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1. T he program m e ofLH C physics

The �rst collisions at the LHC are expected in ’08 and the physics run

at 14 TeV willstart soon after. The particle physics com m unity eagerly

waitsfor the answersthatone expects from the LHC to a num berofbig

questions. The m ain physicsissuesatthe LHC,addressed by the ATLAS

and CM S collaborations,willbe: 1) the experim entalclari�cation ofthe

Higgssectoroftheelectroweak (EW )theory,2)thesearch fornew physics

at the weak scale that,on conceptualgrounds,one predicts should be in

the LHC discovery range,and 3)the identi�cation ofthe particle(s)that

m akethedark m atterin theUniverse.In addition theLHCb detectorwill

bedevoted tothestudy ofprecision B physics,with theaim ofgoingdeeper

in the knowledge ofthe Cabibbo-K obayashi-M askawa (CK M )m atrix and

ofCP violation.The LHC willalso devote a num berofrunsto accelerate

heavy ionsand the ALICE collaboration willstudy their collisionsforan

experim entalexploration ofthe Q CD phasediagram .

�W e recognize that this work has been partly supported by the Italian M inistero

dell’U niversita’e della R icerca Scienti�ca,under the CO FIN program for2007-08.
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2. T he H iggs problem

The Higgsproblem isreally centralin particle physicstoday. O n the one

hand,theexperim entalveri�cation oftheStandard M odel(SM )cannotbe

considered com pleteuntilthephysicsoftheHiggssectorisnotestablished

by experim ent.O n theotherhand,theHiggsisdirectly related to m ostof

them ajoropen problem sofparticlephysics,likethe
avourproblem orthe

hierarchy problem ,the latterstrongly suggesting the need fornew physics

neartheweak scale(which could possibly clarify thedark m atteridentity).

Itisclearthatthe factthatsom e sortofHiggsm echanism isatwork has

already been established. The W or the Z with longitudinalpolarization

thatweobservearenotpresentin an unbroken gaugetheory(m asslessspin-

1 particles,like the photon,are transversely polarized). The longitudinal

degree offreedom for the W or the Z is borrowed from the Higgs sector

and isan evidence forit.Also,the couplingsofquarksand leptonsto the

weak gaugebosonsW � and Z areindeed precisely thoseprescribed by the

gaugesym m etry.To a lesseraccuracy the triple gauge vertices
W W and

ZW W have also been found in agreem entwith the speci�c predictions of

theSU (2)
N

U (1)gaugetheory.Thism eansthatithasbeen veri�ed that

the gaugesym m etry isunbroken in the verticesofthe theory:allcurrents

and chargesare indeed sym m etric. Yetthere isobviousevidence thatthe

sym m etry is instead badly broken in the m asses. Not only the W and

the Z have large m asses,but the large splitting of,for exam ple,the t-b

doublet shows that even a globalweak SU(2) is not at allrespected by

theferm ion spectrum .Sym m etriccoupling and com pletely non sym m etric

spectrum area clearsignalofspontaneoussym m etry breaking which,in a

gaugetheory,isim plem ented via theHiggsm echanism .Thebig rem aining

questionsareaboutthe natureand the propertiesofthe Higgsparticle(s).

The presentexperim entalinform ation on the Higgssector,m ainly ob-

tained from LEP as described in section 4, is surprisingly lim ited. It

can be sum m arized in a few lines,as follows. First,the relation M 2
W =

M 2
Z cos

2 �W ,m odi�ed by sm all,com putableradiativecorrections,hasbeen

experim entally proven.Thisrelation m eansthatthe e�ective Higgs(be it

fundam entalor com posite) is indeed a weak isospin doublet. The Higgs

particlehasnotbeen found but,in theSM ,itsm asscan wellbelargerthan

thepresentdirectlowerlim itm H
>
� 114:4 G eV (at95% c.l.) obtained from

searchesatLEP-2.Aswe shallsee,the radiative correctionscom puted in

theSM when com pared to thedata on precision electroweak testslead to a

clearindication fora lightHiggs,nottoo farfrom thepresentlowerbound.
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Theexperim entalupperlim iton m H ,obtained from �tting thedata in the

SM ,dependson thevalueofthetop quark m assm t (theone-loop radiative

corrections are quadratic in m t and logarithm ic in m H ). The CDF and

D0 com bined value after Run IIis atpresent1 m t = 172:6� 1:4 G eV (it

wentdown with respectto the value m t = 178� 4:3 G eV from Run Iand

also the experim entalerrorisnow sizably reduced).Asa consequence the

presentlim iton m H ism ore stringent:m H < 190 G eV (at95% c.l.,after

including theinform ation from the114.4G eV directbound).O n theHiggs

theLHC willaddressthefollowing questions:do theHiggsparticlesactu-

ally exist? How m any: one doublet,severaldoublets,additionalsinglets?

SM Higgs or SUSY Higgses? Fundam entalor com posite (offerm ions,of

W W ...)? Pseudo-G oldstoneboson ofan enlarged sym m etry? A m anifesta-

tion oflargeextra dim ensions(5th com ponentofa gauge boson,an e�ect

oforbifolding or ofboundary conditions...)? O r som e com bination ofthe

aboveorsom ething so farunthoughtof?

3. T heoreticalbounds on the SM H iggs

TheLHC hasbeen designed tosolvetheHiggspuzzle.In theSM lowerand

upperlim itson the Higgsm asscan be derived from theoreticalconsidera-

tions. Itiswellknown2,3,4 thatin the SM with only one Higgsdoubleta

lowerlim iton m H can bederived from therequirem entofvacuum stability

(or,in m ilderform ,from a m oderate instability,com patible with the life-

tim eoftheUniverse5).Thelim itisafunction ofm t and oftheenergyscale

� where the SM m odelbreaksdown and new physicsappears.The Higgs

m assentersbecause it�xesthe initialvalue ofthe quartic Higgscoupling

� foritsrunning up to thelargescale�.Sim ilarly an upperbound on m H

(with m ild dependenceon m t)isobtained
6 from therequirem entthatin �,

up to the scale�,no Landau poleappears,orin m oreexplicitterm s,that

the perturbative description ofthe theory rem ainsvalid. The upperlim it

on theHiggsm assin theSM isclearly im portantforassessing thechances

ofsuccessoftheLHC asan acceleratordesigned tosolvetheHiggsproblem .

Even if� isassm allas a few TeV the lim itism H < 600� 800 G eV and

becom esm H < 180 G eV for� � M P l.W enow brie
y recallthederivation

oftheselim its.

Thepossible instability ofthe HiggspotentialV [�]isgenerated by the

quantum loop corrections to the classicalexpression ofV [�]. At large �

the derivative V 0[�]could becom e negative and the potentialwould be-

com e unbound from below. The one-loop corrections to V [�]in the SM
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are wellknown and change the dom inant term at large � according to

��4 ! (� + 
 log �2=�2)�4. The one-loop approxim ation is not enough

in thiscase,because itfailsatlargeenough �,when 
 log �2=�2 becom es

oforder 1. The renorm alization group im proved version ofthe corrected

potentialleads to the replacem ent ��4 ! �(�)� 04(�) where �(�) is the

running coupling and �0(�)= �exp
Rt

(t0)dt0,with 
(t)being an anom a-

lousdim ension function and t= log�=v (v isthevacuum expectation value

v = (2
p
2G F )

� 1=2). Asa result,the positivity condition forthe potential

am ountsto therequirem entthattherunning coupling �(�)neverbecom es

negative. A m ore precise calculation,which also takes into account the

quadraticterm in thepotential,con�rm sthattherequirem entsofpositive

�(�)leadsto the correctbound down to scales� aslow as� 1 TeV.The

running of�(�)atoneloop isgiven by:

d�

dt
=

3

4�2
[�2 + 3�h2t � 9h4t + sm allgaugeand Yukawa term s]; (1)

with the norm alization such that at t = 0;� = �0 = m 2
H =2v

2 and,for

the top Yukawa coupling,h0t = m t=v. W e see that,form H sm alland m t

�xed atits m easured value,� decreaseswith tand can becom e negative.

Ifonerequiresthat� rem ainspositiveup to �= 1015{1019 G eV,then the

resultingbound on m H in theSM with only oneHiggsdoubletisgiven by4:

m H (G eV)> 132+ 2:1[m t� 172:6]� 4:5
�s(m Z)� 0:118

0:006
: (2)

Notethatthislim itisevaded in m odelswith m oreHiggsdoublets.In this

casethe lim itappliesto som eaveragem assbutthe lightestHiggsparticle

can wellbe below,asitisthe case in the m inim alSUSY extension ofthe

SM (M SSM ).

The upperlim iton the Higgsm assin the SM is clearly im portantfor

assessing the chancesofsuccessofthe LHC asan acceleratordesigned to

solvetheHiggsproblem .Theupperlim it6 arisesfrom therequirem entthat

the Landau pole associated with the non asym ptotically free behaviour

of the ��4 theory does not occur below the scale �. The initialvalue

of� at the weak scale increases with m H and the derivative is positive

at large � (because of the positive �2 term in eq.(1) - the �’4 theory

is not asym ptotically free - which overwhelm s the negative top-Yukawa

term ). Thus ifm H is too large the point where �,com puted from the

perturbative beta function,becom es in�nite (the Landau pole) occurs at

too low an energy.O fcoursein the vicinity ofthe Landau pole the 2-loop

evaluation ofthebetafunction isnotreliable.Indeed thelim itindicatesthe
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frontierofthedom ain wherethetheoryiswelldescribed bytheperturbative

expansion.Thusthequantitativeevaluation ofthelim itisonly indicative,

although ithasbeen to som eextentsupported by sim ulationsoftheHiggs

sector ofthe EW theory on the lattice. For the upper lim it on m H one

�nds6 m H
<� 180 G eV for � � M G U T � M P l and m H

<� 0:5� 0:8 TeV

for� � 1 TeV . Actually,form t � 172 G eV,only a sm allrange ofvalues

for m H is allowed,130 < m H < � 200 G eV,ifthe SM holds up to � �

M G U T orM P l.An additionalargum entindicating thatthesolution ofthe

Higgsproblem cannotbe too faraway isthe factthat,in the absenceofa

Higgsparticleorofan alternativem echanism ,violationsofunitarityappear

in scattering am plitudes involving longitudinalgauge bosons (those m ost

directly related to the Higgssector)atenergiesin the few TeV range7.In

conclusion,it is very unlikely that the solution ofthe Higgs problem can

be m issed atthe LHC which hasa good sensitivity up to m H � 1 TeV.

4. P recision tests ofthe standard electrow eak theory

Them ostprecisetestsoftheelectroweak theory apply to theQ ED sector.

The anom alous m agnetic m om ents ofthe electron and ofthe m uon are

am ong the m ost precise m easurem ents in the whole ofphysics. Recently

there have been new precise m easurem entsofae and a� forthe electron8

and the m uon9 (a = (g � 2)=2). O n the theory side,the Q ED part has

been com puted analytically for i= 1;2;3,while for i= 4 there is a nu-

m ericalcalculation (see,for exam ple,ref.11). Som e term s for i= 5 have

also been estim ated forthe m uon case. The weak contribution isfrom W

orZ exchange.Thehadroniccontribution isfrom vacuum polarization in-

sertionsand from lightby lightscattering diagram s.Forthe electron case

the weak contribution isessentially negligible and the hadronic term does

notintroduce an im portantuncertainty. As a resultthe ae m easurem ent

can be used to obtain the m ostprecisedeterm ination ofthe �ne structure

constant10.In them uon casethe experim entalprecision islessby about3

ordersofm agnitude,butthe sensitivity to new physicse�ectsistypically

increased by a factor(m �=m e)
2 � 4:104. The dom inanttheoreticalam bi-

guitiesarise from the hadronic term s in vacuum polarization and in light

by light scattering. Ifthe vacuum polarization term s are evaluated from

thee+ e� dataa discrepancy of� 3� isobtained (the� data would indicate

better agreem ent,but the connection to a� is less direct and recent new

data haveadded solidity to thee+ e� route)12.Finally,wenotethat,given

the great accuracy ofthe a� m easurem ent and the estim ated size ofthe
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new physicscontributions,forexam ple from SUSY,itisnotunreasonable

thata �rstsignalofnew physicswould appearin thisquantity.

The resultsofthe electroweak precision testsaswellasofthe searches

forthe Higgsboson and fornew particlesperform ed atLEP and SLC are

now availablein �nalform 1.Taken togetherwith them easurem entsofm t,

m W and thesearchesfornew physicsattheTevatron,and with som eother

data from low energy experim ents,they form a very stringentsetofpre-

ciseconstraintsto becom pared with theSM orwith any ofitsconceivable

extensions13. Allhigh energy precision tests ofthe SM are sum m arized

in �g.11. Forthe analysisofelectroweak data in the SM one startsfrom

the input param eters: as in any renorm alizable theory m asses and cou-

plingshaveto be speci�ed from outside.O ne can trade one param eterfor

another and this freedom is used to select the best m easured ones as in-

putparam eters.Som e ofthem ,�,G F and m Z ,are very precisely known,

som eotherones,m fligh t,m t and �s(m Z )arefarlesswelldeterm ined while

m H is largely unknown. Am ong the lightferm ions,the quark m assesare

badly known,but fortunately,forthe calculation ofradiative corrections,

they can bereplaced by �(m Z ),thevalueoftheQ ED running coupling at

the Z m assscale. The value ofthe hadronic contribution to the running,

��
(5)

had
(m Z ),reported in Fig.1,is obtained through dispersion relations

from the data on e+ e� ! hadronsatlow centre-of-m assenergies 1. From

theinputparam etersonecom putestheradiativecorrectionsto a su�cient

precision to m atch theexperim entalaccuracy.Then onecom paresthethe-

oreticalpredictionswith thedata forthenum erousobservableswhich have

been m easured,checkstheconsistency ofthetheory and derivesconstraints

on m t,�s(m Z )and m H .

The com puted radiative corrections include the com plete set ofone-

loop diagram s,plussom e selected large subsetsoftwo-loop diagram sand

som e sequences ofresum m ed large term s ofallorders (large logarithm s

and Dyson resum m ations). In particular large logarithm s,e.g.,term s of

the form (�=� ln (m Z =m f‘))
n where f‘ is a lightferm ion,are resum m ed

by well-known and consolidated techniques based on the renorm alisation

group. For exam ple, large logarithm s dom inate the running of � from

m e,the electron m ass,up to m Z ,which is a 6% e�ect,m uch largerthan

the few per m ilcontributionsofpurely weak loops. Also,large logsfrom

initialstateradiation dram atically distortthelineshapeoftheZ resonance

observed atLEP-1 and SLC and have been accurately taken into account

in the m easurem entofthe Z m assand totalwidth.

Am ongtheoneloop EW radiativecorrectionsarem arkableclassofcon-
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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767

mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874

ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959

σhad [nb]σ0 41.540 ± 0.037 41.478

RlRl 20.767 ± 0.025 20.743

AfbA0,l 0.01714 ± 0.00095 0.01643

Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480

RbRb 0.21629 ± 0.00066 0.21581

RcRc 0.1721 ± 0.0030 0.1722

AfbA0,b 0.0992 ± 0.0016 0.1038

AfbA0,c 0.0707 ± 0.0035 0.0742

AbAb 0.923 ± 0.020 0.935

AcAc 0.670 ± 0.027 0.668

Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480

sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314

mW [GeV]mW [GeV] 80.398 ± 0.025 80.377

ΓW [GeV]ΓW [GeV] 2.097 ± 0.048 2.092

mt [GeV]mt [GeV] 172.6 ± 1.4 172.8

March 2008

Figure 1. Precision testsofthe Standard EW theory from LEP,SLC and the TeVatron

(M arch’08).

tributions are those term s that increase quadratically with the top m ass.

The large sensitivity ofradiative corrections to m t arises from the exis-

tence ofthese term s. The quadratic dependence on m t (and possibly on

other widely broken isospin m ultiplets from new physics) arises because,

in spontaneously broken gauge theories,heavy loopsdo notdecouple. O n

thecontrary,in Q ED orQ CD,therunning of� and �s ata scaleQ isnot

a�ected by heavy quarks with m ass M � Q . According to an intuitive

decoupling theorem 14,diagram s with heavy virtualparticles ofm ass M

can beignored forQ � M provided thatthecouplingsdonotgrow with M
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and thatthe theory with no heavy particlesisstillrenorm alizable.In the

spontaneously broken EW gauge theoriesboth requirem entsare violated.

First,one im portantdi�erence with respectto unbroken gauge theoriesis

in the longitudinalm odesofweak gauge bosons. These m odesare gener-

ated by the Higgsm echanism ,and theircouplingsgrow with m asses(asis

also thecaseforthephysicalHiggscouplings).Second,thetheory without

the top quark is no m ore renorm alizable because the gauge sym m etry is

broken iftheb quark isleftwith no partner(whileitscouplingsshow that

the weak isospin is1/2). Because ofnon decoupling precision testsofthe

electroweaktheory m aybesensitivetonew physicseven ifthenew particles

aretoo heavy fortheirdirectproduction.

W hileradiativecorrectionsarequitesensitiveto thetop m ass,they are

unfortunately m uch lessdependenton the Higgsm ass. Ifthey were su�-

cientlysensitive,bynow wewould preciselyknow them assoftheSM Higgs.

In fact,the dependence ofone loop diagram son m H is only logarithm ic:

� GF m
2
W log(m 2

H =m
2
W ). Q uadratic term s � G2F m

2
H only appear at two

loopsand are too sm allto be im portant.The di�erence with the top case

is thatm 2
t � m2b is a directbreaking ofthe gauge sym m etry thatalready

a�ectsthe relevantone loop diagram s,while the Higgscouplingsto gauge

bosonsare"custodial-SU(2)" sym m etricin lowestorder.

Thevariousasym m etriesdeterm inethee�ectiveelectroweakm ixingan-

gleforleptonswith highestsensitivity.Theweighted averageofallresults,

including sm allcorrelations,is:

sin2 �eff = 0:23153� 0:00016: (3)

Note,however,thatthisaveragehasa �2 of11.8 for5 degreesoffreedom ,

correspondingtoaprobabilityof3.7% .The�2 ispushed up bythetwom ost

precisem easurem entsofsin2 �eff,nam ely thosederived from them easure-

m entsofA l by SLD,dom inated by the left-rightasym m etry A L R ,and of

theforward-backward asym m etry m easured in b�bproduction atLEP,A b
F B ,

which di�er by about 3.2 �’s. In general,there appears to be a discrep-

ancy between sin2 �eff m easured from leptonic asym m etries ((sin2 �e�)l)

and from hadronic asym m etries ((sin2 �e�)h),as seen from Figure 2. In

fact,the resultfrom A L R isin good agreem entwith the leptonic asym m e-

triesm easured atLEP,whileallhadronicasym m etries,though theirerrors

are large,are bettercom patible with the resultofA b
F B . Thisvery unfor-

tunatefactm akestheinterpretation ofprecision testslesssharp and som e

perplexity rem ains: is it an experim entalerror or a signalofsom e new

physics?
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 0.231

 0.2312

 0.2314

 0.2316

 0.2318

 0.232

 0.2322

 0.2324

 500 400 300 200 100 50

si
n2 θ e

ffle
pt

MH [GeV]

Mt=172.6 GeV

Mt +1σ

Mt -1σ

hadr. asymm

lept. asymm

sin2θeff
lept world av.

Figure 2. The data for sin2 �
lept

e�
are plotted vs m H . For presentation purposes the

m easured points are shown each at the m H value that would ideally correspond to it

given the centralvalue ofm t.

The situation is shown in Figure 2 15. The values of (sin2 �e�)l,

(sin2 �e�)h and theirform alcom bination are shown each atthe m H value

thatwould correspond to itgiven the centralvalue ofm t. O fcourse,the

value form H indicated by each sin2 �eff has an horizontalam biguity de-

term ined by them easurem enterrorand thewidth ofthe� 1� band formt.

Even taking this spread into account it is clear that the im plications on

m H aresizably di�erent.

O ne m ight im agine that som e new physics e�ect could be hidden in

the Zb�b vertex. Like for the top quark m ass there could be other non

decoupling e�ectsfrom new heavy statesora m ixing ofthe b quark with

som e otherheavy quark. However,itiswellknown thatthisdiscrepancy

is not easily explained in term s of som e new physics e�ect in the Zb�b

vertex. In fact,A b
F B is the product oflepton-and b-asym m etry factors:

A b
F B = (3=4)A eA b.Thesensitivity ofA

b
F B to A b islim ited,becausetheA e
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factorissm all,so thata ratherlargechangeoftheb-quark couplingswith

respecttotheSM isneeded in ordertoreproducethem easured discrepancy

(precisely a � 30% change in the right-handed coupling gbR ,an e�ecttoo

large to be a loop e�ect but which could be produced at the tree level,

e.g., by m ixing of the b quark with a new heavy vectorlike quark16 or

ofthe Z with an heavier Z 017). But this e�ect is not con�rm ed by the

directm easurem entofA b perform ed atSLD using the left-rightpolarized

b asym m etry,which agreeswith theprecision within them oderateprecision

ofthisresult. Also,no deviation ism anifestin the accurate m easurem ent

ofR b / g2
R b

+ g2
Lb

(buttheregbR isnotdom inant).Thus,even introducing

an ad hocm ixing theoverall�tofA b
F B ,A b and R b isnotterribly good,but

wecannotexcludethepossibility ofnew physicscom pletely.Alternatively,

the observed discrepancy could be due to a large statistical
uctuation or

an unknown experim entalproblem . In any case the e�ective am biguity in

the m easured value ofsin2 �eff is actually largerthan the nom inalerror,

reported in Eq.3,obtained from averaging alltheexisting determ inations.

W e now discuss �tting the data in the SM .O ne can think ofdi�er-

ent types of�t,depending on which experim entalresults are included or

which answersone wantsto obtain. For exam ple1,in Table 1 we present

in colum n 1 a �tofallZ pole data plusm W ,�W (thisisinteresting asit

showsthevalueofm t obtained indirectly from radiativecorrections,to be

com pared with the value ofm t m easured in production experim ents),in

colum n 2 a �tofallZ poledata plusm t (hereitism W which isindirectly

determ ined),and,�nally,in colum n 3 a �tofallthe data listed in Fig. 1

(which isthe m ostrelevant�tforconstraining m H ). From the �tin col-

um n 1ofTable1weseethattheextracted valueofm t isin good agreem ent

with the directm easurem ent(see the value reported in Fig. 1). Sim ilarly

weseethatthedirectdeterm ination ofm W reported in Fig.1 isstilla bit

largerwith respecttothevaluefrom the�tin colum n 2(although thedirect

valueofm W wentdown recently).W ehaveseen thatquantum corrections

depend only logarithm ically on m H . In spite ofthissm allsensitivity,the

m easurem entsare precise enough thatone stillobtains a quantitative in-

dication ofthe Higgsm assrange in the SM .From the �tin colum n 3 we

obtain:log10 m H (G eV)= 1:94� 0:16 (ormH = 87+ 36� 27 G eV).W e see that

the centralvalue ofm H from the �t is below the lower lim it on the SM

Higgsm assfrom directsearchesm H
>
� 114 G eV,butwithin 1� from this

bound. Ifwe had reasonsto rem ove the result on A b
F B from the �t,the

�tted valueofm H would m ovedown to som ething like:m H = 55+ 30� 20 G eV,

furtheraway from the lowerlim it.



A pril18,2013 20:53 Proceedings Trim Size:9in x 6in LLouiseProcW eb

11

Fit 1 2 3

M easurem ents m W m t m t; m W

m t (G eV) 178:7
+ 12
� 9 172:6� 1:4 172:8� 1:4

m H (G eV) 143+ 236� 80 111+ 56� 39 87+ 36� 27

log [m H (G eV)] 2:16� + 0:39 2:05� 0:18 1:94� 0:16

�s(m Z ) 0:1190� 0:0028 0:1190� 0:0027 0:1185� 0:0026

m W (M eV) 80385� 21 80363� 20 80377� 15

W e have already observed that the experim entalvalue ofm W (with

good agreem entbetween LEP and theTevatron)isa bithigh com pared to

the SM prediction (see Figure 3,15).The value ofm H indicated by m W is

on the low side,just in the sam e intervalas for sin2 �
lept

e�
m easured from

leptonicasym m etries.Therecentdecreaseoftheexperim entalvalueofm t

m aintainsthetension between theexperim entalvaluesofm W and sin2 �
lept

e�

m easured from leptonicasym m etrieson theonesideand thelowerlim iton

m H from directsearcheson the otherside 18,19.

W ith allthesewordsofcautionin m ind itrem ainstruethaton thewhole

theSM perform sratherwell,sothatitisfairtosay thatnoclearindication

fornew physicsem ergesfrom thedata.Actuallytheresultofprecision tests

on theHiggsm assisparticularlyrem arkable.Thevalueoflog10 [m H (G eV)]

is,within errors,inside the sm allwindow between � 2 and � 3 which is

allowed,on theoneside,by thedirectsearch lim it(m H
>� 114:4 G eV from

LEP-2 1),and,on the other side,by the theoreticalupper lim it on the

Higgsm assin the m inim alSM 6,m H
<
� 600� 800 G eV.

Thus the whole picture ofa perturbative theory with a fundam ental

Higgsiswellsupported by thedataon radiativecorrections.Itisim portant

that there is a clear indication for a particularly light Higgs: at 95% c.l.

m H
<
� 190 G eV. Thisisquite encouraging forthe ongoing search forthe

Higgs particle. M ore in general,ifthe Higgs couplings are rem oved from

theLagrangian theresultingtheory isnon renorm alizable.A cuto� � m ust

beintroduced.In thequantum correctionslogm H isthen replaced by log�

plus a constant. The precise determ ination ofthe associated �nite term s

would be lost (that is,the value ofthe m ass in the denom inator in the

argum entofthelogarithm ).A heavy Higgswould need som econspiracy or

som edynam icalreason20:the�niteterm s,di�erentin thenew theory from
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Figure 3. The world average form W isplotted vs m H .

those ofthe SM ,should accidentally or dynam ically com pensate for the

heavy Higgsin a few key param etersofthe radiative corrections(m ainly

�1 and �3,see,forexam ple,
21). Alternatively,additionalnew physics,for

exam ple in the form ofe�ective contactterm s added to the m inim alSM

lagrangian,should do the com pensation,which again needs som e sort of

conspiracy or som e specialdynam ics,although this possibility is not so

unlikely to be aprioridiscarded.

5. T he physics of
avour

In the last decade greatprogressin di�erent areas of
avour physics has

been achieved. In the quark sector,the am azing results ofa generation

offrontier experim ents,obtained at B factories and at accelerators,have
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becom e available22. Q CD has been playing a crucialrole in the inter-

pretation of experim ents by a com bination of e�ective theory m ethods

(heavy quark e�ective theory, NRQ CD,SCET),lattice sim ulations and

perturbativecalculations.A greatachievem entobtained by m any theorists

overthe last yearsis the calculation at NNLO ofthe branching ratio for

B ! X s
 with B a beauty m eson24. The e�ectofthe photon energy cut,

E 
 > E 0,necessary in practice,hasbeen evaluated atNNLO 25. The cen-

tralvalue ofthe theoreticalprediction isnow slightly below the data: for

B [B ! X s
;E0 = 1:6 G eV ](10� 4) the experim entalvalue is 3.55(26)23

and the theoreticalvalue is3.15(23)24 or2.98(26)25,which to m e isgood

agreem ent.ThehopeoftheB-decay experim entswasto detectdepartures

from the CK M picture ofm ixing and ofCP violation as signals ofnew

physics.Finally,in quantitativeterm s,allm easurem entsarein agreem ent

with the CK M description ofm ixing and CP violation as shown in Fig.

426. The recentm easurem entof�m s by CDF and D0,in fairagreem ent

with the SM expectation,has closed another door for new physics. But

in som e channels,especially those which occur through penguin loops,it

iswellpossible thatsubstantialdeviationscould be hidden (possible hints

are reported in B ! K � decays27 and in b ! s transitions28). But cer-

tainly the am azing perform ance ofthe SM in 
avourchanging and/orCP

violating transitionsin K and B decaysposesvery strong constraintson all

proposed m odelsofnew physics29.

In the leptonic sectorthe study ofneutrino oscillationshas led to the

discovery that at least two neutrinos are not m assless and to the deter-

m ination ofthe m ixing m atrix30. Neutrinosare notallm asslessbuttheir

m asses are very sm all(at m ost a fraction ofeV ). Probably m asses are

sm allbecause �0sareM ajorana ferm ions,and,by the see-saw m echanism ,

their m asses are inversely proportionalto the large scale M where lep-

ton num ber(L)non conservation occurs(as expected in G UT’s). Indeed

the value ofM � m�R from experim entiscom patible with being close to

M G U T � 1014 � 1015G eV ,so thatneutrino m asses�twellin theG UT pic-

ture and actually supportit.The interpretation ofneutrinosasM ajorana

particles enhances the im portance ofexperim ents aim ed at the detection

of neutrinoless double beta decay and a huge e�ort in this direction is

underway31. Itwasrealized thatdecaysofheavy �R with CP and L non

conservation can producea B-L asym m etry.Therangeofneutrino m asses

indicated by neutrino phenom enology turnsoutto beperfectly com patible

with the idea ofbaryogenesis via leptogenesis32. This elegant m odelfor

baryogenesishas by now replaced the idea ofbaryogenesisnearthe weak
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 and �M s inputs

in the globalCK M �t.

scale,which hasbeen strongly disfavoured by LEP.

Itisrem arkablethatwenow know theneutrinom ixingm atrixwith good

accuracy.Two m ixing anglesare large and one issm all.The atm ospheric

angle�23 islarge,actually com patiblewith m axim albutnotnecessarily so:

at 3�33: 0:34 � sin2 �23 � 0:68 with centralvalue around 0:5. The solar

angle �12 (the best m easured) is large,sin2 �12 � 0:3,but certainly not

m axim al(by m ore than 5�). The third angle �13,strongly lim ited m ainly

by theCHO O Z experim ent,hasatpresenta 3� upperlim itgiven by about

sin2 �13 � 0:04.Thenon conservation ofthethreeseparatelepton num bers

and the large leptonic m ixing angles m ake it possible that processes like

� ! e
 or� ! �
 m ightbe observable,notin the SM butin extensions

ofitlike the M SSM .Thus,for exam ple,the outcom e ofthe now running

experim entM EG atPSI34,aim ing atim proving thelim iton � ! e
 by 1

or2 ordersofm agnitude,isofgreatinterest.



A pril18,2013 20:53 Proceedings Trim Size:9in x 6in LLouiseProcW eb

15

6. P roblem s ofthe Standard M odel

No signalsofnew physicswerefound neitherin electroweak precision tests

norin 
avourphysics.G iven thesuccessoftheSM why arewenotsatis�ed

with thattheory? W hy notjust�nd the Higgsparticle,forcom pleteness,

and declare that particle physics is closed? The reason is that there are

both conceptualproblem s and phenom enologicalindications for physics

beyond theSM .O n theconceptualsidethem ostobviousproblem sarethe

proliferation ofparam eters,thepuzzlesoffam ily replication and of
avour

hierarchies,the fact thatquantum gravity is not included in the SM and

therelated hierarchy problem .Som eoftheseproblem scould bepostponed

to the m ore fundam entaltheory at the Planck m ass. For exam ple,the

explanation ofthe three generationsofferm ionsand the understanding of

ferm ion m assesand m ixing anglescan be postponed.Butotherproblem s,

likethehierarchyproblem ,m ust�nd theirsolution in thelow energytheory.

Am ong the m ain phenom enologicalhints for new physics we can list the

questforG rand Uni�cation and coupling constantm erging,dark m atter,

neutrino m asses(explained in term sofL non conservation),baryogenesis

and the cosm ologicalvacuum energy (a giganticnaturalnessproblem ).

6.1. D ark m atter and dark energy

W e know by now35 that the Universe is 
at and m ost ofit is not m ade

up ofknown form sofm atter: while 
tot � 1 and 
m atter � 0:3,the nor-

m albaryonic m atterisonly 
baryonic � 0:044,where 
 isthe ratio ofthe

density to the criticaldensity.M ostofthe energy in the Universe isDark

M atter(DM ) and Dark Energy (DE)with 
� � 0:7. W e also know that

m ost ofDM m ust be cold (non relativistic atfreeze-out) and that signif-

icant fractions ofhot DM are excluded. Neutrinos are hot DM (because

they are ultrarelativistic at freeze-out) and indeed are not m uch cosm o-

relevant: 
�
<
� 0:015. The identi�cation ofDM is a task ofenorm ous

im portance for both particle physics and cosm ology. The LHC has good

chances to solve this problem in that it is sensitive to a large variety of

W IM P’s(W eekly Interacting M assive Particles). W IM P’swith m assesin

the 10 G eV-1TeV range with typicalEW cross-sections turn out to con-

tributeterm sofo(1)to
.Thisisaform idablehintin favourofW IM P’sas

DM candidates. By com parison,axionsare also DM candidatesbuttheir

m assand couplingsm ustbe tuned forthispurpose. Ifreally som e sortof

W IM P’saream ain com ponentofDM they could bediscovered attheLHC

and thiswillbe a greatservice ofparticle physicsto cosm ology. Also,we
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have seen thatvacuum energy accountsforabout2/3 ofthe criticalden-

sity:
� � 0:736. Translated into fam iliarunitsthism eansforthe energy

density �� � (2 10� 3 eV )4 or(0:1 m m )� 4.Itisreally interesting (and not

at allunderstood) that �
1=4

�
� �2E W =M P l (close to the range ofneutrino

m asses). Itis wellknown thatin �eld theory we expect�� � �4cutoff. If

the cuto� issetatM P l oreven at0(1 TeV)there would be an enorm ous

m ism atch. In exact SUSY �� = 0,but SUSY is broken and in presence

ofbreaking �
1=4

�
isin generalnotsm allerthan the typicalSUSY m ultiplet

splitting.Anotherclosely related problem is"why now?":the tim e evolu-

tion ofthem atterorradiation density isquiterapid,while thedensity for

a cosm ologicalconstantterm would be 
atin tim e.Ifso,then how com es

thatprecisely now the two density sourcesare com parable? Thissuggests

thatthevacuum energy isnota cosm ologicalconstantterm ,butratherthe

vacuum expectation value ofsom e �eld (quintessence)and thatthe "why

now?" problem is solved by som e dynam icalcoupling ofthe quintessence

�eld with gaugesinglet�elds(perhapsRH neutrinos)37.

6.2. T he hierarchy problem

Thecom puted evolution with energyofthee�ectivegaugecouplingsclearly

pointstowardstheuni�cation oftheEW and strong forces(G rand Uni�ed

Theories: G UT’s) at scales ofenergy M G U T � 1015 � 1016 G eV which

are close to the scale ofquantum gravity,M P l � 1019 G eV.G UT’s are

so attractive that are by now part ofour culture: they provide coupling

uni�cation,an explanation ofthe quantum num bersin each generation of

ferm ions(e.g.onegeneration exactly �llsthe16dim ensionalrepresentation

ofSO (10)),transform ation ofquarks into leptons and proton decay etc.

O nestep furtherand oneisled toim agineauni�ed theoryofallinteractions

also including gravity (atpresentsuperstringsprovidethe bestattem ptat

such a theory).ThusG UT’sand the realm ofquantum gravity seta very

distantenergy horizon thatm odern particletheory cannotignore.Can the

SM withoutnew physicsbe valid up to such largeenergies? The answeris

presum ably not: the structure ofthe SM could notnaturally explain the

relative sm allness ofthe weak scale ofm ass,setby the Higgs m echanism

at � � 1=
p
G F � 250 G eV with GF being the Ferm icoupling constant,

with respect to M G U T or M P l. This so-called hierarchy problem is due

to the instability ofthe SM with respect to quantum corrections. This

is related to the presence offundam entalscalar �elds in the theory with

quadraticm assdivergencesand noprotectiveextrasym m etryat� = 0.For
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ferm ion m asses,�rst,thedivergencesarelogarithm icand,second,they are

forbidden bytheSU (2)
N

U (1)gaugesym m etryplusthefactthatatm = 0

an additionalsym m etry, i.e. chiralsym m etry, is restored. Here, when

talking ofdivergences,wearenotworried ofactualin�nities.Thetheory is

renorm alizableand �niteoncethedependenceon thecuto� � isabsorbed

in a rede�nition ofm assesand couplings.Ratherthe hierarchy problem is

oneofnaturalness.W ecan look atthecuto� asa param eterization ofour

ignorance on the new physicsthatwillm odify the theory atlarge energy

scales.Then itisrelevantto look atthe dependence ofphysicalquantities

on the cut o� and to dem and that no unexplained enorm ously accurate

cancellationsarise.

In the past in m any cases naturalness has been a good guide in par-

ticle physics. For exam ple,without charm and the G IM m echanism the

short distance contribution to the (K � �K ) m ass di�erence would be of

orderG 2
F f

2
K m

2
W m K ,while the correctresultisoforderG

2
F f

2
K m

2
cm K and,

without G IM ,an unnaturalcancellation between long and shortdistance

contributionswould beneeded.Also notethat�Q C D < < M G U T isnatural

because,due to the logarithm ic running of�s,dim ensionaltransm utation

bringsin exponentialsuppression.

Thehierarchyproblem can beputin lessabstractterm s(the"littlehier-

archy problem "):loop correctionsto thehiggsm asssquared arequadratic

in the cut o� �. The m ost pressing problem is from the top loop. W ith

m 2
H = m 2

bare
+ �m2

H the top loop gives

�m
2
H jtop � �

3G F

2
p
2�2

m
2
t�

2 � � (0:2�)2 (4)

Ifwe dem and that the correction does not exceed the light Higgs m ass

indicated by the precision tests,� m ust be close,� � o(1 TeV). Sim ilar

constraints arise from the quadratic � dependence of loops with gauge

bosons and scalars,which,however,lead to less pressing bounds. So the

hierarchy problem dem ands new physics to be very close (in particular

the m echanism that quenches the top loop). Actually,this new physics

m ust be rather special,because it m ust be very close,yet its e�ects are

not clearly visible in the EW precision tests (the "LEP Paradox"38) now

also accom panied by a sim ilar"
avourparadox"29 arising from the recent

precise experim entalresultsin B and K decays. The m ain avenuesopen

fornew physicsarediscussed in the following sections39.
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7. Supersym m etry: the standard w ay beyond the SM

M odels based on supersym m etry (SUSY)40 are the m ost developed and

widely known.In thelim itofexactboson-ferm ion sym m etry thequadratic

divergencesofbosonscancel,so thatonly logarithm ic divergencesrem ain.

However,exactSUSY isclearly unrealistic. Forapproxim ate SUSY (with

softbreaking term s),which isthebasisforallpracticalm odels,� in eq.(4)

is essentially replaced by the splitting ofSUSY m ultiplets. In particular,

thetop loop isquenched by partialcancellation with s-top exchange,so the

s-top cannotbe too heavy.

The M inim alSUSY M odel(M SSM ) is the extension ofthe SM with

m inim alparticle content. To each ordinary particle a s-particle is associ-

ated with 1/2 spin di�erence: to each helicity state ofa spin 1/2 ferm ion

ofthe SM a scalar is associated (for exam ple,the electron states eL and

eR correspond to 2 scalar s-electron states). Sim ilarly to each ordinary

boson a s-ferm ion isassociated:forexam pleto each gluon a gluino (a M a-

jorana spin 1/2 ferm ion)isrelated. W hy noteven one s-particle wasseen

so far? A clue: observed particles are those whose m ass is forbidden by

SU (2)
N

U (1). W hen SUSY is broken but SU (2)
N

U (1) is unbroken s-

particlesgeta m assbutparticlesrem ain m assless.ThusifSUSY breaking

is large we understand that no s-particles have been observed yet. It is

an im portantfactthattwo Higgsdoublets,H u and H d,are needed in the

M SSM with their corresponding spin 1/2 s-partners,to give m ass to the

up-type and to the down-type ferm ions,respectively. This duplication is

needed forcancellation ofthe chiralanom aly and also because the SUSY

rulesforbid thatH d = H y
u asisthe case in the the SM .The ratio oftheir

two vacuum expectation values tan� = vu=vd (with the SM vev v being

given by v =
p
v2u + v2

d
)playsan im portantroleforphenom enology.

The m ost generalM SSM sym m etric renorm alizable lagrangian would

contain term s that violate baryon B and lepton L num ber conservation

(which in the SM ,without �R ,are preserved at the renorm alizable level,

so thatthey are "accidental" sym m etries). To elim inate those term sitis

su�cienttoinvokeadiscreteparity,R-parity,whoseorigin isassum ed tobe

ata m orefundam entallevel,which is+ 1 forordinary particlesand � 1 for

s-partners.TheconsequencesofR-parity arethats-particlesareproduced

in pairsatcolliders,the lightests-particle isabsolutely stable (itiscalled

theLightestSUSY Particle,LSP,and isa good candidatefordark m atter)

and s-particlesdecay into a �nalstate with an odd num ber ofs-particles

(and,ultim ately,in the decay chain there willbe the LSP).
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The necessary SUSY breaking,whose origin is not clear,can be phe-

nom enologically introduced through softterm s(i.e.with operatordim en-

sion < 4)thatdo notspoilthe good convergencepropertiesofthe theory

(renorm alizability and non renorm alization theorem sarem aintained).W e

denote by m soft the m ass scale ofthe soft SUSY breaking term s. The

m ostgeneralsoftterm scom patiblewith theSM gaugesym m etry and with

R-parity conservation introduce m ore than one hundred new param eters.

In generalnew sources of
avour changing neutralcurrents (FCNC) and

ofCP violation are introduced e.g. from s-quark m ass m atrices. Univer-

sality (proportionality ofthe m ass m atrix to the identity m atrix for each

charge sector) and/or alignm ent (near diagonalm ass m atrices) m ust be

assum ed ata large scale,butrenorm alization group running can stillpro-

duce large e�ects. The M SSM doesprovide a viable 
avourfram ework in

the assum ption ofR-parity conservation,universality ofsoft m asses and

proportionality oftrilinearsoftterm sto the SM Yukawas(stillbroken by

renorm alization group running). Asalready m entioned,observable e�ects

in the lepton sector are stillpossible (e.g. � ! e
 or � ! �
). This is

m adeeven m oreplausible by largeneutrino m ixings.

How can SUSY breakingbegenerated? Conventionalspontaneoussym -

m etry breaking cannotoccurwithin the M SSM and also in sim ple exten-

sions ofit. Probably the soft term s ofthe M SSM arise indirectly or ra-

diatively (loops)ratherthan from treelevelrenorm alizablecouplings.The

prevailing idea isthatithappensin a "hidden sector" through non renor-

m alizable interactionsand is com m unicated to the visible sector by som e

interactions.G ravity isa plausible candidate forthe hidden sector.M any

theoristsconsiderSUSY asestablished atthePlanckscaleM P l.Sowhynot

to useitalso atlow energy to �x the hierarchy problem ,ifatallpossible?

Itisinteresting thatviable m odelsexist. Suitable softterm sindeed arise

from supergravity when itisspontaneoulsly broken.Supergravity isa non

renorm alizable SUSY theory ofquantum gravity40. The SUSY partnerof

the spin-2 graviton g�� is the spin-3/2 gravitino 	 i� (i: spinor index,�:

Lorentz index). The gravitino is the gauge �eld associated to the SUSY

generator. W hen SUSY is broken the gravitino takes m ass by absorbing

the2 goldstino com ponents(super-Higgsm echanism ).In gravity m ediated

SUSY breaking typically the gravitino m ass m 3=2 is oforder m soft (the

scaleofm assofthesoftbreaking term s)and,on dim ensionalground,both

are given by m 3=2 � msoft � hF i=M P l,where F isthe dim ension 2 auxil-

iary �eld thattakesa vacuum expectation value hF iin the hidden sector

(thedenom inatorM P larisesfrom thegravitationalcouplingthattransm its
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the breaking down to the visible sector). Form soft � 1 TeV,the scale of

SUSY breaking is very large oforder
p
hF i �

p
m softM P l � 1011 G eV.

W ith TeV m ass and gravitationalcoupling the gravitino is not relevant

for LHC physics but perhaps for cosm ology (it could be the LSP and a

dark m attercandidate).In gravity m ediation the neutralino isthe typical

LSP and an excellentdark m attercandidate. A lotofm issing energy isa

signatureforgravity m ediation.

Figure 5. A SU SY spectrum generated by universalboundary conditions at the G U T

scale

Di�erentm echanism sofSUSY breaking are also being considered. In

one alternativescenario43 the (notso m uch)hidden sectorisconnected to

the visible one by m essengerheavy �elds,with m ass M m ess,which share

ordinary gaugeinteractionsand thus,in am plitudesinvolvingonly external

light particles, appear in loops so that m soft � � i

4�

hF i

M m ess
. Both gaug-

ino and s-ferm ion m assesare oforderm soft. M essengerscan be taken in

com plete SU(5) representations,like 5+ �5,so that coupling uni�cation is

not spoiled. As gauge interactions are m uch stronger than gravitational

interactions, the SUSY breaking scale can be m uch sm aller, as low as
p
hF i� M m ess � 10� 100 TeV.Itfollowsthatthe gravitino isvery light

(with m assoforderorbelow 1 eV typically)and,in thesem odels,alwaysis

theLSP.Itscouplingsareobservably largebecausethegravitinocouplesto
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SUSY particle m ultipletsthrough itsspin 1/2 goldstino com ponents.Any

SUSY particle willeventually decay into the gravitino. But the decay of

the next-to-the lightest SUSY particle (NLSP) could be extrem ely slow,

with a travelpath attheLHC from m icroscopicto astronom icaldistances.

The m ain appealofgauge m ediated m odelsisa betterprotection against

FCNC:ifone starts atM m ess with su�cientuniversality/alignm entthen

theverylim ited intervalforrenorm alizationgroup runningdown totheEW

scale does not spoilit. Indeed at M m ess there is approxim ate alignm ent

becausethem ixing param etersA u:d;l in thesoftbreaking lagrangian areof

dim ension ofm assand ariseattwo loops,so thatthey aresuppressed.

W hatisunique to SUSY with respectto m ostotherextensionsofthe

SM isthatSUSY m odelsarewellde�ned and com putableup to M P l and,

m oreover,arenotonly com patiblebutactually quantitatively supported by

couplinguni�cation and G UT’s.Atpresentthem ostdirectphenom enolog-

icalevidencein favourofSUSY isobtained from theuni�cation ofcouplings

in G UT’s. Precise LEP data on �s(m Z )and sin2 �W show thatstandard

one-scaleG UT’sfailin predicting �s(m Z )given sin
2
�W and �(m Z )while

SUSY G UT’s are com patible with the present,very precise,experim en-

talresults (ofcourse,the am biguities in the M SSM prediction are larger

than for the SM case because ofour ignorance ofthe SUSY spectrum ).

If one starts from the known values of sin2 �W and �(m Z ), one �nds44

for�s(m Z )the results: �s(m Z )= 0:073� 0:002 forStandard G UT’sand

�s(m Z )= 0:129� 0:010 forSUSY G UT’sto be com pared with the world

averageexperim entalvalue�s(m Z )= 0:118� 0:00245.Anothergreatasset

ofSUSY G UT’sisthatproton decay ism uch slowed down with respectto

the non SUSY case. First,the uni�cation m assM G U T � few 1016 G eV,

in typicalSUSY G UT’s,isabout20 tim eslargerthan forordinary G UT’s.

Thism akesp decayviagaugeboson exchangenegligibleand them ain decay

am plitude arisesfrom dim -5 operatorswith higgsino exchange,leading to

a rateclosebutstillcom patiblewith existing bounds(see,forexam ple,46).

By im posing on the M SSM m odeluniversality constraints at M G U T

oneobtainsa drasticreduction in thenum berofparam etersatthepriceof

m orerigidityand m odeldependence(seeFigure540).ThisistheSUG RA or

CM SSM (C for"constrained")lim it40.An interesting exerciseisto repeat

the �tofprecision testsin the CM SSM ,also including the additionaldata

on the m uon (g � 2),the dark m atter relic density and the b ! s
 rate.

Theresult47 isthatthecentralvalueofthelightestHiggsm assm h goesup

(in betterharm ony with the bound from directsearches)with m oderately

largetan� and relatively lightSUSY spectrum .
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Figure 6. The M SSM H iggs spectrum as function ofm A : h is the lightest H iggs,H

and A are the heavier neutralscalar and pseudoscalar H iggs,respectively,and H � are

the charged H iggs bosons.The curves referto m t = 178 G eV and large top m ixing A t

In spite ofallthese virtues it is true that the lack ofSUSY signals

at LEP and the lower lim it on m H pose problem s for the M SSM .The

predicted spectrum ofHiggsparticlesin theM SSM isshown in Figure648.

Asapparentfrom the �gure the lightestHiggsparticle ispredicted in the

M SSM to be below m h
<
� 130 G eV (with the esperim entalvalue ofm t

going down the upper lim it is slightly decreased). In fact,at tree level

m 2
h = m 2

Z cos
2 2� and itisonly through radiativecorrectionsthatm h can

increasebeyond m Z :

�m 2
h �

3G F
p
2�2

m
4
t log

m ~t1
m ~t2

m 2
t

(5)

Here ~t1;2 are the s-top m ass eigenstates. The direct lim it on m h from

the Higgs search at LEP,shown in Figure 749,considerably restricts the

availableparam eterspaceoftheM SSM requiring relatively largetan� and

heavy s-top quarks. Stringentnaturality constraints also follow from im -

posing that the EW breaking occurs at the right energy scale: in SUSY

m odels the breaking is induced by the running ofthe H u m ass starting

from a com m on scalarm assm 0 atM G U T (see Figure 5). The squared Z

m ass m 2
Z can be expressed as a linear com bination ofthe SUSY param -
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Figure 7. Experim entallim itsin the tan� � m h plane from LEP.W ith h one denotes

the lightestM SSM H iggsboson.

eters m 2
0,m

2
1=2

,A 2
t,�

2,... with known coe�cients. Barring cancellations

thatneed �ne tuning,the SUSY param eters,hence the SUSY s-partners,

cannot be too heavy. The LEP lim its, in particular the chargino lower

bound m �+
>� 100 G eV ,aresu�cientto elim inatean im portantregion of

theparam eterspace,depending on theam ountofallowed �netuning.For

exam ple,m odelsbased on gaugino universality atthe G UT scale,like the

CM SSM ,need a �ne tuning by atleasta factorof 20. W ithout gaugino

universality51 the strongestlim itrem ainson the gluino m ass:the relation

readsm 2
Z � 0:7 m2

gluino
+ :::and isstillcom patiblewith thepresentlim it

m gluino
>
� 250� 300 G eV from the TeVatron (seeFigure850)

This is the case of the M SSM with m inim al particle content. O f

course, m inim ality is only a sim plicity assum ption that could possibly

be relaxed. For exam ple,adding an additionalHiggs singlet S consider-

ably helps in addressing naturalness constraints (Next-to M inim alSUSY

SM :NM SSM )41,42. An additionalsinglet can also help solving the "�-

problem "40 .In the exactSUSY and gaugesym m etric lim itthere isa sin-

gle param eterwith dim ension ofm assin the superpotential. The � term

in the superpotentialisofthe form W �term = �H uH d.The m ass�,which
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Figure 8. Presentexperim entallim itson s-quarksand gluinos

contributes to the Higgs sector m asses,m ust be oforder m soft for phe-

nom enologicalreasons.The problem isto justify thiscoincidence,because

� could in principle be m uch larger given that it already appears at the

sym m etric level. A possibility is to forbid the � term by a suitable sym -

m etry in the SUSY unbroken lim itand then generateittogetherwith the

SUSY breaking term s. For exam ple,one can introduce a discrete parity

thatforbidsthe � term . Then G iudice and M asiero52 have observed that

in general,the low energy lim itofsupergravity,also inducesa SUSY con-

serving� term togetherwith thesoftSUSY breakingterm sand ofthesam e

order.A di�erentphenom enologically appealing possibility isto replace�

with thevev ofa new singletscalar�eld S,thusenlarging theHiggssector

asin the NM SSM .

In conclusion the m ain SUSY virtues are that the hierarchy problem

is drastically reduced,the m odelagrees with the EW data,is consistent

and com putable up to M P l,is wellcom patible and indeed supported by

G UT’s,hasgood dark m attercandidatesand,lastnotleast,istestable at

the LHC.The delicate points for SUSY are the origin ofSUSY breaking

and ofR-parity,the�-problem ,the
avourproblem and theneed ofsizable
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�ne tuning.

8. Little H iggs m odels

The non discovery of SUSY at LEP has given further im pulse to the

quest for new ideas on physics beyond the SM . In "little Higgs" m od-

els the sym m etry of the SM is extended to a suitable global group G

thatalso containssom e gauge enlargem entofSU (2)
N

U (1),forexam ple

G � [SU (2)
N

U (1)]2 � SU (2)
N

U (1). The Higgs particle is a pseudo-

G oldstoneboson ofG thatonly takesm assat2-loop level,becausetwodis-

tinctsym m etriesm ustbesim ultaneously broken foritto takem ass,which

requiresthe action oftwo di�erentcouplingsin the sam e diagram . Then

in the relation eq.(4)between �m2
h
and �2 there isan additionalcoupling

and an additionalloop factor that allow for a bigger separation between

the Higgsm assand the cut-o�. Typically,in these m odelsone hasone or

m oreHiggsdoubletsatm h � 0:2 TeV,and a cut-o� at� � 10 TeV.The

top loop quadratic cut-o� dependence is partially canceled,in a natural

way guaranteed by thesym m etriesofthem odel,by a new coloured,charge

2/3,vectorlike quark � ofm assaround 1 TeV (a ferm ion nota scalarlike

the s-top ofSUSY m odels). Certainly these m odels involve a rem arkable

levelofgroup theoreticvirtuosity.However,in thesim plestversionsoneis

faced with problem swith precision testsofthe SM 71.These problem scan

be �xed by com plicating the m odel54:one can introduce a parity sym m e-

try,T-parity,and additional"m irror" ferm ions.T-parity interchangesthe

two SU (2)
N

U (1)groups:standard gaugebosonsareT even while heavy

onesare T odd. Asa consequence no tree levelcontributionsfrom heavy

W and Z appear in processes with externalSM particles. Therefore all

correctionsto EW observablesonly arise atloop level. A good feature of

T-parity isthat,likeforR-parity in theM SSM ,thelightestT-odd particle

is stable (usually a B’) and can be a candidate for Dark M atter (m issing

energy would here too be a signal) and T-odd particles are produced in

pairs(unlessT-parity isnotbroken by anom alies55).Thusthem odelcould

work but,in m y opinion,thereallim itofthisapproach isthatitonly o�ers

a postponem entofthem ain problem by a few TeV,paid by a com pleteloss

ofpredictivity at higher energies. In particularallconnections to G UT’s

arelost.Stillitisvery usefulto o�erto experim enta di�erentexam pleof

possiblenew physics.
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9. Extra dim ensions

Extra dim ensions m odels are am ong the m ost interesting new directions

in m odelbuilding.Early form ulationswerebased on "large" extra dim en-

sions 56,57. These are m odelswith factorized m etric: ds2 = ���dx
�dx� +

hij(y)dy
idyj,whereyi;j denotetheextradim ension coordinatesandindices.

Large extra dim ension m odels propose to solve the hierarchy problem by

bringing gravity down from M P l to m � o(1 TeV)where m isthe string

scale. Inspired by string theory one assum es that som e com pacti�ed ex-

tra dim ensions are su�ciently large and that the SM �elds are con�ned

to a 4-dim ensionalbrane im m ersed in a d-dim ensionalbulk while gravity,

which feelsthewholegeom etry,propagatesin thebulk.W eknow thatthe

Planck m ass is large just because gravity is weak: in fact G N � 1=M 2
P l,

where G N is Newton constant. The new idea is that gravity appears so

weak becausea lotoflinesofforceescapein extra dim ensions.Assum eyou

haven = d� 4 extra dim ensionswith com pacti�cation radiusR.Forlarge

distances,r> > R,theordinary Newton law appliesforgravity:in natural

units,the force between two units ofm ass is F � GN =r
2 � 1=(M 2

P l
r2).

At short distances,r <
� R,the 
ow oflines offorce in extra dim ensions

m odi�es G auss law and F � 1 � m2(m r)d� 4r2. By m atching the two for-

m ulasatr = R one obtains(M P l=m )
2 = (Rm )d� 4. Form � 1 TeV and

n = d � 4 one �nds that n = 1 is excluded (R � 1015cm ),for n = 2 R

is very m arginaland also at the edge ofpresent bounds R � 1 m m on

departuresfrom Newton law58,whileforn = 4;6,R � 10� 9;10� 12 cm and

these casesarenotexcluded.

A generic feature of extra dim ensional m odels is the occurrence of

K aluza-K lein (K K )m odes.Com pacti�ed dim ensionswith periodicbound-

ary conditions,likethecaseofquantization in a box,im ply a discretespec-

trum with m om entum p = n=R and m ass squared m 2 = n2=R 2. In any

casetherearethetowersofK K recurrencesofthegraviton.They aregrav-

itationally coupled butthere area lotofthem thatsizably couple,so that

the netresultisa m odi�cation ofcross-sectionsand the presence ofm iss-

ing energy. There are m any versionsofthese m odels. The SM brane can

itselfhavea thicknessr with r < � 10� 17cm or1=r> � 1TeV,because we

know thatquarksand leptonsarepointlike down to these distances,while

forgravity in the bulk there isno experim entalcounter-evidence down to

R < � 0:1m m or1=R > � 10� 3 eV .In caseofa thicknessfortheSM brane

therewould beK K recurrencesforSM �elds,likeW n,Zn and so on in the

TeV region and above.Largeextradim ensionsprovidean excitingscenario.
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Alreadyitisrem arkablethatthispossibility iscom patiblewith experim ent.

However,there are a num berofcriticism sthatcan be broughtup. First,

the hierarchy problem ism oretranslated in new term sratherthan solved.

In fact the basic relation Rm = (M P l=m )
2=n shows that Rm ,which one

would aprioriexpectto be0(1),isinstead ad hocrelated to thelargeratio

M P l=m .Also itisnotclearhow extra dim ensionscan by them selvessolve

the LEP paradox (the large top loop corrections should be controlled by

the opening ofthe new dim ensionsand the onsetofgravity):since m H is

light� � 1=R m ustberelatively close.Butprecision testsputvery strong

lim its on �. In factin typicalm odelsofthisclassthere is no m echanism

to su�ciently quench the corrections.

M ore recently m odels based on the Randall-Sundrum (RS) solution

for the m etric have attracted m ost ofthe m odelbuilders attention59;60.

In these m odels the m etric is not factorized and an exponential"warp"

factor m ultiplies the ordinary 4-dim ensional coordinates in the m etric:

ds2 = e� 2kR ����dx
�dx� � R2�2 where � is the extra coordinate. This

non-factorizablem etricisa solution ofEinstein equationswith speci�ed 5-

dim ensionalcosm ologicalterm .Two 4-dim ensionalbranesare often local-

ized at� = 0 (the Planck orultravioletbrane)and at� = � (the infrared

brane). In the sim plest m odels allSM �elds are located on the infrared

brane.All4-dim m assesm 4 arescaled down with respectto 5-dim ensional

m asses m 5 � k � MP l by the warp factor: m 4 = M P le
� kR �. In other

wordsm assand energieson the infrared brane are redshifted by the
p
g00

factor. The hierarchy suppression m W =M P l could arise from the warping

exponentiale� kR �,for not too large values ofthe warp factor exponent:

kR � 12 (extra dim ension are not "large" in this case). The question of

whetherthese valuesofkR can be stabilized hasbeen discussed in ref.61.

It wasshown thatthe determ ination ofkR ata com patible value can be

assured by a scalar �eld in the bulk ("radion")with a suitable potential

which o�erthebestsupporttothesolution ofthehierarchy problem in this

context. In the originalRS m odels where the SM �elds are on the brane

and gravityisin thebulk thereisatowerofspin-2K K graviton resonances.

Theircouplingsto ordinary particlesareofEW order(becausetheirprop-

agatorm assesare red shifted on the infrared brane)and universalforall

particles.Theseresonancescould bevisibleattheLHC.Theirsignatureis

spin-2 angulardistributionsand universality ofcouplings.TheRS original

form ulation isvery elegantbutwhen going to a realisticform ulation ithas

problem s,forexam ple with EW precision tests. Also,In a description of

physicsfrom m W to M P l there should be place forG UTs. But,ifallSM
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particlesareon theTeV branethee�ectivetheory cut-o�islow and noway

to M G U T isopen.Inspired by RS di�erentrealizationsofwarped geom etry

weretried:gauge�eldsin thebulk and/orallSM �elds(excepttheHiggs)

on the bulk. The hierarchy offerm ion m asses can be seen as the result

ofthe di�erentpro�lesofthe corresponding distributionsin the bulk:the

heaviestferm ionsarethoseclosestto thebranewheretheHiggsislocated.

W hile no sim ple,realisticm odelhasyetem erged asa benchm ark,itisat-

tractiveto im agine thatED could be a partofthe truth,perhapscoupled

with som eadditionalsym m etry oreven SUSY.

Extra dim ensions o�er new possibilities for SUSY breaking. In fact,

ED can realize a geom etric separation between the hidden (on the Planck

brane)and thevisiblesector(on theTeV brane),with gravity m ediation in

the bulk. In anom aly m ediated SUSY breaking62 5-dim quantum gravity

e�ectsactasm essengers.Thenam ecom esbecauseL softcan beunderstood

in term s ofthe anom alousviolation ofa localsuperconform alinvariance.

In a particular form ulation of5 dim ensionalsupergravity,at the classi-

callevel,the softterm are exponentially suppressed on the M SSM brane.

SUSY breaking e�ectsonly arise atquantum levelthrough beta functions

and anom alousdim ensionsofthe brane couplingsand �elds. In this case

gaugino m assesareproportionalto gauge coupling beta functions,so that

the gluino ism uch heavierthan the electroweak gauginos.

In the generalcontext ofextra dim ensions an interesting direction of

developm ent is the study of sym m etry breaking by orbifolding and/or

boundary conditions. O rbifolding m eans that we have a 5 (or m ore)

dim ensional theory where the extra dim ension x5 = y is com pacti-

�ed. Along y one or m ore Z 2 re
ections are de�ned,for exam ple P =

y $ � y (a re
ection around the horizontaldiam eter) and P0 = y $

� y � �R (a re
ection around the vertical diam eter). A �eld �(x�;y)

with de�nite P and P 0 parities can be Fourier expanded along y. Then

�+ + ;�+ � ;�� + ;�� � have the n-th Fourier com ponents proportional to

cos
2ny

R
;cos

(2n+ 1)y

R
;sin

(2n+ 1)y

R
;sin

(2n+ 2)y

R
,respectively. O n the braneslo-

cated atthe�xed pointsofP and P 0,y = 0and y = � �R=2,thesym m etry

isreduced:indeed aty = 0 only �+ + and �+ � arenon vanishing and only

�+ + ism assless.

Forexam ple,atthe G UT scale,sym m etry breaking by orbifolding can

be applied to obtain a reform ulation ofSUSY G UT’s where m any prob-

lem atic features of ordinary G UT’s (e.g. a baroque Higgs sector, the

doublet-tripletsplitting problem ,fastproton decay etc)are elim inated or

im proved69,70. In these G UT m odels the m etric is factorized,but while
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for the hierarchy problem R � 1=TeV,here one considers R � 1=MG U T

(not so large!). P breaks N = 2 SUSY,valid in 5 dim ensions,down to

N = 1 while P 0 breaksSU(5). Atthe weak scale there are m odels where

SUSY,valid in n > 4 dim ensions,isbroken by orbifolding63,in particular

them odelofref.64,wherethem assoftheHiggsisin principlecom putable

and ispredicted to be light.

Sym m etry breaking by boundary conditions(BC)ism oregeneralthan

the particularcase oforbifolding65. Breaking by orbifolding is som ewhat

rigid:forexam ple,norm ally the rank rem ains�xed and itcorrespondsto

Higgsbosonsin theadjointrepresentation (theroleoftheHiggsistaken by

the 5th com ponentofa gauge boson). BC allow a m ore generalbreaking

pattern and,in particular,can lowerthe rank ofthe group. In a sim plest

versiononestartsfrom a5dim ensionalm odelwith twobranesaty = 0;�R.

In the action there are term s localised on the branes that also should be

considered in them inim ization procedure.Fora scalar�eld ’ with a m ass

term (M ) on the boundary,one obtains the Neum ann BC @y’ = 0 for

M ! 0 and the Dirichlet BC ’ = 0 for M ! 1 . In gauge theories

one can introduce Higgs �elds on the brane thattake a vev. The crucial

property isthatthegauge�eldstakea m assasa consequenceoftheHiggs

m echanism on the boundary but the m ass rem ains �nite when the Higgs

vevgoestoin�nity.ThustheHiggson theboundaryonlyentersasawayto

describe and constructthe breaking butactually can be rem oved and still

the gauge bosons associated to the broken generators take a �nite m ass.

O ne isthen led to try to form ulate "Higgslessm odels" forEW sym m etry

breaking based on BC66. The RS warped geom etry can be adopted with

the Planck and the infrared branes. There isa largergauge sym m etry in

thebulk which isbroken down to di�erentsubgroupson thetwo branesso

that �nally ofthe EW sym m etry only U (1)Q rem ains unbroken. The W

and Z takeam assproportionalto1=R.Diracferm ionsareon thebulk and

only one chirality hasa zero m ode on the SM brane. In Higgslessm odels

unitarity,which in generalisviolated in theabsenceofa Higgs,isrestored

by exchange ofin�nite K K recurrences,or the breaking is delayed by a

�nite num ber,with cancellationsguaranteed by sum rulesim plied by the

5-dim sym m etry.Actually no com pelling,realisticHiggslessm odelforEW

sym m etry breaking em erged so far. There are seriousproblem sfrom EW

precision tests68 becausethesm allnessoftheW and Z m assesforcesR to

be rathersm alland,asa consequence,the spectrum ofK K recurrencesis

quite close. Howeverthese m odelsare interesting asrare exam pleswhere

no Higgswould befound attheLHC butinstead new signalsappear(new
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vectorbosons,i.e.K K recurrencesofthe W and Z).

An interesting m odelthat com bines the idea ofthe Higgs as a G old-

stone boson and warped extra dim ensions was proposed and studied in

references72 with a sortofcom posite Higgsin a 5-dim AdS theory.Itcan

beconsideredasanew waytolookatwalkingtechnicolor73 usingAdS/CFT

correspondence.In a RS warped m etricfram ework allSM �eldsarein the

bulk buttheHiggsislocalised neartheTeV brane.TheHiggsisa pseudo-

G oldstone boson (asin Little Higgsm odels)and EW sym m etry breaking

is triggered by top-loop e�ects. In 4-dim the bulk appears as a strong

sector. The 5-dim ensionaltheory isweakly coupled so thatthe Higgspo-

tentialand EW observables can be com puted. The Higgs is rather light:

m H < 185 G eV. Problem s with EW precision tests and the Zb�b vertex

have been �xed in latestversions. The signalsatthe LHC forthism odel

area lightHiggsand new resonancesat 1-2 TeV

In conclusion,notethatapartfrom Higgslessm odels(ifany?) alltheo-

riesdiscussed herehavea Higgsin LHC range(m ostofthem light).

10. E�ective theories for com positeness

In thisapproach74 a low energy theory from truncation ofsom e UV com -

pletion is described in term s of an elem entary sector (the SM particles

m inusthe Higgs),a com posite sector(including the Higgs,m assive vector

bosons�� and new ferm ions)and a m ixing sector. The Higgsisa pseudo

G oldstoneboson ofalargerbroken gaugegroup,with �� thecorresponding

m assive vector bosons. M ass eigenstates are m ixtures ofelem entary and

com posite states,with lightparticles m ostly elem entary and heavy parti-

clesm ostly com posite.ButtheHiggsistotally com posite(perhapsalsothe

right-handed top quark).New physicsin thecom positesectoriswellhidden

becauselightparticleshavesm allm ixingangles.TheHiggsislightbecause

only acquiresm assthrough interactionswith the lightparticlesfrom their

com positecom ponents.Thisgeneraldescription can apply to m odelswith

a strongly interacting sectorasarising from littleHiggsorextra dim ension

scenarios.

11. T he anthropic solution

The apparent value ofthe cosm ologicalconstant � poses a trem endous,

unsolved naturalnessproblem 36. Yet the value of� is close to the W ein-

berg upperbound forgalaxy form ation75.Possibly ourUniverseisjustone

ofin�nitely m any (M ultiverse) continuously created from the vacuum by
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quantum 
uctuations. Di�erentphysicstakesplace in di�erentUniverses

according to the m ultitude ofstring theory solutions(10500).Perhapswe

livein avery unlikely Universebuttheonly onethatallowsourexistence76.

I�nd applying theanthropicprincipleto theSM hierarchy problem exces-

sive.Afterallwecan �nd plentyofm odelsthateasilyreducethe�netuning

from 1014 to 102:why m akeourUniverseso terribly unlikely? By com par-

ison the case ofthe cosm ologicalconstantisa lotdi�erent:the contextis

notasfully speci�ed asthefortheSM (quantum gravity,string cosm ology,

branesin extra dim ensions,worm holesthrough di�erentUniverses....)

12. C onclusion

Supersym m etry rem ainsthestandard way beyond theSM .W hatisunique

to SUSY,beyond leading to a setofconsistentand com pletely form ulated

m odels,as,forexam ple,theM SSM ,isthatthistheory can potentially work

up to theG UT energy scale.In thisrespectitisthem ostam bitiousm odel

because it describes a com putable fram ework that could be valid allthe

way up to thevicinity ofthePlanck m ass.TheSUSY m odelsareperfectly

com patible with G UT’sand areactually quantitatively supported by cou-

pling uni�cation and also by what we have recently learned on neutrino

m asses. Allother m ain ideas for going beyond the SM do not share this

synthesiswith G UT’s.TheSUSY way istestable,forexam pleattheLHC,

and the issue ofitsvalidity willbe decided by experim ent. Itistrue that

we could have expected the �rst signals ofSUSY already at LEP,based

on naturality argum ents applied to the m ost m inim alm odels (for exam -

ple,those with gaugino universality at asym ptotic scales). The absence

ofsignalshasstim ulated the developm entofnew ideaslike those ofextra

dim ensionsand "littleHiggs" m odels.Theseideasarevery interesting and

provide an im portant reference for the preparation ofLHC experim ents.

M odelsalongthesenew ideasarenotsocom pletely form ulated and studied

asforSUSY and no wellde�ned and realistic baseline hassofarem erged.

Butitiswellpossiblethatthey m ightrepresentatleasta partofthetruth

and it is very im portantto continue the exploration ofnew waysbeyond

theSM .New inputfrom experim entisbadly needed,sowealllook forward

to the startofthe LHC.
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