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ABSTRACT: We compute the order o (next-to-leading) corrections to the Wilson coef-
ficients of the AF = 2 effective Hamiltonian in the Minimal Supersymmetric Standard
Model with completely arbitrary soft terms. These results are relevant for phenomeno-
logical studies of neutral meson mixings in the presence of large squark mass splittings,
in particular in hierarchical scenarios of supersymmetry. These corrections achieve a con-
siderable reduction of the uncertainty related to the matching scale ambiguity, and are
therefore numerically relevant. We briefly analyze the effect of certain mass splittings on
the size of the NLO corrections, and compare it with the case of almost degenerate squarks
in the mass insertion approximation.
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There is an almost absolute consensus among the particle physics community that unknown

physics must exist at energies of around the TeV. Indeed, the minimal Higgs mechanism,

so far completely untested, is quite unlikely to be the true mechanism for electroweak

symmetry breaking; and even if it were, an additional explanation should be provided for

the stabilization of the electroweak scale. Another indication of new physics around these



scales is given by, for example, the dark matter problem. Low-energy supersymmetry is
a leading candidate to fill that gap since it provides natural and simple explanations to
those conundrums.

However, over the last decade, two other things have become clear. First, that the
structure of flavor symmetry breaking of the Standard Model is a very peculiar one, and
second, that, quite unexpectedly, flavor physics experiments confirm it to great accuracy.
Indeed, any new physics model one can think of leads naturally to violent flavor breaking,
and the experimental limits on flavor-changing neutral currents (FCNC’s) are among the
most stringent constraints that any model must satisfy.

The Minimal Supersymmetric Standard Model (MSSM) is no exception: an enormous
set of new flavor violating parameters arise from its supersymmetry-breaking sector, which
in the quark sector can be understood as a general misalignment between quark and squark
mass matrices. More specifically, a simultaneous flavor rotation of quark and squark fields
diagonalizing the Yukawa matrices leads to the so called super-CKM basis, in which no
tree-level FCNC couplings are present. But in this basis the squark mass matrix M? is not
generally diagonal, and an extra rotation of the squark fields is necessary to diagonalize
this matrix, introducing strong interaction flavor violating couplings. Therefore, SUSY
contributions to flavor violating observables mediated by strong interactions will easily
compete with the SM contributions, which are driven by weak interactions, and well tested
experimentally. Flavor constraints on these flavor violating parameters have been studied
extensively, and the conclusion to be taken from those studies is, basically, that it is quite
difficult to reconcile the relatively low SUSY masses required by naturalness with a generic
flavor structure of the soft breaking terms.

A solution to this problem is to assume that the structure of flavor violation of the
new physics respects the hypothesis of Minimal Flavor Violation (MFV), by virtue of which
the Yukawa couplings are the only source of flavor symmetry breaking. However, this is
quite a pessimistic scenario for new physics searches in the quark sector, and it is useful
for many purposes to go beyond it. Indeed, present indications of new physics in By, and
K processes [1-3] seem to require a departure from MFV.

In the MSSM, a suitable approach for phenomenological studies that takes into consid-
eration all these issues, is to assume that squark masses are very nearly degenerate. This
case is parametrized by a squark mass matrix of the form (M?);; = M2(1 + 0);;, where
My is an “average” squark mass, and § is a matrix with entries much smaller than one.
These small parameters, or mass insertions, parametrize the departure from MFV, and
constraints on their values derived from flavor observables provide valuable information
for model building. They are usually treated as expansion parameters, which at leading
order (linear and quadratic in 0 for AF = 1 and AF = 2 processes respectively), define
what is coventionally know as the Mass Insertion Approzimation (MIA) [4]. Strong bounds
have been derived for these quantities from FCNC processes [5-8] and vacuum stability
requirements [9, 10] as well as from charged-current processes [11].

However, it is also of interest to consider other scenarios with non-degenerate squark
masses. For example, it has been argued that a “hierarchical” setup in which the first two
generations of squarks are much heavier than the rest of the SUSY spectrum (lying near



the electroweak scale), can satisfy naturalness criteria [12]. In this framework, correlation
patterns between AF = 1 and AF = 2 observables can be quite different from the ones
in the degenerate case. Indeed, as shown in ref. [13], in these scenarios the bounds from
B — Xv can be partially evaded, allowing for a large Bs mixing phase. This would be of
great relevance if the experimental indication for such a large phase [2, 14, 15] is confirmed.

In order to perform phenomenological studies of these scenarios, corresponding cal-
culations of flavor violating processes have to be performed. Here we focus on AF = 2
processes, that is, K — K, D — D and By — Bd7 s mixing. These low energy observables are
more conveniently computed in the framework of an effective theory in which heavy modes
have been integrated out. The most general effective hamiltonian relevant for AF = 2 pro-
cesses is given in eq. (2.1), where the Wilson coefficients C; contain the information from
heavy modes. Then the observables are expressed as functions of the Wilson coefficients
and the matrix elements of the operators, and arise from the AF = 2 amplitude in the
effective theory:

At = 3 Cil0:) = 3 i (8 + iy +0(0d)) (©)), (1.1)
) ij

where we have written the matrix elements of the operators in terms of tree level matrix
elements <(9>(0). The matrix elements must be computed using some non-perturbative
approach, for example in the lattice. The SUSY contributions are encoded inside the
Wilson coefficients, which are evaluated by matching the full theory (MSSM) onto the
effective theory at some matching scale p. According to the renormalization group (RG)
prescription for the resummation of large logarithms, the matching scale p must be close
to the SUSY scale, and the scale at which matrix elements are computed must be close to
a relevant mass scale in the effective theory (for example my, in the case of B — B mixing),
and the Wilson coefficients at the matching scale must be used as initial conditions for
the RG evolution that provides the Wilson coefficients at the low scale. This evolution is
governed in particular by the anomalous dimensions of the operators.

Leading order (LO) strong interaction matching conditions in the MSSM have been
computed in refs. [16-18], and arise from the squark-gluino box diagrams shown in ap-
pendix A.1. The corresponding next-to-leading order (NLO) corrections arise from the two
loop diagrams shown in appendices A.2, A.4, and have been computed in ref. [19] within
the Mass Insertion Approximation. The anomalous dimension matrix for the complete set
of operators (eq. (2.2)) has been computed at NLO in QCD in refs. [20, 21].

The purpose of this paper is to present the computation of the NLO matching condi-
tions beyond the MIA, in the presence of arbitrary soft terms, and in particular for arbitrary
squark mass splittings. The motivation for a NLO determination of the matching condi-
tions is three-fold. First, LO matching conditions are both scale- and scheme-independent,
so in order to get scheme independent results and NLO scale invariance it is necessary to
go beyond the leading order. Second, the leading order corrections are proportional to
a?. Since at LO neither the renormalization scale or the scheme can be specified for the
strong coupling, LO results show a particularly high uncertainty related to the scheme and
scale ambiguities. Third, this uncertainty is particularly severe due to the large anomalous



dimensions of the AF = 2 operators involved. These uncertainties are largely cured by the
NLO corrections, from about 10-15% to a few percent, as shown explicitly in ref. [19].
The AF = 2 amplitude in the MSSM up to NLO can be written as

Avss = Y o2 (FO + 2RV +0(ad)) (00, (12)

where Fi(o) and Fl-(l) are the LO and NLO contributions, and we have factored out a
common a2. The matching of the full theory onto the effective theory is performed by
imposing that the effective and MSSM amplitudes are equal at and below a matching scale
w. An order by order identification of egs. (1.1) and (1.2) leads to the following formula

for the Wilson coefficients:

3 3
Ci=alF” + 2RV = 23 Fri+0a) (13)
J

Thus, the NLO matching calculation requires the computation of the matrix r and the
functions F;. The matrix r is obtained from the renormalization of the operators of the
effective theory, and its computation is described in section 2. This matrix has been
computed before in several renormalization schemes (see refs. [19-21]), and we agree with
their results. The functions F; are obtained computing the one- and two-loop diagrams in
the MSSM (see appendix A). The details of this computation are described in section 3,
and the functions Fl-(l) obtained here are the main new results of this paper.

Both calculations, the effective and the full theory amplitudes, are carried out in the
NDR scheme (dimensional regularization with anticommuting ~5), with modified minimal
subtraction (MS) of ultraviolet divergencies. Also, we choose massless external quarks with
zero external momenta. This choice of external states introduces infrared (IR) divergencies
from diagrams in which a gluon connects two external legs. We regularize these divergencies
with an unphysical gluon mass A\. While both r and Fi(l) depend on the external states (and
are therefore IR divergent), this dependence cancels in the Wilson coefficients, as expected.

After describing the computation of the relevant amplitudes, we discuss briefly in
section 4 some issues related to the renormalization of ultraviolet divergencies and the
renormalization scale dependence. In section 5 we mention some of the checks that can be
done to ensure the correctness of the results. In section 6 we show how reduce the exact
results to the MIA and to the MIA with non-degenerate squarks, which allows to compare
our results with those in ref. [19]. Finally, some results are presented in section 7.

Before getting down to brass tacks, we would like to set some notation and specify
some definitions related with rotation and mass matrices beyond leading order. At tree
level, the super-CKM basis is defined by doing a joint rotation in flavor space of quark and
squark fields such as to diagonalize the tree level Yukawa matrices. The resulting squark
mass matrix is not diagonal and defines the tree level mass insertions. In this basis there
are no tree level FCNC’s. This matrix is diagonalized by an additional rotation of the
squark fields,

I Jix g I gk 3
di,L - PDLdj ? dZ,R - FDRdj

~[ ik~ ~[ ik~
=Ty a;, =Ty 4, (1.4)



where (1, qk) denote the squark fields in the (tree level) super-CKM basis, and § is the
mass eigenbasis. The rotation matrices I';, and I'p are 3 x 6 matrices, and the indices
U, D will be omitted hereon, which raises no confusion. In the mass eigenbasis, tree level
FCNC'’s appear; for example a flavor changing ¢;-q;-g vertex is generated with the following
Feynman rule:

— igs V2T (T P, — T PR), (1.5)
where T are the color matrices and Py, g are the chiral projectors.

At NLO, a subtlety arises because a squark-gluino loop generates a finite flavor-
changing self energy for the quark fields (see figure 2). At this point, one must specify
what is meant by the super-CKM basis at NLO, since the definitions for the mass inser-
tions depend on that choice. We believe that the most natural definition for the super-CKM
basis is the one for which quark fields do not mix at one loop, and tree-level FCNC’s are
absent. In this case the rotation matrices, the mass insertions and the CKM matrix differ
from the tree level ones. This criterium does not coincide with that in ref. [11], but it has no
effect when comparing our results with ref. [19], since this is not an issue in the degenerate
case. A comment in favor of the criterium adopted in ref. [11] is that mass insertions are
directly related with SUSY-breaking parameters in the lagrangian. A further discussion on
this issue is provided in section 4, and the formulae necessary to switch from one criterium
to the other is provided in appendix C.

2 Effective Hamiltonian for AF = 2 processes at NLO

The most general effective Hamiltonian for AF = 2 processes up to operators of dimension
six can be written as

5 3
HH == C,0;+> GO, (2.1)
=1 i=1
where C; are the Wilson coefficients and O; are the dimension six AF = 2 operators. In
four dimensions there are eight independent operators of this type. Here we choose the

following basis:

O1 = 5a7uPrba 557" Prbg

Oy = 5,Prba 53PLbs

O3 = 5,P1bs 53P1by

O4 = 54Prby 53PRbg

Os = 5,Prbs 53Ppb, (2.2)

where Pr, p = (1 F v5)/2 are the usual chiral projectors. The operators (’3172,3 are obtained
from O 23 by exchanging L < R. To simplify the notation throughout the paper we focus
on the case of B, — B, mixing; for the cases of K, D and By mixing one should make
obvious replacements of the quark fields.

In order to define the effective Hamiltonian beyond leading order, one must specify a
renormalization scheme. Here we choose to regularize ultraviolet divergencies in dimen-
sional regularization, where d = 4 identities between operators do not hold. This means
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Figure 1. One loop diagrams contributing to the matrix elements of the four-fermion operators in
the effective theory.

that one must complete the effective Hamiltonian with a set of evanescent operators that
vanish in 4 dimensions but can give finite contributions beyond leading order if they are
multiplied by a divergence. The choice of a set of evanescent operators is not unique, and
different sets lead to different subtractions, so specifying this set is necessary to fix the
renormalization scheme. Here we choose the set of evanescent operators given in ref. [21].
By requiring that the matrix elements of evanescent operators vanish in four dimensions
one can omit these operators altogether from the effective Hamiltonian once the renormal-
ization has been performed.

The calculation of the NLO effective Hamiltonian amounts basically to the NLO renor-
malization of the operators. The matrix elements of the bare operators and of the renor-
malized operators are related through the renormalization constants:

bare Z ZZ]Z Zb ren Z ren (23)

where Z, j, are the quark wave function renormalization factors and Z;; is the renormaliza-
tion matrix necessary to renormalize properly the operators in the effective theory. The
effective theory amplitude can then be written as

Actt = Z Ci (O™ + Z Cy 671 (O5)r™ (2.4)

where we have written Zlfj = 0;5 + 5Z{j and the second term contains the counterterms.

el in terms of tree level matrix

In order to obtain the NLO renormalized operators (O;)
elements <Oi>(0), one must compute the one loop gluonic corrections such as those shown
in figure 1. For UV divergencies we use naive dimensional regularization with modified
minimal substraction (MS-NDR). Moreover, we choose zero external momenta and set the
quark masses to zero. This simplifies the computation but introduces IR divergencies from
the soft gluon region. We regularize this divergencies using a gluon mass A. The same
IR divergencies should appear in the full theory, and cancel in the matching, providing a
non-trivial check of the calculation.

All the one loop diagrams contributing to the NLO renormalized operators are pro-

portional to the same loop integral, and the amplitude can be written as

Acr = ZC [ i Ton (1 - ; - 210g()\/u)> +5zgj} (0)O) (2.5)



The computation then provides the coefficients A;;, which must be extracted up to O(e):
Ay = A% + éAZE-j. The sum over j runs over both physical and evanescent operators, the
later giving finite contributions to Alg-j.

The counterterms can now be fixed according to the MS scheme: 0Z; = (ozs/167r€)A%,
which provides the leading order anomalous dimension matrix of the operators (2.2) in QCD:

dz @ @ 1
— 71 — 50 — =5 1y — A0 2.
7 dlogpu 4w 4 Cr 2 (26)

where we have used the well known QCD quark wave function renormalization factor,
Zy =1— (as/4mé) Cp. We obtain

4 0 0 00
0-28/3 4/3 0 0
v =10 16/3 32/3 0 0 (2.7)

0 0 0 —-160
0 0 0 -6 2

in agreement with, for example, refs. [19, 26]. The missing 3x3 block corresponding to
the operators (’51,273 has been omitted: they do not mix with the other operators and their
anomalous dimensions are the same as for Oy 3.

Finally, the NLO amplitude in the effective theory is given by

-Aeff

>_Ci (3 + 223 ) (0 (2.8)
rij = i K; - 210g(/\/u)>A?j +A§j} : (2.9)

For the NLO matrix r we obtain

—4/3 0 0 0 0
0 —44/3 4/3 0 0
0 16/3 16/3 0 0
0 0 0 —64/3 0
O 0 0 -6 -10/3

-5 0 0 0 0
1/3 -1 0 0

~15/2 =25/6 0 0

0 0 19/3 -3
0 0 -1/2-7/6

o O O O

The first term is the IR divergent piece that must cancel in the matching procedure. The
second term is the NLO contribution, and it is scheme dependent: it is valid only in the MS-
NDR scheme. However it can be easily translated to dimensional reduction (DRED) and
Regularization-Independent (RI) schemes by using the formulae in refs. [19, 20]. In fact,
as pointed out in ref. [20], the matrix r can be thought of as defining the renormalization
scheme, and eq. (2.8) as a definition the renormalized operators. The same scheme must
be used in the full theory calculation and in the evaluation of the matrix elements in order

to obtain scheme-independent results for physical amplitudes.



3 Details of the calculation in the MSSM

The NLO AF = 2 amplitude in the MSSM is obtained by computing the one- and two-
loop Feyman diagrams listed in appendix A. The one-loop contributions are the box
diagrams shown in appendix A.l; the computation of these graphs is standard and will
not be reviewed here. Renormalization of the two-loop diagrams requires the inclusion
of these boxes with vertex counterterms, as well as pentagons containing the self-energy
counterterms. These one loop integrals must then be computed up to and including terms
of O(e), which provide the finite scale- and scheme-dependent contributions to the NLO
amplitude. We will come back to this in section 4.
The computation of the two-loop diagrams is done in four steps:

1. Partial fractioning of the denominators and tensor reduction to reduce the Feynman

integrals to a set of scalar integrals with three scalar propagators.

2. Decomposition of the scalar integrals down to a set of one- and two-loop master inte-
grals. These master integrals are known functions of masses and contain divergencies
up to O(1/€2).

3. Cancellation of UV divergencies.

4. Fierz rearrangement and spinor transpositions in order to express the spinor struc-
tures in terms of tree level matrix elements of the operators.

Let us describe in some detail each of these steps.

1. Since we are choosing massless quarks with zero external momenta, there are only two
independent momenta appearing in the Feynman integrals. One can then decompose
the denominators such that each diagram can be expressed as a sum of terms of the
following type

vy V2

qu1 qu2 qlfl(ﬁm"'(b g5 -

f m/S 3 I—wghul,...ba 5 fggﬂ/g,...b&/
s . 0l L B0)f oy om) T =y (- P A=

where the f’s are some functions that depend in general on all the masses appearing
in the Feynman diagram (including the fictitious gluon mass), and Agq = ¢1 — ¢o.
Also, T and T represent Dirac and color structures. The spinors s and b might be u
or v spinors and they might appear transposed and in different order, according to
the chosen reference order adopted to keep track of the relative signs of interfering

Feynman graphs [22].

The tensor integrals are momentum-independent (again, because external momenta
are zero), so they can be expressed in terms of scalar integrals multiplied by metric

tensors. For example,

/ dq d"q dies _ ¢ [ d”a A a1 ¢
@2m)P (2m)P () D J @2m)P 2m)P ()




In this way we can express each diagram as a sum of terms of the form

dPq; dPq, (61)* (63)" (a1 - @2)°
(2m)P (2m)P (g7 —m37)™ (g3 —m3)"2 (Ag? —m3)"s

At this point, care must be taken when manipulating the Dirac structures I' and T’

Fn'S) syt bo) s, T4 o) [

after contraction with the metric tensors. In particular, in D = 4 — 2¢ dimensions,
structures of the type (y,7,7 ) ® (y#4¥~* - --) cannot be reduced like in D = 4,
and evanescent structures (of order O(€)) must be introduced. According to the NDR
prescription here adopted, however, one can freely anti-commute the 5 and use the
usual anti-commutation relations for v matrices.

. The resulting scalar integrals can be further reduced to a set of one- and two-loop
master integrals by the method of recurrence relations [23]. This reduction can be
performed automatically using the Mathematica program TARCER, [24]. In this way
the scalar integrals can be expressed in terms of various one-loop tadpole integrals
and a single two-loop master integral,

dPqy dP ¢y
I(myi,mo,m E/ . 3.1
(i ma.ma) = [ G ) (A — i) (3.1)

The result for this master integral with arbitrary masses is given in ref. [25].

. Once all the loop integrations have been performed, the resulting expression for the
Feynman diagram consists of a sum of terms of the form

(A(m_;,,m) 4 Blmg,m)

g 24 Cling,)) (T ba) (5, T8 ) (32)
where A, B and C' are some functions of gluino and squark masses. Since in this case
one-loop corrections are finite, no 1/¢? divergencies can appear, so all 1/¢> terms
should (and do) cancel directly. We also get automatic cancellation of 1/e terms
for the diagrams shown in appendix A.4, as it should be. The rest of the diagrams
(those shown in appendix A.3) contain 1/e divergencies that cancel against one-loop
diagrams with vertex and self-energy counterterms. We will discuss the details of the
renormalization in section 4.

. After all the divergencies have been removed, 4D Fierz identities can be used and
transposition of spinors can be performed to put all spinor and Dirac structures in
suitable form. These structures must then appear in the precise combinations that
constitute the tree level matrix elements of the physical operators, as for example,

2 (S, PLog) (097, Pruy) + 2 (a8, Proy ) (084, Pruf) — (01)©) .

This, however, does not occur for individual diagrams, but only for certain groups of
diagrams (and of course for the amplitude as a whole). Therefore this step provides



an interesting check of the calculation, in particular of the relative sign between
the different diagrams. The NLO quantities Fi(l) in eq. (1.2) are then obtained by
summing all the contributions.

4 Renormalization

In order to reduce the ultraviolet divergencies arising from the two-loop graphs, appropriate
counterterms must be introduced. In particular, the squark-quark-gluino vertex, as well
as the quark, squark and gluino wave functions and masses have to be renormalized. For
reference, the relevant renormalization factors in the MS-NDR scheme up to O(ay) are

0451 0451
as 1 9 as 1
ngzl—ﬁg(ZNc—{—Cp), Zi=140(a3), Zq:1—ﬁ520F, (4.1)

which are defined in the usual way. Also, a non-diagonal squark-mass counterterm is
necessary, because at one loop divergent flavor-changing squark propagators are generated.
There are two ways of dealing with this issue: 1) Renormalize the squark rotation matrices
so that non-diagonal squark masses are zero at one loop. In this case all the finite pieces of
the one loop corrections cancel with the renormalized non-diagonal mass insertions, which
are not zero anymore but of order O(a;). 2) Renormalize the non-diagonal squark-mass
parameters minimally, and include the finite pieces of the loop corrections to the flavor-
changing squark propagator. In this case the squark rotation matrices are defined such
that renormalized mass insertions are zero at the matching scale.

We choose the second option, and renormalize the squark mass parameters according

2 bare _ ,.,2 :
to mg; "¢ = mg; + dm,;, with

a1 B _ e Lol ) L,
Omiy = =7 2Cp | (7] + 2m3)di; — > g (PP THT T + T TR T |
k,q,q'
m’ij(,uMatching) =0. (4'2)

A consequence of all this is that, even though we are working in the basis of diagonal
squark masses, non-diagonal mass parameters do run with the scale and contribute to the
renormalization group equation.

There is an additional issue related with the fact that NDR is a regularization scheme
that breaks supersymmetry. In particular, the coupling gs appearing in the quark-gluon-
gluon vertex and the coupling g, that appears in the quark-squark-gluino vertex, receive
different radiative corrections in the NDR scheme. In the effective theory only g, appears,
so when doing the matching it is convenient to have the MSSM amplitude expressed solely
in terms of this coupling. Being this is an O(ay) effect, one can set g; = g5 in the two-
loop amplitude, but it gives a finite contribution of O(a?) from the LO amplitude. At
the end, this effect is corrected for by performing in the one loop amplitude the following
replacement (see [19, 27)),

~NDR NDR as4
= 1+—=) . 4.

,10,



Figure 2. Flavor changing quark self energies mediated by a squark-gluino loop.

Finally, one must address the wave-function renormalization of the external states.
There are two types of contributions: gluon corrections and squark-gluino corrections, both
contributing a factor of —Cr to Z; (see eq. (4.1)). In addition, squark-gluino corrections
contribute finite pieces of two types:

1. Flavor diagonal corrections:

These give a finite contribution to the on-shell quark wave-function renormalization
constant,

Qg ~ kgx 1k
0Zg1n = An Cr 10g(m§/u2) - Z f (e /mg) FL?R FL?R ; (4.4)
k

with f(x) = (22 — 42 + 3 — 2x(x — 2) log x)/2(z — 1)2.

2. Flavor changing corrections:

The presence of quark flavor changing squark-gluino loops (see figure 2) can be
handled in two different ways, in relation to two different definitions of the super-
CKM basis:

1) Tree-level definition of the super-CKM basis: This is the usual definition, in
which the tree level Yukawa matrices are diagonal. At one loop, quarks of
different flavors mix through the radiative corrections in figure 2, and one must
include these corrections in the external legs.

2) “On-shell” definition of the super-CKM basis: In this case the quark superfields
are (finitely) renormalized with matrix-valued renormalization factors, that in-
duce a perturbative rotation in flavor space. These counterterms are defined at
each order in perturbation theory such as to render the quark self-energies di-
agonal at the given order, effectively canceling the flavor-changing self-energies
of figure 2.

As mentioned in the introduction, the mass insertions (and the squark rotation ma-
trices) that arise in each scheme represent different quantities. Here we assume an
on-shell definition of the super-CKM basis, and omit the flavor-changing external-leg
corrections in our computations. For completeness, we provide in appendix C the
explicit relationship between squark rotation matrices and mass insertions in both

— 11 —



definitions. The full results for the NLO Wilson coefficients consistent with the usual
tree-level definition of the super-CKM basis can be obtained by adding an O(asy)
correction to the rotation matrices I'Y r in the LO results, as explained in detail in

appendix C.

Once all the renormalization factors have been defined, one can write down explicitly
the renormalization group equation for the Wilson coefficients,

1| =
- —0. (4
legMQam 57 | Clw)=0. (45)

(9 + dO[s 6 + dm2 Z
dlog u?  dlogu? das  dlog ,u2 Bm

The renormalization group functions are given by

d o o? dm? o?
5 = _5(3N,— — 4= 2 6., 4.6
dlog p? 471'( =) dlog p? T ( ny —6Ne), (4.6)
dmZ «Q
I _2s 90 2m2)6; 52 qu*rqukq *qu qu*rqukq *qu
dlogp? ~— 4n = (7 + 2m3)di; l;qq: M ( + )

Therefore, with the notation of eq. (1.2), the explicit form of the NLO RG-equation reads

9 L
Tlos M2Fl = (4.7)
) iy . . 1
2Cp | +2m3)sy; — i} (L TR 14 + T TR T) | = B + 24
]

where appropriate sums over 14, J, k, ¢, ¢’ are understood.

5 Checks of the calculation

There are several checks that can be made of the NLO calculation:

1. Cancellation of UV divergencies: All the UV divergencies arising from the two-loop
graphs (specifically those in appendix A.3 must be cancelled by one loop graphs with
the insertions of the counterterms specified by the renormalization factors in egs. (4.1)

and (4.2).

2. Projection onto tree-level matrix elements: The NLO amplitude must be expressible
in terms of tree-level matrix elements of the physical operators, that is, Ayx.o =
ﬂ(l)(0i>(0). As mentioned before, this does not happen for individual two-loop
graphs, and provides a check of interference between diagrams.

3. Cancellation of IR divergences: Both the amplitude in the effective theory and the
amplitude in the MSSM depend on log A, where A is the gluon mass introduced to
regularize the IR divergencies. This dependence must cancel completely in the match-
ing when combining both amplitudes; that is, Fl-(l) — Féo)rki must be IR-finite. This
is a non trivial check involving three completely independent pieces of the calcula-
tion: the matrix r from the renormalization of the effective operators, F ( ) from the

(1)

one-loop graphs, and F; " from the two-loop graphs.
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4. NLO renormalization scale independence: The RGE (eq. (4.7)) must be fullfilled.
There is a close relationship between cancellation of UV divergencies and fulfillment
of the RGE, but it is nevertheless a convenient check.

We have verified that our results fulfill these requirements. Moreover, a final check
consists in reducing the results to the degenerate MIA and comparing them with the results
obtained in ref. [19]. In the next section we address the issue of how to reduce the exact
results to the MIA and the NDMIA.

6 Reduction to MIA and NDMIA

6.1 Reduction to the mass insertion approximation

Any Wilson coefficient computed in this paper has the structure of a sum of terms of the
following type,

( 3 3) Pis*rib FJS*Fjb

f61(7’7122 mJQ ~2) Fzs*rzb FJS*FJQ Fk(I*Fkb
oo (2,2, m3) - T%* rzb FJS* rﬂ’ 1“"“1* r’;? (6.1)
Fe (2,2, m2, m?) - T4 rg TE T T r’;q: : r’g ri
fu 2w, i, mg) - T T - DR T - T Ty T 6™ T
where A, B,C,... are either L or R, and a sum is understood running over the in-
dices 1,4, k,l = dL,sL,bL,dR,sR,bR, and ¢,¢' = d,s,b, (for fso also ¢ = w,c,t and

k=r,cr,trL, iR, Cr, tR).
These terms can be translated into functions of the entries of the squark mass matrix
in the super-CKM basis (M?) using the following relations,

STUUTY = 0apdy; Y mI T = [(MA)"AF (6.2)
1 7

In the MIA, the diagonal elements in M? are assumed to be equal to an “average” squark
mass M2, and the off-diagonal elements (called mass insertions and denoted by Ag‘f ), are
assumed to be much smaller than M?2. In this way, a power expansion on the dimensionless
mass insertions 5““}3 = AAB /M? < 1 can be made, keeping in this case only the leading
terms 62. The mass elgenvalues are then M2(1 + O(6)), so the functions in eq. (6.1) can
be Taylor-expanded around the average squark mass:

flmi,mi,...) = f(MiMf,---)+f(1’°"")(M2 M) - (f = ME) 4
+ fORO (M M, ) - (i — M2 (] — Mf) +o (6.3)
Using the relations (6.2) it is easy to see that, for example,
for(m2,m2,m?) - TE g - 1) T30 . Tk rkb = (6.4)
S0 2 02, M) AGFAGT + £ (a2, 02 02 ALFALE

and similar for the other terms.
We have checked that our results, when reduced to the MIA, reproduce exactly the
results in ref. [19].
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6.2 Reduction to the non-degenerate MIA

From the exact results obtained in this paper, one of the most straightforward generaliza-
tions of the MIA results that can be obtained is the case in which the diagonal elements
of the squark mass matrix are non-degenerate. In this case, squark masses can be widely
different while keeping mass insertions small. We call this the Non-degenerate Mass In-
sertion Approzimation (NDMIA), in which diagonal masses are non-degenerate but mass
insertions are kept only up to second order.

In order to reduce the terms in eq. (6.1) to the NDMIA, we first expand the functions
around m = 0 and apply the relations (6.2),
fnima,.

) [(MQ)nl]AB [(MQ)ng]CD e

2 -9 gk piay pigex e
f(mz‘,m‘ "‘)FA I'p FC I'p E: q14] q245

77 |
ni1,n2,.. n: n2
and then we split the mass matrix in two pieces: M? = X + A, where X is diagonal
and A < X. Then we can resum the series in X, and keep only terms quadratic in A.
For example,
Fm2, w2, md) - T T TP T TR TR = (X5, X5, 5 Xsp, X;, ) ALRARE

SL» SR
with the function F' given by

F? (Xs,, X5, 5 Xsg X5, ) =

f(X3L7X5L7X )_f(X X3L7X )_f(X3L7X5L7X )+f(X XSL7X )
(XgL = X5, (X5, — X)) '

From the NDMIA results one can also recover the Wilson coefficients in the MIA by taking
the limit in which all X3’s are equal. In the non-degenerate case, the dimensionless mass
insertions can be defined normalizing by any of the different squark mass parameters.
It is customary to normalize by some “average” squark mass, although it makes no real
difference as long as in the degenerate limit the definition coincides with the one in the
MIA. We shall understand that they are normalized by the smaller diagonal entry of the
squark mass matrix.

7 Results

The full results for the LO and NLO Wilson coefficients in the MS-NDR scheme are pre-
sented in appendix B. In this section we present some results for the NLO Wilson coef-
ficients in a scenario with a hierarchy of masses, making a comparison with the MIA. In
line with the rest of the paper, we keep focusing on the By system for illustration.

The considered scenario is obtained from the mass insertion approximation with non-
degenerate diagonal entries, taking a common mass for the first two generation squarks
(my2), different from a common mass for third generation squarks (mg). This corresponds
to the “hierarchical” scenario of ref. [13], where m3 is assumed to be near the electroweak

scale, and mq2 is allowed to be heavy, up to several TeV. We therefore denote x;, = m%Q / mg

— 14 —
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Figure 3. Relative importhance of the full NLO result with respect to the LhO, for Cy and Cs, as
a function of zj, = m?,/ m?], where mj2 is a common mass for first and second generation squarks.
The dashed lines correspond to the degenerate (MIA) scenario. We have chosen mgz = = 350 GeV,
and 400 GeV for third generation squark masses.

and z; = m§ /mg, for heavy and light respectively. Note that mqs and mg are related to
the true masses by corrections of O(¢). In this case the mass insertions are normalized to
m3, which corresponds to the MIA definition when z;, — ;.

The plots in figure 3 illustrate the relative importance of the NLO corrections, as a
function of the mass splitting between the light and heavy squarks. The NLO correction
is typically a ~ 10% effect in the degenerate case, but its importance increases with the
mass splitting. For heavy squarks of about a TeV, the NLO contribution to C3 can be
up to a ~ 25% correction. However it should be mentioned that this is true in the NDR
scheme and could vary in other schemes. Also, this depends on the matching scale p, but
a high sensitivity to pu would be related to large scale ambiguity at LO that is efficiently
reduced at NLO. This means that the NLO contributions are either numerically important,
or they achieve a considerable reduction of theoretical errors, and both situations are not
easily disentangled.

In order to analyze more closely the role of the mass splittings in the NLO corrections,
we consider C,Cy and Cjs as a function z;, for different splittings between x; and xj. This
is shown in figure 4, where the dashed lines correspond to x; = xj, (that is, the degenerate
case), and—departing smoothly from that limit— the solid lines show increasing values of
xp/x;. In these plots we take dp, r = drr = 0 and mzg = p = 350 GeV. We see that
increasing the heavy scale tends to reduce systematically the size of the NLO contribution,
being largest in the degenerate case.

As mentioned before, this is scheme dependent (although the conclusion might be more
general). In any case, the true impact of the NLO corrections can only be established by
analyzing their effect on observables. A full phenomenological analysis of these correc-
tions and their impact on the bounds on the mass insertions (beyond the mass insertion
approximation) is worthwhile, and will be presented elsewhere.

8 Conclusions

In this paper we have presented the computation of the NLO strong interaction corrections
to the Wilson coefficients relevant for AF = 2 processes in the MSSM, beyond the mass
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Figure 4. NLO Wilson coefficients C{"29, CNF© and C'F© as a function of z; = m3/m2, where
Mg is a common mass for third generation squarks. The plots are in units of (a2/m)dé?, and
(a2 /m)L1drR for C1 and Cy 5 respectively. The different lines correspond to different values of
Tn = ﬁz%Q/mg, and range from the MIA case, x;, = 2; (dashed) to z, = 1.52y, 22y, 3z, 4y, Sy, 62y

insertion approximation. The full results for the Wilson coefficients in the NDR scheme
are given in appendix B.

These results are relevant for two reasons. First, NLO corrections are necessary to
cancel renormalization scheme and scale dependence from the renormalized operators. This
has the effect of a considerable reduction in the theoretical error. Second, in order to
study scenarios with significant mass splittings one must depart from the degenerate mass
insertion approximation. We have shown some illustrative examples of the effect of mass
splittings in the NLO Wilson coefficients as compared to the degenerate case.

A full phenomenological study of neutral meson mixing incorporating these new cor-
rections will be presented in the future. Corresponding calculations for AF = 1 processes
are underway, and when available will allow to perform a complete analysis of correlations
between decay and mixing observables of neutral mesons at NLO in as.
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A List of diagrams

In this appendix we present the set of one- and two-loop feynman diagrams that contribute
to the MSSM amplitude. We focus on the case of Bg mixing; for other neutral meson
systems the external quarks must be changed. Dashed lines and 14, j, k,[ denote squarks,
solid arrowed lines and ¢ denote quarks and solid lines without arrows are (majorana)
gluinos. We show all the possible topologies with the different insertions of external quark
flavors, but an additional multiplicity is present interchanging initial and final external
quarks (whenever they correspond to different contractions). For example, at leading
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order there are two diagrams of each of the two topologies shown in appendix A.1, with
appropriate signs given by a reference order of external legs.

A.1 LO diagrams
b s
! I I I
it b it ti
| 1 |
57 )

A.2 TR divergent diagrams

i L i v
S/s—\b 3/‘—\3
b s b b s b
L L ESL
i i it
S b S s b S

A.3 UV divergent diagrams

A.3.1 Vertex corrections
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A.3.2 Gluino self-energies
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B Wilson coefficients

In this appendix we present the complete expressions for the Wilson coefficients at NLO
in the MS-NDR scheme. We omit the results for C~'1,273, which are obtained from C1 23
by exchanging L < R in the squark rotation matrices. The coefficients are split into LO

and NLO:
Ci(p) = CO(w) + M (w) (B.1)

and depend on the matching scale p through oy, mg and m;, and explicitly through
log(mg /u?). The functions depend on the squark masses through the variables x; defined
as ; = m3/ mg.
The LO Wilson coefficients are given by
ir (8GY — 221 ) T Ty
122m§ L ~ L+ L

a2

Oy (1) = 3505 68GU TR TPTHTY

00 =~ 1acH T Ty

2,9
12 mg

O (n) = 5 [(168 G+ 4 BT TR T T + 44 HY T T r;f*rf’]

O () = % {(8 G — 40 H )rig*rg 19098 4 60 HJ DT PQ*PJ}} (B2)
g

where a sum is understood over i,j = CZL, S1, BL, CZR, SR, br. The functions G, H are:
—Qx? log x; + 3x22 —dx; + 1

_ 2x;logx; — xf +1
(s — 1) (i — ;)

(i = 1)*(i — )

G +(zi o xy) HY = + (z; < zj)

The NLO coefficient functions are the main result of this paper. They are scheme
dependent; we present the results in the MS-NDR scheme, but can be translated easily to
other schemes using formulae analogous to that presented in ref [19]. The function Lis(x)
denotes the dilogarithm defined in the usual way:

Lig(x) = —/0m dt w . (B.3)
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Appropriate sums over indices are understood, in particular ¢, = d,s,b and Q =

u,d, s,c,b,t, and 4,7,k run over left and right-handed squarks of u or d-type depending

on the quark they appear with in the rotation matrix: for example a term containing I”z“

contains a sum over k = iy, ¢, tr, iR, ¢g, tr. All dependence on u-type quarks and squarks

come only from diagrams with gluino self-energies. The NLO Wilson coefficients read

oM (p) =

3
123% 2 [( + AHTE TP TP 4 g”k [i*Tib pIsepia phaepht
mms=
g
g3 T T T T TR + WP Ty Tp T T (TR + TR T
+my " TETY T (P T + TR T)
o (O T Ty T T Ty T T + T T T T TR T T )
T T T T e T Tk T T
DT TR TR T T T + T TP D T DT 1T (B.A)
3
o) ’ e ke )
12 rm2 |+ BHTRTETETY + g T T T T Ty
g
+93kj T TP T3 T THTY + Wy T TP 19 T3 (DA The 4 TR THS)
+n ”kl (70 Wb Wi wid Wi Wil Wil WS a0 Wi Wit W0 Wl Wil W)
+P’2W (0D T4 p3a s+ ke’ Pl plb | pigepib pisepia phsspkd pla'spib
T TP T T T TR T T - T TP T T T T ey | (B.5)
> > [( s + BOHTETY Ff;*lﬂLb + ggjk rissre IR F’ZQ*T’E”

«

= 1237m2

T TPTI T DT 4+ AT T T (0TS0 + 10T
+m " TR TR (DR TR + TP T)

—|—n”kl (T s« pub phsphd’ platpla  pigpdb passpab phespha’ pla pla
P (T T T T 4 e T T Y Tl e
ST TP T TP TR T T T~ D TP T TR T T T | (B.6)

Qg ; |:( +fjl )Fzs*rzbrjs*rjb ( 52 +fi722) Ff*rzjgfg*f’];

= 1237m2

+gi (T THTR TE T T + (L~ R))
N R
wk § (TP DI T TR IR 4 (L R))

wijff (M TRIR TR TR T + (Lo R))

R TP T TR TR (D T2 + TRV TR

+hily TETRTYTY (D2 T2 4+ TR TR

+hils (P TRIETY (DT + TRVTH) + (L = R))
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+myf} (PP TETy TR (CF T + TP TE) + (L < R))
+mily (TP TRIETY (DT + TRTR) + (L — R)
ERT A N 0 CE S W N WA
i paspab phesphd plaspla (7, Ry)
S TP T T T T T
AT pib pIs*pab phevphd plabpla (1, R))
(D T T T Tl - T Ty ey T T
DT T T TR T T + T TR T T T T T T
A @ TP T T T T T T, - T T Ty Tk T Tl T
—rjg*rﬁ’ i paa phsspkd’ plabeplh | pigepib pasepaa phepkd’ r’;{*rlg)] (B.7)
o ij i\ Triskrib prjsEib ij i\ i sk aib T g
153 m2 [( 51t [5) T T TR Iy + (fsa + fo) T TRIE Ty
wk‘ (Fzs*rzb FJS*FJQ I«kq*rkb + (L < R))
zyk (st*rzb jS*qu qu*rlgb (L PN R))
Uk (st*rzb FJS*FJQ qu*rkb (L - R))
+gé{5f (PETRIR THTETY + (L < R))
+Hh TR TP TR TR (DTS + TR T
ST T 0
+m?’f <r“*r“’ r”*rﬂ’ (r’“*rL + TP TE) + (Lo R))
+my (T TRUE T (DT} + TR + (L < R)
(O T T T Ths T Tl
ATl i pus b phssphd plapla g (o R))
S TP T T T T T T
AT T I Ib Pl ke e ple (1 o R))
o (T T T T
N N0 e LD W N e W
ST T T T
N O A NER W Nl w e v )
+pi ”’“’ (T TP Ty T30 i Tk Tl Tl
—r’Lq*rﬁ’ rispae phepkd’ plapls
r T T T T Tl T
s W WA VD W N s ) (B.8)
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The coefficients ¢"7%, h'7% miik nikl and p'ikl are the following,

ijk
911

ijk
912 =

z]k
zgk
93

ijk
941

ijk
942

ijk
943

ijk
944

ijk
95,1

ijk
95,2

ijk
95,3
ijk

95,4
hi*
hik
"
hyY
hik
ik

ik

— 15(AVF 4+ ATFY — 95 410% 4 34 ATF 4 (j k)
—8(AUF ¢+ ATFY 1 81(ATF 4+ AT*) 4+ 34A1% _ 25 A1TF 4 (j - k)
= 34(AVF L AP 24T 2 ARV 4 AR ALY 133(ATF + A)
—6(ATF 4 AT 9 AT 9 AR AT ARTY L 15( AR AT
= —11(AYF 4 AT 1A 4 7AET) —133(ATF 4 AL
— —84(AT* 4 AJ*) — 214 — 6ATF 1 (j — k)
— 36(A7F 4 AT — 6AVF —21AYF 4 (j — k)
= —11(AM 4 AV 4 7 ATY 4 7ALR) —133(ATF A
= —15(AYF 4 AT 7 AP 4 7AEYY) 4 15(ATF 4 Al
— —4(ATF 4 AT* _18ATF —18AT%) +7149% —6245% 4 (j — k)
— 12(A7F 4+ ATFY — 6249% L T1ATF 4 (j k)
= —15(AM 4 AV TAYE 4 7AJR) 4 15(ATF 4 A
= —85(By" + B{") + 11(By"* + B}")
— —68(BY* + BI"™)
= 12(BY* + B{™)

F = _sa(p 4 B
2 = —12(By" + B}")

b= TPt 4 B - 11(B5" + BJ)
V= —4(B7* + BI')

K — —144(BY* 4+ BI*%) 4 20(BE* 4 BIF)

= 105(B7* + BI*y — 15(BY* + BI™)
= —2FR(CY + I + 11FR(CY + ¢
= —17F*(CV + ¢

= 3F*(CY + ¢

= —11Fk(C” ch

= —15F"(Cy +C3")

= —21F*(CV 4+ CI") — 6F*(CY + ¢35
= —F*CY + ¢ + 10FF(CY + 3
_ _2(Dz]kl Dﬂkz) I 11(D;jkz +D%zkl)
— 17(D’ ikl D{‘ikl)

_ 3(Dz]kl D{zkl)

_ 11(Dz]kl+D%‘ikl)
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ngjgl _ 15(Dljkl +D%zkl)

niﬂfl _ 21(Dl_7kl —{—D{Zkl) _ 6(D;]kl +D%zkl)

pzljkl L

ijllcl _ _ofii gkl

pist = 342E B!

pz2yk — _QEIEik 4 171 ERpil _ gl gkl

pgﬂfl _ GE RN

pi* = —s Bl pit — pikpil | 31 ph

péﬂ;l _ _opikpil (B.9)

with the functions Afjk, Bk ¢ D?jkl, EY and F* given by

[ A ) 7

M = PG R T [P~ R 2
—8(z; — 1)*(zj — 1)?Liz(1 — x;) — 8(x; — 1)*(wg — 1)z, log x;
+(zg — 1) (2 — 25) (221 — 2) — Tj2) — T3 — 75 + 228) (4Lig (1 — 21,) — log? 2,
(5 — 12 (s — 22 log? a, — Al — 1)y — 1)k — 1) (i — 5)
—d(z; — 1) (zj — 1)(2; — x;)7p log v — 8(x; — 1)*27 log z; log xk]
Aldk — —%A’f”“ L vTEo NEEn= 1;2(% TP [— 8(wj — 1)*(zy, — )27 log? z;

+(zi — 1)*(zi — ) (2 — 1)(22; — 2% — 1)(4Lig(1 — ) — log® x)
—d(zj — 1) (i — xj) (2} — V)ag log xg — 8(x; — 1)* (22 log xy, — Say, + 5)z? log x;
A = Do = (o ~ o~ 1z — )]

2
(i — 1)2(z; — 1) (zg — 1) (x5 — 25)
+2(x; — 1) (g log g, — 22 + 2)x; log w; + (2 — 1) (25 — x;5) (2 log 2, — 22 + 2)

g 1 .. 1 .
Ag]k _ EAzljk + §A;Jk + |:(xj — 1)(zp — 1)z; log? z;

! —1)(z; — 2)*Lig(1 — %
TP D 0 ) [F% Do~ = £
—|—4($Z - 1)2($j - ,Ik)ng(l - ,IZ) - 8($] - 1)($k - 1)(2$Z - xj - 1)L12(1 - xj)

2 2 2 2 2 2 2 2
—(xjo; + xpxy — 227 + 2x5x5 + 252, — dxiwia) — zj + xx) — X + acjxk) log” z;

ijk
A" =

+4(zy — 1) (i — 25)? log? x; — 8(zy, — 1)x} log z; log z
+8(z; — 1)(zg, — 1)x;log xj]

8(z; — 1 — z;log x;)z; log x;
(@i — 1)*(z; — 1)(z; — k)

o 1
AT = AT+
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4(x;— 1)2L12(1 —x;)— (:ci—xk)z log2 xi+4(xr—1)(z; log x;—x;+1)

Aidk _ﬁAzjk
6 p i T 2(x;—1)2(xp,—1)
g 3 ' ,
Bijk = 4(z; — x3)*Lin(1 — 7o) 4 @i (42 + (=3 + @i)w )k — wilog i

(zi = 1)%(zi — )
—4log zi(zy + i log xy) + 2log xp(—2(2 + (=3 + zi) i) vk + (x; — 274,

6x;xy(xy log? z, — 2log x1, + 2xLig(1 — xg) — 2)

By = (- 6)BY ¢ E—
i J

Qx? log z; — 3x22 +4x; — 1
(2 — 12(z; — ;)

2z; log x; — xf +1

(o — D21 — 2y)

ik _ 64xl(log(m§/,u2) +loga; —1)
(i = (2 — 1)3(xi — ) (2 — 23)

+(a; = D((w — 1)(~zp(er = 3) + 2F (25 + 1) — i3 + a7)) — 2(w; — 1)° log wk)}

CY =32 CY =—16

[Qxi(xk — 1) log z;

32z (log(m3 /) +log 7 — 1)

(zi — 1) (zr — 1)%(2; — 25) (21 — 75)

(i — D)((zr — 1) (= + 27 (1 = 3wp) + 3zsag — ap(z + 1)) + 2(z; — 1)°7 log xk)}

D;jkl = [— 222 (), — 1)% log x;

Eij B 2x; ]Og i B ij log xj ) Fk _ x% —dxp + 3 — ka(xk — 2) log Ty
(i = D(wi — ;) (z; — (@i — ;) Ay, — 1)°

Finally, the functions f¥ appearing in the part with four squark rotation matrices are

given by:
i _ -1
b (= 13y - 13 (@ — )2

+(—32 — 220x; + T4x? + 88z3) log xl)] log(m?]/,uQ)

{ [S(xi — zj)(xj; — 1)*(=115 — 72z; + 39927 — 21277

+ [4(m,~—mj)xj(2395+mj(—3587+3579m,~—(xi — 1)(1189+ 1)z +3(z; — 1)%?))]
n [(xj — 1)(—3af + 22(53 + 34a;) + x(700 — 1584x; + 77322)

+a (102 — 1438 + 210727 — 113723) + 27 (=72 + 392z; + 42227 + 2312) — 34z7)
+a7 (120 + 40z; + 50z7 — 3x7) + z2;(256 — 1082z + 8627 — 1627 + 3x;¥))] log? z;
2 [Q(xi — 1)(2s — 2) (x5 — 1)(—983 + 2:(1232 + 24(419 + 2;(—50 + 3x;))) + 1890z;
—xi(2263 + x;(838 + 31a;))x; + (—1114 + 5z, (274 + 73x2))x?)] Lis(1 — z;)

+ [2(:@-—1)(%—%)(%—1)(—3x§+x§(50+31xj)+xj(120+xj (40+ (50— 3x)z;))
+2 (40 — 80x; + 94a2) + 2; (120 + 25 (—410 + 2, (—80 + 31@)))} Lip(1 — %)

n [ — A(z; — ;) (w5 — 1)2(—64(x; — 1) + 2:(1563 + 2;(—311 + 25(—119 + 3z;))

— 157525 + (341 + 98;)x; + 3(x; — 1)23)) | log 24

— 24 —



+[(z; — 1) (zj — 1)(=327 + 2(50 + 34z;) + 27 (40 + 2,;(—98 + 151z;))
+x?(120 + 2;(40 4+ (50 — 3x)x;)) + 22;2;(32 + (=81 + x;(—49 + 17z;)))
+22(120 + 2;(—162 + 2;(—328 + 151:5]»))))} log z; log :cj}

i -1

2 (= 13y - 1) — )2

+2(—136 — b; + 3922) log xi)] log(mZ/p?)

{ [S(xi — xj)(xj — 1)*(—515 + 889x; — 437z} + 637

+ {4(@ — 2;)a;(TA19 + 2;(—12118 + 14097; + (2; — 1)(—4699 + 1979z;)2;))

+ [2(55]» — 1)(—2612 + 2 (547 + 668x;) + x;2;(1088 — 3764x; + 147027 + 26127
+227(909 — 3013x; + 97927) + 25 (146 + 2862; — 2617)

—222(610 — 809z; — 215622 + 132090;?))} log? z;

2 [4(m,~ — 1) (@ — x;)(wj — 1)(—918 + 26125 + (1429 — 6827;);

—1122(26 + 372;) + 2;(1325 + 382, (—47 + 28xj)))] Lis(1 — ;)

| (@ — 1) (@ — 25) (x5 — 1)(26127 — 1122(26 + 37x;)

2i(—146 + (1156 — 407, )a;) + x;(— 146 + 2;(—286 + 261xj)))} Lip(1 — %)
Aw; — aj) (x5 — 1)*(544(z; — 1)

x;(—3823 + x;(1129 + 518z; — 2165z;) + 4341xj))] log ;

— 2wy — 1) (x5 — 1) (261} + 23 (—286 + 3722;) + 22,25 (139 + 62;(25 + 31z;))

+ + + + o+

—227(73 + 102, (—15 + 64z;)) + x?(—146 + x;(—286 + 261xj)))] log x; log xj}
i _ —1
P (= 13y - 1)3(xs - )2

+(48 + 62x; — 743:22) log CC@)] log(mg,/f)

{ [8(% —x;)(z; — 1)*(121 — 187x; + 4727 + 19z

+ [60(9@ — )2 (—4AT + (62 — 452; + (x5 — 1)(15 + 172:)2;))

n [ —2(xj — 1)(927 + &} (—95 + 68z;) + 22(86 — 86x; + 922)

+227 (143 — 1912 + 5727) + 2;2;(192 — 5562 + 34627 — 927)

—207(22 + 173z, — 41222 + 20890?))} log? z;

2 [4(:@ — 1) (i — x) (2 — 1)(162 + 927 + 22(—86 + 77a;) + 2;(—247 + 94z;)
+ay(—239 + 478z — 248m§))]L12(1 — )

+ [ — Az — 1) (i — 2;) (x5 — 1) (25 + 2;) (36 + 922 + 2;(—86 + 9x))
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iy _
41 =

iy
42 =

+2(—86 + 68x]~))]Li2(1 )

+ [4(:ci(557+xi(—395+222xi—49;6]»)—335xj)—96(xj—1))(xi—xj)(xj—1)2] log ;
- [ — 2(z; — 1)(z; — 1)(927 + 2 (—86 + 308x;) — 227 (—43 + T4x; + 20027)
+x?(86 +2;(—86 4+ 9z;)) + 2z;2;(31 4+ 2x;(—37 + 77x;)))| log z; log xj}

-1
(i = 1)%(z; — 1)° (2 — 25)?

+(112 — 91 + 5027 + 23) log mi)] log(mj /%)

{ [ — 48(x; — x;) (x5 — 1)3(167 — 333x; + 23727 — Tla?

+ [48(xi—:cj)xj(1354+xj(—2225+2616xi+4(xi—1)(—217+97xi)xj —|—3($i—1)2x§))}
+ [ — 6(z; — 1)(629 + 2(9 — 30x;) + 2} (121 — 254 + 184a?) + 32%(2 + 522 + 22%)
—223(719 — 1324x; + 53027 + 13227) — 2;2;(896 — 17502 + 90827 + 4527 + 67)
+227 (339 + 2022; — 137627 + 89823 + 1527)) | log® z;

—2 [12(xi — 1) (i — ;) (2j — 1)(—620 + 627 + 323 (5 — 8x;) + (1219 — 572x;)x;
+22(—50 + (103 — 262;)x;) + 2;(613 + 22;(—613 + 281xj)))] Lis(1 — ;)

4 - 36(z; — 1) (z; — x5)(z; — 1)(22] + 23(5 — 8z) + 235 + m‘;’(i’) + 2x;)

talai(1 4 82;) + (2 + 2 (—12 + 25 — 8x§)))] Lip(1— %)

+] - 24(x; — xj)(xj — 1)%(—224(zj — 1) + 2;(1305 + 2;(—610 + 2;(35 + 61;))
—1248x; + 4x;(127 + x)xj + 6(x; — 1)x?))} log x;

+| = 6(zi — 1)(zj — 1)(627 + 1523 (1 — 22;) + dadz;(—31 + 162;)

+323(2 + 25 (5 + 2x5)) — 223w (112 + x5(—126 4 (62 + 151;)))
+227(3 + x;(126 + x;(—77 + 32xj))))] log z; log xj}

—1
(.%'Z' — 1)3(1'j -1

+2x;(352 — 509x; + 289x?) log xl)] log(mg/,uz)

3 2 3
e { [4(% —a;)(z; — 1)3(597 — 1533z, + 153927 — 603z
+ [Q(xj —1)(2723 (7 + 9;) — 2720 (=9 + 252;) — 27w (5 + A1a; + 34a2)
+a; (—880 + 1409z, + 1631a3) + o (65 + 16972, — 504727 — 10352)
+50725(—143 + 3675 + 50522 + 13535;%))] log? z;

2 [4(:@ — 1)(x; — ;) (5 — 1)(709 + 2723 (=9 + 25;) + 2;(—1175 + 34z;)
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iy
51 —

iy
52 —

+22(871 — a5 (1445 + 7222;)) + 2:(— 1067 + 2; (1405 + 958mj)))]L12(1 — )
+| = 108(2; — 1) (2 — 25)(2j — 1)(—(22(7 + 92;)) + 23 (—9 + 25z;)
22 (=7 + (25 — 66;)2;) + w25 (—2 + 252 (1 + xj)))}LiQQ -y

_l’_
+[ 8 (2 — ;) (x5 — 1)2(1061 — 453 + 24(—455 — T61a; + 2;(274 + 334%-)))} log z;
_l’_

:Q(mi — 1)(z; — 1)(2727 (9 — 252;) + 2723 (7 + 9x;) — @2 (487 + 27x;(34 + 25x;))

+23 (189 + (=918 + 377x;)) + x?2; (—487 + 2,(2542 + 37@)))} log z; log mj}

~1
(mi — 1)3(56]' —1

+(=16 — 1792; + 587 + 6527) log x,)] log(m?]/,uQ)

e { [16(@- — 2j)(wj — 13(=77 — 81a; + 3212% — 16327
i~

+ [16@—xj)xj(1258+xj(—2015+2292xi+32(xi—1)(—23+8xi)xj +21(mi—1)2x§))}
[ = 2(e; — 1)(4228 — 27 (257 + 1782;) + i (~689 + 2414z; — 7920)

+a3(—54 — 160z, — 21525 4 4227) + 225 (119 4 292x; — 1182z7 + 660z7)
+riwj(—128 + 634w + 78027 + 37a — 4247)

+222(21 — 410z + 35222 — 6582% + 89x;¥))] log? 2,

-2 [4(@ — 1) (x — xj)(xj — 1)(=756 4 x;(787 4 x;(178 + x;(—215 + 42x;)))
+1589z; — x;(1382 + (143 + 1362;))x; + 2(—610 + (551 + 77xl))xj2)] Lig(1 — ;)
+ [4(xi—1)(xi—xj)(xj—1)(—42x§+x§(215+136xj)+x§(160+xj(—533+184xj))
+2;(54 4 x;(160 + (215 — 42z)x;))

(54 + 2;(—164 + 2;(—533 + 136%))))} Lip(1 — %)
| = 8@y — 25)(; — 1)X(=32(x; — 1) + (1551 + Tai(—82 + 2,(~13 + 6,)
—1728x; + 4(253 — 53x;)xiw; + 42(x; — 1)xj2))] log x;

+ [Q(mi —1)(xj — 1)(—4227 + 24(215 + 178x;) + 423 (40 + 2;(~ 183 + 322;))
+a3(54 + x;(160 + (215 — 42z;)x;)) + 227 (27 + 2;(—18 + x;(59 + 64x;)))
+2x2(16 + x;(—18 4+ x;(—366 + 893:j))))] log x; log xj}

-1
(i = 1)3(z; — 1)% (2 — )

+21;(—32 + Tx; + 132?) log xz)} log(mg/,uz)

{ [ — 60(z; — x;)(x; — 1)*(—=3(5 + 193; — 4527 + 2127)

+ [96(9@ — 2j)aj (=157 + 2;(214 — 1712; + (s — 1)(57 + 43xi)xj))}

+ [ —30(z; — 1)*(92) — 927 + 92325 (3 + 2;) + B (—16 + Ta;)
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+23(19 + 134z — 631‘?) — x?mj(ﬁf) + 16x; + 9x3))] log? z;

) [60(xi — D)(s — )z — DA(=T1 + 2:(97 + 2:(19 + 9; — 46a;)

—70z;) + 62xj)] Lis(1 — ;)

+ [ — 540(z; — 1) (x; — ;)3 (x; — 1)2]Li2(1 -

o [2404(2i — ) (w; — 1)2(515 — 4352, + 2i(~137 — 281 + w,(22 + 58;)) | log 24
[ = 30(2s — 1)(5 = 1)(9(j — 1) — 9wy — 1)a +22(3 + 25) (3 + 5;)

—i—xix§(5 +92,(2 + ;) + 272 (5 + (=74 + 52;))) | log z; log CE]'}

C Flavor changing quark self-energies: relationship between the tree-
level and on-shell definitions of the super-CKM basis

In this appendix we elaborate on the relationship between the two different definitions of
the super-CKM basis addressed in section 4.

The flavor changing self-energies of figure 2 can be written as!

Seap) = SEE@)PL + S5 (07 Pr + p [SEE ) P + SER () PR (C.1)

When inserted as external legs, the quark propagator will provide a chiral enhancement
with the chirality-flipping part of the self-energy, and we will keep only this contribution.
Moreover we will expand in the external momentum, which is justified by the fact that the
SUSY masses are much higher than the external quark masses. Then, the self energies we

are interested in are given by

2 - ka’ k
5 mg Y g0 /m3) Tl p Ty (C.2)
k

RL,LR
Eq’q (0) =

with g(x) =(1—z+xlogz)/(1 — z).
For the case of B, mixing, the corrected couplings of the external quarks are,

= —igoV/2 T4, (TP, — PR g

= —igsV2 T§, ul [IF*Pr — 15" PL]

s

!These corrections can be found in ref. [11]. A discussion of how these can be absorbed into wave-function
counterterms is given in ref. [28].
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where, in the approximation my > mg > mg, and keeping only the chirally enhanced terms,

) = T S5R fmy, + T S5R m, (C.3)
Iy = 0y Bl fmy = TP S5 fmy (C.4)

and correspondingly for L < R.

At this point, we denote by I'©) the squark rotation matrices associated with the tree-
level definition of the super-CKM basis, and I' the rotation matrices in the on-shell case.
At tree-level both coincide; at the one loop level, the relationship between both definitions
is given by

0 =00+ T S5 fmy + T S5,

g = TP + T S fm, — T8 S5 /m, (C5)

and correspondingly for L <+ R. The full results for the NLO Wilson coefficients in terms
of I'©) —corresponding to the tree-level definition of the super-CKM basis— can be obtained
by making the substitutions of eq. (C.5) in the LO expressions given in eq. (B.2).

In the degenerate MIA case, these corrections cancel. Consider for example the co-
efficient C; in eq. (B.2). Making the substitutions of eq. (C.5) in the rotation matrices

with index i, and making the reduction to the MIA (see section 6.1) gives, at order a2,
two terms:
;f(:vi,---)ﬂ’f ry = —T;f(Mf/mé,--«)g'(Mf/mg) F;%(SSLI’R (C.6)
S 2cv M2
3 Slow IV = S SO ) S O0E ) (0

and both cancel due to the relative signs in egs. (C.5). The same happens with the other
two terms arising from the qu, and in the other Wilson coefficients. Therefore, the two
bases coincide in the mass insertion approximation with degenerate squarks.

Finally, the relationship between the mass insertions defined in each basis can be
deduced from egs. (C.5) and (6.2). As we have just seen, both are equivalent in the
degenerate case. In the non-denerate case, one such relation is (at leading order in the
mass insertion expansion),

ALbL _ AOLL %ﬁ Q(Xé'L/mg) - g(XBR/mg)

sb 3m my X: - X [XBL - XgL] AgbRa (08)

St BR
with the notation of section 6.2. Analogue relations for other mass insertions can be found
accordingly. From this last relation one can also see that the effect disappears in the
degenerate case.

The effect of the squark-gluino corrections to the external legs (or the difference be-
tween the two definitions of the super-CKM basis), turns out to be numerically important
because of the chiral enhancement. While this article was under revision, a phenomenolog-

ical study of these corrections has been performed in ref. [29], with the conclusion that the
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bounds on some mass insertions (corresponding to the tree-level definition of the super-
CKM basis) are modified considerably. These corrections have obviously no effect on the
phenomenological bounds derived for the mass insertions associated to the on-shell defi-
nition of the super-CKM basis, and in this scheme the NLO corrections are well defined
in the limit of vanishing quark masses. However, it is not a claim of the present paper
that the on-shell scheme is in any way preferred to the tree-level one. In fact, the tree
level scheme might be more convenient if one wishes to relate phenomenological bounds on
these type of low energy processes to specific mechanisms of SUSY breaking. This issue
has been already discussed in ref. [29]. In those cases one can add the flavor-changing
self-energies as given in that paper to our NLO results, or do the substitutions of egs. (C.5)
or (C.8) directly.
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