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1 Introduction

1.1 Standard M odel

The Higgs m echanism is a cornerstone ofthe Standard M odel(SM ).To form ulate the

standard electroweak theory consistently,theintroduction ofthefundam entalHiggs�eld

isnecessary [1].ItallowstheparticlesoftheStandard M odelto beweakly interacting up

tohigh energieswithoutviolatingtheunitarity boundsofscatteringam plitudes.Theuni-

tarity requirem entdeterm inesthecouplingsoftheHiggsparticletoalltheotherparticles.

These basic ideascan be castinto an elegantand physically deep theory by form ulating

the electroweak theory as a spontaneously broken gauge theory. Due to the fact that

the gauge sym m etry,though hidden,isstillpreserved,the theory isrenorm alizable [2].

Them assivegaugebosonsand theferm ionsacquiretheirm assesthrough theinteraction

with theHiggs�eld [1].Them inim alm odelrequirestheintroduction ofoneweak isospin

doublet leading,after the spontaneous sym m etry breaking,to the existence ofone ele-

m entary scalarHiggsboson.Sinceallthecouplingsarepredeterm ined,thepropertiesof

thisparticleare�xed by itsm ass,which istheonly unknown param eteroftheStandard

M odelHiggssector.OncetheHiggsm asswillbeknown,alldecay widthsand production

processesoftheHiggsparticlewillbeuniquely determ ined [3].Thediscovery oftheHiggs

particlewillbetheexperim entum crucisforthestandard form ulation oftheelectroweak

theory.

Although theHiggsm asscannotbepredicted in theStandard M odel,thereareseveral

constraintsthatcan be deduced from consistency conditionson the m odel[4{6]. Upper

boundscan bederived from therequirem entthattheStandard M odelcan beextended up

to a scale�,beforeperturbation theory breaksdown and new non-perturbativephenom -

ena dom inatethepredictionsofthetheory.IftheSM isrequired tobeweakly interacting

up to the scale ofgrand uni�ed theories (GUTs),which is ofO (1016 GeV),the Higgs

m asshasto belessthan � 200 GeV.Fora m inim alcut-o� �� 1 TeV and thecondition

M H < �,a universalupperbound of� 700 GeV can be obtained from renorm alization

group analyses[4,5]and latticesim ulationsoftheSM Higgssector[6].

Ifthetop quarkm assislarge,theHiggspotentialm aybecom eunbounded from below,

rendering the SM vacuum unstable and thusinconsistent. The negative contribution of

thetop quark,however,can becom pensated by a positivecontribution dueto theHiggs

self-interaction, which is proportionalto the Higgs m ass. Thus for a given top m ass

M t = 175 GeV [7,8]a lower bound of� 55 GeV can be obtained forthe Higgsm ass,

if the SM rem ains weakly interacting up to scales � � 1 TeV.For � � M G U T this

lowerbound isenhanced to M H
>
� 130 GeV.However,the assum ption thatthe vacuum

ism etastable,with a lifetim e largerthan the age ofthe Universe,decreasesthese lower

boundssigni�cantly for�� 1 TeV,butonly slightly for�� M G U T [5].

The direct search in the LEP experim ents via the process e+ e� ! Z �H yields a

lower bound of� 77 GeV on the Higgsm ass [9]. This search isbeing extended atthe

presentLEP2 experim ents,which probeHiggsm assesup to about95 GeV via theHiggs-

strahlung process Z � ! ZH [10{12]. AfterLEP2 the search forthe SM Higgsparticle

3



willbecontinued attheLHC forHiggsm assesup to thetheoreticalupperlim it[13,14].

The dom inantHiggsproduction m echanism attheLHC willbethegluon-fusion process

[15]

pp! gg! H ;

which provides the largest production cross section for the whole Higgs m ass range of

interest.ForlargeHiggsm assestheW and Z boson-fusion processes[16,17]

pp! qq! qq+ W W =ZZ ! H qq

becom e com petitive.In theinterm ediate m assrangeM Z < M H < 2M Z Higgs-strahlung

o� top quarks[18]and W ;Z gaugebosons[19,20]provide alternative signaturesforthe

Higgsboson search.

Thedetection oftheHiggsboson attheLHC willbedivided into two m assregions:

(i) ForM W
<
� M H

<
� 140 GeV theonly prom ising decay m odeistherarephotonicone,

H ! ,which willbediscrim inated againstthelargeQCD continuum background

by m eansofexcellent energy and angularresolutionsofthe detectors [14]. Alter-

natively excellent�-vertex detectorsm ightallow the detection ofthe dom inantb�b

decay m ode [21],although the overwhelm ing QCD background rem ainsvery di�-

cultto reject[22]. In orderto reduce the background itm ay be helpfulto tag the

additionalW boson in theHiggs-strahlung processpp! H W [19,20]orthet�tpair

in Higgsbrem sstrahlung o� top quarks,pp! H t�t[18].

(ii) In them assrange140GeV <
� M H

<
� 800GeV thesearch fortheHiggsparticlecan be

perform ed by looking for�nalstatescontaining 4 charged leptons,which originate

from the Higgs decay H ! ZZ (� )[14]. The QCD background willbe sm allso

thatthe signalcan be extracted quite easily. Forthe Higgsm assregion 155 GeV
<
� M H

<
� 180 GeV anotherpossibility arisesfrom theHiggsdecay H ! W W (� )!

l+ l� ��� [23],becausetheW boson decay m odeisdom inatingbym orethan oneorder

ofm agnitude in thism assrange,while the Z pairdecay m ode m ay be di�cultto

detectdue to a strong dip in the branching ratio BR(H ! ZZ �)forHiggsm asses

around the W pairthreshold. ForHiggsm assesabove � 800 GeV the search m ay

beextended by looking forthedecay chainsH ! ZZ;W W ! ll��.A Higgsboson

search up to � 1 TeV seem sto befeasibleattheLHC [14].

In orderto investigatetheHiggssearch potentialoftheLHC,itisofvitalim portance

tohavereliablepredictionsfortheproduction crosssectionsand decaywidthsoftheHiggs

boson. In the pasthigherordercorrectionshave been evaluated forthe m ostim portant

processes. They are in generaldom inated by QCD corrections. The presentlevelleads

to a signi�cantly im proved and reliabledeterm ination ofthesignalprocessesinvolved in

theHiggsboson search attheLHC.

4



1.2 Supersym m etric Extension

Supersym m etric extensionsoftheSM [24,25]arestrongly m otivated by theidea ofpro-

viding a solution ofthehierarchy problem in theSM Higgssector.They allow fora light

Higgsparticle in the contextofGUTs[26],in contrastwith theSM ,where theextrapo-

lation requiresan unsatisfactory �ne-tuning ofthe SM param eters. Supersym m etry isa

sym m etry between ferm ionic and bosonic degreesoffreedom and thusthe m ostgeneral

sym m etry ofthe S-m atrix. The m inim alsupersym m etric extension ofthe SM (M SSM )

yields a prediction ofthe W einberg angle in agreem entwith presentexperim entalm ea-

surem ents in the context ofGUTs [27]. M oreover, it does not exhibit any quadratic

divergences,in contrastwith the SM Higgssector. Throughoutthisreview we willcon-

centrate on the M SSM only,although m ostofthe resultswillalso be qualitatively valid

fornon-m inim alsupersym m etric extensions[28].

In the M SSM two isospin Higgsdoubletshave to be introduced in orderto preserve

supersym m etry [29]. Afterthe electroweak sym m etry-breaking m echanism ,three ofthe

eight degrees offreedom are absorbed by the Z and W gauge bosons,leading to the

existenceof�veelem entary Higgsparticles.TheseconsistoftwoCP-even neutral(scalar)

particlesh;H ,one CP-odd neutral(pseudoscalar)particle A,and two charged particles

H � . In orderto describe the M SSM Higgssectorone hasto introduce fourm assesM h,

M H ,M A and M H � and two additionalparam eters,which de�ne the properties ofthe

scalarparticlesand theirinteractionswith gaugebosonsand ferm ions:them ixing angle

�,related totheratioofthetwo vacuum expectation values,tg� = v2=v1,and them ixing

angle� in theneutralCP-even sector.Dueto supersym m etry thereareseveralrelations

am ongtheseparam eters,and only twoofthem areindependent.Theserelationslead toa

hierarchicalstructureoftheHiggsm assspectrum [in lowestorder:M h < M Z;M A < M H

and M W < M H � ].Thisis,however,broken by radiativecorrections,which aredom inated

bytop-quark-induced contributions[30,31].Theparam etertg� willingeneralbeassum ed

to be in the range 1 < tg� < m t=m b [�=4 < � < �=2],consistent with the assum ption

thattheM SSM isthelow-energy lim itofa supergravity m odel.

Theinputparam etersoftheM SSM Higgssectoraregenerally chosen to bethem ass

M A ofthe pseudoscalarHiggsboson and tg�. Allotherm assesand the m ixing angle �

can bederived from thesebasicparam eters[and thetop and squark m asses,which enter

through radiative corrections]. In the following qualitative discussion ofthe radiative

correctionsweshallneglect,forthesakeofsim plicity,non-leading e�ectsdueto non-zero

valuesofthe supersym m etric Higgsm assparam eter� and ofthe m ixing param etersAt

and A b in the soft sym m etry-breaking interaction. The radiative corrections are then

determ ined by theparam eter�,which growswith thefourth powerofthetop quark m ass

M t and logarithm ically with thesquark m assM S,

� =
3G F
p
2�2

M 4
t

sin2�
log

 

1+
M 2

S

M 2
t

!

: (1)

Thesecorrectionsarepositiveand they increasethem assofthelightneutralHiggsboson

h.Thedependenceoftheupperlim itofM h on thetop quark m assM t can beexpressed
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as

M
2

h � M
2

Z cos
22� + � sin2� : (2)

In thisapproxim ation,theupperbound on M h isshifted from thetreelevelvalueM Z up

to � 140 GeV forMt = 175 GeV.Taking M A and tg� asthebasicinputparam eters,the

m assofthelightestscalarstateh isgiven by

M
2

h =
1

2

h

M
2

A + M
2

Z + �

�

q

(M 2
A + M 2

Z + �)2 � 4M 2
A M

2
Z cos

22� � 4�(M2A sin
2� + M 2

Z cos
2�)

�

: (3)

The m asses ofthe heavy neutraland charged Higgsbosonsare determ ined by the sum

rules

M
2

H = M
2

A + M
2

Z � M
2

h + �

M
2

H � = M
2

A + M
2

W : (4)

Them ixing param eter� is�xed by tg� and theHiggsm assM A,

tg2� = tg2�
M 2

A + M 2
Z

M 2
A � M 2

Z + �=cos2�
with �

�

2
< � < 0: (5)

ThecouplingsofthevariousneutralHiggsbosonstoferm ionsandgaugebosonsdepend on

theangles� and �.Norm alized totheSM Higgscouplings,theyarelisted in Table1.The

pseudoscalarparticle A doesnotcouple to gauge bosonsattree level,and itscouplings

to down (up)-typeferm ionsare(inversely)proportionalto tg�.

� g �
u g�d g�V

SM H 1 1 1

M SSM h cos�=sin� � sin�=cos� sin(� � �)

H sin�=sin� cos�=cos� cos(� � �)

A 1=tg� tg� 0

Table1: Higgscouplingsin theM SSM to ferm ionsand gaugebosons[V = W ;Z]relative

to SM couplings.

Recently theradiativecorrectionsto theM SSM Higgssectorhavebeen calculated up

tothetwo-loop levelin thee�ectivepotentialapproach [31].Thetwo-loop correctionsare

dom inated bytheQCD correctionstothetop-quark-induced contributions.Theydecrease

the upperbound on the lightscalarHiggsm assM h by about10 GeV.The variation of

M h with thetop quark m assisshown in Fig.1a forM S = 1 TeV and two representative
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Figure 1: (a) The upper lim iton the lightscalar Higgs pole m ass in the M SSM as a

function ofthe top quark m ass for two values oftg� = 1:5;30. The top quark m asshas

been chosen as M t = 175 GeV and the com m on squark m ass as M S = 1 TeV.The full

lines correspond to the m axim alm ixing case [A t =
p
6M S,A b = � = 0]and the dashed

lines to vanishing m ixing. The pole m asses ofthe other Higgs bosons, H ;A;H � , are

shown asa function ofthepseudoscalarm assin (b{d)fortwo valuesoftg� = 1:5;30 and

vanishing m ixing.
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valuesoftg� = 1:5 and 30.W hilethedashed curvescorrespond to thecaseofvanishing

m ixing param eters� = At = A b = 0,the solid linescorrespond to the m axim alm ixing

case,de�ned by the Higgsm ass param eter � = 0 and the Yukawa param eters A b = 0,

A t =
p
6M S.Theupperbound on M h am ountsto� 130GeV forMt = 175GeV.Forthe

two valuesoftg� introduced above,theHiggsm assesM h;M H and M H � arepresented in

Figs.1b-d asa function ofthe pseudoscalarm assM A forvanishing m ixing param eters.

Thedependenceon them ixing param eters�;At;A b isratherweak and thee�ectson the

m assesarelim ited by a few GeV [32].

TheM SSM couplingsofTable 1 areshown in Fig.2 asfunctionsofthepseudoscalar

m assM A fortwovaluesoftg� = 1:5and 30and vanishingm ixingparam eters.Them ixing

e�ectsare weak and thusphenom enologically unim portant. Forlarge valuesoftg� the

Yukawa couplings to (up) down-type quarks are (suppressed) enhanced and vice versa.

M oreover,itcan beinferred from Fig.2thatthecouplingsofthelightscalarHiggsparticle

approach theSM valuesforlargepseudoscalarm asses,i.e.in thedecouplingregim e.Thus

itwillbe di�cultto distinguish the lightscalarM SSM Higgsboson from the SM Higgs

particle,in theregion whereallHiggsparticlesexceptthelightscalaronearevery heavy.

1.3 O rganization ofthe Paper

In thiswork we willreview and update allHiggsdecay widths and branching ratiosas

wellasallrelevantHiggsboson production crosssectionsattheLHC within theSM and

M SSM .Previous reviews can be found in Refs.[33,34]. However,this work contains

substantialim provem ents due to our use ofnew results. M oreover,we willuse recent

param etrizationsofparton densitiesfortheproduction crosssectionsattheLHC.

This paperisorganized asfollows. In Section 2 we willreview the decay rates and

production processesoftheSM HiggsparticleattheLHC.Section 3 willpresentthecor-

responding decay ratesand production crosssectionsfortheHiggsbosonsofthem inim al

supersym m etric extension.A sum m ary willbegiven in Section 4.

2 Standard M odel

2.1 D ecay M odes

The strength ofthe Higgs-boson interaction with SM particlesgrowswith theirm asses.

ThustheHiggsboson predom inantly couplestotheheaviestparticlesoftheSM ,i.e.W ;Z

gauge bosons,top and bottom quark. The decaysinto these particleswillbe dom inant,

ifthey arekinem atically allowed.Alldecay m odesdiscussed in thissection areobtained

by m eansoftheFORTRAN program HDECAY [35,36]1.

1The program can be obtained from http://wwwcn.cern.ch/� m spira/.
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Figure 2: The coupling param eters ofthe neutralM SSM Higgsbosons asa function of

thepseudoscalarm assM A fortwo valuesoftg� = 1:5;30 and vanishingm ixing.Theyare

de� ned in Table 1.

9



2.1.1 Lepton and heavy quark pair decays ofthe SM H iggs particle

In lowestordertheleptonicdecay width oftheSM Higgsboson isgiven by [10,37]

�[H ! l
+
l
� ]=

G F M H

4
p
2�

m
2

l�
3 (6)

with � = (1� 4m2l=M
2
H )

1=2 beingthevelocity oftheleptons.Thebranchingratioofdecays

into � leptonsam ountsto about10% in theinterm ediatem assrange.M uonicdecayscan

reach a levelofa few 10� 4,and allotherleptonic decay m odes are phenom enologically

unim portant.

H

Q

�Q

H

Q

�Q

g H

Q

�Q

g

H

Q

�Q

g H

Q

�Q

g

g H

Q

�Q

t
g

g

H

Q

�Q

g H

Q

�Q

g

g

H

Q

�Q

g

g

g

Figure3: Typicaldiagram scontributing to H ! Q �Q atlowestorderand one-,two-and

three-loop QCD.

Forlarge Higgsm assesthe particle width fordecaysto b;c quarks[directly coupling

to theSM Higgsparticle]isgiven up to three-loop QCD corrections[typicaldiagram sare

depicted in Fig.3]by thewell-known expression [38{40]

�[H ! QQ]=
3G F M H

4
p
2�

m
2

Q (M H )[� Q CD + � t] (7)
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with

� Q CD = 1+ 5:67
�s(M H )

�
+ (35:94� 1:36NF )

 
�s(M H )

�

! 2

+(164:14� 25:77NF + 0:259N 2

F )

 
�s(M H )

�

! 3

� t =

 
�s(M H )

�

! 2 "

1:57�
2

3
log

M 2
H

M 2
t

+
1

9
log

2
m 2

Q (M H )

M 2
H

#

in the M S renorm alization schem e;the running quark m ass and the QCD coupling are

de�ned atthescaleoftheHiggsm ass,absorbing in thisway largem asslogarithm s.The

quark m assescan beneglected in general,exceptforheavy quark decaysin thethreshold

region.TheQCD correctionsin thiscasearegiven,in term softhequark polem assM Q ,

by [38]

�[H ! Q �Q ]=
3G F M H

4
p
2�

M
2

Q �
3

�

1+
4

3

�s

�
� H

�

(8)

where � = (1� 4M 2
Q =M

2
H )

1=2 denotes the velocity ofthe heavy quarks Q. To leading

order,theQCD correction factorreadsas[38]

� H =
1

�
A(�)+

1

16�3
(3+ 34�2 � 13�4)log

1+ �

1� �
+

3

8�2
(7�2 � 1); (9)

with

A(�) = (1+ �
2)

"

4Li2

 
1� �

1+ �

!

+ 2Li2

 

�
1� �

1+ �

!

� 3log
1+ �

1� �
log

2

1+ �

� 2log
1+ �

1� �
log�

#

� 3� log
4

1� �2
� 4� log� :

[Li2 denotestheSpencefunction,Li2(x)= �
Rx
0
dyy� 1log(1� y).]Recentlythefullm assive

two-loop correctionsofO (N F �
2
s)have been com puted;they are partofthe fullm assive

two-loop result[41].

Therelation between theperturbativepolem assM Q oftheheavy quarksand theM S

m assm Q (M Q )atthescaleofthepolem asscan beexpressed as[42]

m Q (M Q )=
M Q

1+
4

3

�s(M Q )

�
+ K Q

 
�s(M Q )

�

! 2
; (10)

where the num ericalvaluesofthe NNLO coe�cientsare given by K t � 10:9,Kb � 12:4

and K c � 13:4.Sincetherelation between thepolem assMc ofthecharm quark and the

M S m assm c(M c)evaluated atthepolem assisbadly convergent[42],therunning quark
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m assesm Q (M Q )havetobeadopted asstartingpoints.[Theyhavebeen extracted directly

from QCD sum rulesevaluated in a consistentO (�s)expansion [43].]In thefollowing we

willdenotethepolem asscorrespondingtothefullNNLO relation in eq.(10)by M
pt3

Q and

the pole m asscorresponding to the NLO relation [om itting the contributionsofK Q ]by

M
pt2

Q according to Ref.[43].Typicalvaluesofthedi�erentm assde�nitionsarepresented

in Table2.ItisapparentthattheNNLO correction tothecharm polem assiscom parable

to theNLO contribution starting from theM S m ass.

Q m Q (M Q ) M
pt2

Q M
pt3

Q m Q (100 GeV)

c 1.23 GeV 1.42 GeV 1.64 GeV 0.62 GeV

b 4.23 GeV 4.62 GeV 4.87 GeV 2.92 GeV

t 167.4 GeV 175.0 GeV 177.1 GeV 175.1 GeV

Table 2: Quark m ass values for the M S m ass and the two di� erentde� nitions ofthe

pole m asses. The strong coupling has been chosen as �s(M Z) = 0:118,and the bottom

and charm m assvaluesaretaken from Ref.[43].Thelastcolum n showsthevaluesofthe

running M S m assesata typicalscale � = 100 GeV.

Theevolution from M Q upwardsto a renorm alization scale� can beexpressed as

m Q (�) = m Q (M Q )
c[�s(�)=�]

c[�s(M Q )=�]
(11)

with thecoe�cientfunction [44,45]

c(x) =

�
9

2
x

� 4

9

[1+ 0:895x+ 1:371x2 + 1:952x3] for M s < � < M c

c(x) =

�
25

6
x

� 12

25

[1+ 1:014x+ 1:389x2 + 1:091x3] for M c < � < M b

c(x) =

�
23

6
x

� 12

23

[1+ 1:175x+ 1:501x2 + 0:1725x3] for M b < � < M t

c(x) =

�
7

2
x

� 4

7

[1+ 1:398x+ 1:793x2 � 0:6834x3] for M t < � :

Forthecharm quark m asstheevolution isdeterm ined by eq.(11)up tothescale� = M b,

whileforscalesabovethebottom m asstheevolution m ustberestarted atM Q = M b.The

valuesoftherunning b;cm assesatthescale� = 100 GeV,characteristic oftherelevant

Higgsm asses,aretypically 35% (60% )sm allerthan thebottom (charm )polem assesM
pt2

b

(M pt2
c )as can be inferred from the last colum n in Table 2. Thus the QCD corrections

turn outto belargein thelargeHiggsm assregim ereducing thelowestorderexpression
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[in term softhequark polem asses]by about50% (75% )forbottom (charm )quarks.The

QCD correctionsarem oderatein thethreshold regionsapartfrom a Coulom b singularity

atthreshold,which howeverisregularized by the �nite heavy quark decay width in the

caseofthetop quark.

In thethreshold region m asse�ectsareim portantso thatthepreferred expression for

the heavy quark decay width isgiven by eq.(8). Farabove the threshold the m assless

O (�3s)resultofeq.(7)�xesthem ostim proved resultforthisdecay m ode.Thetransition

between the two regions is perform ed by a linear interpolation as can be inferred from

Fig.4,thusyielding an optim ized description ofthem asse�ectsin the threshold region

and therenorm alization group im proved largeHiggsm assregim e.

Γ(H → bb) [MeV]
_

Mb = 4.62 GeV
NLO massive

NNNLO (RG)

MH [GeV]
8 10 20 30 50 70 100

10
-2

10
-1

1

10

Figure4: Interpolation between the fullm assiveNLO expression (dashed line)forthe b�b

decaywidth oftheStandard Higgsboson and therenorm alization group im proved NNNLO

result(dotted line).The interpolated curve ispresented by the fullline.

Electroweak correctionsto heavy quark and lepton decaysarewellundercontrol[46,

47].In theinterm ediate m assrangethey can beapproxim ated by [48]

�elw =
3

2

�

�
e
2

f

 
3

2
� log

M 2
H

M 2
f

!

+
G F

8�2
p
2

(

kfM
2

t + M W

"

� 5+
3

s2W
logc2W

#

� M
2

Z

6v2f � a2f

2

)

(12)

with vf = 2I3f� 4efs
2
W and af = 2I3f.I3f denotesthethird com ponentoftheelectroweak

isospin,ef the electric charge ofthe ferm ion f and sW = sin�W the W einberg angle;�
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denotes the QED coupling,M t the top quark m ass and M W the W boson m ass. The

large logarithm logM 2
H =M

2
f can be absorbed in the running ferm ion m assanalogousto

the QCD corrections. The coe�cient k f is equalto 7 fordecays into leptons and light

quarks;forbquarksitisreduced to1duetoadditionalcontributionsinvolvingtop quarks

inside the vertex corrections. Recently the two-and three-loop QCD correctionsto the

kf term shave been com puted by m eansoflow-energy theorem s[49]. The resultsim ply

thereplacem ents

kf ! kf �

(

1�
1

7

�
3

2
+ �2

�
�s(M t)

�

)

forf 6= b

kb ! kb�

(

1� 4(1+ �2)
�s(M t)

�

)

: (13)

The three-loop QCD corrections to the kf term can be found in [50]. The electroweak

correctionsare sm allin the interm ediate m assrange and can thusbe neglected,butwe

have included them in the analysis. However,for large Higgs m asses the electroweak

correctionsm ay be im portantdue to the enhanced self-coupling ofthe Higgsbosons.In

thelargeHiggsm assregim etheleading contributionscan beexpressed as[51]

�(H ! f �f)= �LO (H ! f �f)
n

1+ 2:12�̂ � 32:66̂�2
o

(14)

with thecoupling constant

�̂ =
G F M

2
H

16
p
2�2

: (15)

ForHiggsm assesofabout1 TeV these correctionsenhance the partialdecay widthsby

about2% .

In the case oft�tdecays ofthe Standard Higgs boson,below-threshold decays H !

t�t� ! t�bW � into o�-shelltop quarksm ay besizeable.Thuswehaveincluded them below

thet�tthreshold.TheirDalitzplotdensity readsas[52]

d�

dx1dx2
(H ! tt

� ! W tb)=
3G 2

F

32�3
M

2

tM
3

H

�0

y21 + t�t
(16)

with the reduced energies x1;2 = 2E t;b=M H and the scaling variables y1;2 = 1 � x1;2,

�i = M 2
i=M

2
H and the reduced decay widths ofthe virtualparticles i = �2i=M

2
H . The

squared am plitudecan bewritten as

�0 = y
2

1
(1� y1 � y2 + �W � 5�t)+ 2�W (y1y2 � �W � 2�ty1 + 4�t�W )

� �ty1y2 + �t(1� 4�t)(2y1 + �W + �t): (17)

Thedi�erentialdecay width in eq.(16)hasto beintegrated overthex1;x2 region,which

isbounded by �
�
�
�
�
�

2(1� x1 � x2 + �t+ �b� �W )+ x1x2
q

x21 � 4�t

q

x22 � 4�b

�
�
�
�
�
�
� 1: (18)

Thetransition from below to abovethethreshold isprovided by a sm ooth cubicinterpo-

lation.Below-threshold decaysyield a t�tbranching ratio farbelow thepercentlevelfor

Higgsm assesM H
<
� 2M t.
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2.1.2 H iggs decay into gluons

H t;b

g

g

Figure5: Diagram scontributing to H ! gg atlowestorder.

ThedecayoftheHiggsbosonintogluonsism ediated byheavyquarkloopsintheStandard

M odel,seeFig.5;atlowestorderthepartialdecay width [10,53,54,55]isgiven by

�LO [H ! gg]=
G F �

2
sM

3
H

36
p
2�3

�
�
�
�
�
�

X

Q

A
H
Q (�Q )

�
�
�
�
�
�

2

(19)

with theform factor

A
H
Q (�) =

3

2
� [1+ (1� �)f(�)]

f(�) =

8
>>>><

>>>>:

arcsin2
1
p
�

� � 1

�
1

4

"

log
1+

p
1� �

1�
p
1� �

� i�

#2

� < 1

(20)

Theparam eter�Q = 4M 2
Q =M

2
H isde�ned by thepolem assM Q oftheheavy loop quark

H t;b

g

g

g H

t;b

g

g

g

H

t;b

g

�q

q

Figure6: Typicaldiagram scontributing to the QCD correctionsto H ! gg.

Q. Forlarge quark m assesthe form factorapproachesunity. QCD radiative corrections
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are builtup by the exchange ofvirtualgluons,gluon radiation from the quark triangle

and the splitting ofa gluon into two gluonsora quark{antiquark pair,see Fig.6. Ifall

quarksu;� � � ;baretreated asm asslessattherenorm alization scale� � MH � 100 GeV,

theradiativecorrectionscan beexpressed as[53{55]

�N F [H ! gg(g);qqg]= �LO

h

�
(N F )

s (M H )
i
(

1+ E
N F

�(N F )
s (M H )

�

)

(21)

E
N F !

95

4
�
7

6
N F forM 2

H � 4M 2
Q

with N F = 5 light quark avors. The fullm assive result can be found in [53]. The

radiative correctionsare plotted in Fig.7 againstthe Higgsboson m ass. They turn out

tobevery large:thedecay width isshifted by about60{70% upwardsin theinterm ediate

m assrange.Thedashed lineshowstheapproxim ated QCD correctionsde�ned by taking

thecoe�cientE N F in thelim itofaheavy loop quark Q aspresented in eq.(21).Itcan be

inferred from the�gurethattheapproxim ation isvalid forthepartialgluonicdecay width

within about10% forthewholerelevantHiggsm assrangeup to1TeV.Thereason forthe

suppressed quark m assdependence ofthe relative QCD correctionsisthe dom inance of

softand collineargluon contributions,which do notresolvetheHiggscoupling to gluons

and arethusleading to a sim plerescaling factor.

Recently thethree-loop QCD correctionsto thegluonicdecay width havebeen evalu-

ated in thelim itofa heavy top quark [56].They contributea furtheram ountofO (20% )

relativeto thelowestorderresultand thusincrease thefullNLO expression by O (10% ).

Thereduced sizeofthesecorrectionssignalsasigni�cantstabilization oftheperturbative

resultand thusa reliabletheoreticalprediction.

The QCD corrections in the heavy quark lim it can also be obtained by m eans ofa

low-energy theorem [10,57]. The starting pointisthat,forvanishing Higgsm om entum

pH ! 0,the entire interaction ofthe Higgsparticle with W ;Z bosonsand ferm ionscan

begenerated by thesubstitution

M i! M i�

�

1+
H

v

�

(i= f;W ;Z); (22)

wheretheHiggs�eld H actsasa constantcom plex num ber.Athigherordersthissubsti-

tution hasto beexpressed in term sofbareparam eters[53,58].Thusthere isa relation

between a bare m atrix elem entwith and withoutan externalscalarHiggsboson [X de-

notesan arbitrary particlecon�guration]:

lim
pH ! 0

M (X H )=
1

v0
m 0

@

@m 0

M (X ): (23)

In m ost ofthe practicalcases the externalHiggs particle is de�ned as being on-shell,

so thatp2H = M 2
H and the m athem aticallim it ofvanishing Higgs m om entum coincides

with the lim it ofsm allHiggs m asses. In order to calculate the Higgs coupling to two

gluons one starts from the heavy quark Q contribution to the bare gluon self-energy
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δ(H→gg) Γ = ΓLO(1+δ)

µ = MH

Mt = 175 GeV

MH [GeV]
50 100 200 500 1000

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

Figure7: Thesizeofthe QCD correction factorforH ! gg,de� ned as�= �LO (1+ �).

The fullline correspondsto the fullm assive result,while the dashed line showsthe heavy

top quark lim it. The top and bottom m asseshave been chosen as M t = 175 GeV,M b =

5 GeV and the NLO strong coupling constantisnorm alized as�s(M Z)= 0:118.

M (gg). The di�erentiation with respectto the bare quark m assm 0 can be replaced by

the di�erentiation by the renorm alized M S quark m ass m Q (m Q ). In this way a �nite

contribution from thequark anom alousm assdim ension m (�s)arises:

m 0

@

@m 0

=
m Q (m Q )

1+ m (�s)

@

@m Q (m Q )
: (24)

The rem aining m ass di�erentiation ofthe gluon self-energy results in the heavy quark

contribution �Q (�s)to the QCD � function atvanishing m om entum transferand to an

additionalcontribution ofthe anom alous dim ension ofthe gluon �eld operators,which

can be expressed in term softhe QCD � function [54]. The �nalm atrix elem entcan be

converted into thee�ective Lagrangian [53,54,56,58,59,91]

Leff =
�s

4

�(�s)=�
2
s

�(�ts)=[�
t
s]
2

�Q (�s)=[�
t
s]
2

1+ m (�s)
G
a��

G
a
��

H

v
(25)

with �s = �(6)s [m t(m t)]and �ts = �(5)s [m t(m t)]. The strong coupling �s ofthe e�ective

theory includesonly N F = 5 avors.Thee�ective Lagrangian ofeq.(25)isvalid forthe
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lim iting caseM 2
H � 4M 2

Q .Theanom alousm assdim ension isgiven by [60]

m (�s)= 2
�s

�
+

�
101

12
�

5

18
[N F + 1]

� �
�s

�

�2

+ O (�3s): (26)

Up to NLO the heavy quark contribution to the QCD � function coincides with the

corresponding part of the M S result. But at NNLO an additionalpiece arises from

a threshold correction due to a m ism atch between the M S schem e and the result for

vanishing m om entum transfer[61{64]:

�Q (�s) = �
M S
Q (�s)�

11

72

27� 2NF

6

�4s

�3
+ O (�5s)

�
M S
Q (�s) =

�2s

3�

"

1+
19

4

�s

�
+
7387� 325NF

288

�
�s

�

�2
#

+ O (�5s) (27)

The strong coupling constant �s ofeq.(25) includes 6 avors,and its scale is set by

the top quark m ass m t(m t). In order to decouple the top quark from the couplings in

thee�ectiveLagrangian,thesix-avorcoupling � (6)
s hasto bereplaced by the�ve-avor

expression �(5)s .They arerelated by [63{65]2

�
(6)

s [m t(m t)]= �
(5)

s [m t(m t)]

8
<

:
1�

11

72

 
�(5)s [m t(m t)]

�

! 2

+ O (�3s)

9
=

;
: (28)

Finally the perturbative expansion ofthe e�ective Lagrangian can be castinto the form

[56,91]

Leff =
�(5)s

12�
G
a��

G
a
��

H

v

8
<

:
1+

�1

�0

�(5)s

�
+
�2

�0

 
�(5)s

�

! 2
9
=

;

(

1+

 
11

4
�
�1

�0

!
�(5)s (M t)

�

+

"
2777� 201NF

288
+
�1

�0

 
�1

�0
�
11

4

!

�
�2

�0

#  
�(5)s (M t)

�

! 2
9
=

;
; (29)

where we have introduced the top quark pole m assM t. The coe�cients ofthe QCD �

function in eq.(29)aregiven by [61]

�0 =
33� 2NF

12

�1 =
153� 19NF

24

�2 =
1

128

�

2857�
5033

9
N F +

325

27
N

2

F

�

: (30)

2Itshould be noted thateq.(28)di� ersfrom the resultofRef.[63]. However,the di� erence can be

traced back to the Abelian partofthe m atching relation,which hasbeen extracted by the authorfrom

the analogousexpression forthe photon self-energy [66].
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[Thefour-loop contribution hasalsobeen obtained recently [62].]N F denotesthenum ber

oflight quark avors and willbe identi�ed with 5. For the calculation ofthe heavy

quark lim it given in eq.(21)the e�ective coupling has to be inserted into the blobs of

thee�ectivediagram sshown in Fig.8.Afterevaluating thesee�ectivem asslessone-loop

contributionstheresultcoincideswith theexplicitcalculation ofthetwo-loop corrections

in theheavy quark lim itofeq.(21)atNLO.

H

g

g

H

g

g

H

g

g

g

Figure 8: Typicale� ective diagram scontributing to the QCD correctionsto H ! gg in

the heavy quark lim it.

Using the discussed low-energy theorem ,the electroweak correctionsofO (G F M
2
t)to

thegluonicdecay width,which arem ediated byvirtualtop quarks,can beobtained easily.

Forthispurposetheleadingtop m asscorrectionstothegluon self-energy havetobecom -

puted.The resulthasto bedi�erentiated by thebaretop m assand therenorm alization

willbe carried outafterwards. The �nalresultleadsto a sim ple rescaling ofthe lowest

orderdecay width [67]

�(H ! gg)= � LO (H ! gg)

"

1+
G F M

2
t

8
p
2�2

#

: (31)

They enhancethegluonicdecay width by about0.3% and arethusnegligible.

H

Q

�Q

g

Figure9: Typicaldiagram contributing to H ! Q �Qg.

The�nalstatesH ! bbgandccgarealsogeneratedthroughprocessesinwhich theb;c

quarksdirectly coupletotheHiggsboson,seeFig.9.Gluon splitting g ! bbin H ! gg
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increases the inclusive decay probabilities �(H ! b�b+ :::) etc. Since b quarks, and

eventually cquarks,can in principlebetagged experim entally,itisphysically m eaningful

to considerthe particle width ofHiggsdecaysto gluon and lightu;d;s quark �naljets

separately.Ifonenaively subtractsthe�nalstategluon splittingcontributionsforband c

quarksand keepsthequark m asses�niteto regulatetheem erging m asssingularities,one

endsup with large logarithm softhe b;cquark m asses[in the lim itofheavy loop quark

m assesM Q ]

�E
b;c = �

7

3
+
1

3

"

log
M 2

H

M 2
b

+ log
M 2

H

M 2
c

#

; (32)

which havetobeadded totheb�bandc�cdecaywidths[the�nitepartem ergesfrom thenon-

singularphase-spaceintegrations].On theotherhand theKLN theorem [68]ensuresthat

all�nal-statem asssingularitiesoftherealcorrectionscancelagainstacorrespondingpart

ofthevirtualcorrectionsinvolving thesam eparticle.Thusthem ass-singularlogarithm s

logM 2
H =M

2
b;c in eq.(32)havetocancelagainstthecorrespondingheavy quark loopsin the

externalgluons,i.e.thesum ofthecuts1;2;3 in Fig.10 hasto be�niteforsm allquark

m asses M Q . [The blobsatthe H gg vertices in Fig.10 represent the e�ective couplings

in the heavy top quark lim it. In the generalm assive case they have to be replaced by

thetop and bottom triangleloops3.]Thusin orderto resum these large�nal-statem ass

logarithm sin the gluonic decay width,the heavy quarksQ = b;c have to be decoupled

from therunningstrongcouplingconstant,which hastobede�ned with threelightavors,

ifb;cquark �nalstatesaresubtracted,

=m
H H

=
H H

Q

g g

g

+ � � �

1 2 3

Figure 10: Cutdiagram s,involving heavy quark Q loops,contributing to the im aginary

partofthe Higgsself-energy atthe two-loop level.

3It should be noted that the bottom quark triangle loop develops a logarithm ic behaviour /

M 2

b
=M 2

H
� log

2
M 2

H
=M 2

b
,which arises from the integration region ofthe loop m om entum ,where the

b quark,exchanged between the two gluons,becom es nearly on-shell. These m ass logarithm s do not

correspond to � nal-statem asssingularitiesin pureQ CD and arethusnotrequired to cancelby theK LN

theorem .
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�
(5)

s (M H ) = �
(4)

s (M H )�

(

1+
�(4)s (M H )

6�
log

M 2
H

M 2
b

+ O (�2s)

)

�
(4)

s (M H ) = �
(3)

s (M H )�

(

1+
�(3)s (M H )

6�
log

M 2
H

M 2
c

+ O (�2s)

)

(33)

Expressed in term softhree lightavors,thegluonicdecay width isfreeofexplicitm ass

singularities in the bottom and charm quark m asses. The resum m ed contributions of

b;c quark �nalstatesare given by the di�erence ofthe gluonic widths[eq.(21)]forthe

corresponding num berofavorsN F [36],

��[H ! c�c+ :::] = �4 � �3

��[H ! b�b+ :::] = �5 � �4 (34)

in thelim itM 2
H � M 2

b;c.In thisway largem asslogarithm slogM
2
H =M

2
c;b in therem aining

gluonic decay m ode are absorbed into the strong coupling by changing the num ber of

activeavorsaccordingtothenum berofcontributing avorsin the�nalstates.Itshould

be noted thatby virtue ofeqs.(33)the large logarithm sare im plicitly contained in the

strong couplings for di�erent num bers ofactive avors. The subtracted parts m ay be

added to the partialdecay widthsinto c and b quarks. In �(4)s (M Z)the contribution of

the b quark issubtracted and in �(3)s (M Z)the contributionsofboth the b and c quarks

are.The valuesfor�(4)s (M Z)are typically 5% sm allerand those of�(3)s (M Z)about15%

sm allerthan �(5)s (M Z),seeTable3.

�(5)s (M Z) �(4)s (M Z) �(3)s (M Z)

0.112 0.107 0.101

0.118 0.113 0.105

0.124 0.118 0.110

Table3: Strong coupling constants�s(M Z)fordi� erentnum bersof avorscontributing

to the scale dependence. In �(4)s the b quark contribution is subtracted and in �(3)s the b

and cquark contributionsare.

2.1.3 H iggs decay to photon pairs

The decay ofthe Higgsboson to photonsism ediated by W and heavy ferm ion loopsin

theStandard M odel,seeFig.11;thepartialdecay width [57]can becastinto theform

�[H ! ]=
G F �

2M 3
H

128
p
2�3

�
�
�
�
�
�

X

f

N cfe
2

fA
H
f (�f)+ A

H
W (�W )

�
�
�
�
�
�

2

(35)
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H f





H W





H

W





Figure11: Typicaldiagram scontributing to H !  atlowestorder.

with theform factors

A
H
f (�) = 2� [1+ (1� �)f(�)]

A
H
W (�) = � [2+ 3� + 3�(2� �)f(�)]

and thefunction f(�)de�ned in eq.(20).Theparam eters�i= 4M 2
i=M

2
H (i= f;W )are

de�ned by the corresponding m asses ofthe heavy loop particles. Forlarge loop m asses

theform factorsapproach constantvalues:

A
H
f !

4

3
forM 2

H � 4M 2
Q

A
H
W ! � 7 forM 2

H � 4M 2
W (36)

The W loop provides the dom inantcontribution in the interm ediate Higgsm assrange,

and the ferm ion loops interfere destructively. Only far above the thresholds,for Higgs

m assesM H � 600 GeV,doesthe top quark loop becom e com petitive,nearly cancelling

theW loop contribution.

H t;bg





Figure12: Typicaldiagram contributing to the QCD correctionsto H ! .

In the past the two-loop QCD corrections to the quark loops have been calculated

[53,69]. They are built up by virtualgluon exchange inside the quark triangle [see

Fig.12]. Owing to charge conjugation invariance and colorconservation,radiation ofa
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single gluon isnotpossible. Hence the QCD correctionssim ply rescale the lowestorder

quark am plitude by a factor that only depends on the ratios ofthe Higgs and quark

m asses

A
H
Q (�Q ) ! A

H
Q (�Q )�

�

1+ CH (�Q )
�s

�

�

CH (�Q ) ! � 1 forM 2
H � 4M 2

Q (37)

According to thelow-energy theorem discussed before,theNLO QCD correctionsin the

heavy quark lim itcan beobtained from thee�ective Lagrangian [53,58]

Leff =
e2Q

4

�Q� =�

1+ m (�s)
F
��
F��

H

v
; (38)

where �Q� =� = 2(�=�)[1+ �s=� + � � � ]denotes the heavy quark Q contribution to the

QED � function and m (�s)theanom alousm assdim ension given in eq.(26).TheNLO

expansion ofthee�ectiveLagrangian readsas[53,58]

Leff = e
2

Q

�

2�
F
��
F��

H

v

�

1�
�s

�
+ O (�2s)

�

; (39)

which agreeswith theC-valueofeq.(37)in theheavy quark lim it.

The QCD correctionsfor�niteHiggsand quark m assesarepresented in Fig.13 asa

function oftheHiggsm ass.In orderto im provetheperturbativebehaviourofthequark

loop contributions they should be expressed preferably in term s ofthe running quark

m assesm Q (M H =2),which arenorm alized to thepolem assesM Q via

m Q (�Q = M Q )= M Q ; (40)

their scale is identi�ed with �Q = M H =2 within the photonic decay m ode. These def-

initions im ply a proper de�nition ofthe Q �Q thresholds M H = 2M Q ,without arti�cial

displacem ents due to �nite shiftsbetween the pole and running quark m asses,asisthe

case forthe running M S m asses. Itcan be inferred from Fig.13 thatthe residualQCD

correctionsarem oderate,ofO (10% ),apartfrom a broad region around M H � 600 GeV,

where the W loop nearly cancelsthe top quark contributionsin the lowest orderdecay

width.Consequently therelativeQCD correctionsareonly arti�cially enhanced,and the

perturbativeexpansion isreliablein thism assregion,too.SincetheQCD correctionsare

sm allin theinterm ediatem assrange,wherethephotonicdecay m odeisim portant,they

are neglected in thisanalysis. Recently the three-loop QCD correctionsto the e�ective

Lagrangian ofeq.(39)have been calculated [70]. They lead to a furthercontribution of

a few perm ille.

The electroweak correctionsofO (G F M
2
t)have been evaluated recently. Thispartof

the correction arises from alldiagram s,which contain a top quark coupling to a Higgs

particle orwould-be Goldstone boson. The �nalexpression resultsin a rescaling factor

to thetop quark loop am plitude,given by [71]

A
H
t (�t)! A

H
t (�t)�

"

1�
3

4e2t

�

4eteb+ 5�
14

3
e
2

t

�
G F M

2
t

8
p
2�2

#

; (41)
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δ [10-2] Γ  = ΓLO(1+δ)

µQ = MH /2

Mt = 175 GeV
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-60

-40

-20

0

20

40

60

80

100

100 200 300 400 500 600 700 800 900 1000

Figure13: ThesizeoftheQCD correction factorforH ! ,de� ned by�= �LO (1+ �).

The top and bottom m asses have been chosen as M t = 175 GeV,M b = 5 GeV and the

strong coupling constant has been norm alized to �s(M Z) = 0:118 at NLO.The quark

m assesare replaced by theirrunning m assesatthe scale �Q = M H =2.

where et;b are the electric charges ofthe top and bottom quarks. The e�ect is an en-

hancem ent ofthe photonic decay width by less than 1% ,so that these corrections are

negligible.

In the large Higgs m ass regim e the leading electroweak corrections to the W loop

havebeen com puted by m eansoftheequivalencetheorem [12,72].Thisensuresthatfor

large Higgs m asses the dom inant contributions arise from longitudinalwould-be Gold-

stoneinteractions,whereasthecontributionsofthetransverseW and Z com ponentsare

suppressed.The�nalresultdecreasestheW form factorby a �niteam ount[73],

A
H
W (�W )! A

H
W (�W )

"

1� 3:027
G F M

2
H

8
p
2�2

#

forM 2
H � 4M 2

W : (42)

These electroweak corrections are only sizeable in the region around M H � 600 GeV,

where the lowestorderdecay width developsa m inim um due to the strong cancellation

ofthe W and tloopsand forvery large Higgsm assesM H � 1 TeV.Since the photonic

branching ratio isonly im portantin theinterm ediatem assrange,whereitreachesvalues

ofa few 10� 3,theelectroweak correctionsareneglected in thepresentanalysis.
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2.1.4 H iggs decay to photon and Z boson

H f



Z

H W



Z

H

W



Z

Figure14: Typicaldiagram scontributing to H ! Z atlowestorder.

The decay ofthe Higgsboson to a photon and a Z boson ism ediated by W and heavy

ferm ion loops,seeFig.14;thepartialdecay width can beobtained as[3,74]

�[H ! Z]=
G 2
F M

2
W � M 3

H

64�4

 

1�
M 2

Z

M 2
H

! 3
�
�
�
�
�
�

X

f

A
H
f (�f;�f)+ A

H
W (�W ;�W )

�
�
�
�
�
�

2

; (43)

with theform factors

A
H
f (�;�) = 2Ncf

ef(I3f � 2ef sin
2�W )

cos�W
[I1(�;�)� I2(�;�)]

A
H
W (�;�) = cos�W

n

4(3� tan2�W )I2(�;�)

+

��

1+
2

�

�

tan2�W �

�

5+
2

�

��

I1(�;�)

�

: (44)

ThefunctionsI1;I2 aregiven by

I1(�;�) =
��

2(� � �)
+

�2�2

2(� � �)2
[f(�)� f(�)]+

�2�

(� � �)2
[g(�)� g(�)]

I2(�;�) = �
��

2(� � �)
[f(�)� f(�)]

wherethefunction g(�)can beexpressed as

g(�)=

8
>>><

>>>:

p
� � 1arcsin

1
p
�

� � 1
p
1� �

2

"

log
1+

p
1� �

1�
p
1� �

� i�

#

� < 1

(45)

and the function f(�) is de�ned in eq.(20). The param eters �i = 4M 2
i=M

2
H and �i =

4M 2
i=M

2
Z (i= f;W )arede�ned in term softhecorresponding m assesoftheheavy loop
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Figure15: Typicaldiagram contributing to the QCD correctionsto H ! Z.

particles.Duetochargeconjugation invariance,only thevectorialZ coupling contributes

to theferm ion loop so thatproblem swith theaxial5 coupling donotarise.TheW loop

dom inates in the interm ediate Higgsm assrange,and the heavy ferm ion loopsinterfere

destructively.

The two-loop QCD corrections to the top quark loops have been calculated [75]in

com plete analogy to the photonic case. They are generated by virtualgluon exchange

inside the quark triangle [see Fig.15]. Due to charge conjugation invariance and color

conservation,radiation ofa single gluon isnotpossible.Hence theQCD correctionscan

sim ply be expressed as a rescaling ofthe lowest order am plitude by a factor that only

dependson theratios�i and �i (i= f;W ),de�ned above:

A
H
Q (�Q ;�Q ) ! A

H
Q (�Q ;�Q )�

�

1+ D H (�Q ;�Q )
�s

�

�

D H (�Q ;�Q ) ! � 1 forM 2
Z � M 2

H � 4M 2
Q : (46)

In the lim itM Z ! 0 the quark am plitude approachesthe corresponding form factorof

the photonic decay m ode [m odulo couplings],which has been discussed before. Hence

the QCD correction in the heavy quark lim it for sm allZ m asses has to coincide with

the heavy quark lim itofthe photonic decay m ode ofeq.(37).The QCD correctionsfor

�nite Higgs,Z and quark m assesare presented in [75]asa function ofthe Higgsm ass.

They am ountto lessthan 0.3% in the interm ediate m assrange,where thisdecay m ode

isrelevant,and can thusbeneglected.

2.1.5 Interm ediate gauge boson decays

AbovetheW W and ZZ decay thresholds,thepartialdecay widthsinto pairsofm assive

gaugebosons(V = W ;Z)atlowestorder[seeFig.16]aregiven by [12]

�(H ! V V )= �V
G F M

3
H

16
p
2�

�(1� 4x + 12x2); (47)

with x = M 2
V =M

2
H ,� =

p
1� 4x and �V = 2(1)forV = W (Z).
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Figure16: Diagram contributing to H ! V V [V = W ;Z].

Theelectroweakcorrectionshavebeen com puted in [46,76]attheone-looplevel.They

aresm alland am ounttolessthan about5% in theinterm ediatem assrange.Furtherm ore

theQCD correctionstotheleadingtopm asscorrectionsofO (G F M
2
t)havebeen calculated

up to threeloops.They rescaletheW W ;ZZ decay widthsby [58,77]

�(H ! ZZ) = � LO (H ! ZZ)

�

1� xt

�

5� (15� 2�2)
�s

�

��

; (48)

�(H ! W W ) = � LO (H ! W W )

�

1� xt

�

5� (9� 2�2)
�s

�

��

; (49)

with xt = G F M
2
t=(8

p
2�2). The three-loop corrections can be found in [78]. Since the

electroweak correctionsare sm allin the interm ediate m assregim e,they are neglected in

theanalysis.ForlargeHiggsm asses,higherordercorrectionsdueto theself-couplingsof

theHiggsparticlesarerelevant.They aregiven by [79]

�(H ! V V )= � LO (H ! V V )
n

1+ 2:80�̂ + 62:03̂�2
o

(50)

with thecoupling constant �̂ de�ned in eq.(15).They startto besizeableforM H
>
� 400

GeV and increasethedecay width by about20% atHiggsm assesoftheorderof� 1TeV.

Below threshold the decays into o�-shellgauge particlesare im portant. The partial

decay widthsinto singleo�-shellgaugebosonscan beobtained in analyticform [80]

�(H ! V V
�)= �

0

V

3G 2
F M

4
V M H

16�3
R

 
M 2

V

M 2
H

!

(51)

with �0W = 1,�0Z = 7=12� 10sin2�W =9+ 40sin4�W =27 and

R(x) = 3
1� 8x + 20x2
p
4x� 1

arccos

�
3x� 1

2x3=2

�

�
1� x

2x
(2� 13x+ 47x2) (52)

�
3

2
(1� 6x + 4x2)logx:

For Higgs m asses slightly larger than the corresponding gauge boson m ass the decay

widthsinto pairsofo�-shellgaugebosonsplay a signi�cantrole.Theircontribution can
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becastinto theform [81]

�(H ! V
�
V
�)=

1

�2

Z M 2

H

0

dQ 2
1
M V �V

(Q 2
1 � M 2

V )
2 + M 2

V �
2
V

Z
(M H � Q 1)

2

0

dQ 2
2
M V �V

(Q 2
2 � M 2

V )
2 + M 2

V �
2
V

�0

(53)

with Q 2
1;Q

2
2 being thesquared invariantm assesofthevirtualgaugebosons,M V and �V

theirm assesand totaldecay widths;�0 isgiven by

�0 = �V
G F M

3
H

16
p
2�

q

�(Q 2
1;Q

2
2;M

2
H )

"

�(Q 2

1;Q
2

2;M
2

H )+ 12
Q 2
1
Q 2
2

M 4
H

#

; (54)

with thephase-spacefactor�(x;y;z)= (1� x=z� y=z)2 � 4xy=z2.Thebranching ratios

ofdoubleo�-shelldecaysreach thepercentlevelforHiggsm assesaboveabout100 (110)

GeV foro�-shellW (Z)boson pairs.They arethereforeincluded in theanalysis.

2.1.6 T hree-body decay m odes

The branching ratiosofthree-body decay m odesm ay reach the percent levelforlarge

Higgsm asses[82]. The decaysH ! W + W � ;t�t(g)are already contained in the QED

(QCD) corrections to the corresponding decay widths H ! W + W � ;t�t. However,the

decay m odesH ! W + W � Z;t�tZ arenotcontained in theelectroweak correctionsto the

W W ;t�tdecay widths. Their branching ratioscan reach values ofup to about10� 2 for

Higgsm assesM H � 1 TeV.Asthey do notexceed thepercentlevel,they areneglected

in the presentanalysis.The analyticalexpressionsareratherinvolved and can befound

in [82].

2.1.7 Totaldecay w idth and branching ratios

In Fig.17 thetotaldecay width and branching ratiosoftheStandard M odelHiggsboson

are shown asa function ofthe Higgsm ass. ForHiggsm assesbelow � 140 GeV,where

thetotalwidth am ountsto lessthan 10M eV,thedom inantdecay m odeistheb�bchannel

with a branching ratio up to � 85% . The rem aining 10{20% are supplem ented by the

�+ �� ;c�c and gg decay m odes,the branching ratiosofwhich am ountto 6.6% ,4.6% and

6% respectively,forM H = 120 GeV [the b�b branching ratio isabout78% forthisHiggs

m ass]. The  (Z) branching ratio turns out to be sizeable only for Higgs m asses

80(120)GeV <
� M H

<
� 150(160)GeV,wherethey exceed the10� 3 level.

Starting from M H � 140 GeV the W W decay takes over the dom inant r̂ole joined

by the ZZ decay m ode. Around the W W threshold of150 GeV <
� M H

<
� 180 GeV,

where the W pair ofthe dom inant W W channelbecom es on-shell,the ZZ branching

ratio dropsdown toa levelof� 2% and reachesagain a branching ratio� 30% abovethe

ZZ threshold. Above the t�tthreshold M H = 2M t,the t�tdecay m ode opensup quickly,

butneverexceedsa branching ratioof� 20% .Thisiscaused by thefactthattheleading

W W and ZZ decay widths grow with the third power ofthe Higgs m ass [due to the

longitudinalW ;Z com ponents,which are dom inating for large Higgs m asses],whereas
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Figure 17: (a) Totaldecay width (in GeV) ofthe SM Higgs boson as a function ofits

m ass. (b) Branching ratios ofthe dom inantdecay m odes ofthe SM Higgs particle. All

relevanthigherordercorrectionsare taken into account.
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the t�t decay width increases only with the �rst power. Consequently the totalHiggs

width growsrapidly atlargeHiggsm assesand reachesa levelof� 600 GeV atMH = 1

TeV,rendering theHiggswidth ofthesam eorderasitsm ass.AtM H = 1 TeV theW W

(ZZ)branching ratio approxim ately reachesitsasym ptoticvalueof2/3 (1/3).

2.2 H iggs B oson Production at the LH C

2.2.1 G luon fusion: gg! H

Thegluon-fusion m echanism [15]

pp! gg! H

providesthe dom inantproduction m echanism ofHiggsbosonsatthe LHC in the entire

relevantHiggsm assrangeup to about1 TeV.Asin thecaseofthegluonicdecay m ode,

the gluon coupling to the Higgsboson in the SM ism ediated by triangularloopsoftop

and bottom quarks,seeFig.18.SincetheYukawa coupling oftheHiggsparticletoheavy

quarksgrowswith thequark m ass,thusbalancingthedecreaseoftheam plitude,theform

factorreachesaconstantvalueforlargeloop quarkm asses.Ifthem assesofheavierquarks

beyond thethird generation arefully generated by the Higgsm echanism ,these particles

would add thesam eam ountto theform factorasthetop quark in theasym ptoticheavy

quark lim it. Thus gluon fusion can serve as a counter ofthe num ber ofheavy quarks,

the m assesofwhich are generated by the conventionalHiggsm echanism . On the other

hand,ifthesenovelheavy quarkswillnotbeproduced directly attheLHC,gluon fusion

willallow to m easure the top quark Yukawa coupling. This,however,requiresa precise

knowledge ofthecrosssection within theSM with threegenerationsofquarks.

Ht;b

g

g

Figure18: Diagram scontributing to gg! H atlowestorder.

Thepartoniccrosssection,Fig.18,can beexpressed by thegluonicwidth oftheHiggs

boson atlowestorder[15],

�̂LO (gg ! H ) = �0�(1� z) (55)

�0 =
�2

8M 3
H

�LO (H ! gg) =
G F �

2
s(�)

288
p
2�

�
�
�
�
�
�

X

Q

A
H
Q (�Q )

�
�
�
�
�
�

2
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where the scaling variablesarede�ned asz = M 2
H =ŝ,�Q = 4M 2

Q =M
2
H ,and ŝ denotesthe

partonicc.m .energy squared.Theam plitudesA H
Q (�Q )arepresented in eq.(20).

In the narrow-width approxim ation the hadronic cross section can be cast into the

form [15]

�LO (pp! H )= �0�H
dLgg

d�H
(56)

with
dLgg

d�
=

Z
1

�

dx

x
g(x;M 2)g(�=x;M 2) (57)

denoting the gluon lum inosity at the factorization scale M ,and the scaling variable is

de�ned,in analogy to the Drell{Yan process,as�H = M 2
H =s,with s specifying thetotal

hadronicc.m .energy squared.
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Figure 19: Typicaldiagram s contributing to the virtualand realQCD corrections to

gg ! H .

Q C D corrections. In thepastthetwo-loop QCD correctionsto thegluon-fusion cross

section,Fig.19,havebeen calculated [53,55,83,84].They consistofvirtualcorrections

to thebasicgg! H processand realcorrectionsdueto theassociated production ofthe

Higgsboson with m asslesspartons,

gg! H g and gq! H q;qq! H g:

Thesesubprocessescontributeto theHiggsproduction atO (�3s).Thevirtualcorrections

rescale the lowest-order fusion cross section with a coe�cient depending only on the

ratios ofthe Higgs and quark m asses. Gluon radiation leads to two-parton �nalstates

with invariant energy ŝ � m2H in the gg;gq and qq channels. The �nalresult for the

hadroniccrosssection can besplitinto �veparts[53,55,83,84],

�(pp! H + X )= �0

�

1+ C
�s

�

�

�H
dLgg

d�H
+ �� gg + �� gq + �� q�q; (58)

with therenorm alization scalein �s and thefactorization scaleoftheparton densitiesto

be �xed properly.Thelengthy analyticexpressionsforarbitrary Higgsboson and quark
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m assescan befound in Refs.[53,84].The quark-loop m asshasbeen identi�ed with the

pole m assM Q ,while the QCD coupling isde�ned in the M S schem e. W e have adopted

theM S factorization schem e fortheNLO parton densities.

The coe�cient C(� Q ) denotes the �nite part ofthe virtualtwo-loop corrections. It

splitsintotheinfrared part�2,alogarithm icterm dependingon therenorm alization scale

� and a �nitequark-m ass-dependentpiecec(�Q ),

C(�Q )= �
2 + c(�Q )+

33� 2NF

6
log

�2

M 2
H

: (59)

The term c(�Q ) can be reduced analytically to a one-dim ensionalFeynm an-param eter

integral,which has been evaluated num erically [53,83,84]. In the heavy-quark lim it

�Q = 4M 2
Q =M

2
H � 1 and in the light-quark lim it�Q � 1,the integralscould be solved

analytically.

The �nite parts ofthe hard contributions from gluon radiation in gg scattering,gq

scatteringand qqannihilation depend on therenorm alization scale� and thefactorization

scaleM oftheparton densities:

�� gg =

Z
1

�H

d�
dLgg

d�
�
�s

�
�0

(

� zPgg(z)log
M 2

ŝ
+ dgg(z;�Q )

+12

" 
log(1� z)

1� z

!

+

� z[2� z(1� z)]log(1� z)

#)

�� gq =

Z
1
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X
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Pgq(z)log

M 2
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+ dgq(z;�Q )

)

�� q�q =

Z
1

�H

d�
X

q

dLq�q

d�
�
�s

�
�0 dq�q(z;�Q ); (60)

with z= �H =� = M 2
H =ŝ;Pgg and Pgq arethestandard Altarelli{Parisisplitting functions

[85]:

Pgg(z) = 6

( �
1

1� z

�

+

+
1

z
� 2+ z(1� z)

)

+
33� 2NF

6
�(1� z)

Pgq(z) =
4

3

1+ (1� z)2

z
; (61)

F+ denotestheusual+ distribution:F(z)+ = F(z)� �(1� z)
R
1

0
dz0F(z0).Thecoe�cients

dgg;dgq and dqq can be reduced to one-dim ensionalintegrals,which have been evaluated

num erically [53,83,84]forarbitrary quark m asses. They can be calculated analytically

in theheavy-and light-quark lim its.

In the heavy-quark lim it�Q � 1 the coe�cients c(� Q )and dij(z;�Q )reduce to very

sim pleexpressions[53,55,59],

c(�Q ) !
11

2
dgg(z;�Q ) ! �

11

2
(1� z)3

dgq(z;�Q ) !
2

3
z
2 � (1� z)2 dq�q(z;�Q ) !
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(1� z)3: (62)
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ThecorrectionsofO (M 2
H =M

2
Q )in asystem aticTaylorexpansion havebeen dem onstrated

to be very sm all[86]. In fact,the leading term providesan excellentapproxim ation up

to thequark threshold M H � 2MQ .In theoppositelim itwhere theHiggsm assism uch

largerthan thetop m ass,theanalyticresultcan befound in [53].

K(pp→H+X)
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µ = M = MH

Mt = 175 GeV

CTEQ4

Ktot

Kgg

Kvirt
Kqq
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Figure 20: K factors ofthe QCD-corrected gluon-fusion cross section �(pp ! H + X )

atthe LHC with c.m .energy
p
s= 14 TeV.The dashed linesshow the individualcontri-

butionsofthe fourterm softhe QCD correctionsgiven in eq.(60).The renorm alization

and factorization scaleshave been identi� ed with the Higgsm ass,� = M = MH and the

CTEQ4 parton densitieshave been adopted.

W ede�neK factorsastheratio

K tot=
�N LO

�LO
: (63)

The cross sections �N LO in next-to-leading order are norm alized to the leading-order

crosssections�LO ,convoluted consistently with parton densitiesand �s in leading order;

the NLO and LO strong couplingsare chosen from the CTEQ4 param etrizations[87]of

the structure functions,�N LO
s (M Z) = 0:116; �LOs (M Z) = 0:132. The K factor can be

decom posed into severalcharacteristic com ponents: K virt accounts for the regularized

virtualcorrections,corresponding to the coe�cient C;K A B [A;B = g;q;�q]forthe real

corrections as de�ned in eqs.(60). These K factors are presented for LHC energies
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in Fig.20 as a function ofthe Higgs boson m ass. Both the renorm alization and the

factorization scaleshavebeen identi�ed with theHiggsm ass,� = M = M H .Apparently

K virt and K gg areofthesam esize,oforder50% ,whileK gq and K qq turn outto bequite

sm all.Apartfrom thethreshold region M H � 2Mt,K tot isinsensitiveto theHiggsm ass.

σNLO(τt ,τb )

Kt   
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  (∞) × σLO(τt ,τb )
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10
-1

1

10

10 2

0 100 200 300 400 500 600 700 800 900 1000

Figure 21: Com parison ofthe exactand approxim ate NLO cross section �(pp ! H +

X ) at the LHC with c.m .energy
p
s = 14 TeV.The solid line shows the exactcross

section including the fullt;b quark m ass dependence and the dashed line corresponds to

the approxim ation de� ned in eq.(64).The renorm alization and factorization scaleshave

been identi� ed with the Higgsm ass,� = M = MH and the CTEQ4 parton densities[87]

with NLO strong coupling [�s(M Z)= 0:116]have been adopted. The top m ass has been

chosen asM t= 175 GeV and the bottom m assasM b = 5 GeV.

Thecorrectionsarepositiveand large,increasingtheHiggsproduction crosssection at

theLHC by about60% to 90% .Com paring theexactnum ericalresultswith theanalytic

expressionsin theheavy-quark lim it,itturnsoutthattheseasym ptoticK factorsprovide

an excellent approxim ation even for Higgs m asses above the top-decay threshold. W e

explicitly de�netheapproxim ation by

�app = K
t
N LO (1 )� �LO (�t;�b) (64)

K
t
N LO (1 ) = lim

M t! 1

K tot
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where we neglect the b quark contribution in K t
N LO (1 ),while the leading order cross

section �LO includesthe fullt;b quark m assdependence. The com parison with the full

m assive NLO resultispresented in Fig.21.Thesolid linecorrespondsto theexactcross

section and thebroken linetotheapproxim ateone.ForHiggsm assesbelow � 1TeV,the

deviationsoftheasym ptoticapproxim ation from thefullNLO resultarelessthan 10% .

Theoreticaluncertaintiesin theprediction oftheHiggscrosssection originatefrom two

sources,the dependence ofthe crosssection on di�erentparam etrizationsofthe parton

densitiesand theunknown NNLO corrections.
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Figure 22: Higgs production cross section for three di� erent sets ofparton densities

[CTEQ4M ,M RS(R1)and GRV(’92)].

The uncertainty ofthe gluon density causes one of the m ain uncertainties in the

prediction ofthe Higgs production cross section. This distribution can only indirectly

be extracted through order �s e�ects from deep-inelastic lepton{nucleon scattering,or

by m eans ofcom plicated analyses of�nalstates in lepton{nucleon and hadron{hadron

scattering. Adopting a representative setofrecentparton distributions[87,88],we �nd

a variation ofabout� 10% ofthecrosssection fortheentireHiggsm assrange.Thecross

section for these di�erent sets ofparton densities is presented in Fig.22 as a function

ofthe Higgs m ass. The uncertainty willbe sm aller in the near future,when the deep-

inelasticelectron/positron{nucleon scatteringexperim entsatHERA willhavereached the

anticipated levelofaccuracy.
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Figure 23: The renorm alization and factorization scale dependence ofthe Higgs pro-

duction cross section atlowestand next-to-leading order for two di� erentHiggs m asses

M H = 150 and 500 GeV.
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The[unphysical]variation ofthecrosssection with therenorm alization and factoriza-

tion scales isreduced by including the next-to-leading ordercorrections. Thisisshown

in Fig.23 fortwo typicalvaluesofthe Higgsm ass,M H = 150;500 GeV.The renorm al-

ization/factorization scale � = M is varied in units ofthe Higgsm ass,� = �M H for�

between 1/2 and 2.Theratio ofthecrosssectionsfor� = 1=2 and 2 isreduced from 1.62

in leadingorderto1.32in next-to-leadingorderforM H = 500GeV.Since,forsm allHiggs

m asses,thedependenceon � for� � 1 isalready sm allattheLO level,theim provem ent

by the NLO corrections is less signi�cant for a Higgs m ass M H = 150 GeV.However,

the �gures indicate that further im provem ents are required,because the � dependence

ofthe cross section is stillm onotonic in the param eter range set by the naturalscale

� � M � MH . The uncertainties due to the scale dependence appear to be less than

about15% .

Soft gluon resum m ation. Recently softand collineargluon radiation e�ectsforthe

totalgluon-fusion crosssection have been resum m ed.Theperturbative expansion ofthe

resum m ed result leads to an approxim ation ofthe three-loop NNLO corrections ofthe

partonic crosssection in the heavy top m asslim it,which approxim atesthe fullm assive

NLO result with a reliable precision [see Fig.21]. Owing to the low-energy theorem

discussed before[seethegluonicdecay m odeH ! gg],theunrenorm alized partoniccross

section factorizes,in n = 4� 2� dim ensions,as

�̂
0

gg = �
�
0
� �0

 

z;
M 2

H

�2
;�s(�);�

!

; (65)

where� originatesfrom thee�ective Lagrangian ofeq.(29),

� = 1+
11

2

�(5)s (M t)

�
+
3866� 201NF
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�(5)s (M t)

�

! 2

+
153� 19NF

33� 2NF

�(5)s (M H )� �(5)s (M t)

�
+ O (�3s) (66)

[with N F = 5]and thefactor��
0
readsas

�
�
0
=
�2(1+ �)

1� �

 
4�

M 2
t

! 2�

�0; (67)

wherethecoe�cient� 0 isde�ned ineq.(55)withthestrongcoupling�s(�)replaced bythe

bareone,�s0.Thebarecorrection factor�0(z;M
2
H =�

2;�)arisesfrom thee�ectivediagram s

analogousto Fig.8 in higherorders. In the following we shallneglectthe contributions

from gq and q�q initialstates,which contributelessthan � 10% to thegluon-fusion cross

section atNLO.Thehadroniccrosssection can beobtained by convoluting eq.(65)with

thebaregluon densities,

�(�H ;M
2

H ;�
2)=

Z
1

�H

dx1

Z
1

�H =x1

dx2 g0(x1)g0(x2) �̂
0

gg(z;M
2

H ;�
2
;�) (68)
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with the scaling variablesz = �H =(x1x2)and �H = M 2
H =s,where s denotesthehadronic

c.m .energy squared. The m om ents ofthe hadronic cross section factorize into three

factors:

~�(N ;M 2

H ;�
2)=

Z
1

0

d�H �
N � 1

H �(�H ;M
2

H ;�
2)= ~g20(N + 1) ~̂�

0

gg(N ;M
2

H ;�
2
;�): (69)

Thebarecorrection factor�0 m ay beexpanded perturbatively,
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The �rsttwo [unrenorm alized]coe�cientsare known from the explicitNLO calculation

[53,55,59,83],seeeq.(60):
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wherewehaveabsorbed trivialconstantsintoarede�nition ofthescale,�2 ! �2exp[E �

log(4�)].

Thestartingpointfortheresum m ation isprovided by theSudakov evolution equation

[89]
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(73)

which followsfrom the basic factorization theorem sforpartonic crosssectionsinto soft,

collinearand hard partsatthe boundariesofthe phase space [90]. The solution forthe

m om entsofeq.(73)isgiven by
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wherewehaveim posed theboundary condition

�0

 

z;
M 2

H

�2
= 0;�s(�);�

!

= �(1� z); (75)

which isvalid in n dim ensions. The bare evolution kernelW 0(z;�;�s(�);�)can be eval-

uated perturbatively.Afterrenorm alizing thestrong coupling �s and thegluon densities
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in the M S schem e allsingularities cancel,and the �nite renorm alized correction factor

readsas[91]
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with �0 = (33� 2NF )=6.Itshould benoted thatinthelastexponentialwehavekeptterm s

ofO (logiN =N )(i� 1)in the m om ents ofthe correction factor,which are notcovered

by the basic factorization theorem snearthesoftand collinearedgesofphase space.On

the other hand at NLO they turn out to originate from collinear gluon radiation and

arethusuniversal,so thatthey can beincluded in the resum m ation4.In orderto de�ne

theresum m ed correction factorwehave to perform a regularization ofthesingularity at

� � �Q CD,which is related to an infrared renorm alon. Nevertheless,the perturbative

expansion iswellde�ned.TheNLO and NNLO resultsfor� = M read [91]
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whereweusethenotation

D i(z)=

"
log

i
(1� z)

1� z

#

+

; Ei(z)= log
i
(1� z); L� = log

 
�2

M 2
H

!

: (79)

4Theirinclusion in the Drell{Yan processand deep-inelastic scattering yieldsthe correctcoe� cients

ofthe log
3
N =N term sand those log

2
N =N term s,which are related to the strong coupling constant,at

NNLO ,which supports the consistency oftheir resum m ation. However,a rigorousproofhas not been

worked outso far.
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ThenovelcontributionsofO (log
i
N =N )appearasthenon-infrared functionsEi(z).They

areofsigni�cantim portanceforprocessesattheLHC and thereforehaveto beincluded

to gain a reliableapproxim ation by m eansofsoftgluon resum m ation.
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Figure24: Exactand approxim ate two-and three-loop correction factorconvoluted with

NLO gluon densitiesin the heavy top quarklim itforthe SM Higgsboson.TheCTEQ4M

parton densitieshave been adopted with �s(M Z)= 0:116 atNLO.

The convolution ofthe correction factor with NLO gluon densities and strong cou-

pling ispresented in Fig.24 asa function ofthe Higgsm assatthe LHC.The solid line

correspondsto theexactNLO resultand thelowerdashed lineto theNLO expansion of

the resum m ed correction factor. Itcan be inferred from this �gure thatthe softgluon

approxim ation reproducesthe exactresultwithin � 5% atNLO.The upperdashed line

showstheNNLO expansion oftheresum m ed correction factor.From theanalogousanal-

ysis ofthe Drell{Yan process at NNLO we gain con�dence that the NNLO expansion

ofthe resum m ed result reliably approxim ates the exact NNLO correction [91]. Fig.24

dem onstratesthatthe correction factoram ountsto about2{2.3 atNLO and 2.7{3.5 at

NNLO in the phenom enologically relevantHiggsm assrange M H
<
� 1 TeV.However,in

orderto evaluatethe size ofthe QCD corrections,each orderoftheperturbative expan-

sion hasto becom puted with thestrong coupling and parton densitiesofthesam eorder,

i.e.LO cross section with LO quantities,NLO cross section with NLO quantities and
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NNLO crosssection with NNLO quantities. ThisconsistentK factoram ountsto about

1.5{1.9 atNLO and isthusabout50{60% sm allerthan the resultin Fig.24. Therefore

a reliable prediction ofthe gluon-fusion crosssection atNNLO requiresthe convolution

with NNLO parton densities,which arenotyetavailable.Thusitisim possibleto predict

theHiggsproduction crosssection with NNLO accuracy untilNNLO structurefunctions

willbeaccessible.

The scale dependence ofthe gluon-fusion cross section [neglecting gq and q�q initial

states]is presented in Fig.25 as a function of the scale in units ofthe Higgs m ass,

� = �=M H . Allorders ofthe perturbative expansion are evaluated with NLO parton

densities and strong coupling,so that the LO and NNLO curves do notcorrespond to

physically consistent values. The dotted line represents the LO and the lower fullline

the exact NLO scale dependence. The two dashed curves correspond to the NLO and

theNNLO expansionsoftheresum m ed crosssection.Theuppersolid lineshowsthefull

NNLO scaledependence,which hasbeen obtained from theexactNLO resultby m eansof

renorm alization group m ethods[91].Thiscurvehasbeen identi�ed with theapproxim ate

NNLO expansion at � = 1. Fig.25 supports the validity ofthe resum m ed expression

within a reasonableaccuracy forphysically relevantscalechoices1=2 <� � <� 2.M oreover,

the uppersolid line clearly indicatesthatthe NNLO scale dependence developsa broad

m axim um around thenaturalscale� � MH forlargeHiggsm assesand thusa signi�cant

theoreticalim provem ent.

Electrow eak corrections. The electroweak correctionsto the gluon-fusion crosssec-

tion have been com puted in two di�erent lim its. The leading top m ass corrections of

O (G F M
2
t) coincide with the corrections to the gluonic decay m ode ofeq.(31)and are

thus sm all[67]. For large Higgs m asses the electroweak corrections ofO (G F M
2
H ) have

been evaluated by m eansoftheequivalencetheorem [92].They enhancethecrosssection

by about10{20% forlargeHiggsm asses.

2.2.2 Vector-boson fusion: qq! qqV �V � ! qqH

The second im portantHiggsproduction channelatthe LHC isthe vector-boson-fusion

m echanism [seeFig.26],which willbecom petitivewith thedom inantgluon-fusion m ech-

anism forlarge Higgsm assesM H � 1 TeV [16,17]. Forinterm ediate Higgsm assesthe

vector-boson-fusion crosssection isaboutoneorderofm agnitudesm allerthan thegluon

one. The leading order partonic vector-boson-fusion cross section [16]can be cast into

theform [V = W ;Z]:
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Figure 25: Scale dependence ofthe Higgs production cross section as a function ofthe

com m on renorm alization and factorization scalein unitsoftheHiggsm assfortwo values

ofM H = 150;500 GeV.Allorders ofthe cross section are evaluated with NLO parton

densities[CTEQ4M ]and strong coupling constant[�s(M Z)= 0:116].
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Figure26: Diagram contributing to qq! qqV �V � ! qqH atlowestorder.
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where dPS3 denotes the three-particle phase space ofthe �nal-state particles,M P the

proton m ass,P1;2 theproton m om enta and q1;2 them om enta ofthevirtualvectorbosons

V �. The functions Fi(x;M
2) (i= 1;2;3)are the usualstructure functions from deep-

inelasticscattering processesatthefactorization scaleM :

F1(x;M
2) =

X

q

(v2q + a
2

q)[q(x;M
2)+ �q(x;M 2)]

F2(x;M
2) = 2x

X

q

(v2q + a
2

q)[q(x;M
2)+ �q(x;M 2)]

F3(x;M
2) = 4

X

q

vqaq[� q(x;M 2)+ �q(x;M 2)] (81)

where vq(aq) are the (axial) vector couplings ofthe quarks q to the vector bosons V :

vq = � aq =
p
2 forV = W and vq = 2I3q � 4eqsin

2�W ,aq = 2I3q forV = Z. I3q isthe

third weak isospin com ponentand eq theelectricchargeofthequark q.

In the pastthe QCD correctionshave been calculated within the structure function

approach [17].Since,atlowestorder,theproton rem nantsarecolorsinglets,no colorwill

beexchanged between the�rstand thesecond incom ing (outgoing)quark lineand hence

theQCD correctionsonly consistofthewell-known correctionstothestructurefunctions

Fi(x;M
2)(i= 1;2;3).The �nalresultforthe QCD-corrected crosssection leadsto the

replacem ents

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

2)+ �F i(x;M
2
;Q

2) (i= 1;2;3)
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wherez= x=y and thefunctionsPqq;Pqg denotethewell-known Altarelli{Parisisplitting

functions,which aregiven by [85]

Pqq(z) =
4

3

�

2D 0(z)� 1� z+
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ThephysicalscaleQ isgiven by Q 2 = � q2i forx = xi(i= 1;2).Theseexpressionshaveto

beinserted ineq.(80)andthefullresultexpanded uptoNLO.Thetypicalrenorm alization

and factorization scalesare �xed by the vector-boson m om entum transfer� = M = Q.

The K factor,de�ned as K = �N LO =�LO ,is presented in Fig.27 as a function ofthe

Higgsm ass.ThesizeoftheQCD correctionsam ountsto about8{10% and isthussm all

[17].

2.2.3 H iggs-strahlung: q�q! V � ! V H

The Higgs-strahlung m echanism q�q ! V � ! V H (V = W ;Z) [see Fig.28]m ay be

im portantin theinterm ediateHiggsm assrangeduetothepossibilitytotagtheassociated
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Figure27: K factorofthe QCD correctionsto V V ! H asa function ofthe SM Higgs

m ass.TheCTEQ4M parton densitieshavebeen adopted,and therunningstrongcoupling

constanthasbeen norm alized to �s(M Z)= 0:116 atNLO.

vectorboson.Itscrosssection isaboutoneto two ordersofm agnitude sm allerthan the

gluon-fusion cross section for Higgs m asses M H
<
� 200 GeV.The lowest-order partonic

crosssection can beexpressed as[19]
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2)+ 12M 2
V =Q

2
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where �(x;y;z) = (1� x=z � y=z)2 � 4xy=z2 denotes the usualtwo-body phase-space

factorand vq(aq)arethe(axial)vectorcouplingsofthequarksq to thevectorbosonsV ,

which have been de�ned aftereq.(81).The partonic c.m .energy squared ŝ coincidesat

lowestorderwith theinvariantm assQ 2 = M 2
V H oftheHiggs{vector-boson pairsquared,

ŝ = Q 2. The hadronic crosssection can be obtained from convoluting eq.(86)with the

corresponding (anti)quark densitiesoftheprotons:

�LO (pp! q�q! V H )=

Z
1

�0

d�
X

q

dLq�q

d�
�̂LO (Q

2 = �s); (87)
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Figure28: Diagram contributing to q�q! V � ! V H atlowestorder.

with �0 = (M H + M V )
2=s and s thetotalhadronicc.m .energy squared.

TheQCD correctionsareidenticalto thecorresponding correctionsto theDrell{Yan

process.They m odify thelowestordercrosssection in thefollowing way [20]:

�(pp! V H ) = �LO + �� q�q + �� qg

�� q�q =
�s(�)

�

Z
1

�0

d�
X

q

dLq�q

d�

Z
1

�0=�

dz �̂LO (Q
2 = �zs)!q�q(z)

�� qg =
�s(�)

�

Z
1

�0

d�
X

q;�q

dLqg

d�

Z
1

�0=�

dz �̂LO (Q
2 = �zs)!qg(z) (88)

with thecoe�cientfunctions

!q�q(z) = � Pqq(z)log
M 2

�s
+
4

3

(

2[�2 � 2]�(1� z)+ 4D1(z)� 2(1+ z)log(1� z)

)

!qg(z) = �
1

2
Pqg(z)log

 
M 2

(1� z)2�s

!

+
1

8

n

1+ 6z� 7z2
o

; (89)

where M denotes the factorization and � the renorm alization scale. The naturalscale

ofthe processisgiven by the invariantm assofthe Higgs{vector-boson pairin the �nal

state,� = M = Q. The K factors,de�ned asK = �N LO =�LO ,are shown in Fig.29 as

a function ofthe Higgsm ass. The size ofthe QCD correctionsisofabout25{40% and

they arethusofm oderatem agnitude[20].

2.2.4 H iggs brem sstrahlung o� top quarks

In theinterm ediatem assrangethecrosssection oftheassociated production oftheHiggs

boson with a t�tpaircan reach valuessim ilarto those ofthe Higgs-strahlung process. It

m ay thus provide an additionalpossibility to �nd a Higgsboson with m ass M H
<
� 130

GeV by tagging the additionalt�tpairand the rare photonic decay m ode H !  [18].

This process takes place through gluon{gluon and q�q initialstates at lowest order [see
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Figure29: K factorofthe QCD correctionsto V � ! H V asa function ofthe SM Higgs

m ass.TheCTEQ4M parton densitieshavebeen adopted,and therunningstrongcoupling

constanthas been norm alized to �s(M Z)= 0:116 atNLO.The solid line corresponds to

W brem sstrahlung and the dashed to Z brem sstrahlung.

Fig.30].Theresultforthelowestordercrosssection istooinvolved to bepresented here.

W ehaverecalculated thecrosssection and found num ericalagreem entwith Refs.[18,93].

AttheLHC thegluon{gluon channeldom inatesdueto theenhanced gluon structure

function analogous to the leading Higgs production m echanism via gluon fusion. The

QCD correctionsto the H t�tproduction are stillunknown. They require the evaluation

ofseveralone-loop �ve-pointfunctionsforthe virtualcorrectionsand realcontributions

involving fourparticlesin the�nalstate,wherethreeofthem [H ;t;�t]arem assive.

2.2.5 C ross sections for H iggs boson production at the LH C

TheresultsforthecrosssectionsofthevariousHiggsproduction m echanism sattheLHC

arepresented in Fig.31,which isan updateofRef.[93],asa function oftheHiggsm ass.

The totalc.m .energy hasbeen chosen as
p
s = 14 TeV,the CTEQ4M parton densities

havebeen adopted with �s(M Z)= 0:116,and thetop and bottom m asseshavebeen setto

M t = 175 GeV and M b = 5 GeV.Forthecrosssection ofH t�tand H b�bwehaveused the
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Figure30: Typicaldiagram scontributing to q�q=gg! H t�tatlowestorder.

leading orderCTEQ4L parton densitiesdue to the factthatthe NLO QCD corrections

are unknown. Thus the consistent evaluation ofthis cross section requires LO parton

densities and strong coupling. The latter is norm alized as �s(M Z) = 0:132 at lowest

order.Thegluon-fusion crosssection providesthedom inantproduction crosssection for

theentireHiggsm assregion up to M H � 1 TeV.Only forHiggsm assesMH
>
� 800 GeV

the V V -fusion m echanism qq ! qqH becom escom petitive and deviatesfrom thegluon-

fusion crosssection by lessthan a factor2 forM H
>
� 800 GeV.In theinterm ediatem ass

rangethegluon-fusion crosssection isatleastoneorderofm agnitudelargerthan allother

Higgsproduction m echanism s.Atthelowerend oftheHiggsm assrangeM H
<
� 100 GeV

theassociated production channelsofH + V;H + t�tyield sizeablecrosssectionsofabout

oneorderbelow thegluon-fusion processand can thusallow foran additionalpossibility

to �nd theHiggsparticle.

The search for the standard Higgs boson willbe di�erent within three m ajor m ass

ranges,thelowerm assrangeM H
<
� 140 GeV and thehigherone,140 GeV <

� M H
<
� 800

GeV,and thevery high m assregion M H
>
� 800 GeV.

M H
<
� 140 GeV

In the lower m ass range the standard Higgs particle dom inantly decays into b�b pairs.

Becauseoftheoverwhelm ing QCD background thesignalwillbevery di�culttoextract.

Only excellentb tagging,which m ay be provided by excellent�-vertex detectors,m ight

allow a su�cientrejection ofthe QCD background [21],although thistask seem sto be

very di�cult[22]. The associated production ofthe Higgsboson with a t�tpairora W

boson m ay increase the signi�cance ofthe H ! b�b decay due to the additionalisolated

leptonsfrom tand W decays,buttherateswillbeconsiderably sm allerthan singleHiggs

production via gluon fusion [18,19].

Studies for the detection ofthe H ! �+ �� decay m ode have also been perform ed.

Again because ofthe overwhelm ing backgroundsfrom t�tand Drell{Yan �+ �� pairpro-

duction,this possibility has been found to be hopeless for the Standard M odelHiggs

boson [94].Thebranching ratio into o�-shellZ pairsH ! Z �Z � istoo sm allto allow for
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Figure 31: Higgs production cross sections atthe LHC [
p
s = 14 TeV]for the various

production m echanism sasa function ofthe Higgsm ass. The fullQCD-corrected results

for the gluon fusion gg ! H , vector boson fusion qq ! V V qq ! H qq, vector boson

brem sstrahlung q�q! V � ! H V and associated production gg;q�q! H t�t;H b�bare shown.

The QCD correctionsto the lastprocessare unknown and thusnotincluded.

a detection offour-lepton �nalstates[95].

Theonlyprom isingchannelforthedetectionoftheHiggsbosonwithm assesM H
<
� 140

GeV isprovided by therareH !  decay m ode[14]with a branching ratio ofO (10� 3).

Foran LHC lum inosity of
R
L = 105pb� 1 thecrosssection tim esbranching ratio forpp!

H (! )+ X yieldsO (0:5{1� 104)eventsin them assrange80GeV <
� M H

<
� 140GeV.

In orderto rejectthelargebackgroundsfrom the continuum production and thetwo-

photon decay m ode ofthe neutralpions �0 ! ,the detection ofthe rare photonic

decay m ode requires excellent energy and geom etric resolution ofthe photon detectors

[14].M oreover,a necessary rejection factorof104 forjetsfaking photonsin thedetector

seem s to be feasible [14]. Thusthe LHC studiesconclude thatthe rare photonic decay
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m odewillbea possibility to �nd thestandard Higgsparticlein thelowerm assrange.

140 GeV <
� M H

<
� 800 GeV

AbovetheZZ threshold,on-shellH ! ZZ ! 4l� decaysoftheHiggsparticleprovidea

very clean signaturewith sm allSM backgrounds[95].Thetwopairsofelectronsorm uons

ofthis‘gold-plated’decay channelcarry invariantm assesequaltotheZ boson m ass,thus

allowing forvery stringentcutsagainstbackground processes. Below the ZZ threshold,

o�-shellH ! ZZ � ! 4l� decays,where one ofthe Z bosons is on-shell,yield clean

signatureswith rathersm allSM backgrounds[95].However,in them assrange155 GeV
<
� M H

<
� 180 GeV,where the ZZ branching ratio drops down to values ofabout2% ,

the num berofevents atthe LHC allowsfora discovery ofthe Higgsboson only,ifthe

m axim allum inosity willbe reached [14]. On the otherhand the dom inantW W decay

m odeoftheHiggsboson leadsto l+ l� ��� �nalstateswith strong spin correlationsofthe

visiblecharged lepton pair.A recentanalysishasshown thattheHiggsparticlecan easily

bedetected within a few daysin thism assrange[23].

M H
>
� 800 GeV

ForlargeHiggsm assesthetotalHiggsdecay width exceeds100 GeV and reachesa value

ofabout600 GeV forM H = 1 TeV.ThustheHiggsresonancepeaksin the4-lepton �nal

statesbecom e broad and,owing to the decreasing num berofeventswith growing Higgs

m ass,the‘gold-plated’signalH ! ZZ ! 4l� willnolongerbevisible.In ordertoextend

theHiggssearch tom assesbeyond 1TeV,thedecay m odesH ! ZZ;W W ! l+ l� ��� will

betheonly possible signatures.The presentstatusofthestudiesisnotfully conclusive,

butprom ising [14].

Fig.32 shows the expected signalsigni�cance at the LHC as a function ofthe SM

Higgsm assafterusing the fullexperim entaldata sam plesofboth experim ents,ATLAS

and CM S.Itisapparentthatafterreaching thefullintegrated lum inosity theSM Higgs

signalm ay beextracted in thewholerelevantm assregion [14].

3 M inim al Supersym m etric Extension of the Stan-

dard M odel

ThecouplingsoftheM SSM HiggsbosonstoM SSM particlesgrow with theM SSM particle

m asses,ifthese are generated by the Higgsm echanism . Thusthe M SSM Higgsbosons

predom inantly coupletoheavy quarksand gaugebosons.However,forlargevaluesoftg�

the couplingsto down-type quarksareenhanced,so thatthe coupling to bottom quarks

m ay bem uch largerthan to top quarks.M oreover,theHiggsboson interaction with the

interm ediate gauge bosons is always reduced with respect to the SM .The decays into

heavy particleswillbedom inant,ifthey arekinem atically allowed.Theanalysisincludes

the com plete radiative correctionsto the M SSM Higgssectordue to top/bottom quark

and squark loopswithin thee�ectivepotentialapproach,asdiscussed in theintroduction.
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Figure32: Expected signi� canceofthe SM Higgsboson search atthe LHC asa function

oftheHiggsboson m assafterreachingtheanticipated integrated lum inosity
R
L = 105pb� 1

and com bining the experim entaldata ofboth LHC experim ents,ATLAS and CM S.Pro-

duced from Refs.[14]{ courtesy ofF.Gianotti.
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Next-to-leadingorderQCD correctionsandthefullm ixingin thestop andsbottom sectors

are incorporated. The corresponding form ulae are based on the works ofRef.[31]. As

forthe SM case,the decay widthsand branching ratiosofthe M SSM Higgsbosonsare

evaluated by m eansoftheFORTRAN program HDECAY [35].

3.1 D ecay M odes

3.1.1 D ecays into lepton and heavy quark pairs

Atlowestorderthe leptonic decay width ofneutralM SSM Higgsboson5 decaysisgiven

by [10,37]

�[�! l
+
l
� ]=

G F M �

4
p
2�

(g�l )
2
m

2

l�
p
; (90)

where g�l denotes the corresponding M SSM coupling,presented in Table 1,� = (1 �

4m 2
l=M

2
�)

1=2 the velocity ofthe �nal-state leptonsand p = 3(1)the exponentforscalar

(pseudoscalar)Higgsparticles.The� pairdecaysplay asigni�cantr̂ole,with abranching

ratio ofup to about10% .M uon decayscan develop branching ratiosofa few 10� 4. All

otherleptonicdecay m odesarephenom enologically irrelevant.

Theanalogousexpression fortheleptonicdecaysofthecharged Higgsreadsas

�[H + ! �l]=
G F M H �

4
p
2�

m
2

ltg
2
�

 

1�
m 2

l

M 2

H �

! 3

: (91)

Thedecay m odeinto �+ �� reachesbranching ratiosofabout100% below thetbthreshold

and them uoniconerangesatafew 10� 4.Allotherleptonicdecay channelsofthecharged

Higgsbosonsareunim portant.

Forlarge Higgsm asses [M � � M 2
Q ]the QCD-corrected decay widths ofthe M SSM

Higgsparticles into quarks can be obtained from evaluating the analogousdiagram sas

presented in Fig.3,wheretheStandard M odelHiggsparticleH hasto besubstituted by

thecorresponding M SSM Higgsboson � [38{40]:

�[� ! QQ]=
3G F M �

4
p
2�

m
2

Q (M �)(g
�

Q )
2
h

� Q CD + � �

t

i

: (92)

Neglecting regularquark m asse�ects,theQCD corrections� Q CD arepresented in eq.(7)

and thetop quark induced contributionsread as[40]

�
h=H

t =
g
h=H

t

g
h=H

Q

 
�s(M h=H )

�

! 2
2

41:57�
2

3
log

M 2

h=H

M 2
t

+
1

9
log2

m 2
Q (M h=H )

M 2

h=H

3

5

� A
t =

gAt

gAQ

 
�s(M A )

�

! 2 "

3:83� log
M 2

A

M 2
t

+
1

6
log

2
m 2

Q (M A )

M 2
A

#

5In the following wedenote the di� erenttypesofneutralHiggsparticlesby � = h;H ;A.
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Analogousto the Standard M odelcase the large logarithm ic contributions ofthe QCD

correctionsareabsorbed in therunning M S quark m assm Q (M �)atthescaleofthecor-

responding Higgsm assM �.In thelargeHiggsm assregim estheQCD correctionsreduce

theb�b(c�c)decay widthsby about50 (75)% dueto thelargelogarithm iccontributions.

The heavy quark decay width ofthe charged Higgs boson reads,in the large Higgs

m assregim eM H � � M U + M D ,as[96,97]

�[H + ! UD ]=
3G F M H �

4
p
2�

jVU D j
2
h

m
2

U (M H � )(gAU )
2 + m

2

D (M H � )(gAD )
2
i

� Q CD (93)

[Eq.(93)isvalid ifeitherthe�rstorthesecond term isdom inant.]Therelativecouplings

gAQ havebeen collected inTable1and thecoe�cientV U D denotestheCKM m atrixelem ent

ofthetransition ofD to U quarks.TheQCD correction factor� Q CD isgiven in eq.(7),

wherelargelogarithm icterm sareagain absorbed in therunning M S m assesm U;D (M H � )

atthescale ofthecharged Higgsm assM H � .In thelargeHiggsm assregim es,theQCD

corrections reduce the c�b and c�s decay widths by about 50{75% ,because ofthe large

logarithm iccontributions.

In thethreshold regionsm asse�ectsplay a signi�cantr̂ole.Thepartialdecay widths

oftheneutralHiggsbosons�= h;H and A intoheavy quark pairs,in term softhequark

polem assM Q ,can becastinto theform [38]

�[�! Q �Q ]=
3G F M �

4
p
2�

(g�Q )
2
M

2

Q �
p

�

1+
4

3

�s

�
� �

�

; (94)

where � = (1� 4M 2
Q =M

2
�)

1=2 denotesthe velocity ofthe �nal-statequarksand p = 3(1)

theexponentforscalar(pseudoscalar)Higgsbosons.To next-to-leading order,theQCD

correction factor is given by eq.(9) for the scalar Higgs particles h;H ,while for the

CP-odd Higgsboson A they read correspondingly as[38]

� A =
1

�
A(�)+

1

16�
(19+ 2�2 + 3�4)log

1+ �

1� �
+
3

8
(7� �

2); (95)

with the function A(�) de�ned aftereq.(9). The QCD corrections in the t�tthreshold

region are m oderate,apart from a Coulom b singularity,which is regularized by taking

into accountthe�nitetop quark decay width.

The partialdecay width ofthe charged Higgs particles into heavy quarks m ay be

written as[97]

�[H + ! U �D ] =
3G F M H �

4
p
2�

jVU D j
2
�
1=2

(

(1� �U � �D )

"
M 2

U

tg2�

�

1+
4

3

�s

�
� +

U D

�

(96)

+M 2

D tg
2
�

�

1+
4

3

�s

�
� +

D U

��

� 4MU M D

p
�U �D

�

1+
4

3

�s

�
� �

U D

��

where �i = M 2
i=M

2

H � ,and � = (1 � �U � �D )
2 � 4�U �D denotes the usualtwo-body

phase-space function; the quark m asses M U;D are the pole m asses. The QCD factors
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� �

ij (i;j= U;D )aregiven by [97]

� +

ij =
9

4
+
3� 2�i+ 2�j

4
log

�i

�j
+
(3
2
� �i� �j)� + 5�i�j

2�1=2(1� �i� �j)
logxixj + B ij

� �

ij = 3+
�j � �i

2
log

�i

�j
+
� + 2(1� �i� �j)

2�1=2
logxixj + B ij (97)

with thescaling variablesxi= 2�i=[1� �i� �j + �1=2]and thegenericfunction

B ij =
1� �i� �j

�1=2
[4Li2(xixj)� 2Li2(� xi)� 2Li2(� xj)+ 2logxixjlog(1� xixj)

� logxilog(1+ xi)� logxjlog(1+ xj)]

� 4

"

log(1� xixj)+
xixj

1� xixj
logxixj

#

+
�1=2 + �i� �j

�1=2

�

log(1+ xi)�
xi

1+ xi
logxi

�

+
�1=2 � �i+ �j

�1=2

"

log(1+ xj)�
xj

1+ xj
logxj

#

:

The transition from the threshold region,involving m asse�ects,to the renorm alization-

group-im proved large Higgs m ass regim e is provided by a sm ooth linear interpolation

analogousto theSM casein allheavy quark decay m odes.

ThefullM SSM electroweak and SUSY-QCD correctionstotheferm ionicdecay m odes

have been com puted [98].They turn outto bem oderate,lessthan about10% .Only for

largevaluesoftg� > 10dothegluinocorrectionsreach valuesof20to50% ,iftherelevant

squark m assesarelessthan � 300GeV.Theelectroweak and SUSY-QCD correctionsare

neglected in thisanalysis.

Below thet�tthreshold,heavy neutralHiggsboson decaysinto o�-shelltop quarksare

sizeable,thus m odifying the pro�le ofthese Higgs particles signi�cantly in this region.

The dom inant below-threshold contributions can be obtained from the SM expression

eq.(16)[52]

d�

dx1dx2
(H ! tt

� ! W tb)= (gHt )
2

d�

dx1dx2
(H SM ! tt

� ! W tb): (98)

Thecorrespondingdom inantbelow-threshold contributionsofthepseudoscalarHiggspar-

ticlearegiven by [52]

d�

dx1dx2
(A ! tt

� ! W tb)=
3G 2

F

32�3
M

2

tM
3

A (g
A
t )

2
�0

y21 + t�t
; (99)

with the reduced energies x1;2 = 2E t;b=M A,the scaling variables y1;2 = 1 � x1;2,�i =

M 2
i=M

2
A and thereduced decay widthsofthevirtualparticlesi= �2i=M

2
A.The squared

am plitudem ay bewritten as[52]

�0 = y
2

1(1� y1 � y2 + �W � �t)+ 2�W (y1y2 � �W )� �t(y1y2 � 2y1 � �W � �t): (100)
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The di�erentialdecay widthsofeqs.(98),(99)have beintegrated overthex1;x2 region,

bounded by eq.(18).In these form ulae W and charged Higgsboson exchange contribu-

tionsare neglected,because they are suppressed with respectto the o�-shelltop quark

contribution to W tb�nalstates.However,forthesakeofcom pletenessthey areincluded

in the analysis. Theirexplicitexpressionscan be found in [52]. The transition from be-

low to abovethethreshold isprovided by a sm ooth cubicinterpolation.Below-threshold

decaysyield a t�tbranching ratio atthepercentlevelalready forheavy scalarand pseu-

doscalarHiggsm assesM H ;A � 300 GeV.

Below thet�bthreshold o�-shelldecaysH + ! t��b! b�bW + areim portant.ForM H � <

M t+ M b� �t theirexpression can becastinto theform [52]

�(H + ! t
��b! W b�b) =

3G 2
F M

4
t

64�3tg2�
M H �

(
�2W

�3t
(4�W �t+ 3�t� 4�W )log

�W (�t� 1)

�t� �W

+(3�2t � 4�t� 3�2W + 1)log
�t� 1

�t� �W
�
5

2
(101)

+
1� �W

�2t
(3�3t � �t�W � 2�t�

2

W + 4�2W )+ �W

�

4�
3

2
�W

�)

with the scaling variables �i = M 2
i=M

2

H � (i= t;W ). The b m ass has been neglected

in eq.(101),but it has been taken into account in the present analysis by perform ing

a num ericalintegration ofthe corresponding Dalitz plotdensity,given in [52]. The o�-

shellbranching ratio can reach the percentlevelforcharged Higgsm assesabove about

100 GeV forsm alltg�,which issigni�cantly below thet�bthreshold M H � � 180 GeV.

3.1.2 G luonic decay m odes

h;H ;A t;b

g

g

h;H eQ

g

g

h;H

eQ

g

g

Figure33: Typicaldiagram scontributing to �! gg atlowestorder.

Since the bquark couplingsto theHiggsbosonsm ay bestrongly enhanced forlargetg�

and the tquark couplings suppressed in the M SSM [see Fig.2],b loopscan contribute

signi�cantly to the gg coupling so thatthe approxim ation M 2
Q � M 2

H can in generalno

longer be applied. The leading order width for h;H ! gg is generated by quark and

squark loops,thelattercontributing signi�cantly forsquark m assesbelow about400GeV
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[99]. The contributing diagram sare depicted in Fig.33. The partialdecay widths are

given by [3,53,99]

�LO (h=H ! gg) =
G F �

2
sM

3
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36
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with �i= 4M 2
i=M

2

h=H
(i= Q;eQ).Thefunction f(�)isde�ned in eq.(20)and theM SSM

couplingsg
h=H

Q can be found in Table 1. The squark couplingsg
h=H

eQ
are sum m arized in

Table 4. The am plitudes approach constant values in the lim it oflarge loop particle

m asses:

A
h=H

Q (�) ! 1 forM 2

h=H
� 4M 2

Q

A
h=H

eQ
(�) !

1

4
forM 2

h=H
� 4M 2

eQ
:

Thesquark loop contributionsaresigni�cantforsquark m assesM eQ
<
� 400GeV and neg-

ligibleabove[99].Thiscan beinferred from Fig.34,wheretheratio ofthegluonicdecay

width with and withoutthesquarkcontributionsisshown asafunction ofthesquarkm ass

M eQ
fortwo valuesoftg� = 1:5;30.TheQCD correctionsto thesquark contribution are

only known in theheavy squark m asslim it.TherelativeQCD correctionsarepresented

in Fig.35 as a function ofthe corresponding Higgs m ass for two representative values

oftg� = 1:5;30. The solid lines include the top and bottom quark as wellas squark

contributions [for M eQ
= 200 GeV]and the dashed lines only the quark contributions.

Thecom parison ofthesolid and dashed curvesim pliesthatthesquark loop contributions

causea sm alle�ecton therelativeQCD corrections,so thata reasonableapproxim ation

within about 10% to the gluonic decay width can be obtained by m ultiplying the full

lowestorderexpression with therelativeQCD correctionsincluding only quark loops.

In com pleteanalogy to thequark contributionstheheavy squark loop correction can

beobtained by m eansoftheextension ofthepreviously described low-energy theorem to

scalarsquark particles[99]. The e�ective NLO Lagrangian forthe squark partisgiven,

according to eq.(25),by

Leff =
1

4

�eQ (�s)=�s

1+ em (�s)
G
a��

G
a
��

H

v
(104)
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Figure 34: Ratio ofthe QCD-corrected decay width �(h ! gg)with and withoutsquark

loops for two values of tg� = 1:5;30 as a function ofthe com m on squark m ass M eQ
.

The pseudoscalarhasbeen identi� ed with MA = 100 GeV.The secondary axesshow the

corresponding valuesofthe lightscalarHiggsm ass.

where �eQ (�s)= �2s=(12�)[1+ 11�s=(2�)]denotes the heavy squark contribution to the

QCD � function [100]and em (�s) = 4�s=(3�) the anom alous squark m ass dim ension

[101].Up to NLO thee�ective coupling isdescribed by [99]

Leff =
�s

48�
G
a��

G
a
��

H

v

�

1+
25

6

�s

�

�

: (105)

Thus the only di�erence to the quark loops in the heavy loop m ass lim it arises in the

virtualcorrections.Thisleadsto theadditionallastterm ofeq.(103).

It turns out a posteriorithat the heavy quark lim it M 2

h=H
� 4M 2

Q is an excellent

approxim ation fortheQCD correctionswithin a m axim aldeviation ofabout10% in the

param eterrangeswherethisdecay m odeisrelevant.

ForthepseudoscalarHiggsdecaysonly quark loopsarecontributing,and we�nd [53]

�LO [A ! gg] =
G F �

2
sM

3
A

16
p
2�3

�
�
�
�
�
�

X

Q

g
A
Q A

A
Q (�Q )

�
�
�
�
�
�

2

(106)
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Figure35: Size ofthe QCD correction factorforh=H ! gg,de� ned as�= �LO (1+ �),

as a function ofthe corresponding Higgs m ass for two values oftg� = 1:5;30. The full

lines include the fullm ass dependence on the top and bottom m asses and,in addition,

the squark contributions in the heavy-squark lim it. The dashed curves correspond to the

om ission ofthe squark contributions.

A
A
Q (�) = �f(�)

�[A ! gg(g);qqg] = � LO

h

�
(N F )

s (M A)
i
(

1+ E
N F

�(N F )
s (M A)

�

)

(107)

E
N F !

97

4
�
7

6
N F forM 2

A � 4M 2
Q

with �Q = 4M 2
Q =M

2
A.The M SSM couplingsgAQ can befound in Table1.Forlargequark

m asses the quark am plitude approaches unity. In order to get a consistent result for

the two-loop QCD corrections,the pseudoscalar5 coupling hasbeen regularized in the

’tHooft{Veltm an schem e[102],which requiresan additional�niterenorm alization ofthe

AQ �Q vertex [53,103].TherelativeQCD correctionsarepresented in Fig.36asafunction

ofthepseudoscalarHiggsm assM A fortwovaluesoftg� = 1:5;30.Theheavy quark lim it

M 2
A � 4M 2

Q providesa reasonable approxim ation in the M SSM param eterrange where

thisdecay m odeissigni�cant.Atthethreshold M A = 2M t,theQCD correctionsdevelop
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M SSM h
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W
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H �

h

sin(� � �)+
cos2� sin(�+ �)

2cos2 �W

i

2M W

M
~�
�
i

(Siicos� � Qiisin�)

H
M 2

W

M 2

H �

h

cos(� � �)�
cos2� cos(�+ �)

2cos2 �W

i

2M W

M
~�
�
i

(Siisin� + Q iicos�)

A 0 2 M W

M
~�
�
i

(� Siicos� � Qiisin�)

� ~fL;R

SM H 0

M SSM h
M 2

f

M 2

~f

ghf �
M 2

Z

M 2

~f

(I
f

3 � ef sin
2�W )sin(� + �)

H
M 2

f

M 2

~f

gHf �
M 2

Z

M 2

~f

(I
f

3 � ef sin
2�W )cos(� + �)

A 0

Table4: M SSM HiggscouplingstochargedHiggsbosons,charginosandsferm ionsrelative

to SM couplings. Q ii and Sii (i = 1;2) are related to the m ixing angles between the

charginos ~��1 and ~��2 ,see Refs.[3,25].

a Coulom b singularity,which willberegularized by including the �nite top decay width

[104].

The heavy quark lim itcan also be obtained by m eansofa low-energy theorem . The

starting pointistheABJ anom aly in thedivergence oftheaxialvectorcurrent[105],

@
�
j
5

� = 2M Q
�Q i5Q +

�s

2�
G
a�� eG

a
�� (108)

with eG a
�� = 1

2
�����G

a�� denoting the dual�eld strength tensor. Since, according to

the Sutherland{Veltm an paradox [106],the m atrix elem enthggj@�j5�j0ivanishesforzero

m om entum transfer, the m atrix elem ent hggjM Q
�Qi5Qj0i ofthe Higgs source can be

related to the ABJ anom aly in eq.(108). Thanks to the Adler{Bardeen theorem ,the

ABJ anom aly isnotm odi�ed by radiative corrections atvanishing m om entum transfer

[105],so thatthee�ectiveLagrangian

Leff = g
A
Q

�s

4�
G
a�� eG

a
��

A

v
(109)
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Figure36: Size ofthe QCD correction factorforA ! gg,de� ned as�= �LO (1+ �),as

a function ofthe pseudoscalarHiggsm assfortwo valuesoftg� = 1:5;30.

isvalid toallordersofperturbation theory.In ordertocalculatethefullQCD corrections

to thegg decay width,thise�ectivecoupling hasto beinserted in thee�ectivediagram s

analogousto those ofFig.8. The �nalresult agrees with the explicit expansion ofthe

two-loop diagram sin term softheheavy quark m ass.

In analogy totheSM casethebottom and charm �nalstatesfrom gluon splitting m ay

beadded to thecorresponding b�band c�cdecay m odesso thatthenum beroflightavors

hasto bechosen asN F = 3 in thescalarand pseudoscalardecaysinto gluons[36].

3.1.3 D ecays into photon pairs

ThedecaysofthescalarHiggsbosonsto photonsarem ediated by W and heavy ferm ion

loopsasin theStandard M odeland,in addition,by charged Higgs,sferm ion and chargino

loops;the relevantdiagram sare shown in Fig.37. The partialdecay widths[3,53]are

given by

�[h=H ! ] =
G F �

2M 3

h=H

128
p
2�3

�
�
�
�
�
�

X

f

N cfe
2

fg
h=H

f A
h=H

f (�f)+ g
h=H

W A
h=H

W (�W )
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Figure37: Typicaldiagram scontributing to �!  atlowestorder.

+ g
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H � A
h=H

H � (�H � )+
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~��
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h=H

~��
A
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~��
(�~�� )+

X

~f

N cfe
2
~f
g
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~f
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(�~f)

�
�
�
�
�
�

2
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with theform factors

A
h=H

f;~��
(�) = 2� [1+ (1� �)f(�)]

A
h=H

H � ;~f
(�) = � � [1� �f(�)]

A
h=H

W (�) = � [2+ 3� + 3�(2� �)f(�)];

where the function f(�) is de�ned in eq.(20). Forlarge loop particle m asses the form

factorsapproach constantvalues,

A
h=H

f;~��
(�) !

4

3
forM 2

h=H � 4M 2

f;~��

A
h=H

H � ;ef
(�) !

1

3
forM 2

h=H
� 4M 2

H � ;ef

A
h=H

W (�) ! � 7 forM2h=H � 4M 2
W :

Sferm ion loopsstarttobesizeableforsferm ion m assesM ef
<
� 300GeV.Forlargersferm ion

m assesthey arenegligible.

The photonic decay m ode ofthe pseudoscalar Higgs boson is generated by heavy

charged ferm ion and chargino loops,seeFig.37.Thepartialdecay width readsas[3,53]

�(A 0 ! )=
G F �

2M 3
A

32
p
2�3

�
�
�
�
�
�

X

f

N cfe
2

fg
A
f A

A
f (�f)+

X

~��

g
A
~�� A

A
~�� (�~�� )

�
�
�
�
�
�

2

; (111)

with theam plitudes

A
A
f;~�� (�) = �f(�): (112)
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Forlargeloop particlem assesthepseudoscalaram plitudesapproach unity.

Theparam eters�i= 4M 2
i=M

2
�
(i= f;W ;H � ;~�� ;~f)arede�ned by thecorresponding

m assoftheheavy loop particleand theM SSM couplingsg
�

f;W ;H � ;~�� ;~f
aresum m arized in

Tables1 and 4.

TheQCD correctionstothequark and squark loop contributionshavebeen evaluated.

Forthet;bquark loopsthey areknown for�nite quark and Higgsm asses[53,69],while

in the case ofsquark loops only the large squark m ass lim it has been com puted so far

[107].TheQCD correctionsrescalethelowestorderquark am plitudes[53,69,107],

A
�

Q (�Q ) ! A
�

Q (�Q )

�

1+ C�(�Q )
�s

�

�

(113)

Ch=H (�Q ) ! � 1 forM 2

h=H
� 4M 2

Q

CA(�Q ) ! 0 forM 2
A � 4M 2

Q

A
h=H

eQ
(�eQ ) ! A

h=H

eQ
(�eQ )

�

1+ eCh=H (�eQ )
�s

�

�

(114)

eCh=H (�eQ ) !
8

3
forM 2

h=H � 4M 2

eQ

The QCD corrections to the  decay width are plotted in Fig.38 for two values of

tg� = 1:5;30 in thecase ofheavy charginosand sferm ions.They arede�ned in term sof

therunningquark m assesin thesam eway astheSM photonicdecay width.TheQCD ra-

diativecorrectionsarem oderatein theinterm ediatem assrange[53,69],wherethisdecay

m ode willbe im portant,and therefore neglected in the analysis. Owing to the narrow-

width approxim ation ofthevirtualquarks,theQCD correctionstothepseudoscalardecay

width exhibita Coulom b singularity atthe t�tthreshold,which isregularized by taking

into accountthe�nitetop quark decay width [104].

The QCD corrections to the quark loops in the heavy quark lim it can be obtained

by m eansofthe low-energy theorem sforscalaraswellaspseudoscalar Higgsparticles,

which havebeen discussed before.TheresultforthescalarHiggsbosonsagreeswith the

SM resultofeq.(37),and theQCD correctionsto thepseudoscalardecay m odevanish in

thislim itdue to the Adler{Bardeen theorem . In com plete analogy to the gluonic decay

m ode,thee�ective Lagrangian can bederived from theABJ anom aly and isgiven to all

ordersofperturbation theory by [53]

Leff = g
A
Q e

2

Q

3�

4�
F
�� eF��

A

v
: (115)

Since there are no e�ective diagram s generated by light particle interactions that con-

tributeto thephotonicdecay width atnext-to-leading order,theQCD correctionsto the

pseudoscalardecay width vanish,in agreem entwith theexplicitexpansion ofthem assive

two-loop result.

Com pletely analogousthe QCD correctionsto the squark loopsforthe scalarHiggs

particles in the heavy squark lim it can be obtained by the extension ofthe scalar low-

energy theorem tothescalarsquarks.TheircouplingtophotonsatNLO can bedescribed
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Figure 38: Size ofthe QCD correction factor for � ! ,de� ned as � = �LO (1+ �),

as a function of the corresponding Higgs m ass for two values of tg� = 1:5;30. The

renorm alization scale ofthe running quark m asses is identi� ed with �Q = M �=2. The

com m on squark m asshasbeen chosen asM S = 1 TeV.

63



by thee�ective Lagrangian [107]

Leff = g
H

eQ

e2
eQ

4

�
eQ
� =�

1+ em (�s)
F
��
F��

H

v
(116)

where �
eQ
� = �=(2�)[1 + 4�s=�]denotes the heavy squark contribution to the QED �

function [100]and em (�s)= 4�s=(3�)the anom aloussquark m assdim ension [101]. Up

to NLO thee�ective coupling readsas[107]

Leff = g
H

eQ
e
2

eQ

�

8�
F
��
F��

H

v

�

1+
8

3

�s

�

�

: (117)

Thiscorrection issm alland thusneglected in thepresentanalysis.

3.1.4 D ecays into Z boson and photon

h;H ;A f;~��

Z



h;H W ;H � ;ef

Z



h;H

W ;H � ;ef
Z



Figure39: Typicaldiagram scontributing to �! Z atlowestorder.

The decays ofthe scalar Higgs bosons into Z boson and photon are m ediated by W

and heavy ferm ion loopsasin the Standard M odeland,in addition,by charged Higgs,

sferm ion and chargino loops;thecontributing diagram sareshown in Fig.39.Thepartial

decay widthsread as[53,108]
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with theform factorsA
h=H

f ;A
h=H

W given in eq.(44),and

A
h=H

H � (�;�)=
cos2�W

cos�W
I1(�;�); (119)
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wherethefunction I1(�;�)isde�ned aftereq.(44).

The Z decay m ode ofthe pseudoscalarHiggsboson isgenerated by heavy charged

ferm ion and chargino loops,seeFig.39.Thepartialdecay width isgiven by [108]

�(A ! Z)=
G 2
F M

2
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3
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(120)

with theferm ion am plitudes

A
A
f (�;�)= 2Ncf

ef(I3f � 2ef sin
2�W )

cos�W
I2(�;�): (121)

The contributions ofcharginos and sferm ions involve m ixing term s. Their analytical

expressions can be found in [108]. For large loop particle m asses and sm allZ m ass,

the form factors approach the photonic am plitudes m odulo couplings. The param eters

�i = 4M 2
i=M

2
�;�i = 4M 2

i=M
2
Z (i= f;W ;H � ;~�� ;~f) are de�ned by the corresponding

m ass ofthe heavy loop particle and the non-m ixing M SSM couplings g
�

f;W ;H � ;~�� ;~f
are

sum m arized in Tables1 and 4,whilethem ixing and Z boson couplingsgZi can befound

in [3].

The branching ratios ofthe Z decay m odes range at a levelofup to a few 10� 4

in the interm ediate m ass ranges ofthe Higgs bosons and are thus phenom enologically

unim portantin theM SSM .

3.1.5 D ecays into interm ediate gauge bosons

The partialwidthsofthe scalarM SSM Higgsbosonsinto W and Z boson pairscan be

obtained from the SM Higgs decay widths by rescaling with the corresponding M SSM

couplingsg
h=H

V ,which arelisted in Table1:

�(h=H ! V
(� )
V
(� ))= (g

h=H

V )2�(H SM ! V
(� )
V
(� )): (122)

They arestrongly decreased by kinem aticsuppression and reduced M SSM couplings,and

thusdo notplay a dom inantr̂oleasin theSM case.NeverthelesstheW W ;ZZ branching

ratios can reach values ofO (10% ) for the heavy scalar Higgs boson H for sm alltg�.

O�-shellW W ;ZZ decayscan pick up severalpercentofthelightscalarHiggsdecaysat

the upperend ofitsm assrange. The pseudoscalarHiggsparticle doesnotcouple to W

and Z bosonsattreelevel.

3.1.6 D ecays into H iggs particles

Theheavy scalarHiggsparticlecan decay intopairsoflightscalaraswellaspseudoscalar

Higgsbosons,seeFig.40.Thepartialdecay widthsaregiven by [3]

�(H ! hh) = �
2

H hh

G F M
4
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p
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v
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u
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M 2
h

M 2
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Figure 40: Typicaldiagram scontributing to Higgsdecayswith Higgsbosonsin the � nal

state.
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Theself-couplings�H hh and �H A A can bederived from thee�ective Higgspotential[31].

The decay m ode into pseudoscalar particles is restricted to sm allregionsofthe M SSM

param eterspace,where the pseudoscalarm assM A issm all. The decay into lightscalar

bosonsisdom inantforsm alltg� below thet�tthreshold.

The contributions of �nal states containing o�-shell scalar or pseudoscalar Higgs

bosonsm ay be signi�cantand are thusincluded in the analysis. Theirexpressionsread

as[52]
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where �� = M 2
�=M

2
H .They slightly enhance theregions,where thehh;AA decay m odes

oftheheavy scalarHiggsboson H aresizeable.

M oreover,Higgsbosonscan decay into a gauge and a Higgsboson,see Fig.40. The

variouspartialwidthscan beexpressed as
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�(H ! H
�
W

� ) = �
2

H H + W

G F M
4
W

8
p
2�M H

q

�(M 2

H � ;M
2
W ;M

2
H )�(M

2

H � ;M
2

H ;M
2

W ) (127)
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where the couplings�2ijk can be determ ined from the e�ective Higgspotential[31]. The

functions�(x;y;z)= (1� x=z� y=z)2 � 4xy=z2 denote the usualtwo-body phase-space
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factors.Thebranching ratiosofthesedecay m odesm ay besizeablein speci�cregionsof

theM SSM param eterspace.

Below-threshold decaysinto a Higgsparticleand an o�-shellgaugeboson turn outto

bevery im portantfortheheavy HiggsbosonsoftheM SSM .Theindividualcontributions

aregiven by [52]
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ThegenericfunctionsG ij can bewritten as

G ij =
1

4

8
<

:
2(� 1+ �j � �i)

q

�ij
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�

2
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�j
�ij
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(136)

using theparam eters

�ij = � 1+ 2�i+ 2�j � (�i� �j)
2
; �i=

M 2
i

M 2
�

: (137)

The coe�cient � 0

Z is de�ned aftereq.(51). O�-shellhZ � decays are im portant forthe

pseudoscalarHiggsboson form assesaboveabout130 GeV forsm alltg� [52].Thedecay

m odesH � ! hW �;AW � reach branching ratiosofseveraltensofpercentand lead to

a signi�cantreduction ofthe dom inantbranching ratio into �� �nalstatesto a levelof

60{70% forsm alltg� [52].

3.1.7 Totaldecay w idths and branching ratios ofnon-SU SY particle decays

Fig.41 presents the totaldecay widths and Fig.42 the branching ratiosofthe various

Higgsdecay m odesinto non-SUSY particles,i.e.SM and Higgsparticles,asa function of

the corresponding Higgsm assesfortwo representative valuesoftg� = 1:5;30.Since the

Higgsself-interactionsare determ ined by the gauge couplings,the totaldecay widthsof

allM SSM Higgsbosonsdo notexceed about30 GeV,so thatthesestateswillappearas

rathernarrow resonances.Thesm alldecay widthsareadirectconsequenceoftheabsence

ofquadratic divergences in the M SSM Higgs sector and the solution ofthe hierarchy

problem .
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Figure 41: Totaldecay widths ofthe M SSM Higgs bosons h;H ;A;H � for non-SUSY

decay m odesas a function oftheir m assesfor two valuesoftg� = 1:5;30 and vanishing

m ixing.The com m on squark m asshasbeen taken to be M S = 1 TeV.

68



BR(h)
tgβ = 1.5

bb
_

τ+τ−

cc
_

gg

Mh [GeV]

1

BR(h)
tgβ = 30

bb
_

τ+τ−

gg

WW→

←ZZ

←gg

←cc
_

←γγ

Mh [GeV]

1

10
-3

10
-2

10
-1

50 60 70 80 90
10

-3

10
-2

10
-1

60 80 100 120

Fig.42a

BR(H)

tgβ=1.5

bb
_

gg
gg

←cc
_

←τ+τ−

bb (tgβ=30)
_

τ+τ−(tgβ=30)

MH [GeV]
100 200 300 500 1000

BR(H)

tgβ=1.5

hh hh

WW

ZZ

tt-

ZA→

MH [GeV]
100 200 300 500 1000

10
-2

10
-1

1

10
-2

10
-1

1

Fig.42b

Figure42: Branchingratiosofthe M SSM Higgsbosonsh(a);H (b);A(c);H �(d)fornon-

SUSY decay m odes as a function oftheir m asses for two values oftg� = 1:5;30 and

vanishing m ixing.The com m on squark m asshasbeen chosen asM S = 1 TeV.
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Figure42:Continued.
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For the light scalar Higgs boson h the b�b decays dom inate,with a branching ratio

ofup to about90% ,see Fig.42a. The bulk ofthe rem aining decay m odesis taken by

�+ �� decays,thebranching ratio ofwhich rangesatabout8{9% .Attheupperbound of

the lightHiggsboson m assalldecay m odes,asforthe interm ediate SM Higgsparticle,

areim portant.Theirbranching ratioscoincidewith theSM valuesforthecorresponding

SM Higgsm ass,in accordancewith thecondition thatin thedecoupling regim ethelight

scalarHiggsparticlebehavesastheSM Higgsboson.

Fig.42b shows that for large tg� the heavy scalar Higgs boson H predom inantly

decaysintob�b�nalstateswith abranching ratioofabout90% ,and to alesserextentinto

�+ �� pairswith a branching ratio ofabout10% .Allotherdecay m odesareunim portant

forlarge tg�. In contrast,the heavy scalarHiggsparticle exhibitsa very rich spectrum

ofdecay m odes for sm alltg�. For tg� = 1:5 the hh decay m ode plays the dom inant

r̂ole below the t�tthreshold with a branching ratio ofup to 90% . Only in the vicinity of

M H � 130GeV doesthisdecay m odedrop down,becausethetrilinearself-coupling �H hh

changessign and crosseszero.Thisistheonly rangewheretheb�bdecay channelsprovides

thedom inantcontribution,butitfallso� very quickly aboveand below thisHiggsm ass.

M oreover,W W decaysaresizeablewith a branching ratio ofabout10{30% below thet�t

threshold,while the ZZ decaysreach valuesoflessthan 8% . Above the t�tthreshold,t�t

decaysareoverwhelm ing and theirbranching ratio am ountsto up to 98% .

From Fig.42citcan beinferred thatforlargetg� the pseudoscalarHiggsparticle A

only decaysinto b�b [BR � 90% ]and �+ �� pairs[BR � 10% ]. Allotherdecay channels

are suppressed and thusunim portant.Contrary to thatatsm alltg� the b�bdecay m ode

dom inatesonly below theZh threshold with a branching ratio� 80{90% .Thebranching

ratio of�+ �� decaysrangesatabout8{9% in thism assregim e.AbovetheZh threshold,

the Zh decay channelplays the dom inant r̂ole and itsbranching ratio can reach about

50% below the t�t threshold. It should be noted that already below the Zh threshold

o�-shellZ �h decays are sizeable and thusim portant. In addition the gg decay channel

grows rapidly from 2% up to about 20% at the t�t threshold. Above this threshold t�t

decaysoverwhelm with a branching ratio ofnearly 100% .

Fig.42d showsthatbelow thet�bthreshold charged HiggsH + ! �+ �� decaysprovide

the dom inantcontribution.Owing to the sizeable below-threshold decaysinto W �h and

W �A,the branching ratio ofthe ��� decays does not exceed 70% for sm alltg�,but

am ounts to about 99% for large tg�. Above the t�b threshold,H � ! t�b is dom inant.

Forsm alltg� its branching ratio reaches about99% ,whereas forlarge tg� itdoesnot

exceed about80% duetoastillsizeablecontribution of�+ �� decays.Forsm alltg� along

o�-shelltailbelow thet�bthreshold arisesfrom o�-shellH + ! t��bdecays.Justbelow the

t�b threshold W h decayscan be dom inantforsm alltg� within a very restricted charged

Higgsm assrange.Forsm allcharged Higgsm assestheo�-shelldecaysintoW �h and W �A

can acquire branching ratiosofm ore than 10% forsm alltg�. Below the W h threshold

cs and cbdecaysreach branching ratiosofa few percent.
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3.1.8 D ecays into SU SY particles

C hargino/neutralino m asses and couplings. The chargino/neutralino m assesand

couplingsto the M SSM Higgsbosonsare �xed by the Higgsm assparam eter� and the

SU(2)gaugino m assparam eterM 2.Them assm atrix ofthecharginosisgiven by [25]

M �� =

"
M 2

p
2M W sin�

p
2M W cos� �

#

(138)

Thiscan bediagonalized by twom ixing m atricesU;V ,yielding them assesofthephysical

�
�

1;2 states:

M
�
�
1;2

=
1
p
2

n

M
2

2 + �
2 + 2M 2

W

�
q

(M 2
2 � �2)2 + 4M 4

W cos22� + 4M 2
W (M

2
2 + �2 + 2M 2� sin2�)

� 1=2

(139)

Ifeither� orM 2 islarge,onechargino correspondsto a puregaugino stateand theother

to a purehiggsino state.TheHiggscouplingsto charginos[109,110]can beexpressed as

[k = 1;2;3;4 correspond to H ;h;A;H � ]

H k ! �
+

i �
�

j : Fijk =
1
p
2
[ekVi1Uj2 � dkVi2Uj1]; (140)

wherethecoe�cientse k and dk arede�ned to be

e1 = cos� ; e2 = sin� ; e3 = � sin�

d1 = � sin� ; d2 = cos� ; e3 = cos� :
(141)

Them assm atrixofthefourneutralinosdependsin addition on theU(1)gauginom ass

param eterM 1,which isconstrained by SUGRA m odelsto be M 1 =
5

3
tan�W M 2. In the

bino-wino-higgsino basis,ithastheform [25]

M �0 =

2

6
6
6
4

M 1 0 � MZ sin�W cos� M Z sin�W sin�

0 M 2 M Z cos�W cos� � MZ cos�W sin�

� MZ sin�W cos� M Z cos�W cos� 0 � �

M Z sin�W sin� � MZ cos�W sin� � � 0

3

7
7
7
5

(142)

which can bediagonalized by asinglem ixing m atrix Z.The�nalresultsaretooinvolved

tobepresented here.Theycanbefoundin [109].Ifeither� orM 2 islarge,twoneutralinos

are pure gaugino statesand the othertwo pure higgsino states. The Higgscouplingsto

neutralino pairs[109,110]can bewritten as[k = 1;2;3;4 correspond to H ;h;A;H � ]

H k ! �
0

i�
0

j : Fijk =
1

2
(Zj2 � tan�W Zj1)(ekZi3 + dkZi4)+ (i$ j) (143)

with thecoe�cientse k;dk de�ned in eq.(141).
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Thecharged Higgscouplingsto chargino{neutralino pairsare�xed to be[109]

H
� ! �

�

i �
0

j : Fij4 = cos�

"

Vi1Zj4 +
1
p
2
Vi2(Zj2 + tan�W Zj1)

#

Fji4 = sin�

"

Ui1Zj3 �
1
p
2
Ui2(Zj2 + tan�W Zj1)

#

(144)

Sferm ion m asses and couplings. The scalar partners ~fL;R ofthe left- and right-

handed ferm ion com ponents m ix with each other. The m ass eigenstates ~f1;2 of the

sferm ions ~f arerelated to thecurrenteigenstates ~fL;R by m ixing angles�f,

~f1 = ~fL cos�f + ~fR sin�f
~f2 = � ~fL sin�f + ~fR cos�f ; (145)

which are proportionalto the m assesofthe ordinary ferm ions. Thusm ixing e�ectsare

only im portantforthethird-generation sferm ions~t;~b;~�,them assm atrix ofwhich isgiven

by [25]

M ~f
=

"
M 2

~fL
+ M 2

f M f(A f � �rf)

M f(A f � �rf) M 2
~fR
+ M 2

f

#

; (146)

with theparam etersrb = r� = 1=rt= tg�.Theparam etersAf denotetheYukawam ixing

param etersofthesoftsupersym m etry breakingpartoftheLagrangian.Consequently the

m ixing anglesacquiretheform

sin2�f =
2M f(A f � �rf)

M 2
~f1
� M 2

~f2

; cos2�f =
M 2

~fL
� M 2

~fR

M 2
~f1
� M 2

~f2

(147)

and them assesofthesquark eigenstatesaregiven by

M
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= M
2
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2
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q
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: (148)

TheneutralHiggscouplingsto sferm ionsread as[109]
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); (149)

with the couplingsg�i listed in Table 5. The charged Higgscouplingsto sferm ion pairs

[109]can beexpressed as[�;� = L;R]

g
H �

~u� ~d�
= �

1
p
2
[g
��

1 + M
2

W g
��

2 ]; (150)

with thecoe�cientsg
��

1;2 sum m arized in Table6.
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~f � g �
1 g�2 g�3 g�4

h cos�=sin� � sin(� + �) � sin�=sin� cos�=sin�

~u H sin�=sin� cos(� + �) cos�=sin� sin�=sin�

A 0 0 1 � 1=tg�

h � sin�=cos� � sin(� + �) cos�=cos� � sin�=cos�

~d H cos�=cos� cos(� + �) sin�=cos� cos�=cos�

A 0 0 1 � tg�

Table5: Coe� cientsofthe neutralM SSM Higgscouplingsto sferm ion pairs.

i gLLi gR Ri gLRi gR Li

1 M 2
u=tg� + M 2

dtg� M uM d(tg� + 1=tg�) M d(� + Adtg�) M u(� + Au=tg�)

2 � sin2� 0 0 0

Table6: Coe� cientsofthe charged M SSM Higgscouplingsto sferm ion pairs.

D ecays into charginos and neutralinos. The decay widths of the M SSM Higgs

particlesH k [k = 1;2;3;4 correspond to H ;h;A;H � ]into neutralino and chargino pairs

can becastinto theform [109,110]

�(H k ! �i�j) =
G F M

2
W

2
p
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M H k

q

�ij;k

1+ �ij

"
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ijk + F
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� 4�k�i�jFijkFjik
M �iM �j

M 2
H k

#

; (151)

where �1;2;4 = +1; �3 = � 1 and �ij = 0 unless the �nalstate consists oftwo identical

(M ajorana) neutralinos,in which case �ii = 1;�i = � 1 stands for the sign ofthe i’th

eigenvalueoftheneutralinom assm atrix,which can bepositiveornegative.Forcharginos

theseparam etersarealwaysequalto unity.Thesym bols�ij;k denotetheusualtwo-body

phase-space functions

�ij;k =

 

1�
M 2

i

M 2
k

�
M 2

j

M 2
k

! 2

� 4
M 2

iM
2
j

M 4
k

: (152)

Ifchargino/neutralino decays are kinem atically allowed,which m ay be the case forthe

heavy M SSM Higgs particles H ;A;H � ,their branching ratios can reach values up to
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about100% below thecorresponding top quark thresholds.They can thusbedom inant,

jeopardizing theHiggssearch attheLHC duetotheinvisibility ofasigni�cantfraction of

thesedecay m odes[109].A typicalexam pleofthetotalsum ofchargino/neutralinodecay

branching ratiosisshown in Fig.43 forthe heavy Higgsbosons. Even above the corre-

sponding top quark thresholdsthechargino/neutralino branching ratioswillbesizeable.

Forlarge Higgsm asses they reach com m on valuesofabout20{80% : in the asym ptotic

regim eM H k
� M �,thetotalsum ofdecay widthsintocharginosand neutralinosacquires

thesim pleform [109,110]

�

0

@ H k !
X

i;j

�i�j

1

A =
3G F M

2
W

4
p
2�

M H k

�

1+
1

3
tan2�W

�

(153)

for all three Higgs bosons H ;A;H � , which is independent of any M SSM param eter

[tg�;�;At;b;M 2]. Norm alized to the totalwidth,which isdom inated by t�t;b�b(t�b)decay

m odesfortheneutral(charged)Higgsparticlesthebranchingratioofchargino/neutralino

decays willexceed a levelofabout20% even forsm alland large tg�. In som e partof

the M SSM param eter space,invisible light scalar Higgs boson decays into the lightest

neutralino h ! �0
1
�0
1
willbepossibleand theirbranching ratiocan exceed 50% [109,110].

D ecaysinto sleptonsand squarks. Thesferm ionicdecay widthsoftheM SSM Higgs

bosonsH k [k = 1;2;3;4 correspond to H ;h;A;H � and i;j= 1;2]can bewritten as[109]

�(H k ! ~fi~fj)=
3G F

2
p
2�M H k

q

� ~fi
~fj;H k

(g
H k

~fi~fj
)2: (154)

The physicalM SSM couplings g
H k

~fi
~fj
can be obtained from the couplings presented in

eqs.(149) and (150) by m eans ofthe m ixing relations in eq.(145). The sym bol�ij;k
denotestheusualtwo-body phase-space factorofeq.(152).

In the lim it ofm assless ferm ions,which is a valid approxim ation for the �rst two

generations,the pseudoscalar Higgs bosons A do not decay into sferm ions due to the

suppression ofsferm ion m ixing by theferm ion m ass.In thedecoupling regim e,wherethe

Higgsm assesM H ;H � are large,the decay widthsofthe heavy scalarand charged Higgs

particlesinto sferm ionsareproportionalto [109]

�(H ;H � ! ~f ~f)/
G F M

4
W

M H ;H �

sin22� : (155)

Thus they are only im portant for sm alltg� � 1. However,they are suppressed by an

inverse power ofthe large Higgs m asses,rendering unim portant the sferm ion decays of

the�rsttwo generations.

Decay widths into third-generation sferm ions [~t;~b;~�]can be m uch larger,thanks to

thesigni�cantly largerferm ion m asses.Forinstance,in theasym ptoticregim etheheavy
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Figure 43: Branching ratios of the M SSM Higgs boson H ;A;H � decays into

charginos/neutralinosand squarksasa function oftheirm assesfortg� = 1:5.The m ix-

ing param etershavebeen chosen as� = 160 GeV,At = 1:05 TeV,A b = 0 and the squark

m assesofthe � rsttwo generationsasMeQ = 400 GeV.The gaugino m assparam eterhas

been setto M 2 = 150 GeV.

scalarHiggsdecay into stop pairsofthesam ehelicity isproportionalto [109]

�(H ! ~t~t)/
G F M

4
t

M H tg
2�

; (156)

which will be enhanced by large coe�cients com pared to the �rst/second-generation

squarks for sm alltg�. At large tg� sbottom decays willbe signi�cant. M oreover,for

largeHiggsm assesthedecay widthsofheavy neutralCP-even and CP-odd Higgsparti-

clesinto stop pairsofdi�erenthelicity willbeproportionalto [109]

�(H ;A ! ~t~t)/
G F M

2
t

M H ;A

"

� +
A t

tg�

#2

(157)

and hencewillbeofthesam eorderofm agnitudeasstandard ferm ion and chargino/neu-

tralino decay widths. In sum m ary,ifthird-generation sferm ion decaysare kinem atically

allowed,they haveto betaken into account.An extrem eexam pleforthetotalbranching

ratiosofdecaysinto squarksisdepicted in Fig.43,wherethey can reach valuesof� 80%

fortheheavy scalarHiggsboson H .
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VeryrecentlytheSUSY-QCD correctionstothestop and sbottom decaysoftheM SSM

Higgsbosonshavebeen calculated [111].They reach about30% ,especially in thethresh-

old regions.They arenotincluded in thepresentanalysis.

3.2 N eutralH iggs B oson Production at the LH C

3.2.1 G luon fusion: gg! � [�= h;H ;A]

Thegluon-fusion m echanism [15]

pp! gg! �

dom inates the neutralHiggs boson production at the LHC in the phenom enologically

relevantHiggsm assrangesforsm alland m oderatevaluesoftg�.Only forlargetg� can

theassociated �b�bproduction channeldevelop a largercrosssection dueto theenhanced

Higgscouplingsto bottom quarks[18,112]. Analogousto the gluonic decay m odes,the

gluon coupling to the neutralHiggsbosonsin the M SSM isbuiltup by loopsinvolving

top and bottom quarksaswellassquarks,seeFig.44.

�t;b;~q

g

g

Figure44: Typicaldiagram contributing to gg ! � atlowestorder.

The partonic cross sections can be obtained from the gluonic widths ofthe Higgs

bosonsatlowestorder[53,99]:

�̂
�

LO (gg! �) = �
�

0 �(1� z) (158)
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where the scaling variables are de�ned as z = M 2
�
=ŝ,�i = 4M 2

i=M
2
�

(i= Q;eQ),and

ŝ denotes the partonic c.m .energy squared. The am plitudes A �

Q ;eQ
(�

Q ;eQ
) are de�ned in

77



eqs.(102),(106),and theM SSM couplingsg�Q ;g
�

eQ
can befound in Tables1 and 4.In the

narrow-width approxim ation thehadroniccrosssectionsaregiven by

�LO (pp! �)= �
�

0 ��
dLgg

d��
(159)

with thegluon lum inosity de�ned in eq.(57)and thescalingvariables�� = M 2
�=swheres

speci�esthetotalhadronicc.m .energy squared.Forsm alltg� thetop loop contribution

is dom inant, while for large values oftg� the bottom quark contribution is strongly

enhanced.Ifthesquark m assesarelessthan � 400GeV,theircontribution issigni�cant,

and for squark m asses beyond � 500 GeV they can safely be neglected [99]. This is

dem onstrated in Fig.45,wheretheratio ofthecrosssection with and withoutthesquark

contribution is presented as a function ofthe corresponding scalar Higgs m ass. In the

phenom enologicalm assrangethesquark loopsm ay enhancethecrosssection by up to a

factor2.
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Figure 45: Ratio ofthe QCD-corrected cross section �(pp ! h + X )with and without

squarkloopsasa function ofthecom m on squarkm assM eQ
fortwo valuesoftg� = 1:5;30,

and forM A = 100 GeV.The secondary axespresentthe corresponding lightscalarHiggs

m assM h.The top and bottom m asseshave been chosen asM t = 175 GeV,M b = 5 GeV,

and the cross sections are convoluted with CTEQ4M parton densities using �s(M Z) =

0:116 asthe norm alization ofthe NLO strong coupling constant.
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Q C D corrections. In thepastthetwo-loop QCD correctionsto thegluon-fusion cross

section were calculated [53,103]. In com plete analogy to the SM case they consist of

virtualcorrectionsto thebasicgg ! � processand realcorrectionsdueto theassociated

production oftheHiggsbosonswith m asslesspartons,

gg! �g and gq! �q;qq! �g:

Thusthe contributionsto the �nalresultforthe hadronic crosssection can be classi�ed

as

�(pp! �+ X )= �
�

0

�

1+ C
�
�s

�

�

��
dLgg

d��
+ �� �

gg + �� �

gq + �� �

q�q: (160)

Theanalyticexpressionsforarbitrary Higgsboson and quark m assesareratherinvolved

and can befound in [53].Asin theSM casethe(s)quark-loop m asseshavebeen identi�ed

with thepolem assesM Q (M eQ
),whiletheQCD coupling isde�ned in theM S schem e.W e

have adopted the M S factorization schem e forthe NLO parton densities. The axial5
coupling hasbeen regularized in the’tHooft{Veltm an schem e [102],which preservesthe

chiralsym m etry in them asslessquark lim itand ful�llsthenon-renorm alization theorem

oftheABJ anom aly atvanishing m om entum transfer[105].

Thecoe�cientsC �(�Q ;�eQ )splitintotheinfrared �
2 term ,alogarithm icterm including

therenorm alization scale�,and �nite(s)quark m ass-dependentpiecesc�(�Q ;�eQ ):

C
�(�Q ;�eQ )= �

2 + c
�(�Q ;�eQ )+

33� 2NF

6
log

�2

M 2
�

: (161)

The term s c�(�Q ) originating from quark loops have been reduced analytically to one-

dim ensionalFeynm an-param eter integrals,which were evaluated num erically [53,103].

The QCD corrections to the squark contributions are only known in the heavy-squark

lim it[99],which howeverprovidesa reasonableapproxim ation to theK factordueto the

dom inanceofsoftand collineargluon radiation forheavyparticleloopsin thegluon-fusion

process.

Therem aining contributionsofeq.(160)can becastinto theform [53,103]

�� �

gg =

Z
1

��

d�
dLgg

d�
�
�s

�
�
�

0

(

� zPgg(z)log
M 2

ŝ
+ d

�

gg(z;�Q ;�eQ )

+12

" 
log(1� z)

1� z

!

+

� z[2� z(1� z)]log(1� z)

#)

�� �

gq =

Z
1

��

d�
X

q;�q

dLgq

d�
�
�s

�
�
�

0

(

�
z

2
Pgq(z)log

M 2

ŝ(1� z)2
+ d

�

gq(z;�Q ;�eQ )

)

�� �

q�q =

Z
1

��

d�
X

q

dLq�q

d�
�
�s

�
�
�

0 d
�

q�q(z;�Q ;�eQ ); (162)

with z = ��=� = M 2
�
=ŝ.Pgg and Pgq arethestandard Altarelli{Parisisplitting functions

de�ned in eq.(61).Thecoe�cientsd �
gg;d

�
gq and d

�
qq havebeen reduced toone-dim ensional
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integralsforthe quark loops,which can be evaluated num erically [53,103]forarbitrary

quark m asses.They can becalculated analytically in theheavy-and light-quark lim its.

Intheheavy-quarklim itthequarkcontributionstothecoe�cientsc �(�Q )andd
�
ij(z;�Q )

reduceto thesam eexpressionsasin theSM caseofeq.(62)forthescalarHiggsparticles

h;H .ForthepseudoscalarHiggsboson only thecoe�cientc A(�Q )di�ersfrom thescalar

case,

�Q = 4M 2

Q =M
2

A � 1 : c
A(�Q )! 6:

(163)

In fact,the leading term sin the heavy-quark lim itprovide a reliable approxim ation for

sm alltg� up to Higgsm assesof� 1 TeV ascan be inferred from Fig.46,which shows

theexactpseudoscalarcrosssections(solid lines)asa function ofthepseudoscalarHiggs

m ass for three values oftg� and the approxim ation obtained by m ultiplying the full

m assive leading-ordercrosssection with theK factorobtained in theheavy-quark lim it.

A m axim aldeviation � 25% for tg�<� 5 occurs in the interm ediate m ass range. The

squark contribution in theheavy-squark lim itcoincideswith theheavy-quark caseapart

from thevirtualpiece[99],

�eQ = 4M 2

eQ
=M

2

h=H � 1 : c
h=H (�eQ )!

25

3
:

(164)

The QCD corrections to the squark loops have been evaluated for degenerate squark

m asses,so thatno m ixing e�ectsoccur,and forheavy gluinos,such thattheircontribu-

tionsare suppressed. In thiscase there are no squark loop e�ectsin pseudoscalarHiggs

production.

In the opposite lim it,where the Higgsm assism uch largerthan thequark m ass,the

analytic results coincide with the SM expressions for both the scalar and pseudoscalar

Higgsparticles [53]. Thiscoincidence reects the restoration ofthe chiralsym m etry in

them asslessquark lim it.

TheK factorsK tot = �N LO =�LO arepresented forLHC energiesinFig.47asafunction

ofthe corresponding Higgsboson m ass. Both the renorm alization and the factorization

scales have been identi�ed with the Higgs m asses � = M = M �. The variation ofthe

K factors with the Higgs m asses is m ainly caused by the M SSM couplings apart from

the threshold region,where in the pseudoscalar case a Coulom b singularity em erges in

analogy to thegluonicand photonic decay m odes[53,103].The correctionsarepositive

and large,increasing the M SSM Higgs production cross sections at the LHC by up to

about100% .

The e�ectofthe squark loopson the scalarHiggsK factorsispresented in Fig.48,

which showstheK factorsofscalarHiggsboson productionwith and withoutsquarkloops

asa function ofthecorresponding Higgsm ass.Itisclearly visible thatthesquark loops

hardly changetheK factors,m aking theK factorsfrom thepurequark contributionsan

excellentapproxim ation within m axim aldeviationsofabout10% .

Theoreticaluncertaintiesin theprediction oftheHiggscrosssection originatefrom two

sources,the dependence ofthe crosssection on di�erentparam etrizationsofthe parton
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Figure46: Com parison ofthe exactand approxim ateNLO crosssection �(pp! A + X )

atthe LHC with c.m .energy
p
s= 14 TeV.The solid linesshow the exactcrosssections

includingthefullt;bquarkm assdependenceand thedashed linescorrespond to theheavy-

quark approxim ation ofthe K factor. The renorm alization and factorization scaleshave

been identi� ed with the Higgs m ass,� = M = MA and the CTEQ4M parton densities

with NLO strong coupling [�s(M Z)= 0:116]have been adopted. The top m ass has been

chosen asM t= 175 GeV,thebottom m assasM b = 5 GeV and the com m on squarkm ass

asM S = 1 TeV.

densitiesand theunknown NNLO corrections.Forrepresentativesetsofrecentparton dis-

tributions[87,88],we�nd avariation ofabout� 10% ofthecrosssection forHiggsm asses

largerthan � 100 GeV analogousto theSM case.Theuncertainty dueto thegluon den-

sity willbe sm allerin thenearfuturewhen the deep-inelastic electron/positron{nucleon

scattering experim entsatHERA willhavereached theanticipated levelofaccuracy.

The[unphysical]variation ofthecrosssectionswith therenorm alization and factoriza-

tion scalesisreduced by including theNLO corrections.Thisisshown in Fig.49 forthe

heavy scalarand pseudoscalarHiggsparticleswith m assesM H = 500GeV and M A = 100

GeV.Therenorm alization/factorization scale� = M isvaried in unitsoftheHiggsm ass

� = �M �. The rem aining uncertainties due to the scale dependence appear to be less

than about15% .
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Figure47: K factorsofthe QCD-corrected gluon-fusion crosssection �(pp! �+ X )at

the LHC with c.m .energy
p
s= 14 TeV.The dashed linesshow the individualcontribu-

tionsofthefourterm softheQCD correctionsgiven in eq.(160).Therenorm alization and

factorization scaleshavebeen identi� ed with thecorrespondingHiggsm ass,� = M = M�,

and the CTEQ4M parton densitieshave been adopted.
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Figure48: K factorsofthecrosssections�(pp! h=H + X )with [solidlines]and without

[dashed lines]squark loopsas a function ofthe corresponding scalar Higgs m assfor two

values oftg� = 1:5;30. The com m on squark m ass has been chosen as M eQ
= 200 GeV.

The top and bottom m asseshave been setto M t = 175 GeV,M b = 5 GeV,and the NLO

crosssectionsareconvoluted with CTEQ4M parton densitiesusing�s(M Z)= 0:116asthe

norm alization ofthe NLO strong coupling constant.The LO crosssectionsare evaluated

with CTEQ4L parton densitieswith the LO strong coupling �s(M Z)= 0:132.

Soft gluon resum m ation. Recently softand collineargluon radiation e�ectsforthe

totalgluon-fusion crosssection havebeen resum m ed [91].In com pleteanalogy to theSM

case,theperturbativeexpansion oftheresum m ed resultleadsto a quantitative approxi-

m ation ofthethree-loop NNLO correctionsofthepartoniccrosssection in theheavy top

m asslim it,which approxim atesthe fullm assive NLO resultwith a reliable precision for

sm alland m edium valuesoftg� [seeFig.46].Owingtothelow-energytheorem sdiscussed

before [see the gluonic decay m odes� ! gg],the unrenorm alized partonic crosssection

factorizesin thesam eway astheSM crosssection.Thescalarfactors�h=H coincidewith

the SM values ofeq.(66)and the pseudoscalar factoris equalto unity,because ofthe

non-renorm alization oftheABJ anom aly [105],

�
A = 1: (165)

The resum m ation ofsoftand collineargluon e�ectsproceedsalong the sam e linesasin

the SM case. The �nalresultsforthe scalarcorrection factors�h=H are identicalto the
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Figure49: The renorm alization and factorization scale dependence ofthe Higgsproduc-

tion crosssection atlowestand next-to-leading orderfortwo di� erentHiggsbosonsH ;A

with m assesM H = 500 GeV and M A = 100 GeV and two valuesoftg� = 1:5;30.
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SM resulteq.(76),and thepseudoscalarcorrection factorcan becastinto theform [91]

�
A

 

N ;
M 2

A

�2
;�s(�)

!

= �
h=H

 

N ;
M 2

A

�2
;�s(�)

!

� exp

(

6
�s(M

2
A )

�

)

: (166)

TheperturbativeexpansionsatNLO and NNLO [91]read as[for� = M ]

�
(1)

A

 

z;
M 2

A

�2

!

= �
(1)

h=H

 

z;
M 2

A

�2

!

+ 6�(1� z) (167)

�
(2)

A

 

z;
M 2

A

�2

!

= �
(2)

h=H

 

z;
M 2

A

�2

!

+ 3f24D 1(z)� 12L�D 0(z)� 48E1(z)

+(12�2 + 6+ �0L�)�(1� z)g (168)

whereweusethesam enotation asin theSM case.
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Figure50: Exactand approxim ate two-and three-loop correction factorconvoluted with

NLO gluon densitiesin theheavytop quarklim itforthepseudoscalarM SSM Higgsboson.

The CTEQ4M parton densitieshave been adopted with �s(M Z)= 0:116 atNLO.

Theconvolution ofthescalarcorrection factorswith NLO gluon densitiesand strong

couplingcoincideswith theSM casein Fig.24,whilethepseudoscalarcaseispresented in
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Fig.50asafunction ofthepseudoscalarHiggsm assattheLHC.Thesolidlinecorresponds

totheexactNLO resultand thelowerdashed linetotheNLO expansion oftheresum m ed

correction factor. Itcan be inferred from this�gure thatthe softgluon approxim ation

reproducestheexactresultwithin � 5% atNLO.Theupperdashed lineshowstheNNLO

expansion ofthe resum m ed correction factor. Fig.50 dem onstrates thatthe correction

factoram ountstoabout2.2{2.5atNLO and 3.2{4.1atNNLO in thephenom enologically

relevant Higgs m ass range M A
<
� 1 TeV.However,in order to evaluate the size ofthe

QCD corrections,each orderoftheperturbativeexpansion hasto beintegrated with the

strong coupling and parton densities ofthe sam e order,i.e.LO cross section with LO

quantities,NLO crosssection with NLO quantitiesand NNLO crosssection with NNLO

quantities.ThisconsistentK factoram ountsto about1.5{2.0 atNLO and isthusabout

50{60% sm allerthan theresultin Fig.50.A reliableprediction ofthegluon-fusion cross

section atNNLO requirestheconvolution with NNLO parton densities,which arenotyet

available.Itisthusim possibleto predicttheHiggsproduction crosssectionswith NNLO

accuracy untilNNLO structurefunctionsareaccessible.

ThescaledependenceatNNLO developsasim ilarpictureasin theSM case.Forlarge

Higgsm assesa broad m axim um appearsnearthenaturalscale � = M = M � indicating

an im portant theoreticalim provem ent in the prediction ofthe Higgs production cross

section [91].

3.2.2 Vector boson fusion: qq! qqV �V � ! qqh=qqH

h;H

q

q

W ;Z

W ;Z

Figure51: Diagram contributing to qq! qqV �V � ! qqh=qqH atlowestorder.

Dueto theabsenceofvectorboson couplingsto pseudoscalarHiggsparticlesA,only the

scalarHiggsbosonsh;H can beproduced via thevector-boson-fusion m echanism attree

level[seeFig.51].However,these processesaresuppressed with respectto theSM cross

section dueto theM SSM couplings[g
h=H

V = sin(� � �)=cos(� � �)],

�(pp! qq! qqh=qqH )=
�

g
h=H

V

�2
�(pp! qq! qqH SM ): (169)

Itturnsoutthatthevector-boson-fusion m echanism isunim portantintheM SSM ,because

for large heavy scalar Higgs m asses M H ,the M SSM couplings gHV are very sm all. The
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relative QCD corrections are the sam e as for the SM Higgs particle [Fig.27]and thus

sm all[17].

3.2.3 H iggs-strahlung: q�q! V � ! V h=V H

h;H�q

q

W ;Z

W ;Z

Figure52: Diagram contributing to q�q! V � ! V h=V H atlowestorder.

Forthesam e reasonsasin thevector-boson-fusion m echanism case,the Higgs-strahlung

o� W ;Z bosons,q�q ! V � ! V h=V H (V = W ;Z)[see Fig.52],isunim portantforthe

scalar M SSM Higgs particles h;H . The cross sections can be easily related to the SM

crosssections,

�(pp! V h=V H )=
�

g
h=H

V

�2
�(pp! V H SM ): (170)

Pseudoscalar couplings to interm ediate vector bosons are absent so that pseudoscalar

Higgs particles cannot be produced at tree level in this channel. The relative QCD

correctionsarethesam easin theSM case,seeFig.29,and thusofm oderatesize[20].

3.2.4 H iggs brem sstrahlung o� top and bottom quarks

�

q

�q

g

t=b

�t=�b

�

g

g

t=b

�t=�b

Figure53: Typicaldiagram scontributing to q�q=gg! �Q �Q (Q = t;b)atlowestorder.
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The scalarHiggscrosssectionsforHiggsbrem sstrahlung o� heavy quarksQ can sim ply

berelated to theSM case:

�(pp! hQ �Q=H Q �Q)=
�

g
h=H

Q

�2
�(pp! H SM Q �Q ) (171)

TheexpressionsforthepseudoscalarHiggsboson [112]aresim ilarly involved asthescalar

caseand willnotbepresented here.

Thetop quark coupling to M SSM Higgsbosonsissuppressed with respectto theSM

fortg� > 1. Therefore Higgsbrem sstrahlung o� top quarkspp ! �t�tislessim portant

forM SSM Higgsparticles. On the otherhand Higgsbrem sstrahlung o� bottom quarks

pp! H b�bwillbethedom inantHiggsproduction channelforlargetg� duetothestrongly

enhanced bottom quarkYukawacouplings[18].TheQCD correctionstoH Q �Q production

arestillunknown.

3.2.5 C ross sections for H iggs boson production at the LH C

PreviousstudiesofM SSM Higgsboson production attheLHC [113]werebased on lowest-

ordercrosssectionsorincluded a partofthe QCD corrections. W e have updated these

analyses by including allknown QCD corrections to the production processes and the

two-loop correctionsto theM SSM Higgssector,thusrendering theresultsm oreaccurate

and reliablethan in thepreviousstudies.

The cross sections ofthe various M SSM Higgs production m echanism s at the LHC

are shown in Figs.54a{d for two representative values oftg� = 1:5;30 as a function

ofthe corresponding Higgs m ass. The totalc.m .energy has been chosen as
p
s = 14

TeV,the CTEQ4M parton densities have been adopted with �s(M Z)= 0:116,and the

top and bottom m asses have been set to M t = 175 GeV and M b = 5 GeV.For the

Higgs brem sstrahlung o� t;b quarks,pp ! �Q �Q + X ,we have used the leading order

CTEQ4L parton densities,because the NLO QCD corrections are unknown. Thus the

consistentevaluationofthiscrosssectionrequiresLO partondensitiesandstrongcoupling.

The latter is norm alized as �s(M Z) = 0:132 at lowest order. For sm alland m oderate

valuesoftg� <
� 10 thegluon-fusion crosssection providesthedom inantproduction cross

section for the entire Higgs m ass region up to M � � 1 TeV.However,for large tg�,

Higgsbrem sstrahlung o� bottom quarks,pp! �b�b+ X ,dom inatesoverthegluon-fusion

m echanism through thestrongly enhanced bottom Yukawa couplings.

TheM SSM Higgssearch attheLHC willbem oreinvolved than theSM Higgssearch.

Thebasicfeaturescan besum m arized asfollows.

(i) Forlarge pseudoscalarHiggsm assesM A
>
� 200 GeV the lightscalarHiggsboson h

can only be found via its photonic decay m ode h ! . In a signi�cant part of

thisM SSM param eterregion,especially form oderatevaluesoftg�,nootherM SSM

Higgsparticlecan bediscovered.Because ofthedecoupling lim itforlargeM A the

M SSM cannotbedistinguished from theSM in thism assrange.

(ii) Forsm allvaluesoftg� <
� 3 and pseudoscalarHiggsm assesbetween about200 and

350 GeV,the heavy scalar Higgs boson can be searched for in the ‘gold-plated’
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Figure 54: NeutralM SSM Higgs production cross sections atthe LHC [
p
s = 14 TeV]

for gluon fusion gg ! �, vector-boson fusion qq ! qqV V ! qqh=qqH , vector-boson

brem sstrahlung q�q ! V � ! hV=H V and the associated production gg;q�q! �b�b=�t�tin-

cludingallknown QCD corrections.(a)h;H production fortg� = 1:5,(b)h;H production

fortg� = 30,(c)A production fortg� = 1:5,(d)A production fortg� = 30.
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Figure54:Continued.
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channelH ! ZZ ! 4l� .Otherwisethis‘gold-plated’signaldoesnotplay any r̂ole

in theM SSM .However,thedetectableM SSM param eterregion hardly exceedsthe

anticipated exclusion lim itsoftheLEP2 experim ents.

(iii) Forlarge and m oderate valuesoftg� >
� 3 the decaysH ;A ! �+ �� becom e visible

attheLHC.Thusthisdecay m odeplaysasigni�cantr̂olefortheM SSM in contrast

to the SM .M oreover,itwillalso be detectable forsm allvaluesoftg� >
� 1{2 and

M A
<
� 200 GeV.

(iv) Fortg� <
� 4 and 150 GeV <

� M A
<
� 400 GeV the heavy scalar Higgs particle can

be detected via itsdecay m ode H ! hh ! b�b. However,the M SSM param eter

rangeforthissignatureisvery lim ited.

(v) Fortg� <
� 3{5 and 50 GeV <

� M A
<
� 350 GeV the pseudoscalardecay m ode A !

Zh ! l+ l� b�bwillbevisible,buthardly exceedstheexclusion lim itsfrom LEP2.

(vi) ForpseudoscalarHiggsm assesM A
<
� 100GeV charged Higgsbosons,produced from

top quark decayst! H + b,can bediscovered via itsdecay m odeH + ! �+ ���.

The �nalpicture exhibits a di�cult region for the M SSM Higgs search at the LHC.

For tg� � 5 and MA � 150 GeV the fulllum inosity and the fulldata sam ple ofboth

the ATLAS and CM S experim ents at the LHC,are needed to cover the problem atic

param eterregion [114],seeFig.55.On theotherhand,ifnoexcessofHiggseventsabove

the SM background processes beyond 2 standard deviations willbe found,the M SSM

Higgsbosonscan easily beexcluded at95% C.L.

4 Sum m ary

In this review the decay widths and branching ratios ofSM and M SSM Higgs bosons

have been updated.Allrelevanthigherordercorrections,which aredom inated by QCD

corrections,have been taken into account. W e have thuspresented the branching ratios

and decay widths ofSM and M SSM Higgs particles with the best available theoretical

accuracy.

Atthe LHC the SM Higgsparticle willbe produced predom inantly by gluon fusion

gg ! H ,followed by vector-boson fusion V V ! H (V = W ;Z)and,to a lesserextent,

Higgs-strahlung o� vectorbosons,V � ! V H ,and top quarks,gg=q�q ! t�tH . The cross

sections ofthese production channels have been updated by including allknown QCD

corrections,which areim portantin particularforthedom inantgluon-fusion m echanism .

Thusthe�nalresultsofthisreview m ayserveasabenchm arkofthetheoreticalpredictions

forSM Higgsboson production attheLHC.

For Higgs m asses M H
>
� 140 GeV the SM Higgs search at the LHC willproceed

via the ‘gold-plated’H ! ZZ (� )! 4l� decay m ode with sm allSM backgrounds. The

extraction offourcharged lepton signalsattheLHC willprobeHiggsm assesup toabout

800 GeV.In theHiggsm assrange155 GeV <
� M H

<
� 180 GeV the SM Higgsboson can
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Figure 76: For mt = 175 GeV and an integrated luminosityof 3 � 105 pb�1, combined ATLAS+CMS 5�-discovery contour curvesin the (mA, tan�) plane for all Higgs boson signals discussed in Sec-tion 5. 131
Figure 55: M SSM param eter space including the contours ofthe various Higgs decay

m odes,whichwillbevisibleattheLHC afterreachingtheanticipatedintegratedlum inosity
R
Ldt = 3 � 105pb� 1 and com bining the experim entaldata ofboth LHC experim ents,

ATLAS and CM S [taken from Ref.[114]].
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also easily befound via itsdecay channelH ! W W ! l+ l� ���,by m eansofthespeci�c

angularcorrelationsam ongthechargedleptons.M oreover,thedecaychannelH ! l+ l� ���

m ay allow foran extension ofthe Higgssearch up to Higgs m asses beyond 1 TeV.For

M W
<
� M H

<
� 140 GeV,the only prom ising decay m ode seem s to be provided by the

photonicdecay H ! ,thedetection ofwhich,however,requiresexcellentenergeticand

geom etric resolutionsofthe detectorsin orderto suppress the large QCD backgrounds.

Higgs-strahlung o� vectorbosonsortop quarks,with the Higgsdecaying into a photon

pair,m ay allow a furtherreduction ofthebackground,butunfortunately thesignalrates

are sm all. In the case ofexcellent b-tagging the dom inant b�b decay m ode ofthe Higgs

m ightbe detectable,ifthe Higgsparticle isproduced in association with a W boson or

t�tpair.

In the M SSM the neutralHiggs bosons willm ainly be produced via gluon fusion

gg ! �. However,through the enhanced bquark couplings,Higgsbrem sstrahlung o� b

quarks,gg=q�q! b�b�,willdom inateforlargetg�.AllotherHiggsproductionm echanism s,

i.e.vector-boson fusion and Higgs-strahlung o� vector bosons or t�t pairs,willbe less

im portantthan in theSM .

The ‘gold-plated’H ! ZZ ! 4l� signaldoes not play an im portant r̂ole in the

M SSM .On theotherhand the� lepton pairdecaysH ;A ! �+ �� willbevisibleforlarge

valuesoftg�. The lightscalarHiggsparticle willonly be visible via itsphotonic decay

m ode h ! ,the branching ratio ofwhich willbe sm aller than in the SM because of

the suppressed SUSY couplings. M oreover,the decay m odesH ! hh ! b�b,H =A !

t�t and A ! Zh ! l+ l� b�b willbe detectable in very restricted regions ofthe M SSM

param eter space. Finally charged Higgs particles m ay be looked for in the top quark

decayst! H + batthelowerend ofthecharged Higgsm assrange.In thesearch forthe

M SSM HiggsparticlesattheLHC,them axim alanticipated integrated lum inosity willbe

needed,especially to coverthedi�cultregion around M A � 150 GeV and tg� � 5.
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