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5.3 Supersymmetry

5.3.1 CP Asymmetries in Supersymmetry
> C. Kolda <

The Minimal Supersymmetric Standard Model (MSSM) provides an abundant opportunity for discovering New Physics

in CP-violating and/or flavor-changingquark processes. In fact, the most general version of the MSSM provides an
over-abundance, with 12 masses, 30 mixing angles and 27 phases in the (s)quark sector, beyond those of the Standard
Model. Of these, the LHC has only limited ability to go beyond measurements of the masses, leaving 57 parameters
unconstrained, even after finding and studying SUSY at hadron colliders.

The other 57 parameters are not, however, wholly unconstrained. If one were to take all phases ar@(ahgled

all masse®)(TeV), the MSSM would make predictions fatP violation and FCNCs in th& sector far beyond those
observed. One therefore expects some organizing principle to be at work in the MSSM, constraining the masses and/or
phases and/or mixing angles in order to avoid phenomenological trouble. This is the so-called “SUSY flavor problem”.

The source of the problem is that quarks get their masses only by electroweak symmetry breaking, while squarks get
masses also by SUSY breaking. The SUSY-breaking contributions have no reason to be diagonal in the same bases
as the SU(2)-breaking pieces, and so quark and squark mass eigenstates are not simultaneously defined. Unitarity of
the mixing matrices is enough to force the quark-quark-gauge and squark-squark-gauge interactions to be diagonal
(flavor-conserving), but the quark-squark-gaugino interaction will not be diagonal and will generate quark flavor-
changing (and’P violation) through loops of squarks and gauginos.

There are three basic schemes which rende€fheiolation and FCNCs in the MSSM small: decoupling, alignment

and degeneracy. Decouplintd7] is nothing more than the statement that if the MSSM spatrticles are very heavy, then
processes generated by them will be small. However, the masses required in order to actually get decoupling can be
in the 100 to 1000 TeV range, far above the range where the MSSM plays an important role in electroweak symmetry
breaking. Thus such models create their own mini-hierarchy problems. In the alignment séd€nerfe forces the

squark and quark mass matrices to be diagonal in the same basis. However realistic alignment models are difficult to
construct and often lead to large flavor-changing in the ch@f) éector.

The last of the suggestions is the one most often considered: degeneracy. If all squarks with the same gauge charges are
degenerate in mass, then their contributions to flavor-changifglolating processes exactly cancel. The degeneracy
constraint is far more severe between the first and second generation squarks than with the third generation, because
the constraints from the kaon system are so stringent. However, degeneracy is also more natural between the first
and second generation, where Yukawa-induced renormalizations of the squark masses are small. While the current
constraints for the third generation are much less severe, there is also reason to believe that some non-degeneracy is
inevitable: the large top (and possibly bottom) Yukawa couplings will split the third generation off from the other two

and will generate 1-3 and 2-3 squark mixings proportional to CKM elements. This can be seen simply by examination

of the soft mass renormalization group equations. For exarngié:[

d 2 00y 2 2yt
dlog Q (m@)ij x [Yu mgYu + YampYy + - } . (5.120)

In the basis in whiclYy is diagonal, th&’,, terms are rotated away from the diagonal by the CKM matrix:

1 |
(0m)ij = g5 log(Mx /Msusy) x (VienView)is - (5.121)

This is simply the most trivial example of physics that could cause the third generation to behave differently than the
first two, and in fact this example introduces no new phases by itself (it is an example of minimal flavor vidia€pn [

But more complicated models exist, particularly those which attempt to explain the quark mass hierachy. So even
though kaon physics may strongly constrélf violation and FCNCs in the first two generations, there is still plenty

of room for both in the third generation.
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Why SUSY is Special

There is a hidden advantage to the scalar mass problems in SUSY. The lack of any strong flavor violation in kaons or
B mesons seems to demand that the ultimate scale at which the usual Standard Model flavor problem (namely, why is
m, < m;?) is resolved lie above 100 TeV or more. In fact there is no reason at all to prefer a scale for flavor physics
near our current experimental sensitivity rather than far into the ultraviolet. But even if the flavor scale is far above the
weak scale, SUSY may provide a unique window into this world, for two reasons. First, because SUSY is associated
with the weak-scale hierarchy problem, its spectrum must lie near the weak scale. Thus the precision measurements
at a Supei3 Factory will be sensitive to physics at the very scale at which SUSY is expected to be found.

But more importantly, it is the presence of so many scalar particles in SUSY that provides an extra sensitivity to high-
scale flavor physics that would not normally be available. Scalar masses, through their renormalization, are sensitive to
physics at all scales, from the weak scale to the far ultraviolet. In non-SUSY theories, quadratic divergences dominate
this renormalization and it would not be clear how to interpret a scalar mass spectrum if one were observed. But in
SUSY the scalar masses are only logarithmically renormalized, which allows the masses to be run up to high energies
using the renormalization group. The presence of any non-trivial flavor physics anywhere below the SUSY-breaking
scale tends to imprint itself on the spectrum of the scalar particles either through their renormalization group running
or through threshold corrections at the flavor physics scale. In either case, flavor-violating operators which would
normally be suppressed by powers of the flavor scale are instead suppressed only by powers of the SUSY mass scale
(often with an additional large log enhancement); see EA.2(). This idea has been particularly fruitful (at least
theoretically) for probing the structure of the neutrino mass matrix and its correlations withiy andpy — ey. It

is also the basic idea underlying several of the approadi&ti {o B — ¢K? that will be outlined in the next two
sections.

Thus SUSY, which by itself provides no new insights into the question of flavor, may in fact be the mechanism by
which we are finally able to gain experimental insights into flavor. It is for this reason that considerations of SUSY
models and sensitivities will play an extremely important role in the future of high precision heavy flavor physics.

“Flavors” of SUSY

Because the MSSM requires some external organizing principle in order to keep the theory even remotely viable,
the kinds of signals one expects at colliders depend sensitively on the organizing principle itself. In the simplest
case in which degeneracy is enforced, all flavor violation is due to the CKM matrix. This is true even for the non-
universal corrections generated by the renormalization group equations. Such models provide good examples of
Minimal Flavor Violation [L5(] and one can refer to the section on MFV earlier in this chapter for a discussion of the
relevant phenomenology.

However if the scale at which non-trivial flavor physics lies is below the scale at which SUSY is broken in the visible
sector, evidence of the flavor physics should be imparted on the scalar spectrum in some way, even if suppressed. It
would not be surprising to find that the strongest flavor violation among the scalars would occur where the Yukawa
couplings are the greatest, namely in the third generation interactions. Thus aESbgetory is the natural place to

search for these effects.

It is customary (for ease of calculation) to work in a basis in which the quark masses are diagonal as are the quark-
squark-gluino interactions. This forces thiex 6 squark mass matrix to remain non-diagonal. In the limit of
approximate degeneracy (or approximate alignment), we interpret the diagonal elements of the mass-squared matrix to
be the left- and right-handed squark masses, and the off-diagonal elements as mass insertionSﬂi@MﬁﬁWhere

1 # j are generation indices,(j = 1...3) and A, B denote left(L) and right(R). We then define a mixing parameter:

(Azdj)AB

(05)aB = —25— (5.122)

wherem is a typical squark mass. Kaon physics constraiifs) 4z (for all AB) to be much, much smaller than

one [157. Experimental agreement a8 — B~ mixing with the Standard Model prediction likewise constrains
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(6%5) ap [153. Compared to these cases, constraint§dn) 15 are relatively weak. Specifically, theL and RR
insertions can b&(1) while the LR and RL can be0(10~2) due to constraints frorh — sv.

Appearance of a sizablég,) 45 will generate non- Standard Model— s transitions, affecting branching ratios and
asymmetries in a number of processes including> K%, B — X ¢, B — X,v, B — n"K% B — KK~ K",
B, — ¢, Amp_ and others. (We will assume that there is no large flavor violation in the 1-3 sector; such violation

could enterB° — B" mixing, and from there affedd — ¢ K?.)

Of these, theoP-violating phase inB — ¢K?, namelyg,x, is of particular importance3,x has been measured by
BABAR and Belle to an accuracy around 10%. As of this writing, BABAR and Belle experiments are in disagreement
about whether or not there is an anomaly in the experimental daigothe data is reported in terms of the oscillation
parameterS, k). Because of the hint that there might be an anomaly, many groups have conducted analyses of the
B — ¢K? in the context of SUSY151, /154, 155]. Regardless, decays likeé — ¢ K¢ and otheh — s processes are

key testing grounds for SUSY flavor physics.

b — s transitions in SUSY

The calculation of the short-distance SUSY contribution®te~ ¢K? is relatively straightforward. There are two
classes of contributions which bear discussion, namely loops of charginos and loops of gluinos. Chargino loops
contribute to the amplitude faB — ¢K? with a structure that mimics the Standard Model. In particular, in models
with minimal flavor violation, there is a SUSY contribution to the branching fractiondor» ¢ K but not to the
CP-violating asymmetries. If we extend minimal models to include arbitrary new phases (but not mixings) then the
CP asymmetries can receive new contributions, but these are generally small. It may be possibleSgxpdsivn

to zero, but it is appears to be difficult to go any lowEs4].

In models with arbitrary phasesd mixings, the chargino contributions can be even larger, but now they are typically
dwarfed by gluino contributions. The gluino contributions are absent in minimally flavor-violating models, but
dominate in the case of general mixings and phases. Two types of gluino-mediated diagrams typically dominate
the amplitudes foB — ¢K: the chromomagnetic moment and gluonic penguins. (For details of these calculations,
see Ref.[154)).

There are two questions of particular importance in examining the SUSY contributions €Ptlasymmetries in

B — ¢K?2: can SUSY provide a large deviation from the Standard Mode§ji, and what other observables

would be correlated with a large deviation? In doing so, it is natural to consider four distinct cases or limits, with the
understanding that a realistic model might contain elements of more than one case. Those cases are labelled by the
chirality of the squark mixingL L, RR, LR andRL, where the first letter labels thesquark and second thesquark.

Of the four cases, th& L insertion is particularly well motivated. In particular, one expééts).;, ~ Vi, even in
models with minimal flavor violation. In models in which the SUSY breaking occurs at a high scale, the insertion can
be enhanced by an additional large logarithm. R insertion is less motivated in minimal SUSY models, but is
naturally generated in grand unified (GUT) models with large neutrino mixisd][ In this case, the large mixing

in the neutrino sector (which is contained in thef SU(5)) is transmitted by GUT and renormalization effects to the
right-handed down quark sector, which is also part of the same GUT representation.

The physics consequences of thé and RR insertions are very similar to one another. In both cases, measurable
deviations inS,x can be obtained. A sizable deviation$ ., however, requires larg&d;) ... rr ~ O(1) and a
relatively light SUSY spectrum. In order to obtain a negafiyg using anL L or RR insertion one requires gluinos

with mass below 300 GeV, for example. The strongest external constraints on such large insertions and light masses
come from direct searches for gluinos and frams sv; the latter only constrains thRe(d4;) .1, to be greater than
about—0.5, while providing no constraint on the R insertion.

In order to determine that the New PhysicsSisi would be coming from aih L or RR insertion, it must be correlated
to other observables. Deviations$f x are well correlated with deviations @y . measurements 4, below the
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Table 5-11. Correlated signatures for an observatiols@f much smaller thaf'y -, assuming a single SUS¥squark
insertion of the type indicated. THe signs represent the sign of the corresponding observable.

LL RR LR RL
(653) o) o) 0(107%) 0(107%)
SUSY masses <300 GeV 5300 GeV < Tev < Tev
Csx —, small —, small —,small  —, can be large
B(B — ¢K) SM-like SM-like varies varies
AV +, few % SM-like  +, O(10%) SM-like
Amp, can belarge can be large SM-like SM-like

Standard Model expectation correlate to negative valu€s,@f. (Note that the calculation af';x is very sensitive

to the techniques used for calculating the long distance effects; these correlations are found using th& BBNS [
method.) However the deviations @i, x are at mostY(10%) and so will require a much larger data sample such
as that available at a Sup8rFactory. More striking is the correlation withm g _, the B, — —B, mass difference.
Large deviations irb,x due to anL L or RR insertion correlate directly with very large mass differences, far outside
the range that will be probed at Run Il of the Tevatron. Mass differences of the order of 1b@nesnot atypical in
models with largel L or RR insertions, making their experimental measurement very difficult.

Specific to anL L insertion (rather than aRR) will be deviations in theCP asymmetry irb — svy. Large negative
deviations inSyx correlate cleanly with positiv€’P asymmetries of the order of a few percent. Measuring these
asymmetries will require of order 10 abof data and so call for a Sup& Factory.

The picture presented by theR and RL insertions is quite different. First, theR and RL insertions would
generically be suppressed with respect to fieand RR insertions, because they break SU(2) and must therefore
scale ad\lyy /Msusy. However they generate new contributions to the chromomagnetic operators which are enhanced
by Msusy/mq (¢ = s,b) and are therefore very effective at generating large deviatiofgin The LR insertion is

the more well motivated, since one expegtsbhr mixing to be proportional to the bottom Yukawa coupling, while
$r—br, mixing would come from the much smaller strange Yukawa. However it is possible to build reasonable flavor
models in which this assumed hierarchy is not preserved and sizdbiesertions are generateti4).

In either case, whethe R or RL, strong constraints from the branching ratiobof- sy force (64;) .z, r1 to be
O(1072). Neither insertion generates an observable shifting_, but both can generate large shifts in the branching
fraction forB — ¢K. Of more interest are the correlations betwéen, Cyx and theCP asymmetry inb — sv.

For measurements &, below the Standard Model , theR insertion always predicts a negatig k-, with values

down to—0.3 whenS,x goes as low as-0.6. On the other hand, negative contributionsStg, are associated with
positive asymmetries ibh— s, often as large as 5% to 15%. These large asymmetries are a clear sign of the presence
of an LR insertion, as opposed oL insertions which give asymmetries of only a few percent.

For theRL case, the phenomenology is much the same except: (1) the valGggdamplied by a down deviation in
Ss Kk are even more negative, all the way dowrCtg, = —1; (2) though theR L operators contribute th— sv, they

do not interfere with the Standard Model contribution and thus do not generate any new satlRteiofation. Thus

RL insertions predict no new observaldl® asymmetry irh — sv.

Table5-11summarizes the correlations for each type of insertion. Of course, more than one insertion may be present,
so one could generate large deviationsSifx with an LR insertion and large\m g, with an LL insertion. Such
combinations can be read off of the table.
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In conclusion, observation of a significant (or any) deviation in@feasymmetries ilB — ¢K? could be an early
and strong indication of SUSY flavor physics. But it is the correlations betweeptiesignal and other observables
that will lead us to a deeper understanding of flavor in the MSSM.

5.3.2 SUSY at the SupeiB Factory
> T. Goto, Y. Okada, Y. Shimizu, T. Shindou, and M. Tanaka

The Unitarity triangle and rare decays in three SUSY models

Among various candidates of physics beyond the Standard Model, SUSY is regraded as the most attractive possibility.
The weak scale SUSY provides a solution of the hierarchy problem in the Standard Model. Although an extreme
fine-tuning is necessary to keep the weak scale very small compared to the Planck scale within the Standard Model
, SUSY theory does not have this problem, because of the cancellation of the quadratic divergence in the scalar
mass renormalization. SUSY has attracted much attention since early 1990’s, when three gauge coupling constants
determined at LEP and SLC turned out to be consistent with the coupling unification predicted in SUSY GUT.

One of main motivations of the LHC experiment is a direct search for SUSY particles. The mass reach of colored
SUSY particles will be about 2 TeV, an order-of-magnitude improvement from the present limit. It is quite likely that
some signal of SUSY can be obtained in the early stage of the LHC experiment. It is therefore important to clarify the
role of SUSY studies at a Sup&rFactory in the LHC era.

In order to illustrate howB physics can provide useful information to distinguish various SUSY models, we study
SUSY effects in the length and angle measurements of the unitarity triangle and rare B decays for the following four
cases in three SUSY modelEgg, (159 199).

¢ Minimal supergravity model

e SU(5) SUSY GUT with right-handed neutrinos: Case 1 (degenerate case)

e SU(5) SUSY GUT with right-handed neutrinos: Case 2 (non-degenerate case)
e MSSM with a U(2) flavor symmetry

In the first model, all squarks and sleptons are assumed to be degenerate at a high energy scale such as the Planck scale,
where SUSY breaking effects are transmitted to the observable sector from the hidden sector by the gravitational
interaction. Flavor mixings and mass-splittings are induced by renormalization effects due to the ordinary quark
Yukawa coupling constants, especially from a large top Yukawa coupling constant. The matrices which diagonalize
the resulting squark mass matrices are approximately given by the CKM matrix, because this is the only source of the
flavor mixing in the quark and squark sectors. In this sense, this model is a realization of so called “minimal flavor
violation” scenario. We can consider new SU&Y phases for the trilinear scalar coupling (A parameter) and the
higgsino mass terny(parameter). There phases are, however constrained by various electric dipole moment (EDM)
experiments in the context of the minimal supergravity model, so that effects on B physics are relativelit&¢hall [

A SUSY GUT with right-handed neutrinos is a well-motivated candidate of the physics beyond the Standard Model.
Here, we consider an SU(5) SUSY GUT model and incorporate the seesaw mechanism for neutrino mass generation
by introducing an SU(5) singlet right-handed neutrinos. In this model, large flavor mixing in the neutrino sector can
affect the flavor mixing in the squark sector through renormalization of sfermion mass méat6ae$6z, (163 164).

Since the lepton weak doublet and the right-handed down-type quark are included in the same SU(5) multiplet, the
renormalization induces the flavor mixing in the right-handed down-type squark sector. At the same time, lepton flavor
violation (LFV) in the charged lepton sector is also induced.
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We consider two specific cases for the right-handed neutrino mass matrix, since constraints from LFV processes,
especially from the: — e~ process, depend on the matrix significantly. From the seesaw relation, the light neutrino
mass matrix is given byn,, = 37 (My) 'y, (v*sin® 3/2) in the basis where the charged Higgs Yukawa coupling is
diagonal. Herey,, My, andg are the neutrino Yukawa coupling constant, the right-handed neutrino mass matrix,
and the vacuum angle, respectively. On the other hand, the LFV mass term for the left-handed slepton are given by
(6m2)9 ~ —(yly, )7 (3m3 + |Ao|?) In (Mp/Mp) /872, wheremy, Ay, Mp, andMp, are the universal scalar mass,

the trilinear scalar coupling, the Planck mass, and the right-handed mass scale. The first case is a degenerate case,
where the right-handed neutrino mass matrix is proportional to a unit matrix. The off-diagonal element of the slepton
mass matrix is related to the neutrino mixing matrix in this case, and therefore the large mixing angle suggested by
the solar neutrino observation indicates a severe constraint on SUSY parameters fiom-tlhie branching ratio.

On the other hand, the constraint is relaxed, if we arrange the right-handed neutrino mass matrix such that the 1-2
and 1-3 mixings ofyTy vanish. We call this limiting case a non-degenerate case. Since the constraint to the SUSY
parameter space is quite different in two cases, we calculate various observable quantities for both, and compare their
phenomenological implications. Note that in the viewpoint of the LFV constraint the degenerate case represents a
more generic situation than the non-degenerate case, becayse-they process generally puts a severe restriction

to allowed ranges of SUSY parameters.

The minimal supersymmetric Standard Model (MSSM) with U(2) flavor symmetry was proposed sometime ago as a
solution of the flavor problem in a general SUSY mode4, [16€]. Unless the squark and slepton masses are in the
multi-TeV range, there should be some suppression mechanism for flavor changing neutral current (FCNC) processes,
especially for the squarks and sleptons of the first two generations. If we introduce a U(2) flavor symmetry, under
which the first two generations are assigned to be doublets and the third generation is a singlet, we can explain the
realistic pattern of the quark mass and suppress the unwanted FCNC at least for the kaon sector. FCNC of the bottom
sector, on the other hand, can be interesting signals. We follow a specific model of this type accordingi6eRef. [

In this model, there are mar(1) parameters in squark mass matrices, which we have scanned in a reasonable range.

We have calculated the following quantities for the above four cases in the three models.

e CP violation parametet in the K° — K0 mixing.

e By— B, mixing andB, — B, mixing.

The mixing induced P violations inB — J/i) K? andB — ¢K° modes.

The mixing-inducedCP violation in B — My, whereM; is a CP eigenstate with a strange quark such as
K*(— K9%).

Direct CP violation in the inclusivé — sy process.

These quantities provide several independent methods to look for New Physics. New Physics contributions in the
mixing quantities may be identified from the consistency test of the unitarity triangle. The difference @Pthe
asymmetries irB — J/i K2 andB — ¢K? implies existence of a ne@P phase in thé — s transition amplitude.
Fortheb — sy process, a sizable dire€f’ asymmetry means a new phase indhe sy amplitude, while the mixing-
induced asymmetry arises from the interference between the amplitudds-withy;, andb — 3v;,. Although this is
suppressed by /my, in the Standard Model, New Physics effects can gené)atg asymmetry, if there is & — sy
amplitude with the opposite chirality. Detailed description of our calculation is given in/E&f,. 99).

The correlation among th€P asymmetry of theB — J/iy KO mode, the phase df*, element ¢3), and the ratio

of the B, — B, mixing andB,; — By = mixing (Am(Bs)/Am(By)) is shown in Fig5-3C In this figure, we have

taken into account theoretical uncertainties due to the kaon bag paraifietéfs) and f5+/ B, (+20%) and take

|Vas/Vep| = 0.09 £ 0.01. In the calculation, we have imposed various phenomenological constraints to restrict SUSY
parameter space. These includes constraints from the Higgs boson and SUSY particle searches in collider experiments,
the branching ratio of the — s process, and various EDM experiments. We updated the previous calculation given
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Figure 5-30. Am(Bs)/Am(By) versus the mixing-inducedP asymmetry o3, — J/y K2 andgs in the minimal
supergravity model, SU(5) SUSY GUT with right-handed neutrinos for the degenerate and non-degenerate cases of the
right-handed neutrino mass matrix, and the MSSM with a U(2) flavor symmetry. The light-colored regions show the
allowed region in the Standard Model . The curves show the Standard Model valug¥with’.,| = 0.08, 0.09 and

0.10.
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Figure 5-31. Mixing-inducedCP asymmetry inpK?2 and M,y modes and direaEP asymmetry inb — sy as a
function of the gluino mass.

in Ref. [15§& 199 by taking account of the constraint on parameter space from the strange quark EDM contribution to
the Hg EDM, which was pointed out recentlig7]. For the two cases of the SU(5) GUT with right-handed neutrinos,

we included theu — e~ constraint, which is especially important in the degenerate case. The figure corresponds to
tan 3 = 30. For neutrino parameters in the GUT model, we take a hierarchal light neutrino mass spectrum with the
large mixing angle MSW solution. The right-handed neutrino masses are taked to 183 GeV for the degenerate

case, and.7, 18,45 x 10'3 GeV for the non-degenerate case.

We can see that possible deviations from the Standard Model prediction are small for the minimal supergravity model.
In the SU(5) GUT with right-handed neutrinos, the pattern of the deviation is different for the two cases. For the
degenerate cas&m(B;)/Am(B,) can be enhanced from the Standard Model prediction, while the correct value of
@3 is smaller than that expected in the Standard Model; this deviation, in fact, arises from a large SUSY contribution
to ex. The deviation may become clear when the valuepis precisely determined fro@P asymmetries of tree
precesses such & — DK. For the non-degenerate case, the deviation can be seen onyfoB;)/Am(By).

We can conclude that SUSY contributions are large for the 1-2 generation mixing in the former case, and the 2-3
generation mixing in the latter case. More general type of deviations is possible for the MSSM with a U(2) flavor
symmetry, because all three mixing diagrams can have large contributions.

The mixing-induced’P asymmetries in th& — ¢K? andB — M,y modes and the dire¢tP asymmetry ob — s
are shown in Figh-31for the four cases in the three models. Possible values of these observable quantities are plotted
in terms of the gluino mass faan 5 = 30. These figures are updated from those in F&g],[taking into account the
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Table 5-12. Pattern of the deviation from the Standard Model predictions for unitarity triangle and rare degéys. “
means that the deviation can be large and “-” means a small deviation. “closed” in the first ronBf timitarity means
that the unitarity triangle is closed among observables relatds];tand the second and the third rows show whether
deviation is observed from consistency check betweemBthenitarity ande x andAm(B,)/Am(Ba), respectively.

By unitarity Rare Decays

closure| +ex | +Am(By) S5(B — ¢K2) nX(B — Myy) | ASL(B — X.7)
MSUGRA closed | - - - - -

SU(5) SUSY GUT
(degenerate RHN)| closed | +/ - - - -
SU(5) SUSY GUT
(non-deg. RHN) closed | -
MSSM with U(2) vV vV

<X
<
<

Hg EDM constant. The expected experimental sensitivities at a Sep@actory with integrated luminosity of 5 ab

are also indicated based on the study for the Super KEKB Lol. The central values are chosen for illustrative purpose.
We can see that SUSY effects are large for the mixing-indu&dasymmetries fo3 — ¢K? and B — My in

the non-degenerate case of SU(5) SUSY GUT with right-handed neutrinos, whereas the corresponding deviations are
small for the degenerate case. In the degenerate case the constraint fom-the branching ratio is so strong that

the effect in the 2-3 generation mixing is not sizable. In the non-degenerate case, the contribution from the sbottom-
sdown mixing induces large effects in the— s transition, because the — e+ constraint is somewhat relaxed. For

the U(2) case, we can see that all three deviations can be sizable.

Possible deviations from the Standard Model prediction in the consistency test of the unitarity triangle and rare decays
are summarized in Table-12. The patterns of the deviations are different for these cases. For instance, observables
related to the3, unitarity triangle, namelAm(By), |V, ¢1 fromtheB — J/ih ¢ mode, andps fromtheB — DK

mode are consistent with a single triangle for the first tree cases in the table, but deviation can be observed if we
compare i andAm(B;)/Am(By) with the Standard Model prediction for the second and third cases. The deviation
patterns are also different for various rare decay observables. These features are useful to distinguish different SUSY
models at a SupeB Factory.

B physics signals in the Snowmass Points & Slopes

Itis expected that LHC experiments can significantly improve the search limit of SUSY particles. In a typical scenario
like the minimal supergravity model, squarks and gluino will be found if their masses are below 2 TeV. Snowmass
Points and Slopes (SPS) are proposed sets of benchmark parameters of SUSY parame®&8&padech model

points and lines are selected as representative cases for phenomenological studies of SUSY theory, especially for
SUSY particle searches in future collider experiments.

From the viewpoint of a SupdB Factory, it is interesting to study possible flavor physics signals in these benchmark
scenarios, and compare them with collider signals. In order to illustrate how LHC and a Sufsetory can be
complementary to each other, we calculated FCNC processes and rare decays along several benchmark parameter
lines for the two cases of SU(5) GUT with right-handed neutrinos. We should note that the benchmark points are
mainly intended to select representative SUSY mass spectrum for physics analysis at collider experiments, whereas
the flavor physics depends on how flavor off-diagonal terms in the squark/slepton mass matrices are generated. It is
therefore conceivable th@ physics can distinguish different SUSY models, even if the SUSY spectrum looks very
similar.

We consider the following model-parameter lines, corresponding to four cases in the SPS list. These lines are defined
by input parameters of the minimal supergravity model, namely the universal scalarimgsshe gaugino mass
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(m1/2), the universal trilinear coupling4(), and the vacuum ratia4n ). The sign of the higgsino mass ter) (s
taken to be positive.

e SPS lamg = —Ap = 0.4my 3, tan 8 = 10

e SPS 1bimg = 0.5my /9, Ag = 0, tan = 30

e SPS 2:mg = 2m; /5 +850GeV, Ay = 0,tan 8 = 10
e SPS 3img = 0.25my /3 — 10GeV, Ag = 0,tan 3 = 10

The lines are defined by varying, ,, The first two cases represent typical parameter points in the minimal supergrav-

ity model. (SPS 2b was only defined for a point with ,, = 400 GeV in [16§, but here we generalize it to a line

by varyingm, ,,.) SPS 2 corresponds to the focus point scenario, where squarks and sleptons are rath@6Eeavy [

SPS 3is a line in the co-annihilation region, where a rapid co-annihilation between a lighter stau and a LSP neutralino
allows acceptable relic abundance for LSP dark matter. We take these input SUSY parameters for the SUSY GUT
model, although the precise mass spectrum is not exactly the same as the minimal supergravity case due to additional
renormalization effects from the neutrino Yukawa couplietg,

The results of the calculation fel /(ex)sar, Am(Bs)/(Am(Bs)) s, AZS(B — ¢K?2), and AZX(B — M,v)

are summarized in TabE-13 In this calculation, we take the right-handed neutrino mass scale atolhéGeV as

before, and new phases associated with GUT interactions are varied. The calculation procedure is the same as that in
Ref. [15899]. The table lists magnitudes of maximal deviations from the Standard Model prediction for each quantity.
We do not listA%L, (B — X,v), because possible deviations are not large even in more general parameter space as
described before. We see that the only sizable deviation appeats 0k ) standardnoder iN the degenerate case of

SPS 2. For other cases, it is difficult to distinguish these models from the prediction of the Standard Model or the
minimal supergravity model with an integrated

Table 5-13. Possible deviation from the Standard Model prediction for various observable quantities for benchmark
parameter lines in the SU(5) SUSY GUT with right-handed neutrinos. The degenerate and non-degenerate cases for
right-handed neutrinos are shown separately. SPS 1a, 1b, 2, and 3 are model-parameter lines defined in the text. The
right-handed neutrino mass scale is taken tObE0**) GeV, and GUT phases are varied.

Degenerate case | ex/(ex)sm  Am(Bs)/(Am(Bs))su  ABS(B — ¢K2) AZS(B — Myy)

SPS 1a <10% <2% <0.1% <0.1%
SPS 1b <10% < 2% <0.5% <0.2%
SPS 2 <100% < 2% <0.3% <0.5%
SPS 3 < 5% < 2% <0.1% <0.1%
Non-degenerate case
SPS 1a < 2% <2% <0.1% <1%
SPS 1b <1% < 2% <0.5% < 2%
SPS 2 <1% < 3% <1% < 3%
SPS 3 < 2% <2% <0.1% <1%

luminosity of 5 abr!. ex /(ex ) s is shown for the degenerate case as a function of the gluino mass 8%y For

the case of SPS 2, the deviation of this size can be distinguished at a3 #@etory by improved measurements of
guantities related to the unitarity triangle, especially On the other hand, the— s transition processes do not show

large deviations even for the non-degenerate case for the selected model-lines. This is in contrast to the scatter plot in
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more general parameter space. We find that a large deviation occurs only for large valuedgp#nameter, but the
benchmark lines do not correspond to such cases. We should also note that a sizable deviation in the SPS 2 case can
be seen even for a relatively heavy SUSY spectrum where squarks are 1 -2 TeV, which can be close to the discovery
limit of SUSY at the LHC experiments.

In summary, we studied SUSY effects to various FCNC processes related to the unitarity triangle dhdieassy
processes with & — s transition. We considered the minimal supergravity model, two cases for the SU(5) SUSY
GUT with right-handed neutrinos, and the MSSM with a U(2) flavor symmetry. We found that large deviations are
possible in observable quantities with either 1-2 or 2-3 generation transition depending on the choice of the right-
handed neutrino mass matrices and the neutrino Yukawa coupling constants in the GUT model. Various New Physics
signals are possible in the U(2) model, while the deviation is small for the minimal supergravity model. These features
are useful to identify possible SUSY models at a Supdfactory . We also consider SUSY parameter space based

on benchmark scenarios of SPS. We observe that SUSY contribution can be laggéinthe case of SPS 2 (focus

point scenario) with the degenerate right-handed neutrinos in SU(5) SUSY GUT. This example illustrates that a Super
B Factory can provide important insight to the flavor structure of SUSY theory, which is complementary to what will
be obtained at energy frontier collider experiments.

5.3.3 Electric Dipole Moment for *Hg atom and B — ¢K? in Supersymmetric Models
with Right-Handed Squark Mixing

>J. Hisano and Y. Shimizu<
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Figure 5-32. ek /(€x)standardModel fOr SPS 1a, 1b, 2 and 3 in SU(5) SUSY GUT with right-handed neutrinos for the
degenerate right-handed neutrino mass case. Deviato(ilisonly for SPS 2.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



388 New Physics

Introduction

The Belle experiment in the KEK3 Factory reported recently that tg” asymmetry inB — ¢K° (S¢Kg) is

—0.96 £ 0.501597, and3.5¢ deviation from the Standard-Model prediction31 + 0.056 is found [L7(]. At present
the BABAR experiment does not observe such a large deviation, firiitigt 0.43 £ 0.07 [171]. The combined result
is not yet significant, however, Belle’s result might be a signature of New Physics.

The CP violation in B — ¢K? is sensitive to New Physics, sinbe— s3s is a radiative procesd¥Z. In fact, the

SUSY models may predict a sizable deviation of €1 violation in B — ¢K? from the Standard Model prediction.

If the right-handed bottom and strange squarks have a sizable mixing, the gluon-penguin diagram may give a hon-
negligible contribution td — sss in a broad parameter space where the contributidn-te sv is a sub-dominant.

B — ¢K?in SUSY models has been studied in many pap&r&][174[175][167).

In this article the correlation between th® asymmetry inB — ¢K? (SMg) and the chromoelectric dipole moment

(CEDM) of the strange quarki{) is discussed in SUSY models with right-handed squark mixing. In typical SUSY
models, the left-handed squarks also have flavor mixing, due to the top-quark Yukawa coupling and the CKM mixing,
and the left-handed bottom and strange squark mixing is as largé as 0.04. When both the right-handed and
left-handed squark mixings between the second and third generations are non-vanishing, a CEDM of the strange quark
is generated. Sinc€¢Kg andd¢ may have a strong correlation in the SUSY models with the right-handed squark
mixing, the constraint od$ by the measurement of the EDM 6¥Hg limits the gluon-penguin contribution from

the right-handed squark mixing 0 [167).

In next section we discuss thé€°Hg EDM in SUSY models. In Sectiob.3.3 the correlation between théP
asymmetry inB — ¢K? and the CEDM of strange quark in the SUSY models with the right-handed squark mixing
is presented. Sectidn3.3is devoted to discussion.

The 199Hg EDM in SUSY models

The EDMs of electron, neutron and nuclei are extensively studied in the SUSY models, and it is found that the relative
phases among the flavor-diagonélterms, B term in the Higgs potential, and the gaugino mass terms should be
suppressed. However, even in that case, the EDMs are generated if both the left- and right-handed sfermions are
mixed. It is especially interesting that EDM’s are enhanced by heavier fermion masses, while they are suppressed by
the mixing angles. Thus, the EDMs provide a stringent constraint on the SUSY models with both left- and right-handed
sfermion mixings.

Before deriving the constraint on the bottom and strange squark mixing, we discuss the EDM of the nuclei. The EDMs
of the diamagnetic atoms, such'd48Hg, come from theCP-violating nuclear force by pion or eta meson exchange.
The quark CEDMs,

H= Y dg%gqu“”TA%qGA (5.123)

pvr
q=u,d,s

generate th€’P-violating meson-nucleon coupling, and the EDM'3tHg is evaluated in Refl[7€] as
dug = —3.2 x 1072 x (d§ — d$ —0.012d9). (5.124)

Chiral perturbation theory implies that in the matrix element of the nucleon is not suppressed, leading to a non-
vanishing contribution from the CEDM of the strange quark. The suppression factor in fifntoEq. (5.124 comes

from then meson mass and th&P-conserving coupling of the meson and nucleon. From the current experimental
bound ondp, (dig < 2.1 x 10728¢ cm) [177):

eld§ —dS —0.012d%| < 7x107*"ecm. (5.125)
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If ¢5 andd$ are negligible in the equation,

eldS] < 7x5.8x10"%ecm. (5.126)

The neutron EDM should also be affected by the CEDM of the strange quark. However, it is argued IV Ejehdt

this is suppressed by Peccei-Quinn symmetry. It is not clear at present whether the contribution of the CEDM of the
strange quark is completely decoupled from the neutron EDM under Peccei-Quinn symmetry. In the following, we
adopt the constraint on CEDM of the strange quark ftdfidg.

In SUSY models, when the left-handed and right-handed squarks have mixings between the second and third genera-
tions, the CEDM of the strange quark is generated by a diagram itbF3§(a), and is enhanced by, /m. Using
the mass insertion techniqu&; is given as

Qs Mg

¢ = 9 (o) — 3Naa) ) I (65 s (6 5] (5.127)

2
47 mg

up to the QCD correction, where; andm; are the gluino and averaged squark masses. The funciipase given
as

3+ 44x — 3622 — 1223 + 2* + 122(2 + 3z) logm

Ny(z) = Ty (5.128)
10 + 92 — 1822 — 2% + 3(1 + 62 + 322) log
No(z) = —2 - 1)(6 Jlog (5.129)
The mass insertion parametéﬁédg)zs, (5%?) )32, and((S )33 are given by
m2 m2
dr, dr m A — i tan
(07)25 = (. ).y )23, (Ofik)sz = (). 2) 2 (5 )y, — Tl ptanf) (5.130)

mx m[j mq

where(mfz ) is the left-handed (right-handed) down-type squark mass matrix. In typical SUSY m@iii%ssgg is

L(R)
O(\?) ~ 0.04. From this formulagd¢ is estimated in a limit ok — 1 as

Qg MG 11 d d d
ed] = eﬂmg ( 30) Im [(5(@))23 (857 )ss (5531)3)32} (5.131)
_ (d) (d)
_ —23 mg 3 ((057)23 (0pR)32 ptan B
= ~40> 107" sinfecm <5OOGeV) ( 0.04 0.04 soo0cev )+ 132

where§ = arg[(é(LdL))gg (5(Ld1)%)33 (655,)%)32]. Here, we neglect the contribution proportional Ag, since it is sub-
dominant. From this formula, it is obvious that the right-handed squark mixing ar#heiolating phase should be
suppressed. For example, fa; = 500GeV, p tan § = 5000GeV, and(é(L‘iL))% =0.04,

|sin 6(51 )35] < 5.8 x 1074 (5.133)

Correlation betweendS and B — ¢K? in models with right-handed squark mixing

Let us discuss the correlation betweén and S in the SUSY models with right-handed squark mixing. As
mentioned in Introduction, the right-handed bottom and strange squark mixing may lead to the sizable deviation of
S¢Kg from the Standard Model prediction by the gluon-penguin diagram, especially fottarge The box diagrams
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with the right-handed squark mixing also contnbuté‘g}(o but they tend to be sub-dominant, and do not generate a
large deviation OS¢K0 from the Standard Model predlctlon Thus, for simplicity, we will neglect the box contribution
in this article.

The effective operator inducing the gluon-penguin diagram by the right-handed squark mixing is

H=-Cf = ZmbsRo””T AbLG,. (5.134)

When the right-handed squarks are mixed, the dominant contributiof tis supplied by a diagram with the double
mass insertion o@ég}{)gg and(égi)gg (Fig.’5-34(b)). This contribution is specially significant whartan (3 is large.
The contribution of Fig5-33(b) to C{ is given as

TQs My 1
Cl = 2 (D)5 (8% )50 (— = My () — 3My () (5.135)
mg my 3
up to QCD corrections. Here,
1 _ 0,2 _ .3 2)1]
My () = + 9z — 92 — z° + (62 + 62°) oggs’ (5.136)
(x—1)°
3— 322 + (1 + 4z +2?)logx
M = -2 . 5.137
In a limit of z — 1, CF is reduced to
77r045 d) (d)
CE = 72 (5)55(6'%) )30 5.138
8 30mbmg( LR)33( RR)32 ( )
Comparing Eq.%.13J) and Eq./6.13§, we see a strong correlation betwe&nandC{*:
myp 11 |
df = — =1 [0 )2sCF| | (5.139)

up to QCD corrections. The coefficieht/7 in Eq. (5.139 changes from 3 to 1 fd¥ < = < oc.

In Fig.5-34the correlation betweetf’ andS, ko is presented. Here, we assunfe = —mb/(47r2)Irn[(5(LdL))ggC§],
up to QCD corrections. Here, we taKé(LdL))gg = —0.04, arg[C{] = 7/2 and|CE| corresponding td0~° <
|(5g}{)32\ < 0.5. The matrix element of chromomagnetic momenBin- ¢K? is

gS — UV rpa a | 4063
<¢K2|8?mb(810’ T Prbj)G, | Ba) = K97(6¢p3)f¢m?¢F+(m?¢)7 (5.140)

andx = —1.1 in the heavy-quark effective theor® 1. Sincex may suffer from large hadronic uncertainties, we
takex = —1 and—2. From this figure, it is found that the deviation@(;Kg from the Standard Model prediction due

to the gluon penguin contribution should be tiny when the constraidfoim Eq. 5.126) is applied.
Discussion

In this article the correlation between th@& asymmetry inB — ¢ K and the chromoelectric dipole moment (CEDM)

of strange quark has been discussed in SUSY models with right-handed squark mixing. While the gluon-penguin
diagram might give a large deviation 6T¢Kg from the Standard Model prediction, the size is limited from the
constraint on the CEDM of the strange quark. The constraint from the CEDM of the strange quark on the mixing
between the right-handed strange and bottom squark is the most stringent at present, compared with other processes
where the left-handed squarks are also mixed. For exampl&ithe s+ gives the constraint as

-1
@ | <gon Htans mg )’ 141
’(5%)23’ S0 7<5oooc:ev (SOOGeV) ’ (5.141)
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which is looser. Also, the right-handed down-type squark mixing is related to the left-handed slepton mixing in the
SUSY SU(5) GUT, and the experimental bound®f — ) gives a constraint on the mixing between the right-
handed strange and bottom squétk4]. While the current bound oB8(r — ) may exclude the possibility of a

large deviation OB¢Kg, a sizable deviation is still allowed.

It has been argued recently in Ref7E] that the measurement of the deuteron EDM may improve the bound on the
CP-violating nuclear force by two orders of magnitude. If this is realized, it will be a stringent test of SUSY models
with right-handed squark mixing, such as SUSY GUTSs.

g g

i i

- @ - -@--> - —@>-

———-<———.———~>———'———>-———
5L st br, bR Sr SR br, br, bR SR SR

(a) (b)
Figure 5-33. a) The dominant diagram contributing to the CEDM of the strange quark when both the left-handed and
right-handed squarks have mixings. b) The dominant SUSY diagram contributing @Ptiasymmetry inB — Ko
when the right-handed squarks have a mixing.

5.3.4 SUSY Analysis inB Decays: the Mass Insertion Approximation

>—M. Ciuchini, A. Masiero, L. Silvestrini, S. K. Vempati and O. Vives<

Introduction

Our knowledge of the flavor sector in the Minimal Supersymmetric extension of the Standard Model (MSSM) is still
very limited. Only after the discovery of SUSY particles and the measurement of the supersymmetric spectrum we
will be able to explore in detail this fundamental piece of the MSSM. Nevertheless, we already have a lot of useful
information on this sector from experiments looking for indirect effects of SUSY particles in low-energy experiments
[180,181].

To analyze flavor-violating constraints at the electroweak scale, the model-independent mass-insertion (MI) approx-
imation is advantageoud 82, (183, /184, [185. In this method, the experimental limits lead to upper bounds on the

parameters (or combinations dfi = A{j/m%; whereAlfj is the flavor-violating off-diagonal entry appearing in the

f = (u,d, 1) sfermion mass matrices in the basis of diagonal Yukawa matricem%n’sl the average sfermion mass.

In addition, the mass-insertions are further sub-divided inkg’ LR/ RL/RR types, labeled by the chirality of the
corresponding Standard Model fermions. With the help of this MI formalism we can easily estimate the sensitivity of
different processes to offdiagonal entries in the sfermion mass matrices. In this respect, it is instructive to compare the
sensitivity of kaon and3 physics experiments.
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S,

Figure 5-34. The correlation betweedf’ andS, K9 assuminglS = —my,/(472)Im[(8\%))23CEY. Here,(5'%))a5 =

—0.04 andarg[C§] = 7/2. k comes from the matrix element of chromomagnetic momeit in> ¢K 2. The dashed
line is the upperbound aif’ from the EDM of'*° Hg atom.

If we assume that indirecP violation in the kaon sector gets a sizable contribution from SUSY, while the kaon mass
difference is mainly due to the Standard Model loops we have,

535 10-3 > csver — M Mslgys, | af Miy Im{(6%)7, )
. ZE€g = - m
VZAMkl,, ol Ms (VogVz)? 2

2
MW

|m{<5iiz)%L} d\2 4

where we have assumed a SUSY mass scale of 500 GeV. In the Standard Model contribution, we have taken into
account that quark masses must be present because of the GIM mechanism, and we have used the fact that the loop
function in the W diagram$(z. = m2/M32,) ~ z. for z. < 1 [18€°. We have ignored factors @?(1), as well as

the different loop functions in the gluino contributions. Hence, we can see that the SUSY contribution is suppressed by
the heavy squark masses with respect tolth&oson mass. However, the SUSY gluino contribution is proportional

to the strong coupling, while the Standard Model contribution is proportional to the weak coupling. Apart from these
factors, we have to compare the mass inser(kiﬁjlg with V4 ]C;VCV V. Hence we can see that, due to the small

fermion masses and/or mixing angleg; is in fact sensitive to Ml at the level of a few 10~* [187].

SHere the charmi# loop gives the main contribution for the kaon mass difference and this is sufficient for our estimate. Long distance (and top
quark) effects are not included here, although they give a sizabB0¢%) contribution toAm
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Table 5-14. Bounds on the mass insertions fram, ¢’ /¢, BRG — sv) and AM By, for mg = 500 GeV. For
different squark masses, bounds @1.r)12 and (6r.r)13 Scale asmg(GeV)/500), while other bounds scale as

(mg(GeV)/500). These bounds are equal under the exchdnge R.

2 2 2 2
e LIt | Im 6] | VimOR),, 08wl | (/[Ret.] | /Re08):]
0.3 2.9 x 1073 1.1 x 107° 1.1 x 1072 4.6 x 1072 5.6 x 1072
1.0 6.1 x 1073 2.0 x 1075 1.3 x107* 9.8 x 1072 3.3x 1072
4.0 1.4 x 1072 6.3 x 1075 1.8 x 1074 2.3x 1071 3.6 x 1072
2
VReR)L | 168),al | VIRe(E), (el | /IRe(E), 58
0.3 0.21 1.3 x 1072 7.4 x 1072 1.6 x 1072
1.0 0.45 1.6 x 1072 8.3 x 1072 1.8 x 1072
4.0 1 3.0 x 1072 1.2 x 10! 2.5 x 1072
Similarly, we analyse the Ml in (1,3) transitions from tB& CP asymmetries,
Im M o2 M2, Im{(6%)2
0.74 2 ClJ/w’SUSY _ |M lTlsusv ~ ai MQVV { >|(132 Lig}
12]sm w susy (thth) ﬁ
Im {(6¢5)3
~ 12.5 x 0.026 x 3{X10L4L} = /Im{(6%5)2,} <0.0,3 (5.143)

where again we us€(z;) ~ x; [18€. In this case we have some differences with respect to the situation in the kaon
sector. First, in this case the combination of fermion masses and mixing angles in the Standard Model contribution is
larger by a factor of 20. So, if we could reach the same experimental sensitivity’IR experiments as in kaofiP

violation experiments we would be able to explore MI a fagt@0 larger. However, the main difference between both
experiments is the different experimental sensitivity to the observables. In kaon physics we are sensitive to signals of
CP violation that arel0® times smaller than the kaon mass differenceBIphysics we measui@P violation effects

of the same order as the mass difference, and we are sensitive to signals roughly one order of magnitude smaller.
This is the main reason whyyP experiments in kaon physics are sensitive to much smaller entries in the sfermion
mass matrices than experimentsArphysics [L87]. We can compare these estimates with the actual bounds in Table
5-14and we see that our simplified calculations are correct as order of magnitude estimates.

However, this does not mean that it is impossible to find signs of supersymmedrpliysics experiments. We have
several reasons to expect larger off diagonal entries in the elements associated-witlor b — d transitions than

in s — d transitions. In some grand unified models, large atmospheric neutrino mixing is associated with large right-
handed down quark mixindB€ [18¢S,/19(J. Sizable mixing in transitions between the third and second generations
is also generically expected in flavor model®1]. In fact, we have only weak experimental constraintshor s
transitions from the3(b — sy and Amg, as shown in Tabl&-14. So, the question is now, are large SUSY effects
possible inB transitions?.

FCNC in GUT supersymmetry

Ina SUSY GUT, quarks and leptons are in the same multiplet. As long as the scale associated with the transmission of
SUSY breaking to the visible sector is larger than the GUT breaking scale, the quark-lepton unification also seeps into
the SUSY breaking soft sector, leading to squark-slepton mass-squared unifit88pmhe exact relations between

the mass matrices depend on the choice of the GUT gauge group. For instance, imB%JXﬁ)g and(Aﬁj)LL are

equal; in SO(10) alhA;; are equal aiV/¢y ¢ implying strong correlations within FCNCs at that scale that can have
significant implications on flavor phenomenology.
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To be specific, we concentrate on SUSY SU(5), with soft terms generated ahgve. We assume generic flavor-
violating entries to be present in the sfermion matrices at the GUT %cilee part of the superpotential relevant for
guarks and charged lepton masses can be written as

Wsuey =hi T, T; H+ b T, F; H+ p HH, (5.144)

where we have used the standard notation, @ithansforming as a0 and F" as a5 under SU(5). The corresponding
SU(5) invariant soft potential has now the form:

o~ ~t~ IS  __ _
— Looge =mi, T} Ty + miF,F; + mi, H'H + m%HTH + AYTTH + ALTF;H + BuHH . (5.145)
Rewriting this in terms of the Standard Model representations, we have

—_ 2 ATA 2 er 2 e* 2 7* 5 2 Fi7
—Lsoft = me,, Q.Q; + mugjuciucj + megjeciecj + mdsjdci dj+mp, LiLj+

m?hHI}h + m%zHQTHQ + AZ QidchQ + A;ij Qicichl + Afj f/iéchl + ... (5146)
mQQ = mg—c = mi—c = m3, mgc =m2 = m%, A = A‘jii . (5.147)

Egs. 6.147) are matrices in flavor space. These equations lead to relations within the slepton and squark flavor-
violating off-diagonal entries\;;. These are:

(AL = (AR = (AL = (AR, (AY)r= (AL, (Af)Lr=(A})Lr= (A%, (5.148)

These relations are exactlf;yr; however, after SU(5) breaking, quarks and leptons suffer different renormalization
effects and are thus altered/aly, . It is easy to see from the RG equations that off-diagonal elements in the squark
mass matrices in the first two of Eg5.14§ are approximately not renormalized due to the smallness of CKM mixing
angles and that the sleptonic entries in them are left unchanged (in the absence of right-handed neutrinos). On the other
hand, the last equation receives corrections due to the different nature of the RG scalinf Bfténen (A-parameter).

This correction can be roughly approximated as proportional to the corresponding fermion masses. Taking this into
consideration, we can now rewrite the Eds14¢§) at the weak scale,

2
m .d 2.
(68 rR =~ m?ch (64;)LL (0;7 )L ~ Tné (61;) rR>
2 2
m ML
(04 rr ~ —o=(0};) RR, (08 )Lr ~ ﬁ o (81 R (5.149)
uC avg

Wherem%avg (méavg ) are given by the geometric average of left- and right-handed slepton (down-squark) masses

m3 mze (, Jm m3e ) all defined at the weak scale.

To account for neutrino masses, we can use the seesaw mechanism by adding singlet right-handed neutrinos. In their
presence, additional couplings occur in E&s144-5.14§) at the high scale which affect the RG evolution of slepton
matrices. To understand the effect of these new couplings, one can envisage two scgfgriga)[small couplings
and/or small mixing in the neutrino Dirac Yukawa matrix, (b) large couplings and large mixing in the neutrino sector.
In case (a), the effect on slepton mass matrices due to neutrino Dirac Yukawa couplings is very small and the above
relations Eqgs.5.149 still hold. In case (b), however, large RG effects can significantly modify the slepton doublet
flavor structure while keeping the squark sector and right handed charged slepton matrices essentially unmodified, thus
breaking the GUT-symmetric relations. Even in this case, barring accidental cancellations among the mass insertions
already present dt/;r and the radiatively generated mass insertions bet@éenr and, ., there exists an upper
bound on the down quaikparameters of the form:
m2
(05 rrl < —3=1(8)rel (5.150)
dc

“Note that even assuming complete universality of the soft breaking teri$at,, .., as in MSUGRA, the RG effects aW g7 will induce
flavor off-diagonal entries at the GUT scali9H)|.
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Figure 5-35. Allowed regions in the R&%;) rr—Im(6%;) rr plane and in theSx4,—Im(63;) rr plane. Constraints
from B — Xy, BR(B — X:¢1¢7), and the lower bound oAm have been used.

while the last three equations in E&.149 remain valid in this case.

The relations$.149/5.150) predict links between lepton and quark flavor-changing transitions at the weak scale. For

example, we see that — e~ can be related 0K mixing and toD°—D" mixing. Similarly, one can expect
correlations between — e~ and By — By mixing, as well as between — i~ andb — s transitions such as
B — ¢K?Y.

To show the impact of these relations, let us assume that all the flavor diagonal sfermion masses are approximately

universal at the GUT scale, with7. = m% = m# = m?% = mg, with flavor off-diagonal entriem?, =mpl + A,

with |Afj\ < ma3. A; can be present either through the running from the Planck scale to the GUT Ke4jlef
through some flavor non-universality originally presetf#d, 19€ 197]. All gaugino masses are unified fd, /, at
Mgyr. For a given set of initial conditions\{; /,, m3, Ao, A;j, tan ) we obtain the full spectrum alfy with the
requirement of radiative symmetry breaking. We then apply limits from direct searches on SUSY particles. Finally,
we calculate the contributions of differefif; parameters to both leptonic and hadronic processes, considering the
region in the(mo, M, /o) plane corresponding to a relatively light sparticle spectrum, with squark masses of roughly
350-550 GeV and slepton masses of about 150-400 GeV.

b — s transitions have recently received much attention, as it has been shown that the discrepancy with Standard
Model expectations in the measurementsdgf-(B — ¢K?) can be attributed to the presence of large neutrino
mixing within SO(10) modelslI8¢ 19C [189). Subsequently, a detailed analysis has been preselBécilod] within

the context of the MSSM. It has been shown that, for squark and gluino masses asouBdV, the presence of a

O(1) (0%)11.rr could lead to significant discrepancies from the Standard Model expectations. Similar statements
hold for a ©(10~2) LR or RL MI. Here, we study the impact of LFV bounds on théggarameters and subsequently

the effect onB physics observables. In Tatfiel5, we present upper bounds 6§ within the above mass ranges for

three values of the limits o(7 — ). There are no bounds ¢hd; )11 because, as is well know@0(C, 201,202,
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Table 5-15. Bounds on(63;) from B( — ) for three values of the branching ratios fan 8 = 10.

Type | < 6-10 7 < 1-10 7 < 1-10°°
LL - - -

RR 0.070 0.030 0.010
RL 0.080 0.035 0.010
LR 0.080 0.035 0.010

large values of(éﬁj)RR are still allowed, due to the cancellations of bino and higgsino contributions in the decay
amplitude.

At present, the constraints coming frabhphysics are stronger than those obtained for the lepton sector in the cases
of (643) L.k rL- Therefore no impact o phenomenology is expected even if the present bounfi(en— 1)

were pushed down tb x 10~7. On the contrary, the bound @hd;) r induced byB(r — ) is already at present
much stronger than the bounds from hadronic processes, reducing considerably the room left for SUSY d#fects in
decays. To illustrate this point in detail, we repeat the analysis of [R@4] [ncluding the bounds coming from lepton
processes. We therefore compute at the NLO branching ratio§ Brasymmetries fo3 — X,y andB — ¢K?,

B(B — X 0T¢7) andAm, (see Ref.199 for details). In the first row of Figs-35, we plot the probability density in

the Re ;) rr—IM(84;) R plane for different upper bounds d@{r — 1v). Note that making use of Ec6(149 with
|(6%) | < 1,implies|(64;) rr| S 0.5 as the ratiqm? /m?2.) varies roughly betwee(0.2 — 0.5) at the weak scale,

for the chosen high scale boundary conditions. The effe¢t$y) rr of the upper bound oB3(r — 1) is dramatic
already with the present experimental value. Correspondingly, as can be seen from the second rob-2%, Fige
possibility of large deviations from the Standard Model in the coeffici#&yat of the sine term in the time-dependent
Acp(B — ¢K)) is excluded in theRR case. Hence, we conclude that in SUSY GUTSs the most likely possibility

to strongly depart from the Standard Model expectationsSige relies on a sizable contribution frod;) . or
(643)Lr.rL, @S long as they are small enough to be within the severe limits imposBby— X.v) [199. These

results would not change significantly if one started with a SO(10) theory instead of a SU(5) theory. The relation in
Eq. 5.149 would be still valid however with the additional constraitty,) rr = mg/m3(6%;) L. = m3 /m3(6,;) L.

The results of our analysis are therefore valid also for SO(10), although stronger correlations are generally expected.

Exploiting the Grand Unified structure of the theory, we can obtain similar bounds on &f;hparameters. For
example, considering the first two generations, the boun&{.pfrom B(y — e+) can, in many cases, compete with
the bound fromA M [185]. Similar comparisons can be made for #fg from limits on B(t — e~) andB)— BY
mixing.

Example: SU(3) flavor theory

Finally as an example, we discuss here the main features of a recent supersymmetric SU(3) flava20Go2ied,|

205 that successfully reproduces quark and lepton masses and mixing angles, and predicts the structure of the sfermion
mass matrices. Under this SU(3) family symmetry, all left-handed fermignar(d«5) are triplets. To allow for the
spontaneous symmetry breaking of SU(3), it is necessary to add several new scalar fields that are eithefstriplets (
023, 65) or anti-triplets @3, 623). We assume that SU()is broken in two steps. The first step occurs whgmets

a large vev breaking SU(3) to SU(2). Subsequently, a smaller v@ysdireaks the remaining symmetry. After this
breaking, we obtain the effective Yukawa couplings at low energies through the Froggatt-Nielsen mechanism. In this
theory, the Yukawa superpotential is

Wy = Hu§ |050] + 0550555 + (e““?zg,kés,zeég (02303) + (i j))} 7 (5.151)
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and so the Yukawa textures are

0 e3¢ Xy 2e!(0HF) X,
Yie | o & e o5 , (5.152)

0 las|?
es™x

wherez = (f23) /M ~ 0.15 with M a mediator mass in terms of dimension greater than three, ank tleee O(1)
coefficients. In the same way, the supergravighler potential receives new contributions after S@(Bjeaking,

K =fy; <5U(c0 +doXXT) + S5 [05105(cr + L XXT) + 05503, (co + da X X))+
(103 £023,1)T (/703 1nb23,) (c3 + ds X XT)]) (5.153)

wherec;, d; are O(1) coefficients and we include a field with non-vanishing F-term. From here we obtain the
structure of the sfermion mass matric28§ 204, 205. In the basis of diagonal quark Yukawa couplings (SCKM
basis) we obtain for the down quarks, suppressing fac¥gts,

1 + E‘j _gSefiw _gSefiw
(M%R )SCKM ~ | —g3¢iv 1472 2 m(2) . (5.154)
—gleiv g2 1+2

Thus, we can see that ;h— 2 transitions we have off-diagonal entries of orééralthough these must still be small

to have large effects. In the case of lepton flavor violation, the slepton mass matrices are similabtdEpwith
differentO(1) coefficients. However, the main advantage of leptonic processes is that the Ml are not greatly reduced
from Mgy to My, . Inthis case(d | )25 ~ 2 x 1072 (except factors for order 1), contributingto— p transitions,

while the bound in Tabl&-14is only 3 x 10~2. Therefore a- — py branching ratio close to the experimental bound

is indeed possible.

Conclusions

We have introduced the mass insertion formalism and we have applied’#® teiolation in B physics. We have

seen that SupeB Factoriescan explore the flavor structure of the sfermion mass matrices, both in the squark and in
the slepton sectors. Supersymmetric Grand Unification predicts links between various leptonic and hadronic FCNC
observables. We have quantitatively studied a SU(5) model and the implications for transitions between the second
and third generations. We have shown that the present limit(en— 1 ) significantly constrains the observability

of SUSY in CP violating B decays. In these models, lepton flavor-violating decays may be closer to experimental
bounds than quark FCNCs, although these decays measure slightly different flavor parameters. We have also seen that
sizable contributions are possible in “realistic” flavor models. Thus, precision measuremBniaridr) physics are
necessary to understand flavor physics.

5.3.5 Effective Supersymmetry inB Decays
>P. Ko<

Introduction

Generic SUSY models suffer from serious SUSY flavor @itproblems, because the squark mass matrices and quark
mass matrices need not be simultaneously diagonalizable in the flavor space. Thereforedhe— ¢;5 vertices

(4,7 = 1,2,3 are flavor indices, and, B = L, R denote chiralities) are described by some unitary m:WjégAB in

the down (s)quark sector, which is analogous to the CKM matrix in the Standard Model. Since this coupling has a root
in strong interaction and can ha¢& violating phases, it leads to too large flavor changing neutral current (FCNC)
amplitudes through gluino-squark loop as well as too largeand neutron electric dipole moment (EDM), which
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could easily dominate the Standard Model contributions and the data. Some exampé&areA M andex) and

BB’ mixing (AMp and CP asymmetry inB; — J/ KY) and B — X7, etc.. The lepton sector has the same
problem through the neutralino-slepton loop, and the most serious constraint comes(ftom ev) and electron
EDM.

One way out of these SUSY flavor aot problems is to assume that the first and second generation squarks are very
heavy & O(10) TeV) and almost degenera20€]. The third generation squarks and gauginos should be relatively
light ( <1 TeV) in order that the quantum correction to Higgs mass parameter is still reasonably small. This scenario
is called an effective SUSY model, or a decoupling scenario. In effective SUSY modéls; thiwop can still induce

a certain amount of flavor andP violation in the quark sector through the mixing matri¢€g , ;. In addition to

the flavor mixing and”P violation from W2 .ap'S, there could be flavor-conservir@” violation through the: and

A, parameters within the effective SUSY models Note that this class of models, ignoring the gluino-mediated FCNC,
are used in the context of electroweak baryogenesis within SUSYdsrd207]). Although the phases in and A;

are flavor-conserving, they can affd€tand B physics through chargino/stop propagators and mixing angles.

Since there are no well-defined effective SUSY models as there are in gauge mediation or minimal supergravity
scenarios, one has to assume that all the soft SUSY breaking terms have afiftraiglating phases, as long as they

satisfy the decoupling spectra and various experimental constraints. In order to make the analysis easy and transparent,
we consider two extreme cases:

e Minimal flavor violation (MFV)

e Gluino-squark dominance in— s(d) transition § dominance)

We will describe typical signatures of each scenario, keeping in mind that reality may involve a combination of these
two extreme cases.

CP violation from p and A; phases

Let us first discuss minimal flavor violation models with effective SUSY spectra. In this model, flavor violation comes
through the CKM matrix, whereasP violation originates from the and A; phases, as well as the CKM phase. The

one loop electric dipole moment (EDM) constraint is evaded in the effective SUSY model due to the decoupling of
the first/second generation sfermions, but there are potentially large two loop contribution to electron/neutron EDM’s
through Barr-Zee type diagrams in the latge 3 region R0§. Imposing this two-loop EDM constraint and direct
search limits on Higgs and SUSY particles, we find t28] 210

e There are no new phase shiftsBB" anng@g mixing: Time-dependent’P asymmetries inB; — J/) K2
still measure the CKM anglg = ¢, [Fig.5-3€(a)]

AMp, can be enhanced up t0 80% compared to the Standard Model prediction [IS€B€ (b)]

Direct CP asymmetry inB — X~y (A’HS”) can be as large as15% [see Fig/5-37]

R, can be as large as 1.8

ex can differ from the Standard Model value by40%

One can therefore anticipate substantial deviations in certain observables ihdfigtem in SUSY models with
minimal flavor violation and complex and A; parameters. This class of models include electroweak baryogenesis
(EWBGEN) within the MSSM and some of its extensions (such as NMSSM), where the chargino and stop sectors
are the same as in the MSSM. In the EWBGEN scenario within the MSSM, the current lower limit on the Higgs
mass requires a large radiative correction from the stop loop. $jnbas to be light to have a sufficiently strong 1st
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Figure 5-36. Correlations between (ajn 3 vs. the new phase shift in thez Bzb mixing, and (b)3(B — X;s7) Vs.
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with (a) B(B — Xsv) and (b) the lighter chargino ma3$, . The squares (the
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order electroweak phase transition, one has to have higatyinduce a large\m?. After consideringB — X,

one expects a very small deviationsA},*" and AMp, [211]. However, in some extensions of the MSSM, the
tension betweem;, andm;, becomes significantly diluted in EWBGEN scenarios, because there could be tree level
contributions tom?. Therefore, the predictions made in ReB0¢, 21q will be still valid in EWBGEN scenarios

beyond the MSSM.

SuperB Factoriesshould be able to measmb@;” to higher accuracy, and will impose a strong constraint on a new
CP-violating phase that could appearih— X,~v. Also the forward-backward asymmetriesiih— X,¢* ¢~ with

¢ = e or p are equally important probes of neWP-violating phases, and important observables to be measured at
SuperB Factories, for which LHG or BTeV cannot compete.

CP violation from gluino-squark loops

In effective SUSY scenarios, it is possible that the gluino-mediated s transition is dominant over other SUSY
contributions. Coheat al.have described qualitative features of such scenariBgihysicsP12]; a more quantitative
analysis was presented by other groups. In F&fF] effects of possible newP-violating phases o8 — X v and

B — X, ¢*¢~ were considered both in a model-independent manner, and in gluino mediation dominance scenario.
In effective SUSY modelsAé}” can be as large as10%, if the third generation squarks are light enough ~

(100 — 200) GeV (see Fig5-3€), whereasB — X, /1 ¢~ is almost the same as the Standard Model predica6]|

How to distinguish the i or A; phase from thecigl3 phase

Should we find deviations isin 25¢Kg orAlé;”, it will be very important to figure out the origin of neiP-violating

phases. In an effective SUSY context, one has comglex or (64 5)23 (With A, B = L, R). The effects of these

new complex parameters on some oservables iBtkgstem are shown in Tatie 1€ The only process which is not
directly affected by gluino-mediated FCNC i — X,vw. All the other observables are basically affected by both
the phases of, A, and(éiB)gg parameters. In fact, this feature is not specific to the effective SUSY scenarios, but
is rather generic within SUSY models. Therefore the measuremdst-of X v branching ratio will play a crucial

role to tell if the observedP-violating phenomena comes from theor A, phase 04 5)23. This can be done only

at acte~ SuperB Factory, and not at hadras factories.

Table 5-16. Possible effects of the phaseofor A, for moderatean 3 (3 < tan 3 < 6) and the phase af (with
1 = 1,2) to various observables in the systems, and possibilities to probe these at various experiments

Observables | Arg (i) or Arg (4;) Arg (65) SuperB Factory LHG

Amy Y Y o) o)

sin 23 N Y o} o
Am Y Y X o

sin 23 N Y X @]
AV Y Y o) X
AL Y Y o X

B — Xt~ Y Y o X
B — XU Y N (e} X
By — K" Y Y 0 0

Conclusion

We showed that there could be large deviations in certain observables i shigtem, which can be studied only
in SuperB Factories. The most prominent deviations are the branching rati ef X,v7, A%;*7, the forward-
backward asymmetry i8 — X,¢T¢~, and the branching ratio @ — X ;v andCP violation therein, without any
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conflict with our current understanding based on the CKM paradigm. These observables could reveal new sources of
CP and flavor violations that could originate from SUSY models, including effective SUSY models, and should be an
important topic at SupeB Factories.

| am grateful to S. Baek, Y. G. Kim and J. S. Lee for their collaboration on the work presented here.

5.3.6 Supersymmetric Flavor Violation: Higgs—Quark Interactions
> D. A. Demir <

The primary goal of the existing and planned hadron colliders anétimeson factories is to test the Standard Model

and determine possible New Physics effects on its least understood sectors: breakdd@nflazor and gauge
symmetries. In the standard picture, bath and flavor violations are restricted to arise from the CKM matrix, and

the gauge symmetry breaking is accomplished by introducing the Higgs field. However, the Higgs sector is badly
behaved at quantum level; its stabilization against quadratic divergences requires supersymmetry (SUSY) or some
other extension of the Standard Model. The soft breaking sector of the minimal SUSY model (MSSM) accommodates
novel sources fo€’P and flavor violations214; 215 with testable signatures at present (PEP-1I, KBK-or future

(SuperB Factory or LHC) experiments. The Yukawa couplings, which are central to Higgs searches at the LHC,
differ from all other couplings in one aspect: the radiative corrections from sparticle loops depend only on the ratio
of the soft masses, and hence they do not decouple even if the SUSY-breaking scale lies far above the weak scale. In
this sense, a non-standard hierarchy and texture of the Higgs-quark couplings, once confirmed experimentally, might
provide direct access to sparticles, irrespective of how heavy they might be (though not too large to regenerate the
gauge hierarchy problem). This section will summarize the results of recent @bgkthat discusses the radiative
corrections to Yukawa couplings from sparticle loops and their impact on flavor-changing neutral current (FCNC)
observables and Higgs phenomenology.

The soft breaking sector mixes sfermions of different flavor via the off—diagonal entries of the sfermion mass—squared
matrices. The R andRL blocks are generated after the electroweak breaking with the maxim&PéizeM sy sy ),
and their flavor-mixing potential is dictated by the Yukawa couplings, and by the trilinear coupling matrices

i with (Yi,)

; d) .
contribute toCP-violating observables. The flavor mixings in thd, and RR sectors, however, are insensitive to
electroweak breaking; they are of pure SUSY origin. Cleay,violation in theLL and RR sectors is restricted to

the flavor-violating entries, due to hermiticity. In discussing the FCNC transitions, it is useful to work with the mass
insertions/215

= (Y%d)ij (Au,d)ij where A, 4 are not necessarily unitary, so that even their diagonal entries

(a5) - MB0)nr1s : (5.155)
RR,LL M12),U
where(Mp) . , , have the generic form
MG, Mie, Mis, My M M
(MIQJ)LL: M§2LJL M§2L MEQLEL ) (MQD)RR: M§2min MgR M§2RER (5.156)
MBQLJL M132L§L M132L MBQRCZR MEZR§R ME2R

in the baseqdy, 51,b.} and {dr, 5r,br}, respectively. The same structure repeats for the up sector. The mass
insertions are defined in terms 817 ;; which stand for the mean of diagonal entries. The textures of theand
RR blocks are dictated by the SUSY breaking pattern. In minimal SUGRA and its nonuniversal variantaRvith
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violation, for instance, the size and structure of flavor atitiviolation are dictated by the CKM matri2l4]. On

the other hand, in SUSY GUTs with Yukawa unificatiery, SO(10), implementation of the see—saw mechanism
for neutrino masses implies sizable flavor violation in & block, given the large mixing observed in atmospheric
neutrino data217).

The effective theory below the SUSY breaking scilgy sy consists of a modified Higgs sector; in particular, the
tree level Yukawa couplings receive sizable corrections from sparticle 1@dfk [For instance, the quark Yukawa
coupling relates to the physical Yukawas via

924 1-a’ (6513)LR (5g2>LR —adi % —adis %

hg = ,
¢ \/iMW cos 3 1—a249 —a3A;3

(5.157)

wherea = etan 3/(1 + etan 3), Ao = [(6%2)LR —a (JfS)LR (5§2)LR], A1 = A12(2 < 3), Ay = |(5‘1i2)LR}2 +
2 2
|(6%) Ll + [(08:) | and Ay = (6%) . (985) . (051) L + -C. Heree = (o, /3m)e (@ +0), and

1
(05) e = (05) rr (653) 11, (5.158)

with the SUSYCP-odd phases defined 8s = Arg[M,], 6, = Arg|u], 64 5= Arg[(Ad) etcAs (5.157) suggests,

in contrast to the minimal flavor violation (MFV) scheme the Yukawa couplings acquwe large corrections from those
of the heavier ones. Indeed, the radiative corrections;thy, hs/hs, hy/h, andh./h. involve, respectively, the

large factorgnb/md ~ (tan B)2, .. Mp/Ms ~ (tan B)maz, My /My ~ (tan B)2, .., andm, /m. ~ (tan §)2,,, with

(tan 8)mar S ™¢/Mp. Unlike the light quarks, the top and bottom Yukawas remain close to their MFV values, to
a good approximation. Therefore, the SUSY flavor-violation sources mainly influence the light quark sector, thereby
modifying several processes in which they participate. These corrections are important evenat fowAs an
example, considefdy) , . ~ 1072 for which hq/h) F"V ~ 0.02(2.11), —2.3(6.6), —4.6(17.7) for tan 8 = 5, 20, 40

atd, + 6, — 0(m). Note that the Yukawas are enhanced especiallyfo+ 6, — =, which is the point preferred

by Yukawa—unified models such as SO(10). In generalaa® — (tan 3),,.. the Yukawa couplings of down and
strange quarks become amproximately degenerate with the bottom Yuka@@gg) g~ 01 andg, + 60, — .

There is notan 5 enhancement for up quark sector but still the large ratigm,, sizably foldsh,, compared to its
Standard Model valuéi,, ~ 0.6 e!(%11=%) k. for (6%3), p ~ 0.1.

The SUSY flavor violation influences the Higgs-quark interactionsipymodifying H%gq couplings via sizable
changes in Yukawa couplings asB157%, and by ¢:) inducing large flavor changing coupling&*gq’:

B 1 hi :
& tan B C4 4 (24 1 (e““’?ﬁf’u) cd - c;;*) dyy di H,
\/5 hd hd
—SM h h )
d d d ux\ ¢ j
+ 3\/§6tanﬁ [ v (65), L—l——z ((51»]4)RR] (tan B C§ — CY*)dp &}, H, (5.159)

whereC? = {—sin a, cos , i sin 3, —i cos 3} andC¥ = {cos a, sin a, i cos 3, i sin 3} inthe basisH, = {h, H, A, G}

if the CP violation effects in the Higgs sector, wh|ch can be quite smﬂiléj[and add additional’P- odd phases19

to Higgs-quark interactions, are neglected . Similar structures also hold for the up sector. The interactions contained
in (5.159 have important implications for both FCNC transitions and Higgs decay modes. The FCNC processes are
contributed by both the sparticle loopsd, the gluino-squark box diagram féf°K° mixing) and Higgs exchange
amplitudes. The constraints on various mass insertions can be satisfied by a partial cancellation between these two
contributions if Msy sy is close to the weak scale. On the other handi§y sy is high, then the only surviving

SUSY contribution is the Higgs exchange. In either of these extremes, or in-between, the main issue is to determine
what size and phase the FCNC observables allow for the mass insertions. This certainly requires a global analysis of
the existing FCNC data by incorporating the Higgs exchange effects to other SUSY contribRB€n&pr example,

in parameter regions where the latter are supprestgg; ¢y > m;), one can determine the allowed sizes of mass
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insertions by using5.157) in (5.159. Doing so, one finds that the flavor—-changing Higgs verticd$® andbd H®
become vanishingly small faan 3 ~ 60 when all Mis areO(1), for tan 3 ~ 65 when (f,) , ; ., = 0, and, finally,

for tan 3 ~ 68 ,when (6t,),, ~ —(8;) 5, Provided thatp, + ¢, — = in all three cases. Therefore, in this
parameter domain, though the flavor-changing Higgs decay channels are sealed up, the decays into similar quarks are
highly enhanced. For instandg(h — dd)/T'(h — bb) ~ (Relhq/hs))* Which isO(1) whenhg ~ hs, as is the case

with SUSY flavor violation. Such enhancements in light quark Yukawas induce significant reductidrisamching
fractions — which is a very important signal for hadron colliders to determine the non-standard nature of the Higgs
boson { — bb has~ 90% branching fraction in the Standard Model). If FCNC constraints are saturated without
a strong suppression of the flavor-changing Higgs couplings (which requisesy to be close to the weak scale)

then Higgs decays into dissimilar quarks get significantly enhanced. For instareehs + 5b can be comparable

to h — bb. (SeeP2]] for a diagrammatic analysis of: bs + 5b decay.) In conclusion, as fully detailed 1],

SUSY flavor andCP violation sources significantly modify Higgs—quark interactions, thereby inducing potentially
large effects that can be discovered at Supétactories, as well as at the hadron colliders.

The research was supported by DOE grant DE-FG02-94ER40823 at Minnesota.
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5.4 Extra Dimensions

5.4.1 Large Extra Dimensions and Graviton Exchange irtb — s€t4~
> T. G. Rizzo <

Introduction

The existence of extra space-like dimensions has been proposed as a possible solution to the gauge hierarchy problem.
Although there are many models in the literature attempting to address this issue a common feature is the existence of a
higher dimensional ‘bulk’ space in which gravity is free to propagate. In the Kaluza-Klein (KK) picture the reduction

to four dimensions leads to the existence of a massive tower of gravitons that can be exchanged between Standard
Model fields. The two most popular scenarios are those of Arkani-Hamed, Dimopolous and Dvali @2ZIyjd of

Randall and Sundrum (R223. The properies of the KK gravitons are significantly different in these two models.
However, in either case the exchange of KK gravitons has been shown to lead to unique signatures that may be
discovered at the LH@R4].

While highor measurements at hadron colliders may tell us some of the gross features of the extra-dimensional
model, other sets of measurements will be necessary in order to disentangle its complete structure. For example, the
LHC may observe the graviton resonances of the RS model in the Drell-Yan and/or dijet channels, but it will be very
difficult, if not impossible, to examine the possilfi@vor structure of graviton couplings in such an enviornmiz2#f|.

While such determinations will certainly be possible at a future Linear Collider, provided it has suffient center-of-
mass energy to sit on a graviton resonance, it may be a while between the LHC discovery and the data from the Linear
Collider becoming available. It is possible, however, that at least some aspects of the flavor structure of the graviton
KK couplings may be determined using precision data at lower energies, through rare decaystsuehsés/—.

This is the subject of the discussion below.

Flavor dependence, as well as flavor violation in KK graviton couplings can be generated in models which attempt to
explain the fermion mass hierarchy as well as the structure of the CKM n#&€jx[In such scenarios, fermions are
localized in the extra dimensions either via scalar ‘kink’-like solutions, or via their 5-d Dirac masses. A description of
the details of such models is, however, beyond the scope of this discussion. In fact, wishing to be as model-independent
as possible, we note that in all scenarios at low energies the exhange of gravitons between Standard Model fields can
be described by the single dimension-8 operator

1
Ograv == W X T[LVTMV7 (5160)

where)M is a mass scale of ordera few TeV, thel,,, are the stress-energy tensors of the Standard Model fields, which
can have complex flavor structures, akids a general coupling matrix. Operators such as these may be generated in
either ADD-like or RS-like scenarios but we will not be interested here in the specific model details. Instead we focus
on unique signatures for graviton exchange associated with the above operator.

Analysis

How canb — s¢*¢~probe such operators? To be specific, let us consider the case of ADD-like models; as we will see,
our results are easily generalized to RS-type scenarios. In ADD, we idéitify My, the cutoff scale in the theory,
andX — AX, with A being an overall sign. Identifying the first(secorid), with the bs(¢+¢~)-effective graviton
vertex, the new operator will lead te,g, a modification of theés — s¢* ¢~ differential decay distribution. Following

the notation in'227], we find that this is now given by

d*r

Tods ™ [(Cy +2C7/8)? + C%][(1 4 5) — (1 — 8)2%] — 2C10(Co + 2C7/5)s2

+ ;1203(1 _)2(1— %) - 307(09 120 /8)(1— $)(1 — 22),
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+ DCo(1 — 5)2[25 + (1 — 8)2%] + DC1gs(1 — 5)(1 — 2?), (5.161)

where theC; are the usual effective Standard Model Wilson coefficients, > /mg is the scaled momentum transfer,
z = cos @ is the dilepton pair decay angle, and

22 1 AX AX
= 2" /5 ~ 0.062°2 (5.162)

D= el
Gra '~ VaVi My ME

describes the strength of the graviton contribution with; in TeV units. The terms proportional t® in this
expression result from the interference of the Standard Model and graviton KK tower exchange amplitudes; note
that there is no term proportional ©0C';, as dipole and graviton exchanges do not interfere. Here we neglect the
square of the pure graviton contribution in the rate, since it is expected to be small.
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Figure 5-39. Aprg as a function 0§ in the ADD(left) and RS(right) scenarios. In the ADD case, from outside to inside
the curves are foMy = 1,1.5,2..... TeV with results for both signs of shown. In the RS case, from left to right the
curves correspond to masses of the lightest KK graviton being 600, 700,...Ge¥% Miff, = 0.1 being assumed. In
either case we tak& = 1 for purposes of demonstration; for oth€rvalues the curves will scale 8§ — M /X /4,
The current collider bounds correspond\ta; > 1 TeV andm, > 600 GeV, respectively.

How can graviton exchange be observed uniquely in s/T¢~? As is well known, many sources of New Physics

can lead to modifications in the— s¢* ¢~ differential distributiori22§]. In particular, one quantity of interest is the
forward-backward asymmetny g and the location of its corresponding zero as a functios|®29. That graviton

KK tower exchange modifies the location of the zero is clear from the expression abovB:3Eighows the typical
shiftsinAgp and its zero in both ADD- and RS-like scenarios. Clearly any observable shifts due to graviton exchange
are not by any means unique though they are signatures for New Physics.

Graviton exchangeoes however, lead to a new effect which will be absent in all other cases of New Physics. The
source of this new distinct signature is theterm in the differential distribution above, which can be traced back to
the spin-2 nature of graviton exchange. The existence of this type of term can be observed experimentally by using
the moment metho@B( previously employed to probe for KK graviton tower exchange in fermion pair production
at the Linear Collider. To this end, we define the quantity

<L p () dz

< Py(s) >= Ldeda T 7 (5.163)

ds

where P; = z(5z2 — 3)/2 is the third Legendre polynomial. Due to the orthogonality of fhe the presence of

the 22 term induces a non-zero value for this moment; the terms that go a%'-2 in the distribution yield zero

for this observable Any experimental observation of a non-zero value for this moment would signal the existence

of flavor-changing gravitational interactions. F&40shows the typicab—dependence of this moment in both the
ADD-like and RS-like scenarios. It now becomes an experimental issue as to whether or not such a non-zero moment
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Figure 5-40. Same as the previous figure but now showing the qua#tifs > as a function ok.

is observable. Clearly a very large statistical sample will be required on the ordef®f 100 ab~ " or so. To reach
this level, a SupeB Factory is required. An experimental simulation along these lines would be useful.

In conclusion, we have shown that flavor-changing KK graviton exchange can be probediathé™¢~decay. A

unique signature for these contributions can be obtained through the use of the moment technique. A nonzero value of
the third Legendre moment will prove the existence of spin-2 exchange in this process. ABSkEgetory is needed

to reach the required level of statistics.

The author would like to thank J. L. Hewett for discussions related to this work.

5.4.2 TeV!-sized Extra Dimensions with Split Fermions

>B. Lillie <

Extra dimensions, in addition to the virtues already discussed, also present the possibility of understanding geometri-

cally several dimensionless numbers that are observed to be very small. These include the small rate of proton decay,
and the large ratios of fermion masses. This was first noted by Arkani-Hamed and Sc28i1}ItZ hey noticed that if

the zero modes of the fermion fields were localized to Gaussians in the extra dimensions, then effective 4-d operators
that contain fermions will be proportional to the overlaps of these Gaussians. If the localized fermions are separated

from each other, these overlap integrals can be exponentially small. For example, separating quark and lepton fields
by a distance: in one extra dimension (Fid-41) results in a suppression of the proton decay opergjigf by

Q‘m
[N

R y> (y—a)? 2
/ dye 2aZe” " o2 —e 4 (5.164)
0
whereo is the width of the fermions.

If the Higgs field lives in the bulk, then the fermion masses are generated by the flat zero mode of the Higgs, and
are proportional to the overlap of the left- and right-handed fields. If the chiral components of different fermions are
separated by different distances in the extra dimension, then exponentially different masses can be generated. The
Yukawa coupling between theth left handed ang-th right-handed fermions is proportional to

)2

R Cw-vp?  w-y)? 1 Wiy
dye” o2 e T 2 =e 27 o2 . (5.165)
0

Thus, if this scenario were true, we could understand the large ratios of fermion masses as being due to order one
differences in the parameters of the fundamental theory. It has been shown by explicit construction that the observed
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Quarks Leptons

< >
thick wall

Figure 5-41. lllustration of the concept of Split Fermions. Different species of fermions are localized to Gaussians at
different locations in an extra dimension. This can be interpreted as a dimension compactifiedlaYtseale, or a
“brane” of TeV thickness embedded in a larger extra dimension. Figure taken &8ih [

values of the fermion masses (the Yukawa hierarchies), as well as the CKM matrix elements can be obtained in this
way [237]. In addition, several variant models have been proposed. The left and right-handed fermions could be
exponentially localized to two different branes, and the Higgs field to the left-handed brane. The Yukawa hierarchies
are then obtained from the exponentially small values of the right-handed fermion wavefunctions at the left-handed
braneR33. This scenario generalizes very nicely to the case of a warped extra dimension, where the Higgs is localized
to the TeV brane and all the fermions, except the top, are localized near the Plank284nd-[nally, rather than
fixed-width Gaussians separated by some distance, one could consider different width Gaussians localized to the same
point. Instead of exponentially small Yukawa matrix elements, this scenario generates Yukawa matrix elements that
are all approximately the same, realizing the democratic scenario of fermion nmi238jes [

Split fermion scenarios naturally suppress many dangerous operators, but they do not suppress flavor changing effects
[23€,1237]. Itis for this reason that they are of interest to a Sudfactory. To see this, note that, while fermions can

be localized to different points in an extra dimension, the gauge fields must interact universally with the matter fields,
and hence must posses a flat (or nearly flat) zero mode. This implies that they are delocalized at least on the scale of the
separation of the fermions. They will then have excited KK modes with non-trivial wavefunctions. These will interact
non-universally with the matter fields, and hence will produce flavor-changing effects. This is due to the fact that the
non-universal couplings pick out a direction in flavor space, so that when the Yukawa matrices are diagonalized to find
the mass eigenstates, non-trivial effects will be seen in the KK couplings. In the case of a single, flat, extra dimension,
the coupling of thex-th excited gauge boson to a fermion localized to the pbistproportional to

R
/ dy cos(nwy)e_(y_é)zRQ/"Z ~ cos(nwﬁ)e_"%z/RQ. (5.166)
0

All excited gauge bosons, including the excited gluons, will have non-universal couplings and can generate flavor-
changing neutral currents at tree-level. Hence, the model contains tree-level FCNC effects, suppressed only by the
mass of the KK excitations. These can produce large effects, and thus already produce strong constraints from existing
data.
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Figure 5-42. Constraints on the compactification sciler arising from the FCNC contribution thm k, as a function

of the separation of the fermions in units of the fermion width. The regions below the curves are excluded. Different
curves are different values pf= o / R, the ratio of the compactification scale to the fermion localization scale. Note that
the size of the extra dimension in units of the fermion width/ig, so forp = 1/10, o = 10 corresponds to the fermions
being localized at opposite ends of the dimension.

Since all KK states contribute, any FCNC effect must be summed over all states. In one flat dimension, this sum is
approximated by the distance between the two relevant flavors, in units of the size of the dimension. Note that the size
of Yukawa matrix elements depends only on the separations in units of the fermion wjdthd is independent of

R. Hence, if we are interested in the flavor-changing effects in a scenario where the fermion masses are explained by
localization, the relevant parametepis= o /R.

For example, the contribution to the mass splitting of an oscillating neutral meson systéam the separation of a
pair of split fermions, takes the form

Amp = ggif}%mpRQVq%],}qq,F(pa). (5.167)
Here F(pa) is a function that depends on the extra dimensional splittingf, the two quarksg andq’, that form the
meson, and’* represents four mixing angles arising from the matrices that diagonalize the Yukawa matrices (each
one is roughly the square root of a CKM matrix element). The overall scale is set by the faitbrarid hence this
formula can be interpreted as a constraint on the compactification scale from the measured faluye &fig. 5-42

shows this constraint fromdm g for several values gs. Note that extremely high scales can be probed.

Split fermion models are expected to live within a larger model that solves the hierarchy problem, and hence the cutoff
of the theory is expected to be not much larger thariTeV. The compactification scale must be even smaller. We

see that one can achieve a small valud AR at the expense of going to a very small valuepof However, this

implies that the fermion localization scaléo is very large, of ordei0* TeV. Hence it looks like the models are
essentially ruled out. This conclusion can be escaped in two ways. The bounds shown are for the kaon mass splitting,
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Figure 5-43. Constraints on the compatctification scale arising from the mass splitting of different neutral meson systems
for p = 1/100. ForBs, since no upper bound is known, two different values were taken, the “small” value is about the size
expected in the Standard Model, the “large” value about four times bigger. A combination of all of these measurement,
and others, is needed to fully constrain the models.

and hence are most sensitive to the separation ofl twed s quarks. It could be that the down-type quarks are all
aligned, and the CKM mixing is induced by splittings of the up-type quarks. To constrain this, one would need to look
atD°— D" mixing. Alternately, the mixing could be in both the up and the down sector, but such that the Yukawa
matrices are diagonalized by mixing that is predominantly between the third and first or second generations, in such a
way as to produce the CKM matrix when the product of up and down diagonalization matrices is taken. Constraining
this requires measurement of both g and B; mixing parameters. Figg-43shows the constraints from all neutral
meson mixings. A combination of these is nheeded to fully constrain the model.

It is also possible that there may be interesting signatures in rare decays. In particular, lepton family number-violating
decays can produce limits on the splittings of leptons, which are not available from the meson oscillation data. It is
also possible in a small region of parameter space to have contributidis-te J/i) KO or B — ¢K? that are near

the same order as the Standard Model, leading to interesting effectz-inolating observables.

Another, more attractive, possibility is to go from a flat to a warped geometn234 jt was shown that the same

flavor constraints are much more mild in an RS model where the fermions live in the bulk, but are localized near
the Plank brane. In that case, the fact that the gauge KK wavefunctions are nearly flat near the Plank brane helps to
naturally suppress the non-universality of the couplings to fermions. As a result all scales in the model can be below
10 TeV, but there are still effects predicted in rare decays that might be visible to future experiments. This case is the
most promising for future study at a Sup@ractory.
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5.4.3 Universal Extra Dimensions
>— A. J. Buras, A. Poschenrieder, M. Spranger, and A. WeHer

Introduction

Models with more than three spatial dimensions have been used to unify the forces of nature ever since the seminal
papers of Kaluza and Kleir2Bg. More recently, extra dimensional models have been employed as an alternative
explanation of the origin of the TeV scal23q.

A simple model of the so called universal type is the Appelquist, Cheng and Dobrescu (ACD) 24@elith one
universal extra dimension. It is an extension of the Standard Model to a 5 dimensional aneifold S* /Z5, where

all the Standard Model fields live in all available 5 dimensions. In what follows we will briefly describe this model
and subsequently report on the results of two paj#%t$ B3] relevant for these Proceedings, in which we investigated
the impact of the KK modes on FCNC processes in this model. Further details can be found B¥Eef. [

The ACD Model

The full Lagrangian of this model includes both the boundary and the bulk Lagrangian. The coefficients of the
boundary terms, although volume-suppressed, are free parameters and will get renormalized by bulk interactions.
Flavor non-universal boundary terms would lead to large FCNCs. In analogy to a common practice in the MSSM, in
which the soft supersymmetry breaking couplings are chosen to be flavor-universal, we assume negligible boundary
terms at the cut-off scale. Now the bulk Lagrangian is determined by the Standard Model parameters, after an
appropriate rescaling. With this choice, contributions from boundary terms are of higher order, and we only have
to consider the bulk Lagrangian for the calculation of the impact of the ACD model.

Since all our calculations are cut-off-independent (see below) the only additional free parameter relative to the Standard
Model is the compactification scalg R. Thus, all the tree level masses of the KK particles and their interactions
among themselves and with the Standard Model particles are described in tety® ahd the parameters of the
Standard Model. This economy in new parameters should be contrasted with supersymmetric theories and models
with an extended Higgs sector. All Feynman rules necessary for the evaluation of FCNC processes can be found in
[241,183.

A very important property of the ACD model is the conservation of KK parity that implies the absence of tree level

KK contributions to low energy processes taking place at sgales1/R. In this context the flavor-changing neutral
current(FCNC) processes like particle-antiparticle mixing, férand B decays and radiative decays are of particular
interest. Since these processes first appear at one-loop in the Standard Model and are strongly suppressed, the one-loop
contributions from the KK modes to them could in principle be important.

The effects of the KK modes on various processes of interest have been investigated in a number of papers. In
[24G 243 their impact on the precision electroweak observables assuming a light Higgs<{ 250 GeV) and a

heavy Higgs led to the lower bound R > 300GeV and1/R > 250 GeV, respectively. Subsequent analyses of

the anomalous magnetic mome@#é4 and theZ — bb vertex 245 have shown the consistency of the ACD model

with the data forl/R > 300 GeV. The latter calculation has been confirmed2d]]. The scale ofl /R as low as

300 GeV would also lead to an exciting phenomenology in the next generation of colliders and could be of interest in
connection with dark matter searches. The relevant references are gi&3h in [

The question then arises whether such low compactification scales are still consistent with the data on FCNC processes.
This question has been addressed in detalP#1[83]. Before presenting the relvant results of these papers let us
recall the particle content of the ACD model that has been described in det2adih [

In the effective four dimensional theory, in addition to the ordinary particles of the Standard Model, denoted as zero
(n = 0) maodes, there are infinite towers of the KK modes> 1). There is one such tower for each Standard Model
boson and two for each Standard Model fermion, while there also exist physical ne@rggale(nd chargedc(f”))
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scalars with(n > 1) that do not have any zero mode partners. The masses of the KK particles are universally given by

2
n
()i = mg + 25 - (5.168)

Here my is the mass of the zero mode, &&y, Mz, m; respectively. FOl’aon) and ain this is Mz and My,
respectively. In phenomenological applications it is more useful to work with the variapteslx,, defined through

my M,
2 ‘/'Cn = ) mn -

5 (5.169)
myy My

Ty =

==

than with the masses i5(16¢).

The ACD Model and FCNC Processes

As our analysis 0f241,83] shows, the ACD model with one extra dimension has a number of interesting properties
from the point of view of FCNC processes discussed here. These are:

e The GIM mechanismd4€ that significantly improves the convergence of the sum over the KK modes corre-
sponding to the top quark, removing simultaneously to an excellent accuracy the contributions of the KK modes
corresponding to lighter quarks and leptons. This feature removes the sensitivity of the calculated branching
ratios to the scald/, > 1/R at which the higher dimensional theory becomes non-perturbative, and at which
the towers of the KK particles must be cut off in an appropriate way. This should be contrasted with models
with fermions localized on the brane, in which the KK parity is not conserved, and the sum over the KK
modes diverges. In these models the results are sensitivg smd, for instance, id\m; 4, the KK effects are
significantly larger247] than found by us. We expect similar behavior in other processes considered below.

e The low energy effective Hamiltonians are governed by local operators already present in the Standard Model.
As flavor violation andCP violation in this model is entirely governed by the CKM matrix, the ACD model
belongs to the class of models with minimal flavor violation (MFV), as defined8h [This has automatically
the following important consequence for the FCNC processes consider2d1ir8B]: the impact of the KK
modes on the processes in question amounts only to the modification of the Inami-Lim one-loop fugdi&pns [

e Thus in the case ahm, , and of the parametery, that are relevant for the standard analysis of the unitarity
triangle, these modifications have to be made in the fundfi§@4q]. In the case of the rar& and B decays
that are dominated bg° penguins the functionX andY [25( receive KK contributions. Finally, in the case
of the decaysB — X,v, B — X, gluon, B — X umi andK? — 7% *e~ and theCP-violating ratios’ /s
the KK contributions to new short distance functions have to be computed. These are the fubcftbesy
penguins),E (gluon penguins)D’ (v-magnetic penguins) and’ (chromomagnetic penguins). Here we will
only report on the decays relevant for SupigFactories.

Thus, each function mentioned above, which in the Standard Model depends an)ywow also becomes a function
of 1/R:
F(24,1/R) = Fo(z,) + Y Fu(ay,2,), F=B,C,D,E, D' E, (5.1)

n=1

with z,, defined in6.169. The functionsFy(x;) result from the penguin and box diagrams in the Standard Model
and the sum represents the KK contributions to these diagrams.

In phenomenological applications, it is convenient to work with the gauge invariant func2sgs [

~ _ 1
X=C+B7, Y=C+BT  Z=C+ D (5.2)
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The functionsF'(z;, 1/R) have been calculated i241], [83] with the results given in Tabl&-17. Our results for

the functionS have been confirmed if251]. For 1/R = 300 GeV, the functionsS, X, Y, Z are enhanced by

8%, 10%, 15% and23% relative to the Standard Model values, respectively. The impact of the KK modes on the
function D is negligible. The function® is moderately enhanced but this enhancement plays only a marginal role
in the phenomenological applications. The most interesting are very strong suppressivhsamd £/, that for

1/R = 300 GeV amount ta36% and66% relative to the Standard Model values, respectively. However, the effect of
the latter suppressions is softened in the relevant branching ratios through sizable additive QCD corrections.

Table 5-17. Values for the functions, X,Y, Z, E, D', E’, C andD.

1/R [GeV] S X Y Z E D’ E' c D
200 2813 | 1.826 | 1.281 | 0.990 | 0.342 | 0.113 | —0.053 || 1.099 | —0.479
250 2.664 | 1.731 | 1.185 | 0.893 | 0.327 | 0.191 | 0.019 || 1.003 | —0.470
300 2582 | 1.674 | 1.128 | 0.835 | 0.315 | 0.242 | 0.065 || 0.946 | —0.468
400 2.500 | 1.613 | 1.067 | 0.771 | 0.298 | 0.297 | 0.115 || 0.885 | —0.469
Standard Model| 2.398 | 1.526 | 0.980 | 0.679 | 0.268 | 0.380 | 0.191 || 0.798 | —0.476

The impact of the KK modes on specific decays

The impact on the Unitarity Triangle.  The functionS plays the crucial role here. Consequently the impact of the
KK modes on the Unitarity Triangle is rather small. RgtR = 300 GeV, |V;4|, 7 @and~ are suppressed k%, 5%
and5°, respectively. It will be difficult to see these effects in {lze7]) plane. On the other hand,4& suppression

of |V;q4| means a’% suppression of the relevant branching ratio for rare decays sensitiVg;t@nd this effect has

to be taken into account. Similar comments applyj #ind~. Let us also mention that fdr/ R = 300 GeV, Amy is
enhanced bg%; in view of the sizable uncertainty iBBS v/ fB,, this will also be difficult to see.

The impact on rare B decays. Here, the dominant KK effects enter through the functignor equivalently, X

andY, depending on the decay considered. In T&BEE we show seven branching ratios as functiond AR for

central values of all remaining input parameters. The hierarchy of the enhancements of branching ratios can easily be
explained by inspecting the enhancements of the functoradY that is partially compensated by the suppression

of |V44| in decays sensitive to this CKM matrix element, but fully effective in decays governgd iy

Table 5-18. Branching ratios for rar® decays in the ACD model and the Standard Model as discussed in the text.

1/R 200 GeV | 250 GeV | 300 GeV | 400 GeV | Standard Model
Br(B — X,wv) x 10° 5.09 4.56 4.26 3.95 3.53
Br(B — Xquv) x 10° 1.80 1.70 1.64 1.58 1.47
Br(B, — ptp) x 10° 6.18 5.28 4.78 4.27 3.59
Br(Bg — ptp™) x 101 1.56 1.41 1.32 1.22 1.07

For 1/R = 300GeV, the following enhancements relative to the Standard Model predictions are #ken:

Xavv (12%), B — X (21%), Bq — pi (23%) and By, — up (33%). These results correspond to central
values of the input parameters. The uncertainties in these parameters partly cover the differences between the ACD
model and the Standard Model, and it is essential to considerably reduce these uncertainties if one wants to see the
effects of the KK modes in the branching ratios in question.
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The Impacton B — X,v and B — X, gluon. Due to strong suppressions of the functidnsand E’ by

the KK modes, theB — X,y andB — X, gluon decays are considerably suppressed compared to Standard Model
estimates (consulPbZ, 253 for the most recent reviews). Foy R = 300 GeV, B(B — X,v) is suppressed 30%,

while B(B — X gluon) even by40%. The phenomenological relevance of the latter suppression is unclear at present
asB(B — X, gluon) suffers from large theoretical uncertainties, and its extraction from experiment is very difficult,
if not impossible.

3.75
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B(B—X; ) x10
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R (GeV)
Figure 5-44.  The branching ratio foB — X,y andE, > 1.6 GeV as a function of / R. See text for the meaning of
various curves.

In Fig./5-44 we compare3(B — X,~) in the ACD model with the experimental data and with the expectations of
the Standard Model. The shaded region represents thédBta~ X,v) e, >1.6cev = (3.287035) - 107* [254 and

the upper (lower) dashed horizontal line are the central values in the Standard Modgl/feg, = 0.22 (m./my =

0.29) [25525€. The solid lines represent the corresponding central values in the ACD model. The theoretical errors,
not shown in the plot, are roughl10% for all curves.

We observe that in view of the sizable experimental error and considerable parametric uncertainties in the theoretical
prediction, the strong suppression®fB — X,v) by the KK modes does not yet provide a powerful lower bound
on1/R and values ol /R > 250 GeV are fully consistent with the experimental result. It should also be emphasized
that B(B — X,v) depends sensitively on the ratin./m;; the lower bound ori/R is shifted abovel00 GeV

for m./my = 0.29, if other uncertainties are neglected. In order to reduce the dependeneg/on, a NNLO
calculation is requiredZbt, 256, 257]. Once it is completed, and the experimental uncertainties further reduced — a
SuperB Factory could increase the experimental sensitivity up to a factor of taeep{3(B — X,v) may provide

a very powerful bound o/ R that is substantially stronger than the bounds obtained from the electroweak precision
data. The suppression (B — X,~v) in the ACD model has already been found g5¥. The result presented

above is consistent with the one obtained by these authors, but differs in details, as only the dominant diagrams have
been taken into account in the latter paper, and the analysis was performed in the LO approximation.

The Impacton B — X,utpu~ and Arg(8). In Fig. 5-45we show the branching rati8(B — X, utu™)
as a function ofil/R. The observed enhancement is mainly due to the fundtidhat enters the Wilson coefficient
of the operato(sb)y 4 () 4. The Wilson coefficient ofsb)y — 4 (i) v, traditionally denoted by’y, is essentially
unaffected by the KK contributions.

Of particular interest is the forward-backward asymmetnyp(3) in B — X u™u~ that, similar to the case of
exclusive decays2pb{, vanishes at a particular value = §,. The fact thatArg($) and the value of, being
sensitive to short distance physics are in addition subject to only very small non-perturbative uncertainties makes them
particularly useful quantities to test physics beyond the Standard Model . A precise measurement however is a difficult

By~

task, but it could be performed at a SugeFactory g61].

A~ A~

The calculations fodrg(8) and of$, have recently been done including NNLO correctio?8Z 263 that turn out
to be significant. In particular they shift the NLO valuesgffrom 0.142 to 0.162 at NNLO. In Fig.5-46/(a) we show
the normalized forward-backward asymmetry that we obtained by means of the formulae and the computer program
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Figure 5-45. B(B — X.u"u™) in the Standard Model (dashed lin@68 52], and in the ACD model, where the
2 2
dilepton mass spectrum has been integrated between the Iiéﬁ%‘i) <5< (W) wheres =
(p+ +p-)?/m3.

of [52,1262] modified by the KK contributions calculated iB3]. The dependence @f on1/R is shown in Fig5-46
(b).
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Figure 5-46. (a) Normalized forward-backward asymmetry in the Standard Model (dashed line) and AGD *for:
250 GeV. (b) Zero of the forward backward asymmetty g in the Standard Model (dashed line) and the ACD model.

We observe that the value éf is considerably reduced relative to the Standard Model result obtained by including
NNLO corrections[$2,262,(263. This decrease is related to the decreasB(d@ — X,~) as discussed below. For

1/R = 300 GeV we find the value fok, that is very close to the NLO prediction of the Standard Model. This result
demonstrates very clearly the importance of the calculations of the higher order QCD corrections, in particular in
guantities likes, that are theoretically clean. We expect that the results inbig€i(a) and (b) will play an important

role in the tests of the ACD model in the future.

In MFV models there exist a number of correlations between different measurable quantities that do not depend on
specific parameters of a given modeg[264]. In [83] a correlation betwee#y, andB(B — X,v) has been pointed

out. It is present in the ACD model and in a large class of supersymmetric models discussed for insfagjcé\ia [

show this correlation in Figh-47. We refer to[g3] for further details.

Concluding Remarks

Our analysis of the ACD model shows that all the present data on FCNC processes are consistefR® wiHow
as250 GeV, implying that the KK particles could, in principle, already be found at the Tevatron. Possibly, the most
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Figure 5-47.  Correlation betweer/B(B — Xsv) andso. The straight line is a least square fit to a linear function.

The dots are the results in the ACD model TgriR = 200, 250, 300, 350, 400, 600 and1000 GeV and the star denotes
the Standard Model value.

interesting results of our analysis is the enhancemelit 6/~ — 7= Tvv) (see/R4]] for details), the sizable downward
shift of the zero §;) in the Arp asymmetry and the suppressionifB — X,v).

The nice feature of this extension of the Standard Model is the presence of only one additional parameter, the
compactification scale. This feature allows a unique determination of various enhancements and suppressions relative
to the Standard Model expectations. Together with a recent sRédythat found no significant difference 6f; K9 in

UED to the Standard Model prediction, we can summarize the relative deviations to the Standard Model in this model
as follows

e Enhancementsk? — wlete™, Amg, K+ — 7wy, Ky, — 7%0, B — Xgv, B — Xawv, K¢ — putu~,
By—ptp,B— X,utum andBy — ptu.
e SuppressionsB — X,v, B — X, gluon, the value ofs, in the forward-backward asymmetry afde.
We would like to emphasize that violation of this pattern in future high statistics data will exclude the ACD model.
For instance, a measurementsgfhigher than the Standard Model estimate would automatically exclude this model,
as there is no compactification scale for which this could bhappen. Whether these enhancements and suppressions are

required by the data, or whether they exclude the ACD model with a low compactification scale, will depend on the
precision of the forthcoming experiments as well as on efforts to decrease theoretical uncertainties.

This research was partially supported by the German ‘BundesministeiiuBilfilung und Forschung’ under contract
05HT1WOAS3 and by the ‘Deutsche Forschungsgemeinschaft’ (DFG) under contract Bu.706/1-2.

5.4.4 Warped Extra Dimensions and Flavor Violation

> G. Burdman<

Randall and Sundrum have recently proposed the use of a non-factorizable geometry in five dime2agjaas 4
solution of the hierarchy problem. The metric depends on the five dimensional coorganadds given by

ds* = e_QU(y)r]de“dm” —dy?, (5.3)
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wherez# are the four dimensional coordinatesy) = k|y|, with k& ~ Mp characterizing the curvature scale. The
extra dimension is compactified on an orbifdd/Z, of radiusr so that the bulk is a slice aidSs space between
two four-dimensional boundaries. The metric on these boundaries generates two effective\égadest N pe =+,

In this way, values of- not much larger than the Planck leng#hr(~ (11 — 12)) can be used to generate a scale
A, ~ Mpe=*™ ~ O(TeV) on one of the boundaries.

In the original RS scenario, only gravity was allowed to propagate in the bulk, with the Standard Model ( Standard
Model ) fields confined to one of the boundaries. The inclusion of matter and gauge fields in the bulk has been
extensively treated in the literatur@d?, 26€ 269 27C 271, 272, 273. We are interested here in examining the
situation when the Standard Model fields are allowed to propagate in the bulk. The exception is the Higgs field which
must be localized on the TeV boundary in order for tfieand theZ gauge bosons to get their observed ma<2ég].[

The gauge content in the bulk may be that of the Standard Model, or it might be extended to address a variety of model
building and phenomenological issues. For instance, the bulk gauge symmetries may correspond to Grand Unification
scenarios, or they may be extensions of the Standard Model formulated to restore enough custodial symmetry and
bring electroweak contributions in line with constraints. In addition, as was recognized ir2Réf.if is possible to
generate the fermion mass hierarchy fréhil) flavor breaking in the bulk masses of fermions. Since bulk fermion
masses result in the localization of fermion zero-modes, lighter fermions should be localized toward the Planck brane,
where their wave-function has exponentially suppressed overlap with the TeV-localized Higgs, whereas fermions with
order one Yukawa couplings should be localized toward the TeV brane.

This creates an almost inevitable tension: since the lightest KK excitations of gauge bosons are localized toward the
TeV brane, they tend to be strongly coupled to zero-mode fermions localized there. Thus, the flavor-breaking fermion
localization leads to flavor-violating interactions of the KK gauge bosons. In particular, this is the case when one tries
to obtain the correct top Yukawa coupling: the KK excitations of the various gauge bosons propagating in the bulk
will have FCNC interactions with the third generation quarks. This results in interesting effects, most notably in the
CP asymmetries in hadroniB decays/274).

In addition, the localization of the Higgs on the TeV brane expels the wave-function of the W and Z gauge bosons
away from it resulting in a slightly non-flat profile in the bulk. This leads, for instance, to tree-level flavor changing
interactions of theZ® [275], which in “Higgless” scenarios276] can result in significant effects in— s¢+¢~ [277).

The KK decomposition for fermions can be written 26§ 269

Z e fafi(y) (5.4)

\I’L R(T y \/ﬁ

whereyl-%(z) corresponds to theth KK fermion excitation and is a chiral four-dimensional field. The zero mode

wave functions are
2knr (1 £ 2¢p. 1)
R,L R,L c
fO (y) = \/ekﬂ'r(liQCR‘L) _ 1 ei Rk ky ) (55)

with cr 1, = My /k parametrizing the 5D bulk fermion mass in units of the inverse AdS rddiughe Z, orbifold
projection is used, so that only one of these is actually allowed, either a left-handed or a right-handed zero mode. The
Yukawa couplings of bulk fermions to the TeV brane Higgs can be written as

5D

Sy / dwyr T, )0y — ) H (2) V5 (2, 9) | (5.6)

Where)\if’ is a dimensionless parameter ahf is the fundamental scale or cutoff of the theory. Naive dimensional
analysis tells us that we should expé\@,D < 4w. Thus the 4D Yukawa couplings as a function of the bulk mass

parameters are
v — )\?jD k (1/2 —cp) (1/2 — cR) Ghmr(l—cL—cr) (5.7)
R M; ekmr(l—2cr) _ 1 ekmr(l—2cr) _ 1 : '
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Figure 5-48. Coupling of the first KK excitation of a gauge boson to a zero mode fermion vs. the bulk mass parameter
¢, normalized to the four-dimensional gauge coupling

Given that we expedt < M5 then the factob\?jD k/Ms ~ O(1). Thus, in order to obtain a®(1) Yukawa coupling,

the bulk mass parameter should naturally be;, < 0.5 and even negative. In other words, the left-handed zero-mode
should also be localized toward the TeV brane. This however, posses a problem since it means that the left-handed
doubletq;,, and thereforé; should have a rather strong coupling to the first KK excitations of gauge bosons. In
Fig. 5-4& we plot the coupling of the first KK excitation of a gauge boson to a zero-mode fermion vs. the fermion’s
bulk mass parameter]27Q.

Thus, the localization of the third generation quark doufpldeads to potentially large flavor violations, not only with
the top quark, but also withy,.

This induced flavor violation of KK gauge bosons wiih (we assumépr localized on the Planck brane) is, in
principle, constrained by the precise measurement afthe- bb interactions at th&Z®-pole. For instance, Re307]
considers &U(3), x SU(2), x SU(2), x U(1) 5_, gauge theory in the bulk. After electroweak symmetry breaking
the Z° mixes with its KK excitations, as well as with the KK modes o#&. This generates¢® < O(1%)g?,
compatible with current bounds, as longasz 0.3. Even if this is considered, it still leaves a large flavor-violating
coupling of the first KK excitations to thig,, as we can see from Fi¢b-4& More generally, for instance, in the case
of strong gauge couplin@lF7], the effects can be even larger.

Signals inb — s and other hadronic processes

As discussed above, the flavor-changing exchange of KK gluons leads to four-fermion interactions contributing to
the quark level processés — dgq andb — sqq, with ¢ = u,d,s. We are interested in contributions that are
typically of ~ o strength due to the fact that in the product of a third generation current times a lighter quark current
the enhancement in the former is (at least partially) canceled by the suppression of the latter. At low energies, the
b — d;qq processes are described by the effective Hamiltorfa#] [

AGp AG L
Heff. = 278 vV [C1 ()01 + Ca(0)0s] — 2E Vv S Ci()Os + hc, 5.8
e 75 Vb [C1(1)O1 + Ca(p) O] 75 Ve > Cilw) c (5.8)

wherei = d, s and the operator basis can be found in R274|.

Jj=3

In the Standard Model, the operatd®; — Og} are generated from one-loop gluonic penguin diagrams, whereas
operators{O; — O1¢} arise from one loop electroweak penguin diagrams. The Hamiltonian describihg-thegq

decays is obtained by replacimg; for V%, in Eqg. (5.8). Contributions from physics beyond the Standard Model affect

the Wilson coefficients at some high energy scale. Additionally, New Physics could generate low energy interactions
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with the “wrong chirality” with respect to the Standard Model. This would expand the operator basis to include
operators of the fornisgI'br) (7, gy ), wherel reflects the Dirac and color structure ake- L, R.

The exchange of color-octet gauge bosons such as KK gluons of the Randall-Sundrum scenario generate flavor-
violating currents with the third generation quarks. Upon diagonalization of the Yukawa matrix, this results in FCNCs
at tree level due to the absence of a complete GIM cancellation. The off-diagonal elements of the left and right, up and
down quark rotation matriceS;,  and D, r determine the strength of the flavor violation. In the Standard Model,

only the left-handed rotations are observable throlighy = U} D1 Here, D%, D4, Ut etc, become actual
observables. ’ '

The tree level flavor-changing interactions induced by the color-octet exchange are described by a new addition to the
effective Hamiltonian that can, in general, be written,fer s transitions, as

4o

M2,

OHegr. = D%b* D%S |D%q\2 ey ryuTbr) (Gpy"T%qr) + hec. . (5.9)

wherew is the phase relative to the Standard Model contribution; xand O(1) is a model-dependent parameter.
For instance)y = 1 corresponds to the choice of ~ 0 that gives a coupling of the KK gauge boson about five
times larger than the corresponding Standard Model value for that gauge coupling. An expression anal&g€us to (
is obtained by replacing for s in it. This would induce effects ih — d processes.

From Eq. [6.9) we can see that the color-octet exchange generates contributions to all gluonic penguin operators.
Assuming that the diagonal factors oléy!?| ~ 1, these will have the form

v 2 Dbs*
8C; = —mas(Mg) [ ~— Lole ™ fix, 5.10
rato) (37-) [ikz| e i (5.10)
wherefs = f5 = —1/3 andf, = fs = 1, andv = 246 GeV. This represents a shift in the Wilson coefficients

at the high scale. We then must evolve the new coefficients down $o m,; by making use of renormalization
group evolution27§. The effects described by E.00) are somewhat diluted in the final answer due to a large
contribution from the mixing withO,. Still, potentially large effects remain.

The phasev in Eq. (5.9) is, in principle, a free parameter in most models and could be large. This is even true in the
left-handed sector, since, in genefdlky: comes from both the up and down quark rotation. Only if we were to argue
that all of the CKM matrix comes from the down sector we could guaranteesthad. Furthermore, there is no such
constraint in the right-handed quark sector.

We now examine what kind of effects these flavor-violating terms could produce. Their typical strength is given
by «, times a CKM-like factor coming from thé; r off-diagonal elements connecting to The fact that the
coupling is tree-level is somewhat compensated by the suppression (fatide; )?, for Mg ~ O(1) TeV. Still, the
contributions of Eq.%.9) are typically larger than the Standard Model Wilson coefficients at the 4¢gle and, in

fact, are comparable to the Wilson coefficients at the segleThey could therefore significantly affect both the rates
and theCP asymmetries.

Theb — s5s andb — sdd pure penguin processes, suchis— ¢K?, By — 7' K% andB; — 7K, contain only

small tree-level contamination of Standard Model amplitudes. These decays thus constitute a potentially clean test of
the Standard Model, since theil” asymmetries are predicted to be a measuremesihafs KO the same angle

of the unitarity triangle as in the— ccs tree level processes suchig — J/i» K2, up to small corrections. In order

to estimate these effects and compare them to the current experimental information on these decay modes, we will
compute the matrix elements &f.. in the factorization approximatioi2¥9 as described in Ref2B(. Although

the predictions for the branching ratios suffer from significant uncertainties, we expect that these largely cancel when
considering the effects in théP asymmetries. Thus th@P asymmetries in non-leptonic— s penguin-dominated
processes constitute a suitable set of observables to test the effects of these color-octet states.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



420 New Physics

0.8

sin (R8)4x,

M. [TeV]
Figure 5-49. The quantity to be extracted from tii&P violation asymmetry inBBS — ¢K32 vs. the heavy gluon
mass and for various values of the decay amplitude phasEhe curves correspond t9/3 (solid), 7 /4 (dashed) and
/6 (dot-dash), anet /10 (dotted). The horizontal band corresponds to the world average '‘28dpds extracted from
By — J/VK2, sin(2/3) ko = 0.731 & 0.056. From Ref.|R74).

In Fig.5-49we plotsin 2B4x0 VS. the KK gluon mass for various values of the phaseHere, for concreteness, we
have takenD%| = |V};Vis|, assumedy, is localized on the Planck brane, agd= 1 in order to illustrate the size of
the effect. The horizontal band corresponds toge— J/2) KO measurementin 285 Ko = 0.731 £ 0.056 [281].
Only positive values ofy are shown, as negative values incredae s, contrary to the trend in the data. We see that
there are sizable deviations from the Standard Model expectation for values in the region of ierestl TeV.
This will be the case as long &B%°| ~ |V;,|, andy ~ O(1), both natural assumptions.

For Db, this is valid as long as a significant fraction of the corresponding CKM elements comes from the down quark
rotation. On the other hang, ~ O(1) in all the models considered here. In addition, we have not considered the
effects of of D%, which could make the effects even larger.

Similar effects are present i8; — 7' K%, andB; — KK~ K? also dominated by the— sss penguin contribution;
as well as in thé — sdd modeB,; — 7w’ K? [274].

The flavor-violating exchange of the KK gluon also induces an extremely large contributityr-f8, mixing, roughly

given by
2 2
N 1 | Dbs| 2 TeV 9102
Amp, ~ 200ps ( 2 M ( 3 ) , (5.112)

where) ~ 0.22 is the Cabibbo angle, and, = g1/¢ represents the enhancement of the zero-mode fermion coupling
to the first KK gluon with respect to the four-dimensional gauge coupling, as plotted i5Hi§. The contribution

of Eqg. 6.17) by itself is aboutl 0 times larger than the Standard Model one for this natural choice of parameters, and
would produceB; oscillations too rapid for observation at the Tevatron or in similar experiments.

There are also similar contributions fom ,, when D% is replaced byD%!. These were examined in Re2gZ] in
the context of topcolor assisted technicolor, a much more constrained brand of topcolor than the one we consider here.
The bounds found in Ref2BZ] can be accommodated, as long B$¢| < |V;4|, which is not a very strong constraint.
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Thus, we see that the flavor violation effects of the first KK gluon excitation in Randall-Sundrum scenarios where the
SU(3). fields propagate in the bulk can be significant in non-lept@hiecays, specifically in the@P asymmetries.

The dominance of these effects over those induced by “weak” KK excitations, such ag’Kiad Z%’s, due to

the larger coupling, would explain the absence of any effects-in s¢™¢~ processes, where up to now, the data is
consistent with Standard Model expectatia283. Deviations in theCP asymmetries of — s nonleptonic processes

would naturally be the first signal of New Physics in these scenarios. These very same effects can be obtained by the
exchange of the heavy gluons present in generic topcolor models.

These effects can also be obtained in generic topcolor models. It is not possible to distinguish these two sources using
B physics alone. This is true of any color-octet flavor-violating gauge interaction that couples strongly to the third
generation. Other model building avenues addressing fermion masses might result in similar effects. In addition, the
large contributions td3, mixing, perhaps renderindm g, too large to be observed, is an inescapable prediction in

this scenario, as it can be seen in Eml1(), but it is also present in many other New Physics scenarios that produce
large effects ih — s non-leptonic decay$D§|.

There will also be contributions from the heavy gluons to other non-leptBrdecays, such aB — =, etcThese

modes have less clean Standard Model predictions. However, if the deviations hinted in the current data are confirmed
by data samples af00 fb !, to be accumulated in the next few years, it might prove of great importance to confirm

the existence of these effects in less clean modes, perhaps requiring even larger data samples. Even if the heavy
gluons are directly observed at the LHC, their flavor-violating interactions will be less obvious there than from large
enoughB physics samples. Thus, if flavor-violating interactions are observed at the LHC, high preBigioysics
experiments could prove crucial to elucidate their role in fermion mass generation.

Signals inb — s¢t¢—

Since the wave-function of thg° is pushed away from the IR brane by the boundary conditions (or a large vev), there
will be non-negligible tree-level FCNC couplings@f = (t;, b;)* andtx with the Z°, since these must be localized
not too far from this brane. We define the effect®&s coupling by

g° g

— (Zps " Z} bry" Z,, 5.12
12 ZCOSOW( bs OLY"SL + Zys ORY SR) " ( )

Lzys =

whereZ,; andZ] encode both the one loop Standard Model as well as New Physics contributions. Up to a factor of
order one, the tree-level FCNC vertex induced by the flavor-violating coupling resugih [

1 1 8’/T2 1}2 g2 Dbs 92
5Z)g:7(77 Zsin?0 )Dbsi — L ~ L LN 5.13
b 2t 3 S tw )L g?> \m? ) \rRg? / 2 7Rg?" "’ (5.13)

where f is defined in Ref.277], and in order to respect the bounds frafn— bb, |f| < O(1). With the natural
assumptionD%* ~ V,*V;,, and reasonably small brane couplings/mRg? = O(1), the correction is of the same
order as the Standard Model contribution to this vertex, whic2&][ Z°M ~ —0.04 (Z{3M ~ 0). This leads to
potentially observable effects in— s¢T¢~ decays, although the current experimental dgfg,| < 0.08 [284], is

not greatly constraining. The effects, however, could be larger in the case of strong bulk gauge coZibfihgdjch
may require somewhat smaller mixing angles. The effect of Ed.3( also contributes to hadronic modes, such as
B — ¢K?, although there it must compete with the parametrically larger contributions from gluonic penguins.

DD’ mixing

Finally, the large flavor-violating coupling of the top quark, particulagy may lead to a large contribution D"
mixing. This has contributions both from KK gluon aid exchanges and has the for@v[i]

x(cr) (U3 UR)?
2m? 2mp

_ —
Amp ~ 4o, (D°|(Eryuur)(ErY" ur)|D"), (5.14)

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



422 New Physics

for the KK gluon exchange. Heré€ly is the rotation matrix for right-handed up quarks, afidr) is a function ofcg

which gives the enhancement due to the strong coupling of the KK gluans teor instance, forg ~ 0 and small

brane couplingsy ~ 16. To estimate the contribution thmp, we need the quark rotation matrix elements. If we
takeU 4+ Ul ~ sin®6c, with sin 6 ~ 0.2 the Cabibbo angle, then the current experimental limifony, translate3

intom; 2 2 TeV.In the strong bulk coupling casg(cr) can be enhanced and somewhat largeor smaller mixing
angles may be required. The contribution from #feis generically the same order, but somewhat smaller. We thus
find that the effect can be consistent with, but naturally close to, the current experimental limit. Similar contributions
come from the interactions of,, but they are typically smaller than those freg because of larger values af

SUnlike for Uz, and Dy, there is, in principle, no reason wiijiz must have such scaling with the Cabibbo angle.
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5.4.5 Warped Extra Dimensions Signatures inB Decays
>— K. Agashe <

Introduction
This section is based 0285|, where the reader is referred for further details and for references.

Consider the Randall-Sundrum (RS1) model which is a compact slice of, AdS
ds® = eilee‘Tﬂn“”dxuda:V + r3d92, —r<0<m, (5.15)

where the extra-dimensional interval is realized as an orbifolded circle of radiuBhe two orbifold fixed points,

6 = 0,m, correspond to the “UV” (or “Planck) and “IR” (or “TeV") branes respectively. In warped spacetimes the
relationship between 5D mass scales and 4D mass scales (in an effective 4D description) depends on location in the
extra dimension through the warp facter,*!/"=. This allows large 4D mass hierarchies to naturally arise without

large hierarchies in the defining 5D theory, whose mass parameters are taken to be of order the observed Planck scale,
Mp; ~ 108 GeV. For example, the 4D massless graviton mode is localized near the UV brane, while Higgs physics

is taken to be localized on the IR brane. In the 4D effective theory one then finds

Weak Scale ~ Mpjgnerne” ™. (5.16)

A modestly large radius,e., knr. ~ log (Mpianck/TEV) ~ 30, can then accommodate a TeV-size weak scale.
Kaluza-Klein (KK) graviton resonances haveke %", i.e., TeV-scale masses since their wave functions are also
localized near the IR brane.

In the original RS1 model, it was assumed that the entire Standard Madehgluding gauge and fermion fields) is
localized on TeV brane. Thus, the effective UV cut-off for gauge and fermion fields and hence the scale suppressing
higher-dimensional operators, is TeV, e.g, the same as for Higgs. However, bounds from electroweak (EW)
precision data on this cut-off are 5 — 10 TeV, whereas those from flavor-changing neutral currents (FCNC’s) (for
example, K°K° mixing) are~ 1000 TeV. Thus, to stabilize the electroweak scale requires fine-turing,even

though RS1 explains the big hierarchy between Planck and electroweak scale, it has a “little” hierarchy problem.

Bulk fermions

A solution to this problem is to move Standard Model gauge and fermion fields into the bulk. Let us begin with how
bulk fermions enable us to evade flavor constraints. The localization of the wavefunction of the massless chiral fermion
mode is controlled by the-parameter. In the warped scenario, fas 1/2 (¢ < 1/2) the zero mode is localized near

the Planck (TeV) brane, whereas foe 1/2, the wave function iflat.

Therefore, we choose > 1/2 for light fermions, so that the effective UV cut-off is> TeV, and thus FCNC'’s
are suppressed. Also this naturally results in a se@llYukawa coupling to the Higgs on TeV brane without any
hierarchies in the fundamentaD Yukawa. Similarly, we choose< 1/2 for the top quark to obtain afi(1) Yukawa.

If left-handed top is near TeV brane, then there are FCNC's invobjings follows.

Since fermions are in the bulk, we also h&Je gauge fields and we can show that in this sehigih-scale unification
can be accommodated.
Couplings of fermion to gauge KK mode

The flavor violation involvingyy, is due to KK modes of gauge fields, so that we need to consider couplings of these
modes to fermions. We can show that wave functions of gauge KK modes are peaked near TeV brane (just like for
graviton KK modes) so that their coupling to TeV brane fields (for example, the Higgs) is enhanced compared to that

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



424 New Physics

of zero mode (which has a flat profile) by \/2kwr.. Thus, the coupling of gauge KK modes to zero mode fermions,
denoted by (™, in terms ofg(“) (the coupling of zero mode of gauge field) has the form:

g™ ~ g x \Eknr.e, ¢ < 1/2 (as for the Higgs
= 0, ¢ = 1/2 (fermion profile is flat)

g© - _
~ , ¢~ 1/2 (independent of). (5.17)

krr,

Due to this coupling, there is a shift in coupling of fermions to the physi®dirom integrating out gauge KK modes
(see Fig. 2 in Ref!28€)):

SgPhvs Zg(")(—1)"\/2k7rrcM%/m([?;(2. (5.18)
n

This shift is universal for light fermions, since light fermions have 1/2 and thus can absorbed into thgarameter.

Choice ofby, localization

Itis clear that we prefet for (¢,b), < 1/2 inn order to obtain a top Yukawa ef 1 without a too largesD Yukawa,
but this implies a large shift in the coupling bf to Z° (relative to that for light fermions). Thus, there is a tension
between obtaining top Yukawa and not shifting the coupling;ofo Z°. As a compromise, we choosdor (¢,b);,

~ 0.4 — 0.3 (corresponding to a coupling éf, to gauge KK modeg(™ /¢(®) ~ O(1): see Eq.%.17) so that with
KK masses~ 3 — 4 TeV, the shift in coupling ob;, to theZ° is ~ 1% (see Eq.%.18) which is allowed by precision
electroweak data.

In order to obtain a top Yukawa 1, we choose: for tp < 1/2 andc for bg > 1/2 to obtainm, <« m,. We can
further show thas — 4 TeV KK masses are consistent with electroweak dstan(d7’ parameters) provided we gauge
SU(2)g in the bulk 28€].

Flavor violation from gauge KK modes

The flavor-violating couplings of zero-mode fermions to gauge KK modes are a result of going from a weak/gauge to
a mass eigenstate basis:

Dl diag|g™ (et a),9" (c1 ) .9 (er)| Dr, (5.19)

whereDy, is the unitary transformation from weak to mass eigenstate basis for left-handed down quarks.

Tree level KK gluon exchange contributesB9B"° mixing: the coefficient O(BL*y“dL)Q is

[(DL)13}2 Zg(n) Q/W(I?}(Z )

n
whereas the Standard Model box diagram contribution has coefficient

~ (VaVia)® '/ (167%) x 1/m3y ~ (ViVia)? /(4 TeV)?.

Sincec for (t,b);, ~ 0.3 — 0.4, e.g, g™ /g® ~ O(1), the KK gluon exchange contribution 898" mixing is
comparable to the Standard Model box diagramrfgex ~ 3 — 4 TeV. Such a large contribution is allowed, since
tree level measurements of CKM matrix elements, combined with unitarity, do not really constrairthe Standard
Model, so that the Standard Model contribution 36B" mixing has a large uncertainty. Explicitly, the Standard
Model contribution occurs at loop level wifymy, ~ v suppression, whereas the KK gluon contributior3&"
mixing is at the tree level (witkD(1) coupling ofb;, to the gauge KK mode), but suppressedby 4 TeV ~ 47v KK
masses, so that the two contributions are of the same size.
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In other words, due to the large top mas$or b;, is smaller (coupling to the gauge KK modes$?, is larger) than
expected fromn,. This induces a large deviation from universality of the KK gluon coupling to left-handed down-type
quarks. This is similar to the Standard Model, where there is no GIM suppression (due to the /Jpmgé — s, d or

in the imaginary part of — d (as opposed to the real partof- d)

This also shows that fo¢ for (¢,b)r, < 0.3 (e.g, coupling of KK gluon tob, < 0(1)), BB’ mixing requires
mxx ~ 4 TeV—this is an independent (& — bb) lower limit on ¢ for (t,b)r, given thatmg x < 4 TeV by
naturalness.

We next consideb — sss. The KK gluon coupling tos is suppressed by 1/v/knr.. Hence we see that the effect
of tree level exchange of a KK gluon in this decay is smaller than the Standard Model QCD penguin, for a choice of

parameters for which the effect BB’ mixing is comparable to the Standard Model value.
Flavor-violating coupling to the Z%: b — s¢+¢~

The direct effect of KKZ exchange is suppressed (compared to KK gluon exchange)dy/g2. However, there is
an indirect effect of KKZ° exchange: a shift in the coupling df to physicalZ® by ~ 1%. In turn, this results in a
flavor-violating coupling to thez® after going to a mass eigenstate basis:

Dl diag[s (g2 ) .5 (93).5 (g% )] D (5.20)
Since we have to allow (gbZL) ~ 1%, we get (relative to the the standard couplinglgfto the Z°)

brsiZ ~ 1% V. (5.21)

Using these couplings, we see that there are contributiohs-tos f f that are comparable to the Standard Mad@l
penguin, with a coefficient V,, g%/ (1672) g% /m%, (roughly1% in Eq. 5.21) comparable to the loop factor in the
Standard ModeEZ° penguin)

This leads to a smoking gun signallin— s¢*¢~: the error in the theory predictionis 15% (sinceV;, in the Standard

Model is constrained by tree level measurements of CKM matrix elements and unitarity, Wnlikeo that the)(1)

effect (relative to the Standard Model) is observable (current experiment error on measurement of this branching ratio
is ~ 30%). What is interesting is that the coupling of charged leptons tcZthis almost axial, whereas the coupling

to photons is vector; the coefficient of the operator with only axial coupling of leptons gets a new contribution, so that
the angular distributions (forward-backward asymmetry) and spectrém/éof are affected.

In b — s3s, the contribution of the Standard Model QCD penguin is larger than the Standard Mtgeinguin
(roughly by~ g% /g?%) and so the effect df, s, Z coupling (which is comparable to the Standard Mad&lpenguin)
is less tharO(1) (roughly20%). This might be observable.

Conclusions

To summarize, we have shown that bulk fermion profiles in RS1 can explain the hierarchies of fermion masses. With
only first and second generations, FCNC’s are small. However, including the third generation produces interesting
effects. There is tension between obtaining a large top mass and not affecting the coufpling tbfe Z°: as a result,

we have to compromise, and allow a shift in the coupling;ofo Z° by ~ 1%. This, in turn, leads to a flavor-violating
coupling to theZ°, and a smoking gun signal in— s¢*¢~. Finally, using the AdS/CFT correspondence, this RS1
model is dual to @D composite Higgs model; thus a strongly interacting Higgs sector can address flavor issues.

THE DISCOVERY POTENTIAL OF A SUPER B FACTORY



426 New Physics

5.5 Lepton Flavor Violation

5.5.1 Lepton flavor-violating decays of ther at a Super B Factory
>— 0. Igonkina <

Motivation

The lepton flavor-violating decays of the(LFV) are an excellent base for testing modern theoretical models such as
supersymmetry, technicolor or models with extra dimensions.

Recent results from the neutrino oscillations experime283][[28§,[289,[29( suggest that LFV decays do occur.
However, the branching ratios expected in the charged lepton decays in the Standard Model with neutrino mixing alone
is not more tharl0—14[291], while many other theories predict values of the ordet®f'® — 10~7, which should be

within a reach of the SupdB Factory. The predictions are summarized in T&BES Among them are SUSY with
different types of symmetry breaking, models with additional heavy neutrinos and models with extra gaugé®boson

Different LFV decays such as — (v, 7 — £0¢, 7 — ¢hh (Wherel is e or u, andh is a hadron) have different
importance for these models. Therefore, by studying each of these channels, one can discriminate between the models
,and extract or restrict their parameters.

Table 5-19. Predictions for the branching ratiosof— ¢+ andr — £¢/ in different models.

Model T— by T — Ll Ref.
SM with lepton CKM 1040 10714 [29]]
SM with left-handed heavy Dirac neutrino <1078 <1078 [30§
SM with right-handed heavy Majorana neutrino | < 1079 < 10710 [309
SM with left- and right-handed neutral singlets | 10— 1079 [309
MSSM with right-handed heavy Majorana neutrind0—1° 1077 [31q
MSSM with seesaw 1077 [317]
left-right SUSY 10710 10710 [31q
SUSY SO(10) 108 (193
SUSY-GUT 10-8 [317]
SUSY with neutral Higgs 1010 10710 —10=7 [313,[314,[293
SUSY with Higgs triplet 1077 [315
gauge mediated SUSY breaking 1078 [31€]
MSSM with universal soft SUSY breaking 1077 1079 [317]
MSSM with non-universal soft SUSY breaking | 1010 1076 (31§
Non universalzZ’ (technicolor) 1079 10°8 [319
two Higgs doublet Il1 10710 10717 132G
seesaw with extra dimensions 10~ (327

The experimental situation

No signature for LFV decays has been yet found. The strictest upper limits, of dielet — 10~° (see Tabl&-20),

are limited by the size of the accumulated data samples; a data sample of 0.5 ot 1dlabignificantly improve our
understanding of the mechanism of lepton flavor violation. We present the prospects for meadifihgecays at

the future SupeB Factory, assuming that the center-of-mass energy and the detector performance siBAE4R0

The reconstruction of — ¢¢¢ andt — ¢~ is based on the unique topology of the events at/s ~ 10 GeV, where

7's have a significant boost, and the decay products are easily separated. The former decays are selected using a 1-3
topology, while the latter satisfy a 1-1 topology. Additional requirements are: a positive identification of the leptons
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Table 5-20. The current strictest upper limits on the branching ratios ef ¢~ andr — £0¢. Theb T — (¢lresults
were published while these Proceedings were in preparation. TheBellg.y, result following P9Z], is shown.

B(r —ty) <3-10°¢ CLEO (4.8fol)  [327,[329
B(r — py) <2-1076 BABAR(preliminary) (63 fbrt) [324
B(r —wy) <5-1077 Belle (86.3fb!) 1324
B(r — )  <2-10° CLEO (4.8 fo1) [32€]
B(r — ety <3-1077 Belle (preliminary)  (48.6 fb!) [327]
B(r—00) <1-3-1007 BABAR (82 fb1) 1329
B(r — thh) <2-15-10"% CLEO (4.8 132

from the signal decay and several kinematic cuts on the tracks in the event. The determination of the number of signal
events (or the setting of an upper limit) is based on the reconstructed invariant mass and the energy of the candidates
on the signal side.

Table 5-21. Expected signal efficiency, expected background level and the sensitivity to upper limit on HEbvays
at 90% CL for different sizes of data samples.

T — L0
90fb~! 0.5ab! 10ab!
Efficiency 8.5% 8% 7%
Background 0.4 1 1
UL Sensitivity 2-10=7 4-107% 3.107°
T — by
63fb-! 0.5ab! 10ab!
Efficiency 5% 4% 4%
Background 8 8 180

UL Sensitivity 1-107% 2.10=7 3.10°8

The main backgrounds far — ¢¢¢ are hadronic events resulting from hadron misidentification. The study shows that
ther — ¢¢¢ decay is well-controlled by cuts. The required suppression of the backgrouAd fds ' is achieved

by additional kinematic cuts on the 1-prong side; strengthening lepton identification is essential for the analysis of the
10ab~ ! sample. The decays — ¢v are contaminated with non-LFV process— (v, which is more difficult to
suppress. However, the gain due to the large statistics sample is still significant, in spite of high level of background.
Table5-21shows the upper limit sensitivity if no signal is observed. The calculation of upper limits is done following
[292). Further improvement can be made if a new detector has better lepton identification (in particular for soft leptons,
with momenta below 0.5 GeV), more accurate momentum reconstruction and larger acceptance. Precise reconstruction
of the photon energy is a key issue for the analysis ofrthe ¢y decay.

By comparing Table§-19and5-21one can see that a sample of 10-alwill provide extremely interesting measure-
ments. Such a measurementrof— p~y will be sensitive to a GUT scaleyy up to 200 GeV, while observation of
7 — ppp Will be sensitive to the slepton mass. It is interesting to notice that accordi2@¥bthe B(+ — ¢4¢) is of
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the order ofl0~7 if supersymmetric particles are heavier than 1 TeV. In such a scenario, the Bia@tory would
play an essential complementary role to the LHC and ILC in exploring supersymmetry.

5.5.2 Lepton flavor-violating = Decays in the Supersymmetric Seesaw Model
>—J. Hisano and Y. Shimizu<

Introduction

The discovery of atmospheric neutrino oscillation by the SuperKamiokande experz8éhsfiowed that the lepton

sector has a much different flavor structure than the quark s&9€J{[29€]. The mixing angles between the first and
second and between second and third generations of neutrinos are almost maximal, and these are different from the
naive expectation in the grand unified theories. Many attempts to understand those mismatches between quark and
lepton mixing angles have been made.

Lepton-flavor violation (LFV) in the charged lepton sector is an important tool to probe the origin of neutrino masses,

if the Standard Model is supersymmetric. The finite but small neutrino masses do not predict accessible event rates
for the charged LFV processes in experiments in the near future, since these processes are suppressed by the small
neutrino masses, in other words, by the scale for the origin of the neutrino masses. However, if the SUSY breaking
terms are generated at the higher energy scale than that for the origin of the neutrino masses, imprints may be generated
in the SUSY breaking slepton mass terms, and may induce sizable event rates for charged LFV processes, which are
not necessarily suppressed by the scale for the origin of the neutrino masses. Charged LFV is a thus window into
the origin of neutrino masses and can lead to an understanding within supersymmetry of the observed large neutrino
mixing angles.

In this article, we review LF\+ decays in the minimal SUSY seesaw model. The seesaw model is the most fascinating
model to explain the small neutrino masses in a natural 28y][ This model should be supersymmetric, since it
introduces a hierarchical structure between the Standard Model and the right-handed neutrino mass scale. Thus,
charged LFV processes, including LE\ecays, may be experimentally accessible in the near future.

In the next section, we review the relations between neutrino oscillation and charged LFV processes in the minimal
SUSY seesaw model. In Secti@n5.2 we discuss the LFVr decays in this model. Sectidn5.2 is devoted to
discussion.

The Minimal SUSY Seesaw Model

We consider the minimal SUSY Standard Model with three additional heavy singlet-neutrino supé¥figldensti-
tuting the minimal SUSY seesaw model. The relevant leptonic part of its superpotential is

7

(& C 1 C (&
W = N (V)i LyHa = B (Ye)isLiHy + 5N My N5 + uHHy (5.22)

where the indexes j run over three generations ahMN)ij is the heavy singlet-neutrino mass matrix. In addition to

the three charged-lepton masses, this superpotential has eighteen physical parameters, including six real mixing angles
and sixCP-violating phases. Nine parameters associated with the heavy-neutrino sector cannot be directly measured.
The exception is the baryon number in the universe, if the leptogenesis hypothesis is @8ject [

At low energies the effective theory, after integrating out the right-handed neutrinos, is given by the effective superpo-
tential
1

Weir = BS(Ye)iLjHy + ———5—
ff (Ye)iLiH 202 sin’? 3

(My)ij(LiH2)(LjHo), (5.23)
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where we work in a basis in which the charged-lepton Yukawa coupling constants are diagonal. The second term in
(5.23) leads to light neutrino masses and to mixing. The explicit form of the small neutrino mass gtris given

by

(My)is =D 7(Y”)]’(}](VY”)’” v sin® 3. (5.24)
k k

The light neutrino mass matrix1,, (5.24) is symmetric, with nine parameters, including three real mixing angles and
threeCP-violating phases. It can be diagonalized by a unitary mafras

UM, U = M, . (5.25)

By redefinition of fields, one can rewrité = V P, whereP = diag(e'?1, e'2, 1) andV is the MNS matrix, with the
three real mixing angles and the remainifig-violating phase.

If the SUSY breaking parameters are generated above the right-handed neutrino mass scale, the renormalization effects
may induce sizable LFV slepton mass terms, which lead to charged LFV proc28§esIf the SUSY breaking
parameters at the GUT scale are universal, off-diagonal components in the left-handed slepton mass%nmtdx

the trilinear slepton couplind. take the approximate forms

1
(0m3)i; ~ —8?(37”3 + A3)H,;
1
(0Ac)ij ~ _8?140}/611{1']'7 (5.26)

wherei # j, and the off-diagonal components of the right-handed slepton mass matrix are suppressed. Here, the
Hermitian matrix 4, whose diagonal terms are real and positive, is defined in termy$ ahd the heavy neutrino
masses\/y, by

M
Hij = (Y)ki(Yy)kslog M]f , (5.27)

k k

with Mg the GUT scale. In Eq/5(2€) the parameters:y and A, are the universal scalar mass and trilinear coupling
at the GUT scale. We ignore terms of higher ordeivin assuming thatan 5 is not extremely large. Thus, the
parameters itH may, in principle, be determined by the LFV processes of charged lejB6€js [

The Hermitian matrix has nine parameters, including three phases, which are clearly independent of the parameters
in M,.. Thus M, and H together provide the required eighteen parameters, includingRixiolating phases, by
which we can parameterize the minimal SUSY seesaw model.

Our ability to measure three phases in the Hermitian mdifjxn addition to the Majorana phase¥* and ez,
arelimited at present. Only a phasefihmight be determined b¥-odd asymmetries in — £¢¢ or n — eee [30]],
since they are proportional to a Jarlskog invariant obtainable figm

J = Im[ngHggHgl] . (528)

However, the asymmetries, arising from interference between phadésimd M,,, must be measured in order to
determine other two phases ih. A possibility to determine them might be the EDMs of the charged lep@0g.[

The threshold correction due to non-degeneracy of the right-handed neutrino masses might enhance the imaginary
parts of the diagonal componentih, which contribute to the EDMs of the charged leptons. These depend on all the
phases in\,, and H. However, detailed studies show that the electron and muon EDMs are smallédtt¥dr cm

and1072% e cm, respectively, in the parameter space where the charged LFV processes are suppressed below the
experimental bound80d.
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LFV T decays in the SUSY Seesaw Model

As explained in the previous section, we have shown that charged LFV processes give information about the minimal
SUSY seesaw model which is independent of neutrino oscillation experiments. In this section we demonstrate this by
considering LFVr decays.

In the SUSY models, the LFV processes of the charged leptons are radiative, Bymatidy. Thus, the largest LFV
decay processes are— uy or - — e, which come from diagrams such as those shown in3=B(. Other processes
are suppressed 9 («). These are discussed later.

Figure 5-50. [ — I’y processes in SUSY models.

We will study LFV 7 decays in two different limits of the parameter matkix of the form

a 00
H=(00>bd]|, (5.29)
0d e

and
Hy=[00b0], (5.30)
C

wherea, b, ¢ are real and positive, andis a complex number. The non-vanishif@ 3) component ind; leads to
7 — wvy while the(1, 3) component inf, leads tor — ev.

In the aboveansatz we takeH» = 0 and Hy3H32 = 0 because these conditions supprBgg — ev). It is found

from the numerical calculation th#(u — ev) is suppressed in a broad range of parameters with the chosen forms
H, and H, [30(. From the viewpoint of model-building, the matrié; is favored, since it is easier to explain the
large mixing angles observed in the neutrino oscillation experiments by the structure of the Yukawa cgupfimee
adoptH-, we might have to require some conspiracy betwgeand M. However, from the viewpoint of a bottom-up
approach, we can always find parameters consistent with the observed neutrino mixing anglesfgrdmadli/,, as
explained in the previous section.

In Fig.5-51we showB(r — u~) for theansatzH, andB(r — ev) for H, as functions of the lightest stau mass. We
take the SU(2) gaugino mass to be 200 G&y,= 0, n > 0, andtan 3 = 30 for the SUSY breaking parameters in the
SUSY Standard Model. We sample the parametefg;iror H, randomly in the rangé0~2 < a, b, c, |d| < 10, with
distributions that are flat on a logarithmic scale. Also, we require the Yukawa coupling-squared to be smalley than
so thatY, remains perturbative up /.

In order to fix M,, we fix the light neutrino parametersAm3, = 3 x 1072 eV?, Am3, = 4.5 x 107° eV?,

tan? 03 = 1, tan? 015 = 0.4, sinf;3 = 0.1 ands = 7/2. The Majorana phases$’: ande’¥2 are chosen randomly.

In Fig.5-51we assume the normal hierarchy for the light neutrino mass spectrum; as expected, the branching ratios
are insensitive to the structure of the light neutrino mass mé&0§j[
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Figure 5-51. B(r — wy) for Hy andB(r — ev) for H,. The input parameters are given in the text.

Current experimental bounds for branching ratios of the LFV tau decays are derived by the Belle experiment, and
B(t — pu(e)y) < 3.2(3.6) x 10~7 [303. These results already exclude a fraction of the parameter space of the
minimal SUSY seesaw model. These bounds can be improvittbat SuperB FactoriesB03.%

Discussion

In this article we discussed LF¥ decays in the minimal SUSY seesaw model. We showed that the these processes
provide information about the structure of this model which is independent of the neutrino oscillation experiments.
Current experimental searches for—~ vy andr — ev in the existingB factories already exclude a portion of the

parameter space.

Let us now discuss the other LFY decay processes. |If the SUSY breaking scale is not extremely large,
B(r — u(e)ll) is strongly correlated witlB(r — u(e)y), since the on-shell photon penguin diagrams dominate

_ f’lf sleptons are found in future collider experimentdjavor violation might be found in the signal. The cross sectiongfor— (utp~) —
ITI— — 7= uF(r%eF) + X are suppressed by at most the mass difference over the widths for the sleptons. The searches for these processes in

the collider experiments have more sensitivity for a sroall 3 region compared with the search for the LFV tau dec&gg|[
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over these processes. As the result,

B(t — pee(3e))/B(r — ule)y) ~ 1/94, (5.31)
B(t — 3u(e2u))/B(r — u(e)y) ~ 1/440, (5.32)

where the difference between the two relations above comes from phase spaee. fy or - — ey are found, we
can perform a non-trivial test.

When the SUSY particles are very heas(r — uv) andB(r — ev) are suppressed by the masses. However,
anomalous LFV Higgs boson couplings are then generated, and these can lead to LFV processes in charged lepton
decay, such as — 3 andT — un [305. The branching ratios are limited by the muon or strange quark Yukawa
coupling constant, They might, however, be observable in future experimentswh@iis very large and the heavier

Higgs bosons are relatively light.

5.5.3 Higgs-mediated lepton flavor-violatingB and = decays in the Seesaw MSSM

> A. Dedes <

Introduction

Possible lepton number violation by two units{ = 2), can arise in the Standard Model or the Minimal Supersym-
metric Standard Model (MSSM) from a dimension 5 operd3@€[/33()]

1
AL == C4 (eqy Ha ly') (€ca He 1) + hic. , (5.33)

wherel* = (v4,eMT, H = (H,H°)T and A = e,u, 7 anda, b, c,d = 1,2 denote lepton, Higgs doublets and
SU(2) doublet indices respectively. The opera®BE) is generated at a scale and after electroweak symmetry
breaking, results in neutrino masses

v 1 v?
‘Cmass = _5 (H) OAB VAVB + h.c. ) (534)

of the ordemm,, ~ m?/A and form, = 1072 — 1 eV the scalel should lie in the region0'3 — 10!> GeV. It should

be emphasized here that there is no reason for the n@tHx to be diagonal. In a basis where the charged lepton
mass matrix is diagonal;4” is the infamous MNS matrix with, as atmospheric neutrino oscillation data suggest, a
maximal‘23’ or ‘32’ element. There is a mechanism which explains the existence of the op&r&&)y iamely the
seesaw mechanism. One can add one or more $(R)1)y singlet leptonic fieldsV to the Lagrangiarid97]

1
AL = —eqy H, NAY,AB 1B — 5 {in NANP + hee., (5.35)

which via the diagram

N Mwaj N

reproduces the operat@®.83 with
A0 =Y, T (Myag) 7YY, (5.36)
Thus, the scalel is identified with the heavy Majorana mass scilgr,;, which decouples at low energies, leaving

only the operator3.33), leading to neutrino masses and possibly a non-trivial mixing matrix.
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In the MSSM, the influence of the renormalizable Yukawa coupling the slepton masis. ; | renormalisation group
equations (RGEs) running from the Planck (or GUT) scale down to the 8¢glg induces a mixing among sleptons
at low energies

1 M
(Am3)ij = — o5 (3mf + AD(Y, In 270V (5.37)
T Maj

and thus flavor-changing insertions such as,

for sneutrinos ) and charged sleptong)(are produced. Ir5.37), my and Ag are common supersymmetry breaking
masses for sleptons and trilinear couplings at the Grand Unification scale (L )r. These insertions enter in
loops and result in lepton flavor-violating (LFV) processes such -asuy [see Fig/b-52)].

Figure 5-52. Supersymmetric contributions to the LFV process- py.

Equation 6.37) is the only source of lepton-flavor violation in supersymmetric seesaw models with flavor-universal
soft mass terms. Since it is induced by heavy-neutrino Yukawa interactions, it relates the LFV processes to low-
energy neutrino data. At the one-loop level, also gives rise to flavor violation in non-holomorphic interactions of
the form ELH and leads to Higgs-mediated LFV processes in the charged-lepton sector. For technical details on
deriving an effective Lagrangian for a lepton flavor-violating Higgs pengtiin- I’ — [, the reader is referred to

Refs. B31,1332Z, 1333. Schematically, the LFV Higgs penguin is depicted in FBr5F). The lepton flavor-violating

Higgs penguin exists even in the Standard Model with the exchangdGtiauge boson and the neutrino [diagram in

Fig. (5-53)]. The result is proportional to the neutrino mass squared, and thus negligible. The situation changes when
supersymmetrizing thB” — v loop in Fig. 6-53). Then thell’-boson becomes a chargino and the neutrino becomes a
sheutrino. If we calculate the chargino-sneutrino loop, we find that it is proportionaht6, denoted with the green

dot in Fig. 5-53), and is proportional to the-lepton mass. In addition, the— 7 — H vertex is also enhanced by

tan 3. Furthermore, the single neutral Higgs boson in the Standard Model becomes three neutral Higgs-bosons in the
MSSM, twoCP-even(h, H) and aCP-odd(A). There are, of course, other Standard Model and MSSM contributions

to the penguinr — u — H; for simplicity these are not shown in Fi¢gb-63). The last step in the derivation of the

T — pu — H effective Lagrangian is to integrate out all the heavy particles (charginos and sneutrinos, in our case),
and include the possibility of Higgs mixing (see R&34] for more details), where the Higgs bosons become three
CP-indistinguishable particled];, H, and H3, with the heaviest being th&;. Finally, the LFV Higgs penguin and

the total amplitude are enhanced by two powerswafs. From now on we can use the “yellow” blob (Higgs penguin)

of Fig.(5-53) in the amplitude calculations for physical processes. For a complete list of applications of the Higgs
penguin the reader is referred to R&3E. We shall present few of them below.

Applications : T — ppup, B2 ; — pr, T — pn

We shall focus on the lepton flavor-violating processes of [Heb4). To quantify the above statements, we adopt,
for the moment, the approximation in which we take all the supersymmetry-breaking mass parameters of the model
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Figure 5-53. The LFV Higgs penguin.

to be equal at low scales, use heavy-neutrino masses that are degeneratéwith 10'* GeV, and assume that
(Y,1Y,)32,33 = 1. These are inputs for Ec6@7). This approximation is not realistic, but it is useful for comparing the
sensitivities of different processes to New Physics: we shall present in the next section results from a more complete
treatmentr — 3u or related processes. In this simplified case, we ob&86] [for (5-54a)

6 4

[t 17 [100 GeV]
Br(rt — 3u) ~ 1.6 x 108 | 36%6_ _ MAe | (5.38)
This should be compared with the corresponding estimate
r 12 F ~14
t 1
Br(t — puy) ~ 1.3 x 1073 _ 3“61(1)’8 _ 0(])\26\/_ (5.39)

Both equationsd.3€) and 5.39 are valid in the largean 3 limit. Whereas$.3¢) is two orders of magnitudbeelow
the present experimental bound onr- 3u, (5.39) is three orders of magnitudgovethe present bound on— py.
There is also the photonic penguin contribution to the decay 3, which is related td3(7 — uy) by

B(r — 3u), = — (m my ”) B(r — ). (5.40)

3T mﬁ 4

Numerically, 5£.39 leads to

(5.41)

2 4
B(t — 3p), ~ 3.0 x107° {tanﬁ} {100 GeV] ,

60 Ms

which is a factor of 100 larger tha®.8€). Notice also that suppressing.89 by postulating large slepton masses
would suppresss,3§) at the same time, since sleptons enter into both loops. However, suppré&s8@dy a large
Higgs mass would not affeet — py. It has recently been showA3€] that with the same assumptions, the branching
ratio of the process — un [see Fig.5-54b)], is related to that for — 3y of Eq. (5.3§)

B(r — un)ises = 8.4 x B(r — 3p)Hiess | (5.42)
and for the double Higgs penguin diagram of Fir54c) [337]

tan 3 ¥ 1100GeV1*
60 My ’

B(B? — ) ~ 3.6 x 1077 { (5.43)
where only the leadingan 5 dependence is presented. These have to be compared with the upper limits i-Zable
below. In the case of3; mesons, one should just multiplg.43 with |V;4/Vis|? ~ 0.05. As expected, the Higgs-
mediated branching ratio fd8? — 7 andr — un can be larger than the one for— 3.

Recently B37] the effect of the Higgs-exchange diagram for the lepton flavor-violating muon-electron conversion
processuyN — eN, in the supersymmetric seesaw model has been studied. The r&{pdf — eN)/B(n — ev)

is enhanced at largenn ¢ and for a relatively light Higgs sector. For reviews ofiepton andB-meson lepton flavor-
violating decays, the reader should consult R&8g[339.
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Figure 5-54. (@)1 — p(e)up (b) 7 — un (c) Bsay — ur Higgs-mediated processes in the MSSM. The green dot
indicates an additional enhancementaf 3.

Results

The purpose of this work is to study in a complete way the allowed rates for the Higgs-mediated LFV processes in
supersymmetric seesaw models in which the only source of LFV is the renormalization of the soft supersymmetry-
breaking mass parameters [see Ea37)] above My, due to the singlet-neutrino Yukawa couplings of E&13E).

We follow the analysis of Ref332] where the more general flavor-universal MSSM case was considered in which the
universal masses for squarks, sleptons and the Higgs doubledsd H,, are different from each other. This permits
different mass scales for squarks and sleptons which, in turn, are independent of the Higgs boson masses. However, we
always require that squark and slepton mass matrices at the GUT scale are each proportional to unit matrices. If one
goes beyond this assumption, arbitrary sources of flavor violation appear in the soft supersymmetry-breaking sector,
and the model loses all predictive power, in particular the connection between the LFV and the neutrino masses and
mixing. We parametrise the singlet-neutrino Yukawa couplirigeind masses/y, in terms of low energy neutrino

data according to Ref3l(. We generate all the free parameters of the model randomly and calculate the low-energy
sparticle masses and mixing by numerically solving the one-loop renormalization-group equations and imposing the
requirement of electroweak symmetry breaking. For the deGays [;v, we use the exact diagrammatic formulae

in [341]. The experimental CLEO and CDF boundsonr- uy Bs — pp respectively, are reached first, and place
upper allowed limits orB; 4 — ¢¢', 7 — (00" andT — un, that are summarized in Tatfe22."

In summary, Higgs boson mediated FCNC (LFV) processes are interesting in the seesaw-MSSM. They are enhanced
by powers oftan 3 and maybe orders of magnitude larger than the Standard Model predictions. By looking at
Table5-22 and comparing with the sensitivity of a Supgerf~actory B4Z] we conclude that

e 7 — pyis (at the moment) the only LFV decay which can saturate the experimental bound. Searching for this
mode at a SupeB Factory is compulsory.

e LFV modes likeB — {'¢,7 — ('¢¢, 7 — un, (relevant toB Factories) turn out to be small, with's at
10~? — 10719, if current experimental constraints froBy, — pu andr — wy are imposed.

e Searching for LFV modes lik8 — ¢'¢,7 — ('¢¢, 7 — pn, could distinguish among various models for
neutrino masses, for example: fhgarity-violating MSSM [B43 and the seesaw MSSM.

" After this talk was presented, newly improved boundsror> uy andT — 3 appeared342]. These bounds set further constraints on the
other processes of Tatfe22.
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Table 5-22. Experimental bounds and maximal value predictions for B-adédcays discussed in this section. Results
onB — ¢t ¢=, 7= — ¢~ ¢+ ¢~ are based on the analysis of REF3E] described in the text. Far — un, we use the
relation 16.42) from Ref. [339.

B(Channel) Expt. | Bound (90% CL)| Higgs med. MSSM
By, —etpu~ CDF <6.1x10°° <1071
By, —etr™ - - <4x107°
B, — utr~ - —— <$4x107°
By —etu™ BABAR | <2.0x1077 <6 x 10713
By — et~ | CLEO| <53x1074 <2x10710
Bg—putr— | CLEO | <83x10~* <2x10710
T~ = pu~ptp~ | Belle <38x1077 <4x10710
77 —e utu~ | Belle <31x1077 <4x 10710
T —uTny CLEO | <9.6x10°° <3 x107°
TT = uTy CLEO | <11x10°¢ <11x1076

5.6 Conclusions and Patterns of New Physics Contributions

As discussed in the overview of this chapter, there are important questions that remain unanswered within the Standard
Model. Various theoretical ideas have been proposed to answer these questions, and experimental efforts have been
undertaken and will continue in the future to search for New Physics. The goal of the Bugmmstory is therefore

to look for New Physics effects in the Heavy Flavor sector and furthermore, to provide critical information from the
measurement of new sources@P violation and flavor mixing which will distinguish between various theoretical
models.

In this chapter, we have first discussed model-independent approaches for analyzing New Physics contrilfgitions in
decays. In this case, a set of new parameters is introduced at the level of the effective Lagrangian or decay/mixing
amplitude, and various observable quantities are used to constrain these parameters. Model-independent approaches
have been very successful in the past, such as the determination of the Michel parameters in muon decays and
the parametrization of oblique corrections in electroweak precision measuremeritsddoays, depending on the
processes considered, parameters representing New Physics contributiong3to-thB,; amplitude and hadronic

and electrowealk — s transitions can be introduced. In the deday— V;V,, whereV; » represent two vector

particles, various angular distributions can be used to separate and measure different amplitudes, including those with
CP phases. These model-independent techniques are particularly useful for a global analysis with several observables,
or in comparing experimental data with the predictions of several theoretical models.

In this chapter,B physics signals in specific theoretical models are also examined. The focus is mainly on models
with supersymmetry and large extra dimensions. These are leading candidates of physics beyond the Standard Model
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from the viewpoint of the gauge hierarchy problem. At the same time, these models have new sotiftgmotdtion
and flavor mixing structure.

e Supersymmetry
Squark mass matrices contain new sources of flavor mixing(@adriolation. These matrices depend on
the supersymmetry breaking mechanism and flavor-dependent interactions at the high energy (GUT) scale
and through renormalization the supersymmetric contributions to varibubservables vary for different
supersymmetry breaking scenarios. The deviations from the Standard model predictions are small in the minimal
supergravity model, except for the case®f— Drv, B — sft¢~ as well asB, — pu with possible Higgs
exchange with a large ratio of the two Higgs-doublet vacuum expectation vahies)( The flavor mixing
in the neutrino sector can be an additional source of the squark flavor mixing in the context of SUSY GUT
models. In this case, large deviations from the Standard Model prediction are possible in the time-dependent
CP asymmetries in thé&8 — ¢K? and B — K*v modes. This model also predicts possible observable effects
in other processes such Bs mixing, lepton flavor violation in- — v, and hadronic electric dipole moments.
In the scenario of effective supersymmetry where the squarks of the first two generations are very heavy, various
signals with a particular pattern are expected in rare decay processes.

e Large extra dimensions
Although the introduction of large extra dimensions is not directly related to flavor physics, new flavor signals
are expected, particularly in the case where the observed pattern of the fermion mass spectrum is explained
from some geometrical setting. The impactBrphysics therefore depends on the details of the fermion mass
generation mechanism. A generic signal of these theories is, however, the existence of Kaluza-Klein gravitons,
and the exchange of these modes generates a set of higher dimensional operators. Such operators can produce
characteristic signals in the angular distribution of the décay s¢™¢~. The geometric construction of the
fermion mass hierarchy could generate tree level flavor-changing couplings for Kaluza-Klein gauge bosons
both in flat TeV-! scale extra dimensions with split fermions, and in warped extra dimensions. These effects
can induce large deviations from the Standard Model prediction for meson mixing as well as flavor transition
diagrams. On the other hand, such deviations are not very large in the case of universal extra dimensions, where
the source of flavor mixing resides solely in the CKM matrix.

Patterns of deviations from the Standard Model predictions in the various models studied in this chapter are summa-
rized in Table5-23 We can see that New Physics effects can appear in different processes depending on different
assumptions for the origin of flavor structure in these models. It is therefore important to clarify these patterns to
distinguish various models. Although comparison of various processBg,il,, K, D and lepton flavor violation

are important, it is remarkable that the Supgerfactory itself can provide several ways to look for New Physics
contributions.

This example shows the complementary nature of flavor physics and energy frontier physics. At the LHC and ILC,
direct searches for SUSY particles or Kaluza-Klein modes is essential to establish the existence of New Physics. On
the other hand, there are a variety of possibilities for the origin of flavor structure within supersymmetry or models
with extra dimensions. Flavor physics provides an important tool with which fundamental questions, such as how
supersymmetry is broken, or how fermions propagate in extra dimensions, can be addressed, and thé&&uper

will play a central role in answering these questions.
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Table 5-23. Pattern of deviations from the Standard Model predictions in various models of supersymmetry and extra
dimensions. Processes with possible large deviations are indicated. “-” means that the deviation is not expected to be
large enough for observation, or not yet studied completely.

Model By Unitarity | Time-dep.CPV RareB decay Other signals
mMSUGRA(moderatéan 3) - - - -
MSUGRA(largetan 3) B, mixing - B — (D)tv By — pp
b— slti~ B, mixing
SUSY GUT withvg - B — ¢Kg - B, mixing
B — K*y 7 LFV, n EDM
Effective SUSY B, mixing B — ¢Kg AL b — sl B, mixing
KK graviton exchange - - b— stte~ -
Split fermions B, mixing - b— sltl~ K°KY mixing
in large extra dimensions DD’ mixing
Bulk fermions By mixing B — ¢Kg b— sltl~ B mixing
in warped extra dimensions DD’ mixing
Universal extra dimensioins - - b— slte~ K — o
b— sy
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