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ELECTROWEAK SYMMETRY BREAKINGAND THE HIGGS SECTOR�Chris QuiggTheoreti
al Physi
s Department,Fermi National A

elerator Laboratory,P.O. Box 500, Batavia, Illinois 60510 USAe-mail: quigg�fnal.gov(Re
eived May 17, 1999)These three le
tures review the state of our understanding of ele
-troweak intera
tions and the sear
h for the agent of ele
troweak symmetrybreaking. The themes of the le
tures are (i) the ele
troweak theory and itsexperimental status, (ii) the standard-model Higgs boson, and (iii) aspe
tsof ele
troweak theory beyond the standard SU(2)L
U(1)Y model.PACS numbers: 12.15.�y, 12.60.Fr, 14.80.Bn, 14.80.Cp1. Introdu
tionThe 
entral 
hallenge in parti
le physi
s is to explore the 1-TeV s
aleand elu
idate the nature of ele
troweak symmetry breaking. A key elementin this quest is the sear
h for the Higgs boson, the agent of ele
troweaksymmetry breaking in the standard ele
troweak theory.Un
overing the se
rets of the Higgs se
tor is the fo
us of mu
h presentand future experimental resear
h. The LEP 2 experiments are sear
hing nowfor a light Higgs boson and for low-s
ale supersymmetry. At the Tevatron,CDF and DØ will begin next year a high-luminosity run with 
onsiderablesensitivity to new physi
s, and o�er promise for de
isive light-Higgs sear
hesin the future. The Large Hadron Collider at CERN will bring extensiveexplorations of TeV-s
ale physi
s beginning in about 2005. Linear 
ollidersnow on the drawing boards would o�er 
omplementary possibilities for thestudy of ele
troweak symmetry breaking.These three le
tures o�er a short 
ourse in the 
urrent state of ele
-troweak symmetry breaking and the Higgs se
tor. The subje
t is vast, so� Presented at the XXVII International Meeting on Fundamental Physi
s, SierraNevada, Granada, Spain, February 1�5, 1999.(2145)



2146 C. Quiggmany important topi
s will re
eive only a s
hemati
 treatment. Comple-mentary views of the ele
troweak panorama are to be found in other re
entle
ture notes [1�7℄. 2. The ele
troweak theory2.1. Brief résumé and perspe
tiveLet us review the essential elements of the SU(2)L 
U(1)Y ele
troweaktheory [8�10℄. The ele
troweak theory takes three 
ru
ial 
lues from exper-iment:� The existen
e of left-handed weak-isospin doublets,� �ee �L � ��� �L � ��� �Land � ud0 �L � 
s0 �L � tb0 �L ;� The universal strength of the weak intera
tions;� The idealization that neutrinos are massless.To save writing, we shall 
onstru
t the ele
troweak theory as it appliesto a single generation of leptons. In this form, it is neither 
omplete nor 
on-sistent: anomaly 
an
ellation requires that a doublet of 
olor-triplet quarksa

ompany ea
h doublet of 
olor-singlet leptons. However, the needed gen-eralizations are simple enough to make that we need not write them out.To in
orporate ele
tromagnetism into a theory of the weak intera
tions,we add to the SU(2)L family symmetry suggested by the �rst two experimen-tal 
lues a U(1)Y weak-hyper
harge phase symmetry. We begin by spe
ifyingthe fermions: a left-handed weak isospin doubletL = � �ee �L (2.1)with weak hyper
harge YL = �1, and a right-handed weak isospin singletR � eR (2.2)with weak hyper
harge YR = �2.The ele
troweak gauge group, SU(2)L
U(1)Y , implies two sets of gauge�elds: a weak isove
tor ~b�, with 
oupling 
onstant g, and a weak isos
alar
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tor 2147A�, with 
oupling 
onstant g0. Corresponding to these gauge �elds are the�eld-strength tensors F�̀� = ��b�̀ � ��b�̀ + g"jk`bj�bk� ; (2.3)for the weak-isospin symmetry, andf�� = ��A� � ��A� ; (2.4)for the weak-hyper
harge symmetry. We may summarize the intera
tionsby the Lagrangian L = Lgauge + Lleptons ; (2.5)with Lgauge = �14F�̀�F `�� � 14f��f�� ; (2.6)and Lleptons = R i
���� + ig02 A�Y�R+ L i
���� + ig02 A�Y + ig2~� �~b��L : (2.7)The SU(2)L 
 U(1)Y gauge symmetry forbids a mass term for the ele
tronin the matter pie
e (2.7). Moreover, the theory we have des
ribed 
ontainsfour massless ele
troweak gauge bosons, namely A�, b1�, b2�, and b3�, whereasNature has but one: the photon. To give masses to the gauge bosons and
onstituent fermions, we must hide the ele
troweak symmetry.The most apt analogy for the hiding of the ele
troweak gauge symmetry isfound in super
ondu
tivity. In the Ginzburg�Landau des
ription [11℄ of thesuper
ondu
ting phase transition, a super
ondu
ting material is regarded asa 
olle
tion of two kinds of 
harge 
arriers: normal, resistive 
arriers, andsuper
ondu
ting, resistan
eless 
arriers.In the absen
e of a magneti
 �eld, the free energy of the super
ondu
toris related to the free energy in the normal state throughGsuper(0) = Gnormal(0) + � j j2 + � j j4 ; (2.8)where � and � are phenomenologi
al parameters and j j2 is an order pa-rameter that measures the density of super
ondu
ting 
harge 
arriers. Theparameter � is non-negative, so that the free energy is bounded from below.Above the 
riti
al temperature for the onset of super
ondu
tivity, theparameter � is positive and the free energy of the substan
e is supposedto be an in
reasing fun
tion of the density of super
ondu
ting 
arriers, as



2148 C. Quiggshown in �gure 1(a). The state of minimum energy, the va
uum state,then 
orresponds to a purely resistive �ow, with no super
ondu
ting 
arriersa
tive. Below the 
riti
al temperature, the parameter � be
omes negativeand the free energy is minimized when  =  0 6= 0, as illustrated in Fig. 1(b).
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(a) (b)Fig. 1. Ginzburg�Landau des
ription of the super
ondu
ting phase transition.This is a ni
e 
artoon des
ription of the super
ondu
ting phase transi-tion, but there is more. In an applied magneti
 �eld ~H, the free energyis Gsuper( ~H) = Gsuper(0) + ~H28� + 12m? j � i~r � (e?=
) ~A j2 ; (2.9)where e? and m? are the 
harge (�2 units) and e�e
tive mass of the super-
ondu
ting 
arriers. In a weak, slowly varying �eld ~H � 0, when we 
anapproximate  �  0 and r � 0, the usual variational analysis leads to theequation of motion, r2 ~A� 4�e?m?
2 j 0j2 ~A = 0 ; (2.10)the wave equation of a massive photon. In other words, the photon a
quiresa mass within the super
ondu
tor. This is the origin of the Meissner e�e
t,the ex
lusion of a magneti
 �eld from a super
ondu
tor. More to the pointfor our purposes, it shows how a symmetry-hiding phase transition 
an leadto a massive gauge boson.To give masses to the intermediate bosons of the weak intera
tion, wetake advantage of a relativisti
 generalization of the Ginzburg�Landau phasetransition known as the Higgs me
hanism [12℄. We introdu
e a 
omplexdoublet of s
alar �elds � � � �+�0 � (2.11)
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tor 2149with weak hyper
harge Y� = +1. Next, we add to the Lagrangian new(gauge-invariant) terms for the intera
tion and propagation of the s
alars,Ls
alar = (D��)y(D��)� V (�y�); (2.12)where the gauge-
ovariant derivative isD� = �� + ig02 A�Y + ig2~� �~b� ; (2.13)and the potential intera
tion has the formV (�y�) = �2(�y�) + j�j (�y�)2: (2.14)We are also free to add a Yukawa intera
tion between the s
alar �elds andthe leptons, LYukawa = �Ge hR(�yL) + (L�)Ri : (2.15)We then arrange their self-intera
tions so that the va
uum state 
orre-sponds to a broken-symmetry solution. The ele
troweak symmetry is spon-taneously broken if the parameter �2 < 0. The minimum energy, or va
uumstate, may then be 
hosen to 
orrespond to the va
uum expe
tation valueh�i0 = � 0v=p2 � ; (2.16)where the numeri
al value ofv =p��2= j�j = �GFp2�� 12 � 246 GeV (2.17)is �xed by the low-energy phenomenology of 
harged-
urrent intera
tions.As a result of spontaneous symmetry breaking, the weak bosons a
quiremasses, as auxiliary s
alars assume the role of the third (longitudinal) de-grees of freedom of what had been massless gauge bosons. Spe
i�
ally, themediator of the 
harged-
urrent weak intera
tion, W� = (b1 � ib2)=p2,a
quires a mass 
hara
terized by M2W = ��=GFp2 sin2 �W , where �W isthe weak mixing angle. The mediator of the neutral-
urrent weak intera
-tion, Z = b3 
os �W � A sin �W , a
quires a mass 
hara
terized by M2Z =M2W = 
os2 �W . After spontaneous symmetry breaking, there remains an un-broken U(1)em phase symmetry, so that ele
tromagnetism is mediated by amassless photon, A = A 
os �W + b3 sin �W , 
oupled to the ele
tri
 
hargee = gg0=pg2 + g02. As a vestige of the spontaneous breaking of the symme-try, there remains a massive, spin-zero parti
le, the Higgs boson. The massof the Higgs s
alar is given symboli
ally asM2H = �2�2 > 0, but we have no
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tion for its value. Though what we take to be the work of the Higgsboson is all around us, the Higgs parti
le itself has not yet been observed.The fermions (the ele
tron in our abbreviated treatment) a
quire massesas well; these are determined not only by the s
ale of ele
troweak symmetrybreaking, v, but also by their Yukawa intera
tions with the s
alars. Themass of the ele
tron is set by the dimensionless 
oupling 
onstant Ge =mep2=v � 3� 10�6, whi
h is both small and � so far as we now know �arbitrary. 2.2. Experimental updateIt will be helpful for orientation to re
all some of the re
ent pre
isionele
troweak measurements as presented at the DPF99 Conferen
e in LosAngeles [13,14℄. We will go looking for trouble in �2.4 below, but the overallassessment is that ele
troweak observables are in a

ord with the predi
tionsof the standard model at the level of 0.1% [15,16℄. The degree of agreement issummarized pi
torially in �gure 2 (
f. Table 1 of Ref. [16℄). Taken together,the Z0-pole data from the LEP experiments and SLD yield a weak mixingparameter sin2 �e�W = 0:23128 � 0:00022: (2.18)Dire
t measurements at LEP 2 and the Tevatron give the W -boson massMW = (80:39 � 0:06) GeV=
2 ; (2.19)while the �world-average� top-quark mass from CDF and DØ ismt = (174:3 � 5:1) GeV=
2 : (2.20)The NuTeV experiment at Fermilab has reported a 
ompetitive indire
tdetermination of the W mass, inferred from measurements of the ��N and���N 
ross se
tions. They �ndMW = (80:26 � 0:11) GeV=
2 : (2.21)Thanks to a new evaluation of the �nite part of the O(�2) 
orre
tion tothe muon lifetime [17℄, we have a new determination of the Fermi 
onstantmeasured in muon de
ay,G� = (1:16637 � 0:00001) � 10�5 GeV�2 : (2.22)Bennett and Wieman (Boulder) have reported a new determination ofthe weak 
harge of Cesium by measuring the transition polarizability for the6S-7S transition [18℄. The new value,QW (Cs) = �72:06 � 0:28 (exp)� 0:34 (theory), (2.23)
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Measurement Pull Pull

-3 -2 -1 0 1 2 3

-3 -2 -1 0 1 2 3

mZ (G VE ) 91.1867 ±
 0.0021    .08
ΓZ (G VE ) 2.4939 ±
 0.0024   -.80
σ0

hadr ( ) 41.491 ±
 0.058    .31
Re 20.765 ±
 0.026    .66
Afb

0,e 0.01683 ±
 0.00096    .72
Ae 0.1479 ±
 0.0051    .24
AΤ 0.1431 ±
 0.0045   -.80
sin2θLEPT

eff 0.2321 ±
 0.0010    .54
mW (G VE ) 80.370 ±
 0.090    .01
Rb 0.21656 ±
 0.00074    .90
Rc 0.1733 ±
 0.0044    .24
Afb

0,b 0.0991 ±
 0.0021  -1.78
Afb

0,c 0.0714 ±
 0.0044   -.47
Ab 0.856 ±
 0.036  -2.18
Ac 0.638 ±
 0.040   -.74
sin2θLEPT

eff 0.23101 ±
 0.00031  -1.78
sin2θW 0.2255 ±
 0.0021   1.06
mW (G VE ) 80.410 ±
 0.090    .45
mt (G VE ) 173.8 ±
 5.0    .50
1/α 128.896 ±
 0.090   -.04

±


nb

χχ22 /  / dof dof = 16.4 / 15= 16.4 / 15Fig. 2. Pre
ision ele
troweak measurements and the pulls they exert on a global �tto the standard model, from Ref. [15℄.represents a seven-fold improvement in the experimental error and a sig-ni�
ant redu
tion in the theoreti
al un
ertainty. It di�ers by 2.5 standarddeviations from the predi
tion of the standard model. We are left with thetraditional situation in whi
h elegant measurements of parity non
onserva-tion in atoms are on the edge of in
ompatibility with the standard model.From the wealth of parti
le sear
hes and 
ross-se
tion measurements atLEP 2, let us simply remark that no anomalies whatever have been notedin the rea
tions e+e� ! 8>><>>: W+W�Z0Z0`+`�q�q : (2.24)Similarly, the overall 
on
lusion from HERA is that the neutral-
urrent and
harged-
urrent 
ross se
tions measured in e+p 
ollisions have the expe
ted
hara
ter and reprodu
e the known values of MW and MZ .



2152 C. Quigg2.3. Experimental 
lues about MHThe su

ess of the ele
troweak theory means that it makes sense to usestandard-model �ts to the ele
troweak observables to determine �best� valuesfor the parameters that are not yet dire
tly 
onstrained by experiment. Overthe past de
ade, the greatest sensitivity has been to the value of the top-quark mass, and �ts to the ele
troweak observables gave early indi
ations forthe great mass of the top quark [19℄. Now that the top-quark mass is knownrather well from Tevatron experiments, we 
an interrogate the quantum
orre
tions to ele
troweak observables for the best value of the Higgs-bosonmass. In detail, the inferen
es depend upon the data set sele
ted and thevalues adopted for the �known� parameters, in
luding the value of the �nestru
ture 
onstant �(M2Z) evaluated at the Z0 pole. The 
onsensus of the�ts is that, within the standard ele
troweak theory, the Higgs boson maybe just around the 
orner. In the global �t of Erler and Langa
ker [16℄,whi
h is representative of other work, the best-�t value for the mass of thestandard-model Higgs boson isMH = 107+67�45 GeV=
2 ; (2.25)and the 95% CL upper limit is MH �< 255 GeV=
2. A very interesting ques-tion is, how are these 
onstraints relaxed in spe
i�
 theories other than thestandard model? 2.4. Some experimental issuesSuppose, in the fa
e of the spe
ta
ular su

esses of the ele
troweak the-ory, we go looking for trouble. Where might we �nd it? The heavy top quarkgives rise to the theoreti
al suspi
ion that anomalies are most likely to showthemselves in the third generation of quarks and leptons. As it happens, theonly suggestive anomaly in pre
ision measurements on the Z0 pole involvesb quarks. The forward-ba
kward asymmetry for b�b events measured at LEPand the left-right forward-ba
kward asymmetry for b�b events measured atSLD indi
ate a three-standard-deviation di�eren
e from the standard modelfor Ab = L2b �R2bL2b +R2b ; (2.26)where Lb and Rb are the left-handed and right-handed 
hiral 
ouplings ofthe Z to b quarks. At tree level in the standard model, they take the valuesLtheoryb = �1 + 23 sin2 �W � �0:846 ;Rtheoryb = 23 sin2 �W � 0:154 ; (2.27)
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troweak Symmetry Breaking and the Higgs Se
tor 2153Current measurements imply thatAexpb = (0:94 � 0:02)Atheoryb : (2.28)We must re
on
ile this apparent dis
repan
y with the good agreementbetween the quantity Rb = � (Z0 ! b�b)=� (Z0 ! hadrons), whi
h is sensi-tive to the 
ombination L2b +R2b . The 
urrent data say thatRexpb = (1:004 � 0:004)Rtheoryb ; (2.29)whi
h implies that L2b +R2b = 0:7432 � 0:0040 : (2.30)We 
an solve (2.28) and (2.30) simultaneously; 
hoosing the appropriatesigns, we �nd Lexpb = �0:836 � 0:004 ;Rexpb = 0:2117 � 0:0176 : (2.31)Expressed as deviations from the standard model, we haveÆLb � Ltheoryb � Lexpb = �0:010 � 0:004 ;ÆRb � Rtheoryb �Rexpb = �0:0577 � 0:0176 : (2.32)Neither e�e
t is titani
! However, the suggestion that ÆRb=Rtheoryb � �40%(whereas ÆLb=Ltheoryb � 1%) 
an be taken as an indi
ation that if we wantto look for trouble, the right-handed b 
oupling is the pla
e to look. If thisanomaly is real, we might expe
t to observe �avor-
hanging neutral-
urrenttransitions b! s, b! d, and s! d.2.5. An assessmentExperiments over the past twenty-�ve years have brought us numerous
on�rmations of the SU(2)L 
 U(1)Y ele
troweak theory: the existen
e ofneutral 
urrents, the ne
essity of 
harm, and the existen
e and propertiesof the weak gauge bosons W� and Z0. Experiment has also given essentialguidan
e to the form of the evolving standard model through the dis
overyof the third generation of leptons (�� ; �) and quarks (t; b). And, �nally,experiment has given us a number of signi�
ant surprises that have shapedboth experimental and theoreti
al opportunities: the narrowness of J= and 0, the unexpe
tedly long B lifetime, the large degree of B0� �B0 mixing,the extreme heaviness of the top quark, and � very likely � eviden
e ofneutrino os
illations.



2154 C. QuiggTen years of pre
ision measurements have found no signi�
ant deviationsfrom the predi
tions of the ele
troweak theory. A series of quite remarkableexperiments, not to mention the a

ompanying evolution in theore
ti
al 
al-
ulations, have tested the quantum 
orre
tions of the ele
troweak theory �loop e�e
ts � to a pre
ision of one per mil. The net result of this prodigiouse�ort is that we have no found no eviden
e for new physi
s . . . yet.It is remarkable that the resulting theory has been tested at distan
esranging from about 10�17 
m to about 4 � 1020 
m, espe
ially when we
onsider that 
lassi
al ele
trodynami
s has its roots in the tabletop exper-iments that gave us Coulomb's law. These basi
 ideas were modi�ed inresponse to the quantum e�e
ts observed in atomi
 experiments. High-energy physi
s experiments both inspired and tested the uni�
ation of weakand ele
tromagneti
 intera
tions. At distan
es longer than 
ommon expe-rien
e, ele
trodynami
s � in the form of the statement that the photon ismassless � has been tested in measurements of the magneti
 �elds of theplanets. With additional assumptions, the observed stability of the Magel-lani
 
louds provides eviden
e that the photon is massless over distan
es ofabout 1022 
m [20℄.The extraordinary su

ess of the ele
troweak theory leaves us with theseurgent questions: Is the ele
troweak theory true? Can it be 
omplete?3. The Standard-Model Higgs boson3.1. Why the Higgs boson must existHow 
an we be sure that a Higgs boson, or something very like it, will befound? One path to the theoreti
al dis
overy of the Higgs boson involves itsrole in the 
an
ellation of high-energy divergen
es. An illuminating exampleis provided by the rea
tion e+e� !W+W�; (3.1)whi
h is des
ribed in lowest order by the four Feynman graphs in �gure 3.The 
ontributions of the dire
t-
hannel 
- and Z0-ex
hange diagrams ofFigs. 3(a) and (b) 
an
el the leading divergen
e in the J = 1 partial-waveamplitude of the neutrino-ex
hange diagram in �gure 3(
). This is the fa-mous �gauge 
an
ellation� observed in experiments at LEP 2 and the Teva-tron.However, the J = 0 partial-wave amplitude, whi
h exists in this 
asebe
ause the ele
trons are massive and may therefore be found in the �wrong�heli
ity state, grows as s1=2 for the produ
tion of longitudinally polarizedgauge bosons. The resulting divergen
e is pre
isely 
an
elled by the Higgsboson graph of �gure 3(d). If the Higgs boson did not exist, something else
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Fig. 3. Lowest-order 
ontributions to the e+e� !W+W� s
attering amplitude.would have to play this role. From the point of view of S-matrix analysis,the Higgs-ele
tron-ele
tron 
oupling must be proportional to the ele
tronmass, be
ause �wrong-heli
ity� amplitudes are always proportional to thefermion mass.Let us underline this result. If the gauge symmetry were unbroken, therewould be no Higgs boson, no longitudinal gauge bosons, and no extreme di-vergen
e di�
ulties. But there would be no viable low-energy phenomenol-ogy of the weak intera
tions. The most severe divergen
es of individual di-agrams are eliminated by the gauge stru
ture of the 
ouplings among gaugebosons and leptons. A lesser, but still potentially fatal, divergen
e arisesbe
ause the ele
tron has a
quired mass � be
ause of the Higgs me
hanism.Spontaneous symmetry breaking provides its own 
ure by supplying a Higgsboson to remove the last divergen
e. A similar interplay and 
ompensationmust exist in any satisfa
tory theory.3.2. Bounds on MHThe Standard Model does not give a pre
ise predi
tion for the mass ofthe Higgs boson. We 
an, however, use arguments of self-
onsisten
y to pla
eplausible lower and upper bounds on the mass of the Higgs parti
le in theminimal model. Unitarity arguments [21℄ lead to a 
onditional upper boundon the Higgs boson mass. It is straightforward to 
ompute the amplitudesM for gauge boson s
attering at high energies, and to make a partial-wave
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omposition, a

ording toM(s; t) = 16�XJ (2J + 1)aJ (s)PJ(
os �) : (3.2)Most 
hannels �de
ouple,� in the sense that partial-wave amplitudes aresmall at all energies (ex
ept very near the parti
le poles, or at exponentiallylarge energies), for any value of the Higgs boson mass MH . Four 
hannelsare interesting: W+L W�L Z0LZ0L=p2 HH=p2 HZ0L ; (3.3)where the subs
ript L denotes the longitudinal polarization states, and thefa
tors of p2 a

ount for identi
al parti
le statisti
s. For these, the s-waveamplitudes are all asymptoti
ally 
onstant (i.e., well-behaved) and propor-tional to GFM2H : In the high-energy limit1,lims�M2H(a0)! �GFM2H4�p2 � 2664 1 1=p8 1=p8 01=p8 3=4 1=4 01=p8 1=4 3=4 00 0 0 1=2 3775 : (3.4)Requiring that the largest eigenvalue respe
t the partial-wave unitarity 
on-dition ja0j � 1 yields MH �  8�p23GF !1=2 = 1 TeV=
2 (3.5)as a 
ondition for perturbative unitarity.If the bound is respe
ted, weak intera
tions remain weak at all energies,and perturbation theory is everywhere reliable. If the bound is violated,perturbation theory breaks down, and weak intera
tions among W�, Z,and H be
ome strong on the 1-TeV s
ale. This means that the features ofstrong intera
tions at GeV energies will 
ome to 
hara
terize ele
troweakgauge boson intera
tions at TeV energies. We interpret this to mean thatnew phenomena are to be found in the ele
troweak intera
tions at energiesnot mu
h larger than 1 TeV.1 It is 
onvenient to 
al
ulate these amplitudes by means of the Goldstone-bosonequivalen
e theorem [22℄, whi
h redu
es the dynami
s of longitudinally polarizedgauge bosons to a s
alar �eld theory with intera
tion Lagrangian given by Lint =��vh(2w+w� + z2 + h2) � (�=4)(2w+w� + z2 + h2)2, with 1=v2 = GFp2 and� = GFM2H=p2.



Ele
troweak Symmetry Breaking and the Higgs Se
tor 2157It is worthwhile to note in passing that the threshold behavior of thepartial-wave amplitudes for gauge-boson s
attering follows generally from
hiral symmetry [23℄. The partial-wave amplitudes aIJ of de�nite isospin Iand angular momentum J are given bya00 � GF s=8�p2 attra
tive,a11 � GF s=48�p2 attra
tive,a20 � �GF s=16�p2 repulsive. (3.6)The ele
troweak theory itself provides another reason to expe
t thatdis
overies will not end with the Higgs boson. S
alar �eld theories makesense on all energy s
ales only if they are nonintera
ting, or �trivial� [24℄.The va
uum of quantum �eld theory is a diele
tri
 medium that s
reens
harge. A

ordingly, the e�e
tive 
harge is a fun
tion of the distan
e or,equivalently, of the energy s
ale. This is the famous phenomenon of therunning 
oupling 
onstant.In ��4 theory (
ompare the intera
tion term in the Higgs potential), itis easy to 
al
ulate the variation of the 
oupling 
onstant � in perturbationtheory by summing bubble graphs like this one:: (3.7)The 
oupling 
onstant �(�) on a physi
al s
ale � is related to the 
oupling
onstant on a higher s
ale � by1�(�) = 1�(�) + 32�2 log (�=�) : (3.8)This perturbation-theory result is reliable only when � is small, but latti
e�eld theory allows us to treat the strong-
oupling regime.In order for the Higgs potential to be stable (i.e., for the energy of theva
uum state not to ra
e o� to �1), �(�) must not be negative. Thereforewe 
an rewrite (3.8) as an inequality,1�(�) � 32�2 log (�=�) : (3.9)This gives us an upper bound,�(�) � 2�2=3 log (�=�) ; (3.10)



2158 C. Quiggon the 
oupling strength at the physi
al s
ale �. If we require the theoryto make sense to arbitrarily high energies � or short distan
es � then wemust take the limit �!1 while holding � �xed at some reasonable physi
als
ale. In this limit, the bound (3.10) for
es �(�) to zero. The s
alar �eldtheory has be
ome free �eld theory; in theorist's jargon, it is trivial.We 
an rewrite the inequality (3.10) as a bound on the Higgs-boson mass.Rearranging and exponentiating both sides gives the 
ondition� � � exp� 2�23�(�)� : (3.11)Choosing the physi
al s
ale as � = MH , and remembering that, beforequantum 
orre
tions, M2H = 2�(MH)v2 ; (3.12)where v = (GFp2)�1=2 � 246 GeV is the va
uum expe
tation value of theHiggs �eld times p2, we �nd that� �MH exp�4�2v23M2H � : (3.13)For any given Higgs-boson mass, there is a maximum energy s
ale �? atwhi
h the theory 
eases to make sense. The des
ription of the Higgs bosonas an elementary s
alar is at best an e�e
tive theory, valid over a �nite rangeof energies.This perturbative analysis breaks down when the Higgs-boson mass ap-proa
hes 1 TeV=
2 and the intera
tions be
ome strong. Latti
e analyses [25℄indi
ate that, for the theory to des
ribe physi
s to an a

ura
y of a fewper
ent up to a few TeV, the mass of the Higgs boson 
an be no more thanabout 710 � 60 GeV=
2. Another way of putting this result is that, if theelementary Higgs boson takes on the largest mass allowed by perturbativeunitarity arguments, the ele
troweak theory will be living on the brink ofinstability.A lower bound is obtained by 
omputing [26℄ the �rst quantum 
orre
-tions to the 
lassi
al potential (2.14). Requiring that h�i0 6= 0 be an abso-lute minimum of the one-loop potential up to a s
ale � yields the va
uum-stability 
onditionM2H > 3GFp28�2 (2M4W +M4Z � 4m4t ) log(�2=v2) : (3.14)The upper and lower bounds plotted in �gure 4 are the results of full two-loop 
al
ulations [27℄. There I have also indi
ated the upper bound on MHderived from pre
ision ele
troweak measurements in the framework of the
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tor 2159standard ele
troweak theory. If the Higgs boson is relatively light � whi
hwould itself require explanation � then the theory 
an be self-
onsistent upto very high energies. If the ele
troweak theory is to make sense all the wayup to a uni�
ation s
ale �? = 1016 GeV, then the Higgs-boson mass mustlie in the interval 145 GeV=
2�<MW �< 170 GeV=
2 [28℄.
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Fig. 4. Bounds on the Higgs-boson mass that follow from requirements that theele
troweak theory be 
onsistent up to the energy s
ale �. The upper boundfollows from triviality 
onditions; the lower bound follows from the requirementthat V (v) < V (0). Also shown is the range of masses permitted at the 95%
on�den
e level by pre
ision measurements.3.3. Higgs-boson propertiesOn
e we assume a value for the Higgs-boson mass, it is a simple matterto 
ompute the rates for Higgs-boson de
ay into pairs of fermions or weakbosons [29℄. For a fermion with 
olor N
, the partial width is� (H ! f �f) = GFm2fMH4�p2 �N
 � 1� 4m2fM2H !3=2 ; (3.15)whi
h is proportional to MH in the limit of large Higgs mass. The partialwidth for de
ay into a W+W� pair is� (H !W+W�) = GFM3H32�p2 (1� x)1=2(4� 4x+ 3x2) ; (3.16)



2160 C. Quiggwhere x � 4M2W =M2H . Similarly, the partial width for de
ay into a pair ofZ0 bosons is� (H ! Z0Z0) = GFM3H64�p2 (1� x0)1=2(4 � 4x0 + 3x02) ; (3.17)where x0 � 4M2Z=M2H . The rates for de
ays into weak-boson pairs are asymp-toti
ally proportional to M3H and 12M3H , respe
tively, the fa
tor 12 arisingfrom weak isospin. In the �nal fa
tors of (3.16) and (3.17), 2x2 and 2x02, re-spe
tively, arise from de
ays into transversely polarized gauge bosons. Thedominant de
ays for largeMH are into pairs of longitudinally polarized weakbosons.Bran
hing fra
tions for de
ay modes that hold promise for the dete
tionof a light Higgs boson are displayed in �gure 5. In addition to the f �f andV V modes that arise at tree level, I have in
luded the 

 mode that pro
eedsthrough loop diagrams. Though rare, the 

 
hannel o�ers an importanttarget for LHC experiments.

Fig. 5. Bran
hing fra
tions for the prominent de
ay modes of a light Higgs boson.Figure 6 shows the partial widths for the de
ay of a Higgs boson intothe dominant W+W� and Z0Z0 
hannels and into t�t, for mt = 175 GeV=
2.Whether the t�t mode will be useful to 
on�rm the observation of a heavyHiggs boson, or merely drains probability from the ZZ 
hannel favored fora heavy-Higgs sear
h, is a question for detailed dete
tor simulations.Below the W+W� threshold, the total width of the standard-modelHiggs boson is rather small, typi
ally less than 1 GeV. Far above the thresh-old for de
ay into gauge-boson pairs, the total width is proportional to M3H .At masses approa
hing 1 TeV=
2, the Higgs boson is an ephemeron, with aperturbative width approa
hing its mass. The Higgs-boson total width isplotted as a fun
tion of MH in �gure 7.
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tion of mass.3.4. Higgs-boson sear
hes [30℄3.4.1. e+e� 
ollisions at LEPBe
ause the standard-model Higgs boson 
ouples to fermion mass, the
ross se
tion for the rea
tion e+e� ! H ! all is minute (/ m2e). Withany remotely 
on
eivable luminosity, even the narrowness of a light Higgsboson is not enough to make it visible. This 
ir
umstan
e sets aside atraditional strength of ele
tron-positron 
olliders: pole physi
s. Instead,the most promising rea
tion for Higgs-boson physi
s at an e+e� 
ollider is
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iated produ
tion, e+e� ! HZ ; (3.18)that 
orresponds to the Feynman diagram in �gure 8, whi
h has no small
ouplings. The 
ross se
tion [31℄,� = ��28ps K(K2 + 3M2Z)[1 + (1� 4xW )2℄(s�M2Z)2 x2W (1� xW )2 ; (3.19)where K is the 
.m. momentum of the Higgs boson and xW � sin2 �W ,approa
hes about ten per
ent of �(e+e� ! �+��).Sear
hing in the observable 
hannels of the rea
tion (3.18), the fourLEP 2 experiments are sensitive nearly to the kinemati
al boundaryMmaxH = ps�MZ : (3.20)Re
ent running at ps = 189 GeV leads to upper limits that lie within afew GeV=
2 of MmaxH [32℄. If the Higgs boson is established at LEP 2, itshould be possible to determine its mass within a few hundred MeV=
2 [33℄.

e– e+

Z

Z H

Fig. 8. Lowest-order 
ontributions to the e+e� ! HZ0 s
attering amplitude.Well above threshold, the angular distribution of Higgs produ
tion is
hara
teristi
 of the CP 
hara
ter of the Higgs boson. For the CP-evenstandard-model Higgs boson,1� d�d 
os � / sin2 � ; (3.21)while for a CP-odd Higgs boson, the produ
tion angular distribution is1� d�d 
os � / 1 + 
os2 � : (3.22)



Ele
troweak Symmetry Breaking and the Higgs Se
tor 2163The angular distribution will be a powerful diagnosti
 � on
e a Higgs bosonis observed. For other te
hniques to determine the parity of a Higgs parti
le,see [34℄.3.4.2. e+e� 
ollisions at a linear 
olliderAt e+e� linear 
olliders above the LEP 2 energy s
ale, the most promis-ing rea
tions for the produ
tion of Higgs bosons are (3.18) plus the gauge-boson�fusion rea
tionse+e� ! � ���H (W+W� fusion)e+e�H (Z0Z0 fusion) : (3.23)The 
apabilities of linear 
olliders for the Higgs-boson sear
h (and for a ri
hvariety of other investigations) have been summarized by Murayama andPeskin [35℄ and in the report of the ECFA/DESY Linear Collider WorkingGroup [36℄. Thorough sear
hes and in
isive determinations of Higgs-boson
ouplings are possible. It is plausible that, by measuring the e+e� ! HZex
itation 
urve for a light Higgs boson, MH 
ould be determined as well asMW . A typi
al estimate isÆMH � 60 MeV=
2s100 fb�1L ; for MH = 100 GeV=
2 : (3.24)By shining high-power, high-repetition-rate, eV-energy lasers onto the e+and e� (or e� and e�) beams in a linear 
ollider, it is possible to 
reate a 


ollider with de�nite polarization and useful luminosity. Su
h an instrumentwould be well suited to the study of the formation rea
tion

 ! H ! b�b ; (3.25)with a rate proportional to � (H ! 

)� (H ! b�b)=� (H ! all). Know-ing the b�b bran
hing ratio, one therefore has a dire
t determination of theH ! 

 
oupling, an important diagnosti
 for the physi
s of ele
troweaksymmetry breaking.3.4.3. A �+�� Higgs fa
toryIn 
ommon with the ele
tron, the muon is an elementary lepton at our
urrent limits of resolution. Its energy is not shared among many partons,so the muon is a more e�
ient delivery vehi
le for high energies than is the
omposite proton. Be
ause the muon is so massive, syn
hrotron radiationdoes not represent a barrier to small, high-energy, 
ir
ular ma
hines � as itdoes for ele
trons.



2164 C. QuiggBeyond the suggestion of these pra
ti
al advantages, muons o�er a possi-bly de
isive physi
s advantage. The great sedu
tion of a First Muon Collideris that the 
ross se
tion for the rea
tion �+�� ! H, dire
t-
hannel forma-tion of the Higgs boson, is larger than the 
ross se
tion for e+e� ! H by afa
tor (m�=me)2 � 42; 750. This is a very large fa
tor. The tantalizing ques-tion is whether it is large enough to make possible a �Higgs fa
tory� with theluminosities that may be a
hieved in �+�� 
olliders. In e+e� 
ollisions, aswe have remarked, the s-
hannel formation 
ross se
tion is hopelessly small.That is why the asso
iated-produ
tion rea
tion e+e� ! HZ has be
omethe preferred sear
h mode at LEP 2.The properties of the muon also raise 
hallenges to the 
onstru
tion andexploitation of a �+�� 
ollider. The muon is not free: it doesn't 
ome outof a bottle like the proton or boil o� a metal plate like the ele
tron. On theother hand, it is readily produ
ed in the de
ay � ! ��. Still, gathering largenumbers of muons in a dense beam is a formidable engineering 
hallenge,and the fo
us of mu
h of the R&D e�ort over the next few years. The muonis also not stable, but de
ays with a lifetime of 2.2 �s into �� ! e���e��.We must a
t fast to 
apture, 
ool, a

elerate, and use muons, and must beable to replenish the supply qui
kly. Multiply 2.2 �s by whatever Lorentz(
) fa
tor you like for a muon 
ollider, it is still a very short time.The important possibility that a �+�� 
ollider 
an operate as a Higgsfa
tory has been studied extensively [37, 38℄. If the Higgs boson is light(MH �< 2MW ), and therefore narrow, then the muon's large mass makes itthinkable that the rea
tions�+�� ! H ! b�b and other modeswill o

ur with a large rate that will enable a 
omprehensive study of theproperties of the Higgs boson. We assume that a light Higgs boson hasbeen found, and that its mass has been determined with an un
ertainty of�(100 - 200) MeV=
2 [33℄. Then suppose that an optimized ma
hine is builtwith ps =MH .The muon's mass 
onfers another important instrumental advantage: themomentum spread of a muon 
ollider is naturally small, and 
an be madeextraordinarily small. The Higgs fa
tory [39℄ would operate in two modes:� modest luminosity (0:05 fb�1=year) and high momentum resolution(�p=p = 3� 10�5);� standard luminosity (0:6 fb�1=year) and normal momentum resolution(�p=p = 10�3).At high resolution, the spread in 
.m. energy is 
omparable to the naturalwidth of a light Higgs boson: �ps � a few MeV � � (H ! all). At normal
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tor 2165resolution, �ps � � (H ! all). It is worth remarking that the Higgsfa
tory would be small, with a 
ir
umferen
e of just 380 meters, and thatthe number of turns a muon makes in one lifetime is 820.The �rst order of business is to run in high-resolution mode to determinethe Higgs-boson mass with exquisite pre
ision. The pro
edure 
ontemplatedis to s
an a large number of points (determined by 2�MH=�ps � 100), ea
hwith enough integrated luminosity to establish a three-standard-deviationex
ess. If ea
h point requires an integrated luminosity 0:0015 fb�1, thenthe s
an requires 100� 0:0015 fb�1 = 0:15 fb�1, about three nominal yearsof running. The reward is that, after the s
an, the Higgs-boson mass willbe known with an un
ertainty of �MH � �ps � 2 MeV=
2, whi
h is quitestunning.Extended running in the form of a three-point s
an of the Higgs-bosonline at ps = MH ;MH � �ps would then make possible an unparalleledexploration of Higgs-boson properties. With an integrated luminosity of0:4 fb�1 one may 
ontemplate pre
isions of �MH � 0:1 MeV=
2, ��H �0:5 MeV � 16�H , �(� �B(H ! b�b)) � 3%, and �(� �B(H !WW ?)) � 15%.These are impressive measurements indeed. The width of the putativeHiggs boson is an important dis
riminant for supersymmetry, for it 
anrange from the standard-model value to 
onsiderably larger values. Withinthe minimal supersymmetri
 extension of the standard model (MSSM), theratio of the b�b and WW ? yields is essentially determined by MA, the massof the CP-odd Higgs boson. In the de
oupling limit, MA ! 1, the MSSMreprodu
es the standard-model ratio. Deviations indi
ate that A is light.In the most optimisti
 s
enario, this measurement 
ould determine MA wellenough to guide the development of a se
ond (CP-odd) Higgs fa
tory usingthe rea
tion �+�� ! A.Again, these remarkable measurements exa
t a high pri
e. At a luminos-ity of 0:05 fb�1=year, it takes 8 years to a

umulate 0:40 fb�1 after the s
anto determine MH within ma
hine resolution. It is plain that this programbe
omes 
onsiderably more 
ompelling if the Higgs-fa
tory luminosity 
anbe raised by a fa
tor of 2 or 3 � or more! Let us note �nally that the �uxof de
ay ele
trons 
hallenges the operation of sili
on dete
tors 
lose to theintera
tion point [40℄.3.4.4. �pp 
ollisions at the TevatronThe 
ross se
tions for Higgs-boson produ
tion at the Tevatron are shownin �gure 9 [41℄. The values � no larger than a few pi
obarns � highlightthe need for large integrated luminosity and favorable bran
hing fra
tions.At the same time, many pro
esses be
ome a

essible on
e the integratedluminosity ex
eeds a few fb�1.
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tions for Higgs-boson produ
tion in 2-TeV �pp 
ollisions, fromRef. [41℄.The most promising 
hannel for sear
hes at the Tevatron will be theb�b mode, for whi
h the bran
hing fra
tion ex
eeds about 50% throughoutthe region preferred by supersymmetry and the pre
ision ele
troweak data.At the Tevatron, the dire
t produ
tion of a light Higgs boson in gluon-gluon fusion gg ! H ! b�b is swamped by the ordinary QCD produ
tionof b�b pairs. Even with an integrated luminosity of 30 fb�1, the experimentsanti
ipate only < 1-� ex
ess, with plausible invariant-mass resolution. Itwill be possible to 
alibrate the b�b mass resolution over the region of theHiggs sear
h in Run II, whi
h aims to a

umulate 2 fb�1: the ele
troweakprodu
tion of Z0 ! b�b should stand well above ba
kground and be 
learlyobservable in Run II [42℄.The high ba
kground in the b�b 
hannel means that spe
ial topologiesmust be employed to improve the ratio of signal to ba
kground and the sig-ni�
an
e of an observation. The high luminosities that 
an be 
ontemplatedfor a future run argue that the asso
iated-produ
tion rea
tions�pp ! HW + anythingjj j! `�j! b�b (3.26)and �pp ! HZ + anythingjj j! `+`� + ���j! b�b (3.27)are plausible 
andidates for a Higgs dis
overy at the Tevatron [43℄.



Ele
troweak Symmetry Breaking and the Higgs Se
tor 2167The prospe
ts for exploiting these topologies were explored in detail in
onne
tion with the Run II Supersymmetry / Higgs Workshop at Fermi-lab [44℄. Taking into a

ount what is known, and what might 
onservativelybe expe
ted, about sensitivity, mass resolutions, and ba
kground reje
tion,these investigations show that it is unlikely that a standard-model Higgsboson 
ould be observed in Tevatron Run II. (Note, however, that the abil-ity to use W ! q�q de
ays would markedly in
rease the sensitivity.) Theprospe
ts are mu
h brighter for Run III. Indeed, the sensitivity to a lightHiggs boson is what motivates the integrated luminosity of 30 fb�1 spe
i�edfor Run III.The dete
tion strategy evolved in the Supersymmetry/Higgs Workshopinvolves 
ombining the HZ and HW signatures of (3.26) and (3.27), andadding the data from the CDF and DØ dete
tors. Prospe
ts are summarizedin �gure 10, whi
h shows as a fun
tion of the Higgs-boson mass the lumi-nosity required for ex
lusion at 95% 
on�den
e level (dashed line), three-standard-deviation eviden
e (thin solid line), and �ve-standard-deviationdis
overy (thi
k solid line). We see that an integrated luminosity of 2 fb�1,expe
ted in Run II, is insu�
ient for a 
onvin
ing observation of a standard-model Higgs boson with a mass too large to be observed at LEP 2. However,a 95% CL ex
lusion is possible up to about 125 GeV=
2. On the other hand,about 10 fb�1 would permit detailed study of a standard-model Higgs bosondis
overed at LEP 2. If the Higgs boson lies beyond the rea
h of LEP 2,MH �>(100�105) GeV=
2, then a 5-� dis
overy will be possible in a future RunIII of the Tevatron (30 fb�1) for masses up to about (125�130) GeV=
2. This

Fig. 10. Integrated luminosity proje
ted for the dete
tion of a standard-modelHiggs boson at the Tevatron Collider.



2168 C. Quiggprospe
t is the most powerful in
entive we have for Run III. Over the rangeof masses a

essible in asso
iated produ
tion at the Tevatron, it should bepossible to determine the mass of the Higgs boson to �(1�3) GeV=
2.Re
ent studies [45℄ suggest that it may be possible to extend the rea
h ofthe Tevatron signi�
antly by making use of the real-W�virtual-W (WW �)de
ay modes for Higgs boson produ
ed in the elementary rea
tion gg ! H.As we saw in the dis
ussion leading up to �gure 6, theWW � 
hannel has thelargest bran
hing fra
tion for MH �> 140 GeV=
2. A

ording to the analysissummarized in �gure 10, the large 
ross se
tion � bran
hing fra
tion ofthe gg ! H !WW � mode extends the 3-� dete
tion sensitivity of Run IIIinto the region 145 GeV=
2�<MH �< 180 GeV=
2. This is an extremely ex
itingopportunity, and it is important that theWW � proposal re
eive independent
riti
al analysis. For the moment, it appears that the determination of theHiggs-boson mass would have limited pre
ision, perhaps ÆMH � 30 GeV=
2[46℄. This question also requires additional study.3.4.5. pp 
ollisions at the LHCMany signi�
ant advan
es have informed preparations for experimentsat the Large Hadron Collider. These in
lude new or enhan
ed dete
tor
omponents and improved integration of individual elements into a high-performan
e dete
tor, re�ned Monte Carlo tools, the evolution of new te
h-niques for 
omputing multiparton amplitudes, and progress in a

eleratorte
hnology. The 
apabilities of the LHC experiments to sear
h for, andstudy, the Higgs boson are thoroughly do
umented in the Te
hni
al Propos-als [47℄. I will 
on�ne myself here to a few summary 
omments.A 5-� dis
overy is possible up to MH � 800 GeV=
2 in a 
ombination ofthe 
hannels H ! Z Zjj j! `+`�j! `+`�; (3.28)H Wjj j! b�bj! `� (3.29)and H ! 

 or perhaps �+��:



Ele
troweak Symmetry Breaking and the Higgs Se
tor 2169The rea
h of LHC experiments 
an be extended by making use of the 
han-nels H ! Z Zjj j! `+`� or ���j! jet jet; (3.30)and H ! W Wjj j! `�j! jet jet: (3.31)For Higgs-boson masses below about 300 GeV=
2, it should be possible todetermine the Higgs mass to 100-300 MeV=
2 [33℄. For a re
ent expositionof the prospe
ts for Higgs-boson sear
hes from LEP to the LHC, see thele
tures by Dittmar [48℄.4. Higgs physi
s beyond the Standard ModelIn this �nal le
ture, I want to review some indi
ations for physi
s beyondthe standard model, and explore some possibilities for the new phenomenawe might en
ounter. To begin, I want to revisit a longstanding, but usuallyunspoken, 
hallenge to the 
ompleteness of the ele
troweak theory as wehave de�ned it: the va
uum energy problem. I do so not only for its intrinsi
interest, but also to raise the question, �Whi
h problems of 
ompleteness and
onsisten
y do we worry about at a given moment?� It is perfe
tly a

eptables
ien
e � indeed, it is often essential � to put 
ertain problems aside, inthe expe
tation that we will return to them at the right moment. What isimportant is never to forget that the problems are there, even if we do notallow them to paralyze us. Then I will return to the signi�
an
e of the 1-TeVs
ale, and move on to brief 
omments on supersymmetry and te
hni
olor.The �nal topi
 of this le
ture is the problem of fermion masses, whi
h isundoubtedly linked to the question of ele
troweak symmetry breaking, but
alls for new insights that will go beyond the standard model.4.1. The va
uum energy problemFor our simple 
hoi
e (2.14) of the Higgs potential, the value of thepotential at the minimum isV (h�y�i0) = �2v24 = �j�j v44 < 0: (4.1)



2170 C. QuiggIdentifying M2H = �2�2, we see that the Higgs potential 
ontributes a �eld-independent 
onstant term, %H � M2Hv28 : (4.2)I have 
hosen the notation %H be
ause the 
onstant term in the Lagrangianplays the role of a va
uum energy density. When we 
onsider gravitation,adding a va
uum energy density %va
 is equivalent to adding a 
osmologi
al
onstant term to Einstein's equation. Although re
ent observations [49℄ raisethe intriguing possibility that the 
osmologi
al 
onstant may be di�erentfrom zero, the essential observational fa
t is that the va
uum energy densitymust be very tiny indeed [50℄,%va
�< 10�46 GeV4 : (4.3)Therein lies the puzzle: if we take v = (GFp2)� 12 � 246 GeV from (2.17)and insert the 
urrent experimental lower bound [32℄ MH �> 95 GeV=
2 into(4.2), we �nd that the 
ontribution of the Higgs �eld to the va
uum energydensity is %H �> 7:6� 107 GeV4; (4.4)some 54 orders of magnitude larger than the upper bound inferred from the
osmologi
al 
onstant.What are we to make of this mismat
h, whi
h has been apparent[51�54℄ for nearly a quarter of a 
entury? The fa
t that %H � %va
 meansthat the smallness of the 
osmologi
al 
onstant needs to be explained. In auni�ed theory of the strong, weak, and ele
tromagneti
 intera
tions, other(heavy!) Higgs �elds have nonzero va
uum expe
tation values that may giverise to still greater mismat
hes. At a fundamental level, we 
an therefore
on
lude that a spontaneously broken gauge theory of the strong, weak, andele
tromagneti
 intera
tions � or merely of the ele
troweak intera
tions �
annot be 
omplete. Either we must �nd a separate prin
iple that zeroesthe va
uum energy density of the Higgs �eld, or we may suppose that aproper quantum theory of gravity, in 
ombination with the other intera
-tions, will resolve the puzzle of the 
osmologi
al 
onstant. In an interestingpaper that pre�gured the idea of �large� extra dimensions, van der Bij [55℄has argued that be
ause gravity and the Higgs �eld are both universal, theymust be linked, perhaps in a spontaneously broken gravity in whi
h thestandard-model Higgs boson is the origin of the Plan
k mass.The va
uum energy problem must be an important 
lue. But to what?
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troweak Symmetry Breaking and the Higgs Se
tor 21714.2. Why is the ele
troweak s
ale small?In the �rst two le
tures, we have outlined the ele
troweak theory, em-phasized that the need for a Higgs boson (or substitute) is quite general,and reviewed the properties of the standard-model Higgs boson. By 
onsid-ering a thought experiment, gauge-boson s
attering at very high energies,we found a �rst signal for the importan
e of the 1-TeV s
ale. Now, let usexplore another path to the 1-TeV s
ale.The SU(2)L 
U(1)Y ele
troweak theory does not explain how the s
aleof ele
troweak symmetry breaking is maintained in the presen
e of quantum
orre
tions. The problem of the s
alar se
tor 
an be summarized neatly asfollows [56℄. The Higgs potential isV (�y�) = �2(�y�) + j�j (�y�)2 : (4.5)With �2 
hosen to be less than zero, the ele
troweak symmetry is sponta-neously broken down to the U(1) of ele
tromagnetism, as the s
alar �elda
quires a va
uum expe
tation value that is �xed by the low-energy phe-nomenology, h�i0 =p��2=2j�j � (GFp8)�1=2 � 175 GeV : (4.6)Beyond the 
lassi
al approximation, s
alar mass parameters re
eivequantum 
orre
tions from loops that 
ontain parti
les of spins J = 1; 1=2,and 0:
++

J=1 J=1/2 J=0

m
2
(p

2
) = m

0

2
+ (4.7)The loop integrals are potentially divergent. Symboli
ally, we may summa-rize the 
ontent of (4.7) asm2(p2) =m2(�2) + Cg2 �2Zp2 dk2 + � � � ; (4.8)where � de�nes a referen
e s
ale at whi
h the value of m2 is known, gis the 
oupling 
onstant of the theory, and the 
oe�
ient C is 
al
ulablein any parti
ular theory. Instead of dealing with the relationship betweenobservables and parameters of the Lagrangian, we 
hoose to des
ribe thevariation of an observable with the momentum s
ale. In order for the massshifts indu
ed by radiative 
orre
tions to remain under 
ontrol (i.e., not togreatly ex
eed the value measured on the laboratory s
ale), either � must



2172 C. Quiggbe small, so the range of integration is not enormous, or new physi
s mustintervene to 
ut o� the integral.If the fundamental intera
tions are des
ribed by an SU(3)
 
 SU(2)L 
U(1)Y gauge symmetry, i.e., by quantum 
hromodynami
s and the ele
-troweak theory, then the natural referen
e s
ale is the Plan
k mass,� �MPlan
k = � ~
GNewton�1=2 � 1:22 � 1019 GeV : (4.9)In a uni�ed theory of the strong, weak, and ele
tromagneti
 intera
tions,the natural s
ale is the uni�
ation s
ale,� �MU � 1015�1016 GeV : (4.10)Both estimates are very large 
ompared to the s
ale of ele
troweak symmetrybreaking (4.6). We are therefore assured that new physi
s must interveneat an energy of approximately 1 TeV, in order that the shifts in m2 not bemu
h larger than (4.6).Only a few distin
t s
enarios for 
ontrolling the 
ontribution of the in-tegral in (4.8) 
an be envisaged. The supersymmetri
 solution is espe
iallyelegant. Exploiting the fa
t that fermion loops 
ontribute with an over-all minus sign (be
ause of Fermi statisti
s), supersymmetry balan
es the
ontributions of fermion and boson loops. In the limit of unbroken super-symmetry, in whi
h the masses of bosons are degenerate with those of theirfermion 
ounterparts, the 
an
ellation is exa
t:Xi= fermions+bosons Ci Z dk2 = 0 : (4.11)If the supersymmetry is broken (as it must be in our world), the 
ontributionof the integrals may still be a

eptably small if the fermion-boson masssplittings �M are not too large. The 
ondition that g2�M2 be �smallenough� leads to the requirement that superpartner masses be less thanabout 1 TeV=
2.A se
ond solution to the problem of the enormous range of integration in(4.8) is o�ered by theories of dynami
al symmetry breaking su
h as te
hni-
olor. In te
hni
olor models, the Higgs boson is 
omposite, and new physi
sarises on the s
ale of its binding, �TC ' O(1 TeV). Thus the e�e
tive rangeof integration is 
ut o�, and mass shifts are under 
ontrol.A third possibility is that the gauge se
tor be
omes strongly intera
t-ing. This would give rise to WW resonan
es, multiple produ
tion of gaugebosons, and other new phenomena at energies of 1 TeV or so. It is likely
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troweak Symmetry Breaking and the Higgs Se
tor 2173that a s
alar bound state � a quasi-Higgs boson � would emerge with amass less than about 1 TeV=
2 [57℄.We 
annot avoid the 
on
lusion that some new physi
s must o

ur onthe 1-TeV s
ale. 4.3. SupersymmetryThe sear
h for supersymmetry was dis
ussed extensively here in SierraNevada by Daniel Treille [58℄ and Daniel Denegri, so I will restri
t myselfto a few general remarks about the motivation for supersymmetry on theele
troweak s
ale, and its 
onne
tion with string theory [59�61℄.One of the best phenomenologi
al motivations for supersymmetry on the1-TeV s
ale is that the minimal supersymmetri
 extension of the standardmodel so 
losely approximates the standard model itself. A ni
e illustra-tion of the small di�eren
es between predi
tions of supersymmetri
 modelsand the standard model is the 
ompilation of pulls prepared by Erler andPier
e [62℄, whi
h is shown in �gure 11. This is a nontrivial property of newphysi
s beyond the standard model, and a requirement urged on us by theunbroken quantitative su

ess of the established theory. On the aestheti
� or theoreti
al � side, supersymmetry is the maximal � indeed, unique� extension of Poin
aré invarian
e. It also o�ers a path to the in
orpo-ration of gravity, sin
e lo
al supersymmetry leads dire
tly to supergravity.As a pra
ti
al matter, supersymmetry on the 1-TeV s
ale o�ers a solutionto the naturalness problem, and allows a fundamental s
alar to exist at lowenergies.When we 
ombine supersymmetry with uni�
ation of the fundamentalfor
es, we obtain a satisfa
tory predi
tion for the weak mixing parameter,sin2 �W , and a simple pi
ture of 
oupling-
onstant uni�
ation [63℄. Addingan assumption of universality, we are led naturally to a pi
ture in whi
h thetop mass is linked with the ele
troweak s
ale, so that mt � v=p2. Finally,the assumption ofR-parity leads to a stable lightest supersymmetri
 parti
le,whi
h is a natural 
andidate for the dark matter of the Universe.Supersymmetry doubles the spe
trum of fundamental parti
les. Weknow that supersymmetry must be signi�
antly broken in Nature, be
ausethe ele
tron is manifestly not degenerate in mass with its s
alar partner,the sele
tron. It is interesting to 
ontemplate just how di�erent the worldwould have been if the sele
tron, not the ele
tron, were the lightest 
hargedparti
le and therefore the stable basis of everyday matter [64℄. If atomswere sele
troni
, there would be no Pauli prin
iple to di
tate the integrityof mole
ules. As Dyson [65℄ and Lieb [66℄ demonstrated, transforming ele
-trons and nu
leons from fermions to bosons would 
ause all mole
ules toshrink into an insatiable undi�erentiated blob. Lu
kily, there is no analogue
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Fig. 11. The range of best �t predi
tions of pre
ision observables in the supergravitymodel (upper horizontal lines), the 5 � 5� gauge-mediated model (middle lines),the 10�10� gauge-mediated model (lower lines), and in the standard model at itsglobal best �t value (verti
al lines), in units of standard deviation, from Ref. [62℄.of 
hiral symmetry to guarantee naturally small squark and slepton masses.So while supersymmetry mena
es us with an amorphous death, it is likelythat a full understanding of supersymmetry will enable us to explain whywe live in a universe ruled by the ex
lusion prin
iple.Many theorists take a step beyond supersymmetry to string theory, theonly known 
onsistent theory of quantum gravity [67, 68℄. String theoryaspires to unite all the fundamental intera
tions in one (and only one?)theory with few free parameters. If su

essful, this program might explainthe standard-model gauge group, uni�ed extensions to the SU(3)

SU(2)L
U(1)Y gauge symmetry, and the fermion 
ontent of the standard model. Thede�ning ambition of string theory is to re
on
ile quantum me
hani
s andthe impli
ations of the un
ertainty prin
iple with general relativity and itsguiding notion of a smooth spa
etime.String theory makes several generi
 predi
tions for physi
s beyond thestandard model: additional U(1) subgroups of the unifying group lead tonew gauge bosons, and additional 
olored fermions augment the spe
trumof fundamental 
onstituents. It also requires general relativity and, for 
on-
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troweak Symmetry Breaking and the Higgs Se
tor 2175sisten
y, extra spa
etime dimensions, some of whi
h might be dete
tablylarge [69�72℄. And string theory requires supersymmetry, though not ne
es-sarily on the 1-TeV s
ale.In spite of what doubters often say, there is experimental support forstring theory from a

elerator experiments. Superstrings predi
ted gravityin 1974 [73℄, and LEP a

elerator physi
ists dete
ted tidal for
es in 1993 [74℄.What more empiri
al eviden
e 
ould one demand?In a supersymmetri
 theory, two Higgs doublets are required to givemasses to fermions with weak isospin I3 = 12 and I3 = �12 . Let us designatethe two doublets as �1 and �2. Before supersymmetry is broken, the s
alarpotential has the formV = �2(�21 + �22) + g2 + g028 (�21 + �22)2 + g22 j��1 � �2j2 : (4.12)By adding all possible soft supersymmetry-breaking terms, we raise the pos-sibility that the ele
troweak symmetry will be broken. We 
hooseh�1i0 = v1 > 0 ;h�2i0 = v2 > 0 ; (4.13)with v21 + v22 = v2 and v2v1 � tan � : (4.14)After the W� and Z0 a
quire masses, �ve spin-zero degrees of freedomremain as massive spin-zero parti
les: the lightest s
alar h0, a heavier neutrals
alar H0, two 
harged s
alars H�, and a neutral pseudos
alar A0. At treelevel, we may express all the (pseudo)s
alar masses in terms of MA andtan �, to �ndM2h0;H0 = 12 nM2A +M2Z � �(M2A +M2Z)2 � 4M2AM2Z 
os2 2��1=2o ; (4.15)and M2H� =M2W +M2A : (4.16)At tree level, there is a simple mass hierar
hy, given byMh0 < MZ j 
os 2�jMH0 > MZMH� > MW ; (4.17)but there are very important positive loop 
orre
tions to M2h0 (proportionalto GFm4t ) that were overlooked in the earliest 
al
ulations. These loop
orre
tions 
hange the mass predi
tions very signi�
antly.



2176 C. QuiggThe results of a full, modern 
al
ulation [75℄ are shown in �gure 12.There we see that the mass of the lightest Higgs s
alar is largest for largevalues of the pseudos
alar mass MA and in the limit of large tan�.
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Ele
troweak Symmetry Breaking and the Higgs Se
tor 2177Be
ause the minimal supersymmetri
 standard model (MSSM) impliesupper bounds on the mass of the lightest s
alar h0, it sets attra
tive tar-gets for experiment. Two su
h upper bounds are shown as fun
tions ofthe top-quark mass in �gure 13. The large-tan � limit of a general MSSMyields the upper 
urve; an infrared-�xed-point s
heme with b-� uni�
ationprodu
es an upper bound 
hara
terized by the lower 
urve. The verti
alband shows the 
urrent information on mt. We see that the proje
ted sen-sitivity of LEP 2 experiments 
overs the full range of lightest-Higgs massesthat o

ur in the infrared-�xed-point s
heme. The sensitivity promised byRun III of the Tevatron gives full 
overalge of h0 masses in the MSSM.These are very intriguing experimental possibilities. For further dis
ussion,
onsult the LEP 2 Yellow Book [75℄ and the Pro
eedings of the TevatronSupersymmetry/Higgs Workshop [44℄.4.4. New strong dynami
sDynami
al symmetry breaking o�ers a di�erent solution to the natu-ralness problem of the ele
troweak theory: in te
hni
olor, there are no el-ementary s
alars. We hope that solving the dynami
s that binds elemen-tary fermions into a 
omposite Higgs boson and other WW resonan
es willbring addition predi
tive power. It is worth saying that te
hni
olor is afar more ambitious program than global supersymmetry. It doesn't merelyseek to �nesse the hierar
hy problem, it aims to predi
t the mass of theHiggs surrogate. Against the aestheti
 appeal of supersymmetry we 
anweigh te
hni
olor's ex
ellent pedigree. As we have seen in Se
tion 2.1, theHiggs me
hanism of the standard model is the relativisti
 generalization ofthe Ginzburg�Landau des
ription of the super
ondu
ting phase transition.Dynami
al symmetry breaking s
hemes � te
hni
olor and its relatives �are inspired by the Bardeen�Cooper�S
hrie�er theory of super
ondu
tivity,and seek to give a similar mi
ros
opi
 des
ription of ele
troweak symmetrybreaking.The dynami
al-symmetry-breaking approa
h realized in te
hni
olor the-ories is modeled upon our understanding of the super
ondu
ting phase tran-sition [77�79℄. The ma
ros
opi
 order parameter of the Ginzburg�Landauphenomenology 
orresponds to the wave fun
tion of super
ondu
ting 
harge
arriers, whi
h a
quires a nonzero va
uum expe
tation value in the super-
ondu
ting state. The mi
ros
opi
 Bardeen�Cooper�S
hrie�er theory [80℄identi�es the dynami
al origin of the order parameter with the formationof bound states of elementary fermions, the Cooper pairs of ele
trons. Thebasi
 idea of te
hni
olor is to repla
e the elementary Higgs boson with afermion-antifermion bound state. By analogy with the super
ondu
tingphase transition, the dynami
s of the fundamental te
hni
olor gauge inter-
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tions among te
hnifermions generate s
alar bound states, and these playthe role of the Higgs �elds.The elementary fermions � ele
trons � and gauge intera
tions � QED� needed to generate the s
alar bound states are already present in the
ase of super
ondu
tivity. Could a s
heme of similar e
onomy a

ount forthe transition that hides the ele
troweak symmetry? Consider an SU(3)
 
SU(2)L
U(1)Y theory of massless up and down quarks. Be
ause the strongintera
tion is strong, and the ele
troweak intera
tion is feeble, we may treatthe SU(2)L 
 U(1)Y intera
tion as a perturbation. For vanishing quarkmasses, QCD has an exa
t SU(2)L
SU(2)R 
hiral symmetry. At an energys
ale � �QCD; the strong intera
tions be
ome strong, fermion 
ondensatesappear, and the 
hiral symmetry is spontaneously broken to the familiar�avor symmetry: SU(2)L 
 SU(2)R ! SU(2)V : (4.18)Three Goldstone bosons appear, one for ea
h broken generator of the original
hiral invarian
e. These were identi�ed by Nambu [81℄ as three masslesspions.The broken generators are three axial 
urrents whose 
ouplings to pionsare measured by the pion de
ay 
onstant f�. When we turn on the SU(2)L
U(1)Y ele
troweak intera
tion, the ele
troweak gauge bosons 
ouple to theaxial 
urrents and a
quire masses of order � gf�. The mass-squared matrix,M2 = 0BB� g2 0 0 00 g2 0 00 0 g2 gg00 0 gg0 g02 1CCA f2�4 ; (4.19)(where the rows and 
olumns 
orrespond to W+, W�, W3, and A) has thesame stru
ture as the mass-squared matrix for gauge bosons in the standardele
troweak theory. Diagonalizing the matrix (4.19), we �nd that M2W =g2f2�=4 and M2Z = (g2 + g02)f2�=4, so thatM2ZM2W = (g2 + g02)g2 = 1
os2 �W : (4.20)The photon emerges massless.The massless pions thus disappear from the physi
al spe
trum, hav-ing be
ome the longitudinal 
omponents of the weak gauge bosons. Un-fortunately, the mass a
quired by the intermediate bosons is far smallerthan required for a su

essful low-energy phenomenology; it is only [82℄MW � 30 MeV=
2.The minimal te
hni
olor model of Weinberg [83℄ and Susskind [84℄ tran-s
ribes the same ideas from QCD to a new setting. The te
hni
olor gauge
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troweak Symmetry Breaking and the Higgs Se
tor 2179group is taken to be SU(N)TC (usually SU(4)TC), so the gauge intera
tionsof the theory are generated bySU(4)TC 
 SU(3)
 
 SU(2)L 
U(1)Y : (4.21)The te
hnifermions are a 
hiral doublet of massless 
olor singlets� UD �L UR; DR : (4.22)With the ele
tri
 
harge assignments Q(U) = 12 and Q(D) = �12 , the theoryis free of ele
troweak anomalies. The ordinary fermions are all te
hni
olorsinglets.In analogy with our dis
ussion of 
hiral symmetry breaking in QCD, weassume that the 
hiral TC symmetry is broken,SU(2)L 
 SU(2)R 
U(1)V ! SU(2)V 
U(1)V : (4.23)Three would-be Goldstone bosons emerge. These are the te
hnipions�+T ; �0T ; ��T ; (4.24)for whi
h we are free to 
hoose the te
hnipion de
ay 
onstant asF� = �GFp2��1=2 = 246 GeV : (4.25)This amounts to 
hoosing the s
ale on whi
h te
hni
olor be
omes strong.When the ele
troweak intera
tions are turned on, the te
hnipions be
ome thelongitudinal 
omponents of the intermediate bosons, whi
h a
quire massesM2W = g2F 2�=4 = ��GFp2 sin2 �WM2Z = �g2 + g02�F 2�=4 = M2W = 
os2 �W ; (4.26)that have the 
anoni
al Standard Model values, thanks to our 
hoi
e (4.25)of the te
hnipion de
ay 
onstant.Te
hni
olor shows how the generation of intermediate boson masses 
ouldarise without fundamental s
alars or unnatural adjustments of parameters.It thus provides an elegant solution to the naturalness problem of the Stan-dard Model. However, it has a major de�
ien
y: it o�ers no explanationfor the origin of quark and lepton masses, be
ause no Yukawa 
ouplingsare generated between Higgs �elds and quarks or leptons. Consequently,te
hni
olor serves as a reminder that there are two problems of mass: ex-plaining the masses of the gauge bosons, whi
h demands an understanding



2180 C. Quiggof ele
troweak symmetry breaking; and a

ounting for the quark and leptonmasses, whi
h requires not only an understanding of ele
troweak symmetrybreaking but also a theory of the Yukawa 
ouplings that set the s
ale offermion masses in the standard model. We 
an be 
on�dent that the originof gauge-boson masses will be understood on the 1-TeV s
ale. We do notknow where we will de
ode the pattern of the Yukawa 
ouplings; I des
ribea possible approa
h in �4.5.To generate fermion mass, we may embed te
hni
olor in a larger extendedte
hni
olor gauge group GETC � GTC that 
ouples the quarks and leptonsto te
hnifermions [85℄. If the GETC gauge symmetry is broken down to GTCat a s
ale �ETC, then the quarks and leptons 
an a
quire massesm � g2ETCF 3��2ETC : (4.27)The generation of fermion mass is where all the experimental threats to te
h-ni
olor arise. The ri
h parti
le 
ontent of ETC models generi
ally leads toquantum 
orre
tions that are in 
on�i
t with pre
ision ele
troweak measure-ments [86℄. Moreover, if quantum 
hromodynami
s is a good model for the
hiral-symmetry breaking of te
hni
olor, then extended te
hni
olor produ
es�avor-
hanging neutral 
urrents at un
omfortably large levels. We 
on
ludethat QCD must not provide a good template for the te
hni
olor intera
tion.How 
ould TC dynami
s be di�erent from QCD dynami
s? Most modernimplementations of dynami
al symmetry breaking invoke multiple s
ales [87℄to re
on
ile the generation of fermion masses with the 
onstraints on �avor-
hanging neutral 
urrents. In traditional ETC, the TC intera
tion is pre
o-
iously asympototi
ally free. If instead the te
hni
olor intera
tion remainsstrong all the way from F� to �ETC, the link (4.27) between F�, �ETC, andfermion masses is modi�ed to m � g2ETCF 2��ETC ; (4.28)so that the s
ale �ETC that produ
es the observed fermion masses 
anbe mu
h larger than before. A high ETC s
ale in turn suppresses �avor-
hanging neutral-
urrent pro
esses to a

eptable levels.How 
ould the � fun
tion of the te
hni
olor intera
tion be small over abroad range of energy s
ales? To 
an
el the antis
reening 
ontribution ofgauge bosons, it is ne
essary to introdu
e either many fermions, or fermionsin higher representations of the gauge group. Adding more fermions enlargesthe 
hiral symmetries and thus in
reases the number of (pseudo-)Goldstonebosons that arise. The enri
hed spe
trum of su
h a model 
ould 
ontain lightresonan
es. Ei
hten, Lane, and Womersley [88℄ have investigated a model
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troweak Symmetry Breaking and the Higgs Se
tor 2181in whi
h the mesons built of te
hniquarks are relatively light. The spe
trumin
ludes te
hnipions �+T , �0T, and ��T with masses around 100 GeV=
2, andte
hnive
tor mesons �T and !T with masses around 250 GeV=
2. They haveshown that new signatures, !T ! 
�0Tj! b�b (4.29)and �+T ! W+�0Tj! b�b (4.30)hold promise for in
isive sear
hes in Run II of the Tevatron Collider.4.5. The problem of fermion massesThe example of te
hni
olor serves to emphasize that solving the origin ofele
troweak symmetry breaking will not ne
essarily give us insight into theorigin of fermion masses. How are we to make sense of the puzzling patternof quark masses, for example, shown in �gure 14?Like 
oupling 
onstants, masses depend upon the momentum s
ale onwhi
h they are de�ned. The values plotted in �gure 14 are de�ned in themodi�ed�minimal-subtra
tion (MS) s
heme, and evaluated at the mass ofea
h quark (for 
; b; t) or at 1 GeV (for u; d; s).

Fig. 14. Running masses [mq(mq)℄ of the quarks in the MS s
heme.



2182 C. QuiggThe running of quark and lepton masses makes it evident that the patternwe per
eive in our low-energy experiments is in�uen
ed not only by theunderlying pattern, but also by the evolution from the s
ale on whi
h massesare set down to our s
ale. It is then no surprise that the pattern we dis
ernseems irrational. Perhaps an underlying order might show itself on someother s
ale.It is helpful to examine this idea in a spe
i�
 framework. A simple and
onvenient example is provided by the SU(5) uni�ed theory of quarks andleptons, and of the strong, weak, and ele
tromagneti
 intera
tions. In theSU(5) theory, spontaneous symmetry breaking o

urs in two steps. First, a24 of s
alars breaksSU(5)! SU(3)
 
 SU(2)L 
U(1)Y ; (4.31)and gives extremely large masses to the leptoquark gauge bosons X�4=3 andY �1=3. The 24 does not o

ur in the �LR produ
ts5� 
 10 = 5� 4510
 10 = 5� � 45� � 50� (4.32)that generate fermion masses, so the quarks and leptons es
ape large massesat tree level. In a se
ond step, a 5 of s
alars (whi
h 
ontains the standard-model Higgs doublet) breaksSU(3)
 
 SU(2)L 
U(1)Y ! SU(3)
 
U(1)em ; (4.33)and endows the fermions with mass. This pattern of spontaneous symmetrybreaking relates quark and lepton masses at the uni�
ation s
ale, predi
tingthat me = mdm� = msm� = mb 9=; at the uni�
ation s
ale MU : (4.34)The masses of the 
harge-23 quarks, mu, m
, mt, are separate parameters.Within the SU(5) framework, it is straightforward to 
ompute the evo-lution of the masses fromMU to another s
ale � [89℄. In leading logarithmi
approximation, we �nd thatln [mu;
;t(�)℄ � ln [mu;
;t(MU )℄ + 1233� 2nf ln��3(�)�U �+ 2788� 8nf ln��2(�)�U �� 310nf ln��1(�)�U � ; (4.35)
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troweak Symmetry Breaking and the Higgs Se
tor 2183ln [md;s;b(�)℄ � ln [md;s;b(MU )℄ + 1233� 2nf ln��3(�)�U �+ 2788� 8nf ln��2(�)�U �+ 320nf ln��1(�)�U � ; (4.36)and ln [me;�;� (�)℄ � ln [me;�;� (MU )℄+ 2788� 8nf ln��2(�)�U �� 2720nf ln��1(�)�U � ; (4.37)where nf is the number of quark or lepton �avors. The running of thequark masses re
eives 
ontributions from the 
olor, weak-isospin, and weak-hyper
harge intera
tions, whereas the 
olor for
e does not in�uen
e the evo-lution of lepton masses. A

ordingly, the quark masses run signi�
antly,while the lepton masses run mu
h less. [To simplify a bit, I have omittedthe Higgs-boson 
ontributions, whi
h are important in the 
ase of the heavytop quark2℄.The 
lassi
 intriguing predi
tion of the SU(5) theory involves the massesof the b quark and the � lepton, whi
h are degenerate at the uni�
ationpoint. To 
ompare mb and m� on other s
ales, we 
ombine (4.36) and (4.37)to writeln�mb(�)m� (�)� � ln�mb(MU )m� (MU )�+ 1233� 2nf ln��3(�)�U �� 32nf ln��1(�)�U � : (4.38)The �rst term on the right-hand side vanishes, a

ording to (4.34). If we
onsider the 
ase nf = 6 with 1=�U = 40, 1=�s(�) = 5, and 1=�1(�) = 65,the evolution of mb and m� is shown in �gure 15. At the low s
ale, we
ompute mb = 2:91m� � 5:16 GeV=
2 ; (4.39)in suggestive agreement with what we know from experiment. The samepro
edure would lead to predi
tions for the �rst and se
ond generations, ata s
ale � � 1 GeV, namely msmd|{z} = m�me|{z}� 20 � 200 ; (4.40)whi
h is less su

essful.2 A proper treatment would also take a

ount of fermion (espe
ially top!) thresholde�e
ts, and of the large Ht�t 
ouplings [90℄.
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Fig. 15. Evolution of the � -lepton and b-quark masses from the uni�
ation s
ale tolow energies.A more elaborate symmetry-breaking s
heme � for example, adding a45 of s
alars � 
an 
hange the relationship between the ele
tron mass andthe down-quark mass at the uni�
ation s
ale. A s
heme that results inms = 13m�; md = 3me at MU (4.41)leads to the low-energy predi
tionsms � 43m�md � 12me � at � � 1 GeV : (4.42)In the 1990s, this kind of analysis has given rise to a new 
ottage in-dustry for understanding the pattern of fermion masses � in
luding neu-trino masses. Begin with a plausible uni�ed theory, e.g., supersymmetri
SU(5), with its advantages for 
oupling-
onstant uni�
ation and the low-energy predi
tion for the weak mixing parameter sin2 �W , or supersymmetri
SO(10), to in
lude massive neutrinos. Then �nd �textures,� simple patternsof Yukawa matri
es that lead to su

essful predi
tions for masses and mixingangles. Interpret these in terms of patterns of symmetry breaking. Finally,seek a derivation � or at least some motivation � for the expli
it entry. Ithink this is a very interesting strategy; whether progress will be rapid orslow is less obvious to me. But I draw reassuran
e and en
ouragement fromthe fa
t that some s
hemes fail on their predi
tions for mt or jV
bj. The fa
tthat failure is possible gives meaning to su

ess.To be sure, there are other plausible approa
hes to the origin of fermionmasses, in
luding 
omposite models, s
hemes that assign a spe
ial role to
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tor 2185the top quark, other me
hanisms that 
ommuni
ate mass radiatively to thequarks and leptons, and � within the framework of string theory � theidea that the pattern of fermion masses is determined by the topology ofextradimensional spa
e. But the general lesson I would draw from the ex-er
ise we have just undertaken is that a ba�ing pattern of masses observedat low energies may well arise from a simple and 
omprehensible pattern athigh s
ales. For a sampler of re
ent work along these lines, see [91�94℄.5. Con
luding remarksUnderstanding the me
hanism of ele
troweak symmetry breaking is theurgent 
hallenge for parti
le physi
s over the next de
ade. Sear
hes for theHiggs boson and for ele
troweak physi
s beyond the standard model giveform to the experimental programs at LEP 2, the Tevatron Collider, andthe Large Hadron Collider, and guide the explorations of new a

eleratorproje
ts. Many possibilities for de
isive observations lie before us. Lookingbeyond the exploration of the 1-TeV s
ale we see the problem of fermionmass, whi
h is intimately linked to ele
troweak symmetry breaking, andmay also lead us to higher s
ales. I am very optimisti
 about the prospe
tsfor both theoreti
al and experimental progress. I believe that within thenext de
ade we will 
omplete the gauge-theory revolution, and I 
on�dentlyexpe
t that nature will give us 
lues that will lead us to still greater under-standing.It is my pleasure to thank Pa
o del Aguila and Fernando Cornet fororganizing a stimulating and enjoyable week in Sierra Nevada. Fermilabis operated by Universities Resear
h Asso
iation In
. under Contra
t No.DE-AC02-76CH03000 with the United States Department of Energy.REFERENCES[1℄ M. Veltman, Re�e
tions on the Higgs System, CERN-97-05.[2℄ P. Fayet, The Standard Model and beyond.http://xxx.lanl.gov/abs/hep-ph/9812300.[3℄ C. Quigg, Hadron Colliders, the Top Quark, and the Higgs Se
tor, in Ad-van
ed S
hool on Ele
troweak Theory, edited by D. Espriu and A. Pi
h, WorldS
ienti�
, Singapore 1998, p. 115, http://xxx.lanl.gov/abs/hep-ph/9707508.[4℄ J. Ellis, Beyond the Standard Model for Hill Walkers, le
tures presented at1998 European S
hool of High-Energy Physi
s,http://xxx.lanl.gov/abs/hep-ph/9812235.[5℄ M. Spira, P. Zerwas, Ele
troweak Symmetry Breaking and Higgs Physi
s,http://xxx.lanl.gov/abs/hep-ph/9803257.



2186 C. Quigg[6℄ S. Dawson, Introdu
tion to Ele
troweak Symmetry Breaking, le
tures givenat the 1998 Summer S
hool in High Energy Physi
s and Cosmology, Trieste,Italy, June 29-July 17, 1998, http://xxx.lanl.gov/abs/hep-ph/9901280.[7℄ D.I. Kazakov, The Higgs boson: shall we see it soon or is it still far away?,http://xxx.lanl.gov/abs/hep-ph/9905330.[8℄ For textbook treatments of the ele
troweak theory, see C. Quigg, Gauge The-ories of the Strong, Weak, and Ele
tromagneti
 Intera
tions, Addison�Wesley,Reading, Mass., 1983; T.-P. Cheng L.-F. Li, Gauge Theory of ElementaryParti
le Physi
s, Oxford University Press, Oxford 1984; I.J.R. Ait
hison,A.J.G. Hey, Gauge Theories in Parti
le Physi
s: A Pra
ti
al Introdu
tion,se
ond edition, Adam Hilger, Bristol 1989.[9℄ M. Herrero, The Standard Model, le
tures presented at the NATO Advan
edStudy Institute, Te
hniques and Con
epts of High Energy Physi
s, St. Croix,June 18-29 1998, http://xxx.lanl.gov/abs/hep-ph/9812242.[10℄ M.K. Gaillard, P.D. Grannis, F.J. S
iulli, The Standard Model of Parti
le Phy-si
s, Rev. Mod. Phys. 71, S96 (1999), http://xxx.lanl.gov/abs/hep-ph/9812285,in
luded inMore Things in Heaven and Earth: A Celebration of Physi
s at theMillennium, edited by B. Bederson, Springer-Verlag, New York 1999, p. 161.[11℄ V.L. Ginzburg, L.D. Landau, Zh. Eksp. Teor. Fiz. 20, 1064 (1950); Englishtranslation:Men of Physi
s: Landau, Vol. I, edited by D. ter Haar, Pergamon,New York 1965, p. 138.[12℄ P.W. Higgs, Phys. Rev. Lett. 12, 132 (1964). The parallel between ele
troweaksymmetry breaking and the Ginzburg�Landau theory is drawn 
arefully inR.E. Marshak, Con
eptual Foundations of Modern Parti
le Physi
s, WorldS
ienti�
, Singapore 1993, �4.4. For a ri
h dis
ussion of super
ondu
tivity asa 
onsequen
e of the spontaneous breaking of ele
tromagneti
 gauge symme-try, see Steven Weinberg, The Quantum Theory of Fields, vol. 2, CambridgeUniversity Press, Cambridge 1996, �21.6.[13℄ The transparen
ies and web-based Pro
eedings for DPF99 
an be found athttp://www.physi
s.u
la.edu/dpf99/.[14℄ For a summary and interpretation, see W.J. Mar
iano, Pre
ision Ele
troweakMeasurements and New Physi
s, http://xxx.lanl.gov/abs/hep-ph/9902332.[15℄ D. Karlen, Experimental status of the Standard Model, plenary addressat the XXIX International Conferen
e on High Energy Physi
s, Van
ou-ver, transparen
ies available at http://i
hep98.triumf.
a. The latest ver-sions of the LEP Ele
troweak Working Group plots may be found athttp://www.
ern.
h/LEPEWWG/plots/.[16℄ J. Erler, P. Langa
ker, Status of the Standard Model, to appear in the Pro-
eedings of the 5th International WEIN Symposium: A Conferen
e on Physi
sbeyond the Standard Model (WEIN 98), Santa Fe, NM, June 14-21, 1998,http://xxx.lanl.gov/abs/hep-ph/9809352.[17℄ T. van Ritbergen, R. Stuart, Phys. Rev. Lett. 82, 488 (1999).[18℄ S.C. Bennett, C.E. Wieman, Phys. Rev. Lett. 82, 2484 (1999),http://xxx.lanl.gov/abs/hep-ex/9903022.



Ele
troweak Symmetry Breaking and the Higgs Se
tor 2187[19℄ A timeline of top masses inferred from pre
ision ele
troweak measurements,unsu

essful sear
hes, and dire
t observations appears as �gure 1 of C. Quigg,Top-ology, expanded version of an arti
le published in Phys. Today 50, 20(May 1997), http://xxx.lanl.gov/abs/hep-ph/9704332.[20℄ The fas
inating history of photon mass measurements is reviewed in manypla
es, in
luding A.S. Goldhaber, M.M. Nieto, Rev. Mod. Phys. 43, 1277(1991); S
i. Am. 234, 86 (May, 1976); I.Yu. Kobzarev, L.B. Okun, Usp. Fiz.Nauk 95, 131 (1968), English translation: Sov. Phys.�Uspekhi 11, 338 (1968);J.D. Ja
kson, Classi
al Ele
trodynami
s, third edition, John Wiley, New York1999, �1.2. The best laboratory limit, M
 < 2 � 10�16 eV=
2, is given byR. Lakes, Phys. Rev. Lett. 80, 1826 (1998). The upper bound on the photonmass 
an be improved by the analysis of gala
ti
 magneti
 �elds. The mostrestri
tive limit in the literature, M
 < 3 � 10�28 eV=
2, has been inferredfrom the stability of the Magellani
 
louds, as dis
ussed by G.V. Chibisov,Usp. Fiz. Nauk 119, 551 (1976), English translation: Sov. Phys.�Uspekhi 19,624 (1976).[21℄ B.W. Lee, C. Quigg, H.B. Tha
ker, Phys. Rev. D16, 1519 (1977). For a some-what di�erent approa
h that leads to similar 
onstraints on the mass of theHiggs boson, see M. Veltman, A
ta Phys. Pol. B8, 475 (1977).[22℄ In the high-energy limit, an amplitude for longitudinal gauge-boson intera
-tions may be repla
ed by a 
orresponding amplitude for the s
attering of mass-less Goldstone bosons:M(WL; ZL) =M(w; z)+O(MW =ps) The equivalen
etheorem 
an be tra
ed to the work of J.M. Cornwall, D.N. Levin, G. Tik-topoulos, Phys. Rev. D10, 1145 (1974); Phys. Rev. D11, 972E (1975). It wasapplied to this problem by Lee, Quigg, and Tha
ker, Ref. [21℄, and developedextensively by Chanowitz and Gaillard, Ref. [23℄, and others.[23℄ See, for example, M. Chanowitz, M.K. Gaillard, Nu
l. Phys. B261, 279 (1985);M. Chanowitz, M. Golden, H. Georgi, Phys. Rev. D36, 1490 (1987); Phys. Rev.Lett. 57, 2344 (1986).[24℄ K.G. Wilson, Phys. Rev. D3, 1818 (1971); Phys. Rev. B4, 3184 (1971);K.G. Wilson, J. Kogut, Phys. Rep. 12, 76 (1974).[25℄ For a review, see Urs M. Heller, Nu
l. Phys. B (Pro
. Supp.) 34, 101 (1994),http://xxx.lanl.gov/abs/hep-lat/9311058. The numeri
al analysis that leads tothese 
on
lusions is reported in Urs M. Heller, et al., Nu
l. Phys. B405, 555(1993), http://xxx.lanl.gov/abs/hep-ph/9303215.[26℄ Lower bounds on the Higgs mass date from the work of A.D. Linde, Zh. Eksp.Teor. Fiz. Pis'ma Red. 23, 73 (1976), English translation: JETP Lett. 23,64 (1976); S. Weinberg, Phys. Rev. Lett. 36, 294 (1976). For a review of lowerbounds dedu
ed from the requirement of va
uum stability of ele
troweak po-tentials, see M. Sher, Phys. Rep. 179, 273 (1989). For useful updates in light ofthe large mass of the top quark (mt � 175 GeV=
2), see G. Altarelli, G. Isidori,Phys. Lett. B337, 141 (1994); J. Espinosa, M. Quirós, Phys. Lett. B353, 257(1995).[27℄ See, for example, J.A. Casas, J.R. Espinosa, M. Quirós, A. Riotto, Nu
l.Phys. B436, 3 (1995); Y.F. Pirogov, O.V. Zenin, Two-loop renormaliza-



2188 C. Quiggtion group restri
tions on the standard model and the fourth 
hiral family,http://xxx.lanl.gov/abs/hep-ph/9808396.[28℄ L. Maiani, G. Parisi, R. Petronzio, Nu
l. Phys. B136, 115 (1978).[29℄ Two early studies provide valuable introdu
tions to a light Higgs boson. SeeJ. Ellis, M.K. Gaillard, D.V. Nanopoulos, Nu
l. Phys. B106, 292 (1976);A.I. Vainshtein, V.I. Zakharov, M.A. Shifman, Usp. Fiz. Nauk 131, 537 (1980),English translation: Sov. Phys.�Uspekhi 23, 429 (1980). For a �rst look at theproperties of a heavy Higgs boson, see Lee, Quigg, and Tha
ker, Ref. [21℄.[30℄ A useful general referen
e is J.F. Gunion, H.E. Haber, G.L. Kane, S. Dawson,The Higgs Hunter's Guide, Addison�Wesley, Redwood City, California 1990.[31℄ B.L. Io�e, V.A. Khoze, Sov. J. Part. Nu
l. 9, 50 (1978); Lee, Quigg, Tha
ker,Ref. [21℄.[32℄ This is a preliminary indi
ation based on analysis of data re
orded at ps =189 GeV. Consult the Presentations at the LEPC Physi
s Jamboree on Mar
h24, 1999 by aleph http://alephwww.
ern.
h/ALPUB/seminar/lep
_mar99.ps,delphi http://delphiwww.
ern.
h/del�gs/�gures/vanina981112.ps.gz, L3http://l3www.
ern.
h/
onferen
es/ps/Clare_LEPC9811.ps.gz, and opalhttp://www.
ern.
h/Opal/plots/plane/lep
98.html. The 
ombined limit islikely to be a few GeV=
2 higher than the limits from individual experiments.[33℄ For an assessment of the prospe
ts for dis
overing and determining the massof a light Higgs boson, see J.F. Gunion, L. Poggioli, R. Van Kooten, C. Kao,P. Rowson, et al., Higgs boson dis
overy and properties, Snowmass '96,http://xxx.lanl.gov/abs/hep-ph/9703330.[34℄ M. Krämer, J. Kühn, M.L. Stong, P.M. Zerwas, Z. Phys. C64, 21 (1994),http://xxx.lanl.gov/abs/hep-ph/9404280.[35℄ H. Murayama, M.E. Peskin, Ann. Rev. Nu
l. Part. S
i. 46, 533 (1996),http://xxx.lanl.gov/abs/hep-ex/9606003.[36℄ E. A

omando, et al. (ECFA/DESY LC Physi
s Working Group Collabora-tion), Phys. Rep. 299, 1 (1998), http://xxx.lanl.gov/abs/hep-ph/9705442.[37℄ See, for example, V. Barger, M.S. Berger, J.F. Gunion, T. Han, Phys. Rev.Lett. 75, 1462 (1995); 78, 3991 1997; David B. Cline, Int. J. Mod. Phys. A13,183 (1998).[38℄ M. Demarteau, T. Han, Higgs Boson and Z Physi
s at the First Muon Col-lider, in Workshop on Physi
s at the First Muon Collider and Front Endof a Muon Collider, edited by S. Geer and R. Raja, AIP Conferen
e Pro-
eedings 435, Ameri
an Institute of Physi
s, Woodbury, NY 1998, p. 177,http://xxx.lanl.gov/abs/hep-ph/9801407. See also B. Kamal, W.J. Mar
iano,Z. Parsa, Higgs Resonan
e Studies at the First Muon Collider, ibid., p. 657http://xxx.lanl.gov/abs/hep-ph/9712270.[39℄ C. Ankenbrandt, S. Geer, A

elerator S
enario and Parameters, in Workshopon Physi
s at the First Muon Collider and Front End of a Muon Collider,edited by S. Geer and R. Raja, AIP Conferen
e Pro
eedings 435, Ameri
anInstitute of Physi
s, Woodbury, NY, 1998, p. 3 (FERMILAB�CONF�98/086,available at http://www-lib.fnal.gov/ar
hive/1998/
onf/Conf-98-086.html).



Ele
troweak Symmetry Breaking and the Higgs Se
tor 2189A status report from the International Muon Collider Collaboration, to bepublished in http://prst-ab.aps.org/Phys. Rev. ST A

el. Beams , is availableat http://www.
ap.bnl.gov/mumu/status_report.html.[40℄ The overall radiation environment is similar to that of the Large Hadron Col-lider at CERN. For an imaginative proposal to deal with the �ux of softphotons, see J. Chapman, S. Geer, The Pixel Mi
roteles
ope, FERMILAB�CONF�96/375, Snowmass '96, available athttp://www-lib.fnal.gov/ar
hive/1996/
onf/Conf-96-375.html.[41℄ Mi
hael Spira, Higgs boson produ
tion and de
ay at the Tevatron,http://xxx.lanl.gov/abs/hep-ph/9810289.[42℄ F. Abe, et al. (CDF Collaboration), Observation of Z de
ays to b-quark pairsat the Tevatron 
ollider, 
ontributed paper to the 29th International Con-feren
e on High-Energy Physi
s (ICHEP 98), Van
ouver, July 23-30, 1998,FERMILAB-CONF-98/197-E, available athttp://www-lib.fnal.gov/ar
hive/1998/
onf/Conf-98-197-E.html.[43℄ A. Stange, W. Mar
iano, S. Willenbrook, Phys. Rev. D49, 1354 (1994); Phys.Rev. D50, 4491 (1994).[44℄ Work 
arried out in the 
ontext of the Tevatron Run II Supersymmetry/HiggsWorkshop at Fermilab may be found at http://fnth37.fnal.gov/susy.html.[45℄ Tao Han, André Tur
ot, Ren-Jie Zhang, Phys. Rev. D59, 093001 (1999),http://xxx.lanl.gov/abs/hep-ph/9812275.[46℄ Tao Han, private 
ommuni
ation.[47℄ The ATLAS Te
hni
al Proposal 
an be retrieved fromftp://www.
ern.
h /pub/Atlas/TP/tp.html. The CMS Te
hni
al Proposal isavailable at http://
msinfo.
ern.
h/TP/TP.html.[48℄ M. Dittmar, Sear
hing for the Higgs and other Exoti
 Obje
ts: A `How to'Guide from LEP to the LHC, http://xxx.lanl.gov/abs/hep-ex/9901009.[49℄ For a 
ogent summary of 
urrent knowledge of the 
osmologi
al parameters,in
luding eviden
e for a 
osmologi
al 
onstant, see M.S. Turner, Cosmologi
alParameters, http://xxx.lanl.gov/abs/astro-ph/9904051.[50℄ For a useful summary of gravitational theory, see �14 of the 1998 Review ofParti
le Physi
s, Eur. Phys. J. C3, 1 (1998).[51℄ M. Veltman, Phys. Rev. Lett. 34, 777 (1975).[52℄ A.D. Linde, JETP Lett. 19, 183 (1974).[53℄ J. Dreitlein, Phys. Rev. Lett. 33, 1243 (1977).[54℄ S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).[55℄ J. van der Bij, Int. J. Phys. 1, 63 (1995),http://xxx.lanl.gov/abs/hep-ph/9507389.[56℄ M. Veltman, A
ta Phys. Pol. B12, 437 (1981); C.H. Llewellyn Smith, Phys.Rep. 105, 53 (1984).[57℄ I will not dis
uss this alternative further. See M.S. Chanowitz, StrongWW s
attering at the end of the 90's: Theory and experimental prospe
ts,http://xxx.lanl.gov/abs/hep-ph/9812215.



2190 C. Quigg[58℄ D. Treille, A
ta Phys. Pol. B30, 2193 (1999).[59℄ For an approa
hable introdu
tion, see Joseph D. Lykken, Introdu
tionto Supersymmetry, in Fields, Strings, and Duality: TASI 96, edited byC. Efthimiou and B. Greene, World S
ienti�
, Singapore 1997, p. 85,http://xxx.lanl.gov/abs/hep-th/9612114.[60℄ S.P. Martin, A Supersymmetry Primer, http://xxx.lanl.gov/abs/hep-ph/9709356,latest version available at http://zippy.physi
s.niu.edu/primer.shtml.[61℄ S. Dawson, The MSSM and Why It Works, in Supersymmetry, Supergravityand Super
olliders: TASI 97, edited by J. Bagger, World S
ienti�
, Singapore1999, p. 261, http://xxx.lanl.gov/abs/hep-ph/9712464.[62℄ J. Erler, D.M. Pier
e, Nu
l. Phys. B526, 53 (1998),http://xxx.lanl.gov/abs/hep-ph/9801238.[63℄ See, for example, W. de Boer et al., Updated global �ts of the SM and MSSMto ele
troweak pre
ision data, http://xxx.lanl.gov/abs/hep-ph/9609209.[64℄ For a fuller development of the in�uen
e of standard-model parameters on theeveryday world, see R.N. Cahn, Rev. Mod. Phys. 68, 951 (1996).[65℄ F. Dyson, J. Math. Phys. 8, 1538 (1967).[66℄ E.H. Lieb, Bull. Am. Math. So
. 22, 1 (1990).[67℄ F. Quevedo, le
tures on Superstring Phenomenology, in Pro
eedings of theFifth Mexi
an Workshop of Parti
les and Fields and Phenomenology of Fun-damental Intera
tions, Puebla, Mexi
o, edited by Juan Carlos D'Olivo, ArturoFernandez, Miguel A. Perez, Ameri
an Inst. Phys., New York, 1996, AIP Con-feren
e Pro
eedings 359, p. 202-242, http://xxx.lanl.gov/abs/hep-th/9603074.[68℄ J.G. Pol
hinski, String Theory, two volumes, Cambridge Univ. Press, Cam-bridge 1998.[69℄ I. Antoniadis, Phys. Lett. B246, 377 (1990).[70℄ J.D. Lykken, Phys. Rev. D54, 3693 (1996),http://xxx.lanl.gov/abs/hep-th/9603133.[71℄ N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett. B429, 263 (1998),http://xxx.lanl.gov/abs/hep-ph/9803315.[72℄ K.R. Dienes, E. Dudas, T. Gherghetta, Phys. Lett. B436, 55 (1998),http://xxx.lanl.gov/abs/hep-ph/9803466.[73℄ J. S
herk, J.H. S
hwarz, Nu
l. Phys. B81, 118 (1974).[74℄ L. Arnaudon, et al., 1993 IEEE Parti
le A

elerator Conferen
e: Pro
eedings,p. 44.[75℄ M. Carena et al., Higgs physi
s at LEP 2,http://xxx.lanl.gov/abs/hep-th/9602250; in
luded in Report of the Workshopon Physi
s at LEP 2, Vol. 1, edited by G. Altarelli, T. Sjostrand, andF. Zwirner, CERN 96�01.[76℄ M. Carena, J. R. Espinosa, M. Quirós, C. E. Wagner, Phys. Lett. B355, 209(1995), http://xxx.lanl.gov/abs/hep-ph/9504316.



Ele
troweak Symmetry Breaking and the Higgs Se
tor 2191[77℄ The 
ase for dynami
al symmetry breaking is made eloquently by K. Lane,Nonsupersymmetri
 Extensions of the Standard Model, in Pro
eedings ofthe 28th International Conferen
e on High Energy Physi
s, edited byZ. Ajduk and A.K. Wroblewski, World S
ienti�
, Singapore 1997, p. 367,http://xxx.lanl.gov/abs/hep-ph/9610463.[78℄ R.S. Chivukula, An Introdu
tion to Dynami
al Ele
troweak Symmetry Break-ing, in Advan
ed S
hool on Ele
troweak Theory, edited by D. Espriu andA. Pi
h, World S
ienti�
, Singapore 1998, p. 77,http://xxx.lanl.gov/abs/hep-ph/9701322.[79℄ �Top
olor� is another approa
h to dynami
al symmetry breaking that is in-spired by the BCS theory. The strong 
oupling of a heavy top quark to theHiggs boson raises the possibility that the breaking of ele
troweak symmetrymay be intimately linked with the top quark. For expli
it implementations ofthis idea, see W.A. Bardeen, C.T. Hill, M. Lindner, Phys. Rev. D41, 1647(1990); Y. Nambu, in New Trends in Strong Coupling Gauge Theories, editedby M. Bando, T. Muta, K. Yamawaki, World S
ienti�
, Singapore 1989, p 3;Y. Nambu, in New Theories in Physi
s, edited by Z. Ajduk, S. Pokorski,A. Trautman, World S
ienti�
, Singapore 1989, p. 1; V.A. Miransky, M. Tan-abashi, K. Yamawaki, Mod. Phys. Lett. A4, 1043 (1989); Phys. Lett. B221,177 (1989); W.J. Mar
iano, Phys. Rev. D41, 219 (1990).[80℄ J. Bardeen, L. N. Cooper, J. R. S
hrie�er, Phys. Rev. 106, 162 (1962).[81℄ Y. Nambu, Phys. Rev. Lett. 4, 380 (1960).[82℄ M. Weinstein, Phys. Rev. D8, 2511 (1973).[83℄ S. Weinberg, Phys. Rev. D13, 974 (1976), Phys. Rev. D19, 1277 (1979).[84℄ L. Susskind, Phys. Rev. D20, 2619 (1979).[85℄ E. Ei
hten, K. Lane, Phys. Lett. 90B, 125 (1980); S. Dimopoulos, L. Susskind,Nu
l. Phys. B155, 237 (1979).[86℄ Some 
ompli
ated examples have been o�ered of models that avoid theparti
le-
ontent 
atastrophe. See, for example, B. Dobres
u, E.H. Simmons,Phys. Rev. D59, 015014 (1999), http://xxx.lanl.gov/abs/hep-ph/9807469.[87℄ The idea of high-s
ale, or �walking,� extended te
hni
olor developed fromthe ideas in B. Holdom, Phys. Rev. D24, 1441 (1981), Phys. Lett. B150,301 (1985); T. Appelquist, D. Karabali, L.C. R. Wijewardhana, Phys.Rev. Lett. 57, 957 (1986); T. Appelquist, L.C.R. Wijewardhana, Phys.Rev. D36, 568 (1987); K. Tamawaki, M. Bando, K. Matumoto, Phys.Rev. Lett. 56, 1335 (1986); T. Akiba, T. Yanagida, Phys. Lett. B169,69 (1980). For a re
ent review of these ideas, see R.S. Chivukula, Av-enues for Dynami
al Symmetry Breaking, presented at the Thirteenth Top-i
al Conferen
e on Hadron Collider Physi
s, Mumbai, 14�20 January 1999,http://xxx.lanl.gov/abs/hep-ph/9903500.[88℄ E. Ei
hten, K. Lane, J. Womersley, Phys. Lett. B405, 305 (1997).[89℄ A.J. Buras, J. Ellis, M.K. Gaillard, D.V. Nanopoulos, Nu
l. Phys. B135, 66(1978).



2192 C. Quigg[90℄ The one-loop renormalization-group equations were �rst done for large topHiggs�Yukawa 
ouplings in B. Pendleton, G. Ross, Phys. Lett. B98, 291(1981); C.T. Hill, Phys. Rev. D24, 691 (1981). The �rst one-loop supersym-metri
 version of large Higgs�Yukawa 
ouplings is J. Bagger, S. Dimopoulos,E. Massò, Phys. Rev. Lett. 55, 920 (1985). For further referen
es to multiloop
al
ulations, see W.A. Bardeen, C.T. Hill, D. Jungni
kel, Phys. Rev. D49,1437 (1994).[91℄ G.W. Anderson, S. Raby, S. Dimopoulos, L.J. Hall, Phys. Rev. D47, 3702(1993), http://xxx.lanl.gov/abs/hep-ph/9209250.[92℄ R. Barbieri, L.J. Hall, A. Romanino, Pre
ise tests of a quark mass texture,http://xxx.lanl.gov/abs/hep-ph/9812384.[93℄ C.H. Albright, S.M. Barr, Phys. Lett. B452, 287 (1999),http://xxx.lanl.gov/abs/hep-ph/9901318.[94℄ T. Blazek, S. Raby, K. Tobe, Neutrino os
illations in a predi
tive SUSY GUT,http://xxx.lanl.gov/abs/hep-ph/9903340.


