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ABSTRACT: In the framework of minimal supersymmetry with general flavour mixing in
the squark sector we consider dominant beyond leading order (BLO) effects in the rare
processes B — X v, Bs — ptpu~ and B, — B, mixing. We present analytic expressions for
corrected vertices, which are applicable in general, and provide a recipe for the inclusion
of the dominant and subdominant BLO effects in existing LO calculations. We also derive
similar expressions in the mass insertion approximation. We investigate in more detail
the focusing effect pointed out in our earlier work, which, at large tan 5 and p > 0, leads
to a reduced supersymmetric contribution to the above processes. We also find that, in
some cases, flavour dependence, that accidentally cancels at leading order, can reappear at
BLO. We further include electroweak corrections, which, while generally subdominant, in
some cases may have a substantial effect. For example, their contribution to the charged
Higgs vertex in B — X,y can be of the order of 20% at BLO. They can also reduce the
contribution of LL insertions to By — utp~ and By — By mixing by up to 20%, even at the
LO. We also analyse radiative generation of CKM elements and find the possibility that
the CKM matrix elements K;s; and K., can be generated entirely by LR insertions. This
work constitutes the first complete analysis of dominant BLO effects in the GFM scenario.
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1. Introduction

Flavour physics, in both the leptonic and hadronic sectors, currently provides one of the
best hopes of discovering, or at least constraining, new physics beyond the Standard Model
(SM). In the hadronic sector in particular, decays mediated by flavour changing neutral
currents (FCNC) play an important role as the Glashow-Iliopoulos-Maiani (GIM) mech-
anism [l ensures that both SM and contributions due to beyond the SM (BSM) physics
enter at the one-loop level. It is therefore possible that such contributions can be com-
parable to the SM ones, or even completely dominate the behaviour of the underlying
process. Once one takes into account the increasingly accurate experimental data that is
being gathered at both dedicated flavour physics experiments, as well as the B-physics pro-
grammes operating at collider experiments, useful constraints can often be placed on the
parameters and mass scale of a given model of new physics. Conversely, for some processes,
like By — putp~, a measurement of a branching ratio at the Tevatron would immediately
indicate a detection of BSM physics.

One of the most compelling extensions of the Standard Model is the Minimal Supersym-
metric Standard Model (MSSM) [f]. The non-renormalization theorem of the underlying
supersymmetric theory can explain the stability of scalar potentials in theories involv-
ing two different hierarchies. Additionally, the MSSM provides a viable cold dark matter
candidate (namely the lightest supersymmetric particle), a natural scheme for gauge cou-
pling unification, and is usually compatible with the precision electroweak data currently
available.

Softly broken low-energy supersymmetry (SUSY), however, like most new physics
schemes, allows for the possibility that contributions to FCNC and CP violating processes
can exceed SM expectations by orders of magnitude (the flavour and CP problems). The
source of the flavour problem in the MSSM is primarily due to the arbitrary nature soft
supersymmetry breaking terms [g].

The most common approach to these problems is to assume that the underlying theory
obeys the conditions imposed by minimal flavour violation (MFV) [[]. The definition of
MFV, presented in [, is that flavour violation is determined completely by the structure of



the usual Yukawa couplings. In other words, the mixings among the down and up squarks
are governed by the CKM matrix. In the MSSM this restricts the form the soft terms can
take (see [f] for the exact expressions). One popular scheme, that respects MFV, is that the
soft terms are universal at some high scale associated with supersymmetry (SUSY) break-
ing, like the grand unified scale or the Planck scale (a parameterisation used, for example, in
the Constrained MSSM). However, this hypothesis is not renormalization group invariant.
Flavour violating terms are induced, via running from the high scale A to the character-
istic mass scale of the squarks psysy, that are proportional to log(A2/u2¢y)/(47%) H.
It should be noted however, that, provided the theory satisfies ME'V up to the scale A (a
rather strong assumption), all FCNC transitions remain proportional to the appropriate
CKM matrix elements and the resulting low energy theory still satisfies the MFV hypoth-
esis. However, once seeds of non-universality are introduced at the high scale it is possible
that they can become amplified by running.

This provides motivation to generalise to a broader framework, namely general flavour
mixing (GFM) in the sfermion sector. In general, the flavour structure of the soft terms is
not protected by any symmetry and can be rather arbitrary. One simple example is that
a degree of non-universality can be allowed in the squark soft terms (beyond that allowed
by MFV). In this case additional effects are possible that are proportional, essentially, to
the degree of splitting between the entries for each generation.

Deviations from MFV can easily appear in a variety of SUSY models. In theories
with SUSY breaking mediated by supergravity, for example, it is possible to induce a
wide range of flavour violating effects [f] once one proceeds beyond the simplest minimal
SUGRA scheme [f]. Grand unified theories involving right handed neutrinos, like the
minimal SO(10) models with a specific family structure, often lead to additional sources of
flavour violation due to the interactions that exist, at the unification scale, between right-
handed down squarks and neutrinos [fj—[[(]. Experimental limits and results are therefore
especially helpful when restricting the possible mixings between the various generations
and constraining these models.

In this paper we shall concern ourselves chiefly with flavour violation between the sec-
ond and third generations. FCNC processes involving such transitions have been studied
in detail in the context of the SM and the short-distance contributions to a wide variety of
processes have typically been calculated to NLO in the SM (the evaluation of long-distance
effects is another matter). In the case of B — X,v these efforts have resulted in a very
good agreement between SM calculations and experimental results with relatively little
room left for new physics. When placing constraints on a given model it is useful to have
a calculation that is of a similar accuracy to the SM contribution. In the MSSM com-
plete NLO calculations, however, are rather complicated as additional two-loop diagrams
involving gluinos need to be evaluated. It is, however, possible to include the effects that
are large once one proceeds beyond the LO (BLO). Such effects are typically classified as
being proportional to either tan 8 or large logs. Such BLO analyses have been performed
in MFV [, 13, B, 13, [[4] and, more recently, in GFM [[[§-[[d]. In GFM, in particular,
a focusing effect was found in [[[5] that gave rise to significant shifts in the allowed re-
gions of parameter space compared to a LO analysis. (A similar effect appears also in the



MFV scheme but is much weaker [[[f, [[d].) Basically, in many cases of phenomenological
interest (e.g. , large tan 3 and p > 0), SUSY contributions to B — X,y are significantly
reduced compared to the LO approximation. A similar effect was also found in the decay
Bs — ptu~ and By — Bg mixing [[[7].

The aim of this paper is to present the first complete analysis of dominant BLO effects
in general flavour mixing in the case of three processes. The first, B — X7, has been
discussed previously in [[§, [[f]. However, here we shall include the additional corrections
that arise when one includes charginos and neutralinos in the resummation procedure
discussed in [[[]. In particular, we include contributions arising from higgsino exchange,
that are proportional to the Yukawa couplings of the third generation, and the additional
contributions to the charged Higgs vertex that were discussed in the context of MFV in [[[4].

The other two processes we shall consider are the decay By — uTp~ and By — B,
mixing. These processes have not been observed yet but have come under a lot of theoretical
scrutiny lately due to the large contributions possible in the large tan § regime. In this
paper we discuss the GFM contributions to both processes in detail, highlighting the effects
that appear once one proceeds beyond the LO.

In all the three cases, we shall present the analytic expressions required to implement
BLO corrections in the GFM scenario for possibly large deviations from the MFV scheme.
However, since these general expressions are often rather complicated, we shall also derive
expressions in the the mass insertion approximation (MIA), allowing the BLO effects to
be shown explicitly. In both cases we will provide an explicit recipe for including the
BLO effects into the existing LO expressions. Whilst we shall not include such effects
in the forthcoming analysis, the formalism we shall present should, with relatively little
modification, be applicable to the CP violating case.

The paper is organised as follows. In section fl we summarise the formalism employed
in this paper, giving complete expressions for all the corrected masses and vertices used in
our calculation. In section [ we present analytic expressions for these masses and vertices
in the MIA. In section [ we discuss the decay B — X,y providing analytic expressions
for the BLO corrections to supersymmetric and electroweak contributions in the MIA. In
sections f] and | we perform a similar analyses for the decay Bs — u*u~ and By — By
mixing, respectively. Finally, in section [] we present our numerical analysis.

2. Beyond leading order effects and general flavour mixing

The influence of tan 6 enhanced effects on the down quark masses, the charged Higgs and
neutral Higgs vertex are known to be large. It is therefore essential, especially when working
in the large tan # regime, that such contributions are taken into account (and resummed
if necessary).

In this section, we shall follow the method first developed in [IF, [lf] and generalise it to
include the additional effects that appear once the contributions of chargino and neutralino
loops are taken into account. It should be noted that the analysis below encompasses both
MFV and the GFM scenario and can be easily extended to include, for example, CP
violation or flavour violation in the leptonic sector.



2.1 The framework

Once the supersymmetric particles have been integrated out, the effective lagrangian de-
scribing the quark mass terms, at some scale u < Mgy gy, in the physical super-CKM basis
(SCKM) is given by

—L = dr (mg]) + 6md) dr, + uR <mg0) + 6mu> ur, + h.c., (2.1)

where dr, g and ur, g denote the down and up components of the left and right quark fields,
respectively.! In the physical SCKM basis the quark mass matrices are, by definition,

diagonal and it is possible to make the identifications

(0)

mg =my° + dmg = diag (maq, ms,mp) (2.2)
My :mgo) + om,, = diag (my, me, my) , (2.3)

where mg ., and m, ¢ denote the physical masses of the down and up-type quarks re-
specitively. The bare mass matrix m&o) is related to the 3 x 3 Yukawa couplings Yd(?}

derived from the superpotential in the usual manner,
0) 0)
m((i,u = Ud,qu(,u : (24)

where vg, = (H37u>. Finally, dmg4 and dm, denote the radiative corrections to the quark
masses induced by integrating out the SUSY particles [I§—RI]. The corrections have the
form?

1 1

dm,, is given by a similar formula after one performs the substitution d — u. The 3 x 3
hermitian matrices Eff’Z r and the 3 x 3 complex matrices EZ’LUL denote the contributions
arising from wavefunction and mass corrections due to two point diagrams involving gluinos,
charginos, neutralinos and squarks. (Full expressions will be given later in the text.)

Before discussing how the radiative corrections dmy are calculated, it will be useful to
consider the transformation from the interaction basis to the physical SCKM basis. In the
interaction basis, the MSSM superpotential is

Wi = —pHyH, + YO BaL B0 + V0" B,0°D° — YO0 £,0°0° (2.6)

QO and L° are the quark and lepton SU (2) doublet superfields, D, U° and E° denote the
singlet superfields and H, and Hy, are the two Higgs doublets that appear in the MSSM
(for more details see, for example, [f]), while Y%, ., are the appropriate 3 x 3 Yukawa mass
matrices in that basis.

Tt should be noted that, throughout this section, we shall adopt matrix notation and suppress flavour
indices unless otherwise specified.

2 As we allow the inclusion of electroweak effects we will not assume proportionality to the strong coupling
constant here, unlike in , @]



The soft SUSY breaking terms are also usually introduced in the interaction basis.
The lagrangian for the bilinear soft SUSY breaking terms is given by

—Lgms = iy + A + [0 (0 dy + e +
i mbg + afmiag + (@ (0,47 @ + b | (2.7)

where mé, m% and m%] are, in general, arbitrary 3 x 3 hermitian matrices. The trilinear
terms Ay and A,, on the other hand, are arbitrary 3 x 3 complex matrices. We have not
assumed that the trilinear soft terms are proportional to the appropriate Yukawa coupling.
(We discuss an alternative parameterisation, that can be used in the GFM scenario, in
appendix B.)

Transforming the quark fields from the interaction basis to the physical SCKM ba-
sis involves performing unitary transformations on both the left and right handed fields
such that

dr = Vgod%,  dp=Vy,ds, (2.8)
UR = VuRd%, uy, = VuLd% . (2.9)

The bare mass matrix is then related to the Yukawa couplings defined in the interaction
basis via the relation

my) = VooV VE L mlD = V0, Y0V

ur, ?

(2.10)

mg)) and m&o) appear in all quantities derived from the superpotential (B.6) not subject to

the corrections (R.3), such as the couplings of supersymmetric particles. The CKM matrix
K is related to the transformations (R.§)-(R.9) in the usual manner

K=V, V] . (2.11)

As the radiative corrections dmg, are calculated in the SCKM basis, it is necessary to
consider how the transformations (R.§)-(R.9), when performed on the squark fields, affect
the relevant mass matrices. After transforming to the physical SCKM basis, the soft terms

become
2 2 2 2 2 *
mg L :VDLmQVIT)L ; MgRR :VDRmDVIT)R , mgrr =Vp, (vady) VIT)R ;
m2 o, =Vo,mdVi . mE g =VumEVE o ml e =Vu, A VL (212)

The 6 x 6 down squark mass matrix M?I may then be written in the following manner

v (has Bt D B o
2 _ i )
‘ <m?l,LR + Fd,LR) m§ pr + Farr + Da,rr

(The up squark mass matrix may be similarly defined by substituting d with u.) The
F-terms that appear in (R.13) are given by

Forr = mElO)TmElO) , Firr = 171£l())171£l())Jr , Fyrr = —ptan ﬂmg)” , (2.14)



and the flavour diagonal D-terms are
Dd,LL = MMy COS Qﬁ (ng — Qd sin2 Hw) ]13 s Dd,RR = MMy COS QﬁQd Sin2 lelg . (2.15)

It should be noted that, in the physical SCKM basis, the F-terms are, in general, not
necessarily flavour diagonal as they are derived from the superpotential and are therefore

(0)

functions of the bare mass matrix m q -

To obtain the physical squark masses mg. it is necessary to perform an additional

unitary transformation on the squark fields such that
I’d/\/lzl‘;rl = diag <ch1’ . ,mcz6> . (2.16)

It is conventional to decompose the original 6 x 6 unitary matrix I'y into two 6 x 3 subma-
trices PdL and Fd R:

(Fd)n = (FdL)n ) (Fd)li+3 = (FdR)n . (2.17)

where I =1,...,6 and : = 1,2, 3.
Departures from the MFV scenario are often parameterised in terms of the dimension-

2 2
(md,LL) g (md,LR) g
ij ij

(92). = - (0tk), = L (218)

’ \/<m§,LL>ii <m?LLL> jj | \/<m?leL>n' <m3’RR)J’J
(5?%11) B <mfl R L) i <5 i > (mi,RR> ij
ij

g , = . (2.19)
ij
\/(mz,RR>“ (mz,LL) g \/(mi,RR> y <m?l,RR) .
17 (4 77

The soft terms m3 yy (X,Y = L, R) are given in (P.12) and ¢, j = 1,2, 3. Similar definitions
apply for the up quarks. It should be noted that, since mz 1 and mfl 11, are related to one

less quantities

another by SU(2) invariance, we have the relation
0, =K% K. (2.20)

Let us briefly comment on the basis dependence of these definitions of 6§l(y. Physical
quantities such as cross-sections and branching ratios are naturally independent of the
basis in which one defines the soft terms. The basis in which one defines the insertions
531(1/, however, is essentially a matter of convenience. As discussed above, we work in the
physical SCKM basis throughout this analysis and as such the definition (P.1§)—(R.19) is
essentially the easiest to implement numerically. Other definitions of 5§(Y have been used
in the literature before, for example, one might define 5§(Y in the uncorrected (bare) SCKM
basis where the Yukawa matrices derived from the superpotential are diagonal (we shall
define this basis more formally in subsection B.4). Transforming between different bases
involves performing additional unitary transformations on the soft terms (R.12) and, unless
large non-universalities exist, the differences between the transformed and the original



5§(Y are typically rather small. Below we will derive many expressions in the MIA where
one usually assumes that the diagonal entries of the soft terms are universal. In light of
the above we expect them to be applicable to alternative definitions of 5g(y. During our
numerical analysis we employ a similar definition for the SUSY soft terms to ensure that
our formalism remains applicable to as wide a variety of models as possible.

After defining our framework, let us now move on to the effects that these corrections
have on the electroweak and supersymmetric vertices.

2.2 Corrections to electroweak vertices

Integrating out the supersymmetric particles, coupled with the effect of transforming be-
tween the interaction and the physical SCKM bases, can affect the form of the electroweak
(i.e. the Higgs and gauge boson) vertices present in the resulting effective theory.
After transforming to the physical SCKM basis, the W boson vertex has the follow-
ing form
Lw = ﬂL’y“CE/dLWJ + ﬁR'y“Cg/dRWj + h.c. (2.21)

The 3 x 3 coupling matrices C’XV and C}‘%V, are given by

1 1
o =% <K+ SShLK + §K2ﬁL> +AC) =~ el (2:22)

V2 V2
CY =ACy . (2.23)

We employ the notation ACﬁ r to denote the vertex corrections that arise from three point
diagrams when one integrates out the SUSY particles. Identifying the left handed coupling
of the W boson with the physical CKM matrix K° that is measured from experiment,
we have the relation
1 1 2

Kt = K + Sou K + 5Ksz — g—fAch. (2.24)
The uncorrected CKM matrix K is defined in (R.11]) and appears in all vertices not subject
to the corrections (R.24).

Now consider the coupling of the Z boson with down quarks

Ly = JL’YMCLZdLZB + JR’}/MC]%dRZS . (2.25)

The 3 x 3 coupling matrices CLZ and CI% are given by

zZ_ 92 _2 .2 d Z

Ci = T oos B (1 3 sin 6W> (1 + EUL> + ACT, (2.26)
7___ 92 2.0 d Z

Cp = 5 c0s 0y 3 sin” Oy <1 + EUR) +ACk. (2.27)

The radiative corrections to C’LZ and Cg can induce off-diagonal elements to the coupling
that lead to additional sources of FCNC.

Turning to the Higgs sector, the inclusion of radiative corrections is especially impor-
tant. As the coupling between the Higgs sector and squarks features a dependence on the



soft SUSY breaking terms (rather than only gauge interactions), the corrected vertices that
arise when one integrates out the coloured SUSY particles can display a non-decoupling
property. Large corrections to the vertices are therefore feasible for even TeV scale sparticle
masses.

Once one has integrated out the SUSY particles, the charged Higgs interaction becomes

Lo+ = urCy dpST +urCy drSt +hec., (2.28)

where ST = H*, G and the 3 x 3 matrices coupling Cf;% are given by

1 1
cit = ﬁsmﬁy% (muK - XK - 5’”&0)2&[( + §m&O)K2gL> +AC]T,
(2.29)
+ 92 - d 1 0, 1 0 +
o8t = my(g) (Kmd — KX - SRS mP 4 S8 Kmg ’T> +ACy,
(2.30)

where yzqg

= cos (3,sin 3 and y(sg = sin (3, — cos 3.
The neutral Higgs and Goldstone boson interact with the down quarks in the follow-
ing way

Lgo = dC3dpS° + dCh dpS°, (2.31)

where S% = H? 10, A% GO and the effective vertices Cj%o and C}%O may be written in terms
of the 3 x 3 matrices

S0 92 S0 _ ¥d S0
CL = 2myy cos Bx(l) <md EmL> HACT
SO _ 92 S0 _ ydt S0
CR = 2mW Cosﬁx(l) (md EmL) + ACR (232)

and x(q’lo) = cos o, —sin a, isin 3, —i cos (.

In the limit where the physical SCKM basis is identical to the bare SCKM basis (i.e.
where mg = mg])), (R.39) is identical to the diagrammatic result derived in the on-shell
formalism used in [RZ, RJ.

2.3 Corrections to supersymmetric vertices

As the corrections to the electroweak vertices are calculated in the physical SCKM basis, it

is necessary to discuss how the supersymmetric interactions are altered once transformed

into this basis. Ignoring the effects of wavefunction renormalizations,® that are not en-

hanced by tan 3, the changes introduce(% ;by transforming to the physical SCKM basis
0

typically amount to the introduction of m;’ and K into the various vertices. For instance,

after these replacements have been performed, the chargino vertex becomes?
Lyx = Z i@y (X7), [(Car)ags Po+ (Car) oy; Pr](d); (2.33)
a,i,J

3We do, however, include these contributions in our numerical analysis.
4Our notation for the supersymmetric vertices differs slightly from that used in [@], broadly speaking,
one may convert between the two by making the substitution L < R.



wherea =1,2,¢=1,2,3, and J = 1,...,6 and the couplings Cy; and Cy g may be written
in terms of the matrices

_ « 92 x (0)
Car)y = — g2V CurK) o+ ——2— v (T rmOK) | 2.34
(CaL) oy 92V Tu LK) o sin g o2 ( RM )Ji (2.34)
92 (OF}
(CdR)an \/imw COSﬁ a2 <FULKmd )Jz' ) (235)

where K is defined in terms of the physical CKM matrix by KT in (R.24) and the bare
masses are given by (R.J) and its analogue for the up quarks. The matrices U and V'
diagonalise the chargino mass matrix M,+ such that

-I- _ .
UM, V" = diag <mxfc’mx§£) )
The appearance of the bare quark mass matrix m&o) in these vertices can lead to large

effects in both MFV and GFM models. A full list of vertices relevant to our calculation
appear in Appendix [d.

2.4 Numerical aspects

Let us now discuss how the method discussed above should be implemented numerically.
As we will be investigating values of up to O(1) for the flavour violating parameters 6%,
(X,Y = L,R) (13)-(R.19), it is important to devise a method such that the effects
discussed in section ] are taken into account, whilst also retaining the numerical accuracy
associated with working in the squark mass basis. Such an iterative method was proposed
in [16] and it will be useful for our purposes to briefly summarise it here.

Once the unitary transformations (R.16) have been performed on the squark fields the
gluino contribution to §my becomes [[LG]

6
a
dmg = i Cs (3) Z (Tar)ri Tar)r; mg Bo (m%, mz}) ’
I=1

The Passarino-Veltman function By can be found in appendix [A.H. Using this relation it
is possible to calculate the bare mass matrix using (2.3). It should be noted, however, that

(0)

dmg contains a dependence on m,;” as it appears in the squark mass matrix through the F-

terms (P.14). It is therefore necessary to employ an iterative procedure such that m&o) and
the mixing matrices 'y, r are determined to the desired level of accuracy. The inclusion
of the effects induced by chargino and neutralino contributions introduces a dependence
on mgo) and the uncorrected CKM matrix K in the formula for émg. One must therefore
expand and generalise the iterative procedure presented in [[Lf] such that these effects are
included as well.

In the first step of the procedure, mg)), mgo) and K are set equal to the input parameters
mg, my and K respectively, and dmg is set equal to zero. In the second step, the squark
mass matrices and the supersymmetric couplings are then calculated with these input

values, allowing the evaluation of the radiative corrections %%, X% and ACXV using the
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formulae presented in appendix [D. In the third step, Mg, the bare mass matrices and K
are determined using (R.3) and (R.24). The resulting values are then used as the new input
parameters in step two. The second and third steps are then repeated until convergence
occurs. The iterative procedure converges rather rapidly and after n iterations amounts
to including the first n terms that arise in a Taylor expansion in tan 3. For an example
of the procedure applied to MFV, see [IG]. With the final forms of the supersymmetric
couplings, uncorrected CKM matrix and bare mass matrices determined, the corrections
to the Z boson, charged Higgs and neutral Higgs vertices may be calculated using the
formulae presented in section and appendix [J. We should emphasise here that we work
in the squark mass basis throughout and therefore include all the effects that can occur at
higher orders in the MIA as well as the BLO effects described in the previous subsections.
In addition, we include the effects induced by additional electroweak contributions, light
quark effects and SU(2), x U(1)y breaking.

3. The mass insertion approximation

Expressions for m&o) and the corrected vertices are well known in MFV models [23, [L1], [[4]
and it will be useful for our purposes to extend these results to the GFM scenario. The
flavour dependence of analytic expressions is often rather obscure when flavour violation
is communicated via the matrices (R.17). To express the underlying dependence on the
off-diagonal elements of the soft breaking terms it is therefore useful to work in the mass
insertion approximation (MIA). According to this approximation the off-diagonal elements
of M?Z are treated as perturbations and enter expressions through mixed propagators pro-
portional to the relevant element (or insertion). These insertions are parameterised in terms
of the dimensionless quantities defined in (B.1§)—(2.19). Equivalently, one may expand the
matrices (R.17) about the diagonal. When performing actual numerical calculations it is
more advantageous to diagonalise the squark mass matrices (2.13) using numerical routines
to ensure that higher order terms in the MIA are included, this is what we shall do in our
numerical analysis presented in section [q.

Before proceeding with our analytic expressions for the bare mass matrix and the
various effective vertices, let us first outline the approximations we shall use throughout
this section. As we are chiefly concerned in exhibiting the dominant behaviour displayed by
the corrections to the bare mass matrix and effective vertices, in this section we shall work in
the approximation of vanishing electroweak couplings and typically ignore SU(2)z, x U(1)y
breaking effects. We therefore mainly concern ourselves with the effects induced by gluino
exchange, and those that arise from higgsino exchange that are proportional to the Yukawa
couplings of the third generation. Let us emphasise, however, that during our numerical
analysis we include all the effects that arise from non-zero electroweak couplings, SU(2)y, x
U(1)y breaking effects and the effects of the Yukawa couplings of the first two generations.
Concerning the accuracy that we work to within the MIA, we typically include terms up
to second order in the MIA (unless specified otherwise). We therefore do not include the
effects of multiple diagonal LR insertions that are proportional to m?L LR™ ,umg)) tan 8. It is
possible to resum the effects induced by these insertions via the method outlined in [RJ]. In

— 11 —
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Figure 1: The dominant gluino and higgsino diagrams that contribute to %2 ;.

this method however, some BLO effects are then encoded into the factors of cos ¢; and sin 6;
that appear in the MFV squark mixing matrices. Since the ultimate aim of this section is
to present analytic expressions that represent all of the BLO corrections that appear in the
framework presented in section ], we shall only consider the effects of at most one flavour
diagonal LR insertion. Converting our expressions to take into account such effects however
should be relatively easy. Finally, to allow for easy comparison between our results and
those that already exist in the literature, we have assumed that the trilinear up-type soft
terms are proportional to the appropriate Yukawa coupling (i.e. mz L = MyAy, where
A, = diag(Ay, A, Ap)), although we still do not assume a similar relation for the down-
squark sector, (it is easy to convert back by making the substitution A; — (mi I R) 53 /my

in the various expressions that follow).

3.1 The bare mass matrix in the MIA

We shall first consider the corrections induced by CKM and GFM effects on the bare mass
(0)

matrix m;"’. Loop corrections to the bare mass matrix in the MFV scenario were derived
in [[[9, B, [[(1]]. They were subsequently generalised to GFM in [1, (5, [Lq].

The bare mass matrix may be determined by evaluating the self energy corrections
that appear (R.§). The dominant contributions to an ; arise from self-energy diagrams
involving gluino and chargino exchange, which are depicted in figure fIl. On the other hand,
the corrections to Eg g are rather small when compared to those that arise from Efn I
as they are not enhanced by tan §, nor do they feature a chirality flip on the gluino line.
Coupled with the suppression factors of m&o) that accompany them in (R.H), their omission
will not dramatically affect our final results.

To first order in the MIA, the diagonal elements of m((io) are given by”

O _ _ (M)
<md )zz  14¢tanf’ (3:1)

where ¢ = 1,2,3 and ¢; denotes the combined dominant gluino and chargino contributions

€ = €5 + EyYVtQ(;ig , (32)

®In the following we shall neglect the flavour diagonal contributions that arise from the soft terms mg’ LR
unless they tan § enhanced. The corrections induced by these terms are included in our numerical analysis.

- 12 —
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Figure 2: Additional GFM contributions to the diagonal elements of mgo)'

Y; is the top quark Yukawa coupling and d;3 is the usual Kronecker delta function. The
coefficients €5 and ey are given by

_ O K U
€s — —%02(3)”1—’&[{2 <de7de> s (33)
Ay
€y = —MHZ (yﬂRainL) . (3-4)
In the above expressions « is the strong coupling constant and Cy(3) = 4/3 is the

quadratic Casimir operator for SU(3) and A; = (Ay)s3. The loop function Hs is given
in appendix [A.]], whilst the arguments of the function are

2 2
o Marr o Marr 3.5)
de - mg 9 yuL - Mz bl ( .
g

the definitions for T and yg, may be easily obtained by substituting L with R in the
above expressions. It should be noted that the soft terms that appear in (B.j§) are common
values of the diagonal entries of the SUSY soft terms (R.12).

It is possible in GFM models to induce large contributions to the bare down and strange

quark masses through diagrams involving three insertions (figure fl) [26]. For example,

O e |y m OG0 Y
<md >22 (1 + €stan 3) [ ms (1 + eztan 3) (5LL>32 <5RR>23 ’ (3.6)

where ¢4 is given by

Qg )2
€4 = _502(3)7’)1_'5[{4 (ng,ng,ng,ng> . (3.7)

The loop function Hy is given in appendix [A.1 whilst its arguments are given in (B.5).

ElO)' The diagrams in figure [l and

Now let us turn to the off-diagonal elements of m
figure [ illustrate the flavour violating corrections that arise from MFV and GFM contri-

butions. Evaluating all four diagrams, we find the contribution

ERLTS M €RRT5 (mg).:tan
(méo)) _ dr'''9 <5§1%L> _ dR( )J] ~ (5d ) _
ij  1+eitanf ij (1+¢;tanp) ij
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Figure 3: GFM contributions to the off-diagonal elements of m .

g, (08), + o VEKGKy) (ma) tan B .
(1+ ¢ tanB) (1 + ¢, tan §) ’ '

where ey, and €7, are given by

Qg Qg M
ERL = —%CQ (3) HQ (ng,ng) s €L, = —%02(3)m—§H3 (Z’JR,ng,.%’JL> (3.9)

and egpr can be obtained by making the substitution L < R in the formula for €. The
loop functions Hy and Hj are defined in appendix A.1, the CKM matrix K is defined

in (2.11)), ¢; and ¢; are defined in (B.9), and xg s given by

\/ m?z,LLm?l,RR
_ , (3.10)

X~ _=
drr m2
g

It will be useful to see how the above expressions behave in the limit of degenerate
sparticle masses. For instance, the various e-factors that appear in the above formulae

become
o 1 A
€5 = 3—;5gn (1), €y = 55 55N <Zt> , (3.11)
« « «
e = ——sgn (u), €RL = — , er, = ——sgn (p) . (3.12)
187 3 9

From (B.11)) it is easy to see that, in the phenomenologically favoured region u > 0, A; < 0,
the chargino and gluino contributions in (B.3) for i = 3 partially cancel. This can lead to
a reduction of BLO contributions compared to a case where only gluino contributions are
taken into account.

As we are chiefly concerned with flavour violation in the down squark sector, we can
safely omit the effects induced by LR, RL and RR mixings amongst the up squarks. In
other words we assume that mi L and mi rp are diagonal matrices. However, the insertion
0%, is related by SU(2) symmetry to 5% ;, and its effects on the bare mass matrix should
be included. In the approximation used in this subsection however, the contributions
proportional to ¢%;, that arise solely from higgsino exchange, are rather small, as they are
suppressed by factors of the Yukawa couplings of the first two generations. We will see in
section B.3 however, that, once one includes the effects induced by non-zero electroweak
couplings, additional contributions are possible.

- 14 —



Figure 4: The gluino correction to the Z boson vertex that arises at second order in the MIA.

3.2 Corrections to electroweak vertices in the MIA

Now let us consider the effect of supersymmetric contributions to the various electroweak
vertices in the MIA. As stated in section R.3, the CKM matrix that appears, for example,
in the chargino vertex (R.33)-(R.3H) is related to the physical CKM matrix by the rela-
tion (R.24). At first order in the MIA, the vertex and self energy corrections arising from
gluino exchange cancel due to SU(2)7, x U(1)y gauge symmetry. The first corrections to K
therefore appear at second order, through diagrams involving two SU(2), x U(1)y breaking
insertions on one of the squark lines. The contributions to the vertex therefore tend to be
suppressed by factors of either my or cot § and, whilst we take into account these effects
in our numerical analysis, to a good approximation we may set X = K°T. A similar result
holds for the effective right handed coupling of the W boson (R.23).

Turning to the Z boson vertex, once again we find that, to first order in the MIA,
the self energy and vertex corrections cancel due to SU(2);, x U(l)y gauge symmetry
The first non-zero contribution arises from the diagram shown in figure {l involving two
SU(2)r, x U(1)y breaking insertions.

Evaluating the contributions to the effective vertex we find for (CLZ )23

VA g2 asCy(3) Iz (wg) mpp tan G d
= - ——— (6
() 3 2cosfy 27 m% (1+ estanf) (ma.LR)gs 1+ estan 3 < LR) 23’

(3.13)
where the function fz is given in appendix A.J. The expression in square brackets in
the above expression represents the effect of the flavour diagonal RL insertion. The off-
diagonal elements of the bare mass matrix can also induce terms proportional to 5% ; and
531% r» that can viably compete with the corresponding contributions that arise at third order
in the MIA. Although the vertex (B.1J) is enhanced by tan 3, we shall see later that the
contributions to a given process due to this vertex scale as mQZ /sz’U gy and are typically
rather small.
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Now let us turn to the Higgs sector, where the effects induced by supersymmetric
contributions to the charged and neutral Higgs couplings are known to be large [[L1, L2, B4].
These corrections can, in turn, affect FCNC processes especially in regions of parameter
space where FCNC mediated solely by sparticle exchange are suppressed by large sparticle
masses.

The charged Higgs vertex receives corrections [R5, [T, [J] from both gluino and higgsino
exchange. To second order in the MIA, the effective charged Higgs coupling is given by

+ 92 0
<C’£{ >ij :\/imw (M), cot B [Kij (1 — € tan B+ E’Y(yb( ))253j tanﬂ) + AZLJ] . (3.14)

o+ ) (md)jj N R
<CR >z’j ~ V2my (1 + € tan B) tan 3 (Kij + A55) (3.15)

where 4,7 = 1,2,3 and Yb(o) = (Yd(o))33. The factors €, and €}, are given by

o 1 (mqrLr)
€ = —2—;02(3)%[-[2 <maR,xd~L) , €y = 33

m 1672 ( (0>)
! HA\Ma )5

The arguments of the loop functions Hs can be obtained by the appropriate generalisations
of (B.5). Finally, the 3 x 3 matrices AiLj’R denote the additional off-diagonal contributions
that arise in both MFV and GFM models due to the off-diagonal elements of the bare mass

matrix and the GFM parameters. AiLj’R may be decomposed as follows

Hy (ya,yg,) - (3.16)

L,R L,R L,R
Aij = Aij + 7 (3.17)
The MFV contributions AiLj to the vertex have been highlighted in [f}, [[4]. In the formalism
developed in section E, they arise due to the presence of the bare mass matrix in the

neutralino vertex, and have the following form

€l ey(Y(O)Y} tan (3)2
AL — .Y b N (31 5 R
1) 7 1 + Ej tanﬂ ) (Za.]) (3, ), (3, ), (3 8)
A@'Lj =0, otherwise . (3.19)

It should be noted that the additional terms found in [[[4] for (i,7) = (1,3),(2,3) do not
appear as we do not assume that the trilinear soft terms are proportional to the bare
Yukawa coupling. If one adopts the parameterisation described in appendix [, where such
a relation is assumed, it can be shown that one obtains an additional contribution to AiLj
in agreement with [[[4].

The GFM contributions to AiLj arise from the two diagrams shown in figure fj. Evalu-

ating the contributions yields

~ 5d>
de(LL jl+

0
Lm0 g U b caton)
my (1+¢;tanp) ji

/ 0)\2
L _ / 6LLﬁy(Yb ) tan §
vk = _Kiitan5[<6LL_ 1+ ¢;tan 3
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Figure 5: The dominant GFM contributions to the left-handed charged Higgs vertex, arising from
gluino and higgsino exchange.

+ e (N )59, (6?%)].1 L) =(31),62), (320

fyiLj = —-K; tanﬁlelLLng <5%L)Z_] *

0 o
A (5%3)17-]7 (i) = (1,3), (2,3), (3.21)
where €}, and €}, are
! Qs H / 1 H
€L = —%02(3)7”—5}13 (ﬂfaRaﬁﬂgL,l“gL) ; €RL = _WWHQ (yaLayJR) :
33

(3.22)
It should be noted that the third term in (B.20) is proportional the Yukawa coupling of
the down or strange quark. We include it however as the factors of cos 3 present in the
denominators of the Yukawa couplings (we remind the reader that Yy ~ mg/myy cos ) can
effectively lead 'yiLj to vary as tan® 3. This term can become important if (5% R)32 = 5sz is
large O (10*2).
Now consider the right-handed coupling of the charged Higgs. In this case the dominant
corrections to the vertex are due to the self-energy correction E‘fn ;- The MFV contributions
to the vertex are reflected by the appearance of a factor of (1 + ¢; tan 3) in the denominator

of (B.1§), in agreement with [[[4].

In models with GFM it is possible to generate additional terms of the form

€RRT; tan( (mq),,
R _ K. dr d)ii d
Vi | T+ e tan B) (ma) (9he),, +

v

temag e () | G)=Ge2. 63

Jj J?

€rrLxry tan (@
R dr d
R_ _p, |—Tde 7 <5 )
Tij " [(1 + €; tan 3) LL ). +

+€RLTG, €

)y (5%R>z~j ] (i) = (1,3),(2,3). (3.24)
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A particularly interesting consequence of (B.23) is that one can often avoid the factor of
the strange quark mass, that appears in the right handed vertex (B.14) when ¢ = 3 and
j = 2, via flavour violation in either the RL or RR sectors.

It is apparent from the above expressions that GFM contributions, to both the left and
right-handed vertices, can play the role of the off-diagonal elements of the CKM matrix.
The off-diagonal BLO corrections to the charged Higgs vertex can therefore be rather
large in the GFM scenario. Substantial enhancement or suppression of charged Higgs
contributions to FCNC are therefore possible, even in the limit where the squarks decouple
from the theory. In addition, tan 8 enhanced corrections affect the underlying structure
of the charged Higgs vertex, in both GFM and MFV, via the factors of (1 + ¢; tan 3) that
occur in the denominator in (B.15) and the corrections € and €/, that appear in (B.14).

The corrections to the charged Goldstone boson vertex [[L1] prove to be rather small,
as the vertex is protected by SU(2) symmetry and the self energy and vertex contributions
approximately cancel. These cancellations are required as, in a general R¢ gauge, the
corrected Goldstone boson vertex must act to cancel the & dependence of the contributions
originating from W boson exchange. The corrected vertex must therefore, in a similar
manner to the corrected W boson vertex, be proportional to SU(2);, x U(1)y breaking
effects, even for GFM.

Finally, let us consider the corrected neutral Higgs vertices (R.31)-(R.39). The dom-
inant contributions originate from the self energy corrections E‘fn ;- To first order in the
MIA the contributions to the flavour diagonal elements of the effective A° vertex become

A0\ g2 (Ma)y
(CL >u  2my tanﬂ(l + e tan 8)’ (3:25)

whilst the contributions to the effective H? and h® vertices are

HO g2 (ma);; .
T : 2
(CL >“ 2cos Bmwy (1 + € tan §) (cosa + ¢;sina) , (3.26)
R\ g2 (ma),; . o
(CL >u = 2 cos fmw (1 + €; tan 3) (sina —ejcosa). (3.27)

At third order in the MIA, further corrections proportional to combinations of 5% ; and
531%3 are generated in a similar manner to (B.§) that can lead to large corrections to the
Yukawa couplings of the first two generations. Full expressions can be found in [R§].

The off-diagonal elements of the coupling are generated by MFV and GFM contri-
butions and, in a similar manner to the charged Higgs vertex, it is useful to perform the
decomposition

MFV GFM
<CE,OR)” = (CE,OR). + <CE,OR>” ; (3.28)
iJ i iJ
where S° = A% G°, HO, h®. The dominant MFV contributions to the off-diagonal elements
of the coupling arise from higgsino exchange and are given by [f, [[4],

<Cf0> MEV. gy (mg) ey YR KKy tan® 8 (3.29)

i 2mw (1+¢tan ) (1 +¢jtan3)
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Figure 6: Contributions to m "’ arising from the insertion 67 .

The GFM contributions arise primarily from gluino exchange and yield the additional

contribution
GFM ) mq):; ELLTT
<Cf0> _ 1092 tanQB ( )zz dr, <6%L) +
ij 2mw (1 + ¢ tan B) (1 + ¢ tan 3) ij

ERLE, MG 7 (md) - ERRXL T
o () e () L (3.30)
(1+¢;tan 3) ij (14 ¢jtanf3) ij

The off-diagonal couplings of the scalar Higgs bosons H? and h° may be obtained via the
simple substitutions

CH’ = isin(a—pB)C7, = icos(a—pB)CP, (3.31)

whilst the right handed couplings can be obtained by taking the hermitian conjugate. Due
to an accidental cancellation between the self-energy and vertex corrections, the terms
proportional to 5?% and 5% r vanish at LO. However, once BLO corrections are taken into
account, it is possible for these insertions to reappear through their effects on the bare
mass matrix m((io) .

Once again, it should be noted that, due to SU(2) invariance, the Goldstone boson
vertex does not receive large corrections even once GFM contributions are taken into ac-
count. As a result any contributions to the corrected vertex are attributable solely to
SU(2)r, x U(1)y breaking effects and are rather small.

3.3 Additional electroweak effects

As discussed at the beginning of this section the results presented so far have been derived
in the limit where the electroweak gauge couplings ¢g; and gy are set equal to zero. The
aim of this subsection is to briefly discuss the dominant contributions that arise once one
proceeds beyond that approximation, and to provide some simple substitutions such that
these effects can be taken into account.

First, let us consider the effect of such corrections on the bare mass matrix. One of
the most important corrections in this case is due to the gaugino-higgsino mixing diagram
shown in figure [ that arises if the insertion §%; is non-zero [R].
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The corrections induced by this diagram may be taken into account by making the
following substitution in (B.§)

2
ELLJ'C'[L — GLL.%'JL + Z EiLLygL , (3.32)

a=1
a _ .2 2 a : :
where Y5 =Marr / m - and €} 11, 1s given by

Vim -U
a - al™xq a2 ( a a >
= Hy (% y% ). 3.33
NLL ™ Y sin? Ow /2myy sin 3 2 \Ya, Y, (3.33)

a denotes the electromagnetic coupling constant. We have made use of the relation (2.2()
to express the contribution in terms of flavour violation in the down squark sector. In the
phenomenologically interesting region p > 0 and Ay <0, €]/, interferes destructively with
the gluino contribution er; and acts to reduce the correction to méo) that is proportional
to flavour violation in the LL sector.

Turning to the charged Higgs vertex, as discussed in [[4], large contributions to the
left-handed vertex arise from diagrams featuring gaugino and higgsino exchange. They

may be included by making the following substitution in (B.14))

€ = €t €y (3.34)
e;( has the following form
! a X8 w7 2 a a
- 2 Mol — V5N tan Oy Hy (y2
x 47 sin? Ow % mX; aa{ 3 a2iVa1 VAN UW £12 (yuR, wa) +

+ [; i <3N tanGW—N;2> \/_ i} ;4] X
x Hy (ya ,wi) } (3.35)
where the quantity M, is given by
Moo = Uga (N tan By + Ny) — V2U, N,

and wd = mX0 / m . Our results for € €, agree with those originally given in [4]. To include
the additional effects induced by GFM one has to consider the diagrams shown in figure [q.
Their effects may be included by making the following correction to (B.20)-(B.21))

/ / a _al
ELL,IC’[L — ELL.’EU’[L + E yELEXLL, (336)
a
where ex 11 is given by
6] m.o —
al 2 : Xa
€ LL = — N Maax
X A7 sin® Oy —m, —
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Figure 7: Additional GFM contributions to the left-handed charged Higgs vertex, due to the
electroweak effects considered in subsection E

1, (1 Lo
x [5 ) <§N;1 tan By — N;2> - EVMNM] Hy (ye oyt ws). (337)

Both the MFV (B.3H) and GFM (B.37) corrections typically interfere destructively with the
dominant gluino contributions and can lead to an appreciable reduction of BLO effects.

Finally, let us consider the neutral Higgs vertex. As discussed in the previous subsec-
tion, the dominant contributions to the effective vertex arise from the self-energy corrections
Efn ;- The effects induced by non-zero electroweak couplings may therefore be included, in
a similar manner to the bare mass matrix, by making the substitution (B.32) in (B.3().

3.4 Other methods

The method outlined in section ] takes into account both tan 3 enhanced effects and those
induced by non-minimal sources of flavour violation. Other methods have been proposed
in the literature that can be modified to include the effects of GFM and it shall be useful
to briefly consider how two specific examples compare with the method employed in this
paper.

The first method, presented by Buras et al. [[4], works in the bare SCKM basis. In this
basis the Yukawa matrices Ydo) and Yu(o that appear in the superpotential are diagonal.
Calculating the self-energies in this basis gives the physical quark masses

mq = DR (Udffd(o) + 5m(0)> DTL (3.38)

where }Afd(o) is the diagonalised Yukawa matrix, and 6% denotes the contributions of the
self energy corrections (2.§) calculated in the bare SCKM basis. Dy, and Dg denote the
unitary transformations performed on the squark fields that transform between the bare
and physical SCKM bases. The bare mass matrix méo) defined in (P.3) is related to these
quantities by

m = Dp (va¥y”) D} . (3.39)
It is straightforward to relate the matrices Dy g to the unitary matrices Vg, . that ap-
peared in section B. If, in analogy with the transformations (R.§)-(R.9), one defines a
transformation from the interaction basis to the bare SCKM basis such that

(0 0 0)o 0
O _ v (v07) vt (3.40)
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Dpg and Dy, are then given by
DL =Va, V", Dr=Va, Vot (3.41)
One may also define the bare CKM matrix in the SCKM basis
0
KO =vOvOT =yl KDy . (3.42)

The role played by the off-diagonal elements of méo) in section [ is taken by the unitary
matrices Dy, Dr and the bare CKM matrix K. For instance, the bare CKM matrix
elements ng ) and Kc(g), in the bare SCKM basis, are related to the corresponding matrix

elements K, defined in the physical SCKM basis via the relation

(14 eztan f3)
(1 + estan )
. (1+63tan5)%x~ 4 €rptanf

RL(l—i—estanﬁ) my dre ER (14 estan f)

Kt(sO) = ts —

wg of L} Ky, (3.43)

5O _ (1 + egtan )
cb (1 + estan j3)

(1—|—63tamﬂ)%x~ 4 €rrtanf

(1 + ez tan ) my "~ dre R (1 4 ¢, tan §)

ch +

+ [ERL CC&“L5%L:| K. (3.44)
Where we have used the shorthand 5%L = (5%L)23 and 6%}% = (6%}%)23. Strictly speaking,
the uncorrected CKM matrix K should appear in the above relations, however, as discussed
in section B.J, the vertex and self energy corrections are negligible and one may, to a good
approximation, set K = K°T. An interesting consequence of this formula is that the matrix

)

the presence of general flavour mixing [R1, [[§]. We will discuss the consequences of this in

section [.4)

As the two methods are practically equivalent, choosing between them essentially be-

element Kt(g obtained by diagonalising the bare Yukawa couplings Yd(ou)O can be zero in

comes a choice as to which is more suitable for the problem at hand. In MFV scenarios the
method presented in [[I4] is generally more convenient as it is only necessary to calculate the
diagonal parts to the vertex and self-energy corrections induced by gluino exchange. For
example, when using the method described in section f| the correct form of (B.29) is only
obtained when one considers the off-diagonal gluino contributions as well as the higgsino
exchange diagram.

In the GFM scenario the situation is rather different. As the off-diagonal contributions
to the electroweak vertices and non-renormalizable operators induced by gluino exchange
are evaluated anyway, the method described in this paper can become more preferable.
In particular, the flavour diagonal contributions, induced by the exchange of the super-
symmetric particles, to the various non-renormalizable operators applicable to the process
under investigation no longer have to be calculated, as the role played by the matrices Dy,
and Dpg is replaced by the off-diagonal elements of mg]).

The second method, presented by Dedes and Pilaftsis [[L3], concerns itself mainly with
CP violation, however it is essentially applicable to both MFV and GFM CP conserving
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scenarios as well. After translating to the physical SCKM basis their expression for the
bare mass matrix reads
mq=m R, (3.45)

where R is a 3 x 3 matrix. It is then possible to express the various Higgs interactions
via an effective lagrangian expressed in terms of the physical quark masses and the inverse
of R. In the context of MFV and GFM scenarios with mixing only in the LL sector this
parameterisation is sufficient. However taking into account all sources of flavour violation
yields the more general form

my = m&O)RL + RRmElO) + Rq . (3.46)
In the MIA, the 3 x 3 matrices Ry, Rr and Rg may be decomposed in the following way

R;, =1+ estanf+ ZeyKTYUQKtanﬂ—l— err tan g3 CEJL(;%L,

u

Rpr = +egptan ng(S}i%R,
Rg = —e€RrL mgxgm(ﬁl%. (3.47)

(0)

Obtaining a solution for m ;" is therefore rather more complicated than simply finding the

(0)

inverse of R. Considering each element of m;”’ in turn, however, it is possible to replicate

the results for méo) presented in subsection B.1.

4. B — X,v Beyond the LO

Of all the FCNC processes involving transitions between the b and s quarks, B — X,v is
currently the best understood both experimentally and theoretically. The data being taken
by B-factories such as BaBar and BELLE, is leading to an increasing degree of precision
for the measurement of the branching ratio of the decay. The current world average is [R7]

BR (B — Xv),. = (3.395057) x 1074, (4.1)

exp

This value takes into account the most recent BELLE [R§] and BaBar results [J].
The SM prediction for the branching ratio is based on a NLO calculation that was
completed in refs. [B] B3], resulting in the prediction®

BR (B — Xs7)gy = (3.70 £0.30) x 107*. (4.2)

It has been pointed out recently [B3 that, if one applies a realistic cut-off for the
photon energy (rather than E, > 1/20 my), a dependence on two additional energy scales
appears when calculating the branching ratio for the decay. The first scale (u; = v/mpA) is
associated with the energy of the final hadronic state X, whilst the second is dependent on

5This result includes the NNLO effect induced by using the running charm quark mass rather than the
pole mass when calculating the charm quark contributions to the decay [@] A more formal NNLO analysis
of these effects has been performed in [@]
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the energy range under investigation (g = A = my—2E,). The perturbative uncertainties
associated with these scales are rather large and can lead to a significant increase in the
error associated with the branching ratio. However, in exchange, the final result can
be compared directly with those determined directly from experiment rather than model
dependent extrapolations to E, > 1/20 my.

We should also briefly mention that steps are now being taken towards a NNLO cal-
culation [B4, By, that should increase the accuracy of the SM prediction to roughly 5%.

The effective hamiltonian relevant to AF = 1 processes such as the decay B — X, is

8
4G elr *x €
Mepr ==~ K HGT 32 [Ci(w) 01 () + L) O} (10)] (43)
i=1

The operators most relevant to the decay are

(&

07 = me (§L0'lwbR) F;,u,/ ) Og = - mp (ELUMVTabR) GZV . (4'4)

s
1672
(The six remaining operators can be found, for example, in [B(]). The primed operators
can be obtained via the simple substitution I «<» R. The contributions to the primed
operators are negligible in the SM. However, in more general models, such as the MSSM
with general flavour mixing, their effects can no longer be ignored. As the primed and
unprimed operators do not interfere with one another, any new physics contributions to C?
and C}§ enter quadratically and therefore act to increase the value of the branching ratio.
New physics contributions to C7 and Cg, on the other hand, interfere directly with the SM
contribution and can lead to far more varied effects.

The good agreement (within 1o) of the SM prediction and the current experimental
results allows one to place increasingly stringent bounds on the effects and mass scale of
new physics contributions. In doing so it is important to include the effects of new physics
at a similar precision to the SM result. NLO matching conditions have been completed
for several extensions of the SM, for example, the NLO matching conditions relevant to
the 2HDM were presented in [B7, whilst a more general analysis was presented in [Bg.
Turning to the MSSM, however, things become rather more complicated. A complete
NLO calculation would involve the evaluation two loop diagrams involving both gluons
and gluinos. For MF'V this task is already underway and, for example, the NLO matching
conditions for the charged Higgs contribution have been discussed in [BY]. Theoretical
calculations have, thus far, concentrated on particular cases. The calculation presented
in [{id], for example, considers a realistic but specific region of MSSM parameter space
where the charginos and lightest stop are relatively light compared to the rest of the
sparticle spectrum and tan § is rather small. These results were extended to the large
tan 3 regime in [T, [J. The same papers also considered the dominant effects that occur
BLO for generic SUSY scenarios taking into account effects enhanced by large logs and
tan 8. These results were subsequently extended to include CP violation [[], additional
CKM effects [{] and SU(2)1 x U(1)y breaking and electroweak effects in [[L4].

In the GFM scenario the LO matching conditions have been known for some time [3 -
4] and, in a similar manner to the MFV calculation, the NLO matching conditions have
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been derived in the limit where the gluino decouples and tan 3 is small [B]. An extension of
the analysis given in [[L]] to the GFM scenario was presented in [[L, [l6] where it was found
that BLO corrections can play a large role and can lead to a significant relaxation of the
limits placed on GFM parameters compared to a LO analysis. The aim of this section is to
present calculations in the MIA for both the electroweak and SUSY contributions to B —
X7, allowing one to easily determine the dominant effects that occur once GFM is taken
into account compared to MFV calculations, as well as presenting the calculations detailed
in [L6] in a more transparent way. In doing so we therefore adopt the approximations

discussed at the beginning of section f.

4.1 BLO corrections to electroweak contributions in the MIA

As emphasised in section [, including tan 3 enhanced corrections to the charged and neu-
tral Higgs vertices can lead to large effects. Let us first consider how the LO charged
Higgs contributions to the decay B — X7 are altered once these effects are taken into
consideration. Using the corrected vertices (B.14)—(B-I§) the dominant MFV contribution

in the large tan 3 regime is given by [, f, [[4]

_ MFV 1 ¢ GY(Y(O)Yt tan 3)2 2 [ m?
§H == (1-¢y YV Te F? t ). (.
< 07’8> 1+ eztan 3 ( € tan j + 1+ estan 3 78 m2,. (45)

The loop function F7(,28) is given in appendix A.3. Note that ([L.5) includes the LO contri-
bution in addition to the BLO corrections. Turning to the degenerate mass limit we see
that €, depends on the sign of p. In the phenomenologically favoured region p > 0, for
example, the BLO corrections induced by gluino exchange typically reduce the branching
ratio compared to a simple LO calculation. The higher order contribution proportional to
Yb(O)Q, first pointed out in [B], on the other hand is dependent on the sign of the trilinear
soft terms and can therefore interfere destructively or constructively with the (dominant)
gluino correction depending on the model at hand. It should be noted that ([.§) only
serves as a rough approximation of the BLO effects and that the additional effects arising,
for example, from gaugino mediated exchange and SU(2);, x U(1)y breaking can lead to
deviations from this idealised result in some regions of parameter space [14]. The dominant
effects that arise from these corrections may be included by performing the substitutions
presented in subsection B.3

The GFM contributions to the charged Higgs vertex, discussed in section B.3, give rise
to additional BLO corrections to C7 g given by”

<5H* o )GFM K}, elLLxJL tan (3 EIYELLxJL (Yb(o) tan 3)2 .
7.8 = T Tx -
’ K}, (1+estanB) (1 +estan3) (14 estan3) | X
(0)y2
%ERLGS/ngL (Yb ) tan G d
myp 1+ estan 3 LR
"From now on we shall adopt the conventional shorthand 6%y = 6%y .
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© @ (_mi

+ E%LyJRLY}) Y'S(O) tan G 6?%L}F7,8 <m%{t+> . (4.6)
The factor of K}, /K}, that appears in front of ([L.6) reflects the fact that the flavour
change is governed by the GFM parameters 6% ; and 6% gy rather than the CKM matrix.
The additional GFM contributions interfere directly with the MF'V corrections to the LO
result and, depending on the sign of 5%L or 6% p» can easily lead to large reductions or
enhancements of the MFV result. In addition to these contributions to C7g it is also
possible, for non-zero 5% r and 5?%, to induce corrections to the primed Wilson coefficients

<5Hic§ 8)GFl\/I _ mg tan2ﬁ F(l) < m? > n
’ 3m? (1+e€3 tanﬂ)2 78\ m?2

H+
0
n [1— (€, + e (v ))Q)tanﬂ]F(Q) ( m? ) }
(1 + e3tan j3) T8\ m2,,
K* | €errx; tan e
tb dr d 0l - d
K, m533+%63“3%m5m] : (4.7)

As the LO contributions to the primed coefficients are suppressed by factors of ms/my the
dominant behaviour, once BLO corrections are taken into account, is determined solely by
GFM effects. Note that these GFM effects persist even if the squarks decouple from the
theory.

It has been pointed out in refs. [B, [4] that the corrected neutral Higgs vertex can
also induce contributions to C7g through the diagram where a neutral Higgs boson and
a bottom quark undergoing a chirality flip are exchanged. In the limit of MFV using the
corrected vertex (B.29) one obtains [, [[4]

ey Y2

— = "% tan 5(1 + estan 3) (1 + egtan 8)?

36 m?4

MFV 1 m2
) "% tan? (4.8)

(5H° Crs

The tan® 3 dependence of the Wilson coefficient is characteristic of the corrected Higgs
vertex (B.29) and can compensate for the suppression factor mg / mi.

Turning to the effects of GFM contributions, using (B.30) it is possible to induce
additional corrections to C7g

GFM 1 2 ELLTTF
§1°Cr g = ——Ltan?’ﬁ d o+
) 2 * 2YLL
36 m4 K} Ky, (1+estan3) (1 + ez tan 3)
myg CRLL g, €5 d

— 0frl- (4.9
+mb (14 estan ) (1 + ez tan 3) LR] (49)
In a similar manner to ([L.g), the GFM contributions arising from neutral Higgs exchange
vary as tan® 3. The primed coefficients also receive contributions if 53& or 55{2}2 are non
ZETro

2
>GFM 1 mj tan?’

sH° ! L E—
( 7.8 36 m3 K Ky,

€RRT g, 4 mg €RLE3Tg.
(1 + €3 tan §)* BET my, (1 + e3tan 8)? RE

(4.10)
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Figure 8: BLO corrections to C7 (Cs) and C% (C§) arising from gluino exchange, the photon
(gluon) line is attached in every possible manner.

4.2 BLO corrections to SUSY contributions in the MIA

The supersymmetric contributions to the decay B — X v can proceed through a number
of channels. In MF'V, the only SUSY contributions arise from diagrams involving chargino
exchange. Once GFM effects are taken into account, additional diagrams arising from
FCNC mediated by gluinos and neutralinos can occur and give rise to contributions to both
the unprimed and primed Wilson coefficients. As the gluino contributions are enhanced by
factors of ag (compared to the MFV contributions), these effects are rather large and can
play an important réle for even small deviations from MFV.

All four insertions give rise to contributions to either C7g or their primed counter-
parts and it will be useful, for our purposes, to decompose the overall gluino mediated
contribution to the decay as follows

§9C 5 = (550778)MFV n (550778)LL n (5507,8)LR + (550778)RL n (5507,8>RR. (4.11)

The primed coefficients and other SUSY contributions may be defined in a similar manner.
The dominant BLO corrections to the gluino contributions, shown in figure f, arise from
the flavour violation mediated by the off-diagonal elements of the bare mass matrix and
are proportional to méo) tan (.

The MFV terms present in the bare mass matrix (B.§) can lead to a correction to the
gluino contribution of the following form

3« m% (1—|—estanﬂ)(1+63tanﬂ)@ 6

= 7). (412)

(55 778) MFV 8 o, sin? me%,v eyY? tan? 3 Kolrs) (ac

The loop functions IZU’S] (z) and Ji[7’8] (z), that appear throughout this section, can be
found in appendix [A.3, 7 denotes the ratio

Ty=— (4.13)

where m% is a common mass of the quadratic soft terms (R.19) (that is, m% = <mfl I L)ﬁ =

<m§7 R R) ). Due to the 1/ m% suppression of the amplitude it would be expected that these
effects are typically rather small when compared to the additional BLO effects arising, for
example, from the modified charged Higgs vertex. However, the terms feature a dependence
on tan® § in the numerator and should be included if one wants to consider the effects of
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all tan 8 enhanced corrections. We should note that this correction is entirely consistent
with the definition of MFV presented in [B] and is a result of the transition between the
bare and physical super-CKM bases.

The GFM contributions to the Wilson coefficient C7 g arising from gluino exchange are
due mainly to the LL and the LR insertions. The contributions due to the RL and the RR
insertions are suppressed by factors of the strange quark mass and may be safely ignored.

Contributions arising from the insertion 5% ;, are generated at first and second order in
the MIA. At first order, the chirality flip is generated via the bottom quark that appears in
the operators (.4). At second order, the contribution arises from the diagram involving a
diagonal LR insertion, an LL insertion and a chirality flip on the gluino line. This correction
can play an important role for even moderate tan 3, and for large tan 8 dominates the
overall behaviour of the contribution to Cy. If we ignore the effects generated by the

diagonal elements of the trilinear soft terms, we have

_ LL in2 2
<59C’7 8) _ 8 agsin® Oy [ myy o x
’ 3K Ky o my d

78 (N err, tan’ 3 (78]
X{ [15 (73) (1 +estan ) (1 4 estan f3) m§I6 (#3) | +

n tan g3
+2m5 (1 + ez tan 3) .
2 2
78 (. Mpp err tan® 8 78] (. d (414
x [JG (+3) m% (1 + estan 3) (1 4 ez tan ) 5 (@) } }5LL - (419)

The first and second terms in square brackets that appear in (f.14)) arise at the respective

order in the MIA. The chirally enhanced BLO term (that is proportional to Ig’g] (xg))

occurs at first order in the MIA, due to the off-diagonal elements of m&o). This term tends
to reduce the overall effect of the contribution that arises at second order in the MIA (the
term proportional to Jg’S] (xg)) for p > 0 (this is one of the contributions to the focusing
effect discussed in [[[5, [[§]). For 1 < 0 on the other hand, the two contributions interfere
constructively and increase the contribution to C7 g relative to a LO calculation. The LO
contribution proportional to I, 5[7’8] (x) also undergoes a similar reduction once BLO effects
are taken into account. However, in this case, the BLO correction is reduced by a factor
of m?/ mgv.

For non-zero 5% r» the dominant contribution at LO arises from the diagram involving
an LR insertion and a chiral flip on the gluino line. This contribution is therefore en-
hanced by a factor of mg/m;. Higher order contributions in the MIA do not feature this
enhancement and are typically rather small. To second order in the MIA we have

~ LR 8sin? Oy as [ mw 2 'ms 1 78] wmg,
69C: ) =— —= g~ () 4 =
< 78 3K/ Ky « < mg Td my, (1 + e;tan 3) © (xd) + 2m£2~7 %

" tan 3 (7.,8]
(14 estanB) (1 +eztan 3)°°

(z3) [0 R (4.15)
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Once again the first and second terms in the square bracket arise at the respective order in
the MIA. From ([L.17) it can be seen that BLO effects can reduce, or enhance, the dominant
contribution due to the insertion 5% p that arises at first order in the MIA, depending on
the sign of e¢;. In the phenomenologically favoured scenario g > 0, in particular, € is
positive and BLO effects act to reduce the LO contribution to C7 5. The term that occurs
at second order in the MIA tends to be subdominant, compared with the chirally enhanced
term that appears at first order, but acts to reduce the contribution to C7g further.

Turning to the primed sector, the corrections due to MFV, LL and LR contributions
are suppressed by factors of ms and are rather small. We are therefore left with the
contributions arising from RL and RR insertions.

The contribution due to the insertion 5?% to second order in the MIA is given by

xg7) +

umy, tan 3 (1 + eyY? tan ﬁ)

ng (1 + es tan §)?

<550I )RL B _8Sin2 Ow as (mw 2$~ myg (1 + ey Y2 tanﬁ) 1[778](
78 3K} Ky « mg d1my (1+estanf) ¢

JE[;7’8] (z2) 5k, -

(4.16)

Comparing the above expression with ([.15) we can see that the form of the two are rather
similar, the only differences being the replacement of e¢; with €3 in the denominator of
(.15) and multiplication by an overall factor of 1+ ey Y;? tan 3. We therefore see that BLO
corrections, once again, act to reduce the contribution due to 5}1% with respect to a purely
LO calculation if p > 0.

Finally the contribution to C§,8 arising from non-zero 5%}% has the form

. 2
’ 3K:3Ktb «Q mg d

2
{ 17 (ag) - PR ()| 4

(1+ egtan B)* mg

7 tan g3 "
2mg (1 + ez tan 3)

2 tan? g3
o | 78 () _ P €RR JI8 | Vsl 4.17
[6 3 m2 (14 eztan 3)2 )| fohm (10

_l’_

In a similar manner to ([.14), the chirally enhanced BLO term arising at first order in the
MIA, due to the off-diagonal elements of the bare mass matrix, can once again affect the
dominant, chirally enhanced, LO contribution that arises at second order in the MIA (the
first and second order terms that appear in the square brackets respectively).

We now turn to the chargino contributions to C7g and Cé,g, and use an analogous
decomposition to ({.11). The dominant BLO corrections to chargino exchange arise from
the diagrams shown in figure [.

The effect of BLO corrections in the limit of MFV are well known [, [4]. In GFM
models, however, it is possible that additional sources of flavour violation in both the up
and down squark sectors can significantly alter the MFV result.
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Figure 9: BLO corrections to C7 (Cs) and C} (C}) arising from chargino exchange, the photon
(gluon) line is attached in every possible manner.

Contributions from flavour violation in the up squark sector enter at LO and are
therefore rather large. As we are chiefly concerned with flavour violation in the down
squark sector, the only relevant source of flavour violation in the up squark sector is the
insertion 6%, which is related, by SU (2) symmetry, to §¢, (R.20). Flavour violation in
the down squark sector, on the other hand, only enters via BLO effects induced by the
off-diagonal elements of m&o).

The contributions that arise due to LL insertions have the form

2
_ LL K* m2
(rons)™ = 5 o o vt () -
i _
Xa

a=1
m, — ULV,
Xa a2 Va1 78] ( a) } u
— I ) 1orL +
mw v2cos B (1 + ez tan 8) 2 Ya) |orn
K. my U;zvaleLLCCgtanﬂ "
Ky m — v/2cos B (1 + €;tan B) (1 + 3 tan 3)
X <H2[7’8} <yg> + /\[7781) 5&}. (4.18)
Once again the loop functions Hi[7’8] and [ Z-[?’S} can be found in appendix [A.d, the ratio ygv
is given by
m2
Yy = m—; (4.19)
Xa

The dominant contribution at LO for large tan § arises from the second term in square
brackets in (f.1§) that is enhanced by factors of m, -~ /mw and 1/ cos 3. This term, for >
0, has the same sign as the gluino contribution ([.14) and acts to enhance the contributions
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due to flavour violation in the LL sector. The BLO corrections to the Wilson coefficient
are reflected by a factor of (14 e3tan 3) that appears in the denominator of the second
term in square brackets in ({.1§), and the term that appears in the second line of ({.1§),
proportional to 6¢,. Both of these BLO corrections for 4 > 0 act to decrease the LO
contribution. For p < 0, on the other hand, both corrections act to increase the Wilson
coefficient relative to the LO result.

The LR insertions also contribute to the Wilson coefficient

“n M K K « Mg CRLTT (78 (a4 \[78]
<5X 07’8> - KuKj, az\/_m _cosﬂvaan2 g(l—i-est;nﬂ)( (d)+)\78) o1

(4.20)
In this case, GFM contributions only enter via BLO effects induced by the off-diagonal
elements of the bare mass matrix. For x> 0 and large tan 3, the contribution ([.20) has
the opposite sign to the gluino contribution (fl.19) and large cancellations are possible,

which contribute significantly to the focusing effect pointed out in [[[F].

Before proceeding with the results relevant to the primed sector we should note that
once again, the contributions to C7g arising from RL and RR insertions are suppressed by
factors of myg.

In a similar manner to the corrections that arise from gluino exchange, the only dom-
inant contributions to the primed coefficients arise from RL and RR insertions. The con-
tribution arising from RL insertions is given by

<5X70478> Z Kim o

mt At

"9Uqo tan 61[7 8 (yd)

Xa

_ MW [7.8] 78\ | MG CRLTG
\/icosﬂvalU(ﬂ(HQ < )+)\ >] my (1+63tan6)5
(4.21)

and the contribution arising from RR insertions is

(7 cpe) = Z o

mt At

“5Uq2 tan ﬁIW 8l ( d>

% i (B (55) 4279

eRngtanB d
(1 + €3 tan §)? fift

(4.22)

LO contributions to both coefficients arising from either MFV or non-zero 6}; are sup-
pressed by factors of ms/m; and are therefore rather small. At large tan 3, therefore, the
BLO effects dominate the behaviour of the chargino contributions to the primed opera-
tors. We should also note that in a similar manner to the case of the LR insertion both
corrections (for x> 0) have the opposite sign to the gluino contributions ({.16)(f.17).
In the GFM scenario, neutralino contributions also play a réle. They can become
especially important when, for example, the gluino and chargino contributions partially
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cancel [fi4]. However, as the neutralino couplings (C.6)—([C.7) are rather complicated, we
shall refrain from presenting complete analytic expressions for the coefficients in the MIA.
The overall effect of including BLO corrections is to modify the Wilson coefficient in a
similar manner to the gluino contributions (4.1§)—({.17). As an example, the contribution
arising from LR insertions to C7 g due to bino exchange becomes

[7.,8]
<5]§C7>LR _ m%[, tan® Oy 250" (2) 5 . (4.23)
9K Kyymy M (1 + €, tan 3)

The loop function I E’g}

can be found in appendix [A.2 whilst its argument is given by
z2; = m(%/Mlz. The contributions induced by neutral gaugino-higgsino mixing, on the
other, hand are more complicated due to the appearance of the bare quark mass matrix in
the couplings (C.6)—(C.7).

Finally, let us consider the effect of evolving these coefficients from the SUSY matching
scale pugysy to the electroweak scale py. Considering only the mixing between O7 and Og

we have the LO relation [i7]

16 8/ 2 16
0C7 (pw) =n210C7 (nsusy) + 3 <773 - 7721> 6Cs (psusy) - (4.24)
The factors of 1 in the above expression reflect the resummation of leading logarithms and
are given by

n= 2 (MSUSY), (4.25)

as (pw)

where a; (psusy) and as (uw) should be evaluated with the QCD £ function relevant for
six active flavours. If we retain only the first logarithm that appears when expanding the
factors 1 we have

2
Hsusy
et

Hyy
(4.26)

From the above expression, it is apparent that the evolution of the coefficients from pgysy

4 1
0C7 (pw) = 6C7 (psusy) — ECE (pw) |6C7 (Lsusy) — 5508 (ususy) | log

to uw acts to reduce the overall SUSY contribution. In addition mixing with the coefficient
Cs can also play a role. If §Cg has the opposite sign compared to 6C7, for example, further
reductions are possible.

Finally, let us provide a recipe for implementing BLO corrections into existing LO
gluino matching conditions calculated in the MIA [[i, f§]. When performing LO calcula-
tions, one ignores the corrections to the bare mass matrix, discussed in section P.I], and
the F-terms are therefore assumed to be flavour diagonal. Once one proceeds beyond
the LO however, this assumption no longer holds and additional off-diagonal elements in
the squark mass matrix appear, that are attributable to the factors of méo) that appear
in (R.14). In the LR sector, in particular, the off-diagonal elements of the bare mass matrix
are enhanced by a factor of tan 3. The effect of these BLO corrections can be included in
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existing LO expressions by making the following substitutions

utan G <m(O)T>i'
)= O, .
ALL) i \TARR) 55
putan <m£10))z‘j (4.28)

2 2
md,RR) s <md,LL>

(1), ~ (), -
\/( ij
Similar substitutions exist for the insertions 6% ; and 5}1%1%, however the effects are typically
proportional to O(mg / m%U gy) and may therefore be safely omitted. In each of the sub-
stitutions given above, the off-diagonal elements of the bare mass matrix are enhanced by
a factor of tan 8 and can therefore play a rather large role. One should also note that
the factor of the down quark mass, that appears in flavour-diagonal LR mixings, should
also be replaced by the appropriate element of méo). Following this recipe, it is relatively
easy to modify the LO calculation presented in, for example, [@] and obtain results in
agreement with those presented above. We should note that, provided one calculates m&o)
to a similar precision, the substitutions can be used to all orders in the MIA. One may
also use these substitutions in LO expressions for the chargino and neutralino matching
conditions, however here one must also take into account the factors of the bare mass ma-
trix that appear in the chargino and neutralino vertices. Finally, let us emphasise that the

substitutions (f.27)-(f.29) do not amount to a redefinition of the &’s given in (.1§)-(.19)
but merely represent the form of the BLO corrections to LO expressions.

4.3 Full calculation

With our results derived in the MIA in mind let us now outline the steps required to im-
plement BLO corrections in the general framework outlined in section f] where the squark
mass matrices are diagonalised numerically. After performing the iterative procedure de-
scribed in subsection P.4 one may obtain the BLO charged Higgs and SM contributions
by using the matching conditions presented in [B7, B, Bg], to account for the NLO gluon
contribution, and using the corrected vertices presented in section B to evaluate the LO
matching conditions. As discussed in subsection .3 the corrections to the SM contribu-
tions tend to be rather small and can generally be ignored. The effect of the neutral Higgs
contribution can also be included by using the matching conditions presented in [f, [[4].

Turning to the supersymmetric contributions, BLO corrections can be incorporated
by using the supersymmetric vertices detailed in section P.J and appendix [d in the LO
matching conditions given in [B§ [L]. It should be noted that one should use the uni-
tary matrices Iy, that are obtained at the end of the iterative procedure described in
subsection P.4 when evaluating these contributions. One may also, with care, include the
additional NLO effects that appear if the gluino decouples by using the matching condi-
tions presented in [BY. Once one has evaluated all the supersymmetric corrections they
may be evolved from the SUSY matching scale to the electroweak matching scale using the
NLO six flavour anomalous dimension matrix presented in [{7].
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With the supersymmetric and electroweak contributions evaluated at the scale pyy it
is finally possible to calculate the branching ratio for B — X7 according to [B(]. Let us
note that this recipe is quite general and may be applied to any other process providing
the relevant matching conditions and anomalous dimension matrices are available.

In summary, in this section we have included all the relevant corrections that appear
beyond the LO in the MIA. In the electroweak sector, we have seen that the additional
GFM contributions to the charged and neutral Higgs vertices can lead to potentially large
modifications to the MFV results depending on the sign of the insertion at hand. The
interplay and cancellations between the various supersymmetric contributions, has also
been shown to be significant once one proceeds BLO [[F] and leads to a focusing effect
in the phenomenologically interesting region 1 > 0 and A; < 0. For the insertions 6% R
5}1% and 531%1%’ in particular, large cancellations can arise between the gluino and chargino
contributions to the decay. For the insertion 6% ; on the other hand, the cancellations play
a more minor role, as a LO correction to the chargino correction already exists (arising
from the insertion 6%;) and tends to reduce the effect of BLO corrections. Finally we
have seen that the RG evolution of these corrections can lead to further reductions to the
supersymmetric contributions to the decay.

5. B, — ptu~ beyond the LO

As B-factories do not run at the energy required to produce large quantities of By mesons,
the best experimental constraint on the rare decay B, — ptpu~ is provided by collider
experiments. The current 95% confidence limits provided by the CDF ] and DO [Ed]

experiments at the Tevatron are®
BR (Bs = pp7) pp < 2.0x 1077,
BR (Bs — i )y < 38 x1077. (5.2)

CDF and D@ intend to further probe regions of up to O (10_8). At the LHC, on the other
hand, branching ratios of up to O (10_9) are easily obtainable after a few years of running
at ATLAS, CMS and LHCb [5J).

Theoretically, the decay B, — p+p~ provides one of the cleanest FCNC AF = 1 decay
channels. It is described by the effective hamiltonian [2J]

Moy = = SEL KK Y (G000 + CLw )] 53)

where the operators O; are given by
O10 = (57" Prba) (Ivuvsl) ,  Olg = (8a7" Prba) (Ivusl)
Og = my (EQPRba) (l_l) , Ofg = Mg (EQPLba) (l_l) ,
OP = my (§aPRba) (i75l) , O;:; = Mg (EaPLba) (i75l) . (5.4)

8These results are preliminary, one can find the most recent published results in [@, @]
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As the anomalous dimensions of all three operators are zero, the RG running is trivial and
the overall branching ratio for the process [ = y is given by

_ G2o’m? 2 1
BR (Bs — ,qu,uf) - _F 64375538 B |Kfsff*beH|2 1-— 477%3 X
x [(1—4m2) |Fs|* + |Fp + 2, Fiol?] (5.5)

where 71, = m,/mp, and the dimensionless quantities F; are given by

/
CS7Pmb - Cs7pms

Fsp=mp,
mp + Mg

], FIOZCIO_C{()-

It should be noted from the above expression that the Wilson coefficient of the operator

2
I

contributions are only proportional to Ojg as the Higgs mediated contributions to Og p
can be safely neglected. The SM contributions to Cjg have been evaluated to NLO [5J]
resulting in the branching ratio [f4]

O1p is helicity suppressed by a factor of m? as the Bg; meson has spin zero. The SM

BR (Bs — ptp7) gy = (346 £1.5) x 1077 (5.6)

The large uncertainty is mainly attributable to the hadronic matrix element fp, that can
be determined from either lattice or QCD sum rule calculations. A representative value
for fp, is?

fB. = (230 £+ 30) MeV . (5.7)

In scenarios beyond the SM, particularly SUSY with large tan 3, the contributions
to Cg and Cp arising from neutral Higgs penguins can become large and dominate the
underlying behaviour of the branching ratio. Studies in the MSSM have focussed on both
MFV [BY, 2, [60] and GFM scenarios [pl], 3, [[7] where the corrections induced by the
corrected neutral Higgs vertex (B.29)-(B.30) lead the branching ratio for the decay to
vary as tan® 3 (for a review see B4)). At large tan 3 it is therefore quite possible for
BR (Bs — ,u+,u_) to be enhanced by a few a orders of magnitude compared to the SM
value, providing an ideal signal for physics beyond the SM. The aim of this section is to
present analytic expressions for the contributions to C's and C'p in the MIA that include the
BLO effects discussed in section fl. We also discuss briefly the effect BLO contributions have
on the subdominant contributions that arise from box diagrams mediated by neutralinos
and charginos. Finally we discuss the application of the recipe given at the end of the

previous section to By — putpu~.

5.1 BLO corrections to electroweak contributions in the MIA

As above for B — X,v, here we will present MIA calculations for the contributions that

arise due to the effective vertices presented in section R.2.

9The current unquenched lattice calculations for fp, vary from 215 MeV [@] up to 260 MeV [@] (for
details of the errors associated with these values we refer the reader to the original papers). As the branching
ratio is proportional to the square of fg, we decide to take a rather conservative estimate for the magnitude
of fB, as recommended in @]
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Figure 10: The neutral Higgs penguin contributions to C's p (on the left) and C§ p (on the right).

Corrections to the effective Z vertex (B.13) lead to contributions to Cjo proportional
to 5% R

)GFM L aspmp tan 3 fs (905[) 5%}% (5.8)

§#C =
(67Cho 3KpK/, o m% (1 +estanf) (1 + ez tan )

whilst there is a similar contribution proportional to 5?% ; to C1y. Terms proportional to 5% I
may be generated at third order in the MIA, which undergo BLO corrections from terms
that appear when using the bare mass matrix (B.§). As stated in the previous section
however, Cy and Cf are both helicity suppressed by factors of mi and their contribution
to the overall branching ratio is therefore typically limited to the low tan 8 regime.

The charged Higgs contributions to Cyo and C, arise from Z penguins and box dia-
grams. The contribution to Cig is suppressed by a factor of cot? 3 and, whilst the contribu-
tion to C, is enhanced by a factor of tan? 3, it is suppressed by a factor of mg. Including
BLO effects can alleviate these suppression factors. However, as the Wilson coefficients are
suppressed by a factor of mi the overall effect is rather small.

The LO contributions to Cg p induced by neutral Higgs penguins and box diagrams

have been calculated in [23]. For completeness we present them here

2
el a o s (rey)
where y = m?/m3,, .

BLO effects can be included by using the couplings presented in subsection B.3 when
calculating the matching conditions. The largest correction induced by using these cou-
plings is attributable to the factor of (1 + e3tan3) that accompanies the right handed
coupling of the charged Higgs. This factor typically acts to reduce the charged Higgs con-
tribution relative to the LO prediction. The GFM corrections to the vertex can act to
replace the factors of Kj Ky, that characterise flavour change in the MFV contribution
with the flavour violating insertions (R.1§)—(R.19).

The contributions that arise due to the corrected neutral Higgs vertex proceed via
the penguin diagram shown in figure [[0. Using (B:29) it is relatively easy to obtain the
dominant contribution arising from chargino exchange in the limit of MFV [5§, [60]

=+ . 5.10
4m?,m% psin? Oy (1 + ez tan §) (1 + €, tan ) (5.10)

)™ s A g

my denotes the mass of the pseudoscalar Higgs, whilst we decompose the MFV and GFM
contributions in a similar manner to (B.2§). The most striking aspect of this contribution
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stems from the factor of tan® 3 that appears in the numerator of (f.10) coupled with a
relatively weak dependence on the underlying SUSY mass scale. It is therefore possible
in SUSY models with large tan 3 that large contributions to Cg p can occur even if the
sparticle masses are O (1 TeV). (Provided, of course, that the Higgs sector does not decou-
ple, too.) The BLO contributions in (p.10) are contained in the factors of (1 + €3 tan )
and (1 + e tan §) that appear in the denominator. In the limit of degenerate sparticle
masses, for 1 > 0, these corrections tend to reduce the neutral Higgs contribution to Cg p
compared with the LO limit ey, €5 — 0.

The GFM corrections to the effective neutral Higgs vertex (B.3(0) contribute to Cs p [[I7]

<5H0 >GFM Ao ,umﬂ tan3 B
P = *
30 m? Kpkj, |

€RL dRL d
H. -6
(1+estanﬂ) 2( dL) LR

1 d d
(1 + estan ) (1 4 ez tan ) mg 3 dp> Ty dL) refs ( )

and the primed coefficients

)GFM 4dovg ,umu tan3 ﬂ
~ 3a m3 KtbK;g

<ERL + gEYY; ) dRL d
Hy(z5 ,x5 )0
(1+estanB)  my 2<de’de) RL T

(67 s p

1 xJR ™y .
s Ha(xg 15,75 )R |- 5.12
(1 + €3 tan B)Q mg Mg 3<de de de) RR ( )

The contributions arising from the insertions 5% ; and 5?% r are modified in a similar manner
to the MFV contribution (p.10) and for x > 0 undergo the familiar reduction once BLO
effects are taken into account. It should be noted that once one proceeds beyond the
approximation of setting electroweak couplings to zero, and uses the substitutions gathered
in subsection an additional contribution, proportional to the insertion, 5% ;, arises

o Va2 tan3 3
sH°C ) - ye Ha (v, 8,) 0%, (513
( S.p :FZ 2\/_mwm?4 Ky, K}, sin Bsin? Oy, 2 (yuL yuL) iz (5:13)

This LO correction tends to interfere destructively with the dominant gluino contribution
given in (B.11)) and is typically the largest contribution attributable to the insertion 5%L
once one proceeds beyond the approximation described in section .

Turning to the insertions 5 ¢ rand 5% %1 their appearance is a strictly BLO effect and can
lead to large deviations from LO results where the contributions arising from the insertions
accidentally cancel as we have shown in [[17)].
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Figure 11: The contributions to B, — utpu~ arising from box diagrams mediated by charginos
and neutralinos.

5.2 BLO corrections to SUSY contributions

As the gluino does not couple to the leptonic sector the supersymmetric contributions to
B, — ptp~ take place via the box diagrams mediated by chargino and neutralino exchange
shown in figure [l Including BLO effects when calculating these contributions introduces
a dependence on the bare mass matrix, through the vertices (.34)-(R.35) and (C.6)-(C.7).
Sources of flavour violation can therefore enter through either the chargino or the neutralino
contributions. However these contributions tend to scale as tan? 3 and, coupled with the
underlying dependence on 1 /MgU gy rather than 1/ m?, are rather small when compared
to the effects induced by the neutral Higgs penguins discussed in the previous subsection.

5.3 Full calculation

During our numerical analysis we shall follow the recipe described in subsection [.J and use
the expressions gathered in appendix [J to evaluate the corrections to the various effective
vertices. We therefore include higher order terms in the MIA as well as any (subdominant)
SU(2)r, x U(1)y breaking effects. Concerning the SM and charged Higgs contributions
to the decay we use the matching conditions gathered in [6J] to evaluate the NLO gluon
contribution. The contributions that arise from SUSY boxes are given in [59, pJ.

In conclusion, in this section we have discussed how the BLO effects discussed in
section [ alter LO contributions to B, — p* ™. In the electroweak sector, these corrections
typically manifest themselves as factors of either (1 4 €3 tan 3) or (1 + €5 tan 3) that act to
reduce both MFV and GFM contributions to the decay. In addition, we have seen that
new flavour structures, absent at LO, can appear once BLO effects are taken into account,
leading to potentially large deviations from LO calculations.

6. B, — B, mixing beyond the LO

The final process that we will consider concerns mixing in the Bs; meson system. In a
similar manner to the neutral kaon and By systems mixing can occur between the By and
B, mesons via AF = 2 loop diagrams. In contrast to the neutral kaon and By systems,
however, the mass difference AMp, between the physical states formed from the two mesons
has so far remained unobserved. The best bound provided by experiment is currently [R7]

AMEP > 145ps™". (6.1)
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In future, the experiments at the Tevatron intend to increase this limit by 20-30% [B4]
whilst even after a year of low luminosity running ATLAS, CMS and LHCb intend to place
limits of 30ps—!, 26ps~! and 48ps~! [FJ] respectively on AMp,. Comparing these limits
with the NLO Standard Model prediction [6],

AMZM = (18.0+£3.7) ps!, (6.2)

it can be seen that the full range of values allowed by the SM can be probed in a relatively
short time after data taking has commenced at the LHC.
The effective hamiltonian that most generally describes B, — B, mixing effects is given

v Gy 5 fix preft ) 2
Hers = qoiamiv (KEKE) Y2 G 0: (). (6.3)

In the SM the only non-negligible contribution is proportional to the operator
OVEL = (5%, Pps®) 0Py Prs) . (6.4)

However, in the presence of any source of new physics it is possible to induce additional
contributions to the operators

Ot = (b, PLs®) (VP4 Prs”), O3 = (b Pps®) (b7 Prs”), (6.5)

OFLL = (b Pps®) (VP Ps?) O3 = (0%0,, Prs®) (WP o Prs®),  (6.6)

as well as the parity flipped operators OV #% and (925 RE that can be obtained by substituting
Pr, with Pg in (f.4) and (p.g). The mass difference AMp, may then be evaluated by taking

the matrix element

AMp, = 2/(B]|Hess| B, (6.7)

where (BY|Hsf|BY) is given by

(BJ|Heys BS) =

G? 2

ambyme, fo, (KK )Y PG ()., (6.8)
i

mp, denotes the mass of the By meson, whilst fp, is given in (5.4). The coefficients P;

contain the effects due to RG running between p; and py, as well as the relevant hadronic

matrix element for the operator in question. Using the MS lattice calculation B9 the

coefficients P; have the form

PYEE =073, PMR=-197, PMi=250, PH=-102, PJLt=-1.97. (6.9)

where we have taken pj, = 4.25GeV and pyw = my(my). The coefficients PIVRR, etc. , may
be obtained by simply exchanging L and R. One interesting aspect of (b.9) is that QCD
effects act to enhance the contributions arising from the scalar operators relative to the
SM operator CV L,

The new physics contributions to neutral meson mixing have been discussed extensively
in the literature. The NLO charged Higgs contributions to CV L, for instance, have been
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known for some time now [[(]. Turning to the MSSM, the NLO matching conditions have,
in a similar manner to the decay B — X, only been derived for some special cases in the
MFV limit [[f1]. Most analyses have therefore focussed on using LO matching conditions.
For example, in [/J] the LO gluino matching conditions, relevant for mixing in the kaon
system, were used alongside the NLO anomalous dimension matrix and lattice matrix
elements to place limits on the insertions governing non-minimal flavour violation between
down and strange squarks. This analysis has since been extended to the By [[3] and B; [[{4]
meson systems. In the By — B, mixing system, in particular, large contributions to AMp,
of up to 120ps~! have been found to arise. In the large tan 3 regime another possibility
for large contributions arises from the inclusion of the effects induced by the neutral Higgs
penguin. Although strictly speaking an NLO contribution the corrections arising from
flavour violation mediated by two neutral Higgs penguins have been shown to vary as
tan 3. Such corrections have been analysed in the context of MFV [[73, F1, @, 0, [[4] and
GFM [, b1, b3, 4] and can similarly induce rather large corrections to AMp,.

The aim of this section is to discuss how the inclusion of BLO corrections affect the
electroweak and supersymmetric contributions to the Wilson coefficients associated with
the operators (6.4)-(p.6). In particular, we shall discuss, in detail, the contributions that
arise from double Higgs penguins in the GFM scenario and the dominant BLO corrections
to the existing LO gluino matching conditions. When presenting our analytic expressions
we shall use the MIA and follow the approximation outlined at the beginning of section [
We therefore only include the effects induced by gluino and higgsino exchange and ignore
additional corrections induced by electroweak gaugino exchange and SU(2)z, x U(1)y break-
ing. One may include the additional contributions that appear once one proceeds beyond
this approximation by using the substitutions gathered in subsection B.3. Finally, we shall
briefly discuss the application of the recipe given in subsection to B, — B, mixing.

6.1 BLO corrections to electroweak contributions in the MIA

Charged Higgs exchange leads to contributions to all of the operators given in (.4)(6.9)
(with the exception of (’)QSLL and its parity flipped counterpart). BLO effects can be easily
included by using the matching conditions given in [14] and the corrected vertices given in
section B.J. As an example, the contribution to CIf arising from the diagram shown in
figure [[J is given by

51 LR _ 8mimym, tan? 3 (1 n A_3R2> H, < m%,  m?  m? > ‘ (6.10)
mi, m3, (14 e3tan B)? Kis 2 m2 T mA

(The other contributions undergo similar corrections.) The factor of (1 + e3tan3) that
appears in the denominator acts, once again, to reduce the contributions relative to a
LO calculation. The GFM corrections included in the term proportional to A3R2, defined
in (B.17), can remove the dependence on the strange quark mass that appears in (6.1()
and lead to potentially large corrections to the MFV result.

The corrected neutral Higgs vertex can give rise to large corrections to AMp, in the
large tan 3 regime via the double Higgs penguin diagrams shown in figure [[J [f]. The
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Figure 12: The tan? 3 enhanced contribution to C&# arising from charged Higgs and Goldstone
boson exchange.

corresponding matching conditions are

cf’),, (°F)
CiSLL _ 1672 ; Z < L 322 L 32 (6.11)
2GEmiy (beKtS) SO=H0 RO A0 Mgo
50 50
1672 (CL > <CR )
LR _ 32 32
CER = R RCe—— > 2, . (6.12)
FMy (KtbKtS) SO=H0 h0, A0 50

The contribution to the parity flipped operator OlsRR can be obtained via the substitution
L < Rin (B.11]). Using the corrected neutral Higgs vertex (B.29) in the limit of MFV it is
easy to obtain the results for C74F [[[4]

2
(5H°CSLL) MFV _ Gpmgmffl €2 (16772) tan* 3 - (6.13)
! 2v2712m?, (1 + €5 tan )% (1 + €3 tan 3)
and CFF
2
<5HOCLR) MFV _ _C}FWLanSTn;1 6%/ (167‘(2) tan4ﬁ + (6 14)
2 V2r2m?, (1 + estan §)% (1 + egtan §)*° '

Here we decompose the MFV and GFM contributions to the Wilson coefficients in similar
manner to ({.11). We have adopted the notation

FE=

mHO mho mAO

to represent the interference between the scalar and pseudoscalar contributions. At large

tan 3, (p.19) becomes (for m?% > m%)

1 1
Fr=—+—, (6.16)
and the scalar and pseudoscalar contributions to CfLL approximately cancel, whilst the

contributions to C#% interfere constructively. As has been pointed out in [f6, [[4], the
double penguin contribution to C£® acts to reduce the value of AMp_, bringing it closer
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Figure 13: The contributions to B, — B, mixing arising from neutral Higgs penguins.

to the current experimental limit (.1]). The factor of m, that appears (p.14) suppresses
the contribution somewhat, however it can still be of the order of 50% of the Standard
Model contribution in certain regions of parameter space even once the current limits on
Bs — pTu~ are taken into account [[4)].

Including the effects of GFM when evaluating the contributions to the Wilson coeffi-
cients CYLE and C4 can lead to far more varied effects. The full expressions for C4% and
C2LL can be obtained by using (B:28)-(B-30), however, as they are rather complicated, let
us highlight the phenomenologically most interesting terms that appear. If the insertion
69, is non-zero the contribution to C#*# becomes

<5HOCQLR) L~ MM i E%LQ%L (1272)2tan4ﬁ

2123 (K}, Kis)™ (1 + estan 8)° (1 4 ez tan §)

FT (5&)2. (6.17)

In a similar manner to the MFV correction (f.14), the contribution acts to reduce the value
of AMp,. Once again, however, C&f is suppressed by a factor of the strange quark mass
that tends to limit the size of the correction to AMp,. The insertion §¢ , also contributes
to C’QLR via the diagram where one penguin is mediated by gluino exchange and the other

is mediated by chargino exchange

(5H002LR>LR _ msmgm?  ERLEsEYLF, (16772)2'52“145 rod (6.18)
Am2m, K Kis (1 + e tan 8)? (1 + €3 tan 3)

In this case the contribution can increase or decrease the value of AMp, depending on the

sign of 5% - However the factor of m, that appears in (5.1§) means that these effects are,

once again, rather small.

It is possible to avoid factors of the strange quark mass that appear in the above
expressions for C4% by considering scenarios where the right handed Higgs coupling that
appears in (f.19) does not feature such a suppression. This occurs if either 5sz or 5;%13 are
non-zero. If we consider the diagram where one Higgs penguin is mediated by chargino
exchange and the other by gluino exchange we have, for non-zero 5;%13 7]

22 1,4
<5H°CLR)RR _ mim3 €RREY L], (167%)” tan* 8 . (6.19)
2 A2, K Kus (1 + estan §) (1 + e tan B)° 10
A similar contribution is possible for the insertion 6?%
_ 2)2 4
(6HOC'2LR>RL _ mbm’gm? €RLEIEY T (167T ) tan ﬁ}'+5§l%. (6.20)
AT2m2, K Kis (1 + €, tan 8) (1 + €3 tan 3)°
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As one penguin is mediated by chargino exchange, (5.19)-(f.20) feature only a linear de-
pendence on 531%3 and 6?%. Large positive or negative contributions to AMp, are therefore
possible, depending on the sign of the insertions.

If §¢, or ¢ R are non-zero, in addition to either 55& or 5jl%R the diagram involving two
gluino mediated penguins becomes viable. For example, if 5% ;, and 55{2}2 are non-zero we
have the contribution

R

- 212 g3 (Kijts)Q (1 + estan 3) (1 4 e3 tan 3)°

2
LL+RR 2 errerrrs x5 (1672)" tan? 5
<5H°CLR) - T 3,7 (167) Ftod 6t . (6.21)

Similar contributions arise for the remaining combinations LL+RL, LR4+RR and LR+RL.
The tan? 3 dependence of (6-21)), coupled with its dependence on the strong coupling
constant present in the factors of e;; and erg, can lead to large corrections to AMp, in
the large tan 8 regime. We should briefly mention here how this result compares to that
presented in [6g]. As discussed in [[7] the authors of [fJ] omit the effects that arise when
considering the GFM contributions to the bare CKM matrix (B.42). Once one takes into
account such contributions, one of the factors of (1 + €3 tan () that appears in eq. (5.8)
of [BJ] is replaced by a factor of (1 + €, tan 3). Taking this correction into account, our
results agree.

A common feature of all of these corrections lie in the factors of (1 + e3tan ) and
(14 estan 3) that appear in the denominators of all double Higgs penguin contributions.
These factors represent the resummation of tan 8 enhanced effects and act to reduce the
contributions for y > 0, A; < 0 compared to calculations where resummation is not taken
into account.

6.2 BLO corrections to SUSY contributions in the MIA

The supersymmetric contributions to By — B, mixing proceed via box diagrams mediated
by gluino, chargino and neutralino exchange. Unlike the decay B — X,y however, sizeable
effects due to these contributions are often limited to regions where the squarks and gluinos
are relatively light O (500 GeV).

As B, — B, mixing is a AF = 2 process, the gluino and neutralino contributions, at
LO, feature combinations of two insertions. The LO gluino matching conditions have been
discussed, in the context of the MIA, in [f3]. It is relatively easy to modify them to take
into account the BLO effects discussed in section P by using the recipe discussed at the
end of subsection [.3. The gluino contribution to the operator C£% is given by (to second
order in the MIA)

(6§02LR> GFM _ 1602 sin? 9W2 m%g/
902 (K, Kis)™ g

11 (1 + ey Yy tan §) ffg[?} (73)
x (1 + egtan 3) (1 + €3 tan 3)

0% ROk +

+ | — 42 (zg) +
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2,,2

tand
+ 6+11’“‘m72b €LLeRr tan” f o | 2 (2g) | %
7 (I +estan B) (1 + ez tan )

d
we see that the contributions arising from the insertions 5% r and 5% ;, are modified in the

The functions f§[172} (z5) are given in appendix A.4 and = 71s defined in (E13). Once again,
same manner as the supersymmetric contributions to B — X¢v (namely (f.15) and (f14))
that appear in section [l.3. The inclusion of BLO effects therefore tends to reduce the
overall contribution to CI arising from these insertions. The BLO term proportional to
5% L5§l%R, on the other hand, tends to interfere with terms that arise at fourth order in the
MIA and on the whole tends to be rather small. In addition, the combinations 6% L(S}i%L
and 6% R(S}i%R also appear once BLO effects are taken into account. Due to their tan? 3
dependence, they can viably compete with the corresponding terms that arise at higher
orders in the MIA. Contributions arising from MFV corrections to the bare mass matrix
can also appear and play the role of 5% ; and 5% p insertions. (Contributions where the
MFYV corrections play the role of 5% ;, and 5%  insertions are suppressed by factors of ms.)

Turning to the contributions arising from chargino box diagrams, in MFV the domi-
nant behaviour at LO arises from contributions to the Wilson coefficient CV¥. At large

LL

values of tan 3, however, large corrections to Cf 5 are possible that interfere destructively

with CYV%% and can reduce the contribution that arises from chargino box diagrams to
AMp, [[4. The inclusion of BLO effects in MFV, however, tends to reduce this cancel-
lation somewhat; whilst the Wilson coefficient CV' %" remains virtually unaffected by BLO
corrections, the BLO corrections to CE%L introduce factors of (1 + e3tan 3) that, in the
phenomenologically favoured region p > 0 and A; < 0, act to reduce the contribution to
the Wilson coefficient. These effects therefore reduce the cancellations that occur between
the two Wilson coefficients, and can lead to an enhancement of the contributions that arise
from chargino box diagrams [[[4].

In the GFM scenario, the occurrence of the bare mass matrix in the chargino ver-
tex (.33) can play the role of one (or both) of the factors of K, that mediate the flavour
change in the leading order matching conditions. A dependence on the flavour violating
parameters 5§(Y can therefore appear once one proceeds beyond the LO. In particular, the
factor of my, that features in the matching condition for C&# in MFV, can be bypassed
in the GFM scenario if either 5?% or 5?%13 are non-zero. A similar effect occurs for the
Wilson coefficients C’f%L , where non-zero 64, or §¢ , can lead to additional contributions
to the coefficient. It is therefore possible to enhance, or decrease, the cancellations that

CVIL and the remaining Wilson coefficients depending on the sign of the

occur between
insertions 63lfy.

The appearance of the bare mass matrix in the neutralino vertex also introduces ad-
ditional BLO corrections that can modify the LO contributions. In a similar manner to
the contributions to the decay B — X7, these corrections typically manifest themselves

as factors of (1 + egtan 3) or (1 + €5 tan ) and tend to reduce the contributions compared
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to a LO analysis.

Let us finally comment on the RG running of the SUSY corrections. The six flavour
anomalous dimension matrix required to evolve the Wilson coefficients from the SUSY
matching scale to the electroweak scale was given in [p§. If we consider the running of the
coefficient C{f we have

2

SCER (i) = 6CER (nsysy) + (:W) 20C5 " (nsusy) — 2501” (nsusy)| log L‘ngy :

(6.23)
In contrast to the decay B — Xy, the RG evolution of the Wilson coefficients, from pgr75y
to puw, acts to increase the coefficients with respect to an analysis where RG running is
ignored. A similar effect exists in the SLL sector. In the VLL sector, however, RG running
acts to decrease the Wilson coefficients in a similar manner to B — X,7. These effects can
therefore act to enhance the cancellations between contributions to the VLL sector and the

remaining operators.

6.3 Full calculation

Let us now discuss the calculation we perform in our numerical analysis. Following the
method discussed at the end of section [, we evaluate the SM matching conditions to NLO
using the matching conditions originally given in [B5]. For the charged Higgs contribution,
we use the corrected vertices given in appendix [0 when evaluating the LO matching con-
ditions given in [I4]. When evaluating the SUSY contributions we use the LO matching
conditions collected in [[] (transformed into our operator basis). They are then subse-
quently evolved from the SUSY matching scale to the EW scale using the NLO anomalous
dimension matrix given in [g].

In summary, in this section we have discussed the effects of all the dominant BLO
corrections to By, — B, mixing. In particular, we have considered all the contributions
that arise once one takes into account the double Higgs penguin contribution. In the
region where tan 8 and the sparticle masses are large, for example, these contributions can
dominate the corrections to AMp, that arise from new physics, due to the non-decoupling
property of the corrections to the neutral Higgs vertex. Turning to the supersymmetric
contributions to the process, we see that, although they play a more minor role compared
to the neutral Higgs contributions in the large tan 3 regime, the overall effect of BLO
corrections is to reduce the contributions arising from gluino exchange. We have also seen
that, in contrast to the decay B — X v, RG evolution between pgygy and pyy can act to
enhance the contributions of the coefficient CI# in particular.

7. Numerical results

Before proceeding with our numerical results let us first define our parameterisation for the
soft sector. We treat the soft terms (2.1F), defined in the physical SCKM basis, as input.
For the diagonal elements we set

(mi,u)ii = m% Oii » (m?aRR)M- = m% Oii (m?l,LR)ii = Aa (ma);; , (7.1)
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Figure 14: The panel on the left depicts corrections to the Wilson coefficient C7 induced by
gluino, neutralino and neutral Higgs exchange for MFV. The panel on the right illustrates the
behaviour of the approximate result () compared with the full numerical calculation. The soft
sector is parameterised as follows: mgz = 1TeV, mgz = \/im;;, A; = —500GeV, my = 500 GeV,
1 =500GeV.

The off-diagonal elements are related to the parameters 5§(Y via the relations defined in
(2.18)-(R.19). The soft terms in the up-sector are defined analogously. As inputs for the
Higgs sector we take my4, pu and tan3 and use FeynHiggs 2.2.8 [[q] to determine the
remaining parameters. For the majority of this section we will only vary one §%, at a
time unless stated otherwise. Finally the gaugino soft terms M; and Ms are related to the
gluino mass mg via the usual unification relation.

Let us briefly specify the abbreviations used to denote the various approximations used

in this section:

e LO: a calculation that does not feature the resummation procedure described in
section fl. We do, however, include the LO effects that arise from RG evolution from

psusy to pw (in contrast with [I6]);

e §-BLO: the approximation used in [[[6] where only gluino contributions were taken

into account in the resummation procedure;

e BLO: the results obtained using the full expressions included in appendix D).

7.1 B — X,y

3

A detailed analysis of the BLO effects relevant to B — X,y was presented in [[ld] and we
shall therefore tend to focus on the additional effects induced by the inclusion of electroweak
contributions. We shall also compare the approximate expressions, gathered in section [,
with our complete calculation.

Before focusing on the GFM scenario, let us briefly consider the effects induced by the
bare mass matrix and corrected Higgs vertices in the case of MF'V. The panel on the left of
figure [[4 illustrates the contributions mediated by gluinos, neutralinos and neutral Higgs.
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Figure 15: The corrections to the Wilson coefficient C7 (evaluated at the scale psysy) induced
by gluino exchange (on the left) and chargino exchange (on the right). 6%, = 0.01 and §%, = 0.2
in the top and bottom panels, respectively. The soft sector is described by the same parameters as
figure @ As stated at the beginning of section ﬁ, LO is used to denote a calculation that does not
take into account the BLO effects discussed in section E g-BLO denotes the approximation used
in [[L5] where only gluino contributions are taken into account in the resummation procedure. BLO
is used to denote the results obtained using the expressions collected in appendix D

As is evident from the graph, all three contributions are rather small and, compared with
the corrections to C7 induced by charged Higgs or chargino exchange, are of the order of a
few percent. However, it should be noted that the gluino and neutralino contributions are
both larger than the neutral Higgs contribution in this particular region of parameter space.
The panel on the right of figure [[4 depicts the approximate expression ([£.19) alongside the
result taken from our numerical analysis. As is evident, (J.1IJ) describes the behaviour of
the full numerical result rather well for this choice of parameters and only differs by about
5% from the result of a full numerical calculation at large tan f3.

Now let us turn to the GFM scenario. As stated in sections [L.1] and [.g, it is possible,
once BLO effects are taken into account, that large cancellations can occur between the

various supersymmetric contributions. The top two plots in figure [[§, for example, illustrate

— 47 —



~ 0.09 > -0.05 - N
s r 3 r N 1
£ £
S I O I ]
=S 0.08 S -0.1 6ER —=0.01 \ *
— BLO
I ] — Approx
007 o b b b _015 oo b b b
0 10 20 30 40 50 0 10 20 30 40 50
tan g tan g3

Figure 16: Plots comparing of the results of our full numerical calculation with the analytic results,
derived in the MIA, given in section E The gluino contribution is shown in the panel on the left,
whilst the chargino contribution is shown in the panel on the right. §¢ r = 0.01 in both panels
whilst the remaining parameters are described in the caption of figure @ The MFV contribution
to the Wilson coefficient in question has been removed in both panels.

the cancellations that occur between the chargino and gluino contributions for non-zero
5% g+ The dominant BLO chargino contributions to C7 stem from the appearance of the bare
mass matrix in the modified chargino vertex (R.34)—(R.35). The inclusion of electroweak
effects, as indicated by the absence of a term dependent on ey in the terms proportional
to 6¢ 5 in (EI§) and ([E20), is rather small. The lower two plots in figure [[§ show the
contributions in the primed sector for non-zero 53{2}%- Here we see a similar cancellation

between the BLO effects arising from the chargino contribution and gluino contribution
to Ch. The effect of including electroweak effects is, however, larger than the case of the
LR insertion due to the appearance of (1 + egtan3) (rather than (1 + €;tan3)) in the
denominators of (f.17) and (f.23). However, one can see from the two graphs that the
increase in the gluino contribution tends to be compensated by a similar correction to the
chargino contribution. As such the overall effect on the branching ratio is rather small.

Let us briefly discuss how well the MIA expressions presented in section f] describe
the results of our numerical analysis. The two panels in figure [1f show the approximate
expressions for the gluino (f.15) and chargino (}£.2(]) contributions, alongside the results
of our full numerical analysis, performed in the mass eigenstate formalism where flavour
violation is communicated via the unitary matrices (B.17). As is evident from the graph, in
this region of parameter space at least, the agreement between the approximate expression
and that of the full calculation is rather good (within 10%). We have checked that expres-
sions for the chargino and gluino contributions that arise from the remaining insertions
also tend to agree within a similar accuracy.

Now let us consider the effect of including electroweak corrections when computing
the corrected charged Higgs vertex (B.14)-(B.13). The panel on the top-left of figure [[4,
illustrates the effect of including BLO corrections when calculating the charged Higgs me-
diated contribution to C'7, for non-zero 5% .- If 6% ; is positive, the GFM corrections to the
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Figure 17: The corrections to the Wilson coefficients C7 (the top two panels) and C% (the bottom
two panels) arising from charged Higgs exchange. In the top two panels 6% 1, = 0.2 whilst in bottom
panels 0%, = 0.2. LO, BLO and g are defined in the caption of figure E In the panels to
the right our analytic results are compared with those of our complete numerical analysis. The
MFYV contributions to C7 and C7 arising from charged Higgs exchange have been removed in the
panels to the right. The abbreviation “Approx.” denotes the results gathered in section @, whilst
“Impr. App.” is used to denote the same results supplemented by the substitutions gathered in
subsection E The soft sector is described by the same parameters as figure @

charged Higgs vertex tend to interfere constructively with the MF'V contribution, reducing
the charged Higgs contribution to C7 compared to a LO analysis. On the other hand, if 5% I
is negative, the MFV and GFM corrections to the LO contribution interfere destructively
and can therefore lead to an enhancement of the charged Higgs contribution to the decay.
As Ay is set equal to zero, the bulk of the difference induced by the inclusion of EW contri-
butions in the figure results from the correction to the right handed coupling (B.1f) and the
corrections that arise from the additional gaugino mediated electroweak effects discussed in
subsection B.3. This is confirmed in the top-right panel that illustrates the behaviour of the
approximate expression ([L.6) compared with the results of our full numerical calculation.
As is evident from the figure, the agreement between the curves is rather poor and the

approximate result where the electroweak couplings g; and go are ignored provides a 30%
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overestimate of the beyond leading order effects. The origin of this discrepancy stems from
graphs featuring gaugino exchange. This result is not specific to the GFM scenario and
such effects have been discussed before, in the context of MFV in [[14]. Once one takes into
account these effects, by applying the substitutions found in subsection B.J, the agreement
between the numerical and approximate results improves dramatically. As is evident from
the line depicting the improved approximation in the top-right panel of figure [L7.

The lower two panels in figure [[7 depict the contributions to the primed coefficients
arising from BLO corrections to charged Higgs exchange for 5% r = 0.2. In a similar manner
to the insertion ¢, the majority of the difference between the effects considered in [[L]
(the line labeled g-BLO) and the complete calculation presented in this analysis, stems from
the destructive interference between the €5 and ey terms that appear in the denominator
of (B.15) and the additional electroweak corrections to the (3, 3) element of the left-handed
charged Higgs vertex. Both of these effects act to increase the charged Higgs contribution
attributable to RR insertions. This situation is also evident in the lower right panel, where
the inclusion of the additional electroweak corrections described in subsection B.J roughly
doubles the accuracy of the approximate expression.

The contributions due to new physics for each insertion are shown in figure [[§. As is
evident from the plots for the LR, RL and RR insertions, the effect of BLO corrections
tends to be rather large. For example, in the case of the LR insertion (the top-right
panel in figure [I§), the reduction of the gluino contribution with increasing tan 3, coupled
with its destructive interference with the chargino contribution, can dramatically alter the
behaviour of the Wilson coefficient for even moderate tan 3. Similar effects occur for the
RL and RR insertions. For the LL insertion the difference between the LO and BLO
calculations shown in the top-left panel of figure [[§ is rather slight. This is because a tan 3
enhanced correction, proportional to 5% 1» appears at LO in the chargino Wilson coefficients.
It is therefore rather difficult for the BLO corrections to the chargino contribution to play
as large a role as they do for the other three insertions.

Finally, let us consider the combined effect these contributions have on the branching
ratio. figure illustrates the variation of the branching ratio with the flavour violating
parameters 6§l(y. As is evident from the figure, BLO effects can be significant for all four
insertions. Contributions due to flavour violation in the LR and RL sectors, in particular,
can undergo reductions by up to a factor of two compared to a LO analysis. Turning to the
inclusion of electroweak effects, we see that although such corrections can effect the Wilson
coefficients by up to 30%, the overall difference between the approximation used in [[L§]
and the full calculation used in this analysis is rather small. This is primarily because the
origin of the large discrepancy, between the LO and BLO calculations, is mainly due to the
cancellation between the gluino and chargino contributions, that arise for each insertion. As
both the chargino and gluino contributions undergo similar corrections, once electroweak
effects are taken into account, the overall effect on the branching ratio tends to be rather
minor.

figure (] depicts the variation of the branching ratio with tan 5. All four panels exhibit
the focusing effect first described in [[[§, [l6] where BLO corrections act to reduce the LO
result such that the SM result ({.2) is preferred. Once again we see that for the insertion
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Figure 18: The corrections to the Wilson coefficients C7 (the top two panels) and C% (the lower two
panels) due to contributions beyond the SM. The soft sector is described by the same parameters

as figure [[4.

5%L BLO corrections are rather small due to the presence of the LO correction to the
chargino contribution in (f.1§). For the remaining insertions we see that the BLO effects
described in this paper can significantly alter LO corrections for tan 3 as low as 20.

In summary, we have seen that whilst electroweak corrections can effect individual
Wilson coefficients by up to 20%, the overall effect of such contributions is rather small.
In particular, the focusing effect described in [[[5, ] remains even once one includes all
the electroweak corrections described in this paper. This is unsurprising as the focusing
effect mainly arises from the combined effect of two contributions. The first arises from
renormalization group evolution of the Wilson coefficients evaluated at the SUSY scale
to the electroweak scale, which is naturally independent of electroweak corrections. The
second is due to cancellations between the gluino and chargino contributions to the de-
cay. We have seen however that electroweak corrections typically alter each contribution
in a similar manner, and an increase in the gluino contribution, attributable to the de-
structive interference of the gluino and chargino contributions to the bare mass matrix,

is often accompanied by a similar increase in the chargino contribution. Finally, we have
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Figure 19: The variation of BR(B — X,v) with the flavour violating parameters 6%y-. The soft
sector is parameterised as follows mg = 1TeV, mz = mq~/\/§, A, = —=500GeV, m4 = 500 GeV,
# = 500GeV and tan 8 = 50. A broad region in agreement with the current experimental limit is
shown in all four panels.

seen that the approximate expressions gathered in section || tend to describe the overall
behaviour of the supersymmetric contributions rather well. The contributions arising from
the charged Higgs exchange however, often have to be modified according to the improved
approximation described in subsection B.3 to obtain a sufficient level of accuracy.

7.2 By, — utu~

As discussed in section [}, large corrections to the decay Bs — ptu~ are possible in the
large tan 0 regime due to the contributions of scalar and pseudoscalar operators that are
proportional to tan3 3. figure P1 depicts the dependence of our analytic and numerical
results for the Wilson coefficients C'p and C’ on tan (3 for various choices of flavour violating
parameters. The top-left panel in the figure shows the contribution due to the insertion 5% I
Let us point out that when one only uses expression (pb.11]) to calculate the contribution to
Cp, one obtains a value roughly 20% larger than the result obtained from a full numerical
analysis. Once one takes into account the additional LO correction induced by gaugino-
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Figure 20: The variation of BR(B — X,v) with the tan 3. The soft sector is parameterised as
follows mg = 1TeV, mz = \/§mq~, A, = —500GeV, my = 500GeV and p = 500 GeV. A broad
region in agreement with the current experimental limit is also shown when applicable.

higgsino mixing (5.13) (denoted by Impr. App. in figure RI)) the agreement improves
to roughly 10%. The remaining sources of discrepancy are mainly due to wavefunction
corrections to the bare mass matrix, which can be as large as 10%, and the inevitable
limitations associated with the MIA. The contributions due to the insertions 5% r and 5}1%
shown in the top-right and bottom-left figures respectively are absent at LO as the effects of
the insertions cancel [[[4]. However, once BLO effects are taken into account, a dependence
on the insertions is reintroduced due to their appearance in the bare mass matrix (B.§).
(The 6%, dependence of (B-§) becomes apparent once one recalls that (§¢ R)oz = (555%)32.)
Comparing the approximate and numerical results for the BLO corrections we see that
they typically agree with one another very well. (Unlike the 6% ;, insertion, contributions
due to wavefunction corrections are typically rather small as they appear at second order
in the MIA and tend to be suppressed by factors of mg.) Finally, the bottom-right panel
shows the contributions that arise for non-zero 531%3 where, once again, the analytic and
numerical results agree with one another rather well.
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Figure 21: The tan 8 dependence of the Wilson coefficients Cp and C%. In the top two panels
64, = 0.2 and §¢ 5 = 0.01, respectively, whilst in the lower two 6%, = 0.01 and %, = 0.2. In all
four panels the MFV contributions to Cg) have been removed. The soft sector is parameterised
as follows mgz = 1TeV, mz = \/§mq~, A, = —500GeV, my = 500GeV, p = 500GeV. The
abbreviation “Approx.” is used to denote the contributions arising from formulae (5.11)—(5.19)
whilst “Imp. Appr.” is used to denote the calculation that includes the additional electroweak

contribution (f.13).

With these results in mind let us now consider the overall effect of such corrections on
the branching ratio of the decay. figure P2 depicts the dependence the branching ratio on
the various sources of flavour violation in the squark sector. The two graphs depicting the
variation with 5% ;, and 5%3 show the characteristic suppression associated with the BLO
factors of (1 + egtan3) and (1 + €, tan 3) that appear in the denominators of the Wilson
coefficients (p.10)—(F-19). This suppression can loosen the bounds placed on these insertions
by the By — ptpu~ constraint. The panel depicting the variation with 6% ; displays a larger
dependence on the the gluino mass than the panel featuring the insertion 531% r as the gluino
mass not only features in the gluino contribution, but also in the corrections that arise once
one includes gaugino-higgsino mixing. (We remind the reader that we assume that the mass
of the wino and the gluino are related.) Let us briefly comment however, that in contrast to
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Figure 22: The dependence of BR(Bs; — ptp~™) on 6%y for mg = 1TeV, A, = —500GeV,

ma = 500 GeV, u = 500 GeV and tan § = 50. The light blue (light grey) and red (dark grey) bands
depict the effect of varying my between mg/ V2 and \/img. The published D@ and preliminary
CDF limits for the decay are shown.

B — X7, the differences between the BLO and LO results for MFV and GFM calculations
tend to be rather similar. This is because, now, the only dominant contribution to the
decay is via the neutral Higgs penguin and BLO effects tend to be limited to the factors
of (14 estan ) and (1 + e3 tan 3) that accompany the LO matching conditions. Turning
to the 5% r and 5% ;, insertions, large deviations from a purely leading order calculation are
possible due to the reappearance of the insertion in the Wilson coefficients (p.11)—(p.19)
once one proceeds beyond the LO [[7]. Finally, the asymmetric nature of the 5% ; and 5% R
curves arises as these contributions interfere directly with the MFV contribution and it is
therefore possible to induce quite large cancellations. For 6%]% and 5}1% on the other hand,
direct interference with the MF'V contributions is generally not possible. Cancellations with
the Wilson coefficient C'4 when calculating the branching ratio (5.H) can occur, however,
and lead the minima of the curves to deviate slightly from MFV. In general however, in
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Figure 23: The dependence of BR(Bs — pFu~) on tan 3 (the top two panels) and m 4 (the bottom
two panels). The soft sector is parameterised as follows: mgz = \/img =1TeV, A, = —500GeV,
1 = 500GeV. In the top two panels m4 = 500 GeV, in the lower two panels tan 3 = 40. The
published D@ and the preliminary CDF bounds are shown when appropriate. Only one LO curve
is shown in the panels on the right as the dependence on the insertion vanishes at LO.

a similar manner to B — X,v, the overall effect of these insertions is to increase the
branching ratio with respect to the MFV result, independent of the sign of the insertion.
The dependence of the branching ratio on tan 5 and the pseudoscalar mass m 4 is shown
in figure 3. As discussed in section [j the scalar and pseudoscalar contributions to the decay
can lead the branching ratio to vary as tan® 3. As is evident from the top two panels, values
of BR(BS — ,u+,u_) approaching (or even exceeding) the current experimental limit are
possible, even for TeV scale sparticle masses, if tan 3 is large ~ 40. A strong dependence
on my is also apparent in the lower two panels. Both figures illustrate the reductions
associated with BLO calculations for the LL insertion and the new effects that appear

beyond the leading order for the RL insertion.
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Figure 24: Contributions to AMp, vs. tan(. The combined effect of box diagrams mediated
by SUSY particles is shown in the left panel, whilst the right panel shows the double penguin
contribution. The soft sector is parameterised as follows: mg = 500 GeV, A; = —mg, mgz = ﬂmq,
p =mg and m4 = 300 GeV. The flavour violating parameters are §¢,; = §%, = 0.1.

In summary, we have seen that the approximate formulae gathered in section [] seem
to describe the results of our numerical analysis rather well (within 10%) especially once
one considers the approximations involved in their derivation. For the LL insertion the
additional electroweak corrections, described in subsection B.3, typically act to reduce the
correction to By — upu~ by up to 20% compared with calculations performed in the limit
of vanishing electroweak couplings. This reduction coupled with the resummation of tan 3
enhanced effects can relax the contribution due to 5%L by roughly 60% compared with a
naive LO analysis in which only the effects of the gluino contribution to the neutral Higgs

vertex are taken into account.

7.3 B, — B, mixing

Turning now to B, — B mixing, here we shall not compare the expressions gathered in
section [f to those of our numerical analysis as our approximations for the effective Higgs
vertex have been discussed in the previous subsection.

As discussed in section f|, contributions to AMpg_ in the GFM scenario stem from box
diagrams mediated by SUSY particles and charged Higgs and, in the large tan § regime,
from double penguin diagrams. The panel on the left of figure P4 shows the tan3 de-
pendence of the contributions to AMp, arising from box diagrams mediated by SUSY
particles. The main difference between the two curves at low tan 3, originates from the
use of the NLO anomalous dimension matrix to run the BLO calculation from the SUSY
matching scale to the electroweak matching scale. At large tan 3 the interference between
the dominant gluino contribution and the BLO corrections to the chargino and neutralino
contributions acts to reduce the overall contribution to AMp,_ further. As is apparent from
plot however, the overall correction tends to be only of the order of five to ten percent.

The double penguin contributions are depicted on the panel on the right of figure 4.
Here we see a rather more dramatic difference between LO and BLO calculations and at
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Figure 25: The dependence of AMp, on §%, for the same parameters as figure @

large tan 3 it is possible that BLO corrections can lead to a reduction of LO effects by up
to a factor of three.

Let us briefly comment on which values of tan 3 should analyses, that typically only
feature LO matching conditions for the gluino contributions to B, — B, mixing, include
the double Higgs penguin contribution. As is evident from figure P4, the double penguin
contribution completely dominates the behaviour of AMp_ at large tan 3 and can become
as important as the LO result for tan (3 as low as 20. We have checked that a similar
situation arises for non-zero LR and RL insertions.

With these results in mind let us consider the combined effect of all the beyond Stan-
dard Model corrections in the large tan 3 regime. The dependence of AMp, on each of the
flavour violating parameters is illustrated in figure P5. In the top left panel corresponding
to the insertion 5% ;, one can see a largely quadratic dependence on the insertion, in agree-
ment with the analytic result (B.17). The graph is not centred on 5% ; = 0 as, in a similar
manner to the B, — ptp~ graph in figure 3, the MFV and GFM contributions to the
neutral Higgs vertex approximately cancel for 5% ; ~ 0.08. Turning to the top right panel,
depicting the dependence of AMp, on 5%}%, we can see that the overall effect on AMp,
is rather slight, for small 6% p the effect is mainly linear as 5%}% only contributes to the
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Figure 26: Scatter plots showing the correlation between AMp, and BR(Bs — ptpu~). In the
panel to the left ¢ ; is varied over the range [—0.8,0.8] whilst in the panel to the right the insertion
6% is varied over the same range of values. In both plots mg is varied over the range [500, 1500] GeV.
The remaining parameters describing the SUSY sector are as follows: u = 500 GeV, m4 = 500 GeV,
A, = —500GeV and mz = 1TeV, tan § = 40. The published D@ and the preliminary CDF bounds
for the decay By — utpu~ are shown, as well as the lower limit for AMp_. Points compatible with
B — X, are highlighted by light blue (light grey) squares.

left-handed vertex that appears in (.19). It is therefore necessary for the other penguin to
be mediated by chargino exchange (p.1§). For larger values of 6% R contributions to Cf LL
as well as SUSY box diagrams, lead to a quadratic dependence on the insertion to emerge,
however, once again, the corrections are rather small.

The bottom two panels depict the larger effects induced in the 531% and 55{2}2 sectors.
The linear dependence of the contributions is due once again to one Higgs penguin being
mediated by chargino exchange and the other by gluino exchange. The only alteration to
this behaviour arises for very large 5?%3 (~ 0.4) where the gluino mediated contributions
to the left-handed Higgs coupling, that are suppressed by a factor of mg, can become
important and interfere with the chargino contribution. Finally, let us once again point
out the large differences between the LO and BLO calculations featured in all four plots.
For 6% ; and 6%]% we see the characteristic suppression of LO effects that arise from the
factors of (14 eztan3) and (1 + e;tan 3) that appear in (6.13)-(6.21]). These typically
lead to reductions proportional to factors of two or three, if © > 0. In a similar manner
to the decay By — ut ™, a dependence on the insertions 5% r and 5% 7> Which is absent at
LO, reappears when BLO corrections are taken into account [[[7].

Before ending this section let us briefly discuss the correlation between By — putpu~
and AMp, at large tan 3. As was pointed out earlier in this subsection, the double Higgs
penguin tends to completely dominate the contributions that arise from new physics in the
large tan 3 regime. It is therefore natural to expect a degree of correlation with the decay
B, — ptp~, that is also dependent on the neutral Higgs penguin when tan /3 is large. Such
a situation is illustrated by the scatter plots shown in figure P
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Figure 27: The ratio K(E?/Kggf vs. 6%, (the panel on the left) and §¢  (the panel on the right).
The soft sector is parameterised as follows: tan 8 = 40, mg = 1 TeV, p = 500 GeV, m4 = 500 GeV
and A; = —1TeV. Solid and dashed lines denote mgz = \/§m§ and mg = mg/ V2 respectively.

Here we see in both panels that a large correlation exists between each process. The
panel on the left (where only the LL insertion is varied) features only one branch as the
double Higgs penguin in this case tends to only lead to a reduction in AMp,. Varying
the RR insertion can lead to reductions or enhancements of AMp_ thanks to the linear
dependence on the insertion exhibited in the matching condition given in (.19). This effect
leads to two distinct branches being visible in the right panel of figure 6.

7.4 Radiative corrections to the CKM matrix

It was mentioned briefly in subsection B.4 that the rotation from the bare to the physical
SCKM basis can induce large contributions to the bare CKM matrix K [BI]. One
particularly interesting consequence of this is that the CKM matrix elements K;s and
K could be generated radiatively via GFM effects [[Lf]. Such a situation is illustrated
in figure P7. From both plots it is evident that Kc(g) (and similarly Kt(so)) can receive
significant corrections due to the presence of GFM in the squark sector. In the LR sector
in particular, radiative generation of the entire matrix element can typically occur for
5% r ~ —0.01. One could imagine the scenario where corrections to the remaining matrix
elements might induce similar effects and lead the CKM matrix to be fully diagonal before
SUSY threshold corrections are taken into account.

From the top-right panel in figure P9 it is also apparent that, due to a cancellation
between the chargino and gluino corrections to neutral Higgs vertex, the branching ratio
of the decay By, — puTp~ also tends to approach SM like values for negative 6% r- The
minima of the two curves however tend not to coincide unless ey Y;? ~ —e; (this typically

only occurs if A, is rather large and negative).

8. Summary

We have presented here the first complete analysis that includes the resummation of all
tan 3 enhanced BLO effects in SUSY with GFM that contribute to the processes B — X7,
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B, — ptp~ and B, — B mixing. We have derived analytic expressions applicable in general
and in the MIA. As such, they match the precision of similar calculations performed in the
context of MF'V. We have provided a recipe for including BLO effects into LO expressions.

We have found that BLO effects in GFM can be large. In particular, we have more fully
analysed the focusing effect that was initially pointed out in [[5, [[f] in the case of B — Xgv
and next shown to also exist in the other two processes [[7]. In the phenomenologically
interesting case of large tan 8 and pu > 0 the focusing effect often leads to a significant
relaxation of experimental bounds on the soft mass mixings.

Finally, we have examined radiative corrections to the CKM entries. These can be
large, or even dominant, due to large LR mixings. We have pointed out a possible, although
apparently accidental, correlation with the processes analysed here.

The method presented here is rather general and can readily be extended to include
CP violating contributions, here BLO corrections can carry additional phases and lead to
potentially large deviations from LO calculations. One might also consider the process
B — X1, where the BLO corrections to the Wilson coefficients C7 and Cg (and their
primed counterparts) may also play a large role. Another possible application would be to
include the By — By mixing system where, at large tan 3, one can expect strict bounds the
insertions (5?%3) 13 and (5?%)13 due to contributions to AMp, unsuppressed by mg.

The formalism presented here can be applied to data from present and future B-
factories and hadron colliders in constraining mass insertions and, eventually, in extracting
information on an emerging pattern of flavour violation in the squark sector [7g].
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A. Loop functions

A.1 The functions H;

The loop functions H; that appear throughout the text are given by

B x1 log 1 To log xo
Holwnwe) = 4 o =) T U= 2a) (10 —21) (A-1)
Hso(x1,12) — Ho(x1, T
H3(z1,72,73) = 2(z1,22) — Ha(m) 3), (A.2)

T2 — I3
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H —H
Hy(z1,x2,73,24) = 3(901,902,90;,?)’ — x43(961,9627904)‘ (A.3)

In the limit of degenerate arguments the functions become

1 1 1
H2 (171) - —57 H3 (1,171) - 67 H4 (1,171,1) - —E . (A4)
A2 B— Xy

The loop functions F7(?8) (z) that appear in the charged Higgs matching conditions (f.§)-

fE7) are
. _ z(3-5z)  x(3z-2)
S 12(@-1)?% 6(x—1)°
z(3—x) x

(2)
F = - log .
5 (@) bao—1)2 20@—1p B

The functions H Z-[?’S} (z) that appear in section .9 are given by the following expres-
sions. The chargino contribution features the functions

—32% +2 —8x2 —br + 7
H{ﬂ(x): 3x* + flogm+ T mJg ’
6(1—x) 36(1—x)
2
(8] T —x° + 5x + 2
H" (z) = ——loge + ————,
v () 21—zt ° 12(1—x)
2 2
7] —3x° + 2x —bx* + 3z
H) () = ——xlogx + —,
2 (@) 3(1—2p o7 6(1—a)?
2
8] T —x° + 3z
H X :710 r+ ——-7-F.
2 (@) A—aP T2y

The functions relevant to the neutralino contribution are given by

1
Hy (2) = —3HY (@), Hy (2) = HY (@),

1 1 1
@) =y (i @0+ 3). H @ =0

The functions relevant to the gluino contribution are

7] 1 g 8] 922 — x 1922 4 40z — 11

H = -—-H H = ——1

5 (@) gt (@), > () 16 (1 — z)* gt 96 (1 —z)®>
7] _ _l (8] 1 [8] . 972 — 1 1 13z — 5

) = 5 (A @+ 3). @)= e S

The loop functions I 78] (z) and Ji[7’8] (z) that appear at higher orders in the MIA are

1
related to the functions H i[7’8] (x) via the relations

1@ = 2af @, I @) = i @),
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A3 By, — putp~
The function that appears in (5.§) is given by

(3:3 — 622 +3x + 2)
24 (x —1)*

fz(x) = ﬁlog:ﬂ%—

A.4 B, — B,

The functions that appear the gluino matching condition ([.29) are given by

1] 2% (z +3) (—1723 + 922 + 92 — 1)
f (x) = 7(33—1)5 log z + 6(3:—1)5 )
[2] M (=23 — 922 + 92 + 1)a

fg @) ==y losw t 3(z—1)

A.5 Passarino-Veltman functions

The Passarino-Veltman functions that appear in appendix [D] have the following form

By (x,y) = log?+1+ log
1 1 z 1 T y? — 2zy Y
Bi(r,y) = —in+ 1o L L ; log £
&) 2 2 Cpr 4 2@-y) 2@-y)? @
Y Yy z
CO l’,y,Z:—IOg——‘r—lOg—,
@) = =2 B T @y Cz
1 3 T y? Y 22 z
Coo (2,y, 2 =—<n+——10g—+—10g—+—10g— :
@y =g (Mt et =9 % T ey %

where 1 = % + log 4w — vg.

B. Alternative forms for 5%12 and 6;&

As discussed in section [, throughout this analysis we assume that the trilinear SUSY
breaking terms are not proportional to the appropriate Yukawa coupling. To illustrate how
our results are altered if we do make this assumption, let us consider a specific example
with relevance to models with SUSY breaking mediated by either supergravity or gauge

interactions [B(]
mdLR _ ATmei ) RPN )TAT (B.1)

The insertions 5% r and 5?% are therefore equal to

() ),
i) [T) i),
() (),
N N
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It should be noted that, in addition to the off-diagonal elements of the complex matrices
ACLZ’R, there is a contribution proportional to the appropriate off-diagonal element of mg]). If
we use the choice (B.1)), one can redefine the insertions 6¢ , and 6%, (B-3) to be independent
of the bare mass matrix in the following way (ignoring terms suppressed by the strange
quark mass)

(),

, 6% = .
\/(mzvu) 22 (miRR) 33 ( RL) N \/<m§vLL> 22 (m‘%vRR> 33

This definition is largely independent of BLO corrections and would correspond to a input

(), - ks

value appropriate for the iterative procedure described in section R.4. The effects due to
the bare mass matrix then appear in two ways. The diagonal elements result in a factor of
1/ (1 + €3 tan 8) that accompanies each factor of 64, and 6%, . The off-diagonal elements,
on the other hand, may be included in a similar manner to the off-diagonal elements of
the F-terms that appear in the squark mass matrix by altering e, with a small (cot 3
suppressed) correction. The only exception to this rule concerns the corrected charged
Higgs vertex, where one must perform the substitution

(A‘EL) 22 (mg))T) 23 + (AL R) 33 <m§O)T> 23

a ) < a )
m m
\/( d,LL ) 5o \"""d.RR ) 5,

in (B.21)). In the limit of MFV (/Id L= A, Agp = 0) we reproduce the result presented

in [[4].

C. Supersymmetric vertices

Now let us present a complete list of supersymmetric vertices required for our calculation.
Throughout this section I,J =1,...,6,a,b=1,2, o, =1,...,4 and finally 7,j = 1,2, 3.
The coupling of the gluino to down quarks and squarks is given by

Ly =d} (9)[(Gar) ; Pr+ (Gar) 5; Prl (d); , (C.1)

where (Gqr) ;; and (G4R) ,; are given by

(Gar)yi =—V29s (Tar)y; - (Gar)y; = V29s Tar) j; (C.2)

The couplings to up quarks and squarks may be obtained via the simple substitution d — u.
The chargino coupling to down quarks and up squarks was discussed in section
whilst the coupling to up quarks and down squarks is given by

Cy = — goUu (TyKT) + S, E— Uap2 (T ) et C.3

(Cut)asi g2%al ( ar >Jz V2myy cos 3 ? < R >Jz' (€-3)
— 92 T (01

Cy .= Va2 (Tap K'my, . C4

(Cur)asi V2myy sin 3 ? < aLsm >Jz' (C-4)
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The neutralino couplings between down quarks and squarks are

Lo =d (X°), [(Nar)asi PL+ (Nar)asi Prl (d); , (C.5)

where (Ngr) 7, and (Ngg) ;;,, are given by

g2 (1 ., , 92 (0)
N, = = = tan Oy — N T T C.6
( dL)an \/5 (3 a1 tan vy a2> ( dL)J \/_mW COSﬂ a3 ( dRMy >Ji 7( )
g V2tan 6 g
(NiR)y; = — ™ 3 W N1 (Car) i 7\/—%; L <FdLm£lO)T) L (C.7)

The matrix NV diagonalises the neutralino mass matrix in the usual manner

N*MXoNT = diag <mx(1), . ’mxﬂ) . (C.8)

The couplings to up quarks and squarks are

N, = N tanbOyw + Ny ) (T s — ——=—————N 3 (Turmy, ,(C.9

( L)an \/5 <3 an vw 2)( dL)J ﬁmwsinﬁ 4< RM >Ji (C.9)
B 2v/2¢5 tan Oy 92 Ot

(NuR)ayi = — 3 Noi (TuRr) j; — \/_mW S 3 Noa <FuLmu >Ji . (C.10)

Let us now consider the couplings of the W boson that appear in (D.3). The coupling
to squarks is given by

(W), = —% <FuLKF2L)U . (C.11)

The couplings to neutralinos and charginos are given by

1
W, = N:oVa NiaVa W, = NooUgr + —=No3Uys | -
( xL)aa 92 ( 2Val — \/— nd 2) ( XR)aa 92 < 2Uq1 NG 3 2>

(C.12)
The couplings of the Z boson to up and down squarks are given by
(Z9),, = =2 (1,10, - 2 sin? Ov (C.13)
4/ 17 ™ 2 cos Oy dL 3 .
g2 T 4 . 2
Zi)ig=—5—7—|Turl),, — 5sin°6 . C.14
(Za)rs 2 cos Oy ( wblup = 350 W>1J ( )
The couplings to neutralinos and charginos on the other hand are
92 * 2 -2
(%) = 2 cos Oy [Var Uy + (cos” b —sin® by ) dap] (C.15)
(Z-R)w = ﬁ (Va1 Vi + (cos® Oy — sin® Oy ) 6] (C.16)
92 * *
( x° L)aﬁ 2 cos Oy (NQ4NB4 - Na3N53) ) (C.17)
92 *
( x° R)aﬁ T 2cos Oy (NaaNps — Nj3Ngs) . (C.18)
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The coupling of the charged Higgs boson to squarks is given by

<C§+) U:—M <cos 6y(5’2§ + sin 6y(5’1§> <FULKFLL> . +

V2sin Oy
92 [yﬂ (r LEKmOtmOr! ) +ﬁ( MmOt © KTt ) n
\/_mW cos 3 dL)1; " sinf Tur L)y
b (L)
+y(2 \/—mi[fcosﬁ[(F“LKmd’LRF‘TiR>1J+ w COtﬂ(F“ng‘O)KFZL)IJ}+
+y(1 \/—mii Slnﬁ[<F“Rm“’RLKF‘T1L)1J+MtaDB<F”LKm§O)TFIlR>1J] (C.19)

where g+ = 1,0. The coupling of the charged Higgs to the chargino and neutralinos is

given by
+ 92 + ] 1 ¥ « «
(C;?L)aa :myg) [%UCLQ (N sin by + Njg cos Oy ) — Ug1 N5 cos GW} , (C.20)
S+ g2 + 1 :
<CX R) B myﬁ) [EVQQ (Naa sin by + Nao cos Oy ) + Va1 Nag cos HW] . (C.21)

The couplings of the neutral Higgs bosons to squarks are

3 — 4sin2 GW
S§O) = 92 40020 < 80 g 50) 1422 Wp 1t —
< G ), = nsoy g tan” Gwmw (cos By — sin By S5 Oy arlyp .

-2 [ Th,) 4 (Panmm(iT ) ] } -

myy cos 3
9 f 50 f $0x
2mwyy cos ﬁ [ <FdRmd’RLFdL>IJ x(l) + (FdLmd’LRFdR) 1J x(l)

0 0 * 0 0y
— U (FdLmEl )TPLR) 17 .%'g) — U (PdRmEl )FIlL)[J I"(SQ) :| y (C22)

0\ 202 . 5 0 . g0 3 — 8sin? Oy i
<Sa )IJ_ 7750{ — 5 tan® Oyymyy <cos ﬁx(l) — ¢in ﬂx(2)> <1—|— mF“LFuL U_

e (e o), o (o), )

" myy sin pTE
g2 T S0 t S04
_72mw s |: <Pu RmuyRLPuL) I T(g) + (FuLmu,LRFuR> 1‘(2) —

— 1 (F {0 )TF > Jx*(glo) —u* <FungO)FLL> x‘(glo) ] (C.23)

where g0 = 1,1,0,0 and xéo) = sin o, cos «, i cos 3, i sin B.
The couplings of the bosons to charginos and neutralinos are

(SX_L)ab = _é ( Eq) a2Vi1 —l—x( 2) Ual%Q) ) (C.24)
(Sx-r)ap = _% (95(@'10)(];2%1 +35ZQ;)U;1W>2> ) (C.25)
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g2 O a7 O ATx P *
(Sy0 L)aﬁ = Deos O [ <5'3291) 3 — xé) a4> (NG sin Oy — Nj, cos by ) +

+ (xﬁo)*Nﬁg x(Z)*NB4> (N sin by — Njq cos Oy ) } , (C.26)

g2 S0 50 .
(SXO R)aﬁ = m |: <I’(1)Na3 — .%'(2)Na4) (Nﬁl S GW - N[gQ COS HW) +

+ (xflo)Ngg — xf;)NM) (Ng1 sin Oy — Nyg cos Oyy) ] . (C.27)

D. Corrected vertices

Let us now present the full analytic expressions used in our numerical analysis. A number of
the corrections given in this section are divergent and should be renormalized appropriately.
However, we have checked that numerically these terms are negligible compared to the
tan 3 enhanced corrections discussed in [] and tend to play only a minor réle. Throughout
this section 4,5 = 1,2,3, I,J =1,...,6, a,b = 1,2, o, = 1,...,4, ST = H",G" and
S0 = HO pO A% GO. Repeated indices that appear in the expressions below should be
summed over. We have checked our results with those that appear in [@] and find that,
once one takes into account the different form of Passarino-Veltman functions we adopt
our results agree.

The self-energies that appear in the corrected vertices presented in section R.3 as well
as the expression for dmy are given by

<E%L) ij - . |:mg (GdR)Iz (GdL) . Cy (3) By (m%, m%j) +

1672
Mz (Cir)ari (Car)ary Bo (2, m2, ) +

+myo (Ngg)ari (Naz)ar; Bo <mig,mc2@> ], (D.1)

1 x
(522),, = 152 | G (Gur)y; Co ) By (mm3 ) +

+ (Ci)ari (Car)ary B (m2-m2, ) +

The various supersymmetric couplings that appear in the above expressions are given in
appendix [J whilst the Passarino-Veltman functions are defined in appendix [A.5. Eg R can
be obtained by substituting L with R in ([D.9) the up quark self-energy corrections can be
obtained by substituting u < d.

The correction AC}” that appears in (£.29) is given by

1

(AC),; = W 1672

{202( ) (WJ)IJ (Gur)ni (GdL) Coo <m md ’mQ > N

+2(W )[J (N;L)ali (NdL)an COO( 2 md ,m2 >—|—
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2 2 2
+myom — (Wyr) go (Nur)ari (Car)qr; Co (mxg7mxg7mﬂl> -

2 2 2
=g = (Wi L)oo (Cur)agi (NaL)a; Co (mxg,mxgamg,) -

. 1
-2 (WxL)aOé (NuL)odi (CdL)an |:COO <mi9x’mi;’m%1) B Z:| *

N 1
2Ry (O gy (oo | oo (g, ) = 5| |03

ACE/ can be obtained by the simple substitution L <> R. The correction to the left handed
coupling of the Z-boson (R.27) is given by

(acg), = 1612{202()(ZJ)U(G(’;L)U(GdL) o (m2m2 w2
+2(23) 5 (N1 )ars (Naz); Coo (g m? mgi) +
+2(Za),, <ch>an<ch>wcoo(m, 2.m2,) -

2 2 2
M M (ZX— L)ab (CarL)ori (CdL)an Co (mxgamxb—amm> -

+

=m0 (Zy 1) o5 (Vi) i (Nas) ey Co (mxg’mx%’mi) +

1
+2 (ZX_ R)ab (C;lkL)in (CdL)a[j |:CQO <m2_,m2_’mg ) _ _:| +

Xa Xp ur
1
* 2 2 2
+2 (Zxo R)ag (Nar)gri (NaL) o {Coo <mxg,mxg,ng) - Z] } (D.4)

AC}% may be obtained in a similar manner to ACX?V.
Turning to the Higgs sector the vertex correction AC’EJr is given by

(ACE+>ij: 167 2{02( ) mg <C§+)U( wr)1i (Gar) 75 Co <m md ,m2 >+
iy (C57) | (Vi )ars Nan)as; Co (mlg m3 2, ) +

Mg my (C§L+>m (N r)ari (Car)ar; Co <mig,mi;,mfj1) +

tmyomyg (CFF) (Cimda (Var)o; Co (2 my,m2 ) +

1(C58)  (NiR)ars (Catary [coo (g2 m,) - %] N

4(C), (Clmda Nar)a, [Coo (s, ) - é] }'<D-5)

AC}%Jr may be obtained via the substitution L < R. Finally the corrections to the neutral
Higgs vertex may be written

(ACE())U: Tom 2{02( )m (S§O>U (Gar)i (Gar)z; Co (mé’mfz,’mfz,) +

0 *
Ty (5,? )U (Nir)ari (NaL)a.; Co (mig,md ﬂ”%,) +
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( ) (Car)ari (Car)qs; Co (m{’mi]’mz)Jr
< > NdR)gJZ(NdL)aJ]C(]( O’mQO’ 3>+

+m,-m, < > (Car)ori (Car)ar; Co (mi"mi_’m%f> *

SO * 1
4 (SXOR>aﬁ (NdR)ﬁJi (NdL)an [Coo ( 20,m20, ZJ) — g} +

" 1
+ 4<S§S R) ab(CdR)in(CdL)an [Coo (mi;,mib—,m%,) - g] } (D.6)

The correction to the right-handed vertex may be obtained in a similar manner to AC’;?.
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