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Abstract. The discovery of X-rays and radioactivity in the waning years of the 19th
century lead to one of the most awe inspiring scienti ¢ eras n human history. The
20th century witnessed a level of scienti ¢ discovery neverbefore seen or imagined.
At the dawn of the 20th century only two forces of Nature were known { gravity
and electromagnetism. The atom was believed by chemists to é the elemental,
indestructible unit of matter, coming in many unexplainably di erent forms. Yet J.J.
Thomson, soon after the discovery of X-rays, had measured # charge to mass ratio
of the electron, demonstrating that this carrier of electric current was ubiquitous and
fundamental. All electrons could be identi ed by their unig ue charge to mass ratio.

In the 20th century the mystery of the atom was unravelled, the atomic nucleus
was smashed, and two new forces of Nature were revealed { thesak force [responsible
for radioactive  decay and the nuclear fusion reaction powering the stars] at the
nuclear force binding the nucleus. Quantum mechanics enabtl the understanding of
the inner structure of the atom, its nucleus and further inward to quarks and gluons
[the building blocks of the nucleus] and thence outward to anunderstanding of large
biological molecules and the unity of chemistry and microbology.

Finally the myriad of new fundamental particles, including electrons, quarks,
photons, neutrinos, etc. and the three fundamental forces {electromagnetism, the
weak and the strong nuclear force { found a unity of descripton in terms of relativistic
guantum eld theory. These three forces of Nature can be show to be a consequence
of symmetry rotations in internal spaces and the particularinteractions of each particle
are solely determined by their symmetry charge. This unifyhg structure, describing
all the present experimental observations, is known as thetandard model. Moreover,
Einstein's theory of gravity can be shown to be a consequencaf the symmetry of local
translations and Lorentz transformations.

As early as the 1970s, it became apparent that two new symmetes, a grand
uni ed theory of the strong, weak and electromagnetic interactions in conjunction
with supersymmetry, might unify all the known forces and patrticles into one unique
structure. Now 30 years later, at the dawn of a new century, eperiments are on
the verge of discovering (or ruling out) these possible newynmetries of Nature.
In this article we try to clarify why supersymmetry [] and su persymmetric grand
uni ed theories [SUSY GUTs ] are the new standard model of paticle physics, i.e. the
standard by which all other theories and experiments are mesured.

x To whom correspondence should be addressed (raby@paci cps.ohio-state.edu)
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1. Introduction

Supersymmetry is a space-time symmetry; an extension of tigeoup of transformations
known as the Poincae group including space-time translans, spatial rotations

and pure Lorentz transformations. The Poincae transformtions act on the three
spacex and one time coordinatet. The supersymmetric extension adds two anti-
commuting complex coordinates ; = 1;2 satisfying + = 0. Together

they make superspacez = ft;%; g and supersymmtry transformations describe
translations/rotations in superspace. Local supersymmetimplies a supersymmetrized
version of Einstein's gravity known as supergravity.

In the standard model, ordinary matter is made of quarks andlectrons. All of
these particles are Fermions with spirs = %h, satisfying the Pauli exclusion principle.
Hence no two identical matter particles can occupy the sam@ace at the same time.
In eld theory, they are represented by anti-commuting spag-time elds, we generically
denote by, (x;t). On the other hand, all the force particles, such as photons
gluons,W ; Z°, are so-called gauge Bosons with spg1= 1h, satisfying Bose-Einstein
statistics and represented by commuting elds (x;t). As a result Bosons prefer to sit,
one on top of the other; thus enabling them to form macroscapiclassical elds. A
Boson - Fermion pair form a supermultiplet which can be repsented by a super eld
(2)= (xt+ (x1). Hence arotation in superspace, rotates Bosons (force peles)
into Fermions (matter particles) and vice versa.

This simple extension of ordinary space into two in nitesimal directions has almost
miraculous consequences making it one of the most studiedspible extensions of the
standard model [SM] of particle physics. It provides a \teahical" solution to the so-
called gauge hierarchy problem, i.e. why is1;=M; 1. In the SM, all matter derives
its mass from the vacuum expectation value [VEVY of the Higgs eld. The W and
Z° mass are of ordelg v where g is the coupling constant of the weak force. While
qguarks and leptons (the collective name for electrons, etemn neutrinos and similar
particles having no strong interactions) obtain mass of oet v where is called a
Yukawa coupling; a measure of the strength of the interactiobetween the Fermion and
Higgs elds. The Higgs vacuum expectation value is xed by th Higgs potential and in
particular by its massmy with v my. The problem is that in quantum eld theory,
the Lagrangian (or bare) mass of a particle is subject to quaum corrections. Moreover
for Bosons, these corrections are typically large. This wadready pointed out in the
formative years of quantum eld theory by [Weisskopf (1939) In particular for the Higgs
we havem? = m3+ 2 wheremq is the bare mass of the Higgs, represents some small
coupling constant and is typically the largest mass in the teory. In electrodynamics
is the ne-structure constant and is the physical cuto scale, i.e. the mass scale where
new particles and their new interactions become relevant.oFexample, it is known that
gravitational interactions become strong at the Planck séa M, 10" GeV; hence we
take Mpi. In order to have Mz My the bare mass must be ne-tuned to one
part in 10, order by order in perturbation theory, against the radiative corrections in
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order to preserve this hierarchy. This appears to be a parti@arly \unnatural" accident
or, as most theorists believe, an indication that the SM is tcomplete. Note that neither
Fermions nor gauge Bosons have this problem. This is becaubeir mass corrections
are controlled by symmetries. For Fermions these chiral synetries become exact
only when the Fermion mass vanishes. Moreover with an exadhi@al symmetry the
radiative corrections to the Fermion's mass vanish to all ders in perturbation theory.
As a consequence when chiral symmetry is broken the Fermiorass corrections are
necessarily proportional to the bare mass. Henog- = mp+ m o log( =mg) and a light
Fermion mass does not require any \unnatural" ne-tuning. $nilarly for gauge Bosons,
the local gauge symmetry prevents any non-zero correctiots the gauge boson mass.
As a consequence, massless gauge bosons remain massledisoimers in perturbation
theory. What can we expect in a supersymmetric theory? Sineipersymmetry uni es
Bosons and Fermions, the radiative mass corrections of th@&bns are controlled by the
chiral symmetries of their Fermionic superpartners. Moreer for every known Fermion
with spin %h we necessarily have a spin 0 Boson (or Lorentz scalar) and &wery spin
1h gauge Boson, we have a spi%h gauge Fermion (or gaugino). Exact supersymmetry
then requires Boson-Fermion superpartners to have iderdicmass. Thus in an electron
necessarily has a spin 0 superpartner, a scalar electronfwihe same mass. Is this a
problem? The answer is yes, since the interaction of the saalelectron with all SM
particles is determined by . In fact, the scalar electron neessarily has the same charge
as the electron under all SM local gauge symmetries. Thus itak the same electric
charge and it would have been observed long ago. We thus realithat can only be
an approximate symmetry of Nature. Moreover it must be broke in such a way to
raise the mass of the scalar partners of all SM Fermions andetlgaugino partners of
all the gauge Bosons. This may seem like a tall order. But whatould we expect to
occur once is softly broken at a scale ? Then scalars are no longer protected by the
chiral symmetries of their Fermionic partners. As a consequce they receive radiative
corrections to their mass of orderm? / 2 log( =myp). As long as 100 TeV,
the Higgs Boson can remain naturally light. In addition, thegauge Boson masses are
still protected by gauge symmetries. The gauginos are spa¢cihowever, since even if
is broken, gaugino masses may still be protected by a chirgymmetry known as R
symmetry [Farrar and Fayet (1979)]. Thus gaugino masses acentrolled by both the
and R symmetry breaking scales.

Before we discuss SUSY theories further, let us rst reviewhé standard model
[SM]in some more detail. The standard model of particle phigs is de ned almost
completely in terms of its symmetry and the charges (or trafisrmation properties) of
the particles under this symmetry. In particular the symmety of the standard model
is SUB) SU(2) U(1l)y. Itis a local, internal symmetry, by which we mean it
acts on internal properties of states as a rotation by an amatiwhich depends on the
particular space-time point. Local symmetries demand thexestence of gauge Bosons
(or spin 1 force particles) such as the gluons of the strorf§U(3) interactions or the
W ; Z° or photon ( ) of the electroweak interactionsSU(2) U(1)y. The strength of
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the interactions are determined by parameters called coupyl constants. The values of
these coupling constants however are not determined by thiadory, but must be xed
by experiment.

There are three families of matter particles, spin 1/2 quak and leptons; each
family carrying identical SM symmetry charges. The rst andlightest family contains
the up (u) and down (d) quarks, the electron (e) and the electm neutrino ( ¢) (the
latter two are leptons). Two up quarks and one down quark bindiia gluon exchange
forces to make a proton, while one up and two down quarks makenautron. Together
di erent numbers of protons, neutrons bind via residual glan and quark exchange forces
to make nuclei and nally nuclei and electrons bind via elecbmagnetic forces (photon
exchanges) to make atoms, molecules and us. The strong fer@e responsible for
nuclear interactions. The weak forces on the other hand aregsponsible for nuclear
beta decay. In this process typically a neutron decays thdyg changing into a proton,
electron and electron neutrino. This is so-called decay since the electron (obeta
particle) has negative charge, e. * decays also occur where a proton (bound in the
nucleus of an atom) decays into a neutron, anti-electron anelectron neutrino. The
anti-electron (or positron) has positive charge, € but identical mass to the electron. If
the particle and anti-particle meet they annihilate, or disppear completely, converting
their mass into pure energy in the form of two photons. The engy of the two photons
is equal to the energy of the particle - anti-particle pair, Wich includes the rest mass
of both. Nuclear fusion reactions where two protons combirte form deuterium (a p-n
bound state),e"” + . is the energy source for stars like our sun and the energy soeir
of the future on earth. The weak forces occur very rarely bease they require the
exchange of thew ; Z° which are one hundred times more massive than the proton or
neutron.

The members of the third familyft; b; ; g are heavier than the second family
fc, s; ; g which are heavier than the rst family membersfu; d; e; .g. Why
there are three copies of families and why they have the appat hierarchy of masses
is a mystery of the SM. In addition why each family has the fatwing observed charges
is also a mystery. A brief word about the notation. Quarks andeptons have four
degrees of freedom each (except for the neutrinos which inrgiple may only have two
degrees of freedom) corresponding to a left or right-handgzhrticle or anti-particle.
The eld labelled e contains a left-handed electron and a right-handed anti-ettron,
while e contains a left-handed anti-electron and a right-handed ettron. Thus all four
degrees of freedom are naturally (this is in accord with Lonéz invariance) contained in
two independent eldse; e. This distinction is a property of Nature, since the charges
of the SM patrticles depend on their handedness. In fact in dadamily we have ve
di erent charge muItipIe|ts given by

_u — e
Q—d u d L—e e (1)

whereQ is a triplet under color SU(3), a doublet under weakSU(2) and carriesU(1)y
weak hyperchargey = 1=3. The color anti-triplets (u; d) are singlets underSU(2) with
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Y =( g; %) and nally the leptons appear as a electroweak doublet() and singlet (g)
with Y = 1;+2 respectively. Note, by de nition, leptons are color sintets and thus
do not feel the strong forces. The electric charge for all thguarks and leptons is given
by the relation Qgm = T3+ % where the (upper, lower) component of a weak doublet
hasT; = (+1 =2; 1=2). Finally the Higgs boson multiplet,
|
N

H= @
with Y = +1 is necessary to give mass to th& ;Z° and to all quarks and Ieptonﬁ. In
the SM vacuum, the eld h® obtains a non-zero vacuum expectation valud®i = v= 2.
Particle masses are then determined by the strength of the woling to the Higgs. The
peculiar values of the quark, lepton and Higgs charges is onéthe central unsolved
puzzles of the SM. The signi cance of this problem only becams clear when one realizes
that the interactions of all the particles (quarks, leptons and Higgs bosons), via the
strong and electroweak forces, are completely xed by thesharges.

Let us now summarize the list of fundamental parameters need to de ne the
SM. If we do not include gravity or neutrino masses, then theNs has 19 fundamental
parameters. These include th&® and Higgs massesMz; my) setting the scale for
electroweak physics. The three gauge couplings(Mz); i = 1;2;3, the 9 charged
fermion masses and 4 quark mixing angles. Lastly, there ise¢fQCD theta parameter
which violates CP and thus is experimentally known to be leshan 10 0. Gravity
adds one additional parameter, Newton's constanGy = 1=M3, or equivalently the
Planck scale. Finally neutrino masses and mixing angles teatseen de nitively observed
in many recent experiments measuring solar and atmosphemeutrino oscillations,
and by carefully measuring reactor or accelerator neutrinaixes. The evidence for
neutrino masses and avor violation in the neutrino sector &s little controversy.
It is the rst strong evidence for new physics beyond the SM. W shall return to
these developments later. Neutrino masses and mixing arglare described by 9 new
fundamental parameters { 3 masses, 3 real mixing angles andC® violating phases.

Let us now consider the minimal supersymmetric standard metl [MSSM]. It
is de ned by the following two properties, (i) the particle pectrum , and (ii) their
interactions.

(i) Every matter fermion of the SM has a bosonic superpartnerin addition, every
gauge boson has a fermionic superpartner. Finally, while ¢hSM has one Higgs
doublet, the MSSM has two Higgs doublets.

| |
h* ho
Ho= o 3 Ha= 3)
with Y =+1; 1. The two Higgs doublets are necessary to give mass to up cksr
and to down quarks and charged Iepgons, respectively.  The aiaum expectation
values are now given byh®% = vsin = 2, % = vcos=" 2 where tan is a new
free parameter of the MSSM.
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(i) The MSSM has the discrete symmetry called R paritk All SM particles are
R parity even, while all superpartners are R odd. This has twamportant
consequences.

The lightest superpartner [LSP] is absolutely stable, simcthe lightest state
with odd R parity cannot decay into only even R parity states.Assuming that the
LSP is electrically neutral, it is a weakly interacting masise particle. Hence it is a
very good candidate for the dark matter of the universe.

Perhaps more importantly, the interactions of all superpaners with SM
particles is completely determined by supersymmetry and éhobserved interactions
of the SM. Hence, though we cannot predict the masses of thepsupartners, we
know exactly how they interact with SM patrticles.

The MSSM has some very nice properties. It is perturbative @neasily consistent
with all precision electroweak data. In fact global ts of the SM and the MSSM provide
equally good ts to the data [de Boer and Sander (2003)]. Mooser as the particle
masses increase, they decouple from low energy physics. @& dther hand their masses
cannot increase inde nitely since one soon runs into probtes of \naturalness.” In the
SM the Higgs boson has a potential with a negative mass squayef order theZ® mass,
and an arbitrary quartic coupling. The quartic coupling stdilizes the vacuum value of
the Higgs. In the MSSM the quartic coupling is xed by superaymetry in terms of the
electroweak gauge couplings. As a result of this strong cdmasnt, at tree level the light
Higgs boson mass is constrained to be lighter thad;. One loop corrections to the
Higgs mass are signi cant. Nevertheless the Higgs mass isubded to be lighter than
about 135 GeV [Okadeet al (1991), Elliset al (1991), Casast al (1995), Carenaet al
(1995,1996), Habeet al (1997), Degrasset al (2003)]. The upper bound is obtained
in the limit of large tan

It was shown early on that, even if the tree level Higgs massisyed was positive,
radiative corrections due to a large top quark Yukawa couplg are su cient to drive
the Higgs mass squared negative [Ibanez and Ross (1982yafdz-Gaumeet al (1983),
Ibaniez and Ross (1992)]. Thus radiative corrections natlly lead to electroweak
symmetry breaking at a scale determined by squark and sleptobreaking masses.
Note, a large top quark Yukawa coupling implies a heavy top quk. Early predictions
for a top quark with mass above 50 GeV [Ibarez and Lopez (19BBere soon challenged
by the announcement of the discovery of the top quark by UAL1 wi a mass of 40 GeV.
Of course, this false discovery was much later followed bydtdiscovery of the top quark
at Fermilab with a mass of order 175 GeV.

If the only virtue of is to explain why the weak scale Mz; my) is so much less
k One may give up R parity at the expense of introducing many newinteractions with many new
arbitrary couplings into the MSSM. These interactions violate either baryon or lepton nhumber. Without
R parity the LSP is no longer stable. There are many papers whth give limits on these new couplings.
The strongest constraint is on the product of couplings for he dimension four baryon and lepton

number violating operators which contributes to proton decay. We do not discuss R parity violation
further in this review.
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than the Planck scale, one might ponder whether the bene tsutweigh the burden of
doubling the SM particle spectrum. Moreover there are manytloer ideas addressing
the hierarchy problem, such as Technicolor theories with mestrong interactions at a
TeV scale. One patrticularly intriguing possibility is that the universe has more than 3
spatial dimensions. In these theories the fundamental Plak scaleM is near a TeV,
so there is no apparent hierarchy. | say apparent since in @dto have the observed
Newton's constant M3, much smaller than M2 one needs a large extra dimension
such that the gravitational lines of force can probe the exér dimension. If we live ona 3
dimensional brane in this higher dimensional space then arlje distances compared to
the size of thed extra dimensions we will observe an e ective Newton's corestt given by
Gn = 1=M3, = 1=5(RYM %*2) [Arkani-Hamed et al (1998)]. For example withd = 2 and
M =1 TeV we need the radius of the extra dimensioR 1 mm. If any of these new
scenarios with new strong interactions at a TeV scdleare true then we should expect a
plethora of new phenomena occurring at the next generatioffi lmigh energy accelerators,
i.e. the Large Hadron Collider [LHC] at CERN. It is thus impotant to realize that does
much more. It provides a framework for understanding the 16gpameters of the SM
associated with gauge and Yukawa interactions and also the@rameters in the neutrino
sector. This will be discussed in the context of supersymnrit grand uni ed theories
[SUSY GUTs ] and family symmetries. As we will see these thées are very predictive
and will soon be tested at high energy accelerators or undesgnd detectors. We will
elaborate further on this below. Finally it is also naturaly incorporated into string
theory which provides a quantum mechanical description ofrgvity. Unfortunately this
last virtue is apparently true for all the new ideas proposetb solve the gauge hierarchy
problem.

A possible subtitle for this article could be \A Tale of Two Synmetries: SUSY
GUTs ." Whereas by itself provides a framework for solving he gauge hierarchy
problem, i.e. why M Mgut , SUSY GUTs (with the emphasis on GUTs) adds
the framework for understanding the relative strengths oftte three gauge couplings and
for understanding the puzzle of charge and mass. It also pides a theoretical lever
arm for uncovering the physics at the Planck scale with expienents at the weak scale.
Without any exaggeration it is safe to say that SUSY GUTs alsaddress the following
problems.

They explain charge quantization since weak hyperchargé' ) is imbedded in a
non-abelian symmetry group.

They explain the family structure and in particular the pecliar color and
electroweak charges of fermions in one family of quarks areptons.

They predict gauge coupling uni cation. Thus given the expementally determined
values of two gauge couplings at the weak scale, one preditts value of the third.
The experimental test of this prediction is the one major swess of theories. It

{ Field theories in extra dimensions are divergent and requie new non-perturbative physics, perhaps
string theory, at the TeV scale.
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relies on the assumption of particles with mass in the 100 Geto 1 TeV range.
Hence it predicts the discovery of particles at the LHC.

They predict Yukawa coupling uni cation for the third family. In SU(5) we obtain
b uni cation, while in SO(10) we havet b uni cation. We shall argue that
the latter prediction is eminently testable at the Tevatron the LHC or a possible
Next Linear Collider.

With the addition of family symmetry they provide a predictive framework for
understanding the hierarchy of fermion masses.

It provides a framework for describing the recent observatns of neutrino masses
and mixing. At zeroth order the See - Saw scale for generatitight neutrino masses
probes physics at the GUT scale.

The LSP is one of the best motivated candidates for dark matte Moreover
back of the envelope calculations of LSPs, with mass of ordé00 GeV and
annihilation cross-sections of order =T e\?, give the right order of magnitude
of their cosmological abundance for LSPs to be dark matter. &fe detailed
calculations agree. Underground dark matter detectors Wilsoon probe the
mass/cross-section region in the LSP parameter space.

Finally the cosmological asymmetry of baryons vs. anti-bgons can be explained
via the process known as leptogenesis [Fukugita and Yanagid1986)]. In this

scenario an initial lepton number asymmetry, generated byhe out of equilibrium

decays of heavy Majorana neutrinos, leads to a net baryon niber asymmetry
today.

Grand uni ed theories are the natural extension of the stanard model. Ever
since it became clear that quarks are the fundamental buildg blocks of all strongly
interacting particles, protons, neutrons, pions, kaons,te and that they appear to be
just as elementary as leptons, it was proposed [Pati and Sala(1973)] that the strong
SU(3) color group should be extended to SU(4) color with leph number as the fourth
color.

c':‘Pati Salam SU|4(CO|OI') SU%(L) SUZ(R)

UeIUe
d e ' d e ()

(Hu Ha) ()

In the Pati-Salam [PS] model, quarks and leptons of one farpilare united into two
irreducible representations (Egn. [04). The two Higgs doubie of the MSSM sit in
one irreducible representation (Egn[d5). This has signi aa& consequences for fermion
masses as we discuss later. However the gauge groups are mbed and there are
still three independent gauge couplings, or two if one enlges PS with a discrete parity
symmetry whereL $ R. PS must be broken spontaneously to the SM at some large
scaleMg. Below the PS breaking scale the three low energy couplings, i = 1;2;3
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renormalize independently. Thus with the two gauge couplgs and the scaledMg one
can t the three low energy couplings.

Shortly after PS, the completely unied gauge symmetrySUs was proposed
[Georgi and Glashow (1974)]. Quarks and leptons of one fay#it in two irreducible

representations.
!

fQ= , ¢ udg 10; (6)

foe L= g 5 )

The two Higgs doublets necessarily receive color triplet $8) partners lling out5; 5

representations.
| |

Hy . Hg

T T
As a consequence of complete uni cation the three low energguge couplings are given
in terms of only two independent parameters, the one uni edauge coupling ¢(Mg)
and the uni cation (or equivalently the SU(5) symmetry bre&king ) scaleMg [Georgi
et al (1974)]. Hence there is one prediction. In addition we now @ the dramatic
prediction that a proton is unstable to decay into a ° and a positron, e’ .

Finally complete gauge and family uni cation occurs in the goup SO, [Georgi

(1974), Fritzsch and Minkowski (1974)] with one family cordgined in one irreducible
representation

SH; SH (8)

10+ 5+ 16 9)
and the two multiplets of Higgs uni ed as well.

SH; SH 10y; (10)
(See TabldlL).

GUTs predict that protons decay with a lifetime , of order M¢= émg. The rst
experiments looking for proton decay were begun in the early980s. However at the
very moment that proton decay searches began, motivated byld's, it was shown that
SUSY GUTs naturally increaseM g, thus increasing the proton lifetime. Hence, if SUSY
GUTSs were correct, it was unlikely that the early searches wid succeed [Dimopoulos
et al (1981), Dimopoulos and Georgi (1981), Ibanez and Ross (198Sakai (1981),
Einhorn and Jones (1982), Marciano and Senjanovic (19824t the same time, it was
shown that SUSY GUTSs did not signi cantly a ect the predicti ons for gauge coupling
uni cation (for a review see [Dimopouloset al (1991), Raby (2002a)]). At present,
non- SUSY GUTs are excluded by the data for gauge coupling ucation; where as
SUSY GUTs work quite well. So well in fact, that the low energylata is how probing
the physics at the GUT scale. In addition, the experimental bunds on proton decay
from Super-Kamiokande exclude non- GUTSs, while severelyesting GUTs. Moreover,
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Table 1. This table gives the particle spectrum for the 16 dimension& spinor
representation of SO(10). The states are described in term®f the tensor product
of ve spin 1/2 states with spin up (+) or down () and in addition having an even
number of () spins. f r,b,y g are the three color quantum numbers, and Y is weak
hypercharge given in terms of the formula% © (W) where the sum () is over all
color and weak spins with values ( %). Note, an SO(10) rotation corresponds either
to raising one spin and lowering another or raising (or loweing) two spins. In the table,
the states are arranged in SU(5) multiplets. One readily segthat the rst operation of
raising one spin and lowering another is an SU(5) rotation, vhile the others are special

to SO(10).
State Y Color  Weak
= 2(C) (W) Cspins W spins
0 + + + ++
e 2 + + +
U, + + +
d, + + +
Up 3 + o+ 4+
dp + + +
Uy + + +
dy + + +
u, + ++
Uy 3 + ++
uy + ++
d, +
dp % +
dy +
1 +
e +

future underground proton decay/neutrino observatoriessuch as the proposed Hyper-
Kamiokande detector in Japan or UNO in the USA will cover the mtire allowed range
for the proton decay rate in SUSY GUTSs .

If is so great, if it is Nature, then where are the particles? Experimentalists at
high energy accelerators, such as the Fermilab Tevatron attte CERN LHC (now under
construction), are desperately seeking particles or othesigns of . At underground
proton decay laboratories, such as Super-Kamiokande in Jap or Soudan Il in
Minnesota, USA, electronic eyes continue to look for the fefale signature of a proton
or neutron decay. Finally, they are searching for cold dark atter, via direct detection
in underground experiments such as CDMS, UKDMC or EDELWEISSor indirectly by
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searching for energetic gammas or neutrinos released whemw theutralino dark matter
particles annihilate. In Sect. (2 we focus on the perplexingkgerimental/theoretical
problem of where are these particles. We then consider theéasus of gauge coupling
uni cation (Sect. B), proton decay predictions (Sect.[), grmion masses and mixing
angles (including neutrinos) and the avor problem (Sect.H), and dark matter (Sect.
[@). We conclude with a discussion of some remaining open cfi@ss.

2. Where are the supersymmetric particles ?

The answer to this question depends on two interconnecteddbretical issues {

(i) the mechanism for breaking, and
(ii) the scale of breaking.

The rst issue is inextricably tied to the avor problem. Wh ile the second issue is tied
to the gauge hierarchy problem. We discuss these issues intems[Z1 andZP.

2.1. Breaking Mechanisms

Supersymmetry is necessarily a local gauge symmetry, sifgiastein's general theory of
relativity corresponds to local Poincae symmetry and suprsymmetry is an extension
of the Poincae group. Hence breaking must necessarily bgpontaneous, in order not
to cause problems with unitarity and/or relativity. In this section we discuss some
of the spontaneous breaking mechanisms considered in theetature. However from
a phenomenological stand point, any spontaneous breakingechanism results insoft
breaking operators with dimension 3 or less (such as quadratic or cgtscalar operators
or fermion mass terms) in the e ective low energy theory belo the scale of breaking
[Dimopoulos and Georgi (1981), Sakai (1981), Girardello dnGrisaru (1982)]. There
are a priori hundreds of arbitrary soft breaking parametes (the coe cients of the
soft breaking operators) [Dimopoulos and Sutter (1995)].These are parameters not
included in the SM but are necessary to compare with data or rka predictions for new
experiments.

The general set of renormalizable soft breaking operatgrgreserving the solution
to the gauge hierarchy problem, is given in a paper by [Girasllo and Grisaru (1982)].
These operators are assumed to be the low energy consequefispontaneous breaking
at some fundamental breaking scale s Mgz. The list of soft breaking parameters
includes squark and slepton mass matrices, cubic scalararaction couplings, gaugino
masses, etc. Let us count the number of arbitrary parametefBimopoulos and Sutter
(1995)]. Left and right chiral scalar quark and lepton mass atrices are a priori
independent 3 3 hermitian matrices. Each contains 9 arbitrary parameters Thus
for the scalar partners off Q; u; d; L; eg we have 5 such matrices or 45 arbitrary
parameters. In addition corresponding to each complex 33 Yukawa matrix (one for
up and down quarks and charged leptons) we have a complex sdifteaking trilinear
scalar coupling Q) of left and right chiral squarks or sleptons to Higgs doubts. This
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adds 3 18 = 54 additional arbitrary parameters. Finally, add to these 3 complex
gaugino massesM;; i = 1;2;3), and the complex soft breaking scalar Higgs mass
(B ) and we have a total of 107 arbitrary soft breaking parametes. In additon, the
minimal supersymmetric extension of the SM requires a congX Higgs mass parameter
( ) which is the coe cient of a supersymmetric term in the Lagrangian. Therefore,
altogether this minimal extension has 109 arbitrary paramers. Granted, not all of
these parameters are physical. Just as not all 54 parameters the three complex
3 3 Yukawa matrices for up and down quarks and charged leptonseaobservable.
Some of them can be rotated away by unitary rede nitions of cark and lepton
super elds. Consider the maximal symmetry of the kinetic tem of the theory | global
SUB)o SURB)y, SUEB)y SUEB). SUB). U@R)®> U(@)r. Out of the total
number of parameters { 163 = 109 (new parameters) + 54 (SM pameters) { we can
use theSU(3)° to eliminate 40 parameters and 3 of th&J(1)s to remove 3 phases. The
other 3 U(1)s however, are symmetries of the theory corresponding By L and weak
hypercharge Y. We are thus left with 120 observables, corpgnding to the 9 charged
fermion masses, 4 quark mixing angles arkd7 new, arbitrary observable parameters.

Such a theory, with so many arbitrary parameters, clearly ni@s no predictions.
However, this general MSSM is a \straw man" (one to be struckaivn), but fear not
since it is the worst case scenario. In fact, there are severeasons why this worst case
scenario cannot be correct. First, and foremost, it is se\vay constrained by precision
electroweak data. Arbitrary 3 3 matrices for squark and slepton masses or for trilinear
scalar interactions maximally violate quark and lepton awr. The strong constraints
from avor violation were discussed by [Dimopoulos and Gegr (1981), Dimopoulos
and Sutter (1995), Gabbianiet al (1996)]. In general, they would exceed the strong
experimental contraints on avor violating processes, sticasb! s ,orb! sI'l |
B! * , I e, e conversion in nuclei, etc. In order for this general MSSM
not to be excluded by avor violating constraints, the soft breaking terms must be
either

(i) avor independent,
(ii) aligned with quark and lepton masses or

(i) the rst and second generation squark and slepton mass (v) should be large (i.e.
greater than a TeV).

In the rst case, squark and slepton mass matrices are progmnal to the 3 3 identity
matrix and the trilinear couplings are proportional to the Yukawa matrices. In this
case the squark and slepton masses and trilinear couplinge a@iagonalized in the same
basis that quark and lepton Yukawa matrices are diagonalide This limit preserves
three lepton numbers {L.; L ; L { (neglecting neutrino masses) and gives minimal
avor violation (due only to CKM mixing) in the quark sector [Hall et al (1986)].
The second case does not require degenerate quark avorst lapproximatelydiagonal
squark and slepton masses and interactions, when in the dagal quark and lepton
Yukawa basis. It necessarily ties any theoretical mechanisexplaining the hierarchy
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of fermion masses and mixing to the hierarchy of sfermion nsges and mixing. This
will be discussed further in Section§ 8.2 and$.4. Finallyhé third case minimizes
avor violating processes, since all such e ects are giveryle ective higher dimension
operators which scale as=m?. The theoretical issue is what breaking mechanisms are
\naturally" consistent with these conditions.

Several such breaking mechanisms exist in the literatureéThey are called minimal
supergravity [mSugra] breaking, gauge mediated breakinlzMSB], dilaton mediated
[DMSB], anomaly mediated [AMSB], and gaugino mediated [gME. Consider rst
mSugra which has been the benchmark for experimental seaesh The minimal
supergravity model [Ovrut and Wess (1982), Chamseddiret al (1982), Barbieri et al
(1982), Ibanez (1982), Nillest al (1983), Hallet al (1983)] is de ned to have the minimal
set of soft breaking parameters. It is motivated by the simfest ([Polony (1977)]
hidden sector in supergravity with the additional assumptn of grand uni cation. This
breaking scenario is also known as the constrained MSSM [(3%M] [Kaneet al (1994)].
In MSUGRA/CMSSM there are four soft breaking parameters atMg de ned by m,
a universal scalar massA,, a universal trilinear scalar coupling; M-, a universal
gaugino mass; and ¢By, the soft breaking Higgs mass parameter wherey, is the
supersymmetric Higgs mass parameter. In most analysgsgj and (B, are replaced,
using the minimization conditions of the Higgs potential, {# Mz and the ratio of Higgs
VEVs tan = MH,i=MHg4i. Thus the parameter set de ning mSugra/CMSSM is given

by
Mo; Aog; Mi=; sign( o); tan : (11)

This scenario is an example of the rst case above (with miniad avor violation),
however it is certainly not a consequence of the most genegslpergravity theory and
thus requires further justi cation. Nevertheless it is a usful framework for experimental
searches.

In GMSB models, breaking is rst felt by messengers carryig standard model
charges and then transmitted to to the superpartners of SM pacles [sparticles] via
loop corrections containing SM gauge interactions. Squadnd slepton masses in these
models are proportional to ; with = F=M. In this expression, i; i =1;2;3
are the ne structure constants for the SM gauge interactiosy, F is the fundamental
scale of breaking,M is the messenger mass, and is the e ective breaking scale.
In GMSB the avor problem is naturally solved since all squaks and sleptons with the
same SM charges are degenerate and tAeterms vanish to zeroth order. In addition,
GMSB resolves the formidable problems of model building [{#fat and Ferrara (1977)]
resulting from the direct tree level breaking of sparticls. This problem derives from
the supertrace theorem, valid for tree level breaking,

JI+1)( 1D MZ=0 (12)
where the sum is over all particles with spin] and massM;. It generically leads

to charged scalars with negative mass squared [Fayet and fer (1977), Dimopoulos
and Georgi (1981)]. Fortunately the supertrace theorem isxplicitly violated when
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breaking is transmitted radiatively.* Low energy breaking models [Dimopoulos and
Baby (1981), Dineet al (1981), Witten (1981), Alvarez-Gaumeet al (1982)], with
F M 100 TeV make dramatic predictions [Dimopoulost al (1996)].
Following the seminal work of [Dine and Nelson (1993), Dinat al (1995,1996)] complete
GMSB models now exist (for a review, see [Giudice and RattazAd999)]. Of course
the fundamental breaking scale can be much larger than the eak scale. Note
breaking e ects are proportional to 1=M and hence they decouple aM increases.
This is a consequence of breaking decoupling theorems [EBlwhski and Susskind
9982), Dimopoulos and Raby (1983), Banks and Kaplunovsky983)]. However when
F  10'° GeV then supergravity becomes important.

DMSB, motivated by string theory, and AMSB and gMSB, motivated by brane
models with extra dimensions, also alleviate the avor prblem. We see that
there are several possible breaking mechanisms which sslthe avor problem and
provide predictions for superpartner masses in terms of affundamental parameters.
Unfortunately we do not a priori know which one of these (or soe other) breaking
mechanism is chosen by nature. For this we need experiment.

2.2. Fine Tuning or \Naturalness"

Presently, the only evidence for supersymmetry is indirectgiven by the successful
prediction for gauge coupling uni cation. Supersymmetriparticles at the weak scale are
necessary for this to work, however it is discouraging thahere is yet no direct evidence.
Searches for new supersymmetric particles at CERN or Ferad have produced only
lower bounds on their mass. The SM Higgs mass bound, applitalbo the MSSM when
the CP odd Higgs (A) is much heavier, is 114.4 GeV [LEP2 (2003)In the case of an
equally light A, the Higgs bound is somewhat lower 89 GeV. Squark, slepton and
gluino mass bounds are of order 200 GeV, while the charginoumadl is 103 GeV [LEP2
(2003)]. In addition other indirect indications for new phgics beyond the standard
model, such as the anomalous magnetic moment of the muoa ), are inconclusive.
Perhaps Nature does not make use of this beautiful symmetrnyQr perhaps the particles
are heavier than we once believed.

Nevertheless, global ts to precision electroweak data irhe SM or in the MSSM
give equally good 2=dof [de Boer (2003)]. In fact the t is slightly better for the
MSSM due mostly to the pull ofa . The real issue among enthusiasts is the problem
of ne tuning. If is a solution to the gauge hierarchy problem (making theratio
Mz=Mg 10 * \naturally" small), then radiative corrections to the Z mass should
be insensitive to physics at the GUT scale, i.e. it should natquire any \unnatural”
ne tuning of GUT scale parameters. A numerical test of ne twning is obtained by
de ning the ne tuning parameter (= jﬁ;%j), the logarithmic derivative of the Z
mass with respect to di erent \fundamental” parametersa = f ; M 1-; mg; Ao; :::Q

* It is also violated in supergravity where the right-hand side is replaced by 2N 1)m§:2 with m3-,,
the gravitino mass andN the number of chiral super elds.
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de ned at Mg [Ellis et al (1986), Barbieri and Giudice (1988), de Carlos and Casas
(1993), Andersonet al (1995)]. Smaller values of correspond to less ne tuning and
roughly speakingp = Max( ) !is the probability that a given model is obtained in
a random search over parameter space.

There are several recent analyses, including LEP2 data, bZhHankowski et al
(1997), Barbieri and Strumia (1998), Chankowsket al (1999)]. In particular [Barbieri
and Strumia (1998), Chankowskiet al (1999)] nd several notable results. In their
analysis [Barbieri and Strumia (1998)] only consider valgeof tan < 10 and soft
breaking parameters of the CMSSM or gauge-mediated breaky. [Chankowskiet al
(1999)] also consider large tan = 50 and more general soft breaking scenarios. They
both conclude that the value ofMax( ) is signi cantly lower when one includes the
one loop radiative corrections to the Higgs potential as cqrared to the tree level Higgs
potential used in the analysis of [Chankowslet al (1997)]. In addition they nd that the
experimental bound on the Higgs mass is a very strong constraon ne tuning. Larger
values of the light Higgs mass require larger values of tan Values ofMax( ) < 10
are possible for a Higgs mass 111 GeV (for values of tan < 10 used in the analysis of
[Barbieri and Strumia (1998)]). However allowing for largevalues of tan [Chankowski
et al (1999)] allows for a heavier Higgs. With LEP2 bounds on a SM gtjs mass of 114.4
GeV, larger values of tan > 4 are required. It is di cult to conclude too much from
these results. Note, the amount of ne tuning is somewhat seitive to small changes
in the de nition of . For example, replacinga ! a2 or M2 ! My will change the
result by a factor of 2 1. Hence factors of two in the result are de nition dependent.
Let us assume that ne tuning by 1/10 is acceptable, then is e tuning by 1 part in
100 \unnatural." Considering the fact that the ne tuning necessary to maintain the
gauge hierarchy in the SM is at least 1 part in 18, a ne tuning of 1 part in 100 (or
even 16) seems like a great success.

A slightly di erent way of addressing the ne tuning question says if | assign equal
weight to all \fundamental" parameters at Mg and scan over all values within some
a priori assigned domain, what fraction of this domain is atrady excluded by the low
energy data. This is the analysis that [Strumia (1999)] use® argue that 95% of the
parameter space is now excluded by LEP2 bounds on the speaim and in particular
by the Higgs and chargino mass bounds. This conclusion is pt&ally insensitive to
the method of breaking assumed in the analysis which incledi the CMSSM, gauge-
mediated or anomaly mediated breaking or some variationsfahese. One might still
guestion whether the a priori domain of input parameters, upn which this analysis
stands, is reasonable. Perhaps if we doubled the input parater domain we could nd
acceptable solutions in 50% of parameter space. To discubsstissue in more detail, let
us consider two of the parameter domains considered in [Stnia (1999)]. Within the
context of the CMSSM, he considers the domain de ned by

Mo; JAoj; jM1=2j; | of; jBoj=(0 1) m (13)

where @ b a random number betweera and b and the overall mass scalen is
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obtained from the minimization condition for electroweak ynmetry breaking. He also
considered an alternative domain de ned by

1 o o1
mo=(§ 3ym; j o; J|V|1:21=(§ 3)m; (14)
Ao, Bo=( 3 3)mg

with the sampling of mg; Mi=; o using a at distribution on a log scale. In both
cases, he concludes that 95% of parameter space is excludé&t e light Higgs and
chargino mass providing the two most stringent constraints Hence we have failed to
nd in 95% of the allowed region of parameter spacdBut perhaps we should open the
analysis to other, much larger regions, of parameter spacé&Ve return to this issue in
SectionsdZB and214.

For now however, let us summarize our discussion of naturales constraints with
the following quote from [Chankowskiet al (1999)], \We re-emphasize that naturalness
is [a] subjective criterion, based on physical intuition rdoer than mathematical rigour.
Nevertheless, it may serve as an important guideline that @rs some discrimination
between di erent theoretical models and assumptions. As sh, it may indicate which
domains of parameter space are to be preferred. However, aiwuld be very careful
in using it to set any absolute upper bounds on the spectrum. &Vthink it safer to
use relative naturalness to compare di erent scenarios, ag have done in this paper.”
As these authors discuss in their paper, in some cases the amtoof ne tuning can
be dramatically decreased if one assumes some linear relas between GUT scale
parameters. These relations may be due to some, yet unknowthgoretical relations
coming from the fundamental physics of breaking, such asrahg theory.

In the following we consider two deviations from the simplésle nitions of ne
tuning and naturalness. The rst example, called focus potn[FP] [Feng and Moroi
(2000), Fenget al (2000a,b,c), Feng and Matchev (2001)] is motivated by infreed xed
points of the renormalization group equations for the Higgsiass and other dimensionful
parameters. The second had two independent motivations. Ithe rst case it is
motivated by the avor problem and in this incarnation it is called the radiative
inverted scalar mass hierarchy [RISMH] [Baggeet al (1999,2000)]. More recently it
was reincarnated in the context of SO(10) Yukawa uni cationfor the third generation
guarks and leptons [YU] [Raby (2001), Dernsek (2001), Bar and Ferrandis (2001),
Blazek et al (2002a,b), Auto et al (2003), Tobe and Wells (2003)] scenarios. In both
scenarios the upper limit on soft scalar masses is increasadch above 1 TeV.

2.3. The focus point region of breaking parameter space

In the focus point breaking scenario, Fenget al [Feng and Moroi (2000), Fenget
al (2000a,b)] consider the renormalization group equation®RGE] for soft breaking
parameters, assuming a universal scalar masg at Mg. This may be as in the CMSSM
(Eqn. [I1) or even a variation of AMSB. They show that, if the tp quark mass is
approximately 174 GeV, then the RGEs lead to a Higgs mass whigs naturally of
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order the weak scale, independent of the precise valueno§ which could be as large as
3 TeV. It was also noted that the only ne tuning in this scenaio was that necessary to
obtain the top quark mass, i.e. if the top quark mass is detenimed by other physics then
there is no additional ne tuning needed to obtain electronak symmetry breaking. As
discussed in [Fenget al (2000c)] this scenario opens up a new window for neutralino
dark matter. Cosmologically acceptable neutralino abundaees are obtained even with
very large scalar masses. Moreover as discussed in [Feng adchev (2001)] the focus
point scenario has many virtues. In the limit of large scalamasses, gauge coupling
uni cation requires smaller threshold corrections at the @T scale, in order to agree
with low energy data. In addition, larger scalar masses amefate the avor and
CP problems. This is because both processes result from dige higher dimensional
operators suppressed by two powers of squark and/or sleptomasses. Finally a light
Higgs mass in the narrow range from about 114 to 120 GeV is predicted. Clearly the
focus point region includes a much larger range of soft brkeng parameter space than
considered previously. It may also be perfectly \natural.”

The analysis of the focus point scenario was made within themtext of the CMSSM.
The focus point region extends to values ahg up to 3 TeV. This upper bound increases
from 3 to about 4 TeV as the top quark mass is varied from 174 to7®@ GeV. On the
other hand, as tan increases from 10 to 50, the allowed range in tmey M-, plane
for Ay = 0, consistent with electroweak symmetry breaking, shrinkk As we shall see
from the following discussion, this narrowing of the focusqgint region is most likely an
artifact of the precise CMSSM boundary conditions used in #hanalysis. In fact the
CMSSM parameter space is particularly constraining in theakge tan limit.

2.4. SO(10) Yukawa uni cation and the radiative inverted salar mass hierarchy
[RISMH]

The top quark massM; 174 GeV requires a Yukawa coupling; 1. In the minimal
SO(10) model [MSO,(SM] the two Higgs doubletsH,; Hq4, of the MSSM are contained
in one 10. In addition the three families of quarks and leptanare in 16; i =1;2;3. In
the MSO,(,SM the third generation Yukawa coupling is given by

161016 = (QsHyt + LsH, + Qz3Hgb+ LzHg ) (15
P GQQ )T+ (Qsls + LD T:
Thus we obtain the uni cation of all third generation Yukawa couplings with
== oa= = (16)

Of course this simple Yukawa interaction, with the constant replaced by a 3 3 Yukawa
matrix, does not work for all three families] In this discussion, we shall assume that

For a counter discussion of ne tuning in the focus point regbn, see [Romanino and Strumia (2000)].
] In such a theory there is no CKM mixing matrix and the down quark and charged lepton masses

satisfy the bad prediction 55 D¢ = Me &
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the rst and second generations obtain mass using the same, Kt via e ective higher

dimensional operators resulting in a hierarchy of fermion asses and mixing. In this
case, Yukawa uni cation for the third family (Egn. [I8) is a vey good approximation.

The question then arises, is this symmetry relation consisit with low energy data
given by

M =174:3 51 GeV, my(my) =4:20 0:20 GeV, (a7)
M =1:7770 0:0018

where the error onM is purely a theoretical uncertainty due to numerical errorsn
the analysis. Although this topic has been around for a longme, it is only recently
that the analysis has included the complete one loop thresldocorrections at the weak
scale [Raby (2001), Dernsek (2001), Baer and Ferrandi2001), Blazek et al (2002a,b),
Auto et al (2003), Tobe and Wells (2003)]. It turns out that these corr&ions are very
important. The corrections to the bottom mass arefunctions of squark and gaugino
massestimes a factor of tan m; (m¢)=my(m;) 50. For typical values of the
parameters the relative change in the bottom massn,=m, is very large, of order
50%. At the same time, the corrections to the top and tau masseare small. For
the top, the same one loop corrections are proportional to=tan , while for the tau,
the dominant contribution from neutralino loops is small. These one loop radiative
corrections are determined, through their dependence onusgk and gaugino masses,
by the soft breaking parameters atMg. In the MSO,,SM we assume the following
dimensionful parameters.

Mg, My, M3 Ag; My, (18)

wheremyg is the universal squark and slepton massyg - = mi(1 ~ mg) is the Higgs
up/down mass squaredA, is the universal trilinear Higgs - scalar couplingM -, is the
universal gaugino mass and is the supersymmetric Higgs mass. tan 50 is xed by
the top, bottom and mass. Note, there are two more parametersngy; m2) than
in the CMSSM. They are needed in order to obtain electroweakyrmmetry breaking
solutions in the region of parameter space witin,g : M 1. We shall defer a more
detailed discussion of the results of the MS@SM to Sects.[R]l and6. Su ce it to say
here that good ts to the data are only obtained in a narrow regn of parameter space
given by

p—
Ao 2mMm; Mo 2 Myg; mZ3  0:13 (19)
M1e Mi—; mye > 2 TeV:

Once more we are concerned about ne-tuning witim;s so large. However, we
discover a fortuitous coincidence. This region of parametspace (Eqn.CIP) \naturally"
results in a radiative inverted scalar mass hierarchy wittm#, m3 [Bagger et al
(1999,2000)], i.e. rst and second generation squark anagpton masses are of orden?,
while the third generation scalar masses are much lighter.in8e the third generation
has the largest couplings to the Higgs bosons, they give thardest radiative corrections
to the Higgs mass. Hence with lighter third generation squks and sleptons, a light
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Higgs is more \natural." Although a detailed analysis of netuning parameters is not
available in this regime of parameter space, the results of\eral papers suggest that
the ne-tuning concern is minimal (see for example, [Dimopdos and Giudice (1995),
Chankowski et al (1999), Kaneet al (2003)]). While there may not be any ne-tuning
necessary in the MS@SM region of parameter space (Eqn.[C19), there is still one
open problem. There is no known breaking mechanism which &turally” satis es the
conditions of Egn.[ID. On the other hand, we conclude this g&m by noting that the
latter two examples suggest that there is a signi cant regio of breaking parameter
space which is yet to be explored experimentally.

3. Gauge coupling uni cation

The apparent uni cation of the three gauge couplings at a staof order 3 10'° GeV is,
at the moment, the only experimental evidence for low energgupersymmetry [Amaldi
et al (1991), Elliset al (1991), Langacker and Luo (1991)]. In this section we consid
the status of gauge coupling uni cation and the demise of mimal SU(5).

The theoretical analysis of unication is now at the level rquiring two loop
renormalization group running fromMg to M. Consistency then requires including
one loop threshold corrections at both the GUT and weak scaleOnce GUT threshold
corrections are considered, a precise de nition of the GUTcale Mg) is needed. The
three gauge couplings no longer meet at one scglsince

() t= &t () (20)
where the corrections i( ) are logarithmic functions of mass for all states with GUT
scale mass. In principle, the GUT scale can now be de ned astmassMy of the X; X

gauge bosons mediating proton decay or as the scale where amy couplings meet. We
de ne Mg as the value of where

1Mg) = 2(Mg) - (21)
Using two loop RGE fromMz to Mg, we nd
Ms 3 10" GeV (22)
sh 24
In addition, good ts to the low energy data require
( 3(Mf()3 o) 310 4% (23)

Note the exact value of the threshold correction §), needed to t the data, depends
on the weak scale threshold corrections and in particular otihe particle spectrum.
We shall return to this later. On the other hand, signi cant contributions to the GUT
threshold correction 3 typically arise from the Higgs and GUT breaking sectors of &
y [Brodsky et al (2003)] has argued that the three gauge couplings always mee a GUT at a scale

above the largest GUT mass. He de nes this to be the GUT scaleUnfortunately, this scale cannot be
de ned in the e ective low energy theory.
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theory. Above Mg there is a single coupling constant g ~g which then runs up to
some fundamental scal® , such as the string scale, where the running is cut o. The
GUT symmetry, in concert with supersymmetry, regulates theradiative corrections.
Without the GUT, 3 would naturally take on a value of order one.

Following [Lucas and Raby (1996)] we show that the allowed rigtional dependence
of 3 on GUT symmetry breaking vacuum expectation values [VEVskiquite restricted.
Consider a general SO(10) theory with

(n16+3) 16 + nleﬁ'*' Nio 10 + Nys 45+ N5y 54 + nq 1 (24)

Note, the superpotential for the GUT breaking sector of theheory typically has a U(1)
R symmetry which, as we shall see, has an important consequerfor the threshold
corrections. The one loop threshold corrections are givey b

Me) = gt (25)

with
— 1X
= —

b log I\I\//II—G : (26)

The sum is over all super heavy particles with massM and y is the contribution the
super heavy particle would make to the beta function coe ciat b if the particle were
not integrated out at M.

As a consequence of and the U(1) symmetries, Lucas and Rabyoped the
following theorem: 3 is only a function of U(1) and R invariant products of powers
of VEVs f g, i.e.

3~ , M
=F(ais I + 27
3 (1 m) 5 0g Mo (27)
As an example, consider the symmetry breaking sector givey the superpotential
1
VVsym breaking = M—A(l)(A:i + SSSAl + S4A1A2) (28)

+ Ay( + SA)+ SA?
+ SYSS, + A1A) + S;S®
where the elds transform as followd A1; As; A: A‘l’g 45, fS; SY 54,

; 16; 16, andfSq; ;S40 1. In addition we include the Lagrangian for
the electroweak Higgs sector given by

| _
Lhiggs = [101A110, + Ss10jjr + [z 10ijp: (29)

Wsymbreaking has a [U(1)}] R symmetry. Since is unbroken, the potential has
many F and D at directions. One in particular (Eqgn. B0) breals SO(10) to
SU3) SU(2) U(1)y leaving only the states of the MSSM massless plus some non-
essential SM singlets.

Mli = S(B L), hA\gl = SY (30)
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Table 2. Recent preliminary lower bounds on the proton lifetime into speci ¢ decay
modes from Super-Kamiokande [Jung (2002)].

mode =B limit [10 % yrs]

p! %+e" 57 @ 90%CL:
p! K*+ 1.9 @ 90%CL:

(AY] =—a%X hSi = s diag(111 3=2 3=2) 1,,

h i =vjSU(5) singlei h i = vjSU(5) singlei

The VEVs fa;; ap; &; v;V; S,g form a complete set of independent variables along the F
and D at directions. Note since the superpotential (Eqn[ZB8contains higher dimension
operators xed by the cuto scale M Mpianck the GUT scale spectrum ranges from
10 10°° GeV. Nevertheless the threshold corrections are contralle The only invariant

under a [U(1)I' R rotation of the VEVs is = % By an explicit calculation we nd
the threshold correction

3= ?%l Iog% % log (1(1725))4 +log MMif (32)
Taking reasonable values of the VEVs given by

a=2a=2S,= Mg (32)
and the e ective color triplet Higgs mass

MET 10 Gev (33)
we nd

=16 3 0:030 (34)

Note, the large value ofM ?” IS necessary to suppress proton decay rates as discussed
in the following section.

4. Nucleon Decay : Minimal SU(5) GUT

Protons and neutrons [nucleons] are not stable particleshey necessarily decay in any
GUT. Super-Kamiokande and Soudan Il are looking for these d&y products. The most
recent (preliminary) Super-Kamiokande bounds on the proto lifetime [Jung (2002)]
are given in Table[2. In the future, new detectors 10 times larger than Super-K
have been proposed { Hyper-Kamiokande in Japan and UNO in thgSA. Note, a
generic, dimension 6 nucleon decay operator is given by a 4rrRen operator of the
form (1= ?) qqql Giventhe bound , > 5 10¥%rswe nd > 4 10%GeV.
This is nice, since it is roughly consistent with the GUT scal and with the See-Saw
scale for neutrino masses.
In this section we consider nucleon decay in the Minimal SU(5GUT in more

detail. In minimal SU(5), we have the following gauge and Hijgs sectors. The gauge
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sector includes the gauge bosons for SU(5) which decompasethe SM, to SU(3)
SU(2) U(1) plus the massive gauge bosor¥; X g. ThefX; X gbosons with charges
f(3;2, 5=3); (3;2;5=3)g are responsible for nucleon decay. The minimal SU(5) theory
has, by de nition, the minimal Higgs sector. It includes a sigle adjoint of SU(5),
24, for the GUT breaking sector and the electroweak Higgs sec(Eqn. B)

| |

Mooy T 5; 5u:
The superpotential for the GUT breaking and Higgs sectors dhe model is given by
[Witten (1981), Dimopoulos and Georgi (1981), Sakai (198]1)

W=§Tr 3+ V7Tr 2+ H( +3 V)H: (35)
In general, nucleon decay can have contributions from opé¢oas with dimensions 4, 5
and 6.

4.1. Dimension 6 operators

The dimension 6 operators are derived from gauge boson exaha (see Fig.[11). We
obtain the e ective dimension 6 (four Fermion) operator gien by

B v

L:
M2 wQd (36)
Thus the decay amplitude is suppressed by one power ofMZ. How is My related
to the GUT scale M determined by gauge coupling uni cation? Recall, in genefrave
have
36, Mt

3= 5—InM—G+ 3(Mx; M ): (37)
However in minimal SU(5) we nd
s(Mx;M ) 0 (38)

Thus gauge coupling unication xes the values of the three grameters, f g(
gé=4 ); Mg; Mtg. In addition, the ;(Mg)= 2(Mg) condition gives the relation

= = @ et (39
In the last term we used the approximate relations

My ogshi; M hi: (40)
Hence the natural values for these parameters are given by

My M Mg 3 10% GeV: (41)
As a result, the proton lifetime is given by

5 10%( Mx v (0:015 Ge\f)2 yrs: (42)

3 1016 GeV lattice
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Figure 1. X boson exchange diagram giving the dimension 6 four fermiommperator
for proton and neutron decay.

and the dominant decay mode is

p! %+¢': (43)
Note it is not possible to enhance the decay rate by takiniyl x M without spoiling
perturbativity, since this limit requires 1. On the other hand, M Mg is
allowed.

4.2. Dimension 4 & 5 operators

The contribution of dimension 4 & 5 operators to nucleon degain SUSY GUTs was
noted by [Weinberg (1982); Sakai and Yanagida (1982)]. Dimsion 4 operators are
dangerous. In SUSY GUTs they always appear in the combinatio

(U°D°DYY+(QLD+(E°LL) (44)

leading to unacceptable nucleon decay rates. R parity [Far and Fayet (1979)] forbids
all dimension 3 and 4 (and even one dimension 5) baryon and tep number violating
operators. It is thus a necessary ingredient of any \naturalSUSY GUT.

Dimension 5 operators are obtained when integrating out heg color triplet Higgs
elds.

W H, QYUU+ Hd(QYd5+ LYeE) + (45)
1 _ .
T(Qécqu"' UceE) + T(Qcyl + UgyD)

If the color triplet Higgs elds in Eqgn. B3 f T; Tg have an e ective mass terniM ?” TT
we obtain the dimension 5 operators

1 -
(1=M7")  Q5cedQ QL + UcuaD UGeE ; (46)
denoted LLLL and RRRR operators, respectively. Nucleon decay via dimension 5
operators was considered by [Sakai and Yanagida (1982), [pouloset al (1982), Ellis
et al (1982)]. The proton decay amplitude is then given generidalby the expression
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Figure 2. Color triplet Higgs exchange diagram giving the dimension Superpotential
operator for proton and neutron decay.

T(p! K"+ )/ M% (Loop Factor) (RG) KK * jgqgjpi (47)
T

° |
e (Loop Factor) (RG) '?“'CE m,:
T

The last step used a chiral Lagrangian analysis to remove the* state in favor of the
vacuum state. Now we only need calculate the matrix element a three quark operator
between the proton and vacuum states. This de nes the parare® |4ice USING lattice
QCD calculations. The decay amplitude includes four indepeéent factors:

() Jatice » the three quark matrix element,
(i) ¢, a product of two 3 3 dimensionless coupling constant matrices,

(i) a Loop Factor, which depends on the SUSY breaking squiarslepton and gaugino
masses, and

(iv) M?” , the e ective color triplet Higgs mass which is subject to tke GUT breaking
sector of the theory.

Let us now consider each of these factors in detail.

4.2.1. aiice The strong interaction matrix element of the relevant threequark
operators taken between the nucleon and the appropriate ps#o-scalar meson may
be obtained directly using lattice techniques. However tlse results have only been
obtained recently [Aokiet al (JLQCD) (2000), Aoki et al (RBC) (2002)]. Alternatively,
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chiral Lagrangian techniques [Chadhat al (1983)] are used to replace the pseudo-scalar
meson by the vacuum. Then the following three quark matrix ements are needed.

U (k) = <0j(u d )u jproton(k)>; (48)
U (k) = <0j(u d )u jproton(k)> (49)

and U(k) is the left handed component of the proton's wavefunctionlt has been known
for some time thatj j j | [Brodsky et al (1984), Gavelaet al (1989)] and thatj |
ranges from .003 to .03 Ge¥V[Brodsky et al (1984), Haraet al (1986), Gavelaet al
(1989)]. Until quite recently, lattice calculations did nd reduce the uncertainty inj j;
lattice calculations have reportedj j as low as .006 Ge¥[Gavelaet al (1989)] and as
high as .03 GeV [Hara et al (1986)]. Additionally, the phase between and satis es

[Gavelaet al (1989)]. As a consequence, when calculating nucleon decates
most authors have chosen to use a conservative lower boundhwj j |j | = 0:003
Ge\? and an arbitrary relative phase.

Recent lattice calculations [Aokiet al (JLQCD) (2000), Aoki et al (RBC) (2002)]
have obtained signi cantly improved results. In addition,they have compared the direct
calculation of the three quark matrix element between the raleon and pseudo-scalar
meson to the indirect chiral Lagrangian analysis with the tree quark matrix element
between the nucleon and vacuum. [Aoket al (JLQCD) (2000)] nd

atice = M0jOqgNi = 0:015(1) Ge\: (50)

Also [Aoki et al (RBC) (2002)], in preliminary results reported in conferece
proceedings, obtained

atice = 0:007(1) Ge\?: (51)
They both nd

lattice lattice - (52)

Several comments are in order. The previous theoretical rga Q003GeV <  jaice <
0:03Ge\? has been signi cantly reduced and the relative phase betwee and has been
con rmed. The JLQCD central value is 5 times larger than the pevious \conservative
lower bound." Although the new, preliminary, RBC result is afactor of 2 smaller than
that of JLQCD. We will have to wait for further results. What about the uncertainties?
The error bars listed are only statistical. Systematic unctainties (quenched + chiral
Lagrangian) are likely to be of order 50 % (my estimate). This stems from the fact
that errors due to quenching are characteristically of orde30 %, while the comparison
of the chiral Lagrangian results to the direct calculation bthe decay amplitudes agree
to within about 20 %, depending on the particular nal state meson.

4.2.2. ¢ - Model DependenceConsider the quark and lepton Yukawa couplings in
SUE) {

(h i)10105 + %h i) 1055, (53)
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or in SO(10) {

(hi)1616 1Q;: (54)
The Yukawa couplings
(hi); Yhi) (55)

are e ective higher dimensional operators, functions of gmint () (or higher

dimensional) representations of SU(5) (or SO(10)). The agint representations are
necessarily there in order to correct the unsuccessful pretions of minimal SU(5) (or
SO(10)) and to generate a hierarchy of fermion massesOnce the adjoint (or higher
dimensional) representations obtain VEVsH{ i), we nd the Higgs Yukawa couplings {

HiQ Yy U+ Hg(QYaD+LYE) (56)

and also the e ective dimension ve operators
1 — - _
(1=M") Q3 QQ L+ UcyDUGE : (57)

Note, because of the Clebsch relations due to the VEVs of thedjaint
representations, etc, we have

Yu 6 Cqq6 Cue (58)
and
Yq 6 Ye 6 Cud 6 Cql- (59)

Hence, the 3 3 complex matrices entering nucleon decay are not the same 3 Yukawa
matrices entering fermion masses. Is this complication atlately necessary and how
large can the di erence be? Consider the SU(5) relation {

b= (60)

[Einhorn and Jones (1982), Inouet al (1982), Ibanez and Lopez (1984)]. It is known
to work quite well for small tan 1 2 orlarge tan 50 [Dimopouloset al (1992),
Barger et al (1993)]. For a recent discussion see [Barr and Dorsner (20030n the
other hand, the same relation for the rst two families gives

s = (61)

d— e

leading to the unsuccessful relation
20 MM 5o 62)
My Me
This bad relation can be corrected using Higgs multiplets irhigher dimensional
representations [Georgi and Jarlskog (1979), Georgi and Ngpoulos (1979), Harveyet

al (1980,1982)] or using e ective higher dimensional operat[Andersonet al (1994)].
z E ective higher dimensional operators may be replaced by Hggs in higher dimensional

representations, such as 45 of SU(5) or 120 and 126 or SO(10Using these Higgs representations,
however, does not by itself address the fermion mass hierahng.
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Clearly the corrections to the simple SU(5) relation for Yuawa and ¢ matrices can
be an order of magnitude. Nevertheless, in predictive SUSYU3's the ¢ matrices
are obtained once the fermion masses and mixing angles arelkaplan and Schmaltz
(1994), Babu and Mohapatra (1995), Lucas and Raby (1996), &mpton and Kong
(1996), Blazek et al (1997), Barbieri and Hall (1997), Barbieriet al (1997), Allanach
et al (1997), Berezhiani (1998), Blazeket al (1999,2000), Dernsek and Raby (2000),
Sha and Tavartkiladze (2000), Albright and Barr (2000,20Q), Altarelli et al (2000),
Babu et al (2000), Berezhiani and Rossi (2001), Kitano and Mimura (2Q), Maekawa
(2001), King and Ross (2003), Chen and Mahanthappa (2003)aBy (2003), Ross and
Velasco-Sevilla (2003), Golet al (2003), Aulakh et al (2003)]. In spite of the above
cautionary remarks we still nd the inexact relations

Cqq Cgli Cud Cue / My Mg tan : (63)

In addition, family symmetries can a ect the texture of f qq; Cqi; Cud; CueD. just as it
will a ect the texture of Yukawa matrices.

In order to make predictions for nucleon decay it is necesyato follow these
simple steps. Vary the GUT scale parameters,c+ Mg, Yu; Yq; Ye and SOFT SUSY
breaking parameters until one obtains a good t to the precisn electroweak data.
Whereby we now explicitly include fermion masses and mixirengles in the category of
precision data. Once these parameters are t, then in any pdéctive GUT the matrices
Cqqr Cqii Cud; Cue at Mg are also xed. Now renormalize the dimension 5 baryon and
lepton number violating operators fromMg ! Mz in the MSSM; evaluate the Loop
Factor at Mz and renormalize the dimension 6 operators frofl; ! 1 GeV. The latter
determines the renormalization constanfA; 1.3 [Dernmsek et al (2001)]. [Note, this
should not be confused with the renormalization factoA, :22 [Ellis et al (1982)]
which is used when one does not have a theory for Yukawa magg& The latter RG
factor, takes into account the combined renormalization ofhe dimension 6 operator
from the weak scale to 1 GeV and also the renormalization ofrfeion masses from 1
GeV to the weak scale.] Finally calculate decay amplitudessing a chiral Lagrangian
approach or direct lattice gauge calculation.

Before leaving this section we should remark that we have assed that the
electroweak Higgs in SO(10) models is contained solely in ®&.1 If however the
electroweak Higgs is a mixture of weak doublets from 46 10, and, in addition, we
include the higher dimensional operato[\%(w 16 16, 164), useful for neutrino masses,
then there are additional contributions to the dimension 5 perators considered in (Eqn.
4d) [Babu et al (2000)]. However these additional terms are not required rfmeutrino
masses [Blazeket al (1999,2000)].

4.3. Loop factor

The dimension 5 operators are a product of two fermion and twsralar elds. The scalar
squarks and/or sleptons must be integrated out of the theorgelow the breaking scale.
There is no consensus on the best choice for an appropriateehking scale. Moreover,
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Figure 3. Higgsino and third generation stop - stau loop giving the doninant loop
contribution to dimension 5 nucleon decay.

in many cases there is a hierarchy of particle masses. Henee take the simplest
assumption, integrating out all particles at Mz. When integrating out the particles
in loops, the e ective dimension 5 operators are convertedte ective dimension 6
operators. This results in a loop factor which depends on thgparticle masses and
mixing angles.

Consider the contribution to the loop factor for the procesp! K*™ + in Fig. B
This graph is due to the RRRR operators and gives the dominamontribution at large
tan and a signi cant contribution for all values of tan [Lucas and Raby (1997), Babu
and Strassler (1998), Goto and Nihei (1999), Murayama and &ice (2002)]. Although
the loop factor is a complicated function of the sparticle meses and mixing angles,
it nevertheless has the following simple dependence on theemll gaugino and scalar
masses given by

[ [ ——
t 24+ M 12=2 . (64)
16 2 m2,
Thus in order to minimize this factor one needs

and

m,s Large (66)
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4.4. M&"

The largest uncertainty in the nucleon decay rate is due to #hcolor triplet Higgs mass
parameter M . As M increases, the nucleon lifetime increases. Thus it is usefu
to obtain an upper bound on the value oM ?” . This constraint comes from imposing
perturbative gauge coupling uni cation [Lucas and Raby (197), Goto and Nihei (1999),
Babu et al (2000), Altarelli et al (2000), Dernsek et al (2001), Murayama and Pierce
(2002)]. Recall, in order to t the low energy data a GUT scaléhreshold correction

( s(Mg) ~c)

3% to 4% (67)
G

is needed. ; is a logarithmic function of particle masses of ordévl g, with contributions
from the electroweak Higgs and GUT breaking sectors of the ¢bry.

Higgs GUT breaking .
3t 3 t (68)

M_le_sz .
Mo ): (69)
In Table 3 we have analyzed three di erent GUT theories { the rmimal SU(5) model, an
SU(5) model with natural doublet-triplet splitting and minimal SO(10) (which also has
natural doublet-triplet splitting). We have assumed that the low energy data, including
weak scale threshold corrections, requireg = 4%. We have then calculated the
contribution to 3 from the GUT breaking sector of the theory in each case.

Minimal SU(5) is de ned by its minimal GUT breaking sector with one SU(5)
adjoint . The one loop contribution from this sector to 3 vanishes. Hence, the

4 % must come from the Higgs sector alone, requiring the coltiplet Higgs mass
M?ff 2 10" GeV. Note since the Higgs sector is also minimal, with the dobiet
masses ne-tuned to vanish, we havé " M;. By varying the spectrum at the
weak scale, we may be able to increasgto 3 % or even 2 %, but this cannot save
minimal SU(5) from disaster due to rapid proton decay from Hjgsino exchange.

In the other theories, Higgs doublet - triplet splitting is dtained without ne-
tuning. This has two signi cant consequences. First, the GU breaking sectors are
more complicated, leading in these theories to large negadicontributions to ;. The
maximum value j 3j 10% in minimal SO(10) is xed by perturbativity bounds
[Dernmsek et al (2001)]. Secondly, the e ective color triplet Higgs masslk/l?ff does
not correspond to the mass of any particle in the theory. In fa, in both cases with
\natural" doublet-triplet splitting, the color triplet Hi ggs mass is of ordeMg even
though M Mg. The values forME in Table @ are xed by the value of 4199
needed to obtain 3 = 4%.

Before discussing the bounds on the proton lifetime due to ¢hexchange of color
triplet Higgsinos, let us elaborate on the meaning cWI?ff . Consider a simple case with
two pairs of SU(5) Higgs multiplets,f 5,; 5, gwith i =1;2. In addition, also assume

that only f 5%; 5% g couples to quarks and leptons. ThemM < is de ned by the

3=

i 3
Higgs _ G In
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Table 3. GUT threshold corrections in three di erent theories. The rst column
is the minimal SU(5) theory [Dimopoulos and Georgi (1981) Sakai (1982), Goto and
Nihei (1999), Murayama and Pierce (2002)], the second columis SU(5) with \natural"
Higgs doublet-triplet splitting [Masiero et al (1982), Grinstein (1982), Altarelli et al
(2000)], and the third column is minimal SO(10) model [Blazek et al (1999.2000),
Dernsek et al (2001), Blazek et al (2002a,b)].

Minimal SU(5) SU(5) \Natural" D/T  Minimal SO(10)

GUTbreaking

S 0 -7.7 % - 10 %
Higgs -4% +3.7% +6 %
MET [Gev] 2 10 3 1018 6 101°
expression
1 1
—f (M1 (70)
Mz

where M+ is the color triplet Higgs mass matrix. In the cases with \natiral" doublet -
triplet splitting, we have

0 Mg
M, = 71
T Mo X (71)
with
1 X
MeT M2 : (72)
e

Thus for X~ Mg we haveMS™ Mg and no particle has mass greater tharM g
[Babu and Barr (1993)]. The large Higgs contribution to the ®T threshold correction
is in fact due to an extra pair of light Higgs doublets with mas of orderX .

Due to the light color triplet Higgsino, it has been shown thaminimal SUSY
SU(5) is ruled out by the combination of proton decay constiaed by gauge coupling
uni cation [Goto and Nihei (1999), Murayama and Pierce (20R)] !! In Figs. @ and
we reprint the gures from the paper by [Goto and Nihei (1999. In Fig. @ the
decay rate forp ! K* ; for any one of the three neutrinosi(= e; and ) is
plotted for xed soft breaking parameters as a function of he relative phase 3
between two LLLL contributions to the decay amplitude. The fphase i3 is the relative
phase between one of the LLLL contributions and the RRRR coribution. The latter
contributes predominantly to the  nal state, since it is proportional to the up quark
and charged lepton Yukawa couplings. As noted by [Goto and hei (1999)], the partial
cancellation between LLLL contributions to the decay rates completely lled by the
RRRR contribution. It is this result which provides the stringent limit on minimal
SU(5). As one sees from Fig[4, for the color triplet Higgs nesM; =2  10'® GeV
( Mc in the notation of [Goto and Nihei (1999)]), the universal sglar massmg =
1 TeV and tan = 2:5, there is no value of the phase ,3 which is consistent with
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Figure 4. [Fig. 2: Goto and Nihei (1999)] Decay rates (p! K* j)(i=e; and )
as functions of the phase ,3 for tan = 2:5. The soft breaking parameters are
xed at mg = 1 TeV, Mg = 125 GeV and Ap = 0 with > 0. Mt and M are
taken asMt = M =2 10% GeV. The horizontal lower line corresponds to the
Super-Kamiokande limit (p! K* ) > 55 10% years, and the horizontal upper
line corresponds to the Kamiokande limit (p! K* )> 1.0 10* years. The new
Super-Kamiokande bound is (p! K* )> 1:9 10 years.

Super-Kamiokande bounds. Note, the proton decay rate scal@s tan ?; hence the
disagreement with data only gets worse as tanincreases. In Fig.[b the contour of
constant proton lifetime is plotted in theM+(  M¢) { m(u.) plane, wherem(tt, ) is the
mass of the left-handed up squark for tan = 2:5. Again, there is no value ofn(t,) < 3
TeV for which the color triplet Higgs mass is consistent witlgauge coupling uni cation.
In [Goto and Nihei (1999)] the up squark mass was increased imcreasingmgy. Hence
all squarks and slepton masses increased.
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Figure 5. [Fig. 4: Goto and Nihei (1999)] Lower bound on the colored Higs mass

M+t as a function of the left-handed scalar up quark massny, . The soft breaking
parametersmg; Mg; A are scanned within the range O<mgo< 3 TeV,0<Mg4< 1
TeVand 5 < Ag < 5 withtan xed at 2.5. Both signs of are considered.
The whole parameter region of the two phases 13 and .3 is examined. The solid
curve represents the bound derived from the Super-Kamiokade limit (p! K* )>
5:5 10°2 years and the dashed curve represents the corresponding et without
the RRRR e ect. The left-hand side of the vertical dotted lin e is excluded by other
experimental constraints. The dash-dotted curve represets the bound derived from
the Kamiokande limit on the neutron partial lifetime (n! K% )> 0:86 10°? years.

One may ask whether one can suppress the proton decay rate Ingreasing the
mass of the squarks and sleptons of the rst and second gertga, while keeping the
third generation squarks and sleptons light (in order to preerve \naturalness”). This
is the question addressed by [Murayama and Pierce (2002)].hdy took the rst and
second generation scalar masses of order 10 TeV, with therthgeneration scalar masses
less than 1 TeV. They showed that since the RRRR contributiomloes not decouple in
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this limit, and moreover since any possible cancellation tveeen the LLLL and RRRR
diagrams vanishes in this limit, one nds that minimal SU(5) cannot be saved by
decoupling the rst two generations of squarks and sleptons

Thus minimal SU(5) is dead. Is this something we should be ogerned about. In
my opinion, the answer is no, although others may disagreedi et al (2002)]. Minimal
SU(5) has two a priori unsatisfactory features:

It requires ne-tuning for Higgs doublet-triplet splittin g, and
renormalizable Yukawa couplings due top, 54 alone are not consistent with
fermion masses and mixing angles.

Thus it was clear from the beginning that two crucial ingredents of a realistic theory
were missing. The theories which work much better have \natal" doublet-triplet
splitting and t fermion masses and mixing angles.

4.5. Summary of Nucleon Decay in 4D

Minimal SU(5) is excluded by the concordance of experimeat bounds on proton decay
and gauge coupling uni cation. We discussed the di erent fetors entering the proton
decay amplitude due to dimension 5 operators.

T(p! K*+ ) I\/I%(Loop Factor) '?“ice Mp: (73)
T

We nd

¢2: model dependent but constrained by fermion masses and nmigi angles;

atice . JLQCD central value is 5 times larger than the previous \coservative
lower bound." However one still needs to reduce the systenmatuncertainties of
quenching and chiral Lagrangian analyses. Moreover, the meRBC result is a
factor of 2 smaller thqan JLQCD;

2 2
+M1=2

Loop Factor: /  +s————. Itis minimized by taking gauginos light and the 1st
16

and 2nd generation squarks and sleptons heavy (TeV). However, \naturalness"

requires that the stop, sbottom and stau masses remain lesgan of order 1 TeV;

M?” : constrained by gauge coupling uni cation and GUT breakingsectors.

The bottom line we nd for dimension 6 operators [Lucas and Raby (1997),
Murayama and Pierce (2002)]

My . ,0:015 GeV?,
74
3 105GV e ) YOS 9

Note, it has been recently shown [Klebanov and Witten (200Bjhat string theory can
possibly provide a small enhancement of the dimension 6 optars. Unfortunately the
enhancement is very small. Thus it is very unlikely that thes dimension 6 decay modes
p! %+ ¢e" will be observed.

P! %+e) 5 10°(
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On the other hand for dimension 5 operators in realistic SUSGUTs we obtain
rough upper bounds on the proton lifetime coming from gaugeugpling uni cation and
perturbativity [Babu et al (2000), Altarelli et al (2000), Dernmsek et al (2001)]

(p! K*+ )<(} 3) 1(2?’4(M)2 years (75)
3 lattice
Note in general
(n! K%+ )< (p! K*+ ): (76)

Moreover other decay modes may be signi canfut they are very model dependerfbr
example [Caroneet al (1996), Babuet al (2000)]

p! %+¢; KO+ *: (77)

4.6. Proton decay in more than four dimensions

We should mention that there has been a recent urry of actity on SUSY GUTSs in extra
dimensions beginning with the work of [Kawamura (2001a,b)]However the study of
extra dimensions on orbifolds goes back to the original wodé [Dixon et al (1985,1986)]
in string theory. Although this interesting topic would require another review, let me
just mention some pertinent features here. In these scenasi grand uni cation is only
a symmetry in extra dimensions which are then compacti ed ascales of order #Mg.
The e ective four dimensional theory, obtained by orbifolihg the extra dimensions, has
only the standard model gauge symmetry or at most a Pati-Sata symmetry which
is then broken by the standard Higgs mechanism. In these thees, it is possible to
completely eliminate the contribution of dimension 5 opetars to nucleon decay. This
may be a consequence of global symmetries as shown by [Wit@®02), Dine et al
(2002)] or a continuous U(1y symmetry (with R parity a discrete subgroup)[Hall and
Nomura (2002)]. [Note, it is also possible to eliminate theoatribution of dimension
5 operators in 4 dimensional theories with extra symmetrieBabu and Barr (2002)],
but these 4 dimensional theories are quite convoluted. Thusis di cult to imagine
that nature takes this route. On the other hand, in one or morsmall extra dimensions
the elimination of dimension 5 operators is very natural.] fius at rst glance, nucleon
decay in these theories may be extremely di cult to see. Hower this is not necessarily
the case. Once again we must consider the consequences afidytani cation in extra
dimensions and gauge coupling uni cation.

Extra dimensional theories are non-renormalizable and thefore require an explicit
cuto scale M , assumed to be larger than the compacti cation scalbl.. The Kaluza-
Klein excitations above M. contribute to threshold corrections to gauge coupling
uni cation evaluated at the compacti cation scale. The oneloop renormalization of
gauge couplings is given by

2

S Moy,
0 (M)+bI09( )+ (78)
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where ; are the threshold corrections due to all the KK modes frorivl; to M and can
be expressed as; = kf” |09(m_c) [Hall and Nomura (2001,2002a), Nomurat al (2001),
Contino et al (2002), Nomura (2002)]. In a 5D SO(10) model, broken to PaBalam
by orbifolding and to the MSSM via Higgs VEVs on the brane, it ws shown [Kim and
Raby (2003)] that the KK threshold corrections take a partialarly simple form

iz( ) (2M e og(e)+ (79)
- e o™+ 2P vytog (80)
with
A 2 M
gauge = éqSM (V)IOQ(M_C) (81)
AHiggs =0; (82)

and M.  (R=2) L. Here BMSSM includes the gauge sector and the Higgs sector
together and b°™ (V) includes the gauge sector only. The running equation is wer
simple and permits us to directly compare with well known 4D 8SY GUTSs. In the
minimal 4D SU(5) model, the running equation is given by

2 _ 2 SSM M+ M MegurT \.
i( )_ (Mgur) * H\A log(—) + [f (V) log( Mt ): (83)

whereM+ is the color triplet Higgs mass. As discussed earlier, we cachieve uni cation
by adjusting the color triplet Higgs massMt =2 10" GeV (see TabldB).
Comparing Eqn. [80) and [8B), we observe that if

M MecuT 2
M. =( M )2,
c T

the same uni cation is achieved here. Therefore we géff, = 2 10“GeV and
M =3:7 10"GeV by usingMgyr =3 10*°GeV. A few remarks are in order.
There is no problem with proton decay due to dimension 5 opdms, even though
the color triplet Higgs mass is of order 18 GeV, since these operators are excluded
by R symmetry. In a 5D model, the 4D GUT scale has no fundameritaigni cance.
The couplings unify at the cuto scale and there is no scale,bmve which we have a
perturbative SO(10) GUT.

In Fig. Bl we show the running in the di erence of couplings fotwo independent
cases.

I\ﬁc: M+,

(i) We show the couplings for four dimensional gauge theosewith GUT scale
thresholds, in which the GUT scale is de ned as the point wher ; and , meet
and ; is the relative shift in 3 due to threshold corrections, and

(i) for a ve dimensional SO(10) model where the three coupigs meet at the
cuto scale and the threshold corrections due to the KK towers de ned at the
compacti cation scale.
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Figure 6. Di erential running of , =2 (i2 il) and 3=2 (i3 il).

In both cases, the running of the gauge couplings below thengpacti cation scale must
be the same. Thus we can use the low energy ts from 4D theorigs constrain a 5D
theory.

Note, since the the KK modes of the baryon number violatin§X; X g gauge bosons
have mass starting at the compacti cation scalé. 10" GeV we must worry whether
proton decay due to dimension 6 operators is safe. It has beshown [Altarelli and
Feruglio (2001), Hall and Nomura (2002b), Hebecker and MdreéRussell (2002)] that
this depends on where in the extra dimensions the quarks angptons reside. If they
are on symmetric orbifold xed points, i.e. symmetric undethe GUT symmetry, then
this leads to the standard dimension 6 proton decay operawmhich is ruled out for
the rst and second families of quarks and leptons. Hence thest two families must
be either in the bulk or on broken symmetry xed points. If they are in the bulk, then
the f X; X g mediated processes take massless modes to KK excitationdalhhs not a
problem. Otherwise, if the rst two families are on the broke symmetry xed point,
the wave functions for thefX; X g bosons vanish there. However, certain e ective
higher dimensional operators on the broken symmetry orbifib xed points can allow
the fX; X g bosons to couple to the rst two families. These operators arallowed
by symmetries and they naturally lead to proton lifetimes fop ! e © of order
10** 2 years. The large uncertainty is due to the order of magnitudencertainty in the
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coe cient of these new e ective operators.

Before closing this section, we should make a few commentstbeories with large
extra dimensions of order 1/TeV or as large as 1 mm. In some dfese theories, only
gravity lives in higher dimensions while the ordinary matte and gauge interactions
typically reside on a three dimensional brane [Arkani-Hanteet al (1998)]. While if
the extra dimensions are no larger than 1/TeV, all matter maylive in the bulk. Such
theories replace SUSY with new and fundamental non-pertuative physics at the 1 - 10
TeV scale. These theories must address the question of whynginsion 6 proton decay
operators, suppressed only by 1/Te¥ are not generated. There are several ideas in the
literature with suggested resolutions to this problem. Thginclude:

conserved baryon number on the brane with anomaly canceljnChern-Simons
terms in the bulk,

or displacing quarks from leptons on a \fat" brane with a gausian suppression of
the overlap of the quark/lepton wave functions.

A novel solution to the problem of proton decay is found in 6 gre-time dimensional
theories with all matter spanning the two extra dimensions.It has been shown that
in such theories [Appelquistet al (2001)] a Z(8) remnant of the 6 dimensional Lorentz
group is su cient to suppress proton decay to acceptable l&ls. These theories predict
very high dimensional proton decay operators with multi-pdicle nal states.

5. Fermion masses and mixing

Low energy provides a natural framework for solving the gage hierarchy problem,
while SUSY GUTs make the successful prediction for gauge g@ting uni cation and
the, still un-veri ed, prediction for proton decay. But these successes a ect only a small
subset of the unexplained arbitrary parameters in the staratd model having to do with
the Z and Higgs masses (i.e. the weak scale) and the three gaegupling constants. On
the other hand, the sector of the standard model with the lamgst number of arbitrary
parameters has to do with fermion masses and mixing angles.ra@d uni cation also
provides a natural framework for discussing the problem o&fmion masses, since it
naturally arranges quarks and leptons into a few irreducibl multiplets, thus explaining
their peculiar pattern of gauge charges, i.e. charge quargition and the family structure.
Moreover, it has been realized for some time that the massasdamixing angles of quarks
and leptons are ordered with respect to their generation (damily) number. The rst
generation of quarks and leptond,u; d; e; .g, are the lightest; the second generation,
fc;s; ; g, areall heavier than the rst, and the third generation,ft; b; ; g, are the
heaviest (see Tabl€l4). In addition, the rst two generatios have a weak mixing angle
given by the Cabibbo angle, ¢. If we de ne sin ¢ :22, then the mixing of the
second and third generation is of order? and the rst and third is the weakest mixing
of order 3. This pattern is very elegantly captured in the Wolfensteinrepresentation
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Table 4. Quark and lepton masses in units of MeV/c.

e e u d

1st 107 1/2 2 5

2nd 10 7 105.6 1,300 120

3rd 10 7 1,777 174,000 4,500

of the CKM matrix giv%n by

1
Vud Vus Vub
Vekm = %} Ved Ves Ve § (84)
Vie Vs Vi
0 1 2 H 3 1
1 3 ( i)A
1
% 1 3 2 A 2 §
(1 iY)A 3 A 2 1

with 1=5, A 1 andj i) 1=2.

Although the fundamental explanation for three families istill wanting, it is natural
to assume that the families transform under some family symetry. Such a possibility is
consistent with weakly coupled heterotic string theory whe, for example,E(8) E(8)
and SO(32) are both large enough to contain a GUT group a family symmetry. Such
a family symmetry has many potential virtues.

A spontaneously broken family symmetry can explain the hiarchy of fermion
masses and mixing angles.

In a theory, the family symmetry acts on both fermions and sérmions, thus
aligning the quark and squark, and the lepton and slepton masmatrices. This
suppresses avor violating processes.

The combination of a family and a GUT symmetry can reduce the umber of
fundamental parameters in the theory, hence allowing for arg@dictive theory.

In the following sections, we consider several importantsges. In sectior 8]l we
discuss the simplest case of the third generation only. Hewe discuss the status of
SUB) (= )and SO(10) ({ = p = = ) Yukawa uni cation. In section
we consider several di erent analyses in the literaturr three family models with
either U(1) or non-abelian family symmetry. In sectioli’al3 @ study the relation between
charged fermion and neutrino masses in SUSY GUTSs and consideme examples giving
bi-large neutrino mixing consistent with the data. Finally in section[2.4 we discuss some
experimental consequences of theories of fermion massds. particular, we consider
b! s,(g 2),Bs! * , ! e andthe electric dipole momentsl,; d..
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5.1. Yukawa uni cation

Let us rst discuss the most stringent case of SO(10) Yukawaniication. It has been
shown [Raby (2001), Dernsek (2001), Baer and Ferrandis2001), Blazeket al (2002a,b),
Auto et al (2003), Tobe and Wells (2003)] that SO(10) boundary condiins at the GUT
scale, for soft SUSY breaking parameters as well as for theRéawa couplings of the third
generation, are consistent with the low energy data, inclug M; my(my); M , ONLY
in a narrow region of SUSY breaking parameter space. Moreoy¢his region is also
preferred by constraints from CP and avor violation, as wdlas by the non-observation
of proton decay. Finally we discuss the consequences for tHiggs and SUSY spectrum.

Recall, in SO(10) we have the compelling uni cation of all garks and leptons
of one family into one irreducible representation such thalO + 5+ giie 16
and the two Higgs doublets are also uni ed withS,; 5y 104. Hence, minimal
SO(lO) also predicts Yukawa uni cation for the third family of quarks and leptons
with , = ¢ = = = at the GUT scale [Banks (1988), Olechowski and
Pokorski (1988), Pokorski (1990), Sha and Ananthanarayai(1991);Ananthanarayanet
al (1991,1993,1994), Andersoet al (1993,1994)].

Ignoring threshold corrections, one can use the low energglwe for mpy=m to x
the universal Yukawa coupling . RG running from Mg to M7 then gives (Mz). Then
givenm = p%cos we obtain tan 50. Finally, a prediction for the top quark
mass is given withm; = #5sin 170 20 GeV (see [Andersort al (1993))).

Note, in this case there are insigni cant GUT threshold comections from gauge and
Higgs loops. Nevertheless, the previous discussion is aally a straw man since there
are hugethreshold corrections at the weak scale [Ha#t al (1994), Hemp ing (1994),
Carenaet al (1994), Blazek et al (1995)]. The dominant contributions are from gluino
and chargino loops plus an overall logarithmic contributio due to nite wave function
renormalization given by my=my = m¢+ mj;+ m9+ (see Fig. [¥). These
contributions are approximately of the form

b 3 mZ tan ; (85)
b
2 A
~+ t t
m, 16 2 F tan and (86)
log 0
m, —= Iog( ) 6% (87)
with  mj m, > Ofor > O [with our conventions]. These corrections can easily

be of order 50 %. However good ts require 4%< m p=m,< 2%.

Note, the data favors > 0. First consider the proces®! s . The chargino
loop contribution typically dominates and has opposite sigto the standard model
and charged Higgs contributions for > 0, thus reducing the branching ratio. This
is desirable, since the standard model contribution is a tle too large. Hence < 0
is problematic when trying to t the data. Secondly, the recaet measurement of the
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b & b ~

Figure 7. The one loop gluino (left) and chargino (right) corrections to the bottom
guark mass proportional to ¢ (left) and  (right) and to tan

anomalous magnetic moment of the muon suggests a contribani due to NEW physics
given by aNEW = 22:1(11:3) 10 *° or 7:4(105) 10 ° [Muon g - 2 Collaboration
(2002), Davieret al (2003)] depending on whether one us&e or hadronic decay
data to evaluate the leading order hadronic contributionsFor other recent theoretical
analyses and references to previous work see [Hagiwataal (2003), Melnikov and
Vainshtein (2003)]. However in SUSY the sign d"EY is correlated with the sign of
[Chattopadhyay and Nath (1996)]. Once again the data favors> 0.

Before discussing the analysis of Yukawa uni cation, specally that of [Blazek
et al (2002a,b)], we need to consider one important pointSO(10) Yukawa uni cation
with the minimal Higgs sector necessarily predicts large ta 50. In addition, it
is much easier to obtain EWSB with large tan when the Higgs up/down masses are
split (mZ, < mﬁd) [Olechowski and Pokorski (1995), Matalliotakis and Nills (1995),
Polonsky and Pomarol (1995), Murayama, Olechowski and Poilgki (1996), Rattazzi
and Sarid (1996)]. In the following analysis we consider twoarticular Higgs splitting
schemes we refer to as Just So and D term splittingln the rst case the third generation
squark and slepton soft masses are given by the universal m@smrametermig, and only
Higgs masses are splitmf, ., , = mi; (1 mZ). In the second case we assume D
term splitting, i.e. that the D term for U(1)x is non-zero, whereU(1)x is obtained
in the decomposition of SO(10) ! SU(B) U(1)x. In this second case, we have
My, 1y = Mio  2Dx, My g = Mig+ Dx, mé. ) = mig 3Dx. The Just So
case does not at rst sight appear to be very well motivated. blvever we now argue
that it is quite natural [Blazek et al (2002a,b)]. InSO(10), neutrinos necessarily have
a Yukawa term coupling active neutrinos to the \sterile" netrinos present in the 16.

In fact for we have L LH,wthL =L{=Lp=1L L. In order to
obtain a tau neutrino with massm 0:05 eV (consistent with atmospheric neutrino
oscillations), the \sterile"  must obtain a Majorana massvi 10" GeV. Moreover,

since neutrinos couple tdd, (and not to Hy) with a fairly large Yukawa coupling (of order

x Just So Higgs splitting has also been referred to as non univsal Higgs mass splitting or NUHM
[Berezinsky et al (1996), Blazek et al (1997a,b), Nath and Arnowitt (1997)].
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Figure 8. 2 contours for myg = 1:5 TeV (Left) and mys = 2 TeV (Right). The
shaded region is excluded by the chargino mass limiin - > 103 GeV.

0.7), they naturally distinguish the two Higgs multiplets. With L =0 :7 andM = 10%*
GeV, we obtain a signi cant GUT scale threshold correction wh  mZ 7%, about
1/2 the value needed to t the data. At the same time, we obtaina small threshold
correction to Yukawa uni cation  1:75%.

5.1.1. 2 Analysis [Blazek et al (2002a,b)] Our analysis is a top-down approach
with 11 input parameters, de ned at Mg, varied to minimize a 2 function composed
of 9 low energy observables. The 11 input parameters arélg; c(Mg); 3; the
Yukawa coupling L, and the 7 soft SUSY breaking parameters M 1-,; Ap; tan ,
m%s; m2,, mZ (Dyx) for Just So (D term) case. We use two (one)loop renormalizan
group [RG] running for dimensionless (dimensionful) paraeters fromMg to Mz and
complete one loop threshold corrections aM; [Pierce et al (1997)]. We require
electroweak symmetry breaking using an improved Higgs patial, including m{ and
m¢ corrections in an e ective 2 Higgs doublet model beloM &, [Haber and Hemp ing
(1993), Carenaet al (1995,1996)]. Note, in the gures we have chosen to keep tbre
input parameters ; M 1, mis xed, minimizing 2 with respect to the remaining 8
parameters only. The 2 function includes the 9 observables; 6 precision electraake
data gv; G; s(Mz)=0:118 (Q002) Mz; Myw; new and the 3 fermion masses
Mip = 174:3 (5:1); mp(myp) = 4:20 (020); M . Fig. 8 (Left) shows the constant 2
contours formyg = 1:5 TeV in the case of Just So squark and slepton masses. We nd
acceptable ts ( 2 < 3) for A 1:9mi, My  Li4dmgandmyg  1:2 TeV. The best
ts are for myg 2 TeV with 2 < 1. Fig. 1 (Right) shows the constant 2 contours for
mie = 2 TeV. Fig. 9 gives the constantmy(m,) and m ,=m, contours form;g = 2 TeV.
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Figure 9. Contours of constant my(mp)[GeV] (Left) and my in % (Right) for
mqg = 2 TeV.

We see that the best ts, near the central value, are found wit 4%  m ,=my 2%.
The chargino contribution (Eqn. 86) is typically opposite n sign to the gluino (Eqn.
85), sinceA; runs to an infrared xed point / M-, (see for example, [Carenat al
(1994)]). Hence in order to cancel the positive contributio of both the log (Eqn. 87)
and gluino contributions, a large negative chargino contoution is needed. This can
be accomplished for A; > mg and m, m,, . The rst condition can be satis ed
for Ap large and negative, which helps pulh; away from its infrared xed point. The
second condition is also aided by largl;. However in order to obtain a large enough
splitting between m;;, and m, , large values ofm;s are needed. Note, that for Just So
scalar masses, the lightest stop is typically lighter thanhte sbottom. We typically nd
m, 3 mg. On the other hand, D term splitting with Dx > 0 givesm, ~ mg. As
a result in the case of Just So boundary conditions excelleris are obtained for top,
bottom and tau masses; while for D term splitting the best tsgive my(my)  4:59
GeVk

k Note, [Auto et al (2003), Tobe and Wells (2003)] use a bottom-up approach in thir analysis. The
results of [Auto et al (2003)] are in signi cant agreement with [Blazek et al (2002a,b)], except for the
fact that they only nd Yukawa uni cation for larger values o f mg of order 8 TeV and higher. The
likely reason for this discrepancy has been explained by [Tme and Wells (2003)]. They show that
[and | quote them] \Yukawa couplings at the GUT scale are very sensitive to the low-energy SUSY
corrections. An O(1%) correction at low energies can geneta close to a O(10%) correction at the
GUT scale. This extreme IR sensitivity is one source of the vaance in conclusions in the literature.
For example, course-grained scatter plot methods, which a so useful in other circumstances, lose some
of their utility when IR sensitivity is so high. Furthermore , analyses that use only central values of
measured fermion masses do not give a full picture of what rage of supersymmetry parameter space

enables third family Yukawa uni cation, since small deviations in low-scale parameters can mean so
much to the high-scale theory viability." It should also be noted that [Tobe and Wells (2003)] suggest
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The bottom line is that Yukawa uni cation is only possible ina narrow region of
SUSY parameter space with

Ao 1.9my; My 1.4 myg; (88)
(; M) 100 500GeV andmys 12 TeV: (89)

It would be nice to have some a priori reason for the fundameait SUSY breaking
mechanism to give these soft SUSY breaking parameters. Hoee without such an
a priori explanation, it is all the more interesting and encoraging to recognize two
additional reasons for wanting to be in this narrow region gbarameter space.

(i) One mechanism for suppressing large avor violating presses in SUSY theories is
to demand heavy rst and second generation squarks and slepis (with mass
TeV) and the third generation scalars lighter than a TeV. Sine the third generation
scalars couple most strongly to the Higgs, this limit can dtileave a \naturally”
light Higgs [Dimopoulos and Giudice (1995)]. It was shown #t this inverted
scalar mass hierarchy can be obtained \naturally," i.e. pwly as a consequence of
renormalization group running fromMg to Mz, with suitably chosen soft SUSY
breaking boundary conditions atM g [Baggeret al (1999,2000)]. All that is needed
is SO(10) boundary conditions for the Higgs mass (i.em,q), squark and slepton
masses (i.eimyg) and a universal scalar couplingdq. In addition, they must be in
the ratio [Baggeret al (2000)]

A3=2 mi; =4 m%; with my TeV: (90)

(i) In order to suppress the rate for proton decay due to dintesion 5 operators one
must also demand [Dernseket al (2001)]

( M 1:2) Mye;, with Mjg > few TeV: (91)

5.1.2. Consequences for Higgs and SUSY Searchés Fig. 10 we show the constant
light Higgs mass contours fomg = 1:5 and 2 TeV (solid lines) with the constant 2
contours overlayed (dotted lines). Yukawa uni cation for 2 1 clearly prefers a light
Higgs with mass in a narrow range, 112 - 118 GeV.

In this region the CP odd A, the heavy CP even Higgdd and the charged Higgs
bosonsH are also quite light. In addition we nd the mass oft; (150 250) GeV,
b (450 650) GeV, r (200 500) GeV,g- (600 1200) GeV, * (100 250)
GeV, and ¥ (80 170) GeV. All rst and second generation squarks and sleptsn
have mass of ordemys. The light stop and chargino may be visible at the Tevatron.
With this spectrum we expectt; ! ~" bwith ~* I 01 to be dominant. Lastly ¢
is the LSP and possibly a good dark matter candidate (see foxample, [Roszkowskeet
al (2001)] and Fig. 11).

a di erent soft breaking solution consistent with Yukawa u ni cation. In particular, they suggest an
extension of AMSB with the addition of a large universal scar massmg 2 TeV.
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Figure 10. Contours of constant m,, [GeV] (solid lines) with 2 contours from Fig.
1 (dotted lines) for myg = 1:5 TeV (Left) and mi = 2 TeV (Right).

Our analysis thus far has only included third generation Yukwa couplings; hence
no avor mixing. If we now include the second family and 2-3 faily mixing, consistent
with Vg, we obtain new and signi cant constraints onm, and ma. The stop mass
is constrained byB(b! s ) to satisfy mN > 450 GeV (unfortunately increasing
the bottom quark mass). In addition, as shown by [Babu and Kda (2000), Dedest
al (2001), Isidori and Retico (2001)] the one loop SUSY corréahs to CKM mixing
angles (see Blazeket al (1995)) result in avor violating neutral Higgs couplings. As
a consequence the CDF bound on the proceBg ! places a lower bound on
ma 200 GeV [Babu and Kolda (2000), Dedest al (2001), Isidori and Retico (2001)].

2. on the other hand, increases asi5o increases. However the increase ir? is less
than 60% forma < 400 GeV. Note, theH ; H° masses increase linearly witma.

5.1.3. SU(5) Yukawa uni cation Now consider Yukawa uni cation in SU(5). In this
case we only have the GUT relation , = . The RG running of the ratio ,= to
low energies then increases (decreases) due to QCD (Yukawagractions. In addition,
neglecting Yukawa interactions, this ratio is too large attie weak scale. For a top quark
massM; 175 GeV, a good tis obtained for smalltan 1 [Dimopouloset al (1992),
Barger et al (1993)]. In this case, only the top quark Yukawa coupling ismportant.
While for large tan 50 we recover the results of SO(10) Yukawa uni cation. For a
recent analysis, see [Barr and Dorsner (2003)].
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Figure 11. Constant 2 contours as a function of ; M ;-, for mg = 3 TeV. Note the
much larger range of parameters with 2 < 1 for this larger value of mig. The green
shaded region is consistent with the recent WMAP data for dak matter abundance of
the neutralino LSP. The light shaded region in the lower left hand corner (separated
by the solid line) is excluded by chargino mass limits, whilethe light shaded region in
the upper left (right side) is excluded by a cosmological dak matter abundance which
is too large (Higg mass which is too light). To the left of the vertical contour for a
light Higgs with mass at the experimental lower limit, the li ght Higgs mass increases
up to a maximum value of about 121 GeV at the lower left-hand aceptable boundary.

5.2. Fermion mass hierarchy & Family symmetry

In both the standard model and the MSSM, the observed patteraf fermion masses and
mixing angles has its origin in the Higgs-quark and Higgsg&n Yukawa couplings. In
the standard model these complex 3 3 matrices are arbitrary parameters which are
under constrained by the 13 experimental observables (9 ¢gad fermion masses and 4
guark mixing angles). [We consider neutrino masses and nigi angles in the following
section.] In the MSSM more of the Yukawa parameters are in piiple observable,
since left and right-handed fermion mixing angles a ect squrk and slepton masses and
mixing. [We consider this further in Section 5.4.] What cansay about fermion masses?
alone constrains the Yukawa sector of the theory simply byequiring that all terms in
the superpotential are holomorphic. Combined with avor synmetries, the structure of
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fermion masses can be severely constrained. On the other datihe only information we
have about these avor symmetries is the fermion masses andxing angles themselves,
as well as the multitude of constraints on avor violating irteractions. There are,
perhaps, many di erent theories with di erent family symmetries that t the precision
low energy dataincluding fermion masses and mixing angles). The goal is tod a set
of predictive theories, i.e with fewer arbitrary parametes than data, that t this data.
The more predictive the theory, the more testable it will bg. Within the context of
the MSSM, theories have been constructed with U(1) family symetries [Binetruy et al
(1996), Elwoodet al (1997,1998), Irge®t al (1998), Faraggi and Pati (1998), Kakizaki
and Yamaguchi (2002), Dreineet al (2003)], with discrete family symmetries [Frampton
and Kephart (1995a,b), Hall and Murayama (1995), Caronet al (1996), Carone and
Lebed (1999), Frampton and Rasin (2000), Arandat al (2000)] or non-abelian family
symmetries [Hall and Randall (1990), Dinet al (1993), Nir and Seiberg (1993), Pouliot
and Seiberg (1993), Leureet al (1993,1994), Pomarol and Tommasini (1995), Hall and
Murayama (1995), Dudaset al (1995,1996), Barbieriet al (1996), Arkani-Hamedet al
(1995,1996), Barbieriet al (1997), Eyal (1998)]. However, the most predictive theorse
combine both grand uni ed and family symmetries [Kaplan andschmaltz (1994), Babu
and Mohapatra (1995), Lucas and Raby (1996), Frampton and K (1996), Blazek
et al (1997), Barbieri and Hall (1997), Barbieriet al (1997), Allanach et al (1997),
Berezhiani (1998), Blazeket al (1999,2000), Dermsek and Raby (2000), Sha and
Tavartkiladze (2000), Albright and Barr (2000,2001), Altaelli et al (2000), Babuet al
(2000), Berezhiani and Rossi (2001), Kitano and Mimura (2Q), Maekawa (2001), King
and Ross (2003), Chen and Mahanthappa (2003), Raby (2003)p$% and Velasco-Sevilla
(2003), Gohet al (2003), Aulakh et al (2003)]. The Yukawa couplings in a predictive
theory are completely de ned in terms of the states and symnres of the theory. The
ultimate goal of this program is to construct one (or more) othese predictive theories,
providing good ts to the data, in terms of a more fundamentaltheory, such as M
theory. Only then will higher order corrections to the theoy be under full control. It
is important to remark at this stage that any theory, derivedfrom some fundamental
theory, includes non-renormalizable higher dimension ogdors. The higher dimension
operators are suppressed by the fundamental scale (for exalen the string scaleMs)
which is assumed to be greater than the GUT scalklg. As we shall now see, these
higher dimension operators are useful in explaining the maachy of fermion masses.
The 3 3 up, down and charged lepton mass matrices are given by the ssaerms:

Empirical descriptions of the quark mass matrices have beelscussed in all the papers
referenced above. As an example, consider the following ¢ing incorporating the
hierarchy of masses and mixing angles in an SU(5) GUT with U( family symmetry

{ Of course, if or proton decay is observed then there will be nuch more low energy data available to
test these theories.
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Table 5. U(1) charge Q of Higgs and matter elds in the (1st,2nd,3rd) generation.
ed Hy Hyg 10=fQ, u, eg 5=fd, Lg
Q -2 1 (4,3,1) (4,2,2) (1,-1,0)

by [Altarelli et al (2000)]
0

6 5 3 0 5 3 31
Yu:% 5 4 2§; Yd:YeT:%4 2 2§4: (93)
8 21 2.1 1

Order 1 coe cients of the matrix elements are implicit. We then obtain the rough
empirical relations.

— — 2 4

Me=my my=me Vi (94)
— — 2 2.

Ms=Mj Mg=Mmg A :

In addition, the Yukawa matrices for down quarks and chargebkptons satisfy the SU(5)
relations

b= 5 s= 5 d= ¢ (95)
This works for the third generation, as discussed in Sectiob.1.3, however it clearly

doesn't work for the rst and second generations, where it gés the unacceptable
prediction

20 Ms=My = M =M, 200 (96)

Hence in this SU(5) model with U(1) family symmetry, an addibnal Higgs in the
75 dimensional representation (with U(1) charge zero) alsmntributes to down quark
and charged lepton Yukawa matrices [Altarelliet al (2000)]. The arbitrary, order one
coe cients for each term in the Yukawa matrix are then t to th e quark masses and
mixing angles and charged lepton masses. Note in this thedhere are more arbitrary
parameters, than fermion mass observables; hence there acepredictions for fermion
masses and mixing angles. Nevertheless, predictions foofan decay are now obtained.
Moreover, given a model for soft breaking terms like the CMSM, one can also predict
rates for avor violating processes.

The structure for these Yukawa matrices are determined by th U(1) family
symmetry, spontaneously broken by a scalar eld with U(1) charge 1. The symmetry
breaking eld s inserted into each element of the Yukawa matrix in order t@btain
a U(1) invariant interaction. This results in e ective higher dimensional operators
suppressed by a scal& with h =M. This is the Froggatt-Nielsen mechanism
[Froggatt and Nielsen (1979), Berezhiani (1983,1985), Dapoulos (1983), Baggeet al
(1984)]. For a review see [Raby (1995)]. Given the U(1) cha@ssignments in Table 5
[Altarelli et al (2000)] we obtain the Yukawa matrices in Eqn. 93. Similar magmatrices
using analogous U(1) family symmetry arguments have also dre considered.
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Using a non-abelian family symmetry, such as SU(2) U(1) or SU(3) or discrete
subgroups of SU(2), models with fewer arbitrary parametelis the Yukawa sector have
been constructed. An example of a very predictive SO(10) GUwith SU(2) U(1)"
family symmetry is given by [Barbieriet al (1997(a,b),1999), Blazeket al (1999,2000)].
An analogous model can be obtained by replacing the SU(2) fagnsymmetry with
a discrete subgroup D(3) [Dernsek and Raby (2000)]. The mdel incorporates the
Froggatt-Nielsen mechanism with a hierarchy of symmetry leaking VEVs explaining
the hierarchy of fermion masses. The e ective fermion masgerators are given in Fig.
12. In particular, the family symmetry breaking pattern

sy, U ! U, ! nothing 97)

with small parameters ~and © respectively, gives the hierarchy of masses with
the 3rd family  2nd family  1st family. It includes the Georgi - Jarlskog [Georgi
and Jarlskog (1979)] solution to the unacceptable SU(5) edlon (Eqn. 96) with the
improved relation

ms %m T My 3Me: (98)
This is obtained naturally using the VEV
M5 =(B L) Mg: (99)

In addition, it gives the SO(10) relation for the third geneation
(= p= = - (100)

and it uses symmetry arguments to explain whyn, < my4 even thoughm, Mp.
Finally the SU, family symmetry suppresses avor violation such as ! e . When
SO(10) SU(2) U(1)" is broken to the MSSM the e ective Yukawa couplings (Egn.
102) are obtained. The superpotential for this simple modé$ given by

W 16,10 16+ 16, 10 @ (101)
a ab
+ (M 2+ 45W1@ + 45%160+Aab160)

where ?2; S = gba; A3 = Aba gre the familon elds whose VEVs break the family
symmetry, M = M (1+ X + Y )with X; Y charges associated with Uk v, the

orthogonal U(1) subgroups of SO(10), and 2; , g are the heavy Froggatt-Nielsen
elds. After the heavy states are integrated out of the theory we obtain the e ectig

fermion mass operators given in Fig. 12. These four Feynmarmadgrams lead to the
following Yukawa matrlces for quarks and charged leptons.

-§
-8

§ (102)
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£
163 163
+1q4 M M5 \fh a
16, a Ta 163
+10H M M5 v hS22
16, 2 i 16,
+ ]_OH M *Aab
16, a Ta 16,

Figure 12. E ective fermion mass operators. The elds ?2; S = gba: p3b = Aba
spontaneously break the SU(2) U(1)" family symmetry with / h 2i, ~/ h S??i,

and °/h A1},
0 0 0 3 1
Ye:% 0 3~ 3 §
3 3 1
with
= hl=h?; ~/ hsS%=M; (103)
/ h 2%i=M; ©° hA®R=M;
1+

1 3
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Table 6. Fit to fermion masses and mixing angles for SO(10) GUT with SUY?2)
U()" family symmetry [Blazek et al (1999)].

Observable Data( Ymasses in GeV Theory

M 91.187 (0.091) 91.17

Mw 80.388 (0.080) 80.40

G 10° 1.1664 (0.0012) 1.166

e 137.04 (0.14) 137.0

s(Mz) 0.1190 (0.003) 0.1174
new 10° -1.20 (1.3) +0.320

M 173.8 (5.0) 175.0

Mp(Mp) 4.260 (0.11) 4.328

Mp Me 3.400 (0.2) 3.421

Ms 0.180 (0.050) 0.148

Mg=Ms 0.050 (0.015) 0.0589
Q 2 0.00203 (0.00020) 0.00201
M 1.777 (0.0018) 1.776

M 0.10566 (0.00011) 1057

Me 10° 0.5110 (0.00051) 0.5110
Vis 0.2205 (0.0026) 0.2205
Veb 0.03920 (0.0030) 0.0403
Vb =Veb 0.0800 (0.02) 0.0691
Bk 0.860 (0.08) 0.8703
B(b! s) 10 3.000 (0.47) 2.995

TOTAL 2 3.39

The model has only 9 arbitrary Yukawa parameters (6 real paraeters
fi j;ii: 0490101 0199 and three phases = - ; @) to tthe 13 fermion
masses and mixing angles (we have taken= 0). The t to the low energy data is
given in Table 67 More details of this t are found in [Blazek et al (1999)] and the
predictions for proton decay are found in [Dernseket al (2001)]. Note, the model ts
most of the precision electroweak data quite well. In [Blak et al (1999)] there is also
a prediction for sin2 = 0:54 which should be compared to the present experimental
value 0727 (Q036). The prediction for sin2 is 0 by 5 . In addition the present
experimental value forV =V, is 0:086 (Q008), hence this t (Table 6) is somewhat
worse than before. Both of these quantities are predictiordue solely to the zeros in
the 11, 13 and 31 elements of the Yukawa matrices [Hall and Rag1993), Roberts
et al (2001), Kim et al (2004)]. These poor ts are remedied with the addition of a
non-vanishing 13 / 31 element, i.e. 6 0. In this case a good t is obtained with one
additional real parameter [Kim et al (2004)].

* Note, some of the data, used in this t, have signi cantly imp roved in recent years.
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Table 7. Input parameters at Mg for tin Table 6 [Blazek et al (1999)].

(1/ g;Mg; 3)= (24 :52; 3:.05 10'® GeV, 4:08%),

(;:5 =5 % )= (0:79; 0:045, 0:84; 0:011; 0:043 0:0031; 0:00),
( + = 4 )= (0:73, 1:21; 3:72)rad,

(M1s; M1=p; Ao; (Mz)) = (1000; 30G, 1437 110) GeV,
((mp,=myg)?; (My, =mMye)?;tan ) = (2:22; 1:65; 53.7)

5.3. Neutrino masses

The combined data from all neutrino experiments can be t byhe hypothesis of neutrino
oscillations with the neutrino masses and mixing angles @iu by

mZ, = jm3 m3 3 10 3%eV? (104)
m2,= jm3 mi 7 10 °eV?

08<sin2¢<1

For recent theoretical analyses of the data, see [Bargetrral (2003), Maltoni et al (2003),
Gonzales-Garcia and Pena-Garay (2003)]. This so-calleddrge neutrino mixing is well
described by the PMNS mixing matrix
0 1 0 10 1
e Csol Ss 1
S R PP
= 2 1= é 3
which takes mass eigenstates into avor eigenstates. The3lmixing angle satis es
sin 13< 0:2 at3 [Maltoni et al (2003)].

Using the See-Saw mechanism [Yanagida (1979), Glashow @Q7Gell-Mann et
al (1979), Mohapatra and Senjanovic (1980)], neutrino massese given in terms of
two completely independent 3 3 mass matrices, i.e. the Dirac mass matrisn and
a Majorana mass matrixMy via the formulaM = m" MN1 m . The smallness of
neutrino masses is explained by the large Majorana mass scaif order 16* 10" GeV;
very close to the GUT scale. In addition, the large mixing arlgs needed to diagonalize
M can be directly related to large mixing inm , in My or in some combination of
both. Lastly, the Dirac neutrino mass matrix m is constrained by charged fermion
masses in SO(10), but not in SU(5) where it is completely ingendent.

The major challenge for theories of neutrino masses is to alot two large mixing
angles; as compared to charged fermions where we only haveakmmixing angles in
Vckm - There are several interesting suggestions for obtainingrge mixing angles in the

literature. [For recent reviews of models of neutrino massesee [Altarelli and Feruglio
(2003), Altarelli et al (2003), King (2003)].]

Degenerate neutrinos and RG running [Mohapatrat al (2003)],

It was shown that starting with three degenerate Majorana ngrinos and small
mixing angles at a GUT scale, that RG running can lead to bi-lge neutrino
mixing at low energies.
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Minimal renormalizable SO(10) [Gohet al (2003), Bajcet al (2003)],
SO(10) with Higgs in the 10 andl126 representations can give predictable theories
of fermion masses with naturally large neutrino mixing angk.

Dominant Majorana neutrinos [King (1998,2000)],
It was shown that large neutrino mixing can be obtained via agling to a single
dominant right handed neutrino.

Minimal Majorana sector [Framptonet al (2002), Raidal and Strumia (2003), Raby
(2003)],

It was shown that a simple model with two right handed neutrims can accommodate
bi-large neutrino mixing with only one CP violating phase. h such a theory, CP

violating neutrino oscillations measured in low energy aeterator experiments are
correlated with the matter { anti-matter asymmetry obtained via leptogenesis.

Lopsided charged lepton and down quark matrices [Lola and B® (1999), Nomura
and Yanagida (1999), Albright and Barr (2000(a,b),2001), harelli et al (2000),
Barr and Dorsner (2003)].

In SU(5) (or even in some SO(10) models) the down quark mass tma is related

to the transpose of the charged lepton mass matrix. A largeftehanded

mixing angle is thus directly related to a large right-handé s b mixing angle.
Whereas right-handed quark mixing angles are not relevanbif CKM mixing, the

large left-handed charged lepton mixing angle can give lag mixing.

Let us now consider the last two mechanisms in more detail.

5.3.1. SU(B) U(1) avor symmetry One popular possibility has the large
mixing in the Dirac charged Yukalwa matrix with

0
V.- B

The neutrino Dirac Yukawa matrix and the Majorana matrix aregiven by

5 4 2

32 1§ o4z vyl (105)
3 2 1

0 3 21
Y:% 0 1§ (106)

0 1

0 > 1 1
MN:%1 0 o§ (107)

01

where we use the results of [Altarellet al (2000)]. The light neutrino mass matrix is
given by the standard See-Saw formula. We obtain:

0 1
4 2 2

M =U§% 2 1 1§ Ue V2=M: (108)
2.1 1
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where v, is the VEV of the Higgs doublet giving mass to the up quarksM is the
heavy Majorana mass scale andll entries in each matrix are speci ed up to order one
coe cients . Ug is the mixing matrix taking left-handed charged leptons inb the mass
eigenstate ba%is. It is given b){

mZ2 0 O
% 0 m 0 §= UY (Yo YY) Uy MHgi? (109)
0 0 m?
where
0 1
4 2 2
Yng:% 2 1 1§ (110)
2.1 1

up to order one coe cients. It is clear that without order one coe cients, the neutrino
mixing matrix is the identity matrix. Hence the arbitrary or der one coe cients are
absolutely necessary to obtain bi-large neutrino mixing. Hierarchical neutrino masses
with mz3  m, my and bi-large neutrino mixing can naturally be obtained [Alarelli
and Feruglio (2003)].

Of course, dierent U(1) charge assignments for all the eld can lead to other
experimentally acceptable solutions to the solar neutrinproblem. For a review and
further references, see [Altarelli and Feruglio (2003)].

5.3.2. SOy [SU, Ufles model Within the context of the SOy [SU, U;'les model,
bi-large neutrino mixing is naturally obtained using the mehanism of the minimal two
Majorana neutrino sector. The Dirac neutrino mass is xed ote charged fermion masses
and mixing angles gre t. It is given by the formulla:

0 01 g !
Y = % 0l 3~ 3 §
3 3 1
with! = 2 =(2 1) and the Dirac neutrino mass matrix given bym Y p"—§ sin .

Of course, all the freedom is in the Majorana neutrino sector The FGY ansatz
[Frampton et al (2002)] is obtained with the following Majorana neutrino setor [Raby
(2003)]:

16
Wheurino = —+ N1 16, + N, %16, + N3 16

1
t3 S; N2 + S, N2

=<

wherefN;; | = 1;2;3g are SO(10) and SU(2) - avor singlets. In this version of the
theory, the symmetric two index tensor avon eld S? is replaced by an SU(2) doublet
~a sych that S® @ =N}, Note, since the singlefN; has no large Majorana mass, it
gets a large Dirac mass by mixing directly with 3 at the GUT scale. Thus 3 is removed

| thank G. Altarelli, private communication, for emphasizi ng this point.
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from the See-Saw mechanism and we e ectively have only twayht-handed neutrinos
taking part.
Integrating out the heavy neutrinos we obtain the light neutino mass matrix given

by
M =UY[D" My'D ]U. (111)
where Ug is the unit%ry matrix diagonalizing the charge lepton mass atrix and
1
a o0 !

DY %ao b §; M hsol' hgi (112)
0 ?
with
0 1.« M vsin
b ' (My=h %) ——Pp— (113)
Vie 2
1+ M vsin
o3 3 (My=h 1) ——p—:
Vie 2
a 01 (M,=h3) ﬁﬁl
Vie 2
0 o 1 .. M vsin
a +3~) ! (My=h™i) ——p—:
Vie 2
We obtain
b I (114)
naturally, since ° . In addition we can accommodate
a a° (115)
with minor ne-tuning O(1/10) since ° 1! ~+ Note, this is the Frampton-Glashow-

Yanagida ansatz [Framptoret al (2002)] with a bi-large neutrino mixing matrix obtained
naturally in a GUT.

5.4. Flavor Violation

Quarks and leptons come in di erent avors: up, down, charmgstrange, top, bottom;

electron, muon, tau. We observe processes where bottom dckgacan decay into charm
quarks or up quarks. Hence quark avors (for quarks with the @ane electric charge)
are interchangeable. In the standard model, this is paramiged by the CKM mixing

matrix. We now have direct evidence from neutrino oscillatin experiments showing
that tau, muon and electron numbers are not separately consed. Yet, we have never
observed muons changing into electrons. In supersymmetticeories there are many
more possible ways in which both lepton and quark avors carhange. This is because
scalar quarks and leptons carry the avor quantum numbers daheir partners. Thus

avor violation in the scalar sector can lead to avor violation in the observed fermionic
sector of the theory. This gives rise to the SUSY avor proble. We consider two
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~ €
e
Figure 13.  The one loop contribution to the process ! e proportional to an
o -diagonal scalar muon - electron mass term in the chargeddpton mass eigenstate

basis.

Table 8. Some constraints from the non-observation of avor violation on squark,
slepton and gaugino masses [Gabbiargt al (1996)]. For the electron electric dipole
moment we use the relationd, ~ 2(100=m(GeV))?sin g 10 2%e cm.

Observable Experimental bound (1) Experimental bound (2)
B(! e)<12 10U q j( )< 21 10 3(mJ(GeV)=100y q J( 1) j < 0:8 (mYTeV) =2)2
mg < 35 10 2 MeV q jRe( $,)2 j< 19 10 ?(mg(GeV)=500) q jRe( $,)2, j< 7:6 10 2 (mg(TeV)=2)

Kk <228 103 iim( %)% i< 15 10 3(mg(GeV)=500)  jRe( $,)2 j< 6:0 10 3 (mg(TeV)=2)
d® < 43 10 ¥ecm sin ag <4 104 (mYGeV)=100Y sin apg < 0:16 (M, (TeV)=2)?
examples here: ! e or B! . We show why SUSY GUTs and/or neutrino

masses can cause enhanced avor violation beyond that of tseandard model. In this
section we consider several ways to solve the SUSY avor ptem.

But rstlet us illustrate the problem with a few of the dominant examples [Gabbiani
et al (1996)]. In the rst column of Table 8 we present four avor voblating observables
with their experimental bounds. In the second and third colmns we present the bounds
on avor violating scalar mass corrections

f
i mZ ' =m? (116)

wherei;j =1;2;3 are family indices, mﬁf is an o -diagonal scalar mass insertion for
f = fquark, leptong avor (treated to lowest non-trivial order in perturbation theory)
in the avor diagonal basis for quarks and leptonsm is the average squark or slepton
mass squared. The subscriptsL refer to left-handed squark or slepton mass insertions.
There are separate limits orRR and LR mass insertions [Gabbianet al (1996)] which
are not presented here. The only di erence between the secband third columns is
the ducial value of m?. Clearly as the mean squark or slepton mass increases, thes n
tuning necessary to avoid signi cant avor violation is dramatically reduced. As seen
in Fig. 13, the amplitude for ! e is proportional to £, and is suppressed by=in2,
since it is an e ective dimension 5 operator.
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5.4.1. The Origin of avor violation in theories There are three possible ways to
avoid large avor violation.

(i) Having squarks and sleptons, with the same standard modgauge charges, be
degenerate and, in addition, the cubic scalar interactionproportional to the
Yukawa matrices.

(i) Alignment of squark and slepton masses with quark and pgon masses.
The fermion and scalar mass matrices are \aligned" when, irhé basis where
fermion masses are diagonal, the scalar mass matrices anticwscalar interactions
are approximately diagonal as well.

(i) Heavy rst and second generation squarks and sleptons

The CMSSM (or mSUGRA) is an example of the rst case. It has a uwersal scalar
mass mg and tri-linear scalar interactions proportional to Yukawa matrices. These
initial conditions correspond to a symmetry limit [Hall et al (1986)] { dubbed minimal
avor violation [Ciuchini et al (1998)){ where the only avor violation occurs in the
CKM matrix at the messenger scale for breaking, or in this cse, the Planck scale.
Gauge-mediated breaking, where squarks and sleptons obtasoft breaking masses
via standard model gauge interactions, is another examplef the rst case (for a
review, see [Giudice and Rattazzi (1999)]. In this case theassenger mass is arbitrary.
Finally, within the context of perturbative heterotic string theory, dilaton breaking
gives universal scalar masses at the string scale. For madllreaking, on the other
hand, scalar masses depend on modular weights, whose vahresvery model dependent.

Abelian avor symmetries can be used to align quark (leptonand the corresponding
squark (slepton) mass matrices, but they still require onefahe above mechanisms for
obtaining degenerate scalar masses at zeroth order in symrgebreaking. Non-abelian
symmetries, on the other hand, can both align fermion and sea mass matrices and
guarantee the degeneracy of the scalar masses at zeroth orde

Finally, since the most stringent limits from avor violating processes come from
the lightest two families, if the associated squarks and gitons are heavy these processes
are suppressed [Dimopoulos and Giudice (1995)]. A naturalechanism for obtaining
this inverted scalar mass hierarchy with the rst and secondeneration scalars heavier
than the third was discussed by [Baggeet al (1999,2000)].

If the messenger scale for breaking is above the GUT scale@ren above the See-
Saw scale for neutrino masses then squark and slepton mass&s receive signi cant
avor violating radiative corrections due to this beyond the standard model physics
[Hall et al (1986), Georgi (1986), Borzumati and Masiero (1986), Leaants et al (1986),
Barbieri et al (1995a,b), Hisanoet al (1995,1996)]. In addition, if the fermion mass
hierarchy is due to avor symmetry breaking using a FroggatiNielsen mechanism,
then upon integrating out the heavy Froggatt-Nielsen sectonew avor violating soft
breaking terms may be induced [Dimopoulos and Pomarol (199, Pomarol and
Dimopoulos (1995)]. Hence the low energy MSSM is sensitive physics at short
distances. This is both a problem requiring natural soluties and a virtue leading
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to new experimentally testable manifestations of theoris.

For example in GUTSs, color triplet Higgs elds couple quarls to leptons. As
a consequence avor mixing in the quark sector can, via loopsause avor mixing,
proportional to up quark Yukawa couplings, in the lepton sdor. This comes via o -
diagonal scalar lepton masses in the basis where chargedidepmasses are diagonal.
While the one loop contribution of charm quarks give a brancéhg ratio Br( ! e)

10 *° [Hall et al (1986)], the top quark contribution leads to very observakel rates
[Barbieri et al (1995a)] near the experimental bounds. Moreover, new expeents
will soon test these results. In addition, experimental edence for neutrino oscillations
makes it clear that the lepton sector has its own intrinsic &or violation. In the standard
model, these e ects are suppressed by extremely sma#f (€V) neutrino masses. In
however, avor violation in the (s)neutrino sector leads,again via loops, to eminently
observable mixing in the charged (s)lepton sector [Hisanet al (1995,1996)]. There
are a large number of papers in the literature which try to uséow energy neutrino
oscillation data in an attempt to predict rates for lepton avor violation. However
a bottom-up approach is fraught with the problem that low enggy oscillation data
cannot completely constrain the neutrino sector [Casas anitbarra (2001), Lavignac
et al (2001,2002)]. It has been shown that neutrino oscillationada and |; ! |;
measurements can nevertheless provide complementary mfiation on the See-Saw
parameter space [Davidson and Ibarra (2001), Ellest al (2002)]. In a recent analysis, it
was shown that lepton avor violation can constrain typical SO(10) theories [Masiero
et al (2003)]. Finally, it is important to note, that the same physcs can lead to enhanced
contributions to avor conserving amplitudes such as the ammalous magnetic moment
of the neutrino (a ) [Chattopadhyay and Nath (1996), Moroi (1996)] and the eledc
dipole moments of the electron d§) and neutron (dg) [Dimopoulos and Hall (1995),
Hisano and Tobe (2001), Demiret al (2003)]. Moreover, the rates for these avor
violating processes increase with tan.

Let us now consider avor violating hadronic interactions alarge tan . We focus
on a few important examples, in particular, the processé8 ! X5 ,B ! X I* |
forward-backward asymmetry andBg ! * . For a more comprehensive study,
see [Hallet al (1994), Hemping (1994), Carenaet al (1994), Blazek et al (1995),
Chankowski and Pokorski (1997), Misiaket al (1998), Hamzaouiet al (1999), Babu
and Kolda (2000), Chankowski and Slawianowska (2001), Caweet al (2001), Bobeth
et al (2001), Huanget al (2001), Dedeset al (2001), Isidori and Retico (2001), Buras
et al (2002,2003), Dedes and Pilaftsis (2003)]. The standard maldcontribution to
B! X has signi cant uncertainties, but the calculated branchig ratio is consistent
with the latest experimental data. Supersymmetry contribtions are typically divided
into two categories, i.e. the contributions contained in avwo Higgs doublet model and
then the rest of the spectrum. The charged Higgs contributn has the same sign as the
standard model contribution and thus increases the predietl value for the branching
ratio. This spoils the agreement with the data and thus a lowelimit on the charged
Higgs mass is obtained. In the minimal avor scenario, the dditional contribution is
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Figure 14. The one loop chargino contribution to the processB ! X proportional
to { andtan .

dominated by the chargino loop (Fig. 14). The sign of this ten depends on the sign
of . For > 0 (this de nes my conventions) the chargino contribution ighe opposite
sign of the standard model contribution to the coe cient C; of the magnetic moment
operator O, S bk F . Moreover, this contribution is proportional to tan .
For small or moderate values of tan the correction to C; is small and for > 0 it
tends to cancel the charged Higgs and standard model contuifions. This is in the right
direction, giving good agreement with the data. For < 0 the agreement with the data
gets worse and can only work for large Higgs and squark masses that the overall
contribution is small. On the other hand, for > 0 and large tan 50 there is
another possible solution with the total contribution to C; equal to twice the standard
model contribution but with opposite sign. In this caseC®® = C3M + C, c3M
and good ts to the data are obtained [Blazek and Raby (1999) Although the sign
of C; is not observable inBs ! X , it can be observed by measuring the forward -
backward asymmetry in the procesB ! X 1% | [Lunghi et al (2000), Ali et al (2002),
Bobeth et al (2003)] where forward (backward) refers to the positive lépn direction
with respect to the B ight direction in the rest frame of the di-lepton systemy

5.4.2. Flavor violating Higgs couplings at larggan The MSSM has two Higgs
doublets which at tree level satisfy the Glashow - Weinbergoadition for natural avor
conservation. Up quarks get mass froril,, and down quarks and charged leptons get
mass fromH4. Thus when the fermion mass matrices are diagonalized (anégiecting
small neutrino masses) the Higgs couplings to quarks and teps are also diagonal.
However, this is no longer true once is broken and radiativeorrections are considered.
In particular, for large values of tan the coupling of H, to down quarks, via one
loop corrections, results in signi cant avor violating vertices for neutral and charged
Higgs. These one loop corrections to the Higgs couplings tdmute to an e ective
Lagrangian (Eqn. 117) [Blazeket al (1995), Chankowski and Pokorski (1997)]. The

y | thank K. Tobe for pointing out this possibility to me.
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chargino contribution (Fig. 7) is proportional to the squae of the up quark Yukawa
matrix, which is not diagonal in the diagonal down quark masgasis. As a result, at
one loop order, the down quark mass matrix is no longer diagain(Eqn. 118). This
leads to tan enhanced corrections to down quark masses and to CKM matriteenents
[Blazek et al (1995)]. Upon re-diagonalizing the down quark mass matrix evobtain
the e ective avor violating Higgs - down quark Yukawa couplngs given in Egns. 119
and 120 [Chankowski and Pokorski (1997), Babu and Kolda (200 Chankowski and
Slawianowska (2001), Bobethet al (2001), Huanget al (2001), Dedeset al (2001),
Isidori and Retico (2001), Buraset al (2002,2003), Dedes and Pilaftsis (2003)].
L& = dy G dri HS (117)
di  § dej HS
di Jdg HO+h:wc

. h [
mglagonal — VdL glag + g+ dtan Vd

Ry V§OS (118)
2
i6j _ 1 Qh h b o
1 h i
p—de, Fi Pr+ Fi' PL d)H
o i
Pl FAP:+FA P dOA;
2
where
Fi' ' J(@+tan? )cos cos(  ); (120)
Fi'* J(@+tan? )cos sin( );
FA'  J(@+tan? ) cos:

This leads to tan enhanced avor violating couplings for the neutral Higgs bsons.
For example, the branching ratioB(Bs! * ) is proportional to tan * and inversely
proportional to the fourth power of the CP odd Higgs masm, [Babu and Kolda (2000),
Chankowski and Slawianowska (2001), Bobetht al (2001), Huanget al (2001), Dedes
et al (2001), Isidori and Retico (2001), Buraset al (2002,2003), Dedes and Pilaftsis
(2003)], since the contributions of the two CP even Higgs boss approximately cancel
[Babu and Kolda (2000)]. The present DO and CDF bounds consin mp 250
GeV for tan 50, although this result is somewhat model dependent [Dessk
et al (2003)]. Note the DO and CDF bounds from the Tevatron Run 2 novgive
B(Bs! * )< 12 10 ° (CDF) [Lin (2003)] at 95% CL and< 1.6 10 ® (DO)
[Kehoe (2003)]. An order of magnitude improvement will tesfarge tan  for ma up to

500 GeV [Dernsek et al (2003)] (see Fig. 15).

6. Dark Matter

The two most popular dark matter candidates are axions or theSP of SUSY. Both are
well motivated cold dark matter candidates. There have beeseveral recent studies of
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Figure 15. The dashed (blue) lines are contours for constant branchingratio

B(Bs! * )asafunctionof; M ;-, for mg = 3 TeV. The green shaded region is
consistent with the recent WMAP data for dark matter abundan ce of the neutralino
LSP. The light shaded region in the lower left hand corner (sparated by the solid line)

is excluded by chargino mass limits, while the light shaded egion in the upper left
(right side) is excluded by a cosmological dark matter abunénce which is too large
(Higg mass which is too light).

SUSY dark matter in light of the recent WMAP data. For these amlyses and references
to earlier works, see [Roszkowslat al (2003), Ellis et al (2003c,d,e,f), Chattopadhyay
et al (2003)]. These calculations have been performed with di ent assumptions about
soft breaking parameters, assuming the CMSSM boundary cditions at Mg [Ellis et al
(2003bc,d,f), Chattopadhyayet al (2003)] or arbitrary low energy scalar masses [Ellet
al (2003d)]. Soft breaking outside the realm of the CMSSM haslso been considered.
For example, soft breaking with non-universal Higgs masskave been analyzed recently
by [Ellis et al (2003a,b), Roszkowsket al (2003)]. In the latter case, the soft breaking
parameters consistent with SO(10) Yukawa uni cation weretadied.

In the limit of large squark and slepton masses, it is importat to have e cient
mechanisms for dark matter annihilation. Most recent studis have focused on the
neutralino LSP in the limit of large tan and/or the focus point limit. In both cases
there are new mechanisms for e cient neutralino annihilaton. For large tan 40
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neutralino annihilation via direct s-channel neutral Higg boson exchange dominates
[Roszkowskiet al (2001), Elliset al (2001a,b)]. In this limit the CP even and odd Higgs
bosons have large widths, due to their larger coupling to bmim quarks and leptons.
In the focus point limit, on the other hand, the neutralino LS is a mixed Higgsino -
gaugino state. Thus it has more annihilation channels thanhe pure bino LSP case,
valid for values of the universal scalar massiy < TeV [Feng et al (2000c,2001)].

Direct detection [Ellis et al (2003b,e), Roszkowsket al (2003), Munoz (2003)]
and/or indirect detection [Baer and Farrill (2003), de Boeret al (2003)] of neutralino
dark matter has also been considered. In fact, [de Boert al (2003)] suggests that some
indirect evidence for dark matter already exists.

7. Open questions

It is beyond the scope of this review to comment on many othamteresting topics a ected
by supersymmetric theories. Several e ective mechanismerfgenerating the matter-
anti-matter asymmetry of the universe have been suggestddcluding the A eck-Dine
mechanism [A eck and Dine (1985)], which is purely a supersymetric solution, or
leptogenesis [Fukugita and Yanagida (1986)], which is notnessarily supersymmetric.
There have also been many interesting studies of in ation i context. Finally, we
have only made passing reference to superstring theoriedabreaking mechanisms or
fermion masses there.

Simple "naturalness” arguments would lead one to believe @h SUSY should have
already been observed. On the other hand, \focus point" or \inimal SO(10) SUSY"
regions of soft breaking parameter space extend to signiamtly heavier squark and
slepton masseswithout giving up on \naturalness." In both the \focus point" and
\mSO;,SM" regions of parameter space we expect a light Higgs with & of order
114 120 GeV. Both ameliorate the avor problem with heavy squak and slepton
masses. They are nevertheless both surprisingly considtemth cosmological dark
matter abundances. In addition, we have shown that the \mS@QSM" satis es Yukawa
coupling uni cation with an inverted scalar mass hierarchy Thus one nds rst and
second generation squarks and sleptons with mass of orderesal TeV, while gauginos
and third generation squarks and sleptons are much lighem kddition, it requires large
values of tan 50 resulting in enhanced avor violation.

SUSY GUTs are the most natural extensions of the standard metj and thus
they are the new \standard model" of particle physics. The mMS8GRA (or CMSSM)
boundary conditions at the GUT scale provide excellent ts & precision low energy
electroweak data. GUTSs, besides predicting gauge couptiruni cation, also provide a
framework for resolving the gauge hierarchy problem and uadstanding fermion masses
and mixing angles, including neutrinos. It also gives a natal dark matter candidate,
and a framework for leptogenesis and in ation.

BUT there are two major challenges with any supersymmetrichieory. We do not
know how is spontaneously broken or the origin of the term. We are thus unable
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to predict the particle spectrum, which makes searches wy di cult. Nevertheless,
\naturalness" arguments always lead to some light sectorpbservable at the LHC,
a light Higgs, with mass less than O(135 GeV), or observableavor violating rates
beyond that of the standard model. Assuming particles are luserved at the LHC,
then the fun has just begun. It will take many years to prove tht it is really
supersymmtry. Assuming is established, a desert fronM; to Mg (or My ) becomes
highly likely. Thus precision measurements at the LHC or a biear Collider will probe
the boundary conditions at the very largest and fundamentadcales of nature. With the
additional observation of proton decay and/or precise GUTelations for sparticle masses,
SUSY GUTs can be conrmed. Hence with experiments at TeV saalaccelerators or
in underground detectors for proton decay, neutrino oscitions or dark matter, the
fundamental superstring physics can be probed. Perhaps theve may nally understand
who ordered three families. It is thus no wonder why the elemery particle physics
community is desperately seeking SUSY
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