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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-changingb quark 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 and anglesO(1) and
all massesO(TeV), the MSSM would make predictions forCP violation and FCNCs in theK 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 (andCP violation) through loops of squarks and gauginos.

There are three basic schemes which render theCP violation and FCNCs in the MSSM small: decoupling, alignment
and degeneracy. Decoupling [147] is nothing more than the statement that if the MSSM sparticles 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 scheme [148], one 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 charm (D0) sector.

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-changing/CP -violating 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 example [149]:
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In the basis in whichYd is diagonal, theYu terms are rotated away from the diagonal by the CKM matrix:
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KMVKM)ij . (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 violation [150]).
But more complicated models exist, particularly those which attempt to explain the quark mass hierachy. So even
though kaon physics may strongly constrainCP 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
mu ¿ mt?) 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 SuperB 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 Eq. (5.121). This idea has been particularly fruitful (at least
theoretically) for probing the structure of the neutrino mass matrix and its correlations withτ → µγ andµ → eγ. It
is also the basic idea underlying several of the approaches [151] to B → φK0

S 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 [150] 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 a SuperB Factory 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 the6 × 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 insertions denoted(∆d

ij)AB where
i 6= j are generation indices (i, j = 1 . . . 3) andA, B denote left(L) and right(R). We then define a mixing parameter:

(δd
ij)AB =

(∆d
ij)AB

m̃2
, (5.122)

wherem̃ is a typical squark mass. Kaon physics constrains(δd
12)AB (for all AB) to be much, much smaller than

one [152]. Experimental agreement ofB0−B
0

mixing with the Standard Model prediction likewise constrains
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(δd
13)AB [153]. Compared to these cases, constraints on(δd

23)AB are relatively weak. Specifically, theLL andRR
insertions can beO(1) while theLR andRL can beO(10−2) due to constraints fromb → sγ.

Appearance of a sizable(δd
23)AB will generate non- Standard Modelb → s transitions, affecting branching ratios and

asymmetries in a number of processes includingB → φK0
S , B → Xs``, B → Xsγ, B → η(′)K0

S , B → K+K−K0
S ,

Bs → ``, ∆mBs
and others. (We will assume that there is no large flavor violation in the 1-3 sector; such violation

could enterB0−B
0

mixing, and from there affectB → ψK0
S .)

Of these, theCP -violating phase inB → φK0
S , namelyβφK , is of particular importance.βφK has been measured by

BABAR and Belle to an accuracy around 10%. As of this writing, theBABAR and Belle experiments are in disagreement
about whether or not there is an anomaly in the experimental data onβφK (the data is reported in terms of the oscillation
parameterSφK). Because of the hint that there might be an anomaly, many groups have conducted analyses of the
B → φK0

S in the context of SUSY [151, 154, 155]. Regardless, decays likeB → φK0
S and otherb → s processes are

key testing grounds for SUSY flavor physics.

b → s transitions in SUSY

The calculation of the short-distance SUSY contributions toB → φK0
S 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 forB → φK0

S with a structure that mimics the Standard Model. In particular, in models
with minimal flavor violation, there is a SUSY contribution to the branching fraction forB → φK 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 possible to pushSφK down
to zero, but it is appears to be difficult to go any lower [156].

In models with arbitrary phasesandmixings, 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 forB → φK: 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 to theCP asymmetries in
B → φK0

S : can SUSY provide a large deviation from the Standard Model inSφK , 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 mixing:LL, RR, LR andRL, where the first letter labels thes squark and second theb squark.

Of the four cases, theLL insertion is particularly well motivated. In particular, one expects(δd
23)LL ∼ Vts 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. TheRR insertion is less motivated in minimal SUSY models, but is
naturally generated in grand unified (GUT) models with large neutrino mixing [151]. In this case, the large mixing
in the neutrino sector (which is contained in the5 of 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 theLL andRR insertions are very similar to one another. In both cases, measurable
deviations inSφK can be obtained. A sizable deviation inSφK , however, requires large(δd

23)LL,RR ∼ O(1) and a
relatively light SUSY spectrum. In order to obtain a negativeSφK using anLL 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 fromb → sγ; the latter only constrains theRe(δd

23)LL to be greater than
about−0.5, while providing no constraint on theRR insertion.

In order to determine that the New Physics inSφK would be coming from anLL or RR insertion, it must be correlated
to other observables. Deviations inSφK are well correlated with deviations inCφK : measurements ofSφK below the
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Table 5-11. Correlated signatures for an observation ofSφK much smaller thanSψK , assuming a single SUSYd-squark
insertion of the type indicated. The± signs represent the sign of the corresponding observable.

LL RR LR RL

(δd
23) O(1) O(1) O(10−2) O(10−2)

SUSY masses <∼ 300 GeV <∼ 300 GeV <∼ TeV <∼ TeV
CφK −, small −, small −, small −, can be large

B(B → φK) SM-like SM-like varies varies
Ab→sγ

CP +, few % SM-like +,O(10%) SM-like
∆mBs

can be large can be large SM-like SM-like

Standard Model expectation correlate to negative values ofCφK . (Note that the calculation ofCφK is very sensitive
to the techniques used for calculating the long distance effects; these correlations are found using the BBNS [157]
method.) However the deviations inCφK are at mostO(10%) and so will require a much larger data sample such
as that available at a SuperB Factory. More striking is the correlation with∆mBs , theBs− −Bs mass difference.
Large deviations inSφK due to anLL or RR insertion correlate directly with very large mass differences, far outside
the range that will be probed at Run II of the Tevatron. Mass differences of the order of 100 ps−1 are not atypical in
models with largeLL or RR insertions, making their experimental measurement very difficult.

Specific to anLL insertion (rather than anRR) will be deviations in theCP asymmetry inb → sγ. Large negative
deviations inSφK correlate cleanly with positiveCP asymmetries of the order of a few percent. Measuring these
asymmetries will require of order 10 ab−1 of data and so call for a SuperB Factory.

The picture presented by theLR and RL insertions is quite different. First, theLR and RL insertions would
generically be suppressed with respect to theLL andRR insertions, because they break SU(2) and must therefore
scale asMW /MSUSY. However they generate new contributions to the chromomagnetic operators which are enhanced
by MSUSY/mq (q = s, b) and are therefore very effective at generating large deviations inSφK . TheLR insertion is
the more well motivated, since one expectss̃L–̃bR mixing to be proportional to the bottom Yukawa coupling, while
s̃R–̃bL 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 sizableRL insertions are generated [154].

In either case, whetherLR or RL, strong constraints from the branching ratio ofb → sγ force (δd
23)LR,RL to be

O(10−2). Neither insertion generates an observable shift in∆mBs , but both can generate large shifts in the branching
fraction forB → φK. Of more interest are the correlations betweenSφK , CφK and theCP asymmetry inb → sγ.
For measurements ofSφK below the Standard Model , theLR insertion always predicts a negativeCφK , with values
down to−0.3 whenSφK goes as low as−0.6. On the other hand, negative contributions toSφK are associated with
positive asymmetries inb → sγ, often as large as 5% to 15%. These large asymmetries are a clear sign of the presence
of anLR insertion, as opposed toLL insertions which give asymmetries of only a few percent.

For theRL case, the phenomenology is much the same except: (1) the values ofCφK implied by a down deviation in
SφK are even more negative, all the way down toCφK = −1; (2) though theRL operators contribute tob → sγ, they
do not interfere with the Standard Model contribution and thus do not generate any new source ofCP violation. Thus
RL insertions predict no new observableCP asymmetry inb → sγ.

Table5-11summarizes the correlations for each type of insertion. Of course, more than one insertion may be present,
so one could generate large deviations inSφK with an LR insertion and large∆mBs 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 theCP asymmetries inB → φK0
S could be an early

and strong indication of SUSY flavor physics. But it is the correlations between theφK0
S signal and other observables

that will lead us to a deeper understanding of flavor in the MSSM.

5.3.2 SUSY at the SuperB 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 SuperB Factory 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 models [158, 159, 99].

• Minimal supergravity model

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

• SU(5) SUSY GUT with right-handed neutrinos: Case 2 (non-degenerate case)

• 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 SUSYCP phases for the trilinear scalar coupling (A parameter) and the
higgsino mass term (µ 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 relatively small [160].

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 matrices [161, 162, 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 theµ → eγ process, depend on the matrix significantly. From the seesaw relation, the light neutrino
mass matrix is given bymν = yT

ν (MN )−1yν(v2 sin2 β/2) in the basis where the charged Higgs Yukawa coupling is
diagonal. Here,yν , MN , andβ 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
(δm2

L)ij ' −(y†νyν)ij(3m2
0 + |A0|2) ln (MP /MR)/8π2, wherem0, A0, MP , andMR 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 from theµ → eγ 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 ofy†y 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, because theµ → eγ 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 model [165, 166]. 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 according to Ref. [166].
In this model, there are manyO(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.

• CP violation parameterεK in theK0 −K0 mixing.

• Bd−Bd mixing andBs−Bs mixing.

• The mixing inducedCP violations inB → J/ψK0
S andB → φK0

S modes.

• The mixing-inducedCP violation in B → Msγ, whereMs is a CP eigenstate with a strange quark such as
K∗(→ K0

Sπ0).

• DirectCP violation in the inclusiveb → sγ 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 of theCP
asymmetries inB → J/ψK0

S andB → φK0
S implies existence of a newCP phase in theb → s transition amplitude.

For theb → sγ process, a sizable directCP asymmetry means a new phase in theb → sγ amplitude, while the mixing-
induced asymmetry arises from the interference between the amplitudes withb → sγL andb → sγL. Although this is
suppressed byms/mb in the Standard Model, New Physics effects can generateO(1) asymmetry, if there is ab → sγ
amplitude with the opposite chirality. Detailed description of our calculation is given in Ref. [158, 99].

The correlation among theCP asymmetry of theB → J/ψK0
S mode, the phase ofV ∗

ub element (φ3), and the ratio
of theBs − Bs mixing andBd − Bd = mixing (∆m(Bs)/∆m(Bd)) is shown in Fig.5-30. In this figure, we have
taken into account theoretical uncertainties due to the kaon bag parameters(±15%) andfB

√
Bd (±20%) and take

|Vub/Vcb| = 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 theb → sγ process, and various EDM experiments. We updated the previous calculation given
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Figure 5-30. ∆m(Bs)/∆m(Bd) versus the mixing-inducedCP asymmetry ofBd → J/ψK0
S andφ3 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 values with|Vub/Vcb| = 0.08, 0.09 and
0.10.

THE DISCOVERY POTENTIAL OF A SUPERB FACTORY



384 New Physics

-1

-0.5

0

0.5

1

0 2500

mSUGRA

-1

-0.5

0

0.5

1

0 2500

SU(5)⊕νR
degenerate

-1

-0.5

0

0.5

1

0 2500

SU(5)⊕νR
non-degenerate

-1

-0.5

0

0.5

1

0 2500

U(2)FS

S(φKs) = 0.300(input) ± 0.074 (5ab-1)

S(φKs) in different SUSY breaking scenarios

gluino mass (GeV/c2)

S
(φ

K
s)

(tanβ=30)

-1

-0.5

0

0.5

1

0 2500

mSUGRA

-1

-0.5

0

0.5

1

0 2500

SU(5)⊕νR

degenerate

-1

-0.5

0

0.5

1

0 2500

SU(5)⊕νR

non-degenerate

-1

-0.5

0

0.5

1

0 2500

U(2)FS

S(K*γ, K*
→Ksπ0) = 0.80(input) ± 0.16 (5ab-1)

S(K*γ, K*
→Ksπ0) in different

SUSY breaking scenarios

gluino mass (GeV/c2)

S
(K

* γ,
 K

* →
K

sπ
0 )

(tanβ=30)

-0.04

-0.02

0

0.02

0.04

0 2500

mSUGRA

-0.04

-0.02

0

0.02

0.04

0 2500

SU(5)⊕νR

degenerate

-0.04

-0.02

0

0.02

0.04

0 2500

SU(5)⊕νR

non-degenerate

-0.04

-0.02

0

0.02

0.04

0 2500

U(2)FS

A(b → s γ) = 0.015(input) ± 0.011 (5ab-1)

S(b → s γ) in different
SUSY breaking scenarios

gluino mass (GeV/c2)

S
(b

 →
 s

 γ
)

(tanβ=30)

Figure 5-31. Mixing-inducedCP asymmetry inφK0
S andMsγ modes and directCP asymmetry inb → sγ as a

function of the gluino mass.

in Ref. [158, 99] by taking account of the constraint on parameter space from the strange quark EDM contribution to
the Hg EDM, which was pointed out recently [167]. For the two cases of the SU(5) GUT with right-handed neutrinos,
we included theµ → eγ constraint, which is especially important in the degenerate case. The figure corresponds to
tan β = 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 taken to be4× 1013 GeV for the degenerate
case, and5.7, 18, 45× 1013 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 case,∆m(Bs)/∆m(Bd) can be enhanced from the Standard Model prediction, while the correct value of
φ3 is smaller than that expected in the Standard Model; this deviation, in fact, arises from a large SUSY contribution
to εK . The deviation may become clear when the value ofφ3 is precisely determined fromCP asymmetries of tree
precesses such asB → DK. For the non-degenerate case, the deviation can be seen only for∆m(Bs)/∆m(Bd).
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-inducedCP asymmetries in theB → φK0
S andB → Msγ modes and the directCP asymmetry ofb → sγ

are shown in Fig.5-31for the four cases in the three models. Possible values of these observable quantities are plotted
in terms of the gluino mass fortan β = 30. These figures are updated from those in Ref. [99], 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 decays. “
√

”
means that the deviation can be large and “-” means a small deviation. “closed” in the first row of theBd unitarity means
that the unitarity triangle is closed among observables related toBd, and the second and the third rows show whether
deviation is observed from consistency check between theBd unitarity andεK and∆m(Bs)/∆m(Bd), respectively.

Bd unitarity Rare Decays
closure +εK +∆m(Bs) Amix

CP (B → φK0
S) Amix

CP (B → Msγ) Adir
CP (B → Xsγ)

mSUGRA closed - - - - -
SU(5) SUSY GUT
(degenerate RHN) closed

√
- - - -

SU(5) SUSY GUT
(non-deg. RHN) closed -

√ √ √
-

MSSM with U(2)
√ √ √ √ √ √

Hg EDM constant. The expected experimental sensitivities at a SuperB Factory with integrated luminosity of 5 ab−1

are also indicated based on the study for the Super KEKB LoI. The central values are chosen for illustrative purpose.
We can see that SUSY effects are large for the mixing-inducedCP asymmetries forB → φK0

S andB → Msγ 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 from theµ → eγ 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 theb → s transition, because theµ → eγ 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 Table5-12. The patterns of the deviations are different for these cases. For instance, observables
related to theBd unitarity triangle, namely∆m(Bd), |Vub|, φ1 from theB → J/ψ S mode, andφ3 from theB → DK
mode are consistent with a single triangle for the first tree cases in the table, but deviation can be observed if we
compareεK and∆m(Bs)/∆m(Bd) 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 SuperB Factory.

B physics signals in the Snowmass Points & Slopes

It is 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 parameter space [168]. Such 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 SuperB 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 SuperB Factory 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 thatB 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 scalar mass (m0), the gaugino mass

THE DISCOVERY POTENTIAL OF A SUPERB FACTORY



386 New Physics

(m1/2), the universal trilinear coupling (A0), and the vacuum ratio (tanβ). The sign of the higgsino mass term (µ) is
taken to be positive.

• SPS 1a:m0 = −A0 = 0.4m1/2, tanβ = 10

• SPS 1b:m0 = 0.5m1/2, A0 = 0, tan β = 30

• SPS 2:m0 = 2m1/2 + 850GeV, A0 = 0, tan β = 10

• SPS 3:m0 = 0.25m1/2 − 10GeV,A0 = 0, tanβ = 10

The lines are defined by varyingm1/2 The first two cases represent typical parameter points in the minimal supergrav-
ity model. (SPS 2b was only defined for a point withm1/2 = 400 GeV in [168], but here we generalize it to a line
by varyingm1/2.) SPS 2 corresponds to the focus point scenario, where squarks and sleptons are rather heavy [169].
SPS 3 is 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 coupling,etc.

The results of the calculation forεK/(εK)SM , ∆m(Bs)/(∆m(Bs))SM , Amix
CP (B → φK0

S), andAmix
CP (B → Msγ)

are summarized in Table5-13. In this calculation, we take the right-handed neutrino mass scale around1014 GeV as
before, and new phases associated with GUT interactions are varied. The calculation procedure is the same as that in
Ref. [158, 99]. The table lists magnitudes of maximal deviations from the Standard Model prediction for each quantity.
We do not listAdir

CP (B → Xsγ), because possible deviations are not large even in more general parameter space as
described before. We see that the only sizable deviation appears forεK/(εK)StandardModel 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 to beO(1014) GeV, and GUT phases are varied.

Degenerate case εK/(εK)SM ∆m(Bs)/(∆m(Bs))SM Amix
CP (B → φK0

S) Amix
CP (B → Msγ)

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 ab−1. εK/(εK)SM is shown for the degenerate case as a function of the gluino mass in Fig.5-32. For
the case of SPS 2, the deviation of this size can be distinguished at a SuperB Factory by improved measurements of
quantities related to the unitarity triangle, especiallyφ3. On the other hand, theb → 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 values of theA0 parameter, 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 and rareB decay
processes with ab → 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 SuperB Factory . We also consider SUSY parameter space based
on benchmark scenarios of SPS. We observe that SUSY contribution can be large inεK for the 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 199Hg atom and B → φK0
S

in Supersymmetric Models
with Right-Handed Squark Mixing

>–J. Hisano and Y. Shimizu–<
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Figure 5-32. εK/(εK)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. Deviation isO(1) only for SPS 2.
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Introduction

The Belle experiment in the KEKB Factory reported recently that theCP asymmetry inB → φK0
S (SφK0

S
) is

−0.96± 0.50+0.09
−0.11, and3.5σ deviation from the Standard-Model prediction0.731± 0.056 is found [170]. At present

theBABAR experiment does not observe such a large deviation, finding0.45± 0.43± 0.07 [171]. The combined result
is not yet significant, however, Belle’s result might be a signature of New Physics.

TheCP violation in B → φK0
S is sensitive to New Physics, sinceb → sss is a radiative process [172]. In fact, the

SUSY models may predict a sizable deviation of theCP violation inB → φK0
S from the Standard Model prediction.

If the right-handed bottom and strange squarks have a sizable mixing, the gluon-penguin diagram may give a non-
negligible contribution tob → sss in a broad parameter space where the contribution tob → sγ is a sub-dominant.
B → φK0

S in SUSY models has been studied in many papers [173][174][175][167].

In this article the correlation between theCP asymmetry inB → φK0
S (SφK0

S
) and the chromoelectric dipole moment

(CEDM) of the strange quark (dC
s ) 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 large asλ2 ∼ 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. SinceSφK0

S
anddC

s may have a strong correlation in the SUSY models with the right-handed squark

mixing, the constraint ondC
s by the measurement of the EDM of199Hg limits the gluon-penguin contribution from

the right-handed squark mixing toSφK0
S

[167].

In next section we discuss the199Hg EDM in SUSY models. In Section5.3.3 the correlation between theCP
asymmetry inB → φK0

S and the CEDM of strange quark in the SUSY models with the right-handed squark mixing
is presented. Section5.3.3is 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-diagonalA terms,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 as199Hg, come from theCP -violating nuclear force by pion or eta meson exchange.
The quark CEDMs,

H =
∑

q=u,d,s

dC
q

i

2
gsqσ

µνTAγ5qG
A
µν , (5.123)

generate theCP -violating meson-nucleon coupling, and the EDM of199Hg is evaluated in Ref. [176] as

dHg = −3.2× 10−2e× (dC
d − dC

u − 0.012dC
s ). (5.124)

Chiral perturbation theory implies thatss 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 front ofdC

s in Eq. (5.124) comes
from theη meson mass and theCP -conserving coupling of theη meson and nucleon. From the current experimental
bound ondHg (dHg < 2.1× 10−28e cm) [177]:

e|dC
d − dC

u − 0.012dC
s | < 7× 10−27e cm . (5.125)
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If dC
d anddC

u are negligible in the equation,

e|dC
s | < 7× 5.8× 10−25e cm . (5.126)

The neutron EDM should also be affected by the CEDM of the strange quark. However, it is argued in Ref. [178] that
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 from199Hg.

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 in Fig.5-33(a), and is enhanced bymb/ms. Using
the mass insertion technique,dC

s is given as

dC
s =

αs

4π

mg̃

m2
q̃

(
−1

3
N1(x)− 3N2(x)

)
Im

[
(δ(d)

LL)23 (δ(d)
LR)33 (δ(d)

RR)32
]

, (5.127)

up to the QCD correction, wheremg̃ andmq̃ are the gluino and averaged squark masses. The functionsNi are given
as

N1(x) =
3 + 44x− 36x2 − 12x3 + x4 + 12x(2 + 3x) log x

(x− 1)6
, (5.128)

N2(x) = −2
10 + 9x− 18x2 − x3 + 3(1 + 6x + 3x2) log x

(x− 1)6
. (5.129)

The mass insertion parameters(δ(d)
LL)23, (δ(d)

RR)32, and(δ(d)
LR)33 are given by

(δ(d)
LL)23 =

(
m2

d̃L

)
23

m2
q̃

, (δ(d)
RR)32 =

(
m2

d̃R

)
32

m2
q̃

, (δ(d)
LR)33 =

mb (Ab − µ tan β)
m2

q̃

, (5.130)

where(m2
d̃L(R)

) is the left-handed (right-handed) down-type squark mass matrix. In typical SUSY models,(δ(d)
LL)23 is

O(λ2) ' 0.04. From this formula,dC
s is estimated in a limit ofx → 1 as

edC
s = e

αs

4π

mg̃

m2
q̃

(
−11

30

)
Im

[
(δ(d)

LL)23 (δ(d)
LR)33 (δ(d)

RR)32
]

(5.131)

= −4.0× 10−23 sin θ e cm
( mq̃

500GeV

)−3
(

(δ(d)
LL)23
0.04

)(
(δ(d)

RR)32
0.04

) (
µ tan β

5000GeV

)
, (5.132)

whereθ = arg[(δ(d)
LL)23 (δ(d)

LR)33 (δ(d)
RR)32]. Here, we neglect the contribution proportional toAb, since it is sub-

dominant. From this formula, it is obvious that the right-handed squark mixing or theCP -violating phase should be
suppressed. For example, formq̃ = 500GeV,µ tanβ = 5000GeV, and(δ(d)

LL)23 = 0.04,

| sin θ(δ(d)
RR)32| < 5.8× 10−4. (5.133)

Correlation betweendC
s and B → φK0

S
in models with right-handed squark mixing

Let us discuss the correlation betweendC
s and SφK0

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
SφK0

S
from the Standard Model prediction by the gluon-penguin diagram, especially for largetan β. The box diagrams
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with the right-handed squark mixing also contribute toSφK0
S
, but they tend to be sub-dominant, and do not generate a

large deviation ofSφK0
S

from the Standard Model prediction. 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 = −CR
8

gs

8π2
mbsRσµνTAbLGA

µν . (5.134)

When the right-handed squarks are mixed, the dominant contribution toCR
8 is supplied by a diagram with the double

mass insertion of(δ(d)
RR)32 and(δ(d)

RL)33 (Fig. 5-34(b)). This contribution is specially significant whenµ tanβ is large.
The contribution of Fig.5-33(b) toCR

8 is given as

CR
8 =

παs

m2
q̃

mg̃

mb
(δ(d)

LR)33(δ
(d)
RR)32(−1

3
M1(x)− 3M2(x)) (5.135)

up to QCD corrections. Here,

M1(x) =
1 + 9x− 9x2 − x3 + (6x + 6x2) log x

(x− 1)5
, (5.136)

M2(x) = −2
3− 3x2 + (1 + 4x + x2) log x

(x− 1)5
. (5.137)

In a limit of x → 1, CR
8 is reduced to

CR
8 =

7παs

30mbmq̃
(δ(d)

LR)33(δ
(d)
RR)32. (5.138)

Comparing Eq. (5.131) and Eq. (5.138), we see a strong correlation betweendC
s andCR

8 :

dC
s = −mb

4π2

11
7

Im
[
(δ(d)

LL)23CR
8

]
, (5.139)

up to QCD corrections. The coefficient11/7 in Eq. (5.139) changes from 3 to 1 for0 < x < ∞.

In Fig. 5-34the correlation betweendC
s andSφK0

S
is presented. Here, we assumedC

s = −mb/(4π2)Im[(δ(d)
LL)23CR

8 ],

up to QCD corrections. Here, we take(δ(d)
LL)23 = −0.04, arg[CR

8 ] = π/2 and |CR
8 | corresponding to10−5 <

|(δ(d)
RR)32| < 0.5. The matrix element of chromomagnetic moment inB → φK0

S is

〈φK0
S |

gs

8π2
mb(siσ

µνT a
ijPRbj)Ga

µν |Bd〉 = κ
4αs

9π
(εφpB)fφm2

φF+(m2
φ), (5.140)

andκ = −1.1 in the heavy-quark effective theory [175]. Sinceκ may suffer from large hadronic uncertainties, we
takeκ = −1 and−2. From this figure, it is found that the deviation ofSφK0

S
from the Standard Model prediction due

to the gluon penguin contribution should be tiny when the constraint ondC
s in Eq. (5.126) is applied.

Discussion

In this article the correlation between theCP asymmetry inB → φK0
S 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 ofSφK0

S
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 example, theBb → sγ gives the constraint as

∣∣∣(δ(d)
RR)23

∣∣∣ <∼ 0.27
(

µ tanβ

5000GeV

)−1 ( mq̃

500GeV

)2

, (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 onB(τ → µγ) gives a constraint on the mixing between the right-
handed strange and bottom squark [174]. While the current bound onB(τ → µγ) may exclude the possibility of a
large deviation ofSφK0

S
, a sizable deviation is still allowed.

It has been argued recently in Ref. [179] 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 GUTs.

��

�� ��� ���
��� ��� ��

�

���

��

��
���

��� ��� ��

�

�	�

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 to theCP asymmetry inB → φK0

S

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 advantageous [182, 183, 184, 185]. In this method, the experimental limits lead to upper bounds on the
parameters (or combinations of)δf

ij ≡ ∆f
ij/m2

f̃
; where∆f

ij is the flavor-violating off-diagonal entry appearing in the

f = (u, d, l) sfermion mass matrices in the basis of diagonal Yukawa matrices andm2
f̃

is the average sfermion mass.

In addition, the mass-insertions are further sub-divided intoLL/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 andB physics experiments.
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Figure 5-34. The correlation betweendC
s andSφK0

S
assumingdC

s = −mb/(4π2)Im[(δ
(d)
LL)23C

R
8 ]. Here,(δ(d)

LL)23 =

−0.04 andarg[CR
8 ] = π/2. κ comes from the matrix element of chromomagnetic moment inB → φK0

S . The dashed
line is the upperbound ondC

s from the EDM of199Hg atom.

If we assume that indirectCP 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,

2.3× 10−3 ≥ εSUSY
K =

Im M12|SUSY√
2 ∆MK

∣∣
SM

' α2
s

α2
W

M2
W

M2
SUSY

Im
{
(δd

12)
2
LL

}

(VcdV ∗
cs)

2 m2
c

M2
W

' 12.5× 0.026× Im
{
(δd

12)
2
LL

}

1.5× 10−5
⇒

√
Im

{
(δd

12)
2
LL

} ≤ 3.3× 10−4 , (5.142)

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,S(xc = m2

c/M
2
W ) ' xc for xc ¿ 1 [186]3. We have ignored factors ofO(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 to theW boson 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 insertion(δd

L)12 with Vcd
mc

MW
V ∗

cs. Hence we can see that, due to the small
fermion masses and/or mixing angles,εK is in fact sensitive to MI at the level of a few× 10−4 [187].

3Here the charm–W 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 sizable (' 30%) contribution to∆mK
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Table 5-14. Bounds on the mass insertions fromεK , ε′/ε, BR(b → sγ) and ∆MBd,s for mq̃ = 500 GeV. For
different squark masses, bounds on(δLR)12 and (δLR)13 scale as(mq̃(GeV)/500)2, while other bounds scale as
(mq̃(GeV)/500). These bounds are equal under the exchangeL ↔ R.

x

√∣∣∣Im
(
δd
12

)2

LL

∣∣∣
√∣∣∣Im

(
δd
12

)2

LR

∣∣∣
√∣∣Im (

δd
12

)
LL

(
δd
12

)
RR

∣∣
√∣∣∣Re

(
δd
13

)2

LL

∣∣∣
√∣∣∣Re

(
δd
13

)2

LR

∣∣∣
0.3 2.9× 10−3 1.1× 10−5 1.1× 10−4 4.6× 10−2 5.6× 10−2
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)
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1.0 0.45 1.6× 10−2 8.3× 10−2 1.8× 10−2

4.0 1 3.0× 10−2 1.2× 10−1 2.5× 10−2

Similarly, we analyse the MI in (1,3) transitions from theB0 CP asymmetries,

0.74 ≥ aJ/ψ

∣∣
SUSY

=
Im M12|SUSY

|M12|SM

' α2
s

α2
W

M2
W

M2
SUSY

Im
{
(δd

13)
2
LL

}

(VtbV ∗
td)

2 m2
t

M2
W

' 12.5× 0.026× Im
{
(δd

13)
2
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}

3× 10−4
⇒

√
Im

{
(δd

13)
2
LL

} ≤ 0.0 , 3 (5.143)

where again we useS(xt) ' xt [186]. 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 inB CP experiments as in kaonCP
violation experiments we would be able to explore MI a factor

√
20 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 are103 times smaller than the kaon mass difference. InB physics we measureCP violation effects
of the same order as theB mass difference, and we are sensitive to signals roughly one order of magnitude smaller.
This is the main reason whyCP experiments in kaon physics are sensitive to much smaller entries in the sfermion
mass matrices than experiments inB physics [187]. 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 supersymmetry inB physics experiments. We have
several reasons to expect larger off diagonal entries in the elements associated withb → s or 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 mixing [188, 189, 190]. Sizable mixing in transitions between the third and second generations
is also generically expected in flavor models [191]. In fact, we have only weak experimental constraints onb → s
transitions from theB(b → sγ and∆ms, as shown in Table5-14. So, the question is now, are large SUSY effects
possible inB transitions?.

FCNC in GUT supersymmetry

In a 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 unification [192]. The exact relations between
the mass matrices depend on the choice of the GUT gauge group. For instance, in SU(5)(∆d

ij)RR and(∆l
ij)LL are

equal; in SO(10) all∆ij are equal atMGUT 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 aboveMGUT . We assume generic flavor-
violating entries to be present in the sfermion matrices at the GUT scale4. The part of the superpotential relevant for
quarks and charged lepton masses can be written as

WSU(5) = hu
ij Ti Tj H + hd

ijTi F j H + µ H H, (5.144)

where we have used the standard notation, withT transforming as a10 andF as a5 under SU(5). The corresponding
SU(5) invariant soft potential has now the form:

− Lsoft = m2
Tij

T̃ †i T̃j + m2
F
F̃
†
i F̃ j + m2

HH†H + m2
H

H
†
H + Au

ijTiTjH + Ad
ijTiF jH + BµHH . (5.145)

Rewriting this in terms of the Standard Model representations, we have

− Lsoft = m2
Qij

Q̃†i Q̃j + m2
uc

ij
ũc?

i ũ
c
j + m2

ec
ij

ẽc?
i ẽ

c
j + m2

dc
ij

d̃c
?

i d̃
c
j + m2

Lij
L̃†i L̃j +

m2
H1

H†
1H1 + m2

H2
H†

2H2 + Au
ij Q̃iũc

jH2 + Ad
ij Q̃id̃c

jH1 + Ae
ij L̃iẽc

jH1 + . . . (5.146)

m2
Q = m2

ẽc = m2
ũc = m2

T , m2
d̃c = m2

L = m2
F
, Ae

ij = Ad
ji . (5.147)

Eqs. (5.147) are matrices in flavor space. These equations lead to relations within the slepton and squark flavor-
violating off-diagonal entries∆ij . These are:

(∆u
ij)L = (∆u

ij)R = (∆d
ij)L = (∆l

ij)R, (∆d
ij)R = (∆l

ij)L, (∆d
ij)LR = (∆l

ji)LR = (∆l
ij)

?
RL . (5.148)

These relations are exact atMGUT ; however, after SU(5) breaking, quarks and leptons suffer different renormalization
effects and are thus altered atMW . It is easy to see from the RG equations that off-diagonal elements in the squark
mass matrices in the first two of Eqs. (5.148) 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 scaling of theLR term (A-parameter).
This correction can be roughly approximated as proportional to the corresponding fermion masses. Taking this into
consideration, we can now rewrite the Eqs. (5.148) at the weak scale,

(δd
ij)RR ≈ m2

L

m2
dc

(δl
ij)LL, (δu,d

ij )LL ≈ m2
ec

m2
Q

(δl
ij)RR,

(δu
ij)RR ≈ m2

ec

m2
uc

(δl
ij)RR, (δd

ij)LR ≈ m2
Lavg

m2
Qavg

mb

mτ
(δl

ij)
?
RL, (5.149)

wherem2
Lavg

(m2
Qavg

) are given by the geometric average of left- and right-handed slepton (down-squark) masses
√

m2
L m2

ec

(√
m2

Q m2
dc

)
, 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 Eqs. (5.144- 5.148) at the high scale which affect the RG evolution of slepton
matrices. To understand the effect of these new couplings, one can envisage two scenarios [193]: (a) 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 Eqs. (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 atMGUT and the radiatively generated mass insertions betweenMGUT andMνR

, there exists an upper
bound on the down quarkδ parameters of the form:

|(δd
ij)RR| ≤ m2

L

m2
dc

|(δl
ij)LL| , (5.150)

4Note that even assuming complete universality of the soft breaking terms atMPlanck, as in mSUGRA, the RG effects onMGUT will induce
flavor off-diagonal entries at the GUT scale [194].
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Figure 5-35. Allowed regions in the Re(δd
23)RR–Im(δd

23)RR plane and in theSKφ–Im(δd
23)RR plane. Constraints

from B → Xsγ, BR(B → Xs`
+`−), and the lower bound on∆ms have been used.

while the last three equations in Eq. (5.149) remain valid in this case.

The relations (5.149, 5.150) predict links between lepton and quark flavor-changing transitions at the weak scale. For

example, we see thatµ → e γ can be related toK0−K
0

mixing and toD0−D
0

mixing. Similarly, one can expect
correlations betweenτ → e γ andBd−Bd mixing, as well as betweenτ → µγ and b → s transitions such as
B → φK0

S .

To show the impact of these relations, let us assume that all the flavor diagonal sfermion masses are approximately
universal at the GUT scale, withm2

T = m2
F̃

= m2
H = m2

H̃
= m2

0, with flavor off-diagonal entriesm2
f̃

= m2
01 + ∆f

ij,

with |∆f
ij | ≤ m2

0. ∆f
ij can be present either through the running from the Planck scale to the GUT scale [194] or

through some flavor non-universality originally present [195, 196, 197]. All gaugino masses are unified toM1/2 at
MGUT . For a given set of initial conditions (M1/2, m2

0, A0, ∆ij , tan β) we obtain the full spectrum atMW with the
requirement of radiative symmetry breaking. We then apply limits from direct searches on SUSY particles. Finally,
we calculate the contributions of differentδ23 parameters to both leptonic and hadronic processes, considering the
region in the(m0,M1/2) 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 measurements ofACP (B → φK0

S) can be attributed to the presence of large neutrino
mixing within SO(10) models [188, 190, 189]. Subsequently, a detailed analysis has been presented [198, 199] within
the context of the MSSM. It has been shown that, for squark and gluino masses around350 GeV, the presence of a
O(1) (δd

23)LL,RR could lead to significant discrepancies from the Standard Model expectations. Similar statements
hold for aO(10−2) LR or RL MI. Here, we study the impact of LFV bounds on theseδ parameters and subsequently
the effect onB physics observables. In Table5-15, we present upper bounds onδd

23 within the above mass ranges for
three values of the limits onB(τ → µγ). There are no bounds on(δd

23)LL because, as is well known [200, 201, 202],
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Table 5-15. Bounds on(δd
23) fromB(τ → µ γ) for three values of the branching ratios fortan β = 10.

Type < 6 · 10−7 < 1 · 10−7 < 1 · 10−8

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(δl
ij)RR are still allowed, due to the cancellations of bino and higgsino contributions in the decay

amplitude.

At present, the constraints coming fromB physics are stronger than those obtained for the lepton sector in the cases
of (δd

23)LL,LR,RL. Therefore no impact onB phenomenology is expected even if the present bound onB(τ → µγ)
were pushed down to1× 10−7. On the contrary, the bound on(δd

23)RR induced byB(τ → µγ) is already at present
much stronger than the bounds from hadronic processes, reducing considerably the room left for SUSY effects inB
decays. To illustrate this point in detail, we repeat the analysis of Ref. [199] including the bounds coming from lepton
processes. We therefore compute at the NLO branching ratios andCP asymmetries forB → Xsγ andB → φK0

S ,
B(B → Xs`

+`−) and∆ms (see Ref. [199] for details). In the first row of Fig.5-35, we plot the probability density in
the Re(δd

23)RR–Im(δd
23)RR plane for different upper bounds onB(τ → µγ). Note that making use of Eq. (5.149) with

|(δl
23)LL| < 1, implies|(δd

23)RR| <∼ 0.5 as the ratio(m2
L/m2

dc) varies roughly between(0.2− 0.5) at the weak scale,
for the chosen high scale boundary conditions. The effect on(δd

23)RR of the upper bound onB(τ → µγ) is dramatic
already with the present experimental value. Correspondingly, as can be seen from the second row of Fig.5-35, the
possibility of large deviations from the Standard Model in the coefficientSφK of the sine term in the time-dependent
ACP (B → φK0

S) is excluded in theRR case. Hence, we conclude that in SUSY GUTs the most likely possibility
to strongly depart from the Standard Model expectations forSφK relies on a sizable contribution from(δd

23)LL or
(δd

23)LR,RL, as long as they are small enough to be within the severe limits imposed byB(B → Xsγ) [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 constraint:(δd

ij)RR = m2
Q/m2

d(δ
d
ij)LL = m2

L/m2
d(δ

l
ij)LL.

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 otherδd
ij parameters. For

example, considering the first two generations, the bound onδd
12 from B(µ → e γ) can, in many cases, compete with

the bound from∆MK [185]. Similar comparisons can be made for theδd
13 from limits onB(τ → e γ) andB0

d−B0
d

mixing.

Example: SU(3) flavor theory

Finally as an example, we discuss here the main features of a recent supersymmetric SU(3) flavor model [203, 204,
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 fermions (ψi andψc

i ) are triplets. To allow for the
spontaneous symmetry breaking of SU(3), it is necessary to add several new scalar fields that are either triplets (θ3,
θ23, θ2) or anti-triplets (θ3, θ23). We assume that SU(3)F is broken in two steps. The first step occurs whenθ3 gets
a large vev breaking SU(3) to SU(2). Subsequently, a smaller vev ofθ23 breaks 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 = Hψiψ
c
j

[
θi
3θ

j
3 + θi

23θ
j
23Σ +

(
εiklθ23,kθ3,lθ

j
23

(
θ23θ3

)
+ (i ↔ j)

)]
, (5.151)
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and so the Yukawa textures are

Y f ∝



0 ε3eiδ X1 ε3ei(δ+β3) X2

... ε2 Σ
|a3|2 ε2eiβ3 Σ

|a3|2
... ... e2iχ


 , (5.152)

whereε = 〈θ23〉/M ' 0.15 with M a mediator mass in terms of dimension greater than three, and theXa areO(1)
coefficients. In the same way, the supergravity Kähler potential receives new contributions after SU(3)F breaking,

K = ψ†i ψj

(
δij(c0 + d0XX†) + 1

M2 [θi†
3 θj

3(c1 + d1XX†) + θi†
23θ

j
23(c2 + d2XX†)]+

+(εiklθ3,kθ23,l)†(εjmnθ3,mθ23,n)(c3 + d3XX†)]
)

, (5.153)

whereci, di areO(1) coefficients and we include a fieldX with non-vanishing F-term. From here we obtain the
structure of the sfermion mass matrices [203, 204, 205]. In the basis of diagonal quark Yukawa couplings (SCKM
basis) we obtain for the down quarks, suppressing factorsO(1),

(M2
D̃R

)SCKM '



1 + ε3 −ε3e−iω −ε3e−iω

−ε3eiω 1 + ε2 ε2

−ε3eiω ε2 1 + ε


 m2

0 . (5.154)

Thus, we can see that in3 → 2 transitions we have off-diagonal entries of orderε2, although these must still be small
to have large effects. In the case of lepton flavor violation, the slepton mass matrices are similar to Eq. (5.154) with
differentO(1) coefficients. However, the main advantage of leptonic processes is that the MI are not greatly reduced
from MGUT to MW . In this case,(δe

LL)23 ' 2×10−2 (except factors for order 1), contributing toτ → µγ transitions,
while the bound in Table5-14is only3× 10−2. Therefore aτ → µγ branching ratio close to the experimental bound
is indeed possible.

Conclusions

We have introduced the mass insertion formalism and we have applied it toCP violation in B physics. We have
seen that SuperB 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 onB(τ → µγ) significantly constrains the observability
of SUSY inCP 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 measurements inB (andτ ) 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 andCP problems, because the squark mass matrices and quark
mass matrices need not be simultaneously diagonalizable in the flavor space. Therefore theg̃ − q̃iA − qjB vertices
(i, j = 1, 2, 3 are flavor indices, andA,B = L,R denote chiralities) are described by some unitary matrixW d

ij,AB 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 haveCP violating phases, it leads to too large flavor changing neutral current (FCNC)
amplitudes through gluino-squark loop as well as too largeεK and neutron electric dipole moment (EDM), which
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could easily dominate the Standard Model contributions and the data. Some examples areK0K0 (∆MK andεK) and

B0B
0

mixing (∆MB andCP asymmetry inBd → J/ψK0
S) andB → Xsγ, etc... The lepton sector has the same

problem through the neutralino-slepton loop, and the most serious constraint comes fromB(µ → eγ) and electron
EDM.

One way out of these SUSY flavor andCP problems is to assume that the first and second generation squarks are very
heavy (>∼ O(10) TeV) and almost degenerate [206]. 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 models, theb̃− g̃ loop can still induce
a certain amount of flavor andCP violation in the quark sector through the mixing matricesW d

ij,AB . In addition to
the flavor mixing andCP violation fromW d

ij,AB ’s, there could be flavor-conservingCP violation through theµ and
At 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 SUSY (see,e.g., [207]). Although the phases inµ andAt

are flavor-conserving, they can affectK andB 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 arbitraryCP -violating 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:

• Minimal flavor violation (MFV)

• Gluino-squark dominance inb → s(d) transition (̃g 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 µ and At phases

Let us first discuss minimal flavor violation models with effective SUSY spectra. In this model, flavor violation comes
through the CKM matrix, whereasCP violation originates from theµ andAt 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 largetan β region [208]. Imposing this two-loop EDM constraint and direct
search limits on Higgs and SUSY particles, we find that [209, 210]

• There are no new phase shifts inB0B
0

andB0
sB

0

s mixing: Time-dependentCP asymmetries inBd → J/ψK0
S

still measure the CKM angleβ = φ1 [Fig. 5-36(a)]

• ∆MBd
can be enhanced up to∼ 80% compared to the Standard Model prediction [Fig.5-36(b)]

• DirectCP asymmetry inB → Xsγ (Ab→sγ
CP ) can be as large as±15% [see Fig.5-37]

• Rµµ can be as large as 1.8

• εK can differ from the Standard Model value by∼ 40%

One can therefore anticipate substantial deviations in certain observables in theB system in SUSY models with
minimal flavor violation and complexµ andAt 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. Sincet̃R has to be light to have a sufficiently strong 1st
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Figure 5-36. Correlations between (a)tan β vs. the new phase shift in theBzBzb mixing, and (b)B(B → Xsγ) vs.
|∆MBd/∆MSM

Bd
|. The squares (the crosses) denote those which (do not) satisfy the two-loop EDM constraints.

2.5 3 3.5

B(b−>sγ) (10−4)

−20

−10

0

10

20

A
C

P
 (

%
)

0 200 400 600 800 1000

Mχ (GeV)

−20

−10

0

10

20

A
C

P
 (

%
)

(b)(a)

Figure 5-37. Correlations ofAb→sγ
CP with (a)B(B → Xsγ) and (b) the lighter chargino massMχ± . The squares (the

crosses) denote those which (do not) satisfy the two-loop EDM constraints.
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order electroweak phase transition, one has to have heavyt̃L to induce a large∆m2
h. After consideringB → Xsγ,

one expects a very small deviations inAb→sγ
CP and∆MBd

[211]. However, in some extensions of the MSSM, the
tension betweenmh andmt̃L

becomes significantly diluted in EWBGEN scenarios, because there could be tree level
contributions tom2

h. Therefore, the predictions made in Refs. [209, 210] will be still valid in EWBGEN scenarios
beyond the MSSM.

SuperB Factoriesshould be able to measureAb→sγ
CP to higher accuracy, and will impose a strong constraint on a new

CP -violating phase that could appear inB → Xsγ. Also the forward-backward asymmetries inB → Xs`
+`− with

` = e or µ are equally important probes of newCP -violating phases, and important observables to be measured at
SuperB Factories, for which LHCb or BTeV cannot compete.

CP violation from gluino-squark loops

In effective SUSY scenarios, it is possible that the gluino-mediatedb → s transition is dominant over other SUSY
contributions. Cohenet al.have described qualitative features of such scenarios inB physics [212]; a more quantitative
analysis was presented by other groups. In Ref. [213], effects of possible newCP -violating phases onB → Xsγ and
B → Xs`

+`− were considered both in a model-independent manner, and in gluino mediation dominance scenario.
In effective SUSY models,Ab→sγ

CP can be as large as±10%, if the third generation squarks are light enoughmb̃ '
(100− 200) GeV (see Fig.5-38), whereasB → Xs`

+`− is almost the same as the Standard Model prediction [213].

How to distinguish theµ or At phase from theδd
23 phase

Should we find deviations insin 2βφK0
S

orAb→sγ
CP , it will be very important to figure out the origin of newCP -violating

phases. In an effective SUSY context, one has complexAt, µ or (δd
AB)23 (with A, B = L,R). The effects of these

new complex parameters on some oservables in theB system are shown in Table5-16. The only process which is not
directly affected by gluino-mediated FCNC isB → Xsνν. All the other observables are basically affected by both
the phases ofµ, At and(δd

AB)23 parameters. In fact, this feature is not specific to the effective SUSY scenarios, but
is rather generic within SUSY models. Therefore the measurement ofB → Xsνν branching ratio will play a crucial
role to tell if the observedCP -violating phenomena comes from theµ or At phase or(δd

AB)23. This can be done only
at ae+e− SuperB Factory, and not at hadronB factories.

Table 5-16. Possible effects of the phase ofµ or At for moderatetan β (3 ≤ tan β ≤ 6) and the phase ofδd
i3 (with

i = 1, 2) to various observables in theB systems, and possibilities to probe these at various experiments

Observables Arg (µ) or Arg (At) Arg (δd
i3) SuperB Factory LHCb

∆md Y Y O O
sin 2β N Y O O
∆ms Y Y X O

sin 2βs N Y X O
Ab→sγ

CP Y Y O X
Ab→dγ

CP Y Y O X
B → Xs`

+`− Y Y O X
B → Xsνν Y N O X
Bd → φK0

S Y Y O O

Conclusion

We showed that there could be large deviations in certain observables in theB system, which can be studied only
in SuperB Factories. The most prominent deviations are the branching ratio ofB → Xsνν, Ab→sγ

CP , the forward-
backward asymmetry inB → Xs`

+`−, and the branching ratio ofB → Xdγ andCP violation therein, without any
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Figure 5-38. Ab→sγ
CP contours in the(m̃, φ) plane for (a)x = 0.3, (b) x = 1 and (c)x = 3 in the(LL) insertion case

using the vertex mixing method withx = m2
g̃/m2

b̃
.
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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 SuperB Factories.

I 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 and theB meson factories is to test the Standard Model
and determine possible New Physics effects on its least understood sectors: breakdown ofCP , flavor and gauge
symmetries. In the standard picture, bothCP 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 forCP and flavor violations [214, 215] with testable signatures at present (PEP-II, KEK-B) 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 work [216] that 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. TheLR andRL blocks are generated after the electroweak breaking with the maximal sizeO(mtMSUSY ),
and their flavor-mixing potential is dictated by the Yukawa couplingsYu,d and by the trilinear coupling matrices

YA
u,d with

(
YA

u,d

)
ij

= (Yu,d)ij (Au,d)ij whereAu,d are not necessarily unitary, so that even their diagonal entries

contribute toCP -violating observables. The flavor mixings in theLL andRR sectors, however, are insensitive to
electroweak breaking; they are of pure SUSY origin. Clearly,CP violation in theLL andRR 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]

(
δd,u
ij

)
RR,LL

=

(
M2

D,U

)ij

RR,LL

M2
D,U

, (5.155)

where
(
M2

D

)
RR,LL

have the generic form

(
M2

D

)
LL

=




M2
d̃L

M2
d̃Ls̃L

M2
d̃Lb̃L

M2
s̃Ld̃L

M2
s̃L

M2
s̃Lb̃L

M2
b̃Ld̃L

M2
b̃Ls̃L

M2
b̃L




,
(
M2

D

)
RR

=




M2
d̃R

M2
d̃Rs̃R

M2
d̃Rb̃R

M2
s̃Rd̃R

M2
s̃R

M2
s̃Rb̃R

M2
b̃Rd̃R

M2
b̃Rs̃R

M2
b̃R




(5.156)

in the bases{d̃L, s̃L, b̃L} and{d̃R, s̃R, b̃R}, respectively. The same structure repeats for the up sector. The mass
insertions are defined in terms ofM2

D,U which stand for the mean of diagonal entries. The textures of theLL and
RR blocks are dictated by the SUSY breaking pattern. In minimal SUGRA and its nonuniversal variants withCP
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violation, for instance, the size and structure of flavor andCP violation are dictated by the CKM matrix [214]. On
the other hand, in SUSY GUTs with Yukawa unificatione.g., SO(10), implementation of the see–saw mechanism
for neutrino masses implies sizable flavor violation in theRR block, given the large mixing observed in atmospheric
neutrino data [217].

The effective theory below the SUSY breaking scaleMSUSY consists of a modified Higgs sector; in particular, the
tree level Yukawa couplings receive sizable corrections from sparticle loops [216]. For instance, thed quark Yukawa
coupling relates to the physical Yukawas via

hd =
g2md√

2MW cos β

1− a2
(
δd
23

)
LR

(
δd
32

)
LR

− aA12
ms

md
− aA13

mb

md

1− a2A2 − a3A3
, (5.157)

wherea = ε tanβ/(1 + ε tan β), A12 =
[(

δd
12

)
LR

− a
(
δd
13

)
LR

(
δd
32

)
LR

]
, A13 = A12(2 ↔ 3), A2 =

∣∣(δd
12

)
LR

∣∣2 +∣∣(δd
13

)
LR

∣∣2 +
∣∣(δd

23

)
LR

∣∣2 andA3 =
(
δd
12

)
LR

(
δd
23

)
LR

(
δd
31

)
LR

+ h.c. Hereε = (αs/3π)e−i(θµ+θg), and

(
δd
ij

)
LR

=
1
6

(
δd
ij

)
RR

(
δd
ji

)
LL

, (5.158)

with the SUSYCP -odd phases defined asθg = Arg[Mg], θµ = Arg[µ], θd
ij = Arg[(Ad)ij , etc.As (5.157) suggests,

in contrast to the minimal flavor violation (MFV) scheme, the Yukawa couplings acquire large corrections from those
of the heavier ones. Indeed, the radiative corrections tohd/hd, hs/hs, hu/hu andhc/hc involve, respectively, the
large factorsmb/md ∼ (tan β)2max, mb/ms ∼ (tan β)max, mt/mu ∼ (tan β)3max, andmt/mc ∼ (tan β)2max with
(tan β)max <∼ mt/mb. 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 even at lowtan β. As an
example, consider

(
δd
13

)
LR

∼ 10−2 for whichhd/hMFV
d ' 0.02(2.11),−2.3(6.6),−4.6(17.7) for tan β = 5, 20, 40

at θµ + θg → 0(π). Note that the Yukawas are enhanced especially forθµ + θg → π, which is the point preferred
by Yukawa–unified models such as SO(10). In general, astanβ → (tan β)max the Yukawa couplings of down and
strange quarks become amproximately degenerate with the bottom Yukawa for

(
δd
13,23

)
LR

∼ 0.1 andθµ + θg → π.
There is notanβ enhancement for up quark sector but still the large ratiomt/mu sizably foldshu compared to its
Standard Model value:hu ' 0.6 ei(θu

11−θg) hc for (δu
13)LR ∼ 0.1.

The SUSY flavor violation influences the Higgs-quark interactions by (i) modifying Haqq couplings via sizable
changes in Yukawa couplings as in (5.157), and by (ii) inducing large flavor changing couplingsHaqq′:

hdi

SM

√
2

[
hi

d

h
i

d

tanβ Cd
a +

(
hi

d

h
i

d

− 1

) (
ei(θd

ii+θµ) Cd
a − Cu?

a

)]
d

i

R di
L Ha

+
h

SM

di

3
√

2
ε tan β

[
hi

d

hdi

(
δd
ij

)
LL

+
hj

d

h
i

d

(
δd
ij

)
RR

]
(
tan β Cd

a − Cu?
a

)
d

i

R dj
L Ha (5.159)

whereCd
a ≡ {− sinα, cos α, i sin β,−i cosβ} andCu

a ≡ {cosα, sin α, i cosβ, i sin β} in the basisHa ≡ {h,H, A,G}
if theCP violation effects in the Higgs sector, which can be quite sizable [218] and add additionalCP -odd phases [219]
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 loops (e.g., the gluino-squark box diagram forK0K0 mixing) and Higgs exchange
amplitudes. The constraints on various mass insertions can be satisfied by a partial cancellation between these two
contributions ifMSUSY is close to the weak scale. On the other hand, ifMSUSY 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 contributions [220]. For example,
in parameter regions where the latter are suppressed (MSUSY À mt), one can determine the allowed sizes of mass
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insertions by using (5.157) in (5.159). Doing so, one finds that the flavor–changing Higgs verticesbsHa andbdHa

become vanishingly small fortan β ' 60 when all MIs areO(1), for tan β ' 65 when
(
δd
12

)
LL,RR

' 0, and, finally,

for tanβ ' 68 ,when
(
δd
12

)
LL

' − (
δd
12

)
RR

, provided thatφµ + φg → π 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 instance,Γ(h → dd)/Γ(h → bb) ' (Re[hd/hb])

2 which isO(1) whenhd ∼ hb, as is the case
with SUSY flavor violation. Such enhancements in light quark Yukawas induce significant reductions inbb branching
fractions — which is a very important signal for hadron colliders to determine the non-standard nature of the Higgs
boson (h → 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 requiresMSUSY to be close to the weak scale)
then Higgs decays into dissimilar quarks get significantly enhanced. For instance,h → bs + sb can be comparable
to h → bb. (See [221] for a diagrammatic analysis of→ bs + sb decay.) In conclusion, as fully detailed in [216],
SUSY flavor andCP violation sources significantly modify Higgs–quark interactions, thereby inducing potentially
large effects that can be discovered at SuperB Factories, 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 inb → s`+`−

>– 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 (ADD)[222] and of
Randall and Sundrum (RS)[223]. 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 LHC[224].

While high-pT 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 possibleflavorstructure of graviton couplings in such an enviornment[225].
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 decays such asb → s`+`−.
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 matrix[226]. 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

Ograv =
1

M4
X TµνTµν , (5.160)

whereM is a mass scale of order∼ a few TeV, theTµν are the stress-energy tensors of the Standard Model fields, which
can have complex flavor structures, andX is 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 identifyM → MH , the cutoff scale in the theory,
andX → λX, with λ being an overall sign. Identifying the first(second)Tµν with the bs(`+`−)-effective graviton
vertex, the new operator will lead to,e.g., a modification of theb → s`+`−differential decay distribution. Following
the notation in [227], we find that this is now given by

d2Γ
dsdz

∼ [(C9 + 2C7/s)2 + C2
10][(1 + s)− (1− s)z2]− 2C10(C9 + 2C7/s)sz ,

+
4
s2

C2
7 (1− s)2(1− z2)− 4

s
C7(C9 + 2C7/s)(1− s)(1− z2) ,
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+ DC9(1− s)z[2s + (1− s)z2] + DC10s(1− s)(1− z2) , (5.161)

where theCi are the usual effective Standard Model Wilson coefficients,s = q2/m2
b is the scaled momentum transfer,

z = cos θ is the dilepton pair decay angle, and

D =
2m2

b

GF α

√
2π

1
VtbVts

λX

M4
H

' 0.062
λX

M4
H

(5.162)

describes the strength of the graviton contribution withMH in TeV units. The terms proportional toD in this
expression result from the interference of the Standard Model and graviton KK tower exchange amplitudes; note
that there is no term proportional toDC7, 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.

Figure 5-39. AFB as a function ofs in the ADD(left) and RS(right) scenarios. In the ADD case, from outside to inside
the curves are forMH = 1, 1.5, 2..... TeV with results for both signs ofλ shown. In the RS case, from left to right the
curves correspond to masses of the lightest KK graviton being 600, 700,...GeV withk/Mpl = 0.1 being assumed. In
either case we takeX = 1 for purposes of demonstration; for otherX values the curves will scale asM → M/X1/4.
The current collider bounds correspond toMH > 1 TeV andm1 > 600 GeV, respectively.

How can graviton exchange be observed uniquely inb → s`+`−? As is well known, many sources of New Physics
can lead to modifications in theb → s`+`−differential distribution[228]. In particular, one quantity of interest is the
forward-backward asymmetryAFB and the location of its corresponding zero as a function ofs[229]. That graviton
KK tower exchange modifies the location of the zero is clear from the expression above. Fig.5-39shows the typical
shifts inAFB 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 exchangedoes, 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 thez3 term 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 method[230] previously employed to probe for KK graviton tower exchange in fermion pair production
at the Linear Collider. To this end, we define the quantity

< P3(s) >=

∫
d2Γ
dsdz P3(z) dz

dΓ
ds

(5.163)

whereP3 = z(5z2 − 3)/2 is the third Legendre polynomial. Due to the orthogonality of thePn, the presence of
the z3 term induces a non-zero value for this moment; the terms that go as∼ z0,1,2 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. Fig.5-40 shows the typicals−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 quantity< P3 > as a function ofs.

is observable. Clearly a very large statistical sample will be required on the order of∼ 50− 100 ab−1 or so. To reach
this level, a SuperB 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 probed via theb → s`+`−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. A SuperB Factory 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−1-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 Schmaltz [231]. They 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 distancea in one extra dimension (Fig.5-41) results in a suppression of the proton decay operatorqqq` by

∫ R

0

dye−3 y2

σ2 e−
(y−a)2

σ2 = e−
3
4

a2

σ2 (5.164)

whereσ 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 thei-th left handed andj-th right-handed fermions is proportional to

∫ R

0

dye−
(y−yi)

2

σ2 e−
(y−yj)2

σ2 = e−
1
2

(yi−yj)2

σ2 . (5.165)

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. Illustration 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 compactified at theTeV scale, or a
“brane” of TeV thickness embedded in a larger extra dimension. Figure taken from [231].

values of the fermion masses (the Yukawa hierarchies), as well as the CKM matrix elements can be obtained in this
way [232]. 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
brane [233]. 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 Plank brane [234]. Finally, 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 masses [235].

Split fermion scenarios naturally suppress many dangerous operators, but they do not suppress flavor changing effects
[236, 237]. It is for this reason that they are of interest to a SuperB Factory. 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 then-th excited gauge boson to a fermion localized to the point` is proportional to

∫ R

0

dy cos(nπy)e−(y−`)2R2/σ2 ≈ cos(nπ`)e−n2σ2/R2
. (5.166)

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.

THE DISCOVERY POTENTIAL OF A SUPERB FACTORY



5.4 Extra Dimensions 409

Figure 5-42. Constraints on the compactification scale1/R arising from the FCNC contribution to∆mK , 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 ofρ = σ/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 is1/ρ, so forρ = 1/10, α = 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 width,σ, and 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 parameter isρ = σ/R.

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

∆mP =
2
9
g2

sf2
P mP R2V 4

qq′,qq′F (ρα). (5.167)

HereF (ρα) is a function that depends on the extra dimensional splitting,α of the two quarks,q andq′, that form the
meson, andV 4 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 factor ofR2, and hence this
formula can be interpreted as a constraint on the compactification scale from the measured value of∆mP . Fig. 5-42
shows this constraint from∆mK for several values ofρ. 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 than10 TeV. The compactification scale must be even smaller. We
see that one can achieve a small value of1/R at the expense of going to a very small value ofρ. However, this
implies that the fermion localization scale1/σ is very large, of order104 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 compactification scale arising from the mass splitting of different neutral meson systems
for ρ = 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 of thed ands 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

at D0−D
0

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 theBd andBs mixing parameters. Fig.5-43shows the constraints from all neutral
meson mixings. A combination of these is needed 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 contributions toB0 → J/ψK0

S or B0 → φK0
S that are near

the same order as the Standard Model, leading to interesting effects inCP -violating observables.

Another, more attractive, possibility is to go from a flat to a warped geometry. In [234] it 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 SuperB Factory.
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5.4.3 Universal Extra Dimensions

>– A. J. Buras, A. Poschenrieder, M. Spranger, and A. Weiler–<

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 Klein [238]. More recently, extra dimensional models have been employed as an alternative
explanation of the origin of the TeV scale [239].

A simple model of the so called universal type is the Appelquist, Cheng and Dobrescu (ACD) model [240] with one
universal extra dimension. It is an extension of the Standard Model to a 5 dimensional orbifoldM4 × S1/Z2, 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 papers [241, 83] 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 in Ref. [242].

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 scale1/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 terms of1/R and 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, 83].

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 scalesµ ¿ 1/R. In this context the flavor-changing neutral
current(FCNC) processes like particle-antiparticle mixing, rareK andB 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
[240, 243] their impact on the precision electroweak observables assuming a light Higgs (mH ≤ 250 GeV) and a
heavy Higgs led to the lower bound1/R ≥ 300GeV and1/R ≥ 250GeV, respectively. Subsequent analyses of
the anomalous magnetic moment [244] and theZ → bb vertex [245] have shown the consistency of the ACD model
with the data for1/R ≥ 300GeV. The latter calculation has been confirmed in [241]. The scale of1/R as low as
300GeV 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 given in [83].

The question then arises whether such low compactification scales are still consistent with the data on FCNC processes.
This question has been addressed in detail in [241, 83]. Before presenting the relvant results of these papers let us
recall the particle content of the ACD model that has been described in detail in [241].

In the effective four dimensional theory, in addition to the ordinary particles of the Standard Model, denoted as zero
(n = 0) modes, there are infinite towers of the KK modes(n ≥ 1). There is one such tower for each Standard Model
boson and two for each Standard Model fermion, while there also exist physical neutral (a0

(n)) and charged (a±(n))
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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

(m2
(n))KK = m2

0 +
n2

R2
. (5.168)

Here m0 is the mass of the zero mode, asMW , MZ , mt respectively. Fora0
(n) and a±(n) this is MZ and MW ,

respectively. In phenomenological applications it is more useful to work with the variablesxt andxn defined through

xt =
m2

t

m2
W

, xn =
m2

n

m2
W

, mn =
n

R
(5.169)

than with the masses in (5.168).

The ACD Model and FCNC Processes

As our analysis of [241, 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:

• The GIM mechanism [246] 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 scaleMs À 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 sensitive toms and, for instance, in∆ms,d, the KK effects are
significantly larger [247] than found by us. We expect similar behavior in other processes considered below.

• 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 defined in [78]. This has automatically
the following important consequence for the FCNC processes considered in [241, 83]: the impact of the KK
modes on the processes in question amounts only to the modification of the Inami-Lim one-loop functions [248].

• Thus in the case of∆md,s and of the parameterεK , that are relevant for the standard analysis of the unitarity
triangle, these modifications have to be made in the functionS [249]. In the case of the rareK andB decays
that are dominated byZ0 penguins the functionsX andY [250] receive KK contributions. Finally, in the case
of the decaysB → Xsγ, B → Xs gluon, B → Xsµµ andK0

S → π0e+e− and theCP -violating ratioε′/ε
the KK contributions to new short distance functions have to be computed. These are the functionsD (theγ
penguins),E (gluon penguins),D′ (γ-magnetic penguins) andE′ (chromomagnetic penguins). Here we will
only report on the decays relevant for SuperB Factories.

Thus, each function mentioned above, which in the Standard Model depends only onmt, now also becomes a function
of 1/R:

F (xt, 1/R) = F0(xt) +
∞∑

n=1

Fn(xt, xn), F = B,C, D,E, D′, E′, (5.1)

with xn defined in (5.169). The functionsF0(xt) 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 functions [250]

X = C + Bνν , Y = C + Bµµ, Z = C +
1
4
D. (5.2)
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The functionsF (xt, 1/R) have been calculated in [241, 83] with the results given in Table5-17. Our results for
the functionS have been confirmed in [251]. 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 functionE is moderately enhanced but this enhancement plays only a marginal role
in the phenomenological applications. The most interesting are very strong suppressions ofD′ and E′, that for
1/R = 300GeV amount to36% 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 functionsS, X, Y , Z, E, D′, E′, C andD.

1/R [GeV] S X Y Z E D′ E′ C D

200 2.813 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 2.582 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. For1/R = 300 GeV, |Vtd|, η andγ are suppressed by4%, 5%
and5◦, respectively. It will be difficult to see these effects in the(%, η) plane. On the other hand, a4% suppression
of |Vtd| means an8% suppression of the relevant branching ratio for rare decays sensitive to|Vtd| and this effect has
to be taken into account. Similar comments apply toη andγ. Let us also mention that for1/R = 300 GeV, ∆ms is
enhanced by8%; in view of the sizable uncertainty in̂BBs

√
fBs , this will also be difficult to see.

The impact on rare B decays. Here, the dominant KK effects enter through the functionC, or equivalently,X
andY , depending on the decay considered. In Table5-18 we show seven branching ratios as functions of1/R 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 functionsX andY that is partially compensated by the suppression
of |Vtd| in decays sensitive to this CKM matrix element, but fully effective in decays governed by|Vts|.

Table 5-18. Branching ratios for rareB 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 → Xsνν)× 105 5.09 4.56 4.26 3.95 3.53
Br(B → Xdνν)× 106 1.80 1.70 1.64 1.58 1.47
Br(Bs → µ+µ−)× 109 6.18 5.28 4.78 4.27 3.59
Br(Bd → µ+µ−)× 1010 1.56 1.41 1.32 1.22 1.07

For 1/R = 300 GeV, the following enhancements relative to the Standard Model predictions are seen:B →
Xdνν (12%), B → Xsνν (21%), Bd → µµ (23%) andBs → µµ (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 Impact on B → Xsγ and B → Xs gluon. Due to strong suppressions of the functionsD′ andE′ by
the KK modes, theB → Xsγ andB → Xs gluon decays are considerably suppressed compared to Standard Model
estimates (consult [252, 253] for the most recent reviews). For1/R = 300 GeV, B(B → Xsγ) is suppressed by20%,
whileB(B → Xs gluon) even by40%. The phenomenological relevance of the latter suppression is unclear at present
asB(B → Xs gluon) suffers from large theoretical uncertainties, and its extraction from experiment is very difficult,
if not impossible.
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Figure 5-44. The branching ratio forB → Xsγ andEγ > 1.6 GeV as a function of1/R. See text for the meaning of
various curves.

In Fig. 5-44 we compareB(B → Xsγ) in the ACD model with the experimental data and with the expectations of
the Standard Model. The shaded region represents the dataB(B → Xsγ)Eγ>1.6GeV = (3.28+0.41

−0.36) · 10−4 [254] and
the upper (lower) dashed horizontal line are the central values in the Standard Model formc/mb = 0.22 (mc/mb =
0.29) [255, 256]. The solid lines represent the corresponding central values in the ACD model. The theoretical errors,
not shown in the plot, are roughly±10% for all curves.

We observe that in view of the sizable experimental error and considerable parametric uncertainties in the theoretical
prediction, the strong suppression ofB(B → Xsγ) by the KK modes does not yet provide a powerful lower bound
on1/R and values of1/R ≥ 250 GeV are fully consistent with the experimental result. It should also be emphasized
that B(B → Xsγ) depends sensitively on the ratiomc/mb; the lower bound on1/R is shifted above400GeV
for mc/mb = 0.29, if other uncertainties are neglected. In order to reduce the dependence onmc/mb a NNLO
calculation is required [255, 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 three [258]–B(B → Xsγ) may provide
a very powerful bound on1/R that is substantially stronger than the bounds obtained from the electroweak precision
data. The suppression ofB(B → Xsγ) in the ACD model has already been found in [259]. 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 Impact on B → Xsµ
+µ− and AF B(ŝ). In Fig. 5-45 we show the branching ratioB(B → Xsµ

+µ−)
as a function of1/R. The observed enhancement is mainly due to the functionY that enters the Wilson coefficient
of the operator(sb)V−A(µµ)A. The Wilson coefficient of(sb)V−A(µµ)V , traditionally denoted byC9, is essentially
unaffected by the KK contributions.

Of particular interest is the forward-backward asymmetryAFB(ŝ) in B → Xsµ
+µ− that, similar to the case of

exclusive decays [260], vanishes at a particular valuês = ŝ0. The fact thatAFB(ŝ) and the value of̂s0 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
task, but it could be performed at a SuperB Factory [261].

The calculations forAFB(ŝ) and ofŝ0 have recently been done including NNLO corrections [262, 263] that turn out
to be significant. In particular they shift the NLO value ofŝ0 from 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 → Xsµ
+µ−) in the Standard Model (dashed line) [253, 52], and in the ACD model, where the

dilepton mass spectrum has been integrated between the limits:
(

2mµ

mb

)2

≤ ŝ ≤
(

MJ/ψ−0.35 GeV

mb

)2

where ŝ =

(p+ + p−)2/m2
b .

of [52, 262] modified by the KK contributions calculated in [83]. The dependence of̂s0 on1/R is shown in Fig.5-46
(b).
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Figure 5-46. (a) Normalized forward-backward asymmetry in the Standard Model (dashed line) and ACD forR−1 =
250 GeV. (b) Zero of the forward backward asymmetryAFB in the Standard Model (dashed line) and the ACD model.

We observe that the value ofŝ0 is considerably reduced relative to the Standard Model result obtained by including
NNLO corrections [52, 262, 263]. This decrease is related to the decrease ofB(B → Xsγ) as discussed below. For
1/R = 300GeV we find the value for̂s0 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
quantities likês0 that are theoretically clean. We expect that the results in Figs.5-46(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 model [78, 264]. In [83] a correlation between̂s0 andB(B → Xsγ) has been pointed
out. It is present in the ACD model and in a large class of supersymmetric models discussed for instance in [52]. We
show this correlation in Fig.5-47. We refer to [83] for further details.

Concluding Remarks

Our analysis of the ACD model shows that all the present data on FCNC processes are consistent with1/R as low
as250GeV, 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 between
√
B(B → Xsγ) andŝ0. The straight line is a least square fit to a linear function.

The dots are the results in the ACD model for1/R = 200, 250, 300, 350, 400, 600 and1000 GeV and the star denotes
the Standard Model value.

interesting results of our analysis is the enhancement ofB(K+ → π+νν) (see [241] for details), the sizable downward
shift of the zero (̂s0) in theAFB asymmetry and the suppression ofB(B → Xsγ).

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 study [265] that found no significant difference ofSφK0

S
in

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

• Enhancements:K0
S → π0e+e−, ∆ms, K+ → π+νν, KL → π0νν, B → Xdνν, B → Xsνν, K0

S → µ+µ−,
Bd → µ+µ−, B → Xsµ

+µ− andBs → µ+µ−.

• Suppressions:B → Xsγ, B → Xs gluon, the value of̂s0 in the forward-backward asymmetry andε′/ε.

We would like to emphasize that violation of this pattern in future high statistics data will exclude the ACD model.
For instance, a measurement ofŝ0 higher 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 ‘Bundesministerium für Bildung und Forschung’ under contract
05HT1WOA3 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 dimensions [266] as a
solution of the hierarchy problem. The metric depends on the five dimensional coordinatey and is given by

ds2 = e−2σ(y)ηµνdxµdxν − dy2 , (5.3)
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wherexµ are the four dimensional coordinates,σ(y) = k|y|, with k ∼ MP characterizing the curvature scale. The
extra dimension is compactified on an orbifoldS1/Z2 of radiusr so that the bulk is a slice ofAdS5 space between
two four-dimensional boundaries. The metric on these boundaries generates two effective scales:MP andMP e−kπr.
In this way, values ofr not much larger than the Planck length (kr ' (11 − 12)) can be used to generate a scale
Λr ' MP e−kπr ' 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 literature [267, 268, 269, 270, 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 theW and theZ gauge bosons to get their observed masses [268].
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 in Ref. [270], it is possible to
generate the fermion mass hierarchy fromO(1) 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 hadronicB 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 theZ0 [275], which in “Higgless” scenarios [276] can result in significant effects inb → s`+`− [277].

The KK decomposition for fermions can be written as [268, 269]

ΨL,R(x, y) =
1√
2πr

∑
n=0

ψL,R
n (x)e2σfL,R

n (y) , (5.4)

whereψL,R
n (x) corresponds to thenth KK fermion excitation and is a chiral four-dimensional field. The zero mode

wave functions are

fR,L
0 (y) =

√
2kπr (1± 2cR,L)
ekπr(1±2cR,L) − 1

e±cR,L k y , (5.5)

with cR,L ≡ Mf/k parametrizing the 5D bulk fermion mass in units of the inverse AdS radiusk. TheZ2 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

SY =
∫

d4x dy
√−g

λ5D
ij

2 M5
Ψi(x, y)δ(y − πr)H(x)Ψj(x, y) , (5.6)

whereλ5D
ij is a dimensionless parameter andM5 is the fundamental scale or cutoff of the theory. Naive dimensional

analysis tells us that we should expectλ5D
ij

<∼ 4π. Thus the 4D Yukawa couplings as a function of the bulk mass
parameters are

Yij =

(
λ5D

ij k

M5

) √
(1/2− cL)

ekπr(1−2cL) − 1

√
(1/2− cR)

ekπr(1−2cR) − 1
ekπr(1−cL−cR) . (5.7)
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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
c, normalized to the four-dimensional gauge couplingg.

Given that we expectk <∼ M5 then the factorλ5D
ij k/M5 ' O(1). Thus, in order to obtain anO(1) Yukawa coupling,

the bulk mass parametercL should naturally becL < 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
doubletqL, and thereforebL should have a rather strong coupling to the first KK excitations of gauge bosons. In
Fig. 5-48we plot the coupling of the first KK excitation of a gauge boson to a zero-mode fermion vs. the fermion’s
bulk mass parameterc [270].

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

This induced flavor violation of KK gauge bosons withbL (we assumebR localized on the Planck brane) is, in
principle, constrained by the precise measurement of theZ0 → bb interactions at theZ0-pole. For instance, Ref. [307]
considers aSU(3)c× SU(2)L× SU(2)R×U(1)B−L gauge theory in the bulk. After electroweak symmetry breaking
the Z0 mixes with its KK excitations, as well as with the KK modes of aZ0’. This generatesδgb

L
<∼ O(1%)gb

L,
compatible with current bounds, as long ascL >∼ 0.3. Even if this is considered, it still leaves a large flavor-violating
coupling of the first KK excitations to thebL, as we can see from Fig.5-48. More generally, for instance, in the case
of strong gauge coupling [277], 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 processesb → dqq and b → sqq, with q = u, d, s. We are interested in contributions that are
typically of' αs 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 → diqq processes are described by the effective Hamiltonian [278]

Heff. =
4GF√

2
VubV

∗
ui [C1(µ)O1 + C2(µ)O2]− 4GF√

2
VtbV

∗
ti

10∑

j=3

Ci(µ)Oi + h.c., (5.8)

wherei = d, s and the operator basis can be found in Ref. [278].

In the Standard Model, the operators{O3 − O6} are generated from one-loop gluonic penguin diagrams, whereas
operators{O7 − O10} arise from one loop electroweak penguin diagrams. The Hamiltonian describing theb → sqq
decays is obtained by replacingV ∗

ts for V ∗
td in Eq. (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 form(sRΓbR)(qλΓqλ), whereΓ reflects the Dirac and color structure andλ = 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 matricesUL,R andDL,R determine the strength of the flavor violation. In the Standard Model,
only the left-handed rotations are observable throughVCKM = U†

LDL. Here,Dbs
L,R, Dbd

L,R, U tc
L,R, 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, forb → s transitions, as

δHeff. =
4παs

M2
G

Dbb∗
L Dbs

L |Dqq
L |2 e−iω χ (sLγµT abL) (qLγµT aqL) + h.c. . (5.9)

whereω is the phase relative to the Standard Model contribution; andχ ' O(1) is a model-dependent parameter.
For instance,χ = 1 corresponds to the choice ofcL ' 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 analogous to (5.9)
is obtained by replacingd for s in it. This would induce effects inb → d processes.

From Eq. (5.9) we can see that the color-octet exchange generates contributions to all gluonic penguin operators.
Assuming that the diagonal factors obey|Dqq

L | ' 1, these will have the form

δCi = −παs(MG)
(

v

MG

)2 ∣∣∣∣
Dbs∗

L

VtbV ∗
ts

∣∣∣∣ e−iω fi χ , (5.10)

wheref3 = f5 = −1/3 andf4 = f6 = 1, andv = 246 GeV. This represents a shift in the Wilson coefficients
at the high scale. We then must evolve the new coefficients down toµ = mb by making use of renormalization
group evolution [278]. The effects described by Eq. (5.10) are somewhat diluted in the final answer due to a large
contribution from the mixing withO2. Still, potentially large effects remain.

The phaseω 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 general,VCKM 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 guarantee thatω = 0. 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 αs times a CKM-like factor coming from theDL,R off-diagonal elements connecting tob. The fact that the
coupling is tree-level is somewhat compensated by the suppression factor(v/MG)2, for MG ' O(1) TeV. Still, the
contributions of Eq. (5.9) are typically larger than the Standard Model Wilson coefficients at the scaleMW , and, in
fact, are comparable to the Wilson coefficients at the scalemb. They could therefore significantly affect both the rates
and theCP asymmetries.

Theb → sss andb → sdd pure penguin processes, such asBd → φK0
S , Bd → η′K0

S andBd → π0K0
S , contain only

small tree-level contamination of Standard Model amplitudes. These decays thus constitute a potentially clean test of
the Standard Model, since theirCP asymmetries are predicted to be a measurement ofsin 2βJ/ψK0

S
, the same angle

of the unitarity triangle as in theb → ccs tree level processes such asBd → J/ψK0
S , 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 ofHeff. in the factorization approximation [279] as described in Ref. [280]. Although
the predictions for the branching ratios suffer from significant uncertainties, we expect that these largely cancel when
considering the effects in theCP asymmetries. Thus theCP asymmetries in non-leptonicb → s penguin-dominated
processes constitute a suitable set of observables to test the effects of these color-octet states.
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Figure 5-49. The quantity to be extracted from theCP violation asymmetry inB0
d → φK0

S vs. the heavy gluon
mass and for various values of the decay amplitude phaseω. The curves correspond toπ/3 (solid), π/4 (dashed) and
π/6 (dot-dash), andπ/10 (dotted). The horizontal band corresponds to the world average value [281] as extracted from
Bd → J/ψK0

S , sin(2β)ψK0
S

= 0.731± 0.056. From Ref. [274].

In Fig. 5-49we plotsin 2βφK0
S

vs. the KK gluon mass for various values of the phaseω. Here, for concreteness, we

have taken|Dbs
L | = |V ∗

tbVts|, assumedbR is localized on the Planck brane, andχ = 1 in order to illustrate the size of
the effect. The horizontal band corresponds to theBd → J/ψK0

S measurement,sin 2βJ/ψK0
S

= 0.731± 0.056 [281].
Only positive values ofω are shown, as negative values increasesin 2β, 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 interestMG >∼ 1 TeV.
This will be the case as long as|Dbs

L | ' |Vts|, andχ ' O(1), both natural assumptions.

ForDbs
L , this is valid as long as a significant fraction of the corresponding CKM elements comes from the down quark

rotation. On the other hand,χ ' O(1) in all the models considered here. In addition, we have not considered the
effects of ofDbs

R , which could make the effects even larger.

Similar effects are present inBd → η′K0
S , andBd → K+K−K0

S also dominated by theb → sss penguin contribution;
as well as in theb → sdd modeBd → π0K0

S [274].

The flavor-violating exchange of the KK gluon also induces an extremely large contribution toBs−Bs mixing, roughly
given by

∆mBs ' 200ps−1

( |Dbs
L |

λ2

)2 (
2 TeV
MG

)2 (g10

5

)2

, (5.11)

whereλ ' 0.22 is the Cabibbo angle, andg10 ≡ g1/g represents the enhancement of the zero-mode fermion coupling
to the first KK gluon with respect to the four-dimensional gauge coupling, as plotted in Fig.5-48. The contribution
of Eq. (5.11) by itself is about10 times larger than the Standard Model one for this natural choice of parameters, and
would produceBs oscillations too rapid for observation at the Tevatron or in similar experiments.

There are also similar contributions to∆mBd
, whenDbs

L is replaced byDbd
L . These were examined in Ref. [282] in

the context of topcolor assisted technicolor, a much more constrained brand of topcolor than the one we consider here.
The bounds found in Ref. [282] can be accommodated, as long as|Dbd

L | <∼ |Vtd|, 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)c fields propagate in the bulk can be significant in non-leptonicB decays, specifically in theirCP asymmetries.
The dominance of these effects over those induced by “weak” KK excitations, such as KKZ0 and Z0’s, due to
the larger coupling, would explain the absence of any effects inb → s`+`− processes, where up to now, the data is
consistent with Standard Model expectations [283]. Deviations in theCP asymmetries ofb → 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 toBs mixing, perhaps rendering∆mBs

too large to be observed, is an inescapable prediction in
this scenario, as it can be seen in Eq. (5.11), but it is also present in many other New Physics scenarios that produce
large effects inb → s non-leptonic decays [306].

There will also be contributions from the heavy gluons to other non-leptonicB decays, such asB → ππ, etc.These
modes have less clean Standard Model predictions. However, if the deviations hinted in the current data are confirmed
by data samples of500 fb−1, 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 precisionB physics
experiments could prove crucial to elucidate their role in fermion mass generation.

Signals inb → s`+`−

Since the wave-function of theZ0 is pushed away from the IR brane by the boundary conditions (or a large vev), there
will be non-negligible tree-level FCNC couplings ofqT = (tL bL)T andtR with theZ0, since these must be localized
not too far from this brane. We define the effectiveZbs coupling by

LZbs =
g2

4π2

g

2 cos θW

(
Zbs bLγµsL + Z ′bs bRγµsR

)
Zµ, (5.12)

whereZbs andZ ′bs 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 results in [277]

δZbs ' −
(
−1

2
+

1
3

sin2 θW

)
Dbs

L

8π2

g2

(
v2

m2
1

)(
g2

L

πR g2

)
f ' Dbs

L

2
g2

L

πR g2
N, (5.13)

wheref is defined in Ref. [277], and in order to respect the bounds fromZ → bb, |f | <∼ O(1). With the natural
assumptionDbs

L ' V ∗
tbVts, and reasonably small brane couplingsg2

L/πRg2 = O(1), the correction is of the same
order as the Standard Model contribution to this vertex, which is [284] ZSM

bs ' −0.04 (Z ′SM
bs ' 0). This leads to

potentially observable effects inb → s`+`− decays, although the current experimental data,|Zbs| <∼ 0.08 [284], is
not greatly constraining. The effects, however, could be larger in the case of strong bulk gauge couplings [277], which
may require somewhat smaller mixing angles. The effect of Eq. (5.13) also contributes to hadronic modes, such as
B → φK0

S , although there it must compete with the parametrically larger contributions from gluonic penguins.

D0D
0

mixing

Finally, the large flavor-violating coupling of the top quark, particularlytR, may lead to a large contribution toD0D
0

mixing. This has contributions both from KK gluon andZ0 exchanges and has the form [277]

∆mD ' 4παs
χ(cR)
2m2

1

(U tu∗
R U tc

R )2

2mD
〈D0|(cRγµuR)(cRγµuR)|D0〉, (5.14)
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for the KK gluon exchange. Here,UR is the rotation matrix for right-handed up quarks, andχ(cR) is a function ofcR

which gives the enhancement due to the strong coupling of the KK gluons totR. For instance, forcR ' 0 and small
brane couplings,χ ' 16. To estimate the contribution to∆mD, we need the quark rotation matrix elements. If we
takeU tu∗

R U tc
R ' sin5θC , with sin θC ' 0.2 the Cabibbo angle, then the current experimental limit on∆mD translates5

into m1 >∼ 2 TeV.In the strong bulk coupling case,χ(cR) can be enhanced and somewhat largercR or smaller mixing
angles may be required. The contribution from theZ0 is 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 oftL, but they are typically smaller than those fromtR, because of larger values ofc.

5Unlike for UL andDL, there is, in principle, no reason whyUR 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 on [285], where the reader is referred for further details and for references.

Consider the Randall-Sundrum (RS1) model which is a compact slice of AdS5,

ds2 = e−2k|θ|rcηµνdxµdxν + r2
cdθ2, −π ≤ θ ≤ π, (5.15)

where the extra-dimensional interval is realized as an orbifolded circle of radiusrc. The two orbifold fixed points,
θ = 0, π, 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 factor,e−k|θ|rc . 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,
MPl ∼ 1018 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 ∼ MPlancke−kπrc . (5.16)

A modestly large radius,i.e., kπrc ∼ log (MPlanck/TeV) ∼ 30, can then accommodate a TeV-size weak scale.
Kaluza-Klein (KK) graviton resonances have∼ ke−kπrc , 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 Model (i.e., including 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,K0K0 mixing) are∼ 1000 TeV. Thus, to stabilize the electroweak scale requires fine-tuning,e.g., 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 thec-parameter. In the warped scenario, forc > 1/2 (c < 1/2) the zero mode is localized near
the Planck (TeV) brane, whereas forc = 1/2, the wave function isflat.

Therefore, we choosec > 1/2 for light fermions, so that the effective UV cut-off isÀ TeV, and thus FCNC’s
are suppressed. Also this naturally results in a small4D Yukawa coupling to the Higgs on TeV brane without any
hierarchies in the fundamental5D Yukawa. Similarly, we choosec ¿ 1/2 for the top quark to obtain anO(1) Yukawa.
If left-handed top is near TeV brane, then there are FCNC’s involvingbL, as follows.

Since fermions are in the bulk, we also have5D gauge fields and we can show that in this set-uphigh-scale unification
can be accommodated.

Couplings of fermion to gauge KK mode

The flavor violation involvingbL 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
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of zero mode (which has a flat profile) by≈ √
2kπrc. Thus, the coupling of gauge KK modes to zero mode fermions,

denoted byg(n), in terms ofg(0) (the coupling of zero mode of gauge field) has the form:

g(n) ∼ g(0) ×
√

kπrc, c ¿ 1/2 (as for the Higgs)
= 0, c = 1/2 (fermion profile is flat)

∼ g(0)

√
kπrc

, c
>∼ 1/2 (independent ofc). (5.17)

Due to this coupling, there is a shift in coupling of fermions to the physicalZ0 from integrating out gauge KK modes
(see Fig. 2 in Ref. [286]):

δgphys ≈
∑

n

g(n)(−1)n
√

2kπrcM
2
Z/m

(n) 2
KK . (5.18)

This shift is universal for light fermions, since light fermions havec > 1/2 and thus can absorbed into theS parameter.

Choice ofbL localization

It is clear that we preferc for (t, b)L ¿ 1/2 inn order to obtain a top Yukawa of∼ 1 without a too large5D Yukawa,
but this implies a large shift in the coupling ofbL to Z0 (relative to that for light fermions). Thus, there is a tension
between obtaining top Yukawa and not shifting the coupling ofbL to Z0. As a compromise, we choosec for (t, b)L

∼ 0.4 − 0.3 (corresponding to a coupling ofbL to gauge KK modesg(n)/g(0) ∼ O(1): see Eq. (5.17)) so that with
KK masses∼ 3− 4 TeV, the shift in coupling ofbL to theZ0 is∼ 1% (see Eq. (5.18)) which is allowed by precision
electroweak data.

In order to obtain a top Yukawa∼ 1, we choosec for tR ¿ 1/2 andc for bR > 1/2 to obtainmb ¿ mt. We can
further show that3− 4 TeV KK masses are consistent with electroweak data (S andT parameters) provided we gauge
SU(2)R in the bulk [286].

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:

D†
Ldiag

[
g(n) (cL d) , g(n) (cL s) , g(n) (cL b)

]
DL, (5.19)

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

Tree level KK gluon exchange contributes toB0B
0

mixing: the coefficient of
(
bLγµdL

)2
is

[
(DL)13

]2 ∑
n

g(n) 2/m
(n) 2
KK ,

whereas the Standard Model box diagram contribution has coefficient

∼ (V ∗
tbVtd)

2
g4/

(
16π2

) × 1/m2
W ∼ (V ∗

tbVtd)
2
/(4 TeV)2 .

Sincec for (t, b)L ∼ 0.3 − 0.4, e.g., g(n)/g(0) ∼ O(1), the KK gluon exchange contribution toB0B
0

mixing is
comparable to the Standard Model box diagram formKK ∼ 3 − 4 TeV. Such a large contribution is allowed, since
tree level measurements of CKM matrix elements, combined with unitarity, do not really constrainVtd in the Standard

Model, so that the Standard Model contribution toB0B
0

mixing has a large uncertainty. Explicitly, the Standard

Model contribution occurs at loop level withg/mW ∼ v suppression, whereas the KK gluon contribution toB0B
0

mixing is at the tree level (withO(1) coupling ofbL to the gauge KK mode), but suppressed by3− 4 TeV∼ 4πv KK
masses, so that the two contributions are of the same size.
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In other words, due to the large top mass,c for bL is smaller (coupling to the gauge KK modes,g(n), is larger) than
expected frommb. 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 largemt) in b → s, d or
in the imaginary part ofs → d (as opposed to the real part ofs → d)

This also shows that forc for (t, b)L
<∼ 0.3 (e.g., coupling of KK gluon tobL

>∼ O(1)), B0B
0

mixing requires

mKK
>∼ 4 TeV—this is an independent (ofZ → bb) lower limit on c for (t, b)L, given thatmKK

<∼ 4 TeV by
naturalness.

We next considerb → sss. The KK gluon coupling tos is suppressed by∼ 1/
√

kπrc. 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 inB0B
0

mixing is comparable to the Standard Model value.

Flavor-violating coupling to the Z0: b → s`+`−

The direct effect of KKZ exchange is suppressed (compared to KK gluon exchange) by∼ g2
Z/g2

s . However, there is
an indirect effect of KKZ0 exchange: a shift in the coupling ofbL to physicalZ0 by∼ 1%. In turn, this results in a
flavor-violating coupling to theZ0 after going to a mass eigenstate basis:

D†
Ldiag

[
δ
(
gdL

Z

)
, δ (gsL

Z ) , δ
(
gbL

Z

)]
DL. (5.20)

Since we have to allowδ
(
gbL

Z

)
∼ 1%, we get (relative to the the standard coupling ofdL to theZ0)

bLsLZ ∼ 1 % Vts . (5.21)

Using these couplings, we see that there are contributions tob → sff that are comparable to the Standard ModelZ0

penguin, with a coefficient∼ Vts g2/
(
16π2

)
g2

Z/m2
Z , (roughly1% in Eq. (5.21) comparable to the loop factor in the

Standard ModelZ0 penguin)

This leads to a smoking gun signal inb → s`+`−: the error in the theory prediction is∼ 15% (sinceVts in the Standard
Model is constrained by tree level measurements of CKM matrix elements and unitarity, unlikeVtd), so that theO(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 to theZ0 is 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 spectrum of`+`− are affected.

In b → sss, the contribution of the Standard Model QCD penguin is larger than the Standard ModelZ0 penguin
(roughly by∼ g2

Z/g2
s ) and so the effect ofbLsLZ coupling (which is comparable to the Standard ModelZ0 penguin)

is less thanO(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 coupling ofbL to theZ0: as a result,
we have to compromise, and allow a shift in the coupling ofbL to Z0 by∼ 1%. This, in turn, leads to a flavor-violating
coupling to theZ0, and a smoking gun signal inb → s`+`−. Finally, using the AdS/CFT correspondence, this RS1
model is dual to a4D composite Higgs model; thus a strongly interacting Higgs sector can address flavor issues.
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5.5 Lepton Flavor Violation

5.5.1 Lepton flavor-violating decays of theτ at a SuperB Factory

>– O. Igonkina –<

Motivation

The lepton flavor-violating decays of theτ (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 experiments [287],[288],[289],[290] 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 than10−14[291], while many other theories predict values of the order of10−10 − 10−7, which should be
within a reach of the SuperB Factory. The predictions are summarized in Table5-19. Among them are SUSY with
different types of symmetry breaking, models with additional heavy neutrinos and models with extra gauge bosonZ0’.

Different LFV decays such asτ → `γ, τ → ```, τ → `hh (where` is e or µ, 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 ratios ofτ → `γ andτ → ``` in different models.

Model τ → `γ τ → ``` Ref.
SM with lepton CKM 10−40 10−14 [291]
SM with left-handed heavy Dirac neutrino < 10−18 < 10−18 [308]
SM with right-handed heavy Majorana neutrino < 10−9 < 10−10 [309]
SM with left- and right-handed neutral singlets 10−8 10−9 [309]
MSSM with right-handed heavy Majorana neutrino10−10 10−9 [310]
MSSM with seesaw 10−7 [311]
left-right SUSY 10−10 10−10 [310]
SUSY SO(10) 10−8 [193]
SUSY-GUT 10−8 [312]
SUSY with neutral Higgs 10−10 10−10 − 10−7 [313],[314],[293]
SUSY with Higgs triplet 10−7 [315]
gauge mediated SUSY breaking 10−8 [316]
MSSM with universal soft SUSY breaking 10−7 10−9 [317]
MSSM with non-universal soft SUSY breaking 10−10 10−6 [318]
Non universalZ ′ (technicolor) 10−9 10−8 [319]
two Higgs doublet III 10−15 10−17 [320]
seesaw with extra dimensions 10−11 [321]

The experimental situation

No signature forτ LFV decays has been yet found. The strictest upper limits, of order10−7 − 10−6 (see Table5-20),
are limited by the size of the accumulated data samples; a data sample of 0.5 or 10 ab−1 will significantly improve our
understanding of the mechanism of lepton flavor violation. We present the prospects for measuringτ LFV decays at
the future SuperB Factory, assuming that the center-of-mass energy and the detector performance similar toBABAR.
The reconstruction ofτ → ``` andτ → `γ is based on the unique topology of theττ events at

√
s ∼ 10 GeV, where

τ ’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 ofτ → `γ andτ → ```. Theb τ → ```results
were published while these Proceedings were in preparation. The Belleτ → µγ, result following [292], is shown.

B(τ → `γ) < 3 · 10−6 CLEO (4.8 fb−1) [322], [323]

B(τ → µγ) < 2 · 10−6 BABAR(preliminary) (63 fb−1) [324]
B(τ → µγ) < 5 · 10−7 Belle (86.3 fb−1) [325]
B(τ → ```) < 2 · 10−6 CLEO (4.8 fb−1) [326]
B(τ → ```) < 3 · 10−7 Belle (preliminary) (48.6 fb−1) [327]
B(τ → ```) < 1− 3 · 10−7 BABAR (82 fb−1) [328]

B(τ → `hh) < 2− 15 · 10−6 CLEO (4.8 fb−1) [326]

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 LFVτ decays
at 90% CL for different sizes of data samples.

τ → ```

90 fb−1 0.5 ab−1 10 ab−1

Efficiency 8.5% 8% 7%

Background 0.4 1 1

UL Sensitivity 2 · 10−7 4 · 10−8 3 · 10−9

τ → `γ
63 fb−1 0.5 ab−1 10 ab−1

Efficiency 5% 4% 4%

Background 8 8 180

UL Sensitivity 1 · 10−6 2 · 10−7 3 · 10−8

The main backgrounds forτ → ``` are hadronic events resulting from hadron misidentification. The study shows that
theτ → ``` decay is well-controlled by cuts. The required suppression of the background for0.5 ab−1 is achieved
by additional kinematic cuts on the 1-prong side; strengthening lepton identification is essential for the analysis of the
10 ab−1 sample. The decaysτ → `γ are contaminated with non-LFV processτ → `ννγ, 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.
Table 5-21shows 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 of theτ → `γ decay.

By comparing Tables5-19and5-21one can see that a sample of 10 ab−1 will provide extremely interesting measure-
ments. Such a measurement ofτ → µγ will be sensitive to a GUT scalem0 up to 200 GeV, while observation of
τ → µµµ will be sensitive to the slepton mass. It is interesting to notice that according to [293] theB(τ → ```) is of
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the order of10−7 if supersymmetric particles are heavier than 1 TeV. In such a scenario, the SuperB Factory would
play an essential complementary role to the LHC and ILC in exploring supersymmetry.

5.5.2 Lepton flavor-violatingτ Decays in the Supersymmetric Seesaw Model

>–J. Hisano and Y. Shimizu–<

Introduction

The discovery of atmospheric neutrino oscillation by the SuperKamiokande experiment [294] showed that the lepton
sector has a much different flavor structure than the quark sector [295][296]. 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 LFVτ decays in the minimal SUSY seesaw model. The seesaw model is the most fascinating
model to explain the small neutrino masses in a natural way [297]. 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 LFVτ decays, 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 Section5.5.2 we discuss the LFVτ decays in this model. Section5.5.2 is devoted to
discussion.

The Minimal SUSY Seesaw Model

We consider the minimal SUSY Standard Model with three additional heavy singlet-neutrino superfieldsN c
i, consti-

tuting the minimal SUSY seesaw model. The relevant leptonic part of its superpotential is

W = N c
i (Yν)ijLjH2 − Ec

i (Ye)ijLjH1 +
1
2
N c

iMijN
c
j + µH2H1 , (5.22)

where the indexesi, j run over three generations and(MN )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 correct [298].

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

Weff = Ec
i (Ye)iLjH1 +

1
2v2 sin2 β

(Mν)ij(LiH2)(LjH2) , (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 matrixMν is given
by

(Mν)ij =
∑

k

(Yν)ki(Yν)kj

MNk

v2 sin2 β . (5.24)

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

UTMνU = Mν . (5.25)

By redefinition of fields, one can rewriteU ≡ V P, whereP ≡ diag(eiφ1 , eiφ2 , 1) andV is the MNS matrix, with the
three real mixing angles and the remainingCP -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 processes [299]. If the SUSY breaking
parameters at the GUT scale are universal, off-diagonal components in the left-handed slepton mass matrixm2

L̃
and

the trilinear slepton couplingAe take the approximate forms

(δm2
L̃
)ij ' − 1

8π2
(3m2

0 + A2
0)Hij ,

(δAe)ij ' − 1
8π2

A0YeiHij , (5.26)

wherei 6= j, and the off-diagonal components of the right-handed slepton mass matrix are suppressed. Here, the
Hermitian matrixH, whose diagonal terms are real and positive, is defined in terms ofYν and the heavy neutrino
massesMNk

by

Hij =
∑

k

(Y †
ν )ki(Yν)kj log

MG

MNk

, (5.27)

with MG the GUT scale. In Eq. (5.26) the parametersm0 andA0 are the universal scalar mass and trilinear coupling
at the GUT scale. We ignore terms of higher order inYe, assuming thattanβ is not extremely large. Thus, the
parameters inH may, in principle, be determined by the LFV processes of charged leptons [300].

The Hermitian matrixH has nine parameters, including three phases, which are clearly independent of the parameters
in Mν . ThusMν andH together provide the required eighteen parameters, including sixCP -violating phases, by
which we can parameterize the minimal SUSY seesaw model.

Our ability to measure three phases in the Hermitian matrixH, in addition to the Majorana phaseseiφ1 andeiφ2 ,
arelimited at present. Only a phase inH might be determined byT -odd asymmetries inτ → ``` or µ → eee [301],
since they are proportional to a Jarlskog invariant obtainable fromH,

J = Im[H12H23H31] . (5.28)

However, the asymmetries, arising from interference between phases inH andMν , must be measured in order to
determine other two phases inH. A possibility to determine them might be the EDMs of the charged leptons [302].
The threshold correction due to non-degeneracy of the right-handed neutrino masses might enhance the imaginary
parts of the diagonal component inAe, which contribute to the EDMs of the charged leptons. These depend on all the
phases inMν andH. However, detailed studies show that the electron and muon EDMs are smaller than10−27 e cm
and10−29 e cm, respectively, in the parameter space where the charged LFV processes are suppressed below the
experimental bounds [300].
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LFV τ 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 LFVτ decays.

In the SUSY models, the LFV processes of the charged leptons are radiative, due toR parity. Thus, the largest LFV
decay processes areτ → µγ or τ → eγ, which come from diagrams such as those shown in Fig.5-50. Other processes
are suppressed byO(α). These are discussed later.

��
�

� �� ��

�

���

� ��	 ��

�

Figure 5-50. l → l′γ processes in SUSY models.

We will study LFV τ decays in two different limits of the parameter matrixH, of the form

H1 =




a 0 0
0 b d
0 d† c


 , (5.29)

and

H2 =




a 0 d
0 b 0
d† 0 c


 , (5.30)

wherea, b, c are real and positive, andd is a complex number. The non-vanishing(2, 3) component inH1 leads to
τ → µγ while the(1, 3) component inH2 leads toτ → eγ.

In the aboveansatz, we takeH12 = 0 andH13H32 = 0 because these conditions suppressB(µ → eγ). It is found
from the numerical calculation thatB(µ → eγ) is suppressed in a broad range of parameters with the chosen forms
H1 andH2 [300]. From the viewpoint of model-building, the matrixH1 is favored, since it is easier to explain the
large mixing angles observed in the neutrino oscillation experiments by the structure of the Yukawa couplingYν . If we
adoptH2, we might have to require some conspiracy betweenYν andM. However, from the viewpoint of a bottom-up
approach, we can always find parameters consistent with the observed neutrino mixing angles for bothH1 andH2, as
explained in the previous section.

In Fig. 5-51we showB(τ → µγ) for theansatzH1 andB(τ → eγ) for H2 as functions of the lightest stau mass. We
take the SU(2) gaugino mass to be 200 GeV,A0 = 0, µ > 0, andtan β = 30 for the SUSY breaking parameters in the
SUSY Standard Model. We sample the parameters inH1 or H2 randomly in the range10−2 < a, b, c, |d| < 10, with
distributions that are flat on a logarithmic scale. Also, we require the Yukawa coupling-squared to be smaller than4π,
so thatYν remains perturbative up toMG.

In order to fixMν , we fix the light neutrino parameters:∆m2
32 = 3 × 10−3 eV2, ∆m2

21 = 4.5 × 10−5 eV2,
tan2 θ23 = 1, tan2 θ12 = 0.4, sin θ13 = 0.1 andδ = π/2. The Majorana phaseseiφ1 andeiφ2 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 matrix [300].
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Figure 5-51. B(τ → µγ) for H1 andB(τ → eγ) for H2. 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(τ → µ(e)γ) < 3.2(3.6) × 10−7 [303]. These results already exclude a fraction of the parameter space of the
minimal SUSY seesaw model. These bounds can be improved to10−8 at SuperB Factories[303].6

Discussion

In this article we discussed LFVτ 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 forτ → µγ andτ → eγ in the existingB factories already exclude a portion of the
parameter space.

Let us now discuss the other LFVτ decay processes. If the SUSY breaking scale is not extremely large,
B(τ → µ(e)ll) is strongly correlated withB(τ → µ(e)γ), since the on-shell photon penguin diagrams dominate

6If sleptons are found in future collider experiments,τ flavor violation might be found in the signal. The cross sections fore+e−(µ+µ−) →
l̃+ l̃− → τ±µ∓(τ±e∓) + 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 smalltan β region compared with the search for the LFV tau decays [304].
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over these processes. As the result,

B(τ → µee(3e))/B(τ → µ(e)γ) ' 1/94, (5.31)

B(τ → 3µ(e2µ))/B(τ → µ(e)γ) ' 1/440, (5.32)

where the difference between the two relations above comes from phase space. Ifτ → µγ or τ → eγ are found, we
can perform a non-trivial test.

When the SUSY particles are very heavy,B(τ → µγ) andB(τ → eγ) 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 asτ → 3µ andτ → µη [305]. The branching ratios are limited by the muon or strange quark Yukawa
coupling constant, They might, however, be observable in future experiments whentan β is very large and the heavier
Higgs bosons are relatively light.

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

>– A. Dedes –<

Introduction

Possible lepton number violation by two units (∆L = 2), can arise in the Standard Model or the Minimal Supersym-
metric Standard Model (MSSM) from a dimension 5 operator [329, 330]

∆L = − 1
4Λ

CAB (εab Ha lAb ) (εcd Hc lBd ) + h.c. , (5.33)

wherelA = (νA, eA)T , H = (H+,H0)T andA = e, µ, τ anda, b, c, d = 1, 2 denote lepton, Higgs doublets and
SU(2) doublet indices respectively. The operator (5.33) is generated at a scaleΛ, and after electroweak symmetry
breaking, results in neutrino masses

Lν
mass = −1

2
(
v2

4Λ
) CAB νAνB + h.c. , (5.34)

of the ordermν ' m2
t /Λ and formν = 10−3 − 1 eV the scaleΛ should lie in the region1013 − 1015 GeV. It should

be emphasized here that there is no reason for the matrixCAB to be diagonal. In a basis where the charged lepton
mass matrix is diagonal,CAB 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 operator (5.33), namely the
seesaw mechanism. One can add one or more SU(2)L× U(1)Y singlet leptonic fieldsN to the Lagrangian [297]

∆L = −εab Ha NA Yν
AB lBb − 1

2
MAB

Maj NANB + h.c. , (5.35)

which via the diagram
�

�

�

�

�����

�

�

reproduces the operator (5.33) with

Λ−1C = Yν
T (MMaj)−1Yν . (5.36)

Thus, the scaleΛ is identified with the heavy Majorana mass scaleMMaj, which decouples at low energies, leaving
only the operator (5.33), leading to neutrino masses and possibly a non-trivial mixing matrix.
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In the MSSM, the influence of the renormalizable Yukawa couplingYν in the slepton mass[mL̃] renormalisation group
equations (RGEs) running from the Planck (or GUT) scale down to the scaleMMaj induces a mixing among sleptons
at low energies

(∆m2
L̃
)ij ' − 1

8π2
(3m2

0 + A2
0)(Yν

† ln
MGUT

MMaj
Yν) , (5.37)

and thus flavor-changing insertions such as,

���
������

���

for sneutrinos (̃ν) and charged sleptons (ẽ) are produced. In (5.37), m0 andA0 are common supersymmetry breaking
masses for sleptons and trilinear couplings at the Grand Unification scale (GUT),MGUT. These insertions enter in
loops and result in lepton flavor-violating (LFV) processes such asτ → µγ [see Fig.(5-52)].

Figure 5-52. Supersymmetric contributions to the LFV processτ → µγ.

Equation (5.37) 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 formELH∗

u 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 penguinH − l′ − l, the reader is referred to
Refs. [331, 332, 333]. Schematically, the LFV Higgs penguin is depicted in Fig. (5-53). The lepton flavor-violating
Higgs penguin exists even in the Standard Model with the exchange of aW -gauge 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 theW − ν loop in Fig. (5-53). Then theW -boson becomes a chargino and the neutrino becomes a
sneutrino. If we calculate the chargino-sneutrino loop, we find that it is proportional totan β, denoted with the green
dot in Fig. (5-53), and is proportional to theτ -lepton mass. In addition, theτ − τ − H vertex is also enhanced by
tan β. 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 penguinτ − µ − H; for simplicity these are not shown in Fig. (5-53). The last step in the derivation of the
τ − µ − 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 Ref. [334] for more details), where the Higgs bosons become three
CP -indistinguishable particles,H1, H2 andH3, with the heaviest being theH3. Finally, the LFV Higgs penguin and
the total amplitude are enhanced by two powers oftan β. 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 Ref. [335]. We shall present few of them below.

Applications : τ → µµµ, B0
s,d → µτ , τ → µη

We shall focus on the lepton flavor-violating processes of Fig. (5-54). 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 degenerate withMN = 1014 GeV, and assume that
(Y †

ν Yν)32,33 = 1. These are inputs for Eq. (5.37). 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
treatmentτ → 3µ or related processes. In this simplified case, we obtain [332] for (5-54a)

Br(τ → 3µ) ' 1.6× 10−8

[
tan β

60

]6 [
100GeV

MA

]4

. (5.38)

This should be compared with the corresponding estimate

Br(τ → µγ) ' 1.3× 10−3

[
tan β

60

]2 [
100GeV

MS

]4

. (5.39)

Both equations (5.38) and (5.39) are valid in the largetan β limit. Whereas (5.38) is two orders of magnitudebelow
the present experimental bound onτ → 3µ, (5.39) is three orders of magnitudeabovethe present bound onτ → µγ.
There is also the photonic penguin contribution to the decayτ → 3µ, which is related toB(τ → µγ) by

B(τ → 3µ)γ =
α

3π

(
ln

m2
τ

m2
µ

− 11
4

)
B(τ → µγ). (5.40)

Numerically, (5.39) leads to

B(τ → 3µ)γ ' 3.0× 10−6

[
tan β

60

]2 [
100GeV

MS

]4

, (5.41)

which is a factor of 100 larger than (5.38). Notice also that suppressing (5.39) by postulating large slepton masses
would suppress (5.38) at the same time, since sleptons enter into both loops. However, suppressing (5.38) by a large
Higgs mass would not affectτ → µγ. It has recently been shown [336] that with the same assumptions, the branching
ratio of the processτ → µη [see Fig. (5-54b)], is related to that forτ → 3µ of Eq. (5.38)

B(τ → µη)Higgs = 8.4× B(τ → 3µ)Higgs , (5.42)

and for the double Higgs penguin diagram of Fig. (5-54c) [332]

B(B0
s → τµ) ' 3.6× 10−7

[
tan β

60

]8 [
100GeV

MA

]4

, (5.43)

where only the leadingtan β dependence is presented. These have to be compared with the upper limits in Table5-22
below. In the case ofBd mesons, one should just multiply (5.43) with |Vtd/Vts|2 ' 0.05. As expected, the Higgs-
mediated branching ratio forB0

s → τµ andτ → µη can be larger than the one forτ → 3µ.

Recently [337] the effect of the Higgs-exchange diagram for the lepton flavor-violating muon-electron conversion
process,µN → eN , in the supersymmetric seesaw model has been studied. The ratio ofB(µN → eN)/B(µ → eγ)
is enhanced at largetan β and for a relatively light Higgs sector. For reviews onτ -lepton andB-meson lepton flavor-
violating decays, the reader should consult Refs. [338, 339].
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Figure 5-54. (a) τ → µ(e)µµ (b) τ → µη (c) Bs(d) → µτ Higgs-mediated processes in the MSSM. The green dot
indicates an additional enhancement oftan β.

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 Eq. (5.37)] aboveMNi , due to the singlet-neutrino Yukawa couplings of Eq. (5.35).
We follow the analysis of Ref. [332] where the more general flavor-universal MSSM case was considered in which the
universal masses for squarks, sleptons and the Higgs doubletsHd andHu 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 couplingsYν and massesMNi in terms of low energy neutrino
data according to Ref. [340]. 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 decaysli → ljγ, we use the exact diagrammatic formulae
in [341]. The experimental CLEO and CDF bounds onτ → µγ Bs → µµ respectively, are reached first, and place
upper allowed limits onBs,d → ``′, τ → ```′ andτ → µη, that are summarized in Table5-22.7

In summary, Higgs boson mediated FCNC (LFV) processes are interesting in the seesaw-MSSM. They are enhanced
by powers oftan β and maybe orders of magnitude larger than the Standard Model predictions. By looking at
Table5-22and comparing with the sensitivity of a SuperB Factory [342] we conclude that

• τ → µγ is (at the moment) the only LFV decay which can saturate the experimental bound. Searching for this
mode at a SuperB Factory is compulsory.

• LFV modes likeB → `′`, τ → `′``, τ → µη, (relevant toB Factories) turn out to be small, withB’s at
10−9 − 10−10, if current experimental constraints fromBs → µµ andτ → µγ are imposed.

• Searching for LFV modes likeB → `′`, τ → `′``, τ → µη, could distinguish among various models for
neutrino masses, for example: theR parity-violating MSSM [343] and the seesaw MSSM.

7After this talk was presented, newly improved bounds onτ → µγ andτ → 3µ appeared [342]. These bounds set further constraints on the
other processes of Table5-22.
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Table 5-22. Experimental bounds and maximal value predictions for B- andτ decays discussed in this section. Results
onB → `+

′
`−, τ− → `−`+`− are based on the analysis of Ref. [332] described in the text. Forτ → µη, we use the

relation (5.42) from Ref. [339].

B(Channel) Expt. Bound (90% CL) Higgs med. MSSM

Bs → e+µ− CDF < 6.1× 10−6 <∼ 10−11

Bs → e+τ− – −− <∼ 4× 10−9

Bs → µ+τ− – −− <∼ 4× 10−9

Bd → e+µ− BABAR < 2.0× 10−7 <∼ 6× 10−13

Bd → e+τ− CLEO < 5.3× 10−4 <∼ 2× 10−10

Bd → µ+τ− CLEO < 8.3× 10−4 <∼ 2× 10−10

τ− → µ−µ+µ− Belle < 3.8× 10−7 <∼ 4× 10−10

τ− → e−µ+µ− Belle < 3.1× 10−7 <∼ 4× 10−10

τ− → µ−η CLEO < 9.6× 10−6 <∼ 3× 10−9

τ− → µ−γ CLEO < 1.1× 10−6 < 1.1× 10−6

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 SuperB Factory 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 ofCP 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 contributions inB
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 measurements. InB decays, depending on the
processes considered, parameters representing New Physics contributions to theBd − Bd amplitude and hadronic
and electroweakb → s transitions can be introduced. In the decayB → V1V2, whereV1,2 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 sources ofCP violation
and flavor mixing structure.

• Supersymmetry
Squark mass matrices contain new sources of flavor mixing andCP violation. 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 variousB observables vary for different
supersymmetry breaking scenarios. The deviations from the Standard model predictions are small in the minimal
supergravity model, except for the case ofB → Dτν, B → s`+`− as well asBs → µµ with possible Higgs
exchange with a large ratio of the two Higgs-doublet vacuum expectation values (tan β). 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 theB → φK0

S andB → K∗γ modes. This model also predicts possible observable effects
in other processes such asBs mixing, lepton flavor violation inτ → µγ, 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.

• 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 impact onB physics 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 decayb → 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−1 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 processes inBd, Bs, K, D and lepton flavor violation
are important, it is remarkable that the Super-B factory 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 the SuperB Factory
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 Bd Unitarity Time-dep.CPV RareB decay Other signals

mSUGRA(moderatetanβ) - - - -

mSUGRA(largetanβ) Bd mixing - B → (D)τν Bs → µµ

b → s`+`− Bs mixing

SUSY GUT withνR - B → φKS - Bs mixing

B → K∗γ τ LFV, n EDM

Effective SUSY Bd mixing B → φKS Ab→sγ
CP , b → s`+`− Bs mixing

KK graviton exchange - - b → s`+`− -

Split fermions Bd mixing - b → s`+`− K0K0 mixing

in large extra dimensions D0D
0

mixing

Bulk fermions Bd mixing B → φKS b → s`+`− Bs mixing

in warped extra dimensions D0D
0

mixing

Universal extra dimensioins - - b → s`+`− K → πνν

b → sγ
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