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Whatis thephysicalworld madeof ?

or

“So thatno morewith bittersweat
I needto talk of whatI don't know yet,
SothatI mayperceive whatever holds

Theworld togetherin its inmostfolds, ...”
Faust,JohannWolfgangvonGoethe
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0. Prelude

In particlephysics,theunderstandingof physicalphenomenais basedon
identifyinga few fundamentalconstituentsanda few fundamental
interactions.

Matterparticles: LeptonsandQuarks

Forces: Strong, Weak

�

Electromagnetic, (gravity)

The forces(or interactions)amongthe constituentsof matterare inter-
pretedin termsof theexchangeof gaugebosons.

Gaugebosons: Gluon,

���

and � bosons,Photon, (graviton)
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Particles and forces

Interactions: coupling of forces to matter
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HOME SITE HELP ABOUT SEARCH

NOBEL PHYSICS CHEMISTRY MEDICINE LITERATURE PEACE ECONOMICS
LAUREATES ARTICLES EDUCATIONAL

The Nobel Prize in Physics 2004

"for the discovery of asymptotic freedom in the 
theory of the strong interaction"

 

David J. 
Gross

H. David Politzer Frank Wilczek

 1/3 of the 
prize

 1/3 of the prize  1/3 of the 
prize

USA USA USA

Kavli Institute 
for Theoretical 
Physics, 
University of 
California 
Santa 
Barbara, CA, 
USA

California Institute 
of Technology 
Pasadena, CA, 
USA

Massachusetts 
Institute of 
Technology 
(MIT) 
Cambridge, 
MA, USA

b. 1941 b. 1949 b. 1951

QCD�_ (�S ) =s Z 0.1183 ± 0.0027
0.1

0.2

0.3

0.4

�_�_�_�_s(Q)

1 10 100
Q [GeV]

LEP
PETRA
TRISTAN

Thestronginteractionis
asymptoticfree:

from S.Bethke,hep-ex/040702
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Theultimategoalof elementaryparticlephysicsis to �nd thefundamental
law(s) of nature,the�nal underlyingtheory, thatdeterminesthedynamics
of matter.

StevenWeinberg: “... to look for a simplesetof physicalprinciples,which
haveaboutthemthegreatestpossiblesenseof inevitability andfromwhich
everythingweknowaboutphysicscan,in principle, bederived.”
ElementaryParticlesandtheLawsof Physics,The1986DiracMemorialLectures.

Steven Weinberg: One could imagine“... that specifyingthe symmetry
groupof naturemaybeall weneedto sayaboutthephysicalworld,beyond
theprinciplesof QuantumMechanics.”
ElementaryParticlesandtheLawsof Physics,The1986DiracMemorialLectures

In theStandardModelof ParticlePhysics,gaugesymmetriesprescribethe
dynamicsof matter.
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I. Introduction

I.1. TheStandardModelof ParticlePhysics

To describethe fundamentalinteractionsof quarksandleptons,a “new”
fundamentalsymmetryprinciplehasbeenidenti�ed:
local gaugeinvariance= laws of physicsareinvariantundera space-time
dependentchangeof “scale”.

Electromagneticinteraction:

It doesnot matter, if we choosefor the electromagneticfour-potential

�

�
�

�

�

in IowaCity and�

�
�

�

���

�

�	�

�

�

�

in Buffalo,wewill getthesame




� and




� �elds

or

theelectromagnetic�eld strengthtensor


���

�

�

�

�

�

�

�

�

�

� is invariant
underlocalphasetransformations�

�
�

�

���

�

�
�

�

�

�

�

�
�

�

�

�

.
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Local GaugeInvarianceasDynamicalPrinciple

Startingwith non-interactingelectrons(and positrons)and photonsand
imposinglocalgaugeinvarianceleadsto electron-photoninteractionin the
form:

�

�

��

�

�

(

�

��

is theconservedelectromagneticcurrent).

But: “naive” masstermsspoil localgaugeinvariance!

���

�

�

�

�

�

� �
�
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�

�
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�

�

�

Masslessnessof thephotonasaconsequenceof gaugeinvarianceof the
electromagneticinteraction.
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Symmetriesof theStandardModel

Interaction symmetrygroup gaugetheory

electromagnetic localU(1): QED

invarianceunderspace-timedependentphase

transitionsgeneratedby theelectriccharge

strong localSU(3): QCD

invarianceunderspace-timedependentrotations

in the8-dimensionalcolorspace

electroweak SU(2)

�

U(1): SM of electroweak

invarianceunderspace-timedependentrotations interactions

in the3-dimensional(weak)isospinspaceand

underphasetransitionsgeneratedby

the(weak)hypercharge � (
�

�

�

�
�

�

�	�

)

Still far from Weinberg's onesymmetrygroupof nature
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I.2. TheHiggsmechanism

Theorigin of massin theStandardModel (SM)

Experimentalfact: themediatorsof theweakforce,the

�

� and� bosons,
aremassive.

But: explicit masstermsbreaktheelectroweakgaugesymmetryof theSM.

Solution:spontaneoussymmetrybreakingof the

��

�

�

�
�

�

�

�

�

�
�

gauge
group: thesymmetryis “hidden” in sucha way that theW andZ bosons
becomemassiveandthephotonremainsmassless.
Goldstone(1961);Goldstone,SalamandWeinberg (1962);Higgs(1964,1966);Kibble (1967);Brout and

Englert(1964);Guralnik,HagenandKibble (1964)

Hiddensymmetry:

A phenomenonthat occurswhena systemthat is symmetrichascritical
pointsthatarenot,e.g.,potentialminimain classicaltheory, vacuain QFT.

Consequence:in theSM thereexistsonemassive spin–0(scalar)particle,
theHiggsboson.
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“Hiding” theelectroweakgaugesymmetryof theSM:

1. Introducetwocomplex scalar�elds, �

�

�

���

�

�

�

�

, with gauge-invariant
interactionsamongthemselvesandwith theSM fermionsandbosons
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.

2. Arrangeself-interactionssothatspontaneoussymmetybreakingcanoc-
curandchoosethevacuumstatesothatit is not invariantunderelectroweak
symmetrybut still

�

�

�

�

��

symmetric:

Higgspotential(“sombrero”potential):
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�
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Orientationof �

�

in the

SU(2)spaceis not �x ed:
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Thechoiceof onevacuumstate(spontaneously)breakstheSU(2)symme-
try, e.g.,choose
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but it is still invariantunder
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Spontaneoussymmetrybreakdown with �
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W andZ bosonsandfermionsacquiremass.Thephotonremainsmassless(residual

symmetry

.

�

+

�0/
1

). The Higgs-fermioncouplingstrengthis proportionalto the
fermionmass.

Onephysicalscalarparticleemerges,theHiggs
Boson(

�

), with mass'

-

�

!

�	�

�

.
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TheHiggsparticle:
a necessaryconsequenceof our understandingof
theorigin of massin theSM.

TheHiggsparticlesofareludeddirectobservation.

We know from direct (LEP2) and indirect searches(�ts to electroweak
data)thattheSM Higgsbosonmasslies in therange
CERN-EP/2003-011,CERN-EP/2003-02(update:LEPEWWGwebpage)

� �� 
 � GeV

�

�

�

�

�

�

� �

GeV (95

�

C.L.)

�

theHiggsbosonmightbe“just aroundthecorner”
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I.3. Whereis theHiggsparticle?

Statusandprospectsof (direct)Higgssearchesat high-energy collider ex-
periments:

� Past:Directsearchat theCERNLEP2

�

�

�

� collideroperatedabove the
W-pairproductionthresholdup to

�

�

�

�

��

GeV(shutdown in 2000):

�

�

�

� � � 
 � GeV

�

� �

�

CL

�

� Present:FermilabTevatron

�

�

�

collideroperatedat1.96TeV (status:0.25

�

�

�

� of integratedluminosityon tape,�

�

�

�

�

�

� by 2009):

Higgsdiscovery reachat theTevatronwith

�

�

�

�

� perexperiment:
�

�

�

�

� �

�

GeV

� Future:CERNLHC

� �

collider will beoperatedat 14 TeV, startsin �

2007:

If it exists,theLHC will discover it.

And: LHC will measuretheHiggsmassandratiosof its couplings,
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TheLEPcollider ring (27km) atCERN,Geneva,Switzerland
Futuresiteof theLargeHadronCollider (LHC)
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Movie
http://atlasexperiment.org/
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Thedirectsearchfor theHiggsbosonis extremelychallenging:

LEP-II andtheTevatronmainly look for theHiggsbosonproducedin as-
sociationwith aelectroweakgaugeboson,e.g.,

�

�

�

�

�

�

�

� � :

e-

e+

Z*

H

Z

i g m Z gmn/cosqW and�

� �

�
�

, �

�

�

�

�

Signaturein thedetector:2 b-quarkjets(identi�ed via b-tagging)andtwo
light quarkjets.

Theseeventsareextremelyrare:
At LEP-II thebackground(=samesignaturein thedetectorbut containsno
Higgs)is up to two ordersof magnitudelargerthantheHiggssignal.

At theTevatron

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

� .

At theLHC, thebackgroundfor thelight Higgssearch(�
� �

�
�

) is of the
order �

���

timeslargerthantheHiggssignal.
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At LEP-II, a few spectacularSM Higgs candidateshave beenrecorded
(ALEPH, 4-jet events,

�

�

� �

GeV) consistentwith �

�

around116GeV,
but nodiscovery couldbeclaimed.
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Theindirectsearchfor theHiggsboson:
theHiggsbosonleavesa “trace” in measurementsof

�

and � boson
propertiesthroughits virtual presencein quantumloops,e.g.,

W,Z

H

Whencomparingprecisepredictionswith at leastequallyprecisemeasure-
mentsinformationaboutunknown parametersof theSM suchastheHiggs
masscanbeextracted.

How to make precisepredictionsfor high-energy collider experiments?
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We rely on perturbationtheory, e.g.,a Feynmangraphexpansionin the
couplingconstantof thescatteringamplitude:
lowestorder: Bornapproximation,e.g.,Z bosonproductionat LEP/SLC
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�

1-loop: in the 'quantumworld' the photonandZ bosonfeel the virtual
presenceof all particles:
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� �
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� �

arethequantumcorrections(radiative corrections)of thetheory.
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By comparingpredictionsfor electroweakobservablesincludingradiative
correctionswith measurements

� theelectroweaksectorof theSM is probedat thequantum-looplevel,
� theconsistency of theSMischeckedbycomparingdirectwith indirect

determinationsof inputparameters,e.g.,

�

�

�

�

�

,

� theSM Higgsbosonmasscanbepredicted, and

� theparametersof modelsbeyondtheSM canbeconstrained.

The SM is successfullytestedas a QuantumField
Theoryat thepermillelevel – nodeviationsfound.

Note: We needto extendtheSM to incorporatetheexperimentalfact that
neutrinoshave mass.

Morever: Small descrepancies(�

�

�

�

) observed in the measurementof
theweakmixing angleat NuTeV andtheanomalousmagneticmomentof
themuonatBNL.
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Measurement Fit |Omeas- Ofit|/smeas

0 1 2 3

0 1 2 3

Dahad(mZ)Da(5) 0.02761 A 0.00036 0.02769

mZ MGeVNmZ MGeVN 91.1875 A 0.0021 91.1874

GZ MGeVNGZ MGeVN 2.4952 A 0.0023 2.4966

shad MnbNs0 41.540 A 0.037 41.481

RlRl 20.767 A 0.025 20.739

AfbA0,l 0.01714 A 0.00095 0.01650

Al(Pt )Al(Pt ) 0.1465 A 0.0032 0.1483

RbRb 0.21630 A 0.00066 0.21562

RcRc 0.1723 A 0.0031 0.1723

AfbA0,b 0.0998 A 0.0017 0.1040

AfbA0,c 0.0706 A 0.0035 0.0744

AbAb 0.923 A 0.020 0.935

AcAc 0.670 A 0.026 0.668

Al(SLD)Al(SLD) 0.1513 A 0.0021 0.1483

sin2qeffsin2qlept(Qfb) 0.2324 A 0.0012 0.2314

mW MGeVNmW MGeVN 80.425 A 0.034 80.394

GW MGeVNGW MGeVN 2.133 A 0.069 2.093

mt MGeVNmt MGeVN 178.0 A 4.3 178.2

Summer 2004TheglobalSM ®t to all electroweakdata:

Two�

�
�

ªanomaliesº:

�

�

�
�

��

�	�

 �




�

(

(NuTeV)

Possiblesources:

statistical�uctuation

experimentalsystematics

theoreticaluncertainties

non-standardphysics(ªtoughº,

e.g.,theMSSM doesnothelp)
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Indirectsearchesvia presencein loops,'
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correlation:
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'

(

(LEP,

�

$

�

) prefersa light Higgs

'

(

(NuTeV)=80.136(84)GeV prefers

aheavy Higgs
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Fromglobal®t to all electroweakprecisiondata:
CERN-EP/2003-091(updateSummer2004)
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g g fusion :

g

g

g

t t fusion :

t Ho

Ho

t

t

t

t

t

t

q

q

WW, ZZ fusion :

q

q

q

q

Ho

Ho

W, Z bremsstrahlung
q

Ho  production at hadron colliders:

W,Z

W,Z

W,Z

W,Z

But :     BR ( H     Z¡Z¡     4l ±)  =  1.4 ¥ 10Ð 3

            BR ( H     Z¡Z¡     4m±)  =  3 ¥ 10Ð 4

gg      H

qq      Hqq

gg,qq     Hbb

gg,qq     Htt

qq     HZ

qq'     HW

107

106

105

104

103

102

10-1

10-2

10-3

10-4

10

1

0 200 400 600 800 1000

MH (GeV)

s
 (

pb
)

s(pp      H+X)

   s = 14 TeV

mt = 175 GeV

CTEQ4M

D
_D

_1
18

6 
.c

NLO  QCD

M. Spira et al.
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DominantSM Higgsdecaymodes:
'

-

�

135GeV:�

� �

$

�

with �

�

�

�

�

�

,

'

-

�

135GeV:�

�

�
�

�
� with �

�

�

�

�

�

Branchingratiosof thedominantSM Higgsdecaymodes:

from M.CarenaandH.Haber, hep-ph/0208209
HDECAY (A.Djouadietal.)
M.Spira,hep-ph/9810289
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TevatronSM Higgsdiscovery potential

Integratedluminosityperexperimentfor a

� �

�

CL exclusionof a SM Higgsor a
�

�

or a

�
�

discovery:

TevatronHiggsSensitivity Study
FERMILAB-PUB-03/320E

basedonZ/WH productiononly,

�

�

�

� � �

�

�

�

�

�

� �

$

�

+

�

�

syst.uncertaintyin S/B resultsin a

5,15,20% increasein

� �

�

�
�

�

�
�

�

�
�

luminositythresholds('

-

�

+�

�

GeV)

Can

�

$

�

� help?

SM Higgsdiscovery reachat theTevatronRunII:

'

-

�

�

+�

�

GeV(95

�

C.L. with 2 �

�

�

� , 3

�

evidencewith 5 �

�

�

� )

'

-

�

+

� �

GeV canbeexcludedwith 4 �

�

�

�

D.Wackeroth,SUNY Buffalo Colloquiumat theUniversityof Iowa 10/18/04



LHC SM Higgsdiscoverypotential

1

10

10 2

100 120 140 160 180 200

 mH (GeV/c2)

 S
ig

na
l s

ig
ni

fic
an

ce

 H  5  g g 
 ttH (H  5  bb)
 H   5  ZZ(*)   5  4 l
 H   5  WW(*)   5  lnln

 qqH   5  qq WW(*)

 qqH   5  qq tt

Total significance

 5 s

  I L dt = 30 fb-1

 (no K-factors)

ATLAS

from S.Gentile
ATL-PHYS-2004-009(andreferencestherein)

For '

-

�

+

� �

GeV theSM Higgssearch

is mainly through

�

$

�

� .

After about1 yearof runningat10 �

�

�

�

thefull Higgsmassrangecanbecovered!
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II. Supersymmetry:oneof themostattractive extensionsof theSM

Supersymmetry(SUSY)introducesahighersymmetryinto theSM.SUSY
relatesfermions(spin1/2) andbosons(spin0,1) andpredictsnew SUSY
particles:EverySM particlegetsapartnerwhichonly differsin spin.

� Naturehasshown thatit likesgaugetheories- SUSYis thenext logical
gaugetheoryto try.

Locally supersymmetrictransformationsare intimately tied up with
space-timeones: possiblepath to uni�cation of gravity with strong
andelectroweakforces

� �ne tuningor theproblemof fundamentalscalars:In theSM theHiggs
bosoncanbearbitrarily heavy dueto theoccurrenceof quadraticdi-
vergences

�

�ne tuningis neededsothat �

�

�

� TeV - not natural
in a theoryof everything

SUSYpartnerscanceldivergences- no �ne tuningneeded.

The Minimal SupersymmetricSM (MSSM) predictsthe existenceof 5
Higgsbosons,oneof them(

�

� ) with amasssmallerthanabout130GeV.
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III. Higgsproductionin associationwith heavy quarksat theTevatronandtheLHC

Both

�

�

�
� and

�

�
��

� productionprocesseswill play an importantrole in
Higgsdiscovery andin themeasurementsof Higgsproperties:

� discover/con�rm theHiggs

� measurementof TopandBottomYukawa couplings

� SM?New Physics?

�

�
��

� is an importantHiggsproductionmodein modelswith anenhanced

�

quark Yukawa coupling, e.g., for large valuesof

� �
�

�

in the 2HDM,
MSSM.

In theStandardModel,Higgsbosonproductionin associationwith

�

quarks
is suppressedby thesmall

�

Yukawa coupling,

�
� �

�

�

�

�

�

�

�




�

� .

In theMSSM,however, thecrosssectionsto

�

�

� � � �

� �

�
��

�

�

�

���

�

�

�

�

�

� ,
areenhancedwith respectto theSM for largevaluesof

� �
�

�

:

���

� �

�

� �

	

��


�

�







�

�

�

�
� �

�

���
� � �

�

�� �

�

�

� �

�

and
���

� �

�

� �
�




�

� �
�

�

�

� �

�
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Searchfor MSSM

�

�

�

�

�

���

�

�

� in 3

�

-taggedeventsusingD0 RunII
data(left) andTevatron95% CL exclusioncontoursfor

�

�

�� � �

�

� �

�
�

(right):
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Dé Run II Preliminary
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 = h, H, Af), b b®(fbbE
xc

lu
de
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excluded

from TheD0 collaboration,D0 Note4366- CONF

MA (GeV)

ta
nb
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Including S
ystem

atic E
rror

 2 fb-1  5 fb-1 10 fb-1 30 fb-1
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5
10
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40
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from theReportof theTevatronHiggsWG, hep-ph/0010338

Systematicuncertaintyin crosssectionmeasurementis about25%.

�

It is crucialto know theimpactof QCDcorrections.
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Expectedrelative erroron thedeterminationof

�

��

� ���

at theLHC:

from A.Belyaev andL.Reina,JHEP0208(2002)

seealsoreview by D.Zeppenfeld,hep-ph/0203123
Basedon studiesby ATLAS, CMS,A.Belyaev, N.Kaur,
F.Maltoni,T.Plehn,D.Rainwater, L.Reina,
S.Willenbrock,D.Zeppenfeld

gg®  H
WBF
ttH
WH

l  t t l  bb
l  ZZ l  WW
l  gg

MH (GeV)                            

D
s

H
/s

H
 (

%
)
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�

�

��

directlyprobesthetopquarkYukawa coupling:
at theLHC with 200 �

�

�

� and�

�

�

�

�

� �

GeV

�

� �

�

canbemeasuredwith
aprecisionof 15-20%.
from D.Zeppenfeld,hep-ph/0203123(andreferencestherein)

�

It is crucialto know theimpactof QCDcorrections.
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III.1. Needfor next-to-leadingorder(NLO) QCDcalculations

� Leadingorder(LO) calculationshaveverystrongrenormalization/factorization
scaledependence:

�

�� ��

� �
� �

�	




�




�




�

��

�

�

�

�
�

�
�

�

�

� ��

� �
� �

� 	




�




�




�

��

�

�

�

�
�

�
�

�

�

� � ��

� �
� �

�
�

�
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�

�

�

�

[

�

correctionscanstronglyincrease/decreasethetotalproduction
rate.

�

�

�

�

[

�

correctionsmayaffect theshapeof distributions.
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III.2.

�

$

�

� productionin theStandardModel

�

$

�

� productionat theTevatron

�

$

�

collider is dominatedby the

�

$

�

initiatedprocess
(

�

� �

�

of

�

�

�

at 1.96TeV):
q

q

t

t

h

q

q

t

t

h

�

$

�

� productionat the LHC

� �

collider is dominatedby the

� �

initiated process
(but all otherproductionprocessesshouldbetakeninto accountaswell):

g

g

t

t

h

g

g

t

t

h

g

g

t

t

h

g

g

t

t

h

g

g

t

t

h

g

g

t

t

h

g

g

t

t

h

g

g

t

t

h
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�

�

�

�

�

correctionsto

�

$

� � � �

� �

$

�

� production:A few technicaldetails

W.Beenakker, S.Dittmaier, M.Krämer, B.Plümber, M.Spira,P.M.Zerwas,PRL87(2001),NPB653(2003)

L.Reina,S.Dawson,PRL87 (2001),L.Reina,S.Dawson,DW, PRD65 (2002)

S.Dawson,L.H.Orr, L.Reina,DW, PRD67 (2003)

At NLO QCDthecrosssectionincludesvirtual andrealgluonradiation:

Examplesof realandvirtual

�

�

�

�

�

correctionsto

�

$

�

� �

$

�

�

q1

q2

pt

pt¢

ph

k
q1

q2

pt

pt¢

ph

k

q2

q1 pt

pt¢

ph

k

B3(1)

q2

q1 pt

pt¢

ph

k

B3(2)

q2

q1 pt

pt¢

ph
k

B5(1)

q2

q1 pt

pt¢
phk

B5(3)

q2

q1 pt

pt¢

ph

k

P1

q2

q1 pt

pt¢

ph

k

P2
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Examplesof realandvirtual

�

�

�

�

�

correctionsto

� �

� �

$

�

�

g

g

t

t

g(k)
g

g

t

t

g(k)

q,q(k)

g

q,q(k)

t

t

g

g

t

t

P1,t

g

g

t

t

P2,t

g

g

t

t

P3,t

g

g

t

t

P4,t

g

g

t

t

P5,t

g

g

t

t

P6,t

Thecalculationsof the

�

�

�

�

�

correctionsto

� �

� �

$

�

� and

�

$

�

� �

$

�

� aretech-

nically similar.

However, in thecaseof

� �

� �

$

�

� therearenew challenges,e.g.,spurioussingu-

laritiesarisingin thereductionof pentagontensorintegrals.

D.Wackeroth,SUNY Buffalo Colloquiumat theUniversityof Iowa 10/18/04



NLO QCDtotal inclusive crosssectionto

�

$

� �� �

� �

$

�

� :
�

��

�

�

�

���

�	� � �


 


� �




+

+
�

�

�

�

�


�

�





�����

�

�




�

�

�

�

�

�

�

�

�







�

�

�
�

�

�

�

� �

�

�




�

�







�

�

�

�

�

+

�

�

��

with thepartonlevel crosssections
�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

with

�

�

�

�

�

� �

�

�

�

�

�

�

�
��

�

�

�

�

�

�

�

��
�

�

�

�

�

�
� �

�

:

� UV divergences:renormalizedin

�

�

�

 

�

 

dimensionsby suitablesetof
counterterms(modi®ed'

!

scheme,on-shellsubtractionfor top)

� IR divergences:regularizedin

�

�

�

 

�

 

dimensions

"

soft andcollinear
singularitiesappearaspolesin �

#%
$

�

�

#

. IR singularitiesarecompletelycanceled
by correspondingIR polesin

�

�

�

�

�

��
�

:

� IR divergences:extractedby suitablecutson gluonphasespace(phasespace
slicing): two andonecut-off PSSmethodusingcrossingsymmetryandcolor
orderedamplitudes.Remaininginitial-stateIR singularitiesareabsorbedin
PDFs(massfactorization).
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Main Result

Drasticallyreducedscaledependenceof thetotal inclusive productioncross

sections:

� �

� �

$

�

� � at theLHC

0.2 0.5 1 2 4
m/m0
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600

800

1000

1200

1400

s
LO

,N
LO

 (
fb

)

sLO

sNLO
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m0=mt+Mh/2

CTEQ5 PDF's

0.2 0.5 1 2 4
m/m0

�200
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s
N

LO
 (

fb
)

total

gg

qg qq

Ös=14 TeV
Mh=120 GeV
m0=mt+Mh/2

CTEQ5 PDF's

�

�

�

�

(fb)

�

� �

�

(fb)

�

�

582.92(6) 719(4)

�

�

�

�

�

�

� 520.47(6) 697(3)

�

�

�

450.09(5) 663(3)

�

�

�

�

�

�

405.54(4) 634(2)

from S.Dawson,L.H.Orr, L.Reina,DW, PRD67 (2003),

S.Dawson,C.Jackson,L.H.Orr, L.Reina,DW, PRD68 (2003)

seealsoW.Beenakkeretal., PRL87 (2001),NPB653(2003)
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� At NLO QCDthedependenceonthearbitraryfactorization/renormalization
�

scaleis stronglyreduced.

� The residualtheoreticaluncertaintyfrom

�

variationis estimatedto
beabout�

�

�

�

�

�

(Tevatron)and �

�

�

�

�

�

(LHC).

� At theTevatronthe
�

�

�

[

�

correctionsslightly reduce

�

�

�

for

�

�

�

�

�

�

�

�

(� �

�




�

�

�




� �

).

� At the LHC the

�

�

�

[

�

correctionsslightly enhance

�

�

�

for

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

(� �

�
 �

�

�
 � ).

� Possibleimprovement:Resummationof largelogarithmiccorrections
at the

�

�

��

threshold.
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III.3.

�

$

��

� productionin theMinimal SupersymmetricSM
� �

� �

$

�

� �

$

� �

at

� �

and

�

$

�

collidersis dominatedby the

� �

initiatedprocess.

Thecalculationof the

�

�

�

�

�

correctionsto

� �

� �

$

�

� �

$

� �

is technicallysimilar to

�

$

��

production.Weªsimplyºreplace

�

�

by

�

�

.

However, therearedifferences:

�

We considerboth the

� !

schemeandthe '

!

schemewhenrenormalizing

the

�

quarkmassin the
�

Yukawa coupling:

� !

:

�

� � �

�

�

�

�

�

with
�

�

beingthepolemass

'

!

:

�

� � �

�

�

�

�

�

� �

�

with
�

�

�

�

�

beingtherunningmass

"

Possibleim-
provementof perturpativecalculationby resumminglargelogarithmiccontri-

butionsto the

�

$

� �

vertex.

�

Thecontribution from theclosedtopquarkloopsis included,e.g.:

g

g

b

b

h

g

g
b

b

h g

g

b

b
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The

�

$

��

processesareclassi®edaccordingto how many

�

quarksareidenti®ed:

2

�

quarkstagged,1

�

quarktaggedandthefully inclusive case.

In the2(1)

�

-tagcasewe requiretwo(one)high

�

�

�

quarkjetsin the®nal state:

�

�

�

�

�

�

�

�

�

GeV and

�
�

�

�

�

�

�

�

�

�

� �

�

�

Tevatron(LHC)

Moreover, we considerthe radiatedgluonandthe

�

�

$

�

quarksasdistinctparticles

only if

�

�

�

�

�

�

 

�


 �




�

�

�

�

 

�


 �




�

�

� �

Otherwisetheir 4-momentumvectorsarecombinedinto aneffective

�

�

$

�

momen-

tumvector.
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Exclusive

�

$

�

Higgsproductionat hadroncolliders

�

Requiringtwo high

�

�

�

quarkjets in the ®nal statereducesthe signal,but
alsogreatlyreducesthebackground.

�

Unambiguouslyproportionalto the

�

quarkYukawa coupling.

Status:

Two independentcalculationsbasedon

� �

� �

$

�

� �

$

� �

atNLO QCDbyS.Dittmaier,
M.Kr Èamer, M.Spira (hep-ph/0309204)andS.Dawson,C.Jackson,L.Reina,D.W.

(PRD69(2004)).They arein goodagreement.
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'

�

�




�

-




�

���

�

�

�

dependencein theMSSM

� �

� �

$

�

�

�
�

� at theLHC
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�

$

�

� �

$

� �

�
�

� at theTevatron
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from S.Dawson,C.Jackson,L.Reina,D.W., PRD69 (2004)

To a goodapproximationtheMSSM resultcanbeobtainedfrom theSM resultas
follows:

�

� �

�

���

� �

�

�

�

�

� �

�

�

�

�

�

���

� �

�

� � �

�

� � �
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Main Result

Drasticallyreducedscaledependenceof theNLO QCDcrosssections:

�

$

�

� �

$

� �

�

� at theTevatron

0.3 0.5 0.7 1 2 4
m/m0
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� �

� �

$

� �

�

� at theLHC
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s
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b
>20 GeV
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from S.Dawson,C.Jackson,L.Reina,D.W., PRD69 (2004)

seealsoS.Dittmaieretal., hep-ph/0309204andJ.Campbelletal. in LesHouches2003proceedings,hep-ph/0405302

"

the residualtheoreticaluncertaintyis estimatedto beabout +

�

 

�

�

�

from

�

dependenceandabout+

�

 

�

�

�

dueto renormalizationschemedependence.
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Inclusive andsemi-inclusive

�

$

�

Higgsproductionat hadroncolliders

For a review see,e.g., J.Campbellet al., LesHouches2003 proceedings,hep-

ph/0405302.

Status:Thereexist twoapproaches,dubbedvariable(or �ve) �avor numberscheme
(VFS)and�xed (or four) �avor numberscheme(FFS):

�

FFSapproach

Fixedorder, explicit matrixelementcalculationbasedonthepartonlevel pro-
cesses

� �

� �

$

�

� �

$

��

.

Inclusive (no

�

tagged)andsemi-inclusive (1

�

tagged):known atNLO QCD
Two independentcalculationsby

S.Dittmaier, M.Kr Èamer, M.SpiraandS.Dawson,C.Jackson,L.Reina,D.W.

�

Thesetwo calculationsarein goodagreement.
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�

VFSapproach
Useof

�

quarkPDFsto sumto all orderslarge logs,

�

���

�

�

�




�

�

�




�

�

(

�

�

�

'

�

), whicharisedueto initial-state

�

� �

$

�

splitting.

Inclusive (no

�

tagged):known at NNLO QCD
�

quarkfusion,

�

$

� � �

, is theleadingordersubprocessof

�

�

�




�

� �




�

'

�

�

�

�

� �

and

�

�

$

�

�

�

� �

�

$

�

�

�

and

� �

� �

$

�

� �

$

��

are identi®edasNLO contributions
to

�

$

� � �

of

�

�

+

�

� �

�

'

�

�

�

�

� �

and

�

�

+

�

� �




�

'

�

�

�

�

� �

, respectively.
D.Dicus,F.Maltoni,T.Stelzer, Z.Sullivan,S.Willenbrock

¹b

b

h

g

b

b

h

 

g

b

b

h

Inclusive

� � ��

$

�

�

�

�

$

�

�

�

�

� productionhasbeencalculatedat NNLO
QCDby R.Harlander, W.Kilgore.

Semi-inclusive (1

�

-tagged):known atNLO QCD

�

�

$

�

�

�

� �

�

$

�

�

�

is the leadingordersubprocessof

�

�

�




�

� �

�

'

�

�

�

�

� �

and

� �

� �

$

�

� �

$

� �

are identi®edas NLO contributions of

�

�

+

�

� �

�

'

�

�

�

�

� �

.
J.Campbell,R.K.Ellis, F.Maltoni,S.Willenbrock
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'

�

dependence± 1

�

tagged

Comparisonwith

�

quarkPDFapproachby J.Campbell,R.K.Ellis, F.Maltoni, and

S.Willenbrock:
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s
N
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fb
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bg �> bh
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1b�tag
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bg �> bh
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�

�

�

�

�

� �

: from S.Dawson,C.Jackson,L.Reina,D.W., hep-ph/0408077,seealsoS.Dittmaieret al., hep-ph/0309204

�

�

	

�

�




�

�

	

�

�



�

: from J.Campbellet al. in LesHouches2003procs.(hep-ph/0405302)

andclosedtop quarkloop addedto MCFM (J.Campbelletal., PRD67095002(2003))
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'

�

dependence± 0

�

tagged(VFS)

from R.Harlander, W.Kilgore,Phys.Rev. D68 (2003)013001
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Effectof NLO QCDcorrectionson theHiggs

�

�

distribution:
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from S.Dawson,C.Jackson,L.Reina,D.W., hep-ph/0408077
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IV. Summary

� As a directconsequenceof massgenerationin theSM (Higgs-Kibble
mechanism)theSM predictstheexistenceof a(fundamental)massive
scalarparticle,theHiggsboson.

� TheHiggsbosonsofar eludeddirectobservation. Thesearchfor the
Higgsbosonin theSM (andits supersymmetricextensions)is oneof
themajortasksat theTevatron

�

�

�

andLHC

� �

collider.

� Both

�

�

�
� and

�

�
����

productionwill play an importantrole in thedis-
covery (andcon�rmation) of theHiggsbosonat theTevatronandthe
LHC.

� If theSM Higgsbosonexists,it cannotescapedetectionat theLHC.

� If no Higgsbosonis found,we expectto �nd signalsof new physics,
i.e. beyondtheStandardModel.

Staytuned� � �
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Main Result

Drasticallyreducedscaledependenceof thetotal inclusive productioncross

sections:

��� �

� �

�

�

� � at theTevatron

150 250 350 450
m
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5.5

6.5

s
LO

,N
LO

 (
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)

sLO

sNLO

ÖsH=2 TeV
Mh=120 GeV

�

�

�

�

(fb)

�

� �

�

(fb)

�

�

6.866(1) 4.86(3)

�

�
�

�

�

���

5.909(1) 4.85(2)

�

�

�

4.879(1) 4.69(2)

�

�

�
�

�

�

4.255(1) 4.51(2)

from L.Reina,S.Dawson,DW, PRD65(2002),

L.Reina,S.Dawson,PRL 87(2001)

seealsoW.Beenakkeretal., PRL87 (2001),NPB653(2003)
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More results� � �
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Effectof NLO QCDcorrectionson theHiggs

�

�

distribution:
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Effectof NLO QCDcorrectionson theHiggs

�

�

distribution:
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Main Result

Drasticallyreducedscaledependenceof the

NLO QCDcrosssections± 1

�

tagged:
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preliminary preliminary

from S.Dawson,C.Jackson,L.Reina,D.W., hep-ph/0408077

seealsoS.Dittmaieretal., hep-ph/0309204andJ.Campbelletal. in LesHouches2003proceedings,hep-ph/0405302
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Main Result

Drasticallyreducedscaledependenceof the
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