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DeutscheZusammenfassung

Im RahmendieserDoktorarbeitwurdeein Modell für die elektroschwacheWechselwirkung
entwickelt. Das Modell basiertauf der Tatsache,daßdie sog. “Confinement”-Phaseund
Higgs-PhasederTheoriemit einemHiggs-Bosonin derfundamentalenDarstellungderEich-
gruppe

���������
identischsind. In der Higgs-Phasewird die EichsymmetriedurchdenHig-

gsmechanismusgebrochen.Dies führt zu Massentermenfür die Eichbosonen,und überdie
Yukawa-Kopplungenzu Massentermenfür die Fermionen.In der “Confinement”-Phaseist
die Eichsymmetrieungebrochen.Nur

�������	�
-Singulettskann eineMassezugeordnetwer-

den, d.h., physikalischeTeilchenmüssen
�������	�

-Singulettssein. Man nimmt an, daßdie
rechtsḧandigenQuarksund LeptonenelementareObjektesind, währenddie linkshändigen
DuplettsBindungszusẗandedarstellen.

Es stellt sich heraus,daßdasModell in der “Confinement”-Phasedual zum Standard-
Modell ist. DieseDualitätermöglichteineBerechnungdeselektroschwachenMischungswin-
kels und der MassedesHiggs-Bosons.Solangedie Dualität gilt, erwartetmankeineneue
Physik.

Es ist abervorstellbar, daßdie Dualität bei einer kritischen Energie zusammenbricht.
DieseEnergieskalakönntesogarrelativ niedrig sein. Insbesondereist esmöglich, daßdas
Standard-Modellim Yukawa-Sektorzusammenbricht.FallsdieNaturdurchdie“Confinement”-
Phasebeschriebenwird, koenntemandavonausgehen,daßdieleichtenFermionmassenerzeugt
werden,ohnedaßdasHiggs-Bosonan die Fermionengekoppelt wird. Dann würde aber
dasHiggs-Bosonandersals im StandardModell zerfallen. Es ist jedochauchvorstellbar,
daßdie VerletzungderDualität erstbei hohenEnergienstattfindet.Dannerwartetmanneue
Teilchenwie Anregungenmit Spin2 derelektroschwachenBosonen.Ebensovorstellbarsind
Fermionen-Substuktur-Effekte die beim anomalmagnetischenMomentdesMuonssichtbar
werden.
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Chapter 1

Intr oduction

During thepastcentury, particlephysicshasundergoneat leastthreerevolutions.
Thefirst of theserevolutionshappenedwhenit wasdiscoveredby deBroglie [1] thatpar-

ticleshave a dualcharacter, sometimesthey behave like solid entitiessometimeslike waves.
In particular, it becameclearthatlight is sometimesbehaving likeastreamof particlesbut,on
theotherhand,anelectronis sometimesbehaving likeawave. This led to thedevelopmentof
quantummechanics.

Evenmoresurprisingwasthesecondrevolution. Particlescanbecreatedandannihilated.
A particleandits antiparticlecanbeproducedfrom thevacuum,andthenthey canannihilate.
This had someprofoundconsequencesfor quantummechanicswhich had to be improved
to take this fact into account.The mathematicaltool which wasdevelopedto describethis
phenomenonis calledquantumfield theory.

The third revolution wasthat theparticleswhich werediscoveredcouldbeclassifiedac-
cordingto simpleschemes.Thestandardexampleis theeightfoldway [2] proposedby Gell-
Mann which allows to classify, accordingto a

�������	�
symmetry, all particlesthat interact

strongly. Symmetriesallow a muchdeeperunderstandingof the microscopicworld. It was
a big stepbetweensamplingparticlesandclassifyingthemaccordingto a symmetry. The���������

symmetryallowedto predictparticlesthatwerenotyetdiscoveredandalsoallowedto
understandthatthestronglyinteractingparticlesthatwereobservedcouldnotbefundamental,
but hadto beboundstatesof somemorefundamentalfields,calledquarks[2].

Another symmetry, Lorentz invariance,forced Dirac to introducean antiparticlein his
equation[3], andto positthepositronwhichwasdiscoveredshortlyafter. Actually it turnsout
thata relativistic quantumtheory, for exampleDirac’s equation,is inconsistent,andthat the
wave functionsof relativistic quantummechanicshave to bereplacedby quantumoperators.
This processis called the second-quantization,and it enablesto describeprocesseswhere
particlesarecreatedor destroyed. In thatsensetheserevolutionsareconnected.

Symmetriesin particlephysicsaresymmetriesof the actionor in otherwordsof the S-
matrix. It becameevidentthatany valid theoryof particlephysicsshouldbeLorentzinvariant
or at leastLorentzinvariantin a very goodapproximation.Thusall fields introducedin the

11



12 CHAPTER1. INTRODUCTION

actionmustfulfil theKlein-Gordonequation.The conceptof Lorentzinvarianceintroduces
alsothe questionof the discretesymmetrieswhich arethe charge conjugation� , the space
reflection� andthetime reflection� . It turnsout thatif thefermionsarequantizedusingan-
ticommutationrelationsandbosonsusingcommutationrelations,thentheS-matrix,or action,
is invariantunderthecombination��� � .

Anotherconceptwhichwasdiscoveredlateris thatof globalandlocalgaugesymmetries,
i.e. theinvarianceof theactionundercertainglobalsymmetriesandlocal symmetries.Local
gaugetransformationsare gaugetransformationswhich are space-timedependentwhereas
global gaugetransformationsare independenton space-time.A gaugetransformationis a
transformationof thefieldsenteringtheaction.UsingNoether’stheorem,onecanthendeduce
which quantitiesareconserved. For examplein QuantumElectrodynamics(QED), thereis
a conserved quantity, the electric charge, correspondingto a

���"!#�
local gaugesymmetry.

The successof QED led YangandMills [4] to considermorecomplex non-Abeliangauge
symmetrieswhicheventuallyled to thestandardmodelof particlephysics.

Fundamentalsymmetries,like gaugesymmetriesor Lorentzsymmetry, mustbe distin-
guishedfrom approximatesymmetries.For many technicalissuesit is often useful to con-
sidersymmetriesthatareexactin somelimit, especiallyin QuantumChromodynamics(QCD)
wheretheseapproximatively valid symmetriesarecrucial to find relationsbetweendifferent
non-perturbativequantities.An exampleof thesesymmetriesis for exampletheisospinsym-
metrywhich is approximatively exactat low energy QCD.

After acenturyof greatsuccessapplyingsymmetriesin particlephysics,it is still unclear
why symmetriesareso importantin physics. We know that if we can identify one, it will
have somevery deepconsequences,but thereis still no primary principle which forcesto
requiretheactionto beinvariantundersomegivensymmetry. We canonly postulatea setof
symmetriesof the action,quantizeandrenormalizethis actionto obtainthe Feynmanrules
andcomputesomeobservablesto testwhethera givensymmetryis presentor not in nature.
Therearetwo possibilitiesif a givensymmetryis not observed, it caneitherbebrokenor it
mustberuledoutasasymmetrythetheory.

In thepresentwork weshallnottry to understandwhy symmetries,andin particulargauge
symmetries,aresocrucial to particlephysics.We shall take this asangivenfact. Our main
concernwill ratherbe to try to understandhow to breakgaugesymmetries. As we shall
describein this first chapter, theelectroweakinteractionsaredescribedby abroken

�������	�%$���"!#�
local gaugesymmetry. Themainresultof this work is thattheelectroweakinteractions

canbe describedassuccessfullyby a confiningtheory, i.e. a theorybasedon an unbroken
gaugesymmetry, with aweakcouplingconstant.It turnsout thatthisconfiningtheoryis dual
to thestandardmodel.Thisdualityallowsto find relationsbetweensomeof theparametersof
thestandardelectroweakmodelthatareotherwisenot presentin thenormalstandardmodel
with a brokenelectroweaksymmetry. We shall first review thestandardelectroweakmodel,
someof its problemsandsomeof thesolutionsto theseproblems.
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1.1 The standard electroweakmodel

In this sectionwe shalldiscussthestandardmodelof theelectroweakinteractions.Theweak
interactionwasfirst consideredto bea local or point like interaction,theso-calledFermi in-
teraction[5], beforeit wasrealizedby Glashow [6], following the work of Schwinger[7],
thata

���&���	�'$����"!#�
localgaugesymmetrycouldaccountfor thisphenomenonandfor Quan-

tum Electrodynamics.But, if the electroweakgaugebosonsweremasslessthe electroweak
interactionswould belong rangeinteractions.This is only partially thecase,sinceQED is a
long rangeinteraction,but theweakinteractionsareshortrange.This impliesthat thegauge
bosonsareeitherconfinedandcannotpropagateasfreeparticlesor thatthey aremassive. The
standardapproachis to assumethelatter. But, the

�������	�($)���"!#�
gaugesymmetryprohibitsa

masstermfor thegaugebosonsin theaction.This ledWeinberg andSalam[8] to assumethat
this symmetryis spontaneouslybroken andto apply the Higgs mechanism[9] to breakthis
symmetry. It turnsout thata theorywith a gaugesymmetrywhich is spontaneouslybroken
remainsrenormalizable[10], andthatthistheoryis thusconsistentto any orderin perturbation
theory.

Thestandardmodelof theelectroweakinteractionsis basedonthegaugegroup
�������	�+*,$�&�+!#�"-

, where the index . standsfor left and where / standsfor hypercharge. In that
model,parity is brokenexplicitly, left-handedfermions 0,1*32 !#4	�5�+!7698;:<� 0,1 aretransform-
ing accordingto the fundamentalrepresentationof

�������	�"*
whereasright-handedfermions0 1 = 2 !#4	�5�+! � 8;:<� 0 1 aresingletsunderthis gaugegroup. The gaugebosonof the

���"!#�+-
gaugegroupis denotedby >�? , andthe threegaugebosonsof the

�������	�+*
gaugegroupare

called 
�1? , @BADC !	EF�GEF�GH . Theanti-symmetrictensorsI#?KJ and LM1?KJ arethefield strengthtensors
of
���"!#�+-

respectively
�������	�+*

.
We startby writing down theLagrangianof thestandardelectroweakmodel,taking into

accountonly thefirst family of leptons( . *NEFOQP ) andquarks( R *SEUT = E � = ):V%W 2 6 !X L 1?KJ L 1 ?KJ 6 !X I#?KJ#I ?KJ �ZY. *G[;4\ . * �]YR *G[;4\ R * � YO = [G4\ O = (1.1)� YT = [;4\ T = � Y� = [;4\ � = 6_^M` YO = � Ya . *5�b69^Mc Y� = � Ya R *d�67^Me YT = � a R *d� ��fhgji#gk� !� � \ ? a �ml<� \ ? a �'6�nho� a l a 6qpX � a l a � o g
Thescalardoublet

a
is theHiggsfield and Ya 2 [�r o aNs . In thestandardmodelthis field enters

the theory in the fundamentalrepresentationof the
���&���	�

gaugegroup which has,as we
shallseelater, somenontrivial consequences.Thequantumnumbersof thefieldsenteringthe
standardmodelLagrangianaresummarizedin table1.1.Thecovariantderivativeis givenby:\ ? 2ut ? 6v[xwzy� /�>�? 6v[Kw �S{ 1 
 1? g (1.2)

Thefield strengthtensorsareasusualL 1?QJ 2|t ?�
 1J 6 t J}
 1? � wG~ 1m��� 
 �? 
 �J (1.3)



14 CHAPTER1. INTRODUCTION���������"� �������	�+* ���"!}�"- ���"!#�"�. * 2���� *O�*%� � � 6�! ���6�!��O = � � 6,� 6�!R * 2 � T�*� *�� � � !#4�� � �	4��6�!#4����T = � � X 4�� �	4��� = � � 6��	4�� 6�!#4��a 2 � a��a � � � � 6�! � �6�! �
�� � � � ����!�E � �� � � � �^ 1 � � � �
Table1.1: Thestandardmodelfields,asusualtheelectricchargeis givenby theGell-Mann-
Nishijima relation R 2]�o � {Q� ��/ � . Thefields 
 � with

[ AuC�� E�6�EF�GH denotethe threeelec-
troweakgaugebosonsand

�
is thephoton.Thegluons

^ � arein theoctetrepresentationof���������"�
. I#?KJ 2|t ?�>&J 6 t JQ>�?;g (1.4)

We haveusedthedefinitions:. * 2���� *O�*%� E R * 2�� TN*� *�� E a 2�� a �a � � and Ya 2 [�r o a s 2�� a �6 a � s � g (1.5)

Obviouslyamasstermfor theelectroweakbosonsof theform   o ¡ 
 �? 
 � ? wouldviolatethe
gaugesymmetry. In otherwords,thegaugeinvarianceof thetheoryrequiresthegaugebosons
to bemassless.If thegaugebosonsweremassless,theelectroweakinteractionswouldbelong
rangeinteractions.But, weknow thattheweakinteractionsareshortrangewhereasQEDis a
long rangeinteraction.Thuswehave to breakthis symmetrypartially.

1.1.1 The Higgs mechanism

The symmetrybreakingschemehasalreadybeenintroducedin the standardelectroweak
model Lagrangian. The Higgs mechanism[9] breaksthe

�������	��$¢���"!#�
gaugesymmetry

spontaneously, which insuresthattheresultingtheoryis renormalizable.Thepotentialof the
Higgsbosonis givenby £ � a l a � 2 n o� a l a � p X � a l a � o (1.6)
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The positionof the minimum is dependenton the sign of the squaredmassn o of theHiggs
doublet. If it is positive, i.e. if the Higgs doubletsquaredmasshasthe right sign for the
squaredmasstermof a scalarfield, thenthegaugesymmetryis unbroken,andtheminimum
is at

a l a 2 � . TheHiggsmechanismpostulatesthatthedoubletis atachyon,andthusrequiresn o7¤ � . In thatcasethepotentialhastwo extremawhicharegivenby� £ ��¥;�� ¥ 2 n o ¥ � p ¥ o 2§¦ n o � p ¥�¨�¥ 2 � (1.7)

with
¥ o 2 a l a . Theextremaarethen ¥ � 2 � (1.8)¥ o 2 6 n op ©«ª o E (1.9)

whereª is theso-calledvacuumexpectationvalue.Thefirst solutionis unstableandthusnot
thetruevacuumof thetheory. Thestandardprocedureis to expandtheHiggsfield aroundits
vacuumexpectationvalue. It is convenientto fix thegauge,performinga

���&���	�
rotation,at

this stage.Weshallchoosetheunitaritygaugea 2 � o­¬ a �a �­® 2 ¬b¯ � ª� ® (1.10)

which allows to “rotate away” the Goldstonebosons. The Goldstonebosonsare the three
degreesof freedomwhich remainmasslessafter spontaneoussymmetrybreaking.They are
absorbedin the longitudinal degreesof freedomof the gaugebosons. The Higgs field is
expandedaroundits vacuumexpectationvalue ª . This is a semi-classicalapproach.Of the
four generatorsof

���������7$D���"!#�
threearebrokenby theHiggsmechanism.Only thelinear

combinationR 2 !}4	�5� { � �°/ � is left unbrokenandthusleavesthevacuuminvariant. This
implies thata linearcombinationof thegaugefieldsof

�������	��$±���"!}�
remainsmassless.It

canbeidentifiedwith thephoton.Insertingtheexpansionof theHiggsfield in theLagrangian
(1.1), onefinds that the Higgs mechanismgivesa massto the electroweakbosons
³²? and´ ? , whereasthephoton

� ? remainsmassless.The
´ ? and

� ? bosonsarethemasseigenstates
givenby � ? 2�µU¶¸·º¹ ¡ 
 �? �±»K¼ µ�¹ ¡ >�?´ ? 2 »Q¼ µ�¹ ¡ 
 �? 6 µU¶¸·º¹ ¡ >�? E (1.11)

with »K¼ µN¹ ¡ 2 w½ w o � w y o and
µU¶¸·­¹ ¡ 2 w y½ w o � w y o g (1.12)



16 CHAPTER1. INTRODUCTION

ρ¾

V(ρ)¿

0

0

Figure1.1: Higgspotentialbefore(continuousline) andafterelectroweaksymmetrybreaking
(dottedline), thevariable

¥
is definedby

¥ o 2 a l a .

Themassesof theelectroweakbosonsaregivenby   ¡�À 2 w ª 4	� ,  3Á 2ZÂ w o � w y o ª 4	� and ÄÃ 2 � . It is importantto noticethatthemechanismresponsiblefor thefermionmassgener-
ationis not theHiggsmechanismbut rathertheYukawamechanism.TheYukawainteractions
generateamasstermfor thefermionsof thetype  ` 2 ^M` ª E   e 2 ^ e ª E and   c 2 ^Mc ª g (1.13)

Therearethustwo distinctmassgeneratingmechanismsin thestandardmodel.

1.1.2 Naturalnessand Hierar chy problem

Albeit the standardmodel, which is the superpositionof the standardelectroweak model,
describedby

�������	�+*Å$D���"!}�"-
, andof QuantumChromodynamics,describedby

���&�����m�
, is

extremelysuccessful,it mightnotbethefinal theoryof particlephysics.Themajorobjection
is that it containstoo many parametersthat have to be measuredandcannotbe calculated
from first principles.This led to aquestfor theunificationof thegaugeinteractionsdescribed
by the threegaugegroups

���������
,
���&���	�

and
���+!#�

. Therearetwo prime examplesof such
unificationgroups:

������Æ	�
[11] and

�(Ç��+! � � [12]. In that framework the standardmodel is
embeddedin a largergaugegroupwhosegaugesymmetryis brokenathighenergy calledthe
grandunificationscale(GUT) scale.Therunningof thecouplingconstantof thegaugegroup���������º$È���������º$v���"!#�

suggeststhat theunificationis takingplaceat a scaleÉ�Ê�Ë;ÌÎÍ ! � ��Ï
to
! � ��Ð GeV dependingon whethersupersymmetryis presentin Natureor not. The gauge

hierarchyproblemstatesthat it is unnaturalfor theelectroweakbreakingscaleÉ�Ñ ¡ Í � X	Ò
GeVto besosmallcomparedto thefundamentalscaleÉ�Ê�Ë;Ì .
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A secondpotentialproblemwith the standardmodel is that the Higgs bosonis a scalar
field. If acutoff É is usedto renormalizethetheory, theHiggsbosonmassreceivesquadratic
“corrections”  o Ó Í|  �Ó o � � wGo É o���#Ô o   o ¡ ÕÖ   o Ó � �   o ¡ �±  oÁ 6 X�×"Ø ¬�Ù Ø� ®   o Ø�ÚÛ g (1.14)

Nevertheless,this problemseemsnotveryserioussincethecutoff wouldnotbeapparentin a
differentrenormalizationschemeandsecondlythestandardmodelis a renormalizabletheory.
This meansthatall divergenciescanbeabsorbedin therenormalizedcouplingconstantsand
renormalizedmasses.Furthermore,it hasbeenarguedby Bardeen[13] thatthereis anapprox-
imatescaleinvariancesymmetryof theperturbativeexpansionwhichprotectstheHiggsboson
mass.TheHiggsbosonmasscanbeviewedasasoftbreakingtermfor thissymmetry. In that
casefine tuning issuesarerelatedto nonperturbative aspectsof thetheoryor embeddingsof
thestandardmodelinto amorecomplex theory.

Theopinionof theauthorof this work is thatnoneof theseproblemsis veryserious.The
mainproblemof thestandardmodelis thatthesymmetrybreakingmechanismis implemented
in a quite unnaturalfashion.TheHiggs bosonwhich is introducedin the standardmodelis
assumedto be a tachyon,i.e. its squaredmassis adjustedto be negative at treelevel. This
mightbeasignthatamechanismis requiredto triggertheHiggsmechanism.

Therearemany othermotivationsto extendthestandardmodel. It is not clearyet which
of theseis theright one.In thefollowing, weshallreview a few typicalmodels,whichareall
connectedto solutionsof theseproblems.

1.2 Extensionsof the standard model

1.2.1 Compositemodels

In thissectionweshallreview acompositemodelproposedaroundtwentyyearsago.Thelist
of modelsproposedin theliteratureis very long. Threepopularmodelswerethoseproposed
by Greenberg andNelson[14], FritzschandMandelbaum[15] andAbbottandFarhi [16]. For
anextensive list of citationssee[17] and[18]. ThemodelQuantumHaplodynamics(QHD)
wehavechosento review hasbeenproposedby FritzschandMandelbaum[15].

This model is inspiredby QCD. In this approach,the weakinteractionsareresidualef-
fectsdueto thesubstructureof leptons,quarksandweakbosons.Theconstituentsarecalled
haplons,their quantumnumbersaregivenin table1.2. Thehaplonsareassumedto bebound
togetherby averystrongconfiningforce,calledhypercolor. Thegaugegroupdescribingthis
interactioncouldbea

������ÜÝ�
gaugegroup(e.g.

����� X �
) or a

���"!#�
gaugegroup.Thespectrum

of themodelis asfollows T 2 � YÞ Yß � � � ` 2 � YÞ Yà � � (1.15)
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Color Charge Spin HÞ 3 -1/2 1/2 +1 Ùá
3 +1/2 1/2 +1 Ùß 3 -1/6 0 -1 YÙà Y� +1/2 0 -1 YÙ

Table1.2: Quantumnumbersof thehaplons.� 2 � Yá Yß � � O � 2 � Yá Yà � �
 � 2 � YÞ á'� 
�� 2 � Yá Þ �
andtwo neutralbosons
 � 2 !½ � � YÞbÞ 6 Yáâá'� 
 � 2 !½ � � YÞ'Þ � Yá�á'� g
The neutralboson 
 � , which mixeswith the

���"!#�
-photon,is identifiedwith a component

of the
´

-boson.On theotherside 
 � is assumedto be very heavy andnot to contribute to
theneutralcurrents.This modelhadthevery pleasantfeatureof solvingthegaugehierarchy
problemandpotentiallythenaturalnessproblemasin thatcasetheweakinteractionsarenot
a gaugetheory, but aneffective theorywith a cutoff at É � Óbã Í � �	� GeV. Unfortunatelythe
simplestversionof this modelis nowadaysruledout by experimentsperformede.g. at LEP
asaremostof thecompositemodelsproposedlong ago.

1.2.2 Technicolor

A moreelaborateapproachis thatof technicolortheories.Again theliteratureis veryrich, for
reviews,seereferences[18] and[19].

We review the simplestpossible(i.e. not extended)exampleof a technicolortheories
[20,21]. Technicolortheoriesaremodelswheretheelectroweaksymmetrybreakingis dueto
dynamicaleffects.

Consideran
������Ü Ì ��� gaugetheorywith fermionsin the fundamentalrepresentationof

thegaugegroup 0 * 2�� �\ � * � = E \ = g (1.16)

Thefermionkineticenergy termsfor this theoryareV 2 Y�b*;[G4\ �b* �äY� = [;4\ � = �]Y\ *G[G4\�\ * �]Y\ = [G4\�\ = E (1.17)

and,likeQCDin the   e ,   c � � limit, they exhibit achiral
���&���	�"*�$Î�������	� = symmetry.
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As in QCD, exchangeof technigluonsin thespinzero,isospinzerochannelis attractive,
causingtheformationof a condensate

U
å
D

U
å
D

gæ TC � çGY�'*�� =hè 2 çéY\ * \ =hèMê2 � E (1.18)

which dynamicallybreaks
�������	�+*Ý$v��������� = � ���������më

. Thesebrokenchiral symmetries
imply theexistenceof threemasslessGoldstonebosons,theanalogof thepionsin QCD.

Now we considergauging
���&���	� ¡ $D���"!}�"-

with theleft-handedfermionstransforming
as weak doubletsand the right-handedonesas weak singlets. To avoid gaugeanomalies,
in this one-doublettechnicolormodel, the left-handedtechnifermionsareassumedto have
hypercharge zero and the right-handedup- and down-technifermionsto have hypercharge��!#4��

. Thespontaneousbreakingof thechiral symmetrybreakstheweakinteractionsdown
to electromagnetism.Thewould-beGoldstonebosonsbecomethe longitudinalcomponents
of the 
 and

´ Ô ² EìÔ � � 
 ²* E ´ *�E (1.19)

whichacquireamass í ¡ 2 w LâÌ �� g (1.20)

Here LâÌ � is theanalogof I}î in QCD.In orderto obtaintheexperimentallyobservedmasses,
we musthave LâÌ � Í � X�Ò GeV andhencethis modelis essentiallylike QCD scaledup by a
factorof LâÌ �I#î Í �	Æ �	��g (1.21)

Sincethereareno fundamentalscalarsin thetheory, thereis notany unnaturaladjustment
requiredto absorbquadraticdivergenciesof scalarmasses.Themassgenerationproblemof
the electroweakbosonscanthusbe solved in a very elegant fashion. The gaugehierarchy
problemis solvedin suchatheory, becausethescaleof theelectroweaksymmetrybreakingis
adynamicalquantitywhichcouldeventuallybecalculated.Neverthelessthereis apotentially
seriousproblemwith the massgenerationof the fermionsin suchtheories. The modelwe
havepresenteddoesnotyethaveamechanismto generatefermionmasses.

Themodelhasto beembeddedin amorecomplex theory, so-calledextendedTechnicolor
theories(ETC) [22,23]. In ETC models,technifermionscoupleto ordinary fermions. At



20 CHAPTER1. INTRODUCTION

energieslow comparedto theETC gauge-bosonmass,

í ÑìÌ � , theseeffectscanbetreatedas
local four-fermioninteractions

Ψ
ï

L

qð L

qð R

U
å

R

ETC � w;oÑ5Ì �í oÑ5Ì � � 0 *�� = �Q� ñ = ñQ*ì� g (1.22)

After technicolorchiral-symmetrybreakingandtheformationof a çGY�M� è condensate,suchan
interactiongivesriseto amassfor anordinaryfermion Äò�Í w;oÑìÌ �í oÑ5Ì � ç ��� è ÑìÌ �óE (1.23)

where ç �M� è ÑìÌ � is thevalueof thetechnifermioncondensateevaluatedat theETC scale(of
order

í Ñ5Ì � ). Thecondensaterenormalizedat theETC scalein eq. (1.23)canberelatedto
thecondensaterenormalizedat thetechnicolorscaleasfollowsç �M� è Ñ5Ì � 2 ç �M� è Ì � ô<õdö ��÷Bø�ù�ú}ûü ú}û � nn 8zý�� n � � E

(1.24)

where
8;ý,� n � is theanomalousdimensionof thefermionmassoperatorand ÉþÌ � is theanalog

of É ��� ã for thetechnicolorinteractions.Onefindsç �M� è Ñ5Ì � Íÿç �M� è Ì � Í X Ô L �Ì � E (1.25)

usingdimensionalanalysis.In this caseeq. (1.23)impliesthatí Ñ5Ì �w Ñ5Ì � Í X � TeV ¬ L�Ì ��	Æ � GeV ®��� � ! �	� MeV Äò � �� g (1.26)

It is not easyto build technicolormodelsthat give a massto fermionswhile remaining
simple.Besidesthismostof theETCmodelspredictlargedeviationsfrom thestandardmodel
predictions,and in particularraredecaysof the type n � OQ8

for which the experimental
limits arequite restrictive. It is alsodifficult to understandhow light fermionmassescanbe
generatedsince  Äò�� X Ô w;oÑ5Ì �í oÑ5Ì � L �Ì � g (1.27)

This requires

í Ñ5Ì � to be in the rangeof
! �	� TeV for the � -quarkor for the muon. But,

í Ñ5Ì � 2 ! �	� TeV is too low to beinvisible,e.g.in Y��� mixing.
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Neverthelessaninterestingpropositionhasbeenmaderecently. Thecaseof massgener-
ation for fermionsin a simpletechnicolortheoryhasbeenreconsidered[24]. If the fermion
globalchiral symmetriesarebrokenby theinclusionof four-fermioninteractions,it is found
that the systemcan be nonperturbatively unstableunderfermion massfluctuationsdriving
the formationof an effective couplingbetweenthe technigoldstonebosonsandtheordinary
fermions. A minimizationof an effective actionfor the correspondingcompositeoperators
leadsto adynamicalgenerationof light fermionmasses�

í ôxõGö �"6
	54 w;o � , where

í
is some

cutoff massandwhere
	

is a parameterwhich dependson thecouplingconstantsof thefour-
fermioninteractions.

Technicolortheoriesarestill anacceptablealternative to theHiggsmechanism.A better
understandingof thenon-perturbative aspectsof this theorymight avoid to extendthe plain
technicolormodelsto ETC modelswhich aregettingvery complicatedandarethusnot very
elegant.

1.2.3 Supersymmetry

Low energy supersymmetryis a naturalcandidateto solve the naturalnessproblemof the
Higgs bosonmass(see[25] and[26] for reviews). Supersymmetry[27] is a symmetrybe-
tweenbosonsandfermions,i.e. a symmetrybetweenstatesof differentspin. For example,
a spin-0particleis mappedto a spin-

�o particleundera supersymmetrytransformation.The
particlestatesin a supersymmetricfield theoryform representations(supermultiplets)of the
supersymmetryalgebra. Thereis an equalnumberof bosonicdegreesof freedom Ù � and
fermionicdegreesof freedomÙ � in asupermultiplet

Ù � 2 Ù � g (1.28)

Themassesof all statesin asupermultipletaredegenerate.In particularthemassesof bosons
andfermionsareequal   � 2   � g (1.29)

We shall illustratehow supersymmetrycansolve the naturalnessproblem. Considerthe
following (non-supersymmetric)Lagrangianof a complex scalar

�
andaWeyl fermion 
V 2 6 t ?�Y� t ? � 69[ Y
 Yr ? t ?�
 6 !�   Ø � 
�
Ä� Y
 Y
 �b6   o� Y���6 / � � 
�
�� Y� Y
 Y
 � 6 p � Y�7� � o g (1.30)

This Lagrangianis supersymmetricif   Ø 2   � and / o 2 p , but let us not considerthis
choiceof parametersatfirst.

V
hasachiral symmetryfor   Ø 2 � givenby� � O � o ��� � E 
Î� O ��� 
Îg (1.31)
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+
λ

χ
A

A A

χ

A Y YA

corrections to the boson mass

χ Y

mf

A

χ

correction to the fermion mass

Figure1.2: Oneloopcorrectionsto thefermionmassandto thebosonmass.

Thissymmetryprohibitsthegenerationof a fermionmassby quantumcorrections.For   Ø ê2� thefermionmassdoesreceiveradiativecorrections,but all possiblediagramshaveto contain
a massinsertionascanbe seenfrom the one-loopdiagramshown in figure 1.2. Sincethe
propagatorof theboson(upperdashedline in thediagram)is � �� � while thepropagatorof
the fermion (lower solid line) is � �� oneobtainsa masscorrectionwhich is proportionalto  Ø

�   Ø �«/ o   Ø�� ·   o ØÉ o E (1.32)

where É is theultraviolet cutoff. Hencethemassof a chiral fermiondoesnot receive large
radiativecorrectionsif thebaremassis small.

Thediagramsgiving theone-loopcorrectionsto   � areshown in figure1.2.Bothdiagrams
are quadraticallydivergent but they have an oppositesign becausein the seconddiagram
fermionsarerunningin theloop. Onefinds�   o� � � p 6 / o � É o g (1.33)

Thus,in non-supersymmetrictheoriesscalarfields receive large masscorrections.In super-
symmetrictheoriesthe quadraticdivergency in (1.33)exactly cancelsdueto the supersym-
metric relation / o 2 p . The cancellationof quadraticdivergenciesis a generalfeatureof
supersymmetricquantumfield theories.This leadsto thepossibilityof stabelizingtheweak
scale

í Á .
In that sensesupersymmetrysolves the naturalnessproblem. It allows for a small and

stableweakscalewithout fine-tuning.However, supersymmetrydoesnot solve thehierarchy
problemin thatit doesnotexplainwhy theweakscaleis smallin thefirst place.But, themain
problemof supersymmetrictheoriesat low energy is to explain thebreakingof supersymme-
try.
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1.2.4 New ideasand newdimensions

It hasrecentlybeenproposedthat thegaugehierarchyproblemcouldbesolvedby lowering
thescaleof theunificationof all forcesandin particularof thescalefor gravity [28]. In this
framework, thegravitationalandgaugeinteractionsbecomeunitedat theweakscale,which
we take asthe only fundamentalshortdistancescalein nature. The observed weaknessof
gravity ondistances� 1 mmis dueto theexistenceof Ù � � new compactspatialdimensions
largecomparedto theweakscale.ThePlanckscale

í
��� � ^ � ��� o� is nota fundamentalscale.

Its largevalueis simply a consequenceof thelargesizeof thenew dimensions.While gravi-
tonscan freely propagatein the new dimensions,at sub-weakenergies the standardmodel
fieldsmustbe localizedto a 4-dimensionalmanifoldof weakscale“thickness”in theextra-
dimensions.

A verysimpleideais to supposethatthereare Ù extracompactspatialdimensionsof radius��� . ThePlanckscale

í
�����! �#"%$ of this

� X � Ù � dimensionaltheoryis taken to be �  ÄÑ ¡ .
Two testmassesof mass  � E   o placedwithin a distance&(' � will feel a gravitational
potentialdictatedby Gauss’s law in

� X � Ù � dimensions£ � & � �   �   oí
"}� o�����! �#"%$ !

& "}� � E � &)' � � g (1.34)

On theotherhand,if themassesareplacedat distances&+* � , their gravitationalflux lines
cannotcontinueto penetratein theextra-dimensions,andtheusual

!#4 & potentialis obtained,£ � & � �   �   oí
"}� o�����! �#"%$ � " !& E'� &,* � � (1.35)

soour effective4 dimensional

í
��� isí o��� � í o �#"�����! �#"%$ � " g (1.36)

Putting

í
�����! �#"%$ �  ÄÑ ¡ anddemandingthat � be chosento reproducethe observed

í
���

yields �-� ! � � ./ � ��Ð cm
$ ¬ ! TeV ÄÑ ¡ ® � � �/ g (1.37)

For Ù 2 !
, onefinds �0� ! � � � cm, implying deviationsfrom Newtoniangravity over solar

systemdistances,sothis caseis empiricallyexcluded.For all Ù � � , however, themodifica-
tion of gravity only becomesnoticeableat distancessmallerthanthosecurrentlyprobedby
experiment. The caseÙ 2 �

( �1� ! �	� n m
6�!

mm) is particularly interesting,sinceit has
notyetbeenruledoutby experiments.LoweringthePlanckscaleto theTeV rangesolvesthe
gaugehierarchyproblem.Shortlyafterthis observationwasmade,it wasproposedthatthese
extra-dimensionsmightevenbeinfinitely large[29]. Themainobjectionto thesemodelswith
extra-dimensionsis thatthesequantumfield theoriesarenot renormalizable.
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A more exciting framework is that proposedin [30] whereextra-dimensionsare cre-
ateddynamically. In that framework, which is essentiallya reminiscenceof an old idea
[31] usingthe languageof extra-dimensions,oneconsidersthedirectproductof two groups������ÜÝ��$����&� í �

in four dimensions,which are thuspotentially renormalizable.Oneof
theseis assumedto confineits chargesat a very high scale.The low energy effective action
is a five dimensionalnon-linearsigmamodelwherethe fifth dimensionis discrete. In that
kind of models,the radiative correctionsto the Higgs massarefinite [32], andthe massof
this particlecould thusbecalculated.This would solve thenaturalnessproblem. But, these
extra-dimensionscreateddynamicallyat low energy arequitepeculiar. Indeedgravity would
not propagatein thesenew dimensions.

1.3 Discussion

In this chapterwe have presentedthe standardelectroweakmodelof particlephysics. We
havediscussedtheso-calledgaugehierarchyandnaturalnessproblem.Theseproblemscanat
leastbepartiallyaddressedin differentframeworkswhich arecompositemodels,technicolor
models,supersymmetricmodelsor modelswith extra-dimensions.Thereareprobablymore
frameworksweretheseproblemscanbeaddressed.

Neverthelessall of thesehave in commonthefeaturethatthey predicta lot of new physics
beyondthestandardmodel,andwhile they areableto addressat leastsomeof thetheseprob-
lems,they areunableto reducethenumberof freeparametersintroducedin thefundamental
theory. On thecontrarythey tendto increasethem.Besidesthis, therearenosignsof physics
beyondthestandardmodel.

We shall thusconsidera differentapproachandreconsiderthefirst assumptionwe made,
namelythatthegaugetheorydescribingtheelectroweakinteractionsis broken.Weshallargue
that the electroweak interactionscan be describedby a confining theory at weak coupling
which turnsout to bedualto thestandardmodel.Thisdualityallowsin particularto calculate
theelectroweakmixing angleandtheHiggsboson’smass.

The remainingquestionis whetherthis duality is only a low energy phenomenonor
whetherit is valid for all energies. This duality can be testedby searchingfor deviations
from thestandardelectroweakmodel.

This work is organizedin thefollowing way. In chapter2, we shallestablishtheduality.
Weshallpresentthecalculationof theelectroweakmixing angleandof themassof theHiggs
bosonin chapter3. A supersymmetricextensionof theduality presentedin chapter2, will be
consideredin chapter4. In chapters5 and6, weshallpresentsomeof thetestsof this duality.
We shallconcludein chapter7.



Chapter 2

The dual phaseof the standard model

This chapteris dedicatedto the descriptionof theduality which is themainachievementof
thiswork. Thisduality is motivatedby thefactthatthestandardmodelactioncanberewritten
in termsof gaugeinvariantfields andby the so-calledcomplementarityprinciple. We shall
presentbothmotivationsin this chapter. Theresultswerepublishedin [33].

2.1 The confinementphase

In this work wewill beconstantlyreferringto thetheoryin theHiggsphaseandto thetheory
in the confinementphase.We shall adoptthe following definitionsfor theHiggs phaseand
for theconfinementphase:

definition 1 (Higgsphase) By the theory in the Higgs phasewe understandthe standard
modelof particle physicswith spontaneouselectroweaksymmetrybreakinggeneratedat the
classicallevelby theHiggsmechanism.

definition 2 (confinementphase) By thetheoryin theconfinementphaseweunderstandthe
sametheoryasthat of thestandard modelbut with reversedsignof theHiggsbosonsquared
mass,i.e. the

���������"*
gauge symmetryis unbroken at the classicallevel. We do not make

assumptionsaboutthestrengthof thecouplingconstantof thetheory.

We shall considera gaugetheory with a gaugegroup which is the sameas that of the
standardmodel,i.e.

���������"�v$È�������	�"*Å$9���+!#�"-
, but thegaugesymmetryis assumedto be

unbroken. Theparametersof the theoryare,exceptfor theHiggspotentialandin particular
thesignof theHiggsdoubletsquaredmasswhichhastheright signfor ascalarquantumfield,
i.e. the gaugesymmetryis unbroken, exactly the sameasthoseof the standardmodel. In
particularthecouplingconstanthasits usualvalueandis thusweak.

We introducethe following fundamentalleft-handeddual-quarkdoublets,which we de-
noteasD-quarks(referringto duality):

25
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leptonicD-quarks 2 � 2��32 �2 o � (spin
!#4��

, left-handed)

hadronicD-quarks
ñ � 2�� ñ �ñ o � (spin

!#4��
, left-handed,

�������	�m�
triplet)

scalarD-quarks f � 2���f �f o � (spin � ),
takinginto accountonly thefirst family of leptonsandquarks.Theright-handedparticlesare
thoseof the standardmodel. The Lagrangiandescribingthe electroweakinteractionsin the
confinementphaseisV � 2 6 !X�L 1?KJ L 1 ?KJ 6 !XâI#?KJ#I ?KJ � Y2 *G[G4\ 2 * � YñK*G[G4\ ñQ* � YO = [;4\ O = (2.1)� YT = [G4\ T = � Y� = [;4\ � = 6_^M` YO = � Yf�2 *d�b6_^�c Y� = � Yf ñQ*5�67^Me YT = � f ñQ*5� ��fhgji#gk� !� � \ ?	f �"l<� \ ? f �b6   oW� f l f 6 p X � f l f � o E
with Yf 2 [�r o f s . Thecovariantderivative is givenby:\ ? 2°t ? 69[Kwzy� /�>�? 69[Kw �S{ 1 
 1? g (2.2)

Thefield strengthtensorsareasusualL 1?KJ 2|t ?�
 1J 6 t J�
 1? � wG~ 1"��� 
 �? 
 �J (2.3)I#?KJ 2|t ?�>&J 6 t JQ>�?;g (2.4)

We areconsideringa theoryin theweakcouplingregime,i.e. thestrengthof the
�������	�"*

interactionis that of the standardmodel,but, we neverthelessassumethat the confinement
phenomenoncantake placeat weakcoupling. It hasbeenconjecturedby ’t Hooft that vor-
tices which are classicalsolutionspresentin this theory can lead to confinementof gauge
chargesat arbitrary weak coupling constant[34]. Recently, a measurementof the vortex
freeenergy orderparameterat weakcouplingfor

�������	�
hasbeenperformedusingso-called

multi-histogrammethods[35]. The result shows that the excitation probability for a suffi-
ciently thick vortex in the vacuumtendsto unity. It is claimedin [35] that this rigorously
providesa necessaryandsufficient conditionfor maintainingconfinementat weakcoupling
in
������Ü)�

gaugetheories.
We thushave a consistentmechanismfor theconfinementof gaugecharges. Themech-

anismfor confinementmight not bedifferentfrom thatof QCD, but thebasicdifferencebe-
tweentheweakinteractionsandthestronginteractionsis, asstressedby ’t Hooft [36], thatin
theweakinteractionsthereis a largeparameter, thevacuumexpectationvalue,which allows
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perturbationtheorywhereasno suchparameteris presentin QCD,which explainswhy QCD
is nonperturbative. Nevertheless,in QCD thescaleof the theorycoincideswith theLandau
pole of the theory, but obviously this cannotbe the casefor a

������Ü)�
theoryat weakcou-

pling. Thismight bethehint thatQCD is aparticularcaseof amoregeneralclassof theories
whereconfinementoccurs.After theseremarkson theconfinementmechanism,westudythe
spectrumof thetheory.

The left-handedfermionsareprotectedfrom developinga massterm by the chiral sym-
metry, physicalparticlesmustthusbegaugesingletsunder

�������	�
transformations.Theright-

handedparticlesarethoseof thestandardmodel.Wecanidentify thephysicalparticlesin the
following way: · ô547698 ¶¸· ¼;: � *+< Yf�2 (2.5)ô � ô » 6=8 ¼ · : O�*>< f�2 (2.6)45ö?6A@;öNôCBD4�EF8HG : T�*+< Yf ñ (2.7)I ¼KJ · 6A@GöNôCBD4�EF8HG :�� *+< f ñ (2.8)L ¶NMOM	µ ö�EF8P6 ¶ » � ô : a < Yf�f E � -wave (2.9)
 � 6?Q ¼ µ ¼ · : 
 � < YfNf E>R -wave (2.10)
 � 6?Q ¼ µ ¼ · : 
 � < f�f ESR -wave (2.11)
�� 6?Q ¼ µ ¼ · : 
 � <ÿ� f�f �"lFE>R -waveg (2.12)

Theseboundstateshave to be normalizedproperly. We shall considerthis issuein the
next section.Usinga non-relativistic notation,we cansaythat thescalarHiggsparticleis aYfNf -statein which thetwo constituentsarein a � -wave. The 
 � -bosonis theorbitalexcitation
(
R
-wave). The 
�� ( 
|� )-bosonsare

R
-wavesaswell, composedof

� fNf �,� Yf Yf � respectively.
Dueto the

�������	�
structureof thewave function thereareno � -wave statesof the type

� fNf �
or
� Yf Yf � .
Noticethatwehavedefinedcompositeoperatorsatthesamespace-timepoint,i.e. 0 � ß E ß � 2Ya � ß �UT,� ß � , where

a � ß � and
T,� ß � are the fields correspondingto the fundamentalparticles.

Thosearenotboundstatewavefunctionswhichwouldbeafunctionof two space-timepoints,
i.e. 0 � ß E à � 2 Ya � ß �UT,� à � . Thespace-timeseparationis takento bevanishing.

2.2 The duality

As usualin aquantumfield theory, theproblemis to identify thephysicaldegreesof freedom.
To do sowehave to choosethegaugein theappropriateway. TheHiggsdoubletcanbeused
to fix the gauge. Using the gaugefreedomof the local

���&���	�
groupwe performa gauge

rotationsuchthatthescalardoublettakestheform:

f � 2��þL ��f � � $� � E (2.13)
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wherethe parameterL is a real number. If L is sufficiently large we canperforman
!#4 L

expansionfor thefieldsdefinedabove. We have� * 2 !L � Yf�2 � 2 2 � � !L f � � $ 2 � 2 2 � �WV ¬ !L ® Í-2 � (2.14)O�* 2 !L � ~ �YX f � 2 X � 2 2 o � !L f � � $ 2 o 2 2 o �ZV ¬ !L ® Í-2 o (2.15)T�* 2 !L � Yf ñ�� 2 ñ � � !L f � � $ ñ � 2 ñ � �ZV ¬ !L ® Í ñ � (2.16)� * 2 !L � ~ �YX f � ñ X � 2 ñ o � !L f � � $ ñ o 2 ñ o �WV ¬ !L ® Í ñ o (2.17)a 2 !� L � YfNf � 2 f � � $ � L � � !� L f � � $ f � � $ (2.18)2 f � � $ � L � �ZV ¬ !� L ® Í�f � � $ � L �
 �? 2 ��[w L o � Yf \ ?	f � 2�� ! � f � � $L � o 
 �? � ��[w L � ! � f � � $L � t ?�f � � $ (2.19)2 
 �? �WV ¬ �L ® Í«
 �?
 �? 2 ½ �#[w L o � ~ �[X f � \ ?	f X � 2�� ! � f � � $L � o 
 �? (2.20)2 
 �? �ZV ¬ �L ® Í³
 �?
 �? 2 � ½ �k[w L o � ~ �YX f � \ ?	f X � � l 2�� ! � f � � $L � o 
 �? (2.21)2 
 �? �ZV ¬ �L ® Í³
 �? g
Theboundstateshavebeennormalizedsuchthattheexpansionyieldsaexpressionhaving the
right massdimension.

Theparameterw is thecouplingconstantof thegaugegroup
�������	�+*

and
\ ? is thecorre-

spondingcovariantderivative. As canbeseenfrom (2.14)to (2.21),thephysicalparticlesare
thoseappearingin thestandardmodel. We adopttheusualnotation 
 ²? 2 � 
 �?
\ [ 
 o? �U4 ½ � .
Thetermswhich aresuppressedby thelargescaleL areasirrelevantasthetermswhich are
neglectedin theHiggsphasewhentheHiggsfield is expandednearits classicalvacuumex-
pectationvalue. If we matchtheexpansionfor theHiggsfield

a 2 f � � $ � � o to thestandard
model,weseethat L 2 � ª 2 X^] � GeVwhereª is thevacuumexpectationvalue.Thisparam-
etercanbeidentifiedwith atypicalscalefor thetheoryin theconfinementphase.Thephysical
scaleis definedas É 2 L 4 ½ � , the

½ �
factoris includedherebecausethephysicalparameter

is not ª but ª 4 ½ � ascanbeseenfrom theLagrangian(1.1). We seein theexpansionfor 
 �?
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thatthesuppressedirrelevanttermsstartat theorder
�	4 L . We thusinterpretthetypical scale

for the 
 �? as É ¡ 2 ½ � L 4 X 2 !`_�� g ] GeV. The scalecorrespondingto the Higgs bosonis
deducedin a similar fashion. We find É Ó 2 ½ � L 2 ÒO] Æ g!a GeV. The factor four between
thescaleof theHiggsbosonandthatof the 
 bosonsis dictatedby theunderlyingalgebraic
structureof the gaugetheory. In a similar fashion,onecouldarguethat the typical scaleof
theelectroweakinteractionsin theHiggsphase,is givenby thescalearoundwhich theHiggs
field is expanded.

The boundstateswe areconsideringarepoint-like objectsbut with an extensionin mo-
mentumspacecorrespondingto the typical scaleof theparticle,which canthusbeuseda a
cut-off in higherordercalculations.

At thesestage,we shall like to stressthatthis modelsatisfies’t Hooft criteriaof anomaly
matching[38] whichstatesthatchiralsymmetryremainsunbrokenif thefundamentalfermions
developthesameanomalyasthemasslessboundstatesfermions.

2.2.1 The gaugeinvariant standard model

In thissectionweshallshow thatthestandardmodelLagrangiancanberewrittenusinggauge
invariantfields[36,37,39]. Let usdefinethefollowing

���������
gaugeinvariantfieldsb 2dc l a E

(2.22)0 1* 2dc lAT 1*
 �? 2 [� w Tr
c lfe\ ? c { ��hg ? �Hi Ë � o $ 2dc l � \ ? �Pi Ë � o $ c 2 t ? 69[ w 
 ?j ?KJ 2 [w k �hg ? �Hi Ë � o $ E#�hg J �Hi Ë � o $ l E

with
a s e t ? a 2 a s t ? a 6 a t ? a s andwhere

c
is agaugetransformationgivenby

c 2 !Â a l a � aNso a �6 aSs � a o � g (2.23)

Westartfrom theLagrangianof thestandardmodelV 2 6 !� Tr L ?KJ}L ?KJ 6 !XâI}?QJ#I ?QJ � [ YT 1* ¬ ��4\ ? �Hi Ë � o $ 69[ !� w y / 4> ® T 1* (2.24)� [ YT 1= �m4t 69[ !� w y / 4> �PT 1=� ¬�¬ � \ ? � i Ë � o $ 6v[ !� w y /�>�? ® a ® l ¬â¬ � \ ? � i Ë � o $ 69[ !� w y /�> ? ® a ®� £ � a l a �b6_^ eG� YT 1* a T 1=�� YT 1= a lUT 1* �b6_^Mck� YT 1* Ya T 1=�� YT 1= Ya lmT 1* �
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where Ya 2 [ { o a#n , the fermion
T 1 is a genericfermionfield andthe index @ runsover all the

leptonandquarkflavorsandthecovariantderivativeis givenby
�hg ? �Pi Ë � o $ 2 t ? 6Å[ w 
7? , with
7? 2 !#4	� { 1Q
 1? . WedenotetheYukawacouplingsby

^Me
and

^Mc
. Thegaugedependentfields

canbereplacedby their
�������	�

gaugeinvariantcounterparts.OneobtainsV 2 6 !� Tr
j ?QJ j ?KJ 6 !X I}?QJ�I ?QJ � [ Y0 1* ¬ ��4g ? � i Ë � o $ 69[ !� w y / 4> ® 0 1* (2.25)� [ YT 1= �m4t 69[ !�Nw y / 4> �PT 1=� ¬â¬ �og ? �Pi Ë � o $ 69[ !� w y /�>�? ® b ® l ¬â¬ �og ? �Hi Ë � o $ 69[ !� w y / > ? ® b ®� £ � b l b ��6_^Mez� Y0 1* b T 1=�� YT 1= b l 0 1* �b6_^Mck� Y0 1* Yb T 1=�� YT 1=ºYb l 0 1* � g

Thescalarfield potentialis takenof theform£ � a l a � 2 !� p ¬ a l a 6 !� ª o ® o E (2.26)

its
�������	�

gaugeinvariantcounterpartis givenby£ � b l b � 2 !� p ¬ b o b 6 !� ª o ® o g (2.27)

Thispotentialcanbeminimizedif thefield
b

is forcedto form thegaugeinvariantcondensateç b l b è 2 ç a l a è 2 !� ª o g (2.28)

In thatcasewe seethat thegaugeinvariantchargedvectorbosonsreceive a masstermof the
form   ¡ 2 w ª 4	� , the fermionsreceive massesof the type   e 2 ^Me ª 4 ½ � for theup-type
fermionsand   c 2 ^Mc ª 4 ½ � for thedown-typefermions.Wealsoseethata term!�Nw y w >�?�
 �? b l b (2.29)

appears,whichgivesriseto amixing betweenthe
���"!#�

generatorandthe 
 � gaugeinvariant
field. After diagonalizationaccordingto� ? 2�µm¶ ·­¹ ¡ 
 �? �_»Q¼ µN¹ ¡ >�?´ ? 2 »K¼ µ�¹ ¡ 
 �? 6 µm¶ ·­¹ ¡ >�? E (2.30)

we find thecorrectpropertyfor theelectromagneticphoton
� ? which coupleswith theright

strengthto the fermionsandwhich is massless.We alsofind the right propertyfor the
´ ?

bosonwhosemassis shiftedabovethatof othermembersof thetriplet by theelectromagnetic
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Figure2.1: Sketchof thephasediagramusingthe latticemethodandfrozenHiggsapproxi-
mation.Thereis nophasetransitionbetweentheHiggsphaseandtheconfinementphase.

interaction.Choosingtheunitarity gauge,which correspondsto thechoice
c«2 !

, onefindsb � a
, 0 � T

and 
 �? � 
��? . This formulation is identical to that presentedin (2.14-
2.21) if the higherdimensionaloperatorsareneglectedin (2.14-2.21).This is what is done
whenoneexpandstheHiggsfieldsaroundits vacuumexpectationvalue.Neverthelessfor our
purposes,theequations(2.14-2.21)aremoreadequateasthey describeexplicitly therelevant
scalefor eachparticle.

2.3 The relation to lattice gaugetheory

OsterwalderandSeilerhave shown that thereis no fundamentaldifferencebetweenthecon-
finementphaseandtheHiggsphaseof a theoryif thereis a Higgsbosonin thefundamental
representationof thegaugegroup[40]. This is known asthecomplementarityprinciple.

definition 3 (Complementarity principle) If there is a Higgsbosonin thefundamentalrep-
resentationof the gauge group thenthere is no phasetransitionbetweenthe Higgs and the
confinementphase.

In this approach,the Higgs andconfinementphasearedefinedat the level of the effective
action. It wasshown by FradkinandShenker [41] following the work of Osterwalderand
Seiler[40] that in thelatticegaugetheorythereis no phasetransitionbetweenthethe

�������	�
Yang-Mills-Higgstheory in the confinementphaseand in the Higgs phase(seefigure 2.1)
usingtheapproximationof a frozenHiggsfield andrestrictingthemselvesto a

�������	�
gauge

theorywithout fermions.
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In orderto understandthis phenomenonwe have to describethelatticeEuclideanaction.
It reads: � 2 �qp�6 p × r s a l<� ß � a � ß �(6 !ut o 6 ×r%v wuv ? a l<� ß � RM? � ß E à � a � à �xE (2.31)

where
�qp

is thepuregaugepiece�qp 2 !w o ×x9y[zm{}| s�~ 8é�q� � ~ 8é� l� t E (2.32)

usingtheusualdefinition
á 2 X 4 w o . Th matrix R which couplestheHiggsfield to the link

variables
��� ß � readsRM? � ß E à � 2 � r%v w 6�� s � r%v w � ? � ? � ß � � � r%v w � ? � l? � ß � t (2.33)

with a Higgs“hoppingparameter”
�
. This actioncanberelatedto theEuclideanspace-time

continuumaction � �o��"�� | 2 6 ÷ �  ß sm� \ ?��a � ß � � o �±  o � �a � ß � � o ���p � �a � ß � �  t (2.34)

with
\ ? 2°t ?7� [ w � ? � ß � usingthefollowing relations

�a � ß � 2 ½ �@ a � ß �xE �p 2 p� o E · I   o 2 !­6±� p 6 a �� @ o g (2.35)

Thus high valuesof
�

correspondto a negative massfor the Higgs field and thereforeto
theHiggsphasewhereaslow valuescorrespondto a positive massandthereforeto thecon-
finementphase.This phasediagramwasobtainedmakingthe assumptionthat no physical
information is lost whenthe Higgs field is frozenthat is for p 2��

. However somecare
hasto be taken with the notion of complementaritysinceit wasshown by Damgaardand
Heller [42] that for certainsmall valuesof p a phasetransitioncanappear(seefigure 2.2).
They performedan analysisof the phasediagramof the

�������	�
gaugetheoryallowing the

Higgsfield to fluctuatein magnitudeusingso-calledmeanfield techniques.Neverthelessthe
latticemethodis morereliablethanmeanfield approximationtechniques.Theexactshapeof
phasediagramof thetheoryis still anopenquestion.

If thereis no phasetransitionasconjecturedby OsterwalderandSeiler[40] this implies
thatthereis nodistinctionbetweenthetwophases.Thisis analogousto thefactthatthereis no
distinctionbetweenthegaseousandliquid phasesof water. A continuoustransitionbetween
thetwo phasesis possible.

Till thispoint,wewereconsideringgaugetheoriesthatcontainonly scalars.Nevertheless,
if the complementarityis to be appliedto the standardmodel,fermionsmustbe introduced
in thetheory. Thereforea secondphasediagramdescribingthechiral phasetransitionhasto
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Figure2.2: Sketchof thephasediagramusingthemeanfield techniques.

bestudied.This issuehasbeenstudiedby Aoki, LeeandShrock[43]. In orderto overcome
the well known difficulty of placingchiral fermionson the lattice, they have rewritten the
chiral

���&���	�
theoryin a vectorlike form. However, this requiresa very specificform for the

Yukawacouplings.Indeedthenumberof possibleYukawacouplingshasto bereducedandit
is thusimpossibleto give differentmassesto eachof thefermionmasseigenstates.This is a
very seriouslimitation to their analysisasclearlythefull standardmodelwith all its Yukawa
couplingscannotbe rewritten in a vectorlike theory. Aoki et al. have found that a phase
transitionappearsbetweenthephaseat weakgaugecouplingandthephaseat largecoupling
(seefigure2.3). In their notation

áìW
is proportionalto thehoppingparameter. Thestandard

modelandtheconfiningmodelat weakcouplingwe arediscussingareprobablyin thesame
phasein that phasediagramasthe chiral phasetransitionis dominantlydeterminedby the
strengthof the weakgaugecouplingconstant.Neverthelessthis analysisis a constraintfor
modelsmakinguseof thecomplementarityprincipleto relategaugetheoriesatweakcoupling
andstrongcouplingconstant.

All theseanalyseswereperformeda long time ago. It would be importantto studythe
phasediagramof thestandardmodelusingsomemoremoderntechniques.Thelackof phase
transitionhassomevery deepconsequences.If it is thecasethis impliesthat themassspec-
trum of both theoriesarereally identical,therearethesamenumbersof degreesof freedom
andthusnonew particlein theconfinementphase.Both theoriesarethenidentical.

2.3.1 Discussion

It hadlong beennotedin the literaturethat the standardmodelcanbe rewritten in termsof
gaugeinvariantboundstates,theso-calledconfinementphase,but it hasnever beenstressed
that this representsa new theorywhich is dual to thestandardmodel. As we will seein the
next chapter, thisdualityallowsto find relationsbetweentheparametersof thestandardmodel
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Figure2.3: Sketchof thechiral phasetransitiondiagram.

which arenot apparentin theHiggsphaseandis thereforenot trivial.
We have presentedabove a duality betweenthe Higgs phaseof the standardmodelLa-

grangianand the confinementphaseof the sameLagrangianat weak coupling. We have
shown that thefieldsof thestandardmodelcanberewritten in gaugeinvariantmanner. This
impliesthat theduality diagram(diagramsin theconfinementphase)canbeevaluatedin the
Higgs phaseusingperturbationtheory. The lines of the duality diagramsareshrinking to-
getherwhenmoving from the confinementphaseto the Higgs phase(seegraph2.4). This
follows from the fact that the standardmodel canbe rewritten in termsof gaugeinvariant
fieldsandthatin acertaingauge,theunitaritygauge,weobtaintheusualstandardmodel.The
ideathat thestandardmodelin theHiggsphaseandin theconfinementphasearedual if the
confinementis causedby aweakcouplingis supportedby thecomplementaryprinciple.

This duality allows to identify relationsbetweensomeof theparametersof thestandard
model. In particularwe shall seethat the electroweak mixing anglecan be relatedto the
typicalscaleof the 
 -bosonswhichallowsto computethisparameter. Themassof theHiggs
bosoncanbe relatedto that of the 
 -bosonsin the confinementphasebecausethe Higgs
bosonis thegroundstateof thetheoryandthe 
 -bosonsaretheexcitedstatescorresponding
to this groundstate.

2.4 A global SU(2)symmetry

In theabsenceof the
���"!#�

gaugegroupthetheoryhasa global
�������	�

symmetrybesidesthe
local

���������
gaugesymmetry. Thescalarfieldsandtheir complex conjugatescanbewritten
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Figure2.4: Transitionfrom theduality diagramto theFeynmangraph.

in termsof two doubletsarrangedin thefollowing matrix:í 2��qf so f �6 f s � f o � g (2.36)

Thepotentialof thescalarfield

£ � f�f s � dependssolelyonf s f 2 f s � f � ��f so f o (2.37)2 �
Re f � � o � � Im f � � o � � Re f o � o � � Im f o � o 2 det

í g
Thissumis invariantunderthegroup

�(Ç�� X �
, actingon therealvector �

� 2 �
Re f � E Im f � E Re f o E Im f o � g (2.38)

This groupis isomorphicto
�������	�­$ �������	�

. Oneof thesegroupscanbeidentifiedwith the
confininggaugegroup

���������"*
, sincedet

í
remainsinvariantunder

���������"*
:

det
� � í � 2

det
� í �xE�� A �������	�+* g (2.39)

Now thesecond
�������	�

factorcanbeidentifiedby consideringthematrix

í
�í � 2���f so 6 f s �f � f o � g (2.40)

Thedeterminantof

í
�

, which is equalto det
� í �

, remainsinvariantundera
�������	�

transfor-
mationactingon thedoublets

� f so E f � � and
�"6 f s � E f o � .

Thesetransformationscommutewith the
�������	�+*

transformations.They constitutethe
flavor group

��������� � , which is an exact symmetryas long as no other gaugegroup be-
sides

�������	�"*
is present. With respectto

���&���	� � the 
 -bosonsform a triplet of states
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�� E 
|� E 
 � � . Theleft-handedfermionsform
���&���	� � doublets.Both thetriplet aswell as

thedoubletsare,of course,
�������	�+*

singlets.Oncewefix thegaugein the
�������	�"*

spacesuch
that f o 2 � andIm f � 2 � , the two

�������	�
groupsarelinkedtogether, andthe

���&���	�"*
dou-

bletscanbeidentifiedwith the
�������	� � doublets.Theglobalandunbroken

�������	�
symmetry

dictatesthatthethree 
 -bosonsstates,forming a
���&���	� � triplet, have thesamemass.Once

theYukawa-typeinteractionsof thefields
O = ,

T = and � = with thecorrespondingleft-handed
boundsystemsareintroduced,theflavor group

���&���	� � is in generalexplicitly broken. This
symmetryis theanalogonof thecustodialsymmetry, presentin theHiggsphaseof thetheory.

2.5 Electromagnetismand mixing

The next stepis to includethe electromagneticinteraction. The gaugegroupis
�������	�+*È$���"!#�+-

, where / standsfor thehypercharge.Thecovariantderivative is givenby\ ? 2°t ? 69[ wzy� /�>�? 69[ w � { 1 
 1? g (2.41)

Theassignmentfor / is asfollows:/ ��2 �2 o � 2 � ! �� !h� ��2 �2 o �/ � ñ �ñ o � 2]� 6 �� �� 6 �� � � ñ �ñ o �/ ��f �f o � 2]� ! �� ! � ��f �f o � g
ThecompleteLagrangianof themodelin theconfinementphaseis givenby:V � 2 6 !X ^ 1?KJ ^ 1 ?KJ 6 !X I}?QJ#I ?QJ � Y2 *d[;4\ 2 * � YñQ*;[d4\ ñK* � YO = [;4\ O = (2.42)� YT = [G4\ T = � Y� = [;4\ � = 6_^M` YO = � Yf�2 *d�b6_^�c Y� = � Yf ñQ*5�67^Me YT = � f ñQ*5� ��fhgji#gk� !� � \ ?	f �"l<� \ ? f �b6   oW� f�f l 6 p X � f�f lm� o E
where   oW�� � and ^ 1?KJ 2|t ?�
 1J 6 t J�
 1? � wG~ 1"��� 
 �? 
 �J E (2.43)I#?KJ 2|t ?�>&J 6 t JQ>�?Gg

The
�&�+!#�

gaugegroupis anunbrokengaugegroup,like
�������	�"*

. Thehyperchargeof thef field is � ! , andthat of the f s field is
6�!

, i.e. the membersof the flavor group
�������	� �
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have different charge assignments.Thus the group
�������	� � is dynamicallybroken, and a

masssplitting betweenthechargedandneutralvectorbosonsarises.Theneutralelectroweak
boson

� Yf \ ?�f � , which is not a gaugeboson,mixeswith the gaugeboson >�? . As a result
thesebosonsarenot masseigenstates,but mixedstates.The neutralelectroweakboson

´ ?
is a superpositionof

� Yf \ ?	f � andof >�? . The photonis the stateorthogonalto the neutral
electroweakboson

´ ? . The strengthof this mixing dependson the internalstructureof the
electroweakbosons.

We emphasizethat the 
 1? gaugebosonsare as unphysicalas the gluonsare in QCD.
The hyperphoton>�? is not the physicalphoton

� ? which is a mixture of >�? and of the
boundstate

� Yf \ ?�f � . The fundamentalD-quarksdo not have an electriccharge but only a
hypercharge. Thesehyperchargesgive a global hypercharge to the boundstates,and one
can seeeasily that a boundstatelike the electronhasa global hypercharge and will thus
coupleto the physicalphoton,whereasa neutrinohasa vanishingglobal hypercharge and
thuswill remainneutralwith respectto thephysicalphoton. Sowe deducethatQED is not
apropertyof themicroscopicworld describedby

V � but rathera propertyof theboundstates
constructedout of thesefundamentalfields. Thetheoryin theconfinementphaseapparently
makesno predictionconcerningthe strengthof the couplingbetweenthe boundstatesand
theelectroweakbosonsandthephysicalphoton.This informationcanonly begainedin the
Higgsphase.

Themixing betweenthetwo statescanbestudiedat themacroscopicscale,i.e. thetheory
of boundstates,whereonehas� ? 2�µU¶¸·º¹ ¡ 
 �? �±»K¼ µ�¹ ¡ >�?´ ? 2 »Q¼ µ�¹ ¡ 
 �? 6 µU¶¸·º¹ ¡ >�?;g (2.44)

Here
¹ ¡ denotestheelectroweakmixing angle,and

� ? denotesthephotonfield.
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Chapter 3

Making useof the duality

In thischapterweshallmakeuseof theduality to computetheweakmixing angleandthethe
Higgsbosonmass.Theresultsof this chapterwerepublishedin [33,44]

3.1 Calculation of the weak mixing angle

The electroweak mixing anglecan be calculatedusing an effective theory and a potential
modelto simulatethewave functionof theconstituent.

In sectionchapter2, we have matchedthe expansionfor the Higgs field to the standard
model.Usingthis point of view basedon theeffective theoryconcept,weobtaineda scaleofÉ ¡ 2 !`_�� g ] GeV for this boson.Herewe shallconsideraneffective Lagrangianto simulate
theeffect of the

�������	�"*
confinement.

ThisLagrangianwasoriginally consideredin anattemptto describetheweakinteractions
withoutusingagaugetheory[45]. TheeffectiveLagrangianis givenbyV�` Ø<Ø 2 6 !X L ?KJ�L ?KJ 6 !X 
 1?KJ 
 1 ?QJ 6 !�   o ¡ 
 1? 
 1 ? (3.1)6 !X p ¦ Lâ?QJ�
 � ?QJ ��
 �?KJ L ?KJ ¨
wherewehave 
 1?KJ 2 t ?�
 1J 6 t J�
 1? ELâ?QJ 2 t ?�>&J 6 t J�>�?;g (3.2)

Thefirst termin theeffectiveLagrangian(3.1)describesthefield of thehyperphoton,the
secondterm threespin onebosonsandthe third term is a massterm which is identical for
thethreespinonebosons.In our case,thefourth termdescribesaneffectivemixing between
 � -bosonandthehyperphoton.

39
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Figure3.1: Hyperphotontransitioninto a 
 �

Theeffectivemixing angleof theLagrangiangivenin equation(3.1) readsµm¶ · o ¹M2 Ow p g (3.3)

Usingtheduality, wededucethatthemixing angleof thetheoryin theconfinementphase
hasto betheweakmixing angleandthereforep 2uµU¶¸·­¹ ¡ .

The diagramin figure 3.1 enablesus to relatethe mixing angle to a parameterof the
standardmodel in the confinementphase,the typical scale É ¡ for the confinementof the
 � -boson.For theannihilationof a 
 � -bosoninto ahyperphotonweconsiderthefollowing
relation ç�� ��� ?- � � � � 
 � è 2 ~ ?½ �F� ¡   o ¡I ¡ 2 ~ ?½ ��� ¡   ¡ L ¡ E (3.4)

where
� ?-

is the hyper-current, L ¡ 2   ¡ 4 I ¡ is the decayconstantof the 
 � -boson,and~ ? is its polarization. The energy of the bosonis
� ¡ , andthe decayconstantis definedas

follows: p 2 OI ¡ g (3.5)

On theotherhand,this matrix elementcanbeexpressedusingthewave functionof the 
 � -
bosonwhich is a

R
-wave ç�� ��� ?- � � � � 
 � è 2 ~ ?½ �F� ¡ � �  ¡ t P a � � � g (3.6)

This leadsto thefollowing relationfor themixing angleµU¶¸· o ¹ ¡ 2 a Ô Þ  : ¡ � t P a � � �m� o E (3.7)

where Þ Í !#4;!#� a is thefinestructureconstant,normalizedat   ¡ .
Weshallnow considertwo differentmodelsfor thewave function:
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a) Coulombicmodel.
Weadoptthefollowing ansatzfor theradialwave functiona � & � 2 !½ � ¬ !� & � ® � � o && � ôxõGö ¬ 6 &� & � ® E (3.8)

where& � is theBohr radius.Thusweobtain

& � �� 2   ¡ ¬ Ô Þ� µU¶ · o ¹ ¡ ® � ��� : g (3.9)

If wedefinethetypical scalefor confinementas É ¡ 2 & � �� , weobtain É Ó 2 !#ÆO_ GeV.

b) Three-dimensionalharmonicoscillator.
Theradialpartof thewave functionis definedasfollows:a � & � 2 � a� á � � oÔ ���  á & ôxõGö � 6 á o & o� � E (3.10)

where
á 2 ½   ¡?� , � beingthe frequency of the oscillator. We identify the typical

confinementscaleÉ ¡ with theenergy
� 2 ¦ Ù � � o ¨ � correspondingto thequantum

numberof a
R
-wave i.e. Ù 2 ! , andweobtain

� 2   ¡ � � µU¶¸· o ¹ ¡Ò�X Þ Ô ��� o � o � : (3.11)

and É ¡ 2 :o � 2 ! a � GeV.

Althoughwehaveperformeda non-relativistic calculation,weseethatthevalueswefind for
thetypical compositescalearein goodagreementwith our expectationbasedon theconcept
of aneffective theory.

In orderto estimatethevalueof
µU¶ · o ¹ ¡ , we hadto rely on thesimplemodels,discussed

above. Howeverweshouldliketopointoutthat
µU¶¸· o ¹ ¡ is notafreeparameterin ourapproach

but fixedby theconfinementdynamics.Thusthemixing anglecanin principlebecalculated
takinge.g.thethreedimensionalharmonicoscillator:µU¶ · o ¹ ¡ 2 �	Æ Ò�^_	Æ ½ ! � Ô Þ ¬ É ¡  ¡ ® : � o g (3.12)

We caninsertthevaluefor É ¡ obtainedfrom theeffective theorypoint of view in equation
(3.12) andwe obtain

µm¶ · o ¹ ¡ 2 �dg �;! which hasto be comparedto the experimentalvalue� µU¶¸· o ¹ ¡ �"` r � 2 �Gg ��� .
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3.2 Calculation of the Higgs bosonmass

In the confinementphasethe Higgs bosonis the � -wave of the
���&���	�

theory, whereasthe
 -bosonsarethe corresponding
R
-waves. Thusonenaively expectsthe Higgs bosonto be

lighter thanthe 
 -bosons.But, aswe shallshow, a dynamicaleffect shifts theHiggsboson
massabove thatof the 
 -bosonsmass.The reasonfor this phenomenonis the large Higgs
bosonscalecomparedto thatof the 
 -bosons.

The massesof the physicalHiggs andW-bosons,being boundstatesconsistof a con-
stituentmass  � Ó 2   � ¡ 2 �   W , where   W is the massof the scalar

\
-quarkandof dy-

namicalcontributions.Wehave to considertwo typesof diagrams:theone-particlereducible
diagrams(1PR)andthe one-particleirreduciblediagrams(1PI). For the Higgs bosonmass,
wehaveto taketheself-interactionandthecontributionof the

´
and 
³² -bosonsinto account

(seefigures3.2,3.3and3.4). Thefermionscouplevia Yukawa couplingto theHiggsboson,
andasthis interactionis not confining,fermionscannotcontributeto thedynamicalmassof
theHiggsboson.

The first task is to extract the constituentmassfrom the experimentallymeasured
 -
bosonsmass.Thefermionscontributeto thedynamicalmassof the 
 -bosonsasthey couple
via

�������	�
couplingsto the electroweakbosonsbut the divergenceis only logarithmic[46]

andwe shallonly keepthequadraticdivergences. We have consideredthetadpolesandthe
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Figure 3.2: dual dia-
gram: oneloop 1PI con-
tribution to   Ó
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�

Figure 3.3: dual dia-
gram: oneloop 1PI con-
tribution to   Ó
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Figure 3.4: dual dia-
gram:oneloop1PRcon-
tribution to   Ó

one-particle-irreduciblecontributionsat theoneloop order(thediagramscontributing to the
 -bosonsmassaresimilar to thosecontributing to theHiggs-bosonmass).Usingtheduality
describedin chapter2, thesedualitydiagramscanberelatedto theFeynmangraphsof figures
3.5,3.6and3.7.TheFeynmangraphshavebeenevaluatedin ref. [46] asafunctionof acutoff
parameterandwe will only keepthedominantcontribution which is quadraticallydivergent.
We obtain:   o ¡ 2   � ¡ o � � w;o É o ¡���#Ô o  ÄoÓ ¦   o Ó � �   o ¡ �_  oÁ ¨ g (3.13)



3.2. CALCULATION OFTHE HIGGSBOSONMASS 43

H
�

H
�W,Z,H

�

Figure3.5: Feynmandi-
agram:oneloop1PIcon-
tribution to   Ó

H H

W,Z,H
�
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Figure3.7: Feynmandi-
agram: one loop 1PR
contribution to   Ó

Thisequationcanbesolvedfor   � ¡ :  � ¡ o 2   � Ó o 2   o ¡ 6 � wGo É o ¡���kÔ o   o Ó ¦   o Ó � �   o ¡ �±  oÁ ¨ g (3.14)

Wecannow computethedynamicalcontribution to theHiggsbosonmass.Theexactone
loop, gaugeinvariantcountertermhasbeencalculatedin refs.[46], [47] and[48]. Usingthe
resultsof ref. [48], wherethiscountertermwascalculatedasafunctionof acut-off, weobtain:  o Ó 2   � Ó o �   o Ó � � � w;o É o Ó���kÔ o  Äo¡ ¦   o Ó � �   o ¡ �_  oÁ ¨ (3.15)� � wGo   o ÓÒ�X Ô o  Äo¡ �   o Ó � · É o Ó ÄoÓ 6±�   o¡ � · É o Ó Äo¡ 6   o Á � · É o Ó ÄoÁ � g
The unknown of this equationis the Higgs boson’s mass  Ó . This equationcanbe solved
numerically. We obtain two positive solutions:   Ó � =14.1GeV and   Ó o =129.6GeV. The
first solutionyieldsanimaginaryconstituentmassandis thusdiscarded.Thesecondsolution
is thephysicalHiggsbosonmass.Weobtain   Ó =129.6GeV in theoneloop approximation.
Theconstituentmassis then   � ¡ =78.8GeV.

As expectedthedynamicalcontribution to the 
 -bosonsmassesis small andtheHiggs
bosonmassis shiftedabove thatof the 
 -bosonsmassbecauseof the large intrinsic Higgs
bosonscale.

Note that our prediction   Ó =129.6GeV is in goodagreementwith the requirementof
vacuumstability in the standardmodel which requiresthe massof the Higgs bosonto be
in the range130 GeV to 180 GeV if the standardmodel is to be valid up to a high energy
scale[49]. We canthusdeducethat theduality we have describedin chapter2 mustalsobe
valid up to somehighenergy scale.Our resultis alsoin goodagreementwith theexpectation  Ó 2 ] a � :A�� � � GeVbasedon electroweakfits [50].
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Chapter 4

Supersymmetryand Confinement

In thischapterweshallconsiderasupersymmetricextensionof theideasdevelopedin chapter
2. Theseresultswerepublishedin [51].

4.1 Supersymmetryand the confinementphase

In this chapterwe will presenta supersymmetricextensionof theduality proposedin chap-
ter 2. If the confinementphasecandescribethe electroweakinteractions,all phenomenain
particlephysicsaredescribedby exactgaugetheories.If Natureis suchthat its fundamental
Lagrangianhasthemaximalnumberof allowedsymmetries,it is naturalto assumethatsuper-
symmetrycouldalsobe an exactsymmetryof this Lagrangian.Supersymmetryis a crucial
aspectof particlephysics. It is a desirablefeatureof many high energy theorieslike some
variantsof grandunified theories.It is the missinglink betweensometheoriesat very high
energiesandlow energy particlephysics.

It is thus meaningfulto designmechanismsthat explain why supersymmetryis unob-
served. A possibility is that supersymmetryis broken. This leadsto modelssuchas the
minimal supersymmetricstandardmodel(MSSM). We proposeanalternative point of view.
If theelectroweakinteractionsaredescribedby aconfiningtheory, themicroscopictheorycan
besupersymmetricbut thissymmetryis thenhiddenat themacroscopicscaleof fermionsand
electroweakbosons.In otherwordswe will breaksupersymmetryat the macroscopicscale
without breakingit at thescaleof fundamentalparticlesthusproviding a link betweensome
theoriesat veryhighandlow energy particlephysics.

In compositemodels,supersymmetryis not necessaryto solve thehierarchyproblembe-
causetheHiggsbosonis not a fundamentalparticlebut it remainsimportantto have a super-
symmetrictheoryto reachtheunificationof thecouplingconstantsat theunificationscale.

Wethenconsiderasupersymmetricextensionof themodelfor theelectroweakinteractions
proposedin chapter2 with brokensupersymmetryat thefundamentallevel.

45
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4.2 Hidden supersymmetry

We shallconsidera illustrativemodelwith thegaugegroup
���������"*

andunbroken
Ü 2 !

su-
persymmetry. Thesituationin a gaugetheorywith unbrokensupersymmetryis very similar
to thatof theconfinementphasein a non-supersymmetrictheory. We assumethat thereis a�������	�+*

confinement:all physicalparticlesare
�������	�+*

singlets.We have thefollowing par-
ticle spectrum:theright-handedfermions

O = ,
T = , � = andtheir superpartners�O = , �T = , �� = . The

right-handedparticlesare the usualright-handedleptonsandquarksof the standardmodel
andtheir superpartners,whereastheleft-handeddoubletsareboundstatesof somemoreele-
mentaryparticles.Thefundamental

���������"*
fields(D-quarks)are:

leptonicD-quarks 2 � 2��32 �2 o � (fermions)

hadronicD-quarks
ñ � 2 � ñ �ñ o � (fermions,

��������� � triplets)

scalarD-quarks f � 2 ��f �f o � (bosons).

Noticethatin orderto canceltheanomalieswe wouldhave to introducea secondscalardou-
blet. Wediscardthisproblemasouraim is only to presenta toy modelto emphasizeour idea.
We thenhave thesuperpartners

leptonicD-squarks �2 � 2 � �2 ��2 o � (bosons)

hadronicD-squarks �ñ � 2�� �ñ ��ñ o � (bosons,
�������	� � triplets)

scalarD-squarks �f � 2�� �f ��f o � (fermions).

We shall refer to the theory involving the D-quarksand the D-squarksas the microscopic
theory. At the macroscopiclevel i.e, the theoryof boundstates,a large numberof

�������	�"*
invariantboundstatescanbe identified. We seethat boundstatesof differentparticlescan
have thesamequantumnumbers.For example,theneutrinocanbeidentifiedwith thebound
state Yf�2 but alsowith theboundstate Y�f �2 . It will thusbea superpositionof bothboundstates.
This canbeappliedto therestof theknown particles.Theleft-handedfermions,normalized
in theappropriateway, aredefinedasfollows. We have theleptons

left-handedneutrino � * 2 !L ¦ � Yf�2 � � � Y�f �2 � ¨ (4.1)

left-handedelectron
O�* 2 !L ¦ � ~ �YX f � 2 X � � � ~ �YX �f � �2 X � ¨
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whereL is anumerical,to bespecified,normalizationfactor. Thequarksarealsoboundstates

left-handedup quark
T�* 2 !L ¦ � Yf ñ�� � � Y�f �ñ�� ¨ (4.2)

left-handeddown quark � * 2 !L ¦ � ~ �YX f � ñ X � � � ~ �YX �f � �ñ X �+¨ g
The Higgs andelectroweakbosonsareboundstatesof scalarD-quarksandtheir super-

partners:

Higgsfield
a 2 !� L ¦ � Yf�f � � á�� Y�f �f � ¨ (4.3)

electroweakboson
 �? 2 ��[w L o ¦ � Yf \ ?�f � � á�� Y�f \ ? �f � ¨
electroweakboson
 �? 2 ½ �#[w L o ¦ � ~ �[X f � \ ?�f X � � á�� ~ �[X �f � \ ? �f X � ¨ E

where
\ ? is thecovariantderivativeof thegaugegroup

�������	�+*
involving thegaugebosons
 1? and w is thegaugecouplingof this group. Thesecondcharged 
 boson 
�� is defined

as
� 
�� � l . A simpledimensionalanalysisshows thata constant

á
with dimension

6�!
hasto

appear. This constantis a priori unknown but theonly scaleof thetheorybeing L , we could
impose

á 2 !#4 L . Thisapparentlyarbitrarychoiceis notadrawbackfor thetheoryaswewill
seethatonly thetermscontainingascalarD-quarkdoubletwill berelevant.

The problemis to know whethera particleandits superparticlewill belongto the same
supermultiplet,i.e, if they have thesamemass.It is a difficult questionasdynamicaleffects
cancontributeto themasses.For example,themassesof theelectroweakbosonsareto a large
extent dominatedby dynamicaleffects. Oncewe have introduceda secondHiggs doublet,
we have thesamegaugegroupandthesameparticlecontentasin theMSSM,dynamicalsu-
persymmetrybreakingis thuspossible.Therearetwo possibilities:eitherthemassesof, for
example,an electroweakbosonandof the correspondingsuperparticleareidenticalandsu-
persymmetryis unbrokenat themacroscopiclevel or they aredifferentbecauseof dynamical
effectsandsupersymmetryis dynamicallybroken. This possibilitycan’t beexcluded,but in
thesequelwe assumethat theseparticlesindeedform a supermultiplet.Thus,anelectronis
thesuperpartnerof aselectron.Latticesimulationscouldtestthedynamicalbehavior of such
amodel.

All the particleswe have identifiedup to this point arethoseappearingin the standard
model.Wecanalsoidentify theboundstatescorrespondingto themacroscopicsuperparticles.
For example,we have

selectron�O 2 !L ¦ � ~ �[X f � �2 X � � á�� ~ �[X �f � 2 X �+¨
for theleft-handedselectron.
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Thecomplementarityprinciplewasestablishedin theframework of anon-supersymmetric
theorywith a singleHiggsbosondoublet.This principlerequiresthatthecouplingconstants
betweenthe boundstatesandthe electroweakbosonsare the samein the Higgs phaseand
in the confinementphase. ’ t Hooft proposedthat the confinementphenomenonis due to
vortices[34,36]. This meansthat we have a confinementwith a weak coupling constant
which avoidstheproblemsdueto chiral symmetrybreaking[43].

In a supersymmetricmodelthesituationis morecomplex sincethetheoryis richer. Nev-
erthelessthe situationin sucha theoryis very similar to that of the confinementphasein a
non-supersymmetricgaugetheory. Thequestionis whetherour microscopicmodelwhich is
supersymmetricwill have a supersymmetricmacroscopicspectrum. A lattice study of the
vacuumstructureandof thedynamicalbehavior of our modelwould beusefulto answerthis
question.As longasthis hasnotbeendone,someplaceis left for speculation.

A discretesymmetrycould explain why natureselects,at leastat low energy, only the
particles. We introducea mechanismsimilar to the so-calledR-parity. We assigna new
quantumnumberto theparticles.We call this new quantumnumberS-parity. TheD-quarks
areassignedS-parity+1, whereasthe D-squarksareassignedS-parity-1. We thenassume
thattheboundstatesappearingin naturehaveS-parity+1.

This selectionrule shifts themassesof thesuperparticlesto very high energies. In other
wordswe breaksupersymmetryat the macroscopiclevel by imposinga discretesymmetry
but it remainsintactat themicroscopiclevel. It is thusclearthatsuperparticlescorresponding
to the left-handedparticles,to the Higgs sectorand to the electroweakbosonswill not be
observableat leastat low energy. In thatcase,weexpectthataconfiningtheorydescribesthe
weakinteractionscorrectly. Imposingthis selectionrule, which is motivatedby theapparent
absenceof superparticlesin natureat low energy, is not trivial asit wouldbein thecaseof the
MSSM becausethefundamentalD-squarksareconfinedin usualmatter. It wouldnotbevery
surprisingif thisS-paritywasbrokenin nature,astherearealreadymany examplesof broken
discretesymmetries.But, at this stageit remainsa speculation,which couldbetestedon the
lattice.

That scenariois usefulin the caseof a grandunified theory. If thereis a deconfinement
phaseat thescaleof a few TeV, supersymmetryis realizedabove thatscaleandthecoupling
constantsunificationtakesplaceat theunificationscale,but supersymmetryremainshidden
at low energy underthisdeconfinementphase.Two scenariosareconceivable.Themassscale
of thesuperparticlesis below thedeconfinementscale,in which caseonewill observe super-
particlesbut thetheoryis not explicitly supersymmetricuntil onereachesthedeconfinement
scale. Anotherpossibility is that the massscalefor the superparticlesis above the decon-
finementscalein which casetheparticlespectrumwould suddenlybecomesupersymmetric
above thedeconfinementscale.This featureallows to testour idea.

Even if supersymmetryis brokenby dynamicaleffects,it might still benecessary, if the
masssplittingis notsufficiently large,to introducetheS-parityfor phenomenologicalreasons.
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4.2.1 Back to known particles

It remainsto show thatthedefinitionsfor thefieldsindeeddescribetheobservedparticles.We
usetheunitarygaugefor thescalardoubletf � 2 �þL ��f � � $� � g (4.4)

TheparameterL is a realnumber. If L is sufficiently largewecanperforma
!}4 L expan-

sionfor thefieldsdefinedpreviously. We thenhave

� * 2 2 � � !L ¦ f � � $ 2 � � Y�f��2 ¨ Í-2 � (4.5)O�* 2 2 o � !L ¦ f � � $ 2 o � ~ �YX �f � �2 X ¨ Í-2 oT�* 2 ñ � � !L ¦ f � � $ ñ � � Y�f �ñ#¨ Í ñ �� * 2 ñ o � !L ¦ f � � $ ñ o � ~ �[X �f � �ñ X ¨ Í ñ oa 2 f � � $ � L � � !� L ¦ f � � $ f � � $ � á Y�f �f ¨ Í�f � � $ � L �
 �? 2 � ! � f � � $L � o 
 �? � ��[w L � ! � f � � $L � t ?	f � � $� ��[�áw L o ¦ Y�f \ ? �f ¨ Í«
 �?
 �? 2 � ! � f � � $L � o 
 �? � ½ �k[�áw L o ¦ ~ �[X �f � \ ? �f X ¨ Í«
 �? g
As donein thenon-supersymmetriccase,we assumethat theonly particleswhich arestable
enoughto beobservableat presentlyaccessibleenergiesarethosecontainingthescalardou-
blet f , thosearethe only fields who survive in the

!#4 L expansion. We considerthe terms
suppressedby a factor

!#4 L asbeingirrelevant. Thereforethespectrumof this theoryis, for
the left-handedsector, identicalto thespectrumof thestandardmodel. Neverthelesswe are
notableto hidethesuperpartnersof theright-handedparticlesat thisstage.Supersymmetryis
apparentlybrokenin theleft-handedsectorbut in factit remainsunbrokenat themicroscopic
level of thetheory.

We have considereda toy modelwith
���������"*

confinementandhiddensupersymmetry
in the left-handedsector. Supersymmetryis broken at the macroscopiclevel by a discrete
symmetry. Thefirst steptowardsarealisticmodelis to includeasecondHiggsdoublet.It can
bedonewithout majordifficultiesasweshallshow in thenext section.

Thismodelcanbeextendedto amodelwith a
���������"�,$���������� = $7�������	�+*%$,�&�+!#�"- gauge

groupwith two Higgsdoubletsfor each
�������	�

sector. Oncethisextensionhasbeendone,we
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canhidesupersymmetrycompletelyat themicroscopiclevel for the
�������	� = $��������	�+* sector,

assuminga
�������	� = $%�������	�"* confinement.Supersymmetrywouldhaveto bebrokenbyusual

meansfor the two remaininggaugegroups.Thespectrumof themacroscopictheoryat low
energy is thenthatof thestandardmodelwith tenHiggsfields,i.e. fivefor each

�������	�
sector,

8 gluinosandaphotino.
This modelprovidesthemissinglink betweenlow energy particlephysicsandvery high

energy theorieslike grandunified theories.Usualmodelswith supersymmetrybreakingare
not ableto explain a small cosmologicalconstant[52]. In our approach,supersymmetryis
notbrokenin the

���&���	�"*
sectorat themicroscopiclevel. Thusthecontributionof theenergy

of the fundamentalvacuumof that sectorto the cosmologicalconstantis vanishing. Our
mechanismcouldthereforehelpto explainasmallor vanishingcosmologicalconstant.

Notethatthis modelwouldnicelyfit into asupersymmetric
�(Ç �"! � � grandunifiedtheory,

which thuscouldbethefundamentaltheoryof D-quarksandD-squarks.It turnsout thatsuch
a theorywould be very similar to the standardmodel if thereis a confinementin the weak
interactionssector.

4.3 The MSSM

In thissection,weassumethatthecomplementarityprincipleremainsvalid for supersymmet-
ric theoriesoncesoft breakingtermshave beenintroduced. The model in the confinement
phasecorrespondingto the minimal supersymmetricstandardmodelcaneasilybe obtained
by requiring that supersymmetryis broken by usualmeansat the level of the fundamental
D-quarksand D-squarks. A secondHiggs doublet

	
and the correspondingsuperparticle�	 can be introducedwithout any difficulty, and we basicallyhave to replace f and �f by� 2 f�� [�r o 	 s and �� 2 �f � [�r o �	 s in the definitionsof the fermions,superfermions,elec-

troweakbosonsandof their superpartners.Thegaugeis fixedin sucha way that � takesthe
form � 2 � L¢� f � � $ � 	 � � $ E � � , where L 2 L � ��L o , L � correspondingto thescalardoublet f
and L o to thescalardoublet

	
. We thenhavef 2���L � ��f � � $ � [ 
 �6 a � � E�	 2�� 6 a �L o � 	 � � $ � [ 
 � � g (4.6)

WecandefinethefiveHiggsbosons��� evenHiggsboson
a � 2 !� L � ¦ YfNf ¨ 2 f � � $ � L �� �WV ¬ !� L � ® (4.7)��� evenHiggsboson
a o 2 !� L o ¦ Y	#	 ¨ 2 	 � � $ � L o� �WV ¬ !� L o ®��� oddHiggsboson
[ 
 2 ¬ !� L � Y� f�� ~ �[X � � 	 X �b6 !� L � � Yf�f �b6 !� L o � Y	�	d� ®2 [ 
��WV ¬ !� L � ® �WV ¬ !� L o ®



4.3. THE MSSM 51

chargedHiggsboson
a � 2 6�!L � Y� 	5� 2 a � �WV ¬ !L ®

chargedHiggsboson
a � 2 6�!L ¦ ~ �[X � � f X ¨ 2 a � �WV ¬ !L ® g

The superpartnersof theseHiggs bosonscanbe obtainedin a similar way. The duality
presentedin chapter2 is thuscompatiblewith asupersymmetricextensionprovidedthatbothL � and L o canbechosento belarge. This modelhasthesameverticesastheMSSM andthe
sameparticlecontent.As in thecaseof thenon-supersymmetricmodel,weexpectthatradial
andorbital excitedversionsof theknown particleswill appearif thedualitybreaksdown.

We thushave describeda supersymmetricextensionof the modelproposedin chapter2
for the electroweak interactionswith

���������
confinement.We have shown that this model

is compatiblewith a supersymmetricextensionprovided that the complementarityprinciple
remainsvalid for supersymmetrictheoriesoncesoft breakingtermshavebeenintroduced.
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Chapter 5

Testingthe duality

The duality we have describedin chapter2 could breakdown at a certainenergy scale. In
principle, effects of this breakdown could be seenat relatively low energies. In that case
we shouldassumethatthephasedescribingNaturecorrectlyis theconfinementphase.If the
dualitybreaksdown andif Natureis indeeddescribedby theconfinementphase,new particles
areexpectedto appear. In this chapter, we shall describetwo possiblescenarioswhich are
theoreticallywell motivated. The first of thesescenariosis a failure of the duality in the
Yukawasector. Weshallassumethatthemassesof thelight fermionsareof dynamicalorigin.
TheHiggsbosonmight thusnot coupleto the � -quark. This would modify theHiggsdecay
modesin afundamentalfashion.Thesecondscenariois ahighenergy violationof theduality.
In thatcaseexcitationsof theelectroweakbosons,in particulartheso-calledelectroweak � -
waves,couldcontribute in a sizablemannerto theelectroweakbosonscattering.Theresults
presentedin this chapterwerepublishedin [53,54].

5.1 The Higgsbosonmight not coupleto � -quarks

As far as the massgenerationwithin the framework of the standardelectroweak model is
concerned,onemustdifferentiatebetweenthe massgenerationfor the electroweakbosons
 ,

´
, themassgenerationfor theheavy � -quark,andthegenerationof massfor the leptons

andthe five remaining,relatively light quarks. While thereexists no freedomin the choice
of the interactionstrengthsof the weak bosonswith the scalarfield, which is dictatedby
thegaugeinvariance[55], thereis sucha freedomwith respectto the fermions.Themasses
of the fermionsaregivenby the variousYukawa couplingconstants,which parametrizethe
interactionsof theleptonsandquarkswith thescalarfield. TheYukawacouplingconstantof
the � -quarkfield is of thesameorderasthegaugecouplingconstant,while theotherfermions
couplemuchmoreweakly ( �dgj� ! a for the � -quark, �dg �	� Æ for the i -quark,etc.). The origin
of the light fermion massesis still mysterious,andalternative views or slight variationsof
thestandardelectroweaktheorymight indeedgive a differentview. Taking into accountthe

53



54 CHAPTER5. TESTINGTHE DUALITY

observedflavor mixing phenomenon,onecouldspeculate,for example,thatthemassesof the
light quarksandof the leptonsaredueto themixing. In theabsenceof themixing themass
matrix of thequarksin the

T
-sectorwould simply beproportionalto a diagonalmatrix with

theentries
� � E � EQ!#� , andtherewouldonly beacouplingof thescalarfield to the � -quark.Once

theflavor mixing is switchedon, themasseigenstatesfor thelight quarksarenot necessarily
coupledto thescalarfield, with a strengthgivenby themasseigenvalues.In particularthese
couplingscouldremainzero.

It is well-knownthattherenormalizabilityof thetheoryrequiresacouplingof thefermions
to thescalarfield [55]. Otherwisetheunitarity in the � channelis violatedathighenergiesfor
the reactionI * YI * � 
���
�� . However, for all fermionsexceptthe � -quarktheseproblems
appearonly at extremelyhigh energies. Modificationsof the electroweaktheory, which in-
volveanenergy scalenotordersof magnitudeabovethetypicalelectroweakscaleof about�dg �
TeV, e.g.theorieswhichdo not rely on theHiggsmechanism,cantakecareof this problem.

We have discussedanalternative descriptionof thestandardmodel,basedon theduality
betweenconfinementandHiggsphasein chapter2. Wesupposethattheelectroweakinterac-
tionsaredescribedby theconfinementphaseandthattheduality breaksdown in theYukawa
sector. This providesanalternative view of theelectroweakbosons,which arenot thebasic
gaugebosonsof theunderlyinggaugetheory, but “boundstates”of anunderlyingscalarfield,
which in theHiggsphaseplaystheroleof theHiggsdoublet.Boththecharged 
 bosonsand
theneutral

´
bosonare

� 2 !
boundsystemsof thetype f�f E#� f�f � l or YfNf respectively. There

is a corresponding
� 2 � , Yf�f system,which is to be identifiedwith theHiggsbosonof the

standardelectroweakmodel.

We shall considera deviation from our original modelwhich would have thesamecou-
plings asin thestandardmodel. It is conceivablethat in theconfinementphaseof theelec-
troweaktheorythecouplingstrengthof thefermionsto thescalarbosonarenot proportional
to the light fermion masses,sincethesecouplingsdependstronglyon the dynamicsof the
model.In thesimplestcaseonly thefermionwhosemassis of thesameorderastheweakin-
teractionenergy scale,i.e., the � -quark,hassuchacoupling.Thusweproceedto calculatethe
propertiesof thescalarboson,which couplesonly to the � -quark.As far astheinteractionof
sucha bosonwith the 
 and

´
bosonsis concerned,thereis no changein comparisonto the

standardelectroweakmodel. However thereis a substantialchangeof the decayproperties.
Decaymodeswhichwereregardedasbeingstronglysuppressedbecomedominant.

We considerthefollowing decaychannelsfor theHiggsboson: � � w;w (seegraph5.1)
via a topquarktriangleand � � 8N8

(seegraphs5.2,5.3and5.4)via a triangleinvolving top
quarksandchargedelectroweakbosonsor a bubblediagraminvolving a neutralelectroweak
boson.For a two photonHiggsdecay, ignoringradiativecorrections,onefinds[56–58]

  � � � 8N8é� 2 Þ omwGo! � � X Ô �
í �Óí o¡¢¡¡¡¡¡

× � O o� Ü � � L � ¡¡¡¡¡
o 2 Þ oUw;o! � � X Ô �

í �Óí o¡ ¡¡¡¡
X � L ��� o �±L ¡ ¡¡¡¡

o
(5.1)
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wherethefunctionsL ��� o and L ¡ aregivenbyL ��� o 2 6�� { k ! � �"!­6 { � I � { � l (5.2)

and L ¡ 2 � � � { � � { ��� 6 { � I � { � (5.3)

where{ 2 X   o� 4
í oÓ . Thefirst functioncorrespondsto thecontribution of thetop quarkand

thesecondto thecontribution of thecharged 
 bosons.As we assumethattheHiggsboson
is light, i.e., lighter thantwice themassof the 
 bosons,thefunction I � { � reads

I � { � 2 ÕÖ EF8 » µU¶¸· ÕÖ � !{ ÚÛ ÚÛ o g (5.4)

For thedecayinto two gluonsonefinds[56,57]  � � � wzw � 2 Þ o¨Uw;oÆG!#�#Ô �
í �Óí o¡ ¡¡¡

L ��� o ¡¡¡ o E (5.5)

alsoneglectingtheradiativecorrections.Thefunction L ��� o wasgivenin equation(5.2).
Another possibility for the Higgs bosonto decayare the electroweak bosonchannels� � 
³
 and � � ´,´

. The Higgs bosoncouplesto the electroweakbosonswith the
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channel   Ó 2 Ò �   Ó 2 _ �   Ó 2 a	�   Ó 2 ] �   Ó 2 ! ���  � �¢� wzw � �K©�ª � | � �¬« � g ��$D! �z� : � g _&$v! �;� : Æ g Æ�$v! �;� : _ g ] $D! �z� : ! g !M$v! �;�    � �¢� wzw � �K©�ª � | � : � g Ò $D! � � : Æ g�a $v! � � : adg _�$v! � � : ! g ��$D! � �  ! g _�$v! � �    � �¢� 8º8h� aGgj� $D! �z� Ð ! g ��$v! �;� Ï � g � $v! �;� Ï � gj� $D! �z� Ï X g X $v! �;� Ï  � �¢� 
 
 � ! gj� ] $v! � � Ð � g�a	� $v! � � Ð ! g �	�&$D! � � Ï X g X^] $v! � � Ï � g Ò	Ò $v! � � :  � �¢� ´ ´ � � g �	�&$v! �;� � ! g ! � $v! �;� Ð � g �O_&$D! �;� Ð ] g !#��$v! �;� Ð � g _	��$v! �;� Ï
Table5.1: Higgsbosondecayratesin GeV for differentHiggsmassesin GeV.

samestrengthasin the standardmodel. The decayvia two virtual electroweakbosonsrep-
resentsa non-negligible contribution to theHiggsdecay. For   ¡ ¤   Ó or  3Á ¤   Ó one
of the electroweakbosonsis on-shell. Thesedecayrateswereevaluatedusingthe program
HDECAY [59] andcross-checkedusingCompHEP[60]. Thenumericalresultsarethesumof
thedecayover two electroweakbosons,for a light Higgsbothelectroweakbosonsarevirtual,
whenallowed by the kinematics,the contributionsof on-shellelectroweakbosonsarealso
takeninto account.

The resultsof thesecalculationsare given in table 5.1. The correspondingbranching
ratiosaregivenin table5.2. We seethatsucha Higgsbosonwould decayin a fundamentally
differentway thantheHiggsbosonof thestandardmodel.Theresultsfor the ��� w;w decay
arestronglydependentof thevaluechosenfor Þ ¨ . Thusthisdecaychannelhasaconsiderable
uncertainty. We have donethe calculationsfor two differentvaluesof the strongcoupling
constantÞ ¨ 2 �dg !	! ] and Þ ¨ 2 �dg !}Æ . Thefine-structureconstantwastakento be Þ 2 !#4G!#� adg ] .

Even if the light fermionsin particularthe � -quark,do not coupledirectly to the Higgs
boson,some� -quarkscouldbeproducedvia thediagrams5.5and5.6. Their contributionsis
not easyto estimatebut theelectroweakcorrectionsfor a light Higgsbosonareknown to be
very small [61], typically �dg �^­ of thetreelevel value.Neverthelessthey couldstill beof the
sameorderof magnitudeasthe

8�8
contribution. Above

] � GeV thedecaychannel��� ´ 8
opens.For masseslargerthan

!	! � GeV theHiggsbosonmainly decaysinto two electroweak
bosons.

Thepresentsearchesfor theHiggsbosonat LEParemainlybasedon theassumptionthat
theleadingdecaymadein themassregionof about100GeVor lessis thedecay� � Y�x� . The
presentexperimentallimit   Ó � !�!}� g � GeV[62] is obtainedon thebasisof this assumption.
In our modelthedecayis dominatedby thedecay � � wzw , i.e., thedecayproductsdo not
show a specificflavor dependence.The lower limit on the massof sucha bosonis much
weaker andof theorderof

_ � GeV[63].

Thebestway to detecttheHiggsbosonat LEP seemsto usto searchfor thedecay� �8�8
. Sincethe invariantmassof the

�#8
systemwould be identical to the massof the boson,

thebackgroundcomingfrom radiationeffectscouldbesubstantiallyreduced.In ourcasethis
decaychannel,having a small branchingratio, is not seriouslyconstrainedby fermiophobic
Higgsstudies[62].
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Typical fits of the Higgs bosonmassindicatethat the most likely massof the bosonis
about   Ó 2 ] a � :A�� � � GeV [50]. It might well be, that the massof the Higgs bosonis in the
region

_ � to
!	! � GeV, providedthedecayproceedsvia themechanismdiscussedabove. We

notethatin contrastto thestandardexpectationtheHiggsparticleis arelatively narrow object
with awidth of about

Æ aGg Æ KeV.

channel   Ó 2 Ò �   Ó 2 _ �   Ó 2 a	�   Ó 2 ] �   Ó 2 ! �	�
B & � �¢� wzw � ]�Ò gj� Ò ­ ] Æ g � ] ­ ] � g ]�X ­ ] �dg � ] ­ _ Ò g Æ X ­
B & � �¢� 8º8é� � g � X ­ � g ��Æ3­ � g X �3­ � g X ��­ � gj� Ò ­
B & � �¢� 
 
 � �Gg X�Ò ­ �dg ] a ­ � g �Oa ­ Æ g ! X ­ ! adg ÆG!®­
B & � �¢� ´ ´ � �Gg ! X ­ �dg � a ­ �dg Æ Ò ­ ! g � X ­ ! g!a ] ­

Table5.2: Branchingratiosfor differentHiggsmassesin GeVandfor Þ ¨ 2 �dg !	! ] .
5.2 Electroweak ¯ -waves

In the model consideredin chapter2, new particlescorrespondingto exotic particleslike
leptoquarkscanbeintroduced.But, they donotsurviveto theexpansionin

!#4 L , andtherefore,
thedualitycannotbeappliedto describetheirproperties.Leptoquarksareboundstatesof two
fermions. Forcesbetweentwo fermionscan be very much different than thosebetweena
fermion and a scalaror betweentwo scalars. If leptoquarksdo exist, their massscaleis
presumablyveryhigh.

Of particularinterestareradially excitedversionsof theHiggsboson� s andof theelec-
troweakbosons
 � s and 
 ² s . Themostpromisingcandidatesfor energiesavailableat the
LHC or at future linear collidersarethe excited statesof the Higgs bosonandof the elec-
troweakbosons.Especiallytheorbital excitation,i.e., thespin2 � -waves

\ �?QJ , \ �?KJ and
\ �?QJ ,

of the electroweak bosonshave a well defined
!}4 L expansion(we usethe unitary gauge:f 2 � f � � $ ��L E � � :\ �?QJ 2 �w o L o ¦ � \ ?�f � l � \ J�f � � � \ J�f � l � \ ?�f � ¨ Í«
 �J 
 �? ��
 �J 
 �? �±
 �? 
 �J (5.6)\ �?QJ 2 6 ½ �w o L o ~ �YX ¦ � \ ?	f � � � \ J�f � X � � \ J}f � � � \ ?�f � X ¨ Í«
 �? 
 �J �±
 �J 
 �?\ �?QJ 2 � 6 ½ �w o L o ~ �[X ¦ � \ ?	f � � � \ J#f � X � � \ J#f � � � \ ?	f � X ¨ � l Í«
 �? 
 �J ��
 �J 
 �?

where
\ ? is the covariantderivative, 
 1? , @ 2 C �dE � E�6MH are the gaugefields and w is the

couplingconstantcorrespondingto the gaugegroup
�������	�+*

. Although the massesandthe
couplingsof theseelectroweak � -wavesto otherparticlesarefixed by the dynamicsof the
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model,it is difficult to determinetheseparameters.In analogyto QuantumChromodynamics,
it is expectedthatthe � -wavescouplewith areasonablestrengthto thecorresponding

R
-waves,

theelectroweakbosons.In thefollowing, weassumein accordancewith theduality property,
thatthe � -wavesonly coupleto theelectroweakbosonsandnotto thephoton,theHiggsboson
or thefermions.

5.3 Production of the electroweak ¯ -waves

The cross-sectionsanddecaywidth of � -wavespredictedin a variety of compositemodels
were consideredin [64]. Herewe shall considerdifferenteffective couplingsof our elec-
troweak � -wavesthataremoresuitablefor themodelproposedin chapter2. If their masses
areof the orderof the scaleof the theory, they will be accessibleat the LHC. Of particular
interestis the neutralelectroweak � -wave becauseit is expectedto coupleto the 
 ² elec-
troweakbosons.This particlecanthusbeproducedby thefusionof two electroweakbosons
at theLHC or at linearcolliders.

Weshallusetheformalismdevelopedby vanDamandVeltman[65] for massive � -waves
to computethedecaywidth of the

\ �?QJ into 
��é
|� . Weusethefollowing relation::× �°ª � O �?QJ ��RN�mO � �%± �°RN� 2 !� � � ? � � J ± � � ? ± � J � 6 � ?KJ � �%± � (5.7)� !� � � ? � R J R ±  o ã � � J ± R ? R �  o ã � � ? ± R J R �  o ã � � J � R ? R ±  o ã �� �� � !� � ?QJ 6 R ? R J Äoã � � !� � �%± 6 R � R ± Äoã �
for thesumover thepolarizations

O �?KJ of the � -wave. In thenotationof [65] thesumover the
polarizationsof the 
 ² is givenby�×�°ª � O �? �°RN�"O �J �°R�� 2 � ?KJ�� R ? R J  o ¡ (5.8)

where
� ?QJ is theEuclideanmetric.Averagingover thepolarizationsof the � -wave,weobtain

  � \ � � 
 � 
 � � 2 w;oã! ] � ��  ã Ô � ß ¡ 6 X � o � ¬ !­6 Xß ¡ ® (5.9)

with ß ¡ 2 �   ã 4   ¡ � o , where   ã is the massof the � -wave and w ã is a dimensionfull
couplingconstantwith dim

k w ã l 2 GeV. A dimensionlesscouplingconstantis obtainedby
a redefinitionof the couplingconstantw ã �   ã Yw ã . We shall discussplausiblenumerical
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inputsin thenext section.Assumingthat the
´

bosoncoupleswith thesamestrengthto the� -waveasthe 
 -bosons,wecanestimatethedecaywidth into
´

bosonsin thefollowing way

  � \ � � ´,´ � 2 w;oã� a X ��  ã Ô � ß Á 6 X � o � ¬ !­6 Xß Á ® (5.10)Í !�   � \ � � 
 � 
 � �
with ß Á 2 �   ã 4  3Á � o . The Breit-Wigner resonancecrosssectionfor the reaction 
³�)�
|��� \ � thusreads(seee.g.[66])r � P ` ¨ $¡)² � ¡´³Fµ ã � 2

! � Ôñ o   o ã   (tot)ã   � \ � � 
 � 
 � ��  Äoã 6 � � o �_ Äoã   (tot)ã o (5.11)

where
ñ o 2 � � 6 X   o ¡ �m4 X and

  � tot$ã Í ��4	�   � \ � � 
���
�� � is thetotal decaywidth of the
neutral � -wave. Dueto thebackground,the 
 bosonsmight bedifficult to observe. But, if
theelectroweak � -wavesstatesareproducedwealsoexpectanexcessof

´
bosonscompared

to thestandardmodelexpectation.Notethatthe
´

bosonsareeasierto observe.
As we shallseein thenext section,theneutral � -wavesgive a sizablecontribution to the

reaction
�����
|�Ä� 
³����
|� .
5.4 The reaction ¶ ��· ¶ 6�¸ ¶ ��· ¶ 6
A considerableattentionhasbeenpaidto thescatteringof electroweakbosonssincethis rep-
resentsastringenttestof thegaugestructureof thestandardmodel.In particularthereaction
 � � 
 � � 
 � � 
 � is of primeinterest.If theHiggsbosonis heavier than1 TeV, the
electroweakbosonswill startto interactstrongly[67]. This reactionhasbeenstudiedin the
framework of thestandardmodelin [68]. Theoneloop correctionswereconsideredin [69]
andareknown to besizable.For thesake of this work, thetreelevel diagramsaresufficient
to show thatthecontribution of theneutralelectroweak � -wave will besizableandcannotbe
overlookedin forthcomingexperiments.As describedin [57] (seealso[68]) the 
 ’semitted
by the beamparticlesaredominantlylongitudinally polarizedif the following relationsare
fulfilled:   o ¡ '   o ¡�¡ ' � at an

O � O � collider, and   o ¡ '   o ¡�¡ ' � òu¹òº' � at a hadron
collider, andweshallonlyconsidertheespeciallyinterestingreaction
 �* ��
 �* � 
 �* ��
 �*
asdescribedin [68]. In thestandardmodel,this reactionis a testof thegaugestructureof the
theory[55]. TheFeynmangraphscontributing in thestandardmodelto this reactioncanbe
found in figures5.7,5.8,5.9,5.10and5.11. Theamplitudescorrespondingto thesegraphs
are[68] � ¨h» 2 6 !! Ò [ w o ßq� o á o ��� 6vá o � o »K¼ µN¹ E (5.12)
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 � ��
 � � 
 � ��
 � 61� ¨ Á 2 6 !! Ò [ w o �"!­6 ß � � �� 6¿¾ Á á o ���M6Dá o � o »Q¼ µN¹ E� � » 2 6 !��� [ w o ß � �� k á o � X 6_��á o � á  � � á o � X 6 ! � á o � á  � »Q¼ µ�¹� ���,6 !	!�á o � ! � á  � »Q¼ µ o ¹ � á o »K¼ µ � ¹ l E� � Á 2 6 !��� [ w o �"!­6 ß � � �� 6¿¾ Á k á o � X 6±��á o � á  � � á o � X 6 ! � á o � á  � »Q¼ µ�¹� ���,6 !	!�á o � ! � á  � »Q¼ µ o ¹ � á o »K¼ µ � ¹ l E�  2 6 !! Ò [ w o � o �"! � ��á o 6 Ò á o »K¼ µN¹ 6 »Q¼ µ o ¹ �xE� ¨ Ó 2 6 !! Ò [ w o � o �+! � á o � o� 6À¾ Ó � [�8 Ó E� � Ó 2 6 !! Ò [ w o � o � á o 6 »K¼ µ�¹ � o� 6Á¾ Ó � [�8 Ó E
where ß 2§µU¶ · o ¹ ¡ ,

¾ Á 2 �"!M6 ß � � � 2   o Á 4   o ¡ ,
¾ Ó 2   o Ó 4   o ¡ ,

8 Ó 2   Ó   Ó 4   o ¡ andá 2 Â !­6 X 4 � . Thevariables� and � arescaledwith respectto   o ¡ . Thescatteringangleis¹
, � 2 6�!}4	� � á o �"! 6 »K¼ µN¹ � . Thesenotationsarethe sameasthoseintroducedin [68]. The

standardmodelamplitudeis thus� ¨ e<ýi ø 2 � ¨h» � � ¨ Á�� � � » � � � Á&� �  � � ¨ Ó � � � Ó g (5.13)

In thehighenergy limit, oneobservesthecancellationof theleadingpowersin � andfinds[68]� ¨ e<ýi ø Í !� [ w o
Â ¾ Á ¬ ! � � � � �� ® � ¾ Ó 69[�8 Ó�Ã (5.14)

for thesumof theseamplitudes.Thecrosssectionwith theangularcut
6
Ä � ¤ »Q¼ µS¹ ¤ Ä � is

then r 2 !! Ò Ô � o á o ÷ � ²� ³ � � ¨ e<ý � o d� (5.15)

in dimensionlessunits, � ² 2 ���,6 � 4	�	�Q�+! \ Ä � � .
Theexcitationsof theHiggsandelectroweakbosonsalsocontributevia the � and � chan-

nel. Theamplitudescorrespondingto thecontributionof a radiallyexcitedHiggsboson( � s )
of mass  ÓÆÅ anddecaywidth

  Ó�Å to this reactionare� ¨ ÓÆÅ 2 6 !! Ò [ w oÓÆÅ � o �"! � á o � o� 6¿¾ ÓÆÅ � [�8 Ó�Å E (5.16)� � Ó�Å 2 6 !! Ò [ w oÓ Å � o ��á o 6 »Q¼ µ�¹ � o� 6¿¾ Ó�Å � [�8 ÓÆÅ E
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where
¾ Ó�Å 2   o Ó�Å 4   o ¡ ,

8 Ó�Å 2   Ó�Å   Ó�Å 4   o ¡ andw ÓÆÅ is thestrengthof thecouplingbetween
two 
 bosonsandthe � s scalarparticle.

We shallnow considerthecontribution of theradially
� 
 � sF� andorbitally

� \ ?KJ � excited
neutral

´
boson. The amplitudesfor the 
 � s can be at oncededucedfrom thoseof the

standardmodelcontributionof the
´

boson� ¨�¡
�
Å 2 6 !! Ò [ w o¡ � Å

� �� 6Á¾ ¡
�
Å � [�8 ¡ � Å

á o ��� 6vá o � o »Q¼ µ�¹ E (5.17)� � ¡ � Å 2 6 !��� [ w o¡
�
Å � �� 6À¾ ¡ � Å � [�8 ¡ � Å

k á o � X 6±�ká o � á  �� á o � X 6 ! � á o � á  � »Q¼ µì¹ � ���,6 !�!�á o � ! � á  � »K¼ µ o ¹ � á o »Q¼ µ � ¹ l E
where

¾ ¡
�
Å 2   o ¡

�
Å 4   o ¡ ,

8 ¡
�
Å 2   ¡ � Å   ¡ � Å 4   o ¡ and w ¡ � Å is thestrengthof thecoupling

betweentwo 
 bosonsandthe 
 � s boson.
Theorbitally excited

´
boson

� \ ?KJ � is a � -wave,andits propagationis thusdescribedby
apropagatorcorrespondingto amassivespin2 particle.Thepropagatorof amassivespintwo
particleis asfollows (see[65]):  ?QJ=ÇPÈ 2 !R o 6  Äoã !� � w ?�Ç w J9È�� w ?�È w J=Ç 6 ��Sw ?QJ w ÇPÈ � (5.18)

andwe assumethat the vertex 
 � ? 
 � J \ ?KJ is of the form
[ w ã . We obtain the following

amplitudesfor the � and � channelexchange� ¨ ã 2 6�!X a [ w oã   o ã  o ¡ � o� 6À¾ ã � [�8 ã ¦ ��á  � � »K¼ µ o ¹ 6±��á o 6 ! ¨ (5.19)

� � ã 2 6�!]	Ò [ w oã   o ã  o ¡ � o� 6À¾ ã � [�8 ã ¦ X á  � Ò á o � � � ! � á o »Q¼ µ�¹ � ! »K¼ µì¹ o ¨ g (5.20)

Sincethereis a pole in the � channelwhoseorigin is the photonexchange,onehasto
imposecutsonthecrosssections.For thenumericalevaluationof thecrosssection,weimpose
a cut of

! �OÉ , which is thecut chosenin [69]. Thespinof theparticlecanbedeterminedfrom
the angulardistribution of the crosssection. We have neglectedthe decaywidth of the

´
bosonandthatof theHiggsbosonsinceweassumethattheenergy of theprocessis suchthat
no
´

bosonor Higgsresonanceappear. For numericalestimates,we take   Ó 2 ! �	� GeV.
We have consideredonly the reactioninvolving longitudinallypolarized 
 . Theampli-

tudesfor differentpolarizationsfor thestandardmodelcanbefoundin theliterature[68]. The
amplitudesfor a � s or a 
 � s canbededucedfrom thestandardmodelcalculationsby replac-
ing themasses,thedecaywidthsandthecouplingconstants.Thosefor theneutral� -wavecan
beeasilycalculatedusing
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> � � � � � � �uÊ¨ 2 6º[ w oã   o ã Äo¡ !� 6À¾ ã � [�8 ã (5.21)!�S~ ? ��R � � ~ J �°R o �Q� w ?uÇ w J9È%� w ?5È w J=Ç 6 ��Nw ?KJ w ÇPÈ � ~ s Ç �°R � � ~ s È ��R  �
and > � � � � � � � Ê� 2 6º[ w oã   o ã Äo¡ !

� 6¿¾ ã � [�8 ã (5.22)!�S~ ? ��R � � ~ Ç �°R o �K� w ?�Ç w J9È�� w ?�È w J=Ç 6 ��Sw ?QJ w ÇPÈ � ~ s J �°R � � ~ s È ��R  �
where

R � standsfor thepolarizationandalsousingthefollowing relations~ ? � � � � 2 �+6�RhE � E � E9���U4   ¡ ~ ? � ����� 2 � � E�6�!	E<� [UE � �U4 ½ � (5.23)~ ? o � � � 2 �+6�R�E � E � E�6Ë���m4   ¡ ~ ? o ����� 2 � � E�!	EF�M[mE � �U4 ½ �~ s ?� � � � 2 �°RhE�6
� µm¶ ·­¹ E � E�6Ë� »Q¼ µ�¹ �U4   ¡ ~ s ?� ����� 2 � � E�6 »K¼ µ�¹ E \ [mE µU¶¸·­¹ �U4 ½ �~ s ? � � � 2 ��R�EÌ� µm¶ ·­¹ E � EÌ� »K¼ µN¹ �m4   ¡ ~ s ? ����� 2 � � E »K¼ µ�¹ E \ [UEQ6 µU¶¸·­¹ �U4 ½ �
valid in thecenterof masssystemwhere

�
is theenergy of the 
 bosons,

R 2 Â � o 6  Äo¡
is their momentumand

¹
is thescatteringangle.

5.5 Discussion

Thedifferentialcrosssectionfor thereaction
 �* 
 �* � 
 �* �¢
 �* canbefound in figure
5.12 for the reactioninvolving the neutral � -wave, figure 5.13 for that involving the 
 � s
spin1 bosonandfigure5.14for that involving the � s scalar. Theparticles
 � s and � s are
assumedto couple,in a first approximation,only to the 
 ’s. This allows to computetheir
decayratesusingstandardmodelformulas. As mentionedpreviously, it is not an easytask
to predictthemassspectrumof themodel,thuswe assumed,for numericalillustration,three
differentmasses:350 GeV, 500 GeV and800 GeV. The couplingconstantsareassumedto
sizable(seethe figures5.12,5.13,5.14and5.15). If the crosssectionsareextrapolatedto
very high energies,unitarity is violated.However, asexpectedin any substructuremodels,it
will berestoredby boundstateseffects.

It is very instructiveto plot theratioof thedifferentialcrosssectioninvolving new physics
to thestandardmodeldifferentialcrosssection.We have donesofor theneutral � -wave (fig.
5.15).It is obviousfrom this picturethatany deviation from thestandardmodel,evenat high
energy will manifestitself alreadyin adeviation from onefor thatratio. Alreadyat anenergy
which is low comparedto themassof the new particle,i.e. well bellow the resonance,one
observesadeviation from unity.
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Figure5.12: Dimensionlesscrosssectionof the reaction 
 �* 
 �* � 
 �* �«
 �* including
the � -wave. Thesolid line is thestandardmodelcrosssection,thedottedline correspondsto
a � -wave of mass350GeV, with

  2 X g � a GeV and Yw ¡ � Å 2 �Gg!a w , the long dashedline to a� -wave of mass500GeV, with
  2 �F_ g XO] GeV and Yw ¡ � Å 2 �Gg _ w andthedot-dashedline to a� -waveof mass800GeV, with
  2 �	ÆG! g � � GeVand Yw ¡ � Å 2 �Gg Ò w .

Neverthelessthecalculationof thefull reactione.g.
O � O �Ä� 
��h
��S� Y� involvesthecon-

volutionof thecrosssectionof thereaction
 � 
 � � 
 � �±
 � with functionsdescribing
the radiative emissionof the 
 ’s from the fermions. Whenthis integral is performedsome
sensitivity is lost. Neverthelessthe effectsare expectedto be so large that they cannotbe
overlooked. The reactionwill allow to testa massrangeof a few TeV’s so that even if the
new particlesaretoomassiveto beproducedon-shell,theireffectswill benoticeableat future
colliders.

5.6 Conclusions

We have discussedtheproductionof a neutral � -wave
\ � at theLHC or at a linearcollider.

If the massof this particleis of theorderof the scaleof the theory, i.e. 300GeV, it canbe
producedat thesecolliders.Wehavealsoshown thatthisparticleaswell asradialexcitations
of theHiggsbosonand

´
bosonwouldspoil thecancellationof theleadingpowersin � of in

thereaction
 �* � 
 �* � 
 �* �È
 �* , thusany new particlecontributingto thatreactionwill
havea largeimpactalreadyatenergieswell below themassof thisnew particle.This reaction
is thusnot only of primeinterestif theHiggsbosonis heavy but shouldalsobestudiedif the
Higgsbosonwaslight.



5.6. CONCLUSIONS 65

6.19Î 36.19 66.19 96.19 126.19Ï
s

2
/mÐ 2

W

0

0.05

0.1

0.15

0.2

0.25

dσ
 / 

dΩ
 [d

im
en

si
on

 le
ss

]

Figure5.13: Dimensionlesscrosssectionof the reaction Ñ�ÒÓ ÑdÔÓ¢Õ Ñ�ÒÓ×Ö ÑØÔÓ including
the Ñ�ÙUÚ boson.Thesolid line is thestandardmodelcrosssection,thedottedline corresponds
to a Ñ-ÙUÚ bosonof mass350 GeV, with Û-ÜÞÝOÝ7ß�à GeV and áâFãåä¬æ Üèç#ß!éëêHìNí#îðï ã â , the long
dashedline to a Ñ ÙUÚ bosonof mass500GeV, with ÛÁÜ�à�ÝOÝ#ß�é GeV and áâ ã)ä¬æ Ü�ç#ß!ñ�ê=ìòí#îðï ã â
andthedot-dashedline to a Ñ-ÙUÚ bosonof mass800GeV, with ÛóÜdôKñFõ^ö7ß!ö GeV and áâFãåä¬æ Üç#ß!ÝëêHìNí#îðï ã â .
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Figure5.14:Dimensionlesscrosssectionof thereactionÑúÒÓ ÑØÔÓûÕ Ñ�ÒÓüÖ ÑØÔÓ includingtheý Ú boson.Thesolid line is thestandardmodelcrosssection,thedottedline correspondsto aý Ú bosonof mass350GeV, with ÛþÜ�Ý#ß!ñOà GeV and áâFÿ æ Ü ç#ß!é â , the long dashedline to aý Ú bosonof mass500GeV, with Û�Ü ô`ñ7ß�Ý GeV and áâFÿ æ Ü ç#ß!ñ â andthedot-dashedline to aÑ�ÙUÚ bosonof mass800GeV, with Û Ü-öFé#ß!àOö GeVand áâFÿ æ Ü ç#ß�Ý â .
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Figure 5.15: Ratio of the cross-sectionfor the of the reactioninvolving the
�
-wave to the

standardmodelcross-sectionfor differentvaluesof the
�
-wave massanddifferentcoupling

constants.Thedottedline correspondsto a
�
-waveof mass350GeV, with Û�Ü��#ß��Oé GeVandáâ ã)ä¬æ Ü�ç#ß�é â , the long dashedline to a

�
-wave of mass500GeV, with ÛWÜ�àOñ7ß��^õ GeV andáâ ã)ä¬æ Üûç#ß!ñ â andthedot-dashedline to a
�
-waveof mass800GeV, with Û�ÜûàOö7ôOß�ç�� GeVandáâ ã)ä¬æ Üûç#ß�Ý â .



Chapter 6

The substructureof fermions

If the duality breaksdown entirely at a certainenergy scale,it is conceivable that effects
from thesubstructureof thefermionswill becomemanifest.We shalldiscussa quitegeneric
parametrizationof thecontribution of thesubstructureof a leptonto its anomalousmagnetic
moment. Assuminga mixing matrix, we canthenconsiderradiative leptondecaysthat are
conceivableif leptonshaveasubstructure.Theresultspresentedin thischapterwerepublished
in [70,71].

6.1 Anomalousmagneticmoment

A new contribution to the magneticmomentof the muon can be describedby addingan
effective term 	�

��� to theLagrangianof thestandardmodelasfollows:

	 

��� Ü �à�� á����� Ö����������! #" �%$  &"(' ô*) �,+-/. í �0  2143 (6.1)

where � is themuonfield, $  #" theelectromagneticfield strength,� thecompositenessscale
and � is a constantof orderoneand � is probablymuchsmallersinceit parametrizes5�6 -
violation. We have takentheQED oneloop correctioninto account[72]. The leadingorder
contribution hasbeenconsideredin [70]. We have includeda ��� -term in view of a possible5�6 violationof theconfininginteraction.

Theconstantsin 	 
7��� dependondynamicaldetailsof theunderlyingcompositestructure.
If the latter is analogousto QCD, wheresucha term is inducedby the hadronicdynamics,
theconstant� is of theorderone. Oneobtainsthe following contribution to theanomalous
magneticmomentof themuon:8:9  Ü<; 0  �>= ' ô?) ��+-@. í �0  1 ß (6.2)

67
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The ��� -termdoesnotcontributeto theanomalousmagneticmoment.
The magneticmomentterm (6.1) hasthe samechiral structureasthe leptonmassterm.

Thusoneexpectsthatthesamemechanismwhichleadsto thesmallleptonmasses( 0  �A � ),
e.g.achiralsymmetry, leadsto acorrespondingsuppressionof themagneticmoment[73]. In
this casetheeffectiveLagrangianshouldbewritten asfollows:

	 
7�B� Ü �àC� 0  � á����� ÖD�������E�! #" �%$  &"(' ô*) �,+-@. í �0  1 ß (6.3)

Thecontributionof thecompositenessto themagneticmomentis in this casegivenby8:9  Ü ; 0  � = î ' ô*) �,+-F. í �0  1 ß (6.4)

6.2 Radiative lepton decays

If theleptonshaveacompositestructure,thequestionariseswhethereffectswhichareabsent
in the standardmodel, in particularflavor-changingtransitions,e.g. the decays� Õ � � orG Õ � � arise.

We shall studyflavor changingmagnetic-momenttype transitionswhich indeedleadto
radiativedecaysof thechargedleptonsona level accessibleto experimentsin thenearfuture.

We startby consideringthe limit 0 
 Ü 0  Ü ç , i.e. only the third lepton G remains
massive. Neutrinomassesarenot considered.In this limit the massmatrix for the charged
leptonshasthestructure0IHKJ Ü 0ML diag� ç 3 ç 3 ô � andexhibits a “democraticsymmetry”[74,
75]. Furthermorethereexists a chiral symmetry NPO � à � ÓRQ NPO � à �TS actingon the first two
lepton flavors. The magneticmomentterm inducedby compositeness,being of a similar
chiral natureasthemasstermitself, mustrespectthis symmetry. Weobtain	 

��� Ü �à�� 0ML� áUWVX �Y� ÖD�(���Z�E�! &" U $  &"(' ô*) �,+- . í �0M[ 1 ß (6.5)

Here
U

denotesthevector �Y� 3 � 3 G � and
VX

is givenby
VX Ü diag� ç 3 ç 3 ô � .

Oncethe chiral symmetryis broken, the massmatrix receivesnon-zeroentries,andaf-
ter diagonalizationby suitabletransformationsin the spaceof the leptonflavors it takesthe
form

X Ü diag��0 
 3 0  3 0ML � . If aftersymmetrybreakingthemassmatrix
X

andthemag-
neticmomentmatrix

VX
wereidentical,thesamediagonalizationprocedurewhich leadsto a

diagonalizedmassmatrix would leadto a diagonalizedmagneticmomentmatrix. However
thereis no reasonwhy

VX
and

X
shouldbeproportionalto eachotheraftersymmetrybreak-

ing. Thematrix elementsof themagneticmomentoperatordependon detailsof theinternal
structurein a differentway thanthe matrix elementsof the massdensityoperator. Thusin
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generalthemagneticmomentoperatorwill notbediagonal,oncethemassmatrix is diagonal-
izedandviceversa.Thusthereexist flavor-non-diagonalterms(for adiscussionof analogous
effectsfor thequarkssee[74]), e.g. termsproportionalto á� �! #" �Y� Ö������B� � . Theseflavor-
non-diagonaltermsmustobey theconstraintsimposedby thechiral symmetry, i.e. they must
disappearoncethemassesof thelight leptonsinvolvedareturnedoff. For example,the � ) �
transitionterm mustvanishfor 0 
 Õ ç . Furthermorethe flavor changingtermsarisedue
to a mismatchbetweenthe massdensityandthe magneticmomentoperatorsdueto the in-
ternalsubstructure.If the substructurewereturnedoff ( � Õ \ ), the effectsshouldnot be
present.The simplestAnsatzfor the transitiontermsbetweenthe leptonsflavors ] and ^ is_#`ba%c&d ßKe 0Mfg0:h#i � . It obeys theconstraintsmentionedabove: it vanishesoncethemassof one
of the leptonsis turnedoff, it is symmetricbetween] and ^ andit vanishesfor � Õ \ . In
this casethemagneticmomentoperatorhasthegeneralform:

	 

��� Ü �àC� 0ML� áUkjllm nponrq 5 
  ts npo7npuv 5 
 L s nrown qv5 
  s n o n uv n un q 5  L s n u nrqv5 
 L s n o npqv 5  L s n u npqv ô
xTyyz U ��� ÖD�(���Z���! &" $  #"

Q ' ô*) �,+-@. í �0M[ 1 ß (6.6)

Here 5 f{h areconstantsof the orderone. In generalonemay introducetwo differentmatri-
ces(with differentconstants5 f|h ) both for the1-termandfor the ��� -term,but we shall limit
ourselvesto thesimplerstructuregivenabove.

Basedon the flavor-changingtransitiontermsgiven in eq. (6.6), we can calculatethe
decayratesfor thedecays� Õ � � , G Õ � � and G Õ � � . Wefind:

Û ��� Õ � �}� Ü � î 0  é - ' e 0  0 
� 1 î ; 0  �>= î ; 0ML�W= îP~C� � � î Ö � � � î��Q ' ô?) é�+-/. í �0  1 3 (6.7)

Û � G Õ � �}� Ü � î 0MLé - ' e 0ML�0  � 1 î ; 0ML��= î ; 0ML�W= î ~ � � � î Ö � � � î �Q ;Dô?) é�+- . í �0ML = 3 (6.8)

Û � G Õ � �}� Ü � î 0MLé - ' e 0ML�0 
� 1 î ; 0ML��= î ; 0ML�W= î ~ � � � î Ö � � � î��Q ; ô?) é�+- . í �0ML = ß (6.9)

In thefollowing we take
� � � Ü0ô . Theparameter

� � � canbeconstrainedusingthe limits for
theelectronEDM. This limit givesthemoststringentconstrainton this parameter.
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Recentlyan indicationwasfound that theanomalousmagneticmomentof themuon � Ò
is slightly larger thanexpectedwithin thestandardmodel[76]. Thedeviation is of theorder
of ô%ç Ô�� : 8:9  Ü 9  �w�&�,� � ) 9  � N X � Ü � ��ß��*� ôOß!Ý � Q ôKç Ô��%ß (6.10)

For a review of the contribution of the standardmodel to the anomalousmagneticmoment
of the muonseeRef. [77]. The observed effect (2.6 � excess)doesnot necessarilyimply a
conflictwith thestandardmodel,in view of thesystematicuncertaintiesin thetheoreticalcal-
culationsdueto thehadroniccorrections.If this resultis confirmedby furtherexperimental
dataandtheoreticalwork, it might beinterpretedasthefirst signaltowardsaninternalstruc-
tureof theleptons[79], althoughotherinterpretations(vertex correctionsdueto new particles
or non-minimalcouplingsdueto amorecomplex space-timestructure[80]) arealsopossible.

TheBNL resultwould give: �k�0à Q ôKç � GeV usingeq. (6.2). Usingeq. (6.4) andthe
centralvalueof

8:9  , oneobtains: ��� ôOß!öC� TeV, i.e. � is muchsmallerdueto the chiral
symmetryargument[73]. The õ^ö�� confidencelevel rangefor � is

ôOß ôKÝ TeV �������#ß�ç�� TeV ß (6.11)

Wecanusethisexperimentalinput to illustratethecontributionof thefermionsubstructureto
its anomalousmagneticmomentandto computethe

TheLagrangian(6.6)yieldsthefollowing EDM for theelectron:� 
 Ü �� 0 
� � � � ; ô�) �,+-@. í �0 
 = Ü��#ß�ñ Q ôKçDÔ î
� � � � e-cm3 (6.12)

whichhasto becomparedto theexperimentallimit
� 
 exp � � ç#ßòô%éE�´ç#ß ô`à��´ç#ß ôKç � Q ôKç Ô î�� � ) cm

[78], we thusseethat
� � � mustbemuchsmallerthan

� � � . We set
� � � Ü ç in the following.

Thecorrespondingbranchingratiosare:

Br ��� Õ � �}� �0ôFß�ö Q ôKç Ô��Y� 3 (6.13)

Br � G Õ � �}� �>�7ß�ö Q ôKç Ô��Y� 3 (6.14)

Br � G Õ � �}� �0ôFß�ñ Q ôKç Ô�� î 3 (6.15)

usingthecentralvalueof

8:9  to evaluate� . Oneobtainsthefollowing rangesfor thebranch-
ing ratios

é#ß�� Q ôKç Ô��Y�:� Br ��� Õ � �}� � à7ß!ö Q ôKç Ô�� î 3 (6.16)ôOß�õ Q ôKç Ô�� � Br � G Õ � �}� � ö7ß�é Q ôKç Ô�� î 3 (6.17)õ#ß�� Q ôKç Ô�� îM� Br � G Õ � ��� � à7ß�é Q ôKç Ô�� � 3 (6.18)

usingthe õOö�� confidencelevel rangefor � (6.11).
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Theserangesarebasedon theassumptionthattheconstant� of orderoneis fixedto one.
Theupperpartof therangefor the � Õ � � decaygivenin (6.16)is excludedby thepresent
experimentallimit: Br �Y� Õ � �}� �èôOß!à Q ôKç Ô���� [78]. Our estimatesof the branchingratio
shouldbeviewedasorderof magnitudeestimates.In generalwe cansaythat thebranching
ratio for the � Õ � � decayshouldlie betweenôKç Ô�� Ù andthepresentlimit.

The decay G Õ � � processesat a level which cannotbe observed, at leastnot in the
foreseeablefuture.ThedecayG Õ � � is, asexpected,muchsuppressedcomparedto G Õ � �
decayandcannotbeseenexperimentally.

Numerically, the effect of the QED one loop correctionis small comparedto the “tree
level” calculation[70] becausethereis acancellationbetweentwo effects:theextractedcom-
positescaleis largerbut thedecayratesaresuppressedby the factor

~ ô*)k���� . í vn�� � , where0 � is themassof thedecayinglepton.
Note added:the QCD uncertaintiesfinally settleddown [81–84]. The deviation is only

of theorderof 1.6 � which allows to put a limit of 2 TeV for thecompositenessscaleof the
muon.Thisscalecorrespondsto thefollowing branchingratios

Br �Y� Õ � ��� ���#ß ô Q ôKç Ô���� 3 (6.19)

Br � G Õ � ��� � ñ7ß ô Q ôKç Ô���� 3 (6.20)

Br � G Õ � ��� ���#ß!ö Q ôKç Ô�� Ù 3 (6.21)

for theradiative leptondecays.
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Chapter 7

Conclusions

We have presenteda duality betweenthe standardmodel and a model basedon the same
gaugegroupbut where NPO � à � Ó is confiningits chargesinsteadof beingbrokenby meansof
theHiggsmechanism.This duality allows a calculationof theelectroweakmixing angleand
of themassof theHiggsboson.

If the duality is unbroken,we do not expectany physicsbeyond the standardmodel,as
bothphasesareidentical.But, boththeconfinementphaseandtheHiggsphasearenecessary
to extractedall theinformationspresentin thetheory. Left-handedparticles,theelectroweak
bosonsandthe Higgs bosonhave a point like anda boundstatelike character. The duality
allowsacalculationof theelectroweakmixing angleandof theHiggsbosonmass.

We have considereda supersymmetricextensionof theduality, andshown thatour ideas
arecompatiblewith asupersymmetricextension.

Albeit theauthordoesnotexpectit, thisdualitymightonly bea low energy phenomenon.
If the standardmodelbreaksdown in the Yukawa sectorand if Natureis describedby the
confinementphase,the decaymodesof the Higgs bosoncan be dramaticallyaffected. In
particularit might not coupleto � -quarks.In thatcasethedecaychannelsof theHiggsboson
woulddiffer stronglyfrom thestandardmodelexpectations.Thestrategy for theHiggsboson
searcheswould differ from the standardone. Insteadof searchingfor decaysof the Higgs
bosonto � -quarkwhichis thedominantdecaychannelfor a light standardmodelHiggsboson,
oneshouldrathersearchfor a Higgsbosondecayingto gluons.Thiswould beanexampleof
a low energy failureof theduality.

The absenceof a phasetransitionbetweenthe confinementphaseand the Higgs phase
impliesthatthereis thesamenumberof degreesof freedomin bothphases.But, if theduality
breaksdown,new particles,likeexcitationsof theelectroweakbosonsandof theHiggsboson,
will appearandwill make sizablecontributionsto standardmodelprocesses.Of particular
interestare the spin 2 excitationsof the electroweak bosonswhich shouldmake a sizable
contribution to the electroweakbosonscattering.We have shown that,dueto theneutral

�
-

wave, thecrosssectionof thereactionÑ�ÒÓ Ö ÑØÔÓ Õ ÑúÒÓ Ö ÑØÔÓ would stronglydiffer from
the standardmodelexpectationsalreadyat energieswell bellow the massscaleof that new
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particle.Thiswouldbeanexampleof ahighenergy breakdown of theduality.
In thecaseof a total breakdown of theduality, effectsof the fermionsubstructurecould

appearand lead to sizableeffects in low energy observableslike the anomalousmagnetic
momentof themuon.

Finally, thebesttestof theduality will be to find a Higgsbosonwith a massaround ô��Fç
GeV. This doesnot only representa testof theduality, but alsoof thestandardmodelwhich
hasthis duality property. This masscan thereforebe seenas a predictionof the standard
model,whichmighthaveaproblemif theHiggsbosonmassis muchdifferentfrom ô��Oç GeV.

Weshallliketo concludeby emphasizingthatthemodelin theconfinementphasewehave
presentedis basicallydifferentfrom compositemodelsthatcanbefoundin theliterature.The
first differenceis theweakcouplingconfinement.Secondlywe areconsideringboundstates
that arepoint like in spacetime but have an extensionin momentumspace.Thosearethe
reasonswhy this modelis dualto thestandardmodel.
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