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Abstract

WepresentaperturbativeQCDfactorizationformulaforsubstructuresofanenergeticHiggsjet,taking
theenergyprofileresultingfromtheH→ b̄bdecayasanexample.Theformulaiswrittenasaconvolution
ofahardHiggsdecaykernelwithtwob-quarkjetfunctionsandasoftfunctionthatlinksthecolorsofthe
twobquarks. WederiveananalyticalexpressiontoapproximatetheenergyprofilewithinaboostedHiggs
jet,whichsignificantlydiffersfromthoseofordinaryQCDjets. Thisformalismalsoextendstoboosted
W andZbosonsintheirhadronicdecaymodes,allowinganeasyandefficientdiscriminationoffatjets
producedfromdifferentprocesses.
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TheHiggsboson,whichisresponsiblefortheelectroweaksymmetrybreakingmechanismintheStandard
Model(SM),hasbeendiscoveredattheLargeHadronCollider(LHC)withitsmassaround125GeV.
ThoughitscouplingstootherparticlesseemtobeconsistentwiththeSM,theultimatetestastowhether
thisobservedparticleistheSMHiggsbosonreliesonthe measurementofthetrilinearHiggscoupling
thatappearsinHiggspairproduction.AHiggsbosonispredominantlyproducedatrestviagluonfusion
processesattheLHC.Ithasbeenshown[1]thatthecrosssectionoftheHiggspairproductionincreases
rapidlywithcenter-of-massenergyofhadroncolliders. Withmuchhighercollisionenergyinthepartonic
process,preferredforexploringthetrilinearHiggscoupling,theHiggsbosonanditsdecayproductswillbe
boosted.AnenergeticHiggsbosoncanalsobeassociatelyproducedwithotherSMparticles,suchasW,Z
bosons,topquarksandjets[2].
TheSMHiggsbosondecaysintoapairofbottomquarkandantiquarkdominantly. WhentheHiggs

bosonishighlyboosted,thispairofbottomquarksmayappearasasinglejetandcannotbeunambiguously
discriminatedfromanordinaryQCDjet.Asimilarchallengeappliestotheidentificationofotherboosted
heavyparticles,e.g.,W bosons,Zbosons,andtopquarks,whendecayingviahadronicmodes. Hence,
additionalinformationoninternalstructuresoftheseboostedjets(suchastheirmasses,energyprofiles,
andconfigurationsofsubjets)isrequiredfortheexperimentalidentification. Manytheoreticaleffortswere
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devotedtotheexplorationofheavyparticlejetpropertiesbasedoneventgenerators[3–5].Recently,theper-
turbativeQCD(pQCD)formalism,includingfixed-ordercalculations[6]andtheresummationtechnique[7],
wasemployedtoinvestigatejetsubstructures.Thealternativeapproachbasedonthesoft-collineareffective
theoryanditsapplicationtojetproductionatanelectron-positroncolliderwerepresentedinRefs.[8,9].
InthisLetterwedevelopapQCDfactorizationformulatodescribetheinternaljetenergyprofile(JEP)

oftheboostedjetresultingfromtheH→ b̄bdecay,withenergyEJH andinvariantmassmJH.Thebasic
ideaofourtheoreticalapproachisasfollows.AHiggsbosonisacolorlessparticle,whileitsdecayproducts,
thebottomquarkandantiquark,arecoloredobjectsanddressedbymultiplegluonradiationstoforma
systemwithmassofO(mJH)andenergyofO(EJH).TheinvariantmassmJofthebottomquarkandits
collimatedgluons,withenergyofO(EJH),typicallysatisfiesthehierarchyEJH ≫ mJH ≫ mJ.Basedon
thefactorizationtheorem,QCDdynamicscharacterizedbydifferentscalesmustfactorizeintosoft,collinear,
andhardpieces,separately.First,theHiggsjetfunctionJH isfactorizedfromaHiggsbosonproduction
processattheleadingpowerofmJH/EJH. Thentheb-quarkjetfunctionisdefinedattheleadingpower
ofmJ/mJH [7],softgluonswithenergyofO(mJH)areabsorbedintoasoftfunctionS,andtheremaining
energeticgluonswithenergyO(EJH)andinvariantmassofO(mJH)gointothehardHiggsdecaykernelH.
TheHiggsJEPisthenfactorizedatleadingpowerofmJ/mJH intoaconvolutionofthehardkernelwith

twob-quarkjetfunctionsandasoftfunctionthatlinkscolorsofthetwobquarks. Wewilldemonstratea
simplescheme,inwhichthesoftgluonsareabsorbedintooneoftheb-quarkjets,formingafatjet,andthe
softfunctionreducestounity.Theotherb-quarkjetisathinjettoavoiddoublecountingofsoftradiation.
EvaluatingthedecayH→ b̄buptoleadingorder(LO)inthecouplingconstantαsandsubstitutingthe
light-quarkjetfunctionin[7]fortheb-quarkjetfunctions,wepredicttheHiggsJEP.SinceaHiggsbosonis
massiveandacolorsinglet,itsJEPdramaticallydiffersfromthatofordinaryQCDjets.Below,wepresent
thederivationoftheJEPofaHiggsbosondecayingintoabottom-quarkpair.
Thefour-momentumoftheHiggsjetcanbewrittenasPJH =EJH(1,βJH,0,0),withβJH = 1−(mJH/EJH)

2.
We definetheHiggsjetfunctionatthescaleµas

JH(m
2
JH,EJH,R,µ

2)=
2(2π)3

EJH NJ

0|φ(0)|NJ NJ|φ
†(0)|0 (1)

×δ(m2JH −m̂
2
JH(NJ,R))δ(EJH −E(NJ))δ

(2)(̂nJH −n̂(NJ)),

wherethecoefficienthasbeenchosentosatisfyJ
(0)
H =δ(m2JH −m

2
H)atthezerothorderintheYukawa

coupling.mH representstheHiggsbosonmass,andRtheHiggsjetconeradius.Thethreeδ-functionsin
theabovedefinitionspecifytheHiggsjetinvariantmass,energy,andunitmomentumdirectionoftheset
NJoffinal-stateparticles,respectively. Afterapplyingtheaforementionedfactorizationprocedure,JH is
writtenas

JH(m
2
JH,EJH,R,µ

2)=
1

EJH
Πi=1,2 dm2JidEJid

2n̂Ji dωS(ω,R,µ2f)Ji(m
2
Ji,EJi,Ri,µ

2
f)

×H(PJ1,PJ2,R,µ
2,µ2f)δ(m

2
JH −PJ1·PJH −PJ2·PJH −ω)×δ(EJH −EJ1−EJ2)δ

(2)(̂nJH −n̂J1+J2),(2)

wherethefactorizationscaleµfisintroducedbytheb-quarkjetfunctionsJi.mJi(EJi,PJi,Ri)isthe
invariantmass(energy,momentum,radius)oftheb-quarkjets,andthesoftfunctiontakestheformS(0)=
δ(ω)atLOwiththevariableω≡PS·PJH,wherePSisthesoftgluonmomentum.
TodescribetheHiggsJEP,wedefinethejetenergyfunctionJEH(m

2
JH
,EJH,R,r,µ

2)byincludingin
Eq.(2)astepfunctionΘ(r−θj)foreveryfinal-stateparticlej.Thefinal-stateparticleswithnon-vanishing
stepfunctions(i.e.,emittedwithinthetestconeofradiusr)andassociatedwiththeb-quarkjetJiare
groupedintotheb-quarkjetenergyfunctionJEi(m

2
Ji
,EJi,Ri,ri,µ

2
f). Theenergeticfinal-stateparticles

outsidetheb-quarkjetsandwithinthetestconeareabsorbedintothehardkernelHE. Theotherfinal-
stateparticlesoutsidethetestconeareabsorbedbackintotheiroriginalfunctions.Inthiswork,wewill
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consideronlytheLOhardkernel,forwhichHE=H(0).Wethenarriveat

JEH(m
2
JH,EJH,R,r,µ

2)=
1

EJH
Πi=1,2 dm2JidEJid

2n̂Ji dωS(ω,R,µ2f)

×
i=j

JEi(m
2
Ji,EJi,Ri,ri,µ

2
f)Jj(m

2
Jj,EJj,Rj,µ

2
f)H

(0)(PJ1,PJ2,R,µ
2,µ2f)

×δ(m2JH −PJ1·PJH −PJ2·PJH −ω)δ(EJH −EJ1−EJ2)δ
(2)(̂nJH −n̂J1+J2), (3)

wheretheLOhardkernelis

H(0)=
Nc
2π3

mb
v

2(EJ1EJ2)
2[1−cos(θJ1+θJ2)]

(P2JH −m
2
H)
2+Γ2Hm

2
H

, (4)

withthenumberofcolorsNc,theb-quarkmassmb,thevacuumexpectationvaluev,theHiggsdecaywidth
ΓH,andthepolarangleθJioftheb-quarkjetJirelativetotheHiggsjetaxis.
WehavethefreedomtochoosethejetparametersRiandri,whosevaluesdependontheschemeadopted

tofactorizethesoftradiationintheHiggsjetintodifferentconvolutionpiecesinEq.(3).Asimplescheme
istotakeJ1asathinjet,suchthatitsentireenergyiscountedwhenasufficientamountofthethinjet
iswithinthetestconeasspecifiedbelow.Forthat,wesetR1=r1=r,whichincreasesfromtheminimal
value0.1inournumericalanalysis.ThischoiceleadstothesimplificationofJE1,J

E
1(m

2
J1
,EJ1,r,r,µ

2
f)=

EJ1J1(m
2
J1
,EJ1,r,µ

2
f)Θ(ar−θJ1),witha∼O(1)beingageometricfactor.Theschemealsoincludesafat

jetJ2withalargeconeradiusR2=R,whichthenabsorbsallsoftradiationintheHiggsjet.Theenergy
functionofthefatjetJE2(m

2
J2
,EJ2,R,r2=r,µ

2
f),whichcontributestotheHiggsJEPasθJ2≤ar,willtake

theresultderivedintheresummationtechnique[7,10].
Next,weintegrateoutthedependenceontheHiggsjetinvariantmassbytakingthefirstmomentinthe

MellintransformationofJEH,definedas̄J
E
H(1,EJH,R,r,µ

2)≡ JEH(m
2
JH
,EJH,R,r,µ

2)dm2JH/(REJH)
2.To

performtheintegrationovern̂J2,wewritethecorrespondingδ-functionas

δ(2)(̂nJH −n̂J1+J2) = δ
PJH
|PJH|

−
PJ1+PJ2
|PJ1+PJ2|

,

=
|PJ1+PJ2|

|PJ2|
δ
|PJ1+PJ2|

|PJH||PJ2|
PJH −

PJ1
|PJ2|

−n̂J2 , (5)

wheretheratioisgivenby|PJ1+PJ2|/|PJ2|=(EJ1cosθJ1+EJ2cosθJ2)/EJ2. Theangularrelation
EJ1sinθJ1=EJ2sinθJ2isthendemanded.TheintegrationoverEJ2istrivial.Theb-quarkjetmassesmJi,
whosetypicalvaluesaremuchlowerthanmH,arenegligibleinthehardkernel.Theintegrationsoverm

2
JH

andm2Jicanthenbedonetrivially,with dm2JiJi(m
2
Ji
,EJi,Ri,µ

2
f)=1+O(αs)≈1.

Thesoftfunctionisdefinedasavacuumexpectationvalueoftwo Wilsonlinksinthedirectionsξ̄Ji=
(1,̂nJi)/

√
2withn̂Ji=PJi/|PJi|,i=1,2. Anexplicitnext-to-leading-order(NLO)calculationinthe

Mellin(N)spacegives

S(1)=
αsCF

π(REJH)
2
ln

ξ̄2J1ξ̄
2
J2

4(̄ξJ1 ·̄ξJ2)
2

1

ǫ
+ln

4πµ2fN̄
2

R4E2JHe
γE

, (6)

wherethecolorfactorCF=4/3andthemomentN̄≡Nexp(γE),withγE beingtheEulerconstant.The
off-shellnessξ̄2Jiassociatedwiththeb-quarkjetsimpliesthatS

(1)containsthecollineardynamicswhich
hasbeenabsorbedintothejetfunctions.Hence,thesubtractionofthecollineardivergencesfromthesoft
functionisnecessarytoavoiddoublecounting.Thecollineardivergencesfromloopmomentacollimatedto
thebquark(̄bquark)canbecollectedwiththeb̄quark(bquark)linebeingreplacedbytheeikonalline
inthedirectionnJ1(nJ2)thatappearintheb-quarkjetdefinitions[6].TheNLOsubtractiontermforthe
latterwiththesameconeradiusRisobtainedbysubstitutingthevectornJ2 for̄ξJ1 inS

(1). Afterthis
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subtraction,wehave

S(1)−S(1)nJ2=
αsCF

π(REJH)
2
ln
ξ̄2J1(̄ξJ2·nJ2)

2

(̄ξJ1 ·̄ξJ2)
2n2J2

1

ǫ
+ln

4πµ2fN̄
2

R4E2JHe
γE

, (7)

towhichwecanfurtherimposethecondition4(̄ξJ2·nJ2)
2/n2J2 =R

2fordefiningaquark(orgluon)jet

[7].BecausethethinjetJ1contributesonlytheoverallnormalizationinJ̄
E
H,thechoiceofnJ1isarbitrary.

Wethenutilizethisfreedom,andchoose nJ1suchthatS
(1)
nJ1
hasthelogarithmiccoefficientthesameasof

S(1)−S
(1)
nJ2
.Thischoiceispossible,becauseof̄ξJ1 ·̄ξJ2∼(mH/EJH)

2∼O(r)intheconsideredkinematic
region.Thefurthercollinearsubtractionleadsto

S(1)−S(1)nJ1−S
(1)
nJ2
≈0, (8)

sothesoftfunctioninthisspecialschemeisgivenbyS(ω,R,µ2f)≈δ(ω).
Equation(3)thenreducesto

J̄EH(1,EJH,R,r) =
1

R2(EJH)
3

1

π2
mb
v

2

dEJ1 dcosθJ1(EJ1cosθJ1+EJ2cosθJ2)

× E2J1Θ(ar−θJ1)+R
2E3J2J̄

E
2(1,EJ2,R,r)Θ(ar−θJ2)

×
EJ1EJ2[1−cos(θJ1+θJ2)]

{2EJ1EJ2[1−cos(θJ1+θJ2)]−m
2
H}
2+Γ2Hm

2
H

, (9)

wherethelight-quarkjetfunctionsaresetatthefactorizationscaleµ2f=(EJR)
2/̄N,therenormaliza-

tionscaleforJ̄EH ischosentobeµ= EJHr/R[7],andthe MellintransformationJ̄
E
2(1,EJH,R,r)≡

JE2(m
2
J2
,EJH,R,r)dm

2
J2
/(REJ2)

2hasbeeninserted.
Thechoiceofthemergingparameteraisamatteroffactorizationschemes,andthedifferencearising

fromdistincta’swillbecompensatedbythecorrespondingdistincthardkernelsHE. Thatis,alargera
meansmorecontributiontotheHiggsJEPfromtheb-quarkjets,andlesscontributionfromHE.Sincewe
neglectHEandconsideronlytheLOhardkernelH(0)here,ouranalysiswillbemoreconsistent,asalarger
aischosen.Below,wesetainEq.(9)toitsmaximalallowedvalue,a=2,accordingtotheprescription
oftheconealgorithm,andpredicttheHiggsJEPwithEJH =500GeVandEJH =1000GeV,bothwitha
coneradiusofR=0.7.AJEPisdefinedas

Ψ(EJ,R,r)=
J̄E(1,EJ,R,r)

J̄E(1,EJ,R,R)
. (10)

ItisinterestingtonotethatasimpleexpressioncanbederivedfortheJEPofaboostedHiggsjetafter
applyingthenarrowwidthapproximationfortheHiggsbosonpropagator.Ityields

Ψ(EJH,R,r)=

1

zm(r)
dzz(1−z)[1+Ψq(zEJH,R,r)]

1

zm(R)
dzz(1−z)[1+Ψq(zEJH,R,R)]

, (11)

wheretheintegrationvariablez=EJ1/EJH,thelowerlimitzm(r)=m̂
2
H/(̂m

2
H+a

2r2),thesmallparameter
m̂H ≡mH/EJH,andΨqdenotesthelight-quarkJEP[7,10]. ComparedtotheenergyprofilesofQCD
jets[7],theHiggsJEPisloweratsmallrduetothedead-coneeffect,andincreasesfasterwithroncethe
energeticb-quarkjetsstarttocontribute.
OurformalismcanbereadilyextendedforstudyingboostedW andZbosonsintheirhadronicdecay

modes,byinsertingtheirmassesandwidths,sinceEq.(11)iscoupling-andspin-independent. Asshown
inFig.1,thepredictedW,ZandHiggsJEPsarewellconsistentwiththosefromPythia8[11]forthe
heavy-bosonjetenergyEJ=500GeV.ForthePythia8comparison,wehaveusedthe4Ctunewhichwas
showntoagreewellwiththeATLASdatafortheJEPsofQCDjetswithenergiesrangingfrom30GeVto
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Figure1:ComparisonofW,ZandHiggsJEPstoPythia8
predictions,forEJ=500GeVandR=0.7.
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Figure2:ComparisonofW,ZandHiggsJEPstoPythia8
predictions,forEJ=1000GeVandR=0.7.
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Figure3:EnergydependenceoftheJEPsforHiggs,W,andZforfixedr=0.2andR=0.7.

600GeV[12].Intheanalysisweincludetheeffectsofinitial-stateandfinal-stateradiations,hadronization,
andbeamremnants,butturnofftheeffectsfrommultiplepartoninteractions.Similaragreementisalso
observed,cf. Fig.2,fortheseboostedelectroweakbosonsat1TeV,thoughthedeviationatr=0.1is
larger.Fromthesefigures,wecangetaroughestimateoftheeffectiveradiineededtocaptureallofthe
radiationfortheseboostedelectroweakbosons. WefindthattheeffectiveradiusneededisR≈0.7and
R≈0.3fortheHiggsbosonat500GeVand1TeV,respectively,and0.4and0.25foreitherW orZ
bosons. Moreover,theW andZJEPsarethinnerthantheHiggsJEPduetotheirsmallermasses.This
isfurtherdemonstratedviatheenergydependenceoftheJEPforafixedrvalue(r=0.2)inFig.3:the
separationoftheW,Z,andHiggsjetsbecomesmoredifficultasthejetenergyincreases,becausetheratio
ofthemasstothejetenergybecomessmaller.NotethatthesimpleexpressioninEq.(11)isderivedunder
theaforementionedapproximations,attheLOaccuracyforthehardkernels,andwiththeneglectofsoft
linksamongtheheavy-bosonjetandothersubprocesses,suchasbeamsandotherfinal-stateparticles.The
associatedtheoreticaluncertaintiescanbereducedbytakingintoaccountrelevantcorrections,andwill
beaddressedinafuturework.Furthermore,thequestionsofhowtechniquesliketrimming[13],pruning
[14,15],soft-drop[16,17],andothersimilartechniquesaffecttheJEP,howsubleadingcorrectionsaffect
theJEP,andwhathappenstotheprofileifweloosensomeoftheaforementionedapproximationswillbe
investigatedinafuturework.
Inconclusion,wehaveappliedthepQCDfactorizationtoformulatetheJEPofaboostedcolorless

heavy-particle(suchasW,Z,Higgs,W′andZ′boson)jet,whichisfoundtodifferdramaticallyfromthe
ordinaryQCDJEPswithsimilarenergyandjetradius.Theformalismisgreatlysimplifiedbyconsidering
insidetheboostedjetathinjetandafatjet,whichabsorbsallthesoft-gluoneffect,whentheheavy-particle
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decaysintoaquarkandantiquarkpair. Moreinterestingly,theanalyticalexpressionfortheJEPsofthe
electroweakbosonsallowsforaneasyandefficientdiscriminationofdifferentproductionprocessesforthese
boostedjets.TheimplementationofthisdiscriminationmethodcanfurtherhelpsuppressQCDbackground
tosignalsofboostedW andZjets,afterapplyingconventionalkinematicselections.
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