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NEW PHYSICSAND THE LHC
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In these lectures I start by brie y review ing the status of the electrow eak theory,
in the Standard M odeland beyond. I then discuss the m otivation and the possible
avenues for new physics, on the brink of the LHC start.
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CERN-PH-TH /2008-085

1. The programm e of LH C physics

0805.1992v1 [hep-ph] 14 May 2008

The 1rst collisions at the LHC are expected in 08 and the physics run
at 14 TeV will start soon after. T he particle physics comm unity eagerly
waits for the answers that one expects from the LHC to a num ber of big
questions. The m ain physics issues at the LHC , addressed by the ATLA S
and CM S collaborations, will be: 1) the experin ental clari cation of the
H iggs sector of the electroweak (EW ) theory, 2) the search for new physics
at the weak scale that, on conceptual grounds, one predicts should be In
the LHC discovery range, and 3) the denti cation of the particle(s) that
m ake the dark m atter in the Universe. In addition the LH Cb detector w 11
be devoted to the study of precision B physics, w ith the ain ofgoing deeper
in the know ledge of the C abibbo-K obayashiM askawa (CKM ) m atrix and
of CP violation. The LHC will also devote a num ber of runs to accelerate
heavy ions and the ALICE collaboration w ill study their collisions for an
experin ental exploration of the Q CD phase diagram .
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2. The H iggs problem

The H iggs problem is really central in particle physics today. O n the one
hand, the experim ental veri cation of the Standard M odel (SM ) cannot be
considered com plete until the physics of the H iggs sector is not established
by experin ent. O n the other hand, the H iggs is directly related to m ost of
them a propen problem s of particle physics, like the avourproblem or the
hierarchy problem , the latter strongly suggesting the need for new physics
near the weak scale (which could possbly clarify the dark m atter dentity ).
It is clear that the fact that som e sort of H iggs m echanisn is at work has
already been established. The W or the Z with longitudinal polarization
that we observe are not present in an unbroken gauge theory (m assless spin—
1 particles, like the photon, are transversely polarized). T he longitudinal
degree of freedom for the W or the Z is borrowed from the H iggs sector
and is an evidence for it. A Iso, the couplings of quarks and leptons to the
weak gauge bosonsW  and Z are indeed precisely those prescribed by the
gauge symm etry. To a lesser accuracy the triple gauge vertices W W and
ZW W 1'1av1§I also been found in agreem ent w ith the speci ¢ predictions of
the SU (2) U (1) gauge theory. Thism eans that it has been veri ed that
the gauge sym m etry is unbroken In the vertices of the theory: all currents
and charges are Indeed symm etric. Yet there is obvious evidence that the
symm etry is instead badly broken in the masses. Not only the W and
the Z have large m asses, but the large splitting of, for exam ple, the tb
doublet show s that even a glbal weak SU (2) is not at all respected by
the ferm ion spectrum . Sym m etric coupling and com pletely non sym m etric
spectrum are a clear signal of spontaneous sym m etry breaking which, in a
gauge theory, is In plem ented via the H iggsm echanisn . T he big rem aining
questions are about the nature and the properties of the H iggs particle(s).
T he present experin ental inform ation on the H iggs sector, m ainly ob-
tained from LEP as described in section 4, is surprisingly lim ited. Tt
can be summ arized In a few lines, as follows. First, the relation M V? =
M z2 co y ,modi ed by sn all, com putable radiative corrections, has been
experin entally proven. T his relation m eans that the e ective H iggs (be it
fundam ental or com posite) is indeed a weak isospin doublet. The H iggs
particle has not been found but, in the SM , itsm ass can wellbe larger than
the presentdirect ower Im itm y > 114:4 G &V (at 95% c.l.) obtained from
searches at LEP 2. A swe shall see, the radiative corrections com puted In
the SM when com pared to the data on precision electrow eak tests lead to a
clear Indication for a light H iggs, not too far from the present low er bound.
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T he experin entalupper lim it onm y ,obtained from tting the data in the
SM ,depends on the value of the top quark m assm ¢ (the one-loop radiative
corrections are quadratic n m+ and logarithmic in my ). The CDF and
D0 combined valie after Run II is at present m . = 1726 14 GeV (it
went down with respect to the valuem = 178 43 GeV from Run Iand
also the experin ental error is now sizably reduced). A s a consequence the
present lin it on my ismore stringent: my < 190 GeV (at 95% c.l., after
including the inform ation from the 1144 G eV direct bound). O n the H ggs
the LHC w illaddress the follow Ing questions : do the H iggs particles actu—
ally exist? How m any: one doublet, several doublets, additional singlets?
SM Higgs or SUSY Higgses? Fundam ental or com posite (of ferm ions, of
W W ...)? Pseudo-G oldstone boson of an enlarged symm etry? A m anifesta—
tion of lJarge extra din ensions (5th com ponent of a gauge boson, an e ect
of orbifolding or of boundary conditions...)? Or som e com bination of the
above or som ething so far unthought of?

3. Theoretical bounds on the SM H iggs

The LHC hasbeen designed to solve the H ggs puzzle. In the SM lower and
upper lim its on the H iggsm ass can be derived from theoretical considera—
tions. It iswellknown?,?,} that in the SM w ith only one H iggs doublet a
lower lin itonmy can bederived from the requirem ent of vacuum stability
(or, in m ider form , from a m oderate instability, com patible w ith the life-
tin e of the U niverse®). T he lin it isa function ofm { and of the energy scale

where the SM m odel breaks down and new physics appears. T he H iggs
m ass enters because it xes the initial value of the quartic H iggs coupling

for its running up to the large scale . Sin ilarly an upper bound on m y
(w ith m id dependence onm ) is obtained® from the requirem ent thatin ,
up to the scale ,no Landau pole appears, or in m ore explicit term s, that
the perturbative description of the theory rem ains valid. T he upper 1 it
on the H iggsm ass in the SM is clearly In portant for assessing the chances
of successofthe LHC asan acceleratordesigned to solve the H iggs problem .
Even if isasamallas a few TeV the limitism 5 < 600 800 G &V and
becomesmy < 180G &V for Mp1. W enow brie y recall the derivation
of these Iim its.

T he possble instability of the H iggs potentialV [ ]is generated by the
quantum loop corrections to the classical expression of V[ 1. At large
the derivative V °[ ] could becom e negative and the potential would be-
com e unbound from below . The one-loop corrections to V[ ]in the SM
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are well known and change the dom inant term at large  according to
1 (+ g %= ?)*. The onedoop approxin ation is not enough

2= 2 becom es

in this case, because it ails at arge enough ,when log
of order 1. The renom alization group in proved version of the corrected
potential leads to the replacem ent 41 () ®()where () isthe
running coupling and °%( )= exp ¢ @)dt?, with  (t) being an anom a-
lousdin ension function and t= log =v (v is the vacuum expectation value
v= (2 26 ¢ ) 72). Asa result, the positivity condition for the potential
am ounts to the requirem ent that the running coupling ( ) never becom es
negative. A m ore precise calculation, which also takes into account the
quadratic term In the potential, con mm s that the requirem ents of positive

() Jeads to the correct bound down to scales as low as 1 TeV.The

running of ( ) at one loop is given by:

d 3 2 2 4

G- F[ + 3 hf 9h + anallgauge and Yukawa tem s] ; (1)
w ith the nomn alization such thatatt= 0; = 4, = mfI =2v° and, for

the top Yukawa coupling, hg =m=v. We see that, ormy analland m ¢

xed at its m easured value, decreases w ith t and can becom e negative.
If one requires that rem ainspositive up to = 10'°{10*° G &V, then the
resulting bound onm g in the SM w ith only one H iggs doublet is given by* :

smz) 0:118
0:006
N ote that this lin it is evaded in m odels w ith m ore H iggs doublets. In this
case the lin it applies to som e average m ass but the lightest H iggs particle
can well be below , as it is the case in them inim al SUSY extension of the
SM (M SSM ).
T he upper lin it on the Higgsm ass in the SM is clearly im portant for
assessing the chances of success of the LHC as an accelerator designed to

my GeVv)> 132+ 24 me 1726] 4! (2)

solve the H ggs problem . T he upper lin #° arises from the requirem ent that
the Landau pole associated with the non asym ptotically free behaviour
of the 4 theory does not occur below the scale . The initial valie
of at the weak scale ncreases with my and the derivative is positive
at large  (because of the positive ? term i eq.(l) — the ’? theory
is not asym ptotically free — which overwheln s the negative top-Yukawa
term ). Thus fmy 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 fcourse in the vicinity of the Landau pole the 2-loop
evaluation of the beta function isnot reliable. Indeed the lim it Indicates the
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frontier of thedom ain w here the theory iswelldescribed by the perturbative
expansion. T hus the quantitative evaluation of the lim it is only indicative,
although it hasbeen to som e extent supported by sin ulations of the H iggs
sector of the EW theory on the lattice. For the upper lm it on my one
nds® my < 180 Gev for Mgyt Mpiandmyg < 05 08 Tev
for 1 TevV.Actually, form ¢ 172 GeV ,only a an all range of values
formy isallowed, 130 < my < 200 G &V, if the SM holds up to
Mgyt orM p;. An additional argum ent indicating that the solution of the
H iggs problem cannot be too far away is the fact that, in the absence of a
H iggsparticle or of an altemativem echanism , violations of unitarity appear
in scattering am plitudes nvolving longitudinal gauge bosons (those m ost
directly related to the H iggs sector) at energies in the few TeV range’. In
conclusion, it is very unlikely that the solution of the H iggs problem can
bem issed at the LHC which has a good sensitivity up tom g 1Tev.

4. Precision tests of the standard electrow eak theory

T he m ost precise tests of the electrow eak theory apply to the QED sector.
T he anom alous m agnetic m om ents of the electron and of the muon are
am ong the m ost precise m easurem ents in the whole of physics. R ecently
there have been new precise m easurem ents of a. and a for the electron®
and the muon® (a = (g 2)=2). On the theory side, the QED part has
been com puted analytically for i = 1;2;3, while for i = 4 there is a nu-
m erical calculation (see, for exam ple, ref!'). Some term s for i = 5 have
also been estin ated for the m uon case. The weak contribution is from W
or Z exchange. T he hadronic contribution is from vacuum polarization in-—
sertions and from light by light scattering diagram s. For the electron case
the weak contrbution is essentially negligible and the hadronic term does
not Introduce an im portant uncertainty. A s a result the a. m easuram ent
can be used to obtain the m ost precise determ ination of the ne structure
constant!®. In the muon case the experin ental precision is less by about 3
orders of m agnitude, but the sensitivity to new physics e ects is typically
increased by a factor (m =m .)?>  410%. The dom ant theoretical am bi-
guities arise from the hadronic term s in vacuum polarization and in Iight
by light scattering. If the vacuum polarization tem s are evaliated from
thee' e data adiscrepancy of 3 isobtained (the datawould indicate
better agreem ent, but the connection to a is less direct and recent new
data have added solidity to thee' e route)'?. Finally, we note that, given
the great accuracy of the a m easuram ent and the estim ated size of the
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new physics contributions, for exam ple from SUSY , it is not unreasonable
that a st signalofnew physics would appear in this quantity.

T he results of the electrow eak precision tests as well as of the searches
for the H Iggs boson and for new particles perform ed at LEP and SLC are
now available in nalfom . Taken together w ith the m easurem ents ofm ¢,
my and the searches for new physics at the Tevatron, and w ith som e other
data from low energy experin ents, they form a very stringent set of pre-
cise constraints to be com pared w ith the SM orw ith any of its conceivable
extensions'®. A Il high energy precision tests of the SM are summ arized
in g.1l!'. For the analysis of electroweak data in the SM one starts from
the Input param eters: as In any renomm alizable theory m asses and cou-—
plings have to be speci ed from outside. O ne can trade one param eter for
another and this freedom is used to select the best m easured ones as in—
put param eters. Som e of them , ,Gy and m 5 , are very precisely known,
som e otherones,m ¢, ,M¢and sy )arefar kesswelldeterm ined while
my Iis Jargely unknown. Am ong the light ferm ions, the quark m asses are
badly known, but fortunately, for the calculation of radiative corrections,
they can be replaced by (m 3 ), the value of the Q ED running coupling at
the Z m ass scale. T he value of the hadronic contribution to the running,

ﬁ)d (mgz ), reported In Fig. 1, is obtained through dispersion relations
from thedata on e e ! hadrons at low centre-ofm ass energies ! . From
the input param eters one com putes the radiative corrections to a su cient
precision tom atch the experin entalaccuracy. T hen one com pares the the-
oretical predictions w ith the data for the num erous observables w hich have
been m easured , checks the consistency of the theory and derives constraints
onmy¢, smyz)andmy .

The com puted radiative corrections inclide the com plete set of one-
loop diagram s, plus som e selected large subsets of two-loop diagram s and
som e sequences of resumm ed large term s of all orders (large logarithm s
and Dyson resumm ations). In particular large logarithm s, eg., term s of
theform ( = In (mz=me¢ )" where £/ is a light ferm ion, are resum m ed
by wellknown and consolidated technigques based on the renom alisation
group. For exam ple, large logarithm s dom inate the running of  from
m ., the electron mass, up tom ; , which isa 6% e ect, much larger than
the few per m il contributions of purely weak loops. A Iso, large logs from
Initial state radiation dram atically distort the line shape of the Z resonance
observed at LEP -1 and SLC and have been accurately taken into account
In the m easurem ent of the Z m ass and totalw dth.

Am ong the one loop EW radiative correctionsa rem arkable class of con—
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Measurement Fit  |O™@-Qffgmeas

o 1 2 3

m, [GeV] 91.1875+0.0021 91.1874
I, [GeV] 2.4952 +0.0023 2.4959

ol bl 41.540+0.037  41.478
R, 20.767£0.025  20.743
A 0.01714 +0.00095 0.01643
AP 0.1465+0.0032  0.1480
R, 0.21629 + 0.00066 0.21581
R, 0.1721+0.0030  0.1722
AP 0.0992+0.0016  0.1038
AYE 0.0707 +£0.0035  0.0742
A, 0.923 +0.020 0.935
A 0.670 £ 0.027 0.668

C

A(SLD) 0.1513+0.0021  0.1480

sin?gP(Q,,) 0.2324+0.0012  0.2314

m,, [GeV] 80.398 + 0.025 80.377

M [GeV] 2.097 £0.048 2.092
m, [GeV] 172.6 + 1.4 172.8
March 2008 O 1 2 3

Figurel. Precision tests of the Standard EW theory from LEP,SLC and the TeVatron
(M arch’08).

tributions are those temm s that increase quadratically w ith the top m ass.
The large sensitivity of radiative corrections to m . arises from the exis-
tence of these term s. T he quadratic dependence on m + (and possibly on
other w dely broken isogpin multiplets from new physics) arises because,
in spontaneously broken gauge theories, heavy loops do not decouple. On
the contrary, in QED orQCD ,the running of and s ata scaleQ isnot
a ected by heavy quarks with m ass M Q . According to an Intuitive
decoupling theorem '*, diagram s w ith heavy virtual particles of m ass M

can be ignored for Q M provided that the couplingsdo not grow w ith M



April18, 2013 20:53 Proceedings Trin Size: 9in x 6in LLouiseP rocW eb

and that the theory w ith no heavy particles is still renomm alizable. In the
spontaneously broken EW gauge theories both requirem ents are violated.
F irst, one In portant di erence w ith respect to unbroken gauge theories is
in the longiudinalm odes of weak gauge bosons. T hese m odes are gener—
ated by the H iggsm echanian , and their couplings grow w ith m asses (as is
also the case for the physicalH iggs couplings). Second, the theory w ithout
the top quark is no m ore renom alizable because the gauge symm etry is
broken if the b quark is left w ith no partmer (while its couplings show that
the weak isogpin is 1/2). Because of non decoupling precision tests of the
electrow eak theory m ay be sensitive to new physics even ifthe new particles
are too heavy for their direct production.

W hile radiative corrections are quite sensitive to the top m ass, they are
unfortunately m uch less dependent on the H iggs m ass. If they were su —
ciently sensitive, by now wewould precisely know them assofthe SM H iggs.
In fact, the dependence of one loop diagram s on my is only logarithm ic:

Gmeq bg(mfI:qu ). Quadratic tem s GgmfI only appear at two
loops and are too an all to be in portant. T he di erence w ith the top case
is that m E mﬁ is a direct breaking of the gauge sym m etry that already
a ects the relevant one loop diagram s, w hile the H iggs couplings to gauge
bosons are "custodialSU (2)" symm etric in lowest order.

T he various asym m etries determ ine the e ective electrow eak m ixing an-—
gle for leptons w ith highest sensitivity. T he weighted average of all results,
including sm all correlations, is:

sin? e = 0223153 0:00016 : (3)

N ote, however, that this averagehasa 2 of11.8 ©r 5 degrees of freedom ,
corresponding to a probability 0£3.7% . The ? ispushed up by thetwom ost
precise m easurem ents of sin? of £ ,Nam ely those derived from them easure-
ments of A; by SLD ,dom inated by the leftright asymm etry A1 r , and of
the forw ard-backw ard asym m etry m easured in o production at LEP ,A? B 7
which di er by about 32 ’s. In general, there appears to be a discrep—
ancy between sin® o¢r measured from leptonic asymm etries ((sih® & N)
and from hadronic asymm etries ((sin? e ), as seen from Figure 2. In
fact, the result from Apr is In good agreem ent w ith the leptonic asymm e-
triesm easured at LEP, while allhadronic asym m etries, though their errors
are large, are better com patble w ith the result ofA? 5 - This very unfor-
tunate fact m akes the Interpretation of precision tests less sharp and som e
perplexity rem ains: is it an experin ental ervor or a signal of som e new

physics?
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Figure 2. The data for sin? fpt are plotted vsmy . For presentation purposes the

m easured points are shown each at the my value that would ideally correspond to it
given the centralvalue ofm .

The situation is shown in Figure 2 . The values of (sin® o )i,
(sh? . )n and their form alcom bination are shown each at them y value
that would correspond to it given the central value ofm . O f course, the
valie formy iIndicated by each sin® £ has an horizontal am biguity de-
termm ined by the m easurem ent ervor and the w idth ofthe 1 band form.
Even taking this spread Into account it is clear that the im plications on
my are sizably di erent.

One m ight in agine that som e new physics e ect could be hidden in
the Zbb vertex. Like for the top quark m ass there could be other non
decoupling e ects from new heavy states or a m ixing of the b quark w ith
som e other heavy quark. However, it is well known that this discrepancy
is not easily explained in term s of som e new physics e ect in the Zbb
vertex. In fact, AkF’ p 1is the product of lepton- and b-asymm etry factors:
AP, = (3=4)A.Ay. The sensitivity of AR, to Ay, is lim ited, because the A,
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factor is an all, so that a rather large change of the b-quark couplings w ith
respect to the SM isneeded in order to reproduce the m easured discrepancy
(precisely a 30% change In the righthanded coupling <£ ,an e ect too
large to be a loop e ect but which could be produced at the tree level,
eg., by mixing of the b quark with a new heavy vectorlke quark'® or
of the Z with an heavier Z®7). But this e ect is not con m ed by the
direct m easurem ent of A, perform ed at SLD using the leftright polarized
b asym m etry,which agreesw ith the precision w ithin them oderate precision
of this result. A 1so, no deviation ism anifest iIn the accurate m easurem ent
ofRy, / géb + gfb (but there gif is not dom inant). T hus, even introducing
an ad hocm ixing the overall tofA kF’ s +Apand Ry, isnot terribly good, but
w e cannot exclude the possibility of new physics com pletely. A tematively,
the observed discrepancy could be due to a large statistical uctuation or
an unknown experin ental problem . In any case the e ective am biguity in
the m easured value of sin® eff 1s actually larger than the nom inal error,
reported In Eq. 3, obtained from averaging all the existing determ nations.
W e now discuss tting the data in the SM . One can think of di er—
ent types of t, depending on which experin ental results are included or
which answers one wants to obtain. For exam plk', in Tabl 1 we present
In coimn la tofallZ pokdata plusmy , y (thisis Interesting as it
show s the value ofm + obtained indirectly from radiative corrections, to be
com pared w ith the valie of m + m easured in production experim ents), in
coluimn 2a tofallZ polkdata plism ¢ (here it ismy which is ndirectly
determ ned), and, nally, n coimn 3 a tofallthedata listed in Fig. 1
(which is the m ost relevant t for constrainingm g ). From the t in col-
umn 1 ofTable 1 we see that the extracted value ofm + is In good agream ent
w ith the direct m easurem ent (see the value reported In Fig. 1). Sim ilarly
we see that the direct determm ination ofm y reported in Fig. 1 is stilla bit
largerw ith respect to the value from the tin column 2 (although thedirect
valie ofmy wentdown recently). W e have seen that quantum corrections
depend only logarithm ically on m 5 . In spite of this an all sensitivity, the
m easuram ents are precise enough that one still obtains a quantitative in—
dication of the H iggsm ass range In the SM . From the tin colmn 3 we
obtain: Iog;ymyz (GeV )= 194 0:16 (ormy = 87" ;g GeV).W e see that
the central value of my from the t is below the lower lin it on the SM
Higgsm ass from direct searchesmy - 114 G&V ,butwithin 1 from this
bound. If we had reasons to rem ove the result on A?B from the t, the
tted value ofm y would m ove down to som ething like:my = 55 28 Gev,
further away from the lower lin it.
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E I N
‘Measurements H my ‘ m ¢ ‘ Me; My ‘
m. (Gev) 178:7" 47 1726 14 1728 14

my (Gev) 143" 236 111%35 87" 35

bg g Gev)I|| 216 +0:39 2:05 018 194 0i6
smy) 0:1190 0:0028| 0:1190 00027 0:1185 0:0024

my Mev) 80385 21 80363 20 80377 15

W e have already observed that the experin ental value of my  (w ith
good agreem ent between LEP and the Tevatron) is a bit high com pared to
the SM prediction (see Figure 3,°). The valie ofmy indicated by my is
on the low side, just In the sam e interval as for sin® éept m easured from
leptonic asym m etries. T he recent decrease of the experin ental value ofm
m aintains the tension betw een the experin entalvaluesofmy and sin? ]:pt
m easured from leptonic asym m etries on the one side and the lower lim it on
my from direct searches on the other side 8 9.

W ith allthese wordsofcaution In m ind it rem ains true that on thew hole
the SM perform s ratherwell, so that it is fair to say that no clear indication
fornew physicsem erges from thedata. A ctually the result of precision tests
on the H iggsm ass is particularly rem arkable. Thevalueoflog,;; ln g (G &V )]
is, w ithin errors, inside the sm all w indow betw een 2 and 3 which is
allowed, on the one side, by the direct search Iim it (my > 1144 G &V from
LEP-2 '), and, on the other side, by the theoretical upper lim it on the
Higgsmassin theminimalsSM ¢,my < 600 800GeV.

Thus the whole picture of a perturbative theory with a fundam ental
H iggs iswell supported by the data on radiative corrections. It is In portant
that there is a clear indication for a particularly light H iggs: at 95% c.L
my < 190 GeV . This is quite encouraging for the ongoing search for the
H iggs particle. M ore In general, if the H iggs couplings are rem oved from
the Lagrangian the resulting theory isnon renom alizable. A cuto  must
be ntroduced. In the quantum correctionslogm y is then replaced by log
plis a constant. The precise determm ination of the associated nite tem s
would be lost (that is, the value of the m ass in the denom inator in the
argum ent of the logarithm ). A heavy H Iggs would need som e conspiracy or
som e dynam icalreason?’: the nite term s,di erent in the new theory from
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80.45 |- —
M,,, world average
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[
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M, +1o
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Figure 3. The world average formy isplotted vsmy .

those of the SM , should accidentally or dynam ically com pensate for the
heavy Higgs in a few key param eters of the radiative corrections (m ainly

1 and 3, see, or exam ple, ?!). A tematively, additional new physics, for
exam ple In the form of e ective contact tem s added to the m inin al SM
lagrangian, should do the com pensation, which again needs som e sort of
conspiracy or som e special dynam ics, although this possibility is not so
unlikely to be aprioridiscarded.

5. The physics of avour

In the last decade great progress in di erent areas of avour physics has
been achieved. In the quark sector, the am azing results of a generation
of frontier experim ents, obtained at B factories and at accelerators, have
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becom e avaibbl?®. QCD has been playing a crucial rolke in the inter—
pretation of experin ents by a combination of e ective theory m ethods
(heavy quark e ective theory, NRQCD, SCET ), lattice sim ulations and

perturbative calculations. A great achievem ent obtained by m any theorists
over the last years is the calculation at NNLO of the branching ratio for
B ! X, with B a beauty meson®®. The e ect of the photon energy cut,
E > Eg,necessary in practice, has been evaliated at NNLO ?°. The cen-
tral value of the theoretical prediction is now slightly below the data: for
BB ! X5 ;Eo= 16 GeV (10 %) the experin ental value is 3.55(26)%°

and the theoretical value is 3.15(23)?* or 2.98(26)*°, which to m e is good
agreem ent. T he hope of the B -decay experin ents was to detect departures
from the CKM picture of m ixing and of CP violation as signals of new

physics. Finally, in quantitative term s, allm easurem ents are in agreem ent
with the CKM description of m ixing and CP violation as shown in Fig.
4%%  The recent measurement of m 5 by CDF and D0, in fair agreem 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
iswell possible that substantial deviations could be hidden (possible hints
are reported n B ! K decays’ and n b ! s transitions*®). But cer-
tainly the am azing perform ance of the SM in avour changing and/or CP

violating transitions In K and B decays poses very strong constraints on all
proposed m odels of new physics’’ .

In the leptonic sector the study of neutrino oscillations has led to the
discovery that at least two neutrinos are not m assless and to the deter-
m ination of the m ixing m atrix®®. Neutrinos are not allm assless but their
masses are very an all (at most a fraction of €V ). Probably m asses are

sn allbecause

s areM aprana ferm ions, and, by the seesaw m echaniam ,
their m asses are inversely proportional to the large scale M where lep—
ton num ber (L ) non conservation occurs (as expected In GUT ’s). Indeed
the value of M m y from experin ent is com patible w ith being close to
Mgur 104 10°G eV ,so thatneutrinomasses twell’n theGUT pic—
ture and actually support it. T he interpretation of neutrinos asM a prana
particles enhances the in portance of experin ents ain ed at the detection
of neutrinoless double beta decay and a huge e ort in this direction is
underway’!. It was realized that decays of heavy r with CP and L non
conservation can produce a B-L asymm etry. T he range of neutrino m asses
indicated by neutrino phenom enology tums out to be perfectly com patible
with the dea of baryogenesis via leptogenesis’®. This elegant m odel or
baryogenesis has by now replaced the idea of baryogenesis near the weak
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Figure 4. Constraints in the ; plane ncluding them ost recent , and M ¢ inputs
in the globalCKM t.

scale, which has been strongly disfavoured by LEP.

Tt isrem arkable thatwenow know the neutrinom ixingm atrix w ith good
accuracy. Two m ixing angles are large and one is sm all. T he atm ospheric
angle ;3 is large,actually com patible w ith m axin albut not necessarily so:
at3 33: 034  sif o3 0:68 with central valie around 0:5. The solar
angle 1, (the best measured) is large, sin? 12 0:3, but certainly not
maxin al oy more than 5 ). The third angle 13, strongly Im ited m ainly
by the CHO O Z experin ent,hasatpresenta 3 upper lim it given by about
sin? 13 0:04. T he non conservation of the three separate lepton num bers
and the large leptonic m ixing angles m ake it possble that processes like

! e or ! m Ight be observable, not in the SM but In extensions
of it like the M SSM . T hus, for exam ple, the outcom e of the now running
experinentM EG atPSI®*, ain ng at mproving the liniton ! e by 1
or 2 orders of m agnitude, is of great interest.



April18, 2013 20:53 Proceedings Trin Size: 9in x 6in LLouiseP rocW eb

15

6. Problem s of the Standard M odel

N o signals of new physics were found neither in electrow eak precision tests
norin avourphysics. G iven the success of the SM why arewe not satis ed
w ith that theory? W hy not just nd the H iggs particle, for com pleteness,
and declare that particle physics is closed? The reason is that there are
both conceptual problem s and phenom enological indications for physics
beyond the SM .0 n the conceptual side the m ost obvious problem s are the
proliferation of param eters, the puzzles of fam ily replication and of avour
hierarchies, the fact that quantum gravity is not included in the SM and
the related hierarchy problem . Som e of these problem s could be postponed
to the m ore fundam ental theory at the Planck mass. For exam ple, the
explanation of the three generations of ferm ions and the understanding of
ferm ion m asses and m xing angles can be postponed. But other problem s,
Iike the hierarchy problem ,m ust nd their solution in the low energy theory.
Among the main phenom enological hints for new physics we can list the
quest for G rand Uni cation and coupling constant m erging, dark m atter,
neutrino m asses (explained in term s of L non conservation), baryogenesis
and the coan ological vacuum energy (a gigantic naturalness problem ).

6.1. Dark m atter and dark energy

W e know by now > that the Universe is at and m ost of it is not m ade
up of known form s of m atter: while ¢ 1 and 4 atter 0:3, the nor-
m albaryonicm atter is only  paryonic 0:044,where is the ratio of the
density to the critical density. M ost of the energy in the Universe is D ark
M atter (DM ) and Dark Energy (DE) with 0:7. W e also know that
most of DM must be cold (non relativistic at freeze-out) and that signif-
icant fractions of hot DM are excluded. Neutrinos are hot DM (because
they are ultrareltivistic at freeze-out) and indeed are not much cosm o-
relevant: < 0:015. The denti cation of DM is a task of enorm ous
In 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 IMP’'s (Weekly Interacting M assive Particles). W IM P ’s w ith m asses in
the 10 Ge&V-1TeV range with typical EW cross—sections tum out to con-
tribute term sofo(l) to . Thisisa form dable hint In favourofW MM P 'sas
DM candidates. By com parison, axions are also DM candidates but their
m ass and couplings m ust be tuned for this purpose. If really som e sort of
W IM P’saream ain com ponentofDM they could be discovered atthe LHC
and this w ill be a great service of particle physics to cosn ology. A lso, we
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have seen that vacuum energy accounts for about 2/3 of the critical den—

sity: 0:7°. Translated into fam iliar units this m eans or the energy
density (2103 eV ) or (0idlmm ) *. It is really interesting (and not
at all understood) that 1= f:w =M p; (close to the range of neutrino
masses). It iswellknown that in el theory we expect éutoff L If

thecuto issetatM p; oreven at 0(1 TeV ) there would be an enom ous
m ism atch. In exact SUSY = 0,but SUSY is broken and in presence
of breaking = is general not am aller than the typical SUSY multiplet
splitting. A nother closely related problem is "why now ?": the tim e evolu—
tion of the m atter or radiation density is quite rapid, while the density for
a cosm ological constant term would be at in tin e. If so, then how com es
that precisely now the two density sources are com parable? T his suggests
that the vacuum energy is not a coan ologicalconstant temm , but rather the
vacuum expectation value of some eld (quintessence) and that the "why
now ?" problem is solved by som e dynam ical coupling of the quintessence
eld w ith gauge singlet elds (perhaps RH neutrinos)?’.

6.2. T he hierarchy problem

T he com puted evolution w ith energy ofthe e ective gauge couplings clearly
points tow ards the uni cation of the EW and strong forces (G rand Uni ed
Theories: GUT ’s) at scales of energy Mgyt 10° 10° Gev which
are close to the scale of quantum gravity, M p: 10° GeV.GUT’s are
so attractive that are by now part of our culture: they provide coupling
uni cation, an explanation of the quantum num bers in each generation of
ferm ions (eg. one generation exactly 1sthe 16 din ensionalrepresentation
of SO (10)), transform ation of quarks into leptons and proton decay etc.
O ne step further and one is led to In aginea uni ed theory ofallinteractions
also Including gravity (at present superstrings provide the best attem pt at
such a theory). ThusGUT ’'s and the realn of quantum gravity set a very
distant energy horizon thatm odem particle theory cannot ignore. Can the
SM w ithout new physics be valid up to such large energies? T he answer is
presum ably not: the structure of the SM could not naturally explain the
relative an allness of the weak scale of m ass, set by the H iggs m echanism

at 1= Gp 250 GeV with G being the Fem i coupling constant,
with respect to M gyt orM pi. This socalled hierarchy problem is due
to the instability of the SM with respect to quantum corrections. This
is related to the presence of findam ental scalar elds In the theory with
quadraticm assdivergences and no protective extra symm etry at = 0. For
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ferm jon m asses, rst, ‘thI{el divergences are logarithm ic and, second, they are
forbidden by the SU (2) U (1) gauge sym m etry plusthe fact thatatm = 0
an additional symm etry, ie. chiral symm etry, is restored. Here, when
taking of divergences, w e are not worried of actualin nities. T he theory is
renom alizable and nite once the dependence on the cut o is absorbed
in a rede nition ofm asses and couplings. R ather the hierarchy problem is
one of naturalness. W e can look at the cut o as a param eterization of our
ignorance on the new physics that will m odify the theory at large energy
scales. T hen it is relevant to look at the dependence of physical quantities
on the cut o and to dem and that no unexplained enom ously accurate
cancellations arise.

In the past In m any cases naturalness has been a good guide in par-
ticle physics. For exam ple, w ithout cham and the GIM m echanian the
short distance contribution to the (K K ) mass di erence would be of
orderGé fé qu mk ,while the correctresu]tjsoforderGé fIf m gm x and,
w ithout G IM , an unnatural cancellation between long and short distance
contrbutionswould be needed. Also note that gcp << Mgyr Isnatural
because, due to the logarithm ic running of ¢, din ensional transm utation
brings in exponential suppression.

T he hierarchy problem can be put in less abstract term s (the "little hier-
archy problem "): loop corrections to the higgsm ass squared are quadratic
In thecut o . Them ost pressing problem is from the top loop. W ith

mi =mi,  + m; thetop loop gives

3G
2 F 2 2 p
H fop —p—2 > Ul 02 ¥ (4)

If we dem and that the correction does not exceed the light H iggs m ass
indicated by the precision tests, must be close, o(l TeV ). Sin ilar
constraints arise from the quadratic dependence of loops w ith 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">®) now

also accom panied by a sin ilar " avour paradox"?’

arising from the recent
precise experim ental results In B and K decays . The m ain avenues open

for new physics are discussed in the follow ing sections® .
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7. Supersym m etry: the standard way beyond the SM

M odels based on supersymm etry (SUSY )*° are the m ost developed and
w dely known. In the lin it of exact boson-ferm ion sym m etry the quadratic
divergences of bosons cancel, so that only logarithm ic divergences rem ain.
However, exact SUSY is clearly unrealistic. For approxin ate SUSY (w ith
soft breaking term s), w hich is the basis for allpracticalm odels, in eg.(4)
is essentially replaced by the splitting of SUSY multiplets. In particular,
the top loop is quenched by partialcancellation w ith s+top exchange, so the
stop cannot be too heavy.

TheM ninal SUSY M odel (M SSM ) is the extension of the SM w ith
m Inin al particle content. To each ordinary particle a sparticle is associ-
ated with 1/2 spin di erence: to each helicity state of a spin 1/2 ferm ion
of the SM a scalar is associated (for exam ple, the electron states e, and
er correspond to 2 scalar selectron states). Sim ilarly to each ordinary
boson a sferm ion is associated: for exam ple to each gluon a gluino (a M a-
Prana spin 1/2 ferm don) is related. W hy not even one sparticle was seen
0 ﬁr?NA clie: observed particles are those whos%m ass is forbidden by
SU(2) U(l). W hen SUSY is broken but SU (2) U (1) is unbroken s-
particles get a m ass but particles rem ain m assless. T hus if SUSY breaking
is lJarge we understand that no sparticles have been observed yet. It is
an Im portant fact that two H iggs doublets, H, and H 4, are needed in the
M SSM w ith their corresponding spin 1/2 spartners, to give m ass to the
up-type and to the down-type ferm ions, respectively. T his duplication is
needed for cancellation of the chiral anom aly and also because the SUSY
rules forbd that Hg = HY as is the case in the the SM . T he ratio of their
tw o vacuum pectation values tan = w,=vy (with the SM vev v being
given by v= " v2 + v§ ) plays an Im portant role for phenom enology.

The most general M SSM  sym m etric renom alizable lJagrangian would
contain term s that violate baryon B and lepton L num ber conservation
(which iIn the SM , without y , are preserved at the renomm alizable level,
so that they are "accidental" symm etries). To elim nate those tem s it is
su cient to invoke a discrete parity, R -parity, w hose origin isassum ed to be
at a m ore fundam ental level, which is + 1 for ordinary particlesand 1 for
spartmers. T he consequences of R ‘parity are that sparticles are produced
in pairs at colliders, the lightest sparticle is absolutely stable (it is called
the Lightest SUSY Particle, LSP, and is a good candidate for dark m atter)
and sparticles decay into a nal state w ith an odd num ber of sparticles
(and, ultim ately, In the decay chain there w illbe the LSP ).
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T he necessary SUSY breaking, whose origin is not clear, can be phe-
nom enologically Introduced through soft term s (i e. w ith operator din en—
sion < 4) that do not spoil the good convergence properties of the theory
(renomm alizability and non renom alization theorem s arem aintained). W e
denote by m ¢+ the mass scale of the soft SUSY breaking term s. The
m ost general soft term s com patible w ith the SM gauge sym m etry and w ith
R “parity conservation introduce m ore than one hundred new param eters.
In general new sources of avour changing neutral currents (FCNC ) and
of CP violation are introduced eg. from squark m ass m atrices. Univer—
sality (proportionality of the m ass m atrix to the dentity m atrix for each
charge sector) and/or alignm ent (near diagonal m ass m atrices) m ust be
assum ed at a large scale, but renom alization group running can still pro—
duce large e ects. The M SSM does provide a viable avour fram ework In
the assum ption of R fparity conservation, universality of soft m asses and
proportionality of trilinear soft termm s to the SM Yukawas (still broken by
renomm alization group running). A s already m entioned, observable e ects
in the lepton sector are still possble (eg. ' e or ! ). This is
m ade even m ore plausible by large neutrino m ixings.

How can SUSY breaking be generated? C onventional spontaneous sym —
m etry breaking cannot occur w ithin the M SSM and also In sin ple exten-
sions of . Probably the soft termm s of the M SSM  arise indirectly or ra—
diatively (loops) rather than from tree level renom alizable couplings. T he
prevailing dea is that it happens in a "hidden sector" through non renor-
m alizable interactions and is com m unicated to the visble sector by som e
interactions. G ravity is a plausible candidate for the hidden sector. M any
theorists consider SU SY asestablished at the P lanck scaleM p ;. Sowhy not
to use it also at low energy to x the hierarchy problem , if at all possible?
It is interesting that viable m odels exist. Suitable soft term s indeed arise
from supergravity when it is spontaneoulsly broken. Supergravity is a non
renom alizable SUSY theory of quantum gravity*®. The SUSY partner of
the spin2 graviton g  is the spin3/2 gravitino ; (ir gpinor 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
the 2 goldstino com ponents (superH iggsm echanism ). In gravity m ediated
SUSY breaking typically the gravitino m ass m s_, is of order m g ¢+ (the
scale ofm ass of the soft breaking term s) and, on din ensionalground, both
are given by m s_, Mgoft hF i=Mpq, where F is the din ension 2 auxilk
jary eld that takes a vacuum expectation value HF i in the hidden sector
(thedenom natorM p ; arises from the gravitationalcoupling that transm its
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the breaking down to the visible sector - Form gott 1 TeV , the scale of
SUSY breaking is very large of order = hF i MertMp; 10 Gev.

W ith TeV mass and gravitational coupling the gravitino is not relevant

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

dark m atter candidate). In gravity m ediation the neutralino is the typical
LSP and an excellent dark m atter candidate. A Iot ofm issing energy is a

signature for gravity m ediation.

600

Mass [GeV]

I - -
46 8 10 12 14 16 18
Log,,(Q/1 GeV)

Figure 5.
scale

A SUSY spectrum generated by universal boundary conditions at the GUT

D i erent m echanian s of SUSY breaking are also being considered. In
one altemative scenario?® the (not so much) hidden sector is connected to
the visble one by m essenger heavy elds, with massM  ess, Wwhich share
ordinary gauge interactions and thus, in am plitudes involving only external
light particles, appear in loops so that m gort 4—1M2F:55 . Both gaug-
no and sferm lon m asses are of orderm gor+. M essengers can be taken In
com plete SU (5) representations, like 5+ 5, so that coupling uni cation is
not spoiled. A s gauge interactions are much stronger than gravitational
1j.glte_rac‘cjons, the SUSY breaking scale can be much analler, as low as

i My ess 10 100 TeV . It follow s that the gravitino is very light
(with m assoforderorbelow 1 eV typically) and, in thesem odels, always is
the LSP. Its couplings are observably large because the gravitino couples to
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SUSY particle m ultiplets through its gpin 1/2 goldstino com ponents. A ny
SUSY particle w ill eventually decay into the gravitino. But the decay of
the nextto-the lightest SUSY particle (NLSP ) could be extrem ely slow,
w ith a travelpath at the LHC from m icroscopic to astronom icaldistances.
Them ain appeal of gauge m ediated m odels is a better protection against
FCNC : if one starts at M , 55 With su cient universality/alignm ent then
the very lim ited intervalfor renom alization group running down to the EW
scale does not spoil it. Indeed at M , oss there is approxim ate alignm ent
because them ixing param eters A , 4;1 In the soft breaking lagrangian are of
din ension ofm ass and arise at two loops, so that they are suppressed.
W hat is unique to SUSY w ith respect to m ost other extensions of the

SM is that SUSY m odels are wellde ned and com putable up toM p; and,
m oreover,are not only com patible but actually quantitatively supported by
coupling uni cation and GUT ’s. A t present the m ost direct phenom enolog—
icalevidence in favourof SU SY isobtained from the uni cation of couplings
In GUT'’s. Precise LEP dataon 4(my ) and sin? w show that standard
onescale GUT ’s fail in predicting s(m 5 ) given sin® w and (mgy ) whilke
SUSY GUT'’s are com patible with the present, very precise, experin en—
tal results (of course, the am biguities in the M SSM prediction are larger
than for the SM case because of our ignorance of the SUSY spectrum ).
If one starts from the known valies of sin® w and (mg ), one nds**
for gy ) theresults: smy )= 0:073 0:002 for Standard GUT s and

smz )= 0129 0010 for SUSY GUT ’'s to be com pared w ith the world
average experin entalvaluie smz )= 0:118 0:002°. Another great asset
of SUSY GUT ’s is that proton decay ism uch slowed down w ith respect to
the non SUSY case. First, the uni cation massM gyt fow 10° Gev,
In typicalSUSY GUT ’s, is about 20 tim es larger than for ordinary GUT 's.
T hism akesp decay via gauge boson exchange negliglble and them ain decay
am plitude arises from din -5 operators w ith higgsino exchange, leading to
a rate close but still com patible w ith existing bounds (see, for exam ple,*?).

By inposing on the M SSM m odel universality constraints at M gy

one obtains a drastic reduction in the num ber of param eters at the price of
m ore rigidity and m odeldependence (see F igure 5¢°). Thisisthe SUGRA or
CM SSM (C for "constrained") Iin it*°. An interesting exercise is to repeat
the t ofprecision tests n the CM SSM , also including the additionaldata
on themuon (g 2), the dark m atter relic density and theb ! s rate.
Theresult?’ is that the centralvalie of the lightest H iggsm assm ,, goes up
(in better ham ony w ith the bound from direct searches) w ith m oderately
large tan  and relatively light SUSY spectrum .
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Figure 6. The M SSM H iggs spectrum as function of m 5 : h is the lightest H iggs, H
and A are the heavier neutral scalar and pseudoscalar H iggs, respectively, and H  are
the charged H iggs bosons. The curves refer tom + = 178 G eV and large top m ixing A

In spite of all these virtues it is true that the lack of SUSY signals
at LEP and the lower lin it on my pose problem s for the M SSM . The
predicted spectrum of H iggs particles in the M SSM is shown in F igure 6%¢.
A s apparent from the gure the lightest H iggs particle is predicted in the
M SSM to be below my < 130 Ge&V (with the esperin ental value of m ¢
going down the upper lim it is slightly decreased). In fact, at tree level
mﬁ =m % cog 2 and it is only through radiative corrections thatmy, can
ncrease beyond m 5 :

MeMe

mélog >

3
m 5
h P
2
mi

Cr (5)
2

Here t5,, are the stop mass elgenstates. The direct Iim it on my from

the H iggs search at LEP, shown in Figure 7*°, considerably restricts the
available param eter space of the M SSM requiring relatively large tan  and
heavy stop quarks. Stringent naturality 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 of the H m ass starting
from a common scalarmassmg atM gyt (see Figure 5). The squared Z

massm % can be expressed as a linear com bination of the SUSY param —
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Figure 7. Experin ental lim its in the tan my, plane from LEP.W ith h one denotes
the lightest M SSM H iggs boson.

etersm?, m?_,,A{, ?,.. wih known coe cients. Barring cancellations
that need ne tuning, the SUSY param eters, hence the SUSY sfpartners,
cannot be too heavy. The LEP lm its, In particular the chargino lower
boundm , > 100G €V ,are su cient to elin inate an in portant region of
the param eter space, depending on the am ount ofallowed ne tuning. For
exam ple, m odels based on gaugino universality at the GUT scale, lke the
CM SSM , need a ne tuning by at least a factor of 20. W ithout gaugino
universality®® the strongest lin it rem ains on the gliino m ass: the relation
readsm;  0:7mZ ; + :::and isstill com patble w ith the present lin it
Mgmino > 250 300GeV from the TeVatron (see Figure §°)

This is the case of the M SSM with m Inim al particle content. Of
course, m Inim ality is only a sin plicity assum ption that could possibly
be relaxed. For exam ple, adding an additional H iggs singlet S consider-
ably helps in addressing naturalness constraints (Next-+to M inin al SUSY
SM : NM SSM )*' *2. An additional singlet can also help solving the " -
problem "0 | I the exact SUSY and gauge symm etric lin it there is a sin—
gle param eter w ith din ension of m ass in the superpotential. The  tem
in the superpotentialisof the form W oy = HyHg.Themass ,which
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Figure 8. Present experim ental lim its on s-quarks and ghiinos

contributes to the H iggs sector m asses, m ust be of order m sor+ for phe-
nom enological reasons. T he problem is to jastify this coincidence, because
could In principle be much larger given that it already appears at the
symm etric level. A possibility is to forbid the tem by a suitable sym -
m etry In the SUSY unbroken lin it and then generate it together w ith the
SUSY breaking tem s. For exam ple, one can Introduce a discrete parity
that forbids the temn . Then G iudice and M asiero®® have observed that
in general, the low energy lim it of supergravity, also induces a SUSY con—
serving tem togetherw ith the soft SUSY breaking term sand ofthe sam e
order. A di erent phenom enologically appealing possibility is to replace
w ith the vev of a new singlet scalar el S, thus enlarging the H iggs sector
asin the NM SSM .

In conclusion the main SUSY virtues are that the hierarchy problem
is drastically reduced, the m odel agrees w ith the EW data, is consistent
and com putable up to M p 1, is well com patible and indeed supported by
GUT ’s, has good dark m atter candidates and, last not least, is testable at
the LHC . T he delicate points for SUSY are the origin of SUSY breaking
and ofR -parity, the -problem ,the avour problem and the need of sizable
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ne tuning.

8. Little H iIggsm 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 H iggs" m od-
els the symm etry of the SM is extended to a sujj:%b]e global group G

that also con&clajns som e gauge er&]argen entofSU (2) U (1), brexample
G SU(@2) U@7F SU (2) U (1). The Higgs particle is a pseudo—
G odstone boson of G that only takesm ass at 2-loop level, because two dis-
tinct sym m etries m ust be sin ultaneously broken for it to take m ass, which
requires the action of two di erent couplings in the sam e diagram . T hen
in the relation eg.(4) between mﬁ and ? there is an additional coupling
and an additional loop factor that allow for a bigger separation between
the H ggsm ass and the cuto . Typically, in these m odels one has one or
m ore H ggs doublets atm y, 02 TeV ,and a cuto at 10 TeV . The
top loop quadratic cuto dependence is partially canceled, In a natural
way guaranteed by the sym m etries of them odel, by a new coloured, charge
2/3,vectorlke quark ofmass around 1 TeV (a femm ion not a scalar like
the stop of SUSY m odels). Certainly these m odels nvolve a rem arkable
level of group theoretic virtuosity. H ow ever, in the sim plest versions one is
faced w ith problem s w ith precision tests of the SM ' . T hese problem s can
be xed by com plicating the m odel’ : one can introduce a parity symm e-
try, T pan’ia{, and additional "m irror" fermm lons. T parity interchanges the
two SU (2) U (1) groups: standard gauge bosons are T even while heavy
ones are T odd. A s a consequence no tree level contrbutions from heavy
W and Z appear in processes w ith external SM particles. Therefore all
corrections to EW observables only arise at loop level. A good feature of
T parity is that, lke for R parity in the M SSM , the Iightest T -odd particle
is stable (usually a B') and can be a candidate for D ark M atter (m issing
energy would here too be a signal) and T -odd particles are produced in
pairs (unless T “parity is not broken by anom alies®®). T hus them odelcould
work but, nmy opinion, the real lim it of this approach is that it only o ers
a postponem ent of them ain problem by a few TeV ,paid by a com plete loss
of predictivity at higher energies. In particular all connections to GUT ’s
are lost. Still it is very usefulto o er to experin ent a di erent exam ple of
possble new physics.
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9. Extra dim ensions

Extra din ensions m odels are am ong the m ost interesting new directions
in m odelbuiding. Early form ulations were based on "large" extra din en—
sions °® 27 . These are m odels w ith factorized m etric: ds® = dx dx +

hij(y )dy'dy3 , w here y*3 denote the extra din ension coordnatesand indices.
Large extra din ension m odels propose to solve the hierarchy problem by
bringing gravity down from M p; tom o(1 TeV ) wherem is the string
scale. Inspired by string theory one assum es that som e com pacti ed ex-—
tra din ensions are su ciently large and that the SM  elds are con ned

to a 4-dim ensionalbrane Inm ersed in a d-dim ensional bulk while gravity,
which feels the whole geom etry, propagates in the bulk. W e know that the
P lanck m ass is Jarge just because gravity is weak: In fact Gy l=M§l,
where Gy is Newton constant. The new idea is that gravity appears so
weak because a lot of lines of force escape in extra din ensions. A ssum e you
haven = d 4 extra dim ensions w ith com pacti cation radiisR . For large
distances, r > > R, the ordinary New ton law applies for gravity: in natural
units, the force between two units of mass is F Gy =r? 1=M2 ).
At short distances, r < R, the ow of lines of force in extra din ensions
modiesGausslaw and F ' m?mr) ‘r’. By matching the two or-

mulsatr= R onecbtains M p=m )* = Rm )® %. Form 1 TevV and
n=d 4one ndsthatn = 1 is excuded (R 18%°am ), orn = 2R
is very m arginal and also at the edge of present bounds R lmm on

departures from New ton law>®,while forn = 4;6,R 10 ?;10 ? an and
these cases are not excluded.

A generic feature of extra dim ensional m odels is the occurrence of
KalizaK lein (KK ) m odes. Com pacti ed din ensions w ith periodic bound-
ary conditions, like the case of quantization in a box, in ply a discrete spec—
trum with momentum p = n=R and mass squared m? = n°=R?. In any
case there are the towers of K K recurrences of the graviton. T hey are grav—
itationally coupled but there are a lot of them that sizably couple, so that
the net result is a m odi cation of cross-sections and the presence of m iss—
ing energy. There are m any versions of these m odels. The SM brane can
itself have a thickness r with r < 10 Y"am or 1=r > 1TeV ,because we
know that quarks and leptons are pointlike down to these distances, while
for gravity in the bulk there is no experim ental counterevidence down to
R < Odmm or1=R > 103 eV . In case of a thickness for the SM brane
there would be KK recurrences for SM  elds, likeW , ,Z, and so on in the
TeV region and above. Large extra dim ensions provide an exciting scenario.
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A Iready it is rem arkable that this possibility is com patible w ith experin ent.
H ow ever, there are a num ber of criticism s that can be brought up. First,
the hierarchy problem ism ore translated in new tem s rather than solved.
In fact the basic relation Rm = M p=m )*™ shows that Rm , which one
would apriori expect to be 0(1), is instead ad hoc related to the large ratio
M p1=m . A lso it is not clear how extra dim ensions can by them selves solve
the LEP paradox (the large top loop corrections should be controlled by
the opening of the new din ensions and the onset of gravity): shcemy is
light 1=R must be relatively close. But precision tests put very strong
linitson . In fact n typicalm odels of this class there is no m echanian
to su ciently quench the corrections.

M ore recently m odels based on the RandallSundrum (RS) solution
for the m etric have attracted m ost of the m odel buiders attention®?#° .
In these m odels the m etric is not factorized and an exponential "warp"
factor multiplies the ordinary 4-dim ensional coordinates in the m etric:
ds? = e %R dx dx R? 2 where is the extra coordinate. This
non-factorizable m etric is a solution of E instein equations w ith speci ed 5-
din ensional cosn ological term . Two 4-din ensional branes are often local-
ized at = 0 (the Planck or ultraviolet brane) and at = (the Infrared
brane). In the sin plest m odels all SM  elds are located on the infrared
brane. All14-din massesm 4 are scaled down w ith respect to 5-din ensional
masses m s k Mp 1 by the warp factor: m4 = M pie kR T other
wordsm ass and energies on the infrared brane are redshifted by the P Joo
factor. The hierarchy suppression my =M p 1 could arise from the warping
exponentiale ¥} , for not too large values of the warp factor exponent:
kR 12 (extra dim ension are not "large" in this case). The question of
whether these values of kR can be stabilized has been discussed in reff!.
It was shown that the determ ination of kR at a com patdble value can be
assured by a scalar eld in the buk ("radion") with a suitable potential
which o er the best support to the solution of the hierarchy problem in this
context. In the orighalR S m odels where the SM elds are on the brane
and gravity is in the buk there isa tower of spin2 KK graviton resonances.
T heir couplings to ordinary particles are of EW order (because their prop-
agator m asses are red shifted on the infrared brane) and universal for all
particles. T hese resonances could be visible at the LHC . T heir signature is
spin—2 angular distributions and universality of couplings. The R S original
form ulation is very elegant but when going to a realistic form ulation it has
problem s, for exam ple w ith EW precision tests. A lso, In a description of
physics from my to M p; there should be place or GUT s. But, if all SM
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particlesare on the TeV brane the e ective theory cuto islow and noway
toM gyt Isopen. Inspired by R S di erent realizations of warped geom etry
were tried: gauge elds in thebulk and/orallSM elds (except the H iggs)
on the buk. The hierarchy of ferm ion m asses can be seen as the result
of the di erent pro les of the corresponding distribbutions in the bulk: the
heaviest ferm ions are those closest to the brane w here the H iggs is located.
W hile no sim ple, realistic m odel has yet em erged as a benchm ark, it is at—
tractive to in agine that ED could be a part of the truth, perhaps coupled
w ith som e additional sym m etry or even SUSY .

Extra din ensions o er new possibilities for SUSY breaking. In fact,
ED can realize a geom etric separation between the hidden (on the P lanck
brane) and the visible sector (on the TeV brane),w ith gravity m ediation in
the buk. In anom aly m ediated SUSY breaking®® 5-din quantum gravity
e ectsactasm essengers. T he nam e com esbecause L go¢+ can be understood
in tem s of the anom alous violation of a local superconfom al invariance.
In a particular form ulation of 5 dim ensional supergravity, at the classi-
cal level, the soft term are exponentially suppressed on the M SSM brane.
SU SY breaking e ects only arise at quantum Jlevel through beta functions
and anom alous din ensions of the brane couplings and elds. In this case
gaugino m asses are proportional to gauge coupling beta functions, so that
the gluino ism uch heavier than the electrow eak gauginos.

In the general context of extra dim ensions an interesting direction of
developm ent is the study of symm etry breaking by orbifolding and/or
boundary conditions. O rbifolding m eans that we have a 5 (or m ore)
din ensional theory where the extra dimension x5 = y is com pacti-

ed. Along y one or more Z, re ections are de ned, for exam ple P
y $ y (a re ection around the horizontal diam eter) and P? = y $
y R (a re ection around the vertical diameter). A eld (x;y)
with de nite P and P ° parities can be Fourier expanded along y. Then
T T - have the n-th Fourier com ponents proportional to
(:05212—y ;COS Qn; LY .sin Qn; LY . sin (2“;{ 2V regpectively. On the branes lo—
cated at the xed pointsofP andP?,y= Oandy = R =2, the sym m etry
isreduced: indeed aty = Oonly ., and , arenon vanishing and only
++ Ismasslss.

For exam ple, at the GUT scale, sym m etry breaking by orbifolding can
be applied to obtain a reform ulation of SUSY GUT ’'s where m any prob-
lem atic features of ordinary GUT s (eg. a baroque Higgs sector, the
doublet+riplet splitting problem , fast proton decay etc) are elin nated or
n proved69 JO. In these GUT models the m etric is factorized, but whilke
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for the hierarchy problem R 1=T€V , here one considers R 12Ms T
(not so large!). P breaksN = 2 SUSY, vald in 5 din ensions, down to
N = 1 while P? breaks SU (5). At the weak scale there are m odels w here
SUSY ,vald in n > 4 din ensions, is broken by orbibding®®, in particular
them odelof ref* , w here the m ass of the H iggs is in principle com putable
and is predicted to be light.

Symm etry breaking by boundary conditions (BC ) ism ore general than
the particular case of orbifoding®® . Breaking by orbifoding is som ew hat
rigid: for exam ple, nom ally the rank rem ains xed and it corresponds to
H iggs bosons in the ad pint representation (the role of the H iggs is taken by
the 5th com ponent of a gauge boson). BC allow a m ore general breaking
pattem and, In particular, can lower the rank of the group. In a sin plest
version one starts from a 5 dim ensionalm odelw ith twobranesaty = 0; R.
In the action there are tem s localised on the branes that also should be
considered in the m Inin ization procedure. Fora scalar eld ’ with amass
term (M ) on the boundary, one obtains the Neumann BC @,’ = 0 for
M ! 0and the Dirichlet BC ' = 0 orM ! 1 . In gauge theories
one can Introduce Higgs elds on the brane that take a vev. The crucial
property is that the gauge elds take a m ass as a consequence of the H iggs
m echanism on the boundary but the m ass rem ains nite when the H iggs
vev goesto In nity. ThustheH iggson the boundary only entersasa way to
describe and construct the breaking but actually can be rem oved and still
the gauge bosons associated to the broken generators take a nite m ass.
One is then led to try to form ulate "H iggslessm odels" for EW  symm etry
breaking based on BC® . The RS warped geom etry can be adopted w ith
the P lanck and the infrared branes. There is a larger gauge symm etry in
the buk which is broken down to di erent subgroups on the two branes so
that nally of the EW symmetry only U (1)g rem ains unbroken. The W
and Z take am assproportionalto 1=R . D irac ferm ions are on the bulk and
only one chirality has a zero m ode on the SM brane. In H iggsless m odels
unitarity, which in generalis violated in the absence of a H iggs, is restored
by exchange of in nite KK recurrences, or the breaking is delayed by a

nite num ber, w ith cancellations gquaranteed by sum rules in plied by the
5-din symm etry. A ctually no com pelling, realistic H iggslessm odel for EW
symm etry breaking em erged so far. T here are serious problem s from EW
precision tests °® because the an allness of theW and Z m asses orcesR to
be rather an all and, as a consequence, the spectrum of KK recurrences is
quite close. However these m odels are interesting as rare exam ples w here
no H iggswould be found at the LHC but instead new signals appear (new
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vector bosons, ie. KK recurrencesoftheW and 7).

An interesting m odel that com bines the dea of the Higgs as a G old-
stone boson and warped extra din ensions was proposed and studied In
references’? with a sort of com posite H iggs in a 5-din AdS theory. It can
be considered asa new way to ook atwaling technicolor’® using AdS/CFT
correspondence. In a RS warped m etric fram ework allSM  elds are in the
buk but the H iggs is localised near the TeV brane. T he H iggs is a pseudo-
G oldstone boson (as in Little H iggs m odels) and EW symm etry breaking
is triggered by top-loop e ects. In 4-din the bulk appears as a strong
sector. T he 5-din ensional theory is weakly coupled so that the H iggs po—
tential and EW observables can be com puted. The H ggs is rather light:
my < 185 GeV. Problem s with EW precision tests and the Z b vertex
have been xed in latest versions. T he signals at the LHC for this m odel
are a light H iggs and new resonancesat 1-2 TeV

In conclusion, note that apart from H iggslessm odels (ifany?) all theo—
ries discussed here have a H iggs in LHC range (m ost of them Iight).

10. E ective theories for com positeness

In this approach’ a low energy theory from truncation of some UV com —
pletion is described iIn term s of an elem entary sector (the SM particles
m nus the H iggs), a com posite sector (including the H iggs, m assive vector
bosons and new ferm ions) and a m ixing sector. T he H iggs is a pseudo
G odstone boson of a lJarger broken gauge group, w ith the corresponding
m assive vector bosons. M ass eigenstates are m ixtures of elem entary and
com posite states, w ith light particles m ostly elem entary and heavy parti-
clesm ostly com posite. But the H iggs is totally com posite (perhaps also the
right-handed top quark). New physics in the com posite sector iswellhidden
because light particles have an allm ixing angles. T he H iggs is Iight because
only acquiresm ass through interactions w ith the light particles from their
com posite com ponents. T his generaldescription can apply to m odels w ith
a strongly interacting sector as arising from little H iggs or extra din ension

scenarios.

11. The anthropic solution

T he apparent value of the cosn ological constant poses a trem endous,
unsolved naturalness problem 3¢ . Yet the valie of is close to the W ein—
berg upper bound for galaxy form ation’> . Possibly our U niverse is jist one
of in nitely many (M ultiverse) continuously created from the vacuum by
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quantum uctuations. D i erent physics takes place In di erent Universes
according to the m ultitude of string theory solitions ( 10°°°). Perhapswe
live in a very unlikely U niverse but the only one that allow s our existence’® .
I nd applying the anthropic principle to the SM hierarchy problem exces-
sive. A fterallwecan nd plenty ofm odels that easily reduce the ne tuning
from 10%* to 10%: why m ake our U niverse so terribly unlkely? By com par—
ison the case of the cosm ological constant is a lot di erent: the context is
not as fully speci ed as the forthe SM (quantum gravity, string cosm ology,
branes in extra din ensions, worm holes through di erent Universes....)

12. C onclusion

Supersym m etry rem ains the standard way beyond the SM .W hat isunigue
to SUSY , beyond leading to a set of consistent and com pletely form ulated
m odels, as, for exam ple, theM SSM , is that this theory can potentially work
up to the GUT energy scale. In this respect it is the m ost am bitiousm odel
because it describes a com putable fram ework that could be vald all the
way up to the vicinity of the Planck m ass. The SU SY m odels are perfectly
com patible with GUT ’s and are actually quantitatively supported by cou-
pling uni cation and also by what we have recently learmned on neutrino
m asses. A1l other m ain deas for going beyond the SM do not share this
synthesiswith GUT ’s. The SUSY way is testable, for exam ple at the LHC,
and the issue of its validity will be decided by experin ent. It is true that
we could have expected the rst signals of SUSY already at LEP, based
on naturality argum ents applied to the m ost m inin al m odels (for exam —
ple, those with gaugino universality at asym ptotic scales). The absence
of signals has stin ulated the developm ent of new ideas like those of extra
din ensions and "little H iggs" m odels. T hese ideas are very interesting and
provide an im portant reference for the preparation of LHC experim ents.
M odels along these new ideas are not so com pletely form ulated and studied
as for SUSY and no wellde ned and realistic baseline has sofar em erged.
But it iswellpossible that they m ight represent at least a part of the truth
and it is very m portant to continue the exploration of new ways beyond
the SM .New input from experim ent isbadly needed, so we all look forward
to the start of the LHC .
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