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This article is devoted to the status ofthe electroweak theory on the eve ofexperim entation at

CERN’sLarge Hadron Collider.A com pactsum m ary ofthe logic and structure ofthe electroweak

theory precedesan exam ination ofwhatexperim entaltestshaveestablished so far.Theoutstanding

uncon�rm ed prediction of the electroweak theory is the existence of the Higgs boson, a weakly

interacting spin-zero particle thatistheagentofelectroweak sym m etry breaking,thegiverofm ass

to the weak gauge bosons,the quarks,and the leptons. G eneralargum ents im ply that the Higgs

boson or other new physics is required on the TeV energy scale. Indirect constraints from global

analysesofelectroweak m easurem entssuggestthatthe m assofthe standard-m odelHiggsboson is

less than 200 G eV. O nce its m ass is assum ed,the properties ofthe Higgs boson follow from the

electroweak theory,and these inform the search for the Higgs boson. Alternative m echanism s for

electroweak sym m etry breakingarereviewed,and theim portanceofelectroweak sym m etry breaking

isillum inated byconsideringaworld withoutaspeci�cm echanism tohidetheelectroweak sym m etry.

For allits trium phs,the electroweak theory has m any shortcom ings. It does not m ake speci�c

predictions for the m asses ofthe quarks and leptons or for the m ixing am ong di�erentavors. It

leaves unexplained how the Higgs-boson m ass could rem ain below 1 TeV in the face ofquantum

corrections thattend to lift ittoward the Planck scale ora uni�cation scale. The Higgs �eld that

m ustpervade allofspace to hide the electroweak sym m etry contributes a vacuum energy density

farin excessofwhatisobserved. And the electroweak theory respondsinadequately to challenges

raised by astronom icalobservations,including thedark-m atterproblem and thebaryon asym m etry

oftheUniverse.Theseshortcom ingsargueforphysicsbeyond thestandard m odel;som epossibilities

are recalled.

The Large Hadron Collider m oves experim ents squarely into the TeV scale, where answers to

im portant outstanding questions willbe found. The questions are developed in the course ofthis

review,and a shortsum m ary isattem pted ofhow knowledge m ightaccum ulate.

K eywords: Electroweak sym m etry breaking, H iggs boson, 1-TeV scale, Large H adron Collider, hierarchy

problem ,extensions to the standard m odel FERM ILAB{PUB{09/230{T

I. IN T R O D U C T IO N

Theelectroweaktheory[1,2,3]joinselectrom agnetism

with the weak forcein a singlerelativisticquantum �eld

theory. Electrom agnetism is a force of in�nite range,

while the inuence ofthe charged-currentweak interac-

tion responsible for radioactive beta decay only spans

distancesshorterthan about10� 15 cm ,lessthan 1% of

the proton radius. The two interactions,so di�erentin

theirrangeand apparentstrength,areascribed toacom -

m on gaugesym m etry.W esaythattheelectroweakgauge

sym m etry isspontaneously broken to the gaugesym m e-

try ofelectrom agnetism .Through the pasttwo decades,

precision experim entshaveelevated theelectroweak the-

ory from a prom ising description to a provisionallaw of

nature,tested asa quantum �eld theory atthe levelof

one percent or better by m any m easurem ents. Joined

with quantum chrom odynam ics,thetheory ofthestrong

interactions,to form thestandard m odel,and augm ented

to incorporateneutrino m assesand lepton m ixing,itde-

scribes a vast array ofexperim entalinform ation. The

�Electronic address:quigg@ fnal.gov

developm ent and validation ofthe standard m odelis a

landm ark in the history ofscience.

O nem easureofthesweep oftheelectroweak theory is

thatitspredictionshold overa prodigiousrange ofdis-

tances,from about 10� 18 m to m ore than 108 m . The

origins ofthe theory lie in the discovery ofCoulom b’s

law in tabletop experim entsby Cavendish and Coulom b.

It was stretched to longer and shorter distances by the

progress ofexperim ent. In the long-distance lim it,the

classicalelectrodynam ics ofa m assless photon su�ces.

Atshorterdistancesthan thehum an scale,classicalelec-

trodynam icswassuperseded by quantum electrodynam -

ics (Q ED),which is now subsum ed in the electroweak

theory,tested atenergiesup toafew hundred G eV.Som e

key stepsin the evolution m ay be traced in [4,5].

The electroweak theory anticipated the existence and

propertiesofweakneutral-currentinteractions,predicted

thepropertiesofthegaugebosonsW � and Z 0 thatm edi-

atecharged-currentand neutral-currentinteractions,and

required the fourth quark avor,charm . Fits to a uni-

verseofelectroweakprecision m easurem entsarein excel-

lentagreem entwith the standard m odel.

How theelectroweakgaugesym m etry isspontaneously

broken is one ofthe m ost urgentand challenging ques-

tionsbeforeparticlephysics.Thestandard-m odelanswer

http://arxiv.org/abs/0905.3187v2
mailto:quigg@fnal.gov
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isan elem entary scalar�eld whoseself-interactionsselect

a vacuum state in which the fullelectroweak sym m etry

ishidden. However,the Higgsboson,asthe elem entary

scalarisknown,hasnotbeen observed directly,and we

do notknow whethera fundam entalHiggs�eld existsor

a di�erentagentbreakselectroweak sym m etry. Finding

the Higgs boson or its replacem ent is one ofthe great

cam paignsnow underway in both experim entaland the-

oreticalparticlephysics.

The aim of this article is to survey what we know

and whatweneed to know abouttheelectroweak theory,

in anticipation ofthe experim ents soon to begin at the

LargeHadron Collider,a high-lum inosity proton-proton

m achinethatwillreach 14 TeV c.m .energy.W ebegin in

xIIwith a shortsum m ary oftheessentialelem entsofthe

electroweaktheory.Next,in xIII,wewillexam inetheex-

perim entalsupportthathashelped to establish theelec-

troweak theory. The evidence includes the behavior of

thecouplingsattheLagrangianlevel,alongwith signsfor

weak-electrom agneticuni�cation.A prom inentfeatureof

the electroweak theory isthe absence ofavor-changing

neutralcurrents. An im portantchapterin the weak in-

teractions,justconcluded,validated thepictureofthree-

fam ily quark m ixing thatorganizesa vastam ountofex-

perim entalinform ation,including theobservationsofCP

violation.Q uantum correctionstesttheelectroweak the-

ory asa quantum �eld theory and give evidence forthe

interactions of(som ething resem bling) the Higgs boson

with the weak gauge bosons. Low-energy tests ofthe

electroweak theory can be expressed as determ inations

ofthe weak m ixing param eter. The electroweak theory

givesbutapartialexplanation fortheorigin ofquarkand

lepton m asses,soIregardallthequarkand lepton m asses

asevidenceforphysicsbeyond the standard m odel.

The Higgs boson,the m issing ingredient ofthe stan-

dard m odel,isthesubjectofxIV.Therewedescribethe-

oreticaland experim entalconstraintson theHiggs-boson

m assand outline the production and decay characteris-

ticsthatwillgovern thesearch attheLHC.Alternatives

to theHiggsm echanism ,beginning with dynam icalsym -

m etry breakinginspired by them icroscopictheory ofthe

superconductingphasetransition,aredescribed.Idevote

a briefpassage to whatthe world would have been like,

in theabsenceofan explicitm echanism to hidetheelec-

troweak sym m etry.Thisexcursion underlinestheim por-

tance ofdiscovering the agentofelectroweak sym m etry

breaking forourunderstanding ofthe everyday world.

xV is devoted to the shortcom ings of the standard

m odel, including the partialunderstanding of ferm ion

m assesand m ixing am ong quark fam ilies,the challenge

ofstabilizing the Higgsm assbelow 1 TeV in the face of

quantum corrections,and the vacuum energy problem .

W e take note ofquestions that lie beyond the scope of

thestandard m odel:thenatureofdark m atter,them at-

terasym m etry ofthe universe,the quantization ofelec-

tric charge,and the role ofgravity. Both sets ofissues

m otivatem orecom pleteand predictiveextensionsto the

standard m odel.

The new era ushered in by the LargeHadron Collider

isthesubjectofxVI.Iposea seriesofelectroweak ques-

tions for the LHC,and then note som e possibilities for

new physicsm otivated by thehierarchy problem and the

search for dark-m atter candidates. Idescribe how new

knowledgem ightbuild up astheLHC datasam plesgrow,

and rem ark on the continuing roleofexperim entsatthe

intensity frontier.A shortsum m ary concludesthearticle

in xVII.

II. T H E ELEC T R O W EA K T H EO R Y

The electroweak theory, and the path by which it

evolved,isdeveloped in m any m odern textbooks,includ-

ing [6,7,8,9,10,11]. Usefulperspectives on the cur-

rent situation are presented in lecture courses,includ-

ing [12,13,14]. Here we give a quick sum m ary ofthe

essentialideasand outcom es.

W e build the standard m odelof particle physics on

a setofconstituentsthatwe regard provisionally asele-

m entary:thequarksand leptons,plusafew fundam ental

forcesderived from gaugesym m etries.Thequarksarein-

uenced by thestronginteraction,and socarrycolor,the

strong-interaction charge,whereastheleptonsdonotfeel

thestrong interaction,and arecolorless.W eidealizethe

quarks and leptons as pointlike,because they show no

evidence ofinternalstructure atthe currentlim itofour

resolution,(r . 10� 18 m ). The charged-current weak

interaction responsible for radioactive beta decay and

other processes acts only on the left-handed ferm ions.

W hether the observed parity violation reects a funda-

m entalasym m etry in the lawsofNature,ora left-right

sym m etry thatishidden by circum stance and m ightbe

restored athigherenergies,wedo notknow.

Like its forerunner, quantum electrodynam ics, the

electroweak theory is a gauge theory,in which interac-

tions follow from sym m etries. The correct electroweak

gauge sym m etry,which m elds an SU(2)L fam ily (weak-

isospin)sym m etry with aU(1)
Y
weak-hyperchargephase

sym m etry,em erged through trialand error,guided by

experim ent. W e characterize the leptonic sector ofthe

SU(2)L 
 U(1)
Y
theory by the left-handed leptons

Le =

�
�e
e�

�

L

L� =

�
��
��

�

L

L� =

�
��
��

�

L

; (2.1)

with weak isospin I = 1

2
and weak hyperchargeY (L‘)=

� 1,and theright-handed weak-isoscalarcharged leptons

Re;�;� = eR ;�R ;�R ; (2.2)

with weak hypercharge Y (R‘) = � 2. The weak hyper-

charges are chosen to reproduce the observed electric

charges, through the connection Q = I3 +
1

2
Y . Here

we have idealized the neutrinos as m assless. Very brief

com m entson m assiveneutrinoswillbe found in xV A.
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Thehadronicsectorconsistsoftheleft-handed quarks

L
(1)
q =

�
u

d0

�

L

L
(2)
q =

�
c

s0

�

L

L
(3)
q =

�
t

b0

�

L

; (2.3)

with weak isospin I = 1

2
and weak hyperchargeY (Lq)=

1

3
,and theirright-handed weak-isoscalarcounterparts

R
(1;2;3)
u = uR ;cR ;tR and R

(1;2;3)

d
= dR ;sR ;bR ; (2.4)

with weak hypercharges Y (Ru) =
4

3
and Y (Rd) = � 2

3
.

The prim eson the lowercom ponentsofthe quark dou-

blets in (2.3) signalthat the weak eigenstates are m ix-

turesofthe m asseigenstates:

0

@
d0

s0

b0

1

A =

0

@
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

1

A

0

@
d

s

b

1

A � V

0

@
d

s

b

1

A ; (2.5)

where the 3 � 3 unitary Cabibbo [15]{K obayashi{

M askawa [16]m atrix V expressesthe quark m ixing.See

xIIIC forfurtherdiscussion.

The fact that each left-handed lepton doublet is

m atched by a left-handed quark doubletguaranteesthat

the theory isanom aly free,so thatquantum corrections

respectthe gaugesym m etry [17].

The SU(2)L 
 U(1)
Y
electroweak gauge group entails

two sets ofgauge �elds: a weak isovectorb�,with cou-

pling constant g, and a weak isoscalar A �, with its

own coupling constant g0. The gauge �elds com pen-

sate for the variations induced by gauge transform a-

tions,provided that they obey the transform ation laws

b� ! b�� �� b�� (1=g)@��underan in�nitesim alweak-

isospin rotation generated by G = 1+ (i=2)�� � (where�

arethePauliisospin m atrices)and A � ! A � � (1=g0)@��

underan in�nitesim alhyperchargephase rotation.Cor-

responding to these gauge �elds are the �eld-strength

tensors

F
‘
�� = @�b

‘
� � @�b

‘
� + g"jk‘b

j
�b

k
� ; (2.6)

(‘= 1;2;3)forthe weak-isospin sym m etry,and

f�� = @�A � � @�A � ; (2.7)

forthe weak-hyperchargesym m etry.

W em ay sum m arizetheinteractionsby theLagrangian

L = Lgauge + Lleptons+ Lquarks ; (2.8)

with

Lgauge = � 1

4

P

‘
F ‘
��F

‘�� � 1

4
f��f

��; (2.9)

Lleptons = R‘ i
�

�

@� + i
g0

2
A �Y

�

R‘ (2.10)

+ L‘ i
�

�

@� + i
g0

2
A �Y + i

g

2
� � b�

�

L‘ ;

where‘runsovere;�;�,and

Lquarks = R
(n)

u i
�

�

@� + i
g0

2
A �Y

�

R
(n)
u

+ R
(n)

d i
�

�

@� + i
g0

2
A �Y

�

R
(n)

d
(2.11)

+ L
(n)

q i
�

�

@� + i
g0

2
A �Y + i

g

2
� � b�

�

L
(n)
q ;

where the generation index n runs over1;2;3. The ob-

jects in parentheses in (2.10) and (2.11) are the gauge-

covariantderivatives.

Although the weak and electrom agnetic interactions

shareacom m on origin in theSU(2)L 
 U(1)
Y
gaugesym -

m etry,their m anifestations are very di�erent. Electro-

m agnetism isa forceofin�niterange,whiletheinuence

ofthe charged-current weak interaction responsible for

radioactivebeta decay only spansdistancesshorterthan

about10� 15 cm .The established phenom enology ofthe

weakinteractionsisthusatoddswith thetheory wehave

developed tothispoint.ThegaugeLagrangian (2.9)con-

tainsfourm asslesselectroweak gaugebosons,viz.b1�,b
2
�,

b3�,A �. They are m assless because a m ass term such

as 1

2
m 2A �A

� isnotinvariantundera gaugetransform a-

tion. Nature has but one: the photon. M oreover,the

SU(2)L 
 U(1)
Y
gauge sym m etry forbids ferm ion m ass

term sm �ff = m (�fR fL + �fLfR )in (2.10)and (2.11),be-

cause the left-handed and right-handed �eldstransform

di�erently.

To give m asses to the gauge bosons and constituent

ferm ions,we m ust hide the electroweak sym m etry,rec-

ognizing thata sym m etry ofthelawsofNaturedoesnot

im ply that the sam e sym m etry willbe m anifest in the

outcom esofthoselaws.

Thesuperconductingphasetransitiono�ersaninstruc-

tive m odelfor hiding the electroweak gauge sym m etry.

To give m asses to the interm ediate bosons ofthe weak

interaction, we appealto the M eissner e�ect| the ex-

clusion ofm agnetic �eldsfrom a superconductor,which

corresponds to the photon developing a nonzero m ass

within the superconducting m edium .W hathascom eto

becalled theHiggsm echanism [18,19,20,21]can beun-

derstood asa relativisticgeneralization oftheG inzburg-

Landau phenom enology [22]ofsuperconductivity.

Letussee how spontaneoussym m etry breaking oper-

atesin the electroweak theory. W e introduce a com plex

doubletofscalar�elds

� �

�
�+

�0

�

(2.12)

with weak hypercharge Y� = + 1. Next,we add to the

Lagrangian new (gauge-invariant)term sforthe interac-

tion and propagation ofthe scalars,

Lscalar = (D �
�)y(D ��)� V (�y�); (2.13)

wherethe gauge-covariantderivativeis

D � = @� + i
g0

2
A �Y + i

g

2
� � b� ; (2.14)
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and (inspired by G inzburg & Landau)the potentialin-

teraction hasthe form

V (�y�)= �
2(�y�)+ j�j(�y�)2: (2.15)

W e arealso free to add gauge-invariantYukawa interac-

tions between the scalar �elds and the leptons (‘ runs

overe;�;� asbefore),

LYukawa� ‘ = � �‘
�
(L‘�)R‘ + R‘(�

y
L‘)

�
; (2.16)

and sim ilarinteractionswith the quarks.

Now we arrange the self-interactionsofthe scalarsso

thatthevacuum statecorrespondstoabroken-sym m etry

solution. The electroweak sym m etry is spontaneously

broken ifthe param eter �2 is taken to be negative. In

that event, gauge invariance gives us the freedom to

choosethestateofm inim um energy| thevacuum state|

to correspond to the vacuum expectation value

h�i
0
=

�
0

v=
p
2

�

; (2.17)

wherev =
p
� �2=j�j.

The vacuum of (2.17) breaks the gauge sym m etry

SU(2)L 
 U(1)
Y
! U(1)

em
. The vacuum state h�i

0
is

invariantundera sym m etry operation corresponding to

the generator G provided that ei�G h�i
0
= h�i

0
,i.e.,if

G h�i
0
= 0. Direct calculation reveals that the original

fourgeneratorsareallbroken,butelectricchargeisnot.

Thephoton rem ainsm assless,buttheotherthreegauge

bosons acquire m asses,as auxiliary scalars assum e the

roleofthe third (longitudinal)degreesoffreedom .

Introducing the weak m ixing angle �W through the

de�nition g0 = gtan�W ,we can express the photon as

the linear com bination A = A cos�W + b3 sin�W . W e

identify the strength of its (pure vector) coupling to

charged particles,gg0=
p
g2 + g02,with theelectriccharge

e.Them ediatorofthecharged-currentweak interaction,

W � = (b1 � ib2)=
p
2,acquiresa m ass

M W = gv=2= ev=2sin�W : (2.18)

Theelectroweak gaugetheory reproducesthelow-energy

phenom enology of the V � A theory of weak interac-

tions, provided we set v = (G F

p
2)� 1=2 = 246 G eV,

where G F = 1:16637(1)� 10� 5 G eV
� 2

isFerm i’s weak-

interaction coupling constant. It follows at once that

M W � 37:3 G eV=sin�W . The com bination of the I3
and Y gauge bosons orthogonalto the photon is the

m ediator ofthe neutral-current weak interaction,Z =

b3 cos�W � A sin�W ,which acquiresa m ass

M Z = M W =cos�W : (2.19)

The m asses ofthe elem entary ferm ions are not pre-

dicted by the electroweak theory. Each ferm ion m ass

involves a new Yukawa coupling � (cf. (2.16)). W hen

the electroweak sym m etry is spontaneously broken,the

electron m ass em erges as m e = �ev=
p
2. The Yukawa

couplingsthatreproducethe observed quark and lepton

m assesrangeoverm any ordersofm agnitude,asdetailed

in xIIIG . W e do not know what sets the values ofthe

Yukawa couplings. They do not follow from a known

sym m etry principle,forexam ple.

Threeofthefourscalardegreesoffreedom thatwein-

troduced to contrivea vacuum statethathidesthe elec-

troweak gauge sym m etry have becom e the longitudinal

com ponentsofW + ,W � ,and Z.The fourth appearsas

am assivespin-zeroparticle,called theHiggsboson,H ,a

vestigeofthe spontaneoussym m etry breaking.Itsm ass

isgiven sym bolically asM 2
H = � 2�2 > 0,butwehaveno

prediction for its value. O n the otherhand,the interac-

tionsoftheHiggsboson with gaugebosonsand ferm ions

are com pletely speci�ed| after spontaneous sym m etry

breaking| by the Lagrangian term sLscalar and LYukawa.

G iven them assoftheHiggsboson,wem ay calculateits

properties.

Letussum m arizehow particlem assarisesin thestan-

dard electroweak theory. Unless the electroweak gauge

sym m etry is hidden,the four gauge bosons and allthe

constituentferm ionsare m assless.Spontaneoussym m e-

try breaking,in the form ofthe Higgsm echanism ,gives

m assesto the weak gauge bosonsand createsthe possi-

bility for the ferm ions to acquire m ass. O nce the weak

m ixing param etersin2 �W is�xed by the study ofweak-

neutral-current interactions,the theory m akes success-

ful quantitative predictions for the W � - and Z-boson

m asses. Although the naturalscale offerm ion m asses

would seem to be setby the electroweak scale,the spe-

ci�c values are determ ined by Yukawa couplings ofthe

ferm ionsto the Higgs�eld.TheseYukawa couplingsare

notpredicted by theelectroweaktheory.Finally,thethe-

ory requiresa scalarHiggsboson,butdoesnotm akean

explicitprediction foritsm ass.

III. H O W T H E ELEC T R O W EA K T H EO R Y

B EC A M E A LAW O F N A T U R E ...A N D W H A T

W E R EA LLY K N O W

The SU(2)L 
 U(1)
Y
electroweak theory was form u-

lated in the context ofextensive experim entalinform a-

tion aboutthe charged-currentweak interactions. Cen-

tralelem entsincluded the parity-violating V � A struc-

tureofthecharged currentand theCabibbo universality

ofleptonic and sem ileptonic processes.O n the theoreti-

calfront,a classic unitarity argum ent[23]m ade itclear

thatFerm i’sfour-ferm ion description could notbe valid

above c.m .energy
p
s = 620 G eV. Analysisofthe reac-

tion ��� ! W + W � showed thatthe ad-hoc introduction

ofinterm ediatevectorbosons,to m aketheweak interac-

tion nonlocal,had divergencediseasesofitsown [24].

Theweak neutral-currentinteraction wasnotdetected

before the electroweak theory wasform ulated. The pre-

diction ofthis new phenom enon and the availability of

high-energy neutrino beam s spurred the search for ex-

perim entalm anifestations ofthe weak neutralcurrent.
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Itsdiscovery in 1973 [25,26]m arked an im portantm ile-

stone,as did the observation a decade later [27]ofthe

W � [28,29]and Z 0 [30,31]bosons.Theearlyyearswere

m arked by som e inconsistent experim entalresults and

theinvention ofm any alternativestotheSU(2)L 
 U(1)
Y

them e.How physicistssorted outthecorrectelectroweak

theory isa fascinating story,buto� ourtopic here. W e

shallconcentrateinstead on the evidence thatnow tests

and validatestheelectroweak theory.See[32]fora com -

pactauthoritativerendering oftheroleofprecision m ea-

surem entsin establishingtheelectroweaktheory asalaw

ofnature.

A . Tree-level

Followingthediscoveryofneutral-currentinteractions,

the new phenom enon was taken up in a num ber of�N

and �e scattering experim ents. Despite their statistical

lim itations,theneutrino-electron scattering experim ents

helped guidetheconvergencetotheSU(2)L
 U(1)
Y
stan-

dard m odel.Underm odestuniversality assum ptions,the

�e crosssection m easurem ents,com bined with m easure-

m ents of the forward-backward asym m etry that arises

from -Z interference in the reaction e+ e� ! �+ �� ,

uniquely selected theSU(2)L 
 U(1)
Y
chiralcouplingsof

Z to charged leptons[33].O nly a shorttim elater,itwas

reasonabletoproclaim thatthechiralcouplingstoallthe

knownquarksand leptonshad been uniquelydeterm ined,

in agreem entwith the SU(2)L 
 U(1)
Y
theory [34].

Alongtheway,delicateobservationsofparity-violating

phenom ena in atom ic physicsbegan to add com plem en-

tary inform ation.Studiesofpolarized electron-deuteron

scattering [35]con�rm ed thatthe neutral-currentinter-

actions are parity violating,also ruling in favor ofthe

standard m odel.

Thisim pressiveprogress,punctuated by the discover-

iesofW andZ,waspreludetotheincisiveexperim entsat

the SLAC and CERN Z factories.M easurem entsofthe

Z lineshapeand a determ ination ofthe\invisible" width

oftheZ con�rm ed thehypothesisthatthreegenerations

oflightneutrinosare presentin neutral-currentinterac-

tions. The current inference from the invisible width,

of2:985� 0:009 active lightneutrino species [36]isnot

only consistentwith thethreeobserved neutrino species,

it leaves little room for decays ofZ into exotic weakly

interacting particles.

The conclusion that only three active light species

exist does not rule out a fourth generation of quarks

and leptons,provided thattheneutralleptonsareheavy

enough that their contributions to the invisible width

would be negligible| if not zero! A fourth generation

is constrained,but not excluded,by what we know of

charged-currentand neutral-currentinteractions[37].

M any extensionsto theelectroweak theory predictthe

existenceofoneorm oreelectrically neutralcolor-singlet

Z 0 gauge bosons [38]. The m ost telling direct searches

have been carried out at the Tevatron in searches for
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..y < 0.9
 = 0eP

HERA I & II

FIG .1:The Q
2
-dependenceofthe neutral-current(NC)and

charged-current(CC)crosssectionsm easured by the H1 [40]

and ZEUS [41,42,43,44]experim entsattheHERA e
�
p col-

lider. The curvesrepresentthe standard-m odelexpectations

derived from the HERA parton distribution functions.

direct-channel(q�q ! Z 0) resonances in reactions such

as �pp ! ‘+ ‘� + anything. Translating experim ental

sensitivity into lim its on the m ass of a new neutral

gaugeboson iscom plicated by thefactthatZ 0couplings

to ferm ions are m odel-dependent| in som e cases,even

generation dependent. For a representative collection

ofexam ples,the Tevatron searches im ply that M Z 0 &

789 G eV at95% CL.Fora heavy clone ofthe standard-

m odelZ (itsonly virtue asan exam pleisthatitiseasy

to state),the 95% CL bound isM Z 0

SM

> 1030 G eV [39].

O ther searches look for evidence of Z 0 ! W + W � .

G lobal�tstoelectroweakparam etersand neutral-current

studiesaway from the Z polearesensitiveto a Z 0.

The H1 [40]and ZEUS [41,42,43,44]experim ents

at the e� p collider HERA com pared the m om entum -

transfer dependence of neutral-current (e� p ! e� +

anything) and charged-current (e� p ! (��e;�e) +

anything)atc.m .energiesof820 and 920 G eV.A recent

sum m ary com piled by H1and ZEUS isgiven in Figure1.

Atlow-valuesofQ 2,theneutral-currentcrosssection ex-

ceedsthecharged-currentcrosssection by m orethan two

ordersofm agnitude,because the electrom agnetic inter-

action ism uch strongerthan theweak interaction atlong

wavelengths. For Q 2
& (M 2

W ;M 2
Z ),the cross sections

roughly track each other. This behavior supports the

notion thatthe intrinsic strengthsofthe weak and elec-

trom agneticinteractionsarecom parable.

The absence ofright-handed charged-currentinterac-

tionsisoneofthefoundationalobservationson which the

SU(2)L 
 U(1)
Y
theory isbuilt,and also a question that



6

haslingered form ore than �fty years. Isthere a funda-

m entalleft-rightasym m etry in thelawsofnature,ordid

spontaneoussym m etry breaking atsom e high scale give

a large m ass to a right-handed gauge boson,creating a

low-energy preferenceforleft-handed currents? Thissec-

ond possibility isthevision ofleft-rightsym m etricm od-

els,based on SU(3)c
 SU(2)L 
 SU(2)R 
 U(1)
B � L

gauge

sym m etry [45,46,47].Searchesforright-handed interac-

tions,orforadditionalW 0� gaugebosonsareim portant

probesofthe electroweak theory [48].

The directsearchesatthe Tevatron forW 0 ! e�,as-

sum ing standard-m odelcouplings, give a lower bound

M W 0 > 1000 G eV at 95% CL [49]. A �t to low-

energy data bounds the m ass ofa right-handed W R as

M W R
> 715 G eV at 90% CL,assum ing that its gauge

couplingisthesam eastheSU(2)L coupling,gR = gL [50].

Sensitivetestsofthestandard m odelareongoingin � de-

cay [51]and in �-decay [52].

A noteworthy achievem ent of the LEP experim ents

is the validation of the SU(2)L 
 U(1)
Y
sym m etry for

theinteraction ofgaugebosonswith ferm ionsand gauge

bosons with gauge bosons in e+ e� ! W + W � . This

reaction is described by three Feynm an diagram s that

correspond to s-channelphoton and Z 0 exchange,and

t-channelneutrino exchange.Forthe production oflon-

gitudinally polarized W -bosons,each diagram leadsto a

J = 1 partial-wave am plitude that growsas the square

ofthe c.m .energy,but the gauge sym m etry enforces a

pattern ofcooperation. The contributionsofthe direct-

channel- and Z0-exchange diagram s cancelthe lead-

ing divergence in the J = 1 partial-wave am plitude of

the neutrino-exchange diagram . The interplay isshown

in Figure 2. Ifthe Z-exchange contribution is om itted

(m iddle line)orifboth the-and Z-exchangecontribu-

tions are om itted (upper line),the calculated crosssec-

tion growsunacceptably with energy.Them easurem ents

com piled by the LEP Electroweak W orking G roup [53]

agree well with the benign high-energy behavior pre-

dicted by the fullelectroweak theory.

Tevatron m easurem entsdo notdirectly determ ine the

W + W � invariant m ass, because of the m issing energy

carried by neutrinos,but reach beyond the highest en-

ergy studied atLEP.The latestcontributions,from the

D0 [54]and CDF [55]Collaborations,are in agreem ent

with standard-m odelexpectations [56,57],and tighten

the boundson anom alouscouplings.

B . Flavor-changing neutralcurrents

Strangeness-changing neutralcurrentsweretheobject

ofexperim entalsearcheseven beforetheelectroweakthe-

orywasconceived.Itwasrecognized earlyon thatavor-

changing neutral-current e�ects cannot be isolated in

nonleptonic decays. As an exam ple,the transition s !

d(u�u)would beentangled with thecharged-currenttran-

sition s ! u(d�u). Accordingly,decays ofhadrons into

pairs ofleptons have been the favored hunting ground

0
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FIG .2:Crosssection forthe reaction e
+
e
�
! W

+
W

�
m ea-

sured by the four LEP experim ents, together with the full

electroweak-theory sim ulation and cross sections that would

resultfrom �-exchangealone and from (� + )-exchange[53].

forevidenceofavor-changingneutralcurrents(FCNC).

The branching fraction B(K 0
L ! �+ �� ) = (6:84 �

0:11)� 10� 9 [49]closely m atches the standard expec-

tation for decay through the (realand virtual)  in-

term ediate state. The absence ofstrangeness-changing

neutral-currentinteractionsm otivated G lashow,Iliopou-

los,and M aiani[58]to advocateadding thecharm quark

cto the then-fam iliaru;d;s,so thatquark doublets

�
u

dcos�C + ssin�C

�

L

�
c

scos�C � dsin�C

�

L

; (3.1)

where �C is the Cabibbo angle,would m irror the then-

known lepton doublets,

�
�e
e

�

L

�
��
�

�

L

: (3.2)

Thethree-fam ilygeneralizationoftheG IM m echanism

banishes FCNC at lowestorder,and greatly suppresses

them atloop level[59]. Verifying the absence ofFCNC

therefore tests the structure| and the com pleteness| of

theelectroweak theory.Them ostsensitiveexperim ental

search has been carried out in the K + ! �+ ��� chan-

nel. Brookhaven Experim ent 949 has observed three

candidates, leading to a branching fraction B(K + !

�+ ���)= 1:73+ 1:15� 1:05 � 10� 10 [60]. Thisrate isconsistent,

within uncertainties,with the standard-m odelexpecta-

tion,B(K + ! �+ ���)= (0:85� 0:07)� 10� 10 [61].

The lim itson FCNC involving heavieravorsare less

stringent, but nevertheless raise the question: if new
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physics is to revealitselfon the 1-TeV scale,why have

weseen no sign ofFCNC?

W ithin the standard m odel,the rate anticipated for

the decay D 0 ! �+ �� isvery sm all:B(D 0 ! �+ �� )&

4� 10� 13 [62].TheCDF Collaboration boundsB(D 0 !

�+ �� )< 5:3� 10� 7 at95% C.L.[63]. Fora generalre-

view ofcharm ed m eson decays,see [64].Theobservation

ofD 0-�D 0 m ixing [65,66]has intensi�ed interest in the

search fornew physicsin charm ed-m eson decays.Theo-

reticalexpectationsarecatalogued in [62,67,68,69,70,

71].

An inform ative introduction to FCNC phenom ena in

B -m eson decaysisgiven in theBaBarPhysicsBook [72].

The current experim entallim it on leptonic B s decays,

B(B s ! �+ �� ) < 5:8 � 10� 8 at 95% C.L. [73], ap-

proaches standard-m odelsensitivity,B(B s ! �+ �� ) =

(3:6� 0:3)� 10� 9 [74]. The corresponding lim itforB 0

is B(B d ! �+ �� ) < 1:8 � 10� 8 [73],to be com pared

with thestandard-m odelexpectation,B(B d ! �+ �� )=

(1:1� 0:1)� 10� 10.

The world sam ple oftop decaysrem ainsm odest,and

consequentlythestudy ofraretop decaysislessadvanced

than forK ,D ,and B m esons.From a search forsingle-

top production,the CDF Collaboration reports B(t !

ug) < 3:9� 10� 4 and B(t! cg) < 5:7� 10� 3 at 95%

C.L.[75],im proving earlierlim itsfrom LEP.The latter

isto be com pared with the standard-m odelexpectation,

B(t! cg)� 10� 10 [76].A study oftop pairproduction

yieldsB(t! Zc)< 3:7% at95% C.L.[77].

In charm and top decays, plenty of room rem ains

to search for physics beyond the standard m odel, as

experim ents approach standard-m odelsensitivity. But

the absence ofFCNC attree levelis�rm ly established.

W hatwealready know about(thesuppression of)avor-

changing neutral current phenom ena both challenges,

and providesopportunitiesto uncover,m any varietiesof

physicsbeyond thestandard m odel,including dynam ical

electroweak sym m etry breaking [78,79,80]and super-

sym m etrywithoutauxiliaryconditions[81].Theexisting

constraintshave stim ulated conjecturesabout\m inim al

avorviolation" [82]and approxim ategenerationalsym -

m etries[83].

The search forFCNC e�ectsin heavy quark decaysis

an exam ple ofhow high-sensitivity studies at low ener-

giescan com plem entdirectdiscoveryphysicsattheLHC.

Experim entalsearchesforlepton-avorviolationo�eran-

otherwindow on new physicsin the neutral-currentsec-

tor[84,85].

C . Tests ofthe C K M Paradigm

A generation ago,theCabibbohypothesis[15]brought

clarity to a wealth ofinform ation aboutsem ileptonicde-

caysofm esonsandhyperons.Transcribedtom odernlan-

guage,the charged-currentinteractionsam ong the light

quarksarespeci�ed by

L
(q)

C C
= �

g
p
2
�uL

�
d�LW

+
� + h:c:; (3.3)

whereg isthe SU(2)L gaugecoupling and

d� = dcos�C + ssin�C : (3.4)

The form (3.3) m atchesthe charged-currentinteraction

am ong leptons,

L
(‘)

C C
= �

g
p
2
�eL

�
�LW

�
� + h:c:; (3.5)

and so expressesthe universality ofthe charged-current

weak interactions.Testsofthe Cabibbo universality hy-

pothesis relating the strengths ofu $ d,u $ s,and

� $ e transitionsarereviewed in [86].

In a prescientpaper,followingtheG lashow-Iliopoulos-

M aiani[58]callfor a fourth quark that would be the

charged-current partner ofthe orthogonalcom bination

s� = scos�C � dsin�C butbeforethediscoveryofcharm ,

K obayashi& M askawa [16] generalized Cabibbo’s hy-

pothesis to three quark generations,in orderto accom -

m odate CP violation.Q uark m ixing isexpressed by the

3� 3 unitary m atrix de�ned in (2.5),colloquially called

theCK M m atrix.Theirkey insightisthatan n� n uni-

tary m atrix can be param etrized in term sofn(n � 1)=2

realm ixing anglesand (n � 1)(n � 2)=2 com plex phases,

after the freedom to rede�ne the phases ofquark �elds

has been taken into account. The phase angle present

in the 3� 3 case could,they suggested,accountforCP

violation.

This sim ple conjecture has far-reaching im plica-

tions[87,88].W e now know ofthree generationsoflep-

tons(2.1)and quarks(2.3)| a good beginning.

A sim pletestforthecom pletenessoftheCK M picture

istoask whetherthem agnitudesjVijjareconsistentwith

the hypothesisthatthe m atrix isunitary.Particularat-

tention has been accorded to the �rst row ofthe CK M

m atrix,lookingfordeviationsfrom theunitarity require-

m ent

Su � jVudj
2
+ jVusj

2
+ jVubj

2
= 1; (3.6)

which would signalnew physics. (Because jVubj
2
� 1,

thisisessentially a testoftheCabibbo picture.) Forsev-

eralyears,thesum Su layacoupleofstandard deviations

below unity. Recentkaon decay studieshave raised the

value ofjVusj,so thatSu = 0:9999� 0:0010 [89]. O ngo-

ing studiesofneutron decaysshould resolvea persistent

lifetim e puzzle [90],and m ay lead to an im proved deter-

m ination ofjVudj.

Im m ense experim entale�ort has produced a rich li-

brary ofinform ation about decays (both com m on and

rare) neutral-particle m ixings,and CP violation (in K

and B decays)[91,92,93].O neapplication ofthatbody

ofknowledge has been to probe in depth the unitarity

ofthe CK M m atrix VVy = I,where Iis the 3� 3 iden-

tity,by exam ining
P

i
VijV

�
ik
= �jk and

P

j
VijV

�
kj
= �ik.
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FIG . 3: Constraints in the (��;��) plane as of M arch 2009.

The red hashed region showsthe globalcom bination at68%

CL [95].

Thesixvanishingconditionsm ayberepresented astrian-

glesin thecom plex plane,each with an areaproportional

toIm [VijVk‘V
�
i‘
V �
kj
],aparam etrization-independentm ea-

sure ofCP violation [94]. Com prehensive analyseshave

been carried out over a num ber ofyears by the CK M

Fitter[95]and UTFit[96]Collaborations.

The m ost com m only displayed unitarity triangle,

shown in Figure3,isconstructed from the constraint,

VudV
�
ub + VcdV

�
cb + VtdV

�
tb = 0: (3.7)

It is conventionalto norm alize the triangle, dividing

the com plex vector for each leg by the well-determ ined

VcdV
�
cb
.Theverticesofthetrianglearethen (0;0),(1;0),

and (��;��). Am ong the tests available in this form al-

ism are whether the triangle closes and whether di�er-

entdata setsyield a com m on vertex,(��;��).The plotin

Figure 3,which is representative ofrecent work,shows

consistency am ongm any experim entalconstraints.That

the im aginary coordinate �� di�ersfrom zero showsthat

the K obayashi{M askawa m echanism is at work. A cru-

cialprediction,that CP violation in K physics is sm all

becauseofavorsuppression butCP violation should be

appreciablein B physics,isful�lled.M oredetailed anal-

ysis shows that the K obayashi{M askawa m echanism is

the dom inant source ofCP violation in m eson decays.

Aswehaveseen in xIIIB,new physicscontributionsare

extrem ely sm allin s$ d,b$ d,s$ b,and c$ u tran-

sitions.Forsum m ariesoftestsoftheCK M paradigm in

avor physics,see [97]for an experim entalperspective

and a look ahead,and [74]fora theoreticalperspective.

A global�t [98],within the fram ework ofthe three-

generation standard m odel,yields the following m agni-

tudes jVijjforthe CK M m atrix elem ents:

0

B
@

0:97419� 0:00022 0:2257� 0:0010 0:00359� 0:00016

0:2256� 0:0010 0:97334� 0:00023 0:0415
+ 0:0010

�0:0011

0:00874
+ 0:00026

�0:00037
0:0407� 0:0010 0:999133

+ 0:000044

�0:000043

1

C
A :

(3.8)

The consistency ofthe CK M picture doesnotyetex-

clude a fourth generation ofquarks. Direct constraints

on jVtbjareconsistentwith avaluenearunity,butarenot

yetterribly restrictive. G lobal�tsto the precision elec-

troweak data allow m ixing between the third and fourth

fam ilies at the levelseen between the �rst and second

fam ilies[99].

Finally,the robustnessofthe CK M unitarity triangle

doesnotm ean thatthereisno new physicsto be found.

Theunitarity triangleanalysisism ainly sensitiveto pro-

cessesthatchangeavorby two units.Even in the well-

studied rareK and B decays(avorchangeby oneunit),

m anyexam plesofnew physicsthatcould havepassed the

unitarity-triangle screen| supersym m etry, little Higgs

m odels with T-parity,and warped extra dim ensions|

could give large departures [100]. New sources of CP

violation and FCNC occurin m odelsthatdo notenforce

m inim alavor violation. As we saw in xIIIB,there is

am plespacebetween currentboundsand standard-m odel

expectationsin m any raredecays.Sincetheunitarity tri-

angleisdescribed wellby thestandard m odel,itwillpay

to exam ine CP violation in b ! s transitions and rare

decays, where standard-m odelcontributions are sm all.

O nespeci�c scenario,involving extra U(1)
0
interactions,

ispresented in [101],and a claim ed sign ofnew physics

in b! s transitionsisgiven in [102].

The ability of the electroweak theory incorporating

CK M m ixing to accountfor| and predict| a vastnum -

berofobservablesin avorphysicsishighly im pressive.

W em ustrem em ber,however,thatexperim entshavevali-

dated a fram ework,notan explanation.Justasthestan-

dard m odelm akes no predictions for quark and lepton

m asses,it has nothing to say about the m ixing angles

and the K obayashi{M askawa phase. These can arise in

theelectroweak theory,butwedon’tknow how.Ifquark

and lepton m assesand m ixingsare indeed generated by

theHiggsm echanism ,then (in thewordsofVeltm an)the

Higgsboson m ustknow som ething wedo notknow [103].

D . Loop-level

W ehavejustrecalled som eofthewaysin which exper-

im enthastested the consequencesofthe spontaneously

broken SU(2)L 
 U(1)
Y
gaugetheory ofthe electroweak

interactions,and probed with increasingacuity theinfer-

encesfrom earlierexperim entson which theelectroweak

theory was founded. The m ajor predictions for elec-

troweak phenom enology have been con�rm ed| am ong

them ,the existence ofneutral-current interactions,the

existence and m ass scale of the W � and Z 0, and the

need forthecharm quark.Theidealizationsthatshaped

the structure of the theory| including the absence of

right-handed charged currentsand theabsenceofavor-

changing neutral-currentinteractionshave proved to be

exceptionally robust.O nly theidealization thattheneu-

trinosarem asslesshasrequired revision,and thatisfor

m any purposesan inessentialchange.

The electroweak theory is a quantum �eld theory.

O nce the elem entary interactions have been set by hy-

pothesisorby experim entaldeterm inations,wehavethe
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opportunity to com pute quantum correctionsto observ-

ables and subject the theory to precise experim ental

tests.An accessibleintroduction to the basictechniques

can befound in [104].Theprogram isstraightforward in

principle,but very dem anding in practice. The m ount-

ing precision ofexperim ents has inspired waves of de-

tailed theoreticalcalculationsthatare heroic in propor-

tion [105].

Ifallthe param etersofa theory are known (and the

theory ispresum ed com plete),then a m easured observ-

able m ay be com pared with the calculated value to test

the theory. The electroweak theory has been a work-

in-progress over the period when precise m easurem ents

becam e available,because severalkey param eters have

been unknown.

Before the top quark was discovered in 1995,

quantum corrections to electroweak observables

gave indications that the weak-isospin partner of

b would be m uch m ore m assive than the other

quarks. For exam ple, the quantum corrections

to the standard-m odel predictions (2.18) for M W

and (2.19) for M Z arise from di�erent quark loops:

t�b for M W , and t�t (or b�b) for M Z . These quantum

corrections alter the link between the W -and Z-boson

m asses,so that

M
2
W = M

2
Z

�
1� sin2 �W

�
(1+ ��) ; (3.9)

where

�� � �� (quarks) =
3G Fm

2
t

8�2
p
2
: (3.10)

The strong dependence on m 2
t is characteristic,and ac-

counts for the sensitivity ofelectroweak observables to

the top-quark m ass.

Ifallotherparam eterswere known,one could choose

forany m easurem entthe value ofm t thatgavetheclos-

estagreem entbetween calculation and experim ent,test

forconsistency am ong variousm easurem ents,and aver-

age overdi�erentobservables,to estim ate m t. In prac-

tice,the global�ts allow for variations in a num ber of

param eters. The top m ass favored by sim ultaneous�ts

to m any electroweak observablesisshown asa function

oftim e in Figure 4. By the end of1994,the indirect

determ inations favored m t � (175 � 25)G eV,success-

fully anticipating the m asses reported in the discovery

papers:176� 8� 10 G eV forCDF,and 199
+ 19
� 21� 22 G eV

for D0. Today, direct m easurem ents at the Tevatron

determ ine the top-quark m ass to a precision of0.75% ,

m t = (173:1� 1:3)G eV [106],farm ore precisethan the

indirectdeterm inations.

M easurem entson and neartheZ 0 poleby theLEP ex-

perim entsALEPH,DELPHI,L3,and O PAL [109]and by

theSLD experim entattheStanford LinearCollider[110]

FIG . 4: Indirect determ inations of the top-quark m ass

from �ts to electroweak observables (green circles) and 95%

con�dence-levellowerboundson thetop-quark m assinferred

from direct searches in e
+
e
�
annihilations (solid line) and

in �pp collisions,assum ing that standard decay m odes dom i-

nate(broken line).An indirectlowerbound,derived from the

W -boson width inferred from �pp ! (W orZ)+ anything,

is shown as the dot-dashed line. A selection ofdirect m ea-

surem ents of m t by the CD F (blue triangles) and D 0 (in-

verted red triangles) Collaborations are plotted. The Teva-

tron average from direct observations is shown as m agenta

squares. The m ost recent indirect determ inations are from

Refs.[53,107,108]. The evolution ofknowledge ofm t m ay

betraced through thecurrentReview ofParticle Physics [49]

and previouseditions.

weredecisivein testing and re�ning theelectroweak the-

ory [111]. G lobalanalysis projects that have been dis-

tinguished fortheirthoroughnessand continuity include

theLEP Electroweak W orking G roup [53,107],incorpo-

rating the ZFITTER [112,113]and TOPAZ0 [114,115]

codes, and the Particle Data G roup [36]. These have

been joined recently by theTevatron Electroweak W ork-

ing G roup [116]and the G�tterinitiative[108].

W hat has been achieved overallis a com prehensive

test ofthe electroweak theory,as a quantum �eld the-

ory,ata precision ofone partin a thousand forseveral

observables.A representativecom parison ofbest-�tcal-

culations with observations is shown in Figure 5 [108],

which displaysforeach observablethedi�erencebetween

�tted and m easured values,weighted by the inverse of

the experim entalstandard deviation. [See [53,107]for

thecorrespondinginform ationfrom theLEP Electroweak

W orking G roup and [36]for the Particle Data G roup’s

version.] For only one observable out of twenty| the

forward-backward asym m etry in thereaction e+ e� ! b�b

on theZ resonance| doesthedi�erenceexceed twostan-

dard deviations. The global�ts yield excellent deter-

m inations ofstandard-m odelparam eters,including the

weak m ixing param eter.
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FIG .5:Pullvaluescom paring G�ttercom plete�tresultswith

experim entaldeterm inations[108].

E. Evidence for H iggs-boson interactions

An im portantassetofglobal�tstom anyobservablesis

theirsensitivity tovirtuale�ects,and thustoparam eters

that have not been m easured directly. The successful

inference of the range of top-quark m asses is a prim e

exam ple. Now thatm t ism easured athigh precision,it

becom esa �xed param eterin the global�ts,which m ay

probeforthe nextunknown quantity.

Figure 6 shows how the goodness of the LEP Elec-

troweakW orkingG roup’sW inter2009global�tdepends

upon M H .The�tisevidently im proved by theinclusion

ofquantum correctionsinvolving a Higgsboson thathas

standard-m odelinteractionswith the electroweak gauge

bosons W � and Z. A satisfactory �t does not prove

that the standard-m odelHiggs boson exists,but o�ers

guidance forthe search and setsup a consistency check

when a putative Higgs boson is observed. The inferred

range is consistent with the conditionalupper bound,

M H . 1 TeV,derived in xIV A. Itisim portantto note

that,while the global�tsgive evidence forthe e�ectof

the Higgs boson in the vacuum ,they do not have any

sensitivity to couplings ofthe Higgs boson to ferm ions

free ofthe assum ption thatHiggs-Yukawa couplingsset

the ferm ion m asses.

The precision electroweak m easurem entson theirown

argue for M H . 163 G eV,a one-sided 95% con�dence

levellim it derived from �� 2 = 2:7 for the blue band

0

1
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6
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mH [GeV]

∆χ
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FIG .6: ��
2
= �

2
� �

2

m in from a �t to an ensem ble ofelec-

troweak m easurem ents as a function ofthe standard-m odel

Higgs-boson m ass. The solid line is the result ofthe �t.The

blue band represents an estim ate of the theoretical uncer-

tainty due to m issing higher-order corrections. The regions

shaded in yellow denote the 95% CL lower bound on M H >

114:4 G eV from direct searches at LEP [117]and the Teva-

tron exclusion at 95% CL between 160 and 170 G eV [118].

The dashed curve shows the sensitivity to a change in the

evaluation of�em (M
2

Z ). (From the LEP Electroweak W ork-

ing G roup [53].)

in Figure 6. Im posing the exclusion M H > 114:4 G eV

from the LEP searches leads to an upper bound of

M H . 191 G eV [53]. The Particle Data G roup [36]and

G�tter[108]analyseslead to sim ilarconclusions.

The Higgs-boson m asses favored by the global �ts

of the LEP Electroweak W orking G roup, M H =

90+ 36� 27 G eV [53], G�tter, 83+ 30� 23 G eV [108], or Particle

Data G roup,70
+ 28
� 22 G eV [36],lie in the region excluded

by directsearchesatLEP.Chanowitz [119,120]hascau-

tioned thatthe valuesofM H preferred by �tsto di�er-

entobservablesare notentirely consistent. The scatter

is illustrated in the case ofthe G�tter analysis in Fig-

ure 7. In particular,the forward-backward asym m etry

in e+ e� ! b�b on the Z resonance (A
0;b

FB
) is best repro-

duced with M H � 400 G eV.Thisistheobservablem ost

discrepant1,at& 2:5�,with theoverall�ts(cf.Figure5).

1 For the purpose of this discussion, I set aside the anom alous

m agnetic m om ent of the m uon [121], for which the standard-
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FIG .7:D eterm ination oftheHiggs-boson m assexcluding all

thesensitive observablesfrom theG�tterstandard �t,except

forthe one given [108].

O m itting it(on thehypothesisthatitisparticularly sen-

sitiveto new physics)would im provethe global�ts,but

lead to a sm allHiggs-boson m assthatwould coexistun-

com fortably with the LEP exclusion:the G�tterbest-�t

rangem ovesto61+ 30� 26 G eV.W hetherthespreadofHiggs-

boson m assespreferred by di�erentsensitiveobservables

points to physics beyond the standard m odelor repre-

sentsinsigni�cantscatterisa tantalizing question.

F. T he w eak m ixing param eter at low scales

The extraordinary precision ofm easurem ents on the

Z 0 pole has given them a decisive weightin ourassess-

m entoftheelectroweaktheory.They are,however,blind

tonew physicsthatdoesnotdirectlym odifytheZ 0 prop-

erties.A heavyZ 0thatdoesnotm ix appreciablywith Z 0

is an im portant exam ple. For this reason,experim ents

o� the Z 0 pole,even oflower precision,com m and our

attention| particularly in the search forphysicsbeyond

the standard m odel.

Theweakm ixingparam eterisde�ned in term sof(run-

ning)couplings,

sin2 �W (Q )=
�(Q )

�2(Q )
=

1=�2(Q )

1=�Y (Q )+ 1=�2(Q )
; (3.11)

so itsvaluedependson thescaleatwhich itism easured.

A fam iliar illustration occurs in uni�ed theories ofthe

strong, weak, and electrom agnetic interactions, which

predict the value ofthe weak m ixing param eter at low

scales. The prototype isthe SU(5)uni�ed theory [123]:

Attheuni�cation scaleU � 1015 G eV,therunning cou-

plingsaresim ply related:

1=�2 = 1=�U
1=�Y = 5

3
� 1=�U

1=� = 8

3
� 1=�U

9
=

;
; (3.12)

m odelprediction rem ainssom ewhatuncertain. See [122].

FIG .8: Evolution ofthe weak m ixing param eter sin
2
�W in

the ms schem e [125](dotted curve).The m inim um occursat

Q = M W ,where the �-function for the weak m ixing param -

eterchanges sign asthe inuence ofweak-boson loops drops

out.The selected data are from atom ic parity violation [126]

(APV),M �llerscattering [127](Q W (e)),and deeply inelastic

�N scallering [128,129]. Also indicated (open circle) is the

uncertainty projected forthe Q w eak experim ent[130].

where �U is the com m on value ofthe SU(3)c,SU(2)L ,

and U(1) couplings. At the SU(5) uni�cation scale,

sin2 �W (U )= 3

8
. How does sin2 �W evolve? In leading

logarithm icapproxim ation and athigh scales[124],

sin2 �W (Q )= 3

8
� 5

8
(b1 � b2)�(Q )log

�
Q 2=U 2

�
; (3.13)

where the beta functions 4�b1 = � 4ng=3 � nH =10

and 4�b2 = (22 � 4ng)=3� nH =6 determ ine the evolu-

tion of1=�1 and 1=�2,with ng the num ber offerm ion

generations and nH the num ber of Higgs doublets.

The weak m ixing param eter decreases as Q decreases

from the uni�cation scale U . At the Z-boson m ass,

sin2 �W (M Z )
�
�
SU (5)

� 0:21,near (but not near enough)

to the m easured value, sin2 �W (M Z )
�
�
exp

= 0:23119 �

0:00014 in the ms schem e[36].

In therangeofscalesdirectly accessibletoexperim ent,

the evolution ofthe weak m ixing param eterispredicted

within theelectroweak theory itself.Theexpectationsof

a higher-order renorm alization group analysis [125]are

depicted in Figure8.A detailed com parison with exper-

im entisgiven in [36].Herearesom eofthem ain points.

Theparity-violating left-rightasym m etry observed [127]

in polarized M �llerscattering,e� e� ! e� e� ,atSLAC

establishes the low-energy running of sin2 �W at m ore

than six standard deviations,and isin reasonableagree-

m ent with the prediction at Q 2 = 0:026 G eV
2
. After

im portantim provem entsin the connection between the

m easured quantity and sin2 �W , the m ost telling m ea-

surem entofatom icparity violation [126]agreeswith the

electroweak theory within aboutonestandard deviation.

The Q weak experim ent[130],to be m ounted atJe�erson

Laboratory at the beginning of2010,aim s for a 0.3%
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determ ination ofsin2 �W in parity-violatingscattering of

polarized electronson protonsatQ 2 = 0:03 G eV
2
.

The NuTeV experim ent at Ferm ilab determ ined

sin2 �W by m easuring neutral-current and charged-

current cross sections for deeply inelastic �N and ��N

scattering [128,129].Theirresult,which liessom ethree

standard deviationsabovetheelectroweak-theory expec-

tation,has been subjected to intense scrutiny. For the

m om ent,enough am biguity attends the dependence on

�ne details of parton distribution functions, the inu-

ence ofnucleartargets,and variousisospin-violating ef-

fectsthatthesigni�canceoftheNuTeV anom alyisunder

debate. A catalogue ofsom e \new physics" interpreta-

tions is given in [131]. M any of these (new Z 0 gauge

bosons [132], leptoquarks, etc.) can be tested at the

LHC.New low-energy experim ents can test the NuTeV

m easurem ent and constrain interpretations. The Nu-

SO nG conceptputforward fortheTevatron [133]would

supplem ent deeply inelastic �N scattering with high-

statistics m easurem ents of�e and ��e elastic scattering,

to testfornew physics[134,135]in the neutrino sector.

The LEP 2 m easurem entsatenergiesbetween the Z-

pole and the top energy of 209 G eV were broadly in

agreem ent with standard-m odelexpectations [53,136].

M easurem ents by the CDF [137,138]and D0 [139]ex-

perim entsoftheforward-backward asym m etry in there-

action �pp ! (Z;�)+ anything! e+ e� + anythingagree

with leading-orderpredictionsin thestandardm odelover

the range of invariant m asses 50 G eV . M (e+ e� ) .

few hundred G eV. W ith the 10 fb
� 1

ofdata expected

by the end ofRun II,a m easurem entofthe running of

ofsin2 �W at an interesting levelofprecision m ight be

achieved beforethe LHC experim entspronounceon this

subject.Fora prospectusoflow-energy testsoftheweak

interaction,see[140].

G . T he scale offerm ion m ass generation

It is no exaggeration to say that the origin of the

quark and lepton m assesisshrouded in m ystery.W ithin

the standard electroweak theory,the overallscale ofthe

ferm ion m asses is set by the vacuum expectation value

v=
p
2 � 174 G eV ofthe Higgs �eld,but each ferm ion

m ass m i = �iv=
p
2 involvesa distinct Yukawa coupling

�i,as we saw in (2.16). The Yukawa couplings thatre-

produce the observed quark and charged-lepton m asses

rangeoverm any ordersofm agnitude,from �e � 3� 10� 6

forthe electron to �t � 1 forthe top quark,asshown in

Figure 9. Their origin is unknown. In an im portant

sense,therefore,allferm ion m asses involve physics be-

yond the standard m odel.

In fact, although the electroweak theory shows how

ferm ion m assesm ightarise,wecannotbesurethat�nd-

ing the Higgsboson,orunderstanding electroweak sym -

m etry breaking, will bring clarity about the origin of

ferm ion m asses. This is because we do not know that

ferm ion m asses are set on the electroweak scale. This

FIG .9:Yukawa couplings�i = m i=(v=
p
2)inferred from the

m assesofthe quarksand charged leptons[49].

pointm eritscloserexam ination.

The observation ofa nonzero ferm ion m ass(m i 6= 0)

im plies thatthe electroweak gauge sym m etry SU(2)L 


U(1)
Y

is broken (cf. xII), but electroweak sym m etry

breakingisonlyanecessary,notasu�cient,condition for

the generation offerm ion m ass. In the standard-m odel

fram ework,som enew physics(atanunknown scale)m ust

give rise to the Yukawa couplings. The logicaldivision

oflaborbetween a m echanism forelectroweak sym m etry

breaking and an origin offerm ion m asses is m ade ex-

plicitin thesim pletechnicolorm odels[141,142]thatwe

shalldiscussin xIV D 3). In the sparestversionsofsuch

m odels,electroweak sym m etry breaking is driven by a

gauge interaction thatbecom esstrongly coupled on the

electroweak scale.Thegaugebosonsacquirem asses,but

the ferm ions rem ain m assless. \Extended technicolor"

m odels [143,144,145]invoke additionalinteractions at

a m uch higher scale,oforder 100 TeV,to explain the

light-quark m asses.

W ithin the fram ework ofthe SU(2)L 
 U(1)
Y
gauge

theory,partial-wave unitarity sets a m odel-independent

upperbound on theenergy scaleofferm ion m assgenera-

tion [146].Thestrategy isto sim ply add explicitferm ion

m ass term s to the electroweak Lagrangian,rather than

the Yukawa term s of(2.16). Explicit Dirac m assterm s

link theleft-handed and right-handed ferm ions,and thus

violatetheSU(2)L 
 U(1)
Y
gaugesym m etry ofthe elec-

troweak theory. Ifthey persistto arbitrarily high ener-

gies,such hard m asses destroy the renorm alizability of

the theory. O n the other hand,it m ay be overly am bi-

tiousto dem and thata theory m akesenseatallenergies.

Accordingly,we consider the explicit ferm ion m asses in

the fram ework of an e�ective �eld theory valid over a

�nite rangeofenergies,to be supplanted athigherener-

giesby a theory thatentailsa di�erentsetofdegreesof

freedom [147].
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Because the gauge sym m etry is broken in a theory

with explicitferm ion m assesm i,atlowestorderin per-

turbation theory,scattering am plitudes for the produc-

tion of pairs of longitudinally polarized gauge bosons

in ferm ion-antiferm ion annihilationsgrow with c.m .en-

ergy roughly asG Fm iE cm .(In thestandard electroweak

theory, this behavior is cancelled by the contribution

ofdirect-channelHiggs-boson exchange.) The resulting

partial-wave am plitudes saturate partial-wave unitarity

for the standard m odel with a Higgs m echanism at a

criticalc.m .energy [146,148,149],

p
si ’

4�
p
2

p
3�iG Fm i

=
8�v2

p
3�im i

; (3.14)

where �i = 1(3)forleptons(quarks). Asusual,the pa-

ram eterv setsthe scaleofelectroweak sym m etry break-

ing. Ifthe electron m ass were hard,the criticalenergy

would be
p
se � 1:7� 109 G eV;thecorrespondingenergy

forthe top quark is
p
st � 3 TeV. The factthata hard

electron m asswould only im ply a saturation ofpartial-

waveunitarity ata prodigiously high energy m eansthat

while the behaviorof�(e+ e� ! W + W � )shown in Fig-

ure 2 validates the gauge sym m etry ofthe electroweak

theory,itdoesnotestablish thatthetheory isrenorm al-

izable[146,150].

IV . T H E A G EN T O F ELEC T R O W EA K

SY M M ET R Y B R EA K IN G

A . T he signi�cance ofthe 1-TeV scale

The electroweak theory does not give a precise pre-

diction for the m ass ofthe Higgs boson,but a thought

experim entleadsthrough a unitarity argum ent[151]to

a conditionalupperbound on theHiggs-boson m assthat

setsa key targetforexperim ent.

Considertwo-body collisionsam ong W � .Z 0,and H .

It is straightforward to com pute the scattering am pli-

tudes M at high energies,and to m ake a partial-wave

decom position, according to M (s;t) = 16�
P

J
(2J +

1)aJ(s)PJ(cos�).M ostchannels\decouple,"in thesense

thatpartial-waveam plitudesaresm allatallenergies(ex-

cept very near particle poles,or at exponentially large

energies),for any value ofthe Higgs boson m ass M H .

Fourneutralchannelsareinteresting:

W
+
0 W

�
0

Z0Z0
p
2

H H
p
2

H Z0 ; (4.1)

where the subscript 0 denotes the longitudinal polar-

ization states,and the factors of
p
2 account for iden-

tical particle statistics. For these, the s-wave am pli-

tudesareallasym ptotically constant(i.e.,well-behaved)

and proportional to G FM
2
H : In the high-energy lim it

s� M 2
H ;M

2
W ;M 2

Z ,

(a0)!
� GFM

2
H

4�
p
2

�

2

6
6
4

1 1=
p
8 1=

p
8 0

1=
p
8 3=4 1=4 0

1=
p
8 1=4 3=4 0

0 0 0 1=2

3

7
7
5 : (4.2)

Requiring thatthelargesteigenvaluerespectthepartial-

waveunitarity condition ja0j� 1 yields

M H �

 

8�
p
2

3G F

! 1=2

� 1 TeV (4.3)

asa condition forperturbativeunitarity.

IftheHiggs-boson m assrespectsthebound (4.3),weak

interactions rem ain weak at allenergies,and perturba-

tion theory is everywhere reliable. If the Higgs-boson

m assexceeds1 TeV,perturbation theorybreaksdown,as

weak interactionsam ong W � ,Z,and H becom e strong

onthe1-TeV scale.Thism eansthat(within thestandard

m odel)thefeaturesfam iliarin strong-interaction physics

at G eV energies would characterize electroweak-boson

interactions at TeV energies. M ore generally, the im -

plication is thatsom ething new| a Higgsboson,strong

scattering,orothernew physics| isto be found in elec-

troweak interactions at energies not m uch larger than

1 TeV.

Tighter constraints| in the form ofupper and lower

boundson them assoftheHiggsboson| follow from the

dem and thattheelectroweak theory bea consistent(and

com plete)quantum �eld theory,up to a speci�ed energy

scale �.2 Fora lightHiggsboson,the t�tH Yukawa cou-

pling introducesquantum correctionsthatm ay destabi-

lizetheHiggspotential(2.13)sothattheelectroweakvac-

uum statecharacterizedby(2.17)isnolongerthestateof

m inim um energy.Theperturbativeanalysisisexplained

carefully in [152]. Fora speci�ed value ofthe top-quark

m ass,therequirem entthatthebroken-sym m etryvacuum

ofthe electroweak theory be the absolute m inim um of

the (radiatively corrected)Higgspotentialgivesa lower

bound on theHiggs-boson m ass.Foracuto�� = 1 TeV,

the lowerbound is[153]

M H j�= 1TeV & 50:8 G eV + 0:64(m t� 173:1 G eV);(4.4)

already surpassed by searches at LEP,while for � =

M Planck,the lowerbound risesto

M H j�= M P lanck

& 134 G eV: (4.5)

O nly noninteracting, or trivial, scalar �eld theories

m ake sense on allenergy scales. W ith restrictions,such

theories can m ake sense up to a speci�ed scale � at

which new physics com es into play. By analyzing the

2 The substantialliterature on this topic m ay be traced from the

state-of-the-art papers cited here.
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FIG . 10: M etastability region of the standard-m odel vac-

uum in the (M H ;m t) plane [158]. The hatched region at

left indicates the LEP lower bound,M H > 114:4 G eV. The

horizontalband shows the m easured top-quark m ass,m t =

(173:1� 1:3)G eV [106].

Q 2-evolution oftherunning quarticcoupling in (2.13),it

ispossible to establish an upperbound on the coupling,

and hence on the Higgs-boson m ass,atsom e reasonable

scaleaccessibleto experim ent.A two-loop analysisleads

to the bounds[154]

M H j�= M P lanck

. 180 G eV; (4.6)

M H j�= 1TeV . 700 G eV: (4.7)

The electroweak theory could in principle be self-

consistent up to very high energies,provided that the

Higgs-boson m assliesin the interval134 G eV . M H .

180 G eV.IfM H liesoutsidethisband,new physicswill

intervene at energies below the Planck (or uni�cation)

scale.

It is ofconsiderable interest to use the techniques of

lattice �eld theory to explore nonperturbative aspects

ofHiggs physics. W hat has been learned so far can be

traced from [155,156].

An inform ative perspective on the lower bound (4.5)

can begained by relaxing therequirem entthattheelec-

troweak vacuum correspond to theabsolutem inim um of

theHiggspotential.Itisconsistentwith observationsfor

the ground state ofthe electroweak theory to be a false

(m etastable)vacuum thathassurvived quantum uctu-

ationsuntilnow.Therelevantconstraintisthen thatthe

m ean tim e to tunnelfrom ourelectroweak vacuum to a

deeper vacuum exceeds the age ofthe Universe,about

13:7 G yr[157].

Figure 10 shows the (M H ;m t) regions in which the

standard-m odelvacuum isstable,acceptably long-lived,

or too short-lived, as inferred from a renorm alization-

group-im proved one-loop calculation of the tunneling

probability at zero tem perature [158]. Present con-

straintson (M H ;m t)suggestthatwe do notlive in the

unstablevacuum thatwould m andatenew physicsbelow

the Planck scale.Atthe lowestperm issible Higgs-boson

m ass,thisconclusion holdsonly at68% CL.
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FIG .11: �� 2 as a function ofthe Higgs-boson m ass for the

G�ttercom plete �t,taking accountofdirectsearchesatLEP

and the Tevatron. The solid (dashed) line gives the results

when including (ignoring) theoreticalerrors. The m inim um

��
2
of the �t including theoreticalerrors is used for both

curvesto obtain the o�set-corrected ��
2
[108].

B . Experim entalconstraints on the H iggs boson

W ehaveseen in ourdiscussion ofevidenceforthevir-

tualinuence ofthe Higgs boson in xIIIE that global

�ts, m ade within the fram ework of the standard elec-

troweak theory,favor a light Higgs boson,and exhibit

som e tension with direct searches. The LEP experi-

m ents, which focused on the e+ e� ! H Z 0 channel,

set a lower bound on the standard-m odelHiggs-boson

m ass ofM H > 114:4 G eV at 95% CL [117,159]. The

Tevatron experim ents CDF and D0 also search for the

standard-m odelHiggsboson,exam ining a variety ofpro-

duction channels and decay m odes appropriate to dif-

ferent Higgs-boson m asses. The m ost recent com bined

result excludes the range 160 G eV < M H < 170 G eV

at95% CL [118,160]. See [161]foran overview ofpast

searches.

Thedisjointexclusion regionsfrom LEP and theTeva-

tron m ake it som ewhat com plicated to specify the re-

m aining m ass ranges favored for the standard-m odel

Higgs boson. A useful exam ple is shown in Fig-

ure11[108].In theG�tteranalysis,at2�-signi�cance(�

95% CL),thestandard-m odelHiggs-boson m assm ustlie

in the interval113:8 G eV < M H < 152:5 G eV.

Thestandard electroweak theory givesan excellentac-

count ofm any pieces ofdata over a wide range ofen-

ergies,and its m ain elem ents can be stated com pactly.

Nevertheless,itleavestoo m any gapsin ourunderstand-

ing for it to be considered a com plete theory (cf.x V).

W e therefore have reason to consider extensions to the

standard m odel,forwhich thestandard-m odel�tsto the

electroweak m easurem ents do not apply. Accordingly,

healthy skepticism dictates that we regard the inferred

constraints on M H as a potentialtest ofthe standard

m odel, not as rigid boundaries on where the agent of
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electroweak sym m etry breaking m ustshow itself.

Supersym m etric extensions ofthe electroweak theory

entail considerable m odel-dependence, but yield high-

quality �tsto theprecision data [162,163,164].Bounds

inferred from searchesforthelightestCP-even Higgsbo-

son h of the m inim alsupersym m etric standard m odel

aresom ewhatlessrestrictivethan forthestandard-m odel

Higgsboson. The tension between �ts thatprefer light

m asses and direct searches that disfavor a light Higgs

boson is not present in the supersym m etric world. O n

the other hand, in its sim plest form , the m inim alsu-

persym m etricstandard m odelwould bechallenged ifM h

exceeded about135 G eV.A thorough discussion appears

in x7.1 of[165]. A recent25-param eter�t to the \phe-

nom enologicalm inim alsupersym m etricstandard m odel"

concludesthat117 G eV . M h . 129 G eV [164].

Ifnew strong dynam ics| ratherthan a perturbatively

coupled elem entary scalar| hides the electroweak sym -

m etry,then the m ass ofthe com posite stand-in for the

Higgsboson can range up to severalhundred G eV.The

sam e istrue forstandard-m odel�tsthatallow an extra

generation ofquarksand leptons[166,167].

It is prudent that we plan to search for the agent

ofelectroweak sym m etry breaking over the entire m ass

range allowed by generalargum ents, and this is what

the LHC experim ents will do. As an illustration, we

next consider som e elem ents ofa broad search for the

standard-m odelHiggs boson. This is a point ofdepar-

ture form ore exotic searches. The search forthe Higgs

boson isnow theprovinceoftheproton accelerators.The

2-TeV proton-antiproton Tevatron Collider is operating

now,its integrated lum inosity having surpassed 6 fb
� 1
,

and the14-TeV LargeHadron CollideratCERN willpro-

vide high-lum inosity proton-proton collisions beginning

in 2009.

C . Search for the standard-m odelH iggs boson

The search for the Higgs boson has been a principal

goalofparticle physicsform any years,so theoristsand

experim entalistshaveexplored search strategiesin great

detail.Thetechniquesin useattheTevatron m ay traced

from [118],while the protocolsforeseen forexperim ents

at the Large Hadron Collider are detailed in the AT-

LAS [168]and CM S [169]perform ancedocum ents.

Becausethestandard-m odelHiggsboson givesm assto

the ferm ionsand weak gaugebosons,itdecayspreferen-

tially into them ostm assivestatesthatarekinem atically

accessible. DecaysH ! f �f into ferm ion pairs,where f

occursin N c colors,proceed ata rate

�(H ! f �f)=
G Fm

2
f
M H

4�
p
2

� Nc �

 

1�
4m 2

f

M 2
H

! 3=2

; (4.8)

which is proportionalto N cm
2
fM H as the Higgs-boson

m assbecom eslarge. The partialwidth fordecay into a
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FIG .12: Branching fractions for prom inent decay m odes of

the standard-m odelHiggsboson,from [170].

W + W � pairis

�(H ! W
+
W

� )=
G FM

3
H

32�
p
2
(1� x)1=2(4� 4x + 3x2);

(4.9)

where x � 4M 2
W =M 2

H . Sim ilarly,the partialwidth for

decay into a pairofZ 0 bosonsis

�(H ! Z
0
Z
0)=

G FM
3
H

64�
p
2
(1� x

0)1=2(4� 4x0+ 3x02);

(4.10)

where x0 � 4M 2
Z =M

2
H . The rates for decays into weak-

boson pairsare asym ptotically proportionalto M 3
H and

1

2
M 3

H ,respectively.Inthe�nalfactorsof(4.9)and(4.10),

2x2 and 2x02,respectively,arise from decaysinto trans-

versely polarized gaugebosons.Thedom inantdecaysfor

largeM H areinto pairsoflongitudinally polarized weak

bosons.

Branching fractions for decay m odes that m ay hold

prom iseforthe detection ofa Higgsboson aredisplayed

in Figure 12.In addition to the f �f and V V m odesthat

ariseattreelevel,theplotincludesthe,Z,and two-

gluon m odesthatproceed through loop diagram s.

The Higgs-boson total width is plotted as a func-

tion ofM H in Figure 13. Below the W -pair threshold,

the standard-m odelHiggs boson is rather narrow,with

�(H ! all). 1 G eV.Farabovethe threshold fordecay

intogauge-boson pairs,thetotalwidth isproportionalto

M 3
H .Asitsm assincreasestoward 1 TeV,the Higgsbo-

son becom eshighly unstable,with a perturbative width

approaching itsm ass.Itwould thereforebe observed as

an enhanced rate,ratherthan a distinctresonance.

Crosssectionsfortheprincipalreactionsto bestudied

attheLHC areshown in Figure14.Thelargestcrosssec-

tion forHiggsproduction atboth theLHC and theTeva-

tron occursin the reaction p� p ! H + anything,which

proceeds by gluon fusion through heavy-quark loops.

[The shoulderin thatcrosssection nearM H = 400 G eV
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FIG .13: Totalwidth ofthe standard-m odelHiggsboson vs.

m ass,from [170].

FIG .14: Higgs-boson production cross sections in pp colli-

sions at
p
s = 14 TeV, com puted at next-to-leading order

using the M RST parton distributions[171];from [170]

reects the behavior ofthe top-quark loop.] A fourth

generation ofheavy quarkswould raisethegg ! H rate

signi�cantly,increasing the sensitivity ofsearchesatthe

Tevatron and LHC.

Forsm allHiggs-boson m asses,the dom inantdecay is

into b�b pairs,butthe reaction p� p ! H + anything fol-

lowed by thedecay H ! b�bisswam ped by Q CD produc-

tion ofb�bpairs.Consequently,experim entsm ustrely on

raredecay m odes(�+ �� or,forexam ple)with lower

backgrounds, or resort to di�erent production m echa-

nism sforwhich speci�creaction topologiesreduceback-

grounds. Accordingly,the production ofHiggs bosons

in association with electroweak gauge bosons is receiv-

ing close scrutiny at the Tevatron. The rare  chan-

nelisseen asan im portanttargetforLHC experim ents,

ifthe Higgs boson is light. Fine resolution ofthe elec-

trom agnetic calorim enters is a prerequisite to overcom -

ing standard-m odelbackgrounds.Athigherm asses,the

Tevatron experim entshaveexploited good sensitivity to

thegg ! H ! W + W � reaction chain to settheirexclu-

sion lim its[118].

AttheLHC,them ultipurposeCM S and ATLAS detec-

torswillm akea com prehensiveexploration oftheFerm i

scale,with high sensitivity to the standard-m odelHiggs

boson reaching to 1 TeV. Current projections suggest

that a few tens offb
� 1

willsu�ce for a robust discov-

ery [168,169].

O ncetheHiggsboson isfound,itwillbeofgreatinter-

estto m ap itsdecay pattern,in orderto characterizethe

m echanism ofelectroweaksym m etrybreaking.Itisbyno

m eansguaranteed thatthesam eagenthideselectroweak

sym m etry and generatesferm ion m ass. In the following

xIV D 1,we shallsee how chiralsym m etry breaking in

Q CD could hidetheelectroweak sym m etry withoutgen-

erating ferm ion m asses. Indeed,m any extensionsto the

standard m odelsigni�cantly alter the decay pattern of

the Higgsboson. In supersym m etric m odels,�ve Higgs

bosonsare expected,and the branching fractionsofthe

lightestone m ay be very di�erentfrom those presented

in Figure12 [172].

Precisedeterm inationsofHiggs-boson couplingsisone

ofthestrengthsoftheprojectedInternationalLinearCol-

lider[173,174],buttheLHC willsupply crucialcluesto

theorigin offerm ion m asses.Forexam ple,aHiggs-boson

discoveryin gluonfusion (gg ! H ),signalled bythelarge

production rate,would argue for a nonzero coupling of

the Higgs boson to top quarks| an im portant qualita-

tive conclusion. In tim e,and by com paring with other

production and decay channels,itshould be possible to

constrain the H t�tcoupling. W ith the LHC’slarge data

sets,itisplausiblethatHiggs-boson couplingscan even-

tually bem easured atlevelsthattestthestandard m odel

and provide interesting constraintson extensionsto the

electroweak theory.

D . A lternatives to the H iggs m echanism

1. How Q CD would hide electroweak sym m etry

An analogy between electroweak sym m etry breaking

and the superconducting phase transition led to the in-

sightoftheHiggsm echanism .Them acroscopicorderpa-

ram eterofthe G inzburg-Landau phenom enology,which

corresponds to the wave function of superconducting

charge carriers,acquires a nonzero vacuum expectation

value in the superconducting state. W ithin a supercon-

ductor,the photon acquires a m ass M  = ~=�L,where

the London penetration depth,�L,characterizesthe ex-

clusion ofm agnetic ux by the M eissner e�ect. In the

particle-physicscounterpart,auxiliary scalarsintroduced

to hidetheelectroweak sym m etry pick up a nonzero vac-

uum expectation value thatgivesrise to m assesforthe

W � and Z 0.

A deeper look at superconductivity reveals an exam -



17

ple ofa gauge-sym m etry-breaking m echanism thatdoes

not rely on introducing an ad hoc order param eter. In

the m icroscopic Bardeen-Cooper-Schrie�ertheory [175],

theorderparam eterarisesdynam ically,through thefor-

m ation ofcorrelated states ofelem entary ferm ions,the

Cooperpairsofelectrons.Partofthebeauty oftheBCS

theory is that the only new ingredient required is in-

sight. The elem entary ferm ions| electrons| and gauge

interactions| Q ED| needed to generate the correlated

pairsarealreadypresentin thecaseofsuperconductivity.

Thissuggeststhattheelectroweak sym m etry m ightalso

be broken dynam ically, without the need to introduce

scalar�elds. Indeed,quantum chrom odynam icscan be

the sourceofelectroweak sym m etry breaking.

Consideran SU(3)c
 SU(2)L 
 U(1)
Y
theory ofm ass-

lessup and down quarks.Becausethestrong interaction

is strong and the electroweak interaction is feeble, we

m ay treat the SU(2)L 
 U(1)
Y
interaction as a pertur-

bation. For vanishing quark m asses,Q CD displays an

exact SU(2)L 
 SU(2)R chiralsym m etry. At an energy

scale� �Q C D ;thestronginteractionsbecom estrongand

quark condensatesofthe form

h�qqi� h�uu + �ddi (4.11)

appear.Thechiralsym m etry isspontaneously broken to

the fam iliaravorsym m etry,isospin:

SU(2)L 
 SU(2)R ! SU(2)V ; (4.12)

because the left-handed and right-handed quarks com -

m unicate through h�qqi = h�qR qL + �qLqR i. Three G old-

stone bosons appear,one for each broken generator of

the originalchiralinvariance. These were identi�ed by

Nam bu [176]asthreem asslesspions.

The broken generatorsare three axialcurrentswhose

couplingsto pionsare m easured by the pion decay con-

stant f� � 92:4 M eV [49], which is m easured by the

charged-pion lifetim e.W hen weturn on the electroweak

interaction,the electroweak gauge sym m etry is broken

because the left-handed and right-handed quarks,now

coupled through the h�qqi condensate,transform di�er-

ently underSU(2)L 
 U(1)
Y
gaugetransform ations.The

electroweak bosonscouple to the axialcurrentsand ac-

quirem assesoforder� gf�.The m ass-squared m atrix,

M 2 =

0

B
@

g2 0 0 0

0 g2 0 0

0 0 g2 gg0

0 0 gg0 g02

1

C
A
f2�

4
; (4.13)

(wheretherowsand colum nscorrespondtob1,b2,b3,and

A )hasthesam estructureasthem ass-squaredm atrixfor

gaugebosonsin the standard electroweak theory.

Diagonalizing them atrix (4.13),we�nd thatthepho-

ton,corresponding asin thestandard m odelto thecom -

bination A = (gA + g0b3)=
p
g2 + g02,em ergesm assless.

Two charged gauge bosons,W � = (b1 � ib2)=
p
2,ac-

quire m ass-squared M 2
W = g2f2�=4,and a neutralgauge

boson Z = (� g0A + gb3)=
p
g2 + g02 obtains M 2

Z =

(g2 + g02)f2�=4.The ratio,

M
2
Z =M

2
W = (g2 + g

02)=g2 = 1=cos2 �W ; (4.14)

where�W isthe weak m ixing param eter,reproducesthe

standard-m odelresult.Thewould-bem asslesspionsdis-

appearfrom the physicalspectrum ,becom ing the longi-

tudinalcom ponentsofthe weak gaugebosons.Here the

sym m etry breaking is dynam icaland autom atic;it can

be traced,through spontaneouschiralsym m etry break-

ingand con�nem ent,totheasym ptoticfreedom ofQ CD.

Electroweak sym m etry breaking determ ined by pre-

existingdynam icsstandsin contrasttothestandard elec-

troweaktheory,in which spontaneoussym m etrybreaking

resultsfrom thead hocchoiceof�2 < 0forthecoe�cient

ofthequadraticterm in theHiggspotential.Despitethe

structuralsim ilarity to the standard m odel, the chiral

sym m etry breaking ofQ CD doesnotyield a satisfactory

theory ofthe weak interactions. The m asses acquired

by the interm ediate bosonsare 2500 tim essm allerthan

required fora successfullow-energy phenom enology;the

W -boson m assisonly [177]M W � 30 M eV,because its

scale issetby f�.M oreover,Q CD doesnotgive m asses

to theferm ions:theup and down quark and theelectron

allrem ain m assless. W e have already rem arked on the

logicalseparation between electroweak sym m etry break-

ing and ferm ion m assgeneration in xIIIG .

2. Ifno Higgs m echanism shaped the world ...

Havingrecalled thatQ CD inducesthebreakingofelec-

troweak sym m etry through the form ation of h�qqi con-

densates,it is worth pausing for a m om ent to ask how

di�erent the world would have been, without a Higgs

m echanism ora substituteon thereal-world electroweak

scale [178]. Elim inating the Higgs m echanism does not

alterthe strong interaction,so Q CD would stillcon�ne

colored objectsintohadrons.In particular,thegrossfea-

tures ofnucleons derived from Q CD| such as nucleon

m asses| would be little changed if the up and down

quark m assesweresetto zero.

In the realworld,the sm allm d > m u m assdi�erence

overcom estheelectrom agneticm assshiftthatwould ren-

derthe proton heavierthan the neutron,and resultsin

M n � M p � 1:293 M eV,so thatthe neutron isunstable

to � decay and the proton is the lightestnucleus. This

contribution isabsentifthe quarksarem assless.

However,the fact that electroweak sym m etry is bro-

ken on the Q CD scale m eans that the strength ofthe

\weak" interactionswould be sim ilarto the strength of

thestrong nuclearforce.TheanalogueoftheFerm icon-

stant,G F,isenhanced by nearly seven ordersofm agni-

tude. Thishasm any consequences,including the accel-

eration of�-decay rates and the am pli�cation ofweak-

interaction m ass shifts that tend to m ake the neutron

outweigh the proton. Because the theory lacksa Higgs

boson,scattering am ong weak bosonsbecom es strongly
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coupled on the hadronic scale,following the analysiswe

reviewed in xIV A.

Should the proton be stable,or com pound nucleibe

produced and surviveto latetim esin thisalternateuni-

verse,the in�nitesim alelectron m asswould com prom ise

the integrity ofm atter. The Bohr radius of a would-

be atom would be m acroscopic (ifnot in�nite),valence

bonding would have no m eaning,and stable structures

would notform .In seekingtheagentofelectroweaksym -

m etrybreaking,wehopetolearn whytheeverydayworld

is as we �nd it: why atom s and chem istry and stable

structurescan exist.

3. Dynam icalsym m etry breaking

The observation that Q CD dynam ically breaks elec-

troweak sym m etry (butattoo low a scale)inspired the

inventionofanalogousno-Higgstheoriesin which dynam -

icalsym m etry breakingisaccom plished by theform ation

ofa condensate ofnew ferm ionssubject eitherto Q CD

itself,ortoanew,asym ptoticallyfree,vectorialgaugein-

teraction (often called technicolor)thatbecom esstrongly

coupled atthe TeV scale.

W ithin Q CD,hypotheticalexotic (color6;8;10;...)

quarks would interact m ore strongly through than the

norm alcolor triplets, so the chiral-sym m etry breaking

in exotic quark sectors would occur at m uch larger

m ass scales than the standard chiral-sym m etry break-

ing we have just reviewed. If those m ass scales were

su�ciently high, exotic-quark condensates could break

SU(2)L 
 U(1)
Y
! U(1)

em
dynam ically and yield phe-

nom enologically viable W � and Z 0 m asses [179]. No

exotic quarks have yet been detected, either by direct

observation or in the evolution of the strong coupling

constant,�s [180].

Technicolortheoriespositnew techniferm ions thatare

subject to a new technicolor interaction. The tech-

niferm ion condensates that dynam ically break the elec-

troweak sym m etry produce m asses for the W � and Z 0

bosons. Choosing the scale on which the technicolorin-

teraction becom es strong so that the technipion decay

constantisgiven by F 2
� = G F

p
2 reproducesthe gauge-

boson m assesofthe standard electroweak theory. Tech-

nicolorshowshow the generation ofinterm ediate boson

m asses could arise without fundam entalscalars or un-

naturaladjustm entsofparam eters.By replacing theele-

m entary Higgsboson with an objectthatiscom positeon

theelectroweak scale,italso o�ersan elegantsolution to

thenaturalnessproblem ofthestandard m odelpresented

in xV B.

However,sim ple technicolordoesnotexplain the ori-

gin ofquark and lepton m asses,becauseno Yukawa cou-

plingsare generated between Higgs�eldsand quarksor

leptons. Consequently,technicolorservesas a rem inder

thatparticlephysicsconfrontstwo problem sofm ass: ex-

plaining them assesofthegaugebosons,which dem ands

an understandingofelectroweaksym m etrybreaking;and

accounting for the quark and lepton m asses,which re-

quires not only an understanding of electroweak sym -

m etry breaking but also a theory of the Yukawa cou-

plingsthatsetthescaleofferm ion m assesin thestandard

m odel.

Toendow thequarksand leptonswith m ass,itisneces-

sarytoem bed technicolorin alargerextended technicolor

fram ework [143, 144, 145] containing degrees of free-

dom that com m unicate the broken electroweak sym m e-

try to the(technicolor-singlet)standard-m odelferm ions.

Speci�cim plem entationsoftheseideasfacephenom eno-

logicalchallenges pertaining to avor-changing neutral

currents,the large top-quark m ass,and precision elec-

troweak m easurem ents,butthe idea ofdynam icalsym -

m etry breaking rem ainsan im portantalternative to the

standard elem entary scalar.Forreviewsand a sum m ary

ofrecentdevelopm ents,see[78,79,80,181].

O thersuggestive work in the area ofdynam icalsym -

m etry breaking also buildson the m etaphorofthe BCS

theory of superconductivity, but attributes a special

role to quarks of the third generation or beyond. A

rich line, based on the notion that a top-quark con-

densate driveselectroweak sym m etry breaking,wasini-

tiated in [182, 183, 184]. The idea that condensation

ofa strongly coupled fourth generation ofquarkscould

triggerelectroweak sym m etry breaking isa lively area of

contem porary research [185,186].

4. O ther m echanism s for electroweak sym m etry breaking

Very inform ative surveys ofnew approaches to elec-

troweak sym m etry breaking aregiven in [187,188].

M uch m odelbuildinghasoccurred around theproposi-

tion thatthe Higgsboson isa pseudo-Nam bu-G oldstone

boson of a spontaneously broken approxim ate global

sym m etry,with the explicit breaking ofthis sym m etry

collective in nature,that is,m ore than one coupling at

a tim e m ust be turned on for the sym m etry to be bro-

ken. These \Little Higgs" theories feature weakly cou-

pled new physics at the TeV scale [189, 190]. W hen

supplem ented with a new sym m etry called T-parity,un-

der which new heavy particles are odd and standard-

m odelparticles are even,the Little Higgs theories can

survive precision electroweak constraints and pro�er a

dark-m attercandidate[191].

New ways of thinking about electroweak sym m etry

breaking arise when we contem plate the possibility that

spacetim e hasm ore than the canonicalfourdim ensions.

Am ong the possibilities are m odels without a physical

Higgs scalar,in which electroweak sym m etry is hidden

by boundary conditions [192, 193, 194]. The unitar-

ity violation (cf.xIV A) that would other be presentin

a theory without a Higgs boson is softened| deferred

to energy scales well above 1 TeV| by the exchange

of K a luza [195]{K lein [196] (K K ) excitations [197] of

standard-m odelparticles such as the W . In this case,

the K K recurrences constitute the new physics on the
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1-TeV scalerequired by the generalargum ent.

Suppose instead thatthe electroweak gauge theory is

itselfform ulated in m orethan fourdim ensions.From our

four-dim ensionalperspective,com ponents ofthe gauge

�elds along the supplem ental directions will be seen

as scalar �elds with respect to the conventionalfour-

dim ensionalcoordinates[198,199].

Itiseven conceivablethattheelectroweak phasetran-

sition is an em ergent phenom enon arising from strong

dynam icsam ongtheweak gaugebosons[200].Ifwetake

the m ass ofthe Higgs boson to very large values (be-

yond 1 TeV in theLagrangianoftheelectroweaktheory),

the scattering am ong gauge bosons becom es strong,in

thesensethat�� scattering becom esstrong on theG eV

scale,as we saw in xIV A. In that event,it is reason-

able to speculate that resonances form am ong pairs of

gauge bosons,m ultiple production ofgauge bosons be-

com es com m onplace,and that resonant behavior could

hold thekeytounderstandingwhathidestheelectroweak

sym m etry.

V . IN C O M P LET EN ESS O F T H E

ELEC T R O W EA K T H EO R Y

For all its successes, the electroweak theory leaves

m any questionsunanswered.Itdoesnotexplain theneg-

ative coe�cient � 2 < 0 ofthe quadratic term in (2.15)

required tohidetheelectroweaksym m etry,and itm erely

accom m odates,butdoesnotpredict,ferm ion m assesand

m ixings. The Cabibbo{K obayashi{M askawa fram ework

describes what we know of CP violation,but does not

explain itsorigin. The discovery ofneutrino avorm ix-

ing,with itsim plication thatneutrinoshave m ass,calls

foran extension oftheelectroweak theory setoutin xII.

M oreover,an elem entary Higgssectorisunstableagainst

largeradiativecorrections.A pervasivenonzero vacuum

expectation value for the Higgs �eld im plies a uniform

energy density ofthe vacuum that seem s incom patible

with observations. Neutrinos are the only dark-m atter

candidates within the standard m odel. They appear to

contributeonly a sm allshareoftheinferred dark-m atter

energy density,and as relativistic (\hot") dark m atter,

not the cold dark m atter required for structure form a-

tion in the early Universe. The CP violation observed

in the quark sector,in accord with the CK M paradigm ,

seem s far too sm allto accountfor the excess ofm atter

overantim atterin the Universe.

A . T he problem ofidentity

The structure ofthe SU(3)c 
 SU(2)L 
 U(1)
Y
stan-

dard m odelisofquantum chrom odynam icsand theelec-

troweak theory,as we recalled it in xII,can be written

down in a few lines. Butto calculate physicalprocesses

within thestandard m odel| toapply thestandard m odel

to therealworld| weneed to specify atleast26 param -

eters.Astokensforthecoupling param etersofthethree

factorsofthegaugegroup,wem aychoosethestrongcou-

pling constant�s,the �ne structure constant�em ,and

the weak m ixing param eter sin2 �W . Two param eters

are required to specify the shape ofthe Higgspotential

(2.15).Then therearesix quark m assesand fourparam -

eters(threem ixing anglesand theCP-violatingphase)of

the CK M m atrix (2.5). The charged leptonsand (m as-

sive)neutrinosadd sixm orem assparam eters,threem ore

m ixingangles,and onem oreCP-violatingphase.Adding

the (Q CD) vacuum phase im plicated in the strong CP

problem bringsthe totalto 26. Two m ore CP-violating

phasesenteriftheneutrinosaretheirown antiparticles|

M ajorana particles. Atleast20 ofthese param etersare

related to the physicsofavor.

The operational question, \W hat determ ines the

m asses and m ixings of the quarks and leptons?" can

be restated m ore evocatively,\W hatm akesa top quark

a top quark,an electron an electron,and a neutrino a

neutrino?" Itisnotenough toanswer,\TheHiggsm ech-

anism ," becausetheferm ion m assesarea very enigm atic

elem entoftheelectroweak theory.O ncetheelectroweak

sym m etry is hidden,the electroweak theory accom m o-

datesferm ion m asses,butthevaluesofthem assesareset

by the apparently arbitary couplingsofthe Higgsboson

totheferm ions(cf.Figure9).Nothingin theelectroweak

theoryisevergoingtoprescribethosecouplings.Itisnot

thatthecalculation istechnically challenging;thereisno

calculation. Neutrino m asses can be generated through

Yukawa couplings,and in new waysaswell,because the

neutrino m ay be itsown antiparticle[201].

W ithin the standard electroweak theory, it is not

only the ferm ion m asses, but also the m ixing angles

that param etrize the m ism atch between avor eigen-

statesand m asseigenstates,thatare setby the Yukawa

couplings. The fam ily relationships captured in the

(Cabibbo{K obayashi{M askawa)quarkm ixingm atrixare

displayed in theternaryplotin theleftpaneofFigure15.

ThecoordinatesaregivenbythesquaresoftheCK M m a-

trix elem entsin each row of(3.8). The u-quark couples

m ostly to d,cm ostly to s,and talm ostexclusively to b.

O urcurrentknowledgeofneutrinooscillationssuggests

the avor content ofthe neutrino m ass eigenstates de-

picted in the right pane ofFigure 15. The pattern is

very di�erent from that ofthe quark sector: the m ass

eigenstate �3 consists of nearly equalparts of �� and

��,perhaps with a trace of�e,while �2 contains sim i-

laram ountsof�e,��,and ��,and �1 isrich in �e,with

approxim ately equalm inority partsof�� and ��. Here

�1 is the lighterofthe solarpair,�2 is its heaviersolar

partner,and �3 lies either above (norm alhierarchy) or

below (inverted hierarchy)the solarpairin m ass.

Theexciting prospectisthatquark and lepton m asses,

m ixing angles,and subtle di�erences in the behaviorof

particles and their antiparticles put us in contact with

physicsbeyond thestandard m odel.O neim portantstep

toward understanding willbe to ascertain whether the

Higgs boson is indeed the agent behind ferm ion m ass.
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FIG .15: Left pane: d;s;b com position ofthe quark avor

eigenstatesd
0
(red 4 ),s

0
(green 5 ),b

0
(violettripod).Right

pane:�e;��;�� avorcontentoftheneutrinom asseigenstates

�1;�2;�3.The green hexagonsdenotecentralvalues,neglect-

ing CP violation in the lepton sector,and with the \sm all"

m ixing angle taken as�13 = 10
�
[202].

Anotherwillbeto determ inewhetherthelightneutrinos

are in facttheirown antiparticles,aswould be signaled

by the observation ofneutrinolessdouble-� decay. Per-

hapswe�nd ithard todecodethem essagein theferm ion

m assesand m ixingsbecauseweareonly seeing partofa

largerpicture,and thatitwilltakediscovering thespec-

trum ofa new kind ofm atter| a fourth generation,or

superpartners,orsom ething entirely di�erent| before it

allbeginsto m akesense.

B . T he problem ofw idely separated scales

1. The hierarchy problem

Beyond the classicalapproxim ation,scalar m ass pa-

ram eters receive quantum corrections from loops that

contain particlesofspinsJ = 0;1
2
,and 1,sym bolically

M
2
H (p

2)= M
2
H (�

2)+ ;

where � de�nes a reference scale at which the value of

M 2
H isknown.The dashed linesrepresentthe Higgsbo-

son,solid lines with arrows represent ferm ions and an-

tiferm ions,and wavy linesstand forgauge bosons. The

quantum corrections that determ ine the running m ass

lead potentially to divergences,

M
2
H (p

2)= M
2
H (�

2)+ Cg2
Z �

2

p2
dk

2 + � � � ;(5.1)

where g is the coupling constantofthe theory,and the

coe�cientC is calculable in any particulartheory. The

loop integralsappeartobequadraticallydivergent,/ �2.

In the absence of new physics, the reference scale �

would naturally be large. If the fundam entalinterac-

tions are described by quantum chrom odynam ics and

the electroweak theory, then a naturalreference scale

is the Planck m ass,� � M Planck = (~c=G N ew ton)
1=2

�

1:2� 1019 G eV.In a uni�ed theory ofthe strong,weak,

and electrom agnetic interactions,a naturalscale is the

uni�cation scale,� � U � 1015 -1016 G eV. Both esti-

m atesare very large com pared to the electroweak scale,

and so im ply a very long rangeofintegration.

In orderforthe m assshiftsinduced by quantum cor-

rectionsto rem ain m odest,either som ething m ustlim it

the range ofintegration,ornew physicsm ustdam p the

integrand.The challengeofpreserving widely separated

electroweak and referencescalesin thepresenceofquan-

tum correctionsisknown asthe hierarchy problem . Un-

less we suppose that M 2
H (�

2) and the quantum correc-

tionsare�nely tuned to yield M 2
H (p

2). (1 TeV)2,som e

new physics| a new sym m etry ornew dynam ics| m ust

intervene atan energy ofapproxim ately 1 TeV to tam e

the integralin Eq.(5.1).

Let us review the argum ent for the hierarchy prob-

lem :Theunitarityargum ent(cf.xIV A)showedthatnew

physicsm ustbepresenton the1-TeV scale,eitherin the

form ofa Higgs boson,or other new phenom ena. But

a low-m assHiggsboson isim periled by quantum correc-

tions. New physicsnotfarabove the 1-TeV scale could

bring the reference scale � low enough to m itigate the

threat.Thatiswhathappensin m odelsoflarge[203,204]

or warped [205, 206]extra dim ensions [207], in which

M Planck is seen as a m irage, based on a m istaken ex-

trapolation ofNewton’slaw ofgravitation to very short

distances,ora new cuto� em erges,setby thescaleofthe

extra dim ension.

Ifthe reference scale isindeed very large,then either

various contributions to the Higgs-boson m ass m ust be

precariously balanced or new physics m ust controlthe

contribution ofthe integralin Eq.(5.1).Itisim portant

tokeep in m ind that�ne-tuning,perhapsguided by envi-

ronm entalselection,m ightbetheway oftheworld [208].

However,experienceteachesustobealertforsym m etries

ordynam icsbehind precisecancellations.

A new sym m etry,notpresentin the standard m odel,

could resolvethe hierarchy problem .Exploiting the fact

thatferm ion loopscontributewith an overallm inussign

relative to boson loops(because ofFerm istatistics),su-

persym m etry [165, 172] balances the contributions of

ferm ion and boson loops. In unbroken supersym m etry,

the m assesofbosonsare degenerate with those oftheir

ferm ion counterparts,so the cancellation isexact.Ifsu-

persym m etry ispresentin ourworld,itm ustbebroken.

Thecontribution oftheintegralsm ay stillbeacceptably

sm allifthe ferm ion-boson m ass splittings �M are not

too large.Thecondition thatg2�M 2 be\sm allenough"

leadstotherequirem entthatsuperpartnerm assesbeless

than about 1 TeV. It is provocative to note that,with

superpartnersatO (1 TeV),theSU(3)c
 SU(2)L 
 U(1)
Y

coupling constantsrun to a com m on value ata uni�ca-

tion scaleofabout1016 G eV [209].

Theoriesofdynam icalsym m etrybreaking(cf.xIV D 3)

o�er a second solution to the problem ofthe enorm ous
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range of integration in (5.1). In technicolor m odels,

the Higgs boson is com posite, and its internal struc-

ture com esinto play on the scale ofitsbinding,�T C ’

O (1 TeV).Theintegrand isdam ped,the e�ective range

ofintegrationiscuto�,and m assshiftsareundercontrol.

A recurring hope am ong theorists has been the no-

tion that the Higgs boson m ight be naturally light be-

causeitisthe pseudo-Nam bu{G oldstoneboson (pNG B)

ofsom e approxim ate globalsym m etry. \Little Higgs"

m odels[189,190,191]introduceadditionalgaugebosons,

vector-like quarks,and scalarson the TeV scale. These

conspire, thanks to a global sym m etry, to cancel the

quadratic divergences in (5.1) that result from loops of

standard-m odelparticles and defer the hierarchy prob-

lem to about 10 TeV. In contrast to supersym m etry,

the cancellationsarisefrom loopscontaining particlesof

the sam e spin. In \twin Higgs" m odels [210],the new

states do not carry standard-m odelcharges. The new

physicsat� 10 TeV raisesim pedim entsto conventional

hopes for perturbative uni�cation ofthe strong,weak,

and electrom agnetic interactions. G auge-Higgs uni�ca-

tion m odelsbased on warped �ve-dim ensionalgeom etry

incorporatethepNG B interpretation oftheHiggsboson

and can exhibit logarithm ic running ofthe gauge cou-

plings that would support perturbative uni�cation, as

explained carefully in [211].

2. Tension between global�ts and no new phenom ena

A �ne-tuning problem m ay beseen to ariseeven when

the scale � is not extrem ely large. W hat has been

called the \LEP Paradox" [212,213]refersto a tension

within the precise m easurem ents ofelectroweak observ-

ables carried out at LEP and elsewhere. O n the one

hand,the global�ts sum m arized in Figure 6 pointto a

light standard-m odelHiggs boson. O n the other hand,

a straightforward e�ective-operator analysis ofpossible

beyond-the-standard-m odel contributions to the sam e

observablesgivesnohintofany new physics| ofthekind

needed to resolve the hierarchy problem | below about

5 TeV.

Figure 16 shows that even with a cuto� � = 5 TeV,

a carefulbalancing act is required to m aintain a sm all

Higgs-boson m ass in the face of quantum corrections,

within the standard m odel,forwhich

�M
2
H =

G F�
2

4�2
p
2
(6M 2

W + 3M 2
Z + M

2
H � 12m2t): (5.2)

Thechiefcauseforconcern isthelargecontribution from

the top-quark loop,

�M
2
H

�
�
t� loop

� �
3G F

�2
p
2
m

2
t�

2 � � 0:075�2: (5.3)

W e areleftto ask whatenforcesthe balance,orhow we

m ightbe m isreading the evidence.

FIG .16: Relative contributionsto �M
2

H for a m odestvalue

ofthe cuto� param eter,� = 5 TeV,in (5.1).

C . T he vacuum energy problem

Thecosm ologicalconstantproblem | why em pty space

issonearly m assless| isoneofthegreatm ysteriesofsci-

ence[214,215].Itisthereason why gravity hasweighed

on them indsofelectroweak theorists,despitetheutterly

negligible role that gravity plays in particle reactions.

Recallthatthe gravitationalattraction between an elec-

tron and proton isforty-oneordersofm agnitudesm aller

than the electrostaticattraction atthe sam eseparation.

At the vacuum expectation value h�i
0
of the Higgs

�eld,the (position-independent) value ofthe Higgs po-

tentialis

V (


�
y
�
�

0
)=

�2v2

4
= �

j�jv4

4
< 0: (5.4)

Identifying M 2
H = � 2�2,weseethattheHiggspotential

contributesa uniform vacuum energy density,

%H �
M 2

H v
2

8
: (5.5)

From the perspective ofgeneralrelativity,thisam ounts

toadding acosm ologicalconstant,�= (8�G N =c
4)%H ,to

Einstein’sequation,where G N isNewton’sgravitational

constant[216,217,218].

Recent observations ofthe accelerating expansion of

the Universe [219, 220] raise the intriguing possibility

that the cosm ologicalconstant m ay be di�erent from

zero,butthe essentialfactisthatthe observed vacuum

energy density m ustbe very sm allindeed [157],

%vac . 10� 46 G eV
4
� (a few m eV)4 : (5.6)

Therein lies the puzzle: ifwe take v = (G F

p
2)�

1

2 �

246 G eV and insert the current experim ental lower

bound [117]M H & 114:4 G eV into (5.5),we �nd that

theHiggs�eld’scontribution to thevacuum energy den-

sity is

%H & 108 G eV
4
; (5.7)
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som e54ordersofm agnitudelargerthan theupperbound

inferred from the cosm ologicalconstant.Thism ism atch

hasbeen a source ofdullheadachesform ore than three

decades.

The problem is stillm ore serious in a uni�ed theory

ofthe strong,weak,and electrom agneticinteractions,in

which other(heavy!) Higgs�eldshave nonzero vacuum

expectation valuesthatm ay give rise to stilllargervac-

uum energies. Ata fundam entallevel,we can therefore

conclude that a spontaneously broken gauge theory of

the strong,weak,and electrom agnetic interactions| or

m erely ofthe electroweak interactions| cannotbe com -

plete.Thevacuum energyproblem m ustbean im portant

clue.Butto what?

Thetentativeevidencefora nonzerocosm ologicalcon-

stantrecaststhe problem in two im portantways.First,

instead oflooking fora principlethatwould forbid a cos-

m ologicalconstant,perhaps a sym m etry principle that

would set it exactly to zero,we m ay be called upon to

explain atinycosm ologicalconstant.Second,iftheinter-

pretation ofthe accelerating expansion in term sofdark

energy is correct,we now have observationalaccess to

som e new stu� whose equation ofstate and otherprop-

erties we can try to m easure. M aybe that willgive us

the cluesthatwe need to solve thisold problem ,and to

understand how itrelatesto the electroweak theory.

D . Lacunae

The electroweak theory isunresponsive to som e ques-

tionsthatareinspired by observationsoftheUniverseat

large.

1. Dark m atter

The rotation curves of spiral galaxies and support-

ing evidencefrom thecosm icm icrowavebackground and

large-scalestructure pointto \dark m atter" thatm akes

up 25% ofthe Universe’s energy density [157]. An ap-

pealing interpretation is that the dark m atter is com -

posed ofone or m ore neutralrelics from the early Uni-

verse. W ithin the standard m odel,the only candidates

are neutrinos,forwhich the weightofexperim entaland

observationalevidences argues for m asses sm aller than

about1 eV.

Using the calculated num ber density of56 cm � 3 for

each � and �� avorin thecurrentuniverse,wecan deduce

the neutrino contribution to the m assdensity,expressed

in units ofthe criticaldensity, as �c � 3H2
0=8�GN =

1:05h2� 104 eV cm � 3 = 5:6� 103 eV cm � 3,whereH 0 is

the Hubble param eter now, G N is Newton’s constant,

and I have taken the reduced Hubble constant to be

h = 0:73 [221]. Neutrinos contribute a norm alized en-

ergy density 
� & (1:2;2:2)� 10� 3 forthe (norm al,in-

verted)spectrum ,and no m orethan 10% ofcriticalden-

sity, should the lightest neutrino m ass approach 1 eV.

Neutrinosarenot,however,candidatesforthecold dark

m atter (nonrelativistic at the tim e ofstructure form a-

tion)thatisfavored by scenariosforstructureform ation

in the Universe[222,223,224].

2. Baryon asym m etry ofthe Universe

W hy doesm atterdom inateoverantim atterin theob-

servable Universe [225]? O bservationsindicate thatthe

density ofantibaryonsisnegligible,whereasthe average

density ofbaryonicm atter,characterized by thebaryon-

to-photon ratio

� �
nB � n�B

n
= (6:14� 0:25)� 10� 10: (5.8)

where nB ,n �B ,and n are respectively the baryon,an-

tibaryon, and photon num ber densities. Cosm ological

observations,anchored by the W M AP m easurem entsof

theDopplerpeaksoftem peratureuctuationsin thecos-

m ic m icrowave background radiation [157], im ply that

the currentnorm alized baryon energy density is


B = 0:0456� 0:0015; (5.9)

from which onecan infer

� = (6:22� 0:19)� 10� 10: (5.10)

W hy istheratio notzero? In an inationary cosm ology,

conventionalprocessesshould produce equalnum bersof

baryonsand antibaryons.

Three conditions are required to generate a baryon

asym m etry outofneutralinitialconditions[226]:(i)the

existence offundam entalprocesses that violate baryon

num ber;(ii) m icroscopic CP violation;and (iii) depar-

turefrom therm alequilibrium during theepoch in which

baryon-num ber violating processes were im portant. A

clear and com pact survey ofour current understanding

ofthe baryon num ber ofthe Universe appears in [227].

How welldoesthe electroweak theory respond?

Thenonequilibrium condition ism etby theexpanding

Universe.Theelectroweak theory doescontain CP viola-

tion,in theCK M fram ework.Atthelevelofperturbation

theory,theelectroweak theory conservesbaryon num ber

B and lepton num berL,butthatisnotthe case in the

nonperturbative realm .W eak SU(2)L instantonsviolate

B and L,conserving B � L,buthave a negligibly sm all

e�ectattem peraturesT m uch lowerthan theelectroweak

scale v � 246 G eV.Theircontributionsto physicalpro-

cessesaresuppressed by thefactorexp(� 8�2=g2)atzero

tem perature,whereg istheSU(2)L gaugecoupling[228].

For T & v,the sphalerons tend to erase a pre-existing

baryonasym m etryoftheUniverse,and could undersom e

conditionsgeneratea signi�cantbaryon asym m etry.O ur

bestassessm entisthatelectroweak baryogenesis,within

thestandardm odel,wellfallsshortofexplainingtheratio

(5.10).Som enew physics,beyond thestandard m odel,is
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required.A popularhypothesisisleptogenesis,in which

the baryon asym m etry ofthe Universeisproduced from

a lepton asym m etry generated in the decaysofa heavy

sterileneutrino [229,230].

3. Q uantization ofelectric charge

The proton and electron chargesbalance to an aston-

ishing degree[49]:

jQ p + Q ej< 10� 21 jQ ej: (5.11)

Iftherewereno connection between quarksand leptons,

since quarks m ake up the proton,then the balance of

the proton and electron charge would justbe a rem ark-

able coincidence,which seem s an unsatisfying explana-

tion.Som eprinciplem ustrelatethechargesofthequarks

and theleptons.W hatisit? An appealing strategy isto

assign quarksand leptons to extended fam ilies. This is

theapproach ofuni�ed theoriesofthestrong,weak,and

electrom agnetic interactions. It carries the im plication

ofinteractionsthattransform quarksinto leptons,which

hasconsequencesforproton decayand baryogenesis.The

idea thatquantum chrom odynam icsand theelectroweak

theory m ight be uni�ed is m ade plausible by the fact

thatboth aregaugetheories,with sim ilarm athem atical

structure.

Anotherencouragem enttoconsiderquark-leptonuni�-

cation com esfrom theelectroweak theory itself.A world

governed by SU(2)L 
 U(1)
Y
interactionsand com posed

only of quarks, or only of leptons, would be anom a-

lous [17], in the technicalsense that quantum correc-

tionswould break thegaugesym m etry on which thethe-

ory isbased. In ourleft-handed world,an anom aly-free

electroweak theory is possible only ifweak-isospin pairs

ofcolor-triplet quarks accom pany weak-isospin pairs of

color-singletleptons.Forthese reasons,itisnearly irre-

sistibleto considera uni�ed theory thatputsquarksand

leptonsinto a singleextended fam ily.

4. Absence ofgravity

The gravitationalforce is fam ously negligible in the

realm ofparticle physics. In the language ofFeynm an

rules,dim ensionalanalysisshowsthatthe em ission ofa

graviton issuppressed by a factor

E
?
=M Planck; (5.12)

where E ? is a characteristic energy of the transition.

The Planck m ass (M Planck � (~c=GN ew ton)
1=2 � 1:22�

1019 G eV)isa big num berbecauseNewton’sconstantis

sm allin theappropriateunits.Exceptin specialcircum -

stances,such astheexcitation ofm anyextra-dim ensional

m odes[231],graviton em ission need notbetaken intoac-

countin particlephysics.

However,we have seen in our discussion ofthe vac-

uum energy problem (cf. xV C) that the relationship

ofthe electroweak theory to gravitation cannot be ig-

nored. The hierarchy problem (cf. xV B) is acute, in

partbecausethePlanck scaleisso distantfrom theelec-

troweak scale. These connections,as wellas the desire

to understand why gravity is so m uch weaker than the

SU(3)c 
 SU(2)L 
 U(1)
Y
interactions,m otivate e�orts

to integrate gravity with the standard m odel. W hen

im agining how this m ight be achieved,it is im portant

to bear in m ind that we have probed the electroweak

theory and Q CD up to about1 TeV,butwehavetested

the inverse-squarelaw ofgravity only down to distances

just shorter than 0:1 m m ,corresponding to energies of

10 m illi-electron volts!

V I. T H E N EW ER A

The Tevatron is expected to operate through 2011,

producing a totalof 10 fb
� 1

for analysis by the CDF

and D0 collaborations.Theexperim entersareoptim istic

that a sam ple ofthat size willbe su�cient| in the ab-

sence ofa signal| to set a 95% exclusion lim it for the

standard-m odelHiggs boson over the entire range cur-

rently favored by theglobal�tsdiscussed in xIV B.Bar-

ring a breakthrough in analysistechniques,discovery of

the standard-m odelHiggs boson at 5-� signi�cance is

extrem ely unlikely at the Tevatron,unless the produc-

tion rate should be enhanced (for exam ple,by a fourth

generation of quarks). At the interesting levelof 3-�

evidence,the situation is m ore prom ising. The experi-

m ents have quoted the odds ofestablishing \evidence"

at about one in three for 120 G eV . M H . 145 G eV,

and better than one in two for M H . 116 G eV and

150 G eV . M H . 177 G eV [232]. At a m inim um ,we

willknow m oreaboutwherethe(standard-m odel)Higgs

boson isnotby thetim etheLHC Higgssearch beginsin

earnest.

The param eters of the Large Hadron Collider are

shaped bytheim perativetom akeathorough exploration

ofthe1-TeV scale,and so to elucidatethem echanism of

electroweak sym m etry breaking. But the LHC is a dis-

covery m achine,broadly understood,notlim ited to the

search for the agentofelectroweak sym m etry breaking.

See[233]fora generalsurvey,and theATLAS [168]and

CM S [169]physics reports for the detector capabilities,

with m any speci�c illustrations.

A . Electrow eak questions for LH C experim ents

W illthe new physicsthatwe anticipate on the 1-TeV

scalebea Higgsboson,in som eguise,ornew strong dy-

nam ics? Ifa Higgsboson,willthere be one,orseveral,

and willit| orthey| turn outto beelem entary orcom -

posite? Is the Higgs boson indeed light,as anticipated

by theglobal�tstoelectroweakprecision m easurem ents?
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Doesthe Higgsboson give m assonly to the electroweak

gauge bosons,or does it also endow the ferm ions with

m ass? Proceeding step by step,doesthe \H " couple to

ferm ions(a larget�tH coupling m ightbeinferred from its

production rate)? Arethebranching fractionsfordecays

into ferm ion pairsin accord with thestandard m odel? A

di�cultfollow-up question,should we�nd thattheHiggs

boson isresponsibleforferm ion m ass,iswhatdeterm ines

the m assesand m ixingsofthe ferm ions?

The Higgs boson(s) could couple to particles beyond

thoseknown in thestandard m odel.Doesthepattern of

Higgs-boson decaysim ply new physics? W illunexpected

or rare decays ofthe Higgs boson revealnew kinds of

m atter? Ifm orethan one,apparently elem entary,Higgs

boson isfound,willthatbe a sign fora supersym m etric

generalization ofthe standard m odel,or for a di�erent

sort oftwo-Higgs-doublet m odel? W hat stabilizes the

Higgs-boson m assbelow 1 TeV? How can a lightHiggs

boson coexist with the absence ofsignals for new phe-

nom ena? Iselectroweak sym m etry breakingan em ergent

phenom enon connected with strong dynam ics? Is elec-

troweak sym m etry breaking related to gravity through

extra spacetim edim ensions?

Ifthe new physics observed on the TeV scale is sug-

gestiveofnew strongdynam ics,how can wediagnosethe

nature ofthe new dynam ics? W hattakesthe place ofa

Higgsboson?

B . M ore new physics on the TeV scale?

Thepartial-waveunitarityargum entreviewed in xIV A

indicates that a thorough exploration ofthe TeV scale

willproduce im portant insights into the nature ofelec-

troweak sym m etry breaking. At a strongly suggestive

level,we have reason to expectadditionalnew phenom -

ena in thisenergy range.

The large gap between the electroweak scale and the

uni�cation scale orthe Planck scale m enacesthe Higgs-

boson m ass with large quantum corrections that would

liftitfarabove1 TeV.Ifthe required sm allm assofthe

Higgs boson is not stabilized by �ne tuning,then new

physics is needed on the TeV scale. Fam iliar exam ples

aresupersym m etry,with aspectrum ofsuperpartnersbe-

ginningtoappearon theTeV scale,and technicolor,with

its own spectrum ofnew technipions and W + W � reso-

nances. The com m on characteristic ofsolutions to the

hierarchy problem isthatthey lead naturally to the ex-

pectation ofnew physicson theTeV scale.See[234,235]

forinsightfulsurveysofsom e new-physicssignaturesto

be anticipated atthe LHC.

The evidence that cold dark m atter is a signi�cant

com ponentofthe energy-density budgetofthe Universe

is an independentargum entfor new phenom ena on the

TeV scale. As with the hierarchy problem ,the im pli-

cation is highly suggestive,but not inevitable: a few-

hundred-G eV particlethatcoupleswith weak-interaction

strength could supply the m issing m ass[236].

To sum m arize,we havethreeindicationsfordram atic

new developm entson theTeV scale:therequirem entfor

a Higgsboson ornew dynam ics,and the strong sugges-

tionsofnew phenom ena to solve the hierarchy problem

and ofparticle dark m atter. W ith the great discovery

reach ofthe LHC,m any otherpossibilitiesare open,in-

cluding new heavy ferm ionsand new forceparticles.

C . H ow know ledge m ight accum ulate

How ourunderstanding progressesin lightofinform a-

tion from the LHC depends,ofcourse,on whatNature

has in store for us,and how our attention is attracted

thisway orthatin lightofdiscoveries.However,the ex-

tensivestudiescarried outin preparation fortheATLAS

and CM S experim ents,and inform ed by theTevatron ex-

perience,allow us to anticipate the sensitivity required

for various potentialobservations and discoveries. It is

im plicit that understanding ofthe detectors progresses

asdata areaccum ulated [237,238].

W ith an integrated lum inosity of only 10 pb
� 1
, the

experim entswillbegin to characterizeeventstructurein

thenew energy regim e,to m easurejetand di-jetspectra,

and to study J= ,�,and W � production. W ithin the

�rsthundred daysofstable running,atabout50 pb
� 1
,

Z 0 ! ‘+ ‘� com esinto view,and t�tpairsshould be ob-

served. This willbe an im portantm ilestone,since top-

quark eventsprovidesubtletraininggroundsfordetector

algorithm sthatwillallow topsto beidenti�ed asphysics

objects,and representa background thatm ustbe m as-

tered form any new-physicssearches.W hen thedata set

reachesapproxim ately 100 pb
� 1
,incisive m easurem ents

ofstandard-m odelparam eterscom einto reach.

A few early discoveries are possible for data sets of

a few hundred pb
� 1

at
p
s = 14 TeV: a Z 0 repre-

senting a new force of Nature, with m ass up to ap-

proxim ately 1 TeV,and light(� 500 G eV)squarksand

gluinosthatwould give evidence ofsupersym m etry. At

about1 fb
� 1
,standard-m odelHiggs-boson physicsopens

up,�rstwith discovery sensitivity forthe channelH !

ZZ ! �+ �� �+ �� with M H � 180 G eV. Establishing

a Higgs-boson signalatlow m assism oredem anding:at

M H � 115 G eV,an integrated lum inosity & 5 fb
� 1

will

be required.Atthatpoint,com bined channelsfrom the

experim entswillcoverthefullallowed rangeofstandard-

m odelHiggs-boson m asses.

W hen theLHC datasetpassesroughly10 fb
� 1
,aspin-

2 dilepton resonancecharacteristicofextra spacetim edi-

m ensionswillbe visible up to 1 TeV. An orderofm ag-

nitude m ore gives a discovery reach for leptoquarks up

to 1:5 G eV,and a sensitivity to a com positeness scale

�� = 30 TeV. Integrated lum inosity of300 fb
� 1
,rep-

resenting approxim ately �ve years of LHC experim en-

tation, should su�ce for the observation of TeV-scale

W + W � resonances,and expand the discovery reach for

squarksand gluinosup to 2:5 TeV.

Understanding advancesnotonly by discovery ofnew
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FIG . 17: G�tter constraints on the Higgs-boson m ass ob-

tained forfourfuture scenarios.Parabolasin �� 2 are shown

with their theoreticalerror bands. From wider to narrower:

present constraint, LHC expectation, ILC expectations ex-

cluding and including the G iga-Z option [108].

phenom ena,but also by im provem ent ofprecision. As

one exam ple, Figure 17 projects im provem ents in the

global-�tconstraintson the m assofthe standard-m odel

Higgs boson in lightofm easurem ents to be carried out

at the LHC,and m easurem ents that m ight be m ade at

the proposed InternationalLinear Collider,a 500-G eV

electron-positron collider. Increasing the sam ple ofZ-

bosons by two orders of m agnitude with the so-called

G iga-Z option for a linear colliderfurther sharpensthe

constraint.[ForsurveysofthefullILC physicsprogram ,

see [173, 174].] As was the case for the values of m t

inferred before the discovery oftop (cf.Figure 4),com -

parison of the global-�t constraints with the observed

Higgs-boson m asswillbean incisivetestofthestandard

m odel.

D . T he Intensity Frontier

Historically, m uch of the m otivation for the elec-

troweak theory cam efrom detailed m easurem entsatlow

energies,and such experim entshaveled thevalidation of

the CK M structureofthe charged-currentweak interac-

tion and established the suppression ofavor-changing

neutralcurrents.Them ain im perativenow isto explore

theTeV scale,toestablish them echanism forelectroweak

sym m etry breaking. That task willsoon pass from the

Tevatron to the Large Hadron Collider. M any interest-

ing questionsrem ain in avorphysics. The im portance

of intensity-frontier experim ents for reshaping our un-

derstanding ofparticlephysicscan beenhanced by their

conversation with theLHC experim entsthatexplorethe

TeV scale.

New sensitivity can bring surprises.TheFCNC exam -

pleswe saw in xIIIB show thatthere aregood opportu-

nitiesforphysicsbeyond the standard m odelto appear.

Prospects for the study ofB ,D and K decays are re-

viewed in [239]. The lepton sector is taking on greater

interest following the discovery ofneutrino m ixing and

the possibility thatCP violation m ightbe observable in

neutrino interactions [240]. M oreover,new searches for

charged-lepton avor violation,and for CP violation in

lepton dipole m om ents o�er the possibility ofdram atic

discoveries[241]. Interpretationsofnew phenom ena ob-

served atthe LHC willbe tested and re�ned by looking

forthevirtuale�ectsofthenew particlesin rareprocesses

studied atlow energies.TheLHC experim ents,including

LHCb,havetheirown rolein avorphysics[242].

V II. SU M M A R Y

O ver the past two decades,experim ents have tested

thegaugesectorand theavorsectoroftheelectroweak

theory extensively,so thatwe m ay now regard the elec-

troweak theory asa law ofnature| subject,ofcourse,to

revision in the light ofnew evidence. M uch ofthe ex-

perim entalevidence wasrecounted in xIII. The body of

evidenceisboth broad and deep,and whileitleavesroom

forphysicsbeyond thestandard m odel,italso constrains

new physicsin signi�cantways.

Experim entsatthe Large Hadron Colliderwillprobe

the electroweak sym m etry breaking sectoron the 1-TeV

scale,wherewem ay also hopeto �nd pointersto physics

beyond the standard m odel. The cluesin hand suggest

thatthe agentofelectroweak sym m etry breaking repre-

sents a novelfundam entalinteraction operating on the

Ferm iscale.W e do notknow whatthatforce is.

A leading possibility is that the agentofelectroweak

sym m etry breaking is an elem entary scalar,the Higgs

boson of the electroweak standard m odel. G lobal�ts

to electroweak m easurem entsindicatethatthestandard-

m odelHiggsbosonshould befound with am assnotm uch

m ore than 200 G eV. An essentialstep toward under-

standing the new force that shapes our world is,there-

fore, to search for the Higgs boson and to explore its

properties.

W e have seen in xIIIE thatdi�erentsensitive observ-

ables prefer di�erent values for the Higgs-boson m ass.

W e do notknow whetherthatreectsan unexceptional

scatterorisa harbingerofphysicsbeyond the standard

m odel. In any case, it is im portant to search for the

Higgsboson overthe com plete range ofa prioriaccept-

able values,and the ATLAS and CM S experim entswill

accom plish that.

As we detailed in xV,the standard m odelis incom -

plete.Itshowshow them assesofthequarksand leptons

m ightarise,butdoesnotpredicttheirvalues.Itdoesnot

even givea qualitative understanding ofwhy the quark-

m ixing param eters are sm alland hierarchical,nor why

thepattern ofneutrinom ixingshould besodi�erent.For

aprovocativeessay on onepath toam orecom prehensive

understanding,see[243].

The hierarchy problem seem sto require a solution in
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term s ofdynam ics or a sym m etry| although �ne tun-

ing isa logicalpossibility. The vacuum energy problem

indicates that som ething essentialis m issing in our un-

derstanding.These areproblem swithin the electroweak

theory. O ther shortcom ings,including the absence ofa

dark-m attercandidate,speak to thelim ited reach ofthe

electroweak theory.

W e can be con�dent that the origin of gauge-boson

m asseswillbe understood on the TeV scale.W e do not

know where we willdecode the pattern ofthe Yukawa

couplings that set the ferm ion m asses. However,can-

didate solutions to the hierarchy problem entail new

physics on the TeV scale, and the weakly-interacting-

m assive-particle (W IM P) solution to the dark-m atter

question suggestsa m assin thefew-hundred-G eV range.

Thesehintssuggestthat,in addition to theelectroweak-

sym m etry-breaking physicswe con�dently expectto see

atthe LHC,there is every likelihood ofm ore new phe-

nom ena.

The electroweak theory is a rem arkable achievem ent.

Itgivesa deeperunderstanding oftwo ofthefundam en-

talforcesofnature| electrom agnetism and the charged-

currentweak interaction| and adds the neutral-current

weak interaction to the m ix. Itaccountsfora wide va-

riety of experim entalm easurem ents, and has survived

m any testsasa quantum �eld theory.Itm eetsthem ost

im portant criteria for a good theory: we get m ore out

than we put in,and it raises new and signi�cant ques-

tions.

W e are on the cusp ofa new levelofunderstanding,

with the nature ofelectroweak sym m etry breaking vir-

tually certain to be revealed on the 1-TeV scale.Atthe

sam etim e,theincom pletenessoftheelectroweak theory

arguesthatwehavem uch m oretolearn.Partofthehigh

anticipation thatattendsthe com ing ofthe LHC isthat

the experim entalopportunitieson the TeV scale involve

distinct problem s that could wellbe related,and that

m ightallbe related through theelectroweak theory.W e

willsoon know how robustthe connectionsare.
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