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DeutscheZusammenfassung

Im RahmendieserDoktorarbeitwurde ein Modell fur die elektroschvacheWechselvirkung

entwickelt. Das Modell basiertauf der Tatsachedal3die sog. “Confinement’-Phaseind
Higgs-Phaseler Theoriemit einemHiggs-Bosonn derfundamentalearstellungderEich-

gruppeSU (2) identischsind. In der Higgs-Phasevird die Eichsymmetriedurch denHig-

gsmechanismugebrochen.Dies fuhrt zu Massentermefir die Eichbosonenund tiberdie

Yukawva-Kopplungenzu Massentermefiir die Fermionen.In der “Confinement’-Phasést

die Eichsymmetrieungebrochen.Nur SU(2)-Singulettskann eine Massezugeordnetver-

den, d.h., physikalischeTeilchenmiissenSU(2)-Singulettssein. Man nimmt an, da die
rechtslandigenQuarksund Leptonenelementarédbjekte sind, wahrenddie linkshandigen
DuplettsBindungszusindedarstellen.

Es stellt sich heraus,da3dasModell in der “Confinement’-Phaseual zum Standard-
Modellist. DieseDualitatermdglichteineBerechnungleselektroschvachenMischungswin-
kels und der MassedesHiggs-Bosons.Solangedie Dualitat gilt, erwartetmankeine neue
Physik.

Es ist abervorstellbar dal3 die Dualitat bei einer kritischen Enegie zusammenbricht.
DieseEnegieskalakonntesogarrelatv niedrig sein. Insbesonderést es moglich, dalRdas
Standard-Modelim Yukawa-Sektozusammenbrichfallsdie Naturdurchdie “Confinement”-
Phasdeschriebewird, koenntenandavonausgeherjalidieleichtenFermionmasseerzeugt
werden,ohne dafld das Higgs-Bosonan die Fermionengelkoppeltwird. Dannwirde aber
dasHiggs-Bosonandersals im StandardModell zerfallen. Esist jedochauchvorstellbar
daRRdie Verletzungder Dualitat erstbei hohenEnegien stattfindet. Dannerwartetmanneue
Teilchenwie Anregungermit Spin2 derelektroschvacherBosonen Ebensovorstellbarsind
Fermionen-SubstukttEffekte die beim anomalmagnetischeiMomentdesMuons sichtbar
werden.
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Chapter 1

Intr oduction

During the pastcentury particlephysicshasundegoneat leastthreerevolutions.

Thefirst of theserevolutionshappenedvhenit wasdiscoveredby de Broglie [1] thatpar
ticles have a dual charactersometimeshey behae lik e solid entitiessometimedik e waves.
In particular it becameclearthatlight is sometime$ehaing lik e astreanof particlesbut, on
theotherhand,anelectronis sometimedehaing like awave. Thisledto thedevelopmenf
guantummechanics.

Evenmoresurprisingwasthe secondevolution. Particlescanbe createdandannihilated.
A particleandits antiparticlecanbe producedrom thevacuumandthenthey canannihilate.
This had someprofoundconsequencefr quantummechanicsvhich hadto be improved
to take this factinto account. The mathematicatool which was developedto describethis
phenomenors calledquantuntield theory

The third revolution wasthatthe particleswhich werediscoveredcould be classifiedac-
cordingto simpleschemesThe standardexampleis the eightfoldway [2] proposedy Gell-
Mann which allows to classify accordingto a SU(3) symmetry all particlesthat interact
strongly Symmetriesallow a muchdeepemunderstandingf the microscopicworld. It was
a big stepbetweensamplingparticlesand classifyingthemaccordingto a symmetry The
SU(3) symmetryallowedto predictparticlesthatwerenotyetdiscoveredandalsoallowedto
understandhatthestronglyinteractingparticlesthatwereobseredcouldnotbefundamental,
but hadto be boundstatesof somemorefundamentafields, calledquarks|2].

Another symmetry Lorentz invariance,forced Dirac to introducean antiparticlein his
equation3], andto positthe positronwhichwasdiscoveredshortlyafter Actually it turnsout
thata relativistic quantumtheory for exampleDirac’s equation,is inconsistentandthatthe
wave functionsof relatwvistic quantummechanic$ave to bereplacedoy quantumoperators.
This processs called the second-quantizatiorgnd it enablesto describeprocessesvhere
particlesarecreatedr destryed. In thatsensaheserevolutionsareconnected.

Symmetriegn particle physicsare symmetriesof the actionor in otherwordsof the S-
matrix. It becamesvidentthatary valid theoryof particlephysicsshouldbe Lorentzinvariant
or at leastLorentzinvariantin a very goodapproximation.Thusall fieldsintroducedin the
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12 CHAPTER1. INTRODUCTION

actionmustfulfil the Klein-Gordonequation.The conceptof Lorentzinvarianceintroduces
alsothe questionof the discretesymmetrieswvhich arethe chage conjugationC', the space
reflectionP andthetimereflection'. It turnsoutthatif thefermionsarequantizedusingan-
ticommutatiorrelationsandbosonsusingcommutatiorrelations thenthe S-matrix,or action,
is invariantunderthe combinationC' PT.

Anotherconceptwhichwasdiscoveredlateris thatof globalandlocal gaugesymmetries,
i.e. theinvarianceof the actionundercertainglobalsymmetriesandlocal symmetriesLocal
gaugetransformationsare gaugetransformationswvhich are space-timedependentvhereas
global gaugetransformationsare independentn space-time.A gaugetransformationis a
transformatiorof thefieldsenteringtheaction.UsingNoetherstheorempnecanthendeduce
which quantitiesare consered. For examplein QuantumElectrodynamicg§QED), thereis
a consered quantity the electric chage, correspondingo a U(1) local gaugesymmetry
The succesof QED led YangandMills [4] to considermore complex non-Abeliangauge
symmetriesvhich eventuallyled to the standardnodelof particlephysics.

Fundamentabymmetries)ike gaugesymmetriesor Lorentz symmetry mustbe distin-
guishedfrom approximatesymmetries.For mary technicalissuest is often usefulto con-
sidersymmetrieghatareexactin someimit, especiallyin QuantumChromodynamic$QCD)
wheretheseapproximatvely valid symmetriesarecrucialto find relationsbetweerdifferent
non-perturbatie quantities.An exampleof thesesymmetriegs for exampletheisospinsym-
metrywhichis approximatvely exactatlow enegy QCD.

After acenturyof greatsuccesspplyingsymmetriesn particlephysics,it is still unclear
why symmetriesare so importantin physics. We know thatif we canidentify one, it will
have somevery deepconsequencedyut thereis still no primary principle which forcesto
requirethe actionto beinvariantundersomegivensymmetry We canonly postulatea setof
symmetriesof the action, quantizeand renormalizethis actionto obtainthe Feynmanrules
andcomputesomeobsenablesto testwhethera given symmetryis presentor notin nature.
Therearetwo possibilitiesif a givensymmetryis not obsered, it caneitherbe brokenor it
mustberuledoutasa symmetrythetheory

In thepresentvork we shallnottry to understanavhy symmetriesandin particulargauge
symmetriesareso crucialto particlephysics. We shall take this asan givenfact. Our main
concernwill ratherbe to try to understanchow to breakgaugesymmetries. As we shall
describen thisfirst chapteythe electraveakinteractionsaredescribedy a broken SU(2) x
U (1) local gaugesymmetry The mainresultof this work is thatthe electraveakinteractions
canbe describedas successfullyby a confiningtheory i.e. atheorybasedon an unbrolen
gaugesymmetrywith aweakcouplingconstantlt turnsoutthatthis confiningtheoryis dual
to thestandardnodel. This duality allowsto find relationsbetweersomeof the parametersf
the standarcelectraveakmodelthat are otherwisenot presentin the normalstandardnodel
with a broken electraveaksymmetry We shallfirst review the standarcelectraveakmodel,
someof its problemsandsomeof the solutionsto theseproblems.



1.1. THE STANDARD ELECTROWEAK MODEL 13

1.1 The standard electroweak model

In this sectionwe shalldiscusghe standardnodelof the electraveakinteractions.Theweak
interactionwasfirst consideredo bealocal or point lik e interaction the so-calledFermiin-
teraction[5], beforeit wasrealizedby Glashav [6], following the work of Schwinger[7],
thataSU (2) x U(1) local gaugesymmetrycouldaccounfor thisphenomenomandfor Quan-
tum Electrodynamics But, if the electraveakgaugebosonswvere masslesshe electraveak
interactionswvould belong rangeinteractions.This is only partially the case sinceQED is a
long rangeinteraction,but the weakinteractionsareshortrange.This impliesthatthe gauge
bosonsareeitherconfinedandcannotpropagateasfree particlesor thatthey aremassve. The
standardapproactis to assumehelatter. But, the SU(2) x U(1) gaugesymmetryprohibitsa
masgermfor thegaugebosonsn theaction. Thisled Weinbeg andSalam[8] to assumehat
this symmetryis spontaneouslyproken andto apply the Higgs mechanisn{9] to breakthis
symmetry It turnsout thata theorywith a gaugesymmetrywhich is spontaneouslroken
remaingenormalizabl¢10], andthatthistheoryis thusconsistento any orderin perturbation
theory

Thestandardnodelof theelectraveakinteractionds basednthegaugegroupSU(2)y, x
U(1)y, wherethe index L standsfor left and whereY standsfor hyperchage. In that
model, parity is brokenexplicitly, left-handedermions¥¢ = 1/2(1 — ~5)¥* aretransform-
ing accordingto the fundamentakepresentationf SU(2); whereasight-handedermions
U% = 1/2(1 4 ~5)¥* aresingletsunderthis gaugegroup. The gaugebosonof the U(1)y
gaugegroupis denotedby A, andthe threegaugebosonsof the SU(2);, gaugegroupare
calledB;, a € {1,2,3}. Theanti-symmetridensorsf,,, andF};, arethefield strengthtensors
of U(1)y respectiely SU(2)..

We startby writing down the Lagrangianof the standarcelectraveakmodel, takinginto
accountnly thefirst family of leptons(L;,, e,) andquarks(Qy,, ug, dg):

Com —SEn P L LiDLL 4 QuipQu Do (L)
+aRi$UR + (ZRiﬂ)dR — GeéR(Q_SLL) - GdJR(Q_SQL)
2 A
~Guin(6Qr) + . + 5 (D) (D) = 2616 — 2 (619)”

Thescalardoublet¢ is the Higgsfield and¢ = io.¢*. In the standardnodelthis field enters

the theoryin the fundamentakepresentatiorof the SU(2) gaugegroup which has,aswe

shallseelater, somenontrivial consequenced.hequantumnmumbersof thefieldsenteringthe

standardnodelLagrangiararesummarizedn tablel1.1. Thecovariantderivativeis givenby:
g

g 9 apa
D,=0,— ZEY‘AM — 5T By (1.2)

Thefield strengthtensorsareasusual

FS, = 0,B; — 0,Bj + ge" B}, B, (1.3)
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SUB)c | SUR)L [ Uy | U(l)g
EHIRNEREIIG
en 1 1 3 —1
56| N EREAE)
R 3 1 173 2/3
dr 3 1 | —2/3| —1/3
_ (¢ 0
EGIERERENY
B 1 3 0 | (£1,0)
A 1 1 0 0
G° 8 1 0 0

Tablel.1: The standardnodelfields,asusualthe electricchageis givenby the Gell-Mann-
Nishijimarelation@ = 3 (r3 +Y). Thefields B® with i € {+, —, 3} denotethethreeelec-
troweakgaugebosonsand A is the photon. The gluonsG! arein the octetrepresentationf
SU(3)c.

fuw = 0, A, —0,A,. (1.4)

We have usedthedefinitions:

= (2): m(3):o=(2) mwior=(5). 0o

Obviously amasstermfor the electraveakbosonsof theform mj, Wi W would violatethe

gaugesymmetry In otherwords,thegaugeanvarianceof thetheoryrequireghegaugebosons
to bemasslessif thegaugebosonsveremasslesgheelectraveakinteractionsvould belong

rangeinteractions But, we know thatthe weakinteractionsaareshortrangewhereasQED s a

long rangeinteraction.Thuswe have to breakthis symmetrypartially.

1.1.1 The Higgs mechanism

The symmetrybreakingschemehas alreadybeenintroducedin the standardelectraveak
model Lagrangian. The Higgs mechanisn{9] breaksthe SU(2) x U(1) gaugesymmetry
spontaneous|yhich insuresthatthe resultingtheoryis renormalizable The potentialof the
Higgsbosonis givenby

% A
V(sie) = E-olo+ (610)° (1.6)
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The positionof the minimum is dependenbn the sign of the squarednassy? of the Higgs
doublet. If it is positive, i.e. if the Higgs doubletsquaredmasshasthe right sign for the
squaredmassterm of a scalarfield, thenthe gaugesymmetryis unbrolen,andthe minimum
isatg’¢ = 0. TheHiggsmechanisnpostulateshatthedoubletis atachyon andthusrequires
p? < 0. In thatcasethe potentialhastwo extremawhich aregivenby

dV (p)

=W+ = (1 + M) p=0 (1.7)
0

with p? = ¢¢. Theextremaarethen

p1 =0 (1.8)

2
p2=T“ (1.9)

wherev is the so-calledvacuumexpectationvalue. Thefirst solutionis unstableandthusnot
thetrue vacuumof thetheory The standardgoroceduras to expandthe Higgsfield aroundits
vacuumexpectationvalue. It is corvenientto fix the gauge performinga SU(2) rotation, at
this stage We shallchoosehe unitarity gauge

¢:U2($f)=<"g“) (1.10)

which allows to “rotate away” the Goldstonebosons. The Goldstonebosonsare the three
degreesof freedomwhich remainmasslessfter spontaneousymmetrybreaking. They are
absorbedn the longitudinal degreesof freedomof the gaugebosons. The Higgs field is
expandedaroundits vacuumexpectationvaluev. This is a semi-classicaapproach.Of the
four generator®f SU(2) x U(1) threearebrokenby the Higgs mechanismOnly the linear
combination@ = 1/2(73 + Y) is left unbrolen andthusleavesthe vacuuminvariant. This
impliesthata linear combinationof the gaugefields of SU(2) x U(1) remainsmasslesslt
canbeidentifiedwith the photon.Insertingthe expansiorof the Higgsfield in theLagrangian
(1.1), onefinds thatthe Higgs mechanisngivesa massto the electraveak bosonst and
Z,, whereaghephotonA, remainsnasslessThe Z, andA, bosonsarethemasseigenstates
givenby

A, =sin HWW[Z’ + cosfw A,

Z, = cos OWW;:’ —sinfy Ay, (1.11)
with
gl
cos Oy = and sinfy = ————. 1.12
1% i w 1" ( )
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Figurel.1: Higgspotentialbefore(continuoudine) andafterelectraveaksymmetrybreaking
(dottedline), thevariablep is definedby p? = ¢'4.

The masse®f the electraveakbosonsaregivenby my« = gv/2, mz = /g% + ¢'*v/2 and
m4 = 0. It isimportantto noticethatthe mechanismesponsibldor thefermionmassgyener

ationis nottheHiggsmechanisniut ratherthe YukavamechanismThe Yukavainteractions
generata massermfor thefermionsof thetype

me = Gev, my = Guu, and my = Gau. (1.13)

Therearethustwo distinctmassgeneratingnechanism#n the standardnodel.

1.1.2 Naturalnessand Hierar chy problem

Albeit the standardmodel, which is the superpositiorof the standardelectraveak model,
describedoy SU(2); x U(1)y, andof QuantumChromodynamicsjescribedby SU(3)¢, is
extremelysuccessfulit might not bethefinal theoryof particlephysics.The majorobjection
is thatit containstoo mary parametershat have to be measuredand cannotbe calculated
from first principles.Thisled to aquestfor theunificationof the gaugenteractionsdescribed
by the threegaugegroupsSU(3), SU(2) andU(1). Therearetwo prime examplesof such
unificationgroups: SU(5) [11] and SO(10) [12]. In thatframevork the standardnodelis
embeddedh alargergaugegroupwhosegaugesymmetryis brokenathigh enepgy calledthe
grandunificationscale(GUT) scale.Therunningof the couplingconstanof the gaugegroup
SU(3) x SU(2) x U(1) suggestshatthe unificationis takingplaceatascaleAgyr ~ 10'°
to 10'7 GeV dependingon whethersupersymmetrys presentin Natureor not. The gauge
hierarchyproblemstatesthatit is unnaturalfor the electraveakbreakingscaleA gy ~ 246
GeVto besosmallcomparedo the fundamentakcaleA qyr.
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A secondpotentialproblemwith the standardnodelis that the Higgs bosonis a scalar
field. If acutoff A is usedto renormalizehetheory the Higgsbosonmassecevesquadratic
“corrections”

392A2

2 02
my & my +———
" B0 3912m2,

<qu +omly A my—4Y (%) m§> . (1.14)
f

Neverthelessthis problemseemsot very serioussincethe cutoff would notbeapparentn a
differentrenormalizatiorschemendsecondlythe standardnodelis arenormalizableheory
This meanghatall divergenciescanbe absorbedn the renormalizeccouplingconstantsand
renormalizednasseskFurthermoreit hasbeenarguedby Bardeer{13] thatthereis anapprox-
imatescaleinvariancesymmetryof the perturbatve expansionwhich protectgheHiggsboson
mass.TheHiggsbosonmasscanbeviewedasa soft breakingtermfor this symmetry In that
casefine tuning issuesarerelatedto nonperturbatie aspectf the theoryor embedding®f
thestandardnodelinto amorecomplex theory

The opinionof the authorof this work is thatnoneof theseproblemsss very serious.The
mainproblemof thestandardnodelis thatthe symmetrybreakingmechanisnis implemented
in a quite unnaturalfashion. The Higgs bosonwhich is introducedin the standardnodelis
assumedo be a tachyon,i.e. its squaredmassis adjustedto be negative at treelevel. This
might be a signthata mechanisnis requiredto triggerthe Higgsmechanism.

Therearemary othermotivationsto extendthe standardnodel. It is not clearyet which
of theses theright one.In thefollowing, we shallreview a few typical models which areall
connectedo solutionsof theseproblems.

1.2 Extensionsof the standard model

1.2.1 Compositemodels

In this sectionwe shallreview a compositemodelproposedaroundtwentyyearsago. Thelist
of modelsproposedn theliteratureis very long. Threepopularmodelswerethoseproposed
by Greenbeg andNelson[14], FritzschandMandelbaunj15] andAbbottandFarhi[16]. For
anextensve list of citationssee[17] and[18]. The modelQuantumHaplodynamic{QHD)
we have choseno review hasbeenproposedy FritzschandMandelbaun{15].

This modelis inspiredby QCD. In this approachthe weakinteractionsare residualef-
fectsdueto the substructuref leptons,quarksandweakbosons.The constituentsarecalled
haplonstheir guantumnumbersaregivenin table1.2. The haplonsareassumedo be bound
togetherby a very strongconfiningforce, calledhypercolor The gaugegroupdescribingthis
interactioncouldbea SU(N) gaugegroup(e.g.SU(4)) oralU(1) gaugegroup. Thespectrum
of themodelis asfollows

u = (a7); v = (agh (1.15)
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Color | Chage | Spin| H
o 3 -1/2 1/2 | +1n
B 3 +1/2 | 1/2 | +1n
x 3 -1/6 0 |-1n
Y 3 +1/2 0 |-1n

Tablel.2: Quantumnumbersof the haplons.

d = (B1); e = (B
Wt =(ap) W~ =(Ba)

andtwo neutralbosons

w3 = %(aa - BB) W= %(aoﬁ-ﬁﬁ).
The neutralbosonW?3, which mixeswith the U(1)-photon,is identified with a component
of the Z-boson. On the otherside W?° is assumedo be very heary andnot to contrikute to
the neutralcurrents.This modelhadthe very pleasanteatureof solvingthe gaugehierarchy
problemandpotentiallythe naturalnesgroblemasin thatcasethe weakinteractionsarenot
agaugetheory but an effective theorywith a cutoff at Agyp ~ 200 GeV. Unfortunatelythe
simplestversionof this modelis nowadaysruled out by experimentsperformede.g. at LEP
asaremostof the compositemodelsproposedong ago.

1.2.2 Technicolor

A moreelaboratepproachs thatof technicolortheories Againtheliteratureis veryrich, for
reviews, seereference$18] and[19].

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

Consideran SU(Nr¢) gaugetheorywith fermionsin the fundamentatrepresentatiof
the gaugegroup

\IJL: (g) UR,DR. (116)
L

Thefermionkinetic enegy termsfor thistheoryare
L = UpiPUy, + UrilpUg + DrilD Dy, + DgilpDg , (1.17)

and,like QCDin them,,, mq — 0 limit, they exhibit achiral SU(2); x SU(2)g symmetry



1.2. EXTENSIONSOF THE STANDARD MODEL 19

As in QCD, exchangeof technigluonsn the spinzero,isospinzerochannelis attractve,
causingheformationof a condensate

u V)
VA — (UtUr) = (DpDg) # 0, (1.18)
D D

which dynamicallybreaksSU (2), x SU(2)g — SU(2)y. Thesebrokenchiral symmetries
imply the existenceof threemassles§soldstonebosonsthe analogof the pionsin QCD.

Now we considergaugingSU (2)w x U(1)y with theleft-handedermionstransforming
as weak doubletsand the right-handedonesas weak singlets. To avoid gaugeanomalies,
in this one-doubletechnicolormodel, the left-handedtechnifermionsare assumedo have
hyperchage zero and the right-handedup- and down-technifermiongo have hyperchage
+1/2. The spontaneoubreakingof the chiral symmetrybreaksthe weakinteractionsdown
to electromagnetismThe would-beGoldstonebosonsbecomethe longitudinalcomponents
of theW andZ

at, - WE, 7, (1.19)
whichacquireamass
F
My =7 QTC . (1.20)

Here Frr¢ is theanalogof f, in QCD. In orderto obtainthe experimentallyobsenedmasses,
we musthave Frqc ~ 246 GeV andhencethis modelis essentiallylike QCD scaledup by a
factorof

Fre

Ja

Sincethereareno fundamentascalarsn thetheory thereis notarny unnaturaldjustment
requiredto absorbquadraticdivergenciesof scalarmassesThe massgeneratiorproblemof
the electraveak bosonscanthusbe solved in a very elegantfashion. The gaugehierarchy
problemis solvedin suchatheory becausé¢he scaleof theelectraveaksymmetrybreakingis
adynamicalquantitywhich couldeventuallybe calculated Neverthelesshereis a potentially
seriousproblemwith the massgeneratiorof the fermionsin suchtheories. The modelwe
have presentedloesnot yet have amechanismo generatdermionmasses.

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

~ 2500 . (1.21)
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enepgieslow comparedo the ETC gauge-bosomass,Mzrc, theseeffectscanbe treatedas
local four-fermioninteractions

W Or

2
ETC o
— EIC(W,U) (Gpa) - (1.22)
ETC

L Ur

After technicolorchiral-symmetnybreakingandthe formationof a (UU) condensatesuchan
interactiongivesriseto amasgor anordinaryfermion

2
my & Ibro, (UU)Erc (1.23)

where(UU) gr¢ is the valueof the technifermioncondensatevaluatedat the ETC scale(of
order Mprc). Thecondensateenormalizedatthe ETC scalein eq. (1.23)canberelatedto
thecondensateenormalizedat the technicolorscaleasfollows

OU)sre = @0yoesw ([ %) (1.2)

wherey,, (1) is theanomalouslimensionof thefermionmassoperatorand A is theanalog
of Agep for thetechnicolorinteractions Onefinds

<UU>ETC’ ~ <UU>TC ~ 47TF73~C s (125)

usingdimensionabknalysis.In this caseeq. (1.23)impliesthat

Mgrc

3 1
b} 2
Fre )2 (100 |v|ev> ' (1.26)

~ 40TeV [ ——2
0 (250 GeV mq

geTC

It is not easyto build technicolormodelsthat give a massto fermionswhile remaining
simple.Besideghis mostof the ETC modelspredictlarge deviationsfrom thestandardnodel
predictions,andin particularrare decaysof the type 1 — e~y for which the experimental
limits arequite restrictive. It is alsodifficult to understandhow light fermion massesanbe
generatedince

4 2
Mg ~ —SETC S (1.27)
METC

This requiresMgrc to bein the rangeof 100 TeV for the s-quark or for the muon. But,
Mgrc = 100 TeVistoolow to beinvisible,e.g.in K K mixing.
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Neverthelesaninterestingpropositionhasbeenmaderecently The caseof massgener
ationfor fermionsin a simpletechnicolortheoryhasbeenreconsidered24]. If the fermion
global chiral symmetriesarebroken by theinclusionof four-fermioninteractionsit is found
that the systemcan be nonperturbatiely unstableunderfermion massfluctuationsdriving
the formationof an effective couplingbetweenthe technigoldstondosonsandthe ordinary
fermions. A minimizationof an effective actionfor the correspondingcompositeoperators
leadsto a dynamicalgeneratiorof light fermionmasses- M exp(—k/g?), whereM is some
cutoff massandwherek is a parametewhich depend®n the couplingconstantof the four-
fermioninteractions.

Technicolortheoriesarestill anacceptablalternatve to the Higgs mechanismA better
understandingf the non-perturbatie aspectf this theorymight avoid to extendthe plain
technicolormodelsto ETC modelswhich aregettingvery complicatedandarethusnot very
elegant.

1.2.3 Supersymmetry

Low enegy supersymmetrys a naturalcandidateto solve the naturalnesgroblemof the
Higgs bosonmass(see[25] and[26] for reviews). Supersymmetry27] is a symmetrybe-
tweenbosonsandfermions,i.e. a symmetrybetweenstatesof differentspin. For example,
a spin-0Oparticleis mappedo aspin—; particleundera supersymmetryransformation.The
particlestatesn a supersymmetrifield theoryform representationésupermultipletspf the
supersymmetnalgebra. Thereis an equalnumberof bosonicdegreesof freedomng and
fermionicdegreesof freedonm in asupermultiplet

Themasse®f all statedn asupermultipletredegenerateln particularthe masse®f bosons
andfermionsareequal

We shallillustrate how supersymmetrgansolve the naturalnesgroblem. Considerthe
following (non-supersymmetrid)agrangiarof a complec scalarA andaWeyl fermion x

_ 1 _
L= = 0,A0"A—ixa"dux — 5 my (xx + Xx) —mj AA
— Y (Axx + Axx) — A(AA)?. (1.30)

This Lagrangianis supersymmetriéf m; = m;, andY? = ), but let us not considerthis
choiceof parameteratfirst. £ hasa chiral symmetryfor m; = 0 givenby

A—se g, X — ey . (1.31)
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correction to the fermion mass corrections to the boson mass

Figurel.2: Oneloop correctiongo the fermionmassandto the bosonmass.

This symmetryprohibitsthe generatiorof afermionmassby quantumcorrectionsFor m; #
0 thefermionmassdoesreceveradiatve correctionsput all possiblediagramdaveto contain
a massinsertionas can be seenfrom the one-loopdiagramshawn in figure 1.2. Sincethe
propagatowof the boson(upperdashedine in the diagram)is ~ 1%2 while the propagatoiof
the fermion (lower solid line) is ~ + oneobtainsa masscorrectionwhich is proportionalto
mg

2

m
Smy ~ Y?my 1nA—§ : (1.32)

whereA is the ultraviolet cutoff. Hencethe massof a chiral fermion doesnot receve large
radiatve correctiondf thebaremasss small.

Thediagramgyiving theone-loopcorrectiongo m, areshovnin figurel.2. Bothdiagrams
are quadraticallydivergent but they have an oppositesign becausan the seconddiagram
fermionsarerunningin theloop. Onefinds

dmi ~ (A — Y?)A2. (1.33)

Thus,in non-supersymmetritheoriesscalarfields receve large masscorrections.In super
symmetrictheoriesthe quadraticdivergeng in (1.33) exactly cancelsdueto the supersym-
metricrelationY? = ). The cancellationof quadraticdivergenciesis a generalfeatureof
supersymmetrigquantumfield theories. This leadsto the possibility of stabelizingthe weak
scaleM .

In that sensesupersymmetngsolvesthe naturalnesgproblem. It allows for a small and
stableweakscalewithout fine-tuning.However, supersymmetrgloesnot solve the hierarchy
problemin thatit doesnotexplainwhy theweakscaleis smallin thefirst place.But, themain
problemof supersymmetritheoriesatlow enepy is to explain the breakingof supersymme-

try.
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1.2.4 Newideasand newdimensions

It hasrecentlybeenproposedhatthe gaugehierarchyproblemcould be solved by lowering
the scaleof the unificationof all forcesandin particularof the scalefor gravity [28]. In this
framework, the gravitational andgaugeinteractionsbecomeunitedat the weakscale,which
we take asthe only fundamentakhortdistancescalein nature. The obsened weaknesof
gravity ondistancesv 1 mmis dueto the existenceof n > 2 new compacspatialdimensions
large comparedo theweakscale.ThePlanckscaleMp; ~ G;,l/ ? is notafundamentascale.
Its large valueis simply a consequencef thelarge sizeof the new dimensionsWhile gravi-
tonscanfreely propagaten the newv dimensionsat sub-weakenegiesthe standardnodel
fields mustbe localizedto a 4-dimensionamanifold of weakscale“thickness”in the extra-
dimensions.

A verysimpleideais to supposehattherearen extracompacspatialdimension®f radius
~ R. ThePlanckscaleMp;4, of this (4 + n) dimensionatheoryis takento be ~ mgy .
Two testmasse®f massmy, m, placedwithin a distancer < R will feel a gravitational
potentialdictatedby Gaussslaw in (4 4+ n) dimensions

mime 1

Ontheotherhand,if the massesireplacedat distances > R, their gravitationalflux lines
cannotcontinueto penetratén the extra-dimensionsandtheusuall /r potentialis obtained,

1
V() ~ e (1> R) (1.35)
Pi(arn) " T
soour effective 4 dimensionalM p; is
Mg, ~ ML, R (1.36)

Putting Mp44+n) ~ mew anddemandinghat R be chosento reproducethe obsered Mp;
yields

1TeV) I+

30
R~ 10" cmx (
mgw

(1.37)
Forn = 1, onefinds R ~ 10'* cm, implying deviationsfrom Newtoniangravity over solar
systemdistancessothis caseis empirically excluded.For all n > 2, however, the modifica-
tion of gravity only becomesoticeableat distancesmallerthanthosecurrently probedby

experiment. The casen = 2 (R ~ 100um —1 mm) is particularlyinteresting,sinceit has
notyetbeenruledout by experimentsLoweringthe Planckscaleto the TeV rangesolvesthe
gaugehierarchyproblem.Shortly afterthis obsenationwasmade,it wasproposedhatthese
extra-dimensionsnightevenbeinfinitely large[29]. Themainobjectionto thesemodelswith

extra-dimensionss thatthesequantuntield theoriesarenotrenormalizable.



24 CHAPTER1. INTRODUCTION

A more exciting framework is that proposedin [30] where extra-dimensionsare cre-
ateddynamically In that framewvork, which is essentiallya reminiscenceof an old idea
[31] usingthe languageof extra-dimensionspne considerghe direct productof two groups
SU(N) x SU(M) in four dimensionswhich are thus potentially renormalizable.One of
theseis assumedo confineits chagesat a very high scale. The low enepy effective action
is a five dimensionalnon-linearsigmamodelwherethe fifth dimensionis discrete. In that
kind of models,the radiatve correctionsto the Higgs massarefinite [32], andthe massof
this particle could thusbe calculated.This would solve the naturalnesgroblem. But, these
extra-dimensiongreateddynamicallyatlow enegy arequite peculiar Indeedgravity would
not propagaten thesenew dimensions.

1.3 Discussion

In this chapterwe have presentedhe standardelectraveak model of particle physics. We
have discussedhe so-calledgaugehierarchyandnaturalnesproblem.Theseproblemscanat
leastbe partially addresseth differentframevorks which arecompositemodels technicolor
models,supersymmetrienodelsor modelswith extra-dimensionsThereareprobablymore
framavorksweretheseproblemscanbe addressed.

Neverthelesall of thesehave in commonthefeaturethatthey predictalot of new physics
beyondthestandardnodel,andwhile they areableto addresstleastsomeof thetheseprob-
lems,they areunableto reducethe numberof free parametersmtroducedn the fundamental
theory Onthecontrarythey tendto increasehem.Besideghis, thereareno signsof physics
beyondthe standardnodel.

We shallthusconsidera differentapproachandreconsidethefirst assumptiorwe made,
namelythatthegaugeheorydescribingheelectraveakinteractionss broken. We shallargue
that the electraveak interactionscan be describedby a confining theory at weak coupling
whichturnsoutto bedualto thestandardnodel. This duality allowsin particularto calculate
the electraveakmixing angleandthe Higgsbosons mass.

The remainingquestionis whetherthis duality is only a low enegy phenomenoror
whetherit is valid for all enegies. This duality can be testedby searchingfor deviations
from the standarcelectraveakmodel.

This work is organizedin thefollowing way. In chapter2, we shall establisithe duality.
We shallpresenthe calculationof the electraveakmixing angleandof the massof the Higgs
bosonin chapter3. A supersymmetriextensionof the duality presentedn chapter2, will be
consideredn chapterd. In chapter® and6, we shall presensomeof the testsof this duality.
We shallconcludein chapter7.



Chapter 2

The dual phaseof the standard model

This chapteris dedicatedo the descriptionof the duality which is the main achiezementof
thiswork. Thisduality is motivatedby thefactthatthe standardnodelactioncanberewritten
in termsof gaugeinvariantfields and by the so-calledcomplementarityprinciple. We shall
presenbothmotivationsin this chapter Theresultswerepublishedn [33].

2.1 The confinementphase

In thiswork we will be constantlyreferringto thetheoryin the Higgs phaseandto thetheory
in the confinemenphase.We shall adoptthe following definitionsfor the Higgs phaseand
for the confinemenphase:

definition 1 (Higgs phase) By the theory in the Higgs phasewe undestandthe standad
modelof particle physicswith spontaneouglectioweaksymmetrybreakinggenertedat the
classicallevel by the Higgsmetanism.

definition 2 (confinementphase) By thetheoryin the confinemenphasewe undestandthe
sametheoryasthat of the standad modelbut with reversedsign of the Higgsbosonsquaed
mass,i.e. the SU(2); gauge symmetryis unbroken at the classicallevel. We do not male
assumptionsboutthe strengthof the couplingconstantof thetheory

We shall considera gaugetheory with a gaugegroup which is the sameasthat of the
standardnodel,i.e. SU(3)c x SU(2)., x U(1)y, but the gaugesymmetryis assumedo be
unbrolen. The parametersf the theoryare,exceptfor the Higgs potentialandin particular
thesignof theHiggsdoubletsquarednasswvhich hastheright signfor a scalarquantuntield,
i.e. the gaugesymmetryis unbrolen, exactly the sameasthoseof the standardmodel. In
particularthe couplingconstantasits usualvalueandis thusweak.

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

25
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leptonicD-quarks I; = Gl) (spin1/2, left-handed)
2

hadronicD-quarks ¢; = <Zl> (spin1/2, left-handed SU(3) triplet)
2

scalarD-quarks h; = <21> (spin0),
2

takinginto accountonly thefirst family of leptonsandquarks.Theright-handedarticlesare
thoseof the standardnodel. The Lagrangiandescribingthe electraveakinteractionsin the
confinemenphasds

1 1 . . _
Lo=—3FL " = 2 fu " + 1il, + Griqr, + eriler (2.1)

+’U,R7;p’U,R + JRZde - GeéR(}_LlL) - Gdd_R(}_LqL)

1 2 A
~Gutr(ha) + hc. + 5 (Duh) (D"h) - %h*h - J(hY,
with h = io,h*. Thecovariantderivative is givenby:
g 9 apa
D,=0,— zgYA,L sy B (2.2)
Thefield strengthtensorsareasusual
F%, = 0,B% — 0,B% + gc™B) B (2.3)
fuw = 0, A, — 0, A, (2.4)

We areconsideringa theoryin theweakcouplingregime,i.e. the strengthof the SU(2)
interactionis that of the standardnodel, but, we neverthelessassumehat the confinement
phenomenortantake placeat weakcoupling. It hasbeenconjecturedoy 't Hooft that vor-
ticeswhich are classicalsolutionspresentin this theory canleadto confinementof gauge
chagesat arbitrary weak coupling constant[34]. Recently a measurementf the vortex
free enegy orderparameteat weakcouplingfor SU(2) hasbeenperformedusingso-called
multi-histogrammethods[35]. The resultshaws that the excitation probability for a suffi-
ciently thick vortex in the vacuumtendsto unity. It is claimedin [35] that this rigorously
providesa necessarand sufficient conditionfor maintainingconfinementat weakcoupling
in SU(N) gaugetheories.

We thushave a consistenimechanisnfor the confinemenbf gaugechages. The mech-
anismfor confinemenmight not be differentfrom thatof QCD, but the basicdifferencebe-
tweentheweakinteractionsandthe stronginteractionds, asstressedy 't Hooft [36], thatin
theweakinteractionghereis a large parameterthe vacuumexpectationvalue,which allows
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perturbationtheorywhereaso suchparameters presenin QCD, which explainswhy QCD
is nonperturbatie. Neverthelessin QCD the scaleof the theorycoincideswith the Landau
pole of the theory but obviously this cannotbe the casefor a SU (V) theory at weak cou-
pling. This mightbethehint thatQCD is a particularcaseof a moregeneraklassof theories
whereconfinemenbccurs.After theseremarkson the confinementmechanismyve studythe
spectrunof thetheory

The left-handedfermionsare protectedrom developinga massterm by the chiral sym-
metry, physicalparticlesmustthusbegaugesingletsunderSU (2) transformationsTheright-
handedparticlesarethoseof the standardnodel. We canidentify the physicalparticlesin the
following way:

neutrino : vy, o< hl (2.5)
electron : er,  hl (2.6)

up type quark : wu o< hq (2.7)
down type quark : dr, o< hg (2.8)
Higgs particle : ¢ oc hh, s-wave (2.9)
W3-boson: W? x hh, p-wave (2.10)
W~=—boson: W™ « hh, p-wave (2.11)
Wt—boson: W  (hh)!, p-wave. (2.12)

Theseboundstateshave to be normalizedproperly We shall considerthis issuein the
next section. Using a non-relatvistic notation,we cansaythatthe scalarHiggs particleis a
hh-statein which thetwo constituentsirein a s-wave. The W 3-bosonis the orbital excitation
(p-wave). The W+ (W ~)-bosonsare p-wavesaswell, composedf (hh) (hh) respectiely.
Dueto the SU(2) structureof the wave functionthereareno s-wave statesof the type (hh)
or (hh).

Noticethatwe have definedcompositeoperatoratthesamespace-timgoint,i.e. ¥(z, z) =
é(z)w(x), whereg(x) and+(x) arethe fields correspondingo the fundamentabparticles.
Thosearenotboundstatewave functionswhichwould beafunctionof two space-timegoints,

i.e. ¥(x,y) = ¢(x)Y(y). Thespace-timeseparations takento bevanishing.

2.2 The duality

As usualin aquantuntield theory the problemis to identify the physicaldegreesof freedom.
To do sowe have to choosethe gaugein theappropriatevay. The Higgsdoubletcanbeused
to fix the gauge. Using the gaugefreedomof the local SU(2) groupwe performa gauge
rotationsuchthatthe scalardoublettakestheform:

hy = (F +0h<1> ) , (2.13)
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wherethe parameterF’ is a real number If F' is sufficiently large we canperforman1/F
expansionfor thefieldsdefinedabove. We have

vy = %(hl) — 1+ %h(l)ll —L+0 (%) ~ 1 (2.14)
o1, = %(eijhizj) =+ %h(l)b L+ O (%) ~ (2.15)
up, = %(i_zq) =q + %h(l)ql =q+0 (%) S (2.16)
dp = F(Eijhi(b’) =q+ %h(l)(lz =q@+0 (%) X (2.17)
¢ = 2F(hh) hay + 5 2Fh(1)h( ) (2.18)
= hoy + = +0<21 )~
Wﬁ’:gFZhDh (1 hl) ;F<1+h1‘;>ah (2.19)
=B +0 ( )
w, = %(eiﬂ'hmuhj) = <1 + %)2@ (2.20)
=B,+0 (%) ~ B,
Wt = 20 4 T hay ’ +
= (F(e hiDuhj)> (1 + ) B! (2.21)

Theboundstateshave beennormalizedsuchthatthe expansioryieldsaexpressiorhaving the
right massdimension.

Theparametey is the couplingconstanof thegaugegroupSU(2),, andD,, is thecorre-
spondingcovariantderiative. As canbe seenfrom (2.14)to (2.21),thephysicalparticlesare
thoseappearingn the standardnodel. We adoptthe usualnotationB;: = (B, ¥ zBZ)/\/_
The termswhich aresuppressetly the large scaleF’ areaswrelevantasthetermswhmh are
neglectedin the Higgs phasewhenthe Higgsfield is expandednearits classicalvacuumex-
pectationvalue. If we matchthe expansionfor the Higgsfield ¢ = h(;y + § to the standard
model,we seethat F' = 2v = 492 GeV wherew is thevacuumexpectatiorvalue. This param-
etercanbeidentifiedwith atypical scalefor thetheoryin theconfinemenphase Thephysical
scaleis definedasA = F/1/2, the/2 factoris includedherebecauséhe physicalparameter
is notwv but v/4/2 ascanbe seenfrom the Lagrangian(1.1). We seein the expansionfor Wj
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thatthe suppressedrelevanttermsstartat theorder2/F. We thusinterpretthe typical scale
for the ij asAy = V2F/4 = 173.9 GeV. The scalecorrespondindo the Higgs bosonis

deducedn a similar fashion. We find Ay = v2F = 695.8 GeV. The factorfour between
the scaleof the Higgsbosonandthatof the W bosongs dictatedby the underlyingalgebraic
structureof the gaugetheory In a similar fashion,one could arguethat the typical scaleof

theelectraveakinteractionsn the Higgsphasejs givenby the scalearoundwhich the Higgs

field is expanded.

The boundstateswe are consideringare point-like objectsbut with an extensionin mo-
mentumspacecorrespondingdo the typical scaleof the particle,which canthusbe useda a
cut-off in higherordercalculations.

At thesestage we shalllik e to stresghatthis modelsatisfiest Hooft criteriaof anomaly
matching38] whichstateghatchiralsymmetryremainaunbrolenif thefundamentalermions
developthe sameanomalyasthe massles®oundstatedermions.

2.2.1 The gaugeinvariant standard model

In this sectionwe shallshaw thatthe standardnodelLagrangiarcanberewritten usinggauge
invariantfields[36,37,39]. Let usdefinethefollowing SU(2) gaugeinvariantfields

d = Qfy, (2.22)
v = Qfyg

i i t 8 i
Wﬂ - gTr Q D/J QT

(Du)su) = (D) sue = 9, — igW,

7
'7:/,w = E[(DN)SU@)’ (DU)SU(Q)]a

with ¢* a ¢ = ¢" 0,0 — ¢0,¢" andwhere) is agaugetransformatiorgivenby

Q= 1 ( % ¢1) . (2.23)

Joo \ =01 6

We startfrom the Lagrangiarof the standardnodel
1 1 . 1 .
L= = TUE ™ = L fu ™ + i3 ((;pp)sm) —i g'Y.A) " (2.24)
. Ta 1 a
+ipR(P — Z§Q'Y-A)¢R

;
+ (((DM)SU&) - i%QIYAu> ¢) (((D“)SU(z) - %QIYA“) ¢5)
+V('0) — Gu (Vi oY% + Y50 vs) — Ga(Vh pv% + Yo' vt)
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where¢ = imy¢*, thefermion® is a genericfermionfield andtheindex a runsoverall the
leptonandquarkflavorsandthe covariantderiativeis givenby (D,,) sy (2) = 0, — ig By, With
B, = 1/27°Bj. We denotethe Yukawa couplingsby G, andG,. Thegaugedependentields
canbereplaceddy their SU(2) gaugenvariantcounterpartsOneobtains

1 1 _ 1
L= = TUFWF™ = L fuf + 04 ((%)SU(2> _ zég'Y.A) e (2.25)
1 .
+i)g(P — Ziglyﬂ)w}z
1 t 1
(- 72)8) (@10 4v0))
+V (@) — Gy (T4 D% + Y507 T%) — Go( T4 Dy + 5T TY).

Thescalarfield potentialis takenof the form

1 1 2
V(gie) = 37 (o7 - 30*) . (2.26)
its SU(2) gaugenvariantcounterparts givenby
t 1 2 1, 2
V(21®) = 5 <<I> - v ) : (2.27)

This potentialcanbe minimizedif thefield  is forcedto form thegaugeanvariantcondensate

(@T0) = (¢7¢) = %v? (2.28)

In thatcasewe seethatthe gaugeinvariantchagedvectorbosonseceve a masstermof the
form my = gv/2, the fermionsreceie massef thetype m, = G,v/+/2 for the up-type
fermionsandm, = G4v/+/2 for the down-typefermions.We alsoseethataterm

1
3 g'gAW DD (2.29)

appearswhich givesriseto amixing betweerthe U (1) generatoandthe W3 gaugeinvariant
field. After diagonalizatioraccordingo

A, = sin HWWE +cosfw A,
Z, = cos HWWE’ —sinfy A, (2.30)
we find the correctpropertyfor the electromagnetiphoton A, which coupleswith the right

strengthto the fermionsandwhich is massless We alsofind the right propertyfor the 7,
bosonwhosemasss shiftedabove thatof othermemberf thetriplet by theelectromagnetic
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Figure2.1: Sketchof the phasediagramusingthe lattice methodandfrozenHiggs approxi-
mation. Thereis no phaseransitionbetweernthe Higgs phaseandthe confinemenphase.

interaction.Choosingthe unitarity gauge which correspondso the choicef2 = 1, onefinds
® — ¢, ¥ — ¢y andW, — Bi. This formulationis identicalto that presentedn (2.14-
2.21)if the higherdimensionalbperatorsare neglectedin (2.14-2.21). This is whatis done
whenoneexpandsheHiggsfieldsaroundits vacuumexpectationvalue. Neverthelesgor our
purposesthe equationg2.14-2.21)aremoreadequatasthey describexplicitly therelevant
scalefor eachpatrticle.

2.3 Therelation to lattice gaugetheory

Ostervalderand Seilerhave shovn thatthereis no fundamentadifferencebetweerthe con-
finementphaseandthe Higgs phaseof a theoryif thereis a Higgs bosonin the fundamental
representationf the gaugegroup[40]. Thisis known asthe complementarityprinciple.

definition 3 (Complementarity principle) If thereis a Higgsbosonin thefundamentatep-
resentatiorof the gauge group thenthere is no phasetransition betweerthe Higgs and the
confinemenphase

In this approachthe Higgs and confinemenfphaseare definedat the level of the effective
action. It wasshowvn by Fradkinand Shenler [41] following the work of Ostervalderand
Seiler[40] thatin thelattice gaugetheorythereis no phaseransitionbetweerthethe SU(2)
Yang-Mills-Higgstheoryin the confinemeniphaseandin the Higgs phase(seefigure 2.1)
usingthe approximatiorof a frozenHiggsfield andrestrictingthemselesto a SU(2) gauge
theorywithout fermions.
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In orderto understandhis phenomenonve have to describethe lattice Euclideanaction.
It reads:

S=5,-AY [6'@e(@) 1] = ¥ ¢'(@)Qulz,y)é(y), (2.31)
T T,Y,1
whereS, is the puregaugepiece
S, = % Y [oU, + U, (2.32)
plag.

usingthe usualdefinition 3 = 4/¢2. Th matrix Q which couplesthe Higgsfield to the link
variableslU (z) reads

Qu(,Y) = 0ny — £ [0 y—uUp(@) + Oy uUj ()] (2.33)

with a Higgs “hopping parameter’s. This actioncanbe relatedto the Euclideanspace-time
continuumaction

Seant. = = [ @2 [|Dud(@)2 + m?/ () + N ()] (2:34)
with D,, = 0, + igA,(z) usingthefollowing relations

b(x) = ﬁgb(as), A= % and m? = 12/\728& (2.35)
a K Ra

Thus high valuesof x correspondo a negative massfor the Higgs field and thereforeto
the Higgs phasewhereadow valuescorrespondo a positve massandthereforeto the con-
finementphase. This phasediagramwas obtainedmaking the assumptiorthat no physical
informationis lost whenthe Higgs field is frozenthatis for A = oo. However somecare
hasto be taken with the notion of complementaritysinceit was shovn by Damgaardand
Heller [42] thatfor certainsmall valuesof A a phasetransitioncanappear(seefigure 2.2).
They performedan analysisof the phasediagramof the SU(2) gaugetheory allowing the
Higgsfield to fluctuatein magnitudeusingso-calledmeanfield techniquesNeverthelesshe
lattice methodis morereliablethanmeanfield approximatiortechniquesThe exactshapeof
phasediagramof thetheoryis still anopenquestion.

If thereis no phasetransitionasconjecturedby Ostervalderand Seiler[40] this implies
thatthereis nodistinctionbetweerthetwo phasesThisis analogouso thefactthatthereis no
distinctionbetweenhe gaseousndliquid phase®f water A continuoudransitionbetween
thetwo phasess possible.

Till this point, we wereconsideringyaugetheorieshatcontainonly scalars Nevertheless,
if the complementaritys to be appliedto the standardnodel,fermionsmustbe introduced
in thetheory Thereforea secondphasediagramdescribingthe chiral phasetransitionhasto
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Figure2.2: Sketchof the phasediagramusingthe meanfield techniques.

be studied. This issuehasbeenstudiedby Aoki, Lee andShrock[43]. In orderto overcome
the well known difficulty of placing chiral fermionson the lattice, they have rewritten the

chiral SU(2) theoryin a vectorlike form. However, this requiresa very specificform for the

Yukawa couplings.Indeedthe numberof possibleYukawva couplingshasto bereducedandit

is thusimpossibleto give differentmasseso eachof the fermion masseigenstatesThisis a

very serioudimitation to their analysisasclearlythe full standardnodelwith all its Yukava
couplingscannotbe rewritten in a vectorlike theory Aoki et al. have found that a phase
transitionappeardbetweenhe phaseat weakgaugecouplingandthe phaseat large coupling
(seefigure 2.3). In their notation 3, is proportionalto the hoppingparameter The standard
modelandthe confiningmodelat weakcouplingwe arediscussingare probablyin the same
phasein that phasediagramasthe chiral phasetransitionis dominantlydeterminedoy the
strengthof the weak gaugecoupling constant.Neverthelesghis analysisis a constraintfor

modelsmakinguseof thecomplementarityprincipleto relategaugetheoriesatweakcoupling
andstrongcouplingconstant.

All theseanalysesvere performeda long time ago. It would be importantto studythe
phasediagramof the standardnodelusingsomemoremoderntechniquesThelack of phase
transitionhassomevery deepconsequencedf it is the casethis impliesthatthe massspec-
trum of boththeoriesarereally identical,therearethe samenumbersof degreesof freedom
andthusno new particlein the confinemenphase Both theoriesarethenidentical.

2.3.1 Discussion

It hadlong beennotedin the literaturethat the standardnodel canbe rewritten in termsof
gaugeinvariantboundstatesthe so-calledconfinemenphaseput it hasnever beenstressed
thatthis represents new theorywhich is dualto the standardnodel. As we will seein the
next chapterthis duality allowsto find relationsbetweertheparametersf thestandardnodel
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Figure2.3: Sketchof the chiral phasdransitiondiagram.

which arenotapparentn the Higgs phaseandis thereforenottrivial.

We have presentedabore a duality betweenthe Higgs phaseof the standardnmodel La-
grangianand the confinementphaseof the samelLagrangianat weak coupling. We have
shavn thatthefields of the standardmodelcanbe rewritten in gaugeinvariantmanner This
impliesthatthe duality diagram(diagramsn the confinemenphase)canbe evaluatedn the
Higgs phaseusing perturbationtheory The lines of the duality diagramsare shrinking to-
getherwhenmoving from the confinemeniphaseto the Higgs phase(seegraph2.4). This
follows from the fact that the standardnodel can be rewritten in termsof gaugeinvariant
fieldsandthatin acertaingaugetheunitarity gaugewe obtaintheusualstandaranodel. The
ideathatthe standardnodelin the Higgs phaseandin the confinemenphasearedualif the
confinements causedy aweakcouplingis supportedy the complementaryprinciple.

This duality allows to identify relationsbetweensomeof the parametersf the standard
model. In particularwe shall seethat the electraveak mixing angle can be relatedto the
typical scaleof the W -bosonawhich allowsto computethis parameterThemassof theHiggs
bosoncanbe relatedto that of the W-bosonsin the confinemeniphasebecausehe Higgs
bosonis thegroundstateof thetheoryandthe W-bosonsarethe excited statescorresponding
to this groundstate.

2.4 A global SU(2)symmetry

In theabsencef theU (1) gaugegroupthetheoryhasa global SU(2) symmetrybesideghe
local SU(2) gaugesymmetry The scalarfields andtheir complex conjugatesanbe written



2.4. A GLOBAL SU(2)SYMMETRY 35

Ve

Figure2.4: Transitionfrom the duality diagramto the Feynmangraph.

in termsof two doubletsarrangedn the following matrix:

_ [ h:
M= <_h,{ hg)' (2.36)

The potentialof the scalarfield V (hh*) dependsolelyon

h*h = Bhy + Bhs (2.37)
= (Rehy)? + (Imhy)? + (Rehy)? + (Im hy)? = detM.

This sumis invariantunderthegroupSO(4), actingon therealvector H
H = (Rehl, Im hl, Rehg, Im hz) (238)

This groupis isomorphicto SU(2) x SU(2). Oneof thesegroupscanbeidentifiedwith the
confininggaugegroupSU (2), sincedetM remainsnvariantunderSU(2):

de{UM) =det(M), U € SU(2). (2.39)

Now thesecondSU (2) factorcanbeidentifiedby consideringhe matrix M "

MT = (Zj ‘h’:l) . (2.40)

Thedeterminanbf M T, whichis equalto det M), remainsinvariantundera SU (2) transfor
mationactingonthedoublets(h}, h1) and(—h3, hs).

Thesetransformationcommutewith the SU(2);, transformations.They constitutethe
flavor group SU(2)r, which is an exact symmetryas long as no other gaugegroup be-
sidesSU(2) is present. With respectto SU(2)r the 1 -bosonsform a triplet of states
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(W+,W~,W3). Theleft-handediermionsform SU(2) » doublets.Boththetriplet aswell as
thedoubletsare,of course,SU(2), singlets.Oncewe fix thegaugen the SU(2), spacesuch
thath, = 0 andlm h; = 0, thetwo SU(2) groupsarelinkedtogetherandthe SU(2), dou-
bletscanbeidentifiedwith the SU(2)r doublets.Theglobalandunbrolen SU(2) symmetry
dictatesthatthe threelV-bosonsstatesforming a SU (2) r triplet, have the samemass.Once
the Yukawa-typeinteractionsof thefieldseg, ur anddy with the correspondindeft-handed
boundsystemsareintroduced the flavor groupSU (2) r is in generalexplicitly broken. This
symmetryis theanalogorof the custodialsymmetry presenin the Higgs phaseof thetheory

2.5 Electromagnetismand mixing

The next stepis to include the electromagnetiénteraction. The gaugegroupis SU(2); x
U(1)y, whereY standdor the hyperchage. The covariantderiativeis givenby

g g
DIJ = 8N — Z§YAM — ’L§TaBZ. (241)
Theassignmentor Y is asfollows:
LY (10)\ (4
V) = (09 (2)
q2 —é q2
hiy _ (10) (M
V(i) = (0 ()
The completeLagrangiarof themodelin the confinemenphasds givenby:
1 1 ;. . .
Lo=—1Gi,G" = L fuf" + il + quiPas + eriler (2.42)
+ﬂRilDuR + CZR’I,de - GeéR(iLlL) - GdJR(ﬁqL)
1 2
~Guiin(har) + he. + (D) (D#h) — "2 hi! %(hhT)Q,
wherem? > 0 and
GY, = 0,B; — 8,B} + g™ B} B;, (2.43)

f;w - auAu — 3,,.,4u.

TheU (1) gaugegroupis anunbrokengaugegroup,like SU(2). The hyperchage of the
h field is +1, andthat of the »* field is —1, i.e. the membersof the flavor group SU(2) ¢



2.5. ELECTROMAGNETISMAND MIXING 37

have differentchage assignments.Thusthe group SU(2)r is dynamicallybroken, and a
masssplitting betweerthe chagedandneutralvectorbosonsarises.The neutralelectraveak
boson(hD,h), which is not a gaugeboson,mixeswith the gaugeboson.A,. As a result
thesebosonsare not masseigenstateshut mixed states. The neutralelectraveakbosonZ,
is a superpositiorof (hD,h) andof A,. The photonis the stateorthogonalto the neutral
electraveakbosonZ,,. The strengthof this mixing dependson the internalstructureof the
electraveakbosons.

We emphasizethat the Bj; gaugebosonsare as unphysicalas the gluonsarein QCD.
The hyperphotonA,, is not the physical photon A4, which is a mixture of .4, and of the
boundstate(l_zDuh). The fundamentaD-quarksdo not have an electric chage but only a
hyperchage. Thesehyperchagesgive a global hyperchage to the bound states,and one
can seeeasily that a boundstatelik e the electronhasa global hyperchage and will thus
coupleto the physicalphoton,whereasa neutrinohasa vanishingglobal hyperchage and
thuswill remainneutralwith respecto the physicalphoton. Sowe deducethat QED is not
apropertyof themicroscopiovorld describedby £, but rathera propertyof the boundstates
constructedut of thesefundamentafields. Thetheoryin the confinemenphaseapparently
makes no predictionconcerningthe strengthof the coupling betweenthe boundstatesand
the electraveakbosonsandthe physicalphoton. This informationcanonly be gainedin the
Higgsphase.

Themixing betweerthetwo statescanbe studiedat themacroscopiscale.e. thetheory
of boundstateswhereonehas

A, =sin HWW:Z’ + cosfw A,
Z,, = cos 9WW3 —sin Oy A,,. (2.44)

Heredy, denotegheelectraveakmixing angle,andA, denoteshe photonfield.
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Chapter 3

Making useof the duality

In this chaptemwe shallmake useof the duality to computetheweakmixing angleandthethe
Higgsbosonmass.Theresultsof this chaptemwerepublishedn [33,44]

3.1 Calculation of the weak mixing angle

The electraveak mixing angle can be calculatedusing an effective theory and a potential
modelto simulatethe wave function of the constituent.

In sectionchapter2, we have matchedthe expansionfor the Higgs field to the standard
model. Usingthis point of view basedn the effective theoryconceptwe obtaineda scaleof
Aw = 173.9 GeV for this boson.Herewe shall consideran effective Lagrangiarto simulate
theeffectof the SU(2),, confinement.

This Lagrangiarwasoriginally consideredn anattemptto describeéheweakinteractions
without usinga gaugetheory[45]. Theeffective Lagrangians givenby

1 1
Legr = = Fw ™ =+

—%)\ (FuWe + W3, )

1
Wi, W — Smy Wiwes (3.1)

wherewe have

Wi, = 0wy —a,Wg,
F,, =0,A, —0A,. (3.2)
Thefirst termin the effective Lagrangian(3.1) describeshefield of the hyperphotonthe
secondterm threespin one bosonsandthe third termis a massterm which is identical for

thethreespinonebosons.n our case thefourth termdescribesn effective mixing between
W3-bosonandthe hyperphoton.

39
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g (T} v

Figure3.1: Hyperphotortransitioninto a 13

The effective mixing angleof the Lagrangiargivenin equation(3.1) reads
sin2f = S\ (3.3)
g

Usingtheduality, we deducehatthe mixing angleof thetheoryin the confinemenphase
hasto betheweakmixing angleandtherefore\ = sin 6y .

The diagramin figure 3.1 enablesus to relatethe mixing angleto a parameterof the
standardmodelin the confinementphase the typical scaleAy, for the confinemenibf the
W3-boson.For the annihilationof a W 3-bosoninto a hyperphotorwe considerthe following
relation

et mi, et

where J% is the hypercurrent, Fyy = myy/ fiw is the decayconstantof the 1¥3-boson,and
et is its polarization. The enegy of the bosonis Ey,, andthe decayconstants definedas
follows:

(&

=+

On the otherhand,this matrix elementcanbe expressedisingthe wave function of the W3-
bosonwhichis a p-wave

A (3.5)

# 2
01JL(0)[W3) = ——— [—8,6(0). 3.6
This leadsto thefollowing relationfor the mixing angle
. 8o
sin’ = —= (9,6(0))”, (3.7)
w

wherea ~ 1/128 is thefine structureconstantnormalizedat myy, .
We shallnow considertwo differentmodelsfor thewave function:
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a) Coulombicmodel.
We adoptthefollowing ansatZor theradialwave function

whererp is the Bohrradius. Thuswe obtain

e )_1/5

_ 3.9
3 SiIl2 ‘QW ( )

rgl = mw<

If we definethetypical scalefor confinementisAy, = rzt, weobtainAy = 157 GeV.

b) Three-dimensiondiarmonicoscillator
Theradial partof thewave functionis definedasfollows:

3/2 2,2
o(r) = \/g%ﬁr exp <_ﬁ27“ ) , (3.10)

wheres = /mpyw, w beingthe frequeny of the oscillator We identify the typical

confinementscaleA, with theenegy E = (n + %) w correspondingdo the quantum
numberof ap-wavei.e. n = 1, andwe obtain

) 2/5
W = my (M> (3.11)

64amrt/?
andAy = 5w =182 GeV.

Althoughwe have performeda non-relatvistic calculation,we seethatthe valueswe find for
thetypical compositescalearein goodagreemenivith our expectationbasedon the concept
of aneffective theory

In orderto estimatethe valueof sin? 8y, we hadto rely on the simplemodels,discussed
above. Howeverwe shouldlik eto pointoutthatsin? #y; is notafreeparametein ourapproach
but fixed by the confinementlynamics.Thusthe mixing anglecanin principle be calculated
takinge.g.thethreedimensionaharmonicoscillator:

256 (AW )5/2
mw ’

sin? 0y = —+/ 107

3.12
375 ( )

We caninsertthe valuefor Ay, obtainedfrom the effective theorypoint of view in equation
(3.12) andwe obtainsin® fy; = 0.21 which hasto be comparedo the experimentalvalue
(sin? Oy ) ezp = 0.23.
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3.2 Calculation of the Higgs bosonmass

In the confinementphasethe Higgs bosonis the s-wave of the SU(2) theory whereashe
W-bosonsarethe corresponding-waves. Thusonenaiely expectsthe Higgs bosonto be
lighter thanthe 1W-bosons.But, aswe shallshav, a dynamicaleffect shiftsthe Higgsboson
massabove that of the W-bosonsmass. The reasonfor this phenomenors the large Higgs
bosonscalecomparedo thatof the W-bosons.

The massesf the physicalHiggs and W-bosons,being bound statesconsistof a con-
stituentmassmY, = m}, = 2m,;, wherem,, is the massof the scalarD-quarkand of dy-
namicalcontributions. We have to considertwo typesof diagramsthe one-particlereducible
diagrams(1PR)andthe one-particleirreduciblediagrams(1PI). For the Higgs bosonmass,
we have to take theself-interactiorandthe contribution of the Z andW*-bosonsnto account
(seefigures3.2,3.3and3.4). Thefermionscouplevia Yukava couplingto the Higgs boson,
andasthis interactionis not confining,fermionscannotcontribute to the dynamicalmassof
theHiggsboson.

The first taskis to extract the constituentmassfrom the experimentallymeasured¥ -
bosonanass.Thefermionscontributeto the dynamicalmassof the W -bosonsasthey couple
via SU(2) couplingsto the electraveak bosonsbut the divergenceis only logarithmic [46]
andwe shallonly keepthe quadraticdivergences. We have consideredhe tadpolesandthe

HW,Z
SO
AN
HW,Z AN
W2 HW,Z AR
// \ - ~< (NN /I h
1 \ / N\ \ ~_~- /
_—— oL ———- / // \\ \\ \\ (/
]
H___ (o O O —
- - L) < H
\ ; \ ~_~- /
N _ —_ =)\ L — — E— | |,

Figure 3.2: dual dia- Figure 3.3: dual dia- Figure 3.4: dual dia-
gram: oneloop 1Plcon- gram:oneloop 1Plcon- gram:oneloop 1PRcon-
tributionto myg tributionto mg tributionto myg

one-particle-irreducibleontributionsat the oneloop order(the diagramscontributing to the
W-bosongmassaresimilar to thosecontributing to the Higgs-bosormass).Usingthe duality
describedn chapter2, theseduality diagramsanberelatedto the Feynmangraphsof figures
3.5,3.6and3.7. TheFeynmangraphshave beenevaluatedn ref. [46] asafunctionof a cutoff

parameteandwe will only keepthe dominantcontribution which is quadraticallydivergent.
We obtain:

m%, = mb,’ 7392]\2” (m2 +2m?, + m2) (3.13)
w = My H w z)- .
32m2m?,
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This equationcanbe solvedfor mY,:

2A2
md % — 02 _ 2_39AW
w = W 32r2m?,

(m?q +2my, + mQZ) . (3.14)

We cannow computethe dynamicalcontribution to the Higgsbosonmass.The exactone
loop, gaugeinvariantcountertermhasbeencalculatedn refs. [46], [47] and[48]. Usingthe
resultsof ref. [48], wherethis counterternwascalculatedasafunctionof acut-off, we obtain:

39°A%

2
3 2,172 A2 A2 A2
+% (quln—g — Qm%,VIn—f —m%ln—g .
64m2my, miy miy my

The unknawn of this equationis the Higgs bosons massmy. This equationcanbe solved
numerically We obtaintwo positive solutions: mg;=14.1GeV andmp,=129.6GeV. The
first solutionyieldsanimaginaryconstituenmassandis thusdiscardedThe secondsolution
is the physicalHiggsbosonmass.We obtainm ;=129.6GeV in the oneloop approximation.
Theconstituenmasss thenmy;,,=78.8GeV.

As expectedthe dynamicalcontritution to the W-bosonsmassess small andthe Higgs
bosonmassis shiftedabove that of the I/-bosonsmassbecausef the large intrinsic Higgs
bosonscale.

Note that our predictionmy=129.6 GeV is in good agreementith the requiremenof
vacuumestability in the standardmodel which requiresthe massof the Higgs bosonto be
in therangel30 GeV to 180 GeV if the standardmodelis to be valid up to a high enegy
scale[49]. We canthusdeducethatthe duality we have describedn chapter2 mustalsobe
valid up to somehigh enegy scale.Our resultis alsoin goodagreementvith the expectation
my = 98135 GeV basedn electraveakfits [50].
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Chapter 4

Supersymmetryand Confinement

In this chapteme shallconsideta supersymmetriextensionof theideasdevelopedn chapter
2. Theseresultswerepublishedn [51].

4.1 Supersymmetryand the confinementphase

In this chapterwe will presenta supersymmetriextensionof the duality proposedn chap-
ter 2. If the confinemenphasecandescribethe electraveakinteractionsall phenomenan
particlephysicsaredescribedy exactgaugetheories.If Natureis suchthatits fundamental
Lagrangiarhasthe maximalnumberof allowedsymmetriesit is naturalto assumehatsuper
symmetrycould alsobe an exact symmetryof this Lagrangian.Supersymmetrys a crucial
aspectof particle physics. It is a desirablefeatureof mary high enepgy theorieslike some
variantsof grandunified theories. It is the missinglink betweensometheoriesat very high
enegiesandlow enegy particlephysics.

It is thus meaningfulto designmechanismghat explain why supersymmetrys unob-
sened. A possibility is that supersymmetrys broken. This leadsto modelssuchasthe
minimal supersymmetristandardnodel(MSSM). We proposean alternatve point of view.
If theelectraveakinteractionsaredescribedy a confiningtheory themicroscopidheorycan
besupersymmetribut this symmetryis thenhiddenatthe macroscopiscaleof fermionsand
electraveakbosons.In otherwordswe will breaksupersymmetrat the macroscopiccale
without breakingit at the scaleof fundamentaparticlesthusproviding a link betweernsome
theoriesat very high andlow enegy particlephysics.

In compositemodels,supersymmetrys not necessaryo solve the hierarchyproblembe-
causethe Higgs bosonis not afundamentaparticlebut it remainamportantto have a super
symmetrictheoryto reachthe unificationof the couplingconstantst the unificationscale.

Wethenconsidemasupersymmetriextensionof themodelfor theelectraveakinteractions
proposedn chapter2 with brokensupersymmetrat thefundamentalevel.
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4.2 Hidden supersymmetry

We shall considera illustrative modelwith the gaugegroup SU (2), andunbrolenN = 1su-
persymmetry The situationin a gaugetheorywith unbrolen supersymmetrys very similar
to that of the confinemenphasen a non-supersymmetritheory We assumehatthereis a
SU(2), confinementall physicalparticlesare SU(2), singlets.We have the following par
ticle spectrumtheright-handedermionseg, ur, dr andtheir superpartnerég, iz, dg. The
right-handedparticlesare the usualright-handedeptonsand quarksof the standardnodel
andtheir superpartnersyhereagheleft-handeddoubletsareboundstatesof somemoreele-
mentaryparticles.ThefundamentalSU (2), fields (D-quarks)are:

ll) (fermions)

leptonicD-quarks [; = (l
2

hadronicD-quarks ¢; = <Zl> (fermions,SU (3). triplets)
2

scalarD-quarks h; = Zl (bosons).
2
Noticethatin orderto cancelthe anomaliesve would have to introducea secondscalardou-
blet. We discardthis problemasour aimis only to presentitoy modelto emphasizeuridea.
We thenhave the superpartners
leptonicD-squarks ; = <§~l> (bosons)
2

hadronicD-squarks ¢; = (Z}) (bosonsSU (3). triplets)

2

scalarD-squarks ~ h; = %l (fermions).
2

We shall refer to the theory involving the D-quarksand the D-squarksas the microscopic
theory At the macroscopidevel i.e, the theoryof boundstatesa large numberof SU(2),
invariantboundstatescan be identified. We seethat boundstatesof differentparticlescan
have the samequantumnumbers For example,the neutrinocanbeidentifiedwith the bound
statehl but alsowith the boundstateh!. It will thusbe a superpositiorof bothboundstates.
This canbe appliedto therestof the known particles.The left-handedermions,normalized
in theappropriatevay, aredefinedasfollows. We have theleptons

left-handecheutrinoy;, =

((R1) + (RI)) (4.1)

Sl e

left-handecklectrone, =
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whereF' is anumericalto bespecifiednormalizatiorfactor Thequarksarealsoboundstates

left-handedup quarku;, = % ((l_zq) + (};L(j)) (4.2)

1., .
left-handeddown quarkd;, = 7 ((EUhiqj) + (GZJhiCIj)) .

The Higgs and electraveakbosonsare boundstatesof scalarD-quarksandtheir super
partners:

Higgsfield ¢ = % ((hh) + B(hh)) (4.3)
electraveakbosonv? = % ((BDMh) + ﬁ(}:LDMiL))
g
_ \/il iq iiT 7
electraveakbosonW,” = JF? ((ejhiDuhj) + ,B(ejhiDuhj)) :

whereD,, is the covariantderiative of the gaugegroup SU(2),, involving the gaugebosons
By, andg is the gaugecouplingof this group. The secondchaged W bosonW* is defined
as(W~)t. A simpledimensionabnalysisshavs thata constant3 with dimension—1 hasto
appear This constanis a priori unknavn but the only scaleof the theorybeing F', we could
imposes = 1/ F. Thisapparentlyarbitrarychoiceis nota dravbackfor thetheoryaswe will
seethatonly thetermscontaininga scalarD-quarkdoubletwill berelevant.

The problemis to know whethera particleandits superparticlevill belongto the same
supermultipletj.e, if they have the samemass.lIt is a difficult questionasdynamicaleffects
cancontributeto themasseskFor example themasse®f theelectraveakbosonsareto alarge
extentdominatedby dynamicaleffects. Oncewe have introduceda secondHiggs doublet,
we have the samegaugegroupandthe sameparticlecontentasin the MSSM, dynamicalsu-
persymmetrybreakingis thuspossible. Therearetwo possibilities: eitherthe masse®f, for
example,an electraveakbosonandof the correspondinguperparticleareidenticalandsu-
persymmetryis unbrolenatthe macroscopidevel or they aredifferentbecausef dynamical
effectsandsupersymmetrys dynamicallybroken. This possibility cant be excluded,but in
the sequelwe assumehattheseparticlesindeedform a supermultiplet.Thus,an electronis
the superpartneof a selectron Lattice simulationscouldtestthe dynamicalbehaior of such
amodel.

All the particleswe have identified up to this point arethoseappearingn the standard
model.We canalsoidentify theboundstatesorrespondingo themacroscopisuperparticles.
For example,we have

1 L .
selectroré = — ((Gwhilj) + /3(6”’%‘))

for theleft-handedselectron.
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Thecomplementaritprinciplewasestablishedh theframevork of anon-supersymmetric
theorywith a singleHiggsbosondoublet. This principlerequiresthatthe couplingconstants
betweenthe boundstatesandthe electraveak bosonsare the samein the Higgs phaseand
in the confinementphase. 't Hooft proposedthat the confinementphenomenoris dueto
vortices[34, 36]. This meansthat we have a confinementwith a weak coupling constant
which avoidsthe problemsdueto chiral symmetrybreaking[43].

In a supersymmetrienodelthe situationis morecomplex sincethetheoryis richer. Nev-
erthelesghe situationin suchatheoryis very similar to that of the confinemenphasein a
non-supersymmetrigaugetheory The questionis whetherour microscopicmodelwhich is
supersymmetriavill have a supersymmetrienacroscopicspectrum. A lattice study of the
vacuumstructureandof the dynamicalbehaior of our modelwould be usefulto answetthis
question.As long asthis hasnotbeendone,someplaceis left for speculation.

A discretesymmetrycould explain why natureselects,at leastat low enegy, only the
particles. We introducea mechanismsimilar to the so-calledR-parity We assigna new
guantumnumberto the particles.We call this new quantumnumberS-parity The D-quarks
are assigneds-parity +1, whereaghe D-squarksare assigneds-parity-1. We thenassume
thattheboundstatesappearingn naturehave S-parity+1.

This selectionrule shifts the masse®f the superparticleso very high enegies. In other
wordswe breaksupersymmetnat the macroscopidevel by imposinga discretesymmetry
but it remaingntactatthemicroscopidevel. It is thusclearthatsuperparticlesorresponding
to the left-handedparticles,to the Higgs sectorandto the electraveak bosonswill not be
obsenableatleastatlow enegy. In thatcasewe expectthata confiningtheorydescribeshe
weakinteractionscorrectly Imposingthis selectionrule, which is motivatedby the apparent
absencef superparticleg natureatlow enegy, is nottrivial asit would bein the caseof the
MSSM becausehefundamentaD-squarksareconfinedin usualmatter It would not bevery
surprisingif this S-paritywasbrokenin nature astherearealreadymary examplesof broken
discretesymmetries But, at this stageit remainsa speculationyhich could be testedon the
lattice.

Thatscenariads usefulin the caseof a grandunifiedtheory If thereis a deconfinement
phaseat the scaleof a few TeV, supersymmetrys realizedabove thatscaleandthe coupling
constantaunificationtakes placeat the unificationscale,but supersymmetryemainshidden
atlow enegy underthisdeconfinemenphase.Two scenariosreconcevable. Themassscale
of the superparticless below thedeconfinemengcale,in which caseonewill obsene super
particlesbut thetheoryis not explicitly supersymmetricintil onereacheshe deconfinement
scale. Another possibility is that the massscalefor the superparticless above the decon-
finementscalein which casethe particle spectrumwould suddenlybecomesupersymmetric
above thedeconfinemengcale.This featureallows to testouridea.

Evenif supersymmetrys broken by dynamicaleffects,it might still be necessaryif the
masssplittingis notsufficiently large,to introducethe S-parityfor phenomenologicakasons.
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4.2.1 Backto known particles

It remaingo shaw thatthedefinitionsfor thefieldsindeeddescribehe obseredparticles.We
usetheunitarygaugefor the scalardoublet

he = (F +0h<1>). (4.4)

Theparametef is arealnumber If F is sufficiently large we canperformal/F expan-
sionfor thefieldsdefinedpreviously. We thenhave

1 =
v =h+ (h(l)ll + hf) ~ I (4.5)
1 e
er =D+ (hayla + €7hil;) ~ Iy
1 =
urL = q + A (h(l)Ch + hQ) ~q
1 e
dp = ¢ + Vo (h(l)QQ +e€ hi(b) R o
F 1 =~
¢ = (1)+§+ﬁ(h’( hay + Bhi) ~ hoy + 5
hay )\ 2% h
5 _ W\ ps (1)
WM = (1 + ?> Bu + g_F <1 + ?> 6uh(1)
%8 = - s
+ o (hD,h) ~ B}
—_ h(l \/_Zﬂ i 7 7 _
W, = <1+7> By + - (7h;D,h;) ~ B;.

As donein the non-supersymmetricase we assumehatthe only particleswhich arestable
enoughto be obsenableat presentlyaccessiblenegiesarethosecontainingthe scalardou-
blet h, thosearethe only fields who survive in the 1/F expansion. We considerthe terms
suppressebly afactor1/F asbeingirrelevant. Thereforethe spectrumof this theoryis, for
the left-handedsector identicalto the spectrumof the standardnodel. Neverthelessve are
notableto hidethesuperpartnersf theright-handegarticlesatthis stage.Supersymmetris
apparentlybrokenin theleft-handedsectorbut in factit remainsunbrokenatthe microscopic
level of thetheory

We have considereda toy modelwith SU(2); confinementand hiddensupersymmetry
in the left-handedsector Supersymmetrys broken at the macroscopidevel by a discrete
symmetry Thefirst steptowardsarealisticmodelis to includeasecondHiggsdoublet.It can
be donewithout major difficultiesaswe shallshav in the next section.

Thismodelcanbeextendedo amodelwith aSU (3)¢ x SU(2) r x SU(2) xU(1)y gauge
groupwith two Higgsdoubletsfor eachSU (2) sector Oncethis extensionhasbeendone we
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canhidesupersymmetrgompletelyatthemicroscopidevel for the SU (2) r x SU(2);, sector
assumin@SU(2)g x SU(2) 1, confinementSupersymmetrwould haveto bebrokenby usual
meansfor the two remaininggaugegroups. The spectrumof the macroscopicheoryat low
enepy is thenthatof the standardnodelwith tenHiggsfields, i.e. fivefor eachSU (2) sector
8 gluinosanda photino.

This modelprovidesthe missinglink betweenow enepy particle physicsandvery high
enepy theorieslik e grandunified theories. Usualmodelswith supersymmetrypreakingare
not ableto explain a small cosmologicalconstan{52]. In our approachsupersymmetrys
notbrokenin the SU(2),, sectoratthe microscopidevel. Thusthe contrikution of theenegy
of the fundamentalvacuumof that sectorto the cosmologicalconstantis vanishing. Our
mechanisntouldthereforehelpto explain a smallor vanishingcosmologicaktonstant.

Notethatthis modelwould nicely fit into a supersymmetri$O(10) grandunifiedtheory
whichthuscouldbethefundamentatheoryof D-quarksandD-squarks|t turnsoutthatsuch
a theorywould be very similar to the standardmodelif thereis a confinemenin the weak
interactionssector

4.3 The MSSM

In this sectionwe assumehatthe complementarityprincipleremainsvalid for supersymmet-
ric theoriesoncesoft breakingtermshave beenintroduced. The modelin the confinement
phasecorrespondingo the minimal supersymmetristandardnodel caneasily be obtained
by requiring that supersymmetrys broken by usualmeansat the level of the fundamental
D-quarksand D-squarks. A secondHiggs doubletk and the correspondingsuperparticle
k can be introducedwithout ary difficulty, and we basically have to replaceh and i by
s = h +io.k* and§ = h + io»k* in the definitionsof the fermions,superfermionselec-
troweakbosonsandof their superpartnersThe gaugeis fixedin sucha way that s takesthe
forms = (F' + hq) + k1), 0), whereF' = Fy 4 F,, F correspondindo thescalardoubleth
and F; to thescalardoubletk. We thenhave

h= <F1 + f((;)f ix‘)) k= <F2 . ;f): ix”) . (4.6)
We candefinethefive Higgsbosons
CP evenHiggsbosong, = 2LF1 (Bh) = ha) + % +0O (2%]) (4.7)
CP evenHiggsbosong, = QLFQ (l%k) =ku) + % +0O (QLFQ)
C P oddHiggsbosoniy = (%(sh + €7s;k;) — QLFl(Bh) - i(%k))

) 1 1
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chagedHiggsbosong™ = _Fl (k) =T+ O (%)

chagedHiggsbosong™ = _Fl (eijsihj) =¢ 40 (%) '

The superpartnersf theseHiggs bosonscan be obtainedin a similar way. The duality
presentedn chapter2 is thuscompatiblewith a supersymmetriextensionprovidedthatboth
F; andF, canbechoserto belarge. This modelhasthe sameverticesasthe MSSM andthe
sameparticlecontent.As in the caseof the non-supersymmetrimodel,we expectthatradial
andorbital excited versionsof the known particleswill appeaif the duality breaksdown.

We thus have describeda supersymmetriextensionof the modelproposedn chapter2
for the electraveakinteractionswith SU(2) confinement. We have shavn that this model
is compatiblewith a supersymmetriextensionprovided thatthe complementarityprinciple
remainsvalid for supersymmetritheoriesoncesoft breakingtermshave beenintroduced.
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Chapter 5

Testingthe duality

The duality we have describedn chapter2 could breakdown at a certainenegy scale. In
principle, effects of this breakdevn could be seenat relatively low enegies. In that case
we shouldassumehatthe phasedescribingNaturecorrectlyis the confinemenphase If the
duality breaksdown andif Natureis indeeddescribedy theconfinemenphasenew particles
are expectedto appear In this chaptey we shall describetwo possiblescenariosvhich are
theoreticallywell motivated. The first of thesescenarioss a failure of the duality in the
Yukawa sector We shallassumehatthemassesf thelight fermionsareof dynamicalorigin.
The Higgs bosonmight thusnot coupleto the b-quark. This would modify the Higgs decay
modesn afundamentafashion.Thesecondscenarias ahigh enegy violation of theduality.
In that caseexcitationsof the electraveakbosonsjn particularthe so-calledelectraveakd-
waves,could contributein a sizablemannerto the electraveakbosonscattering.The results
presentedh this chaptemwerepublishedn [53,54].

5.1 The Higgsbosonmight not coupleto b-quarks

As far as the massgenerationwithin the framevork of the standardelectraveak modelis
concernedpne mustdifferentiatebetweenthe massgenerationfor the electraveak bosons
W, Z, themassgeneratiorfor the heary t-quark,andthe generatiorof massfor theleptons
andthe five remaining,relatively light quarks. While thereexists no freedomin the choice
of the interactionstrengthsof the weak bosonswith the scalarfield, which is dictatedby
the gaugeinvariance[55], thereis sucha freedomwith respecto the fermions. The masses
of the fermionsare given by the variousYukawva coupling constantsyhich parametrizehe
interactionsof the leptonsandquarkswith the scalarfield. The Yukava couplingconstanof
thet-quarkfield is of the sameorderasthe gaugecouplingconstantwhile the otherfermions
couplemuch more weakly (0.018 for the b-quark, 0.005 for the c-quark, etc.). The origin
of the light fermion massess still mysterious,and alternatve views or slight variationsof
the standarcelectraveaktheorymight indeedgive a differentview. Takinginto accounthe

53
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obsenedflavor mixing phenomenomnecouldspeculatefor example thatthemasse®f the
light quarksandof theleptonsaredueto the mixing. In theabsencef the mixing the mass
matrix of the quarksin the u-sectorwould simply be proportionalto a diagonalmatrix with
theentries(0, 0, 1), andtherewould only beacouplingof thescalarfield to the¢-quark.Once
the flavor mixing is switchedon, the masseigenstatefor thelight quarksarenot necessarily
coupledto the scalarfield, with a strengthgiven by the masseigervalues.In particularthese
couplingscouldremainzero.

It is well-known thattherenormalizabilityof thetheoryrequiresacouplingof thefermions
to thescalarfield [55]. Otherwisetheunitarityin the s channeis violatedat high enegiesfor
thereactionf;, f;, — W*W~. However, for all fermionsexceptthe ¢t-quarktheseproblems
appearonly at extremely high enegies. Modificationsof the electraveaktheory which in-
volveanenegy scalenotordersof magnitudeabove thetypical electraveakscaleof about0.3
TeV, e.g.theorieswhich do notrely onthe Higgs mechanismgantake careof this problem.

We have discussedn alternatve descriptionof the standardnodel,basedon the duality
betweerconfinemenandHiggsphasean chapter2. We supposehatthe electraveakinterac-
tionsaredescribedy the confinemenphaseandthatthe duality breaksdown in the Yukava
sector This providesan alternatve view of the electraveakbosonswhich arenot the basic
gaugebosonsf theunderlyinggaugetheory but “boundstates’of anunderlyingscalarfield,
whichin theHiggsphaseplaystherole of theHiggsdoublet.BoththechagedW bosonsand
theneutralZ bosonare.J = 1 boundsystemsof thetype hh, (hh)' or hh respectiely. There
is a corresponding/ = 0, hh systemwhich is to be identifiedwith the Higgs bosonof the
standarcelectraveakmodel.

We shall considera deviation from our original modelwhich would have the samecou-
plings asin the standardmodel. It is concevablethatin the confinemeniphaseof the elec-
troweaktheorythe couplingstrengthof the fermionsto the scalarbosonarenot proportional
to the light fermion massessincethesecouplingsdependstrongly on the dynamicsof the
model.In the simplestcaseonly the fermionwhosemasss of the sameorderasthe weakin-
teractionenegy scale,.e.,thet-quark,hassuchacoupling. Thuswe proceedo calculatethe
propertiesof the scalarboson,which couplesonly to the¢-quark. As far asthe interactionof
suchabosonwith theWW andZ bosondgs concernedthereis no changen comparisorto the
standarckelectraveakmodel. However thereis a substantiathangeof the decayproperties.
Decaymodeswhich wereregardedasbeingstronglysuppressedecomedominant.

We considerthefollowing decaychanneldor the Higgsboson: H — gg (seegraph5.1)
via atop quarktriangleand H — ~~ (seegraphsb.2,5.3and5.4)via atriangleinvolving top
quarksandchagedelectraveakbosonsor a bubblediagraminvolving a neutralelectraveak
boson.For atwo photonHiggsdecayignoringradiative correctionspnefinds [56-58]

2 2

4
§F1/2 + Fw

a’g? M3
10247 M2,

_ao?g®? M}
102473 M3,

[(H — vy) = > €IN.iF,; (5.1)

i
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Figure5.4: Toptriangle. Figure5.5: 1st effective b- Figure5.6: 2nd effective b-
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wherethefunctionsF, ,, and Fy, aregivenby

Fijp = =271+ (1 —7)f(7)] (5.2)
and

Fyw =24+31+37(2—1)f(7) (5.3)

wherer = 4m?/M%. Thefirst function correspondso the contrikution of thetop quarkand
the secondo the contrikbution of thechagedW bosons.As we assumehatthe Higgsboson
is light, i.e., lighter thantwice the massof the W bosonsthefunction f(7) reads

f(r) = (arcsin( %)) . (5.4)

For thedecayinto two gluonsonefinds[56,57]

azg® M
I'(H — gg) = 51275 M2, Fija

2

, (5.5)

alsoneglectingtheradiatve corrections.Thefunction F; , wasgivenin equation(5.2).
Another possibility for the Higgs bosonto decayare the electraveak bosonchannels
H — WW andH — ZZ. The Higgs bosoncouplesto the electraveak bosonswith the
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channel mpg =60 mg="70 myg =380 mg =90 mg =100
I'(H—=99)a,—0119] 23 x107° |37x10° [55x10° |[7.9x10° |1.1x10*
I'(H—99)a,—015 | 3.6 x 107 |58 x 107> [87x107° |1.3x10™* |1.7x107*
T(H—77) 80x1077 [13x107% [20x107% [3.0x107% [ 4.4x10°
L(H—-WW) 1.09 x 1077 { 3.80 x 1077 | 1.22 x 107% | 4.49 x 107° | 2.66 x 1075
T(H—ZZ) 333x 1078 [ 1.10 x 1077 [ 3.27x 1077 [ 9.12 x 1077 | 2.72 x 107°

Table5.1: Higgsbosondecayratesin GeV for differentHiggsmassesn GeV.

samestrengthasin the standardnodel. The decayvia two virtual electraveakbosonsrep-
resentsa non-ngligible contrikbution to the Higgs decay For my < my ormyz < mpy one
of the electraveakbosonss on-shell. Thesedecayrateswere evaluatedusing the program
HDECAY [59] andcross-cheokdusingCompHEH60]. Thenumericakesultsarethesumof
thedecayovertwo electraveakbosonsfor alight Higgsbothelectraveakbosonsarevirtual,
when allowed by the kinematics,the contributions of on-shellelectraveak bosonsare also
takeninto account.

The resultsof thesecalculationsare given in table 5.1. The correspondingoranching
ratiosaregivenin table5.2. We seethatsucha Higgsbosonwould decayin a fundamentally
differentway thanthe Higgs bosonof the standardnodel. Theresultsfor the H — gg decay
arestronglydependenof thevaluechoserfor «,. Thusthis decaychannehasaconsiderable
uncertainty We have donethe calculationsfor two differentvaluesof the strongcoupling
constanty, = 0.119 anda; = 0.15. Thefine-structureconstantvastakento bea = 1/128.9.

Evenif the light fermionsin particularthe b-quark, do not coupledirectly to the Higgs
boson,someb-quarkscould be producedvia thediagramss.5and5.6. Their contributionsis
not easyto estimatebut the electraveakcorrectiondor a light Higgs bosonareknown to be
very small[61], typically 0.3% of thetreelevel value. Neverthelesshey couldstill be of the
sameorderof magnitudeasthe v+ contritution. Above 90 GeV thedecaychannelH — Z~vy

opens.For massesargerthan110 GeV the Higgsbosonmainly decaysanto two electraveak
bosons.

Thepresensearche$or the Higgsbosonat LEP aremainly basedon the assumptiorthat
theleadingdecaymadein themassegion of about100GeV or lessis thedecayH — bb. The
presenexperimentalimit my > 113.3 GeV[62] is obtainedon the basisof this assumption.
In our modelthe decayis dominatedby thedecayH — gy, i.e., the decayproductsdo not
shav a specificflavor dependenceThe lower limit on the massof sucha bosonis much
wealer andof theorderof 70 GeV [63].

The bestway to detectthe Higgsbosonat LEP seemdo usto searchfor thedecayH —
~v7v. Sincethe invariantmassof the 2y systemwould be identicalto the massof the boson,
thebackgrounccomingfrom radiationeffectscouldbe substantiallyreducedIn our casethis
decaychannel having a small branchingratio, is not seriouslyconstrainedy fermiophobic
Higgsstudieg62].
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Typical fits of the Higgs bosonmassindicatethat the mostlikely massof the bosonis
aboutmy = 98%38 GeV [50]. It might well be, thatthe massof the Higgs bosonis in the
region 70 to 110 GeV, providedthe decayproceedwia the mechanisndiscusseabove. We
notethatin contrasto thestandardxpectationthe Higgsparticleis arelatively narrav object
with awidth of about58.5 KeV.

channel mg=60 |mg=T70 |mg=80 |mg=90 | mg=100
Br(H — gg) 96.06 % | 95.39% | 93.94% | 90.39% | 76.54 %
Br(H—v7) 3.34% 1335% |342% |343% |3.06%
Br(H-WW)|046% |098% |[2.08% |5.14% |1851%
Br(H—ZZ) |014% |028% [056% |1.04% |1.89%

Table5.2: Branchingratiosfor differentHiggsmassesn GeV andfor a; = 0.119.

5.2 Electroweak d-waves

In the model consideredn chapter2, new particlescorrespondingo exotic particleslike
leptoquarksanbeintroduced But, they donotsurviveto theexpansiorin 1/ F', andtherefore,
theduality cannotbe appliedto describeheir properties Leptoquarksreboundstateof two
fermions. Forcesbetweentwo fermionscan be very much differentthanthosebetweena
fermion and a scalaror betweentwo scalars. If leptoquarksdo exist, their massscaleis
presumablyery high.

Of particularinterestareradially excited versionsof the HiggsbosonH* andof theelec-
troweakbosonsiV?* andW**. The mostpromisingcandidategor enegiesavailableatthe
LHC or at future linear colliders are the excited statesof the Higgs bosonand of the elec-
troweakbosons Especiallythe orbital excitation, i.e., the spin2 d-waves D3 D, andD},

puy? puy?
of the electraveak bosonshave a well defined1/F expansion(we usethe unitary gauge:

h = (hqy + F,0):

2 . B
D3, = o ((Duh)! (Dyh) + (D,h)' (Duh)) ~ BSBS + Bi B, + BB, (5.6)
p- = V2 ((Duh); (Dh); + (Dyh); (Dyh),) ~ BiB, + B3B,

wo ?F? i)\ 4 vie) i \Fultlg ) ~ Pty vy

+ V2 g + . pipt

b= et ((Duh); (DyR); + (Dyh); (Dyuh),) | ~ BiB) + BB}

where D,, is the covariantdervative, B;, a = {3,+, —} arethe gaugefields andg is the
couplingconstantcorrespondindo the gaugegroup SU(2),. Althoughthe massesindthe
couplingsof theseelectraveak d-wavesto other particlesare fixed by the dynamicsof the
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model,it is difficult to determingheseparametersln analogyto QuantumChromodynamics,
it is expectedhatthed-wavescouplewith areasonablstrengthto thecorresponding-waves,
theelectraveakbosonsIn thefollowing, we assumen accordancevith the duality property
thatthe d-wavesonly coupleto theelectraveakbosonsandnotto thephoton,theHiggsboson
or thefermions.

5.3 Production of the electroweak d-waves

The cross-sectionand decaywidth of d-waves predictedin a variety of compositemodels
were consideredn [64]. Herewe shall considerdifferent effective couplingsof our elec-
troweakd-wavesthataremoresuitablefor the modelproposedn chapter2. If their masses
areof the orderof the scaleof the theory they will be accessiblatthe LHC. Of particular
interestis the neutralelectraveak d-wave becauset is expectedto coupleto the W+ elec-
troweakbosons.This particlecanthusbe producedoy the fusionof two electraveakbosons
atthe LHC or atlinearcolliders.

We shallusetheformalismdevelopedby vanDamandVeltman[65] for massve d-waves
to computethe decaywidth of theDzu into W+W~. We usethefollowing relation:

5
. . 1
Z 6;“/ (p)eza,B (p) = 5 (5ua(suﬁ + 5uﬂ(5ua - 5uU5aﬂ) (57)

=1
1 DuDg PuPa DuPa DPuPp
+§ (51104 m% + (Syg m2D + 5#5 m% + dua mQD

2 (1 PuDv 1 PaPp
‘s, — 2 i S
3 (2 g mﬁ,) (2 T me

for thesumover the polarizationsﬁzu of the d-wave. In the notationof [65] the sumoverthe
polarizationsof the W+ is givenby

S e (p)el(p) = By + 212V (5.8)
i=1 my

wherej,,, is the Euclideanmetric. Averagingover the polarizationsof the d-wave, we obtain

2
_ g 4
DD WHW) = 158 (ayy - 4)? (1 _ E) (5.9)

with zy, = (mp/mw)?, wheremp is the massof the d-wave and gp is a dimensionfull
couplingconstantwith dim[gp] = GeV. A dimensionlesgoupling constantis obtainedby
a redefinitionof the couplingconstanty, — mpgp. We shall discussplausiblenumerical
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inputsin the next section. Assumingthatthe Z bosoncoupleswith the samestrengthto the
d-wave asthe W -bosonsywe canestimateghedecaywidth into Z bosonsn thefollowing way

2 1
T(D? > Z7) = —ID (5, _ 4)? (1——) 5.10
(D" = ) 3840mpm (zz ) Ty ( )
1
R~ EF(D3 - WW™)

with z; = (mp/mz)?. The Breit-Wigner resonancerosssectionfor the reactionW+ +
W~ — D3 thusreads(seee.g.[66])

e 107 m2, T (D3 s w+w-)
Ow+yw--D3 = ~ 3 2 (5.11)
’ 5

(m2 —s)> +m

whereg? = (s — 4m2,)/4 andT%Y ~ 3/20(D? — W+W~) is thetotal decaywidth of the
neutrald-wave. Dueto the backgroundthe W bosonsmight be difficult to obsere. But, if
theelectraveakd-wavesstatesareproducedve alsoexpectanexcessof Z bosonssompared
to the standardnodelexpectation.Notethatthe Z bosonsareeasierto obsere.

As we shallseein the next section,the neutrald-wavesgive a sizablecontribution to the
reactionW+ + W~ - W+ 4+ W-.

5.4 ThereactonW™+W~- =W+ + W~

A considerablattentionhasbeenpaidto the scatteringof electraveakbosonssincethis rep-
resentsa stringenttestof the gaugestructureof the standardnodel. In particularthereaction
W+ + W~ — W+ + W~ is of primeinterest.If theHiggsbosonis heasier thanl TeV, the
electraveakbosonswill startto interactstrongly[67]. This reactionhasbeenstudiedin the
framawork of the standardnodelin [68]. The oneloop correctionswereconsideredn [69]

andareknown to be sizable.For the sale of this work, thetreelevel diagramsaresuficient
to show thatthe contribution of the neutralelectraveakd-wave will be sizableandcannotbe
overlookedin forthcomingexperiments As describedn [57] (seealso[68]) the W’s emitted
by the beamparticlesare dominantlylongitudinally polarizedif the following relationsare
fulfilled: m%, < m%,;, < s atane® e~ collider, andm?, < m¥;, < s, < s atahadron
collider, andwe shallonly considetheespeciallyinterestingeaction, +W; — W, +W,

asdescribedn [68]. In the standardnodel,this reactionis atestof the gaugestructureof the
theory[55]. The Feynmangraphscontributing in the standardnodelto this reactioncanbe
foundin figures5.7,5.8,5.9,5.10and5.11. The amplitudescorrespondingo thesegraphs
are[68]

1
Ay = —1—6i92x52ﬁ2(3 — 8%)* cos b, (5.12)
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s

Figure5.7: photonandZ bo- Figure5.8: photonandZ bo- Figure5.9: four W vertex
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Figure 5.10: Higgs bosonin the s Figure 5.11: Higgs bosonin the t
channel channel
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Ao = =il = 0) > (3 ) cos,
Ay = —iga® (54— 6% + ) + (4 — 106" + §)cos

+(2-118%+ 10,84) cos® 0 + 3% cos® 4],
Az = —3—122g (1- :C) § [B%(4 — 26% + B*) + B%(4 — 105% + B*) cos 0
+(2—-118%+ 10B4) cos” 0 + 8 cos® 4],
Ay = —1—1629 s*(1+2B% — 68%cos ) — cos®f),
Asg = —1—162'9282—8 El;;f)li’H,
1.4 5 (8° —cost)’

Ay = ——1g9°s —
tH 169 t—&g+ivg

wherez = sin? Oy, £, = (1 —z) ' = m%/m?,, ég = m%/m%y, yu = myl'y/m%, and
B = 4/1—4/s. Thevariabless andt arescaledwith respecto m?,. Thescatteringangleis

0,t = —1/2s58%(1 — cos f). Thesenotationsarethe sameasthoseintroducedin [68]. The
standardnodelamplitudeis thus

ALSS%\’/[n = A87 + Az + Aw + Az + Ay + Ay + Asg. (5.13)

In thehighenegy limit, oneobsenesthecancellatiorof theleadingpowersin s andfinds[68]

sum ~, —
Agy = zg

& (1 +24 g) by — mH] (5.14)

for the sumof theseamplitudes.The crosssectionwith theangularcut —zy, < cosf < z is
then

1

sum |2
W/ | Asum 2giy (5.15)

in dimensionlessinits,t. = (2 — s/2)(1 F zo).

The excitationsof the Higgsandelectraveakbosonsalsocontribute via the s and¢ chan-
nel. Theamplitudescorrespondingo the contribution of a radially excited Higgsboson(H*)
of massmy~ anddecaywidth I' z+ to this reactionare

1., 5 (1+p)

AS * = — * ) 516
6T s e + i (5-16)
1 (8% — cos 0)?
A * = 7/ * 2 . P
e T e e + iy
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wheres - = m%./m?,, ya- = mpg<I g /m%, andgg- is thestrengthof thecouplingbetween
two W bosonsandthe H* scalarpatrticle.

We shallnow considerthe contrikution of the radially (WW3*) andorbitally (D**) excited
neutral Z boson. The amplitudesfor the W3* can be at once deducedfrom thoseof the
standardnodelcontribution of the Z boson

1 s®

A * = __Z 2 *
We 16V s — Eon + ire-

1 s3
Apsr = ——ig%a. 2(4 — 282 1 gt
we I T e F iy D AT

+5%(4 —106% + B*) cos B + (2 — 115% + 108*) cos® § + 5% cos® 4],

B%(3 — B%)? cos, (5.17)

where&yyse = m¥ys. /miy,, yws- = mysLyse /md, andgyys. is the strengthof the coupling
betweertwo W bosonsandthe IW3* boson.

Theorbitally excited Z boson(D*) is a d-wave, andits propagatioris thusdescribedy
apropagatocorrespondingo a massve spin2 particle. The propagatoof amassve spintwo
particleis asfollows (see[65]):

1 1 2

_(gupgua + GuoGvp — _g/wgpa) (518)

r
—m?% 2 3

prps — 5
b

andwe assumehat the vertex W+*W~—"D,,, is of the form igp. We obtainthe following
amplitudedor the s and¢ channelexchange

Ap = _—1@ %m% il (2,64 +3cos?6 —25% — 1) (5.19)
48 P mi, s —Ep+ivp
-1 2 2
A = —igt D i (454 +68% + 3+ 105%cos 0 + 1 cos 92) . (5.20)

6 m2,t —&p +ip

Sincethereis a pole in the ¢t channelwhoseorigin is the photonexchange,one hasto
imposecutsonthecrosssectionsFor thenumericakvaluationof thecrosssectionweimpose
acutof 10°, whichis thecutchosenin [69]. Thespinof the particlecanbe determinedrom
the angulardistribution of the crosssection. We have neglectedthe decaywidth of the 7
bosonandthatof the Higgs bosonsincewe assumehatthe enegy of the processs suchthat
no Z bosonor Higgsresonanc@ppearFor numericalestimateswe take my = 100 GeV.

We have considerednly the reactioninvolving longitudinally polarizedW. The ampli-
tudesfor differentpolarizationdor thestandaranodelcanbefoundin theliterature[68]. The
amplitudedor a H* or aWW?* canbededucedrom thestandardnodelcalculationsy replac-
ing themasseghe decaywidthsandthe couplingconstantsThosefor theneutrald-wave can
be easilycalculatedusing
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. 9 mi 1
APp2pops — g2 P TR (5.21)
5 ) (92) G0 + oo~ 5900910) ()™ ()
and
AP — g2 n”z;i - £D1+ = (5.22)
%6" (p1)€” (P2) (Gup9vo + GuoGvp — ;gwgpa)e*“(pg)e*”(m)
wherep; standdor the polarizationandalsousingthefollowing relations
é/(0) = (—p,0,0, E)/mw () = (0, —1,+4,0)/V2 (5.23)
e (0) = (=p,0,0, —E) /mw eh(+) = (0,1,+4,0)/v2
ex(0) = (p, —FE'sin 0,0, —E cos 0) /myy €5 (£) = (0, — cos 0, Ti,sin ) /v/2
1 (

™
>
=
—~
(=]
I
~~ -

p,Esin®,0, Ecosf)/my  €(£) = (0,cos b, Fi, —sin ) /v/2
valid in the centerof masssystemwhereF is the enegy of the W bosonsp = /E? — m¥,
is theirmomentumand@ is the scatteringangle.

5.5 Discussion

The differentialcrosssectionfor thereactionW; W; — W; + W; canbefoundin figure
5.12 for the reactioninvolving the neutral d-wave, figure 5.13 for that involving the 173+
spin1 bosonandfigure 5.14for thatinvolving the H* scalar The particlesW?3* and H* are
assumedo couple,in a first approximation,only to the W’s. This allows to computetheir
decayratesusingstandardnodelformulas. As mentionedpreviously, it is not an easytask
to predictthe massspectrunof the model,thuswe assumedior numericalillustration, three
differentmasses350 GeV, 500 GeV and 800 GeV. The coupling constantsaare assumedo
sizable(seethe figures5.12,5.13,5.14and5.15). If the crosssectionsare extrapolatedto
very high enegies, unitarity is violated. However, asexpectedin ary substructurenodels,it
will berestoredby boundstateseffects.

It is veryinstructiveto plot theratio of thedifferentialcrosssectioninvolving new physics
to the standardnodeldifferentialcrosssection.We have donesofor the neutrald-wave (fig.
5.15).1t is obviousfrom this picturethatarny deviation from the standardnodel,evenat high
enegy will manifestitself alreadyin adeviationfrom onefor thatratio. Alreadyatanenegy
which is low comparedo the massof the new particle,i.e. well bellow the resonancepne
obsenesadeviation from unity.
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do / dQ [dimension less]

46.19 66.19 86.19
s’im?,

Figure5.12: Dimensionlessrosssectionof the reactionW; W; — W; + W; including
the d-wave. Thesolid line is the standardnodelcrosssection the dottedline corresponds$o
a d-wave of mass350 GeV, with T' = 4.38 GeV andgys- = 0.8g, thelong dashedine to a
d-wave of massb00GeV, with I' = 27.49 GeV andgy s« = 0.7¢g andthedot-dashedine to a
d-wave of massB800GeV, with T" = 251.03 GeV andgyys- = 0.6g.

Neverthelesshecalculationof thefull reactione.g.ete™ — W*W vw involvesthecon-
volution of the crosssectionof thereactionWW W~ — W+ + W~ with functionsdescribing
the radiative emissionof the IW’s from the fermions. Whenthis integral is performedsome
sensitvity is lost. Neverthelesghe effects are expectedto be so large that they cannotbe
overlooked. The reactionwill allow to testa massrangeof a few TeV’s sothatevenif the
new particlesaretoo massveto beproducedn-shell their effectswill benoticeableatfuture
colliders.

5.6 Conclusions

We have discussedhe productionof a neutrald-wave D? atthe LHC or at a linear collider.
If the massof this particleis of the orderof the scaleof thetheory i.e. 300GeV, it canbe
producedatthesecolliders.We have alsoshavn thatthis particleaswell asradial excitations
of the Higgsbosonand Z bosonwould spoil the cancellatiorof the leadingpowersin s of in
thereactionW;” + W; — W, + W, thusary new particlecontributing to thatreactionwill
have alargeimpactalreadyat enegieswell belov themassof this new particle. Thisreaction
is thusnotonly of primeinterestif the Higgsbosonis heary but shouldalsobe studiedif the
Higgsbosonwaslight.
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Figure5.13: Dimensionlessrosssectionof the reactionW; W, — W; + W including
the W3* boson.Thesolid line is the standardnodelcrosssection the dottedline corresponds
to a W3* bosonof mass350 GeV, with I' = 66.2 GeV and g3 = 0.8sin? fyg, the long
dashedine to a W3* bosonof mass500GeV, with T' = 266.8 GeV andgys- = 0.7sin? Oy g
andthe dot-dashedine to a W3* bosonof mass800GeV, with I' = 1795.5 GeV andgyys- =
0.6 sin? By g.

do / dQ [dimension less]
=)
[}

0.2 / \
\ / N
0.1 / \ / N
0 X ‘
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2

Figure5.14: Dimensionlesgrosssectionof thereactionW;W; — W, + W, includingthe
H* boson.Thesolid line is the standardnodelcrosssection the dottedline correspond$o a
H* bosonof mass350GeV, with I' = 6.72 GeV andgy+ = 0.8¢, the long dashedine to a
H* bosonof mass500GeV, with T' = 17.6 GeV andgy« = 0.7¢g andthedot-dashedine to a
W3* bosonof mass800GeV, with I' = 58.25 GeV andgy- = 0.6g.
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Figure 5.15: Ratio of the cross-sectiorfor the of the reactioninvolving the d-wave to the
standardnodelcross-sectiorior differentvaluesof the d-wave massanddifferentcoupling
constantsThedottedline correspond$o a d-wave of mass350GeV, with I' = 4.38 GeVand
gws- = 0.8¢g, thelong dashedine to a d-wave of mass500 GeV, with ' = 27.49 GeV and
gws- = 0.7¢g andthedot-dashedine to a d-wave of mass800GeV, with I" = 251.03 GeV and

gWS* - 0.6g



Chapter 6

The substructure of fermions

If the duality breaksdown entirely at a certainenepgy scale,it is concevable that effects
from the substructuref the fermionswill becomemanifest.We shalldiscussa quite generic
parametrizatiorof the contribution of the substructuref a leptonto its anomalousnagnetic
moment. Assuminga mixing matrix, we canthenconsiderradiatve leptondecaysthatare
concevableif leptonshave asubstructureTheresultspresentedh thischaptemwerepublished
in[70,71].

6.1 Anomalousmagneticmoment

A new contritution to the magneticmomentof the muon can be describedby addingan
effectiveterm £¢// to the Lagrangiarof the standardnodelasfollows:

4 A
Eeff — iﬂ (A + B’Y5) O'IW,U/FI“/ (1 — —a]n —) " (61)

T my

wherey is the muonfield, F*¥ the electromagnetidield strength A the compositenesscale
and A is a constanif orderoneand B is probablymuchsmallersinceit parametrizeg’ P-
violation. We have takenthe QED oneloop correctioninto accounf72]. Theleadingorder
contritution hasbeenconsideredn [70]. We have includeda vs-termin view of a possible
C P violation of the confininginteraction.

Theconstantsn £¢// dependn dynamicaldetailsof the underlyingcompositestructure.
If the latteris analogougo QCD, wheresucha termis inducedby the hadronicdynamics,
the constantA is of the orderone. One obtainsthe following contribution to the anomalous
magnetianomentof the muon:

Aa, = (%) <1 ey i) . 6.2)
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The~s-termdoesnot contributeto theanomalousnagneticonoment.

The magneticmomentterm (6.1) hasthe samechiral structureasthe lepton massterm.
Thusoneexpectsthatthesamemechanisnwhichleadsto thesmallleptonmassegm,, < A),
e.g.achiralsymmetryleadsto a correspondinguppressionf the magnetionoment73]. In
this casethe effective Lagrangiarshouldbe written asfollows:

4 A
i%ﬂ (A+ Brys) o F* (1 — ?04 In —) . (6.3)

reff —
2A my,

The contribution of the compositenestwm the magnetionomentis in this casegivenby
2
Aa, = (%) (1 oy A) . (6.4)

6.2 Radiativelepton decays

If theleptonshave a compositestructure the questionariseswhethereffectswhich areabsent
in the standardmodel,in particularflavor-changingtransitions,e.g. the decaysy — ey or
T — py arise.

We shall study flavor changingmagnetic-momentype transitionswhich indeedleadto
radiatve decaysf the chagedleptonson alevel accessibléo experimentsn the nearfuture.

We startby consideringthe limit m, = m, = 0, i.e. only the third lepton7 remains
massve. Neutrinomassesre not considered.In this limit the massmatrix for the chaged
leptonshasthe structurem,;- = m,diag(0, 0, 1) andexhibits a “democraticsymmetry”[74,
75]. Furthermorethereexists a chiral symmetrySU (2), x SU(2)g actingon the first two
lepton flavors. The magneticmomentterm inducedby compositenesdyeing of a similar
chiral natureasthe masstermitself, mustrespecthis symmetry We obtain

LA = —ZEBM (A + Bs) o PP (1 -2 i) . (6.5)
m m¢

Herey denoteghevector(e, 1, 7) and M is givenby M = diag(0,0, 1).

Oncethe chiral symmetryis broken, the massmatrix receves non-zeroentries,and af-
ter diagonalizatiorby suitabletransformationsn the spaceof the leptonflavorsit takesthe
form M = diag(m., m,, m,). If aftersymmetrybreakingthe massmatrix M andthe mag-
netic momentmatrix M wereidentical,the samediagonalizatiorprocedurevhich leadsto a
diagonalizednassmatrix would leadto a diagonalizednagneticmomentmatrix. However
thereis noreasonwhy M and M shouldbe proportionalto eachotherafter symmetrybreak-
ing. The matrix elementf the magneticnomentoperatordependon detailsof theinternal
structurein a differentway thanthe matrix elementsof the massdensityoperator Thusin
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generathemagnetianomentoperatowill notbediagonal oncethe masamatrixis diagonal-
izedandvice versa.Thusthereexist flavor-non-diagonaterms(for a discussiorof analogous
effectsfor the quarkssee[74]), e.g. termsproportionalto € o, (A + B~s) . Theseflavor-
non-diagonatermsmustobey the constraintsmposedoy the chiral symmetryi.e. they must
disappeaoncethemasse®f thelight leptonsinvolvedareturnedoff. For examplethee — i
transitionterm mustvanishfor m, — 0. Furthermorethe flavor changingtermsarisedue
to a mismatchbetweenthe massdensityandthe magneticmomentoperatordueto the in-
ternalsubstructurelf the substructuravereturnedoff (A — o), the effectsshouldnot be
present. The simplestAnsatzfor the transitiontermsbetweenthe leptonsflavorsi andj is
const.,/m;m;/A. It obgys the constraintsnentionedabove: it vanishesoncethe massof one
of the leptonsis turnedoff, it is symmetricbetween; and;j andit vanishedor A — oco. In
this casethe magnetiomomentoperatortasthe generalform:

Me. C VMeMy, C v MeMr
m eu A eT A

€ My — /Mem m Vs v
Eeff — ﬁT Ceu 1 M # C/“' K w (A + ny5) O-'UI/FN
e Y e
y (1 Ao A) , (6.6)
T m¢

Here C;; areconstantof the orderone. In generalone may introducetwo differentmatri-
ces(with differentconstants”;;) bothfor the 1-termandfor the ys-term, but we shall limit
oursehesto the simplerstructuregivenabove.

Basedon the flavor-changingtransitiontermsgivenin eq. (6.6), we can calculatethe
decayratesfor thedecaysu — ey, 7 — py andr — evy. Wefind:

2 2 2
m ™M, Me m ms,
D o) = 22 <7X ) (T“) (T) (14P + 1B

X (1 _ 8o In A) , (6.7)
T mu
oMs M.y, ? m;\?% (m.\? 2 2
e i) =gz (V) (%) (%) (4 + 199
X (1 _Say) %) , 6.8)
m T
oMy Mg\ (m,\2 [ m,\2 9 9
X (1 _Say A) . (6.9)
T m,

In thefollowing we take |[A| = 1. The parametefB| canbe constrainedisingthelimits for
theelectronEDM. Thislimit givesthe moststringentconstrainton this parameter
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Recentlyanindicationwasfound thatthe anomalousnagneticnomentof the muon p,*
is slightly largerthanexpectedwithin the standardnodel[76]. The deviationis of the order
of 1072:

Aa, = a,(exp) — a,(SM) = (4.3 +1.6) x 107°. (6.10)

For a review of the contribution of the standardnodelto the anomalousnagneticmoment
of the muonseeRef. [77]. The obsered effect (2.6 o excess)doesnot necessarilymply a
conflictwith the standardnodel,in view of the systematiaincertaintiesn thetheoreticakal-
culationsdueto the hadroniccorrections.If this resultis confirmedby further experimental
dataandtheoreticalwork, it might be interpretedasthefirst signaltowardsaninternalstruc-
tureof theleptong[79], althoughotherinterpretationgvertex correctiongdueto new particles
or non-minimalcouplingsdueto amorecomplex space-timestructure80]) arealsopossible.

The BNL resultwould give: A ~ 2 x 10° GeV usingeq. (6.2). Usingeq. (6.4) andthe
centralvalueof Aa,, oneobtains: A ~ 1.54 TeV, i.e. A is muchsmallerdueto the chiral
symmetryagument73]. The95% confidencdevel rangefor A is

1.16 TeV < A < 3.04 TeV. (6.11)

We canusethis experimentainputto illustratethe contribution of thefermionsubstructurd¢o
its anomalousnagnetiaonomentandto computethe
TheLagrangian(6.6)yieldsthefollowing EDM for theelectron:

do. A
B| (1 - E) — 3.7 x 10~%*B| e-cm (6.12)

e

em
de = ——=

A A
whichhasto becomparedo theexperimentalimit d,*P < (0.18£0.1240.10) x10~26¢—cm
[78], we thusseethat | B| mustbe muchsmallerthan|A|. We set|B| = 0 in thefollowing.
The correspondindpranchingatiosare:

Br(u — ey) ~ 1.5 x 1019, (6.13)
Br(r — py) ~ 3.5 x 1071, (6.14)
Br(r — ey) ~ 1.7 x 102, (6.15)

usingthecentralvalueof Aa, to evaluateA. Oneobtainsthefollowing rangedor thebranch-
ing ratios

8.3 x 1071 > Br(u — ey) > 2.5 x 10712, (6.16)
1.9 x 107 > Br(r — wy) > 5.8 x 10712, (6.17)
9.3x 107" > Br(r —ey) >28 x 10, (6.18)

usingthe 95% confidencdevel rangefor A (6.11).
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Theserangesarebasedn theassumptiorthatthe constant4 of orderoneis fixedto one.
The upperpartof therangefor the u — ey decaygivenin (6.16)is excludedby the present
experimentallimit: Br(y — ey) < 1.2 x 107! [78]. Our estimatef the branchingratio
shouldbe viewed asorderof magnitudeestimatesIn generalwe cansaythatthe branching
ratio for the u — ey decayshouldlie betweeni0~!* andthe presentimit.

The decayr — py processesit a level which cannotbe obsered, at leastnot in the
foreseeabléuture. Thedecayr — ey is, asexpectedmuchsuppressedomparedo 7 — uy
decayandcannotbe seenexperimentally

Numerically the effect of the QED one loop correctionis small comparedo the “tree
level” calculation70] becausehereis acancellatiorbetweerntwo effects: the extractedcom-
positescaleis larger but the decayratesare suppressetly thefactor(l — 87" In mAf) where
my is themassof thedecayingepton.

Note added:the QCD uncertaintiedinally settleddown [81-84]. The deviation is only
of the orderof 1.6 ¢ which allows to putalimit of 2 TeV for the compositenesscaleof the
muon. This scalecorrespondso thefollowing branchingratios

Br(p — ey) ~ 3.1 x 101 (6.19)
Br(r = py) ~ 7.1 x 1071, (6.20)
Br(r — ey) ~ 3.5 x 107, (6.21)

for theradiatve leptondecays.
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Chapter 7

Conclusions

We have presenteda duality betweenthe standardmodel and a model basedon the same
gaugegroupbut whereSU (2), is confiningits chagesinsteadof beingbrokenby meansof

the Higgs mechanismThis duality allows a calculationof the electraveakmixing angleand
of themassof theHiggsboson.

If the duality is unbroken, we do not expectary physicsbeyond the standardnodel,as
bothphasesreidentical. But, boththe confinemenphaseandthe Higgs phasearenecessary
to extractedall the informationspresenin thetheory Left-handedparticlesthe electraveak
bosonsandthe Higgs bosonhave a point like anda boundstatelik e character The duality
allows a calculationof the electraveakmixing angleandof the Higgsbosonmass.

We have considereda supersymmetriextensionof the duality, andshavn thatour ideas
arecompatiblewith a supersymmetriextension.

Albeit theauthordoesnot expectit, this duality mightonly bealow enegy phenomenon.
If the standardnodelbreaksdown in the Yukawva sectorandif Natureis describedoy the
confinementphase,the decaymodesof the Higgs bosoncan be dramaticallyaffected. In
particularit might not coupleto b-quarks.In thatcasethe decaychannelf the Higgsboson
would differ stronglyfrom the standardnodelexpectationsThestratay for theHiggsboson
searchesvould differ from the standardone. Insteadof searchingior decaysof the Higgs
bosonto b-quarkwhichis thedominantdecaychannefor alight standaranodelHiggsboson,
oneshouldrathersearchfor a Higgs bosondecayingto gluons. This would be anexampleof
alow eneqgy failure of theduality.

The absenceof a phasetransitionbetweenthe confinemenfphaseand the Higgs phase
impliesthatthereis thesamenumberof degreesof freedomin bothphasesBut, if theduality
breaksdown, new particles|ik e excitationsof theelectraveakbosonsandof theHiggsboson,
will appearandwill make sizablecontributionsto standardnodel processesOf particular
interestare the spin 2 excitationsof the electraveak bosonswhich should make a sizable
contritution to the electraveakbosonscattering.We have shavn that, dueto the neutrald-
wave, the crosssectionof thereactionW;} + W, — W + W, would stronglydiffer from
the standardmodel expectationsalreadyat enegieswell bellow the massscaleof that new

73
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particle. This would be anexampleof a high enegy breakdown of the duality.

In the caseof atotal breakdevn of the duality, effectsof the fermion substructurecould
appearand lead to sizableeffectsin low enegy obsenableslike the anomalousmagnetic
momentof the muon.

Finally, the besttestof the duality will beto find a Higgs bosonwith a massaround130
GeV. Thisdoesnot only represent testof the duality, but alsoof the standardmodelwhich
hasthis duality property This masscanthereforebe seenas a predictionof the standard
model,which mighthave a problemif theHiggsbosonmasss muchdifferentfrom 130 GeV.

We shallliketo concludeby emphasizinghatthemodelin theconfinemenphaseve have
presenteds basicallydifferentfrom compositemodelsthatcanbefoundin theliterature. The
first differences the weakcouplingconfinement.Secondlywe are consideringooundstates
that are point like in spacetime but have an extensionin momentumspace. Thoseare the
reasonsvhy this modelis dualto the standardnodel.
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