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Note that the title is “Deconstructionand New approacheso Electroveak sym-
metry breaking”— Not “Deconstruction- New approacheso Electraveaksymmetry
breaking.”

Deconstructior};> which | won't talk about,is away of learningaboutfield theories
in morethanfour dimensiondy building themout of four dimensionafield theories.

By “electraveak symmetrybreaking” herel mean‘little higgs” models? These
modelswerediscoveredin the context of deconstructionbut arelogically unrelatedo
thenotionof deconstruction.

Theseweresimply two separatéhreadghatcametogetherbriefly. The mostinter-
estinglittle higgsmodelshave little or nothingto do with deconstruction.’'m going
to talk aboutthelittle higgs. I’ ve learnedaboutthelittle higgsfrom mary colleagues,
mostlymy formerstudentandtheir students NimaArkani-HamedAndy CohenAnn
Nelson,David Kaplan, Lisa Randall,and Martin Schmaltz(whosebeautiful talk for
ICHEP2002s a greatintroductionto the subject).

The motivation for little higgs modelsis thatthereis pretty strongcircumstantial
evidencefrom the succes®f the standardnodel at the level of radiatve corrections
thatthe Higgsbosonexistswith amasssmallcomparedo 1 TeV. Thisleavesuswith a
coupleof importantquestions

1. Whatis it?
2. Why is it solight?
In moredetail:

1. Is the Higgsa new fundamentakcalaror is it built out of otherthings,andif so,
what?This problemwe have facedfor yearswith thelongitudinalcomponent®f
theWW andZ - or equvalently (by the equivalencetheorem)he Goldstoneboson
of spontaneouslproken EW symmetryeatenby the Higgs mechanism.

Indeed,anotherway of sayingwhy we think the Higgsreally exists is that now
we arereasonablygonfidentthatthelongitudinall’V andZ atleast‘look” approx-
imately fundamentalup to enegies of the orderof 1 TeV andthe electraveak
symmetrythenrequiresthatthey be partof a multiplet with aHiggsboson.

2. Why is it solight? The higherwe pushthe scaleup to which the Higgs looks
fundamentalthe more trouble we have with quadraticsensitvity of its massto
physicsat the higherscale. This doesnot meanthe GUT scale.We alreadyhave
problemsassociatedith scalesaboutwhichwe havemuchmoreindirectevidence.
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The suppressionf Flavor ChangingNeutralCurrentprocessestronglysuggests
that the Higgs looks fundamentalwell abore 1 TeV. Whatis it that cancelsthe
guadratiadivergencesn the Higgsmassin radiatve correctionghatwe seeif we
only includethe particlesof the standardnodel?

We want“natural” cancellatiorof quadratiadivergences notfine tuning! Thusthe
couplingsmustberelatedin diagramghatcancel.

Onepossibilityis SUSY - diagramswith superpartners.

If wedon't have SUSY, naturalnesbecomesmuchstrongeiconstrainbecausé¢he
Higgshasthreedifferentkindsof couplings.

It hasto have a A\h* interactionwhich givesriseto a quadraticallydivergentcontri-
bution from scalaroops.

It hasto coupleto the W and Z, which givesrise to a quadraticallydivergent
contrikution from gaugebosonloops.

It hasto coupleto the ¢, which givesriseto a quadraticallydivergentcontrikbution
from fermionloops.

Thus we would expect a model that addressesheseproblemto have additional
particlesof all thesetypesatasscaleof notmuchmorethanl TeV — new scalarsnew
gaugebosonandnew fermions. This sounddik e fun!
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Theideaof little higgsmodelsis thatthesessuescanbe addresseth anaturalway
if theHiggsis a pseudo-Goldstonkoson.Thisis anold idea. | have beenlooking for
suchmodelsfor nearly30 years,with very limited success.

Sowhatis thenew idea?

Sincewe neednew gaugebosonsandnew fermionsarnyway, we will try to arrange
theirinteractiondo have symmetrieghatcompletelyeliminatethe massof theHiggsat
theone-looplevel. This canbearrangedf the new interactionsreakup into separate
sets,eachof which treatsthe Higgs asa Goldstoneboson.

Thenonly whenboth setsof interactionsareinvolved will onegeta quadratically
divergentcontribtutionto themass.This mayallow to pushthe scaleatwhichthe Higgs
looksfundamentalip to theorderof 10 TeV withoutfine tuning.

Soundseasywhenexplainedthis way! But | have alwaysfound this explanation
slightly facile and confusing. Sotoday | am going to do somethingthat one should
never doin atalk. | amgoingto try to shov you how this worksin detail. This will
make for atalk thatis hardto follow in spots.| hopethatat the endyou will feelthat
this hardwork is worthit.

I will describewhat| think is the mostbeautifulmodel,the SU(5)/SO(5) model
of Arkani-Hamed,Cohen,Katz andNelsort - ACKN. One of the simplestand most
beautifullittle higgsmodels- I'm goingto describeit in somedetail becausé am so
impressedy it.

Thoughit is notreally partof the model,let me shav you how the higgsstructure
mightemepgefrom specifichighenegy dynamics.Thiswill eventuallyhelpmeexplain
whatl think is goodandwhatis problematic.

Imaginea high enegy theorywith anasymptoticallyfree SO(N') gaugegroupthat
becomestronglyinteractingtheoryatascaleof order10TeV andthatincludesamong
otherthings,5 LH fermionstransformingike Nsunderthe SO(N).

In additionthereis amuchwealer SU(2); x U(1); x SU(2), x U(1), gaugegroup
from whichwill emegetheelectraveakSU(2) x U(1) low enegy gaugesymmetry.

The 5 Nstransformlike (2,1) + (1,2) + (1,1) (in termsof isospins(1/2,0) +
(0,1/2) + (0,0)) underthetwo SU (2)s, andit is corvenientto talk aboutthis structure
in anotationwith vectorsblockedasfollows

2 (2,1)
v=|1[=](11) 1)
2 (1,2)
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In this notation,matricedook like

2x2 2x1 2x2
1x2 1x1 1x2 (2)
2x2 2x1 2x2

andtheweakgaugegeneratorsook lik e this:

% 0 0 a+3 0 0

Qi=(0 00 Q= 0 -a O 3
0 0 0 0 0 -
00 0 —q 0 0

Q=100 0 Q=10 - O (4)
00 —% 0 0 ¢-—3

TheU(1)s have SO(N) anomaliesout who knows whatelseis happeningn the high
enegy theory- sothismaybeOK - | will setq; = ¢» = 0 - thiskeepghealgebrasimple

% 0 0 00

Qi=10 0 0 Q=0 0 0 (5)
0 0 0 00 0
00 0 00 0

Q=100 0 Q= U (6)
00 —-% 00 -1

Now look atthe condensateandGoldstonebosons.In QCD,thisis afamiliar story
- aquarkantiquarkcondensatbreaksthechiral SU(3) x SU(3) symmetryof thelight
quarksspontaneous|yreservingsell-Manns SU(3), thelightestpseudoscalanesons
are Goldstonebosonsandthe light quarksdevelop dynamicalmasseselatedto their
couplingsto the Goldstonebosons.

unitary
matrix

017 0] 1 o T = exp(ill/f) = (7)

energy

Thereis whatis calleda vacuumalignmentissuehere- the vacuum‘“direction” of the
condenstat& is determinedy the quarkmassmatrix M/ — potentialenegy

m, O 0
—tr(MY)=(3)=1 for M= 0 myg O (8)
0 0 msg
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Gell-Manns SU (3) approximately
& ;
preseredfor light quarks

9)

Mathematicallywe saythat
SU(3) x SU(3) — SU(3) (10)

Anotherway of describingthis alignmentissueis that eachflavor doesits own thing
andcondensedyut onedoesnt know exactly whattheflavorsareuntil the symmetryis
explicitly broken.

The other“directions” for the condensateare excitationsof the Goldstoneboson

fields 10 1 - Kt

II = T —%WO — %7} K° (11)

K~ K° \/%77
In the QCD casethe Goldstonebosonsare describedby a hermitianmatrix because
condensateés unitary.

The IT Goldstonebosonsare quark-antiquarkboundstates but they are massless
in the absenceof explicit symmetrybreakingbecausehey are boundby the QCD
interactiongustasmuchasthe vacuumstateitself.

In QCD thisis very familiar

wi ud us
Ho | di dd ds (12)
su sd ss
andsimpleexceptfor somefunny businesdor the 7° andn dueto theanomaly
A word aboutscales!f in
5 = exp(ill/ f) (13)
IS f - theamplitudefor a chiral currentto createa Goldstonebosonoutthevacuum.lIt
is muchsmallerthanthetypical massof a non-Goldstonenesonstate(lik e the p or the
a; or whatever) ~ 1 GeV.

This 1 Gev scaleis called(confusingly)A - the chiral symmetrybreakingscale-
notto beconfusedwith Aqcp. Theratio A/ f playsalargerole in thethinking of little
higgsers.We believe that this factoris real,importantandsimple - exceptfor factors
having to do with the numbersof colorsandflavors, it is a phasespacefactorof order
41 ~ 10. Thisis thedifferencebetweenl TeV and10 TeV.

In the SO(N) theory thecondensatéokslike

_ symmetric

[’y ., == (14)

energy matrix
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Unlike the chiral symmetrybreakingcondensatén QCD, herethereis no difference
betweerLH andRH fields. Thereforethecondensates afermion-fermioncondenstate
- notfermion-anti-fermion— ¥ = 7,

Thefundamentahssumption basecn QCD analog- is thatY: is alsounitary This
istheanalogof thestatementhateachflavor doests own thing. Asin QCD,thevacuum
“direction” is determinedy symmetrybreaking.But for ary particularchoiceof basis
for the fermionfields, ¥ = I - breaksthe SU(5) global symmetrydown to SO(5)
becauseinderan SU (5) transformation/

Y=I-UXUT=UUT (15)

andonlyif UisrealisUT = Ut =U!
The low enepgy excitationsof the vacuumare again parametrizecdby Goldstone
bosonfields
Y =exp(ill/f) where II=TII" (16)

TheseGoldstonebosonsare fermion-fermionbound states. What exactly doesthe
vacuumlook like? How doesit fit with thelow enegy gaugegroups?

Theresultis something find quite counterintuitve, but ultimately very beautiful,
sol amgoingto shav you how it worksin abit of detail- theindividual SU(2) x U(1)
break,but the combinationof thetwo is left unbrolen.

FirstletsdiscusssomemoreQCD analog- the K- K° and~*-7° masdifferences.
The K+ is heaiier thanthe K° even thoughthe u quarkis lighter thanthe s quark
becaus®f photonexchange Electromagnetisngivesno massatall to the K° because
it doesnt breakthe chiral d-s symmetry It addsto the QCD attractionthatformsthe
condensatequt it addsin thesameway in the K° boundstate whichthereforeremains
anexactGoldstongboson.

Butthe K+ andzt masssquaredyeta positive contritution from photonexchange
becaus¢heirquarkandantiquarkgepeloneanothermndthey arelessbound. Formally,
the photonexchangepotentialis

re’ f21QY — Q[ (17)
wherez = O(1) > 0 and( is thequarkchage matrix
20
Q=|0 -
0o 0 -1

0
0 (18)

W=
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An interactionof this kinds simply triesto make the condensateseutralto maximize
thebinding.

It producesa contrikution to the Goldstonebosonmasssquaredoroportionalto the
squareof the chage. Obviously in QCD this givesequalmasssquaredo the K and
7 andnothingto ary of the neutralstates.

In this case pecaus¢henonzercelement®of condensatareall neutral theconden-
satewe alreadyhave from thequarkmassesninimizesthis contritution to the potential
aswell, andthe electromagnetigaugesymmetryis not brokenby the vacuum.

In the SU(5)/S0O(5) model,therearegoodreasongo believe thatthis worksin a
similar way - but thereareimportantdifferences:

1. Nowtherearelotsof chages- wehaveto sumovereachypeof chage,multiplying
by thecouplingconstant.Thechagesof theGoldstonebosonsor theentriesin the
condensatenatrix X arejustthe sumsof the chagesof thefermion constituents.

2. Thistime,wedon't alreadyknow theform of thevacuumfrom somethindik ethe
guarkmasseshatwe hadin QCD. Thesetermsdeterminghe vacuumstructure.

3. Finally, we won't beableto find element®f thecondensatenatrix thatpreseres
all thesymmetries— somewill getspontaneouslisroken.

Sofor examplethe U (1) chagein (5) givesa chage squaredf theform

00 1 % 3
Q=100 0[=]% 00 (19)
0 0 0 100
1, 1\% (1 2 N 2
(> *’2)2 (G+0)" (3+0)
= (0+3) 0 0 (20)
2
(0+3) 0 0
Similarly theU (1) chagein (6) givesa chage squaredf theform
00 0 0 0 %
Q=100 0[—=1]0 0 ; (21)
00 3 1l

For the SU(2) gaugegroups,we wantthe sumof the squareof the components,
which givesi(i + 1) for therepresentationUnderSU(2); x SU(2),, thevariousparts
of the condensatenatrix have isospin

(1,0)  (1/2,0) (1/2,1/2)
(1/2,0)  (0,0)  (0,1/2) (22)
(1/2,1/2) (0,1/2) (0,1)
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Noticethatin theseentries
(1,0) (1/2,0) (1/2,1/2)
(1/2,0) (0,0) (0,1/2) (23)
(1/2,1/2) (0,1/2) (0,1)
thereis no (0, 0) componenbecaus®f the symmetryof the matrix.
Thusthe SU(2) contributionslook like

T 00\ (2%
Q=10 0 0|—=1]2 0 0 (24)
0 0 0 500
00 O 0o 0 32
Q5=10 0 OT -0 0 2 (25)
00 -%) \3 3o
Puttingthis togethergives
2 3 3 00 32 I 0 0 1%
G120 0|+g|l0o 0 2|+g*L 0 0f+g’[0 0 L] (26)
500 $ 3 2 100 1 11
Thisis obviously minimizedby a condensatef theform
70 7
0 1 0 (27)
70 7
And you canseeexplicitly thatacondensatef theform
I 0 0
010 (28)
0 0 I
hashigherenegy thanoneof theform
0 0 I
01 0 (29)
I 0 0

Boththe SU(2) andthe U(1) contributionstendto stabilizethe vacuum(29). Looking
at (22) you canseethatthe off-diagonalcomponentsarelike SU(2) x SU(2) sigma

models:
(1,0) (1/2,0) |(1/2,1/2)
(1/2,0) (0,0) (0,1/2) (30)
(1/2,1/2)| (0,1/2) (0,1)
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s0(29) spontaneouslppreakghegaugeSU(2) x SU(2) down to asingleSU (2) which
is identifiedastheelectraveak SU (2) gaugesymmetry

Noticethatthis completelydetermineshe vacuumup to gaugetransformationsso
we expectthatthereareno exactGoldstonebosondeft over. But hereis thetricky part.
Eachof theindividual weakgaugesymmetriepreseresan SU(3) global symmetry
because

0 t % 0 0 100
commutes
T ) Q=10 0 0| and Q=0 0 0] (31)
with
T 0 0 0 00 0
while
0 t 00 0 00 0
commutes
0 ) Q=10 0 0 and @,=1]0 0 0
with .
0 0 00 —% 00 —3
(32)

Eachof theglobal SU (3) symmetrycontainsageneratothatbehaeslike adoublet
underthe SU(2) symmetrythatis left over by the vacuumcondensate And eachof
theseproduceghe samedeformationof the vacuumcondensate.

0 0 O 0 n" 0
T = 0 0 h o = h* 0 0 (33)
0 At 0 0 0 O

Theseare generatorassociatedvith differentspontaneouslyproken symmetriesput
givethesamedeformatiorof thevacuum.h = (h*, h°) isthelittle higgs! Thepotential
looks like Kissing Mexican hats! What| meanis this. The potentialis a sumof two
terms,onefor eachSU(2) x U(1) gaugegroupandeachhasa large symmetry The
mostrelevantdegreesof freedomcorrespondo the neutralHiggsdirectionsin 7; and
7 In (33). In thistwo dimensionabpacegachtermin the potentiallookssymmetrical,
constanbn circlesabouttheorigin, asshovn in figurel. Buttheoriginsaredifferent
for thetwo terms. EachSU (2) x U(1) gaugegroupcontritutesa potentialfor 4 - but
their flat directionskiss at the true vacuum! The sumproducesa quarticpotentialfor
h. In thetwo dimensionakpacethe minimumoccurson a circle of constanipotential
from eachof the gaugegroups,assuggestedn figure 2. 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.

kiss at the minimum andproducea potentialthatis very flat - with no quadraticterm,
alongthe Higgs direction,while in the perpendiculadirection,the potentialis steep,
correspondingo a heavy field.

Flatdirection
massleséttle higgs

Steepdirection

|
|
|
|
|
V heary scalar

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

This givestheusual\(h'h)? interactionfor thelittle higgs. | first learnedaboutthis
from Ann Nelson,andl find it really gorgeous!Thequadratiadivergencesareevidently
undertotal controlatoneloop, becaus¢he masslessness i follows from asymmetry
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Fig. 5. The total potential.

Of course,we needa lot moreto turn this into a real model. We needa negative
masssquaredor h. We needa largeYukawva couplingof i to thet quark. Thesethings
betternot spoil the cancellatiorof quadratiadivergencesat one-loopto the h mass.

But we now have an argumentto guideus — aslong aswe canfind interactions
with unbrolen symmetrieghatareassociatedavith oneof the otherof the two kissing
Mexicanhats,we will notgenerate large one-loopmass.

At this point,thedetailsbecomdessinterestingandl amgoingto switchto philos-
ophy.

Why didn’t| find thismodellongago,ratherthanhaving to learnit from my students
recently?Partly stupidity Partly | didn’t know thet quarkis soheavy. Partly thekissing
Mexicanhat(KMH) mechanisnis subtle.

But MOSTLY - this represents slightly differentway of thinking aboutthe sym-
metries. Little higgserdalk asif they canimposethe globalsymmetrieghatmaintain
the KMH mechanismput it seemso me thatthey don't actuallymeanthis. If you
mustimposeaglobalsymmetryyouareactuallydoingfinetuning. Of courseyoumay
be able to ague aboutthe size of the fine-tuningrequired,but this is dangerousand
unsatisfying.

Really all the global symmetriesthat go inot maintainingthe KMH mechanism
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shouldbe*“accidentaksymmetries™ automaticallyproducedy thehightenegy theory
The SU(5) global symmetryof the ACKN modelis sucha a symmetryfor the high-
enepgy dynamicsthat| talked about. But oneneedsmuchmore. As ACKN notedin
their paper you would really like the symmetriesof the new fermionsto arisein the
sameway. Thismaynotbeimpossiblebut it is certainlynottrivial either

| look forwardto sofatulousfunmodelbuilding tryingtofind high-enegy extensions
thatactuallyrealizelittle higgsmodelsin a naturalway.

In the meantime thereis somevery challengingphenomenologyo worry about.
The cancellationof quadraticdivergencegyivesus someinformationaboutwhat nev
particlesto expectat the TeV scale,but at the moment,it is rathervague. We needto
find waysof makingthis moreprecise.

But at the very least,onecanthink of thelittle higgsstory asa cautionarytale. It
shaws, if shaving wereneededthatwe theoristhave probablynot, evenyet, exhausted
all the possibilitiesfor spontaneouslectraveaksymmetrybreaking.

Ultimately, it is goingto beupto theexperimenterso find theway Naturehaschosen
- andit maybe somethingvery differentfrom anything you find in theoristspapers.
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