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Theforward-backwardasymmetry(AFB)intheDrell-Yanprocesspp/p̄p→ Zγ∗ → ℓ+ℓ− is
sensitivetotheprotonstructureinformation.Suchinformationhasbeenfactorizedintowell-defined
protonstructureparameterswhichcanberegardedasexperimentalobservables.Inthispaper,we
extractthestructureparametersfromtheAFB distributionsreportedbytheCMScollaboration
inppcollisionsat

√
s=8TeV,andbytheD0collaborationin p̄pcollisionsat

√
s=1.96TeV.

ItisthefirsttimethattheuniquepartoninformationintheAFB spectrumcanbedecoupled
fromtheelectroweakcalculationand measuredasstandaloneobservables,whichcanbeusedas
newdataconstraintsintheglobalquantumchromodynamicsanalysisofthepartondistribution
functions(PDFs). Althoughthepartoninformationintheppandp̄pcollisionsaredifferent,and
theprecisionsofthemeasuredstructureparametersarestatisticallylimited,theresultsfromboth
thehadroncollidersindicatethatthedownquarkcontributionmightbehigherthanthetheoretical
predictionswiththecurrentPDFsattherelevantmomentumfractionrange.

INTRODUCTION

Theforward-backwardasymmetry(AFB)oftheDrell-
Yanprocesspp/p̄p→Z/γ∗→ℓ+ℓ−isprovedtobesensi-
tivetotheprotonstructureinformation,andcouldhave
importantimpactontheglobalquantumchromodynam-
ics(QCD)analysisofthepartondistributionfunctions
(PDFs)[1–4]. AlthoughAFB hasbeenmeasuredwith
quiteagoodprecisionatboththeTevatronandtheLarge
HardonCollider(LHC),theresultsarenotyetinclud-
edintheglobalQCDanalysisofPDFs. Thedifficulty
isthecorrelationbetweentheprotonstructureinforma-
tionandtheelectroweak(EW)contributionintheAFB
measurement,whichcauseslargeuncertaintiesextrapo-
latingfromonetotheother[4].Intheglobalanalysisof
NNPDF4.0[5],itisclearlystatedthattheAFBspectrum
observedattheLHChastoberemovedfromthedata
setduetothedifficultiesinhandlingthecorrelation.

Inarecentstudy[6],theprotonstructureinformation
intheAFB spectrumhasbeenfactorizedintowellde-
finedstructureparameters,whichcanbeusedasnew
experimentalobservablesanddeterminedtogetherwith
theeffectiveweak mixingangle(sin2θℓeff),sothatthe
correlationwiththeEWcanbeautomaticallytakeninto
account.

Inthispaper,weextractthestructureparametersfrom
theAFB distributions measuredbytheCMScollabo-
rationusingtheppcollisiondataat

√
s=8TeV[7],

andbytheD0collaborationusingthep̄pcollisionda-
taat

√
s=1.96TeV[8]. Thiswork,ofwhichthede-

tailswillbediscussedinthefollowingsections,provides
uniqueconstraintsontheprotonstructureinformation.
Specifically,thestructureparametersfromtheAFBsep-

aratelyreflectthecontributionsfrombothuanddtype
quarks,separately,whicharealwaysmixedinthetotal
crosssectionmeasurementsoftheDrell-Yanproduction.
AspointedoutinRef.[6]andRef.[9],thesestructure
parameterscanalsoconstrainthedilutioneffect,which
representsthecontributionofaseaquarkhavinghigher
energythanavalencequarkintheinitialstateofthe
vectorbosonproductionsinppcollisions.
Althoughacompleteglobalanalysisof PDFsis
neededtofinallyconfirmtheimpactoftheextracted
structureparametersinthiswork,thedirectcomparison
betweenthe measuredvaluesandtheirtheoretical
predictionsalreadyindicatesthatthedowntypequark
contribution mightbehigherthantheexpectationat
therelevantmomentumfractionrange,representedby
theBjorkenvariablex. Suchindicationisconsistent
withtheconclusionfromtherecentPDFglobalanalysis
thatwhentheLHCdata(otherthanAFB)isincluded
intheglobalfitting,thedvalencequarkPDFbecomes
largeratxaround0.1.[5,10,11].

STRUCTUREPARAMETERSOBERSVEDD
FROMTHELHC DATA

Inthissection,wediscusstheextractionofthestruc-
tureparametersusingtheAFB spectruminpp →
Z/γ∗→ ℓ+ℓ−,(ℓ=e,µ)eventsmeasuredbytheCMS
collaborationusingthe8TeVppcollisiondata[7].The
AFB distributionsare measuredasafunctionofthe
dileptonmass(M)inarangeof[40,2000]GeV,andsepa-
ratelyinfiveZbosonrapiditybins(Y)of[0,1],[1,1.25],
[1.25,1.5],[1.5,2.4]and[2.4,5].Thecentralvaluesand
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uncertaintiesoftheobservedasymmetryareprovided,
andthedetailednumbersofthebin-by-bincorrelations
ofsystematicsaregivenelsewhere[12]. Thecombined
AFBofe

+e− andµ+µ− events,andthecorresponding
uncertaintiesarereplottedinFigure1,togetherwiththe
theoreticalpredictionsintherapiditybin|Y|of[1.5,2.4]
asanexample.Thetheoreticalpredictionsarecomputed
usingtheCT18NNLOPDF[10],andtheResBos[13]
packageinwhichtheQCDinteractioniscalculatedat
approximatenext-to-next-to-leadingorder(NNLO)plus
next-to-next-to-leadinglogarithm(NNLL),andtheEW
interactioniscalculatedbasedontheeffectivebornap-
proximation[14],whichgivesprecisepredictionsonthe
relationshipbetweenAFBandsin

2θℓeffaroundtheZpole.
ThereportedAFBdistributionsareunfoldedtoaphase
spacewithnoleptonacceptancecuts,thustheextracted
structureparameterscorrespondtothesamephasespace
intermsofM andY.
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FIG.1: TheCMS8TeVAFB(M) measurementfromthe
combinede+e− andµ+µ− eventswithM =[40,320]GeV
and1.5<|Y|< 2.4,comparedtotheResBosprediction
withCT18NNLOPDFs.Thebottompanelisthedifference
betweentheCMS measuredAFB andtheResBos+CT18
prediction,expressedintheunitofthetotaluncertainties
σ,includingtheexperimentaluncertaintyandthePDFun-
certainty. Theuncertaintiesonthetheoreticalpredictions
correspondtothe68%C.L.PDFuncertainties.

AttheLHC,AFB is measuredintheCollins-Soper
frame[15]withitsz-axisdefinedaccordingtothedirec-
tionofthemomentumofthedileptonsystem.According
toRef.[6],theobservedAFBinaspecificdileptonra-
pidityandmassconfigurationcanbefactorizedas:

AFB(M) =
q=u,c[1−2Dq(M)]αq(M)

αtotal(M)
·AuFB(M;sin

2θℓeff)

+
q=d,s,b[1−2Dq(M)]αq(M)

αtotal(M)
·AdFB(M;sin

2θℓeff)

≡ [∆u(M)+P
u
0]·A

u
FB(M;sin

2θℓeff)

+[∆d(M)+P
d
0]·A

d
FB(M;sin

2θℓeff), (1)

where αq isthecrosssectionofaspecificsubpro-
cesswithvirtualphotonandZ bosoncoupledtoq̄q

(q=u,d,s,c,b)intheinitialstate;whileαtotalistheto-
talcrosssection.AuFB(M;sin

2θℓeff)andA
d
FB(M;sin

2θℓeff)
representtheoriginalhardprocessasymmetriesinthe
up-typeanddown-typesubprocesses,respectively.Their
calculationscorrespondtoaspecialCollins-Soperframe,
inwhichthedirectionsofquarkandantiquarkareas-
sumedtobeknown[6]. ThevaluesofAuFB andA

d
FB

aresolelydeterminedbythesingleEWparameterofthe
effectiveweakmixinganglesin2θℓeff,whichareindepen-
dentofPDF.ThedilutionfactorsDqinthefirstequality
ofEq.(1),isdefinedastheprobabilityofhavingthean-
tiquarkenergyhigherthanthequarkenergy,andcanbe
modeledandpredictedbythePDFsas:

Dq(xL,xS) =
q(xS)̄q(xL)

q(xS)̄q(xL)+q(xL)̄q(xS)
(2)

wherexSandxLaretheBjorkenvariables,respectively
forthesmallandlargevaluesinaq̄qpair.Theyarerelat-
edtothebosonkinematicsasxL,S= M2+Q2T/

√
s×

e±Y,whereQTisthetransversemomentumofthedilep-
tonsystem.InDrell-YanproductionsattheLHC,the
largerfractionxLvariesfromO(10

−2)toO(10−1),while
thesmalleronexSisatanorderofO(10

−4)toO(10−3).
Basedonthefactorizationformalism,thePDFinfor-
mation,thatispresentedbythecrosssectionsαqand
dilutionfactorsDq,isthereafterdecoupledfromtheEW
calculations,asthecoefficientsinfrontoftheAuFBand
AdFB terms. Theprotonstructureinformationcanbe
furtherfactorizedasthestructureparametersofPu0and
Pd0 whicharedefinedasthemagnitudeoftheup-type
anddown-typecoefficients,averagedoverthemassrange
oftheAFBspectrum,togetherwiththeresidualmass-
dependenttermsof∆u(M)and∆d(M),respectively,as
showninthesecondequalityofEq.1.Thedetaileddefi-
nitioncanbefoundinRef.[6].Sincethedilutionfactors
ofthes,candbquarksarecloseto0.5,Pu0 andP

d
0are

dominatedbytheuandd(anti)quarkcontributions.In
practice,thestructureparametersPu0,P

d
0andtheEW

parametersin2θℓeffcanbetreatedasexperimentalob-
servables,anddeterminedbysimultaneousfittoachieve
thebestagreementbetweenthetheoreticaltemplateof
Eq.(1)andthemeasuredAFB(M)spectrum. Dueto
lackofsufficientconstraintsfromtheAFBdistribution,
themassevolutionterms∆(M)havetobefixedtosome
PDFpredictions.ThePDFchoiceinthe∆(M)predic-
tionwouldintroduceadditionaltheoreticaluncertainties
tothemeasurementofPu0,P

d
0andsin

2θℓeffparameters.
However,∆(M)termsonlydescribethevariationofpar-
tondensitiesinarelativelysmallmasswindowaround
theZpoleunderinvestigation,thusthe∆-inducedun-
certaintiesarenotcomparabletothestatisticaluncer-
taintiesofthedatastudiedinthiswork.
Followingtheabovestrategy,theprotonstructure
andEWparametersarethenextractedfromtheCMS
e+e−+µ+µ− combined8TeVAFB [7],withfour|Y|
binsupto2.4,whilethebinof|Y|>2.4isnotusedin
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thisworkduetoitslowstatistic.TheAFBresultswith
M> 320GeVarealsoexcluded,duetotheirlowsen-
sitivityandlargeuncertaintiesfrom∆(M). Thefitted
sin2θℓeffvalues,asgiveninTableI,arestatisticallycon-
sistentwiththevalueof0.23101±0.00053measuredby
theCMSCollaborationusingthesamedata[16].Theob-

|Y|bins [0,1.0] [1.0,1.25][1.25,1.5][1.5,2.4]
Fitted 0.2336 0.2323 0.2300 0.2313
sin2θℓeff ±0.0017±0.0016 ±0.0016±0.0006

TABLEI:Fittedvaluesanduncertaintiesofsin2θℓefffromthe
CMS8TeVAFB(M)measurement.Theuncertaintyincludes
thefittingerrorderivedfromexperimentaluncertainty,and
thetheoreticalerrorarisingfrom∆(M)estimatedbyusing
CT18errorsets.

servedstructureparametersPu0andP
d
0,asafunctionof

|Y|,areshowninFigure2,comparedtotheResBospre-
dictionswithCT18,MSHT20andNNPDF3.1[10,11,17]
PDFs.Inall|Y|bins,theobservedPu0valuesaresmall-
erthanthetheorypredictions,whilethePd0 valuesare
largerthantheexpectations.Thedeviationimpliesthat
there mightbe moresignificantcontributionfromthe
down-typequarksubprocesseswithrespecttothetheo-
rypredictionofcurrentPDFsets.Suchresultsreflect
thebehavioroftheAFB(M)distributionsreportedby
CMS.DuetothedifferencebetweentheZbosoncou-
plingstothedown-typeandup-typequarks,themagni-
tudeofAdFBaroundtheZpoleissmallerthanthatof
AuFB.Consequently,ifthemeasuredAFBvaluesaround
MZ areclosertozerothanexpectation,itcouldnatu-
rallyimplyahigherweightofAdFB inthedata. This
featurecanbeclearlyseenthroughtheCMSreported
AFBaroundtheZpole,asdepictedinFigure1.
Inprinciple,asshowninEq.(1),Pu0 andP

d
0contain

variousinformation. Theirvaluesaregovernedbythe
lightquark(uandd)PDFsatbothxLandxSregions;
Thes,candbquarkcontributions,whichappearinthe
denominatorsinEq.(1),canalsochangetheobserved
P0values;Itmightevenbecomplicatedbytakingthe
differencebetweenqandq̄densitiesfors,candbquarks
intoaccount.

However,αs,αcandαbarenotaslargeasαuand
αd,thusnotdominatingtheZbosonproduction.Con-
tributionfromthedifferencebetweenqandq̄densities
forq=s,candbisevensmaller. Uptothenext-to-
leadingorder(NLO)inQCD,wehavec(x)=c̄(x)and
b(x)=̄b(x)attheQ0scalearound1GeV,fromwhere
thePDFsareevolvedtohigherenergyscales,sothat
1−2D=0.AtNNLO,anon-vanishing1−2Dcanbe
generated,butexpectedtobenegligibleduetothesup-
pressionofthestrongcouplingstrength.Forthesquark,
s(x)=̄s(x)isalreadyallowedattheleadingorder(LO)
intheglobalanalysisofbothMSHT20andNNPDF4.0,
butthedifferencebetweens(x)ands̄(x)intherelevant
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FIG.2: ThePu0 andP
d
0 parametersextractedfromthe

AFB(M)spectrumin|Y|binsof[0,1.0],[1.0,1.25],[1.25,
1.5]and[1.5,2.4],andthecorrespondingResBospredictions
fromCT18, MSHT20andNNPDF3.1.Theerrorbarsofthe
extractedPu0 andP

d
0 correspondtotheuncertaintyextrapo-

latedfromthetotaluncertaintyandthebin-by-bincorrela-
tionprovidedbytheCMScollaboration. Theerrorbarsof
thepredictedPu0 andP

d
0 correspondtothe68%C.L.PDF

uncertainties.

xregionofthisworkdoesnotinducenoticeablecontri-
butiontoP0. Therefore,theleadingsensitivityofPu0
andPd0 asexperimentalobservablesisontheuandd
quarkPDFs. AsdiscussedintheIntroduction,recent
globalanalysesyieldastrongerdquarkPDFafterin-
cludingthemeasurementsofthesingleinclusiveW and
Zbosonproductions(withoutAFB)attheLHC.Based
ontheabovediscussions,theresultsfromtheCMSAFB
measurement,toacertaindegree,supporttheconclu-
sionfromtherecentglobalanalysis,whichisonepossible
explanationonthedeviationbetweenthemeasuredP0
valuesandthetheorypredictions.
Nevertheless, the measuredstructure parameters
cannowbeusedasstandalonedataconstraintsinthe
PDFglobalanalysis,InTableII,welistthePu0 and
Pd0valuesextractedfromtheCMS8TeVAFB(M)data.

STRUCTUREPARAMETERSFROMTHE
TEVATRONDATA

Inthissection,weextractthestructureparameters
fromtheAFB(M)spectrummeasuredinp̄p→ Z/γ

∗→
e+e− eventsat

√
s=1.96TeVbytheD0collaboration

[8]. UnliketheLHC,thehardprocessesinTevatronp̄p
collisionaredominatedbythevalenceuandd-quarks.
Besides,duetoarelativelylowbeamenergy,eventhe
smallermomentumfractionxSattheTevatronisaround
10−2. Asaresult,theTevatrondatacouldprovidea
directconstraintespeciallyinthexregionabove0.01,
onthevalenceuanddquarkPDFs.
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|Y|bins Pu0±(exp.) Pd0±(exp.) correlation
±(∆) ±(∆)

[0,1.0] 0.1118±0.00810.0551±0.0118 -0.92
±0.0030 ±0.0039

[1.0,1.25]0.2644±0.01760.1116±0.0247 -0.93
±0.0048 ±0.0073

[1.25,1.5]0.3350±0.01930.1282±0.0273 -0.93
±0.0053 ±0.0083

[1.5,2.4] 0.4681±0.01550.1955±0.0193 -0.92
±0.0069 ±0.0105

TABLEII:FittedvaluesanduncertaintiesofPu0andP
d
0from

theCMSAFB(M)measurement. Thefirstuncertaintiesin
thebreakdownareextrapolatedfromtheexperimentalun-
certaintiesontheAFB(M),withthebin-by-bincorrelation
onsystematicstakenintoaccount.Theseconduncertainties
inthebreakdowncorrespondtothetheoreticalerrorsarising
from∆(M)estimatedbyusingtheCT18errorsets.

AttheTevatron,AFBcanbemeasuredintheCollins-
Soperframe,ofwhichthez-axisisdefinedaccordingto
thedirectionsoftheprotonandantiprotonbeams.The
factorizationoftheAFB(M)inp̄p→ Z/γ∗ → ℓ+ℓ−

eventssharesexactlythesameforminEq.(1),witha
differentdefinitiononthedilutionfactors.AttheTeva-
tron,thedilutionfactorisdefinedastheprobabilityof
havingaquarkfromtheantiprotonbeamandananti-
quarkfromtheprotonbeam,namelybothpartonsare
governedbythePDFsofantiquarksinproton,andcan
bewrittenas:

Dq(x1,x2)=
q̄(x1)̄q(x2)

q(x1)q(x2)+̄q(x1)̄q(x2)
(3)

wherenorequirementofx1>x2orx1<x2isneed-
ed.Nonetheless,thedilutionfactorsattheTevatronare
smallanyway.Theyareingenerallowerthan10%,while
attheLHCtheycanbeaslargeas40%inlowrapidity
region.
TheD0collaborationprovidedtheirAFB(M)results
inaY-integratedphasespace,inamassrangeupto1
TeV.Inthispaper,weusethedatainthemasswindowof
[50,250]GeVtoextractthestructureparameters.High-
ermassregionisexcludedduetotheirlowstatisticand
largeuncertaintyfrom∆(M).InFigure3,wecompare
theD0AFB(M)dataandtheResBospredictionwith
CT18NNLO,asafunctionofM.
ThecomparisonshowsthesametendencyastheCMS
data,thattheobservedasymmetryAFBattheTevatron
hassmallerabsolutevaluesaroundZpolethanpredic-
tions.TheextractedvaluesofthePu0 andP

d
0,together

withtheiruncertainties,arecomparedtotheResBos
predictionsusingvariousPDFsinTableIII.Thecorre-
lationbetweentheuncertaintiesoftheextractedPu0and
Pd0 is−0.95. Asexpected,theobservedstructurepa-
rametersindicatemoresignificantcontributionfromthe
dquarks.Infact,Pu0andP

d
0reflecttherelativestrength

oftheūuandd̄dsubprocessesinDrell-Yanproductions,
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FIG.3:ThespectrumofAFB(M)measuredusingtheTeva-
trondata,andthecorrespondinguncertainties.Thebottom
panelisthedifferencebetweentheD0 measuredAFB and
theResBos+CT18predictedones.Theuncertaintiesonthe
theoreticalpredictionscorrespondtothe68%C.L.PDFun-
certainties

Pu0 Pd0
D0data 0.6395±0.0356(exp.)0.2706±0.0662(exp.)

±0.0059(∆) ±0.0061(∆)
CT18 0.6994±0.0089 0.1733±0.0062
MSHT20 0.6887±0.0066 0.1658±0.0075
NNPDF3.1 0.6919±0.0054 0.1703±0.0055

TABLEIII:PredictionsonPu0 andP
d
0 inp̄pcollisionsfrom

CT18, MSHT20andNNPDF3.1,comparedtotheextracted
valuesfromtheD0AFB(M). Thefirstuncertaintylabeled
withexp.ontheextractedPu0 andP

d
0 correspondstothe

experimentaluncertainty,whilethesecondonlabeledwith
∆comesfromthetheoreticalerrorof ∆(M)estimatedby
usingtheCT18errorsets. Uncertaintiesonthepredictions
correspondtothe68%C.L.PDFuncertainties.

ratherthantheirabsolutecontributions. Accordingly,
whentheobserveddquarkcontributionsareenhanced,
theuquarkonesareexpectedtobesuppressed.These
negativecorrelationshavebeendemonstratedinboththe
observationsofPu0andP

d
0formtheCMSandD0data.

Ontheotherhand,thefittedsin2θℓeffgives0.2318±
0.0014,whichisconsistentwiththevalueof0.2309±
0.0010extractedbytheD0Collaboration[8],usingthe
samedatawithconventionalmethod.Infact,ascon-
cludedinRef.[18],thePDFschangetheAFB(M)dis-
tributiononitsshapeasarotationaroundtheZpole,
whilesin2θℓeffgovernsAFB(M)moreonitsaveragevalue.
Therefore,boththeresultsoftheFigure1andFigure3
callforachangeintheircorrespondingPu0 andP

d
0val-

ues,ratherthanthesin2θℓeffvalue.Thatisindeedwhat
wehavefound.
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CONCLUSION

Inthispaper,wepresentthefirstapplicationofthefac-
torizationformalismoftheforward-backwardasymmetry
AFBobservableathadroncolliders,anddeterminethe
protonstructureparametersPu0andP

d
0byfittingtothe

AFBdistributionsmeasuredbyCMSandD0.Theval-
uesofPu0 andP

d
0,determinedfromboththeCMSand

D0experiments,arestandaloneobservablesandcanbe
usedasexperimentalinputsinthePDFglobalanalysis.
Thoughtheobservedstructureparametersarestillsta-
tisticallylimited,theCMSandD0datacoincidentlyhint
atanindicationthatthedown-typequarkcontribution
mightbehigherthanthepredictionsofcurrentPDFs.
Wewouldliketopointoutthat:1)Theindicationby
nowsimplycomesfromthedirectcomparisonbetween
theextractedvaluesofPu0 andP

d
0andtheirtheoretical

predictionsbasedonthefactorizationformalismpresent-
edinRef.[6].Tounderstandtheimpactofthestructure
parametermeasurements,thenumericalresultsofthis
workshouldbeintroducedintoacompletePDFglobal
analysis;2)ToconfirmthedeviationofobservedPu0and
Pd0,largerdatasampleshouldbeusedatbothhadron
colliders. FortheLHC,the130fb−1dataat13TeV
hasalreadybeencollectedduringitsRun2period,and
moredatawillbecollectedinthefuture.FortheTeva-
tron,theAFB(M)distributionusedinthisworkcorre-
spondstoonlyhalfoftheD0datawithonesinglechan-
nelofthedielectronfinalstate.Itcouldbeseveraltimes
moreeventsifthefulldatasetcollectedbyboththeD0
andCDFdetectorcanbeused,withbothdielectronand
dimuonfinalstatesincluded.
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