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ELECTROWEAK SYMMETRY BREAKINGAND THE HIGGS SECTOR�Chris QuiggTheoretial Physis Department,Fermi National Aelerator Laboratory,P.O. Box 500, Batavia, Illinois 60510 USAe-mail: quigg�fnal.gov(Reeived May 17, 1999)These three letures review the state of our understanding of ele-troweak interations and the searh for the agent of eletroweak symmetrybreaking. The themes of the letures are (i) the eletroweak theory and itsexperimental status, (ii) the standard-model Higgs boson, and (iii) aspetsof eletroweak 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. IntrodutionThe entral hallenge in partile physis is to explore the 1-TeV saleand eluidate the nature of eletroweak symmetry breaking. A key elementin this quest is the searh for the Higgs boson, the agent of eletroweaksymmetry breaking in the standard eletroweak theory.Unovering the serets of the Higgs setor is the fous of muh presentand future experimental researh. The LEP 2 experiments are searhing nowfor a light Higgs boson and for low-sale supersymmetry. At the Tevatron,CDF and DØ will begin next year a high-luminosity run with onsiderablesensitivity to new physis, and o�er promise for deisive light-Higgs searhesin the future. The Large Hadron Collider at CERN will bring extensiveexplorations of TeV-sale physis beginning in about 2005. Linear ollidersnow on the drawing boards would o�er omplementary possibilities for thestudy of eletroweak symmetry breaking.These three letures o�er a short ourse in the urrent state of ele-troweak symmetry breaking and the Higgs setor. The subjet is vast, so� Presented at the XXVII International Meeting on Fundamental Physis, SierraNevada, Granada, Spain, February 1�5, 1999.(2145)



2146 C. Quiggmany important topis will reeive only a shemati treatment. Comple-mentary views of the eletroweak panorama are to be found in other reentleture notes [1�7℄. 2. The eletroweak theory2.1. Brief résumé and perspetiveLet us review the essential elements of the SU(2)L 
U(1)Y eletroweaktheory [8�10℄. The eletroweak theory takes three ruial lues from exper-iment:� The existene of left-handed weak-isospin doublets,� �ee �L � ��� �L � ��� �Land � ud0 �L � s0 �L � tb0 �L ;� The universal strength of the weak interations;� The idealization that neutrinos are massless.To save writing, we shall onstrut the eletroweak theory as it appliesto a single generation of leptons. In this form, it is neither omplete nor on-sistent: anomaly anellation requires that a doublet of olor-triplet quarksaompany eah doublet of olor-singlet leptons. However, the needed gen-eralizations are simple enough to make that we need not write them out.To inorporate eletromagnetism into a theory of the weak interations,we add to the SU(2)L family symmetry suggested by the �rst two experimen-tal lues a U(1)Y weak-hyperharge phase symmetry. We begin by speifyingthe fermions: a left-handed weak isospin doubletL = � �ee �L (2.1)with weak hyperharge YL = �1, and a right-handed weak isospin singletR � eR (2.2)with weak hyperharge YR = �2.The eletroweak gauge group, SU(2)L
U(1)Y , implies two sets of gauge�elds: a weak isovetor ~b�, with oupling onstant g, and a weak isosalar



Eletroweak Symmetry Breaking and the Higgs Setor 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-hyperharge symmetry. We may summarize the interationsby 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 eletronin the matter piee (2.7). Moreover, the theory we have desribed ontainsfour massless eletroweak gauge bosons, namely A�, b1�, b2�, and b3�, whereasNature has but one: the photon. To give masses to the gauge bosons andonstituent fermions, we must hide the eletroweak symmetry.The most apt analogy for the hiding of the eletroweak gauge symmetry isfound in superondutivity. In the Ginzburg�Landau desription [11℄ of thesuperonduting phase transition, a superonduting material is regarded asa olletion of two kinds of harge arriers: normal, resistive arriers, andsuperonduting, resistaneless arriers.In the absene of a magneti �eld, the free energy of the superondutoris related to the free energy in the normal state throughGsuper(0) = Gnormal(0) + � j j2 + � j j4 ; (2.8)where � and � are phenomenologial parameters and j j2 is an order pa-rameter that measures the density of superonduting harge arriers. Theparameter � is non-negative, so that the free energy is bounded from below.Above the ritial temperature for the onset of superondutivity, theparameter � is positive and the free energy of the substane is supposedto be an inreasing funtion of the density of superonduting arriers, as



2148 C. Quiggshown in �gure 1(a). The state of minimum energy, the vauum state,then orresponds to a purely resistive �ow, with no superonduting arriersative. Below the ritial temperature, the parameter � beomes 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 desription of the superonduting phase transition.This is a nie artoon desription of the superonduting 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�etive mass of the super-onduting 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 aquiresa mass within the superondutor. This is the origin of the Meissner e�et,the exlusion of a magneti �eld from a superondutor. 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 interation, wetake advantage of a relativisti generalization of the Ginzburg�Landau phasetransition known as the Higgs mehanism [12℄. We introdue a omplexdoublet of salar �elds � � � �+�0 � (2.11)



Eletroweak Symmetry Breaking and the Higgs Setor 2149with weak hyperharge Y� = +1. Next, we add to the Lagrangian new(gauge-invariant) terms for the interation and propagation of the salars,Lsalar = (D��)y(D��)� V (�y�); (2.12)where the gauge-ovariant derivative isD� = �� + ig02 A�Y + ig2~� �~b� ; (2.13)and the potential interation has the formV (�y�) = �2(�y�) + j�j (�y�)2: (2.14)We are also free to add a Yukawa interation between the salar �elds andthe leptons, LYukawa = �Ge hR(�yL) + (L�)Ri : (2.15)We then arrange their self-interations so that the vauum state orre-sponds to a broken-symmetry solution. The eletroweak symmetry is spon-taneously broken if the parameter �2 < 0. The minimum energy, or vauumstate, may then be hosen to orrespond to the vauum expetation valueh�i0 = � 0v=p2 � ; (2.16)where the numerial value ofv =p��2= j�j = �GFp2�� 12 � 246 GeV (2.17)is �xed by the low-energy phenomenology of harged-urrent interations.As a result of spontaneous symmetry breaking, the weak bosons aquiremasses, as auxiliary salars assume the role of the third (longitudinal) de-grees of freedom of what had been massless gauge bosons. Spei�ally, themediator of the harged-urrent weak interation, W� = (b1 � ib2)=p2,aquires a mass haraterized 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 , aquires a mass haraterized by M2Z =M2W = os2 �W . After spontaneous symmetry breaking, there remains an un-broken U(1)em phase symmetry, so that eletromagnetism is mediated by amassless photon, A = A os �W + b3 sin �W , oupled to the eletri hargee = gg0=pg2 + g02. As a vestige of the spontaneous breaking of the symme-try, there remains a massive, spin-zero partile, the Higgs boson. The massof the Higgs salar is given symbolially asM2H = �2�2 > 0, but we have no



2150 C. Quiggpredition for its value. Though what we take to be the work of the Higgsboson is all around us, the Higgs partile itself has not yet been observed.The fermions (the eletron in our abbreviated treatment) aquire massesas well; these are determined not only by the sale of eletroweak symmetrybreaking, v, but also by their Yukawa interations with the salars. Themass of the eletron is set by the dimensionless oupling onstant Ge =mep2=v � 3� 10�6, whih is both small and � so far as we now know �arbitrary. 2.2. Experimental updateIt will be helpful for orientation to reall some of the reent preisioneletroweak measurements as presented at the DPF99 Conferene in LosAngeles [13,14℄. We will go looking for trouble in �2.4 below, but the overallassessment is that eletroweak observables are in aord with the preditionsof the standard model at the level of 0.1% [15,16℄. The degree of agreement issummarized pitorially 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)Diret 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 indiretdetermination of the W mass, inferred from measurements of the ��N and���N ross setions. They �ndMW = (80:26 � 0:11) GeV=2 : (2.21)Thanks to a new evaluation of the �nite part of the O(�2) orretion tothe muon lifetime [17℄, we have a new determination of the Fermi onstantmeasured in muon deay,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
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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. Preision eletroweak 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 redution in the theoretial unertainty. It di�ers by 2.5 standarddeviations from the predition of the standard model. We are left with thetraditional situation in whih elegant measurements of parity nononserva-tion in atoms are on the edge of inompatibility with the standard model.From the wealth of partile searhes and ross-setion measurements atLEP 2, let us simply remark that no anomalies whatever have been notedin the reations e+e� ! 8>><>>: W+W�Z0Z0`+`�q�q : (2.24)Similarly, the overall onlusion from HERA is that the neutral-urrent andharged-urrent ross setions measured in e+p ollisions have the expetedharater and reprodue the known values of MW and MZ .



2152 C. Quigg2.3. Experimental lues about MHThe suess of the eletroweak theory means that it makes sense to usestandard-model �ts to the eletroweak observables to determine �best� valuesfor the parameters that are not yet diretly onstrained by experiment. Overthe past deade, the greatest sensitivity has been to the value of the top-quark mass, and �ts to the eletroweak observables gave early indiations forthe great mass of the top quark [19℄. Now that the top-quark mass is knownrather well from Tevatron experiments, we an interrogate the quantumorretions to eletroweak observables for the best value of the Higgs-bosonmass. In detail, the inferenes depend upon the data set seleted and thevalues adopted for the �known� parameters, inluding the value of the �nestruture onstant �(M2Z) evaluated at the Z0 pole. The onsensus of the�ts is that, within the standard eletroweak theory, the Higgs boson maybe just around the orner. In the global �t of Erler and Langaker [16℄,whih 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 spei� theories other than thestandard model? 2.4. Some experimental issuesSuppose, in the fae of the spetaular suesses of the eletroweak the-ory, we go looking for trouble. Where might we �nd it? The heavy top quarkgives rise to the theoretial suspiion that anomalies are most likely to showthemselves in the third generation of quarks and leptons. As it happens, theonly suggestive anomaly in preision measurements on the Z0 pole involvesb quarks. The forward-bakward asymmetry for b�b events measured at LEPand the left-right forward-bakward asymmetry for b�b events measured atSLD indiate a three-standard-deviation di�erene 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)



Eletroweak Symmetry Breaking and the Higgs Setor 2153Current measurements imply thatAexpb = (0:94 � 0:02)Atheoryb : (2.28)We must reonile this apparent disrepany with the good agreementbetween the quantity Rb = � (Z0 ! b�b)=� (Z0 ! hadrons), whih is sensi-tive to the ombination L2b +R2b . The urrent data say thatRexpb = (1:004 � 0:004)Rtheoryb ; (2.29)whih 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�et is titani! However, the suggestion that ÆRb=Rtheoryb � �40%(whereas ÆLb=Ltheoryb � 1%) an be taken as an indiation that if we wantto look for trouble, the right-handed b oupling is the plae to look. If thisanomaly is real, we might expet 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 numerouson�rmations of the SU(2)L 
 U(1)Y eletroweak theory: the existene ofneutral urrents, the neessity of harm, and the existene and propertiesof the weak gauge bosons W� and Z0. Experiment has also given essentialguidane to the form of the evolving standard model through the disoveryof 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 theoretial opportunities: the narrowness of J= and 0, the unexpetedly long B lifetime, the large degree of B0� �B0 mixing,the extreme heaviness of the top quark, and � very likely � evidene ofneutrino osillations.



2154 C. QuiggTen years of preision measurements have found no signi�ant deviationsfrom the preditions of the eletroweak theory. A series of quite remarkableexperiments, not to mention the aompanying evolution in theoretial al-ulations, have tested the quantum orretions of the eletroweak theory �loop e�ets � to a preision of one per mil. The net result of this prodigiouse�ort is that we have no found no evidene for new physis . . . yet.It is remarkable that the resulting theory has been tested at distanesranging from about 10�17 m to about 4 � 1020 m, espeially when weonsider that lassial eletrodynamis 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�ets observed in atomi experiments. High-energy physis experiments both inspired and tested the uni�ation of weakand eletromagneti interations. At distanes longer than ommon expe-riene, eletrodynamis � 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 evidene that the photon is massless over distanes ofabout 1022 m [20℄.The extraordinary suess of the eletroweak theory leaves us with theseurgent questions: Is the eletroweak 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 theoretial disovery of the Higgs boson involves itsrole in the anellation of high-energy divergenes. An illuminating exampleis provided by the reation e+e� !W+W�; (3.1)whih is desribed in lowest order by the four Feynman graphs in �gure 3.The ontributions of the diret-hannel - and Z0-exhange diagrams ofFigs. 3(a) and (b) anel the leading divergene in the J = 1 partial-waveamplitude of the neutrino-exhange diagram in �gure 3(). This is the fa-mous �gauge anellation� observed in experiments at LEP 2 and the Teva-tron.However, the J = 0 partial-wave amplitude, whih exists in this asebeause the eletrons are massive and may therefore be found in the �wrong�heliity state, grows as s1=2 for the prodution of longitudinally polarizedgauge bosons. The resulting divergene is preisely anelled 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� sattering amplitude.would have to play this role. From the point of view of S-matrix analysis,the Higgs-eletron-eletron oupling must be proportional to the eletronmass, beause �wrong-heliity� 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-vergene di�ulties. But there would be no viable low-energy phenomenol-ogy of the weak interations. The most severe divergenes of individual di-agrams are eliminated by the gauge struture of the ouplings among gaugebosons and leptons. A lesser, but still potentially fatal, divergene arisesbeause the eletron has aquired mass � beause of the Higgs mehanism.Spontaneous symmetry breaking provides its own ure by supplying a Higgsboson to remove the last divergene. A similar interplay and ompensationmust exist in any satisfatory theory.3.2. Bounds on MHThe Standard Model does not give a preise predition for the mass ofthe Higgs boson. We an, however, use arguments of self-onsisteny to plaeplausible lower and upper bounds on the mass of the Higgs partile 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 sattering at high energies, and to make a partial-wave



2156 C. Quiggdeomposition, aording toM(s; t) = 16�XJ (2J + 1)aJ (s)PJ(os �) : (3.2)Most hannels �deouple,� in the sense that partial-wave amplitudes aresmall at all energies (exept very near the partile 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 subsript L denotes the longitudinal polarization states, and thefators of p2 aount for idential partile statistis. For these, the s-waveamplitudes are all asymptotially 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 respet 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 respeted, weak interations remain weak at all energies,and perturbation theory is everywhere reliable. If the bound is violated,perturbation theory breaks down, and weak interations among W�, Z,and H beome strong on the 1-TeV sale. This means that the features ofstrong interations at GeV energies will ome to haraterize eletroweakgauge boson interations at TeV energies. We interpret this to mean thatnew phenomena are to be found in the eletroweak interations at energiesnot muh larger than 1 TeV.1 It is onvenient to alulate these amplitudes by means of the Goldstone-bosonequivalene theorem [22℄, whih redues the dynamis of longitudinally polarizedgauge bosons to a salar �eld theory with interation Lagrangian given by Lint =��vh(2w+w� + z2 + h2) � (�=4)(2w+w� + z2 + h2)2, with 1=v2 = GFp2 and� = GFM2H=p2.



Eletroweak Symmetry Breaking and the Higgs Setor 2157It is worthwhile to note in passing that the threshold behavior of thepartial-wave amplitudes for gauge-boson sattering follows generally fromhiral symmetry [23℄. The partial-wave amplitudes aIJ of de�nite isospin Iand angular momentum J are given bya00 � GF s=8�p2 attrative,a11 � GF s=48�p2 attrative,a20 � �GF s=16�p2 repulsive. (3.6)The eletroweak theory itself provides another reason to expet thatdisoveries will not end with the Higgs boson. Salar �eld theories makesense on all energy sales only if they are noninterating, or �trivial� [24℄.The vauum of quantum �eld theory is a dieletri medium that sreensharge. Aordingly, the e�etive harge is a funtion of the distane or,equivalently, of the energy sale. This is the famous phenomenon of therunning oupling onstant.In ��4 theory (ompare the interation term in the Higgs potential), itis easy to alulate the variation of the oupling onstant � in perturbationtheory by summing bubble graphs like this one:: (3.7)The oupling onstant �(�) on a physial sale � is related to the ouplingonstant on a higher sale � by1�(�) = 1�(�) + 32�2 log (�=�) : (3.8)This perturbation-theory result is reliable only when � is small, but lattie�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 thevauum state not to rae 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 physial sale �. If we require the theoryto make sense to arbitrarily high energies � or short distanes � then wemust take the limit �!1 while holding � �xed at some reasonable physialsale. In this limit, the bound (3.10) fores �(�) to zero. The salar �eldtheory has beome 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 physial sale as � = MH , and remembering that, beforequantum orretions, M2H = 2�(MH)v2 ; (3.12)where v = (GFp2)�1=2 � 246 GeV is the vauum expetation 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 sale �? atwhih the theory eases to make sense. The desription of the Higgs bosonas an elementary salar is at best an e�etive theory, valid over a �nite rangeof energies.This perturbative analysis breaks down when the Higgs-boson mass ap-proahes 1 TeV=2 and the interations beome strong. Lattie analyses [25℄indiate that, for the theory to desribe physis to an auray of a fewperent 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 eletroweak theory will be living on the brink ofinstability.A lower bound is obtained by omputing [26℄ the �rst quantum orre-tions to the lassial potential (2.14). Requiring that h�i0 6= 0 be an abso-lute minimum of the one-loop potential up to a sale � yields the vauum-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 alulations [27℄. There I have also indiated the upper bound on MHderived from preision eletroweak measurements in the framework of the



Eletroweak Symmetry Breaking and the Higgs Setor 2159standard eletroweak theory. If the Higgs boson is relatively light � whihwould itself require explanation � then the theory an be self-onsistent upto very high energies. If the eletroweak theory is to make sense all the wayup to a uni�ation sale �? = 1016 GeV, then the Higgs-boson mass mustlie in the interval 145 GeV=2�<MW �< 170 GeV=2 [28℄.
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2160 C. Quiggwhere x � 4M2W =M2H . Similarly, the partial width for deay 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 deays into weak-boson pairs are asymp-totially proportional to M3H and 12M3H , respetively, the fator 12 arisingfrom weak isospin. In the �nal fators of (3.16) and (3.17), 2x2 and 2x02, re-spetively, arise from deays into transversely polarized gauge bosons. Thedominant deays for largeMH are into pairs of longitudinally polarized weakbosons.Branhing frations for deay modes that hold promise for the detetionof 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 inluded the  mode that proeedsthrough loop diagrams. Though rare, the  hannel o�ers an importanttarget for LHC experiments.

Fig. 5. Branhing frations for the prominent deay modes of a light Higgs boson.Figure 6 shows the partial widths for the deay 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 searh, is a question for detailed detetor simulations.Below the W+W� threshold, the total width of the standard-modelHiggs boson is rather small, typially less than 1 GeV. Far above the thresh-old for deay into gauge-boson pairs, the total width is proportional to M3H .At masses approahing 1 TeV=2, the Higgs boson is an ephemeron, with aperturbative width approahing its mass. The Higgs-boson total width isplotted as a funtion of MH in �gure 7.
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Fig. 6. Partial widths for the prominent deay modes of a heavy Higgs boson.
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0.001Fig. 7. Higgs-boson total width as a funtion of mass.3.4. Higgs-boson searhes [30℄3.4.1. e+e� ollisions at LEPBeause the standard-model Higgs boson ouples to fermion mass, theross setion for the reation e+e� ! H ! all is minute (/ m2e). Withany remotely oneivable luminosity, even the narrowness of a light Higgsboson is not enough to make it visible. This irumstane sets aside atraditional strength of eletron-positron olliders: pole physis. Instead,the most promising reation for Higgs-boson physis at an e+e� ollider is



2162 C. Quiggassoiated prodution, e+e� ! HZ ; (3.18)that orresponds to the Feynman diagram in �gure 8, whih has no smallouplings. The ross setion [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 ,approahes about ten perent of �(e+e� ! �+��).Searhing in the observable hannels of the reation (3.18), the fourLEP 2 experiments are sensitive nearly to the kinematial boundaryMmaxH = ps�MZ : (3.20)Reent 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℄.
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Fig. 8. Lowest-order ontributions to the e+e� ! HZ0 sattering amplitude.Well above threshold, the angular distribution of Higgs prodution isharateristi of the CP harater 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 prodution angular distribution is1� d�d os � / 1 + os2 � : (3.22)



Eletroweak Symmetry Breaking and the Higgs Setor 2163The angular distribution will be a powerful diagnosti � one a Higgs bosonis observed. For other tehniques to determine the parity of a Higgs partile,see [34℄.3.4.2. e+e� ollisions at a linear olliderAt e+e� linear olliders above the LEP 2 energy sale, the most promis-ing reations for the prodution of Higgs bosons are (3.18) plus the gauge-boson�fusion reationse+e� ! � ���H (W+W� fusion)e+e�H (Z0Z0 fusion) : (3.23)The apabilities of linear olliders for the Higgs-boson searh (and for a rihvariety of other investigations) have been summarized by Murayama andPeskin [35℄ and in the report of the ECFA/DESY Linear Collider WorkingGroup [36℄. Thorough searhes and inisive determinations of Higgs-bosonouplings are possible. It is plausible that, by measuring the e+e� ! HZexitation urve for a light Higgs boson, MH ould be determined as well asMW . A typial 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. Suh an instrumentwould be well suited to the study of the formation reation ! H ! b�b ; (3.25)with a rate proportional to � (H ! )� (H ! b�b)=� (H ! all). Know-ing the b�b branhing ratio, one therefore has a diret determination of theH !  oupling, an important diagnosti for the physis of eletroweaksymmetry breaking.3.4.3. A �+�� Higgs fatoryIn ommon with the eletron, the muon is an elementary lepton at oururrent limits of resolution. Its energy is not shared among many partons,so the muon is a more e�ient delivery vehile for high energies than is theomposite proton. Beause the muon is so massive, synhrotron radiationdoes not represent a barrier to small, high-energy, irular mahines � as itdoes for eletrons.



2164 C. QuiggBeyond the suggestion of these pratial advantages, muons o�er a possi-bly deisive physis advantage. The great sedution of a First Muon Collideris that the ross setion for the reation �+�� ! H, diret-hannel forma-tion of the Higgs boson, is larger than the ross setion for e+e� ! H by afator (m�=me)2 � 42; 750. This is a very large fator. The tantalizing ques-tion is whether it is large enough to make possible a �Higgs fatory� with theluminosities that may be ahieved in �+�� olliders. In e+e� ollisions, aswe have remarked, the s-hannel formation ross setion is hopelessly small.That is why the assoiated-prodution reation e+e� ! HZ has beomethe preferred searh mode at LEP 2.The properties of the muon also raise hallenges to the onstrution 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 eletron. On theother hand, it is readily produed in the deay � ! ��. Still, gathering largenumbers of muons in a dense beam is a formidable engineering hallenge,and the fous of muh of the R&D e�ort over the next few years. The muonis also not stable, but deays with a lifetime of 2.2 �s into �� ! e���e��.We must at fast to apture, ool, aelerate, and use muons, and must beable to replenish the supply quikly. Multiply 2.2 �s by whatever Lorentz() fator you like for a muon ollider, it is still a very short time.The important possibility that a �+�� ollider an operate as a Higgsfatory 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 reations�+�� ! H ! b�b and other modeswill our 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 unertainty of�(100 - 200) MeV=2 [33℄. Then suppose that an optimized mahine 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 fatory [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



Eletroweak Symmetry Breaking and the Higgs Setor 2165resolution, �ps � � (H ! all). It is worth remarking that the Higgsfatory would be small, with a irumferene 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 preision. The proedure ontemplatedis to san a large number of points (determined by 2�MH=�ps � 100), eahwith enough integrated luminosity to establish a three-standard-deviationexess. If eah point requires an integrated luminosity 0:0015 fb�1, thenthe san requires 100� 0:0015 fb�1 = 0:15 fb�1, about three nominal yearsof running. The reward is that, after the san, the Higgs-boson mass willbe known with an unertainty of �MH � �ps � 2 MeV=2, whih is quitestunning.Extended running in the form of a three-point san 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 preisions 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 disriminant 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 deoupling limit, MA ! 1, the MSSMreprodues the standard-model ratio. Deviations indiate that A is light.In the most optimisti senario, this measurement ould determine MA wellenough to guide the development of a seond (CP-odd) Higgs fatory usingthe reation �+�� ! A.Again, these remarkable measurements exat a high prie. At a luminos-ity of 0:05 fb�1=year, it takes 8 years to aumulate 0:40 fb�1 after the santo determine MH within mahine resolution. It is plain that this programbeomes onsiderably more ompelling if the Higgs-fatory luminosity anbe raised by a fator of 2 or 3 � or more! Let us note �nally that the �uxof deay eletrons hallenges the operation of silion detetors lose to theinteration point [40℄.3.4.4. �pp ollisions at the TevatronThe ross setions for Higgs-boson prodution at the Tevatron are shownin �gure 9 [41℄. The values � no larger than a few piobarns � highlightthe need for large integrated luminosity and favorable branhing frations.At the same time, many proesses beome aessible one the integratedluminosity exeeds a few fb�1.
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80 100 120 140 160 180 200Fig. 9. Cross setions for Higgs-boson prodution in 2-TeV �pp ollisions, fromRef. [41℄.The most promising hannel for searhes at the Tevatron will be theb�b mode, for whih the branhing fration exeeds about 50% throughoutthe region preferred by supersymmetry and the preision eletroweak data.At the Tevatron, the diret prodution of a light Higgs boson in gluon-gluon fusion gg ! H ! b�b is swamped by the ordinary QCD produtionof b�b pairs. Even with an integrated luminosity of 30 fb�1, the experimentsantiipate only < 1-� exess, with plausible invariant-mass resolution. Itwill be possible to alibrate the b�b mass resolution over the region of theHiggs searh in Run II, whih aims to aumulate 2 fb�1: the eletroweakprodution of Z0 ! b�b should stand well above bakground and be learlyobservable in Run II [42℄.The high bakground in the b�b hannel means that speial topologiesmust be employed to improve the ratio of signal to bakground and the sig-ni�ane of an observation. The high luminosities that an be ontemplatedfor a future run argue that the assoiated-prodution reations�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 disovery at the Tevatron [43℄.



Eletroweak Symmetry Breaking and the Higgs Setor 2167The prospets for exploiting these topologies were explored in detail inonnetion with the Run II Supersymmetry / Higgs Workshop at Fermi-lab [44℄. Taking into aount what is known, and what might onservativelybe expeted, about sensitivity, mass resolutions, and bakground rejetion,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 deays would markedly inrease the sensitivity.) Theprospets are muh brighter for Run III. Indeed, the sensitivity to a lightHiggs boson is what motivates the integrated luminosity of 30 fb�1 spei�edfor Run III.The detetion 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 detetors. Prospets are summarizedin �gure 10, whih shows as a funtion of the Higgs-boson mass the lumi-nosity required for exlusion at 95% on�dene level (dashed line), three-standard-deviation evidene (thin solid line), and �ve-standard-deviationdisovery (thik solid line). We see that an integrated luminosity of 2 fb�1,expeted in Run II, is insu�ient for a onvining observation of a standard-model Higgs boson with a mass too large to be observed at LEP 2. However,a 95% CL exlusion 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 bosondisovered at LEP 2. If the Higgs boson lies beyond the reah of LEP 2,MH �>(100�105) GeV=2, then a 5-� disovery 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 projeted for the detetion of a standard-modelHiggs boson at the Tevatron Collider.



2168 C. Quiggprospet is the most powerful inentive we have for Run III. Over the rangeof masses aessible in assoiated prodution at the Tevatron, it should bepossible to determine the mass of the Higgs boson to �(1�3) GeV=2.Reent studies [45℄ suggest that it may be possible to extend the reah ofthe Tevatron signi�antly by making use of the real-W�virtual-W (WW �)deay modes for Higgs boson produed in the elementary reation gg ! H.As we saw in the disussion leading up to �gure 6, theWW � hannel has thelargest branhing fration for MH �> 140 GeV=2. Aording to the analysissummarized in �gure 10, the large ross setion � branhing fration ofthe gg ! H !WW � mode extends the 3-� detetion sensitivity of Run IIIinto the region 145 GeV=2�<MH �< 180 GeV=2. This is an extremely exitingopportunity, and it is important that theWW � proposal reeive independentritial analysis. For the moment, it appears that the determination of theHiggs-boson mass would have limited preision, perhaps ÆMH � 30 GeV=2[46℄. This question also requires additional study.3.4.5. pp ollisions at the LHCMany signi�ant advanes have informed preparations for experimentsat the Large Hadron Collider. These inlude new or enhaned detetoromponents and improved integration of individual elements into a high-performane detetor, re�ned Monte Carlo tools, the evolution of new teh-niques for omputing multiparton amplitudes, and progress in aeleratortehnology. The apabilities of the LHC experiments to searh for, andstudy, the Higgs boson are thoroughly doumented in the Tehnial Propos-als [47℄. I will on�ne myself here to a few summary omments.A 5-� disovery 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 �+��:



Eletroweak Symmetry Breaking and the Higgs Setor 2169The reah 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 reent expositionof the prospets for Higgs-boson searhes from LEP to the LHC, see theletures by Dittmar [48℄.4. Higgs physis beyond the Standard ModelIn this �nal leture, I want to review some indiations for physis beyondthe standard model, and explore some possibilities for the new phenomenawe might enounter. To begin, I want to revisit a longstanding, but usuallyunspoken, hallenge to the ompleteness of the eletroweak theory as wehave de�ned it: the vauum energy problem. I do so not only for its intrinsiinterest, but also to raise the question, �Whih problems of ompleteness andonsisteny do we worry about at a given moment?� It is perfetly aeptablesiene � indeed, it is often essential � to put ertain problems aside, inthe expetation 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�ane of the 1-TeVsale, and move on to brief omments on supersymmetry and tehniolor.The �nal topi of this leture is the problem of fermion masses, whih isundoubtedly linked to the question of eletroweak symmetry breaking, butalls for new insights that will go beyond the standard model.4.1. The vauum energy problemFor our simple hoie (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 beause the onstant term in the Lagrangianplays the role of a vauum energy density. When we onsider gravitation,adding a vauum energy density %va is equivalent to adding a osmologialonstant term to Einstein's equation. Although reent observations [49℄ raisethe intriguing possibility that the osmologial onstant may be di�erentfrom zero, the essential observational fat is that the vauum 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 vauum energydensity is %H �> 7:6� 107 GeV4; (4.4)some 54 orders of magnitude larger than the upper bound inferred from theosmologial onstant.What are we to make of this mismath, whih has been apparent[51�54℄ for nearly a quarter of a entury? The fat that %H � %va meansthat the smallness of the osmologial onstant needs to be explained. In auni�ed theory of the strong, weak, and eletromagneti interations, other(heavy!) Higgs �elds have nonzero vauum expetation values that may giverise to still greater mismathes. At a fundamental level, we an thereforeonlude that a spontaneously broken gauge theory of the strong, weak, andeletromagneti interations � or merely of the eletroweak interations �annot be omplete. Either we must �nd a separate priniple that zeroesthe vauum 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 osmologial onstant. In an interestingpaper that pre�gured the idea of �large� extra dimensions, van der Bij [55℄has argued that beause gravity and the Higgs �eld are both universal, theymust be linked, perhaps in a spontaneously broken gravity in whih thestandard-model Higgs boson is the origin of the Plank mass.The vauum energy problem must be an important lue. But to what?



Eletroweak Symmetry Breaking and the Higgs Setor 21714.2. Why is the eletroweak sale small?In the �rst two letures, we have outlined the eletroweak 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 sattering at very high energies,we found a �rst signal for the importane of the 1-TeV sale. Now, let usexplore another path to the 1-TeV sale.The SU(2)L 
U(1)Y eletroweak theory does not explain how the saleof eletroweak symmetry breaking is maintained in the presene of quantumorretions. The problem of the salar setor 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 eletroweak symmetry is sponta-neously broken down to the U(1) of eletromagnetism, as the salar �eldaquires a vauum expetation 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 lassial approximation, salar mass parameters reeivequantum orretions from loops that ontain partiles of spins J = 1; 1=2,and 0:
++
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+ (4.7)The loop integrals are potentially divergent. Symbolially, we may summa-rize the ontent of (4.7) asm2(p2) =m2(�2) + Cg2 �2Zp2 dk2 + � � � ; (4.8)where � de�nes a referene sale at whih the value of m2 is known, gis the oupling onstant of the theory, and the oe�ient C is alulablein any partiular theory. Instead of dealing with the relationship betweenobservables and parameters of the Lagrangian, we hoose to desribe thevariation of an observable with the momentum sale. In order for the massshifts indued by radiative orretions to remain under ontrol (i.e., not togreatly exeed the value measured on the laboratory sale), either � must



2172 C. Quiggbe small, so the range of integration is not enormous, or new physis mustintervene to ut o� the integral.If the fundamental interations are desribed by an SU(3) 
 SU(2)L 
U(1)Y gauge symmetry, i.e., by quantum hromodynamis and the ele-troweak theory, then the natural referene sale is the Plank mass,� �MPlank = � ~GNewton�1=2 � 1:22 � 1019 GeV : (4.9)In a uni�ed theory of the strong, weak, and eletromagneti interations,the natural sale is the uni�ation sale,� �MU � 1015�1016 GeV : (4.10)Both estimates are very large ompared to the sale of eletroweak symmetrybreaking (4.6). We are therefore assured that new physis must interveneat an energy of approximately 1 TeV, in order that the shifts in m2 not bemuh larger than (4.6).Only a few distint senarios for ontrolling the ontribution of the in-tegral in (4.8) an be envisaged. The supersymmetri solution is espeiallyelegant. Exploiting the fat that fermion loops ontribute with an over-all minus sign (beause of Fermi statistis), supersymmetry balanes theontributions of fermion and boson loops. In the limit of unbroken super-symmetry, in whih the masses of bosons are degenerate with those of theirfermion ounterparts, the anellation is exat: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 aeptably 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 seond solution to the problem of the enormous range of integration in(4.8) is o�ered by theories of dynamial symmetry breaking suh as tehni-olor. In tehniolor models, the Higgs boson is omposite, and new physisarises on the sale of its binding, �TC ' O(1 TeV). Thus the e�etive rangeof integration is ut o�, and mass shifts are under ontrol.A third possibility is that the gauge setor beomes strongly interat-ing. This would give rise to WW resonanes, multiple prodution of gaugebosons, and other new phenomena at energies of 1 TeV or so. It is likely



Eletroweak Symmetry Breaking and the Higgs Setor 2173that a salar bound state � a quasi-Higgs boson � would emerge with amass less than about 1 TeV=2 [57℄.We annot avoid the onlusion that some new physis must our onthe 1-TeV sale. 4.3. SupersymmetryThe searh for supersymmetry was disussed extensively here in SierraNevada by Daniel Treille [58℄ and Daniel Denegri, so I will restrit myselfto a few general remarks about the motivation for supersymmetry on theeletroweak sale, and its onnetion with string theory [59�61℄.One of the best phenomenologial motivations for supersymmetry on the1-TeV sale is that the minimal supersymmetri extension of the standardmodel so losely approximates the standard model itself. A nie illustra-tion of the small di�erenes between preditions of supersymmetri modelsand the standard model is the ompilation of pulls prepared by Erler andPiere [62℄, whih is shown in �gure 11. This is a nontrivial property of newphysis beyond the standard model, and a requirement urged on us by theunbroken quantitative suess of the established theory. On the aestheti� or theoretial � side, supersymmetry is the maximal � indeed, unique� extension of Poinaré invariane. It also o�ers a path to the inorpo-ration of gravity, sine loal supersymmetry leads diretly to supergravity.As a pratial matter, supersymmetry on the 1-TeV sale o�ers a solutionto the naturalness problem, and allows a fundamental salar to exist at lowenergies.When we ombine supersymmetry with uni�ation of the fundamentalfores, we obtain a satisfatory predition for the weak mixing parameter,sin2 �W , and a simple piture of oupling-onstant uni�ation [63℄. Addingan assumption of universality, we are led naturally to a piture in whih thetop mass is linked with the eletroweak sale, so that mt � v=p2. Finally,the assumption ofR-parity leads to a stable lightest supersymmetri partile,whih is a natural andidate for the dark matter of the Universe.Supersymmetry doubles the spetrum of fundamental partiles. Weknow that supersymmetry must be signi�antly broken in Nature, beausethe eletron is manifestly not degenerate in mass with its salar partner,the seletron. It is interesting to ontemplate just how di�erent the worldwould have been if the seletron, not the eletron, were the lightest hargedpartile and therefore the stable basis of everyday matter [64℄. If atomswere seletroni, there would be no Pauli priniple to ditate the integrityof moleules. As Dyson [65℄ and Lieb [66℄ demonstrated, transforming ele-trons and nuleons from fermions to bosons would ause all moleules toshrink into an insatiable undi�erentiated blob. Lukily, there is no analogue



2174 C. Quigg

Fig. 11. The range of best �t preditions of preision 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 (vertial lines), in units of standard deviation, from Ref. [62℄.of hiral symmetry to guarantee naturally small squark and slepton masses.So while supersymmetry menaes 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 exlusion priniple.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 interations in one (and only one?)theory with few free parameters. If suessful, 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 reonile quantum mehanis andthe impliations of the unertainty priniple with general relativity and itsguiding notion of a smooth spaetime.String theory makes several generi preditions for physis beyond thestandard model: additional U(1) subgroups of the unifying group lead tonew gauge bosons, and additional olored fermions augment the spetrumof fundamental onstituents. It also requires general relativity and, for on-



Eletroweak Symmetry Breaking and the Higgs Setor 2175sisteny, extra spaetime dimensions, some of whih might be detetablylarge [69�72℄. And string theory requires supersymmetry, though not nees-sarily on the 1-TeV sale.In spite of what doubters often say, there is experimental support forstring theory from aelerator experiments. Superstrings predited gravityin 1974 [73℄, and LEP aelerator physiists deteted tidal fores in 1993 [74℄.What more empirial evidene 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 salarpotential 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 eletroweak 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 aquire masses, �ve spin-zero degrees of freedomremain as massive spin-zero partiles: the lightest salar h0, a heavier neutralsalar H0, two harged salars H�, and a neutral pseudosalar A0. At treelevel, we may express all the (pseudo)salar 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 hierarhy, given byMh0 < MZ j os 2�jMH0 > MZMH� > MW ; (4.17)but there are very important positive loop orretions to M2h0 (proportionalto GFm4t ) that were overlooked in the earliest alulations. These looporretions hange the mass preditions very signi�antly.



2176 C. QuiggThe results of a full, modern alulation [75℄ are shown in �gure 12.There we see that the mass of the lightest Higgs salar is largest for largevalues of the pseudosalar mass MA and in the limit of large tan�.
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Eletroweak Symmetry Breaking and the Higgs Setor 2177Beause the minimal supersymmetri standard model (MSSM) impliesupper bounds on the mass of the lightest salar h0, it sets attrative tar-gets for experiment. Two suh upper bounds are shown as funtions ofthe top-quark mass in �gure 13. The large-tan � limit of a general MSSMyields the upper urve; an infrared-�xed-point sheme with b-� uni�ationprodues an upper bound haraterized by the lower urve. The vertialband shows the urrent information on mt. We see that the projeted sen-sitivity of LEP 2 experiments overs the full range of lightest-Higgs massesthat our in the infrared-�xed-point sheme. 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 disussion,onsult the LEP 2 Yellow Book [75℄ and the Proeedings of the TevatronSupersymmetry/Higgs Workshop [44℄.4.4. New strong dynamisDynamial symmetry breaking o�ers a di�erent solution to the natu-ralness problem of the eletroweak theory: in tehniolor, there are no el-ementary salars. We hope that solving the dynamis that binds elemen-tary fermions into a omposite Higgs boson and other WW resonanes willbring addition preditive power. It is worth saying that tehniolor is afar more ambitious program than global supersymmetry. It doesn't merelyseek to �nesse the hierarhy problem, it aims to predit the mass of theHiggs surrogate. Against the aestheti appeal of supersymmetry we anweigh tehniolor's exellent pedigree. As we have seen in Setion 2.1, theHiggs mehanism of the standard model is the relativisti generalization ofthe Ginzburg�Landau desription of the superonduting phase transition.Dynamial symmetry breaking shemes � tehniolor and its relatives �are inspired by the Bardeen�Cooper�Shrie�er theory of superondutivity,and seek to give a similar mirosopi desription of eletroweak symmetrybreaking.The dynamial-symmetry-breaking approah realized in tehniolor the-ories is modeled upon our understanding of the superonduting phase tran-sition [77�79℄. The marosopi order parameter of the Ginzburg�Landauphenomenology orresponds to the wave funtion of superonduting hargearriers, whih aquires a nonzero vauum expetation value in the super-onduting state. The mirosopi Bardeen�Cooper�Shrie�er theory [80℄identi�es the dynamial origin of the order parameter with the formationof bound states of elementary fermions, the Cooper pairs of eletrons. Thebasi idea of tehniolor is to replae the elementary Higgs boson with afermion-antifermion bound state. By analogy with the superondutingphase transition, the dynamis of the fundamental tehniolor gauge inter-



2178 C. Quiggations among tehnifermions generate salar bound states, and these playthe role of the Higgs �elds.The elementary fermions � eletrons � and gauge interations � QED� needed to generate the salar bound states are already present in thease of superondutivity. Could a sheme of similar eonomy aount forthe transition that hides the eletroweak symmetry? Consider an SU(3) 
SU(2)L
U(1)Y theory of massless up and down quarks. Beause the stronginteration is strong, and the eletroweak interation is feeble, we may treatthe SU(2)L 
 U(1)Y interation as a perturbation. For vanishing quarkmasses, QCD has an exat SU(2)L
SU(2)R hiral symmetry. At an energysale � �QCD; the strong interations beome 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 eah broken generator of the originalhiral invariane. 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 deay onstant f�. When we turn on the SU(2)L
U(1)Y eletroweak interation, the eletroweak gauge bosons ouple to theaxial urrents and aquire 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 struture as the mass-squared matrix for gauge bosons in the standardeletroweak theory. Diagonalizing the matrix (4.19), we �nd that M2W =g2f2�=4 and M2Z = (g2 + g02)f2�=4, so thatM2ZM2W = (g2 + g02)g2 = 1os2 �W : (4.20)The photon emerges massless.The massless pions thus disappear from the physial spetrum, hav-ing beome the longitudinal omponents of the weak gauge bosons. Un-fortunately, the mass aquired by the intermediate bosons is far smallerthan required for a suessful low-energy phenomenology; it is only [82℄MW � 30 MeV=2.The minimal tehniolor model of Weinberg [83℄ and Susskind [84℄ tran-sribes the same ideas from QCD to a new setting. The tehniolor gauge



Eletroweak Symmetry Breaking and the Higgs Setor 2179group is taken to be SU(N)TC (usually SU(4)TC), so the gauge interationsof the theory are generated bySU(4)TC 
 SU(3) 
 SU(2)L 
U(1)Y : (4.21)The tehnifermions are a hiral doublet of massless olor singlets� UD �L UR; DR : (4.22)With the eletri harge assignments Q(U) = 12 and Q(D) = �12 , the theoryis free of eletroweak anomalies. The ordinary fermions are all tehniolorsinglets.In analogy with our disussion 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 tehnipions�+T ; �0T ; ��T ; (4.24)for whih we are free to hoose the tehnipion deay onstant asF� = �GFp2��1=2 = 246 GeV : (4.25)This amounts to hoosing the sale on whih tehniolor beomes strong.When the eletroweak interations are turned on, the tehnipions beome thelongitudinal omponents of the intermediate bosons, whih aquire massesM2W = g2F 2�=4 = ��GFp2 sin2 �WM2Z = �g2 + g02�F 2�=4 = M2W = os2 �W ; (4.26)that have the anonial Standard Model values, thanks to our hoie (4.25)of the tehnipion deay onstant.Tehniolor shows how the generation of intermediate boson masses ouldarise without fundamental salars 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�ieny: it o�ers no explanationfor the origin of quark and lepton masses, beause no Yukawa ouplingsare generated between Higgs �elds and quarks or leptons. Consequently,tehniolor serves as a reminder that there are two problems of mass: ex-plaining the masses of the gauge bosons, whih demands an understanding



2180 C. Quiggof eletroweak symmetry breaking; and aounting for the quark and leptonmasses, whih requires not only an understanding of eletroweak symmetrybreaking but also a theory of the Yukawa ouplings that set the sale offermion masses in the standard model. We an be on�dent that the originof gauge-boson masses will be understood on the 1-TeV sale. We do notknow where we will deode the pattern of the Yukawa ouplings; I desribea possible approah in �4.5.To generate fermion mass, we may embed tehniolor in a larger extendedtehniolor gauge group GETC � GTC that ouples the quarks and leptonsto tehnifermions [85℄. If the GETC gauge symmetry is broken down to GTCat a sale �ETC, then the quarks and leptons an aquire massesm � g2ETCF 3��2ETC : (4.27)The generation of fermion mass is where all the experimental threats to teh-niolor arise. The rih partile ontent of ETC models generially leads toquantum orretions that are in on�it with preision eletroweak measure-ments [86℄. Moreover, if quantum hromodynamis is a good model for thehiral-symmetry breaking of tehniolor, then extended tehniolor produes�avor-hanging neutral urrents at unomfortably large levels. We onludethat QCD must not provide a good template for the tehniolor interation.How ould TC dynamis be di�erent from QCD dynamis? Most modernimplementations of dynamial symmetry breaking invoke multiple sales [87℄to reonile the generation of fermion masses with the onstraints on �avor-hanging neutral urrents. In traditional ETC, the TC interation is preo-iously asympototially free. If instead the tehniolor interation 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 sale �ETC that produes the observed fermion masses anbe muh larger than before. A high ETC sale in turn suppresses �avor-hanging neutral-urrent proesses to aeptable levels.How ould the � funtion of the tehniolor interation be small over abroad range of energy sales? To anel the antisreening ontribution ofgauge bosons, it is neessary to introdue either many fermions, or fermionsin higher representations of the gauge group. Adding more fermions enlargesthe hiral symmetries and thus inreases the number of (pseudo-)Goldstonebosons that arise. The enrihed spetrum of suh a model ould ontain lightresonanes. Eihten, Lane, and Womersley [88℄ have investigated a model



Eletroweak Symmetry Breaking and the Higgs Setor 2181in whih the mesons built of tehniquarks are relatively light. The spetruminludes tehnipions �+T , �0T, and ��T with masses around 100 GeV=2, andtehnivetor 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 inisive searhes in Run II of the Tevatron Collider.4.5. The problem of fermion massesThe example of tehniolor serves to emphasize that solving the origin ofeletroweak symmetry breaking will not neessarily 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 sale onwhih they are de�ned. The values plotted in �gure 14 are de�ned in themodi�ed�minimal-subtration (MS) sheme, and evaluated at the mass ofeah quark (for ; b; t) or at 1 GeV (for u; d; s).

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



2182 C. QuiggThe running of quark and lepton masses makes it evident that the patternwe pereive in our low-energy experiments is in�uened not only by theunderlying pattern, but also by the evolution from the sale on whih massesare set down to our sale. It is then no surprise that the pattern we disernseems irrational. Perhaps an underlying order might show itself on someother sale.It is helpful to examine this idea in a spei� framework. A simple andonvenient example is provided by the SU(5) uni�ed theory of quarks andleptons, and of the strong, weak, and eletromagneti interations. In theSU(5) theory, spontaneous symmetry breaking ours in two steps. First, a24 of salars 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 our in the �LR produts5� 
 10 = 5� 4510
 10 = 5� � 45� � 50� (4.32)that generate fermion masses, so the quarks and leptons esape large massesat tree level. In a seond step, a 5 of salars (whih 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 sale, preditingthat me = mdm� = msm� = mb 9=; at the uni�ation sale 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 sale � [89℄. In leading logarithmiapproximation, 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)



Eletroweak Symmetry Breaking and the Higgs Setor 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 reeives ontributions from the olor, weak-isospin, and weak-hyperharge interations, whereas the olor fore does not in�uene the evo-lution of lepton masses. Aordingly, the quark masses run signi�antly,while the lepton masses run muh less. [To simplify a bit, I have omittedthe Higgs-boson ontributions, whih are important in the ase of the heavytop quark2℄.The lassi intriguing predition of the SU(5) theory involves the massesof the b quark and the � lepton, whih are degenerate at the uni�ationpoint. To ompare mb and m� on other sales, 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, aording to (4.34). If weonsider 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 sale, weompute mb = 2:91m� � 5:16 GeV=2 ; (4.39)in suggestive agreement with what we know from experiment. The sameproedure would lead to preditions for the �rst and seond generations, ata sale � � 1 GeV, namely msmd|{z} = m�me|{z}� 20 � 200 ; (4.40)whih is less suessful.2 A proper treatment would also take aount of fermion (espeially top!) thresholde�ets, 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 sale tolow energies.A more elaborate symmetry-breaking sheme � for example, adding a45 of salars � an hange the relationship between the eletron mass andthe down-quark mass at the uni�ation sale. A sheme that results inms = 13m�; md = 3me at MU (4.41)leads to the low-energy preditionsms � 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 � inluding neu-trino masses. Begin with a plausible uni�ed theory, e.g., supersymmetriSU(5), with its advantages for oupling-onstant uni�ation and the low-energy predition for the weak mixing parameter sin2 �W , or supersymmetriSO(10), to inlude massive neutrinos. Then �nd �textures,� simple patternsof Yukawa matries that lead to suessful preditions for masses and mixingangles. Interpret these in terms of patterns of symmetry breaking. Finally,seek a derivation � or at least some motivation � for the expliit entry. Ithink this is a very interesting strategy; whether progress will be rapid orslow is less obvious to me. But I draw reassurane and enouragement fromthe fat that some shemes fail on their preditions for mt or jVbj. The fatthat failure is possible gives meaning to suess.To be sure, there are other plausible approahes to the origin of fermionmasses, inluding omposite models, shemes that assign a speial role to



Eletroweak Symmetry Breaking and the Higgs Setor 2185the top quark, other mehanisms that ommuniate 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 spae. But the general lesson I would draw from the ex-erise 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 sales. For a sampler of reent work along these lines, see [91�94℄.5. Conluding remarksUnderstanding the mehanism of eletroweak symmetry breaking is theurgent hallenge for partile physis over the next deade. Searhes for theHiggs boson and for eletroweak physis 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 aeleratorprojets. Many possibilities for deisive observations lie before us. Lookingbeyond the exploration of the 1-TeV sale we see the problem of fermionmass, whih is intimately linked to eletroweak symmetry breaking, andmay also lead us to higher sales. I am very optimisti about the prospetsfor both theoretial and experimental progress. I believe that within thenext deade we will omplete the gauge-theory revolution, and I on�dentlyexpet that nature will give us lues that will lead us to still greater under-standing.It is my pleasure to thank Pao del Aguila and Fernando Cornet fororganizing a stimulating and enjoyable week in Sierra Nevada. Fermilabis operated by Universities Researh Assoiation In. under Contrat No.DE-AC02-76CH03000 with the United States Department of Energy.REFERENCES[1℄ M. Veltman, Re�etions 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 Setor, in Ad-vaned Shool on Eletroweak Theory, edited by D. Espriu and A. Pih, WorldSienti�, Singapore 1998, p. 115, http://xxx.lanl.gov/abs/hep-ph/9707508.[4℄ J. Ellis, Beyond the Standard Model for Hill Walkers, letures presented at1998 European Shool of High-Energy Physis,http://xxx.lanl.gov/abs/hep-ph/9812235.[5℄ M. Spira, P. Zerwas, Eletroweak Symmetry Breaking and Higgs Physis,http://xxx.lanl.gov/abs/hep-ph/9803257.
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