthe“charm

production”structurefunctionFc(x,Q)uptoNNLOintheS-ACOT-χapproach. Our

discussionwillturntothesediagramsforanillustration. TheremainingNNLOcharm

scatteringcontributionsinNCDIS,arisinginthelight-quarkstructurefunctionFl(x,Q)

andnotasimportantnumerically,canalsobefoundinRef.[60].

Third,inageneral-purposeanalysissuchasCT14NNLO,westartwithnon-zeroPDF

parametrizationsforthegluonand3light(anti-)quarkflavorsattheinitialscaleslightly

belowthecharmmass,Q0=mc−ǫ.TheinputcharmmasscanbeeithertheMS mass

mc(mc),orthepolemassm
pole
c :thetwoarerelatedbyNNLOperturbativerelations[56,66],

bothareimplementedinCT14PDFs.3Asf
(Nord)
a/p (ξ,Q)areevolvedupwardfromtheinitial

scaleQ0,theyareconvertedfromNf=3to4,andfrom4to5,atthecorresponding

switchingpointsQi. TheperturbativecoefficientsofC
(Nord)
a areconvertedconcurrentlyto

preservethefactorizationschemeinvarianceateachorderofαs.TheCT14analysisswitches

fromNftoNf+1 exactlyattheheavyquarkmass;soforthecharmquarktheswitching

takesplaceattheenergyscaleQc=mc.

Inthisconventionalsetup,weassumeazerocharmPDF,fc/p(ξ,Q0)=0,forNf=3at

theinitialscaleQ0slightlybelowQc=mc,andobtainasmallnon-zerofc/p(ξ,Qc)forNf=4

atscaleQcviaperturbativematching. Ofcourse,Qcisarbitrary,wecouldequallychoose

aQcvaluebelowQ0andthenexpectanon-zerocharmPDFalsoatQ0.Thisalternative

suggeststhepossibilityofincludinganon-zeroinitialcharmPDFparametrization,orthe

“fittedcharm”parametrization,attheinitialscaleQ0thatwouldnowcorrespondtoNf=4.

However,ifthecharmquarksareproducedexclusivelyfromperturbativegluonsplittings,

thedependenceonthefittedfc/p(ξ,Q0)cancelsuptothehigherαsorderinthecrosssection,

notthePDFalone.Itonlymakesadifference,comparedtothehigher-orderuncertainty,if

anothermechanismaddsuptoperturbativecharm-quarkproduction.

Todemonstratethis,comparetheaboveapproximatefixed-orderformula(1),whicheither

includesthefittedcharmPDF,ornot,totheall-orderexpressionforF(x,Q)withmassive

3 ThepastCTEQ-TEAanalysestraditionallyusedmpolec asaninput,butmc(mc)maybepreferable

infutureprecisecalculations. Thepole masscannotbeusedtoarbitrarilyhighaccuracybecauseof

nonperturbativeinfraredeffectsinQCD,relatedtothefactthatthefullquarkpropagatorhasnopole

becauseofthequarkconfinement[67].
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quarksthatfollowsfromtheQCDfactorizationtheorem[63,68]:

F(x,Q)=

Nf

a=0

1

x

dξ

ξ
Ca
x

ξ
,
Q

µ
,
mc
µ
;αs(µ) fa/p(ξ,µ)+O(Λ

2/m2c,Λ
2/Q2). (2)

Eq.(2)underliesallmoderncomputationsfortheinclusiveDISobservables,inthefactor-

izationschemeswithfixedorvariedNfvalues. TheconvolutionofCawithfa/p(ξ,µ)in

Eq.(2)includesall“leading-power”radiativecontributionsthatdonotvanishwhenthe

physicalscales
√
s,Q,mcaremuchlargerthanthenonperturbativehadronicscaleΛof

orderlessthan1GeV.InEq.(1),asimplementedinthefits,thisleading-powerCa⊗fa/pis

approximatedjustuptoorderNord.

Subtractions

c F(0) (1)
h,h h,g

Structure Functions

c
h,h
(1)

A(1)h,g*ch,h
(1)

A
(2)
h,g ch,h

(0)
* A

(2)
*c
(0)
h,hh,l

PSPS
h,l
(2)FFh,g

(2)

u,d,s,c

c(2)h,h

A(1)h,g c(0)h,h*

FIG.1:Leading-power(perturbative)radiativecontributionsforneutral-currentDIScharmpro-

ductionandscattering,includeduptoO(α2s)intheS-ACOT-χscheme.Thefigureisreproduced

fromRef.[60].

Thismeansthat,intheall-orderfactorizationtheorem(2),[Ca⊗fa/p](x,Q),thefirst

termontheright-handside,capturesallcontributionsassociatedwiththeleading-power,

perturbative,charmproduction. Ontheotherhand,whenanon-zeroinitialconditionfor

f
(Nord)
c/p (ξ,Q0)isintroducedinthefittedformula(1),itplaystheroleofaplaceholderfor

severalkindsofmissingcontributionsthatappearinthefullfactorizationformula(2),but

notintheapproximateformula(1). Forexample,itsubstitutesinpartfortheleading-

powerperturbativecontributionsbeyondtheorderNord. TheO(α
2
s),orNNLO,radiative
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K
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T
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T0
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D

FIG.2:Dominantsquaredleading-poweramplitudesinDIScharmproductionintheQ2≫m2c≫

Λ2limit. HereFistheDISstructurefunction,C0,K0andDaretwo-particleirreducible(2PI)

subgraphs,T0andT
(4)
0 arethetwist-2and4targethadronsubgraphs,andK

(2|4)
0 istheheavy-quark

“mixed-twist”2PIsubgraph.

contributiontoneutral-currentDISheavy-quarkproductionislargenumerically.Ifaglobal

fitisdoneatNLO,asinRefs.[33,39,43],itprefersanaugmentedfittedcharmf
(NLO)
c/p (ξ,Q0)

ofacertainshapeinparttocompensateforthemissingNNLODIS Wilsoncoefficients.

Thefittedcharmmayalsoabsorbpartofthelast,power-suppressed,termontheright-

handsideofEq.(2). The“powercounting”analysisofFeynmanintegralsshowsthat

theordinarypower-suppressedcontributioninunpolarizedinclusiveDISisproportionalto

(Λ/Q)nwithintegern≥2(“twist-4”,see,e.g.,[69,70]).IntheDISscatteringofcharm

quarks,thelowestpower-suppressedcontributionalsoincludestermsoforderΛ2/m2c[23,

24,63].ThelattertermclearlydoesnotvanishwithincreasingQand,furthermore,atvery

highQitisenhancedlogarithmicallyandbehavesas(Λ2/m2c)ln
d(Q2/m2c)withd≥0due

tocontributionsfromcollinearscattering.Thepower-suppressedcharmcontribution,once

introducedatlowscaleQ∼mc,willsurvivetothemuchhigherscalesrelevanttotheLHC.
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B. Charmcontributionsin3-flavorand4-flavorschemes

While thecompleteanalysisofthetwist-4contributionisfartooextensive,wepresent

aheuristicexplanationofitslogarithmicgrowthbyfollowingananalogywiththeleading-

power,ortwist-2,terms[60].ItisusefultocomparetherelevantFeynmangraphsinthe

Nf=3factorizationscheme,themostappropriateschemetouseinthethresholdkinematical

region,whereQiscomparabletomc,andintheNf=4scheme,whichismostappropriate

atQ2≫m2c,wherethecharmdensityhasthemostphysicalinterpretation.

First,recallthatintheNf=3schemeallsubgraphscontainingheavy-quarkpropagators

areassignedtotheWilsoncoefficientsCaandnottothePDFsfa/p.Amongtheleading-power

hard-scatteringamplitudesinFig.1,theonlycontributionsarisinginthe3-flavorschemeare

thoseattachedtotheexternalgluonsandlightquarks,denotedbyF
(k)
h,a.Theexplanationfor

thisisthattheNf=3schemeapplieszero-momentumsubtractiontoUVsingularitieswith

heavy-quarkpropagatorsandstronglysuppresseshighlyoff-shellcharmquarkpropagatorsas

aconsequenceoftheirmanifestdecoupling.Therefore,thenon-negligibleFeynmanintegrals

inthisschemecontainthecharmpropagatorsonlyinthehard-scatteringsubgraphs,where

thevirtualitiesofallparticlemomentaarecomparabletoQ2andm2c.Thenonperturbative

subgraphswithvirtualitiesmuchlessthanQ2containonlylight-partonpropagators,asthose

arerenormalizedintheMS scheme.

Atwist-4Nf=3hard-scatteringmatrixelementforF
(k)
h,acanbethoughtofasatwist-2

Nf=3hard-scatteringmatrixelementconnectedtotheparenthadronbyanadditionallight-

partonpropagatoratanypointinthehardsubgraph.Bothtwist-2andtwist-4termswith

charmtakethefactorizedformillustratedinFig.2,whileFig.3showsrepresentativetwist-4

squaredmatrixelementsobtainedafterattachingthesecondinitial-stategluontosomeofthe

twist-2matrixelementsinFig.1.Inthehadroniccrosssection,everytwist-4hardscattering

crosssectionshowninFig.3ismultipliedbyatwist-4(double-parton)nonperturbative

function,suchasfgg/p(ξ1,ξ2,µ).InsertionoftwoQCDverticessuppressesthetwist-4cross

sectionbyapowerofαscomparedtothecounterparttwist-2crosssection,whiletheinsertion

oftwopropagatorsandmultiplicationbyatwist-4functionfurthersuppressesitbyapower

ofΛ2/p2withp2oforderQ2∼m2c.

Attwist-4,weencounterseveralnewnonperturbativefunctionsthatarenotconstrained

bythedataandobeytheirownevolutionequationsatthescaleQ[71,72].Thecomplete

analysisoftwist-4islengthy–wewillrefertothevastliteratureonthesubject,including

Refs.[69,70,73–85].

Wefurthernotethat,inthelimit Q2≫ m2c≫ Λ
2,thetwist-4charmscatteringcross

sectionscontainladdersubgraphsofessentiallytwist-2topology.TheycanbeseeninFig.2,

illustratingadecompositionofthestructurefunctionFcontainingtheladdercontributions.

Ddenotesatwo-particleirreducible(2PI)part(intheverticalchannel)ofthestructure

functionF.Thefirstgraphontheright-handsideisagenerictwist-2laddercontribution

recognizedfromthecalculationofNLOsplittingfunctionsinthemasslesscasebyCurci,
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Furmanski,andPetronzio[86].Itiscomposedof2PIsubgraphsC0,K0,andT0(without

anupperindex),whereC0andT0arecoupledtothevirtualphotonandtargethadron,

respectively.ThedecompositionintermsofDandC∗K0...∗T0fortwist-2alsoappearsin

theCollins’proofofQCDfactorizationforDISwithmassivequarks[63].

TheladdergraphsaredifferentintheNf=3andNf=4schemes.TheNf=4scheme

introducesadditionaltermswithheavyquarksthatapproximatetheleadingcontributionin

theQ2≫ m2climit.InFig.1,theseladderscorrespondtothecontributionsproportional

tothe“flavor-excitation” Wilsoncoefficientfunctionsc
(k)
h,h.Suchtermsareabsentinthe

Nf=3scheme,andtheirpurposeistoresumcollinearlogsln
d(Q2/m2c)fromhigherorders

withthehelpofDGLAPequations.Inthiscaseboththelight-andheavy-partonsubgraphs

arerenormalizedintheMS scheme.Importantly,apartfromafiniterenormalizationofαs,

theperturbativeexpansionsofthestructurefunctionsintheNf=3andNf=4schemes

areequaluptothefirstunknownorderinαs–theconditionthatweexpecttoholdboth

forthetwist-2andtwist-4heavy-quarkcontributions.

Nexttothetwist-2terminFig.2weshowaladderattachedtoatwist-4targetsubgraph

T
(4)
0 [withanupperindex“(4)”],connectedtothetwist-2kernelsK0intheupperpartviaa

“mixed-twist”kernelK
(2|4)
0 containingarealheavy-quarkemission.AsK

(2|4)
0 isconnectedto

T0byfourpropagators,atQ
2≫m2c≫Λ

2itscalesasΛ2/p2.Sinceitincludesloopintegrals

withmassivequarkpropagators1/(k/−mc),themomentumscalepcanbeeitherQormc;

buttheΛ2/m2ctermislesssuppressedthanΛ
2/Q2.[ItiscrucialthattwolargeQCDscales,

mcandQ,arepresent,incontrasttothemassless-quarkcase.] Ontheotherhand,apart

fromthereplacementofT0·K0byT
(4)
0 ·K

(2|4)
0 ,thesecondladderhasthestructureofthe

firstone.

1. Factorizationfortwist-2contributions

WeassumethattheFeynmandiagramsinFig.2are unrenormalizedandindicatethis

byasubscript“0”. Ref.[63]showshowtorecastthefullsumoftwist-2diagramsintoa

factorizedconvolution

F(x,Q)=
a

[Ca⊗fa/p](x,Q)+r (3)

byrecursivelyapplyingafactorizationoperatorZandrenormalizingtheUVsingularities.

Zisaprojectionoperatorthatisinsertedrecursivelybetweentherungsoftheladderdi-

agram,e.g.,atthelocationindicatedbythecirclemarkers.TheactionoftheZoperator

istoreplacetheexactladdergraphbyasimpler,factorizedexpressionwhichprovidesa

goodapproximationtothefullgraphintheQ2≫ m2climit,andwhichisvaliduptoa

power-suppressedremainderr.Inparticular,Zreplacestheoff-shellintermediateparton

propagatorattheinsertionpointbyanon-shellexternalstatewithzerotransversemomen-

tumintheBreitframe.ByconsideringrecursiveinsertionsoftheZoperatorstoallorders,

onedemonstratesfactorizationforF(x,Q)ineithertheNf=3schemeortheNf=4scheme
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oftheAivasis-Collins-Olness-Tung(ACOT)class[46].Byitsconstruction,theremainderr

isoforder
highestvirtualityinT0
lowestvirtualityinC0

2

=(Λ/p)2, (4)

withp=Qormc.

WhiletheZoperationintheMSschemeisuniquelydefinedforintermediatelightstates,

foraheavyquark,itencountersanadditionalambiguity. Theprojectionoperatoracting

uponanintermediateheavyquark,denotedbyZh,mayincludeadditionalpowersof(m
2
c/Q

2)

thatvaryamongtheconventions[60,63].TheambiguityinZhgivesrisetoseveralversions

oftheACOT-likeschemes,allequivalentuptoahigherorderinαs.TheformofZhmaybe

evenmadedependentonthetypeandαsorderofthescatteringcontribution:somechoices

forZh,suchastheonemadeintheSACOT-χscheme[60,64,65],simplifyperturbative

coefficientsandenablefastperturbativeconvergence.

Inapracticalcalculationofatwist-2crosssectionillustratedbyFig.1,theZoperation

definestheprescriptionforconstructingtheperturbativecoefficientsC
(k)
i,b of Wilsoncoef-

ficientfunctionsfromthestructurefunctionsF
(k)
i,b computedinDISe+b→ e+Xona

partonictargetb.Hereidenotesan(anti)quarkstruckbythevirtualphoton.4Theparton-

scatteringstructurefunctions,coefficientfunctions,andPDFsareexpandedasaseriesin

as≡αs(µ,Nf)/(4π):

Fi,b=F
(0)
i,b+asF

(1)
i,b+a

2
sF

(2)
i,b+...,

Ci,a=C
(0)
i,a+asC

(1)
i,a+a

2
sC
(2)
i,a+...,

fa/b(x)=δabδ(1−x)+asA
(1)
a,b+a

2
sA
(2)
a,b+..., (5)

whereA
(k)
a,b(k=0,1,2,...)areperturbativecoefficients[15]ofoperatormatrixelements

forfindingapartonainapartonb.AperturbativecoefficientC
(k)
i,aofthe Wilsoncoefficient

functionatasorderkcanbefoundbycomparingtheperturbativecoefficientsontheleft

andrightsidesof

Fi,b=
a

Ci,a⊗fa/b. (6)

Thecomparisondoesnotspecifytheformoftheperturbativecoefficientsc
(k)
i,hwithaninitial-

stateheavyquark;thosearespecifiedbyZhateachasorderkandre-usedinexactlythesame

forminalloccurrencesofc
(k)
i,hinthecontributionsofordersk+1andhigher.Thefreedom

inselectingZhaffectsc
(k)
i,handnotthepartonicPDFcoefficientsA

(k)
a,bthatremaindefinedin

theMS scheme. Withsuchself-consistentdefinition,thedependenceonZhcancelsupto

thefirstunknownorderinas,asitwasverifiednumericallyuptoO(α
2
s)inRef.[60].

4UptoNNLO,weuseasimplifieddecompositionoftheneutral-currentDISstructurefunctionoverthe

quarkflavorsprobedbythevirtualphotons:F(e+b→e+X)≡
Nfsf
i=1 e

2
iFi,b,whereeiisthe(anti)quark’s

electriccharge[60].TheSU(Nf)decompositionoftheACOTstructurefunctionsforhigherorderswas

derivedinRef.[61].
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2. Factorizationoftwist-4contributions:asketch

GoingbacktoFig.2,werecallthat,whileinthetwist-2factorizationformula(3)the

K
(2|4)
0 ·T

(4)
0 subgraphiscountedasapartoftheremainderr∼Λ2/m2c,diagrammatically,

itisattachedtotheupperladdersubgraphsinexactlythesamewayasthetwist-2K0·T0.

Wecantreatthesum K0·T0+K
(2|4)
0 ·T

(4)
0 asamodifiedtargetcontributionoftwist-2,

whichnowincludessomepower-suppressedcorrection. Thederivationofthefactorization

forQ2≫m2ccanberepeatedforNf=4asintheprevioussubsection.Thefactorizedcross

sectionreproducesthestructurefunctionuptothetermsoforderΛ2/Q2or(Λ4/m4c).

Atthelevelofindividualcontributions,theK
(2|4)
0 ·T

(4)
0 targetsubgraphintroducesanon-

zeroterminthecharmPDFattheswitchingscalefrom3to4flavors. Wecancontinuetouse

theDGLAPequationsandthesamecoefficientfunctionsasinthepuretwist-2case,andthe

latterareagaindependentonthedefinitionofoperatorZh(theheavy-quarkmassscheme).

Inparticular,iftheflavor-excitationcoefficientfunctionc
(k)
h,hismodifiedbyatermoforder

(m2c/Q
2),thetwist-4componentofthestructurefunction[c

(k)
h,h⊗fc]twist-4ismodifiedbya

termoforder(m2c/Q
2)·(Λ2/m2c)=Λ

2/Q2.Thenetchangedoesnotexceedthetotalerror

Λ2/Q2ofthefactorizedapproximation.

Thisimpliesthatthetwist-4componentofthecharmPDFiscompatiblewithanyavail-

ableversionoftheACOTscheme,thedifferencesbetweenthestructurefunctionsinthese

schemesareoforderΛ2/Q2fortwist-4andevenweakerforhighertwists. Furthermore,

bythestructureoftheACOTschemes,theschemedifferencescancelorder-by-orderinαs.

Therefore,theclaiminRefs.[37–39]thatthenonperturbativecharmisonlyconsistentwith

the“full”versionoftheACOTschemeoritsanalogschemes,suchasthefullymassive

FONLLscheme,isnotcorrect.Inouranalysis,itsufficestousetheS-ACOT-χscheme,

withorwithoutthepower-suppressedcomponent.Sinceopencharmisproducedinc̄cpairs

inneutral-currentDIS,andnotaslonec(anti)quarks,theχrescalingintheS-ACOT-χ

scheme[65],requiringproductioninpairsonly,approximatesenergy-momentumconserva-

tionbetterthanitsfullACOTcounterpartthatalsotoleratesproductionofsinglecorc̄

quarks.

Letusillustratethecalculationofthesimplesttwist-4charmcontributionsonanexample

ofselecttwist-4squaredamplitudesinFig.3.Again,wefollowacloseanalogytothetwist-2

S-ACOT-χcalculationinSec.IIB1,seealso[46]and[60].

ThefirstlineinFig.3showsthelowest-ordertwist-4contributionsoforderO(α2s),the

remaininglinesshowsomeradiativecontributionsoforderO(α3s).Asbefore,asuperscript

intheparenthesesindicatestheorderkoftheperturbativecoefficient.

Ineitherthe3-or4-flavorscheme,westartbycomputing“flavorproduction”structure

functionsF
(k)
h,ab,suchasF

(2)
h,ggorF

(3)
h,ggshowninFig.3,withbstandingforaggoranother

double-partoninitialstate. Many morediagramsbesidestheonesshownariseateach

orderdependingonthelocationsoftheextragluonattachmentsinthehardsubgraph.

Thecoefficientfunctionsassociatedwithtwist-4arederivedbymatchingtheperturbative
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Structureandcoefficientfunctions Subtractions
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(2)
h,gg

c
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(2)
h,gg

...

c
(1)
h,hF

(3)
h,gg

...

FIG.3:Examplesofsubleading-powercontributionstocharmproductionoriginatingfromdouble-

gluoninitialstates.

coefficientsorder-by-orderasinEqs.(5)and(6).

Forinstance,atorderα2s,thedouble-convolutionintegralF
(2)
h,gg⊗⊗fgg/poverthegluon-

pairlight-conemomentumfractionsξ1andξ2scalesasα
2
s(Q)Λ

2/p2,wherep2isatleastas

largeasQ2orm2c.InthelimitΛ
2≪m2c≪Q

2,theO(α2s)contributionwithasmallerhard

scalep2=m2cstillsurvives.Apartofitisresummedintheflavor-excitationtermc
(0)
h,h⊗fc/p,

addedacrossallQ≥QcinordertoobtainasmoothpredictionforF(x,Q).
5

Thetwist-4O(α2s)remainderofF
(2)
h,gg⊗⊗fgg/pthatisnotabsorbedinc

(0)
h,h⊗fc/pmaybe

ofthesameorderasc
(0)
h,h⊗fc/patrelativelylowQ.TheremainderisgivenbyC

(2)
h,gg⊗⊗fgg/p,

5ThediscontinuityofF(x,Q)attheswitchingpointQcisverymildatNNLOandreducedwithincluding

higherαsorders.SmoothnessofF(x,Q)isdesirablefortheconvergenceofPDFfits.
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whereC
(2)
h,ggisfoundfromthecomparisonoftheO(α

2
s)coefficientsinEq.(6):

C
(2)
h,gg=F

(2)
h,gg−c

(0)
h,h⊗A

(2)
h,gg. (7)

TheFeynmandiagramforthe“subtractionterm”c
(0)
h,h⊗A

(2)
h,ggisshowninthefirstrowof

Fig.3.ItisobtainedbyinsertingZhintotheFeynmangraphforF
(2)
h,gginordertoconstrain

themomentumofthecutcharmpropagatortobecollineartothatofthetargethadron,and

toreplacethepartofthegraphforF
(2)
h,ggabovetheinsertionbyasimplersubgraphgivenby

c
(0)
h,h.Clearly,theremainderisprocess-dependent.

Thenext-ordercontributionF
(3)
h,ggwithanaddedgluonlinedevelopsalogarithmicen-

hancementatm2c≪Q
2,

F
(3)
h,gg⊗⊗fgg/p∼α

3
s(Q)Λ

2/m2c ln(Q
2/m2c), (8)

whichisresummedasapartofc
(0)
h,h⊗fc/pandc

(1)
h,h⊗fc/p.Again,theO(α

3
s)remainderthat

isnotresummedmuststillbeincludedinthefullresult,ittakestheformofC
(3)
h,gg⊗fgg/p,

where

C
(3)
h,gg=F

(3)
h,gg−c

(0)
h,h⊗ A

(1)
h,h⊗A

(2)
h,gg+A

(3)
h,gg −c

(1)
h,h⊗A

(2)
h,gg. (9)

F
(3)
h,ggstandsfortheinfrared-safepart(withrespecttolightpartons)ofF

(3)
h,ggintheMS

scheme[60].

Therestofthecoefficientfunctionscanbecomputedalongthesamelines.

III. MODELSFORTHEFITTEDCHARM

A. Overview

Torecaptheprevioussections,anon-zeroinitialconditionatQcforthe“intrinsiccharm

PDF”,interpretedinthesenseofthe“fittedcharm”,maybeusedtotestforthepower-

suppressedcharmscatteringcontributionoforderO(α2s),ofthekindshowninFig.3.To

besensitivetothesecontributions,thetwist-2crosssectionsmustbeevaluatedatleast

toNNLOtoreducecontaminationbythehigher-ordertwist-2terms.Thecompletesetof

power-suppressedmassivecontributionscanbeorganizedaccordingtothemethodofthe

ACOTscheme.ItiscomprisedofnumerousmatrixelementsF
(k)
h,b,A

(k)
h,bfordouble-parton

initial-statesb,aswellasoftwist-4nonperturbativefunctionssuchasfgg/p(ξ1,ξ2,µ).

Variousmodelestimatessuggestapower-suppressedcharmcrosssectionofamodest

size:oforderofafractionoftheα2scomponentinDIScharmproduction,carryinglessthan

aboutapercentoftheproton’smomentum.ToestimatesensitivityoftheQCDdatabefore

resortingtothefulltwist-4calculation,weutilizeanupdateofthephenomenologicalmethod

oftheCTEQ6.6ICNLOandCT10ICNNLOanalyses[36,43].Incontrasttotheprevious

analyses,weexamineamoreextensivelistofnonperturbativemodels,fitthemostcomplete
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setofDISdatafromHERAaswellasthedatafromtheLHCand(optionally)theEMC,

andutilizeaPDFparametrizationthatresultsinamorephysicalbehavior.

Fourmodelsforthecharm-quarkPDFc(x,Q0)≡c(x)attheinitialscaleQ0willbe

considered.[Q0issettobelessthanQc=m
pole
c inallcases.]BesidestheconventionalCT14

modelthatsetsc(x)=0,theotherthreemodelsallowforc(x)ofanarbitrarymagnitude.

Inallmodels,thecharmPDFisconvolutedwiththeS-ACOT-χcoefficientfunctionsc
(k)
h,h,

withk≤2.ItremainsconstantbelowtheswitchingscaleQcandiscombinedwiththe

perturbativecharmcomponentatQcandevolvedtoQ>Qcbythe4-and5-flavorDGLAP

equations.

Neitherthepresentfit,northecontemporaryfitsbytheothergroupsincludethetwist-4

remaindersofDIScrosssectionsdiscussedinSec.IIB2:C
(2)
h,gg⊗fgg/p,C

(3)
h,gg⊗fgg/p,etc.The

remaindersareprocess-dependentandcomparabletothec
(k)
h,h⊗fc/pconvolutionsatenergies

closetomc. Withoutincludingtheseprocess-dependenttermsexplicitly,thefittedcharm

PDFfoundinafittoDISisnotatrulyuniversalnonperturbativefunction;itabsorbsthe

aboveprocess-dependentremainders.Furthermore,inDISatverylowQorW,separation

oftheΛ2/Q2andΛ2/m2ctermspresentsanadditionalchallenge.Theexperimentaldatain

theCT14(HERA2)fitsisselectedwiththecutsQ2>4GeV2,W2>12.5GeV2soasto

minimizesensitivitytotheΛ2/Q2terms. ThisisusuallysufficienttominimizetheΛ2/Q2

contributionsbelowthePDFuncertaintyfromothersources. Weexaminethepossibilityof

theimpactoftheΛ2/Q2termsonthebest-fitc(x,Q0)inSec.IVE.

B. Valence-likeandsea-likeparametrizations

Giventhatseveralmechanismsmaygiverisetothefittedcharm,wewillparametrizeit

bytwogenericshapes,a“valence-like”anda“’sea-like”shape.Thetwoshapesariseina

varietyofdynamicalmodels.

Avalence-likeshapehasalocalmaximumatxabove0.1andsatisfiesfq/p(x,Qc)∼x
−a1

witha1 1/2forx→0andfq/p(x,Qc)∼(1−x)
a2witha2 3forx→1.Thedistributions

forvalenceuanddquarksfallintothisbroadcategory,aswellasthe“intrinsic”sea-

quarkdistributionsthatcanbenaturallygeneratedinseveralways[25],e.g.,forallflavors,

nonperturbativelyfroma|uudQQ Fockstateinlight-cone[23,24,26–28]andmeson-baryon

models[29–32];forūandd̄,fromconnecteddiagramsinlatticeQCD[87].6

Asea-likecomponentisusuallymonotonicinxandsatisfiesfq/p(x,Qc)∼x
−a1forx→0

andfq/p(x,Qc)∼(1−x)
a2forx→ 1,witha1slightlyabove1,anda2 5.Thisbehavior

istypicalfortheleading-power,or“extrinsic”production. Forexample,an(anti)quark

PDFwiththisbehaviororiginatesfromg→ q̄qsplittingsinperturbativeQCD,orfrom

6Incontrasttothelightflavors,inlatticeQCDacharmPDFarisesexclusivelyfromdisconnecteddiagrams

[88].Thissuggeststhatcand̄ccontributionsinDISareconnectedtothehadrontargetbygluoninsertions,

inaccordwiththephysicalpictureoftheQCDfactorizationinSec.IIA.
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FIG.4:xc(x,Q)distributionsforvariousmodels,evaluatedatQ=1.3GeVandQ=2GeV,

respectively.

disconnecteddiagramsinlatticeQCD(seeRef.[87]fordetails). Evenamissingnext-

to-next-to-next-to-leadingorder(N3LO)leading-powercorrectionmayproduceasea-like

contributionatx≪0.1,wherethevalence-likecomponentsaresuppressed.

One may wonder whythecharmquarkPDFcannotbefittedtoa moregeneral

parametrization,inthesamemannerasthelight-quarkPDFs. Wefindthattheprimary

problemisthattherearenotenoughprecisiondataavailabletoprovidemeaningfulcon-

straintsonthepower-suppressedICcontentinthe{x,Q}regionswhereitcanbeimportant

(seethediscussionoftheEMCcharmdatainSec.IVF).Thereisalsoadangerthatthe

charmquarkdistribution,beingrelativelyunconstrained,maybehaveunphysically,forex-

ample,whenthefitallowsavalence-likec(x,Q0)tobealmostthesameinsizeas̄u(x,Q0)or

d̄(x,Q0)atQ0∼mcandx→1,wheretheexperimentalconstraintsareweak. Wemustalso

demandconceivablecrosssectionstobenon-negative,eventhoughthePDFsthemselvescan

generallyhaveanegativesign. AdoptingatooflexiblefittedcharmPDFparametrization

maymaskunrelatedhigher-orderradiativecontributionstothedata,henceleadtomisin-

terpretedfits.Thus,werestrictthefreedomofthecharmquarksomewhatbyconstraining

ittobenon-negativeandhaveeitheravalence-likeorsea-likeform,withonlyonefreemul-

tiplicativeparameter. ThepositivityoftheBHPSformenablespositivecharm-scattering

crosssectionsatlargex,whileanegative-valuedSEAformisnotstatisticallydistinguishable

inthefitfromapositiveSEAformatalargermcvalue.[ThedependenceofSEAfitsonmc
isreviewedinthenextSection.] Wehaveverifiedthatamixedcharmparametrizationthat

interpolatesbetweenthevalence-likeandsea-likeparametrizationsonlyslightlyincreases

therangeoftheallowedcharmmomentumfraction,withoutimpactingthemainoutcomes.
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C. Thecharmdistribution modelsindetail

Wewillnowreviewthesefourmodels,whosexc(x,Q)distributionsatQ=1.3GeVand

Q=2GeVaredepictedinFig.4forlaterreference.Thesemodelsareimplementedinfive

fits,BHPS1,2,3andSEA1,2,summarizedinthenextsection.

i)Perturbativecharm. ThefirstmodelistheoneusedinthestandardCT14(and

CT14HERA2)PDFfits,inwhichanon-zerocharmPDFisproducedentirelyperturbatively

byNNLOswitchingfromthe3-flavortothe4-flavorschemeatthescaleQc. Thesizeof

thepreferredcharmdistributionatagivenQsignificantlydependsonthevaluesofthe

physicalcharmquarkmassmcandQCDcouplingstrengthαs(mZ).Ontheotherhand,its

dependenceontheauxiliarytheoreticalscalesofordermc,includingtheswitchingscaleQc
andthescaleintherescalingvariableχ,cancelsuptoN3LOandthusisrelativelyweak;see

apracticalillustrationinFig.1of[50].Thenetmomentumfractionoftheprotoncarried

bycharmquarkstartsoffclosetozeroatQ≈QcandeffectivelysaturatesathighQvalues

atalevelofapproximately2.5%,seeFig.7.

ii)Theapproximate Brodsky-Hoyer-Peterson-Sakai(BHPS) model [23,24]

parametrizesthecharmPDFatQ0bya“valence-like”nonperturbativefunction

c(x)=
1

2
Ax2

1

3
(1−x)(1+10x+x2)−2x(1+x)ln(1/x). (10)

Thisfunctionisobtainedfromalight-conemomentumdistributionbytakingthecharm

masstobemuchheavierthanthemassesoftheprotonandlightquarks:mc≫Mp,mu,md.

Hereandinthefollowing,Aisthenormalizationfactorthatistobedeterminedfromthe

fit.ThisparametrizationchoiceisemployedintwoglobalfitsnamedBHPS1andBHPS2,

correspondingtotwovaluesofAinEq.10.Theparametrizationsforū(x,Q0)andd̄(x,Q0)

inthiscasearetakentobethesameasintheCT14/CT14HERA2fits,i.e.,theydonothave

a“valence-like”componentandmonotonicallydecreaseatx→ 1.Theparametrizationsof

thiskindtendtohaveenhanced̄c/̄uand̄c/̄dratiosatx→1,seeFig.9.

iii)TheexactsolutionoftheBHPSmodelisrealizedintheBHPS3fit.Insteadof

approximatingtheprobabilityintegralasinmodelii),thec(x)isobtainedbysolvingthe

BHPSmodelforthe|uudc̄cFockstatenumericallyandkeepingtheexactdependenceon

Mp,mu,andmd.ThisfitalsoincludessmallBHPScontributionstotheūandd̄antiquarks

generatedfromthe|uudūuand|uudd̄dFockstatesaccordingtothesamemethod.Inthe

BHPSmodel,thequarkdistributionsaredeterminedbystartingfroma|uudq̄qprotonFock

state,wheretheprobabilitydifferentialforaquarkitocarryamomentumfractionxiis

givenby

dP(x1,...,x5)=Adx1...dx5δ(1−
5

i=1

xi)
1

M2p−
5
i=1

m2i
x2i

2. (11)

ThestandardBHPSresult,usedinii),isgivenbylettingq=candtakingthelimit

mc≫ Mp,mu,mdtoproduceEq.(10). However,Ref.[26]hasshownthatthesolution

19



thatkeepsthemassesfinite,includingthoseofthelightquarks,modifiestheshapeofc(x),

slightlyshiftingthepeaktosmallerx.AsimilarconclusionwasreachedinRef.[27],where

akinematicconditionontheintrinsiccharmwasdeterminedanalyticallybyneglectingthe

massesofthethreelightvalencequarksandretainingtheratioM2p/m
2
c.

ThechangeintheBHPScharmquarkPDFfromincludingthefullmassdependence,

althoughvisible,issmallcomparedtotheuncertaintiesintheglobalanalysis.However,by

usingthisgeneralizedBHPSmodel(BHPS3)inthecontextoftheCT14HERA2fit,and

alsoincludingtheBHPSūandd̄components,weobtainphysicallyconsistentratiosofthe

charm-quarkandlight-antiquarkPDFsatlargex,cf.Fig.9. Wedonot,however,include

theBHPScontributiontothesquarkPDF,becauseitisoverwhelmedbytheverylarge

strangePDFuncertainty. ThepresenceofaBHPScomponentforthestrangequarkdoes

notaffectourconclusionsaboutthenonperturbativecharm,soweleavethistopicfora

separateCTEQstudyofthestrangecontentoftheproton.

iv)IntheSEAmodel,thecharmPDFisparametrizedbya“sea-like”nonperturbative

functionthatisproportionaltothelightquarkdistributions:

c(x)=A d(x,Q0)+u(x,Q0). (12)

ThismodelisassumedwiththeSEA1andSEA2PDFsetsfromthetwoglobalfitsdistin-

guishedbythevalueofnormalizationAinEq.12.

Finally,thenormalizationcoefficientAinmodelsii)-iv)canbederivedfromthecharm

momentumfraction(firstmoment)atscaleQ:

xIC=
1

0

x[c(x,Q0)+̄c(x,Q0)]dx. (13)

Byitsdefinition, xICisevaluatedattheinitialscaleQ0.Itistobedistinguishedfrom

thefullcharmmomentumfractionxc+̄c(Q)atQ>Qc,whichrapidlyincreaseswithQ

becauseoftheadmixtureofthetwist-2charmcomponent.

IV. FEATURESOFTHECT14INTRINSICCHARM

A. Settingsofthefits

TheBHPS1,BHPS2,SEA1,andSEA2parametrizationsareobtainedbyfollowingthe

setupoftheCT14analysis[1].BHPS3isobtainedwiththeCT14HERA2setup[42].The

CT14HERA2NNLOfitisverysimilartotheCT14fitexceptthattheHERARunIandII

combinedcrosssectionswereusedinplaceoftheRunIcrosssections. Oneofthepoorly

fitNMCdatasets[89]wasdroppedinCT14HERA2,andthelow-xbehaviorofthestrange

(anti)quarkswasnolongertiedtothatoftheūandd̄antiquarks.Thisextraflexibilityin

s(x,Q0)ofCT14HERA2resultedinareductionofs(x,Q0)overtheentirexrangerelatively

toCT14. Thisfeaturehaspotentialimplicationsforthemodelsofc(x)withasea-like
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FIG.5:Thechange∆χ2inthegoodnessoffittotheCT14(left)andCT14HERA2(right)datasets

asafunctionofthecharmmomentumfractionxICfortheBHPS(blue)andSEA(red)models.

Solid(dashed)linesrepresentthetotalχ2andthepartialχ2global,asdefinedinEq.(14).

behavior.Insomeexploratoryfits,weincludetheEMCdata[41]onsemiinclusiveDIS

charmproduction,whileintheotherfitsweexaminesensitivityontheinputpolecharm

mass.7

ThePDFsforlightpartonsareparametrizedataninitialscaleslightlybelowQ0=

mpolec =1.3GeV,withtheexceptionofthestudyofthempolec dependence,inwhichitwas

moreconvenienttostartatalowerinitialscaleQ0=1.0GeV.Forallmodels,theQCD

couplingconstantissettoαs(MZ)=0.118,compatiblewiththeworldaveragevalue[67]

αs(MZ)=0.1184±0.0007,asinthestandardCTPDFfits. ThePDFsareevolvedat

NNLOwiththeHOPPETcode[90].NLOApplGrid[91]andFastNLO[92]interpolation

interfaces,combinedwithNNLO/NLOfactorlook-uptables,wereutilizedforfastestimation

ofsomeNNLOcrosssections.

B. Dependenceonthecharm momentumfraction

InthemodelsinSec.IIIC,themagnitudeofc(x)iscontrolledbyitsnormalizationA,

correlateduniquelywiththenetmomentumfractionxICofc(x,Q0)+̄c(x,Q0)definedin

Eq.(13).Thechoiceofthe xICaffectstheoreticalpredictionsinanumberofways,either

directlybymodifyingthecharmscatteringcontributions,orindirectlyviatheprotonsum

rulethatchangesthemomentumfractionsavailabletootherpartonflavors.

TogaugethepreferenceoftheglobalQCDdatatoaspecific xIC,weexaminethe

7CTEQ-TEAfitscanalsotakeaMS charmmass,ratherthanthepolemassastheinput[50],withsimilar

conclusions.
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goodness-of-fitfunction

χ2≡χ2global+P, (14)

constructedintheCT14methodfromtheglobalχ2globalanda“tier-2”statisticalpenalty

P[1].ItisconvenienttocompareeachfitwithanxIC=0tothe“null-hypothesis”fit

obtainedassumingxIC=0.Thus,westartbycomputing

∆χ2≡χ2−χ20, (15)

whereχ2andχ20aregivenforxIC=0and xIC=0,respectively,at50valuesof xIC
anddefaultQ0=m

pole
c =1.3GeV. Weplottheresulting∆χ2behaviorinFig.5. The

CT14(CT14HERA2)datasetsarecomparedagainsttheapproximate(exact)solutionof

theBHPSmodel,respectively. TheSEAcharmparametrizationsareconstructedasin

Eq.(12)intermsoftherespectiveCT14orCT14HERA2light-antiquarkparametrizations.

Foreachseriesoffits,weshowcurvesfortwotypesofestimators:adashedcurvefor

∆χ2globalwithoutthetier-2penaltyP,andasolidoneforχ
2thatincludesPaccordingto

Eq.(14).Theχ2globalfunctionestimatestheglobalqualityoffitandisequaltothesumof

χ2contributionsfromallexperimentsandtheoreticalconstraints.Anon-negative“Tier-2”

penaltyPisaddedtoχ2globaltoquantifyagreementwitheachindividualexperiment[21,36].

Beingnegligibleingoodfits,Pgrowsveryrapidlywhensomeexperimentturnsoutto

beinconsistentwiththeory. TheneteffectofPistoquicklyincreasethefullχ2ifan

inconsistencywithsomeexperimentoccurs,evenwhenχ2globalremainswithinthetolerable

limits.

WeseefromFig.5thatlargeamountsofintrinsiccharmaredisfavoredforallmodels

underscrutiny.Amildreductioninχ2,however,isobservedfortheBHPSfits,roughlyat

xIC=1%,bothintheCT14andCT14HERA2frameworks.

Thesignificanceofthisreductionandtheupperlimiton xICdependsontheassumed

criterion.InCTEQpractice,asetofPDFswith∆χ2smaller(larger)than100unitsis

deemedtobeaccepted(disfavored)atabout90%C.L.Thus,areductionofχ2bylessthan

fortyunitsfortheBHPScurveshassignificanceroughlyoforderonestandarddeviation.

Wealsoobtainthenewupperlimitson xICintheCT14andCT14HERA2analysesatthe

90%C.L.:

xIC 0.021forCT14BHPS,

xIC 0.024forCT14HERA2BHPS,

xIC 0.016forCT14andCT14HERA2SEA. (16)

InkeepingwiththepreviousanalysisofRef.[36],wedefinespecificfitswithparticular

choicesofxICforbothexaminedmodels.ThefitsBHPS1andSEA1correspondtoxIC=

0.6%,whileBHPS2hasxIC=2.1%andSEA2hasxIC=1.6%.BoththeBHPS2and

SEA2charmparametrizationslieneartheedgeofdisagreementwithsomeexperimentsin

theglobalanalysisdataaccordingtotheCTEQ-TEAtolerancecriterion,cf.Fig.5.Inthe
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CT14HERA2fit,theBHPS3pointcorrespondsto xIC=1%,whichrepresentsthebest-fit

momentumfractionintheCT14HERA2analysis. Weremindthereaderthat,inaddition

tofittingmorerecentexperimentaldatafromtheLHCandotherexperiments,theBHPS3

analysisalsoemploysageneralnumericalsolutiontotheBHPSprobabilitydistributionsand

smallvalence-likecontributionsforboththeūandd̄quarks.

TheresultsinFig.5arecompatiblewiththefindingsofthepreviousCT10NNLOIC

analysis[36].Inparticular,comparingtoCT14intheleftframeofFig.5andtoFig.2

inRef.[36],8weseethattheminimumin∆χ2intherightframeofFig.5deepenedby

approximately10unitsforBHPS3/CT14HERA2–aminorreductioncausedmostlybythe

changetotheCT14HERA2setup,eitherfortheexactlyorapproximatelysolvedBHPS

model.

Also,fortheCT14HERA2analysisinFig.5(right),wenotethat∆χ2oftheSEAmodel

risesmorerapidlywithincreasingxICthanitdoesinthecomparableCT14fit. Thisis

duetothegreaterflexibilityinthelow-xbehaviorofthestrange-quarkdistributioninthe

CT14HERA2frameworkdiscussedpreviously. Morefreedomreducess(x,Q)atlowxand

thusincreasesū(x,Q)andd̄(x,Q)atthesamex.IntheCT14fitwiththeSEAcharm

component,the∆χ2minimumisat xIC≈0.004,anditislargelywashedoutinthe

CT14HERA2case.The∆χ2forSEAgrowsfasterforCT14HERA2comparedtoCT14:at

xIC=1.6%itishigherbyabout40unitsinFig.5(right)relativelytoFig.5(left).

Thereductioninχ2fortheNNLOBHPSfitsatxIC=0.01,relativelytothefitwith

xIC=0,thusremainsapersistentfeatureoftheCT10,CT14,andCT14HERA2analyses.

Whilethe∆χ2reductionisnotstatisticallysignificant,itraisesone’scuriosity:isitasignof

agenuinecharmcomponentoroftheothercircumstantialfactorsidentifiedinSec.IIIA?It

willbediscussedinSec.IVEthatχ2isreducedprimarilyinafewfixed-targetexperiments

(theF2measurementsfromBCDMSandtheE605Drell-Yandata)thatarenotovertly

sensitivetocharmproduction. Conversely,thedescriptionoftheotherexperimentsthat

mightbeexpectedtobemostsensitivetointrinsiccharmisnotimproved.

C. Dependenceonthecharm-quark massandenergyscale

WehavecheckedthattheseconclusionsarenotstronglydependentonthePDF

parametrizationsofthelightpartons. However,theSEAparametrizationattheinitial

Q0isverysensitivetotheassumedcharmmass.

DistinctfromtheauxiliaryQCDmassparameters–Q0,Qc,andthemassintheχ

rescalingvariable–thephysicalcharm-quarkmassoftheQCDLagrangianenterstheDIS

hardmatrixelementsthroughthe“flavor-creation”coefficientfunctions,suchastheonesfor

thephoton-gluonfusion.TheNNLOfittoDISismostlysensitivetotheprimordialQCD

massparametermc,nottotheauxiliaryparametersofordermc[50].Them
pole
c dependence

8InRef.[36],χ2global,P,andχ
2aredenotedbyχ2F,T2,andχ

2
F+T2.
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FIG.6:Upper:dependenceof∆χ2intheCT14NNLOfit(withoutthenonperturbativecharm)

onthecharmmassmpolec fortwopossiblegluonparametrizationforms. Lower: Dependenceof

∆χ2ontheintrinsiccharmmomentumfractionforCT14candidatefitswithdifferentvaluesofthe

charm-quarkpolemassmpolec .∆χ2isdefinedasχ2−χ2 m
pole
c =1.3GeV andχ2−χ2(xIC=0)

intheupperandlowerinsets,respectively.

remainsmild,thempolec valuesintherange1.1−1.5GeVarebroadlyconsistentwiththe

CT14data.

Exploratoryfitstestingthedependenceof∆χ2onxIC,foraselectionofpolemasses,

mpolec ={1.1,1.2,1.3,1.4,1.5}GeV,areillustratedbyFig.6.Thegeneralsetupoftheseχ2

scansfollowsthefitstotheCT14data.Toaccessthemassesbelow1.3GeV,wereducedthe

initialscaleQ0to1GeVandexaminedalternativeformsforthegluonPDFparametrization,

becauseDIScharmproductionissensitivetothegluonPDFg(x,Q).Dependenceof∆χ2

forCT14NNLOonmpolec fortworepresentativegluonparametrizationsatQ0=1GeV,

dubbed“gluon1”and“gluon2”,isshownintheupperinsetofFig.6. Withthe“gluon1”

parametrization,usedinthedefaultCT14fitwithQ0=1.3GeV,g(x,Q0)isconstrainedto

bepositiveatallx;whilefor“gluon2”,itisallowedtobenegativeatthesmallestxand

Q,providedthatthenegativegluondoesnotleadtounphysicalpredictions.Inthelatter

case,anadditionaltheoreticalconstraintwasenforcedtoensurepositivityofthelongitudinal

structurefunctionFL(x,Q)measuredbytheH1Collaboration[93].Themoreflexible“gluon
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2”parametrizationresultsinamarginallybetterχ2withrespecttothenominalCT14,or

“gluon1”,ataslightlylowermpolec =1.22GeV,andwithalargeuncertainty.Thisbest-fit

mpolec valueinthisrangeisconsistentwiththepreviouslyobservedtendencyoftheDISdata

toprefersmallerMS massesatO(α2s),e.g.,mc(mc)=1.15
+0.18
−0.12GeVobtainedintheCT10

setup[50].

ThetwolowerinsetsofFig.6illustratethevariationsin∆χ2,withthemoreflexible

“gluon2”parametrization,whentheICcomponentisincludedforfivevaluesofmpolec .The

circlesonthecurvesmarktheχ2minima;thethinverticallinesindicatetheexclusionlimits

onxICforeachm
pole
c value.

FortheBHPSmodelintheleftinset,thepositionoftheχ2minimumisrelativelystableas

mpolec isvaried,whiletheupperlimitonxICdecreasesto1.9%asmcincreases.Theoverall

conclusionisthatthepreferredxICatscaleQ0isnotstronglysensitivetothevariations

ofmcinthecaseoftheBHPSparametrizations. Ontheotherhand,aswewillseeina

moment,thetotalmomentumfraction xc+̄c(Q)atscalesaboveQc=m
pole
c issensitiveto

mpolec duetothegrowingperturbativecharmcomponent.

ThesituationisverydifferentfortheSEAmodelshowninFig.6(right),wherethe

dependenceonmpolec ismorepronounced.Inthiscase,∆χ2developsapronouncedminimum

formpolec >1.3GeV,whiletheminimumtotallydisappears,andxIC 0.015istotally

excluded,formpolec =1.1GeV.

Thiscanbeunderstoodasfollows:whenmpolec increases,thetwist-2γ∗gfusioncontri-

butionintheinclusiveDISstructurefunctionsisreducedduetophase-spacesuppression.

Thissuppressioniscompensatedbyallowingalargermagnitudeofintrinsicc(x,Q),which

enhancestheγ∗cscatteringcontribution.Anoppositeeffectoccurswhenmcdecreases(i.e.,

lessphase-spacesuppressionforγ∗gfusion,asmallerintrinsiccharmmomentumallowance

inγ∗cscattering).Buttheūandd̄quarkPDFsarewellconstrainedbythedata,especially

fromnovelcrosssectionmeasurementsforvectorbosonproductioninppandp̄pinthein-

termediate/smallxregion.Theneteffectisthe∆χ2enhancementinthesea-likescenario

formpolec <1.3GeVandalsoforlargerxICfractions.

Toconcludethediscussionofthepartonicmomentumfractions,Fig.7illustratesthe

firstmoments x(Q)oftheotherpartonflavorsasafunctionofthefactorizationscaleQ.

Themomentumfractionsarecomputedseparatelyforquarks,antiquarks,andgluonsinthe

contextoftheCT14setup.Inthetwouppersubfigures,thePDFfirstmomentsareshown

fortheBHPSmodel,whilethosefromtheSEAmodelareshowninthelowertwosubfigures.

ThedashedcurvesrepresentsBHPS1(SEA1),thedottedonesrepresentBHPS2(SEA2).

Thelowerpartofeachfigureshows x normalizedtoitsCT14centralvalue. The

BHPS2modelcurveliesontheedgeoftheallowedCT14uanddquarkuncertainties,while

theSEA2isontheboundaryoftheūandd̄uncertainties. Thiscorroboratestheearlier

statementthatBHPS2andSEA2aretheextremechoicesforthevalence-likeandsea-like

charmdistributions,respectively.Next,wewillconsiderthefullxdependenceofthePDFs

providedbyourmodels.
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FIG.7: Momentumfractions x(Q)forCT14andCT14ICvs.Q,shownindependentlyforgluons,

quarksandantiquarks.ThemomentumfractionsofPDFsforBHPS1(SEA1)aredenotedbythe

dashedcurves,whilethoseforBHPS2(SEA2)aredenotedbydottedcurves.(Here,thelabel

“cqk”indicatesthatonlycharmquarkiscounted,and“ubr”isforupantiquarkonly,etc.) The

uncertaintybandsareforCT14withnointrinsiccharm.
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FIG.8: Ratioofc(x,Q)IC/c(x,Q)CT14withintheCT14uncertaintiesat90%C.L.atthescale

Q=2GeV(left)andQ=100GeV(right).

D. ImpactofIConthePDFs

TocomplementthevisualizationinFig.4ofthexdependenceoftheBHPS/SEAcharm

quarkPDFs,inFig.8thesePDFsareshownnormalizedtotheCT14charmPDFwithno

ICcontribution.TheblueshadedregionrepresentstheCT14uncertaintyforc(x,Q)atthe

90%C.L.

Atlowscales(Q=2GeV),thecharmquarkintheSEAmodels,especiallytheSEA2

model,appearstobelarger,withrespecttotheCT14centralcharm,overawiderangeof

momentumfractionx.Thecharmquarkdistributionsfrombothofthesemodelsareclearly

outsidetheCT14uncertaintybands.Ofcourse,thisisnotacontradiction,sincetheCT14

charmPDFispurelyradiative,andsoitdependsonthetheoreticalassumptionsinaddition

totheconstraintsfromtheexperimentaldata. Theinclusionofnonperturbativesources

ofcharmrelaxesthetheoreticalassumptions,andsoallowsalargercharmPDF.TheSEA

modelsexhibitminorshapedistortions;twobumpsarepresentinboththeSEA1andSEA2

modelsatx≈10−3andx=0.1.

Thecharm-quarkdistributionsintheBHPSmodelsatlowscalesarebasicallycoincident

withCT14belowx≈5×10−2,whilearapidgrowthisobservedathighx,ofthelargest

ratefortheBHPS2model. Wenotethatthereisnoqualitativedifferenceinthebehaviorof

c(x,Q)betweentheBHPS3modelandtheotherBHPSmodelsbelowx≈5×10−2,whilethe

differencesatlargerxcanbeascribedtotheexactsolutionformassdependenceinBHPS3.

Atahigherscale(Q=100GeV),theexcessesforallmodelsaresuppressedforx 10−2due

totheeffectsofDGLAPevolution.Theresultsfortheratioofc(x,Q)IC/c(x,Q)CT14HERA2
areanalogoustothoseshowninFig.8andareomitted.

Additionalinsightscanbegatheredbyexaminingtheratiosofthecharm-quarkPDFto

otherflavors:(c(x,Q)+̄c(x,Q))/ū(x,Q)+̄d(x,Q),c(x,Q)/u(x,Q),andc(x,Q)/d(x,Q).

TheseratiosareplottedversusxinFig.9,fortwodifferentvaluesoftheQscale.Alsoshown
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foracomparisonarethecorrespondingCT14PDFuncertaintybands.

For(c+̄c)/(̄u+d̄),alltheBHPSandSEAmodelsreproducetheshapeofCT14atlow

x,withtheratiosintheSEAmodelsshiftedupwards. TheSEAmodelsretaintheshape

ofCT14(butwithalargernormalization)athigherxaswell. AllBHPSratiosstartto

risequicklyintherange0.1 x 0.2. Thisriseisessentiallyunabatedatx>0.2for

theBHPS1andBHPS2models,becausetheirrespectiveparametrizationsforūandd̄fall

offas(1−x)dandaremorestronglysuppressedatx→ 1thantheBHPScharmquark

PDF.Inclusionoftheintrinsicūandd̄componentsintheBHPS3model,togetherwiththe

numericalestimationoftheBHPSintegralsforthec̄,ū,and̄dintrinsicparametrizations,

resultsinasofterBHPS3(c+̄c)/(̄u+d̄)ratioatlargexwithabumpresidingatx≈0.5.

Theexactamountofsuppressionatx>0.5canbedetermined,e.g.,byafittothenumerical

solutionsoftheBHPS3model.Inparticular,wefindthata6-parameterfitusingf(x)∝

xp1(1−x)p2(1+p3x
p4+p5x+p6xln(x)),givesalarge-xsuppressionpowerp2≈8,9,10for

intrinsic̄c,̄d,andū,respectively.

Thec(x,Q)/u(x,Q)ratiosinallBHPSmodelsagreewithCT14overtherange10−5

x 0.1andexhibitabump(mostprominentforBHPS2)atx≈0.5. TheSEAmodel

ratiosarenotablylargerthanCT14intherange10−5 x 0.3andapproachCT14for

largerx-values.Athigherscale,Q=100GeV,allmodelsareclosertoCT14overtherange

10−5 x 0.1withtheexceptionofSEA2,whilethebumpintheBHPSmodelsatx≈0.5

areslightlysuppressed.Thec(x,Q)/d(x,Q)ratioplotshowsessentiallythesamefeaturesas

thec(x,Q)/u(x,Q)plot,withthedifferencethatthebumpspresentintheBHPS1,BHPS2

andBHPS3models,atx≈0.5,aremuchmorepronounced.

Anadditionalcharmcomponent(eitherasea-likeorvalence-likeone)affectsboththose

LHCpredictionsthatdirectlyinvolvecharmquarksintheinitialstate,andthosethat

donot.InFig.10weshowhowthegluon-gluonluminosityisaffectedbyBHPSandSEA

modelsatLHCrunIandIIenergiesinthexrangesensitivetoHiggsproduction.Theparton

luminosityisdefinedasinRef.[94].Thevariousmodels,shownasratiostoCT14NNLO,are

wellwithinthe68%C.L.PDFuncertainty.At
√
s=8TeVthemostprominentdeviations

arefortheSEA2model,whichissuppressedatlowerMX andisnotablylargerthanCT14

for MX intheTeVrange. TheBHPSmodelsarealmostcoincidentwithCT14forthe

invariantmassMX<200GeV:BHPS1andBHPS2arehighlysuppressedaboveMX>300

GeV,whileBHPS3issuppressedfor0.3<MX <3TeVandenhancedabovethisenergy

byapproximately3%.TheimpactontheHiggscrosssectionissmall,theinfluenceonthe

high-massggPDFluminositiesismorepronounced,butstillwithinuncertainties.

E. Agreementwithexperimentaldatasets

Inthissectionwefocusonthedatasetswhosegoodness-of-fitvaluesareaffectedby

theintroductionoftheintrinsiccharmcomponent. Theseareselectedbycomputingan

effectiveGaussianvariable,Sn,foreachexperimentn,accordingtothemethodintroduced
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FIG.9:Leftcolumn:BHPSandSEAmodelswithintheCT14PDFuncertaintyat90%C.L.inthe

charm-quarkfraction(c(x,Q)+̄c(x,Q))/ū(x,Q)+̄d(x,Q) (upper),c(x,Q)/u(x,Q)(middle),

andc(x,Q)/d(x,Q)(lower),atQ=2GeV.Rightcolumn:sameasleft,butatQ=100GeV.

inRefs.[21,36,95].

ForspecificationsofSn,wereferthereadertotheappendixofRef.[36].Snmapsthe

goodness-of-fitχ2nforaparticulardataset,assumedtoobeythechi-squareprobabilitydistri-

butionwithNptsdatapoints,ontoavariableSn,whichobeysastandardnormaldistribution

independentlyofNpts. Moreprecisely,Snisdefinedsothatthecumulativestandardnormal
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FIG.10:ImpactoftheBHPSandSEAmodelsonthegluon-gluonluminosityasafunctionofthe

invariantmassMX ofahypotheticalmassivefinalstateX.Thepredictionsarenormalizedtothe

CT14NNLOcentralPDFset.TheshadedbandsindicatetheCT14uncertaintyat68%C.L.

distributionevaluatedatSnequalsthecumulativeχ
2(χ2n,Npts)distributionevaluatedatχ

2
n.

Weadoptanaccurateapproximationfor Sngivenby

Sn≈L(χ
2
n,Npts),

L=
(18Npts)

3/2

18Npts+1

6

6−ln(χ2n/Npts)
−
9Npts
9Npts−1

. (17)

TheSndistributionovertheindividualdatasetcharacterizestheagreementwiththetotality

ofthefittedexperiments,regardlessoftheirnumbersofdatapoints.Conversely,anaiveuse

oftheglobalχ2astheonlydiscriminatingvariablemaygivetoomuchweighttothedata

setswithlargenumbersofdatapoints,evenifthecorrelationswiththefittingparameters

arenotverysignificant.

ThevaluesofSncaneasilybeinterpretedintermsoftheprobabilitiesassociatedwith

anormaldistribution. FitswithSnbetween-1and1areacceptedasreasonable,within

the68%C.L.uncertainties.Thatis,anincreaseofSnby1hasaboutthesamesignificance

(68%)astheincreaseofχ2n/Nptsby 2/Npts.FitswithSn>3areconsideredpoor,while

thosewithSn<−3actuallyfitthedatamuchbetterthanonewouldexpectfromtheregular

statisticalanalysis:forsomereasontheyhaveanomalouslysmallresiduals.

InFig.11,weselectivelyplotSnforthosedatasetswhoseagreementwiththeoryismost

affectedbytheICintheCT14fitwithmpolec =1.3GeV.SnisplottedasafunctionofxIC
forboththeBHPS(left)andSEA(right)models.

FortheBHPSmodel,themostvisibledependenceisfoundforthefixedtargetmeasure-

mentsfromBCDMSforFp2andF
d
2(ID101,102)[96,97]andtheATLAS7TeVW/Zcross

sectionmeasurements[98](ID268). TheE866Drell-Yandimuoncrosssectionmeasure-

ment[99]alsoshowssomevariation,however,itsSnisalwayslargerthan3andnotshown

inFig.11(left).Theseexperiments,mostlysensitivetouanddquarksatlargex,(slightly)
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favoranon-zerointrinsiccharmcomponent.AlthoughtheimprovementfortheBCDMSSn
isrelativelymild,thetwodatasetscontainalargenumberofdatapoints(Npts=339forF

p
2

and251forFd2).Theshallowminimumof20-30unitsoccurringinχ
2fortheBHPSmodel

inFig.5isattributedprimarilytothesetwoexperiments;itisnotclearwhetheritoriginates

fromthecharmcomponentorreflectsasmalladmixtureoftheN3LOcontributionsoreven

someresidual1/Q2termsthatmaybepresentatrelativelylowQandlargex.

ContinuingwithBHPS,thecharged-current(CC)DISmeasurement[100]Fp2byCCFR

(ID110)has0<Sn<1for0≤ xIC≤0.02,thenSnincreasesfasterforevenlargerxIC.

ThecombinedHERAcharmproduction[101](ID147)exhibit1<Sn<2overthewhole

rangeofxIC.

TheSndependenciesofvariousexperimentsfortheSEAmodelareshownintheright-

sideofFig.11.TheHERAcharmproductionandBCDMS(Fp2)dataareverysensitiveto

xICintheSEAmodel.AfastgrowthforSnisobservedforxIC>0.01,parallelingthe

increaseinχ2observedinFig5. Experiment108(charged-currentneutrinoDISoniron

byCDHSW[102])doesnotimposestrongconstraintsineithermodel,asitisalreadyfit

verywell(Sn≈−1).Itsχ
2exhibitsmildimprovementforlargervaluesofxIC.Similar

conclusionscanbedrawnfortheCT14HERA2fitsandwhenmcisvariedasinSec.IVC.
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FIG.11:TheGaussianvariableSnforselectexperimentsasafunctionofxIC.Left:BHPSmodel;

Right:SEAmodel.ThecurvescorrespondtoBCDMSforFp2andF
d
2(ID101,102);ATLAS7TeV

W/Z crosssections(ID268);CCDISmeasurements(ID110);combinedHERAcharmproduction

(ID147);andcharged-currentneutrinointeractionsonironCDHSWFp2(ID108).

F. AglobalanalysisincludingtheEMCcharmDIS measurements

Themeasurementofsemi-inclusivedimuonandtrimuonproductioninDISonaniron

targetbythetheEuropeanMuonCollaboration(EMC)[41]hasbeeninvestigatedbyvarious

groupsforindicationsofBHPS-likecontributionsfromtheIC.Thisdataset,publishedin
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CandidateNNLOPDFfits χ2/Npts

AllExperimentsHERAinc.DISHERAc̄cSIDISEMCc̄cSIDIS

CT14+EMC(weight=0),noIC 1.10 1.02 1.26 3.48

CT14+EMC(weight=10),noIC 1.14 1.06 1.18 2.32

CT14+EMCinBHPSmodel 1.11 1.02 1.25 2.94

CT14+EMCinSEAmodel 1.12 1.02 1.28 3.46

CT14HERA2+EMC(weight=0),noIC 1.09 1.25 1.22 3.49

CT14HERA2+EMC(weight=10),noIC1.12 1.28 1.16 2.35

CT14HERA2+EMCinBHPSmodel 1.09 1.25 1.22 3.05

CT14HERA2+EMCinSEAmodel 1.11 1.26 1.26 3.48

TABLEI:χ2/Nptsforallexperiments,theHERAinclusiveDISdata,HERAc̄cSIDISdata,and

EMCF2cdatainrepresentativefits.

1983,didnotfollowthestringentcriteriaonthedocumentationofsystematicuncertainties

adoptedinmorerecentstudies;therefore,thereisalackofthecontrolontheconstraints

thatthesedatamayimpose.ThisiswhytheEMCmeasurementsarenotincludedinthe

CTEQPDFanalyses,whosepolicyistoincludeonlydatawithdocumentedsystematic

errors. Moreover,theEMCanalysishasbeendoneattheleadingorderofQCD,clearly

insufficientforaccurateconclusionsatNNLO.Despitethetensions9statedbetweentheEMC

measurementanditscontemporaryexperimentsinthecaseofinclusiveDIS[89,96,97,105]

andsemi-inclusivecharmDISproductioncrosssections[41,106]10,variousstudies[107–

111]haveinterpretedtheexcessseeninafewhigh-xbinsoftheEMCF2c(x,Q)dataas

evidenceforsomenonperturbativecharmcontribution,whileyetotherstudiesconcludedthe

opposite[31,33,34].OurspecialseriesoftheCT14ICfitsincludedtheEMCF2c(x,Q)data

toinvestigatetheaboveconclusion. WeobservethattheEMCF2cdatadonotdefinitively

discriminatebetweenthepurelyperturbativeandintrinsiccharmmodels,hencewedonot

includetheminthefinalCT14BHPSandSEAfits. However,itisstillusefultoexamine

howtheEMCdatacouldpossiblyaffecttheamountoftheintrinsiccharm-quarkcontent,

especiallygiventheiremphasisinarecentNNPDFstudy[39].

OurfindingsconcerningthefittotheEMCdatacanbesummarizedasfollows.

9See,forexample,discussionsintheearlyCTEQanalyses[103,104].
10KeepinmindthatEMCemployednon-identicaldetectiontechniquesinthemeasurementoftheinclusive

structurefunctionsF2[105]andsemi-inclusiveF
c
2[41].
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1. χ2valuesfortheEMCdataset

EitherbyfittingtotheEMCF2cdataornot,weobtainχ
2/Nptsbetween2.3and3.5for

theEMCdatasetinvariouscandidatefits.So,fortheirnominalexperimentalerrors,the

EMCdataisingeneralnotfitwellineitherCT14orCT14HERA2setup,regardlessofthe

charmmodel.Ontheotherhand,theseχ2/Nptsvaluesarenotdramaticallyhigh,itmaybe

arguedthatallowingforamodestsystematicerrorwouldimprovetheagreementtotolerable

levels.Onewayoranother,theunknownsystematicsofthismeasurementpreventsusfrom

concludingfororagainstthepreferenceoftheEMCF2cdataforaparticularcharmmodel.

Toshowanexampleofthis,TableIreportsthevaluesofχ2/Nptsforallexperiments,HERA

inclusiveDIS,HERAcharmSIDIS,andEMCcharmSIDISintheCT14(CT14HERA2)

NNLOICcandidatefitsintheupper(lower)halfofthetable.

Thefirsttwolinesineachhalfpresentthefitswithoutthenonperturbativecharm. When

χ2fortheEMCF2cdataisincludedwithweight0(sothattheEMCF2cdatahasno

effectonthePDFs),weobtainχ2/Npts≈3.5–itisquitepoor. WhentheEMCweightis

increasedto10toemphasizeitspull,χ2/Nptsdecreasesto2.4,atthecostofaworseχ
2for

theinclusiveHERAI+IIdataandotherexperiments,andsomewhatbetterχ2forcharm

DIShadroproduction.Againthequalityofthefitsispoor,yetitisalsocompatiblewiththe

possibilityofmoderateunaccountedsystematicerrors,asthoseareunknownintheEMC

case.

WecanalsoseefromTableIthatincludingtheBHPSintrinsiccharmdoesnotqualita-

tivelychangethefittotheEMCdata. WithouttheIC,theχ2forallexperimentsslightly

growsifweincreasetheweightoftheEMCdataset;withtheBHPSintrinsiccharm,there

seemtobenoeffectwithandwithouttheEMCdata,asχ2doesnotchangeineithercase.

IntheSEAmodelfit,inclusionoftheEMCdataresultsinalargerχ2withrespecttothe

fitswithouttheintrinsiccharm;descriptionofbothHERAinclusiveDISandHERAcom-

binedcharmSIDISproductiondeteriorates.Tosummarize,inallconsideredintrinsiccharm

models(BHPS,SEA,andthemixedmodelthatproducesasimilaroutcome),theintrinsic

charmhasnodecisiveeffectonimprovingthefittotheEMCdata.

2. ConstraintsfromEMContheICmomentumfraction

Figure12comparesthedependenceof∆χ2on xICinthecontextoftheCT14and

CT14HERA2globalanalyseswithandwithoutEMCdata.Itmustbenotedupfrontthat,

sincetheEMCF2c(x,Q)datasetarenotwelldescribed,these∆χ
2scansdonotestablish

clear-cutconstraintsonxIC,contrarytotheCT14ICfitswithouttheEMCdatasetthat

werepresentedearlier.

Theoutcomesshownhereareformpolec =1.3GeVandremainanalogousfortheother

mpolec values. Thebandsofvariousshadesillustratethespreadin∆χ2valuesinducedby:

(a)thechoiceofdifferentdatasetsandstrangenessparametrizationusedinCT14and
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FIG.12:∆χ2asfunctionofxICinfitswithandwithouttheEMCdataforboththeBHPSand

SEAmodelsformpolec =1.3GeV.FortheBHPSmodel(left),thetwobandsarefromthefits

withandwithouttheEMCdata.FortheSEAmodel(right),thebandsarefromtheCT14and

CT14HERA2fitswiththeEMCdata.

CT14HERA2,and(b)variousgluonPDFparametrizationsutilized.

FortheBHPSmodelinFig.12(left),weobservetwodistincttrendsinthefitswithand

withouttheEMCdata.Thespreadinthe∆χ2bandwithouttheEMCdataismostlydriven

bythedifferencesinthedatasetsandinthestrangenessparametrizationbetweenCT14and

CT14HERA2(thedependenceonthegluonparametrizationisweak). Meanwhile,after

includingtheEMCdata,thespreadduetothegluonparametrizationdependenceismuch

largerandgivesthemajorcontributiontotheband.TheBHPSmodelisaffectedmoreby

theEMCdata,the∆χ2bandnarrowsneartheminimumwhenthesedataareincluded.The

χ2minimumwiththeEMCdatamovestoalowervalueof xIC≈0.006,withsubstantially

thesameχ2(samedepth)attheminimum. ThenominalupperlimitonxICmovesto

about0.012;itsexactlocationisdebatablebecauseoftheoverallpoorqualityoftheEMC

fit,seeabove.

TocontrastwiththeBHPScase,intheSEAmodelinFig.12(right),the∆χ2behavior

isonlymildlyimpactedbytheEMCdata.AsalreadydiscussedinSectionIVBandshown

inFig.5,the∆χ2trendintheSEAmodelismostlyaffectedbythedifferencesbetweenthe

CT14andCT14HERA2fits. TheEMCdatadonotchangethistrend. Bothminimaare

shallowandhigherthanintheBHPScase.

TheGaussianvariablesSnquantifyingtheagreementwiththeindividualdatasetsare

shownfortheCT14fitsandforvariousxICvaluesinFig.13.[ThebehaviorofSninthe

CT14HERA2fitislargelyanalogous.]Inthisfigureweselectedonlytheexperimentsthat

havepronounceddependenceonxIC.

ComparingFig.13withFig.11inwhichtheEMCdataarenotincluded,oneseesthat

thedependenceofSnforthenon-EMCexperimentsonxICdoesnotqualitativelychange
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FIG.13:TheSnvariableasafunctionofxICfortheBHPS(left)andSEA(right)models.The

curvescorrespondtoSnforEMCF
c
2(datasetID170);BCDMSforF

p
2andF

d
2(ID101,102);

ATLAS7TeVW/Z crosssections(ID268);CCDISmeasurements(ID110);combinedHERA

charmproduction(ID147);charged-currentneutrinointeractionsonironCDHSWFp2(ID108).
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FIG.14: The90%C.L.intervalsonthecharmmomentumfractionevaluatedatQ=1.3GeV

andQ=1.51GeV.ForQ=1.51GeV,the68%C.L.intervalsfromtheNNPDF3.0[39,112]and

NNPDF3.1[40]aresuperimposed.

upontheinclusionoftheEMC.TheSnvaluefortheEMCF2c,indicatedas“experiment

ID170”,isveryhighforanyxIC.IntheBHPSmodelinFig.13(left),theSnvariablefor

theEMCexperimentincreasesrapidlypastxICofabout0.005,uptoveryhighvaluesat

xIC=0.03.Thetier-2contributionassociatedwiththerapidincreaseofthisSnabove6

producestherapidriseoftheglobal∆χ2forxIC>0.01inFig.12.IntheSEAmodelin

Fig.13(right),weobserveSn>4fortheEMCregardlessofxIC.

Torecap,theEMCdatahasaweakimpactonfittingtherestoftheCT14/CT14HERA2
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data.IncreasingtheweightoftheEMCdatato10withouttheICimprovesthedescription

oftheHERAcharmproductiondataattheexpenseofaworsefittotheinclusiveDISdata

andtothefulldataset.IncludingthenonperturbativecharmcontributionoftheBHPS,

SEA,ormixedtypedoesnotimprovethefittotheEMCF2c(x,Q),incontrasttothefindings

in[39].

ItmightbearguedthatalargersetofparametrizationformsfortheICneedstobe

explored,asintheNNPDFmethod,toseeifabetterfittotheEMCF2c(x,Q)couldbe

reached.Intheabsenceofcontrolofexperimentaland(N)NLOtheoreticalsystematiceffects

intheEMCF2cdataset,suchanexerciseagainappearstobeexcessive.Indeed,whenusing

apurelyperturbativecharmonly,theNNPDF3.1study[40]obtainsaconsiderablyworse

χ2n/Npts=4.8fortheEMCF2cdatasetthanourresultsquotedinTableI.Afterincluding

aflexible“fittedcharm”parametrizationtheyarriveatamuchbetteragreementwiththe

EMCdatasample,withχ2n/Npts=0.93andxc+̄c=0.34±0.16%atQc=m
pole
c =1.51GeV

at68%C.L.Theirχ2/NptsvaluesinTable4.3of[40]aresomewhatbetterfortheinclusive

HERAI+IIdataset(1.16)andsomewhatworsefortheHERAcharmSIDISdataset(1.42),

comparedtoour1.25and1.22inTableI.

Someofthesedisparitiesareexplainedbynon-identicalPDFparametrizationforms

(positive-definiteBHPS/SEAmodelsinthecaseofCT14IC,vs.theneuralnetworksof

NNPDF3.0),thegeneral-massschemes,andthechoicesofthemassparameters: Qc=

mpolec =1.3,1.275,and1.51GeVintheCT14,NNPDF3.0,andNNPDF3.1studies,respec-

tively. Thepreferredxc+̄c(Q)atQ=1.51GeVaresmallerintheNNPDF3.1frame-

workthanforCT14ICinpartbecausetheevolvedperturbativecharmPDFisabsentat

thisQinNNPDF3.1. TheS-ACOT-χschemethatweuseisatpresenttheonlyACOT

schemeinwhichthemassivecoefficientfunctionsarefullyavailabletoNNLO,orO(α2s)[60].

NNPDF3.1usedadifferentmassscheme[37,39]andsettozerosomeO(α2s)/NNLOmassive

termsthatarenotavailableinthatscheme[40]. Wethusexpectsomedifferencesbetween

theschemes.

Anotherdifferencearisesfromthedefinitionsofuncertainties.Thecurrentpaperquotes

90%probabilityintervalsobtainedbyscanning∆χ2withrespectto x,asexplainedin

Sec.IVB.TheNNPDFworksquotetheirerrorsassymmetricstandarddeviationsobtained

fromaveragingovermanyreplicafits,eachofwhichisnotaperfectfitandmaydeviate

fromthecentralfitbyhundredsofunitsofχ2[113].

Asanillustration,Fig.14comparestheprobabilityintervalsonthemomentumfractions

fromtheCT14/CT14HERA2andNNPDF3.0/NNPDF3.1NNLOanalyses.Theleftframe

showstheCT14/CT14HERA290%probabilityintervalsforxICatQ=1.3GeV.Theright

frameshowstheCT14/CT14HERA2intervalsforxc+̄c(Q)atQ=1.51GeVandsuper-

imposesthe68%C.L.uncertaintiesonthefittedcharm(FC)copiedfromtheNNPDF3.0

and3.1publications.ApartfromtheconstanthorizontalshiftduetotheQcchoice,without

theEMCdata,theCT14andNNPDFprobabilityintervalsforxc+̄carereasonablycom-

patible,mindingtheirnon-equivalentdefinitions.[Theupwardshiftinxc+̄c(Q)by≈0.5%
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duetothechoiceofQc,anauxiliaryscaleinageneral-massscheme,isoflittlephysical

significance,itiscanceleduptoO(α3s)inthecompleteDIScrosssectionbecauseofthe

compensatingshiftinACOTsubtractionterms.]InclusionofpreciseLHCdatasetshelped

toreducetheuncertaintyinNNPDF3.1.ThesymmetricdefinitionoftheNNPDF3.1errors

allowsanegativevalueofuncertaininterpretationforxc+̄cat68%C.L.iftheEMCdata

arenotincluded.Averysmalluncertaintyonxc+̄cquotedbytheNNPDF3.1+EMCfitis

accompaniedbythereductionintheglobalχ2bylessthan13unitsfor4300datapoints

whentheEMCdataareaddedintothefit,cf.Table4.3inRef.[40]. Needlesstosay,the

impactofthenewexperimentsandassumptionsontheuncertaintyofxc+̄cwarrantsa

furtherinvestigation.

V. IMPACT OFIC ON ELECTROWEAK Z AND H BOSON PRODUCTION

CROSSSECTIONSATTHELHCRUNII

Next,wewillanalyzetheimpactofthefitted/intrinsiccharm(orthe“IC”,forshort)on

keyobservablesattheLHC,assumingthatthefittedcharmdoesnotstronglydependon

thehardprocessatNNLO.[WearguedinSectionIIthatthisassumptionisnotself-evident.

WewillneverthelessmakeittoinvestigatesensitivityoftheLHCpredictions.]

Figure15illustratesdependenceofthetotalcrosssectionsforinclusiveproductionof

electroweakbosonsW±,Z0,andH(viagluon-gluonfusion)ontheICmodelandcharm

quarkmassattheLHC
√
s=13TeV.ToprovideavisualmeasureoftheCT14NNLO

uncertainty,eachfigureshowsanerrorellipsecorrespondingtoCT14NNLOatthe90%

C.L.TheW andZinclusivecrosssections(multipliedbybranchingratiosforthedecay

intoonechargedleptonflavor),arecalculatedbyusingtheVrapv0.9program[16,17]at

NNLOinQCD,withtherenormalizationandfactorization(µR andµF)scalessetequal

totheinvariantmassofthevectorboson.TheHiggsbosoncrosssectionsviagluon-gluon

fusionarecalculatedatNNLOinQCDbyusingtheiHixsv1.3program[114],inthe

heavy-quarkeffectivetheory(HQET)withfinitetopquarkmasscorrection,andwiththe

QCDscalessetequaltotheinvariantmassoftheHiggsboson. ThefirstrowofFig.15

showspredictionsforW±,Z0,andH0productioncrosssectionsinthefiveBHPSandSEA

fitsformpolec =1.3GeV. PredictionsfordifferentvaluesoftheICmomentumfraction

0%< xIC<3%andcharm-quarkmass1.1<m
pole
c <1.5GeV,obtainedwiththeinitial

scaleQ0=1GeV,areillustratedinthesecondandthirdrowsofFig.15.Thevaried xIC
valuesareindicatedbythepointcolorforeachmpolec value.

ThecentralvaluepredictionsfortheBHPSandSEAmodelsareallwithintheCT14

NNLOuncertainties,withBHPSveryclosetotheCT14nominalfit.TheimpactofICon

thesekeyLHCobservablesismild. ForBHPS,increasingxICgenerallyincreases,and

thenreducestheW±,Z0crosssections,andincreasestheHiggscrosssections.ForSEA,

increasingxICreducesallcrosssections.

Theintrinsiccharmmaypartiallyoffsetthevariationsintheelectroweakcrosssections
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duetothepolecharmmass.Asmpolec isincreasedfrom1.1to1.5GeV,thelight-quarkPDFs

inCT14/CT14HERA2aremildlyincreasedatx>10−3andQ∼MZ,whilethegluonis

reducedatx>0.1. Asmentionedbefore,mpolec ≈1.5GeVresultsinaworsefittothe

CT14HERA2dataset,cf.theupperFig.6.FortheLHCW/Z crosssections,increasing

mpolec to1.5GeVresultsintwocompetingtrends. Ontheonehand,1.5GeVleadstoa

somewhatbetterdescriptionofthetotalW andZcrosssectionsinFig.15,eventhough

thechangesarewellwithintheCT14uncertainty. Thisincreasereflectslargeruandd

(anti)quarkPDFsformpolec =1.5GeV.

Ontheotherhand,theLHCdataonhigh-pTZ-bosonproduction[117–119]showcon-

tradictorypreferencesforthemcandxIC,dependingonthecolliderenergy[7or8TeV]

andtheformatofthedata[absoluteornormalizedcrosssections]. Ourconclusionatthe

momentisthattheLHCinclusiveW andZproductioncrosssectionsmayprovidehelpful

correlatedconstraintsonmcandxICinthefuture. Wemayalsoconsidermoreexclusive

scatteringprocesses[120–128]tolookforevidenceoftheICintheLHCenvironment.
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FIG.15:CT14NNLOH(gluon-gluonfusion),Z,W+andW−productioncrosssectionsatthe

LHC
√
s=13TeV,forvariouscharmmodels,asafunctionofthepolemassmpolec =1.1−1.5

GeVandcharmmomentumfraction xIC=0−3%.The90%C.L.uncertaintyregionsforCT14

atNNLOandexperimentalpoints[115,116]arealsoshown.
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VI. Z+CHARM-JETPRODUCTIONINPPCOLLISIONSATTHELHC

AsuitabletestscenarioisgivenbytheproductionofaZbosoninassociationwitha

charmjet,forwhichaCMSmeasurementat
√
S=8TeVhasbeenrecentlypublishedin

Ref.[129].Thecorrespondingcalculationpp→γ/ZcisavailableatNLOinQCD,building

ontheimportantfeaturethattheLOpartonicprocessg+c→ γ/Z+c(consisting

ofŝand̂tchannelcontributions)isdirectlysensitivetotheinitial-statecharmdistribution.

Providedthatthecharm-quarktransversemomentumismuchlargerthanitsmass,theNLO

correctionstothisprocesscanbecalculatedworkingintheS-ACOTscheme[46,64,65].

Usingthisschemeenablesonetoneglectthecharmmassthroughout,whileonlymakinga

smallerroroftheorderof1/lnMZ
mc
×m2c
p2T
[130].Thecontributingsubprocessesaregiven

bygc→ Zc(one-looplevelproduction),q/gc→ Zcq/g(light-flavourpartonemission)

(q=u,d,s)andgg→ Zc̄c(charmpairproduction).11 Anothersubprocessleadingto

charm-quarkpairsinthefinalstateisq̄q→ Zc̄c.Itisnotregardedasacorrectionto

gc→Zc,butitisanadditionalsourceofZcevents,andthereforetakenintoaccountatLO.

ThereisonesubtletythatconcernstheZc̄cfinalstates. Theyareevaluatedbyretaining

thecharm-quarkmassinordertoregulatethegluonsplittingsingularitythatwouldarise

formasslesscollinearquarks.Takingallofthesesubprocesses,onethenarrivesatanNLO

accuratedescriptionfortheassociatedproductionofaZbosonandasinglecharmjet,ashas

beenpresentedinRef.[131]andimplementedintheprogramMCFM[132].Tocomparethe

impactofthedifferentICPDFfits,weusetheMCFM calculationtogeneratethevarious

Z+c-jetcrosssectionsinthepresenceofintrinsiccharmatNLO.

Themaindrawbackofthefixed-orderpredictionsistheirlimitationindescribingeffects

thatarisefrommulti-particlefinalstates. Onecomplicationisduetotheimportanceof

jetproductionathigherorders,whichenhancesthesizeoftheZ+charm-jetcrosssection

especiallyforhigh-pT Zbosonproduction. Theinclusivecrosssectiondefinition(Z+c-

jet+X)employedbytheCMSanalysismakesitimportanttoaccountforthecontributions

frommorecomplextopologieslikegq→Zc̄cqorgluon-jetsplittingtoc̄coccurringathigher

perturbativeorders(i.e.in MonteCarlophysicslanguage,laterintheeventevolution).

Thefixed-orderapproachwillmissthesemultijetcontributions,butwecaninvokematrix-

elementplusparton-showermerging(MEPS)tostudytheseeffects.Thiscanbeparticularly

importantifthefinalstateisbinnedinavariablesuchastheZbosontransversemomentum,

whileafixed(low)cutisplacedonanyjetsintheevent. Wecanalsoinvestigateatwhich

point(intermsofthenumberofmultileg MEsincluded),saturation(stabilizationofthe

crosssection)canbefound.

Anothercomplicationstemsfromthefactthatinanexperimentalenvironment,we

arerequiredtouseacrosssectiondefinition,whichisbasedonthedetectionofcharm

11TheZmasswindowconstraintofthe measurementwillensurethestrongsuppressionofanyγ+c

contribution. Wethereforeneglectthesecontributions.
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hadrons/objectsintheevent,i.e.charmtaggingisinvolvedonewayoranothertodetermine

theinclusiveZ+charm-jetrate.Thetheory-driven,parton-leveldefinitionemployedinthe

fixed-ordercasecannotbeappliedhere,asitignorestheevolutionofthehardeventto

energyscalesoftheorderof1GeV,wherethemeasurementtakesplace.Inthiscontext

and,especially,fortheidentificationofspecificparticles/objects–asinourcase,charmjets

–aspectsofmulti-particleproduction(beyondhardjets)thereforeneedtobetakeninto

accounttoarriveatamorerealisticsimulation.Forourstudies,wewillrelyontheparton

showertodescribethefragmentationofthecharmpartons[133],andassumingfactorization

oftheinitial-stateandfinal-stateQCDradiationsasareasonableapproximation.Thecross

sectionbasedoncharmtaggingwillbeaffectedbypartonshowering.Thus,wehavetodeal

withcontributionsemergingfromZ+non-cpartonicprocessesbecausetheg→ c̄csplittings

havethepotentialofturningaZpluslight-flavourjetintoaZplusc-jetcontribution.This

additionalsourceofZ+charmeventsenhancesthesizeofthemeasuredcrosssection.How-

ever,thisenhancementsimplyservestodilutetheimpactofanyintrinsiccharm,sincein

mostcasesitemergesfrominitialstatesnotinvolvingacharmquark,i.e.theenhancement

comesfromfinal-stategluonsplittingintoac̄cpair.Therateforthisenhancementdepends

onboththecharm-jettransversemomentumthresholdandthenumberofjetsinthefinal

state.

Forthesereasons,onecannotignorethemulti-particleaspectswhendealingwithrealistic

scenarios. WethereforegeneratepredictionsusingtheLO matrix-elementplusparton-

showermerging(MEPS@LO)approach[134],addingadditionaljetsandsubsequentparton

showering,andrequiringthepresenceofacharmjetinthefinalstate. The MEPS@LO

approachallowsustoestimatetheimpactofthehigher-orderradiativecorrectionsandcharm

taggingatthesametime.UsingthevariousICmodels,wecanexamine(onaquantitative

level)towhatextentthemulti-particleeffectsaltertheoutcomeoftheNLOcalculations

providedbyMCFM.AllMEPS@LOpredictionspresentedherehavebeenobtainedfrom

the MonteCarloeventgeneratorSherpa-2.2.1[135]. Toperformthecharmtaggingin

theSherpasimulations,werelyontheflavorfulversionoftheanti-ktjetalgorithmas

implementedinFastJet[136]. WegenerateZ+jetssamplesinthefive-flavourscheme

(masslesscandbquarks)involvingtree-levelmatrixelementsforZ+0,1partonuptothose

forZ+nME partonswherenME denotesthemaximumoutgoing-partonmultiplicityofthese

matrixelements. ThreeSherpasamplesareprovided,namelyfornME =1,2,3,using

amergingcutofQcut=20GeV. EachSherpa Njpredictionisthendrawnfromthe

respectiveZ+jetssamplewithnME =N.

ThesimplestobservabletolookatistheinclusiveZ+charm-jetcrosssection. Hence,

westartbypresentingasummaryofcrosssectionpredictionsinTableII.Inbothtypes

ofcalculations(fixedorderand MEPS@LO),weemploykinematicrequirementsthatare

similartothoseutilizedbytheCMSanalysis[129].12Mostnotably,weimposethefollowing

12AlthoughweaimatafairlyclosereproductionofthekinematicselectionsusedintheCMSanalysis
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Calculation

PDF
[ratiotoMCFM CT14] (increasewrt.CT14)

MCFM Sherpa1j Sherpa2j Sherpa3j

CT14NNLO 6.04[1.0] 5.93[0.982] 6.59[1.091] 6.64[1.099]

BHPS3 6.18(+2.3%) 6.04(+1.9%) 6.70(+1.7%) 6.76(+1.8%)

BHPS2 6.41(+6.1%) 6.21(+4.7%) 6.90(+4.7%) 6.97(+5.0%)

SEA1 6.51(+7.8%) 6.29(+6.1%) 6.97(+5.8%) 7.03(+5.9%)

SEA2 7.23(+19.7%)6.82(+15.0%)7.57(+14.9%)7.63(+14.9%)

NNPDF3.0 6.09[1.008]

·fittedcharm 5.78[0.957]

·fittedcharm,noEMC 6.00[0.993]

TABLEII:TotalinclusiveZ+charm-jetcrosssections(inpb)attheLHCfor
√
S=8TeVfortwo

differentstandardPDFs(CT14andNNPDF3.0)aswellasdifferentfitscontaininganICcompo-

nent. ThepredictionswereobtainedfromMCFM atNLO,andfromZ+jetsamplesgenerated

bySherpausingthe MEPS@LOapproachatdifferentlevelsofincludinghigher-ordertree-level

matrixelements.Thedetailsofthecalculationsaregiveninthetext.Notethatentitiesinsquare

bracketsshowratioswithrespectto(wrt.)theMCFM resultforCT14NNLO,whilenumbersin

parenthesesquantifythepercentageofincreaseinthecrosssectionforthevariousCT14ICmodels

inrelationtotherespectiveCT14standardresult.

kinematicrequirementsonthetwoleptonsfromtheZbosondecay:pT,ℓ>20GeV,|ηℓ|<2.1

and71GeV<mℓℓ<111GeV.Jetsaredefinedbyusingtheanti-ktalgorithmwithasize

parameterof0.5andthresholdrequirementsreadingpT,jet>25GeVaswellas|ηjet|<

2.5. TableIIshowsthatthepredictionsfromthetwostandardPDFs(CT14NNLOand

NNPDF3.0)agreeverywell. AllCT14ICmodelsleadtoanincreaseoftheZ+charm-jet

crosssectionvaryingfromabout2%forthespecificchoiceofusingBHPS3toalmost20%

fortheSEA2model.Onthecontrary,thefittedcharmPDFsoftheNNPDFgroup[39,112]

leadtoasmallreductionofthetotalcrosssection,howeverbynomorethan5%. The

resultsfromTableIIalsoconfirmtheriseofcrosssectionsowingtotheinclusionofmultijet

contributions. Thisincreasecangrowaslargeas10%.Fromafixed-orderpointofview,

theSherpa1jcalculationisLO-likewhiletheSherpa2jcalculationisclosesttotheone

providedbyMCFM.ThelargestdifferenceswithrespecttoMCFMlieinSherpa’sneglect

ofvirtualcontributionsthatarenon-Sudakovlikeandtheusageofadynamicalpluslocal

scalesettingprescription.13 TheSherpa3jcomputationthengoesbeyondtheMCFM

(cf.Ref.[129]),werefrainfromcomparingourresultsdirectlytotheexperimentaldataforreasonssuch

asunapplied/unknownhadronizationcorrectionsandneglectingcertain∆Rconstraints.
13Wenotethatthe Sherpa2jcalculationscanbemadeevenmoreMCFM-likebyrelyingonSudakov

reweightingbutapplyingnopartonshowersatall.ThesemodifiedSherpapredictionsshowgoodagree-

42



0 100 200 300 400 500 600

5−10

4−10

3−10

2−10

1−10

CT14nnlo

BHPS2

BHPS3

SEA1

SEA2

 (pb/GeV)Z

T
/dpσd

LHC 8 TeV

0 100 200 300 400 500 600

1
1.2
1.4
1.6
1.8
2 CT14nnlo PDF unc.

Ratio to CT14nnlo

 (GeV)Z

T
p

0 100 200 300 400 500 600

5−10

4−10

3−10

2−10

1−10

NNPDF3

CT14nnlo

NNPDF3IC

NNPDF3IC(noEMC)

 (pb/GeV)Z

T
/dpσd

LHC 8 TeV

0 100 200 300 400 500 600

1
1.2
1.4
1.6
1.8
2 CT14nnlo PDF unc.

Ratio to NNPDF3

 (GeV)Z

T
p

FIG.16:TransversemomentumdistributionoftheZbosonfortheproductionofpp→Zcatthe

LHCwith
√
S=8TeV.Variouspredictionsbasedondifferentfittedcharmmodelsarecompared

totheirrespectivestandardpredictions,obtainedbyusingtheCT14NNLOPDFsetontheleft

andtheNNPDF3.0setontheright.NotethattheCT14NNLOpredictionisshowninbothplots,

togetherwithitsuncertaintyenvelopefor90%C.L.Allresultshavebeengeneratedusingthe

programMCFM.Thelowerpanelsareusedtodepicttherelativechangesinducedbythedifferent

modelswithrespecttotheCT14NNLOprediction(left)andtheNNPDF3.0prediction(right).

calculation,resultinginanadditionalbutsmallerincreasewithrespecttotheSherpa2j

crosssections.Inotherwords,weobservetheexpectedsaturationeffectthatstabilizesthe

Z+c-jetratewithincreasingnME.Asinthefixed-ordercase,theCT14ICmodelsenhance

theSherpacrosssectionsbydifferentamounts.Foraspecificmodel,thepredictedgains

areofsimilarsizeamongthedifferentSherpaNjcalculations(asindicatedbythenumbers

inparenthesesinTableII),butturnouttobesmallerwhencomparedtotherespective

fixed-orderresult.TheMEPS@LOpredictionsthereforeshowtheexpecteddilutionofthe

ICsignalsaspreviouslydescribed. Furthermore,wecantakethisasevidenceforsimilar

mitigationeffectsapplyingtoexperimentalsignaturesforintrinsiccharm.

ThetotalinclusivecrosssectionasmeasuredbyCMS,σ(pp→ Zc+X)×BR(Z→

ℓ+ℓ−)=8.6±0.5(stat.)±0.7(syst.)pb,comeswithanoverallrelativeuncertaintyof10%.

mentwiththecrosssectionspredictedbyMCFM thoughtheyarestilllargerbyabout2%.
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FIG.17:SameasFig.16,fortheLHCwith
√
S=13TeV.

ThiscrosssectionislargerthananyofthepredictionsinTableII. Withthisratherlarge

value,wecannotyetdrawanyconclusionregardingthepreferenceorexclusionofthevarious

ICmodels. Forexample,ifweassumethatthebaselineCT14predictiondescribesthe

data,theSEA2model,whichpredictsthelargestrelativecrosssectionchangeamongall

ICmodels,wouldonlyoccurattheupperedgeoftheallowed(2σ)range(neglectingthe

impactofPDFandtheoryuncertaintiesforamoment).However,thevariousintrinsiccharm

modelsaffectthelowandhighxregionsdifferently,makingitworthwhiletoinvestigatethe

effectsondifferentialcrosssectionsaswell.Asmentionedearlier,thetransversemomentum

distributionoftheZbosoninassociationwithacharmjetisasuitablecandidatebecause

largerxvaluespredominantlyaffectthehighpTregion. FocusingondifferentpTregions

maythereforeincreaseourchancestodistinguishcertainICmodelsfromeachother.

Figures16and17showMCFM predictionsofthedifferentialZbosonpTcrosssections

attheLHC,forenergiesof8TeVand13TeV,respectively. Apartfrompresentingthe

pZTdistributionsthemselves,wealsodepicttherespectiveratiostakenwithrespecttothe

CT14NNLOresult. WefurthermoreusethepanelsontherightinFigures16and17to

presentasimilarsetofplotsobtainedbyusingvariousPDFsfromtheNNPDFgroup,namely

theircurrentdefaultversion,NNPDF3.0,alsoservingasthereferencecurveinthelowerpart

oftherightpanes,andtheirassociatedfittedcharmPDFswithandwithoutaccountingfor

theEMCdata.TheseNNPDFplotsalsocontaintheCT14baselinepredictions(including

theirPDFuncertainties)toallowfordirectcomparisonbetweenbothPDFfamilies.
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FIG.18:TransversemomentumdistributionofZbosonsproducedinassociationwithatleastone

charmjetattheLHC,for
√
S=8TeV(leftpanel)and

√
S=13TeV(rightpanel).Exceptforthe

referenceMCFM result,allpredictionswereobtainedbyusingSherpa’s MEPS@LOalgorithm

forZ+jetsproductionwithnME=3(supplementedbypropercharmtagging).Thebottompanels

showtheratiosbetweentheSherpa3jpredictionusingCT14NNLOandthoseusingtheICmodels.

TheresultsofFigures16and17revealtheexistenceofsizabledeviationsbetweenthe

predictionsfromthestandardPDFsandtheICmodels(forbothfamilies). TheBHPS

intrinsiccharmfitsproducelargercrosssectionsforhighZtransversemomenta,whilethe

PDFsusingtheSEAparametrizationaffectthecrosssectionsfairlyequallyatallvaluesof

pZT,andinasimilarwayatboth8TeVand13TeVpredictions.Inparticular,theSEA2

fityieldsincreasesoftheorderof20%. RegardingtheBHPSmodels,thecriticalissueis

thereachoftheLHCdataintoregionsofhigherx(correspondingtolargevaluesofpZT)

wheretheenhancementintheBHPSmodelsbecomessignificant.At8TeV,theeffectscan

beupto100%higherthanthebaseline;theyhoweveroccurinaregionwithoutdata(for

pZT>500GeV).At13TeV,wedealwithsmallerxvaluesonaverageandthereforeobserve

smallerdeviations(droppingbynearlyafactor2)forthecorrespondingBHPSpredictions.

WealsonotethattherelativechangespredictedbythefittedcharmPDFsoftheNNPDF

groupresemblethoseoftheBHPSfitsfortheCTfamily.Thisresemblanceisfoundatboth

colliderenergies,forwhichwealsoobservegoodagreementbetweenthecentralpredictions

ofNNPDF3.0andCT14NNLO.

Asdiscussedpreviously,weexpectthesensitivitytotheintrinsiccharmcomponenttode-
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FIG.19:TransversemomentumdistributionofZbosonsproducedinassociationwithatleastone

charmjetattheLHCfor
√
S=8TeV.BothpanelsshowSherpaMEPS@LOpredictions(obtained

byusingpropercharmtagging)forZ+jetsproductionwithasuccessivelyincreasingnumberof

multilegmatrixelementstakenintoaccount(i.e.nME =1,2,3wherethenME =1curvesserve

asthereference).Intheleftpanel, MonteCarlopredictionsforCT14NNLOarecomparedwith

eachotherandthecorrespondingMCFM result,whileintherightpanel,thesamesetofcurves

isshownforusingtheICparametrizationBHPS2.

creaseinarealisticmultijetenvironment.ThepZTdistributionsprovidedbytheMEPS@LO

methodforthevariousPDFsarepresentedinFigures18and19,tobecomparedwith

Figures16and17depictingthecorrespondingMCFM results. Tosupportadirectcom-

parison,themainpanelsofFigure18alsocontaintheMCFM predictionforCT14NNLO.

Whiletherearenolargedeviationsbetweenthe SherpaandMCFM predictionsforlower

pZTvalues,theSherpapredictionsshowtheexpectedhardeninginthetailofthep
Z
Tdis-

tributions.IntheMEPS@LOsimulations,theICincreasesthecrosssectionsinthesame

wayasinthefixed-ordercase,althoughbyasmallerfactor(roughlyhalfasmuch),whichis

mostprominentlyvisibleintheassociatedratioplots.

Apartfromreconfirmingthedilutioneffect,Figure19providesuswithadditionalin-

formation. First,theSudakov(lowpZT)regionisdescribedinamoresophisticatedand

thereforerobustway(asaresultoftheinclusionofresummationeffects).Second,regardless

ofwhetherCT14NNLO(Figure19-left)orBHPS2isusedasreference(Figure19-right),the

inclusionofadditionallayersofmultilegmatrixelementsleadstorelativeenhancementand
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pZTmin,p
Z
Tmax [GeV] [0,30] [30,60] [60,200]

∆σ(Zc)/∆pZT [pb/GeV] CMS
0.075 0.133 0.017

±0.011±0.012 ±0.013±0.018 ±0.002±0.002

Rel.uncertainty CMS 22% 17% 17%

Rel.deviation

wrt.CT14:

[dσ(Zc)/dpZT]IC
[dσ(Zc)/dpZT]CT14

−1

BHPS2 MCFM 4.3% 4.9% 9.1%

BHPS2 Sherpa3j 3.9% 4.3% 6.6%

SEA2 MCFM 18% 19% 22%

SEA2 Sherpa3j 14% 15% 16%

TABLEIII:ResultsoftheCMSmeasurementforthedifferentialZ+charm-jetcrosssectionasa

functionoftheZtransversemomentumattheLHCfor
√
S=8TeV[129].Thefirstuncertainty

ofeachdatapointdenotesthestatisticalerror,whilethesecondonedenotesthesystematicerror.

Therelativeuncertaintiesassociatedwiththethreedatapointsarecomparedtothesizeofthe

relativedeviationsgeneratedbyselectedICmodelswithrespecttotheCT14NNLObaseline.The

theoreticalpredictionshavebeenobtainedfromMCFM atNLOandSherpa3jat MEPS@LO

accuracy.Thedetailsofthecalculationsaregiveninthetext.

saturationeffectsofsimilarsizeatlargerpZTvalues.Thisisanexpressionofthefactthat

althoughtheintrinsiccharmmodelsinvestigatedheredochangetheinitialconditionsofthe

charmcontentintheproton,theydonotalterthenominalQCDevolution. Theparton

showerevolvesinthesamewayasencodedbytheDGLAPtheoryintheabsenceofany

intrinsiccharm.

SimilarlytothecaseoftheZ+c-jetcrosssection,theCMSdataforthepZT distribu-

tion[129]canbeusedtoestimatethecurrentpotentialfordiscriminatingpossibleintrinsic

charmmodels. TheCMSmeasurementprovidescrosssectionsforthreedifferentpZT/GeV

bins,whichareshownintheupperpartofTableIII,togetherwiththeirassociatedrelative

uncertainties.Theseuncertaintiesaretobecomparedwiththesizeofthedeviationsinduced

bytheintrinsiccharmfitswithrespecttotheCT14baseline.AccordingtoFigures16and

18,wecanfocusontheBHPS2andSEA2predictions,asonlythosefeaturedifferentialrates

significantlyexceedingtheuncertaintyrangeoftheCT14prediction.However,asshownin

thelowerpartofTableIII,thedeviationsgeneratedbyboththeBHPS2aswellastheSEA2

modeldonotexceedthe1σvariationofthedata,inparticularifthedilutioneffectistaken

intoaccountassimulatedbyMEPS@LO.Thus,noneofthesechangesreachamagnitude

thatisdistinguishablefromtheexperimentalandtheoreticalsystematicerrorsat8TeV.The

discriminatingpowerofthecurrentCMSdataissimplynotsufficienttotesttheICmodels,

eitherintermsofthedifferentialpZTcrosssectionorintermsofthetotalZ+charm-jetcross

47



section.14

OwingtotheratherlowimpactofcurrentLHCdata,itisimportanttobetterunderstand

theprospectsfornewmeasurementsofdetectingorexcludingahigh-xICcomponent.To

thisendweextrapolatewhatwehavelearnedat8TeVtothecaseofthe13TeVLHC.The

CMSresultfor19.7fb−1ofdataat8TeVextendsuptoaZbosontransversemomentum

rangeof200GeV.Thelastbinisfairlywide,from60GeVto200GeV,anditsassociated

differentialcrosssectionhasbeenmeasuredas∆σ/∆pZT=(0.017±0.003)pb/GeV,i.e.it

isreasonabletoassumethatcrosssectionsaslowas0.01—0.02pb/GeVcanbemeasured

with∼20fb−1ofintegratedluminosity.InFigure16,acrosssectionofthissizecorresponds

toapZTvalueofabout120GeV,whichtranslatesintox∼0.03onaverage.Thus,current

measurementsproberelativelylowvaluesofxcomparedtotherange(x≥0.1—0.2)where

theBHPSmodelsstarttohaveasignificantimpact(asshowninFigure8).Thecrosssection

forZ+charmproductionofcourseislargerat13TeV,butforthesamelowcrosssection

targetof0.01pb/GeV,theaccessiblepZTrangewouldonlybeextendedby30GeV(according

toFigure17)pullingthemeanxtowards0.02,whichmeanswewouldnotevenachievethe

samesensitivityasforthe8TeVcase.ToreachasimilarxrangewouldrequireaZtransverse

momentumoftheorderof200GeVcorrespondingtoacrosssectionofabout0.002pb/GeV.

Onethereforeneedsanintegratedluminosityofabout100fb−1,inordertodeterminethis

crosssectionwithanaccuracycomparabletothe8TeVcase.Inotherwords,itwilltakethe

fullRun2cycletobarelygetafirst2σsignofdeviationsatpZT∼200GeVorprobetransverse

momentaoftheorderof300GeV.Needlesstosaythatdefinitiveconfirmation/exclusionwill

requireustogoconsiderablybeyondtheRun2luminositybudget.

ThechallengingenvironmentfortheZ+canalysisforcesustosearchforwaystoincrease

theimpactofanintrinsiccharmcomponentontheZ+c-jetcrosssection.Asthiscrosssection

isdilutedbythepresenceoftheradiativecorrections,forexample,limitingthenumberofjets

intheeventcouldreducethisdilution.TheZ+c-jetratecouldalsobemeasuredasafunction

oftheleading(charm)jettransversemomentum,whichinfacthasbeencarriedoutbyCMS

inthesamepublication.Ourstudiessuggestthatthisdifferentialcrosssectionissomewhat

moresensitivetotheintrinsiccharmmodelinginvestigatedhere,butitssensitivitymustbe

weighedagainstthesizeoftherelativeuncertaintiesonthemeasurementofthecharmjet

pT,inasimilarfashionasshownforp
Z
TinTableIII.Inaddition,deviationsarealsofound

forZbosonrapiditiesoutsidethecentralphase-spaceregion,suchasmightbemeasuredat

LHCb[128].

14Theavailablemeasurementsarestillmoresensitivetodeviationsinthetotalcrosssection.Thusthereis

asmallchancethatcurrentdataisindisfavoroftheSEA2model.
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VII. SUMMARYANDCONCLUSIONS

Wehaveexploredthepossibilityofhavingasizablenonperturbativecontributiontocharm

partondistributionfunction(PDF),i.e.,theintrinsiccharm(IC)quarkcomponent,inthe

proton,usingtheCTEQ-TEA(CT)globalanalysis.InSec.II,wereviewedthetheoretical

frameworkusedintheCTglobalanalysis,anddiscussedtheconditionsunderwhichour

formalism,Eq.(1),canbetterapproximatetheQCDfactorizationtheorem,Eq.(2).

Thenotionof“intrinsiccharm”referstocontributionstocharmquarkproductionand

scatteringthatarisebesidestwist-2“perturbative”contributions.InDIS,thetwist-4cross

sectionsforcharmproductionmaynumericallycompetewith“perturbative”twist-2cross

sectionsatahighenoughorderinαs.Forexample,inFig.3,weshowtherelevantsquared

amplitudesforaDISstructurefunctionF(x,Q)fromtheγ∗+gg→ c+̄cprocess. The

flavor-creationdiagramsF
(n)
h,ggrendermostofthetwist-4charmproductionrateintheHERA

kinematicalregion(Q mc).But,atveryhighphotonvirtualities,Q
2≫m2c,theirdominant

partisapproximatedinavariable-flavornumberschemebyatwist-2coefficientfunctionc
(k)
h,h

convolutedwithauniversalcharmPDFc(x,Q).Anon-zeroboundaryconditionforc(x,Q)

atQ=Qc∼mcisobtainedbyperturbativematchingfromlight-partonnonperturbative

twist-twoandtwist-fourfunctions,suchasfg/p(x,Qc)andfgg/p(x1,x2,Qc).

InthecontextofthephenomenologicalPDFanalyses,ontheotherhand,the“intrinsic

charm”PDFisoftenconflatedwitha“fittedcharm”PDFparametrizationthatplaysadual

roleoftheapproximantfortheabovepower-suppressedcontributiontocharmscattering

andofaparametricsurrogateforunrelatedradiativecontributionsthatwerenotexplicitly

included.AtthemomentthefittedPDFisdeterminedsolelyusingthefixed-orderconvolu-

tionswiththetwist-2coefficientfunctions,withoutincludingexplicittwist-4terms. While

the“fittedcharm”PDFprovidesagooddescriptionofthecumulativeQCDdataintheCT

fit,careisnecessarywhenmakingpredictionsfornewprocessesbasedonitsparametriza-

tion,asitmayabsorbahostofprocess-dependentcorrections,notablythecontribution

ofDIS-specifictwist-4coefficientfunctionslikeinFig.3. We,aswellastheotherglobal

analysisgroups,treatthe“fittedcharmPDF”obtainedthiswayasthoughitismostly

process-independent,untilitisdemonstratedotherwise.

Forexample,inneutral-currentDIScharmproductionthetwist-4charmcrosssectionis

ofthesameorderintheQCDcouplingstrengthastheNNLOtwist-2one.Toestimatethe

magnitudeofthetwist-4ICcrosssectionfromtheDISdata,usingitsmodelgivenbythe

fittedcharm,thetwist-2DIScontributionsinthefitmustbeevaluatedatleasttoNNLO.

Furthermore,itisnecessarytostudythecontributionsfromthestrange(andbottom)PDF,

dependenceonthecharmquarkmass(mc),andtoaccuratelyimplementsuppressionof

charmproductionatthemassthreshold.Inthecasewhenlow-Qfixed-targetdataare

included,theICcomponentmustbefurtherdiscriminatedfromthe1/Q2andnuclear-target

effects.

Hence,inthisstudy,wehaveusedboththeCT14NNLOandCT14HERA2NNLO
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analyses,differingmainlyintheirstrangePDFs.CT14HERA2hasasofterstrangequark

componentthanCT14atmostxvalues. Wehavecarriedoutaseriesoffitswithavaried

charmquarkpolemassmcbetween1.1and1.5GeV,withinthepreferredm
pole
c rangeofour

globalfits,seeFig.6.

TheNNLOheavy-quarkmasseffectsareimplementedinourcalculationusingtheS-

ACOT-χfactorizationscheme.15InSec.II,wehavegivendetailedargumentsshowingthat

itisaself-consistentandsufficientschemeforpredictingmassive-quarkDIScontributions

bothinthetwist-2andtwist-4channels.

Thecharmcontentinahadronicboundstate,quantifiedbyanoperatormatrixelement

identifiedwiththecharmPDF,caninprinciplebepredictedbyQCD. Weexaminewhich

“intrinsiccharm”modelspredictthefittedcharmPDFcompatiblewiththeglobalQCD

data. TwogenerictypesofthecharmmodelsintroducedinSec.III,avalence-likeBHPS

modelandasea-likeSEAmodel,predictanon-zeroc(x,Q0)atlargexandacrossallx,

respectively. TheBHPSmodelissolvedeitherapproximatelyintheBHPS1andBHPS2

PDFsets,orexactlyintheBHPS3set.TobetterpredictthePDFratiosofcharmtoupand

downPDFs,intheBHPS3modelwealsoallowedforsmallintrinsiccontributionstotheū

andd̄(anti-)quarksgeneratedfromthe|uudūuand|uudd̄dFockstates,includedtogether

withthecharmintrinsiccontribution.Thoughwedidnotpresentitsdetails,wehavealso

studiedamixedmodelofBHPSandSEAandarrivedatsimilarconclusions.

Figure5showsthat,atQ0=1.3GeV,thecharmquarkmomentumfractionxIC,as

definedinEq.13,isfoundtobelessthanabout2%and1.6%,fortheBHPSICandSEA

ICmodels,respectively,intheCT14NNLOanalysis,atthe90%C.L. Wenotethatby

itsdefinition,xICisevaluatedattheinitialscaleQ0.Itistobedistinguishedfromthe

fullcharmmomentumfractionxc+̄catQ>Qc,whichrapidlyincreaseswithQbecause

c(x,Q)+̄c(x,Q)alsoincludestheperturbativecontribution.Thedependenceoftheoutcomes

onmpolec wasreviewedinSec.IVC,andtheresultingBHPSandSEAPDFsandparton

luminosities,aswellasQdependenceofxc+̄c,wereexploredinSectionIVD.

AsignificantICcomponentintheprotonwavefunctioncouldinfluenceobservablesmea-

suredattheLHC,eitherdirectlythroughenhancedcrosssectionsviathecharmPDF,or

indirectlyviathemomentumsumruleleadingtoachangeinthemomentumfractioncarried

bythegluons. Modificationsinthelight-flavorPDFsaregenerallymildintheconsidered

BHPS/SEAmodels,althoughthegluon-gluonluminositiescanbesuppressedatthehighest

final-stateinvariantmassesMX,asobservedinFig.10. Theallowedmomentumfraction

xICiscorrelatedwiththecharmpolemassm
pole
c ,especiallyintheSEAmodel. Whenthe

charmPDFispurelyperturbative,theinclusiveZcrosssectionincreasesasmpolec increases,

duetothelargerūandd̄PDFsthatcompensateforthesmallerperturbativecharmPDF

15ThemassiveNCDISperturbativecoefficientsareknownintheirentiretytoNNLOintheS-ACOT-χ[60],

TR’[48],andFONLL-C[49]schemes.Incontrast,someoftheseNNLOcoefficientsarestillunknownin

the“fullymassive”ACOTscheme[46]anditsFONLLequivalent[37,38]adoptedinNNPDF3.1.
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contribution. Wealsoobservereductioning(x,Q)atlargex,andconsequentlysomere-

ductionincrosssectionssensitivetolarge-xgluonscattering.Forexample,increasingmpolec
fromthenominal1.3to1.5GeVincreasestheW/Zinclusivetotalcrosssectionsat13TeV,

reducesthenormalizedhigh-pTZproductioncrosssectionattheLHC7TeV,andhasvan-

ishingeffectonthegg→ H0crosssections,seeSec.V.Thesechangescanbepartlyoffset

byintroducingtheIC,possiblyattheexpenseofsometensionwiththenon-LHCfitted

experiments,andgenerallywithintheregularCT14PDFuncertainty.

ThereismuchdiscussionintheliteratureabouttheimpactoftheEMCmeasurement[41]

ofsemi-inclusiveDIScharmproductionontheintrinsiccharmPDF.Althoughourstandard

analysisdoesnotincludetheEMCdata,wehaveexaminedtheirimpactinseveralICmodels.

SectionIVFarguesthatfittingtheEMCdataisnotexpedient,theirpersistenttensionwith

theotherfitteddatasetsmayreflectthesystematicerrorsthatwerenotdocumentedin

theEMCpublication.Thelevelof(dis)agreementwiththepurelyperturbativecharmand

theexclusionlimitsontheintrinsiccharmdependontheassumedmagnitudeofsystematic

effectsintheEMCmeasurement.AsshowninTableI,evenwithouttheICcontribution,the

χ2/NptsoftheEMCdatavariesfromabout3.5to2.3whenitisexcludedorincludedwitha

largestatisticalweightintheCT14fits.Includingtheintrinsiccharmcomponentdoesnot

significantlychangeχ2/NptsfortheEMC.FortheBHPSmodels,includingtheEMCdata

withthenominalerrorsreducesthetoleratedrangeof xICbyaboutafactoroftwo.The

impactofEMCdataissmallwithintheSEAmodel.

BesidestheLHCelectroweakbosonproductioncrosssections,weexaminedtheimplica-

tionsoftheICforassociateproductionofZbosonandcharm-jetattheLHC,andsumma-

rizedourfindingsinTableIIandFigs.16-19.Afixed-ordercalculationforZ+cproduction,

MCFMatNLO,wascomparedtoamergedpartonshoweringcalculationinSherpa,which

alsogeneratescharmjetsinthefinalstateviagluonsplittings.Ingeneral,inafixed-order

calculationforZ+c,thevariousICmodelspredictenhancedrateinthetransversemo-

mentumdistributionofaZboson(pZT)[128]. TheSEAmodelstendtopredictahigher

differentialcrosssectionacrossallpZT,whiletheBHPSmodelssuggesttheincreasedrate

onlyatthehighestpZT. ThepredictionsbasedontheNNPDF3ICandNNPDF3IC(no

EMC)PDFsareclosetoourBHPS3andBHPS2predictions,respectively,theypredicta

largerrateinthehighpZTregion.

Inclusionofthefinal-statepartonshoweringtypicallydampensthefixed-orderenhance-

mentinducedbytheICcontribution,ascanbeobservedfromthecomparisonofSherpato

MCFMpredictions.Thedampeningismainlyattributedtothegluon-splittingcontributions

inthefinalstatewhichreducetherelativeimpactoftheICcontributioninthehardpZTtail,

especiallyforthepredictionsfromtheBHPSmodels.

TheanalysisofQCDfactorizationindicatesthatthepower-suppressed“intrinsic”com-

ponentinsemi-inclusiveDIScharmproductionmaybecomparableinmagnitudetosome

NNLOandN3LOleading-powercontributions. Hence,aseriousstudyneedstobecar-

riedoutatleastattheNNLO,suchasinthiswork.(Itisnotpossibletodrawadefinite
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conclusionfromanNLOanalysis.) Asoftoday,theexperimentalconfirmationoftheIC

componentintheprotonisstillmissing,anddatafromfarmoresensitivemeasurements

arerequired. Ananalysisofverylow-Qfixed-targetdata,suchastheonepresentedat

NLOinRefs.[33,34],mustmeetthechallengeofthereliableseparationoftheICfrom

theotherrelevantfactors,includinghigher-ordertwist-2contributions,the1/Q2terms,mc
dependence,andnucleareffects. TheconstraintsontheICfromthehigher-energydata

arelargelycompatiblebetweentheCT14ICandNNPDF3.xanalyses[39,40]. Ourlimits

onxc+̄caremoderatelymoreconservativethanthoseofNNPDF3.1,aswedonotinclude

theEMCF2cdataandacknowledgecompetingpreferencesform
pole
c andxc+̄camongthe

variousnon-LHCandLHCexperiments,asoutlinedinSecs.IVC,IVE,andV.Ultimately,

acombinationofhigh-luminositymeasurementsattheLargeHadronCollider,suchasZ+c

production,andcharmSIDISattheElectron-IonCollider[137]willbedesirabletotest

intrinsiccharmscatteringcontributionsatNNLOandbeyond.
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