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ABSTRACT: We consider the effects of departures from minimal flavour violations (MFV)
in the context of CMSSM-like theories. Second and third generation off-diagonal elements
in the Yukawa, sfermion, and trilinear mass matrices are taken to be non-zero at the GUT
scale. These are run down together with MSSM parameters to the electroweak scale. We
apply constraints from fermion masses and CKM matrix elements to limit the range of the
new free parameters of the model. We determine the effect of the departure from MFV on
the branching ratio of b — s 7. We find that only when the expansion parameter in the
down-squark sector is relatively large there is a noticeable effect, which tends to relax the
lower limit from b — s v on the universal gaugino mass. We also find that the expansion
parameter associated with the slepton sector needs to be smaller than the corresponding
parameter in the down-squark sector in order to be compliant with the bound imposed by
the branching ratio of 7 — .
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1. Introduction

Flavour symmetries (FS), [[J-[], are constructed using experimental data from fermion
masses and mixings, with or without imposing a supersymmetric framework. In theories
with supersymmetric F'S, there is no general principle which forbids off-diagonal terms in
the soft squared mass or the trilinear mass matrices at the electroweak (EW) scale. Indeed
supersymmetric F'S are constructed so as to be independent of the specific mechanism for
breaking supersymmetry. In addition, it is well known that in the minimal supersymmetric



standard model (MSSM), dangerous supersymmetric contributions to flavour changing pro-
cesses can be avoided assuming flavour diagonal sfermion soft squared mass and trilinear
mass matrices at the EW scale. However, there is no intrinsic reason why off-diagonal terms
should be rotated away using the same unitary matrices which diagonalize the Yukawa ma-
trices. In what follows, FS will always refer to supersymmetric flavour symmetries.

A supersymmetric theory can be considered to be minimal flavour violating (MFV) if
flavour transitions occur only in the charged-current sector and such that can be entirely
determined by the CKM angles [d]. In this sense, it is natural to assume that FS can
be postulated assuming these MFV conditions. If F'S are embedded in a supersymmetric
grand unified theory (GUT) [, B], the Yukawa matrices have a well defined structure
which contains off-diagonal terms at Mgyt and which evolve to the EW scale, reproducing
the observed fermion masses and mixings. However, every possible assumption for the
supersymmetric flavour structure at MgyT can not be compatible with this version of MFV.
Clearly, the running of general sfermion mass squared and trilinear mass matrices generate
angles that cannot be absorbed by the CKM elements. As a consequence, it is often assumed
that one can impose vanishing off-diagonal terms at the GUT scale in the soft squared mass
and trilinear mass matrices [ff. In addition, when the trilinear terms are diagonal, the off-
diagonal terms in the squark mass matrices generated radiatively at the EW scale can
be rotated to the MFV form defined in [] with the same unitary matrices diagonalizing
the Yukawa matrices. In FS with supergravity [E, i, E], the scalar fields breaking such
symmetries (flavons) generate off-diagonal terms at the GUT scale in the supersymmetric
sector that are correlated to those of the fermion sector in a model dependent way. The
available model dependent freedom allows one to construct safe theories at the EW scale.

Rather than determining the possible structure of the Yukawa matrices at the GUT
scale (which is the basis for constructing FS) using only the fermion masses and mixings
of the SM at the EW scale and hoping that the FCNC bounds can be satisfied, here we
propose a bottom up approach for determining the parameters, both in the fermion sector
and in the sfermion sector, of possible flavour symmetries taking into account (i) fermion
masses with their corresponding supersymmetric corrections and mixings at the EW scale
and (ii) measurements or bounds from FCNC experiments.

We will begin by first discussing the flavour violating processes that we will use in our
subsequent analysis in section 2. We will focus primarily on the branching ratio for b — s+,
given the current improvement in measuring its experimental value [, [[(]. We discuss its
computation in models without MFV in section 2 as well. In section 3, we briefly discuss
general features of the fermion mass matrices and the importance of considering their su-
persymmetric corrections in order to properly determine their profile at the GUT scale. We
also point out that these theories naturally go beyond the MVF conditions at the EW scale.

In section 4, we employ conditions based on supergravity and F'S to determine the form
of the soft squared mass and trilinear mass matrices that we consider. The approach we
take here makes use of an underlying supergravity theory with an effective Kéhler potential
from which one can construct the potential and through minimization, calculate the soft
squared masses and trilinear couplings. It turns out that in supersymmetric theories with
non-Abelian FS, the Kihler potential [f] has fewer model dependent parameters than other



sectors of the theory and hence can be effectively used to impose the size of the off-diagonal
terms of soft squared mass and trilinear mass matrices at Mgyr. Using the powerful tools
of supergravity, one can then determine the structure in the supersymmetric sector at
McuT and test its consequences at the EW scale. The form of the Yukawa matrices and
soft terms are developed in section 5.

In section 6 we present the results of the analysis. We first focus on explaining the
impact of considering non-diagonal Yukawa matrices at the GUT scale on the running of
off-diagonal soft squared masses and trilinear couplings. Even when off-diagonal terms
are taken to be zero at the GUT scale, due to the dependence of the beta functions of
these terms, they will not be zero at the EW scale, but we show that they are well below
current experimental bounds. We then determine the profile of the Yukawa matrices at
the GUT scale when considering their supersymmetric corrections at the EW scale. We
do not include GUT-specific effects and assume that all GUT-scale physics has decoupled
below the GUT scale.

We then go on to determine the sensitivity of BR(b — s =) on the parameters used
to define the Yukawa couplings at the GUT scale. Although FCNC bounds serve to re-
strict the parameters determining the Yukawa matrices, soft squared matrices and trilinear
couplings we find a region where the contribution to b — s7 is enhanced with respect to
the constrained minimal supersymmetric standard model (CMSSM) with MFV and brings
its value closer to the experimental value, thus relaxing the lower bound imposed on the
universal gaugino mass at large tan 8. We show that this is possible while at the same
time keeping flavour violating parameters in the lepton sector below the bounds imposed
by BR(7 — p7). Finally, we mention the sensitivity of the determination of the MSSM
spectra on these new parameters.

2. Supersymmetric flavour and CP violation problems in FS

MSSM

It is well known that the supersymmetric soft Lagrangian, £ 2

LMSSM _% (MiBB + MWW + M) + hc.
— (éauHua + QagHyd + iaeHdé) the.
—QM%@T — LMZLY — aMZat — dM3d — eMZél
—Mp HiH, — Mg HjHg — (BuH,Hg + c.c.) (2.1)

introduces many new parameters that are not present in the SM. There are 106 mass terms,
phases and mixings in the Lagrangian of the minimal version of the supersymmetric SM
(MSSM), which cannot be rotated away by redefining the phases and flavour basis for the
quark and lepton supermultiplets, and which have no counterpart in the SM.

However, most of the parameters involve flavour mixing or CP violation of the type
which is severely restricted by experimental data. In the slepton sector, the most severe
constraint is found when Mé2 is not diagonal leading to the decay u — e ~ which could
take place, for example, via a one-loop diagram involving a virtual bino and a wino. The



current bound on BR(p — ey) < 107! [I] constrains all of the parameters involved in
the decay and in particular restricts specific terms in the squared masses of the slepton
sector. The current bound on BR(7 — wy) (< 7 x 1078) [[J] can also impose important
constraints in the slepton sector.

Another example comes from K° « i’ mixing where the effective Hamiltonian gets
an important contribution from Mc%lz via a box diagram involving gluinos. Winos and
binos can also mediate these kind of diagrams. If the squark and gaugino masses are order
1TeV or less, it is possible to put bounds on the parameters Amg and ex appearing in
the neutral kaon system effective Hamiltonian which restricts the amount of down-strange
squark mixing and CP violating complex phases that one can tolerate among the soft
parameters. Constraints related to the second and third generations come from the D?, D°
and B°, B’ neutral meson systems, and the decay b — sv. After the Higgs fields get
vevs, the a,, aq and a, matrices defined in eq. (R.1]) contribute to off-diagonal squark and
slepton mass squared terms and hence their form is also constrained by FCNC limits. There
are other significant constraints on CP-violating phases from limits on the electric dipole
moments of the neutron and electron and Hg [[[J].

All dangerous FCNC and CP violation effects in the MSSM can be avoided if one
assumes that in the soft MSSM Lagrangian, eq. (2.])), all the mass matrices are diagonal.
If the sfermion mass matrices are diagonal,

Mé = m%l, MZ=m31, M? =m21, M? =m21, MZ =mZ1 (2.2)

then all squark and slepton mixings vanish. Squarks and sleptons with the same electroweak
quantum numbers are degenerate in mass and can be rotated into each other. There are
also supersymmetric contributions to FCNC modulo mixing due to a,, aq and a.. Hence
a further assumption usually implemented is that the trilinear terms are proportional to
the Yukawa matrices

Qo = Aqu aq = Ade7 Qe = Ae}/m (23)

which ensures that only the squarks and sleptons of the third family can have large scalar
cubic couplings.

Family symmetries attempt to reproduce mixings and masses in the quark and lepton
sector usually by breaking the family symmetry spontaneously with scalar fields, flavons,
and coupling different powers of them to quarks and leptons to reproduce the appropriate
size of Yukawa couplings and hence explain the different hierarchies in fermion masses.
However once these FS are implemented, if the theory is supersymmetric then not only will
fermion mass terms be generated but sfermion mass terms as well and these will induce
FCNC and CP violating effects. These effects then can be used to test different family
symmetries. Unfortunately, unless the mechanism by which supersymmetry is broken is
known, one is forced to make more assumptions, as in the case of the constrained version
of the MSSM (CMSSM) discussed below.

In this paper, we will focus our attention to the constraints imposed by the rare decays
of b — s = on departures from MFV as the parameters that we consider in this analysis



are more sensitive to this process than to other observables such as BR(Bs — putpu™)
and AMp,. As a consequence, we will need to consider a generic method for computing
BR(b — s 7). QCD LO effects have been computed for the running of the chromo-magnetic
Wilson coefficients of the effective Hamiltonian describing the decay BR(b — s «), from
the EW scale to the decay scale, pp [[4]. These coefficients arise as a result of the virtual
exchange of gluinos, neutralinos, charged Higgs bosons and charginos.

The MFV QCD NLO contributions have been computed for the exchanges of charged
Higgs boson and charginos in [f|, [§-[7]. In [I§], the MFV MSSM NLO QCD contributions
have been computed. These contributions complete the NLO calculation if the MFV con-
dition is imposed at the electroweak scale. In addition, some beyond leading order effects
(BLO), when the MFV is not assumed, have been calculated in [[L9].

Thus in a general framework, the only complete calculations of BR(b — s ) are
available at LO. However, the present value of BR(b — s 7) in the SM at NNLO is
calculated [[L]

BR(b — 5 7v) = (3.15 £ 0.23) x 107* (2.4)

and the present experimental value estimated by the Heavy Flavour Average Group

(HFAG) is [{, [[q]
BR(b — 5 v) = (3.55 £ 0.247099) x 1077, (2.5)

Here, we will not need to consider general departures from MFV at the EW scale.
Instead, we are restricting the soft terms at the GUT scale. The expansion parameter of
the u sector, €, is taken to be much smaller than the corresponding parameter in the down
sector, €4. In addition, we start with the Yukawa matrix, Y, diagonal at the GUT scale,
and the departure from MFV will be sensitive mainly to gluinos. We provide the procedure
that we use to obtain BR(b — s ) in the framework described below in appendix [A].

3. Fermion masses and MFV conditions

When flavour symmetries are constructed, the quark sector is usually fixed by precision fits
of the CKM elements. The lepton sector is similarly determined by the UMNS elements
although only two mixing angles out of the three mixing angles and three phases (one
CKM-like and two Majorana) are known. Thus, the determination of the lepton mixing
matrix is not precise as in the case of the quark sector. Hence it is more common to
construct flavour symmetries by fixing elements of Yukawa matrices in the quark sector
and then adjusting parameters in the lepton sector by relating these to the quark sector
and of course using the available information from leptons. Since only the left handed
states enter into the electroweak mixings, only the Yukawa couplings along and above (or
below, depending on the convention) the diagonal can be determined, so it is necessary to
make an assumption of the Yukawa couplings below (or above) the diagonal in the Yukawa
matrix. It is natural then to classify these choices as symmetric or non-symmetric Yukawa
matrices. For the non-symmetric matrices, however there is less precision in determining



the elements because the number of parameters is larger than in the symmetric case. The
form of these matrices for the symmetric case is [R5

< efl 63 < 63 < eﬁ Ez < ei
Y sym ef’l < 63 63 o Yy sym X ei < EZ ei , (3.1)
<e & 1 <e & 1
while for the non-symmetric [R§] case we have:
< efl E‘Z’l < 63 < ei 62 < 6;3
Vix [<e3<éd & |, Vox|<e<e & |, (3.2)
<e <1 1 <eée <1 1

with e = O(A.) and €, = O(A\?), where \. ~ 0.23 is the Wolfenstein parameter Vg = ..
The coefficients of Yukawa elements are taken to be O(1). In general, we are free to
independently choose either Y or Yy, for the up-type and down-type sectors. As the
non-symmetric matrices have more parameters, we will restrict our attention here to the
symmetric cases which will be the most restrictive.

The extension of F'S to the supersymmetric sector is somewhat arbitrary, independently
of the many complications inherent in the MSSM. The problem rests in the lack of an
underlying theory which relates the parameters of a F'S to the supersymmetric parameters.
From a bottom up approach we can tackle this problem by using the structure of the
running of the soft parameters in the MSSM.

The global symmetry of the gauge sector of the SM is given by U(3)° = SU(3)g x
SU(3)y x SU(3)p x ..., and is broken only by the Yukawa couplings

Yd — gQ X 3d, Yu — gQ X 3u, Yve — gL X 36. (3.3)

The MFV hypothesis [[] basically constrains this breaking to the fermion sector and im-
poses eq. (R.9) and eq. (R.3) at some low scale to ensure small FCNCs.

Given the dependence of the beta functions of the MSSM soft terms [R6] on YfT Yy and
YfYT, their running will alter the conditions eq. (2.3) and eq. (.J) and hence the MFV
scale is set at the EW scale. Thus, within the MSSM, the MFV hypothesis implies a strong
restriction on the scale at which FCNCs are evaluated (e.g. pup):

QMEQT x QY wn (vu¥)] Q1 ~ @ [wol + VY]] QF (3.4)

As a consequence we obtain the same CKM factors for the soft masses as in the SM and
only the flavour-independent magnitude of FCNC amplitudes are modified, for example:

A(b — s7) o< [(Vexm)is(Vexm)n),  AMp,, o< [(Verm)w (Voka )id,s)” (3.5)

Of course, the motivation for the MFV conditions is the strong suppression of BSM effects
in flavour parameters (e.g. SM CKM fits). However, one must check carefully that the form
of QM%QT in fact does not violate that assumption in the sense that it could give a large



deviation from the MFV conditions. Once the running of Yukawa matrices is included this
can never be the case.

If we put the MFV conditions at the GUT scale for arbitrary initial conditions, this can
result into catastrophic FCNCs at the EW scale. Since the main goal of FS is to restrict
the form of Yukawa matrices, Yy, we then know the form of the terms

Y}Yy, YY), ala; and adl (3.6)

at the GUT scale. We can restrict then the initial conditions of off-diagonal terms of the
soft parameters by the off-diagonal elements of the terms eq. (B.6). The specific way of
correlating this can be obtained with a F'S governed by a non-minimal supergravity theory.

The MFV conditions in supersymmetry have been extended to include terms such as
azngYJ +x3YdYJ YuY;r —Hn4YuYuJr YdYJ in eq. (@) and a similar structure to other super-
symmetric terms [[]. In this case, gluino contributions to FCNC can compete with those of
chargino and charged Higgs contributions. We present examples below of such cases when
Ap is diagonal at the GUT scale.

4. Flavour symmetries with an underlying supergravity theory

4.1 Trilinear terms

The expansion parameters appearing in the Yukawa couplings, €¢; and ¢,, in flavour sym-
metries arise due to scalar fields, flavons, acquiring a vev, (), and hence breaking the
flavour symmetry at some scale M:

(Yy)ij o (%)a{j ; (4.1)

For example in SU(3) flavour symmetries, the Yukawa matrices have the form

3 iel, f 3 ipf
0 Clo€re’12 Cpz€epet¥is

Yf/(Yf)SB = Cglei’cei@£1 0526%6“052 ngeiﬂpg%% , (4.2)

cgle:;’cewgl cgzewg%?c 1
Note that we will be assuming a symmetric form for the Yukawa matrices so that ¢;; = cj;
and we drop the subscript sym. As noted earlier, there are only 3 physical CP violating
phases and therefore there are relations between the phases gozfj in eq. (3). This equa-
tion represents the most general parameterization of the Yukawa matrices for quarks and
charged leptons with an SU(3) FS [, f]. In any supersymmetric FS, the flavon fields also

couple to the sfermions through the trilinear terms

(ay)ijHyQig; (4.3)
The generic form of the trilinear coupling matrices in models of supersymmetry breaking
such as supergravity mediation, gauge mediation or anomaly mediation, is of the form

(ag)ij = (Y5)ij (A{)”) : (4.4)

[



In minimal supergravity Ag is a constant and hence the proportionally in eq. (B.3) is
achieved. Once a family symmetry is considered [B], there are additional contributions to
the trilinear couplings given by derivatives of the Yukawa couplings with respect to the
flavon fields [{, §, and the trilinear terms can then be written as

(arhs = 7 (48), +#4). (45)

where the k‘i; are the coefficients produced when taking the derivatives with respect to the

flavon fields times the gravitino mass, k;g; x alfjmg /2

4.2 Soft squared masses

The soft squared mass terms in general scenarios of soft supersymmetry breaking remain
diagonal, although the diagonal terms can be different from each other. However in the-
ories with underlying supergravity and family symmetries, the off-diagonal terms involve
powers of the flavon fields. Of course the diagonal terms are free of such contributions
since the terms in the Lagrangian involving the soft squared masses, eq. (B.I), need to
respect Hermiticity.

Once the flavour symmetry is specified, the Kéhler potential can be trivially written as

K =Yl (y), Y =up, dg, er, vr, Qr, Ly, (4.6)
(4
020
Kig() = 05 |e0) + d0p, 0) XX} + 318 [0 0) + (0, X, 0) XPX ]| (47

Here 6}, are the flavon fields and X, are the fields breaking supersymmetry. The coefficients
c and d are a-priori un-related coefficients that can be different for each different flavon
and X field. In abelian flavour symmetries, they are different for each fermion species but
in non-Abelian symmetries the coefficients of one species to another are often related. For
example in SU(3) flavour models, @, B, @], we have structures like

1 0
w=ma-mi| 0 o o(%R) | (4.8)
0 O ((J\G/[_)j) r3

where it is important to stress that due to the vacuum alignment of the flavon fields, [B, f]
there are no D terms contributing to the soft-squared masses, which often present
dangerous contributions to FCNC R7]. In what follows, we adopt the following form for
the soft-squared masses

M? 0 0
f11 ) )
MZ = 0 Mf22 Mf23 5 f = Qvuv d7L> €. (49)
o M 2
23 f33



5. Determination of the flavour structure at the GUT scale

5.1 General assumptions

Having specified the assumptions that we make based on an underlying supergravity struc-
ture, we next describe how these structures are realized at the electroweak scale and how
we might implement experimental constraints on the structure at the GUT scale. In a
complete theory of FS, the full superpotential and Kéhler potential would be specified,
including all the coefficients appearing in eq. (f.1]), eq. (f.5) and eq. (7). One can then
impose those initial conditions at the GUT scale and run those parameters down to the
EW scale. Lacking a complete theory we can at best begin with the general form of the
Yukawa matrices, eq. (f]), and the supergravity assumptions described in the previous sec-
tion at the GUT scale and apply the constraints from FCNC, mainly BR(b — s7) to limit
the possible values of the parameters of the flavour structure for Yukawa matrices and soft
terms at the GUT scale. To this end, we implement an iterative procedure, like the one
followed in analyses of the constrained MSSM (CMSSM) g, BY).

In the CMSSM, gaugino masses are assumed to be unified at the GUT scale with value
my/y, as are the soft scalar masses with value mg and trilinear couplings with value Ay.
Typically, the flavour structure for the scalar masses and trilinear terms is assumed to be
diagonal at both the GUT and EW scales. That is, the running of the off-diagonal terms
is also neglected. With this set of boundary conditions at the GUT scale, we can use
the radiative electroweak symmetry breaking conditions by specifying the ratio of the two
Higgs vacuum expectation values, tan 3, and the mass, Mz, to predict the values of the
Higgs mixing mass parameter, p and the bilinear coupling, B. The sign of u remains free.

The CMSSM is subject to a number of phenomenological constraints. These include
the LEP limits on the chargino mass: m,+ > 104 GeV [B{], on the selectron mass: me >
99GeV [BI| and on the Higgs mass: m; > 114GeV [B7. The former two constrain
my o and mg directly via the sparticle masses, and the latter indirectly via the sensitivity
of radiative corrections to the Higgs mass to the sparticle masses, principally m;;. The
Higgs limit imposes important constraints principally on my/, particularly at low tan 0.
Another constraint is the requirement that the branching ratio for b — s is consistent
with the experimental measurements [, [[J]. These measurements agree at the 1-o level
with the Standard Model, and therefore provide bounds on MSSM particles [[[7], such as
the chargino and charged Higgs masses, in particular. Typically, the b — sy constraint is
more important for ;1 < 0, but it is also relevant for u > 0, particularly when tan 3 is large.
The constraint imposed by measurements of b — s also excludes small values of my /5. To
apply the constraint from b — sv to the supersymmetric parameter space, we convolve the
experimental result given in eq. (R.5) with the theoretical calculated result and uncertainty.
We add linearly the uncertainty generated from the variation of the input matching scale
to the SM error given in eq. (£.4). We also add linearly the systematic uncertainties in
the experimental result given in eq. (R.§) which could allow central values of b — sy
significantly outside the range inferred from the statistical error in eq. (2.§). For example,
in the CMSSM, the 95% CL lower limit to m; o at high tan 8 occurs when the calculated
central value of the branching ratio of b — sv is as low as 1.9 x 10~% [BJ]. Finally, there are



regions of the (1my/9,mg) plane that are favoured by the BNL measurement B4 of Gy — 2
at the 2-0 level, corresponding to a deviation from the Standard Model calculation [BF]
using eTe™ data.

If R-parity is conserved, the lightest supersymmetric particle becomes a cold dark
matter candidate [Bf] and therefore the model becomes subject to cosmological constraints
on the relic density of dark matter (usually the lightest neutralino) [Rg]. In the context of
the ACDM model, the WMAP only results indicate [B7]

Qcpmh? = 0.104270 008 (5.1)

or a 20 range of 0.0882 — 0.1204 for Qcpwmh?. This range of densities forces one into
relatively narrow regions in a m; /5, mg plane when tan 3 and Ay are fixed.

In this paper, we will restrict our attention to models with fixed tan 3 = 50 with
> 0. This is done to enhance somewhat the importance of b — sy constraints. We take
my = 171.4 GeV and my(my) = 4.25 GeV. In the CMSSM with tan 5 = 50 and Ay = 0, the
Higgs mass constraint requires m; ;5 2 350 GeV and is similar to the constraint from b — sy
for this choice of tan 3 and Ag. At larger values of my 5, the value of mg is constrained
to lie in a relatively narrow range to ensure that the co-annihilation of neutralinos and
staus are effective in reducing the relic density to the WMAP range. At very large values
of my 3, s-channel annihilations of neutralinos through heavy Higgs scalars and pseudo-
scalars control the relic density and larger values of mg are allowed. The parameter choices
used in the results presented in the next section have been made such that the the relic
density is within the WMAP range in the CMSSM. We also note that to explain the g, — 2
result at the 2-0 level, places an upper bound on m /, of approximately 900 GeV. We have
not considered here parameter choices with very large values of mg typically associated
with the focus point as this part of the plane is not very sensitive to FC processes.

5.2 Form of the Yukawa matrices and soft terms

Our goal in this paper is to test the effect of including off-diagonal terms in the scalar
and trilinear matrices. We will restrict our attention to the mixing between the second
and third generations only (mixing with the first generation will be of higher order in the
expansion parameters €, or €4 as discussed in the previous section). At the EW scale,
we set up off-diagonal entries of Yy using the CKM mixings. We also assume the same
mixings for the charged lepton sector. At the GUT scale we choose the following form of
the Yukawa matrices, which contain 10 parameters:

0 0 0 0 0 O 0 0 0
Yu=|0che 0 |, Yo=|0chhes chyei [, Ye=| 0chhe cizey [ (5:2)
0 0 c3 0 s chs 0 c5ae; 53

In the up sector, we have the masses of the top and charm quarks to determine two of
the three parameters in Y,,, thus we have just one free parameter which we choose to be
€x. The d and e sectors are linked because we are choosing to generate the mixing in the
lepton sector using the Voxy matrix:

Yi = Vi YaVarn  Ye = VémYe Vi (5.3)

— 10 —



where Yf are the diagonal matrices of the bare Yukawa couplings at the EW scale. In the
e and d sectors combined, there are seven parameters. We can use the masses of u, 7, and
the masses of the strange and bottom quarks to eliminate four parameters. An additional
parameter is eliminated by the Voxwm matrix, leaving us with two free parameters which
we choose to be ¢; and ¢g,. Thus choosing

€, €, and ¢y (5.4)

as free parameters at the GUT scale allows us to determine the remaining coefficients
U u d d e e d e 5.5
Co2, (€33, C23, (33, Cg2, Cg3, and C(g3. (5.5)

The fits are done at the appropriate low energy scale and run up and down iteratively to
obtain a consistent solution given our set of input parameter values.

Although we are choosing €, and €, as free parameters, their range is restricted by
requiring convergence of the running of the RGEs. Outside this range, Yukawa couplings
tend to diverge while running down to the EW scale. This is reminiscent of the restriction
to tan 8 in the CMSSM. The allowed range can be estimated from the running of the mass
ratios ms/my and m./my, which are directly correlated to the values €4 and €, respectively
by eq. (38). These ratios increase from the EW to the GUT scale in the MSSM. We
use an analytic form [Bg for the ratios of Yukawa couplings derived from one-loop RGEs
for quark mixings and solved in the presence of the heaviest Yukawa generation. In this
approach the evolution parameter, x is simply related to the evolution of the mass ratios
ms/my and m./my by

LM\ TN g my) (M) (me/m) (M)
‘<Mz> ~O8 ) 0z) X (mom (i) X 59

Then at Mgur, €q = y/ms/my ~ 0.1 and €, ~ \/m./m; ~ 0.05 and hence the range for
€4 and €, should be restricted to be close to 0.1 and 0.05 respectively.

With the above parameterization of Yukawa matrices then we can parameterize the
soft masses as follows:

1 0 0 1 0 0
ME=MZ = |0 af aed, | md, M o=|0 af afedy |mp
0 z5€§, 45 0 517%35%(1 4
1 0 0 1 0 0
M2=|0 af abed, |md, Mz, = |0 af, a%e, | mg
0 o368, % 0 255 75
0 0 0 0 0 0
aw=| 0 2%, 0 | Ao, ag = | 0 25,63 28563y | Ao,
0 0 24 0 255684 245
0 0 0
ac = | 0 25e3, 253¢3. | Ao (5:7)

e 2 e
0 25365, 253
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In the spirit of the CMSSM, we can simply choose all of the x{] =1, esf = €y, and set
the trilinear couplings to be aligned with the Yukawa matrices, such that zifj = c{] We
will make this simplification in sections 6.1 - 6.3.

Later, in section 6.4, we will use the generality obtained when egq, €se, and €eg, are
assumed to be unrelated to €5 and €, to set constraints on these parameters from b — s 7.
We can test departures from the CMSSM by effectively taking coefficients x{] different
from unity, but that is clearly beyond the scope of the present study. The matrices are

then simplified to:

10 0 10 0
Mi=mi, =01 @, |md Mi =01 &y |md
0, 1 0efy 1
10 0 10 0
M=o 1 egu)mo, MZ =101 e |m§
0, 1 0 1
0 0 0 0 0 0
aw = | 0 cped, 0 | Ao, ag = [ 0 cShedy 33e8q | Ao,
0 0 0 33¢3q s
0 O 0
ae = | 0 chyel, chaes. | Ao (58)

0 c53€e8. 53

Note that for this case the trilinear couplings <~ zifjel}) will not be exactly aligned with
the Yukawa couplings but will still be proportional to them and effectively we are taking
zlfj = c{jegd/e?l for (i,7) # (3,3) and z?{3 = cg;g.

6. Results

To get a feel for the range of parameter values of the coefficients clfj and €, and € we first
consider a specific point in the susy parameter space with my /5 = 520 GeV, mo = 330 GeV,
Ap =0, and tan 3 = 50. We also consider a case with Ag = —m; /5 and we restrict our
attention to p > 0. In the CMSSM, this point corresponds to one lying on the WMAP co-
annihilation strip [29) so the that the relic density lies within the WMAP preferred range.
The Higgs mass is suitably large (= 116 GeV), the susy contribution to b — s is small, and
the contribution to (g — 2), accounts for the discrepancy between theory and experiment.

The goal of the analysis is to constrain the allowed parameter space both from flavour
changing neutral currents and from the parameters determining the appropriate values of
fermion masses at electroweak scale. As noted earlier, our free parameters are cg, and
(€u,€q). We have set ch = 0.7. The other clfj are then fixed by the low energy fermion
masses and mixings. Since we expect the parameters €, and €4 to describe the structure
of the Yukawa matrices, we do not want to rely on fine tuned coefficients c{; Indeed, Vg,

would preclude a value of ¢4, as small as 0.1 if ¢, is also taken of order 0.1.
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6.1 Running of off-diagonal soft parameters

Since we work in the context of the CMSSM, it is important to first establish the degree
of running of our off-diagonal terms between the GUT and EW scales. The 1-loop RGE’s
for (M%),-j, (Mdg )ij and a4 are given by! [2§]

R

3L (Mg~2 + 2M§Iu> YiY, + (M% + 2M}3d) Yiv, + [YJYU +Y] Yd] M3

M2
a2 a2 t
+2V M2Y, + 2Y M2V, + 2afa4
32 2 1
=S O3M — 693 M3 — Sgi M? + < gi'S
5}% = (2M2 + AME, ) Yav ] + YaMBY] + 2YaY | M
32 8 2
+daqa — S| Msf* — gt M| + o7

B = aa{ T (3] + VXD ) 4 5Y[vaviv = Y wag

aq
a=1,2,3

1Y T (Gade + 24, Y] ) + Y ag+ 2V a, -2 Y uag?M, (6.1)
a=1,2,3

where u, = 7/9,3,16/3 are numerical coefficients, g, are the gauge couplings and M,
are the masses of the gauginos. We have not shown (though we do include them in our
calculations) the beta functions for M2, M%, and M2. ﬁj(vl[)Q is similar to ﬁj(vl[)Q with the
interchange u < d and different contributions from the gauuginos. The runnindg in the @
sector is in general small due to our assumption that the expansion parameter in the up
sector is small in comparison with that of the down sector. The running of M% (M?2) is

similar to that of Mé (MC%) due to their common dependence on ¢, (¢4). Here, we will
describe the running of (Mé)ij, (Mng)ij and ag, but the running for (M%)ij, (MéQR)ij and
ae, has a similar behaviour.

Y, is not diagonal at the GUT scale, however, Y, is, and although at two loops the
evolution of Y,, produces off-diagonal elements we neglect them here, due to the smallness
of €,. Therefore, the most important contributions to the beta functions of the off-diagonal

terms of the the soft squared masses in eq. (B.1]) are found in the terms
2y tyo2 g2 i
(2] Yf)ij . (v YfMQ)ij (v Mfo)ij , (adad>ij (6.2)
For the off-diagonal trilinear terms, important contributions arise from the terms:

(adeYd)ij, (Ydead)ij, (YdTr (adeT))ij, (YdTr (ang>>ij. (6.3)

INote that we employ a sign convention for a which differs by a relative sign from that of @]
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Of course we need only consider the case for f = d and (i,j) = (2,3). Expressing Yy in
terms of €4, the contribution to the beta functions of the soft squared masses is

2yt _ d 2 _d d 2 2
(MQYCZ Yd) 93 = |:C23C33€dM + C33 M :| — C23C33M Ed = C23C33€dm0

Q 22 Q 23 Q 22
(YJYdM%)% = {(‘3322 + 5y ) esz 93 T 023633Mé 33} €d — 023033M 3363 = 033(3%[3537”3
<YdTMJ%Yd) 0y [022023Md — M; 32} €4+ [022033Md 0y + B33 M3
- 022023Md 22€d + 023033Md 33€d ~ cYachzeqmy
(azlad) by = 2932562 A% — 0 (6.4)

where we have kept only like terms to lowest order in €¢4. The expressions on the right-hand
side of the arrows are the remaining non-zero contributions when the off-diagonal terms in
egs. (2-9) and (P-J) are set to zero. From eq. (b.7) we can see that since Mé gy > qug 2
even when the off-diagonal terms of eq. (@) are set to zero, the leading terms ~ M 2 . ed,
of eq. (6.4) remain, except for the term azlad, which vanishes. For the contribution to the

beta functions of the trilinear couplings we have

(ea¥i¥a) = 3 [#ed] 40 (ViYa) | — sthcschseids
l

d 2 d d d d 2
(YdeT ad) vy zyz€a Ao (YdT Yd) w T 23340 (YdT Yd) by 233¢93C33€440
T _ o d d 6.d d?26.d d d 2.d
|:YdTI' <(1de 93 = C22C23€dZ22A0 —+ 2023 EdZ23A0 + 623C33€d233140
d d 6.d d d 2.d
- [022023661222 + 023033€d233] Ao

d 6 d 6 d 2
[YdTr (ae}/j)] 03 CaCo3€azan Ao + 2053¢h3€4253 Ao + Co3¢33€4233 Ao

e d 6_e d e 2_e
— [022023%«222 + 023033€dz33] Ao (6.5)

In eq. (6-) we see again that when the off-diagonal terms of the trilinear couplings a4 . are
set to zero the leading terms of the original expression do not vanish.

In figure [, we show the running of the off-diagonal soft masses. We begin by discussing
the case for Ag = 0. Here, we have chosen ¢; = 0.1 and ¢, = 0.05 as well as c§l2 = 0.7
which will be used throughout this section. The running of the soft masses in this case
is shown by the dashed (when the off-diagonal terms of the soft squared masses are set
to zero at the GUT scale) and solid (When they are non-zero) blue curves. In the first

panel of figure [l, we show the running of M Q 03 S @ function of the renormalization scale
Q. When the off-diagonal terms are turned off, the running starts at Mé 53 = 0 as seen

by the dashed (blue) curve. The dominant contributions to the running of are suppressed

by 63 and proportional to cggcgg. As a consequence, the running of M% 93

significant. When the off-diagonal elements are turned on at the GUT scale, the initial

is relatively

value for Mé 53 is about (16.5 GeV)? (as seen more clearly in panel b for M2 ,;). On this
scale, the difference in the running is relatively minor as all of the leading contributions to
these expressions are the same. As a result the evolution of these terms does not change
drastically according to the different initial conditions at the GUT scale.
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Figure 1: The running of the parameters of the soft squared masses a) Mé) 937 b) M2 235 C) M(% 937
and d) M% 53 When off-diagonal terms are turned off (dashed blue) and on (solid blue) at the GUT
scale with Ag = 0. Here my /5 = 520 GeV, mg = 330GeV, ¢4 = 0.1 and €, = 0.05. Also shown is the
running when Ag = —my /3 and mo = 370 GeV. The dot-dashed (red) curve corresponds to the case
where off-diagonal terms are turned off at the GUT scale and the dotted (red) curve corresponds
to the case where they are turned on.

Also shown in figure [la is the analogous running when Ay # 0. Here we show the
running for the specific choice Ag = —my /5 = —520 GeV. Note that for this case, we have
adjusted mg to 370 GeV in order to maintain the correct relic density. When Ay # 0, the
evolution of soft squared masses will have contributions from the terms a}a ¢ when the off-
diagonal terms start with a non-zero value at the GUT scale. As the dominant contribution
to the running of M?2 53 COmes from the gaugino (mostly gluino) terms in eq. (.1)), a}af

tends to lower (slightly) the running as seen by the dash-dotted (when off-diagonal terms
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Figure 2: As in figure [ for the running of a) ago3 and b) a,ss.

are turned off at the GUT scale) and dotted (when they are turned on) (red) curves.

In contrast, in panel b) of figure [, we show the running of Mg 93- The beta function
for M2 ,; is determined by Y, or a, rather than Y, and as a consequence the running is
minimal. As expected from the beta functions, the running of Md2 03 is also significant as
seen in panel ¢). We also show the running of M% - panel d). As noted earlier, the
beta function for M?2 __ is similar to that of M2 __ though the running is smaller due to

L 23 Q 23
the lack of gluino contributions.

Although the running of (M 3 )23 is the most significant of those shown in figure [, in
the computation of BR(b — s 7), discussed below, this effect is sub-dominant. The reason
is that the contributions from the charged Higgs boson and the charginos is much more
important than the contribution from gluinos. We can see from eq. (B.16) that only the
diagonalization matrix of Mg, K", is relevant for the computation of the magnetic Wilson
coefficients where the charginos and charged Higgs boson are the virtual particles. The
diagonalization matrix of Mdg, K9, is relevant only for the gluino contributions. This is
because they enter into the computation of chromo-magnetic Wilson coefficients arising
from the virtual exchange of gluinos [[L4].

For Ag = 0 the renormalization group equations generate a contribution for a4 of order
—Yy >, usM, at one loop. In addition, when Ay = 0, the running of a4 is independent
of whether off-diagonal terms of soft parameters are set to zero at the GUT scale. In
figure B, we show the running of agq3 in panel a) and aco3 in panel b). The solid (blue)
line corresponds to the case where Ag = 0. In both cases the running is very slight.

When Ag # 0, the first term of the one loop beta function of ag will now be relevant.
However since the off-diagonal terms (ay);; are suppressed with respect to the diagonal
terms (ay)i as (ag)ij/(af)i = €3, for i,j = 2,3 and f = d, e, the difference will be small.
The running of age3 and aegz with Ag = —my 5 is also shown in figure Bl
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In order to determine the possible magnification of the flavour violating parameters at
the EW scale given the GUT scale initial conditions eq. (b.7), it will be useful to define
the parameters,

(M?,Xy)ij
(MJ%,XX)Z'Z'(M]%YY)JJ

(Of,xv)ij = \/ (6.6)

where (M]% vy )ij» X,Y = L, R are the running soft sfermion parameters. In order to give
meaning to the flavour violating parameters, we must work in the basis where fermion
masses are diagonal. The details of this rotation are given in appendix [B (see: eq. (B.§)).
In the definition of the d’s, all soft masses will be assumed to be in the rotated basis.

In figure Ba, we show the running of ]\4d2 03 in the rotated basis. Since Mdg depends

primarily on (YdT Ya)2s o € (if €2 < €2) when the transformation to the rotated basis is

performed, we expect that the value of MC% N will be reduced due to its alignment with

the Yukawa matrix Y;. Additionally, for Ag i 0, when off-diagonal terms are turned off,
there is no contribution from the trilinear terms to the running of soft squared masses, as
shown in eq. (6.4). Thus, when going to the basis where Yukawa couplings are diagonal
(|Yf|2 = VT Y} YfV}{*), the contributions of the form Y} Yy and YfoT will also be rotated
away to a large extent. We can see then in figure fJa, that this is indeed the case for
Ay = 0, ¢ = 0.1 (blue-dashed line). When Ay # 0, we see from eq. (f.4) that we have
an extra contribution to the running of Mg from the trilinear terms, which cannot be
greatly reduced when going to the rotated basis. When off-diagonal terms are turned on,
for the case of Ag = 0 we expect a greater effect in the running of Mdg than in any of
the other soft squared masses, because (along with Mg) this is the only matrix that is
sensitive to the parameter €4 at the GUT scale. In figure Ba, the (green) long dashed curve
corresponds to ¢4 = 0.16 while the (blue) solid curve for ¢; = 0.1. Comparing the ratio
0.12/0.162 = 0.39 we see that in the un-rotated basis (figure [llc) the difference between the
two initial conditions for ME will be 39% and is increased to about 50% in the rotated
basis because the diagonalization matrix also contains the parameter 63.

The sensitivity to €, in the running of Mdg is very small as a result of the difference be-
tween €2 and €2. The sensitivity to ¢4, in the running of the soft squared masses comes from
the terms of the form YfoJr and a fa}, however as we will describe in the next section, the
elements of Yfij are adjusted to reproduce the correct fermion masses at the EW scale for
a given choice of cgz and €4. For cgz = 0.7 and ¢; = 0.1, one is able to reproduce the correct
value of ms(EW). Similarly, for ¢, = 0.5 and ez = 0.12 we are also able to obtain the cor-
rect value for ms(EW). Indeed, the product cdye? at the GUT scale is very similar. There-
fore, the quantities YfYJj are more or less fixed by this requirement for different choices of
ch and 63 and as a result the running of Mdg will not be very sensitive to these changes.

In the remaining panels of figure [J, we show the flavour violating parameters (0g,xx )23,
(6d,xv )23, and (0e xx )23 for our test point (m;,e,mo,Ag) =  (520,330,0) GeV and
(€4, €4) = (0.1,0.05). The curves for these cases are all shown as solid (blue). Off-diagonal
terms at the GUT scale are turned on for all curves in panels b) - f). For comparison, we
show the case with non-zero Ay, ie., (my/9,mo, Ag) = (520,370, —520) GeV. This case is
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Figure 3: In panel a), the running of Mg 93 in the rotated basis as in figure m Also shown by the
(green) long-dashed curve is the case €4 = 0.16 with Ay = 0 and off-diagonal terms turned on at the
GUT scale. In the remaining panels, the running of squark flavour violating parameters (04, x x )23
(b—d), (5(17)()/)23 (e), and (581)()()23 (f) for (ml/g,mo,Ao) = (520,330,0) GGV, with tanﬂ = 50,
eq = 0.1 and €, = 0.05 shown by the solid (blue) curves. In panels b) -f), off-diagonal terms are
on at the GUT scale. Also shown by the dashed (blue) curves are the results for Ag = —m; /5 with
mo = 370 GeV. The (red) dotted and dash-dotted curves show results for ¢4 = 0.16 with Ag = 0
and Ay = —520 GeV respectively.

shown by the dashed (blue) curves. In addition for both Ay = 0 and Ay # 0, we show the
sensitivity of the running to €¢;. The (red) dotted and dash-dotted curves correspond to
these cases respectively, where we have chosen ¢; = 0.16.

6.2 Determination of coefficients of Yukawa matrices

In this subsection, we will determine the values and sensitivities of the quantities

d d e e e u U
Cy3, C33, Cog, Chg, C53, C3 and cgg (6.7)

to the variation of ¢; and ¢, for a given value 4. For now, we continue to use our

example based on the point (my /2, mo, Ao) = (520,330,0) GeV, tan 8 = 50. As a result
of the small differences in the running of the off-diagonal terms of soft parameters when
we choose different initial conditions at the GUT scale, the Yukawa parameters are not
really sensitive to this difference. In this section, we will only consider cases where the
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Figure 4: Yukawa parameters, clfj of the d,e and u sectors for the supersymmetric point
(m1/2,m0, Ag) = (520, 330,0) GeV, tan 8 = 50 and cj, = 0.7. In panel (a) we show c¢fy for i = 2,3
as labeled as a function of ¢4 for fixed €, = 0.05. In panel (b) we show cf; for ij = 22,23,33 as
labeled as a function of €4 for fixed €, = 0.05. Finally in panel (c¢) we show c}; for i = 2, 3 as labeled

as a function of ¢, for fixed ¢4 = 0.1.

off-diagonal elements are turned on at the GUT scale. These parameters are, however,

sensitive to variations in €4, €, and cy.
f‘
ij
little sensitivity to €4 or ¢, for the 33 components of the Yukawa matrices which are well

In figure [, we plot the relevant ¢;; versus the appropriate es for 4y = 0.7. There is
fixed by the low energy fermion masses. In contrast, the 22 and 23 components can be
sensitive to €5 and ¢, even within their limited range of variation.

In figure [, we show the dependence of two of the Yukawa parameters, ¢4, and ¢, to
our choice of the supersymmetric point as a function of €¢4. In addition to our original test
point (shown here as the dotted curves), we consider (m;/2,m0, Ag) = (160,630,0) GeV
shown by the dashed curves, and (19, m0, Ag) = (1240,910, —1240) GeV shown by the
solid curves. In all three cases, we have chosen tan 8 = 50. In each case, the value of mg was
chosen so as to obtain a relic density compatible with WMAP. In the latter case, we chose
Ag = —my /5. The dependence of the parameters of Y, on the change of (my /o, mg, Ao) is
similar though less pronounced and the dependence of the parameters of Y,, is very small.

Given the parameterization of the Yukawa matrix Yy in eq. (5.2), the choice of 4, is
directly correlated to the allowed value of €4 given the value of ms/my(Mgur):

Ms (Ya)22 ()d2)22 + (¥ d2)33 652 2 4
S (M, ~ — = =22e2 — 0(e;), 6.8
b ( GUT) (Yd)33 2(Yd2)33 ng d ( d) ( )

which must be in the range ~ (0.01,0.03) at Mgyr. Hence for different choices of cZ,,
assumed to be O(1), we have the following allowed ranges of €;:

=05 — ¢5~[0.10,0.12]
4y =0.7 — €4~[0.085,0.10]
iy =1.0 — ¢4~0.08. (6.9)
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Figure 5: As in figure ], we plot (a) ¢ and (b) c4s for three different choices of (my 2, mo, Ag). The
bottom curves (dotted) correspond to (1,2, mo, Ag) = (520,330,0) GeV, the lines in the middle
(dashed) to (my/2,m0, Ag) = (160,630,0) GeV and the lines at the top (solid) to (1,2, mo, Ao)
= (1240, 910, —1240) GeV.

Yukawa parameters c{ J
d d d e e e
Cog  Co3 C33  Ca2 Ca3 €33

05 [0.6,09] 03 [1.2,1.7] [1.3,1.7] 05
0.7 [0.9,1.3] 03 [1.7,2.4] [1.9,2.4] 0.5
1.0 1.6 0.3 3.0 3.1 0.5

Table 1: Values of the Yukawa parameters for different choices of ¢4, for the supersymmetric point
(M2, mo, Ag) = (520,330, 0) GeV.

As a consequence the values of (Yy);; and (Y.);; are different for each case. In table I], we
show the allowed ranges of the Yukawa parameters according to the allowed range for €y
in each case.

To further compare how the determination of the appropriate Yukawa parameters at
the GUT scale depends on the chosen supersymmetric parameters we show in figure f], the
values of c{j as a function of the the gaugino mass, m;,,. Here Ap = 0 and tan = 50.
For each value of my /5, mg is adjusted to insure the correct relic density of neutralinos. As
one can see the dependence on the supersymmetric model is rather minimal.

Finally, we would like to emphasize the importance of taking into account the su-
persymmetric corrections to the fermion masses for the proper determination of Yukawa
parameters at the GUT scale. From [BY], we find that for large tan (3, the supersymmet-
ric corrections to the mass of the bottom can be as large as 30%, as it is for the case of
tan 0 = 50. We can express the relation between the masses of the fermions at a certain
scale (), containing the supersymmetric corrections, and the masses of fermions at the same
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Figure 6: The coefficients of the Yukawa matrices plotted versus my 5 for €4 = 0.1, €, = 0.05 and
4y = 0.7. In panel (a) we show ¢ for i = 2,3 as labeled. In panel (b) we show cf; forij = 22,23,33
as labeled. Finally in panel (c) we show ¢ for ¢ = 2,3 as labeled.

scale as given by the SM through:

m (Q) =mpM(Q)gr (Q), k=tb,c,s. (6.10)

Here m%M(Q) are the SM values at @), including the corrections from gluons. A good ana-
lytical approximation to the factors glf (Q) is given in [BY]. For example, for the top quark,
this can be expressed as g7(Q) = 1 + Amy;/m;, where the most important contributions
to Amy/my comes from top squark/gluino loops. In figure [f, we plot the numerical values
of g,f(Q) for k =t,b, s, as a function of m, /5 for tan 8 = 50 and for the choice of Yukawa
parameters (cl,, ¢4) = (0.7,0.1). These corrections include the corrections at one loop from
squark/gluino loops, charginos and neutralinos. We can see that, in fact, for m; these cor-
rections are about 30%, while for my, they can be up to 14%. For m;, the corrections are
within 11%. The corrections for m., though included are not shown as they are very small.

The supersymmetric corrections change the profile of Yukawa matrices at the GUT
scale. A SM analysis [P] determined the values for Y (for symmetric matrices) as follows:

(Yg)22
(Ya)ss

=0.15* = 0.0225, -——=— = 1.3(0.15%) = 0.0293. (6.11)

If we take the values of the Yukawa parameters for (c%, ed) = (0.7,0.1) from table[l], we have

—~

Yi)22
(Ya)33

(Yq)23
(Ya)33

= 0.025,

— 0.045. (6.12)

Since ¢4, is an input to our analysis, we are basically adjusting the value of (Y)a2/(Yy)33,
at the GUT scale, thus there is no surprise in the similar values for this ratio in both
cases. What is interesting is the change in the off-diagonal parameter (Yy)o3/(Yy)ss, since
this off-diagonal term is crucial when constructing a specific flavour symmetry.

It is important to emphasize the difference between the structure of the Yukawa ma-
trices at the GUT and EW scales. Whilst at the GUT scale they can be written in terms
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Figure 7: MSSM corrections at one loop to the masses of m; (solid blue line), my (dotted green
line) and m; (dashed red line).

f

of the expansion parameter ed and the prefactors c; ;> at the EW scale this is not longer

the case. However if the prefactors clfj

are indeed to be explained by a specific F'S then
the result at the EW can be expressed as a series expansion in terms of €; and the same
coeflicients. For example, we can express the Yukawa matrices normalized to the elements

(Y7)s3 at the GUT scale. The numerical value using ¢, = 0.7, ¢, = 0.1 and €, = 0.05 is

Y, D s 0 0 0
(Yc)l = O%Ed a€a | =| 00.0250.033
d)33
0Zeq 1 00.033 1
33
00 0 0 0 L0
C. C.
— | 0007004 | = 0(22+449>e§ ﬁefl—l—?ez
00.04 1 0 %5%753 )
, 0 0
A Oigﬁdiﬁj 000380036
. 0 2262 00.036 1
33
00 0 L0
— 0005004 = 0(022+125> ? + 3.9¢)
00.04 1 0 D+ 396 1
v 0 0 0 0
v~ [o%eo|= 00.0050
(Yu)gg 33
0 0 1 0 0 1
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Figure 8: The branching ratio for b — s v for Ag = 0 (solid red) and Ay = —m; 5 (dotted black)
when e; = 0.1, ¢4 = 0.05 and ¢, = 0.7. When only the running of the 3rd generation is included,
the analogous result is shown by the dashed (blue) curve.

0 0 0 0 0 0
_ €3 2
~loo0010]|= 0(C§§+2>euo (6.13)
0 0 1 0 0 1

where the effect of running to the EW scale is given to the right of the arrows.

6.3 Effects on b — s ¢

We have seen that a good choice of Yukawa parameters was c§l2 = 0.7 and ¢4 = 0.1,
€, = 0.05, thus we present the analysis on the sensitivity of b — s v on €5 centered on
those parameter values. As we explain in appendix [A] due to the hierarchy of e < e?l, we
expect that the main departures from MFV come from the gluino contributions, entering
through the magnetic Wilson coefficients due to the diagonalisation of the soft squared
matrices in the d sector, eq. (b-1). In figure § we show our calculation of b — s v as a
function of m,/, when the running of the parameters of the second family have not been
considered (dashed blue curve). For comparison, we also show the same result when the
running of both the 2nd and 3rd generations are included for Ay = 0 (solid red curve) and
when Ag = —m; , (dotted black curve). As before, for each value of m; /5, mg is chosen so
as to obtain the WMAP value for the relic density of neutralinos. Note that the inclusion
of the 2nd generation running relaxes slightly the bounds obtainable from a comparison
of the computed value of b — s v with the experimental measurement at relatively low
my2(~ 400 GeV). As long as we fix the relation between 4y and ¢4 through the fermion
masses, there will be little sensitivity of b — s v to 4.

The contribution of the charged Higgs to the Wilson coefficients, depends crucially on
Ty = m?/ mz, where mg- is the mass of the charged Higgs. The determination of m g
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is quite sensitive to changes in the running of the supersymmetric spectrum [[iJ] and thus
any change in the running of these parameters will affect the final value of mg-:
—395 mf/ﬂ f(Mgl,ﬁg)

2 2 2 2 2 _
me =my + MW + AH? AI‘I - 3271'2 Sin4 /BMI%V Mg _ Mg ) (614)
U1 Us

where m 4 is the pseudo-scalar Higgs mass and f (Mzgu,ﬁz) is a function of the lightest sups:
u; for ¢ = 1,2. The running of u is quite sensitive to the changes in the running of the
susy spectra and as a result m%, is also sensitive. Thus, when we include the running
of the second family, the added small changes to the supersymmetric spectrum alters the
final value of mg-.

2
We have tested the effect of the gluino contribution by computing the ratio, d; = ;;27 ol
Teffg

where these quantities have been defined in eq. (R.§) and eq. (A.IG) in appendix [A] The
ratio is very close to 1 for my,, > 300 GeV. At lower gaugino masses, the contribution

)

from gluinos increases but the ratio only decreases by about 1% at m; /2 = 160 GeV. When
my /o is below 300 GeV, the stops become quite light and a NLO calculation is not possible
using the approximation of [L7]]. At lower m, /2, & LO calculation has to be used also for
charginos, charged Higgs and neutralinos. In fact when my/, < 280 GeV this is the case.
Thus all the results for b — s v constrained to my/ < 280 GeV are calculated at LO.

6.4 Constraints on the parameter eg

As we have pointed out in section |, once a family symmetry is introduced, additional
contributions to the trilinear couplings are given by the derivatives of the Yukawa couplings
with respect to the flavon fields, ~ Ysz %0y, and then in a realistic flavour symmetry
(af)ij must be of the form of eq. (L.H) with klfj # 0. Given the limitation on the number
of parameters that we can use to scan the possibilities of the general form of eq. (5.7),
with coefficients x{] # 1 and zifj #* clfj, we choose to analyze the matrices of the form
given in eq. (5.§), and hence effectively allowing egf > €;. To remain consistent with the
approximations made earlier, we maintain the restriction eg, < €4.

To this end, we first check once more the running of the off-diagonal squared masses
and trilinear couplings with respect to the parameters egy > €y. For the case of egy = ¢y
we have seen in the discussion of section f.]] (figure ) that (M%)z?, and (M2)s3 are more
sensitive than the quark sector, other than (Mg)gg. To be definite, we make the following
choices for egs:

I esd = €se = 0.45, esu = 0.06,
II. esq = 0.45, €se = 0.225, esu = 0.06, (6.15)

for both cases we keep ch = 0.7 and ¢ = 0.1, ¢, = 0.05. In figure [, we plot then the
037 M2 s, ]\4d2 53 and M% ,3 for the two cases of eq. (6.19). These figures

running of M%
can be compared directly with those in figure [l. The only difference being the increased

values of the expansion parameters which are now distinct from those in the Yukawa sector.

The running of Mé 03 is significantly affected by the increase in egq as one can see from
the comparison between figures [lla and Pa. This is largely due to the increased importance
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Figure 9: As in figure EI for case I with egq = ege = 0.45, esy = 0.06 (red dashed lines), and for
case IT with egg = 0.45, ese = 0.225 and es, = 0.06. (blue solid lines). Here mg = 370 GeV and
AO = —ml/g.

of the a:riad term in the beta function which is now competing with the Yukawa terms in
eq. (B.1]). Not surprisingly the running of Mg 93 15 quite close to that of figure flb because
we have kept eg, = 0.06 quite close to eg, = 0.05. In order to affect the branching ratio
for b — s ~y, we are most interested in the effect on the d sector. The initial value of MC% 03
is determined by egq (and mg) and is increased relative to the case studied in figure [lc by
the the ratio egq/eq = 0.45%2/0.12 = 20.25. As a result, we can see in figure flc the enhanced

running of ML? In panel d), we see the differences between cases I and 11, as the running

23°
of M% 03 is clearly sensitive to ese. In figure [[(, we show the corresponding effect on the

trilinear couplings which can be compared directly with figure fJ.

In figure [[1], we show the effect of the increased eg on the parameters (§ #.xv )ij defined
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Figure 10: As in figure [ for the running of a) ages and b) aess.

(07, xy)23] for (my/2,mg, Ag) = (520,370, —520) GeV
I 11
23| | 0.0012 0.15 0.014

~—

’(5L LL
(6 )23l | 0.0069 0.50 0.05

[(0e 1 p)23,32] | 6.0x107¢ 8.6x107% 1.5x107?
[(0e g )23,32] | 44%x107% 7.2%x107% 1.1x1073
1(6Q 1. )23 | 0.0069 0.009 0.009
[(6d.pg)2sl | 9x107%  0.021 0.021

(0417 )23] 43x107% 8.0x107* 8.0x 1074

Table 2: Weak scale values for the |(0s xy )23| (denoted in the 1st column) for (mq /2, mo, Ao) =
520,370, —520) GeV. In the 2nd column, we assume egq = €4 = 0.1, egy = €, = 0.05. In column

three, we take egq = 0.45, e, = 0.06 and €4 = 0.1, €, = 0.05 while in column four, we lower €g. to
0.225.

in eq. (6.9). The increased effect on the running of these parameters is also largely due to
the increase in the initial values. For example, for (64 rr)23 the initial value is increased
from 9 x 1073 to 0.021, when e; = egq changes from 0.1 to egq = 0.45. The comparison to
the increase for the other (d xy )23 is given in table B.

If one would like to introduce right handed neutrinos for these cases, then the present
analysis will be valid assuming the right handed neutrinos decouple at a higher scale than
Mgaur, or M,, > Mgut. For M,,, < Mgyt the quark sector will not be largely affected
but the lepton sector will be. We will have then important changes to the running of
(M%)gg and (M2)a3. Since the goal in this paper is to study the constraints mainly in the
quark sector, the introduction of M,, < Mgyt is beyond the scope of the present work.
For the present case we consider constraints from leptonic flavour violating process such
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Figure 11: As in figure H for the running of (§7 xv):; with f,XY =a) e, RRb) d,RR, c) Q,LL,
d) u,RR, ¢) d, LR, f) e, LR.

as 7 — pvy. For example in the CMSSM, the bounds in terms of the flavour violating
parameters eq. (6.6), for tan 3 = 50, are [[]

|(6r,01)23] S 0.1, |(0e,rR)23] S 0.1,  |(de,nr)23,32] < 0.02, (6.16)

using the most stringent current bounds. For the case esy = €; the values obtained for

(01,xx )23 are well below these bounds:

|(0z,1.1.)23] = 0.0012, |(8e,rR)23] = 0.0069,
|(6e.L.r)23] = 6.0 x 107, (0c.rr)23] = 4.4 x 1075, (6.17)

For case I of eq. (6.15) the bounds of eq. (b.16) are already saturated while for case II, the
parameters are still within the experimental limits.

As can be expected, the sensitivity of b — s 7 on our expansion parameters for the
cases €qs > €4 is greater than that discussed in the previous section with eqg = €4. The
value for the branching ratio for b — s 7 as a function of my/, is shown in figure 3.
The lower two curves correspond to the single family case (where all mixings are ignored)
and our nominal choice of egq = €4 and are taken directly from figure §. The upper two
curves show the effect of increasing egq and eg. using values from case I (upper solid red
curve) and case II (green dot-dashed curve). Here we see more clearly that in regions with
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Figure 12: As in figure E The curves from bottom to top are as follows: the single family limit
is shown by the blue dashed curve; the choice of ¢4 = egq = 0.1 is shown by the black dotted
curve; increased mixing with egq = 0.45, ese = 0.225 is shown by the green dot-dashed curve; and
€sd = €se = 0.45 is given by the red solid upper line.

relatively low my 9, the effect of mixings relaxes the constraint imposed by b — s . In
these cases, the gluino contributions can be up to 10% for m, j, around 200 GeV but when
my 2 increases these contributions reduce considerably. Here the contribution from gluinos
does not vary too much from cases I and and II of eq. ((.1), as the running in the d sector
is not greatly affected.

To better appreciate the effect of the mixing in the squark sector, we zoom in on the re-
gion between m; /5 = 300 and 800 GeV as shown in panel b) of figure [3. For tan 8 = 50, this
region is preferred when other observables such as (9—2),, are included [B3, i3]. When theo-
retical and calculational errors are included, the 95% exclusion value for BR(b — s ) occurs
at about 1.9 x107%, as discussed in the previous section and corresponds to a lower limit
of 400 GeV on my /; in the single family case most commonly treated in the CMSSM. This
limit is substantially relaxed when two-family mixing is included. For ege = egq = 0.45 as
shown by the upper curve in the figure, we see that the limit is relaxed to m, /5 2 335 GeV.
One should keep in mind that the exact numerical limit found here and in the CMSSM is
subject to change when NNLO SM corrections are included. On the other hand, we expect
the relative change in the limit when two-family mixing is included to be a robust result.

Finally, we show in figure [[J the behaviour of BR(b — s ) on egq for several choices
of my/;. As one can see, for low m /5, the branching ratio is lower than the experimental
value when egq is small. When egq = 0.4, the branching ratio increases and the constraint
on my/y is relaxed.

6.5 Sensitivity on the determination of the MSSM spectra

In this last section, we would like to consider the effects of the our flavour violating param-
eters on the resulting supersymmetric spectrum. Since the parameters €,, €4, €su, €Se, €sd
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Figure 13: Variation of BR(b — s ) with respect to egq. From top to bottom the lines cor-
respond to (my /2, mo, Ag) = (600,410, —600) GeV, (500, 360, —500) GeV, (400,340, —400) GeV and
(300, 380, —300) GeV.

are small (< 1) and their dependence on the Yukawa, trilinear and soft squared matrices
is quadratic, eqs. (B.7), (B.§), we do not expect a big effect on the spectra, except for
sensitive parameters such as

L, mHl,za ma, (618)

which are determined from the electroweak symmetry breaking conditions. In figure [[4,
we show the dependence of the six masses of the sdown sector and of the charged slepton
sector with respect to egq for the case

1
€50 = §GSd, (6.19)

with esy = 0.06 which includes case II of eq. (b.15) for egq = 0.45. Here we have fixed
my = —Ag = 520GeV, mo = 370GeV, and tan8 = 50. As one can see, only when
€sqa 2, 0.35, does the splitting in the masses of the heaviest families (1st two generations)
become relevant. The third generation (mostly sbottom) masses are relatively insensitive
to €sqa and are close to their CMSSM (with no flavour violation) values (Mg, M) =
(956,1017) GeV as shown by the lower two (red) curves in figure [4a. where 1,2,...5,6
are ordered lightest to heaviest. Analogously for the 3rd generation sleptons we have
(Mg, , Mz,) = (246,477) GeV, in the CMSSM as shown by the two (red) curves in panel
b. Note that the heavier stau is heavier than the mostly right-handed selectron and smu.
With no flavour violation, the masses of the 1st two generations are degenerate (due to
the smallness of the associated fermion masses) in the CMSSM. Here we see the degree of
splitting induced when egq # 0. We do not show the dependence of the of the sups with
respect to egq or eg, because their change (with respect the running of just the third family)
is less than the 0.4%. We note, however, a more important difference in the determination
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Figure 14: Masses for the sdowns (a), and charged sleptons (b) sectors as a function of egq for the
case (myq /2, Mo, Ag) = (520,370, —520) GeV, ese = %2, ¢g = 0.1, and €, = 0.05. In panel c, the soft
Higgs masses, u and m 4 are shown as labeled.

of the running Higgs sector parameters which is displayed in panel c of figure [[4. When
esa = 0, we have (u, mp,, mm,, ma) = (568, —403, —708,516) GeV at the electroweak scale,
where mp, are the two soft Higgs masses, and the minus refers to the sign of the squared
mass. For egq = 0.45 these become (u, mp,, mm,, ma) = (545, —465, —688,452) GeV. Since
the most important supersymmetric contribution to BR(Bs — u™ ™) scales as f%s/mj
and in the analysis that we have done the inclusion of the second family tends to lower m 4,
we expect that in general BR(Bs — utu™) increases from the case egq = 0 to egq = 0.45,
but remains within the experimental limit.

7. Summary

Flavour symmetries (FS) are often constructed using supersymmetry. Departures from
MFV will affect the supersymmetric spectra and constraints at the electroweak scale can
be employed to determine the profile of the Yukawa matrices at the GUT scale. Flavour
violating processes then can be used to further constrain the shape of such Yukawa matrices
and the parameters associated with the FS.

Clearly, a completely general analysis is not practical for computational purposes, as it
involves many new supersymmetric parameters in addition to the Yukawa matrices. To con-
strain the parameters of the latter we can rely on the determination of the Yukawa matrices
at Mgw from flavour violating parameters in the SM, assuming a hierarchical symmetric
form, eq. (B.1]) (although in this context a non-symmetric form is equally plausible, it re-
quires more parameters) such that the expansion parameter in the up sector is smaller than
in the down sector, motivated by the different hierarchies between up and down quarks
respectively, €, ~ 63. For the latter case we can simplify the usual relations obtained in FS
between the expansion parameters of the Yukawa matrices and the off-diagonal parameters
of the trilinear couplings and soft squared mass matrices at the GUT scale.

In our analysis, we used an iterative procedure as is common in the analysis of the
CMSSM [B§, B9, with the inclusion of three more parameters describing the Yukawa matri-
ces (ey, €g and cy), at the GUT scale. Other necessary inputs are the values of ms(2GeV),
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m(2GeV), m,(Mgw), and the values of the CKM matrix relevant to the two heaviest
families. These are used to determine seven more parameters in the Yukawa sector at the
GUT scale, as in eq. (5.9).

The important results of this analysis in the fermion sector are as follows. First, using
the supersymmetric corrections to the fermion masses of the two heaviest families, at the
EW scale, we can accurately determine the profile of the Yukawa matrices at the GUT scale.
Particularly important is the ratio (Yy)e3(Mgur)/(Ya)22(Mgur). Whereas in an analysis
where the running of supersymmetric parameters is neglected, this ratio is found to be
1.3, when supersymmetric corrections are taken into account, this ratio is enhanced to 1.8,
cf., eq. (p-13). Second, the value of the expansion parameter, €4, is effectively constrained
by the appropriate determination of mg(Mgw), with its corresponding supersymmetric
corrections. Of course the exact value depends on the values for the coefficients used
in the expression of the Yukawa matrices, for example (Yy)oo = cgze?l. Assuming that
the coefficients cglj should be of order one, we find for example that for ch = 0.7, ¢q €
[0.085,0.10], otherwise myg is predicted to be either too small or too big, respectively.
This determination is important when constructing F'S. The exact values of (Y});;(Mgur)
are used to justify different choices of family groups (e.g. SU(3), SO(3)). We have only
considered the running of the two heaviest families and hence the structure of the lightest
family cannot be determined at the GUT scale by this analysis. However, the inclusion of
the lightest family will not have a strong impact on the results obtained here.

Our results are also relevant for the supersymmetric sector. When off-diagonal terms
are introduced in the sfermion mass matrices or trilinear terms at the GUT scale, departures
from MFV are induced at the EW scale. In the most constrained models, ie., when no
new parameters are introduced as in eq. (5.7), this departure is small and the resulting
sensitivity of BR(b — s ) is not significant. In contrast, when the expansion parameters,
est , for the supersymmetric sector differ from that of the fermion sector, €, we may obtain
more sizable departures from MFV. We have compared the running of the off-diagonal
trilinear couplings and soft squared mass matrices for these two possibilities.

Our calculations were performed using the values of the supersymmetric parameters
as obtained when running the full MSSM, with the simplified structure for the trilinear
couplings and soft squared masses at two loops as described above. Hence we do not rely
on estimating the value of the flavour violating parameters (0 ), eq. (B.6), at the EW
scale. Indeed, these are calculated directly in terms of the parameters introduced at the
GUT scale as an extension of the CMSSM. These parameters were introduced in section p.1]
to emphasize their running from MgyT to Mgrw. Current limits on the charged slepton
sector could be used to further constrain the choice of the expansion parameters ey and eg;.

We have seen that the running of (0, )23 is quite limited when initial conditions at
the GUT scale are constrained. This is true for both the case of MFV at the GUT scale as
well as the case when the expansion parameters of the supersymmetric sector differ from
those of the fermion sector, esy # €7, as we saw from table B. In column 2 of that table,
we have assumed MFV at the GUT scale and the departures from MFV at the weak scale
are small as seen by the small values of the J-parameters. In this case, the bounds on the
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parameters (0(,r),, )23 are well below the bounds imposed by BR(7 — u7) in eq. 6.19).
However, if we take for example egq = ege = 0.45, we can see that the values obtained for
(O(e,L)yy )23 in column 3 already saturate the bounds imposed by BR(7 — p). In the last
column, we showed the §’s when egq = 0.45 and eg, = 0.225 where the bounds imposed by
BR(7 — ) are satisfied.

We have linked the down-type quarks to the charged leptons by generating the off-
diagonal terms of the Yukawa matrices of both with Voxy at EW scale as in eq. (.9).
This is motivated by GUT theories where often charged leptons and down-type quarks
acquire Yukawa matrices of the same form. Extending the relation to the supersymmetric
sector, by taking the expansion parameters egq and ege to be of the same order, we naturally
find that the parameters |(6(q,4)xy)23] and |(0(r,e) xy )23/ are correlated at EW scale. From
table B, we see that for egq = €. we have in fact |(0@,ayxx)23] = O (|(5(L76)XX)23|)'
Applying the bounds on [(d(z ) x x )23 imposed by BR(r — pv), we have taken es. =
0.5es4 = 0.225 and this effectively decreases |(J(r ¢)xx)23| by an order of magnitude with
respect to |(6(q,d)x x )23l-

Finally, we have calculated BR(b — s 7) at NLO for the charged Higgs, chargino and
neutralino contributions and at LO for the gluino contributions (since a NLO computation
is not yet fully available for this case). BLO corrections for the gluino contributions were
considered in [[9], but given the values of (& fxy )23 that we have derived, these corrections
will have little impact on the value BR(b — s 7) that we obtain.

Given the SM NNLO computation and the continuously improved experimental value,
it is important to determine BR(b — s ) as precise as possible in a given supersymmetric
model. We have seen that the structures for Yukawa matrices, trilinear terms and soft-
matrices of the form of egs. (5.7), (F.§) yield a positive contribution to the calculation of
BR(b — s ) for u > 0 bringing the branching ratio closer to its experimental value than
what would have been obtained in the absence of any F'V. In fact when egf # €y, such that
€sd > €4 > €5y > €y, it is possible to relax the lower limit of ~ 400 GeV on my, found in
the single family case most commonly treated in the CMSSM. For eg, = egq = 0.45 this
limit is relaxed to m;/y 2 335 GeV, as we have discussed in section 4.

A. b — sv beyond minimal flavour violation

At LO the renormalization evolution of the gluino contribution to the effective Hamiltonian,
Hes, from Mgw down to py is different than the contribution from W~—, H~, charginos
and neutralinos [[4]. Hence, Heg can be written as:

Hew = Hog * 1 X+ HY (A1)

“Mixed” diagrams containing the W boson, gluinos and squarks give rise to « corrections
to the Wilson coefficients in H" > #7» X at the matching scale, and they are taken into
account at the NLO level. We include the contributions of gluinos at LO and those from

H~, charginos and neutralinos at NLO.
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We recall that the starting point in the calculation of inclusive B decay rates is the
low-energy effective Hamiltonian [R(]

- H- 4G
Hop "% = f V;;vtbzc (16O (1) (A.2)

In the massless strange quark limit, the operators relevant to our discussion are

Oz = Spyucrery'or,

emy _
O7 = T2 510w F" bR,
m
Os = % 510G tabp . (A.3)

To an excellent approximation, the contributions of other operators can be neglected.
The renormalization scale py, in (A.J) is conveniently chosen of order my, so that all large
logarithms reside in the Wilson coefficient functions. However when the mass of the strange
quark is taken into account we need to consider the operators

emy _

0/7 = 167 1A o SRU;WF bL,
mp _
o, = *‘136? 5RO G by, . (A.4)

For these operators the corresponding Wilson coefficients CH mgmy/m? tan? 3 and
OX* are quite small. For HZH we have

Hr = D Cigo)Oig o) + D Cig(m)Olg (o) + 3 3 Clg(im) Ol ), (A.5)

where ¢ runs over the light quarks ¢ = u,d,c,s,b. The operators O; () can be of two
types, one for O; 4 5(up) and the other for O; 5 5(us), j = 7,8. The former can be found from
eq. (A.J) with the substitution of (1/1672) with g2 and the latter with the substitution of
(mp/1672) with g2. The primed operators in eq. (A.5) come from the interchange of L « R.
The operators O, g(,ub) are suppressed with respect to the magnetic operators by the mass
of the corresponding quark or by an extra power of gs. We neglect them here since their
contribution is quite tiny with respect of the operators in the first two terms of eq. ([A.H).

In the SM, the complete theoretical prediction for the B — X, decay rate at NLO was
presented for the first time by Chetyrkin et al. [R]. It depends on a parameter ¢ defined
by the condition that the photon energy be above a threshold given by £, > (1 — 5)Efynax,
where EZ = my, /2 is the maximum photon energy attainable in the parton model. Thus,
0 =127 /mp, and we use EP® = 1.6GeV, as it is the value at which the HFAG
collaboration has presented its latest results [0, [Ld].

The prediction for the B — Xv branching ratio is usually obtained by normalizing
the result for the corresponding decay rate to that for the semileptonic decay rate, thereby
eliminating the strong dependence on the b-quark mass:

(B — Xs7)|B,>(1-8) pmax
['(B = X.c0) ‘

BR(B — Xs1|>-symmex = BR(B — Xcel)exp (A.6)
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Following closely the formalism of [, R3], we write

6 b N ()
0) + N (Eop) T /T

VisVib
Veb

BR(B—X.7)|5,>5,=BR(B — X,e7)exp

- (A.7)
where perturbative, P(Fy), and non-perturbative, N(Ey), contributions are treated sepa-
rately, and Ey = (1—6)EX'**. The function N(Ep) is a correction which does not depend on
the renormalization of the running mass my from pugw to my, it contains power corrections
that arise from the interference between the current-current operator and the magnetic
dipole operator, hence called the “non-perturbative” contribution. The precise definition
is given in eq. (3.10) of ref. [RZ]. In the SM this is R3], N(Ey = 1.6 GeV) = 0.0036+0.0006.
The ratio r(I',/T'¢) is a semileptonic phase space factor which is independent of the cal-
culational problem of convergence of the perturbation series in b — Xsvy. This has been
calculated accurately 23] up to NNLO in the SM.

Since BR(B — X er) is an experimental input, only the function P(Fy) has contribu-
tions from processes beyond the SM. Using the approach of Gambino et. al. [RJ], rather
than writing the terms P(Ep) + N(Ep) as functions of the standard Wilson coefficients,
eq. ([A.9), at the decay scale, i, these functions can be written in terms of functions involv-
ing the renormalization effects from pg (m; or upw ) to pp and the Wilson coefficients at pug.
The contributions from the charm quark do not get re-normalized from Mgw to ms, while

the contributions from ¢ do. Hence instead of the familiar contribution of |CST (upw)[? to
BR(B — Xgv), we have

G (1) |> — K25 = P(Eo) + N(Ey)
P(Ey) = | X, + X; + emw|* + B(Fo), (A.8)

where X, and X; represent the ¢ and ¢ contributions respectively, egw is an electroweak
correction and B(FEjy) is the bremsstrahlung correction from b — syg and b — syqq with
qg=u, d, s [R3.

Analogous to the usual Wilson coefficients, we can decompose

s (pp)
47

Xp(m) = X () + XM (), f=cit. (A.9)

The effects of physics beyond the SM can be incorporated [2J] as:

OO () = CO%M (upw) + OO M (ppw), i = 17,8, (A.10)

(2

where Ci(O)SM(,uEw) = COef(ypw)i, i = 7,8 correspond to the coefficients of eq. (12)

of [B1], i.e. the scheme independent Wilson coefficients, the coefficients C-(O)BSM(MEW)

of course refer to processes beyond the SM, in this case the MSSM. From here on, we
will refer to the following coefficients C~’§O) (LEw) = éO)TOT(,uEw) + 2 and C’éo) (uew) =
CéO)TOT(MEW) + % For the MSSM, the general form for CZ-(O)MSSM(,UEW) is known, al-
though the contribution from gluinos does not follow the same pattern of renormalization

from Mgw to mp and it should be implemented in a different fashion. The contribution
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from charginos, neutralinos and charged Higgs bosons can be renormalized as in the SM,

MSSM(

although the complete NLO corrections to C;22%" (1) are not known.

Thus, if we have the following hierarchy of masses
psusy ~ O(mg, mg,mz ,mg,) > pew ~ O(Mew, my, mg+) > iy, (A.11)
we expect that the following assumptions represent a first good approximation for taking
into account the contribution from charginos, neutralinos and charged Higgs bosons:

CO = GOSM | O 78, (A.12)

We note that Oéo)g (11p) must be added on directly to Xt(o) (14p) because gluinos undergo a

+
different renormalization from Mgw to pp. The expressions that we use for Cé?gX’H and

Cgo) are given in eqs. A16-A20 of [24]. At NLO for é%%H i, we follow the approach of [[[7].
Thus at LO, eq. (A.§) would receive the following contributions from gluinos at p:

, 2
P(E); = [XO () + Xe(n) + Xuom) + eone| + [X1 )|+ B(ED),  (A13)
where
16v2m3ag (1) 0 1 Me (0
PeC) _ s (0). 2 o0 e ~(0). A.14
g (:ub) GF‘/tb‘/{; C7b7g(:ub) + mp C7g,g(/’[/b) + mbC'?c,g(/’[/b) ’ ( )

and X éo),(,ub) is the analogous contribution from the primed operators (of flipped chirality
L < R) of eq. (A-). The bremsstrahlung function B(Ej), also receives gluino contribu-
tions [23], which are added to the Wilson coefficients at 1

CITOT () = LM () + CONEE () 4 X0 ()i = 7.8, (A.15)

K3 K3

the contribution from BSM processes to the rest of the Wilson coefficients, i = 1,...,6,
is negligible. We will denote by K70Hg the contribution to BR(b — s ) containing the
Wilson operators from gluinos:

K.z = P(Eo)g + N(Ey). (A.16)

As stated before we have implemented the calculation of BR(b — sv) as introduced
in [PJ], and adopted in [RJ] for the contribution of beyond SM effects. The main dif-
ference in the way BR(b — sv) is calculated in the SM as introduced in [R3], with

pole /mPole g replaced by mMS (m,) /mlgOle in the

respect to previous analyses is that me¢ /m
element (Xv|(Sc)y—_a(¢b)y—alb). In addition, the running of the charm and top contri-
butions from the EW scale to the decay scale py is different. In table [, we compare
the values obtained in our calculation for the different choices of mE®® / mEOIO = 0.22 and
mMS(mc)/mso10 = 0.3003. Lines 1 to 5 correspond to the calculation of BR(b — s 7)
implemented here following [29]. Line 5 is the SM value that we obtain in the decoupling
limit. Line 4 is what we obtain when using the top mass assumed in [J], and is in perfect
agreement with the value obtained there (eq. (4.14) of that reference). Line 3 corresponds
to the SM when § = 0.9 shown for comparison to other works. Lines 1 and 2 assume

mEee /mpOle = 0.22 for two values of m;. The remaining parameters for the calculation

of BR(b — s «) that we use and that were not specified before are BR(B — Xcel)exp
2
= 0.1059, | Y72 " = 0.97 and pu, = 5 GeV.
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BR(b — s ) for the SM
my E, e BR(b — s7)[1074]
174.3 GeV 1.6 GeV 0.3003 | 3.32£0.19
171.4GeV 1.6 GeV 0.3003 | 3.27 £0.19
171.4GeV  0.2345GeV  0.22 3.71+£0.20
174.3GeV 1.6 GeV 0.22 3.61 +0.20

171.4GeV 1.6 GeV 0.22 3.59 £ 0.20

Table 3: Input values for the evaluation of BR(b — sv). For these cases, we have used as(mz) =
0.1185. The value of E, = 0.2345GeV corresponds to § = 0.9. The error quoted is just the
parametric error.

B. Interactions of fermion, sfermions and sparticles

B.1 Quarks-squarks-gluino interactions

The interaction between quarks-squarks and gluinos is described by the Lagrangian:
iy . -
~Lo-g-g = V295T% | ~d'5 Priad i + @ Priady; + h.c] , (B.1)

in the electroweak-color basis, where Pr 1 = (1 £75)/2, a is the gluino color index, a, 3
are the quark-squark color indices and ¢ is the generation index. In the gauge basis, the
couplings at the quark-squark-gluino vertex are given by, for incoming gluinos to sfermion-

fermion, Cg Forny(F = —igsV/2T = —z’%gg. In this basis the effective mass Lagrangian
that we construct from the soft Lagrangian of eq. (R.1) is
o qr
Lo, = (01, Gr)i( M3 ((jﬁ) ; (B.2)
B/
where
[ a2 2t
(M3 = | it L
d _MLR Mgr i
_ (M%)zg + (MJ?)ZJ + Di _(afijvf + ptan? ﬁ(Mf)ij)
= (o + s 57)5) - O3 )+ (M + D
. 1, f=d
Di,R = cos QﬁM% (T})’ — QfL,R sin? HW) ., p = { - (B.3)

In eq. (B3) i,j = 1,2,3 are the family indices, and (M);; are the non-diagonalized fermion
mass matrices. We recall that in the eigenmass formalism all the interactions are com-
puted with the particles that are mass eigenstates. Hence the effective soft mass matrix
of eq. (B.2), with the corresponding family elements eq. (B.3), needs to be rotated where
the fermions are mass-eigenstates, i.e. to the so-called super CKM (SCKM) basis. For the
diagonalization of fermions we adopt the convention

u d u
(ur.r)i = (Vi) (Wl )y (der)i = (ViRu(dy p)  —  Voxw = ViTVE, (B.4)
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and thus the sfermions must be rotated similarly:
~ ~ 7 d k7
(@r,r)i = (VLU,TR>Z.. (@2.r); (dL,R>. = <VL,TR).. ( 'L,R) - (B.5)
7 ) 1] J

Then the soft mass matrix eq. (B.J) becomes

r 2 2
(MSCKM>2: MSCKMLL MSCKMTLR _ (A//\l2~>

f =)y
ij

y 2 2
ij | MSCKM2 - rSCKM

L RR

(vira2vy *)iﬁMﬁ +Df - ((Vg’fafvg*)ijvf + p* tan? ﬁMfZ)

(Vi @iV vy e p31g) - (VERMZ VE) AT+ D

9

(B.6)

where D£ p Temain diagonal, and M 7 is the diagonal matrix of the f type fermions. The
sources of flavour violation then come from
SCKM2 Y\  _ ({/fT 2 f*)
(M Q)ij N (VL MaVvi ij
SCKM) _ T I
(af )ij == (VL arVi >ij
SCKM2 _ (AT a2 f*)
(arsoar )] = (VirM2 Vi) (B.7)

R

)

which are not generically diagonal in the SCKM basis. For the case of 1 family the matrix
(M]S;CKM)?J» is the usual 2 x 2 soft mass matrix whose diagonalization is obtained through

L MSCKM2 5 rSCKM{2 JE* o M?2 f*
(o7 [MKM MM] [ fglz[n,m} K+[ H M?]K[ AN

where then the sfermion mass eigenstates, ¢; are defined by

fu| _perlh
5] w2 @

Analogously for three families, we have

ur, dr,
(Mfz)ll (/T/l\?;)m (/\73;)13 ffR (%R
o= |t e | o= %[ o= %] o
(M)ls (M) (M) o 5
L ER J _BR i

Hence the effective soft mass matrix (./\//\(3;)” is a 6 x 6 matrix, and the electroweak eigen-
states and mass eigenstates are related through

= (Kf)Tf, (B.11)
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f" and f here are column vectors. The primed states are the eigenstates of the Lagrangian
in the gauge basis and the unprimed in the mass eigenbasis. Using the above definition of
eq. (B:9) and eq. (B-11)) the couplings of the mass eigenstates involved in gaugino,/ sfermion
vertex in terms of the gauge eigenstates are given as follows

C. s C.n Cyf:

afr(fo)e (2k DN TN C.u (B.12)

15 (FR)k J( k)~ af 3 (FR)E

We are working in the basis where Y, is diagonal at the GUT scale. At the EW scale
two loop corrections will make it non-diagonal but due to the smallness of the expansion
parameter €,, we are neglecting this contribution. Then Vexym = Vg, contrary to the
convention used in many other papers (e.g. [[4, [d]) where Yy is taken to be diagonal
at the EW scale. Hence the couplings of fermions and sfermions to other supersymmetric
particles must be defined accordingly. These couplings are given in the next two appendices.

B.2 Quarks-squarks-neutralino interactions

The interaction between quark-squark and neutralinos it is described by the Lagrangian,
in the mass eigenstate basis, by:

—Lq—g-x0 = djdy, [Cxqé-(d* whL T Cqu-(d*,)kPR} X

+dl€X i |:CTod (dT) PR + C~od (dT) PL:| d], X;) = [)27?7 X_(Z)] . (B13)

The mass Lagrangian is given by £ = —%Q;ONNTMJ}ON*NT(JJO)T + h.c., where the
gauge eigenstates are ¢° = [—ib,—iwW, hg, hy), for h1o = hg,. The mass matrix of
neutralinos is diagonalized by M,0 = N M 70 N*, and hence the mass eigenstates, X?, are
given by X; = (VON);.

The couplings of incoming neutralinos to sfermion-fermion in the gauge basis,

eq. (B.13), can be identified from those of eq. (D20) in BY] as Ci)ff(’p)(fjg)m T ANE AN
and C'- bR (Fm = =b: B F (m , for p = L, R. Then the coupling at each vertex in the basis
of mass eigenstates can be written as —i(Cy, Pr, + Cy, Pr) and —iC~1(Ca,Pr + Ca, Pr),
for up and down quarks respectively. Cy, is any coupling involving a right-handed fermion
state, for example C R (fr)m Then the couplings of the mass eigenstates involved in
neutralino or charglno/ sfermion loops in terms of the gauge eigenstates are given as

u g1 * U U
ijk = Cgoq a um)e = le i(2k) <ﬁ> yuR+N4in(2k—1)Ykk]

g1 ’
ik = Cxoratury, = | Nifjan-1) <ﬁ> Vuy, + NoiF 1) (V2915") + N4iK}-L(2k)Y1§4

g1 * 1.-d O-d
Ciin = Coody(aly, = NMK i) 5Ydr T N3in<2k—1>Ykk}

Z.Yk C~o*d (dT) = NlZK (Qk 1 \/—ydL + NQZK 2k 1 \/_glgL + Ng'lYkkK‘]C'l2k:| (B14)
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B.3 Quarks-squarks-chargino interactions

The quarks-squarks-chargino interactions are given by
—ﬁq gt = u]dk |:C~—c~ (@) PL+C~+C~ S(dh) PR] X5

+ULX i CT Pr + C~+c~

d;
K5ty (d )i X5 (df) PL_

+d iU |:C~—cd (u )k PL + C~+Cd ( ) PR:| XZC

—|-de i _CT “d(ul PR+C~+Cd( D PL uj,  Xi = [X:r, Xi_] .(B.15)
The mass Lagrangian is given by £ = —1 @*VVJFMd} vt ()T + 1[)_./\/15+ (¢+)T},
where ¢t = [—iwt, ht], ¥~ = [—iw, ﬁ;], h12 = hg,. The mass matrix is diagonalized
by Mg+ = V+Md;+ U* = UJFJ\/%+ V*, hence the rotation to chargino mass eigenstates is
Xt =1, vV, X0 =W, ¥y))U

The couplings of incoming charginos to sfermion-fermion in the gauge basis can also

be identified to those of eq. (20) of [B9). Using the transformations described in this section
to go to the eigenmass basis we have

= ot = Vi3 [ (), ()

n=1

;ij = CX;CJ;(uR)k 23: |:U11Kd(*2n 1) (VCTKM) g + U2iK§i(*2n) (‘ﬁ?n) <VC]7LKM>nJ

n=1

Bk = Cxroay e = i Vi (Vhow),,, (F) + 9VieFSany (Vo)

{K]y@n—l) <_kak) <V(T3KM> kn} ; (B.16)

where it is useful to remember than in this notation the components K Jf(%_l) are related

to left-handed transformations and K Jf% with right-handed ones.
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