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Wepresentastudyinwhichthepossibilityofa(sizable)nonperturbativecontributiontothe

charmpartondistributionfunction(PDF)inanucleonisinvestigatedtogetherwiththeoretical

issuesarisinginitsinterpretation. Theseparationoftheuniversalcomponentofthenonper-

turbativecharmfromtherestoftheradiativecontributionsisalsodiscussed. Weillustratethe

potentialimpactofanonperturbativecharmPDFonLHCscatteringprocesses.Anestimateof

nonperturbativecharmmagnitudeintheCT14andCT14HERA2globalQCDanalysesatthe

next-to-next-toleadingorder(NNLO)intheQCDcouplingstrengthisgivenbyincludingthe

latestexperimentaldatafromHERAandtheLargeHadronCollider. Weshowacomparisonbe-

tweendifferentmodelsofintrinsiccharmandillustrateprospectsforstandardcandleobservables

attheLHC.
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1.Introduction

TheprincipleoftheglobalanalysisistouseQCDtheorytoanalyzeabroadrangeofexper-

imentaldata,includingprecisiondatafromHERA,theTevatron,andtheLargeHadronCollider

(LHC).Inparticular,theoreticalpredictionsforshort-distancescatteringprocessesallowthemea-

surement,withinsomeapproximations,ofuniversalpartondistributionfunctions(PDFs)forthe

proton.AsnewexperimentalmeasurementsfromtheLHCgrowincreasinglyprecise,novelchal-

lengesariseinextractingaccuratepredictionsforthepartoncontentoftheprotoninglobalQCD

analysisofPDFsneededforadvancedtestsoftheStandardModelandpossiblephysicsbeyondthe

StandardModel.ArecentlypublishedCTEQ-TEA(CT)globalanalysisofexperimentaldata[1]

producedtheCT14NNLOPDFs,referredtoastheCT14PDFs. Theanalysisisbasedonthe

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

TheperturbativecharmPDF.InglobalPDFanalyses,allQCDparameters,suchasαsand

thequarkmasses,arecorrelatedwiththePDFs.ThedeterminationofthePDFsdependsnotonly

onthedatasampleincludedinthefits,butalsoonthespecifictheoryassumptionsandunderlying

physicsmodels. AsonesuchchoicemadeinthestandardCTPDFsets,thecharmquarkand

antiquarkPDFsaretakentobezerobelowalowenergyscaleQc=Q0oforderofthecharmmass.

IntheCT14analysis,thecharmquarkandantiquarkPDFswereturnedonatthescaleQc=Q0=

mc=1.3GeV,withaninitialO(α
2
s)distributionconsistentwithNNLOmatching[2,3]tothe

three-flavorresult.AthigherQ,mostofthecharmPDFisgeneratedfromtheDGLAPevolution

thatproceedsthroughperturbativesplittingsofgluonsandlight-flavorquarks.Hence,thecharm

PDFfromastandardglobalanalysisiscalled“perturbative”anditisobtainedbyperturbatively

evolvingthePDFsfromtheinitialscaleQctotheexperimentaldatascaleQ.

AnonperturbativecomponentforthecharmPDF.Inadditiontotheperturbativecharm

productionmechanism,itisbelievedthat“intrinsiccharmquarks”mayemergefromthenonper-

turbativestructureofthehadronicboundstate.Theplausibilityoftheintrinsiccharm(IC)compo-

nent,itsdynamicalorigin,anditsactualmagnitudehavebeenasubjectofalong-standingdebate.

Indeed,QCDtheoryrigorouslypredictsexistenceofpower-suppressed(higher-twist)channelsfor

charmquarkproductionthatareindependentoftheleading-power(twist-2,orperturbative)pro-

ductionofcharmquarks.TheICquarkshavebeenassociatedwiththeexcited|uudccFockstate

oftheprotonwavefunction[4,5,6,7,8,9]andpredictedbymeson-baryonmodels[10,11,12,13].

TherangeofvalidityofthePDFmodelswithnonperturbativecharmhasbeenappraisedinarecent

CTanalysispublishedinRef.[14]andinotherrecentstudies[15,16,17,18,19].

Fittedcharmandnonperturbativecharm.StartingfromthefactorizationtheoremforDIS

crosssectionswithmassivefermions,thatisafundamentalQCDresult,onecandrawaconse-

quentialdistinctionbetweenthe“fitted”charmPDFparametrizationandthenonperturbativecharm

PDF.ThefittedcharmPDFaccountsforthenonperturbativecharmplusother(possiblynotuniver-

sal)higherO(αs)higherpowersuppressedterms.SincetheperturbativecharmPDFcomponent

cancelsnearthethresholduptoahigherorder,thefittedcharmcomponentmayapproximatefora

missinghigher-ordertermorapower-suppressednonperturbativecomponent.Thegenuinenonper-

turbativecharmPDFinstead,isdefinedbythemeansofpowercountingofradiativecontributions

toDIS.Assumingthatthisadditionalnonperturbativecharmcomponentcanbefactorizedlikethe

perturbativecharmcomponent,oneisabletoexaminehowitdiffersfromtheperturbativecharm,
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andhowitdependsontheoreticalinputsinaglobalQCDanalysisofPDFs.Inprinciple,theintrin-

siccharmcontentwouldbesuppressedbypowersof(Λ2QCD/m
2
c),but,sincethisratioisnotvery

small,itmayberelevantinsomeprocessessuchaspreciseDIS.Foramoredetaileddescription

ofQCDfactorizationwithpowersuppressedcharmcontributions,wereferthereadertotherecent

CTEQ-TEAanalysisofRef.[14].

Valence-likeandSea-likemodelsforthecharmPDFparametrization.Variousmodeles-

timatessuggestapower-suppressedcharmcrosssectionofamodestsize:oforderofafraction

oftheα2scomponentinDIScharmproduction,carryinglessthanaboutapercentoftheproton’s

momentum. Weexamineamoreextensivelistofnonperturbativemodels,fitthemostcomplete

setofDISdatafromHERAaswellasthedatafromtheLHCand(optionally)theEMCexperi-

ment[20],andutilizeaPDFparametrizationthatresultsinamorephysicalbehavior.Giventhat

severalmechanismsmaygiverisetothefittedcharm,wewillparametrizeitbytwogenericshapes,

a“valence-like”anda“’sea-like”shape.Thetwoshapesariseinavarietyofdynamicalmodels.

Avalence-likeshapehasalocalmaximumatxabove0.1andsatisfiesfq/p(x,Qc)∼x
−a1with

a1 1/2forx→0andfq/p(x,Qc)∼(1−x)
a2witha2 3forx→1.Thedistributionsforvalenceu

anddquarksfallintothisbroadcategory,aswellasthe“intrinsic”sea-quarkdistributionsthatcan

benaturallygeneratedinseveralways[6],e.g.,forallflavors,nonperturbativelyfroma|uudQQ

Fockstateinlight-cone[4,5,7,8,9]andmeson-baryonmodels[10,11,12,13];for̄uandd̄,

fromconnecteddiagramsinlatticeQCD[21].1TheapproximateBrodsky-Hoyer-Peterson-Sakai

(BHPS)model[4,5]parametrizesthecharmPDFatQ0byavalence-likenonperturbativefunction

c(x)=
1

2
Ax2

1

3
(1−x)(1+10x+x2)−2x(1+x)ln(1/x). (1.1)

Thisfunctionisobtainedfromalight-conemomentumdistributionbytakingthecharmmasstobe

muchheavierthanthemassesoftheprotonandlightquarks:mc≫Mp,mu,md.Aisthenormal-

izationfactorthatistobedeterminedfromthefit.TheBHPS1andBHPS2globalfitsareobtained

withthisparametrizationchoiceandareillustratedinSec.2below.

InsteadofapproximatingtheprobabilityintegralasintheoriginalBHPSmodel,thec(x)can

alsobeobtainedbysolvingtheBHPSmodelforthe|uudc̄cFockstatenumericallyandkeeping

theexactdependenceonMp,mu,andmd.InthisBHPSmodel,theintrinsicquarkdistributionsare

determinedbystartingfroma|uudq̄qprotonFockstate,wheretheprobabilitydifferentialfora

quarkitocarryamomentumfractionxiisgivenby

dP(x1,...,x5)=Adx1...dx5δ(1−
5

∑
i=1

xi)
1

M2p−∑
5
i=1
m2i
x2i

2
. (1.2)

ThisgeneralizedBHPSmodel,usedinthecontextoftheCT14HERAfitwithIC,isnamedBHPS3.

Wedonot,however,includetheintrinsiccontributiontothesquarkPDF,becauseitisoverwhelmed

bytheverylargestrangePDFuncertainty.Thepresenceofanintrinsiccomponentforthestrange

quarkdoesnotaffectourconclusionsaboutthenonperturbativecharm.

1Incontrasttothelightflavors,inlatticeQCDacharmPDFarisesexclusivelyfromdisconnecteddiagrams[22].

Thissuggeststhatcand̄ccontributionsinDISareconnectedtothehadrontargetbygluoninsertions.
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Figure1:Thechange∆χ2inthegoodnessoffittotheCT14(left)andCT14HERA2(right)datasetsasa

functionofthecharmmomentumfractionxICfortheBHPS(blue)andSEA(red)models.Solid(dashed)

linesrepresentthetotalχ2andthepartialχ2global,asdefinedinSec.2.

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

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

theleading-power,or“extrinsic”production.Forexample,an(anti)quarkPDFwiththisbehavior

originatesfromg→ q̄qsplittingsinperturbativeQCD,orfromdisconnecteddiagramsinlattice

QCD(seeRef.[21]fordetails). Evenamissingnext-to-next-to-next-to-leadingorder(N3LO)

leading-powercorrectionmayproduceasea-likecontributionatx≪0.1,wherethevalence-like

componentsaresuppressed.IntheSEAmodel,thecharmPDFisparametrizedbya“sea-like”

nonperturbativefunctionthatisproportionaltothelightquarkdistributions:

c(x)=A d(x,Q0)+u(x,Q0). (1.3)

ThismodelisassumedwiththeSEA1andSEA2PDFsetswhichareillustratedinSec.2below.

Finally,thenormalizationcoefficientAinthemodelsdescribedabovecanbederivedfromthe

charmmomentumfraction(firstmoment)atscaleQ:

xIC=
1

0
x[c(x,Q0)+̄c(x,Q0)]dx. (1.4)

Byitsdefinition, xICisevaluatedattheinitialscaleQ0.Itistobedistinguishedfromthe

fullcharmmomentumfractionxc+c̄(Q)atQ>Qc,whichrapidlyincreaseswithQbecauseofthe

admixtureofthetwist-2charmcomponent.

2.Resultsoftheglobalanalysis

Inthissectionweillustratethemainfindingsofourglobalanalysisinwhichweassumethat

theadditionalnonperturbativecharmcomponentcanbefactorizedinasimilarfashiontotheper-

turbativeone.TogaugethepreferenceoftheglobalQCDdatatoaspecificxIC,weexaminethe

goodness-of-fitfunctionχ2≡χ2global+P,constructedintheCT14methodfromtheglobalχ
2
global

anda“tier-2”statisticalpenaltyP[1].ItisconvenienttocompareeachfitwithanxIC=0tothe

“null-hypothesis”fitobtainedassumingxIC=0.Thus,westartbycomputing∆χ
2≡χ2−χ20,
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Figure2:CT14NNLOH(gluon-gluonfusion),Z,W+,andW−productioncrosssectionswithanICPDF

componentattheLHC
√
s=13TeV,withpolemassmpolec =1.3GeV.The90%C.L.uncertaintyregionsfor

CT14atNNLOandexperimentalpointsfromATLAS[23,24]arealsoshown.

whereχ2andχ20aregivenforxIC=0andxIC=0,respectively,at50valuesofxICanddefault

Q0=m
pole
c =1.3GeV.Weplottheresulting∆χ2behaviorinFig.1.TheCT14(CT14HERA2)

datasetsarecomparedagainsttheapproximate(exact)solutionoftheBHPSmodel,respectively.

TheSEAcharmparametrizationsareconstructedasinEq.(1.3)intermsoftherespectiveCT14or

CT14HERA2light-antiquarkparametrizations. WeseefromFig.1thatlargeamountsofintrinsic

charmaredisfavoredforallmodelsunderscrutiny.Amildreductioninχ2,however,isobserved

fortheBHPSfits,roughlyatxIC=1%,bothintheCT14andCT14HERA2frameworks.The

significanceofthisreductionandtheupperlimitonxICdependsontheassumedcriterion.In

CTEQpractice,asetofPDFswith∆χ2smaller(larger)than100unitsisdeemedtobeaccepted

(disfavored)atabout90%C.L.Thus,areductionofχ2bylessthanfortyunitsfortheBHPS

curveshassignificanceroughlyoforderonestandarddeviation.ThenewupperlimitsonxIC
intheCT14andCT14HERA2analysesatthe90%C.L.:xIC 0.021forCT14BHPS;xIC
0.024forCT14HERA2BHPS;xIC 0.016forCT14andCT14HERA2SEA.

ImpactofIContheelectroweakZandHbosonproductioncrosssectionsattheLHC.

Figure2illustratespredictionsofthetotalcrosssectionsforinclusiveproductionofelectroweak

bosonsW±,Z0,andH(viagluon-gluonfusion)fortheBHPSandSEAmodelsattheLHC
√
s=

13TeVwithcharmquarkmassmc=1.3GeV.ToprovideavisualmeasureoftheCT14NNLO

uncertainty,eachfigureshowsanerrorellipsecorrespondingtoCT14NNLOatthe90%C.L.and

experimentaldatapointsrelativetomeasurementsfromtheATLAScollaboration[23,24].The

WandZinclusivecrosssections(multipliedbybranchingratiosforthedecayintoonecharged

leptonflavor),arecalculatedbyusingtheVRAPv0.9program[25,26]atNNLOinQCD,withthe

renormalizationandfactorization(µRandµF)scalessetequaltotheinvariantmassofthevector

boson.TheHiggsbosoncrosssectionsviagluon-gluonfusionarecalculatedatNNLOinQCD

byusingtheIHIXSv1.3program[27],intheheavy-quarkeffectivetheory(HQET)withfinite

topquarkmasscorrection,andwiththeQCDscalessetequaltotheinvariantmassoftheHiggs

boson.ThecentralvaluepredictionsfortheBHPSandSEAmodelsareallwithintheCT14NNLO

uncertainties,withBHPSveryclosetotheCT14nominalfit.TheimpactofIConthesekeyLHC

observablesismild.
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Conclusions.Weexploredthepossibilityofsizeablenonperturbativecontributiontocharm

PDFassumingthatfactorizationforsuchcontributionsexists.Wehavedeterminedthemagnitude

oftheICcomponentoftheprotonthatisconsistentwiththeCT14globalQCDanalysisofhard

scatteringdata:x<2%forBHPSICandx<1.6%forSEAICat90%C.L..Asoftoday,the

experimentalconfirmationoftheICcomponentintheprotonisstillmissing,anddatafromfar

moresensitivemeasurementsarerequired.
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