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Note that the title is “Deconstructionand New approachesto Electroweaksym-

metrybreaking”— Not “Deconstruction- New approachesto Electroweaksymmetry

breaking.”

Deconstruction,1,2 whichI won’t talk about,is awayof learningaboutfield theories

in morethanfour dimensionsby building themoutof four dimensionalfield theories.

By “electroweak symmetrybreaking” hereI mean“little higgs” models.3 These

modelswerediscoveredin thecontext of deconstruction,but arelogically unrelatedto

thenotionof deconstruction.

Theseweresimply two separatethreadsthatcametogetherbriefly. Themostinter-

estinglittle higgsmodelshave little or nothingto do with deconstruction.I’m going

to talk aboutthe little higgs. I’ve learnedaboutthe little higgsfrom many colleagues,

mostlymy formerstudentsandtheirstudents- NimaArkani-Hamed,Andy Cohen,Ann

Nelson,David Kaplan,Lisa Randall,andMartin Schmaltz(whosebeautiful talk for

ICHEP2002is agreatintroductionto thesubject).

The motivation for little higgsmodelsis that thereis pretty strongcircumstantial

evidencefrom the successof the standardmodelat the level of radiative corrections

thattheHiggsbosonexistswith amasssmallcomparedto 1 TeV. This leavesuswith a

coupleof importantquestions

1. Whatis it?

2. Why is it solight?

In moredetail:

1. Is theHiggsa new fundamentalscalaror is it built out of otherthings,andif so,

what?Thisproblemwehave facedfor yearswith thelongitudinalcomponentsof

theW andZ - or equivalently(by theequivalencetheorem)theGoldstoneboson

of spontaneouslybrokenEW symmetryeatenby theHiggsmechanism.

Indeed,anotherway of sayingwhy we think the Higgs really exists is that now

wearereasonablyconfidentthatthelongitudinalW andZ at least“look” approx-

imately fundamentalup to energies of the order of 1 TeV and the electroweak

symmetrythenrequiresthatthey bepartof amultipletwith aHiggsboson.

2. Why is it so light? The higherwe pushthe scaleup to which the Higgs looks

fundamental,the moretroublewe have with quadraticsensitivity of its massto

physicsat thehigherscale.This doesnot meantheGUT scale.We alreadyhave

problemsassociatedwith scalesaboutwhichwehavemuchmoreindirectevidence.
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Thesuppressionof Flavor ChangingNeutralCurrentprocessesstronglysuggests

that the Higgs looks fundamentalwell above 1 TeV. What is it that cancelsthe

quadraticdivergencesin theHiggsmassin radiativecorrectionsthatweseeif we

only includetheparticlesof thestandardmodel?

Wewant“natural"cancellationof quadraticdivergences- notfine tuning! Thusthe

couplingsmustberelatedin diagramsthatcancel.

Onepossibilityis SUSY- diagramswith superpartners.

If wedon’t haveSUSY, naturalnessbecomesamuchstrongerconstraintbecausethe

Higgshasthreedifferentkindsof couplings.

It hasto haveaλh4 interaction,whichgivesriseto aquadraticallydivergentcontri-

bution from scalarloops.
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.................................................................................................................... ............. .............
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It has to couple to the W andZ, which gives rise to a quadraticallydivergent

contribution from gaugebosonloops.
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It hasto coupleto the t, which givesrise to a quadraticallydivergentcontribution

from fermionloops.
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............. ............. ............. .......................................

t

hh

Thus we would expect a model that addressestheseproblemto have additional

particlesof all thesetypesatasscaleof notmuchmorethan1 TeV — new scalars,new

gaugeboson,andnew fermions.Thissoundslike fun!
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Theideaof little higgsmodelsis thattheseissuescanbeaddressedin anaturalway

if theHiggsis a pseudo-Goldstoneboson.This is anold idea. I have beenlooking for

suchmodelsfor nearly30years,with very limited success.

Sowhatis thenew idea?

Sincewe neednew gaugebosonsandnew fermionsanyway, we will try to arrange

their interactionsto havesymmetriesthatcompletelyeliminatethemassof theHiggsat

theone-looplevel. This canbearrangedif thenew interactionsbreakup into separate

sets,eachof which treatstheHiggsasaGoldstoneboson.

Thenonly whenbothsetsof interactionsareinvolvedwill onegeta quadratically

divergentcontributionto themass.Thismayallow to pushthescaleatwhichtheHiggs

looksfundamentalup to theorderof 10TeV without fine tuning.

Soundseasywhenexplainedthis way! But I have alwaysfound this explanation

slightly facile andconfusing. So today, I am going to do somethingthat oneshould

never do in a talk. I amgoing to try to show you how this works in detail. This will

make for a talk that is hardto follow in spots.I hopethatat theendyou will feel that

thishardwork is worth it.

I will describewhat I think is themostbeautifulmodel,theSU(5)/SO(5) model

of Arkani-Hamed,Cohen,Katz andNelson4 - ACKN. Oneof the simplestandmost

beautifullittle higgsmodels- I’m going to describeit in somedetail becauseI amso

impressedby it.

Thoughit is not really partof themodel,let meshow you how thehiggsstructure

mightemergefrom specifichighenergy dynamics.Thiswill eventuallyhelpmeexplain

whatI think is goodandwhatis problematic.

Imagineahighenergy theorywith anasymptoticallyfreeSO(N) gaugegroupthat

becomesstronglyinteractingtheoryatascaleof order10TeV andthatincludes,among

otherthings,5 LH fermionstransforminglikeNs undertheSO(N).

In additionthereis amuchweakerSU(2)1 ×U(1)1 ×SU(2)2 ×U(1)2 gaugegroup

from whichwill emergetheelectroweakSU(2) × U(1) low energy gaugesymmetry.

The 5 Ns transformlike (2, 1) + (1, 2) + (1, 1) (in termsof isospins(1/2, 0) +

(0, 1/2) + (0, 0)) underthetwoSU(2)s,andit is convenientto talk aboutthisstructure

in anotationwith vectorsblockedasfollows

ψ =









2

1

2









=









(2, 1)

(1, 1)

(1, 2)









(1)
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In thisnotation,matriceslook like








2 × 2 2 × 1 2 × 2

1 × 2 1 × 1 1 × 2

2 × 2 2 × 1 2 × 2









(2)

andtheweakgaugegeneratorslook like this:

Qa

1 =









σa

2
0 0

0 0 0

0 0 0









Q′
1 =









q1 + 1
2

0 0

0 −q1 0

0 0 −q1









(3)

Qa

2 =









0 0 0

0 0 0

0 0 −σ∗

a

2









Q′
2 =









−q2 0 0

0 −q2 0

0 0 q2 − 1
2









(4)

TheU(1)s haveSO(N) anomaliesbut who knows whatelseis happeningin thehigh

energy theory- sothismaybeOK - I will setq1 = q2 = 0 - thiskeepsthealgebrasimple

Qa

1 =









σa

2
0 0

0 0 0

0 0 0









Q′
1 =









1
2

0 0

0 0 0

0 0 0









(5)

Qa

2 =









0 0 0

0 0 0

0 0 −σ∗

a

2









Q′
2 =









0 0 0

0 0 0

0 0 −1
2









(6)

Now look at thecondensatesandGoldstonebosons.In QCD,this is afamiliarstory

- aquarkantiquarkcondensatebreaksthechiralSU(3) × SU(3) symmetryof thelight

quarksspontaneously, preservingGell-Mann’sSU(3), thelightestpseudoscalarmesons

areGoldstonebosons,andthe light quarksdevelopdynamicalmassesrelatedto their

couplingsto theGoldstonebosons.

[

ψLγ
0ψ̄R

]

low

energy

∝ Σ = exp(iΠ/f) =
unitary
matrix

(7)

Thereis what is calleda vacuumalignmentissuehere- thevacuum“direction” of the

condenstateΣ is determinedby thequarkmassmatrixM — potentialenergy

−tr(MΣ) ⇒ 〈Σ〉 = I for M =









mu 0 0

0 md 0

0 0 ms









(8)
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⇔
Gell-Mann’sSU(3) approximately

preservedfor light quarks
(9)

Mathematically, wesaythat

SU(3) × SU(3) → SU(3) (10)

Anotherway of describingthis alignmentissueis that eachflavor doesits own thing

andcondenses,but onedoesn’t know exactlywhattheflavorsareuntil thesymmetryis

explicitly broken.

The other “directions” for the condensateareexcitationsof the Goldstoneboson

fields

Π =









1√
2
π0 − 1√

6
η π+ K+

π− − 1√
2
π0 − 1√

6
η K0

K− K̄0
√

2
3
η









(11)

In the QCD casethe Goldstonebosonsaredescribedby a hermitianmatrix because

condensateis unitary.

The Π Goldstonebosonsarequark-antiquarkboundstates,but they aremassless

in the absenceof explicit symmetrybreakingbecausethey are boundby the QCD

interactionsjustasmuchasthevacuumstateitself.

In QCDthis is very familiar

Π ∝









uū ud̄ us̄

dū dd̄ ds̄

sū sd̄ ss̄









(12)

andsimpleexceptfor somefunny businessfor theπ0 andη dueto theanomaly.

A wordaboutscales!f in

Σ = exp(iΠ/f) (13)

is fπ - theamplitudefor achiralcurrentto createaGoldstonebosonout thevacuum.It

is muchsmallerthanthetypicalmassof anon-Goldstonemesonstate(like theρ or the

a1 or whatever)≈ 1 GeV.

This 1 Gev scaleis called(confusingly)Λ - the chiral symmetrybreakingscale-

not to beconfusedwith ΛQCD. TheratioΛ/f playsa largerole in thethinking of little

higgsers.We believe that this factoris real, importantandsimple- exceptfor factors

having to do with thenumbersof colorsandflavors,it is a phasespacefactorof order

4π ≈ 10. This is thedifferencebetween1 TeV and10TeV.

In theSO(N) theory, thecondensatelookslike
[

ψγ0ψT
]

low

energy

= Σ =
symmetric

matrix
(14)
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Unlike the chiral symmetrybreakingcondensatein QCD, herethereis no difference

betweenLH andRH fields. Thereforethecondensateis a fermion-fermioncondenstate

- not fermion-anti-fermion→ Σ = ΣT .

Thefundamentalassumption- basedonQCDanalog- is thatΣ is alsounitary. This

is theanalogof thestatementthateachflavordoesitsownthing. As in QCD,thevacuum

“direction” is determinedby symmetrybreaking.But for any particularchoiceof basis

for the fermion fields, Σ = I - breaksthe SU(5) global symmetrydown to SO(5)

becauseunderanSU(5) transformationU

Σ = I → U ΣUT = U UT (15)

andonly if U is realisUT = U † = U−1

The low energy excitationsof the vacuumare again parametrizedby Goldstone

bosonfields

Σ = exp(iΠ/f) where Π = ΠT (16)

TheseGoldstonebosonsare fermion-fermionboundstates. What exactly doesthe

vacuumlook like?How doesit fit with thelow energy gaugegroups?

Theresultis somethingI find quitecounterintuitive, but ultimatelyvery beautiful,

soI amgoingto show youhow it worksin abit of detail- theindividualSU(2) ×U(1)

break,but thecombinationof thetwo is left unbroken.

First letsdiscusssomemoreQCDanalog- theK+-K0 andπ+-π0 massdifferences.

TheK+ is heavier than theK0 even thoughthe u quark is lighter than the s quark

becauseof photonexchange.Electromagnetismgivesnomassatall to theK0 because

it doesn’t breakthechiral d-s symmetry. It addsto theQCD attractionthat formsthe

condensate,but it addsin thesameway in theK0 boundstate,which thereforeremains

anexactGoldstongboson.

But theK+ andπ+ masssquaredgetapositivecontribution from photonexchange

becausetheirquarkandantiquarksrepeloneanotherandthey arelessbound.Formally,

thephotonexchangepotentialis

x e2f 2
π

|QΣ − ΣQ|2 (17)

wherex = O(1) > 0 andQ is thequarkchargematrix

Q =









2
3

0 0

0 −1
3

0

0 0 −1
3









(18)
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An interactionof this kindssimply tries to make thecondensatesneutralto maximize

thebinding.

It producesa contribution to theGoldstonebosonmasssquaredproportionalto the

squareof thecharge. Obviously in QCD this givesequalmasssquaredto theK+ and

π+ andnothingto any of theneutralstates.

In thiscase,becausethenonzeroelementsof condensateareall neutral,theconden-

satewealreadyhavefrom thequarkmassesminimizesthiscontributionto thepotential

aswell, andtheelectromagneticgaugesymmetryis notbrokenby thevacuum.

In theSU(5)/SO(5) model,therearegoodreasonsto believe that this works in a

similar way - but thereareimportantdifferences:

1. Now therearelotsof charges- wehavetosumovereachtypeof charge,multiplying

by thecouplingconstant.Thechargesof theGoldstonebosonsor theentriesin the

condensatematrixΣ arejust thesumsof thechargesof thefermionconstituents.

2. This time,wedon’t alreadyknow theform of thevacuumfrom somethinglikethe

quarkmassesthatwehadin QCD.Thesetermsdeterminethevacuumstructure.

3. Finally, wewon’t beableto find elementsof thecondensatematrix thatpreserves

all thesymmetries— somewill getspontaneouslybroken.

Sofor exampletheU(1) chargein (5) givesachargesquaredof theform

Q′
1 =









1
2

0 0

0 0 0

0 0 0









→









1 1
4

1
4

1
4

0 0
1
4

0 0









(19)

=











(

1
2

+ 1
2

)2 (

1
2

+ 0
)2 (

1
2

+ 0
)2

(

0 + 1
2

)2
0 0

(

0 + 1
2

)2
0 0











(20)

Similarly theU(1) chargein (6) givesachargesquaredof theform

Q′
2 =









0 0 0

0 0 0

0 0 1
2









→









0 0 1
4

0 0 1
4

1
4

1
4

1









(21)

For theSU(2) gaugegroups,we want the sumof the squaresof the components,

whichgivesi(i+ 1) for therepresentation.UnderSU(2)1 × SU(2)2, thevariousparts

of thecondensatematrixhave isospin








(1, 0) (1/2, 0) (1/2, 1/2)

(1/2, 0) (0, 0) (0, 1/2)

(1/2, 1/2) (0, 1/2) (0, 1)









(22)

TTH09

XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002

661



Noticethatin theseentries








(1, 0) (1/2, 0) (1/2, 1/2)

(1/2, 0) (0, 0) (0, 1/2)

(1/2, 1/2) (0, 1/2) (0, 1)









(23)

thereis no (0, 0) componentbecauseof thesymmetryof thematrix.

ThustheSU(2) contributionslook like

Qa

1 =









σa

2
0 0

0 0 0

0 0 0









→









2 3
4

3
4

3
4

0 0
3
4

0 0









(24)

Qa

2 =









0 0 0

0 0 0

0 0 −σT
a

2









→









0 0 3
4

0 0 3
4

3
4

3
4

2









(25)

Puttingthis togethergives

g2
1









2 3
4

3
4

3
4

0 0
3
4

0 0









+ g2
2









0 0 3
4

0 0 3
4

3
4

3
4

2









+ g′
1

2









1 1
4

1
4

1
4

0 0
1
4

0 0









+ g′
2

2









0 0 1
4

0 0 1
4

1
4

1
4

1









(26)

This is obviouslyminimizedby acondensateof theform








? 0 ?

0 1 0

? 0 ?









(27)

And youcanseeexplicitly thatacondensateof theform








I 0 0

0 1 0

0 0 I









(28)

hashigherenergy thanoneof theform








0 0 I

0 1 0

I 0 0









(29)

Both theSU(2) andtheU(1) contributionstendto stabilizethevacuum(29). Looking

at (22) you canseethat the off-diagonalcomponentsarelike SU(2) × SU(2) sigma

models:








(1, 0) (1/2, 0) (1/2, 1/2)

(1/2, 0) (0, 0) (0, 1/2)

(1/2, 1/2) (0, 1/2) (0, 1)









(30)
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so(29)spontaneouslybreaksthegaugeSU(2) ×SU(2) down to asingleSU(2) which

is identifiedastheelectroweakSU(2) gaugesymmetry.

Noticethatthis completelydeterminesthevacuumup to gaugetransformations,so

weexpectthattherearenoexactGoldstonebosonsleft over. But hereis thetricky part.

Eachof the individual weakgaugesymmetriespreservesanSU(3) global symmetry,

because









0 0 0

0 x x

0 x x









commutes
with

Qa

1 =









σa

2
0 0

0 0 0

0 0 0









and Q′
1 =









1
2

0 0

0 0 0

0 0 0









(31)

while








x x 0

x x 0

0 0 0









commutes
with

Qa

2 =









0 0 0

0 0 0

0 0 −σ∗

a

2









and Q′
2 =









0 0 0

0 0 0

0 0 −1
2









(32)

Eachof theglobalSU(3) symmetrycontainsageneratorthatbehaveslikeadoublet

undertheSU(2) symmetrythat is left over by the vacuumcondensate.And eachof

theseproducesthesamedeformationof thevacuumcondensate.

π1 =









0 0 0

0 0 h

0 h† 0









π2 =









0 hT 0

h∗ 0 0

0 0 0









(33)

Thesearegeneratorsassociatedwith differentspontaneouslybroken symmetries,but

givethesamedeformationof thevacuum.h = (h+, h0) is thelittle higgs! Thepotential

looks like Kissing Mexicanhats! What I meanis this. Thepotentialis a sumof two

terms,onefor eachSU(2) × U(1) gaugegroupandeachhasa large symmetry. The

mostrelevantdegreesof freedomcorrespondto theneutralHiggsdirectionsin π1 and

π2 in (33). In this two dimensionalspace,eachtermin thepotentiallookssymmetrical,

constantoncirclesabouttheorigin, asshown in figure1. But theoriginsaredifferent

for thetwo terms.EachSU(2) × U(1) gaugegroupcontributesa potentialfor h - but

their flat directionskissat the truevacuum! Thesumproducesa quarticpotentialfor

h. In thetwo dimensionalspace,theminimumoccurson a circle of constantpotential

from eachof the gaugegroups,assuggestedin figure2. Eachof thesecirclesis like

the constantcircle on the brim of a Mexican hat (thoughit doesnot matterwhether

they areflat in bothdirections- only thedirectionalongthecircle is important).These
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Fig. 1. A symmetric potential - the details do not matter - just that it is symmetrical.

kissat theminimumandproducea potentialthat is very flat - with no quadraticterm,

alongthe Higgs direction,while in the perpendiculardirection,the potentialis steep,

correspondingto aheavy field.
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Flat direction
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Steepdirection
heavy scalar

Fig. 2. Circles like the brims of kissing Mexican hats.

Thisgivestheusualλ(h†h)2 interactionfor thelittle higgs. I first learnedaboutthis

fromAnn Nelson,andI find it reallygorgeous!Thequadraticdivergencesareevidently

undertotalcontrolatoneloop,becausethemasslessnessof h followsfrom asymmetry
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Fig. 3. The contribution from one of the gauge groups.

Fig. 4. The contribution from the other gauge group.

argument.Thecancellationsweexpectedcanbeseenin detail.
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Fig. 5. The total potential.

Of course,we needa lot moreto turn this into a real model. We needa negative

masssquaredfor h. Weneeda largeYukawacouplingof h to thet quark.Thesethings

betternot spoil thecancellationof quadraticdivergencesatone-loopto theh mass.

But we now have an argumentto guideus — aslong aswe canfind interactions

with unbrokensymmetriesthatareassociatedwith oneof theotherof thetwo kissing

Mexicanhats,wewill notgeneratea largeone-loopmass.

At thispoint,thedetailsbecomelessinteresting,andI amgoingto switchto philos-

ophy.

Why didn’t I find thismodellongago,ratherthanhaving to learnit frommystudents

recently?Partlystupidity. Partly I didn’t know thet quarkissoheavy. Partly thekissing

Mexicanhat(KMH) mechanismis subtle.

But MOSTLY - this representsa slightly differentway of thinking aboutthesym-

metries.Little higgserstalk asif they canimposetheglobalsymmetriesthatmaintain

the KMH mechanism,but it seemsto me that they don’t actuallymeanthis. If you

mustimposeaglobalsymmetry, youareactuallydoingfinetuning. Of course,youmay

be able to argueaboutthe sizeof the fine-tuningrequired,but this is dangerousand

unsatisfying.

Really, all the global symmetriesthat go inot maintainingthe KMH mechanism
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shouldbe“accidentalsymmetries”- automaticallyproducedby thehightenergy theory.

TheSU(5) global symmetryof theACKN modelis sucha a symmetryfor the high-

energy dynamicsthat I talked about. But oneneedsmuchmore. As ACKN notedin

their paper, you would really like the symmetriesof the new fermionsto arisein the

sameway. Thismaynotbeimpossible,but it is certainlynot trivial either.

I lookforwardtosofabulousfunmodelbuildingtryingtofindhigh-energyextensions

thatactuallyrealizelittle higgsmodelsin anaturalway.

In the meantime,thereis somevery challengingphenomenologyto worry about.

The cancellationof quadraticdivergencesgivesus someinformationaboutwhat new

particlesto expectat theTeV scale,but at themoment,it is rathervague.We needto

find waysof makingthismoreprecise.

But at thevery least,onecanthink of the little higgsstoryasa cautionarytale. It

shows,if showing wereneeded,thatwetheoristhaveprobablynot,evenyet,exhausted

all thepossibilitiesfor spontaneouselectroweaksymmetrybreaking.

Ultimately, it isgoingtobeupto theexperimenterstofindthewayNaturehaschosen

- andit maybesomethingverydifferentfrom anythingyoufind in theoristspapers.
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