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SY N O PSIS

DuringthisW orkshop,theHiggsworking group hasaddressed theprospectsforsearches

forHiggsparticlesatfutureTeV colliders[theTevatron RunII,theLHC and a futurehigh{

energy e+ e� linearcollider]in the contextofthe Standard M odel(SM )and itssupersym -

m etricextensionssuch astheM inim alSupersym m etric Standard M odel(M SSM ).

In the pasttwo decades,the m ain focusin Higgsphysics atthese colliders wason the

assessm entofthediscoveryofHiggsparticlesinthesim plestexperim entaldetection channels.

A form idablee�orthasbeen devoted to addressthiskey issue,and thereisnow littledoubt

thata Higgsparticlein both theSM and theM SSM cannotescapedetection attheLHC or

attheplaned TeV lineare+ e� colliders.

Once Higgsparticleswillbe found,the nextim portantstep and challenge would be to

m akeadetailed investigation oftheirfundam entalpropertiesand toestablish in allitsfacets

theelectroweak sym m etry breaking m echanism .To undertakethistask,m oresophisticated

analysesareneeded sinceforinstance,onehastoincludethehigher{ordercorrections[which

areknown toberatherlargeathadron collidersin particular]tothem ain detection channels

to perform precision m easurem ents and to consider m ore com plex Higgs production and

decay m echanism s[forinstancetheproduction ofHiggsbosonswith otherparticles,leading

tom ulti{body�nalstates]topin down som eoftheHiggspropertiessuch astheself{coupling

orthecoupling to heavy states.

W e have addressed these issuesatthe LesHouchesW orkshop and initiated a few theo-

retical/experim entalanalysesdealing with the m easurem entofHiggsboson propertiesand

higherordercorrectionsand processes.Thisreportsum m arizesourwork.

The �rstpartofthisreportdealswith the m easurem entsatthe LHC ofthe SM Higgs

boson couplingsto thegaugebosonsand heavy quarks.In part2,theproduction oftheSM

and M SSM neutralHiggs bosons at hadron colliders,including the next{to{leading order

QCD radiative corrections,is discussed. In part3,the signatures ofheavy charged Higgs

particlesin the M SSM are analyzed atthe LHC.In part4,the e�ectsoflighttop squarks

with largem ixing on thesearch ofthelightestM SSM Higgsboson isanalyzed attheLHC.

In part5,the double Higgsproduction isstudied athadron and e+ e� collidersin orderto

m easure thetrilinearHiggscouplingsand to reconstructthescalarpotentialoftheM SSM .

Finally,part6 sum m arizesthe work perform ed on the program sand toolswhich allow the

determ ination ofthe Higgs boson decay m odes and production cross sections at various

colliders.

A cknow ledgem ents:

W ethank theorganizersofthisW orkshop,and in particular\leGrand Ordonateur"Patrick

Aurenche,forthewarm ,friendly and very stim ulatingatm osphereofthem eeting.W ethank

alsoourcolleaguesoftheQCD and SUSY workinggroupsfortheniceand stim ulating,strong

and super,interactionsthatwehad.Thanksalso go to the\personnel" oftheLesHouches

schoolfor allowing us to do physics late at night and for providing us with a hospitable

environm entform any hotorrelaxed discussions.
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M easuring H iggs boson couplings at the LH C

D .Zeppenfeld,R .K innunen,A .N ikitenko and E.R ichter{W a�s

A bstract

For an interm ediate m ass Higgs boson with SM -like couplings the LHC allows

observation ofavariety ofdecay channelsin production bygluon fusion and weakboson

fusion.Crosssection ratiosprovidem easurem entsofvariousratiosofHiggscouplings,

with accuraciesoforder15% for100 fb� 1 ofdata in each ofthetwo LHC experim ents.

ForHiggsm assesabove 120 G eV,m inim alassum ptionson the Higgssectorallow for

an indirectm easurem entofthetotalHiggsboson width with an accuracy of10 to20% ,

and ofthe H ! W W partialwidth with an accuracy ofabout10% .

1 Introduction

Investigation ofthesym m etry breaking m echanism oftheelectroweak SU(2)� U(1)gauge

sym m etry willbe one ofthe prim e tasksofthe LHC.Correspondingly,m ajore�ortshave

been concentrated on devising m ethodsforHiggsboson discovery,fortheentirem assrange

allowed within the Standard M odel(SM )(100 GeV <
� m H

<
� 1 TeV,afterLEP2),and for

Higgsboson search in extensionsoftheSM ,like itsm inim alsupersym m etric extension the

M SSM [1,2].W hileobservation ofoneorm oreHiggsscalar(s)attheLHC appearsassured,

discovery willbefollowed by a m oredem anding task:thesystem atic investigation ofHiggs

boson properties. Beyond observation ofthe various CP even and CP odd scalars which

naturem ay havein storeforus,thism eansthedeterm ination ofthecouplingsoftheHiggs

boson totheknown ferm ionsand gaugebosons,i.e.them easurem entofH tt,H bb,H �� and

H W W ,H ZZ,H  couplings,to theextentpossible.

Clearly this task very m uch depends on the expected Higgs boson m ass. For m H >

200 GeV and within theSM ,only theH ! ZZ and H ! W W channelsareexpected to be

observable,and the two gauge boson m odesare related by SU(2). Above m H � 250 GeV,

where detector e�ects willno longerdom inate the m ass resolution ofthe H ! ZZ ! 4‘

resonance,additionalinform ation isexpected from a directm easurem entofthetotalHiggs

boson width,�H .A m uch richerspectrum ofdecay m odesispredicted fortheinterm ediate

m assrange,i.e.ifaSM -likeHiggsboson hasam assbetween thereach ofLEP2(<� 110GeV)

and theZ-pairthreshold.Them ain reasonsforfocusingon thisrangearepresentindications

from electroweak precision data,which favor m H < 250 GeV [3],as wellas expectations

within theM SSM ,which predictsthelightestHiggsboson tohaveam assm h
<
� 130GeV [4].

Untilrecently,theprospectsofdetailed and m odelindependentcoupling m easurem ents

atthe LHC were considered som ewhat rem ote [5],because few prom ising search channels

wereknown tobeaccessible,foranygiven Higgsbosonm ass.TakingATLAS search scenarios

asan exam ple,thesewere[1]

gg! H !  ; for mH
<
� 150 GeV ; (1)

gg ! H ! ZZ � ! 4‘; for m H
>
� 130 GeV ; (2)
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and

gg! H ! W W � ! ‘���‘� ; for m H
>
� 150 GeV ; (3)

with thepossibility ofobtainingsom eadditionalinform ation from processeslikeW H and/or

t�tH associated production with subsequent H ! �bb and H !  decay for Higgs boson

m assesnear100 GeV.Throughoutthiscontribution,\gg ! H " standsforinclusive Higgs

production,which isdom inated by thegluon fusion processfora SM -likeHiggsboson.

Thisrelatively pessim istic outlook ischanging considerably now,dueto thedem onstra-

tion that weak boson fusion isa prom ising Higgsproduction channelalso in the interm e-

diate m assrange. Previously,thischannelhad only been explored forHiggsm assesabove

300 GeV.Speci�cally,itwasrecently shown in parton levelanalyses thatthe weak boson

fusion channels,with subsequentHiggsdecay into photon pairs[6,7],

qq! qqH ;H !  ; for mH
<
� 150 GeV ; (4)

into �+ �� pairs[7,8,9],

qq! qqH ;H ! �� ; for mH <
� 140 GeV ; (5)

orinto W pairs[7,10]

qq! qqH ;H ! W W (� )! e� �� =pT ; for m H
>
� 120 GeV ; (6)

can be isolated at the LHC.Prelim inary analyses,which try to extend these parton level

results to fulldetector sim ulations,look prom ising [11]. The weak boson fusion channels

utilize the signi�cant background reductions which are expected from double forward jet

tagging [12,13,14]and centraljetvetoing techniques[15,16],and prom iselow background

environm entsin which Higgsdecayscan bestudied in detail.Theparton levelresultspredict

highly signi�cantsignalswith (substantially)lessthan 100 fb� 1.

The prospectofobserving severalHiggsproduction and decay channels,overthe entire

interm ediate m assrange,suggestsa reanalysis ofcoupling determ inationsatthe LHC [5].

Thiscontribution attem ptsa�rstsuch analysis,forthecasewherethebranchingfractionsof

an interm ediatem assHiggsresonancearefairlysim ilartotheSM case,i.e.weanalyzeaSM -

like Higgsboson only. W e m ake use ofthe previously published analysesforthe inclusive

Higgs production channels [1,2]and ofthe weak boson fusion channels [6,7,8,9,10].

Theform erwere obtained by theexperim entalcollaborationsand include detailed detector

sim ulations.Thelatterarebased on parton levelresults,which em ploy fullQCD treelevel

m atrix elem entsforallsignaland background processes.W ewillnotdiscussheredi�erences

in theperform anceexpected fortheATLAS and CM S detectorsnordetailsin thetheoretical

assum ptions which lead to di�erent estim ates for expected signaland background rates.

The reader is referred to the originalpublications from which num bers are extracted. In

Section 2wesum m arizeexpectationsforthevariouschannels,including expected accuracies

forcrosssection m easurem entofthevarioussignalsforan integrated lum inosity of100fb� 1.

Im plicationsforthe determ ination ofcoupling ratiosand the m easurem entofHiggsboson

(partial)decay widthsarethen obtained in Section 3.A �nalsum m ary isgiven in Section 4.
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2 Survey ofinterm ediate m ass H iggs channels

ThevariousHiggschannelslisted in Eqs.(1{6)and theirobservability attheLHC have all

been discussed in theliterature.W hereavailable,wegivevaluesaspresently quoted by the

experim entalcollaborations.In ordertocom paretheaccuracy with which thecrosssections

ofdi�erentHiggsproduction and decay channelscan be m easured,we need to unify these

results. Forexam ple,K -factorsofunity are assum ed throughout. Ourgoalin thissection

isto obtain reasonable estim atesforthe relative errors,�� H =�H ,which areexpected after

collecting 100 fb
� 1

in each theATLAS and theCM S detector,i.e.weestim ateresultsafter

a totalof200 fb
� 1

ofdata have been collected atthe LHC.Presum ably these data willbe

taken with a m ix ofboth low and high lum inosity running.

Table 1: Num ber ofexpected events for the inclusive SM H !  signaland expected

backgrounds,assum ing an integrated lum inosity of100 fb
� 1

and high lum inosity perfor-

m ance. Num berscorrespond to optim al invariantm asswindowsforCM S and ATLAS.

Theexpected relativestatisticalerrorson thesignalcrosssection aregiven fortheindividual

experim entsand arecom bined in thelastline.

m H 100 110 120 130 140 150

CM S [17,18] N S 865 1038 1046 986 816 557

N B 29120 22260 16690 12410 9430 7790

�� H =�H 20.0% 14.7% 12.7% 11.7% 12.4% 16.4%

ATLAS [1] N S 1045 1207 1283 1186 973 652

N B 56450 47300 39400 33700 28250 23350

�� H =�H 22.9% 18.2% 15.7% 15.7% 17.6% 23.8%

Com bined �� H =�H 15.1% 11.4% 9.9% 9.4% 10.1% 13.5%

W e�nd thatthem easurem entsarelargely dom inated by statisticalerrors.Forallchan-

nels,eventrateswith 200 fb
� 1

ofdata willbelargeenough to usetheGaussian approxim a-

tion forstatisticalerrors. The experim ents m easure the signalcross section by separately

determ ining the com bined signal+ background rate,N S+ B ,and the expected num ber of

background events,hN B i.Thesignalcrosssection isthen given by

�H =
N S+ B � hNB i

�
R
Ldt

=
N S

�
R
Ldt

; (7)

where� denotese�ciency factors.Thusthestatisticalerrorisgiven by

�� H

�H
=

p
N S+ B

N S

=

p
N S + N B

N S

; (8)

where in the last step we have dropped the distinction between the expected and the ac-

tualnum berofbackground events. System atic errorson the background rate are added in

quadratureto thebackground statisticalerror,
p
N B ,whereappropriate.
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W ellbelow the H ! W W threshold,the search for H !  events is arguably the

cleanestchannelforHiggsdiscovery. LHC detectorshave been designed forexcellenttwo-

photon invariant m ass resolution, with this Higgs signalin m ind. W e directly take the

expected signaland background rates for the inclusive H !  search from the detailed

studies ofthe CM S and ATLAS collaborations [17,18,1],which were perform ed for an

integrated lum inosity of100fb
� 1

in each detector.Expectationsaresum m arized in Table1.

Ratescorrespond to notincluding a K -factorfortheexpected signaland background cross

sectionsin CM S and ATLAS.Crosssectionshave been determ ined with thesetM RS (R1)

ofparton distribution functions(pdf’s)forCM S,while ATLAS num bersare based on the

setCTEQ2L ofpdf’s.

The inclusive H !  signalwillbe observed asa narrow  invariant m ass peak on

top ofa sm ooth background distribution. Thism eansthatthe background can be directly

m easured from thevery high statisticsbackground distribution in thesidebands.W eexpect

any system aticerrorson theextraction ofthesignaleventrateto benegligiblecom pared to

the statisticalerrorswhich aregiven in the lastrow ofTable 1.W ith 100 fb
� 1

ofdata per

experim ent�(gg ! H )� B (H ! )can be determ ined with a relative errorof10 to 15%

forHiggsm assesbetween 100 and 150 GeV.Here we do notinclude additionalsystem atic

errors,e.g.from thelum inosity uncertainty orfrom higherorderQCD corrections,because

we willm ainly considercrosssection ratiosin the �nalanalysisin the nextSection. These

system atic errors largely cancelin the cross section ratios. System atic errors com m on to

severalchannelswillbeconsidered later,whereappropriate.

A Higgssearch channelwith a m uch bettersignalto background ratio,atthe price of

lower statistics,however,is available via the inclusive search forH ! ZZ � ! 4‘ events.

Expected eventnum bersfor100fb
� 1

in both ATLAS [1]and CM S [19]arelisted in Table2.

These num bers were derived using CTEQ2L pdf’s and are corrected to contain no QCD

K-factor. For those Higgs m asses where no ATLAS or CM S prediction is available, we

interpolate/extrapolatetheresultsforthenearestHiggsm ass,takingtheexpected H ! ZZ �

branchingratiosintoaccountforthesignal.Sim ilartothecaseofH !  events,thesignal

isseen asa narrow peak in thefour-lepton invariantm assdistribution,i.e.thebackground

can be extracted directly from the signalsidebands. The com bined relative error on the

m easurem entof�(gg ! H )� B (H ! ZZ�)islisted in the lastline ofTable 2. ForHiggs

m asses in the 130{150 GeV range,and above Z-pairthreshold,a 10% statisticalerroron

the cross section m easurem ent is possible. In the interm ediate range,where H ! W W

dom inates,and forlower Higgs m asses,where the Higgs is expected to dom inantly decay

into �bb,theerrorincreasessubstantially.

Above m H � 135 GeV,H ! W W (� )becom es the dom inantSM Higgsdecay channel.

Theresulting inclusiveW W ! ‘+ �‘� �� signalisvisibleabovebackgrounds,afterexploiting

the characteristic lepton angularcorrelationsforspin zero decay into W pairsnearthresh-

old [20].Theinclusive channel,which isdom inated by gg! H ! W W ,hasbeen analyzed

by ATLAS form H � 150 GeV and forintegrated lum inosities of30 and 100 fb
� 1

[1]and

by CM S form H � 120 GeV and 30 fb
� 1

[20].The expected eventnum bersfor30 fb
� 1

are

listed in Table 3. The num bers are derived withoutQCD K-factorsand use CTEQ2L for

ATLAS and M RS(A)pdf’sforCM S results.
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Table2:Num berofexpected eventsfortheinclusiveSM H ! ZZ � ! ‘+ ‘� ‘+ ‘� signaland

expected backgrounds,assum ing an integrated lum inosity of100 fb
� 1

and high lum inosity

perform ance.Num berscorrespond to optim alfour-lepton invariantm asswindowsforCM S

and ATLAS and to the com bined total. Rates in parentheses correspond to num bers in-

terpolated,according to H ! ZZ � branching ratiosforthe signal. The expected relative

statisticalerrorson thesignalcrosssection aregiven foreach experim entand arecom bined

in thelastline.

m H 120 130 140 150 160 170 180

CM S [19] N S 19.2 55.3 (99) 131.4 (48) 29.4 (76.5)

N B 12.9 17.1 (20) 22.5 (26) 27.5 (27)

�� H =�H 29.5% 15.4% 11.0% 9.4% 17.9% 25.7% 13.3%

ATLAS [1] N S 10.3 28.7 (51) 67.6 (31) 19.1 49.7

N B 4.44 7.76 (8) 8.92 (8) 8.87 8.81

�� H =�H 37.3% 21.0% 15.1% 12.9% 20.1% 27.7% 15.4%

Com bined �� H =�H 23.1% 12.4% 8.9% 7.6% 13.4% 18.8% 10.1%

Unlike the two previousm odes,the two m issing neutrinosin the H ! W W events do

notallow fora reconstruction ofthenarrow Higgsm asspeak.SincetheHiggssignalisonly

seen asa broad enhancem entoftheexpected background ratein lepton-neutrino transverse

m assdistributions,with sim ilarshapesofsignaland background afterapplication ofallcuts,

a precise determ ination ofthe background rate from the data isnotpossible. Ratherone

hasto rely on background m easurem ents in phase space regionswhere the signalisweak,

and extrapolation to the search region using NLO QCD predictions. The precise erroron

this extrapolation is unknown at present,the assum ption ofa 5% system atic background

uncertainty appearsoptim istic butattainable. Itturnsoutthatwith 30 fb
� 1

already,the

system aticerrorstartsto dom inate,becausethebackground exceedsthesignalrateby fac-

torsofup to 5,depending on the Higgsm ass. Running athigh lum inosity m akesm atters

worse,becausethelesse�cientreduction of �ttbackgrounds,dueto lessstringentb-jetveto

criteria,increases the background rate further. Because ofthis problem we only present

resultsfor30 fb
� 1

oflow lum inosity running in Table 3.Since neitheroftheLHC collabo-

rationshaspresented predictionsfortheentireHiggsm assrange,wetakeCM S sim ulations

below 150GeV and ATLAS resultsat190GeV,butdividetheresultantstatisticalerrorsbya

factor
p
2,totakeaccountofthepresenceoftwoexperim ents.Between 150and 180GeV we

com bine both experim ents,assum ing 100% correlation in the system atic 5% norm alization

errorofthebackground.

Thepreviousanalysesaregeared towardsm easurem entoftheinclusiveHiggsproduction

cross section,which is is dom inated by the gluon fusion process. 15 to 20% ofthe signal

sam ple,however,isexpected to arise from weak boson fusion,qq ! qqH orcorresponding

antiquark initiated processes.Theweak boson fusion com ponentcan beisolated by m aking

8



Table3:Num berofexpected eventsfortheinclusive SM H ! W W � ! ‘+ �‘� �� signaland

expected backgrounds,assum ingan integrated lum inosityof30fb
� 1
.Num berscorrespond to

optim ized cuts,varying with them assoftheHiggsboson being searched for.Theexpected

relative errors on the signalcross section are given for each experim ent, separating the

statisticalerror,the e�ect ofa system atic 5% error ofthe background level,and the two

added in quadrature.Thecom bined errorforthetwoexperim entsassum es100% correlation

ofthesystem atic errorson thebackground determ ination.

m H 120 130 140 150 160 170 180 190

CM S N S 44 106 279 330 468 371 545

[20] N B 272 440 825 732 360 360 1653

�� H =�H (stat.) 40.4% 22.0% 11.9% 9.9% 6.1% 7.3% 8.6%

�� H =�H (syst.) 30.9% 20.8% 14.8% 11.1% 3.8% 4.9% 15.2%

�� H =�H (com b.) 50.9% 30.3% 19.0% 14.9% 7.3% 8.8% 17.4% 20.6%

ATLAS N S 240 400 337 276 124

[1] N B 844 656 484 529 301

�� H =�H (stat.) 13.7% 8.1% 8.5% 10.3% 16.6%

�� H =�H (syst.) 17.6% 8.2% 7.2% 9.6% 12.1%

�� H =�H (com b.) 50.9% 30.3% 19.0% 22.3% 11.5% 11.1% 14.1% 20.6%

Com �� H =�H (com b.) 42.1% 26.0% 17.0% 14.8% 7.0% 8.0% 13.6% 16.9%

useofthetwoforwardtaggingjetswhich arepresentintheseeventsandbyvetoingadditional

centraljets,which areunlikelytoarisein thecolorsingletsignalprocess[15].A m oredetailed

discussion ofthese processes can be found in Ref.[7]from which m ost ofthe following

num bersaretaken.

The qq ! qqH ;H !  processwas�rstanalyzed in Ref.[6],where crosssectionsfor

signaland background wereobtained with fullQCD treelevelm atrix elem ents.Theparton

levelM onte Carlo determ ines allgeom etricalacceptance corrections. Additionaldetector

e�ects were included by sm earing parton and photon 4-m om enta with expected detector

resolutionsand by assum ing trigger,identi�cation and reconstruction e�cienciesof0.86 for

each ofthetwotaggingjetsand 0.8foreach photon.Resulting crosssectionswerepresented

in Ref.[7]fora �xed  invariantm asswindow oftotalwidth �m  = 2 GeV.W e correct

these num bersform H dependentm assresolutionsin the experim ents. W e take 1:4� m ass

windows,asgiven in Ref.[1]forhigh lum inosity running,which areexpected tocontain 79%

ofthe signaleventsforATLAS.The 2 GeV window form H = 100 GeV atCM S [17,18]is

assum ed to scale up like the ATLAS resolution and assum ed to contain 70% ofthe Higgs

signal. The expected totalsignaland background ratesfor100 fb
� 1

and resulting relative

errorsfortheextraction ofthesignalcrosssection aregiven in Table4.Statisticalerrorsonly

areconsidered forthebackground subtraction,since thebackground levelcan bem easured

independently by considering thesidebandsto theHiggsboson peak.

The next weak boson fusion channelto be considered is qq ! qqH ; H ! ��. Again,

this channelhas been analyzed at the parton level,including som e estim ates ofdetector

e�ects,as discussed for the H !  case. Here,a lepton identi�cation e�ciency of0.95

is assum ed for each lepton ‘ = e; �. Two �-decay m odes have been considered so far:
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Table 4: Num ber of expected jj events from the qq ! qqH ; H !  weak boson

fusion signaland expected backgrounds, assum ing an integrated lum inosity of100 fb
� 1
.

Num bers correspond to optim al invariant m ass windows for CM S and ATLAS and to

thecom bined total,asprojected from theparton levelanalysisofRefs.[6,7].Theexpected

relative statisticalerrorson the signalcrosssection are given foreach experim ent and are

com bined in thelastline.

m H 100 110 120 130 140 150

projected CM S N S 37 48 56 56 48 33

perform ance N B 33 32 31 30 28 25

�� H =�H 22.6% 18.6% 16.7% 16.6% 18.2% 23.1%

projected ATLAS N S 42 54 63 63 54 37

perform ance N B 61 60 56 54 51 46

�� H =�H 24.2% 19.8% 17.3% 17.2% 19.0% 24.6%

com bined �� H =�H 16.5% 13.6% 12.0% 11.9% 13.1% 16.8%

Table 5: Num ber ofexpected signaland background events for the qq ! qqH ! ��jj

channel,for 100 fb
� 1

and two detectors. Cross sections are added for �� ! ‘� h� =pT and

�� ! e� �� =pT events as given in Refs.[7,9]. The last line gives the expected statistical

relativeerroron theqq! qqH ;H ! �� crosssection.

m H 100 110 120 130 140 150

N S 211 197 169 128 79 38

N B 305 127 51 32 27 24

�� H =�H 10.8% 9.1% 8.8% 9.9% 13.0% 20.7%

H ! �� ! ‘� h� =pT [8]and H ! �� ! e� �� =pT [9].These analyseswere perform ed forlow

lum inosity running.Som edeterioration athigh lum inosity isexpected,asin theanalogous

H =A ! �� channelin the M SSM search [1]. At high lum inosity,pile-up e�ects degrade

the =pT resolution signi�cantly,which results in a worse �� invariant m ass resolution. At

a less signi�cant level,a higher pT threshold for the m inijet veto technique willincrease

the QCD and t�t backgrounds. The �-identi�cation e�ciency is sim ilar at high and low

lum inosity.W eexpectthatthereduced perform anceathigh lum inosity can becom pensated

for by considering the additionalchannels H ! �� ! e+ e� =pT; �+ �� =pT. Z+jets and

ZZ+jetsbackgrounds(with ZZ ! ‘+ ‘� ���)arestrongly suppressed by rejectingsam eavor

lepton pairswhich arecom patible with Z decays(m ‘‘ = m Z � 6 GeV).Drell-Yan plusjets

backgroundsare furtherreduced by requiring signi�cant=pT. Since these analyseshave not

yetbeen perform ed,we use the predicted crosssectionsforonly those two channelswhich

have already been discussed in the literature and scale eventratesto a com bined 200 fb
� 1

ofdata.Resultsaregiven in Table5.
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Table 6: Num ber ofevents expected forqq ! qqH ; H ! W W (� )! �� e� =pT in 200 fb� 1

ofdata,and corresponding backgrounds[10].The expected relative statisticalerroron the

signalcrosssection isgiven in thelastline.

m H 120 130 140 150 160 170 180 190

N S 136 332 592 908 1460 1436 1172 832

N B 136 160 188 216 240 288 300 324

�� H =�H 12.1% 6.7% 4.7% 3.7% 2.8% 2.9% 3.3% 4.1%

The previous two weak boson channels allow reconstruction ofthe Higgs resonance as

an invariantm asspeak. Thisisnotthe case forH ! W W ! ‘+ �‘� �� asdiscussed previ-

ously fortheinclusive search.Theweak boson fusion channelcan beisolated separately by

em ploying forward jettagging and colorsingletexchangeisolation techniquesin addition to

toolslikecharged lepton angularcorrelationswhich areused fortheinclusive channel.The

corresponding parton levelanalysisforqq ! qqH ,H ! W W (� )! �� e� =pT hasbeen per-

form ed in Ref.[10]and weherescaletheresultsto a totalintegrated lum inosity of200fb
� 1
,

which takesinto accountthe availability oftwo detectors.Asforthetau case,theanalysis

wasdone forlow lum inosity running conditionsand som ewhathigherbackgroundsare ex-

pected athigh lum inosity.On theotherhand theW W (� )! �+ �� =pT and W W (� )! e+ e� =pT

m odesshould roughly doubletheavailablestatisticssincevery few signaleventshavelepton

pairinvariantm assescom patiblewith Z ! ‘‘decays.Thereforeourestim atesareactually

conservative.Notethattheexpected background forthisweak boson fusion processism uch

sm aller than forthe corresponding inclusive m easurem ent. As a resultm odestsystem atic

uncertaintieswillnotdegradetheaccuracy with which �(qq! qqH )� B (H ! W W(� ))can

be m easured. A 10% system atic erroron the background,double the errorassum ed in the

inclusive case,would degrade the statisticalaccuracy by,typically,a factor1.2 orless. As

a result,we expectthata very precise m easurem entof�(qq! qqH )� B (H ! W W(� ))can

beperform ed attheLHC,with a statisticalaccuracy oforder5% oreven betterin them ass

rangem H � 140 GeV.Even formH aslow as120 GeV a 12% m easurem entisexpected.

3 M easurem ent ofH iggs properties

Onewould liketo translatethecrosssection m easurem entsofthevariousHiggsproduction

and decay channelsintom easurem entsofHiggsboson properties,in particularintom easure-

m entsofthe variousHiggsboson couplingsto gauge �eldsand ferm ions. Thistranslation

requires knowledge ofNLO QCD corrections to production cross sections,inform ation on

the totalHiggsdecay width and a com bination ofthe m easurem ents discussed previously.

The task here isto �nd a strategy forcom bining the anticipated LHC data withoutundue

lossofprecision dueto theoreticaluncertaintiesand system aticerrors.

Forourfurtherdiscussion itisconvenientto rewrite allHiggsboson couplingsin term s

ofpartialwidthsofvariousHiggsboson decay channels.TheHiggs-ferm ion couplingsgH ff,

forexam ple,which in the SM are given by the ferm ion m asses,gH ff = m f(m H )=v,can be
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traded fortheH ! �ff partialwidths,

�f = �(H ! �ff)= cf
g2H ff

8�

�

1�
4m 2

f

m 2
H

� 3

2

m H : (9)

Here cf isthe colorfactor(1 forleptons,3 forquarks). Sim ilarly the square ofthe H W W

coupling (gH W W = gm W in the SM ) or the H ZZ coupling is proportionalto the partial

widths�W = �(H ! W W �)or�Z = �(H ! ZZ �)[21].Analogously wetradethesquares

ofthe e�ective H  and H gg couplingsfor� = �(H ! )and �g = �(H ! gg). Note

thatthe H gg coupling isessentially proportionalto gH tt,the Higgsboson coupling to the

top quark.

TheHiggsproduction crosssectionsaregoverned by thesam esquaresofcouplings.This

allowsto writee.g.thegg! H production crosssection as[22]

�(gg! H )= �(H ! gg)
�2

8m 3
H

�

Z
1

�

dx

x
g(x;m 2

H )g(
�

x
;m 2

H ); (10)

where � = m2
H =s. Sim ilarly the qq ! qqH cross sections via W W and ZZ fusion are

proportionalto �(H ! W W �) and �(H ! ZZ �),respectively. In the narrow width ap-

proxim ation,which is appropriate for the interm ediate Higgs m ass range considered here,

these production cross sections need to be m ultiplied by the branching fractions for �nal

state j,B (H ! j)= �j=�,where � denotes the totalHiggswidth. This m eansthatthe

variouscrosssection m easurem entsdiscussed in thepreviousSection providem easurem ents

ofvariouscom binations�i�j=�.

The production cross sections are subject to QCD corrections,which introduces theo-

reticaluncertainties. W hile the K -factor for the gluon fusion process is large [23],which

suggestsa sizable theoreticaluncertainty on the production crosssection,the NLO correc-

tionsto theweak boson fusion crosssection areessentially identicalto theonesencountered

in deep inelasticscattering and arequitesm all[24].Thuswecan assign a sm alltheoretical

uncertainty to the latter,oforder5% ,while we shalluse a largertheoreticalerrorforthe

gluon fusion process,oforder20% [23].Theproblem forweak boson fusion isthatitconsists

ofa m ixture ofZZ ! H and W W ! H events,and we cannot distinguish between the

two experim entally. In a large class ofm odels the ratio ofH W W and H ZZ couplings is

identicalto the one in the SM ,however,and thisincludes the M SSM .W e therefore m ake

thefollowing W ;Z-universality assum ption:

� TheH ! ZZ� and H ! W W � partialwidthsarerelated by SU(2)asin theSM ,i.e.

theirratio,z,isgiven by theSM value,

�Z = z�W = zSM �W : (11)

Notethatthisassum ption can betested,atthe15-20% levelform H > 130GeV,by form ing

the ratio B �(gg ! H ! ZZ�)=B �(gg ! H ! W W �),in which QCD uncertaintiescancel

(seeTable7).
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W ith W ;Z-universality,the three weak boson fusion cross sections give usdirect m ea-

surem entsofthreecom binationsof(partial)widths,

X  =
�W �

�
from qq! qqH ;H !  ; (12)

X � =
�W ��

�
from qq! qqH ;H ! �� ; (13)

X W =
�2W

�
from qq! qqH ;H ! W W (� ); (14)

with com m on theoreticalsystem aticerrorsof5% .In addition thethreegluon fusion channels

providem easurem entsof

Y =
�g�

�
from gg! H !  ; (15)

YZ =
�g�Z

�
from gg! H ! ZZ (� ); (16)

YW =
�g�W

�
from gg! H ! W W (� ); (17)

with com m on theoreticalsystem aticerrorsof20% .

The �rstprecision testofthe Higgssectorisprovided by taking ratiosofthe X i’sand

ratiosoftheYi’s.In theseratiostheQCD uncertainties,and allotheruncertaintiesrelated

to theinitialstate,likelum inosity and pdferrors,cancel.Beyond testing W ;Z-universality,

theseratiosprovideusefulinform ation forHiggsm assesbetween 100and 150GeV and 120to

150GeV,respectively,wherem orethanonechannelcanbeobserved intheweakbosonfusion

and gluon fusion groups. Typicalerrorson these crosssection ratiosare expected to be in

the15to20% range(seeTable7).Accepting an additionalsystem aticerrorofabout20% ,a

m easurem entoftheratio�g=�W ,which determ inestheH tttoH W W couplingratio,can be

perform ed,by m easuring thecrosssection ratiosB �(gg ! H ! )=�(qq! qqH )B (H !

) and B �(gg ! H ! W W �)=�(qq ! qqH )B (H ! W W �). Expected accuracies are

listed in Table 7. In these estim ates the system atics com ing from understanding detector

acceptanceisnotincluded.

Beyond the m easurem ent ofcoupling ratios,m inim aladditionalassum ptions allow an

indirect m easurem ent ofthe totalHiggs width. Firstofall,the � partialwidth,properly

norm alized, is m easurable with an accuracy oforder 10% . The � is a third generation

ferm ion with isospin � 1

2
,justlike the b-quark.In allextensionsofthe SM with a com m on

source oflepton and quark m asses,even ifgenerationalsym m etry isbroken,the ratio ofb

to � Yukawa couplingsisgiven by the ferm ion m assratio. W e thusassum e,in addition to

W ;Z-universality,that

� Theratio ofbto � couplingsoftheHiggsisgiven by theirm assratio,i.e.

y =
�b

��
= 3cQ C D

g2H bb

g2H � �

= 3cQ C D
m 2

b(m H )

m 2
�

; (18)

wherecQ C D istheknown QCD and phasespacecorrection factor.
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Table7:Sum m ary oftheaccuracy with which variousratiosofpartialwidthscan bedeter-

m ined with 200 fb� 1 ofdata. The �rsttwo colum nsgive the ratio considered and indicate

the m ethod by which it is m easured. YZ=YW ,for exam ple, indicates a m easurem ent of

�B (H ! ZZ�)=�B (H ! W W �)in gluon fusion,whileX i ratioscorrespond to weak boson

fusion (seetextfordetails).Thestatisticalcom bination ofseveralchannelsforagiven width

ratio isindicated by � .5% and 20% theoreticaluncertaintiesforweak boson and gluon fu-

sion crosssectionsa�ectthe m ixed gluon/weak boson fusion ratiosonly,which are needed

fora m easurem entof�g=�W .Thee�ectofthissystem aticerrorisindicated in thelastline.

m H 100 110 120 130 140 150 160 170 180

z= �Z=�W YZ=YW 48% 29% 19% 17% 15% 20% 17%
YZ
Y

X 

X W
30% 21% 19% 23%

YZ
YW

� YZ
Y

X 

X W
29% 19% 15% 14% 15% 20% 17%

�=�W
Y

YW
�

X 

X W
16% 12% 11% 13%

��=�W
X �

X W
15% 12% 14% 21%

��=�
X �

X 
20% 16% 15% 16% 18% 27%

�g=�W
Y

X 
� YW

X W
22% 18% 15% 13% 12% 13% 8% 9% 14%

Y

X 
� YW

X W
� 21% 30% 27% 25% 24% 24% 24% 22% 22% 25%

� ThetotalHiggswidth isdom inated by decaysto�bb,��,W W ,ZZ,gg and ,i.e.the

branching ratio forunexpected channelsissm all:

� = 1�

�

B (H ! b�b)+ B (H ! ��)+ B (H ! W W(� ))+

B (H ! ZZ
(� ))+ B (H ! gg)+ B (H ! )

�

� 1: (19)

Notethat,in theHiggsm assrangeofinterest,thesetwo assum ptionsaresatis�ed forboth

CP even Higgsbosonsin m ostoftheM SSM param eterspace.The�rstassum ption holdsin

theM SSM attreelevel,butcan beviolated by largesquark loop contributions,in particular

forsm allm A and largetan� [25,26].Thesecond assum ption m ightbeviolated,forexam ple,

iftheH ! �ccpartialwidth isexceptionally large.However,alargeup-typeYukawacoupling

would benoticeablein the�g=�W coupling ratio,which m easurestheH ttcoupling.

W ith theseassum ptionsconsidertheobservable

~�W = X �(1+ y)+ X W (1+ z)+ X  + ~X g

=

�

�� + �b+ �W + �Z + � + �g

�
�W

�
= (1� �)�W ; (20)

where ~X g = �g�W =� is determ ined by com bining YW and the product YX W =X . ~�W
providesa lowerbound on �(H ! W W (� ))= �W . Provided � issm all(� < 0:1 su�cesfor

practicalpurposes),the determ ination of~�W provides a direct m easurem ent ofthe H !
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W W (� )partialwidth.Once�W hasbeen determ ined,thetotalwidth oftheHiggsboson is

given by

�=
�2W

X W

=
1

X W

�

X �(1+ y)+ X W (1+ z)+ X  + ~X g

�2 1

(1� �)2
: (21)

Fora SM -like Higgsboson the Higgswidth isdom inated by the H ! �bband H ! W W (� )

channels. Thus, the error on ~�W is dom inated by the uncertainties ofthe X W and X �

m easurem ents and by the theoreticaluncertainty on the b-quark m ass,which enters the

determ ination ofy quadratically.According to theParticleData Group,thepresentuncer-

tainty on the b quark m ass is about� 3:5% [27]. Assum ing a lum inosity errorof� 5% in

addition to the theoreticaluncertainty ofthe weak boson fusion crosssection of� 5% ,the

statisticalerrors ofthe qq ! qqH ; H ! �� and qq ! qqH ;H ! W W cross sections of

Tables5 and 6 lead to an expected accuracy ofthe ~�W determ ination oforder10% . M ore

preciseestim ates,asa function oftheHiggsboson m ass,areshown in Fig.1.

Figure 1: Expected accuracy with which the Higgs boson width can be m easured at the

LHC,with 100 fb� 1 ofdata in each experim ent.Resultsareshown fortheextraction ofthe

the H ! W W partialwidth,�W ,and and thetotalHiggsboson width,�.� isthe sum of

theresidual(sm all)branching ratiosofunobserved channels,m ainly H ! c�c(seetext).

Theextraction ofthetotalHiggswidth,viaEq.(21),requiresam easurem entoftheqq!

qqH ;H ! W W (� )crosssection,which isexpected to be available form H
>
� 115 GeV [10].

Consequently,errorsarelargeforHiggsm assesclosetothislowerlim it(weexpectarelative

errorof� 20% formH = 120 GeV and � < 0:05). ButforHiggsboson m assesaround the

W W threshold,�(1� �)2 can bedeterm ined with an errorofabout10% .Resultsareshown

in Fig.1 and look highly prom ising.
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4 Sum m ary

In thelastsection wehavefound thatvariousratiosofHiggspartialwidthscan bem easured

with accuraciesoforder10to20% ,with an integrated lum inosity of100fb� 1 perexperim ent.

Thistranslatesinto5to10% m easurem entsofvariousratiosofcouplingconstants.Theratio

��=�W m easuresthecouplingofdown-typeferm ionsrelativetotheHiggscouplingstogauge

bosons. To the extentthatthe H  triangle diagram sare dom inated by the W loop,the

width ratio ��=� m easures the sam e relationship. The ferm ion triangles leading to an

e�ectiveH gg coupling areexpected to bedom inated by thetop-quark,thus,�g=�W probes

the coupling ofup-type ferm ionsrelative to the H W W coupling. Finally,forHiggsboson

m asses above � 120 GeV,the absolute norm alization ofthe H W W coupling isaccessible

via theextraction oftheH ! W W (� )partialwidth in weak boson fusion.

Note thatthese m easurem entstestthe crucialaspectsofthe Higgssector. The H W W

coupling,being linear in the Higgs �eld,identi�es the observed Higgs boson asthe scalar

responsible forthe spontaneousbreaking ofSU(2)� U(1): a scalarwithouta vacuum ex-

pectation value couplesto gauge bosonsonly via H H W W orH H W verticesattree level,

i.e.theinteraction isquadraticin scalar�elds.Theabsolute valueoftheH W W coupling,

ascom pared to theSM expectation,revealswhetherH m ay betheonly m ediatorofspon-

taneoussym m etry breaking orwhetheradditionalHiggsbosonsawaitdiscovery.W ithin the

fram ework ofthe M SSM this is a m easurem ent ofjsin(� � �)j,at the � 0:05 level. The

m easurem entoftheratiosofgH tt=gH W W and gH � �=gH W W then probesthem assgeneration

ofboth up and down typeferm ions.

Theresultspresented hereconstitutea�rstlook only attheissueofcouplingextractions

fortheHiggs.Thisisthecasefortheweak boson fusion processesin particular,which prove

to be extrem ely valuable ifnotessential. Ouranalysisism ostly an estim ate ofstatistical

errors,with som erough estim atesofthesystem atic errorswhich areto beexpected forthe

variousm easurem ents of(partial)widths and theirratios. A num ber ofissues need to be

addressed in furtherstudies,in particularwith regard to theweak boson fusion channels.

(a) Theweak boson fusion channelsand theirbackgroundshaveonly been studied atthe

parton level,to date. Fulldetector levelsim ulations,and optim ization ofstrategies

with m orecom pletedetectorinform ation iscrucialforfurtherprogress.

(b) A centraljetveto hasbeen suggested asapowerfultooltosuppressQCD backgrounds

tothecolorsingletexchangeprocesseswhich wecallweak boson fusion.Thefeasibility

ofthistooland itsreach need to be investigated in fulldetectorstudies,atboth low

and high lum inosity.

(c) In the weak boson fusion studiesofH ! W W and H ! �� decays,double leptonic

e+ e� =pT and �
+ �� =pT signatureshavenotyetbeen considered.Theirinclusion prom ises

to alm ostdouble the statisticsavailable forthe Higgscoupling m easurem ents,atthe

price ofadditionalZZ+jetsand Drell-Yan plusjetsbackgroundswhich are expected

to bem anageable.
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(d) Otherchannels,likeW H ort�tH associated production with subsequentdecay H ! �bb

orH ! ,provideadditionalinform ationonHiggscouplingratios,which com plem ent

ouranalysisatsm allHiggsm assvalues,m H
<
� 120 GeV [2,5]. These channelsneed

to beincluded in theanalysis.

(e) M uch additionalwork isneeded on m orereliablebackground determ inations.Forthe

H ! W W (� )! ‘+ ‘
0
� =pT channelin particular,whereno narrow Higgsresonancepeak

can be reconstructed,a precise background estim ate is crucialfor the m easurem ent

ofHiggscouplings. Needed im provem ents include NLO QCD corrections,single top

quark production backgrounds,thecom bination ofshowerM onteCarloprogram swith

higherorderQCD m atrix elem entcalculationsand m ore.

(f) Both in theinclusiveand W BF analysesanygiven channelcontainsam ixtureofevents

from gg ! H and qq! qqH production processes.Thedeterm ination ofthism ixture

addsanothersource ofsystem atic uncertainty,which wasnotincluded in the present

study.In ratiosofX observables(orofdi�erentYi)theseuncertaintieslargely cancel,

exceptforthe e�ectsofacceptance variationsdue to di�erentsignalselections.Since

an adm ixture from the wrong production channelisexpected atthe 10 to 20% level

only,thesesystem aticerrorsarenotexpected to beserious.

(g) W e have only analyzed the case ofa single neutral,CP even Higgs resonance with

couplingswhich are close to the onespredicted in the SM .W hile thiscase hasm any

applications,e.g. for the large m A region ofthe M SSM ,m ore generalanalyses,in

particularoftheM SSM case,arewarranted and highly prom ising.

W hilem uch additionalworkisneeded,ourstudyclearlyshowsthattheLHC hasexcellent

potentialto provide detailed and accurate inform ation on Higgs boson interactions. The

observability oftheHiggsboson attheLHC hasbeen clearly established,within theSM and

extensionsliketheM SSM .Thetask now isto sharpen thetoolsforaccuratem easurem ents

ofHiggsboson propertiesattheLHC.
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H iggs boson production at hadron colliders at N LO

C .Bal�azs,A .D jouadi,V .Ilyin and M .Spira

A bstract

W e discuss the production ofneutralHiggs bosons at the hadron colliders Teva-

tron and LHC,in thecontextoftheStandard M odeland itsm inim alsupersym m etric

extension.Them ain focuswillbeon thenext{to{leading orderQ CD radiativecorrec-

tionsto them ain Higgsproduction m echanism sand on Higgsproduction in processes

ofhigherorderin the strong coupling constant.

1 Introduction

One ofthe m ost im portant m issions offuture high{energy colliders willbe the search for

scalarHiggsparticlesand theexploration oftheelectroweak sym m etry breakingm echanism .

In theStandard M odel(SM ),onedoubletofcom plex scalar�eldsisneeded tospontaneously

break thesym m etry,leading to a singleneutralHiggsparticleH 0 [1].In theSM ,theHiggs

boson m assisafreeparam eterand can haveavalueanywherebetween 100GeV and 1TeV.

In contrast,a �rm prediction ofsupersym m etric extensionsofthe SM isthe existence ofa

lightscalarHiggsboson [1].In the M inim alSupersym m etric Standard M odel(M SSM )the

Higgssectorcontainsa quintetofscalarparticles[two CP-even h and H ,a pseudoscalarA

and two charged H � particles][1],theHiggsboson h ofwhich should belight,with a m ass

M h
<
� 135 GeV.Ifthisparticle isnotfound atLEP2,itwillbe produced atthe upgraded

Tevatron (wherea largelum inosity,
R
L � 20fb� 1,isexpected)[2,3]orattheLHC [4,5,6],

iftheM SSM isindeed realized in Nature.

Since Higgsboson production athadron collidersinvolvesstrongly interacting particles

in theinitialstate,thelowestordercrosssectionsarein generala�ected by largeuncertain-

tiesarising from higherordercorrections. Ifthe next-to-leading QCD correctionsto these

processesareincluded,thetotalcrosssectionscan bede�ned properly and in a reliableway

in m ostofthecases.In thiscontribution,wewilldiscussthenext{to{leading order(NLO)

QCD radiative corrections to the m ain neutralHiggs production m echanism s as wellas

neutralHiggsboson production in processesofhigherorderin thestrong coupling constant.

Thecontribution isorganized asfollows.In thenextsection [7],wesum m arizethem ain

processesforthe production ofthe neutralHiggsbosonsofthe M SSM athadron colliders

and discussthee�ectsoftheirnext{to{leading orderQCD corrections;wewillthen discuss

the recently evaluated SUSY{QCD correctionsto som e ofthese processes. In section 3 [8],

wewillconcentrateon Higgsboson production in association with heavy quarkswhich in the

M SSM m ighthavethelargestcrosssectionsdueapossiblestrongenhancem entoftheYukawa

couplingsofthird generation quarks;wewilldiscussin particularthenext{to{leading order

QCD correctionstoHiggsproduction in heavy quark fusion.In section 4[9],wewillanalyze

the detection ofthe SM and lightestM SSM [in the decoupling regim e]Higgsboson in the

channel+jetatthe LHC [where the Higgsboson isproduced in the gluon{gluon fusion

m echanism and decaysinto two photons].
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2 M SSM neutralH iggsproduction athadron colliders:

N ext{to{Leading{O rder Q C D corrections

2.1 Sum m ary ofstandard N LO Q C D corrections

Athadron colliders,theproduction oftheneutralHiggsbosonsin theM SSM isprovided by

thefollowing processes:

(a)Thegluon{gluon fusion,m ediated by heavy quark loops,isthedom inantproduction

m echanism forneutralHiggsparticles,gg ! � with � = h;H orA [10]. Since the Higgs

particlesin them assrangeofinterest,M �
<
� 135GeV,dom inantly decay intobottom quark

pairs,this process is rather di�cult to exploit at the Tevatron because ofthe huge QCD

background [2].In contrast,attheLHC raredecaysoftheh boson totwophotonsordecays

oftheH ;A bosonsto � and � lepton pairsm akethisprocessvery useful[4,5].

(b) Higgs{strahlung o� W or Z bosons for the CP-even Higgs particles [due to CP{

invariance,thepseudoscalarA particledoesnotcoupleto them assivegaugebosonsattree

level]: q�q ! V � ! �V with � = h;H and V = W ;Z [11]. At the Tevatron,the process

q�q0! hW [with theh boson decaying into b�bpairs]developsa crosssection oftheorderof

a fraction ofa picobarn fora SM {likeh boson with a m assbelow � 135 GeV,m aking itthe

m ostrelevantm echanism to study [2].AttheLHC,both theb�band  decay m odesofthe

h boson m ay beexploited [4].

(c)IftheheavierH ;A;H � bosonsarenottoo m assive,thepairproduction oftwo Higgs

particlesin theDrell{Yan typeprocess,q�q! �1�2 [12{14],m ightlead to a variety of�nal

states [hA;H A;H � h;H � H ;H � A;H + H � ]with reasonable cross sections [in particular for

M A � MH � MH � <
� 250GeV and sm allvaluesoftan�,theratioofthevacuum expectation

valuesofthetwoHiggsdoublets]especially attheLHC.M oreover,neutraland charged Higgs

boson pairswillbeproduced in gluon fusion gg! �1�2 [13{15].

(d)The production ofCP{even Higgsbosonsvia vectorboson fusion,qq ! qqV �V � !

qq� [16]. In the case ofa SM -like h boson,thisprocesshasa sizeable crosssection atthe

LHC.W hiledecaysoftheHiggsboson intoheavy quark pairsareproblem atictobedetected

in thejetty environm entoftheLHC,decaysinto � lepton pairsm akethisprocessusefulat

theLHC asdiscussed recently [17].

(e)Theproduction ofneutralHiggsbosonsviaradiation o�heavybottom and top quarks

[q�q;gg! b�b�;t�t�]m ightplayanim portantroleinSUSY theories[18].Inparticular,because

the couplingsofthe Higgsboson to b quarks can be strongly enhanced forlarge valuesof

tan�,Higgsproduction in association with b�bpairscan giveriseto largeproduction rates.

Itiswellknown thatforprocessesinvolving strongly interacting particles,asisthecase

fortheonesdiscussed above,thelowestordercrosssectionsarea�ected by largeuncertain-

tiesarising from higherordercorrections. Ifthe next-to-leading QCD correctionsto these

processesareincluded,thetotalcrosssectionscan bede�ned properly and in a reliableway

in m ostofthecases.
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Forthestandard QCD corrections,thenext-to-leading correctionsareavailableform ost

oftheHiggsboson production processes1.They areparam eterized by theK-factors[de�ned

astheratiosofthenext-to-leading ordercrosssectionsto thelowestorderones]:

{ ForHiggs boson production via the gluon fusion processes,the K{factorshave been

calculated a few years ago in the SM [20]and in the M SSM [21]; the [two-loop]QCD

corrections to the heavy top and to the bottom quark loops [which gives the dom inant

contributions to the cross section forlarge tan� values]have been found to be signi�cant

sincethey increase thecrosssectionsby up to a factoroftwo.

{TheK{factorsforHiggsproduction in association with agaugeboson (b)and forDrell{

Yan{like Higgspairproduction (c),can be inferred from the onethe Drell{Yan production

ofweak vectorbosonsand increasethecrosssection by approxim ately 30% [22].

{ The QCD corrections to pairproduction gg ! �1�2 are only known in the lim it of

lightHiggsbosons com pared with the loop{quark m ass. This isa good approxim ation in

the case ofthe lightesth boson which,due to phase space,hasthe largestcrosssection in

which the top quark loop isdom inantforsm allvaluesoftan� orin the decoupling lim it.

Thecorrectionsenhancethecrosssectionsby up to a factoroftwo [15].

{ ForHiggsboson production in theweak boson fusion process(d),theQCD corrections

can bederived in the structure function approach from deep-inelastic scattering;they turn

outto berathersm all,enhancing thecrosssection by about10% [23].

{Finally,thefullQCD correctionstotheassociated Higgsproduction with heavy quarks

(e)arenotyetavailable;they areonly known in thelim itoflightHiggsparticlescom pared

with theheavy quark m ass[24]which isonly applicableto t�th production;in thislim itthe

QCD correctionsincreasethecrosssection by about20{60% .

2.2 SU SY Q C D corrections

Besidesthese standard QCD corrections,additionalSUSY-QCD correctionsm ustbe taken

into accountin SUSY theories;the SUSY partnersofquarks and gluons,the squarksand

gluinos,can beexchanged in theloopsand contributetothenext-to-leadingordertotalcross

sections. In the case ofthe gluon fusion process,the QCD corrections to the squark loop

contributionshavebeen calculated in thelim itoflightHiggsbosonsand heavy gluinos;the

K{factorswerefound to beofaboutthesam esizeastheonesforthequark loops[25].

During thisworkshop,we studied the SUSY{QCD correctionsto the Higgsproduction

cross sections for Higgs{strahlung,Drell{Yan like Higgs pair production and weak boson

fusion processes [26]. This analysis com pletes the theoreticalcalculation ofthe NLO pro-

duction cross sections ofthese processes in the fram ework ofsupersym m etric extensions

ofthe Standard M odel. These correctionsoriginate from q�qV one{loop vertex corrections,

wheresquarksofthe�rsttwo generationsand gluinosareexchanged,and thecorresponding

quark self-energy counterterm s,Fig.1.

1The sm allNLO Q CD correctionsto the im portantHiggsdecaysinto photonsarealso available[19].
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Figure1: Genericdiagram scontributing to theSUSY-QCD correctionsto the q�qV vertex

[V = ;Z;W ]atnext{to{leading order.

Including these SUSY{particle loop corrections,the lowestorderpartonic crosssection

fortheDrell{Yan typeprocesseswillbeshifted by

�̂LO ! �̂LO

"

1+
2

3

�s(�)

�
<eC (̂s;m ~q;m ~g)

#

(1)

Fordegenerate unm ixed squarks [asisapproxim ately the case forthe �rsttwo generation

squarks],theexpression ofthefactorC issim ply given by

C(s;m ~q;m ~g)= 2

Z
1

0

xdx

Z
1

0

dylog
m 2

~g + (m 2
~q � m2~g)x

� sx2y(1� y)+ (m2~q � m2~g)x+ m 2
~g � i�

(2)

For the fusion processes, the standard QCD corrections have been calculated within

the structure function approach [23]. Since atlowestorder,the proton rem nantsare color

singlets,atNLO no colorwillbeexchanged between the�rstand thesecond incom ing (out-

going)quark lineand hencetheQCD correctionsonly consistofthewell-known corrections

to the structure functions Fi(x;M
2) (i= 1;2;3). The �nalresult for the QCD-corrected

crosssection can beobtained from thereplacem ents

Fi(x;M
2)! Fi(x;M

2)+ �F i(x;M
2;Q 2) (i= 1;2;3) (3)

with �F i(x;M
2;Q 2)the standard QCD corrections [23]. The typicalrenorm alization and

factorization scales are �xed by the corresponding vector-boson m om entum transfer �2 =

M 2 = � q2i forx = xi (i= 1;2).

Including the SUSY{QCD correction at both qjqjV vertices, the LO order structure

functionsFi(xj;M
2)(i= 1;:::;3 and j= 1;2)haveto beshifted to:

Fi(xj;M
2)! Fi(xj;M

2)

�

1+
2

3

�s(�)

�
<eC(q2j;m ~q;m ~g)

�

(4)

To illustrate the size ofthese corrections,we perform a num ericalanalysisforthe light

scalarHiggsboson h in thedecoupling lim itoflargepseudoscalarm asses,M A � 1 TeV.In
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thiscasethelighth boson couplingstostandard particlesapproach theSM values.Theonly

relevantprocessesare then the Higgs{strahlung processq�q ! hV ,the vectorboson fusion

m echanism qq! qqV �V � ! qqh and thegluon{gluon fusion m echanism gg ! h.
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Figure 2: Relative corrections due to virtualsquark and gluino exchange diagram s to

Higgsboson production via Higgs-strahlung q�q ! h + W =Z and vectorboson fusion qq !

qqV �V � ! qqh [V = W ;Z]attheLHC (left)and theTevatron (right).

W e evaluated the Higgs m ass for tan� = 30,M A = 1 TeV and vanishing m ixing in

the stop sector;this yields a value M h = 112:6 GeV forthe light scalar Higgs m ass. For

the sake ofsim plicity we decom pose the K factors K = �N LO =�LO into the usualQCD

partK Q C D and theadditionalSUSY correction �SU SY :K = K Q C D + �SU SY .TheNLO (LO)

crosssectionsareconvoluted with CTEQ4M (CTEQ4L)parton densities[27]and NLO (LO)

strong couplings�s. The additionalSUSY-QCD corrections�SU SY are presented in Fig.2

asa function ofa com m on squark m assfora �xed gluino m assm ~g = 200 GeV [forthesake

ofsim plicity we keptthe stop m ass�xed forthe determ ination ofthe Higgsm assM h and

varied theloop-squark m assindependently].

TheSUSY-QCD correctionsincreasetheHiggs-strahlungcrosssectionsbylessthan 1.5% ,

while they decrease the vectorboson fusion crosssection by lessthan 0.5% . The m axim al

shiftsareobtained forsm allvaluesofthesquark m assesofabout100GeV,which arealready

ruled outby presentTevatron analyses[28];form orereasonablevaluesofthesem asses,the

corrections are even sm aller. Thus,the additionalSUSY-QCD corrections,which are of

sim ilar size at the LHC and the Tevatron,turn out to be sm all. Forlarge squark/gluino

m assesthey becom eeven sm allerdueto thedecoupling oftheseparticles,ascan beinferred

from theuppersquark m assrangein Fig.2.

In sum m ary,the SUSY{QCD corrections to Higgs boson production in these channels

arevery sm alland can besafely neglected.
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3 A ssociated H iggs production w ith b�b pairs

3.1 C onstraints on the M SSM param eter space

In theM SSM ,theYukawacouplingsbetween theHiggsbosonsand thedown{typeferm ions,

inparticulartherelativelyheavybottom quarks,areenhanced forlargetan� values.Thisen-

hancem entcan besosigni�cantthatitrendersthecrosssection oftheassociated production

channel(p�p;pp! �0b�b,with�0 = h0;A 0;H 0)thehighestattheTevatronandtheLHC,along

with thecrosssection ofthegluon fusion m echanism pp! gg(via heavy (s)ferm ion loop)!

�0X [6]. The Higgs bosons in this regim e decay m ainly into b�b pairs,leading to 4 b{jets

which can be tagged experim entally [29]. Due to the lack ofphase space and the reduced

couplings,theassociated production with top quarksisnotfeasibleattheTevatron,and is

di�cult atthe LHC.This m akes it possible forthe Tevatron RunIIand LHC to discover

Higgs bosons in the �0b�b process and to im pose stringent constraints on the SUSY{Higgs

sectorin a relatively m odelindependent way. [Atthe LHC,the associated H =A + b�b pro-

duction with the �+ �� and �+ �� Higgsdecay channelsisvery im portant[4,5]and allows

to coverm ostoftheparam eterspaceforlargetan�.]

In Ref.[30],an e�ective search strategy was presented forthe extraction ofthe signal

from the backgrounds[which have been calculated]. Using HDECAY [31]to calculate the

Higgs[and SUSY]spectrum and branching fractions,and com bining signalsfrom thesearch

ofm orethan onescalarboson [provided theirm assesdi�erby lessthan a resolution �m exp

which can bechosen asthetotalHiggsdecay width],contoursin thetan�-m A planeofthe

M SSM ,forwhich theTevatron and LHC aresensitive,can bederived.W hen scanning over

the param eterspace,the setofsoftbreaking inputparam etersshould be com patible with

thecurrentdata from LEP IIand theTevatron while,preferably,notexceeding 1 TeV.The

m ostim portantparam etershere are the m asses and m ixing oftop squarks,and the value

and sign oftheHiggsino m assparam eter�.

Forsoftbreakingparam etersM soft = � = 500GeV,Fig.3ashowsthe95% C.L.exclusion

contoursin thetan�-m A plane,derived from them easurem entof�(p�p;pp! �0b�b! b�bb�b).

TheareasabovethefourboundariesareaccessibleattheTevatron RunIIwith theindicated

lum inosities and forthe LHC with 100 fb� 1. The potentialofhadron colliderswith these

processesiscom pared in Fig.3b with thatofLEPII[whereHiggsbosonsaresearched forin

theZh and hA production channels]forthe\benchm ark" param eterscan \LEPIIScan A2"

discussed in [32]for
p
s = 200 GeV and a lum inosity of100 pb� 1 perexperim ent. Ascan

be seen,theTevatron can already covera substantialregion with only a 2 fb� 1 lum inosity.

Furtherm ore,form A
>
� 100 GeV,Tevatron and LEPIIare com plem entary. The LHC can

furtherprobetheM SSM down to valuestan� � 7 (15)formA < 400 (1000)GeV.

In conclusion,detecting the �0b�b signalat hadron colliders could e�ectively probe the

M SSM Higgs sector,especially for large tan� values2. Sim ilar conclusions are reached in

Ref.[33]fortheLHC and in Ref.[2,34].Theresultsgiven hereshow a substantialim prove-

m entcom pared to Ref.[35],whereonly thep�p! �0b�b! �+ �� b�bprocessisdiscussed atthe

2Note thatso far,existing experim entalstudies are notcon�rm ing the potentialofthis channelatthe

LHC [4],while the resultsseem to be m oreprom ising atthe Tevatron Run II[2].
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Figure 3: 95% C.L.theoreticalestim atesofsensitivity contoursin the tan�-m A planesof

theM SSM .Theareasabovethefourboundariescan beexcluded by theTevatron RunIIand

theLHC;M soft = 500 GeV (a)and the\LEP IIScan A2" (b)areshown.From Ref.[30].

Tevatron RunI.Detailed interpretation oftheaboveresultsin theM SSM and otherm odels

[such ascom positeHiggsm odelswith strongdynam icsassociated with heavy quarks]can be

found in Ref.[30].The analysescan beim proved in m any ways,forinstance with a better

b{trigger,which bearscentralsigni�cance forthedetection oftheb{jets.

3.2 Q C D corrections to H iggs production in heavy quark fusion

Recently itwasproposed that,duetothetop-m assenhanced avorm ixing Yukawacoupling

of the charm and bottom to charged scalar or pseudoscalar bosons (�� ), the s-channel

partonicprocessc�b;�cb! �� can bean im portantm echanism fortheproduction of�� [36].

Thism echanism isalso im portantfors-channelneutralscalarproduction via b�bfusion3.In

thissection,wedescribethecom pleteNLO QCD correctionstotheseprocesses.Theresults

were originally calculated in Ref.[37],to which we referfordetails. The QCD corrections

forthe SM Higgsproduction b�b! H hasbeen also discussed in Ref.[38].The overlapping

partsofthetwo calculationsarein agreem ent.

The NLO contributions to the process b�b ! �0 contain three parts: (i) the one-loop

Yukawa vertex and quark self-energy corrections(Fig.4b-d);(ii)realgluon em ission in q�q0

annihilation (Fig.4e);(iii)s-and t-channelgluon-quark fusion (Fig.4f-g).In addition,the

renorm alization ofthe ferm ion{higgs{ferm ion Yukawa coupling hasto beperform ed.Since

the factorization scale �F = m � ism uch largerthan the m assofthe bottom quark,when

com puting theW ilson coe�cientfunctionstheb-quarksweretreated asm asslesspartonsin

the proton oranti-proton,sim ilarly to Ref.[39]. The only e�ectofthe heavy quark m ass

isto determ ine atwhich scale �F thisheavy parton becom es active. (Thisisthe Collins-

W ilczek-Zee (CW Z)[40]schem e). The CTEQ4 PDFs[27]are used to calculate the rates,

3Notethatthesubprocessb�b! �0 aloneoverestim atesthecom pletecrosssection via bottom fusion;one

hasto add consistently the crosssectionsforbg ! b�0 and gg ! b�b�0 to havea reliablevalue.
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becausethey areconsistentwith theschem e used in thecurrentstudy [41].

                                   (b)                                      (c)(a) (d)

(e) (g)(f )

Figure 4: Representative diagram s for charged or neutral(pseudo-)scalar (dashed line)

production from quark-antiquarkandquark-gluon collisionsatO (�0s)andO (�
1
s):(a)leading

order contribution;(b-d) self-energy and vertex corrections (with counter term );(e) real

gluon radiation in q�q0-fusion;(f-g)s-and t-channelgluon-quark fusion.

The �s corrections involve the contributions from the em ission ofrealgluons,and as

a result the scalar particle willacquire a non-vanishing transverse m om entum Q T. W hen

the em itted gluons are soft,they generate large logarithm ic contributions ofthe (lowest

order)form �sln
m
(Q 2=Q 2

T)=Q
2
T,where Q isthe invariantm assofthe scalarand m = 0;1.

Theselargelogarithm sspoiltheconvergenceoftheperturbativeseries,and falsify theO (�s)

prediction ofthe transverse m om entum when Q T � Q. To predict the Q T distribution

onecan usetheCollins{Soper{Sterm an (CSS)form alism [42],resum m ing thelogarithm sof

the type �ns ln
m
(Q 2=Q 2

T)=Q
2
T,to allordersn in �s (m = 0;:::;2n � 1). The resum m ation

calculation isperform ed along the sam e linesasforvectorboson production (cf. [43]). To

recoverthe O (�s)crosssection,the W ilson coe�cientsC
(1)

i� are included in the resum m ed

calculation in [37]. The non-perturbative sectorofthe CSS resum m ation isassum ed to be

thesam easforvectorboson production in Ref.[43].

The resum m ed totalrate isthe sam e asthe O (�s)rate,when we include C
(1)

i� and the

usual�xed orderNLO correctionsathigh Q T,and switch from the resum m ed distribution

to the �xed orderone atQ T = Q. W hen calculating the totalrate,we have applied this

m atching prescription. In the case ofthe scalar production,the m atching takes place at

high Q T � Q values,and the above m atching prescription is num erically irrelevant when

calculating the totalrate,since the crosssectionsaround Q T � Q are negligible. Thus,as

expected,theresum m ed totalratedi�ersfrom theO (�s)rateonly by a few percent.Since

thedi�erenceoftheresum m ed and �xed orderratesand theK {factors(c.f.Fig.6)issm all,

wecan concludethatforinclusivescalarproduction oncetheresum m ation isperform ed,the

O (�2s)correctionsarelikely to besm allerthan theuncertainty from thePDF’s.

Since the QCD corrections are universal,the application to the production ofneutral

scalar or pseudo-scalar �0 via the b�b fusion is straightforward. In the following,we will

consideronly theproduction ofthepseudo-scalarA 0 within thecontextoftheM SSM .The
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Figure5: CrosssectionsforA 0 production in the M SSM with tan� = 40 atthe Tevatron

and theLHC.(a)TheNLO crosssectionswith theresum m ed running (solid)and one-loop

Yukawacoupling (dashed),aswellastheLO crosssectionswith resum m ed running(dotted)

and tree-levelYukawacoupling(dash-dotted)areshown.Thecrosssectionsat
p
s= 1:8TeV

(thin setoflowestcurves)arem ultiplied by 0.1 notto overlap with the
p
s= 2 TeV curves.

(b)The NLO (solid),the b�b (dashed)and bg (dash-dotted)sub-contributions,and the LO

(dotted)contributions.The(negative)bg crosssectionsarem ultiplied by � 1.(c)TheNLO

crosssectionswith QCD running Yukawa coupling (solid curves)and thosewith additional

SUSY corrections(top/bottom dashed linesfor� = +=� 500GeV).

totalLO and NLO crosssectionsforthe inclusive processesp�p;pp ! A 0X atthe Tevatron

and theLHC areshown in Fig.5 fortan� = 40.Forothervaluesthecrosssectionscan be

obtained by scaling with thefactor(tan�=40)2.

Fig.5a showsa signi�cantim provem entfrom the pure LO results(dash-dotted curves)

due to the resum m ation ofthe large logarithm sofm 2
�=m

2
b into the running coupling. The

goodagreem entbetween theLO resultswithrunningcouplingandtheNLO resultsisduetoa

non-trivial,and process-dependent,cancellation between theindividualO (�s)contributions

oftheb�band bg sub-processes(which areconnected via m assfactorization).

For large tan�,the SUSY correction to the running �0-b-�b Yukawa coupling can be

signi�cant [44],and can be included in a sim ilar way as it is done for the �0b�b associate

production [45]. To illustrate the e�ects ofthese corrections,allM SSM soft-breaking pa-

ram eters and � were set to 500 GeV.Depending on the sign of�,the correction to the

coupling can take either the sam e or opposite sign as the fullNLO QCD correction [45].
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Figure 6: The K -factors for A 0 production in the M SSM with tan� = 40 for the NLO

(K = �N LO =�LO ,solid lines),b�b (K = �b�b=�LO = (�LO + �� b�b)=�LO ,dashed lines),and bg

(K = � ��bg=�LO ,dash-dotted lines)contributions,attheTevatron (a)and LHC (b).

In Fig.5c,the solid curves represent the NLO cross sections with QCD correction alone,

whiletheresultsincludingtheSUSY correctionstotherunningbottom Yukawacouplingare

shown for� = +500GeV (top dashed curves)and � = � 500GeV (bottom dashed curves).

ThesepartialSUSY correctionscan changethecrosssectionsby abouta factorof2.

The K -factors,the ratiosofthe NLO versus LO cross sections asde�ned in Ref.[37],

for the p�p;pp ! A 0X processes are presented in Fig.6 for the M SSM with tan� = 40.

Depending on theA 0 m ass,they rangefrom about� (16� 17)% to +5% attheTevatron and

theLHC.TheuncertaintiesoftheCTEQ4 PDFsforA 0-production attheTevatron and the

LHC aresum m arized in Fig.7.

The transverse m om entum distributionsofA 0,produced attheupgraded Tevatron and

attheLHC,areshown in Fig.8 forvariousA 0 m asseswith tan� = 40.Thesolid curvesare

theresultofthem ultiple soft-gluon resum m ation,and the dashed onesarefrom the O (�s)

calculation.The�xed orderdistributionsaresingularasQ T ! 0,whiletheresum m ed ones

havea m axim um atsom e�niteQ T,and vanish atQ T = 0.W hen Q T becom eslarge,ofthe

orderofm A,theresum m ed curvesm ergeinto the�xed orderones.Theaverage resum m ed

Q T varies between 25 and 30 (40 and 60)GeV in the 200 to 300 (250 to 550)GeV m ass

rangeofm A attheTevatron (LHC).

In sum m ary,the overallNLO corrections to the p�p;pp ! A 0X processes are found to

vary between � (16� 17)% and +5% atthe Tevatron and the LHC in the relevantrange of

theA 0 m ass.TheuncertaintiesoftheNLO ratesdue to thedi�erentPDFsalso have been

system atically exam ined,and found to be around 20% . The QCD resum m ation,including

thee�ectsofm ultiplesoft-gluon radiation,wasalsoperform ed toprovideabetterprediction

ofthe transverse m om entum distribution ofthe scalar �0. This latter is im portant when

extracting the experim entalsignals. Sim ilar results can be easily obtained for the other

neutralhiggsbosons(h0 and H 0)by properlyrescalingthecoupling.TheseQCD corrections
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Figure7: TheratiosofNLO crosssectionscom puted by fourdi�erentsetsofCTEQ4PDFs

to thecrosssection com puted by CTEQ4M forneutralpseudo-scalar(A 0)production in the

M SSM with tan� = 40,attheupgraded Tevatron (a)and theLHC (b).

Figure 8: Transverse m om entum distributions ofpseudo-scalar A 0 produced via hadron

collisions, calculated in the M SSM with tan� = 40. The resum m ed (solid) and O (�s)

(dashed)curvesare shown form A = 200,250,and 300GeV atthe upgraded Tevatron (a),

and form A = 250,400,and 550GeV attheLHC (b).

can also be applied to the generic two higgs-doubletm odel(called type-III2HDM [46]),in

which thetwo higgsdoublets�1 and �2 coupleto both up-and down-typequarks.
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4 H iggs search in the + jet channelat LH C

The observation ofa Higgsboson with a m assM H < 140 GeV atthe LHC in theinclusive

channelpp!  + X isnoteasy [47,48]asitisnecessary to separatea ratherelusiveHiggs

boson signalfrom thecontinuum background.In Ref.[49]thereaction pp! H (! )+jet,

when theHiggsboson isproduced with largetransversem om entum recoiling againsta hard

jet,wasanalyzed asa discovery channel.Thesignalrateism uch sm aller,butthererem ains

enough events to discover the Higgs boson at a low lum inosity LHC.It is im portant to

notethatthesituation with thebackground isundoubtedly m uch betterin thecaseofHiggs

production athigh pT.Thus,onehasS=B � 1=2� 1=3forCM S and ATLAS correspondingly,

providing a discovery signi�cance of5 already with an integrated lum inosity of30 fb� 1.

Furtherm ore,recentachievem entsin calculationsofQCD next{to{leading correctionshave

shown an enhancem ent ofthe signalagainst the background. This circum stance together

with the possibility to exploitthe eventkinem atics in a m ore e�cientway allow the hope

thatthisreaction willbe the m ostreliable discovery channelforHiggsbosonswith m asses

M H = 110� 135 GeV.

TypicalacceptancesoftheLHC detectorsATLAS and CM S were taken into accountin

the analysis:two photonsare required with p

t > 40 GeV foreach photon (harderthan for

the inclusive channel),and j�j< 2:5,while a jet was required with E
jet
t > 30 GeV and

j�jetj< 4:5,thusinvolving theforward partsofthehadroniccalorim eter.The isolation cut

�R > 0:3 wasapplied foreach  and g(q)pair.

There are three QCD subprocessesgiving a signalfrom the Higgsboson in the channel

underdiscussion in QCD leading order:gg ! H + g,gq! H + q and q�q! H + g.Itwas

found thatthe gg ! H + g !  + g subprocessgivesthe m ain contribution to the signal

rate.In total,theQCD signalsubprocessesgive5.5,10.6 and 9.8 fb forM H = 100,120 and

140 GeV,correspondingly within thekinem aticalcutsdescribed above.

Anothergroup ofsignalsubprocessesincludestheelectroweak reactionsofHiggsproduc-

tion through W W orZZ fusion and in association with W orZ boson,where one should

veto thesecond quark jet.TheEW signalrateisatthelevelof10% oftheQCD signal.

Both thereducibleand irreduciblebackgrounds,pp! +jethavebeen discussed in the

QCD section oftheseProceedings.Itwasfound thatin totalitisabout19,31 and 32 fb in

the1 GeV bin forM H = 100,120 and 140 GeV,correspondingly.

Further im provem ent ofthe S=B ratio can be obtained by studying the kinem atical

distributionsofthe3{body�nalstatesinthesubprocessesunderdiscussion.Thebackground

processes contribute ata sm aller
p
ŝ in com parison to the QCD signalprocesses. So,the

corresponding cut im proves the S/B ratio: e.g.,the cut
p
ŝ > 300 GeV suppresses the

background by a factorof8.7 while the QCD signalissuppressed only by a factorof2.6.

Thise�ectisconnected with thedi�erentshapes,Fig.9,ofthejetangulardistributionsinthe

partonic c.m .s. forthe signaland background. Indeed,forthe dom inantsignalsubprocess

gg ! H + g,a setofpossible in spin statesdoesnotinclude spin 1,while the spin ofthe

outstate is determ ined by the gluon. It m eans,in particular,that the S{wave does not

contribute here.Atthe sam e tim e,in the dom inantbackground subprocessesgq!  + q

and q�q !  + g,the sam e spin con�gurationsare possible forboth in and outstates. It
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wasfound thatthe cuton the partonic collision energy
p
ŝ m atchesthisspin-statese�ect,

and the bestS=B ratio isobtained at
p
ŝ > 300 GeV.One can try to exploitthise�ectto

enhance thesignalsigni�cance with the sam e levelofthe S=B ratio.Indeed,ifoneapplies

thecuton theanglebetween thejetand thephoton in partonicc.m .s.cos#�j�  < � 0:87 for
p
ŝ < 300 GeV and add such eventsto the eventsrespecting the only cut

p
ŝ > 300 GeV,

then theS=B changeisrathersm all,whilethesigni�canceisim proved by a factorofabout

1.3.Thesam ee�ectcan beobserved with thecuton thejetproduction anglein thepartonic

c.m .s. #�jet,butone should note thatthe two variables,��j�  and #�jet,are correlated. Itis

desirableto perform a m ultivariableoptim ization oftheeventselection.

Note thatthisisa resultofa LO analysis,the task forthe nextstep isto understand

how thise�ectwillwork in presenceofNLO correctionsto both thesignaland background.

In the analysis perform ed in Ref.[49]the factor K N LO = 1:6 was used to take into

accountthe QCD next{to{leading correctionsforboth the signaland background subpro-

cesses.In Ref.[50,51,52],thisassum ption wascon�rm ed by an accurateevaluation ofNLO

correctionsto the signalsubprocesses (where forthe evaluation ofthe two{loop diagram s,

thee�ective point{likeverticeswereused in thelim itM H � m t [20]).Forthebackground,

the corresponding analysis [53]has shown that the NLO corrections are not larger than

50% . Thus,an attractive feature ofthe pp ! H (! )+jet channelis that theoretical

uncertaintiesrelated to higherorderQCD correctionscan beundercontrol.
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Figure 9: Distributionsin the jetproduction angle #�jet and the angle #�j between jetand

thephoton with sm allerpT in partonicc.m .s.fortheQCD signal(S)and background (B).

TheHiggsm assistaken tobeM H = 120GeV.Upperplots{no
p
ŝcut,in others

p
ŝ > 210

and 300 GeV correspondingly.TheM  bin isequalto 1 GeV.
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Signatures ofH eavy C harged H iggs B osons at the LH C

K .A .A ssamagan,A .D jouadi,M .D rees,M .G uchait,R .K innunen

J.L.K neur,D .J.M iller,S.M oretti,K .O dagiriand D .P.Roy

A bstract

W eanalyzethesignaturesofthecharged HiggsparticlesoftheM inim alSupersym -

m etricextension oftheStandard M odelattheLHC.W ewillm ainly focuson thelarge

M H � range where the charged Higgsboson isproduced through the gluon{bottom or

gluon{gluon m echanism s.TheresultingH � signalisanalyzed in itsdom inantH + ! tb

aswellas subdom inantdecay channels. Sim ulations forthe detection ofthe charged

Higgs boson signals in the decay channels H � ! �� � and H � ! cs;W � h or tb are

perform ed in thefram ework ofthe CM S and ATLAS detectors,respectively.

1 Introduction

Them inim alsupersym m etricStandardM odel(M SSM )containstwocom plexHiggsdoublets,

�1 and �2,corresponding to eightscalarstates. Three ofthese are absorbed asGoldstone

bosonsleaving�vephysicalstates{thetwoneutralscalars(h0;H 0),apseudo-scalar(A 0)and

apairofchargedHiggsbosons(H � ).Allthetree-levelm assesandcouplingsoftheseparticles

are given in term s oftwo param eters,m H � and tan�,the latterrepresenting the ratio of

the two vacuum expectation values [1]. W hile any one ofthe above neutralHiggsbosons

m ay be hard to distinguish from thatofthe Standard M odel,the H � carriesa distinctive

hall-m ark oftheSUSY Higgssector.M oreoverthecouplingsoftheH � areuniquely related

to tan�,sincethephysicalcharged Higgsboson correspondsto thecom bination

H � = � ��1 sin� + ��2 cos�: (1)

Therefore the detection ofH � and m easurem entofitsm assand couplingsareexpected to

play a very im portantrolein probing theSUSY Higgssector.

Thesearch forcharged Higgsbosonsisoneofthem ajortasksofpresentand futurehigh{

energy colliders.In a m odelindependentway,LEP2 hasseta lowerlim iton theH � m ass,

m H � >
� 74GeV,forany valueoftan� [2].AttheTevatron,theCDF and D�collaborations

searched forH � bosonsin top decaysthrough theprocessp�p! t�t,with atleastoneofthe

top quarksdecaying via t! H � b,leading to a surplusof�’sdue to the H� ! �� decay;

they excluded the low and high tan� regions[where the branching ratiosforthisdecay is

large]alm ostup to theM H � � mt lim it[3].Detailed analysesattheLHC haveshown that

theentirerangeoftan� valuesshould becovered forM H � <
� m t [4]using thisprocess.

Atthisworkshop,we focused on the large m assregion,M H � > m t,where the previous

production processisnotatwork and forwhich only a few prelim inary studieshave been

perform ed.W esum m arize ourwork in thiscontribution.Aftera briefsum m ary oftheH �

decay m odes[both in the M SSM and in som e ofitsextensions],we willdiscuss in section

3,thevarioussignalsfora heavy charged Higgsboson attheLHC.W ewillthen present,in

sections4 and 5,two sim ulationsforthe detection ofthe H � signalsin the decay channels

H � ! �� � in theCM S and H � ! cs;W � h;tbin theATLAS detectors.
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2 Production and decay m odes ofthe H � bosons

Thedecaysofthecharged Higgsbosonsarein generalcontrolled by theirYukawa couplings

to up{ and down{typeferm ionsu;d given by [1]:

gVij
p
2M W

H + [cot� m u �uidjL + tan� m d �uidjR]; (2)

Forvaluestan� > 1,asisthecasein theM SSM ,the couplingsto down{type ferm ionsare

enhanced. The coupling H � tb,which is ofutm ost im portance in the production and the

decays4 ofthe H � bosons,is large for tan� � 1 and � mt=m b. Interestingly these two

regionsoftan� are favored by b{� uni�cation fora related reason: i.e. one needs a large

tbH � Yukawa coupling contribution to theRGE to controltheriseofm b asonegoesdown

from theGUT to thelow energy scale[8].

0.01
0.1
1

100 150 200 250 300

�� tb
WhWA cs MH�
BR(H�) tan� = 2tan� = 30

Figure 1: Branching ratiosofthe charged Higgsboson decaysfortan� = 2 and 30. They

areobtained using theprogram HDECAY [10].

Thevalueoftan� determ inestoalargeextentthedecay pattern [9]ofthecharged Higgs

bosons.Forlargetan� valuesthepattern issim ple,aresultofthestrongenhancem entofthe

couplingsto down{type ferm ions: below the top{bottom threshold,H � bosonswilldecay

into ��� pairswhile abovethisthreshold,they willdecay into tbpairswith BR � 85% and

4It should be m entioned that m ost analyses ofthe H � boson decay m odes and detection signals at

collidersarebased on thelowestordervertex,represented by theYukawa coupling ofeq.(2),butim proved

by standard Q CD corrections[5]by using the running quark m asses. O ne loop electroweak correctionsto

this vertex can give a large variation in the signalcross{section at high or low tan�,as recently shown

in [6]. The corresponding correction from SUSY{Q CD loopsis possibly large [7]depending on the SUSY

param eters[butfortheproduction,they arenotyetcom pletely available].Theinclusion ofthesecorrections

isevidently im portantfora quantitativeevaluation ofthe H � signal.
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��� pairswith BR � 15% forlarge enough MH � values.Forsm alltan� values,tan� <� 5,

the pattern ism ore com plicated,in particulararound and below the tb threshold. Decays

into W h �nalstatesplay an im portantrolesincethey reach thelevelofseveralten percent

leading to a signi�cantreduction ofthedom inantbranching ratio into �� states.Notethat

the o�{shellthree body decays[9]H � ! bt� ! b�bW � and H � ! hW �;AW � ! hf �f;Af �f

[the latter being kinem atically forbidden at the two{body level]can be rather im portant.

TheH � branching ratiosaresum m arized in Fig.1 forthevaluestan� = 2 and 30.

In theM SSM ,thecharged and pseudoscalarHiggsboson m assesarerelated [1],

M
2

H � = M
2

A + M
2

W (3)

and the LEP lim iton the lightestscalarand pseudoscalarHiggsm asses,m h0(m A 0
)>� 90�

100 GeV im plies�rst,thatM H � >
� 120 GeV [M H � >

� 200 GeV fortan� = 2]and second,

thatthe H � ! W h0(W A 0)decay channelhasashigh a threshold asthe t�bchannel,while

the latterhasa m ore favorable coupling. Consequently the H � ! W h0(W A 0)decay B R

is restricted to be <
� 5% over the LEP allowed region [Fig.1]. However the constraints

discussed abovedo nothold in singletextensionsoftheM SSM liketheNM SSM [11].Con-

sequently H � ! W h0(W A 0)can bethe dom inantdecay m ode forM H � � 160 GeV in the

low tan� region and lead to a spectacularsignalattheLHC,asillustrated in Table1.This

decay channelwillbeanalyzed in detailin thenextsections.

Table 1. M axim albranching fractionsforH � ! W (h01;A
0
1)decay in the NM SSM for�xed input

valuesoftan� and outputH � m assof� 160 G eV.Thevaluesoftheh01;A
0
1 m assesand branching

fractionsareshown along with thecorresponding m odelparam eters.Also shown arethet! bH �

branching fraction and thesize ofthe resulting H � ! W (h01;A
0
1)decay signalatLHC.

tan� M H � B H � hN i �;k A�;A k m h1;m A 1 B h1;B A 1 �H �

(GeV) (% ) (GeV) (GeV) (GeV) (% ) (fb)

164 0.4 147 .39,{.25 {158,{59 56,36 51,43 2

2

160 0.8 273 .40,{.73 12,8 115,15 0,97 {

231 .21,{.41 {101,111 51,137 86,0 2.2

2.5 160 0.5

278 .33,{.72 16,8 113,15 0,95 {

196 .14,{.33 {184,{8 54,27 69,16 1.6

3 160 0.4

341 .22,{.62 23,6 110,19 0,90 {
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An im portantpointwhich should be m entioned,isthatin m ostofthe analyses ofthe

H � signals,it is always assum ed that it decays only into standard particles and that the

SUSY decay m odes are shut. But for large values ofM H � ,at least the decays into the

lightestneutralinosand charginos[and possibly into lightsleptonsand ~t;~bsquarks]can be

kinem atically allowed.Thesem odescould havelargedecayswidths,and could thussuppress

theH � ! tbbranching ratio in a drasticway [12].

In Fig.2,the branching fraction BR(H � ! �0i�
�

j )[with i=1{4 and j=1{2]are shown

asfunction ofM H � forthe fourvaluestan� = 2;5;10 and 30. The choice ofthe gaugino

and higgsino m ass param eters M 2 = � = 200 GeV has been m ade leading to the lightest

chargino and neutralino m assesm �0
1

� 80{90 GeV and m
�
+

1

� 125{150 GeV depending on

thevalueoftan� [sm allm assesareobtained with sm alltan� input].Thevaluesofthescalar

m assesaresuch thatsleptonsand squarksaretoo heavy to appearin thedecay productsof

the H � boson.Ascan be seen,forsm alland largevaluesoftan�,the H � tbcouplingsare

enhanced and thechargino/neutralino decaysareim portantonly forlargeH � m asseswhere

m any �0i�
0
j channels are open. Forinterm ediate tan� values,the H � tb Yukawa couplings

are suppressed,and the chargino/neutralino decaysare dom inantforcharged Higgsboson

m assesofa few hundred GeV.

In scenariiwhere sleptons and squarks [in particular stop and sbottom squarks] are

also light,H � bosonsdecaysinto these statesm ightbe kinem atically possible aswelland

would bedom inant.Thiswillagain suppressin a dram aticway thebranching ratio forthe

H � ! tbsignature[12].TheseSUSY decays,although discussed in theliterature,havenot

been analyzed experim entally up tonow.They should,however,notbeoverlooked forheavy

charged Higgsbosons,asthey m ightjeopardizethedetection oftheseparticlesattheLHC.

0.01
0.1
1

200 250 300 350 400 450 500
tan� = 30

= 10= 5= 2
MH� [GeV]

BR(H�! �0i��j )M2 = � = 200 GeV

Figure2:Branching ratiosofthecharged Higgsboson decaysinto charginosand neutralinos

asa function ofM H � fora setoftan� values;M 2 and � are�xed to 200 GeV.
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Finally,we briey discussthe production m odesofa heavy charged Higgsboson,with

m H � > m t,attheLHC.Thetwo m echanism swhich havesizeablecrosssectionsare:

pp! gb(g�b)! tH � (�tH + ) [13;14]

pp! gg=qq0! tH ��b+ �tH + b [15;16;17] (4)

Thesignalcross-section from the2! 2m echanism gb! tH � [wherethebquark isobtained

from the proton]is2{3 tim eslargerthan the 2 ! 3 processgg=qq! t�bH � [where the H �

boson isradiated from a heavy quark line]. Thisis shown in Fig.3a atLHC energies for

the valuestan� = 2 and 40. W hen the decaysH � ! t�band t! W btake place,the �rst

processgivesriseto3b{quarksin the�nalstatewhilethesecond onegives4b{quarks.Both

processescontributeto theinclusive production where atm ost3 �nalb{quarksaretagged.

However,the two processeshave to be properly com bined [18]to avoid double counting of

the contribution where a gluon givesrise to a b�bpairthatiscollinearto the initialproton.

The crosssection ofthe inclusive processin thiscase isshown in Fig.3b,and ism id{way

between thetwo crosssectionseqs.(4)[16].

0.0010.010.11
100 200 300 400 500 600 700 800 900 1000MH+ (GeV)

a) �( pp! tH+(b) ) [pb]
tan � = 2
tan � = 40
gg; qq ! tbH+gb! tH+

0.0010.010.11
100 200 300 400 500 600 700 800 900 1000MH+ (GeV)

b) �(pp! tH+) (inclusive) [pb]
tan � = 2tan � = 40

Figure3:Production crosssectionsforcharged HiggsbosonsattheLHC fortan� = 2 and

40.(a)Individualcrosssectionsfrom thegg=qqand gbprocessesand (b)com bination ofthe

two processeswith thesubtraction ofthecom m on piece.

Otherm echanism sforH � production athadron collidersaretheDrell{Yan typeprocess

forpairproduction,qq! H + H � ,theassociated production processwith W bosons,qq!

H � W � [19]and the gluon{gluon fusion process for pair production,gg ! H + H � [20].

However,theratesarerathersm allattheLHC,inthe�rstcasebecauseoftheweakcouplings

and thelow quark lum inositiesathigh energiesand in thesecond casebecausetheprocessis

induced by loopsofheavy quarksand isthussuppressed by additionalelectroweak coupling

factors.W ewillthusfocusin thisstudy on thetwo processeseq.(4).
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3 Signatures ofH � bosons at the LH C

Thet! bH + decayisknown toprovideaprom isingsignatureforcharged Higgsbosonsearch

attheLHC forM H < m t.Butitishard toextend theH
� search beyond m t,becausein this

casethecom bination ofdom inantproduction and decay channel,tH � ! t�tb,su�ersfrom a

largeQCD background [14,15].M oreoverthesubdom inantproduction channelsofH � W �

and H � H � have been found to give no viable signature at LHC [19]. In view ofthis we

haveundertaken a system aticstudy ofa heavy H � signatureattheLHC from itsdom inant

production channelgb(g�b)! tH � (�tH + ),followed by the decays H � ! �tb;� �� and W � h0.

W hilethe�rstdecay representsthedom inantchannelofcharged Higgsbosons,the�� and

W h0 are the largestsubdom inant channels in the high and low tan� regionsrespectively,

with [seealso Fig.1]

B � �(tan� >
� 10)� 15% and BW h0(tan� = 1� 5)<� 5% : (5)

The signature for the dom inant decay channelofH � ! �tb has been analyzed separately

assum ing three and four b{jet tags. The analyses presented in this section are based on

parton levelM onteCarlo program swith a Gaussian sm earing oflepton and jetm om enta for

sim ulating thedetectorresolution.

(i) H � ! tb Signature w ith Four b-tags [17]5:

Thedom inantsignaland background processesare

gg! tH ��b+ h:c:! t�tb�b; (6)

gg ! t�tb�b; (7)

followed by theleptonicdecay ofonetop and hadronicdecay oftheother,i.e.

t�tb�b! b�bb�bW + W � ! b�bb�b‘�q�q: (8)

A basicsetofkinem aticand isolation cuts,

pT > 20 GeV;j�j< 2:5;�R =
h

(��)2 + (��)2
i1=2

> 0:4 (9)

isim posed on allthejetand lepton m om enta.ThepT cutisalsoim posed on them issing-pT,

obtained by vector addition ofthe pT’safterresolution sm earing. This isfollowed by the

m ass reconstruction ofthe W and the top quark pair,so that one can identify the pair

ofb-jets accom panying the latter. W hile the harder ofthese two b-jets (b1) com es from

H � decay in thesignal,both ofthem com em ainly from gluon splitting in thebackground.

Consequently theS=B ratio isim proved by im posing thefollowing cutson thisb-jetpair:

M bb > 120 GeV;E b1 > 120 GeV and cos�bb < 0:75: (10)

5W hile thiswork wasinitiated earlier,som e ofthe issuesanalyzed during the workshop led to the �nal

version presented here.
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Then each ofthisb-jetpairiscom bined with each ofthereconstructed pairoftop to give4

entriesforthe invariantm assM tb perevent. One ofthese 4 entriescorrespondsto the H
�

m ass forthe signalevent,while the others constitute a com binatorialbackground. Fig.4

showsthistb invariantm assdistribution forthe signal(6)and background (7). The right

handscalecorrespondstothecross-sectionfor�4b = 0:1{i.e.anoptim isticb-tagginge�ciency

of�b = 0:56. Reducing itto a m ore conservative value of�b = 0:4 would reduce both the

signaland background by a factorof4 each.

Fig.4:The reconstructed tb invariantm ass distribution ofthe H � signal(6)and the QCD

background (7)in the isolated lepton plusm ulti-jetchannelwith 4 b-tags. The scale

on therightcorrespondsto a b-tagging e�ciency factor�4
b = 0:1.

Table2.Num berofsignaland background eventsin the4b-tagged channelper100fb� 1 lum inosity

in a m asswindow ofM H � � 40 G eV attan� = 40 (�b = 0:4).

M H � (GeV) S B S=
p
B

310 32.7 26.9 6.3

407 22.7 17.3 5.5

506 13.2 9.9 4.2

605 7.5 5.5 3.2

Table2 liststhenum berofsignaland background eventsfora typicalannuallum inosity

of100 fb
� 1
,expected from thehigh lum inosity LHC run,assum ing �b = 0:4.W hiletheS=B
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ratio is> 1,the viability ofthe signalislim ited by the signalsize6. One expects a > 3�

signalup to M H � = 600 GeV attan� = 40.The signalsize isvery sim ilarattan� = 1:5,

butsm allerin between [the signalprocess(6)iscontrolled by the tbH � Yukawa coupling,

eq.(2),which islargefortan� � 1 and � mt=m b,asdiscussed previously].

(ii) H � ! tb Signature w ith T hree b-tags [21]:

Thecontributionsto thissignalcom efrom (6)aswellas

gb! tH � + h:c:! t�tb+ h:c:; (11)

followed by theleptonicdecay ofonetop and hadronicdecay oftheother.Thesignalcross-

section from (11)is2{3tim eslargerthan from (6)[Fig.3],whiletheirkinem aticdistributions

arevery sim ilar.Com bining thetwo crosssectionsand subtracting theoverlapping pieceto

avoid double counting resultsin a signalcross-section,which ism id{way between the two;

seeFig.3.

Thebackground com esfrom (7)aswellas

gb! t�tb+ h:c: and gg! t�tg; (12)

where the gluon jetin the lastcase ism is-tagged asa b-jet. Assum ing the standard m is-

tagging factor of1% this contribution turns out in fact to be the largest source ofthe

background,asweseebelow.

Thebasickinem aticcutsareasin (9)exceptfora harderpT-cut,

pT > 30 GeV; (13)

since the 3 b-jetscom ing from H � and t�tdecaysare allreasonably hard. Thisisfollowed

by the m ass reconstruction ofthe top quark pair as before,so that one can identify the

accom panying (3rd)b-jet.W eim posea

pT > 80 GeV (14)

cut on this b-jet to im prove the S=B ratio. Finally this b-jet is com bined with each of

the reconstructed top pairto give two entries ofM tb perevent. One ofthem corresponds

to the H � m ass for the signalwhile the other constitutes the com binatorialbackground.

Fig.5showsthistbinvariantm assdistribution ofthesignalalongwith theabovem entioned

backgrounds,including a b-tagging e�ciency factorof

�b = 0:4: (15)

W hile the S=B ratio is< 1 the signalcross-section ism uch largerthan the previouscase.

Table 3 lists the num ber ofsignaland background events for a lum inosity of100 fb� 1 at

tan� = 40.Theresultsarevery sim ilarattan� = 1:5.Com paring thiswith Table2 wesee

thattheS=
p
B ratio isvery sim ilarin thetwo channels.Oneshould bearin m ind however

the largerpT cut(13)assum ed forthe 3 b-tagged channel. The cross-sections in both the

caseswerecalculated with theM RS-LO structurefunctions[22].

6Increasing thepT cutofb-jetsfrom 20 to 30 G eV would reducethesignal(background)sizeby a factor

ofabout3(4),hence reducing the viability ofthissignal.
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Fig.5:The reconstructed tbinvariantm assdistribution ofthe H � signaland di�erentQCD

backgroundsin theisolated lepton plusm ulti-jetchannelwith 3 b-tags.

Table3.Num berofsignaland background eventsin the3b-tagged channelper100fb� 1 lum inosity

in a m asswindow ofM H � � 40 G eV attan� = 40 (�b = 0:4).

M H � (GeV) S B S
p
B

310 133 443 6.2

407 111 403 5.6

506 73 266 4.5

605 43 156 3.4

(iii) H � ! �� Signature [23]:

Following the analysisofRef.[23]a m ore exactsim ulation ofa heavy H � signature in

the �� decay channelwasdone forthe CM S detectorusing PYTHIA [24].The resultswill

bepresented in thenextsection.By exploiting thedistinctive� polarization onecan getat

leastasgood a H � signaturehereasin thet�bchannelforthelargetan� region.

(iv) H � ! W � h0 Signature [25]:

Forsim plicity wehaveestim ated thesignalcross-section from

gb! tH � + h:c:! bW + W � h0 + h:c:; (16)
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followed by h0 ! b�b,W � ! ‘� and W � ! q�q. Thus the �nalstate consists ofthe sam e

particlesasthedom inantdecay m odeofeq.(11).Thuswehavetoconsiderthebackground

from theH � ! t�bdecay (11)along with thosefrom theQCD processesofeq.(12).

W erequire3 b-tagsalong with thesam ebasiccutsasin section (ii).Thisisfollowed by

them assreconstruction ofW � and thetop,which helpstoidentify theaccom panying b-pair

and theW .Theresulting bband W binvariantm assesarethen subjected to theconstraints,

M bb = m h0 � 10 GeV and mW b 6= m t� 20 GeV: (17)

The h0 m assconstraintand theveto on thesecond top helpsto separate theH � ! W � h0

signalfrom the backgrounds. Howeverthe form erisseverely constrained by the signalsize

aswellastheS=B ratio.Consequently oneexpectsatbesta m arginalsignalin thischannel

and only in a narrow strip oftheM H � {tan� param eterspace,attheboundary oftheLEP

exclusion region. Fig.6 shows the signal(16) along with the backgrounds from (11)and

(12)againstthereconstructed H � m assatonesuch point{M H � = 220GeV and tan� = 2.

Notethat,asdiscussed in section 2,in extensionsoftheM SSM ,theH � ! W h0(W A 0)can

be the dom inant decay m ode for M H � � 160 GeV in the low tan� region and lead to a

spectacularsignalattheLHC;seeTable1.
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Fig.6 TheH � ! W h0 signalcross-section isshown againstthereconstructed H � m assfor

M H � = 220 GeV and tan� = 2 along with theH � ! tband theQCD backgrounds.

It should be m entioned here that these parton levelM onte Carlo analyses ofthe H �

signature in tb and W h0 decay channels need to be followed up by detailed sim ulation

with PYTHIA,including detector acceptance,as in the case ofthe �� channeldiscussed

in the next section. Som e work has started here along this line for the ATLAS detector;

this is sum m arized in section 5. One should also bear in m ind the possibility of large

radiative corrections to the Yukawa coupling eq.(2);it is evidently im portant to include

thesecorrectionsfora quantitativeevaluation ofthissignal.
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4 T he H + ! �� m ode in C M S

4.1 Introduction

As m entioned in the previous section,the hadronic � signature ofa heavy charged Higgs

boson from pp ! tH � atthe LHC isuseful. In thiscontribution,we study the search of

heavy H � bosons in the CM S detector with a realistic sim ulation using the procedure of

Ref.[23]toselecttheeventsand toexploitthe� polarization e�ects.Them ain backgrounds

aredueto ttand W +jetevents.TheW +jetbackground can bee�ectively reduced with W

and top m assreconstruction and b{tagging.Although forttand W +jeteventsthetransverse

m assreconstructed from the�{jetand them issing transverseenergy isbounded from above

by theW m ass,som eleaking ofthebackgroundsinto thesignalregion can beexpected due

to theexperim entalresolution oftheE m iss
t m easurem ent.

4.2 Event selection and expectations for C M S

Events are generated with PYTHIA [24]using the process bg ! tH � . The results from

Ref.[21]with a subtraction ofdouble counting between the gb ! tH � and gg ! tbH �

processesareused to norm alizethePYTHIA crosssections.TheH � ! �� branching ratio

iscalculated with the HDECAY program [10]and used in the sim ulation. A heavy SUSY

particle spectrum (1 TeV) is assum ed with no stop m ixing. The decay m atrix elem ents

with polarization e�ects [23,26]are added in PYTHIA.For m H � = 400 GeV and tan�

= 40 about 1700 signalevents,including only one-prong hadronic � decays,are expected

for an integrated lum inosity of30 fb� 1. The jets and the m issing transverse energy are

reconstructed with a fastsim ulation packageCM SJET [27].Forb-tagging,resultsobtained

from a fullsim ulation and reconstruction oftheCM S trackerareused [28].

The real� jet is chosen as the � jet candidate requiring Et > 100 GeV and j�j<2.5.

The events can be triggered with a m ulti-jet trigger and a higher level� trigger even in

the high lum inosity running conditions. The � selection is perform ed here using only the

trackerinform ation.Thealgorithm ofref.[23]torem ovethetransversecom ponentsofthe�

polarization isused requiringr= p� /E � jet> 0.8,wherep� isthem om entum ofahard pion

from � decay in aconeof�R < 0.1around thecalorim eterjetaxisand E � jetisthehadronic

energy ofthe � jet(Et > 100 GeV)reconstructed in the calorim eters(electrom agnetic and

hadronic)in a cone of�R < 0.4. The e�ciency ofthis� selection forthe signaleventsis

20% while forthe tteventsthe e�ciency isonly 0.4% (including the E t threshold forjet).

A reconstruction e�ciency of95% isassum ed forthehard isolated track from �.

A largem issingtransverseenergyisexpected in thesignaleventsduetotheneutrinofrom

H � decay. The E m iss
t is reconstructed with the CM SJET package,where the calorim eter

response is param etrized including the e�ects ofthe detector cracks and the volum es of

degraded response.E�ciency ofthecutE m iss
t > 100GeV isabout75% forthesignalevents

and about39% forthettbackground.

A visiblesignalfortheHiggscan beobtained in thetransversem assreconstructed from

the�-jetand them issing transverseenergy ifthehadronicdecay oftheassociated top quark
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isselected. Forthe reconstruction ofthe W and top m assesthe eventswith atleastthree

jetswith E t > 20 GeV,in addition to the � jet,are selected. The W and top m asses are

reconstructed m inim izing the variable �2 = (m jj � mW )
2 + (m jjj � mt)

2,where m W and

m t are the nom inalW and top m asses. A Gaussian resolution of13.6 GeV is found for

the reconstructed top m ass. The fraction ofeventswhere the three jetsare found and the

reconstructed W m assiswithin m W � 15 GeV and thereconstructed top m asswithin mt�

20 GeV is54% forthesignal,59% forthettbackground and 8% fortheW +jetevents.

AftertheW and top m assreconstruction and them asswindow cutsb-taggingisapplied

on thejetnotassigned to theW .Thisjetisrequired to beharderwith E
jet
t > 30GeV.The

tagging e�cienciesbased on the im pactparam eterm ethod obtained from a fullsim ulation

and track reconstruction in the CM S tracker are used [28]. Atleasttwo trackswith pt >

1 GeV and im pactparam etersigni�cance �ip > 2 arerequired inside thejetreconstruction

coneof0.4.Forb-jetswith E t = 50 GeV thee�ciency isfound to be� 50% averaged over

the full� range (j�j< 2:5). The m is-tagging rate for the corresponding light quark and

gluon jetsis1.3% .

Figure 7:a)Transverse m assreconstructed from � jetand Em iss
t forH � ! �� from pp !

tH � with m H � = 400 GeV and tan� = 40 overthe totalbackground from ttand W +jet

events.b)thesam easin a)butwith a veto on a centraljetand a second top.

Thereconstructed transversem assm � �
T overthetotalbackground isshown in Fig.7a for

m H � = 400 GeV and tan� = 40 for30 fb� 1. Form � �
T >100 GeV about44 signalevents

areexpected form H � = 400 GeV and tan� = 40 and about25 eventsform H � = 200 GeV

and tan� = 30,foran integrated lum inosity of30 fb� 1. About5 background eventsfrom

ttand W + jetare expected form � �
T >100 GeV.Furtherreduction ofthe ttbackground is

stillpossible using a jetveto cutand a veto on a second top in the event.Since a softand

a relatively forward spectator b-jet from the production process is expected in the signal

events,a centraland hard jet veto with j�jetj< 2 and E
jet
t > 50 GeV is used. For the
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reconstruction ofthe second top from the � jet,m issing energy and one ofthe rem aining

jets,the longitudinalcom ponent ofthe m issing energy is �rst resolved from the W m ass

constraintselecting thesm allerofthetwo solutions.Thereconstructed top m assisrequired

to falloutside the window ofm t� 60 GeV.The centraljetveto and the second top veto,

being closely correlated cuts,reducettbackground by a factorof� 7.Thee�ciency forthe

signalis 54% . The transverse m ass m � �
T distribution over the totalbackground including

thejetand second top veto isshown in Fig.7b form H � = 400 GeV and tan� = 40 and in

Fig.8a form H � = 200 GeV and tan� = 30.

Figure 8:a)Transverse m assreconstructed from � jetand Em iss
t forH � ! �� from pp !

tH � with m H � = 200 GeV and tan� = 30 overthe totalbackground from ttand W +jet

eventswith centraljetand second top veto. b)the sam e asin a)butfor�� > 50 o where

�� istheanglebetween the� jetand theE m iss
t vectorin thetransverse plane.

Thevisibility ofthesignalcan besigni�cantly im proved,especially atm H � = 200 GeV,

with a cut on the �� angle between the � jet and the E m iss
t . Although �� is directly

proportionalto m � �
T ,a cutin �� suppressesthe background e�ciently atthe lowerend of

the expected signalregion as can be seen from Fig.8b showing the signalover the total

background with �� > 50 o form H � = 200 GeV and tan� = 30.

4.3 C onclusion

Ourprelim inary study leadsto the conclusion thatH � ! �� from pp ! tH� isa prom is-

ing discovery channelforcharged Higgsbosonsatthe LHC.Forthe evaluation ofthe �nal

discovery reach in them A ,tan� param eterspaceadetailed sim ulation oftheE m iss
t m easure-

m entforthe background events isneeded. The study can be extended to high lum inosity

butsom eadditionallossofe�ciency should beexpected dueto theharderE
jet
t cutsdueto

triggerrequirem ents.
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5 T he H + ! cs;W h;tb m odes in AT LA S

5.1 Introduction

In thissection wedescribethecharged Higgsboson discovery potentialoftheATLAS detec-

torinthe(m H � ,tan�)param eterspacewhich hasbeen investigated usingtheATLFAST [29]

and PYTHIA 5.7 [24]sim ulation packages.Thisisa particle{levelsim ulation perform ed at
p
s = 14 TeV,butwith the detectorresolutionsand e�cienciesparam etrized from fullde-

tectorsim ulations.Itisassum ed thatthem assscaleofsupersym m etricpartnersofordinary

m atterisabovethecharged Higgsbosonsso thatH � decaysinto supersym m etric partners

areforbidden [30].A centralvalue175 GeV isused forthetop-quark m ass.

ThedecaysH � ! tband H � ! �� arethedom inantchannelsin m ostoftheparam eter

space [10]. The decay channelH � ! �� has been studied extensively for ATLAS for

m H � < m t,and thesignalappearsasan excessof� leptons[31].The channelH� ! W h0

isonly relevantin atiny rangeofM SSM param eterspacebutitconstitutesauniquetestfor

M SSM and m ay besensitiveto thesingletextension to M SSM ,i.e.,NM SSM .TheH � ! c�s

channelisstudied asa com plem entto the�-lepton channel:ifthecharged Higgsisdetected

by observing the excess of�-leptonsoverthe SM prediction,then the c�s channelcould be

used tom easurem H � .Discovery ispossiblethrough theH + ! t�bchannelforlow (<� 3)and

large(>� 25)tan� valuesup tom assesm H � � 400GeV.In thefollowing,abriefdescription

oftheanalysisispresented;detailscan befound elsewhere [32,33].

5.2 H � D iscovery Potential

(i) t! bH � ! bc�s,m H � < m t: t�tevents are generated through gg;q�q! t�twith one

top-quarkdecayingintothecharged Higgs,and theotherintoW ,�t! W b! l�b.Them ajor

background ist�tproduction itselfwith both top-quark decaying into W ’s;one ofthe W ’s

goestojetsand theothertoleptons.Thisprocessisstudied fortan� = 1:5 and m H � = 110

and 130 GeV.The eventswith a �nalstate consisting oftwo b-tagged jets(j�j< 2:5,and

pT > 15 GeV),and a single isolated lepton (j�j< 2:5,peT > 20 and p
�

T > 6 GeV) are

selected and the charged m ass peak is searched forthe di-jetm ass distribution m jj. The

com binatorialbackground isreduced by applying a b-jetveto and a jet-veto on extra jets.

Fig.9 shows the di-jet m ass distribution for both the signaland the background. This

channelcom plem entsthe H � ! �� channelin thatifthe H� isdetected by observing the

excessof�-leptons,theH� ! c�s channelcan beused to determ ine m H � .

(ii) t! bH � ,H � ! W �h0,m H � < m t:The production m echanism isthesam e asin

the previouscase,buthere,H � ! W �h0,with h0 ! b�b.The �nalstate containstwo W ’s,

oneofwhich iso�-shelland oneofwhich decaysto leptonsand theotherto jets.Them ajor

backgroundsaret�tb�band t�tq�q followed by thedecaysofthetop-quarksasdescribed above.

The presentchannelisstudied form H � = 152 GeV and fortan� = 2 and 3 corresponding

to m h0 = 83:5 and 93.1 GeV respectively. W e search foran isolated lepton,fourb-tagged

jets (pbT > 30 GeV) and at least two non b-jets with p
j

T > 30 GeV.The details ofthis

analysis can be found in [33]. It su�ces to say that although the backgrounds are over
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Figure 9: For the H � ! cs channel,the expected m jj distribution from signaland background

events(solid)and from the background (dashed)form H � = 130 G eV and tan� = 1:5 and foran

integrated lum inosity of30 fb� 1.Errorsare statisticalonly.

two orders ofm agnitude higher that the signalat the start,we propose a reconstruction

m ethod which perm itsthe extraction ofthe signalwith a signi�cance exceeding 5� in the

low tan� (1:5� 2:5)region. Athigh tan�,though the reconstruction rem ainscom parable

the signalrate decreases so signi�cantly that discovery potentialvanishes in this region.

Fig.10 showsthecharged Higgsm assreconstruction fortan� = 2.

(iii)m H � > m t:Abovethetop-quark m ass,weconsidertheproduction ofH
� through

the2! 2 processgb! tH � .Two decay channelsofH � areexam ined in details,H � ! tb

and H � ! W h0 ! W b�b. In both cases the m ajor background com es from t�tb and t�tq

events. In either case,we search for an isolated lepton,three b-tagged jets and at least

two non b-jets. The details ofthese analyses can be found elsewhere [32,33]. Discovery

is possible through the H � ! tb channelfor low (< 3) and for high (> 25) tan� up to

m H � � 400 GeV [32].Fig.11 showsthecharged Higgsm assreconstruction fortan� = 1:5

and m H � = 300 GeV.On the otherhand,the H � ! W h0 channelpresents no discovery

potentialforthecharged Higgsin theM SSM .Initially,thetotalbackground isatleastthree

ordersofm agnitude higherthan the signalin the m ostfavorable case studied (tan� = 3).

W e propose a reconstruction technique which im proves the signal-to-background ratiosby

two ordersofm agnitude. However,thisim provem entisstillnotenough to observe a clear

signal;forexam ple,attan� = 3,a signi�canceofonly 3.3 can beexpected afterthreeyears

ofhigh lum inosity operation [33].

5.3 C onclusions

Thepossibility ofdetecting thecharged Higgsthrough thedecay channelsH � ! c�s,H � !

W h0,and H � ! tbwith theATLAS detectorhasbeen studied asa function oftan�,below
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Figure 10: For the H � ! W �h0 channel, the reconstructed m ass distribution from

signal+ background events (solid) and from background events (dashed) for m H � = 152 G eV,

tan� = 2,and forand integrated lum inosity of300 fb� 1.Errorsare statistical.
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Figure11:Signaland background distributionsforthereconstructed invariantm assm tbform H � =

300 G eV,tan�= 1:5 and an integrated lum inosity of30 fb� 1.Errorsare statisticalonly.

and above the top-quark m ass. Below the top-quark m assand atlow tan�,both channels

H � ! c�sand H � ! W h0 presentsigni�cantdiscovery potential.Thesetwo channelswould

com plem ent the H � ! �� searches in that ifthe latter is observed through the excess of

�-leptons,theform erchannelscan beused tom easurethem assofthecharged Higgs.Above

the top-quark m ass,the process H � ! tb presents a signi�cant discovery potentialin the

low and thehigh tan� regionsup to 400 GeV.
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Light stop e�ects and H iggs boson searches at the LH C .

G .B�elanger,F.Boudjema,A .D jouadi,V .Ilyin,

J.L.K neur,S.M oretti,E.R ichter{W a�s and K .Sridhar

A bstract

W e analyze the e�ectsoflighttop squarkswith large m ixing on the search ofthe

lightestHiggsboson oftheM inim alSupersym m etricextension oftheStandard M odel

atthe LHC.W e discussboth the stop loop e�ectsin the m ain production and decay

processes,and theassociated production oftop squarkswith thelightestHiggsboson.

1 Introduction

The third generation ferm ions,and especially the top quark because ofits large Yukawa

coupling,play an im portant r̂ole in the m echanism ofelectroweak sym m etry breaking and

the properties ofthe Higgsbosons[1]. Recallthatifthe top quark were ratherlight,the

M inim alSupersym m etricextension oftheStandard M odel(M SSM )would havebeen already

discarded sincethelightestHiggsboson h thatitpredictswould havebeen lighterthan the

Z boson,M h � MZ [1],and would havenotescaped detection atLEP2.Thecontribution of

thetop quark and itsSUSY partnersto theradiative correctionsto M h can push them ass

value up to M h � 135 GeV [2],beyond the reach ofLEP2. The m ixing in the stop sector

isalso im portantsince large valuesofthe m ixing param eter ~A t = A t+ �=tan� [where At

isthe trilinearcoupling,� the higgsino m assparam eterand tan� the ratio ofthe vev’sof

the two Higgs doublets which break the electroweak sym m etry;see Ref.[3]forthe SUSY

param eters]can increase theh boson m assfora given valueoftan� [2].

On the otherhand,while the sferm ionsofthe two �rstgenerationscan be very heavy,

naturalnessargum entssuggestthattheSUSY particlesthatcouplesubstantiallytotheHiggs

bosons[stops,sbottom sforlarge tan�,and the electroweak gauginosand higgsinos]could

berelatively light.In thisrespect,thecaseofthestop sectorisspecial:becauseofthelarge

m t value,them ixing in thissectorcan bevery strong,leading toam asseigenstate~t1 lighter

that allother squarks,and possibly lighter than the top quark itself. At the sam e tim e,

again becauseofthelargem ixing,thisparticlecan couplevery strongly totheM SSM Higgs

bosonsand in particularto thelightestCP{even particleh.

At the LHC,a light stop with large couplings to Higgsbosons can contribute to both

the h production in the m ain channel,the gluon{gluon fusion m echanism gg ! h,and to

the m ain detection channel,the two{photon decay h ! . The e�ectscan be extrem ely

large,m aking thisdiscovery channelpossibly uselessattheLHC [4{6].On theotherhand,

becauseoftheenhanced couplingsand phase{space,associated production ofstopsand the

h boson attheLHC,pp! q�q=gg! ~t1~t1h,m ighthavesizeablecrosssections[7{10].

Itisthuscrucialto investigatehow and when thisscenario occursand whatotherconse-

quencesthen follow attheLHC.Thepurposeofourworkinggroup contribution istoupdate

and com plem entthevariousanalyses[5{10]which havebeen m adeon thissubject.
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2 Stop param eters and phenom enologicalconstraints

W estartourdiscussion by recallingtheparam etersthatde�nethestop m asses,m ixingangle

and the ~t1~t1h coupling.Thestop m asseigenstatesarede�ned through them ixing angle�~t,

with the lighteststop ~t1 being ~t1 = cos�~t ~tL � sin�~t ~tR . W ith the e�ective trilinearm ixing

param eter, ~A t = A t+ �=tan�,onehasforthem assesand them ixing angle7

tan(2�~t)=
� 2mt~A t

~m 2
~Q 3

� ~m2~U3R

+ 1

2
M 2

Z cos2�(1�
8

3
s2W )

or sin(2�~t)=
� 2mt~A t

m 2
~t1
� m2~t2

(1)

m 2
~t1;2

= m 2

t +
1

2

�

m 2
~Q 3

+ m 2
~U3R

+ � � � �

r

(m 2
~Q 3

� m2~U3R

+ � � � )2 + 4m 2
t
~A 2
t

�

; (2)

where m ~Q 3
,m ~U3R

are the soft-SUSY breaking scalarm assesand the dotsstand forthe D {

term s/ M 2
Z cos2�. Note thatin orderto enhance the m ixing,sin(2�~t)� 1,one needsto

m ake ~A t large and/or have the soft-SUSY m asses alm ost equal: ~m ~Q 3
’ ~m ~U3R

. The ~t1~t1h

vertex writes

V~t1~t1h = � g
m t

M W

cos�

sin�

�

(A t� � tan�)sin�~t cos�~t � mt

+
M 2

Z

m t

sin�

cos�
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�

(
1

2
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2
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2
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��

’
g

M W

�
1

4
sin2(2�~t)(m

2
~t1
� m2~t2) + m 2

t

�

(3)

wherein thelastlineweneglected theD {term contributionsand assum ed thelim itoflarge

M A to be in the decoupling regim e. Ascan be seen,in the presence oflarge m ixing with

largesplitting between thetwo stop eigenstates,the~t1~t1h coupling can beparticularly large.

In thecaseofno m ixing,only thetop contribution survivesand thecoupling ~t1~t1h isofthe

orderoft�th coupling.Taking thislim itasa referencepoint,thestrength ofthe~t1~t1h vertex

can benorm alized through R ~t1
=

h

M W V~t1~t1h=(gm
2
t)
i2
.

W enow sum m arizetheconstraintswhich can beim posed on thestop param eters:

� Them odelindependentm asslim iton thelighteststop isobtained from directsearches

atLEP,m ~t1
� 90 GeV [11]. However,ifthe~t1 and the �0 LSP are nottoo close in

m ass,a strongerlim it,m ~t1
� 120 GeV [12],isavailable from Tevatron analyses. For

bottom squarks,a lim itm ~b
� 250 GeV isavailable from Tevatron data in the case of

no{m ixing [12].

� Ifstopsaretoolight,theradiativecorrectionstotheh boson m assarenotlargeenough

and thelim itM h � 90 GeV [11]from LEP searchesplaysan im portantrole.

7The sign conventionsforA t here isopposite to the one adopted in Refs.[3]and [7]. Accordingly,the

sign convention forthe m ixing angleisoppositeto the oneofRef.[7]where ~t1 = cos�~t
~tL + sin�~t

~tR .
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� Asin thecaseoftop/bottom splitting in theStandard M odel,thestop/sbottom dou-

blet can contribute signi�cantly to electroweak precision observables through the �

param eter.In particular,ifstopsstrongly m ix and havelargecouplings,thecontribu-

tionsto �� can exceed thevalue�� � 0:0013 im posed by data [13].

� Som e valuesofthe stop param eters m ightinduce colorand charge breaking m inim a

(CCB).Sincethenaiveconstraintsbased on theglobalm inim a m ay betoorestrictive,

we willtake into accountthe tunneling rate[forwide rangeofparam eters,theglobal

CCB m inim um becom esirrelevanton the ground thatthe tim e required to reach the

lowestenergy state exceeds the presentage ofthe universe],which leadsto a m ilder

constraintwhich m ay beapproxim ated by [14]:A 2
t + 3�2 < 7:5(M 2

~Q 3

+ M 2
~U3R

).

Figure1:(a)Constraintfrom ��� 0:0013 (fullline),M h � 90 G eV (dash-dot),CCB (dash)and

m ~b1
(dash)for tan� = 10,� = 400 G eV,m ~t1

= 120 G eV and M A = 1 TeV;the M h constraint

for tan� = 2:5 is also shown (dot). (b)Equipotentiallines (dotted) for the norm alized coupling

R ~t1
= 1;10;50;100 with tan� = 10 and � = 400 G eV.The exclusion regions corresponding to

��� :0013 and M h � 90 G eV are also reproduced.

Fig.1showshow theparam eterspaceisrestricted by thepreviousconstraintsand which

valuesoftheratioR ~t1
areallowed.In Fig.1a,theexcluded region in theplane(cos�~t;m ~t2

)is

within therespective boundariesindicated.Notethatforcos�~t � 1,the�� constraintalso

excludestheregion totherightofthesecond branch ofthe�� curvewherethepresentlim it

on the m assofthe sbottom iscontained. Requiring m ~b1
� 250 GeV excludesthe region to

therightofthecurve.TheCCB constraintfor� = 800 GeV isalso displayed,theexcluded

region liesbetween the two \CCB,� = 800" curves. In Fig.1b,we show the equipotential

linesforthe norm alized coupling R ~t1
. The exclusion regionscorresponding to �� � :0013

and M h � 90 GeV arealso reproduced.In allcasesM2 = � � and a com m on gaugino m ass
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attheGUT scaleareassum ed.Notethatonehasto m akesurethatthelighteststop isnot

the LSP,ashasbeen alwaysveri�ed in ouranalysis. Considering thatthe CCB constraint

is ratheruncertain,itis also worth pointing outthatthe one used in ouranalysis hardly

precludespointswhich arenotalready excluded by the�� and m h constraints.

3 H iggs boson signals at the LH C

In thissection,wewilldiscusswhatm ighthappen tothesearch forthelightestM SSM Higgs

boson h at the LHC,ifone allows allsparticles but the stops (and to a lesser extent the

charginosand neutralinos)to beratherheavy.W ewill�rstdiscussthee�ectsofstop loops

in thegluon{gluon fusion m echanism ,gg! h,and in them ain Higgsdetection channel,the

two{photon decay h ! ,and then discuss the associated production ofstops with the

lightHiggsboson h and possibly A.

3.1 Stop loop e�ects

Since the h~t1~t1 vertex eq.(2)doesnothave a de�nite sign [forno m ixing the positive m 2
t

com ponentdom inateswhile form axim alm ixing the negative com ponent 1

4
sin2(2�~t)(m

2
~t1
�

m 2
~t2
) is the leading one],the stop loop contributions can interfere either destructively or

constructively with thetop loop contributionsin thegg! h and h !  processes.Noting

thatwhileforgg ! h only top/stop loopsarepresent,forthedecay h ! ,theadditional

contributionsfrom W loopsare dom inantand have a destructive interference with the top

contributions. Thism eansthatifthe rate forh ! gg issuppressed,there willbe a slight

increase in h !  decay width and vice versa. Therefore eitherthe rate forthe inclusive

channelgg ! h !  is enhanced or the rate forthe associated Higgs production pp !

W h;Zh;t�th [17]with h !  isenhanced. Itisim portantto stressthat,in any case,the

rate forthe associated t�th production with the subsequentdecay h ! b�bishardly a�ected

by stop loopsand willalwayshelp in thesescenarii,aswillbediscussed later.

W ebegin ouranalysisby de�ning theratio R  � Rh!  which isthebranching ratio of

thelightestSUSY Higgsboson decayintotwophotonsoverthatoftheSM forthesam eHiggs

m ass. In the decoupling regim e,M A � M Z,this ratio is a�ected only by SUSY{particle

loops;in thiscase the ratio isalso sensibly the sam e asthe ratio forassociated production

ofthe h boson with W ;Z bosons and/orwith t�tpairs,with h decaying into . W e also

de�ne R gg asthe ratio forthe signalin the directproduction channelgg ! h tim esthe

branching ratio forthe h !  decay in the two m odels. The gg and  decay widthsare

obtained8 with thehelp oftheprogram HDECAY [16].

Fig.2 sum m arizes the contribution ofstop loops to these ratios,for tan� = 2:5;� =

� M2 = 250 GeV and M A = 1 TeV.To m axim ize thee�ectofstop m ixing,sin(2�~t)’ 1,we

assum ethat ~m ~Q 3
’ ~m ~U3R

.From this�gure,onecan seethat:

8Note thatthe ratiosofgg decay widthsand production crosssectionsarealm ostthe sam e:largeQ CD

corrections cancelout in the ratios when the dom inant contribution com es from the top loops,and the

correctionsto the top and stop contributionsarepractically the sam e;see Ref.[15].
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Figure2:Higgsboson (h)production and decay ratiosattheLHC for ~m ~Q 3
’ ~m ~U3R

attan� = 2:5

and large M A .Figuresare scanned over ~m ~Q 3
and A t within the constraintsdiscussed above.
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{ Theh !  branching ratio isonly m ildly a�ected [lessthan � 30% ]by thecontribu-

tionsofthe stop loopswhich can be ofeithersign.Thisism ainly due to the factthatthe

W contribution to theh vertex islargely dom inantin thedecoupling lim it.

{ The hgg coupling is always reduced com pared to the SM case forlarge stop m ixing

and ratherlightstopscan lead to a strong reduction in therateoftheinclusive production

channelgg ! h. The suppression factor can be as low as 1=10 whereas a benchm ark for

discovery is about � 1=2 [although this benchm ark depends slightly on the Higgs boson

m ass]. The suppression occurs forrather large,though notm axim al,Higgs boson m asses

wherethee�cienciesarebetterthan forsm allerHiggsm asses.

{ Forvery heavy stopswhich should decouple from the hgg and h vertices,the ratio

R gg could bedi�erentfrom unity sincecharginoscould bealso lightand m ightgivesm all

contributionsto theh !  decay width in theM SSM .

3.2 A ssociated H iggs production w ith stops

Ifthe m ixing in the stop sectorislarge,one ofthe top squarkscan be ratherlightand at

the sam e tim e,itscouplingsto the Higgsboson can be strongly enhanced. The associated

production processpp! q�q=gg! h~t1~t1 m ightthen befavored by phasespaceand thecross

sectionsm ightbesigni�cantly large.Thisprocessisthusworth investigating attheLHC.

In view oftheim plem entation oftheprocesspp! q�q=gg! ~t1~t1h intoan eventgenerator,

itisusefulto givea \m odelindependent" description oftheproduction crosssection in the

continuum ,in term softheparam etersm ~t1
;M h [besides�s,m tetc...].Onecan tabulate,in a

way which can beread externally,thecrosssection according to selected values9 ofM h;m ~t1

togetherwith the coupling V~t1~t1h [forsim plicity and asa �rststep,one can take the vertex

V~t1~t1h such thatR ~t1
= 1,i.e.in thelargeM A lim it,no ~tm ixing and D {term s].

The generator ofpartonic events for pp ! ~t1~t1h can be created by using the package

CompHEP [18]and m ay bedown-loaded atthishttp address[19].Theeventscan beused as

an externalprocessinputin PYTHIA [20]orISAJET forfurtherdecay and hadronization to

sim ulate fullevents atthe levelofdetectable particles. The ~t1~t1h coupling isevaluated as

a user’sfunction thusallowing foran interface with any SUSY m odel. The generatoralso

includes,asan option,theeventgeneration oftheSM processpp! q�q=gg! t�t+Higgs.

Asan illustration,de�ned referencecrosssections10 calculated with thehelp ofCompHEP

are displayed in Fig.3. The cross sections are shown as functions ofM h(m ~t1
) for given

valuesofm ~t1
(M h),fora ~t1~t1h vertex in the lim itoflarge M A,no m ixing and no D{term s,

asdiscussed above.Also shown arethecrosssectionsfortheprocessespp! t�th;t�tZ [where

only the dom inating contributionsofthe gg initiated subprocessesare included]and ~t1~t1Z

[wherethevertex hasbeen com puted with cos2�~t = 1=2,i.e.m axim alm ixing,and hastobe

rescaled by a factor(cos2�~t=2� 2=3s2W )forotherm ixing values,].W ehaveused theCTEQ4

structurefunctions[22]with a scalesetattheinvariantm assofthesubprocess.

9O fcourse,in reality,the situation is slightly m ore com plicated since the two m assesm ~t1
;M h and the

coupling V~t1~t1h depend on the m ixing and arethusinter-related
10Note thatthe com pleteanalyticalexpressionsofthe pp ! gg=q�q! ~q~q+ Higgsaregiven in Ref.[7].
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Figure 3: The cross section pp ! ~t1~t1h (and sim ilar processes) at the LHC as functions ofm ~t1

(left)and M h (right)fora range ofM h and m ~t1
values.See textfordetails.

As can be seen,the pp ! ~t1~t1h cross section can be large forsm allvalues ofthe stop

and theHiggsm asses,butdropsprecipitously with m ~t1
and to alesserextentwith M h.The

crosssection ism orethan orderofm agnitudelargerthan �(pp! ~t1~t1Z)and can exceed the

onefortheSM {likeprocesspp! t�th forstrong enough m ixing R ~t � 1 and light~t1.

Ifonetakesthevalue�(~t1~t1h)> 300 fb asa benchm ark crosssection valueforobserving

this process at the LHC,and using the constraint on the m axim um values ofthe ~t1~t1h

coupling,valuesofm ~t1
� 250 GeV arehardly accessibleattheLHC.Thisisshown in Fig.4

wherethepp! ~t1~t1h crosssection isshown asafunction ofm ~t1
takingallsoftsquark m asses

equalfortan� = 2:5 and im posing �� � :0013.A scan on thecom m on softbreaking scalar

m assand A t hasalso been perform ed;shown arepointsthatpassthecriteria �~t1~t1h > 300 fb

and forwhich m ~t1
� 150 GeV.Largervaluesofthestop m asscan bereached ifonesallows

a 2� variation on the�� constraint,asshown in the�guresatthebottom .

3.3 C om parison ofinclusive and associated production processes

Letusnow m ake a globaldiscussion on thestop e�ectsin both type ofprocessesforHiggs

boson production,gg ! h !  and pp ! ~t1~t1h. The two cross sections are shown in

Fig.5 in thedecoupling lim itfortan� = 2:5 and equalsoftbreaking scalarm asses.Ascan

be seen,the suppression ofthe rate in the inclusive production channeliscom pensated by

a rate increase in the associated production channel. W hen the suppression factorin the

inclusiveproduction isbelow 0:5 m aking discovery in thischanneldi�cult,thecrosssection

forthe process ~t1~t1h is above 200 fb. As discussed previously,a benchm ark value forthe

crosssection allowing the discovery ofthe Higgsboson in the pp ! ~t1~t1h channelhasbeen

estim ated to � � 300 fb.Thereforeforsom evaluesoftheparam eters,neithertheinclusive
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Figure4:Thepp! ~t1~t1h crosssectionsatthe LHC asa function ofm ~t1
(left)and a scan on m ~Q

and A t (right). Shown also are points that pass �~t1~t1h > 300 fb and m ~t1
� 150 G eV,im posing

��� :0013 (top)or��� :0026 (bottom ).
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northe pp ! ~t1~t1h channels can be accessed. However,one also sees thatforthese sam e

pointsonecan withoutdi�culty usetheusualpp! W h=Zh;t�th search m odes.

Figure 5: The cross sections for the inclusive and associated Higgs production at the LHC for

~m ~Q 3
’ ~m ~U3R

attan�= 2:5 and large M A .Figuresare scanned over ~m ~Q 3
and A t.

Therefore with the rem ark that the process pp ! t�th [with h ! b�b]should allow for

Higgsboson discovery attheLHC within thisscenario,oneshould salvagethedetection the

h boson with thebonusthatthestop should alsobeobserved.Even though onem ay haveto

waitforthe higherlum inosity stage,the scenario with lightstopsand large couplingso�er

m uch betterprospectsthan previously thought.

The assum ption ofan equalvalue forthe softscalarm assesatthe weak scale israther

unnatural[see later in m SUGRA]and could be relaxed. To illustrate the fact that large

suppression factors in the inclusive production channel,though notas dram atic as in the

previous case,stilloccurwe show in Fig.6 typicalR ratiosforunequalvaluesofthe soft

m asses. W hatism ostinteresting isthat,assoon assin(2�~t)6= 1,the non{diagonaldecay

channel~t2 ! ~t1h opensup and can have an appreciable branching ratio. Thiscan be seen

by inspection ofthe V~t1~t2h coupling,for which the leading com ponent is proportionalto:

V~t1~t2h / g=(4M W )sin4�~t(m
2
~t1
� m2~t2

).Considering thatifthe~t2 m assisnotexcessively large,

~t2 is produced in abundance and this cascade decay can provide m ore Higgs bosons than

through thecontinuum pp! ~t1~t1h production.

Perhaps even m ore interesting,isthe case when M A isnottoo large. Forlarge values

ofA t,and even when sin2�~t ’ 1,one can have a large decay rate ~t2 ! ~t1A since the

A~t1~t2 coupling can be large V~t1~t2A / gm t=(2M W )(A t=tan� � �),asshown in Fig.7. This

coupling is generally larger than the ~t2~t1H coupling and hence,within these scenarii,the

decay ~t2 ! ~t1A ism ostlikely to occurthan thedecay into theheavierH boson,~t2 ! H ~t1.

Finally,letusm akea few com m entson thecaseofthem inim alSupergravity m odel[23],

where the only input param eters are the universalscalar m ass m 0,the universalgaugino

m assparam eterm 1=2,thetrilinearcoupling A 0,tan� and thesign ofthe� param eter.The

param etersm 0;m 1=2 and A 0 are chosen atthe GUT scale and theirevolution down to the

weak scaleisgiven by theRGE’s[24].Properbreaking oftheelectroweak sym m etry isalso

assum ed,which �xes the param eter j�j. In what follows,the RGE’s and the proper EW

sym m etry breaking aresolved using theprogram SUSPECT [25].
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Figure6:Higgsboson production ratesattheLHC forunequalsoftbreaking scalarm assesin the

decoupling lim itM A = 1TeV and �(pp ! ~t2~t1h)vs�(pp ! ~t1~t1h).

Figure7:Higgsboson production and decay ratesattheLHC forlow valuesofM A .
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In them SUGRA casethecrosssection can beaslargeasin thecaseoftheunconstrained

M SSM ,but in a relatively sm aller area ofthe SUSY param eter space. This is essentially

due to the factthatitisgenerically very di�cult to have alm ostdegenerate ~tL and ~tR in

m SUGRA,so thatthe stop m ixing angle which iscontrolled by the ratio ~A t=(~m
2
~tL
� ~m2~tR

)

can becom e large only forvery large ~A t. M oreover in the RG evolution [24]jA tjtends to

decrease when the energy scale isdecreasing from GUT to low-energy. Thism akesa large

A t valueatlow energy lesslikely,sinceA 0 = A t(GUT)would haveto beeven larger,which

m ay conictwith e.g.the CCB constraints.The only way to have an increasing jA tjwhen

running down to low energy isifA 0 < 0 with A 0 sm allenough. Thisrequiresa large m 1=2

value,which im pliesnottoo sm allm ~t1
.

Thus the m ixing in the stop sector is,in general,notaslarge asin the unconstrained

M SSM and the ~t1~t1h coupling forinstance is,in general,sm allerthan in the previouscase.

Thisim pliesthattheratefortheinclusive production and detection channelgg ! h ! 

[in the decoupling lim it]isnotasdram atically di�erentfrom the rate in the SM ,asitcan

be in the unconstrained M SSM .Furtherm ore,the m ilderm ixing results in a sm allercross

sections for the process pp ! ~t1~t1h as is shown in Fig.8 forLHC energies. However,for

largetan� values,thepseudoscalarA boson tendsto beratherlightin m SUGRA,opening

thepossibility forthedecay ~t2 ! ~t1A to occurwith an appreciablerateasshown in Fig.8b.

Notethatoneshould also easily observethepseudoscalarA boson in theloop m ediated

process gg ! A since the rate is strongly enhanced for large tan� and,because ofCP{

invariance,lightstop [orsbottom ]loopscannotcontributeto theprocess.

0.01
0.1
1

100 120 140 160 180 200 220 240 260 280 300

�(pp! ~t1~t1h) [pb]

m~t1 (GeV)
ps =14 TeVminimal SUGRA case

tan� = 2.5tan� = 30

Figure8:Crosssectionsin m SUG RA atLHC:a)�(pp ! ~t1~t1h)form 1=2 = 0:3 TeV,A 0 = 2 TeV,

tan� = 2:5;30. b) �(pp ! ~t1~t1h;~t1~t2h;~t1~t2A)for m 0 = 0:2 TeV,A 0 = 0:3 TeV and tan� = 35.

Forthe spectrum ,SUSPECT isused in a) and ISAJET in b).
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D ouble H iggs production at TeV C olliders

in the M inim alSupersym m etric Standard M odel

R .Lafaye,D .J.M iller,M .M �uhlleitner and S.M oretti

A bstract

Thereconstruction oftheHiggspotentialin theM inim alSupersym m etricStandard

M odel(M SSM ) requires the m easurem ent ofthe trilinear Higgs self-couplings. The

‘doubleHiggsproduction’subgroup hasbeen investigating thepossibility ofdetecting

signatures ofprocessescarrying a dependence on these vertices at the Large Hadron

Collider (LHC) and future Linear Colliders (LCs). As reference reactions,we have

chosen gg ! hh and e+ e� ! hhZ,respectively,where h isthe lightestofthe M SSM

Higgs bosons. In both cases,the H hh interaction is involved. For m H
>
� 2m h,the

two reactions are resonant in the H ! hh m ode,providing cross sections which are

detectable atboth accelerators and strongly sensitive to the strength ofthe trilinear

coupling involved. W e explore this m ass regim e ofthe M SSM in the h ! b�b decay

channel,also accounting forirreduciblebackground e�ects.

1 Introduction

Considerable attention hasbeen devoted to double Higgsboson production atfuture e+ e�

and hadron colliders,both in the Standard M odel(SM )and the M SSM [1,2,3]. Forthe

SM ,detailed signal-to-background studiesalready existfora LC environm ent[3],forboth

‘reducible’and ‘irreducible’backgrounds[4,5],which haveassessed thefeasibility ofexperi-

m entalanalyses.AttheLHC,sinceherethetypicalSM signalcrosssectionsareoftheorder

of10 fb [2],high integrated lum inosities would be needed to generate a statistically large

enough sam ple ofdouble Higgsevents.These would befurtherobscured by an overwhelm -

ing background,m aking their selection and analysis in a hadronic environm ent extrem ely

di�cult.Thus,in thiscontribution wewillconcentrateonly on thecaseoftheM SSM .

In the Supersym m etric (SUSY)scenario,the phenom enologicalpotentialofthese reac-

tionsistwo-fold.Firstly,in som especi�ccases,they can furnish new discovery channelsfor

Higgsbosons. Secondly,they are alldependent upon severaltriple Higgsself-couplings of

thetheory,which can then betested by com paringtheoreticalpredictionswith experim ental

m easurem ents.Thisisthe�rststep in thereconstruction oftheHiggspotentialitself11.

The Higgs W orking Group (W G) has focused m uch ofits attention in assessing the

viability ofthesereactionsatfutureTeV colliders.However,thenum berofsuch processesis

verylargebothattheLHC andaLC [2,3],soonlyafew ‘reference’reactionscouldbestudied

in thecontextofthisW orkshop.W ork isin progressforthelongerterm ,which aim stocover

m ostofthedoubleHiggsproduction and decay phenom enology atboth accelerators[6].

11The determ ination ofthe quartic self-interactions is also required,but appears out ofreach for som e

tim e:see Refs.[2,3]forsom ecrosssectionsoftripleHiggsproduction.
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These reference reactionswere chosen to be the gluon{fusion m echanism ,gg ! hh,for

theLHC (seetop ofFig.1)and theHiggs{strahlung process,e+ e� ! hhZ,fortheLC (see

bottom ofFig.1),where h is the lightest ofthe M SSM scalar Higgs bosons. The reason

forthispreference issim ple. Firstly,a stable upperlim itexistson the value ofm h,ofthe

orderof130 GeV,now attwo-loop level[7],so thatitsdetection ispotentially wellwithin

the reach ofboth the LHC and a LC.In contrast,the m ass ofallother Higgs bosons of

the M SSM m ay vary from the electroweak (EW )scale,O (m Z),up to the TeV region. In

addition,asnoted in Ref.[2],them ulti-b�nalstatein gg! hh ! b�bb�b,with two resonances

and large transverse m om enta,m ay be exploited in the search forthe h scalarin the large

tan� and m oderatem A region.ThisisacorneroftheM SSM param eterspacethathassofar

eluded thescopeofthestandard Higgsproduction and decay m odes[8].(Thesym bolA here

denotesthepseudoscalarHiggsboson oftheM SSM ,and wereserve thenotation H forthe

heaviestscalarHiggsstateofthem odel.) However,thispaperwillnotinvestigate theLHC

discovery potentialin thism ode,given the very sophisticated treatm entofthebackground

(wellbeyond the scope ofthisnote)required by the assum ption thatno h scalarstate has

been previously discovered (see below). This willbe done in Ref.[6]. Furtherm ore,the

gg ! hh and e+ e� ! hhZ m odeslargely dom inatedoubleHiggsproduction [2,3],atleast

forcentre-of-m ass(CM )energiesof14 TeV atthe LHC and 500 GeV in the case ofa LC,

the defaultvaluesofouranalysis. (Notice thatwe assum e no polarization ofthe incom ing

beam s in e+ e� scattering.) Finally,when m H
>
� 2m h,the two reactions are resonant,as

they can both proceed via interm ediate states involving H scalars,through gg ! H and

e+ e� ! H Z,which in turn decay via H ! hh [9]. Thus,the production cross sections

are largely enhanced [2,3](up to two orders ofm agnitude above typicalSM rates atthe

LHC [2])and becom eclearly visible.Thisallowsthepossibility ofprobingthetrilinearH hh

vertex atoneorboth thesecolliders.

The dom inantdecay rate ofthe M SSM h scalarisinto b�b pairs,regardlessofthe value

oftan� [9]. Therefore,the �nalsignatures ofour reference reactions always involve four

b-quarks in the �nalstate. (In the case ofa LC environm ent, a further trigger on the

accom panying Z boson can beexploited.)

Ifoneassum esverye�cienttaggingandhigh-puritysam plingofb-quarks,thebackground

to hh events atthe LHC isdom inated by the irreducible QCD m odes[10]. Am ong these,

we focushere on the casesq�q;gg ! b�bb�b,asrepresentative ofidealb-tagging perform ances.

These m odes consist ofa purely QCD contribution ofO (�4s),an entirely EW process of

O (�4em )(with no doubleHiggsinterm ediatestates)and an O (�
2
s�

2
em )com ponentconsisting

ofEW and QCD interactions.(Notethatin theEW caseonly q�qinitiated subprocessesare

allowed attree-level.) ForaLC,the�nalstateofthesignalisb�bb�bZ,with theZ reconstructed

from itsdecay productsin som echannel.Here,theEW background isofO (�5em )away from

resonances(and,again,containsno m orethan one interm ediate Higgsboson),whereasthe

EW /QCD background isproportionalto (�2s�
3
em ).

In general,EW backgrounds can be problem atic due to the presence ofZ vectors and

single Higgs scalars yielding b�b pairs,with the partons being typically at large transverse

m om enta and wellseparated. In contrast,the QCD backgroundsinvolve no heavy objects

decaying to b�bpairsand aredom inated by thetypicalinfrared (i.e.,softand collinear)QCD
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gg to doubleHiggsfusion attheLHC:gg! hh
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doubleHiggs-strahlung ata LC:e+ e� ! hhZ
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Figure 1: Diagram s contributing to gg ! hh (top) and e+ e� ! hhZ (bottom ) in the

M SSM .

behaviorofthe partonsin the �nalstate. However,they can yield large production rates

becauseofthestrong couplings.

In this study,we investigate the interplay between the signaland background atboth

colliders,adopting detectoraswellasdedicated selection cuts. W e carry outouranalysis

at both parton and hadron level. The plan ofthis note is as follows. The next Section

details the procedure adopted in the num ericalcom putation. Sect.3 displays our results

and contains our discussion. Finally,in the last section,we sum m arize our �ndings and

considerpossiblefuturestudies.

2 C alculation

Fortheparton levelsim ulation,thedoubleHiggsproduction processattheLHC,via gg fu-

sion,hasbeen sim ulated using theprogram ofRef.[11]to generatetheinteraction gg! hh,

with them atrix elem ents(M Es)taken atleading-order(LO)forconsistency with ourtreat-

m ent ofthe background. W e then perform the two h ! b�b decays to obtain the actual

4b-�nalstate. For double Higgs production at a LC,we use a source code for the signal

derived from that already used in Ref.[5]. At both colliders,am plitudes for background

eventswere generated by m eansofM adGraph [12]and the HELAS package [13]. Note that

interferencesbetween signaland backgrounds,and between the variousbackground contri-

butionsthem selves,havebeen neglected.Thisisa good approxim ation fortheinterferences

involving the signalbecause ofthe very narrow width ofthe M SSM lightest Higgsboson.

Sim ilarly,thevariousbackground subprocesseshavevery di�erenttopologies,and onewould

expecttheirinterferencesto besm allin general.

The Higgs boson m asses and couplings of the M SSM can be expressed at tree-level
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in term s ofthe m ass ofthe pseudoscalar Higgs state,m A ,and the ratio ofthe vacuum

expectation valuesofthe two neutral�eldsin the two iso-doublets,tan�. Athigherorder

however,top and stop loop-e�ectscan becom esigni�cant.Radiativecorrectionsin theone-

loop leading m 4
t approxim ation areparam eterized by

� �
3G F m

4
tp

2�2sin2�
log

m 2
S

m 2
t

(1)

wheretheSUSY breakingscaleisgiven by thecom m on squark m ass,m S,setequalto1TeV

in the num ericalanalysis. Ifstop m ixing e�ects are m odest at the SUSY scale,they can

be accounted forby shifting m 2
S in � by the am ount�m 2

S = Â 2[1� Â 2=(12m 2
S)](Â isthe

trilinearcom m on coupling).Thecharged and neutralCP-even Higgsboson m asses,and the

Higgsm ixing angle� aregiven in thisapproxim ation by therelations:

m 2

H � = m 2

A + m 2

Z cos
2�W ;

m 2
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2
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Z + �

�
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(m 2
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Z + �)2 � 4m2Am
2
Z cos

22� � 4�(m2A sin
2� + m 2

Z cos
2�)];

tan2� = tan2�
m 2

A + m 2
Z

m 2
A � m2Z + �=cos2�

with �
�

2
� � � 0; (2)

asa function ofm A and tan�.ThetripleHiggsself-couplingsoftheM SSM can beparam -

eterized [14,15]in unitsofM 2
Z=v,v = 246 GeV,as,

�hhh = 3cos2� sin(� + �)+ 3
�

m 2
Z

cos�

sin�
cos2�;
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m 2
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�

m 2
Z

cos�

sin�
sin2�;

�H H H = 3cos2� cos(� + �)+ 3
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m 2
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sin�
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sin2�;

�hA A = cos2� sin(� + �)+
�

m 2
Z

cos�

sin�
cos2�;

�H A A = � cos2� cos(� + �)+
�

m 2
Z

sin�

sin�
cos2�: (3)

Next-to-leading order (NLO) e�ects are certainly dom inant,though the next-to-next-

to-leading order (NNLO) ones cannot entirely be neglected (especially in the Higgs m ass

relations).Thus,in thenum ericalanalysis,thecom pleteone-loop and theleading two-loop

correctionsto theM SSM Higgsm assesand thetripleHiggsself-couplingsareincluded.The

Higgsm asses,widthsand self-couplingshavebeen com puted using theH D EC AY program

described in Ref.[16],which usesa running b-m assin evaluating theh ! b�bdecay fraction.

Thus,forconsistency,wehaveevolved thevalueofm b entering thehbbYukawa couplingsof

theh ! b�bdecay currentsofourprocessesin thesam eway.
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Forouranalysis,wehaveconsidered tan� = 3and 50.FortheLHC,high valuesoftan�

produceasignalcrosssection m uch largerthan thetan� = 3scenario,overalm osttheentire

rangeofm A.However,thisenhancem entisduetotheincreaseofthedown-typequark-Higgs

coupling,which isproportionalto tan� itself,and servesonly to m agnify thedom inanceof

thequark box diagram sofFig.1.Unfortunately,thesegraphshavenodependenceon either

ofthe two triple Higgsself-couplingsentering thegluon-gluon processconsidered here,i.e.,

�hhh and �H hh.Thus,although thecrosssection iscom fortably observable,allsensitivity to

such verticesislost. Therefore,the m easurem entofthe triple Higgsself-coupling,�H hh,is

only feasible atthe LHC forlow tan� due to the resonantproduction ofthe heavy Higgs

boson (seeFig.5a ofRef.[2]).

In contrast,the cross section fordouble Higgsproduction atthe LC is sm allforlarge

tan� becausethereisnoheavy Higgsresonance(seeFig.8ofRef.[3]).Assoon asitbecom es

kinem atically possible to decay the heavy Higgsinto a lightHiggspair,the ZZH coupling

isalready too sm allto generatea sizablecrosssection.Furtherm ore,thecontinuum M SSM

crosssection issuppressed with respectto the SM crosssection since the M SSM couplings

ZZH and ZZh vary with cos(� � �) and sin(� � �), respectively, with respect to the

corresponding SM coupling. Notice thatin thisregim e,ata LC,the �hhh vertex could in

principlebeaccessibleinstead,since�hhh � �H hh (seeFig.2 ofRef.[3])and becauseofthe

kinem atic enhancem ent induced by m h � m H . Unfortunately,we willsee thatthe size of

thee+ e� ! hhZ crosssection itselfisprohibitively sm all.

W eassum ethatb-jetsaredistinguishablefrom light-quarkandgluonjetsandnoe�ciency

totagthefourb-quarksisincluded in ourparton levelresults.W efurtherneglectconsidering

the possibility ofthe b-jetcharge determ ination. Also,to sim plify the calculations,the Z

boson appearing in the�nalstateoftheLC processistreated ason-shelland no branching

ratio (BR) is applied to quantify its possible decays. In practice,one m ay assum e that

it decays leptonically (i.e.,Z ! ‘+ ‘� ,with ‘ = e;�;�) or hadronically into light-quark

jets (i.e.,Z ! q�q,with q 6= b),in order to avoid problem s with 6b-quark com binatorics.

Furtherm ore,in theLC analysis,wehavenotsim ulated thee�ectsofInitialStateRadiation

(ISR),beam strahlung orLinac energy spread. Indeed,we expectthem to a�ectsignaland

backgrounds rather sim ilarly,so we can neglect them for the tim e being. Indeed,since a

detailed phenom enologicalstudy,including both hadronization and detectore�ects,already

existsforthecaseofdoubleHiggs-strahlungin e+ e� [4],whoseconclusionsbasically support

thoseattained in thetheoreticalstudy ofRef.[5],welim itourselvesheretoupdatethelatter

to thecaseoftheM SSM .

So faronly resonantproduction gg ! H ! hh ! b�bb�bhasbeen investigated [10],with

fullhadronic and detector sim ulation and considering also the (large) QCD backgrounds,

and a sim ilarstudy doesnotexistforcontinuum doubleHiggsproduction attheLHC.(See

Ref.[17]fora detailed account ofthe gg ! H ! hh ! b�b decay channel.) The event

sim ulation has been perform ed by using a specialversion ofPY T H IA [18],in which the

relevantLO M EsfordoubleHiggsproduction ofRef.[11]havebeen im plem ented by M .El

Kacim iand R.Lafaye. These M Estake into accountboth continuum and resonantdouble

Higgsboson production and theirinterferences.(Theinsertion ofthosefore+ e� processesis

in progress.) ThePY T H IA interfaceto H D EC AY hasbeen exploited in orderto generate
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theM SSM Higgsm assspectrum and therelevantHiggsBRs,thusm aintaining consistency

with the parton levelapproach. As for the LHC detector sim ulation,the fast sim ulation

packagewasused,with high lum inosity (i.e.,
R
Ldt= 100 fb� 1)param eters.

The m otivation forourstudy istwofold. On the one hand,to com plem ent the studies

ofRef.[10]by also considering the continuum production gg ! hh ! b�bb�b atlarge tan�.

On theotherhand,to explorethepossibility offurtherkinem aticsuppression ofthevarious

irreduciblebackgroundsto theresonantchannelatsm alltan�.

3 R esults

3.1 T he LH C analysis

In ourLHC analysis,following the discussion in Sect.2,we focusm ostofourattention on

the case tan� = 3,with m A = 210 GeV,although othercom binationsofthese two M SSM

param eterswillalso be considered. W e furthersetA = � � = 1 TeV and take allsparticle

m asses(and otherSUSY scales)to beaslargeas1 TeV.

3.1.1 gg ! hh ! b�bb�b at parton level

In our parton levelanalysis,we identify jets with the partons from which they originate

(withoutsm earing the m om enta)and apply allcutsdirectly to thepartons.W em im ic the

�nitecoverageoftheLHC detectorsby im posing a transversem om entum threshold on each

ofthefourb-jets,

pT(b)> 30 GeV (4)

and requiring theirpseudorapidity to be

j�(b)j< 2:5: (5)

Also,toallow fortheirdetection asseparateobjects,weim posean isolation criterium am ong

b-jets,

�R(bb)> 0:4; (6)

by m eans ofthe usualcone variable �R(ij) =
q

��(ij)2 + ��(ij)2,de�ned in term s of

relativedi�erencesin pseudo-rapidity �ij and azim uth �ij ofthei-th and j-th b-jets.

Asprelim inary and very basic selection cuts(also to help the stability ofthe num erical

integration),we have required that the invariant m ass ofthe entire 4b-system is at least

twice the m ass ofthe lightest M SSM Higgs boson (apart from m ass resolution and gluon

em ission e�ects),e.g.,

m (bbbb)� 2mh � 40 GeV; (7)

and thatexactly two h-resonancesarereconstructed,such that

jm (bb)� mhj< 20 GeV: (8)
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Figure2:Distributionsin transversem om entum ofthefourpT-ordered b-jetsin gg ! hh !

b�bb�band in theQCD background,afterthecuts(4){(8)attheLHC,fortan� = 3,m h = 104

GeV and m H ’ 220 GeV.Norm alization isto unity.

In doing so,we im plicitly assum e thatthe h scalarboson hasalready been discovered and

itsm assm easured through som e otherchannel,aswe have already intim ated in the Intro-

duction.

Aftertheabovecutshavebeen im plem ented,wehavefound thatthetwo4b-backgrounds

proceeding through EW interactionsare negligible com pared to the pure QCD process. In

fact,the constraints described in eqs.(7){(8) produce the strongest suppression, alm ost

com pletely washing out the relatively enhancing e�ects that the cuts in (4){(6) have on

the EW com ponentsofthe backgroundswith respectto the pure QCD one,owning to the

interm ediate production ofm assive Z bosons in the form er. In the end,the production

ratesofthethreesubprocessesscaleapproxim ately astheircoupling strengths:i.e.,O (�4s):

O (�2s�
2
em ):O (�

4
em ).Therefore,in therem inderofouranalysis,wewillneglectEW e�ects,

as they represent not m ore than a 10% correction to the QCD rates,which are in turn

a�ected by m uch largerQCD K -factors.Asforthe pure QCD background itself,ithugely

overwhelm sthe double Higgssignalatthisstage. The crosssection ofthe form erisabout

7.85 pb,whereasthatofthelatterisapproxim ately 0.16 pb.

To appreciate the dom inance ofthe m h cuts,one m ay referto Fig.2,where the distri-

butionsin transverse m om entum ofthe fourpT-ordered b-quarks(such thatpT(b1)> :::>

pT(b4))ofboth signaland QCD background areshown.Having asked thefourb-jetsofthe

background to closely em ulate the gg ! hh ! b�bb�b kinem atics,itisnotsurprising to see
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a ‘degeneracy’in the shape ofallspectra. Clearly,no furtherbackground suppression can

begained by increasing the pT(b)cuts.The sam e can besaid for�(b)and �R(bb).Others

quantitiesoughtto beexploited.

Figure 3:Distributionsin m inim um relative angle (in radians)in the 4b-system restfram e

between two b-jets reconstructing m h in gg ! hh ! b�bb�b and in the QCD background,

after the cuts (4){(8) at the LHC,for tan� = 3,m h = 104 GeV and m H ’ 220 GeV.

Norm alization isto unity.

In Fig.3,wepresentthesignaland QCD background distributionsin them inim um angle

form ed between thetwo b-quarkscom ing from the‘sam eHiggs’(i.e.,thoseful�lling thecuts

in (8))in the 4b-system restfram e (the plotisratersim ilarforthe m axim um angle,thus

also on average).There,onecan see a strong tendency ofthetwo 2b-pairsproduced in the

Higgsdecaysto lie back-to-back,reecting the 2 ! 2 interm ediate dynam icsofHiggspair

production via gg ! hh. M issing such kinem atically constrained virtualstate,the QCD

background shows a m uch larger angular spread towards sm all�m in(bb) values,eventually

tam ed by theisolation cut(6).

Thesom ewhatpeculiarshapeofthesignaldistribution isduetodestructiveinterference.

Recallthatthesignalcontainsnotonlydiagram sproceedingviaaheavyHiggsresonance(the

upper-lefthand graph ofFig.1),which resultsin thelargepeak in Fig.3,butalso contains

a continuum contribution m ediated by box graphs(the upper-righthand graph ofFig.1).

These two contributions destructively interfere leading to the depletion ofevents between

thelargeback-to-back peak and thesm allrem aining ’bum p’ofthecontinuum contribution

asseen in Fig.3.

Intheend,agoodcriterium toenhancethesignal-to-backgroundratio(S=B )istorequire,

e.g.,�(bb) > 2:4 radians,i.e.,a separation between the 2b-jets reconstructing the lightest

Higgsboson m assofabout140 degreesin angle.(Incidentally,wealso haveinvestigated the

anglethateach ofthese2b-pairsform with thebeam axis,butfound nosigni�cantdi�erence

between signaland QCD background).
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Figure4: Distributionsin thrustin therestfram eofthe4b-system in gg! hh ! b�bb�band

in the QCD background,afterthe cuts(4){(8)atthe LHC,fortan� = 3,m h = 104 GeV

and m H ’ 220 GeV.Norm alization isto unity.

An additionalconsequencethatoneshould expectfrom thepresenceoftwo interm ediate

m assiveobjectsin gg! hh ! b�bb�beventsisthesphericalappearanceofthejetsin the�nal

state,in contrastto theusualplanarbehavioroftheinfrared QCD interactions.Thesephe-

nom ena can beappreciated in Fig.4.Noticetherethestrongtendency ofthebackground to

yield high thrustcon�gurations,again controlled by theseparation cutswhen T approaches

unity.On thecontrary,theaveragevalueofthethrustin thesignalism uch lower,being the

e�ectofaccidentalpairingsof‘wrong’2b-pairs(theshoulderathigh thrustvalues)m arginal.

An e�ectiveselection cutseem sto be,e.g.,T < 0:85.

Furtherm ore,iftheheavy Higgsm assissu�ciently wellm easured attheLHC then one

can exploitthe large fraction [2]of4b-events which peak atm H in the signal,asdictated

by the H ! hh decay,im proving the signal-to-background ratio. Thispeak atm H can be

clearly seen in thelefthand plotofFig.5,whereitdom inatestheQCD background,even for

bins13 GeV wide.In fact,notonly could theQCD background beconsiderably suppressed

butalso those contributions to gg ! hh notproceeding through an interm ediate H state

should be rem oved,thisgreatly enhancing the sensitivity ofthe signalprocessto the �H hh

coupling. Thiscan be seen in the righthand plotofFig.5 where the signalisshown on a

logarithm ic scale. The continuum contribution due to the box graphs(and itsdestructive

interference with the heavy Higgsdecay contribution)isnow evident although one should

notethatitisconsiderably suppressed com pared to thepeak atm H .

Now,ifa lessthan 10% m assresolution can be achieved on the lightand heavy Higgs

m asses,then onecan tighten cut(8)to jm (bb)� mhj< 10GeV and introducetheadditional

cutjm (bbbb)� mH j< 20 GeV.Thesecutstaken togetherwith thosein �(bb)and T already

suggested,reduce the QCD background to the sam e levelas the signal. In fact,we have

found thatthecrosssection ofthebackground dropsto approxim ately 174 fb whereasthat
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Figure 5: Distributionsin invariantm assofthe 4b-system in gg ! hh ! b�bb�b and in the

QCD background,after the cuts (4){(8) at the LHC,for tan� = 3,m h = 104 GeV and

m H ’ 220 GeV.Norm alization isto unity. The lefthand plotshowsboth the signal(solid

curve)and theQCD background (dashed curve),distributed in 5GeV bins.Thesam esignal

isalsoshown asahistogram foram oreexperim entally realisticbinningof13GeV.Theright

hand plotalso showsthesignal(collected in 5 GeV widebins)on a logarithm icscale.Here

thestructureofthecontinuum contribution (and itsdestructiveinterferencewith theheavy

Higgsdecay contribution)can beseen.

ofthe signalrem ainsaslarge as126 fb,thisyielding a very high statisticalsigni�cance at

high lum inosity. Even for less optim istic m ass resolutions the signal-to-background ratio

isstillsigni�cantly large. Forexam ple,selecting events with jm (bb)� mhj< 20 GeV and

jm (bbbb)� mH j< 40 GeV,the corresponding num bers are approxim ately 102 fb for the

signaland 453 fb for the background. Notice that the signalactually decreases as these

Higgsm asswindowsarem adelarger.Thisisdueto ourinsistencethatexactly two b�bpairs

should reconstructthe lightHiggsm ass. Asthe lightHiggsm asswindow isenlarged from

m h � 10 GeV to mh � 20 GeV,itbecom esm ore likely thataccidentalpairingsreconstruct

thelightHiggsboson.Sinceoneisthen unableto unam biguously assign thebquarksto the

lightHiggsbosons,theeventisrejected and thesignaldrops.

Although wehavediscussed herean idealsituation which isdi�cultto m atch with m ore

sophisticated hadronicand detectorsim ulations,itstilldem onstratesthatthem easurem ent

ofthe�H hh couplingcould bewellwithin thepotentialoftheLHC,atleastforourparticular

choice ofM SSM param eters. Com forted by such a conclusion,we now m ove on to m ore

realisticstudies.

3.1.2 gg ! hh ! b�bb�b at the LH C experim ents

Although theLHC experim entswillbethe�rstwhereonecan attem pttom easuretheHiggs

self-couplings,theanalysisisverychallengingbecauseofthesm allnessoftheproductioncross

sections. Even in the m ostfavorable cases,the production rate isneverlargerthan a few

picobarns,already including one-loop QCD corrections,ascom puted in Ref.[11].Thecross
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sectionsatthisaccuracy aregiven in Tab.1,fortheresonantprocess(case1with m H = 220

GeV)aswellasthree non resonantscenarios:oneatthesam e tan� butwith theH ! hh

decay channelclosed (case2),a second atvery largetan� and no visibleresonance(case3)

and,�nally,theSM option (case4,wherem h identi�eswith them assofthestandard Higgs

state).

case m odel tan� m h (GeV) A (TeV) � (TeV) � (fb) dom inantm ode

1 M SSM 3 104 +1 � 1 2000 gg ! H ! hh

2 M SSM 3 100 +1 � 1 20 gg! hh

3 M SSM 50 105 +1 +1 5000 gg! hh

4 SM - 105 - - 40 gg! hh

Table 1:Crosssectionsfordouble Higgsproduction hh atthe LHC via gluon-gluon fusion

atNLO accuracy,forthreepossiblecon�gurationsoftheM SSM and in theSM aswell.

3.1.3 LH C trigger acceptance

For4b-�nalstates,possibleLHC triggersarehigh pT electron/m uonsand jets.Asan exam -

ple,the foreseen ATLAS level1 triggerthresholdson pT and acceptance fora 4b-selection

(with the fourb-jetsreconstructed in the detector)are given in Tab.2,assum ing the LHC

to berunning athigh lum inosity.

triggertype: 1 e 1 � 2 � 1 jet 3 jets 4 jets total

pT in GeV 30 20 10 290 130 90

case1,�(bbbb)in % 0.01 0.01 0.4 0.08 0.08 0.05 0.53

case2 < 0:01 < 0:01 2.1 2.9 3.8 4.2 8.8

case3 < 0:01 < 0:01 2.2 2.7 3.8 4.1 8.7

case4 < 0:01 < 0:01 2.0 2.5 3.3 3.6 7.8

Table 2: Kinem aticalacceptance ofthe ATLAS detector to trigger four b-jets (including

detectoracceptance)athigh lum inosity.

The overalltriggeracceptance isatbest8{9% ,forcases2,3,4. The very low e�ciency for

case1isclearly aconsequenceofthesm allvalueofthedi�erencem H � 2mh,translatinginto

asofterpT(b)spectrum with respecttotheothercases(com paretheleft-hand with theright-

hand sideofFig.6).Onecan furtherseein theleft-hand plotofFig.6 thatthebulk ofthe

signalliesbelow thelowestpT(b)threshold ofTab.2(i.e.,90GeV),so thatadoptingsm aller

triggerthresholdscould resultin a dram atic enhancem entofoure�ciency. Ofcourse,this

would alsosubstantially increasethelow transversem om entum QCD background,aswecan

seein theparton levelanalysisofFig.2.

For exam ple,by lowering the thresholds to 180,80 and 50 GeV for 1,3 and 4 jets,

respectively (com pare to Tab.2),the overalltrigger acceptance on the signalgoes up to
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Figure6:Reconstructed transverse energy/m om entum forb-jetsin gg ! hh ! b�bb�bevents

ofcase1 (leftplot)and b-jetsin gg ! hh ! b�bb�beventsofcase2 (rightplot)with ATLAS

fastsim ulation [20]athigh lum inosity.Norm alization isarbitrary.

1.8% ,i.e.,by alm osta factorof4. M eanwhile though,the ATLAS level-1 jettriggerrates

increaseby a factorof10 [19].Anyhow,even forourpoordefaultvalueof�(bbbb)in Tab.2,

we willsee thatcase1 stillyieldsa reasonable num berofeventsin theend.Optim izations

oftheb-jettransversem om entum thresholdsarein progress[6].

3.1.4 LH C events selection for gg! hh ! b�bb�b

Jets are reconstructed m erging tracks inside �R(bb) = 0:4. Only jets with transverse en-

ergy/m om entum greater than 30 GeV and with j�(b)j< 2:5 are kept. (Thus,the sam e

cutsasin the parton levelanalysis,now applied instead to jets.) The e�ectfrom pileup is

included in theresolution.A jetenergy correction isthen applied.

Theinvariantm assesofeach jetpaircan then becom puted.Assum ing thatthelightest

Higgs boson m ass is known,events with m (bb) su�ciently close to m h can e�ciently be

selected, see Fig.7. Another cut on the �R(bb;bb) between pairs ofb-jets can also be

applied to reduce the intrinsic com binatorialbackground,since the latter concentrates at

large�R(bb;bb)values,seeFig.8.

Forcase 1,asalready discussed,we can furtherim pose thatthe invariant m assofthe

fourb-jetsshould be the heavy Higgsm ass,m H ,in orderto selectthe H ! hh resonance,

ascon�rm ed by Fig.9. In the otherthree cases,where the H ! hh splitting isno longer

dom inant(M SSM )ornon-existent(SM ),one can stillinsistthatthe 4b-jetinvariantm ass

should be higher than two tim es the lightest Higgs m ass,see Fig.10 and recalleq.(7).

Finally,following Fig.11,by constraining the b-jetspairsfour-m om enta around the known

lightHiggsm assvalue,m h,onecan furtherrejecttheintrinsicbackground by m eansofthe

m (bbbb)spectrum .
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3.1.5 LH C b-tagging in gg ! hh ! b�bb�b

The b-tagging e�ciency at high lum inosity is set to 50% ,with p T dependent correction

factorsforjetsrejection. An average rejection of10 forc-jetsand 100 forlight-jetscan be

expected.W ethen studied thee�ecton theselection e�ciency ofrequiring from oneto four

b-tags,although itisclearthat,according to theparton levelstudies,thehugebackground

ratedem andsfourb-tags,leading to a 6% tagging e�ciency overall.

3.1.6 Event rates at the LH C

Taking into accountallthee�cienciesdescribed above,and using theNLO norm alization of

Tab.1,onecan extractthenum berofexpected eventsperyearattheLHC athigh lum inosity

given in Tab.3.Theselection cutsenforced herearethefollowing.Forastart,wehavekept

con�gurationswherejm (bb)� mhj< 30GeV (cases1,3,4)orjm (bb)� mhj< 20GeV (case2)

and �R(bb;bb)< 2:5(allfourcases).(Ifm orethan twom h’sarereconstructed,thebesttwo

2b-pairsareselected accordingtothem inim um valueof�M 2 = [m h� m (bb)]2+[m h� m0(bb)2].)

Then,a cuton m (bbbb)isapplied: in presence ofthe H ! hh resonance (case 1)we have

keptevents within an m H m asswindow of� 2� (about82% ofthe totalnum bersurvive);

otherwise(cases2,3,4)wehaveadjusted them (bbbb)>� 2m h cutsotokeep 90% ofthesam ple.
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Figure 10:Reconstructed 4b-jetinvariantm assforb-jetscom ing from the hh pairin gg !

hh ! b�bb�bevents(case4)with thefastsim ulation athigh lum inosity.Thedashed histogram

showsthesam edistribution forallgroupsoffourjets.Norm alization isarbitrary.

In theend,one�ndsthenum bersin Tab.3,thatareencouraging indeed.

case1 2 3 4

� in fb 2000 20 5000 40

triggerthreshold acceptance 0.53% 8.8% 8.7% 7.8%

m asswindows 60% 50% 40% 40%

4b-tagging 6% 6% 6% 6%

events/year(no tagging) 636 88 17400 125

events/year(fourb-tags) 38 5.3 1044 7.5

Table 3: Totalrates for gg ! hh ! b�bb�b,after alle�ciencies have been included and

selection cuts(4){(6)enforced athadron level,with 100 fb� 1 peryearoflum inosity.

In conclusion then,lookingattheresultsin Tab.3and bearingin m ind thepotentialseen

in reducingthepureQCD background viagg! O (�4s)! b�bb�b(seeFigs.3{5),oneshould be

con�dentin theLHC havingthepotentialtom easurethe�H hh couplingin resonantH ! hh

events(case1).To givem oresubstance to such a claim ,wehave now initiated background

studiesathadron and detectorlevel,following the guidelines obtained by the parton level

analysis[6].Asforothercon�gurationsoftheM SSM (such ascase2)orin theSM (case4),

theexpectationsarem orepessim istic.Case3 deservesfurtherattention.In fact,noticethe
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Figure 11:Reconstructed 4b-jetinvariantm assforb-jetscom ing from the hh pairin gg !

hh ! b�bb�bevents(case 4)with the fastsim ulation athigh lum inosity. Here,the energy of

thejetpairsisrecalculated using them h constraint.Thedashed histogram showsthesam e

distribution forallgroupsoffourjets.Norm alization isarbitrary.

largenum berofeventssurviving and recallwhatm entioned in theIntroduction concerning

thepotentialofthenon-resonantgg ! hh ! b�bb�bprocessasadiscovery channelofthelight

Higgsboson oftheM SSM in thelargetan� region atm oderatem A values,a cornerofthe

param eter space where the h coverage is given only by SM -like production/decay m odes,

thusnotallowing oneto accessinform ation on theM SSM param eters.Resultson thistopic

too willbepresented in Ref.[6].

3.2 T he LC analysis

Here,weclosely follow theselection procedureadvocated in Ref.[5].In orderto resolvethe

fourb-jetsasfourseparate system sinside the LC detectorregion,we im pose the following

cuts.First,thattheenergy ofeach b-jetisabovea m inim um threshold,

E (b)> 10 GeV: (9)

Second,thatanyb-jetisisolated from allothers,byrequiringam inim um angularseparation,

cos�(b;b)< 0:95: (10)
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Sim ilarly to thehadronicanalysis,onecan optim izeS=B by im posing theconstraints[5],

m (bbbb)� 2mh � 10 GeV; (11)

jm (bb)� mhj< 5 GeV; (12)

on exactly two com binationsof2b-jets.Here,notethatthem assresolution adopted forthe

quark system sissigni�cantly betterthan in theLHC case,duetothecleanlinessofthee+ e�

environm entand theexpected perform anceoftheLC detectorsin jetm om entum and angle

reconstruction [21]. Thus,given such high m ass resolution power from the LC detection

apparatus,one m ay further discrim inate between h and Z m ass peaks by requiring that

noneofthe2b-jetpairsfallsaround m Z,

jm (bb)� mZj> 5 GeV: (13)

M oreover,in the double Higgs-strahlung process e+ e� ! hhZ,the fourb-quarks are pro-

duced centrally,whereasthisisgenerally notthecaseforthebackground (seethediscussion

in Ref.[5]).Thiscan beexploited by enforcing

jcos�(bb;bbb;bbbb)j< 0:75; (14)

where�(bb;bbb;bbbb)arethepolaranglesofalltwo-,three-and four-jetsystem s.

Figure 12:Crosssectionsin fem tobarnsforthe e+ e� ! hhZ signalin the h ! b�bb�b decay

channel, at a LC with 500 GeV as CM energy, as a function ofm h for tan� = 3 and

50. Ouracceptance cutsin energy and separation ofthe fourb-quarks(9){(10)have been

im plem ented.No beam polarization isincluded.

Fig.12showstheproductionanddecayratesofthesignalprocess,e+ e� ! hhZ ! b�bb�bZ,

asobtained atthepartoniclevel,afterthecuts(9){(10)havebeen im plem ented.TheM SSM
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setup here includes som e m ixing,having adopted A = 2:4 TeV and � = 1 TeV,at both

tan� = 3 and 50. Notice the onset ofthe H ! hh ! b�bb�b decay sequence in the Higgs-

strahlung processe+ e� ! H Z atlow tan�. The sam e doesnotoccurforlarge values,as

previously explained. The im pactofthe above jetselection cutson the signalism arginal,

astheb-quarksareherenaturally isolated and energetic,being thedecay productsofheavy

objects.In fact,theratesin Fig.12 would only be10{20% higherifallthe4b-quark phase

space was allowed (the suppression being largerfor sm aller Higgs m asses). At the height

ofthe resonantpeak around m h � 104 GeV attan� = 3,the signalrate isnotlarge but

observable,yielding m ore than one event every 1 fb� 1 ofdata. Fora high lum inosity 500

GeV TESLA design [22],thiswould correspond to m ore than 300 events peryear. Given

thevery high e�ciency expected in tagging b-quark jets,estim ated at90% foreach pairsof

heavy quarks [23],one should expect a strong sensitivity to the triple Higgsself-coupling.

Thesituation atlargetan� ism uch m oredi�cultinstead,beingtheproduction ratessm aller

by abouta factorof10.

In the left-hand side ofFig.13 we presentthe EW background,afterthe constraintsin

(9){(10)havebeen enforced,in theform ofthefourdom inantEW sub-processes.Thesefour

channelsarethefollowing.

1.e+ e� ! ZZZ ! b�bb�bZ,�rstfrom theleftin thesecond row oftopologiesin Fig.3 of

Ref.[5].Thatis,tripleZ production with no Higgsboson involved.

2.e+ e� ! h=H ZZ ! b�bb�bZ,�rst(�rst) from the left(right)in the �fth(fourth)row of

topologiesin Fig.2 ofRef.[5](also including thediagram sin which theon-shellZ is

connected to theelectron-positron line).Thatis,singleHiggs-strahlung production in

association with an additionalZ,with theHiggsdecaying to b�b.Thecrosssectionsof

thesetwo channelsareobviously identical.

3.e+ e� ! h=H Z ! Z �Z �Z ! b�bb�bZ,�rstfrom therightin the third row oftopologies

in Fig.2ofRef.[5].Thatis,singleHiggs-strahlungproduction with theHiggsdecaying

to b�bb�bvia two o�-shellZ � bosons.

4.e+ e� ! Zh=H ! b�bZ �Z ! b�bb�bZ,�rst(�rst)from the right(left)in the �rst(second)

row oftopologiesin Fig.2 ofRef.[5].Thatis,two single Higgs-strahlung production

channels with the Higgs decaying to b�bZ via one o�-shellZ � boson. Also the cross

sectionsofthesetwo channelsareidenticalto each other,asin 2.

TheO (�2s�
3
em )EW /QCD background isdom inated by e+ e� ! ZZ production with one

ofthe two Z bosonsdecaying hadronically into fourb-jets.Thissubprocesscorrespondsto

the topology in the m iddle ofthe �rst row ofdiagram s in Fig.4 ofRef.[5]. Notice that

Higgsgraphsare involved in thisprocessaswell(bottom -righttopology in the m entioned

�gure of[5]).These correspond to single Higgs-strahlung production with the Higgsscalar

subsequently decaying into b�bb�b via an o�-shellgluon. Their contribution is not entirely

negligible,owing to thelargeZH production rates,ascan beseen in theright-hand sideof

Fig.13.Theinterferencesam ong non-Higgsand Higgsterm sarealwaysnegligible.

84



Figure13:Crosssectionsin fem tobarnsforthedom inantcom ponentsoftheEW (left)and

EW /QCD (right) background to the e+ e� ! hhZ signalin the h ! b�bb�b decay channel,

at a LC with 500 GeV as CM energy,as a function ofm h for tan� = 3 (top) and 50

(bottom ).Ouracceptance cutsin energy and separation ofthefourb-quarks(9){(10)have

been im plem ented.No beam polarization isincluded.

Inperform ingthesignal-to-backgroundanalysis,wehavechosen tworepresentativepoints

only, identi�ed by the two following com binations: (i) tan� = 3 and m A = 210 GeV

(yielding m h � 104 GeV and mH � 220 GeV);(ii)tan� = 50 and mA = 130 GeV (yielding

m h � 120 GeV and mH � 130 GeV).These correspond to the two asterisks in Fig.12,

thatis,the m axim a ofthe signalcrosssectionsatboth tan� values.The �rstcorresponds

to resonant H ! hh production,whereas the latterto the continuum case. Ifwe enforce

theconstraintsofeq.(11){(14),thesuppression ofboth EW and EW /QCD isenorm ous,so

thatthecorresponding crosssectionsareofO (10� 3)fb,whilethesignalratesonly decrease

by a factor offour at m ost. This is the sam e situation that was seen for the SM case in

Ref.[5]. Indeed,in the end itisjusta m atterofhow m any signaleventssurvive,the sum

ofthe backgrounds representing no m ore than a 10% correction (see Fig.11 ofRef.[5]).

Forexam ple,after500 fb� 1 ofdata collected,oneisleftwith 156 and 15 eventsforcase(i)

and (ii),respectively.However,thesenum bersdo notyetincludeb-tagging e�ciency and Z
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decay rates.

4 Sum m ary

To sum m arize,the ‘double Higgs production’subgroup has contributed to the activity of

the HiggsW G by assessing the feasibility ofm easurem entsoftriple Higgsself-couplingsat

future TeV colliders. The m achines considered were the LHC at CERN (14 TeV) and a

future LC running at500 GeV.In both cases,a high lum inosity setup wasassum ed,given

the sm allness ofthe double Higgs production cross sections. In particular,the H ! hh

resonantenhancem entwasthe m ain focusofourstudies,involving the lightest,h,and the

heaviest,H ,oftheneutralHiggsbosonsoftheM SSM ,in thekinem aticregim em H
>
� 2m h.

Thisdynam icscan forexam ple occurin the following reactions: gg ! hh in the hadronic

case and e+ e� ! hhZ in the leptonic one,but only at low tan�. These two processes

proceed via interm ediatestagesoftheform gg ! H and e+ e� ! H Z,respectively,followed

by the decay H ! hh. Thus,they in principle allow one to determ ine the strength ofthe

H hh vertex involved,�H hh,in turn constrainingtheform oftheM SSM Higgspotentialitself.

Thesignatureconsidered washh ! b�bb�b,astheh ! b�bdecay rateisalwaysdom inant.

W e have found that severalkinem atic cuts can be exploited in order to enhance the

signal-to-background rateto levelofhigh signi�cance,particularly atthee+ e� m achine.At

the pp accelerator,in fact,the selection ofthe signalism ade m uch harderby the presence

ofan enorm ous background in 4b �nalstates due to pure QCD.In parton levelstudies,

based on theexactcalculation ofLO scattering am plitudesofboth signalsand backgrounds

(withoutany showering and hadronization e�ectsbutwith detectoracceptances),we have

found very encouraging results. At a LC,the double Higgs signalcan be studied in an

essentially background freeenvironm ent.AttheLHC,thesignaland theQCD background

arein theend atthesam elevelwith detectablebutnotvery largecrosssections.

Earlierfullsim ulationsperform ed forthee+ e� casehad alreadyindicated thatam oreso-

phisticatedtreatm entofbothsignalandbackgrounds,includingfragm entation/hadronization

and fulldetectore�ects,should notspoiltheresultsseen attheparton level.FortheLHC,

our prelim inary studies ofgg ! H ! hh ! b�bb�b in presence ofthe gg ! hh ! b�bb�b

continuum (and relative interferences) also point to the feasibility ofthe signalselection,

afterrealistic detectorsim ulation and eventreconstruction. Asfordouble h production in

the continuum ,although notvery usefulforHiggsself-coupling m easurem ents,this seem s

a prom ising channel,ifnotto discover the lightest M SSM Higgsboson certainly to study

itspropertiesand thoseoftheHiggssectorin general(because ofthelargeproduction and

decay ratesathigh tan� and itssensitivity tosuch aparam eter),asshown from novelsim u-

lationsalso presented in thisstudy.(Thediscovery potentialofthism odewilleventually be

addressed in Ref.[6].) Despitelacking a fullbackground analysisin theLHC case,wehave

no reason to believe thata com parable degree ofsuppression ofbackground eventsseen at

parton levelcannotbe achieved also athadron level. Progress in thisrespect iscurrently

being m ade[6].
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Program s and Tools for H iggs B osons

E.Boos,A .D jouadi,N .G hodbane,S.H einemeyer,

V .Ilyin,J.K alinow ski,J.L.K neur and M .Spira

A bstract

The search strategies for Higgs bosons at LEP,Tevatron,LHC and future e+ e�

linear colliders (LC) and m uon colliders exploit various Higgs boson production and

decay channels.Thestrategiesdepend notonly on theexperim entalsetup [e.g.hadron

versuslepton colliders]butalso on the theoreticalscenarii,forinstance the Standard

M odel(SM )orsom e ofitsextensionssuch asthe M inim alSupersym m etricStandard

M odel(M SSM ).Itisofvitalim portance to have the m ostreliable predictionsforthe

Higgsproperties,branching ratiosand production crosssections.

Thereexistseveralprogram sand packageswhich determ inethepropertiesofHiggs

particles,theirdecays m odesand production m echanism satvariouscolliders. These

program sare in generalindependent,have di�erentinputsand treatdi�erentaspects

ofthe Higgs pro�le. During this workshop,m any discussions have been m ade and

som e work has been done on how to update these various program s to include the

latesttheoreticaldevelopm ents,and how to link som e ofthem .

Thisreportsum m arizesthework which hasbeen perform ed in thiscontext.

1 H D EC AY

The program HDECAY [1]can be used to calculate Higgsboson partialdecay widthsand

branching ratioswithin theSM and theM SSM and includes:

� Alldecay channels that are kinem atically allowed and which have branching ratios

largerthan 10� 4,y com pristheloop m ediated,thethreebody decay m odesand in the

M SSM thecascadeand thesupersym m etric decay channels[2].

� In the M SSM ,the com plete radiative corrections in the e�ective potentialapproach

with fullm ixing in the stop/sbottom sectors;it uses the renorm alization group im -

proved values ofthe Higgs m asses and couplings and the relevant next{to{leading{

ordercorrectionsareim plem ented [3].

� Allrelevanthigher-orderQCD correctionsto the decays into quark pairsand to the

loop m ediated decaysinto gluonsand photonsareincorporated in acom pleteform [4];

thesm allleading electroweak correctionsarealso included.

� Doubleo�{shelldecaysofthe CP{even Higgsbosons[SM Higgsand theh;H bosons

oftheM SSM ]intom assivegaugebosonswhich then decay intofourm asslessferm ions,

and allim portantbelow{threshold three{body decays[decaysintoonerealand virtual

gauge bosons,cascade decays into a Higgsand a virtualgauge boson,decays into a

realand virtualheavy top quark,etc,..][5].
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� In the M SSM ,allthe decays into SUSY particles [neutralinos, charginos, sleptons

and squarks including m ixing in the stop,sbottom and stau sectors]when they are

kinem atically allowed [6].

� In the M SSM ,the SUSY particlesare also included in the loop m ediated  and gg

decay channels,with theleading partsoftheQCD correctionsincorporated [7].

The source code ofthe program ,hdecay.f written in FORTRAN,has been tested on

com putersrunning underdi�erentoperating system s. Itisself{contained and allthe nec-

essary subroutines[e.g.forintegration]are included. The program providesa very exible

and convenient usage,�tting to alloptions ofphenom enologicalrelevance. The program

islengthy [m ore than 6000 lines]butratherfast,especially ifsom e options[asdecaysinto

doubleo�-shellgaugebosons]areswitched o�.

The basic input param eters,ferm ion and gauge boson m asses and their totalwidths,

coupling constantsand,in the M SSM ,softSUSY-breaking param eterscan be chosen from

an input�le hdecay.in. In this�le severalagsallow switching on/o� orchanging som e

options [e.g. choosing a particular Higgs boson, including/excluding the m ulti{body or

SUSY decays,orincluding/excluding speci�chigher-orderQCD corrections].

The resultsforthem any decay branching ratiosand thetotaldecay widthsarewritten

into output �les br.Xi [with X = H 0;h;H ;A and i= 1;:::]with headers indicating the

variousprocessesand giving som eoftheparam eters.

Sincethereleaseoftheoriginalversion oftheprogram severalbugshavebeen �xed and

anum berofim provem entsand new theoreticalcalculationshavebeen im plem ented.During

thisworkshop,thefollowing pointshavebeen included:

� LinktotheFeynHiggsFast routinewhich givesthem assesand couplingsoftheM SSM

up to two{loop orderin thediagram m aticapproach [8].

� Link to the SUSPECT routine for the Renorm alisation Group evolution and for the

properelectroweak sym m etry breaking in them inim alSupergravity m odel[9].

� Im plem entation ofHiggs boson decays to a gravitino and neutralino or chargino in

gauge{m ediated SUSY breaking m odels[10].

� Inclusion ofgluino loopsin Higgsboson decaysto q�q pairs[11].

� Determ ination and inclusion oftheRG im proved two{loop contributionstotheM SSM

Higgsboson self-interactions.

In addition,the inclusion ofthe [possibly large]QCD corrections forthe M SSM Higgs

boson decaysinto squark pairs[12]hasstarted.

The log-book ofallm odi�cations and the m ost recent version ofthe program can be

found on theweb pagehttp://www.desy.de/� spira/prog.
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2 Program s for H iggs production

Severalprogram sforHiggsboson production athadron collidersin the contextofthe SM

and the M SSM ,including the next{to{leading order(NLO)QCD corrections,areavailable

attheweb page:http://www.desy.de/� spira.Thepurposeoftheseprogram s,and som e

im provem entsm adeduring thisW orkshop,aresum m arized below.Forthephysicscontext,

seethecontribution in Section 5 oftheseproceedings.

HIGLU calculatesthetotalcrosssectionsforHiggsproduction in thegluon{fusion m ech-

anism ,gg! Higgs,including theNLO QCD correctionsin theSM ,M SSM and in a general

two{Higgsdoubletm odel[by initializing theYukawa couplingsto quarks].Itincludesboth

top and bottom quark loopswhich generate the Higgscouplings to gluons. M oreover the

program calculatesthedecay width ofHiggsbosonsinto gluonsatNLO.

V2HV calculatestheLO and NLO crosssectionsfortheproduction in theHiggs{strahlung

m echanism ,qq ! V + � where V = W =Z and � is a CP{even Higgs boson. The QCD

correctionsarethoseoftheDrell{Yan process;seeSection 5.

VV2H calculates the LO and NLO cross sections forthe production in the weak vector

boson fusion m echanism ,qq! V �V � ! qq� where� isa CP{even Higgsboson.TheQCD

correctionsareincluded in thestructurefunction approach;seeSection 5.

HQQ calculatestheLO crosssectionsfortheproduction ofneutralHiggsbosonsin asso-

ciation with heavy quarks,gg=q�q ! Q �Q + Higgs. The NLO QCD corrections are notyet

com pletely availableand arenotincluded.

HPAIR calculatesthe LO and NLO crosssectionsforthe production ofpairsofneutral

Higgsbosonsin thethegluon{gluon fusion m echanism ,gg! �1�2,orin theDrell{Yan like

process,q�q ! �1�2. The NLO correctionsare included only in the heavy top quark lim it

forthegg process.

Thesourceprogram sarewritten in FORTRAN and havebeen tested on com putersrun-

ningunderdi�erentoperatingsystem s.In m ostcases,thevariousrelevantinputparam eters

can bechosen from an input�leincluding a ag specifying them odel.

Since the �rst release ofthese program s,the following im provem ents have been m ade

[som eofthem during thisW orkshop]:

� A linktodi�erentsubroutinescalculatingtheM SSM Higgsboson m assesandcouplings

hasbeen installed foralltheprogram s.

� Thecontribution ofsquark loopshasbeen included in HIGLU.

� TheSUSY{QCD correctionshavebeen included in V2HV and VV2H.

� Thecontribution ofinitialb{quark densitieshasbeen included in HQQ.

� The new version ofHDECAY forthe neutralHiggsboson totaldecay widthshasbeen

included in HPAIR.
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3 FeynH iggsFast

In this section12 we present the Fortran code FeynHiggsFast. Starting from low energy

M SSM param eters [m t the top quark m ass,tan� the ratio ofthe vev’s ofthe two Higgs

doublets,thepseudoscalarHiggsm assM A,thesoftSUSY breaking scalarm assesM ~tL
;M ~tR

,

thetrilinearcoupling A t and thehiggsino m assparam eter�],FeynHiggsFast calculatesthe

m asses ofthe neutralCP{even Higgs bosons,M h and M H ,as wellas the corresponding

m ixing angle�,atthetwo{loop level[8].In addition them assofthecharged Higgsboson,

M H � ,isevaluated atthe one{loop level. The �{param eter,which allowsforconstraintsin

thescalarferm ion sectorofthe M SSM ,isevaluated up to O (��s),taking into accountthe

gluon exchangecontribution atthetwo{loop level[13].

FeynHiggsFast isbased on a com pactanalyticalapproxim ation form ula,containing at

thetwo{loop leveltheleadingcorrectionsofO (��s)obtained in theFeynm an{diagram m atic

approach [8]and ofO (G 2
F m

6
t)obtained with renorm alization group (RG)m ethods[3].Con-

trary to the fullresultin the FD approach [8]which hasbeen incorporated into the FOR-

TRAN codeFeynHiggs [14],theapproxim ation form ulaism uch shorter.Thus,theprogram

FeynHiggsFast isabout3� 104 tim esfasterthan FeynHiggs,whiletheagreem entbetween

the two codesisbetterthan 2 GeV forthe CP{even Higgsbosonsm assesin m ostpartsof

theM SSM param eterspace.

The com plete program FeynHiggsFast consists ofabout 1300 lines FORTRAN code.

Theexecutable �le�llsabout65 KB disk space.Thecalculation foronesetofparam eters,

including the �� constraint,takesabout2� 10� 5 secondson a Sigm a station [Alpha pro-

cessor,600 M Hz processing speed,512 M B RAM ].The program can be obtained from the

FeynHiggs hom e page: http://www-itp.physik.uni-karlsruhe.de/feynhiggs where

the code itselfisavailable,togetherwith a shortinstruction,inform ation aboutbug �xes,

etc...

FeynHiggsFast consists ofa front{end,program FeynHiggsFast, and the m ain part

where the calculation is perform ed, starting with subroutine feynhiggsfastsub. The

front{end can be m anipulated by the user at will,whereas the m ain part should not be

changed. In this way FeynHiggsFast can be accom m odated as a subroutine to existing

program s,thusproviding an extrem efastevaluation forthem assesand m ixing anglesin the

M SSM Higgssector. Asdiscussed previously,thishasalready been successfully perform ed

fortheprogram HDECAY during thisworkshop.

FeynHiggsFast asksforthelow energy SUSY param eter,listed in Table1.Concerning

the stop sector,the user has the option to enter either the physicalparam eters,i.e. the

m asses and the m ixing angle (m ~t1
;m ~t2

and sin�~t) or the unphysicalsoft SUSY breaking

scalarm assparam etersM ~tL
;M ~tR

and them ixing param eterM LR
t = m t(A t� � cot�).From

these inputparam eters FeynHiggsFast calculates the m asses and the m ixing angle ofthe

M SSM neutralCP{even Higgsbosons,aswellasthe m assofthe charged Higgsboson and

the� param eter.

12Thissection iswritten with W .Hollik and G .W eiglein.
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inputparam eter M SSM expression expression in program

tan(beta) tan� ttb

Msusy top L M ~tL
msusytl

Msusy top R M ~tR
msusytr

MtLR M LR
t mtlr

MSt2 m ~t2
mst2

delmst �m ~t = m ~t2
� m~t1 delmst

sin(theta stop) sin�~t stt

MT m t mmt

Mue � mmue

MA M A mma

Table1:Them eaning ofthedi�erentM SSM variablesto beentered into FeynHiggsFast.

4 SU SPEC T

The fortran code13 SUSPECT [9]calculatesessentially the m assesand som e ofthe couplings

ofthe SUSY and Higgs particles within the fram ework ofthe M SSM .It includes several

speci�coptionswhosepurposeis,hopefully,to gain m oreexibility with thegenerally non-

trivialLagrangian-to-physicalparam eter relationship in the M SSM .In particular,besides

the now widespread procedure ofevolving the soft param eters from som e universal\m in-

im alSUGRA" high energy initialvaluesdown to obtain a corresponding low-energy spec-

trum ,SUSPECT can alsotreatalm ostarbitrarynon{universaldeparturesfrom thisSUGRA

m odel. The latestversion 1.2 isa subroutine,so thatitcan be easily interfaced with any

otherFORTRAN codes,aswillbe described below. Italso includessom e new usefultools

like,forinstance,thepossibility ofevolving theparam eters\ bottom {up",thepossibility of

choosing asinputsom eoftheparam etersthatareusually obtained asoutput,etc.

The latestversion ofthe program consistsofthree parts:the subroutine suspect12.f,

suspect12-call.f an exam ple ofcalling routine and suspect12.in a typicalexam ple of

input�le. To interface SUSPECT1.2 properly with yourown m ain code,the easiestway is

�rstto run theexam plecodesuspect12-call.f.Oncefam iliarwith thecalling procedure,

you m ay sim ply im plem entin yourcalling code a few appropriate com m and linesstripped

from theexam ple�le,thatyou can adaptto yourpurpose.

ThecoreoftheSUSPECT algorithm isconveniently separated into threedi�erenttasks,

that are indeed conceptually {and technically {relatively separated: (i) Renorm alization

group evolution (RGE),(ii) physicalspectrum calculations (PS),(iii) e�ective potential

13The program can be down-loaded from the node:http://lpm .univ-m ontp2.fr:7082/ djouadi/gdr.htm l
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calculation with im plem entation ofelectroweak sym m etry breaking (EW SB).The overall

algorithm then reads as follows: choice ofa m odelassum ption/option ! choice ofinitial

scale Q in (driven from input�le suspect12.in orfrom user’sm ain code)! RG evolution

! consistency ofEW SB which involves the e�ective potentialatone{loop (iterating until

stability isreached)! physicalspectrum calculation:gauginos,sferm ions,Higgses! �nal

m assesand results(warning + com m entsaswell)collected in �lesuspect.out.

An im portantaspectofSUSPECT isaspecialattention given totheconsistency ofEW SB,

which m akesthatnotallofthescalarsectorparam etersareindependent.[Forthem om ent

only thesim plestconstraints@(Ve�)=@vu;d = 0areincluded;theconstraintsfrom theabsence

ofCharge and Color Breaking (CCB) m inim a willbe im plem ented in a later version]. In

particular,thisisused to de�ne di�erentsetofinput/outputscalarparam eters. Although

thisresulting exibility in the choice ofinputparam etersiswelcom e,itsactualim plem en-

tation isquitenon trivial,which ispayed by a slowerCPU tim e.M oreover,oneshould keep

in m ind thatitisoften a m ain sourceofpossiblediscrepancieswith othersim ilartask codes

which im plem entEW SB in a di�erentway.

Another im portant ingredient ofSUSPECT is the im plem entation ofRG evolution, in

di�erent(loop)approxim ations. The RGE can be im plem ented (ornot)by using di�erent

ichoice(1) inputparam eters. Forinstance,forichoice(1)=0 one hasthe unconstrained

M SSM with noRGE,i.e.therelevantinputparam eterareassum ed tobeatLOW scale.For

ichoice(1) = 1,RGE in the unconstrained M SSM with non{universality and the inputs

are assum ed at high scale, except tan� to be given at low energies. ichoice(1) = 2:

unconstrained M SSM with RGE bottom {up; the relevant input is set sim ilarly as with

ichoice(1)= 0,butthe �naloutputconsists ofallthe softparam eters atthe high scale.

ichoice(1) = 10:m inim alSUGRA m odel.

Forinterfacing SUSPECT1.2 with yourm ain code,alltheuserhastocontrolistheway to

dialog between her/his"m ain" routine/program and the SUSPECT1.2 subroutine,together

with theprecisem eaning ofthedi�erent\dialog" param eters,which areoftwo kinds:

{ The\physical" param eters,arethoseparam etersthatareeithernecessary inputfora

given m odeland/orrunning option,orthe desired output.Allsuch param etersare passed

from the calling code to SUSPECT and back via speci�c COMMONS.By \physical" we m ean

either truly physicalparam eters such as m asses etc [and that are generally the output of

SUSPECT calculation],orM SSM basicparam eterssuch astheSUSY and soft{SUSY breaking

term softheM SSM Lagrangian,thataregenerally inputfortheSUSPECT calculation.

{The\control"param eters,whosedi�erentpurposeistochoosevariousrunningoptions.

There are three m ain \control" param etersappearing asargum entsofthe SUSPECT calling

com m and:(i)iknowl setssom edegreeofcontrolon variouspartsofthealgorithm [=0 blind

use,i.e.no controlon any \algorithm icparam eter,=1 m oreeducated use,(ii)input setting

control[=0 relevant param eters are read form suspect12.in and =1 de�ne the relevant

inputsfrom yourcallingprogram ]and (iii)ichoice forthechoiceofm odelparam eterswith

ichoice(1) discussed abovefortheRGE and ichoice(6) forthescalarsectorinput[=0 for

�;M A inputsand =1 forM 2
H u
;M 2

H d
asinputs].

Alldetailson the m ain core SUSPECT routines,inputand outputparam etersaswellas

physicaland controlparam eterscan befound on theweb siteand in Ref.[9].
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5 SU SY G EN

SUSYGEN2 [15]isa M onteCarlo eventgeneratorfortheproduction and decay ofsupersym -

m etric particlesand hasbeen initially designed fore+ e� colliders. Ithasbeen extensively

used by allfourLEP experim entsto sim ulatetheexpected signals.Itincludespairproduc-

tion ofcharginosand neutralinos,scalarleptonsand quarks. Ito�ersalso a possibility to

study theproduction ofa gravitino plusa neutralino within GM SB m odelsand theproduc-

tion ofsinglegauginosifoneassum esR-Parity to bebroken.

Allim portant decay m odes ofSUSY particles relevant to LEP energies have been im -

plem ented,including cascades,radiative decaysand R-Parity violating decaysto standard

m odelparticles.Thedecay isincluded through theexactm atrix elem ents.Thelightestsu-

persym m etricparticle(LSP)can eitherbetheneutralino ~�0
1
,thesneutrino ~� orthegravitino

~G in R{parity conserving m odels,orany SUSY particleifR{parity isviolated.

TheinitialstateradiativecorrectionstakeaccountofpT=pL e�ectsin theStructureFunc-

tion form alism .QED �nalstateradiation isim plem ented using thePHOTOS [17]library.An

optim ized hadronization interface to JETSET [18]isprovided,which also takesinto account

lifetim esofsparticles.Finally,awidelyused featureofSUSYGEN2 isthepossibilitytoperform

autom aticscanson theparam eterspacethrough userfriendly ntuples.

Recently SUSYGEN2 hasbeen upgraded toSUSYGEN3 [16]in ordertoadapttotheneedsof

thenextgeneration oflinearcolliders,butalso in orderto extend itspotentialto supersym -

m etricparticlessearchesate� pcolliders(e.gHERA)and hadroniccolliders(e.gTevatron or

LHC).Them ain new featuresrelevantforlinearcollidersaretheinclusion ofbeam strahlung

through an interface to CIRCEE [19],the fullspin correlation in initialand �nalstates,the

inclusion ofCP violating phasesand the possibility to have an elaborate calculation ofthe

M SUGRA spectrum through an interfaceto SUSPECT [9].

a) M ass spectrum calculation:

SUSYGEN2 o�ersdi�erent fram eworks forthe m ass spectrum calculation. One can �rst

assum e the di�erentm assparam etersentering in the M SSM :M 1,M 2 and M 3 the gaugino

m assparam eters,�,the Higgsino m assm ixing param eter,the scalarferm ionsm assesM ~fL

and M ~fR
,thetrilinearm ixing param etersA t A b and A � to befree.Thisgivestheso called

\unconstrained M SSM ".Anotherapproach tothem assspectrum calculation isbased on the

supergravity inspired m odels. In thiscase the softbreaking m assparam etersare assum ed

to beuniversalatthe GUT scale reducing the num berofparam etersto m 1=2,the com m on

gaugino m ass param eter,m 0,the com m on sferm ion m ass param eter,the sign of�,tan�,

theratio ofthetwo vacuum expectation valuesofthetwo Higgsdoublets,A 0,thecom m on

trilinearcouplings.Alltheseparam etersarede�ned attheGUT scale.

In SUSYGEN3,one can keep the approach used in SUSYGEN2. In this case,only m 0 is

de�ned atthe GUT scale and the sferm ion m assesare evolved from the GUT scale to the

electroweak (EW )scaleaccording to theform ulaegiven in appendix ofRef.[20].Theother

param eters M 1,�,At,A b and A � are de�ned at the EW scale and m ixing ofthe third

generation sferm ion istaken into accountthrough theparam etersA t,A b and A �.SUSYGEN3

o�ersnow thepossibility to do a bettertreatm entofthem assspectrum calculation within
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m SUGRA through an interfaceto theSUSPECT program [9].In practice,iftheag SUSPECT

issettoTRUE in theinputdatacard which �xesthem odel,theentirem assparam etersatthe

EW scalewillbederived from theseattheGUT scale(m 1=2,m 0,sign of�,A0 and tan�).

b) B eam polarization and spin correlations

Sinceoneexpectshigh lum inositiesforthenextgeneration oflinearcolliders(e.g.� 500

fb� 1 forthe TESLA project),one can use beam polarization to reduce thestandard m odel

backgroundsandusethepolarizationdependenceofthecrosssectionstostudyspeci�cSUSY

param eters.M oreover,asithasbeen stressed byseveralauthors[21],spin correlationsplaya

m ajorrolein thekinem aticdistributionsof�nalparticles.To ful�llthesetwo requirem ents,

the\helicity am plitude m ethod" [22]wasused forthecalculation ofthe di�erentFeynm an

am plitudes for production and decay,in order to obtain fullspin correlation. Since such

am plitudes involve products and contractions offerm ionic currents, two basic functions,

nam ely theB and Z functionswerede�ned through:

B �
�1;�2

(p1;p2) = �u�1(p1;m 1)P�u�2(p2;m 2) (1)

Z ��0

�1;�2;�3;�4
(p1;p2;p3;p4) = [�u�1(p1;m 1)

�P�u�2(p2;m 2)][�u�3(p3;m 3)�P�0u�1(p4;m 4)]

whereP� standsforoneofthetwo chiralprojectorsPL orPR and u�(p;m )denotestheposi-

tiveenergy spinorsolution oftheDiracequation fora particleofhelicity �,fourm om entum

p and m assm .Thedecom position ofthebispinorsu�(p;m )in term softhem asslesshelicity

eigenstates!�(k)yieldssim pleanalyticalexpressionsfortheB and Z functions.Theam pli-

tudeisthen factorized in term softhesebasicbuilding blocks;thisfactperm itscom pactand

transparentcoding and speed ofcalculation. The m assesare notneglected in any stage of

thecalculation.Forgaugino productionsand decay,weusethe\widthlessapproxim ation".

Forinstance,thecalculation ofthecrosssection associated to e+ e� ! ~�0
2
~�0
1
! ~�0

1
~�0
1
e+ e� is

doneasfollows:thetotalam plitudeassociated toagiven helicity con�guration ofthedi�er-

entparticlesisapproxim ated by theproductoftheam plitudeassociated to theproduction

ofthetwo neutralinosM (e+ e� ! ~�0
2
~�0
1
)with theam plitude corresponding to the decay of

the nextto lightestneutralino M (~�02 ! ~�01e
+ e� ). The rem nantofthe propagatorsquared

of ~�0
2
is approxim ated by a factorgiven by 8�4=(m ~�0

2

�~�0
2

). The phase space integration is

donethrough them ultichannelm ethod [25].

c) Including phases in SU SY searches:

In the M SSM ,there are new potentialsources ofCP non{conservation [26]. Com plex

CP violating phases can arise from severalparam eters present in the M SSM Lagrangian:

the higgs m ixing m ass param eter �, the gaugino m asses M i, the trilinear couplings A i.

Experim entalconstraintson theseCP violatingphasescom efrom theelectricdipolem om ent

ofthe electron and the neutron. Since in SUSYGEN3 allthe couplings,the di�erent m ass

param eters �,M 1,and the trilinear couplings A �,A t and A b have been assum ed to be

com plex by default[27],the introduction ofphases in the gaugino and sferm ion sector for

m assesaswellforcrosssectionshasbeen straightforward.

96



6 C om pH EP

CompHEP14 [29]isa packageforautom aticcalculationsofdecay and production processesin

thetree{levelapproxim ation in thefram ework ofarbitrary gaugem odelsofparticleinterac-

tions.Them ain ideaprescribed intoCompHEP,istom akeavailablepassingon from thebasic

Lagrangian to the�naldistributionse�ciently with a high levelofautom ation.CompHEP is

a m enu{driven system .Thecodesand them anualareavailableon theweb site:

http://theory.npi.msu.su/~comphep (m irroron http://www.ifh.de/~pukhov).

The present version hasfourbuilt{in physicalm odels. Two ofthem are the Standard

M odelin the unitary and ’t Hooft{Feynm an gauges. The user can change particle inter-

actionsand m odelparam etersand introduce new vertices,thuscreating new m odels. Fur-

therm ore,in the fram ework ofthe CompHEP project,a program LanHEP [30]wascreated to

generateCompHEP m odel�lesaswillbediscussed below.

TheCompHEPpackageconsistsoftwoparts,asym bolicandanum ericalone.Thesym bolic

partiswritten in theCprogram m inglanguageand producesFORTRANandCcodesforsquared

m atrix elem entswhich areused in thenum ericalcalculation lateron.Therearetwoversions

ofthe num ericalpart,a FORTRAN and a C one,with alm ostequalfacilities. The C version

hasa m ore com fortable interface butitdoesnotpossessan option to generate eventsand

doesnotperform calculationswith quadrupleprecision.

Thesym bolicpartofCompHEP allowstheuserto:

{ Select a process by specifying incom ing and outgoing particles forthe decays 1 ! n

(< 6)and theproduction m echanism s2! n (< 5).

{ GenerateFeynm an diagram s,display them ,and generatesquared diagram s.

{ Calculate analytical expressions corresponding to squared diagram s, save them in

REDUCE and MATHEMATICA form sforfurthersym bolicm anipulations.

{ Generate optim ized FORTRAN and C codesforthe squared m atrix elem entsforfurther

num ericalcalculations.

Thenum ericalpartofCompHEP allowsto:

{ Convolute the squared m atrix elem ent with structure functions (for proton and an-

tiproton,electronsand photons).

{ M odify physicalparam eters(energy,charges,m assesetc.) involved in theprocesses.

{ Selectthescaleforevaluation of�S and parton structurefunctions.

{ Introducevariouskinem aticalcuts.

{De�nethephasespaceparam eterization and introduceaphasespacem appingin order

to sm ooth sharp peaksfore�ectiveM onteCarlo integration.

{ Perform M onte{Carlo integrationsby VEGAS [31]via them ultichannelapproach [32].

{ Generateeventsand m akedistributionswith graphicaland LaTeX outputs.

In theQCD partoftheseProceedings,onecan �nd m oredetailson CompHEP options,in

particularthehandlingoftheQCD aspectsand thediscussion oftheautom aticcom putation

ofprocesseswith m ultiparticle �nalstates. The CompHEP package hasbeen used in several

14Thissection iswritten togetherwith A.Pukhov and A.Sem enov.
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studies perform ed atthis W orkshop,in particular in the Higgs working group. Exam ples

are:Higgsboson searchesin the+jetchannelattheLHC [Sec.2]and generation ofevents

forassociated production oflightstopswith Higgsbosons[Sec.4].

During thisW orkshop,a new algorithm wasproposed forthetreatm entofthe�rstand

second generation quarks through the single generation ofgeneralized \up" and \down"

quarks[33].Thisalgorithm neglectsthem assesofthesequarksand theirm ixing with third

generation quarks. Itisbased on a rotation ofthe S{m atrix in avorspace and m ove the

CKM m atrix elem ents from diagram s to distribution functions. The com plete set ofnew

ruleswasderived foracorrectcountingoftheconvolution with di�erentparton distributions

forquarksofthe�rst/second generations.Each rulecorrespondstoagaugeinvariantsubset

ofdiagram s;see also [34].Thistechnique allowsto reduce signi�cantly the num berofsub-

processescontributingtothesam ephysical�nalstate,especially forhadron colliders.Itwas

realized in theCompHEP version installed atCERN (=afs=cern:ch=cms=physics=COMPHEP).

Developm ents were also m ade during this W orkshop for the im plem entation ofSUSY

m odelsin CompHEP;som eofthem concern theHiggssector.ToderivetheM SSM description

for CompHEP one can use the LanHEP [30]program which allows to generate the Feynm an

rulesfrom theLagrangian inputin com pactform scloseto theonesgiven in textbooks[e.g.

Lagrangianterm scan bewritten with sum m ation overindicesand usingcom pactexpressions

such as covariant derivatives and strength tensors for gauge �elds]. There are given in

term softwo{com ponentspinorsand with thesuperpotentialform alism .Theoutputforthe

Feynm an rulesisin LaTeX form atand in the form ofCompHEP m odel�les. Forthe M SSM

Lagrangian,thecom pletedescription given in Ref.[27]isused,togetherwith twoextensions:

verticeswith R{parity violation and thelightgravitino scenario in GM SB m odels.

It is known that Higgs boson m asses in the M SSM are signi�cantly a�ected by radia-

tive corrections.To com pute these corrections,thetwo{Higgsdoubletm odelpotential[35]

technique isexploited. Thispotentialisparam etrized by 7 variables,�1...�7,forwhich an-

alyticalform ulae given by in M .Carena etal.in Ref.[3]areim plem ented.CompHEP allows

to calculate arbitrary processes within the given physicalm odel. Thus,one has to deal

with the �i variables rather than with the set ofHiggs boson m asses only. However,one

can setthe Higgsboson m asses asinputparam eters,butthe �i are derived afterand the

m odelischanged correspondingly preservinggaugeinvariance.An interfaceism adewith the

FeynHiggs program [14][used asan externallibrary],thusproviding an option to evaluate

theCP{even Higgsboson m assesin them ostup{to{dateway.

The num ber ofindependent param eters in the M SSM can be reduced by the im ple-

m entation ofthe m SUGRA orGM SB m odels. M ore speci�cally,the softSUSY{breaking

param eters,gaugino and sferm ion m assesaswellastrilinearcouplings,arecom puted from

the inputparam eters. Itispossible to use the ISASUSY package [36]forthe calculation of

these softSUSY{breaking param eters[aswellasthe CP{odd Higgsboson m ass;the CP{

even Higgsm assescan be calculated by FeynHiggs]. The m assesofthe sparticlesare then

calculated by CompHEP from the form ulae used in the unconstrained M SSM .SUSY m odels

forCompHEP with the FeynHiggs and ISASUSY optionsincluded,can be obtained from the

web site: http://theory.npi.msu.su/~semenov/mssm.html
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