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During the last few years the Tevatron has dramatically improved the bounds on rare B-meson decays
into two leptons. In the case of B — ' u~, the current bound is only 10 times greater than the standard
model expectation. Sensitivity to this decay is one of the benchmark goals for LHCb performance and
physics. The Higgs penguin dominates this rate in the region of large tan3 of the minimal supersymmetric
standard model. This is not necessarily the case in the region of low tanf, since box and Z-penguin
diagrams may contribute at a comparable rate. In this article, we compute the complete one-loop minimal
supersymmetric standard model contribution to BY , — €* ¢/~ for €, €' = e, . We study the predictions
for general values of tan8 with arbitrary flavor mixing parameters. We discuss the possibility of both
enhancing and suppressing the branching ratios relative to their standard model expectations. In particular,
we find that there are “‘cancellation regions’ in parameter space where the branching ratio is suppressed

well below the standard model expectation, making it effectively invisible to the LHC.
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I. INTRODUCTION

One of the most promising signals for new physics at the
LHC is the rare decay BY — w* u~. This decay is sup-
pressed as a loop-level flavor-changing neutral current and
by a lepton mass insertion required for the final state muon
helicities. The LHC will be the first experiment to be able
to probe this decay channel all the way down to its standard
model (SM) branching ratio. The decay is especially
“clean” because its final state is easily tagged and its
only hadronic uncertainties come from the hadronic decay
constant fp . Further, enhancements to this branching ratio
by new physics can be resolved with only a few inverse
femtobarns of data, making this an exciting channel for
beyond the standard model searches in the first few years of
LHC operation.

The current experimental status and the standard model
predictions for the branching ratios B(B?, — €*{'") to
leading order in QCD are displayed in Table I. This is the
updated version of the Table I presented in the review of
Ref. [1]. Further reviews can be found in Ref. [2].

The standard model predictions for the dimuon decay of
B? and BY mesons were first calculated by Buchalla and
Buras in Ref. [6] and Higgs-penguin contributions in
Ref. [7]. Their analysis can be generalized to include
lepton flavor-violating decays with the final state u*e™,
which are not measurable within the SM extended with
seesaw neutrino masses. The error in the SM predictions
for the B, branching ratios originates primarily from the
uncertainties in the decay constants [8],
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[, =230 £30 MeV, f5, =200 =30 MeV, (1.1)

and in the top-strange and top-down elements of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix [9],

[Vl = 0.0406 + 0.0027,  |Vq| = 0.0074 *+ 0.0008.

(1.2)

The dimuon decay of BY is of particular interest to
experimentalists because it is a benchmark process for
LHCDb physics and performance. The LHCb will be able
to directly probe the SM predictions for this rare decay
mode at 3¢ (50) significance with 2 fb~! (6 fb~!) of data,
or after about 1 yr (3 years) of design luminosity [10]. In
addition, the general purpose detectors ATLAS and CMS
will also be able to reconstruct the B — u™ u~ signal
with significance of 3o after = 30 fb~! [11]. It is not clear
whether LHC can reach the SM expectation for B} —

AT

TABLE I. Current experimental bounds and SM expectations
for leptonic B’-meson decays.

Channel Expt. Bound (90% CL) SM prediction
BY— u"u” CDFII[3] <47X107% (48+13)x107°
BY— utu” CDFII[3] <1.5%X107% (1.4x04)Xx 10710
BY— ute” CDF[4] <6.1X107° ~0

BY— pute” BABAR[5] <9.2x1078 ~0
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At the dawn of the LHC era, it is important to understand
the possible contributions of new physics to a discovery in
the Bg, 4 — €74~ channels. These are particularly promis-
ing decay channels for the minimal supersymmetric stan-
dard model (MSSM). Under the assumption of large values
of tanf and minimal flavor violation (MFV), where the
CKM matrix is the only source of CP and flavor violation,
the branching ratio for BY — u* ™ is dominated by the
Higgs-penguin mode and is approximately given by

tan,8)6 (300 GeV)4
50 My '

BB — ptpu)~5- 10-7(
(1.3)

where M, is the CP-odd Higgs mass. Thus, in the large
tanf regime this branching ratio can be significantly en-
hanced over the standard model expectation. This has been
discussed extensively in Refs. [1,12—15]. The large tan8
regime is preferred, for example, by supersymmetric
SO(10) grand unified models. Further, the currently ob-
served excess in the anomalous magnetic moment of the
muon (g — 2), [16] implies an additional enhancement in
B(B? — w*u™) in certain supergravity scenarios [17]. A
field theoretic study of this decay in the large tanS limit
focusing on the resummation of tanf8 was conducted in
Refs. [18-21].

Thus far, however, the published analyses have focused
primarily on the large tanf region with MFV and have
neglected possible flavor mixing in the squark sector. With
the upcoming experimental probes of B(B?, — £7¢'7)
down to the SM expectation, it is important to undertake
a full, general calculation of this branching ratio without
a priori assumptions on the pattern of squark and slepton
flavor mixing or electroweak symmetry breaking. In par-
ticular, in the region of low tang, the effects of box and
Z-penguin diagrams could be of the same order as the
tanB-enhanced Higgs penguins. The interference of these
terms could conceivably lead to a cancellation that would
suppress the branching ratio below the SM prediction. This
region of parameter space has not yet been thoroughly
investigated. This paper fills the gap in the literature on
the low tanf3 properties of these decay modes.

If the branching ratio is significantly enhanced by new
physics, it may even be visible at the Tevatron. Alternately,
if it is significantly suppressed by new physics, it may be
invisible even at the LHC. Either way, the status of this
decay could become an important factor for planned LHCb
upgrades. For example, it could play a critical role in
determining whether an LHCb upgrade should focus on a
more precise measurement of B — u™u~ or instead
reach for the branching ratio of BY — u*u™, which is
an order of magnitude smaller.

In this article we calculate MSSM predictions for dilep-
tonic B,, B, decays with arbitrary flavor mixing. In our
numerical analysis, we ignore 7-lepton final states since
decays like B — 777~ or BY — 7% u™ since they cannot
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be observed accurately at the Tevatron or LHC. Although
our calculation is sufficiently general to include lepton
flavor-violating B decays like B — u“e*, we do not
consider them in our numerical analysis due to their small
branching ratio (=< 107'') at low tanB." We therefore
concentrate on the decays BY— u*u~ and BY—
ut ™. The general calculation is presented in the appen-
dix and the code used in our numerical analysis is available
to the public.2

II. EFFECTIVE OPERATORS AND BRANCHING
RATIOS

There are ten effective operators governing the dynam-
ics of the quarks-to-leptons transition g’q’ — €¢*X¢F,
with g' =d, ¢>’=s, ¢ =band ! = ¢, (> = u, 3 =
7. The effective Hamiltonian reads

1
" 4y > (CyxyOyxy + CsxyOsxy + CrxOry),
X,Y=L,R

(2.1

where flavor and color indices have been suppressed for
brevity. The (V)ector, (S)calar, and (T)ensor operators are,
respectively, given by

OEE = (7 y* Pxg") &y, Py¥),
OYKL = (g’ Pxq")(£-PyX),

OB = (7o Py, 05).

(2.2)

We follow the PDG conventions for the quark content of
the B® mesons, B? = bs and BY = bd [23]. Thus, in
Eq. (2.2) we identify ¢/ = b and ¢' = s or d for B , —
€', respectively.

The explicit forms of the Wilson coefficients for the
MSSM are calculated at the electroweak scale, O = My, .
These are given in the appendix. The contributions to these
coefficients can be classified into Z penguins, Higgs pen-
guins, and box diagrams, shown in Fig. 1. The photon
penguin contribution BY — £ ¢/~ vanishes in matrix ele-
ment calculations due to the Ward identity. We do not
consider the very large tanf scenario (tanf = 30), since
in this region our calculation has nothing to add to the
current literature (see previous section for references).
Thus, no resummation of higher orders in tanf3 is necessary
and all formulae given in the appendix are strictly one-
loop.

We now focus on the decay BY— ¢*X¢~L. Cor-
responding formulae for the BY decays can be derived
analogously. Down quark vector and scalar currents had-
ronize to B; mesons as

"Predictions of MSSM for B — u7 or B— e at large tanf
have been investigated in Ref. [22].

°In order to obtain the Fortran code, please send e-mail to
janusz.rosiek @fuw.edu.pl
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where p, = py, + p3, is the momentum of the decaying
B meson of mass Mp . In deriving Eq. (2.4) we have used
the quark equations of motion. One immediate conse-
quence of the BY — ¢ ¢/~ kinematics is that tensor opera-
tors vanish in the matrix element (0|bo 8| By(p)) because
there is no way to make an antisymmetric tensor with the
single available momentum p,. This reduces the total
number of effective operators contributing to BY —
€7¢'~ in Eq. (2.2) from ten to eight. The matrix element
is therefore

M = Fsg€ + Fpéy5€ + FVp’u’E'}/M‘E + FAPME'}/M’)/Sg,
2.5

where the €s correspond to external lepton spinors, e.g.
Fsl€ = Fgii(py)v(py), etc. The momenta are assigned
as in Fig. 1. The (S)calar, (P)seudoscalar, (V)ector, and
(A)xial-vector form factors in Eq. (2.5) are given by

i Mészx
Fg = 1 ————(Cs11 + Csrg — Csgg — Csgy), (2.6)
my, + mg
i Mg fs,
P=7 ————(=Cgy + Cspg — Csgg + Csgr):
my, + m
2.7
I
Fy=——fg(Cyrr + Cyrg — Cyrgr — Cygr),  (2.8)

4

i
Fy= _ZfBS(_CVLL + Cyrg — Cyrr + Cyge). (2.9)

It is now straightforward to square the matrix element in
Eq. (2.5), and determine the branching ratio for the decay
BY — ¢t ¢,
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Diagrams contributing to ¢’q’ — €X¢L transitions.

B — b 6p) — 2 12 i (LK * ’"“‘)2

1677' MBs

where 75 _is the lifetime of B; meson, and

|M|> =2|Fs|’[Mg — (me, +mg,)?]
+21FplP[M5, — (mg, — my,)*]
+2|FyP[Mg (me, — mg,)* — (mg —mi )?]
+ 21 FalP[ME (mg,, + mg,)* = (mj_—m3 )*]
+4Re(FsFy)(my, — mgK)[M%;S + (mg, +mg,)*]
+4Re(FpF)(mg, + mgK)[M%gs — (mg, —mg, )]

(2.11)

Notice that the contribution from the vector amplitude,
Fy, vanishes in the lepton flavor-conserving case, L = K.
In this case the formula in Eq. (2.11) agrees with results of
Ref. [24].

The form factors in Egs. (2.6), (2.7), (2.8), and (2.9) do
not receive additional renormalization due to QCD correc-
tions. The conservation of axial-vector current operators
(Oyyxy) result in vanishing anomalous dimension associ-
ated with this operator. The scalar operators (Ogyy) renor-
malize like a quark mass parameter and thus the ratio
Csxy(0)/[m,(Q) + my(Q)] is a renormalization group in-
variant quantity [25].

Wilson coefficients and parameters entering Egs. (2.6),
(2.7), (2.8), (2.9), and (2.11) are all calculated at the top
quark mass scale, i.e. Q = m,. The quark pole masses, m,,
or m,, are related to their DR-running one-loop quark
masses at the scale Q, mq(Q), by the well-known formulae

my(m,;) = m,[l - 56'3—?’)] (2.13)

with by = 11 — 2n,/3 with ny = 5. Since our calculation
for the supersymmetric (SUSY) corrections is performed
in the DR renormalization scheme [26], our initial con-
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ditions for parameters must be converted into this scheme.
Equations (2.12) and (2.13) contain the appropriate MS —
DR conversion factors [27]. Similar conversions for gauge
couplings is small and is ignored in our numerical results.

We have included the general decays of Eq. (2.10) in our
numerical code. Because of small branching ratios, how-
ever, it is unlikely that we will observe lepton flavor-
violating B-meson decays at moderate or small values of
tanB and so we will not consider these processes in the
remainder of this paper.

III. NUMERICAL ANALYSIS OF B ; — mp
A. Structure of the MSSM contributions

We now focus on the lepton flavor-conserving processes
B‘; 4 — M u7. Recall from Sec. I that we are interested in
cases where the branching ratios for these processes are
either enhanced or suppressed significantly relative to their
standard model predictions. An enhancement would either
lead to an early discovery at the LHC (or even the
Tevatron) or stronger constraints on the allowed magnitude
of squark flavor violation. A suppression, on the other
hand, could lead to a nonobservation of BY — u™ u™ at
the LHCb due to cancellations from new physics in the
decay amplitude.

For the lepton flavor-conserving decays €x = €; = u
and the squared amplitude in Eq. (2.11) takes the form

| M = 2M3 (IFsP2 + |Fp + 2m, FaP), (3.D)

where we have also taken the limit m,, /M B, — 0. We may

distinguish two possible scenarios for the relative size of
the MSSM contributions to the right-hand side of Eq. (3.1):
(1) Higgs-penguin domination or large tanf3 = 10
In this large tan regime one can usually expect an
enhancement of the branching ratios as in Eq. (1.3).
This case has been thoroughly investigated in the
literature, although mostly in the limit of minimal
flavor violation and vanishing intergenerational
squark mixing. In such case it turns out that |Fg| =
|Fp| > 2my|F,| because of tan’ enhancements.
Although this is the standard situation for large
tanf, it is not general since a kind of Glashow-
Iliopoulos-Maiani cancellation mechanism may re-
sult in F§3Y =~ 0 [18,21], thus making the box and
Z-penguin diagrams phenomenologically relevant.
(2) Comparable Box, Z penguin and Higgs-penguin

contributions or low tanf3 < 10
In this low tanf case the supersymmetric Higgs-
mediated form factors Fg p are suppressed and be-
come comparable to or even smaller than F,. Thus,
the full one-loop corrections to the amplitude are
needed. These are presented in the appendix. In this
case either an enhancement or a suppression of the
branching ratios is possible depending on the par-
ticular choice of MSSM parameters.
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Barring accidental cancellations, an enhancement of the
branching ratios can come from any of the contributions in
Fig. 1. On the other hand, it is a bit trickier to suppress the
branching ratios below their standard model predictions as
this requires a cancellation between various terms. This is
the case we would like to investigate further.

We would like to find the minima of B(B? , — u*u™),
i.e. the minima of Eq. (3.1). We distinguish between two
cases:

Fp+2mFy~0 and Fp> Fy, (3.2)

or

|Fs| = |Fpl = |F4| = 0. (3.3)

In the first case, Eq. (3.2), the pseudoscalar and axial
contributions cancel, while the scalar contribution is neg-
ligible. This can be realized, for example, in models where
the MSSM is extended with an additional, light, CP-odd
Higgs boson. Reference [28] shows that this can occur even
in the minimal flavor-violating limit of such a model. Such
cancellations, however, can also take place in the general
MSSM when left- and right-handed squarks mix in the
strange and charm sectors. Furthermore, it has been
pointed out in Ref. [29], that interference between the
scalar/pseudoscalar new physics and standard model op-
erators can decrease the B(B? — u* u ™) far below its SM
prediction. This is explored further within MSSM in the
numerical analysis of Sec. IIIB.

The second case, Eq. (3.3), happens when Higgs con-
tributions are negligible compared to the axial contribution
(i.e. low tanB and large M,) and F4 becomes small due to
cancellations among the Cy yy coefficients in Eq. (2.8). Our
numerical analysis shows that such a cancellation is pos-
sible but requires a certain amount of fine-tuning once
constraints on squark mass insertions from other flavor-
changing neutral current measurements are imposed.

B. Numerical setup

To quantitatively study the effects mentioned in the
previous section, we perform a scan over the MSSM
parameter space. The ranges of variation over MSSM
parameters are shown in Table II. Because our numerical
analysis is based on the general calculation presented in the
previous section, we are not restricted to particular values
of tanfB or the MFV scenario. Flavor violation is parame-
terized by the “mass insertions,” defined as in [30,31],

217
(MQ Xy

(M) M)y

8y = (3.4)

As before, I, J denote quark flavors, X, Y denote superfield
chirality, and Q indicates either the up or down quark
superfield sector.

To realistically estimate the allowed range for B(B? , —
ut ), one must account the experimental constraints
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TABLE II.
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The range of input parameters for the numerical scan. “SUSY scale” refers to the

common mass parameter for the first two squark generations. The parameter tanS takes on
values within the set: tan8 = (2,4, 6, 8, 10, 13, 16, 19, 22, 25, 30). All mass parameters are in
GeV. The top quark pole mass have been taken 171 GeV. Imaginary part of parameters 8%,
8 s m, and M, have been set to zero. The trilinear soft SUSY breaking couplings are set to

A, =A, =My, and A; = M; throughout.

Parameter Symbol Min Max Step
Ratio of Higgs vevs tanf 2 30 varied
CKM phase v 0 T /25
CP-odd Higgs mass M, 100 500 200
SUSY Higgs mixing M —450 450 300
SU(2) gaugino mass M, 100 500 200
Gluino mass My M, M, 0
SUSY scale Mgysy 500 1000 500
Slepton masses M; Mgysy/3 Mgysy/3 0
Left top squark mass Mg, 200 500 300
Right bottom squark mass M;, 200 500 300
Right top squark mass M;, 150 300 150
Mass insertion 5[113LL, 5%,3“ -1 1 1/10
Mass insertion 5};LR, 5%&1? —0.1 0.1 1/100

from measurements of many other rare decays. SUSY mass
insertions, in particular, are strongly constrained by such
measurements. The most important constraints have been
calculated in the framework of the general MSSM using a
standard set of conventions [19,31-36]. We have used the
library of numerical codes developed in those studies to
bound the MSSM parameter space based on the set of
observables listed in Table III; no further bounds (e.g.
dark matter, electroweak observables, etc.) are imposed
other than those listed.

For all the quantities in Table III for which the experi-
mental result and its error are known, we require

TABLE III. Constraints used in the scan over MSSM parame-
ters. LEP data are used for the Higgs mass bound [37], i.e. m;, =
92.8-114 GeV depending on the value of sin?(a — ).

Quantity Current measurement  Experimental error
mo >46 GeV

My >94 GeV

mg >89 GeV

my >95.7 GeV

my, >92.8 GeV

lekl 2.232-1073 0.007 - 1073
[AM| 3.483- 1071 0.006 - 10713
[AMp| <0.46-10713

AMpg, 3.337- 10713 GeV 0.033- 107 "% GeV
AMpg 116.96 - 10~13 GeV 0.79 - 1071 GeV
Br(B — X,v) 3.34-107* 0.38-107*
Br(K, — 7vD) <1.5-10710

Br(K* — 7t vp) 1.5-10710 1.3-1071°
Electron EDM <0.07 - 10726

Neutron EDM <0.63-107%

|QoP — Q1| < 3AQ + ¢|Q™]. 3.5

For the quantities for which only the upper bound is
known, we require

(1+ g™ = 0. (3.6)

The first and second terms on the right-hand side of
Eq. (3.5) represent the 30 experimental error and the
theoretical error, respectively. The latter differs from quan-
tity to quantity and is usually smaller than the value g =
50%, which we assume generically in all calculations.
Apart from the theoretical errors that come from uncer-
tainties in the QCD evolution and hadronic matrix ele-
ments, one must also take into account the limited
density of a numerical scan. In principle, with a very dense
scan and sufficient computing time, it should be possible to
find SUSY parameters that fulfill Eq. (3.5) within the
calculation’s “‘true” theoretical errors. This, however,
may not be necessary and may even be undesirable. Our
goal is to find ‘“generic” values for the branching ratio
B(BY,— p*p"), ie. values allowed by fairly wide
ranges of SUSY parameters without strong fine-tuning or
the need to resort to special points in parameter space
where ‘“‘miraculous” cancellations evade experimental
bounds. In our scan we thus use wide “theoretical” errors
assuming that this procedure faithfully represents the
ranges of the MSSM parameters. If necessary the exact
values of parameters fulfilling the bound in Eq. (3.5) with
smaller g can be found. A more detailed discussion of the
problems associated with scanning over multidimensional
MSSM parameter space can be found in [36].
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FIG. 2 (color online). Upper panel: Predictions for B(B, — u* ™) versus tan8 (left) and 6%& ;. (right) from the scan of MSSM
parameters in Table II and under the constraints of Table III. The upper solid line shows the current upper bound from the Tevatron and
the lower dashed line the SM expectation. Lower panel: Similar to the upper panel but with 6%} , varied.

C. Predictions for B(B, — p " u™)

Figure 2 shows the predictions for B(BY — u* ™) over
a general scan of 20 X 10° points in parameter space
according to Table III and including the bounds described
in the previous section. The upper bound set by CDF in
Table I, depicted as a solid red line, can be attained even
with very low values of tan3. We focus on the lower limit
of the branching ratio and therefore restrict to the region of
parameter space where tan8 < 30. In this way we also
avoid the technical complications connected with the re-
summation of higher order terms, discussed in Refs. [18—
21]. We vary 8%}, (upper panel) and 6% . (lower panel)
one at a time, while setting the other to zero, e.g. all 8y, =
0 and only 823, # 0 in the upper panel.

Br(Bg > 1" )

-0.015-0.01-0.005 0 0.005 0.01 0.015

23
34LR

When 6%}, is varied in the range [—1, 1], we find
B(B? — ut s )min = 107°. This minimum is almost in-
dependent of tanfB but depends on the magnitude of the
mass insertion (upper right panel). |5§3LL| can take on
values up to = 0.9 and still pass all the constraints in
Table III, though points beyond 0.3 are less dense. We
note here the importance of correctly incorporating the
LEP Higgs mass bound. If, for example, we set mj, >
114 GeV independently of the value of the ZZH coupling,
then |82, | is restricted to values smaller than = 0.3.

More interesting is the case when 82}  is varied in the
range [—0.1,0.1]. We find a narrow cancellation region
around 6% . =~ —0.01 and tang =< 10, where B(B? —
w7 )min = 10712 (lower-right panel). This is 3 orders
of magnitude lower than the standard model prediction,

108 s . T .
109 ¢

1070 |

11
1
-0.015 -0.01 -0.005 O
523

0.005 0.01 0.015

dLR

FIG. 3. Contributions to B(Bgv P u*u”) from various parts with the parameters in Eq. (3.7). Left: Contributions from the
diagrams in Fig. 1 versus 5§3LR. Right: Magnitude of the form factors appearing in Egs. (2.6), (2.7), (2.8), and (2.9) versus 5?,3LR.
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Upper panel: Predictions for B(B; — w* ™) versus tanB (left) and B(B; — u u~)/BB, — utu~)

versus 6}7,3L ;. (right) from the scan of MSSM parameters in Table II and under the constraints of Table III. The solid line shows the upper
bound from the Tevatron and the dashed line shows the SM expectation. Lower panel: Similar to the upper panel but with 513 , varied.
In all plots only the 6 indicated is varied with all other mass insertions set to zero.

making it effectively unobservable at the LHC. In order to
better understand the cancellation region we study a rep-
resentative point with a very low branching ratio, for
example,

tanB =4, M, =300, u = —450,
M, =100, M;=2300, SUSY scale =400, (3.7)
M;, =150, A, =M; =M;, =600,

where all masses are in GeV.

The cancellation is easy to understand if one indepen-
dently considers the contributions to the branching ratio
from each diagram, as shown on the left in Fig. 3. The
“Box,” ‘“Higgs,” and “Z’” lines indicate the value of
B(BY — utu~) given by only the listed contribution
with all others set to zero. The total prediction for B(B? —
ut ) is also indicated. We observe that in the cancella-
tion region the Higgs- and Z-penguin magnitudes are
comparable, while the box contribution is negligible.
This is suggestive of a cancellation between the second
and third class of diagrams in Fig. 1. To observe this
cancellation we individually plot the absolute values of
the form factors Fg p and 2m,, F 5 of Egs. (2.6), (2.7), (2.8),
and (2.9) in the right panel of Fig. 3. At the minimum point
of the total branching ratio (thick-dashed line in left panel
of Fig. 3) |Fp| is approximately equal to |2m, F,| and |Fg|
is negligibly small. This can be explained from the form of
Eqs. (2.6) and (2.7). If one assumes 82} , = (637 z)*, then
Cgrr and Cgp;, the two Wilson coefficients most sensitive

to the variation of 82} ., have similar sizes and opposite
sign and thus interfere destructively in the amplitude.

Bounds on the & parameters governing squark flavor
mixing have been presented in the literature using the
mass insertion approximation (MIA). In particular,
Refs. [38,39] bound 6%}, | < 0.3 and |62} .| < 0.02 for a
particular point in the parameter space, m; = M3 =
350 GeV. On the other hand, the results in Fig. 3 arise
from an extensive scan of the experimentally allowed
parameter space without resorting to MIA.> Thus, the
bounds on the ds presented here are both different and
more representative of the range of possibilities in the
general MSSM. The results of this scan show that 8%, is
still rather weakly constrained, whereas 6% . < 0.08.

We remark here that varying 83, or 813 . has almost no
effect on B(BY — u* ™), which takes values along a
narrow band.

D. Predictions for B(B; — pu* ™)

We present the corresponding MSSM predictions for
B(B; — " u”) in Fig. 4, where 813, or 813 . are varied

*Note that references to the & parameter in this paper are
mainly for comparison and presentation. Any other parameter
that characterizes the squark mixing would also be appropriate.
Recall that our calculation is not based on expanding this
parameter around zero and keeping only leading terms (MIA
approximation). Instead, we numerically diagonalize all relevant
squark matrices and plug the result into the expressions given in
the appendix.
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instead of 82}, or 6% . along with the other SUSY pa-
rameters in Table II. Some sequences of points disappear
due to the experimental constraints given in Table III. Note
that varying 8%} ,, 8% » has almost no effect on B(BY —
mT).

For both cases there exist points where B(B; — u* ™)
is reduced by an order of magnitude relative to the SM.
These points are more sensitive to low tanf in the “LL”
case and fall into the case of Eq. (3.3). It is also interesting
to look at the ratio B(B; — utu~)/BB;,— uu")
versus 813, and 813 ., plotted in the right panel of Fig. 4.
Unlike the standard model where B(B; — u™u™)/
BB, — putu") = 1|V,;/V,l* = 0.03, the MSSM can en-
hance this ratio by a factor of 10 even for small values of
813, or 813 .. This suggests that collider searches for
B(B; — u* ) are as important as those for B(B, —
ut ™). This observation has been already discussed
in the literature [24] in the leading tanB3 approximation.
On the other hand, MSSM can further reduce the ratio
in the LL case by an order of magnitude due to the
aforementioned cancellations in B(B) — u* ™).

IV. CONCLUSIONS

We have presented a complete, one-loop calculation of
the branching ratios for the rare decay modes B(S), i
€1 ¢'~ without resorting to the limits of large tan/3, mini-
mal flavor violation or SUSY breaking scale dominance.
Our final expressions are presented in an appendix and are
also available as a computer code (see footnote 2). We have
used this code to perform a numerical exploration of the
MSSM parameter space for the modes B(s), s mtnT We
find that there exist cancellation regions where the contri-
bution of diagrams with supersymmetric intermediate par-
ticles interferes destructively with purely standard model
diagrams, thus allowing the branching ratio to be signifi-
cantly smaller than the standard model prediction. We
identify possible mechanisms of such cancellations and
explain why they can occur for certain regions of parame-
ter space. If supersymmetry is a proper description of
elementary interactions, such effects may effectively
hide the dimuon B? decay mode from the LHCb even
though it is supposed to be one of the experiment’s
benchmark modes. We have also shown that, barring
the cancellations mentioned above, supersymmetric con-
tributions in the general MSSM typically tend to en-
hance the branching ratio for Bg), 4 — ' p” even for mod-
erate values of tan8 =< 10 so that an experimental mea-
surement close to the SM prediction would put strong
bounds on the size of allowed flavor violation in the
squark sector. Finally, we show that the BY — u*u~
decay can also be either suppressed or enhanced com-
pared to its SM expectation, leading in some cases to a
situation where the rate of the BY decay is larger then that
of the BY.

PHYSICAL REVIEW D 79, 055006 (2009)

Our analysis provides a quantitative assessment of the
viability of nonminimal supersymmetric flavor structure
and its consequences in the neutral B-meson dimuon decay
modes in light of existing experimental constraints. This is
especially relevant due to recent experimental hints for
nonminimal flavor structure between the second and third
quark generations [40,41]. Further, there have also been
recent model-building analyses of supersymmetric models
not constrained to the “minimal flavor violation™ scenario
[42-44].

We conclude that new physics, in particular, nonminimal
flavor-violating supersymmetry, can manifest itself at fu-
ture experiments as either an enhancement or a suppression
of the BY — u*u~ decay rate relative to the standard
model.
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APPENDIX: WILSON COEFFICIENTS

In this appendix we provide explicit results for the
contributions to the BY , — €* €~ Wilson coefficients com-
ing from the self-energy, Higgs and Z penguin and box
diagrams. In general, Wilson coefficients defined in
Eq. (2.1) can be decomposed as

CUKL — BIJKL _ e(l - ZS%V)‘(SKL

VLL VLL ZSWCWM%
e(l — 252
x (rh - S5l - ) @
Sww

esy o es
IJKL — pIJKL WYKL 1J w 1J 1J
CHRL = BUKL + -7 (FZR + —3CW (25, + 25 )

(A2)

ClIKL — BUKL 4 eswdkr

VLR VLR CwM%
e(l —252)
x (P - S50l - ) @)
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6(1 - ZS%V)5KL eswy
cift = by - T (P S st + 3) (A%
YK(S 2 - Zlk Zlk Zlk Zlk E
%y=%%+fé“2m§@%~f@%—%J+ﬁ%ﬁfﬁf@%—ﬁﬂ’ (A3
k=110 1 A ! -
YKs§ 2 - Zlk Zlk Zlk Zlk -
ClKL — pUKL 4 11 OKL ﬁKL D = (Fg/,f - RS+ 2{5})) S (F/’(é‘ - (S X ) : (A6)
k=10 1 Mo 1 -
YK6 2 - Zlk Zlk Zlk Zlk -
CUKL — UKL 4 1 OKL R (Fljk __R(EIJ _ 211)) _“H (Fljk +_H(EIJ _ N ) i (A7)
SLR SLR N2 ]; | mz ; HL ™7, "A=ds dp mig AL T, s ar) | |
YK8 2 - Zlk Zlk Zlk Zlk E
c%y=3%}+ZE‘Z’ﬁ(ﬂﬁ—ﬁ%%ﬁd&)+m§Gﬂ“ﬁ?@%+2%), (A8)
ke=1=""pgo 1 A 1 -
1JKL — pIJKL d 120
Cr R [ L N EY
CIJKL — BIJKL (AIO) (477) (27T) l-li (k B mi)
TR~ PTR
In the expression above By are the box diagram contribu- . o
tions, F,y are the Z-penguin irreducible (triangle diagram) ! Dy, (m2, m2, m2, m2) = dk ik )
contributions, Fyy and F,y are, respectively, the irreduc- (@g)? T TR TR T (27)? TTHK? — m?)
ible scalar and pseudoscalar Higgs-penguin contributions (A14)

and 3,y are the self-energy contributions. Indices are
assigned as follows: I, J are the generation indices of
quarks involved in the process, e.g. I,J = (3,2) for B,
decay and (3, 1) for B, decay, and K, L are the indices
of outgoing leptons, e.g. K, L = (2,2) for B— u* u~
decay, etc. For the definition of Higgs mixing matrices
Zy, Zg, Higgs boson masses and other symbols we refer
reader to Ref. [45], the notation of which we use consis-
tently in this appendix.

1. Loop integrals

Here, we collect the analytic forms of the relevant loop
integrals for this work. The two-point loop integral B is
defined as

1
—— p.B(p, m*, M?
( 477_)2 p M I(P m )
[ d% ik,
Q2m)? (K — m)[(k + p)* — M*T
The explicit formula for the 2-point loop integral B; at
vanishing external momentum is

B(0,x,y) = +1Cy(x, v, y),

where C,(x, y, y) is given in Eq. (A17).
The 3- and 4-point loop integrals at vanishing external
momenta are defined as

(A11)

(A12)

The explicit formulae are listed below (we give also ex-
pressions for some 3-point functions proportional to higher
momenta powers, useful in Higgs-penguin calculations)

ylog® zlogs
Colx,y, 7) = x X (Al5)
PTG ey G20 -2
2 21 y
C(x,y,2)=A+ log'u— + o yosy
x (=y-y
2 z
z” logs
— (A16)
(x—2)(y—2)
2 xlogs
Co(xy,y) = A +logh + 2 [1— »‘], (A17)
y x-—y X =y
Couley) = — 2= 4 Y ol (A18)
WY a2 2 —yp oY
+
x+y xy Y (A19)

Cplxy) =-— 20— y)2 - 30 — y)3 log;,
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_ ylog
Doley 2 ) = G =0 =9
zlogt
(z=x)z—y)(z—1)
+ tlog, L (A20)
(t—x)(t—y)t—2z)
_ v log;
Daler o) = =6 =1
Z2 logi
(z=x)(z—y)z—1)
+  log; (A21)
(t=x)(t—y)(t—2)
|
fi
Sa - — P — gj
IRa
|
Py

1S,
[

y

|
Qu——» -4 —->—--R,
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where the divergent piece A = 2, + log(4m)y; — 1 and
M is the renormalization scale.

2. Feynman rules

We use the following generic Feynman rules for the
calculations below (V,, S, and f/ are generic vector
bosons, scalars, and fermions, respectively):

i (VfL;;j Py + Vi PR)

Vs (p+ k)"

.y rLij Rij
Z(va;’YMPL + va;’Y;LPR)

-1 7abc
lVQRS

Explicit formulae for the generic couplings can be inserted from [45]. In our calculations, V can be Z or W bozon. The
indices Q, R, S can denote CP-even or CP-odd Higgs bosons (H?, A?), squarks (U;, D;) or sleptons (L;, #'). The indices f,
g can denote quarks (d’, u’), leptons (I, v') or charginos and neutralinos (C;, N;).

3. Box diagram contribution

Box contributions to the Wilson coefficients are denoted by BYKL. Z labels the operator type, Z = S, V, T for scalar,
vector or tensor, respectively. X and Y label the handedness, X, Y € {L, R}. I, J and K, L are quark and lepton generation
indices, as described at the beginning of the appendix. Here and in the following sections, we strictly follow the notation of
[45], where expressions for all mixing matrices, vertices and other symbols used can be found.
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3 2 6
e
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IJKL _ __ Ky MI rMJ* (7112 2
BSLR - 2S Yl Z ZK K (Z n) DZ(muM’ H+’M ’0)
3 26
_ lm* 2nkx 7LN 7KNxy/LIlmy/RJInx 2 2 2 2
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e 32 6
_ L 2m7ln7LN 7KN*y/RIlmyyLJInx 2 2 2 2
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w N=1m,n=1I[=1
1 & 6
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m,n=11lLo=1
BIJKL — _ e YL i i iZlnz2mzLNzKN*vLI/mVRJln*m m~ D (Wl m2 m2 m2
TL SS‘WZ dauc Vduc "tc,tc, o\ e, e, Mty Ty
b N=1mn=1I[=1
1 4 6
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3 Z Z Vi "ViLw ViehN"VieN" WVapn Vapn M, my, Do(mzvmrmzvn’moy mj ), (A30)
m,n=11Lo=1
26
IJKL _ __ Z1mk 72nx 7 LN ZKN* \7RIIm LI Ink 2 2 2 2
BYEL = Z Z Z 227N 25V aul Ve me, me, Do(me, , me. , my,, m3
N=1 mn=1I[=

4 6
1
RKon LL()m* RKomysLLonx Rllm LJInx 2 2 2 2
3 Z Z Vil "Viex™ = Vieh " View " Wapn Vapn M, my, Do(my, , my ,mp, my ). (A31)

4. Z penguins
F 4y are one-loop triangle-diagram contributions to the X-handed (X = L, R) d'd’Z » coupling. The expression below is

valid only for the flavor-violating case I # J since, in order to simplify the formulae, we have dropped some terms
appearing only for 7 = J.
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5. Higgs penguins
Fux and F,yx denote the CP-even and CP-odd one-loop triangle-diagram contributions to the X-handed (X = L, R)
couplings d’d’HY and d'd’ A (H} = H, H? = h°, A} = A°, A? = G). Appropriate expressions are listed below—please
note that the exphclt factor of “i”” in the CP-odd Higgs form factors is superficial and comes from the definition of vertices
in section 2 of this appendix. For the CP-odd Higgs, the relevant vertices defined in this way are, for real Lagrangian
parameters, purely imaginary so that iV is a real number.
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. kim RImnxy/LJIn 2 2 2 _ Rinlx LJnm Imkx
‘HZ Z VeouVave™ Viveme,Colmy, my; ,mg, ) — i z Z Vapn" Vibn (VPNNCZ(mN’mN’ mp,)
n=11Lm=1 Lm=1n=1
_ klm \7RImn /LI In 2 2 2
Vit my my Cg(mN, mN ,mD ) +i Z Z Voo Vapn'™ Vapnmn, Colmp, mp, , my, )
n=11lm=1
81g3
VK (I+3)m* 7 ]| 2 2
mg Z viim 741 Z{Co(m3, , m3, , mg), (A36)
L,m=1
2 3
e
Ik — _ L LT grLI* 2
Pl = = T, 3 ViRl )
3
e
KL gLI* 1k 2 2 2 L 2
Y, > KUK (—ZHCZ(muL,M m2.) + Yim, My Co(m?,, M3, )
S \/ESW k

L=1
Z2kY 3 2
Z Z lmZZm(YL)2KLJKL1*(C (mqu 2, %{;) _ mﬁLCO(miL, mﬁu m?p )

2
H Linl* RJnm Imk 2 2 2\ _ ymlkx 2 2 2
ti Z Z Vaive™Vaud" VeecCalme,, me, , my ) = Vpedme,me, Colme,, me, , my; )

Lm=1n=1

[=)}

2 6
H klm len* RJIn Llnl* RJnm Imk 2 2 2
T Z Z VtuVire™ Vigéme, Colm, my, ’mc )+ Z Z N Vapn' (Ve Calmy,, my, . mp, )
n=1[lm=1 Lm=1n=1
Imk* kim LImn* RJIn 2 2 2
Br mymy,, Co(myy, my, , mp, ) + i Z Z VeooVion' Vapnmn, Colmp,, mp, , my, )
n=1lLm=1
8lgs ykim Zlm*Z J+3)1C ( 2 2 ) A37)
3 MG PDD o\Mp, Mp,, MG). ¢

Lm=1

6. d self-energy contributions

Finally, we list the formulae for the one-loop down quark self-energy contributions:

2 3 2
€ LI y7LJ 2k2 L2 1yJ(71k\2 LI y7LJ 2
T%VLZIKK*B(Om”L, 5ggz)y) Y Y(ZI)2) KL KL B (0, m2,, m Hr
1 2 6
“3 3 S AV VEVEEIB,O ) + 1SS VIR + VIRV 0.0, )
I=1k=1 =1 k=
482 < (I+3)k 5 (J+3)k*
3‘ Yz zi* + zp "z B (0, mE, m3,), (A38)
k=1
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1 3 2
b= —2 - Z KHKEBy (0, mi , M3y) =5 > D (@) hy = Yoy (Zi)) K KBy (0, m,, my, )
Sw L= L=1k=1
1 2 6
kly/LJkI ki (\/RJkI 2 2 kI y/LJkI kI Y/RIKI 2 2
2 z VieVive™ = VageVage*)Bi (0, me, my,) ~ Z Z(Vc%LI)NVdDN* — Vipn Vipn)B1 0, my, mp,)
I=1k=1 =1k=1
4 - Tk 7Tkx _ AI+3)k 7 (J+3)k* 5
2>z zir - 2z TV )B (0, mE, md ), (A39)
k=1
1 3 2
i =50+ ) LZI kzl Zy Zifm,, Y KM KM Bo(0, mg , my, )
1268
I k
32 S VARV + VRV me, Bo(0, i, )
I=1k=1
1 4 6
ki kl kl kl 2 2
~ 32 S VAV + VSV Iy BolO. i, )
I=1k=1
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1 3 2
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1 2 6
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