
J
H
E
P
1
0
(
2
0
1
0
)
0
3
8

Published for SISSA by Springer

Received: July 27, 2010

Accepted: September 19, 2010

Published: October 12, 2010

Measuring Vub and probing SUSY with double ratios

of purely leptonic decays of B and D mesons

A.G. Akeroyda and F. Mahmoudib

aDepartment of Physics, National Central University,

Jhongli, 320 Taiwan
bClermont Université, Université Blaise Pascal, CNRS/IN2P3,

LPC, BP 10448, 63000 Clermont-Ferrand, France

E-mail: akeroyd@ncu.edu.tw, mahmoudi@in2p3.fr

Abstract: The experimental prospects for precise measurements of the leptonic decays

Bu → τν/µν, Bs → µ+µ−, D → µν and Ds → µν/τν are very promising. Double ratios

involving four of these decays can be defined in which the dependence on the values of the

decay constants is essentially eliminated, thus enabling complementary measurements of

the CKM matrix element Vub with a small theoretical error. We quantify the experimental

error in a possible future measurement of |Vub| using this approach, and show that it is

competitive with the anticipated precision from the conventional approaches. Moreover, it

is shown that such double ratios can be more effective than the individual leptonic decays

as a probe of the parameter space of supersymmetric models. We emphasize that the

double ratios have the advantage of using |Vub| as an input parameter (for which there is

experimental information), while the individual decays have an uncertainty from the decay

constants (e.g. fBs
), and hence a reliance on theoretical techniques such as lattice QCD.
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1 Introduction

Measurements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [1, 2] are of

great importance, being fundamental parameters of the Standard Model (SM). The matrix

elements display a strong hierarchy, and the smaller off-diagonal terms can be expressed as

higher powers of an expansion parameter λ(∼ 0.22) [3]. One of the smallest elements is Vub,

being of order λ3 and with a magnitude ∼ 4× 10−3. Although the measurement of |Vub| is

very challenging, in recent years its precision has been reduced to ∼ 10% at the B factories.

Two ways to measure |Vub| have been utilized: inclusive semi-leptonic decays (B → Xuℓν)

and exclusive semi-leptonic decays (B → πℓν). These two approaches provide independent

measurements of |Vub|, which are currently not in total agreement, but have roughly the

same precision. Both of these methods can be employed at high-luminosity B factories, and

the experimental error in the determination of |Vub| will decrease with increasing integrated

luminosity and improved analysis techniques. The inclusive and exclusive determinations

of |Vub| have independent theoretical errors, and it is acknowledged that a concurrent

reduction of this theoretical error (i.e. comparable in degree to that for the experimental

error) is more challenging (e.g. see [4]). Therefore, as emphasized in [5–9] it is important

to consider alternative methods of measuring |Vub| for which the theoretical error is known

to be very small, even if the experimental error for such a method is currently large.

One such approach is the branching ratio (BR) of the purely leptonic decay Bu →
τν. The unprecedented data samples provided by the B factories have enabled the first
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measurements of Bu → τν [10–14] despite its relatively small BR and challenging signature.

The current world average of BR(Bu → τν) has an error of 20%, although proposed high-

luminosity flavour factories could reach a precision of 5% [15–24]. A measurement of |Vub|fB

can be obtained from this decay, where fB is the decay constant for the Bu meson, which

has been calculated by Lattice Quantum Chromodynamics (LQCD). An average of two

unquenched calculations [25, 26] of fB gives fB = 192.8 ± 9.9 MeV [27], i.e. a precision of

∼ 5%. Hence the decay Bu → τν (and its companion decay Bu → µν, which is yet to be

observed), could provide complementary (and possibly competitive) measurements of |Vub|
at high-luminosity flavour factories.

However, despite the impressive improvement in the precision of calculations of fB by

LQCD, it is important to extract |Vub| with minimal theoretical error (i.e. with minimal

dependence on parameters like fB, which are determined by the strong interaction). It

was pointed out long ago [5] that a double ratio of the leptonic decays Bu → τν,Bs →
µ+µ−,D → µν and Ds → µν/τν has essentially no dependence on the absolute values of the

decay constants.1 The decay constants in this double ratio appear as (fBs
/fB)/(fDs

/fD),

and such a quantity is numerically very close to 1, with a very small error. Hence such

a double ratio can be used to obtain a measurement of |Vub| with a small theoretical

error [7, 8]. At the time of writing of [5], only one of the four decays had been measured

(Ds → µν/τν). At present, three of the four decays have been observed, and the prospect

of precise measurements of all four decays in this double ratio motivates us to quantify the

expected precision for a measurement of |Vub| using this method.

The decays D → µν [29], Ds → µν [30–32] and Ds → τν [30, 33–35] have been

measured with ∼ 10% precision at CLEO-c and the B factories, and the ongoing BES-III

experiment will reduce the error in all these decays to maybe 3% [36, 37]. The current

measurements of Bu → τν, D → µν, Ds → µν and Ds → τν are in agreement with the SM

prediction, within the errors of the decay constants. An upper limit exists for the decay

Bs → µ+µ− (< 4.3 × 10−8 at 95 C.L. [38]) and this is the only decay in the double ratio

which has not been observed. At the CERN LHC, the LHCb experiment is expected to

achieve sensitivity to the SM prediction of BR(Bs → µ+µ−) ∼ 3 × 10−9. Therefore the

first measurement of the double ratio will be possible by combining the measurements of

these four leptonic decays from three distinct experimental facilities.

The above purely leptonic decays are sensitive to New Physics particles which arise

in supersymmetric (SUSY) models, such as charged Higgs bosons (H±), neutral Higgs

bosons (h0,H0 and A0), and charginos (χ±). The decays Bu → τν, D → µν, Ds → µν

and Ds → τν are sensitive to H± at the tree level [39]. The largest effect is for Bu → τν

and the current measurement of this BR, although in agreement with the SM prediction,

does not preclude a large contribution from H± [40].2 The effect of H± on Ds → µν

and Ds → τν is much smaller [39, 41], but can be of the order of the current experimental

precision [42–44]. The contribution of H± to D → µν is negligible. The decay Bs → µ+µ−,

which proceeds via higher-order diagrams in perturbation theory, can be greatly enhanced

1An early study of ratios of leptonic decays involving charmed mesons was also performed in [28].
2However, any sizeable contribution of H± on Bu → τν is now possibly disfavoured by considering the

contribution of H± on other decays such as B → Dτν.
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by contributions from neutral Higgs bosons and chargino-stop loops. The contributions

from SUSY grow with tan β, which can lead to an enhancement of BR(Bs → µ+µ−) by an

order of magnitude with respect to the SM expectation [45, 46].

Since the decays involved in the leptonic double ratios can receive substantial contribu-

tions from Higgs bosons and supersymmetric particles, another possible application of the

double ratio is to constrain SUSY parameters. The absence of an explicit dependence on

the decay constants makes the double ratio a particularly attractive quantity with which to

probe SUSY. In this case, Vub is an input parameter and is the only major source of uncer-

tainty. Information on Vub is available from both direct measurements (the aforementioned

inclusive and exclusive semileptonic decays, the latter having some dependence on LQCD)

and from global SM fits. In contrast, the calculation of decay constants is reliant on LQCD.

Consequently, due to its reduced theoretical uncertainties the double ratio constitutes a

cleaner observable than the individual decays, and can provide competitive constraints on

SUSY parameters.

The paper is organized as follows: in section 2 the conventional ways to measure |Vub|
are briefly summarized and the double ratio of leptonic decays is introduced. In section 3,

the decay rates of the leptonic decays are presented and the experimental prospects for

their measurements are discussed. The current upper limit on the double ratio is derived,

as well as the anticipated error in a measurement of |Vub| at future experimental facilities

using the double ratio. Section 4 contains a numerical study of the double ratio as a probe

of the SUSY parameter space in two distinct models. Conclusions are given in section 5.

2 Measurements of |Vub|

Currently there are two methods which are used to measure |Vub|. Both methods use a

semi-leptonic decay channel of the B/Bu meson for which the decay rate depends on |Vub|2.
One method (“inclusive approach”) is to measure the branching ratio of the inclusive decay

B → Xuℓν while the other method (“exclusive approach”) is to measure the branching ratio

of the exclusive decays B → πℓν and B → ρℓν. The value of |Vub| is then extracted from

these measurements, with an additional error from the theoretical calculation of the decay

rate, which is independent for the two decays. Currently there is a small disagreement

between the values of |Vub| extracted from these distinct approaches.

2.1 Inclusive determination of |Vub|

The main difficulty with the inclusive determination of |Vub| is the fact that the decay

B → Xcℓν has a branching ratio about fifty times larger than that of B → Xuℓν (because

|Vcb| ≫ |Vub|). In order to reduce this background and isolate the signal from B → Xuℓν,

kinematical cuts are applied. One approach is to select charged leptons ℓ with greatest

energy (the “endpoint region”). For an energy Eℓ > 2.4 GeV the background from B →
Xcℓν is very small, but the theoretical prediction for the decay rate of B → Xuℓν in this

endpoint region has sizeable errors, which are summarized in [4]. The most significant error

is from the non-perturbative “shape function” [47]. Fortunately, the leading shape function

is universal in B/Bu decays. Therefore the dependence of the decay rate of B → Xuℓν (in
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the endpoint region) on the leading shape function can be eliminated by using data from

other B decays (such as B → Xsγ). However, “sub-leading shape functions” break this

universality of the shape function, and so the process of eliminating its effect on B → Xuℓν

brings in additional errors. In [9] it is suggested that this error from sub-leading shape

functions might limit the ultimate precision in such measurements of |Vub| to around 15%.

Alternatively, the dependence of the decay rate of B → Xuℓν on the shape function can

be reduced by applying a less energetic cut on ℓ (e.g. Eℓ > 1.9 GeV), but the background

from B → Xcℓν then becomes much larger.

There are several measurements of |Vub| from the inclusive method, and different kine-

matical cuts are applied. In order to reduce the background from B → Xcℓν, most mea-

surements select only a small fraction (partial rate) of the total inclusive rate of B → Xuℓν.

The value of |Vub| is then extracted in the context of several theoretical prescriptions, which

treat the various theoretical errors (including the dependence on the shape function) in dis-

tinct ways.

A recent measurement by the BELLE Collaboration [48] applies a much lower cut on

the energy of ℓ (Eℓ > 1.0 GeV), which keeps ∼ 90% of the total inclusive rate of B → Xuℓν.

Such an approach substantially reduces the theoretical error (especially that from the shape

function) in the extraction of |Vub|, and it is suggested in [18, 19] that this method is the

most promising one for a precise measurement of |Vub| from inclusive B → Xuℓν at a

high-luminosity B factory.

The current measurement of |Vub| from inclusive decays uses eight independent mea-

surements of B → Xuℓν, and is an average over the results of the four theoretical prescrip-

tions [49]:

|Vub| = (4.37 ± 0.39) × 10−3 . (2.1)

In eq. (2.1) the theoretical error and experimental error have been combined, and the

experimental error (±0.16) is smaller than the theoretical error.

2.2 Exclusive determination of |Vub|
The decays B → πℓν and B → ρℓν have both been measured, but the former is much

more favourable for extracting |Vub|, both experimentally and theoretically. There are two

search strategies for B → πℓν. One technique tags the other B/Bu in the event, while the

other technique does not. Currently these techniques have comparable precisions, but it is

suggested that the tagged method (e.g. as used by BELLE in [50]) will afford the greatest

precision at a high-luminosity B factory.

Extracting the value of |Vub| requires theoretical input distinct from that used in the

inclusive approach. The decay B → πℓν only depends on one hadronic form factor f+(q2)

(where q is the momentum of ℓ) which can be calculated in LQCD for q2 > 16 GeV2 and by

Soft Collinear Effective Theory (SCET) for q2 < 16 GeV2. The world average measurement

of |Vub| from exclusive decays is [27]:

|Vub| = (3.42 ± 0.37) × 10−3 . (2.2)

A recent BABAR measurement alone [51] gives |Vub| = (2.95 ± 0.31) × 10−3. Therefore

both the inclusive and exclusive measurements of |Vub| have comparable experimental and
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theoretical errors, but there is a disagreement of the central values. However, the average

of the inclusive and exclusive measurements is |Vub| = (3.92 ± 0.09 ± 0.45) × 10−3 [52],

which agrees quite well with the values of |Vub| extracted from two independent global SM

fits, the latter being |Vub| = (3.53± 0.15)× 10−3 [52] and |Vub| = (3.52 ± 0.11)× 10−3 [53].

2.3 The double ratio (fB/fBs
)/(fD/fDs

)

Although the experimental prospects for both the inclusive and exclusive approaches to

measure |Vub| are good, the question of the magnitude of the theoretical error will remain. A

complementary technique for which the theoretical error is known to be small is particularly

attractive. In this regard, the use of double ratios of leptonic decays to measure |Vub| was

proposed in [5, 7, 8]. One such double ratio is defined by:

Γ(Bu → τν)

Γ(Bs → µ+µ−)

Γ(Ds → µν)

Γ(D → µν)
∼ |Vub|2

|VtsVtb|2
π2

α2

(fB/fBs
)2

(fD/fDs
)2

. (2.3)

Other parameters are not written explicitly, and can be denoted by a multiplicative

factor on the right-hand side. These include the masses of the mesons and leptons (which

are very well measured) and the CKM elements Vcd and Vcs, which can be taken as well-

measured parameters by assuming that CKM matrix is unitary. Explicit expressions for all

the partial decay rates in eq. (2.3) can be found in section 3, from which the exact form of

the multiplicative factor can be readily derived. The quantity (fB/fBs
)/(fD/fDs

) deviates

from unity by small corrections of the form ms/mb and ms/mc, and importantly such a

double ratio does not have a dependence on the absolute values of the decay constants.

A calculation in [5] gives (fB/fBs
)/(fD/fDs

) = 0.967, and subsequent works [54–57] also

give values very close to 1, with a very small error. In our numerical analysis we will take

(fB/fBs
)/(fD/fDs

) = 1. Therefore eq. (2.3) can be used to measure |Vub| with essentially

no dependence on non-perturbative techniques such as LQCD. This amounts to using the

decay Bu → τν to measure |Vub|, with the dependence on fB (i.e. the dependence on non-

perturbative techniques) being removed by forming the double ratio of decay constants.

In eq. (2.3), the product of CKM elements |VtsVtb|2 is known with high precision if one

assumes that the CKM matrix is unitary. The left-hand side of eq. (2.3) is taken from

experiment, and thus a measurement of |Vub| can be extracted when all four decays have

been measured. The drawback of this approach is that accurate measurements of all four

decays are required. At the time of writing of [5] only one decay had been measured. At

present, three of the decays in eq. (2.3) have been measured, while an upper limit exists

for Bs → µ+µ−. Evidently, the double ratio cannot yet provide a measurement of |Vub|
because one of the decays has not been measured. However, the experimental prospects

for reasonably precise measurements of all four decays are quite good, and eventually a

measurement of |Vub| using eq. (2.3) will be possible.

Other double ratios can be defined, such as replacing Ds → µν in eq. (2.3) by Ds → τν,

both of these decays having comparable experimental precision at present (and similar

precision is expected for both decays at the BES-III experiment [37]). Moreover, the decay

Bu → µν is expected to be observed at a high-luminosity B factory, which would provide an

independent measurement of |Vub|fB, and enable a measurement of a double ratio in which
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Bu → τν is replaced by Bu → µν. We note that a SM-like rate for the decay D → τν will

be measured at the BES-III experiment, but its precision will always be inferior to that for

D → µν [58], and so it is preferable to use this latter decay in the definition of double ratios.

In the context of models beyond the SM, the double ratio is sensitive to New Physics

particles. Assuming that the partial widths for each decay are multiplied by scale factors,

the right-hand side of the double ratio in eq. (2.3) is modified by a ratio of scale factors:

rB rDs

rBs

≡ R−1 . (2.4)

In the next section we will give the explicit form of each of the scale factors appearing in

R, in the context of the Minimal Supersymmetric Standard Model (MSSM).

3 The leptonic decays in the double ratio

In following subsections we present the theoretical expressions for the decay rates of the lep-

tonic decays in the double ratio, and discuss the experimental prospects for their measure-

ments. The current upper bound on the double ratio is derived by combining statistically

the existing measurements of the individual decays. Finally, the attainable experimen-

tal precision for |Vub| from a measurement of the double ratio at the next generation of

experiments is estimated.

3.1 The decay Bu → τν

In the SM this decay is mediated by W± and is helicity suppressed, whereas there is no

such suppression for the scalar H± exchange, whose contribution is proportional to the b

quark and τ lepton Yukawa couplings. In the limit of high tanβ such Yukawa couplings

are enhanced, and the contribution from H± can be comparable in magnitude to that of

W± [39]. The leading order SM prediction for this decay is:

BR(Bu → τντ )SM =
G2

F f2
B|Vub|2

8πΓB
mBm2

τ

(

1 − m2
τ

m2
B

)2

, (3.1)

while the New Physics contribution from H± is expressed through the ratio [39, 59–61]

rB ≡ BR(Bu → τντ )MSSM

BR(Bu → τντ )SM

=

[

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ǫ0 tan β

]2

. (3.2)

Here mH+ is the mass of the charged Higgs boson, mB is the mass of the Bu meson, ΓB

is the total decay width of the Bu meson, tan β = v2/v1 where v1 and v2 are the vacuum

expectation values of the two scalar doublets, and GF is the Fermi constant. The leading

SUSY-QCD corrections are included in this expression through ǫ0. The Yukawa couplings

of the MSSM take the form of a 2HDM (Type II) at tree level, but at higher orders

the structure becomes of the type 2HDM (Type III) in which ǫ0 is a function of SUSY

parameters [62–65] and |ǫ0| can reach values of order 0.01. Using the average fB = 192.8±
9.9 MeV [27] of two unquenched lattice QCD calculations of fB [25, 26], and the average
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of the inclusive and exclusive determinations of |Vub| = (3.92± 0.09± 0.45)× 10−3 [52], we

evaluate the SM branching ratio with SuperIso v2.8 [66, 67]:

BR(Bu → τντ )SM = (1.01 ± 0.26) × 10−4 . (3.3)

There are four independent measurements of Bu → τν [10–14] and the current world

average is [68]:

BR(Bu → τντ )exp = (1.63 ± 0.39) × 10−4 . (3.4)

The SM prediction can be compared to the experimental average by forming the ratio:

rexp
B ≡ BR(Bu → τντ )exp

BR(Bu → τντ )SM

= 1.62 ± 0.57 . (3.5)

Significant improvements in the precision of the measurement of Bu → τν will require

a high-luminosity B factory. The two measurements by BABAR [13, 14] have used a

large amount (∼ 70%) of the available data taken at Υ(4S). The two measurements by

BELLE [10–12] are with 414 fb−1 and 605 fb−1, and so these could be significantly updated

with the total integrated luminosity of 1000 fb−1. A high-luminosity B factory with around

50 ab−1 could measure Bu → τν to a precision of around 6% (e.g. see [22]). Moreover,

with 50 ab−1 the decay Bu → µν (for which there is currently an upper limit) could be

measured with about the same precision as Bu → τν. Hence a precision of around 3% for

|Vub|fB could be achieved from each decay at a high-luminosity B factory. A combination

of the measurements of |Vub|fB from Bu → τν and Bu → µν would (presumably) further

reduce the uncertainty.

3.2 The decays Ds → τν, Ds → µν and D → µν

In analogy to the case for Bu → τν, singly charged Higgs bosons would also contribute to

the decays Ds → ℓν and D → ℓν at tree level [39]. The effect is negligible for D → ℓν, but

it can be of the order of the current experimental precision for Ds → µν and Ds → τν.

The partial width is given by (where ℓ = e, µ or τ):

Γ(Ds → ℓνℓ) =
G2

F

8π
f2

Ds
m2

ℓMDs

(

1 − m2
ℓ

M2
Ds

)2

|Vcs|2 rDs
, (3.6)

where in the MSSM one has [39, 41, 43, 44, 69]:

rDs
≡
[

1 +

(

1

mc + ms

)(

MDs

mH+

)2(

mc −
ms tan2 β

1 + ǫ0 tan β

)

]2

. (3.7)

Here mc and ms are the masses of the charm and strange quarks respectively, MDs
is the

mass of the Ds meson, Vcs is a CKM matrix element, and mℓ is the lepton mass. We note

that ǫ0 in eq. (3.7) is not the same as ǫ0 in eq. (3.2), because they are functions of different

SUSY parameters. The term ms tan2 β, which originates from the strange quark Yukawa

coupling, can give rise to a non-negligible suppression of rDs
for large values of tan β.

Note that the magnitude of the H± contribution depends on the ratio of quark masses
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ms/(mc +ms), and an analogous uncertainty is not present for the H± contribution to the

decay Bu → ℓν. However, there is now a very precise calculation (error ∼ 1%) of ms/mc

from unquenched LQCD [70].

There are various unquenched lattice calculations of fDs
and the current situation

is summarized in [71]. The value with the smallest quoted error is from the HPQCD

Collaboration, fDs
= 241 ± 3MeV [72].3 The MILC collaboration obtains fDs

= 249 ±
11 MeV [74] (with a provisional update of fDs

= 260± 10 MeV [75]). A partially quenched

calculation by the ETMC Collaboration gives fDs
= 244 ± 8 MeV [76].

On the experimental side, Ds → τν has been measured at CLEO-c for three decay

modes of τ (eνν, πν, ρν) [30, 33, 34]. These are absolute branching ratio measurements.

Moreover, a measurement of Ds → τν has been performed at BABAR [35] for one decay

mode of τ (eνν). Unlike the CLEO-c measurements above, this measurement is normalized

to the branching ratio of the decay Ds → K±K0. The decay Ds → µν has been measured at

CLEO-c [30], BELLE [31] and BABAR [32]. Both the CLEO-c and BELLE measurements

are of the absolute branching ratio, while the BABAR measurement is normalized to the

decay Ds → φ0π± (note that this differs from the decay Ds → K±K0 which is used in

the BABAR measurement of Ds → τν). Due to the sizeable uncertainty in the branching

ratio of Ds → φ0π±, the BABAR measurement [32] is not included in the averages given

in [71]. The average of the six measurements [30, 31, 33–35] results in a world average of

fDs
= 257.5±6.1 MeV (derived in [71] and is dominated by the average of the four CLEO-c

measurements). The world average given in [68] is lower (fDs
= 254.6 ± 5.9 MeV) because

it includes the BABAR measurement of fDs
in [32] (although with a reinterpreted value,

as explained in [77]).

The experimental results for the branching ratios are [44, 68]:

BR(Ds → τντ )exp = (5.38 ± 0.32) × 10−2 , (3.8)

BR(Ds → µνµ)exp = (5.81 ± 0.43) × 10−3 , (3.9)

BR(D → µνµ)exp = (3.82 ± 0.33) × 10−4 . (3.10)

More precise measurements will be possible at BES-III. A precision of a few percent (2% →
4%) is expected for all three decays Ds → τντ , Ds → µνµ, and D → µνµ, before a high-

luminosity B factory starts to operate. In principle, data from the current B factories

(and at high-luminosity upgrades) could also be used to provide further measurements

of Ds → µν and Ds → τν. The recent measurement of Ds → τν (with τ → eνν) by

BABAR [35] suggests that a similar measurement could be attempted at BELLE.4 Other

decay modes of τ (e.g. π±ν and ρ±ν, as done at CLEO-c) might also provide additional

measurements. We note that BES-III has the capability to measure the decay channel

Ds → K±K0 (which is used for normalizing in [35]) more precisely, which will reduce the

error in the extracted branching ratio of Ds → τντ from techniques like that used in [35].

3After submission of this paper an updated value fDs
= 248 ± 2.5 MeV was released [73].

4After submission of this paper, three new measurements of fDs
were released by BABAR, which when

combined give fDs
= 258.6±6.4±7.5 MeV [78]. We note that these are measurements of absolute branching

ratios, unlike the BABAR measurement in [35].
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The SM predictions for the BRs, obtained using SuperIso v2.8, are as follows:

BR(Ds → τντ ) = (4.82 ± 0.14) × 10−2 , (3.11)

BR(Ds → µνµ) = (4.98 ± 0.14) × 10−3 , (3.12)

BR(D → µνµ) = (3.89 ± 0.16) × 10−4 . (3.13)

in which fDs
= 241 ± 3 MeV is used.5

3.3 The decay Bs → µ+µ−

The decay Bs → µ+µ− is the only decay in the double ratio which has not been measured.

In the SM, the main theoretical uncertainty is from fBs
and Vts, but the latter can be

taken as a well-measured parameter by assuming CKM unitarity. It has been emphasized

in many works [45, 46, 79–81] that the decay Bs → µ+µ− is very sensitive to the presence

of SUSY particles. At high tan β, the MSSM contribution to this process is dominated by

the exchange of neutral Higgs bosons. We therefore expect indirect constraints on mH+

and tan β from the MSSM mass relations. The BR(Bs → µ+µ−) can be expressed as [82]

BR(Bs → µ+µ−) =
G2

F α2

64π3
f2

Bs
τBs

M3
Bs

|VtbV
∗

ts|2
√

1 −
4m2

µ

M2
Bs

×
{(

1 −
4m2

µ

M2
Bs

)

M2
Bs

|CS |2 +

∣

∣

∣

∣

CP MBs
− 2CA

mµ

MBs

∣

∣

∣

∣

2
}

, (3.14)

where the coefficients CS , CP , and CA parametrize different contributions. Within the

SM, CS and CP are small, whereas the main contribution entering through CA is helicity

suppressed. In the MSSM, both CS and CP can receive large contributions from scalar

exchange. The Bs decay constant fBs
= 238.8 ± 9.5 MeV [27] constitutes the main source

of uncertainty in this expression.

We define

rBs
≡ BR(Bs → µ+µ−)MSSM

BR(Bs → µ+µ−)SM

. (3.15)

The SM prediction, obtained with SuperIso v2.8 is

BR(Bs → µ+µ−)SM = (3.21 ± 0.29) × 10−9 , (3.16)

while the current experimental limit, derived by the CDF collaboration, is [38, 68]:

BR(Bs → µ+µ−) < 4.3 × 10−8 (3.17)

at 95% C.L. The experimental limit is thus still an order of magnitude away from the SM

prediction, allowing for a substantial SUSY contribution. Including theoretical uncertain-

ties, we compare the MSSM prediction to the upper limit at 95% C.L.

BR(Bs → µ+µ−) < 4.7 × 10−8 . (3.18)

5We note that the use of the updated value fDs
= 248 ± 2.5 MeV [73] would have very little impact on

our numerical results, because the effect of H± on the leptonic branching ratios of Ds is at the level of 10%

at most.
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Three experiments at the LHC (LHCb, CMS and ATLAS) will have sensitivity to

BR(Bs → µ+µ−) which is superior to that at the Tevatron. At LHCb, a 3σ signal would

be established for a SM-like rate for BR(Bs → µ+µ−) after one year at design luminosity

(2 fb−1) [83]. Slightly inferior sensitivity is expected at CMS and ATLAS [84], and a 3σ

signal would require three years at design luminosity (30 fb−1). The dominant systematic

error will be from normalizing to specific decays of Bu and B, with the two main sources of

error arising from: i) the uncertainty in the relative production rate of Bs and Bu/B; ii) the

error in the measurements of the branching ratios of Bu/B which are used as normalization

channels. In [85] this error is estimated to be 13%, thus making it difficult to establish (at a

high confidence level) enhancements of up to a factor of 3 compared to the SM expectation.

An error of ∼ 13% (not including statistical error) seems to be realistic for a measurement

of a SM-like BR(Bs → µ+µ−).

3.4 Experimental limit on the double ratio

For our numerical analysis we define the quantity:

R =
η

ηSM

, (3.19)

where

η ≡
(

BR(Bs → µ+µ−)

BR(Bu → τν)

)

/

(

BR(Ds → τν)

BR(D → µν)

)

. (3.20)

As explained in section 2.3, this ratio does not suffer from uncertainties from the decay

constants, and the main theoretical uncertainty in the evaluation of ηSM (= (2.27±0.54)×
10−7) comes from Vub. To determine the experimental limit on the ratio (3.20), we combine

the limits on the individual branching fractions in eqs. (3.4), (3.8), (3.10) and (3.17). We

use a Gaussian distribution for the constraints in eq. (3.4), (3.8) and (3.10), and a “flat”

distribution for the upper limit in eq. (3.17). Combining statistically these experimental

limits, we obtain, at 95% C.L.

η < 2.09 × 10−6 , (3.21)

which yields the upper limit for R at 95% C.L.

R < 10.0 , (3.22)

in which the uncertainty from Vub is taken into account. In our numerical analysis we use

eq. (3.22) to constrain the supersymmetric parameter space in two scenarios of the MSSM.

3.5 Attainable precision for |Vub| using the double ratio

It is possible to estimate the future error in a measurement of |Vub| using the double ratio,

assuming SM-like measurements for all four decays. The uncertainty in |Vub| will come from

the error in the measurements of the four leptonic decays (i.e. the left-hand side of eq. (2.3)).

We first use the current experimental errors for each measured branching ratio, and

consider a SM-like value for BR(Bs → µ+µ−) with 30% relative experimental error. Cal-

culating |Vub| with a random Monte-Carlo generator, we find

|Vub| = (3.58 ± 0.71) × 10−3 , (3.23)
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which corresponds to about 20% relative error. Although the error in eq. (3.23) is larger

than that for the inclusive and exclusive measurements in eq. (2.1) and eq. (2.2), the

double ratio would provide an additional direct measurement of |Vub| with reasonably good

precision. Moreover, such a measurement of |Vub| would be complementary, because the

theoretical error in eq. (3.23) is much smaller than that in eq. (2.1) and eq. (2.2).

The future measurements of the branching ratios involved in the double ratio will have

reduced errors, such as 2.5% for D and Ds decays, and (in the optimistic case) 5% for

BR(B → τν), and 13% for BR(Bs → µ+µ−). With this set of errors, the uncertainty in

the determination of |Vub| would be reduced:

|Vub| = (3.58 ± 0.27) × 10−3 , (3.24)

corresponding to 7.5% relative error. Hence the double ratio has the potential to provide

a measurement of |Vub| which has a precision comparable (or even superior) to that for the

current measurements of |Vub| in eq. (2.1) and eq. (2.2). Moreover, the analogous double ra-

tio with the decay Bu → µν would lead to an independent determination of |Vub|, with an er-

ror which is comparable to that obtained from the double ratio with BR(B → τν). Combin-

ing the measurements of these two double ratios could further improve the precision of |Vub|.
We note that the inclusive and exclusive determinations of |Vub| will also have reduced

experimental errors at a high-luminosity B factory [18, 19], although the extent of the

improvement of the theoretical error is not clear at present. The inclusive determination of

|Vub| used in [48] is a very promising approach because it has a relatively small theoretical

error, and so such a method is likely to lead to the most precise measurement of |Vub|
at a high-luminosity B factory. However, even if the total error from the conventional

determinations of |Vub| is smaller than that from the double ratios, the complementary

measurements of |Vub| from the latter will be important additional information, especially

if the inclusive and exclusive determinations continue to give significantly different central

values (which is the case at present).

4 Constraints on the supersymmetric parameter space

In this section we study the dependence of the double ratio R on the parameter space

of supersymmetric models. We consider two scenarios in the MSSM: i) the constrained

MSSM (CMSSM) and ii) the Non-Universal Higgs Mass model (NUHM), with minimal

flavour violation (MFV). The CMSSM is characterized by a set of universal parameters

at the GUT scale {m0, m1/2, A0, tan β}, as well as the sign of the µ parameter, while

in the NUHM the universality of the GUT scale mass parameters is relaxed for the Higgs

sector leading to two additional parameters, µ and mA. This additional freedom implies

in particular that the charged Higgs mass can be considered as a free parameter.

To investigate the parameter spaces of the CMSSM and NUHM we generate 300,000

random points scanning over the ranges m0 ∈ [50, 2000] GeV, m1/2 ∈ [50, 2000] GeV, A0 ∈
[−2000, 2000] GeV, tan β ∈ [1, 60] with positive µ in CMSSM and µ ∈ [−1000, 2000] GeV

and mA ∈ [50, 2000] GeV in NUHM. For each point we calculate the spectrum of SUSY par-

ticle masses and couplings using SOFTSUSY 3.1 [86] and we compute the branching frac-
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Figure 1. Variation of the double ratio R in the CMSSM plane (tanβ, m1/2). The zones in green

and red delimit 1% and 10% deviation from the SM value respectively. In the yellow zone, R can

be a factor of 2 away from the SM and in the grey zone by a factor of 10. The black points are

excluded at 95% C.L.

tions BR(Bu → τντ ), BR(D → µνµ), BR(Ds → τντ ), BR(Ds → µνµ) and BR(Bs → µ+µ−)

using SuperIso v2.8 [66, 67]. The obtained values are then used to calculate the double

ratio. For the sake of clarity other B physics constraints are not imposed in this analysis.

In figure 1, the results are shown for CMSSM in two separate plots. The scan over the

four dimensional parameter space is projected into the plane (tan β,m1/2), where different

colours correspond to different intervals for R. The points in black are excluded by R. In the

left plot, the excluded points are displayed in the background, while they are shown in the

foreground in the right plot. The excluded region in the left plot is therefore independent

of the other SUSY parameters. In a large part of the parameter space, the double ratio is

SM-like. In these regions, |Vub| can be determined with almost no additional deviation due

to SUSY. On the other hand, the area with tan β > 55 and m1/2 < 1000 GeV is excluded

with no dependence on the lattice inputs.

In a similar way, in figure 2 the results are shown for NUHM in the plane (tan β,mA).

Again, the points in black are excluded by R, in the background in the left plot and in the

foreground in the right plot. As in CMSSM, in a large part of the parameter space, the

double ratio is SM-like, while the region mA/ tan β . 8 GeV is excluded with no dependence

on the lattice inputs.

In order to compare the constraints on the SUSY parameter space from the double

ratio with those from BR(Bs → µ+µ−) alone, in figure 3 we show examples of parameter

space in the CMSSM and in the NUHM which are excluded from both observables. It

can be seen that the double ratio, being a combination of four different constraints, can be

more constraining than the branching ratio of Bs → µ+µ− taken individually. Importantly,

contrary to Bs → µ+µ−, the double ratio does not depend on lattice inputs, but instead

depends on |Vub|, whose magnitude is already constrained from various distinct experimen-

tal methods (i.e. direct measurements and global-SM fits). Hence the double ratio is an

important alternative to BR(Bs → µ+µ−) as a probe of the SUSY parameter space.
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Figure 2. Variation of the double ratio R in the NUHM plane (tan β, mA). The zones in green

and red delimit 1% and 10% deviation from the SM value respectively. In the yellow zone R can

be a factor of 2 away from the SM and in grey zone by a factor 10. The black points are excluded

at 95% C.L.

Figure 3. In the left panel, CMSSM parameter plane (m1/2, m0) with tanβ = 35, A0 = 0

and µ > 0. In the right panel, NUHM parameter plane (µ, mA) with tanβ = 35, A0 = 0 and

m0 = m1/2 = 1000GeV. The points in red are excluded at 95% C.L. by BR(Bs → µ+µ−) and in

grey by R.

The conclusion that the double ratio can be more powerful at constraining SUSY

parameters than BR(Bs → µ+µ−) is irrespective of the freedom in choosing the input

parameters (which are |Vub| for the double ratio and fBs
for BR(Bs → µ+µ−)). This is

shown in figure 4 where both the least favourable (with high |Vub| and high fBs
) and most

favourable (with low |Vub| and low fBs
) cases for the double ratio are considered. In both

cases, the double ratio excludes a greater region of the SUSY parameter space.
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Figure 4. In the left panel, CMSSM parameter plane (m1/2, m0) with tanβ = 35, A0 = 0 and

µ > 0 for |Vub| = 3.48 × 10−3 and fBs
= 238.8MeV. In the right panel, |Vub| = 4.5 × 10−3 and

fBs
= 250MeV. The points in red are excluded at 95% C.L. by BR(Bs → µ+µ−) and in grey by

R.

5 Conclusions

Ongoing and forthcoming experiments will significantly improve the precision of the mea-

surements of the leptonic decays Bu → τν (at a high-luminosity B factory), D → µν (at

BES-III) and Ds → µν/τν (at a high-luminosity B factory and BES-III). A first mea-

surement of the decay Bu → µν will be possible in the early stages of operation of a

high-luminosity B factory if its branching ratio is comparable to the prediction in the

Standard Model. The ongoing experiments LHCb, CMS and ATLAS will provide the first

measurements of the decay Bs → µ+µ− if its branching ratio is comparable to (or greater

than) the prediction in the Standard Model. The branching ratio of each of these leptonic

decays depends on the magnitude of the relevant decay constant, which can be calculated

with techniques such as lattice QCD. Double ratios involving four of the decays can be

defined in which this dependence on the decay constants is essentially eliminated, thus

giving rise to an alternative observable with substantially reduced theoretical error.

A measurement of the double ratio involving Bu → τν, D → µν, Ds → µν/τν and

Bs → µ+µ− would enable a complementary measurement of the CKM matrix element

Vub [5, 7, 8] with a theoretical error which is much smaller than that present in the con-

ventional approaches to measure |Vub| (which utilize inclusive and exclusive semi-leptonic

decays of B mesons). We quantified the experimental error in a possible future measure-

ment of |Vub| using the above double ratio, and showed that it can be competitive with the

anticipated precision from the conventional approaches. Such an additional measurement

of |Vub| would be particularly beneficial if the current disagreement between the inclusive

and exclusive determinations of |Vub| persists into the era of a high-luminosity B factory.

In the context of supersymmetric models the above leptonic decays are also mediated

by New Physics particles. We showed that such double ratios can be more effective than
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the individual leptonic decays as a probe of the parameter space of supersymmetric mod-

els. We emphasized that the double ratios have the advantage of using |Vub| as an input

parameter (for which there is experimental information), while the individual decays have

an uncertainty from the decay constants (e.g. fBs
), and hence a reliance on theoretical

techniques such as lattice QCD. Consequently, the double ratios of leptonic decays are an

alternative and competitive probe of the parameter space of supersymmetric models.
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FM is grateful to Stéphane Monteil for useful discussions. AGA was supported by the

“National Central University Plan to Develop First-class Universities”.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution Noncommercial License which permits any noncommercial use, distribution,

and reproduction in any medium, provided the original author(s) and source are credited.

References

[1] N. Cabibbo, Unitary Symmetry and Leptonic Decays, Phys. Rev. Lett. 10 (1963) 531

[SPIRES].

[2] M. Kobayashi and T. Maskawa, CP Violation in the Renormalizable Theory of Weak

Interaction, Prog. Theor. Phys. 49 (1973) 652 [SPIRES].

[3] L. Wolfenstein, Parametrization of the Kobayashi-Maskawa Matrix,

Phys. Rev. Lett. 51 (1983) 1945 [SPIRES].

[4] R. Kowalewski and T. Mannel, Determination of Vcb and Vub Review of particle physics, in

Review of Particle Physics, Phys. Lett. B 667 (2008) 1 [SPIRES].

[5] B. Grinstein, On a precise calculation of (fBs
/fB)/(fDs

/fD) and its implications on the

interpretation of B − B̄ mixing, Phys. Rev. Lett. 71 (1993) 3067 [hep-ph/9308226]

[SPIRES].

[6] Z. Ligeti and M.B. Wise, |Vub| from exclusive B and D decays, Phys. Rev. D 53 (1996) 4937

[hep-ph/9512225] [SPIRES].

[7] Z. Ligeti, |V (cb)| and |V (ub)|: Theoretical developments, in the proceedings of Flavor Physics

and CP Violation (FPCP 2003), Paris France, 3–6 Jun 2003 [hep-ph/0309219] [SPIRES].

[8] A. Hocker and Z. Ligeti, CP violation and the CKM matrix,

Ann. Rev. Nucl. Part. Sci. 56 (2006) 501 [hep-ph/0605217] [SPIRES].

[9] B. Grinstein, Heavy Flavor Theory, arXiv:0910.2422 [SPIRES].

[10] Belle collaboration, K. Ikado et al., Evidence of the purely leptonic decay B− → τ−ν̄τ ,

Phys. Rev. Lett. 97 (2006) 251802 [hep-ex/0604018] [SPIRES].

[11] Belle collaboration, I. Adachi et al., Measurement of B− → τ−ν̄τ Decay With a

Semileptonic Tagging Method, arXiv:0809.3834 [SPIRES].

[12] Belle collaboration, K. Hara et al., Evidence for B− → τ−ν̄ with a Semileptonic Tagging

Method, arXiv:1006.4201 [SPIRES].

– 15 –

http://dx.doi.org/10.1103/PhysRevLett.10.531
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,10,531
http://dx.doi.org/10.1143/PTP.49.652
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PTPKA,49,652
http://dx.doi.org/10.1103/PhysRevLett.51.1945
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,51,1945
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B667,1
http://dx.doi.org/10.1103/PhysRevLett.71.3067
http://arxiv.org/abs/hep-ph/9308226
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9308226
http://dx.doi.org/10.1103/PhysRevD.53.4937
http://arxiv.org/abs/hep-ph/9512225
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9512225
http://arxiv.org/abs/hep-ph/0309219
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0309219
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140456
http://arxiv.org/abs/hep-ph/0605217
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0605217
http://arxiv.org/abs/0910.2422
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.2422
http://dx.doi.org/10.1103/PhysRevLett.97.251802
http://arxiv.org/abs/hep-ex/0604018
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0604018
http://arxiv.org/abs/0809.3834
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.3834
http://arxiv.org/abs/1006.4201
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1006.4201


J
H
E
P
1
0
(
2
0
1
0
)
0
3
8

[13] BABAR collaboration, B. Aubert et al., A Search for B+ → τ+ν,

Phys. Rev. D 76 (2007) 052002 [arXiv:0705.1820] [SPIRES].

[14] BABAR collaboration, B. Aubert et al., A Search for B+ → τ+ν with Hadronic B tags,

Phys. Rev. D 77 (2008) 011107 [arXiv:0708.2260] [SPIRES].

[15] M. Yamauchi, Super KEKB, a high luminosity upgrade of KEKB,

Nucl. Phys. Proc. Suppl. 111 (2002) 96 [SPIRES].

[16] I.I. Bigi and A.I. Sanda, Is super-B sufficiently superb? On the motivation for a super-B

factory, hep-ph/0401003 [SPIRES].

[17] S. Hashimoto et. al., Letter of intent for KEK Super B Factory, KEK-Report-2004-4.

[18] SuperKEKB Physics Working Group collaboration, A.G. Akeroyd et al., Physics at

super B factory, hep-ex/0406071 [SPIRES].

[19] T. Aushev et al., Physics at Super B Factory, arXiv:1002.5012 [SPIRES].

[20] T.E. Browder and A. Soni, Search for new physics at a super-B factory,

Pramana 63 (2004) 1171 [hep-ph/0410192] [SPIRES].

[21] J.L. Hewett, (ed. ) et al., The Discovery potential of a Super B Factory. Proceedings, SLAC

Workshops, Stanford, USA, 2003, hep-ph/0503261 [SPIRES].

[22] M. Bona et al., SuperB: A High-Luminosity Asymmetric e+e− Super Flavor Factory.

Conceptual Design Report, arXiv:0709.0451 [SPIRES].

[23] T. Browder et al., On the Physics Case of a Super Flavour Factory, JHEP 02 (2008) 110

[arXiv:0710.3799] [SPIRES].

[24] T.E. Browder, T. Gershon, D. Pirjol, A. Soni and J. Zupan, New Physics at a Super Flavor

Factory, Rev. Mod. Phys. 81 (2009) 1887 [arXiv:0802.3201] [SPIRES].

[25] C. Bernard et al., B and D Meson Decay Constants, PoS(LATTICE 2008)278

[arXiv:0904.1895] [SPIRES].

[26] HPQCD collaboration, E. Gamiz, C.T.H. Davies, G.P. Lepage, J. Shigemitsu and

M. Wingate, Neutral B Meson Mixing in Unquenched Lattice QCD,

Phys. Rev. D 80 (2009) 014503 [arXiv:0902.1815] [SPIRES].

[27] J. Laiho, E. Lunghi and R.S. Van de Water, Lattice QCD inputs to the CKM unitarity

triangle analysis, Phys. Rev. D 81 (2010) 034503 [arXiv:0910.2928] [SPIRES].

[28] S.S. Gershtein and M.Y. Khlopov, SU(4) Symmetry Breaking and Lepton Decays of Heavy

Pseudoscalar Mesons, JETP Lett. 23 (1976) 338 [SPIRES].

[29] CLEO collaboration, B.I. Eisenstein et al., Precision Measurement of B(D+ → µ+ν) and

the Pseudoscalar Decay Constant f+
D , Phys. Rev. D 78 (2008) 052003 [arXiv:0806.2112]

[SPIRES].

[30] CLEO collaboration, J.P. Alexander et al., Measurement of B(D+
s → ℓ+ν) and the Decay

Constant f+
Ds

From 600 pb−1 of e± Annihilation Data Near 4170 MeV,

Phys. Rev. D 79 (2009) 052001 [arXiv:0901.1216] [SPIRES].

[31] Belle collaboration, K. Abe et al., Measurement of B(Ds → µν),

Phys. Rev. Lett. 100 (2008) 241801 [arXiv:0709.1340] [SPIRES].

[32] BABAR collaboration, B. Aubert et al., Measurement of the pseudoscalar decay constant

fDs
using charm-tagged events in e+e− collisions at

√
s = 10.58GeV,

Phys. Rev. Lett. 98 (2007) 141801 [hep-ex/0607094] [SPIRES].

– 16 –

http://dx.doi.org/10.1103/PhysRevD.76.052002
http://arxiv.org/abs/0705.1820
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0705.1820
http://dx.doi.org/10.1103/PhysRevD.77.011107
http://arxiv.org/abs/0708.2260
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0708.2260
http://dx.doi.org/10.1016/S0920-5632(02)01690-0
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHZ,111,96
http://arxiv.org/abs/hep-ph/0401003
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0401003
http://arxiv.org/abs/hep-ex/0406071
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0406071
http://arxiv.org/abs/1002.5012
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1002.5012
http://dx.doi.org/10.1007/BF02704889
http://arxiv.org/abs/hep-ph/0410192
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0410192
http://arxiv.org/abs/hep-ph/0503261
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0503261
http://arxiv.org/abs/0709.0451
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0709.0451
http://dx.doi.org/10.1088/1126-6708/2008/02/110
http://arxiv.org/abs/0710.3799
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0710.3799
http://dx.doi.org/10.1103/RevModPhys.81.1887
http://arxiv.org/abs/0802.3201
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0802.3201
http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(LATTICE 2008)278
http://arxiv.org/abs/0904.1895
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0904.1895
http://dx.doi.org/10.1103/PhysRevD.80.014503
http://arxiv.org/abs/0902.1815
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0902.1815
http://dx.doi.org/10.1103/PhysRevD.81.034503
http://arxiv.org/abs/0910.2928
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.2928
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JTPLA,23,338
http://dx.doi.org/10.1103/PhysRevD.78.052003
http://arxiv.org/abs/0806.2112
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.2112
http://dx.doi.org/10.1103/PhysRevD.79.052001
http://arxiv.org/abs/0901.1216
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0901.1216
http://dx.doi.org/10.1103/PhysRevLett.100.241801
http://arxiv.org/abs/0709.1340
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0709.1340
http://dx.doi.org/10.1103/PhysRevLett.98.141801
http://arxiv.org/abs/hep-ex/0607094
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0607094


J
H
E
P
1
0
(
2
0
1
0
)
0
3
8

[33] CLEO collaboration, P.U.E. Onyisi et al., Improved Measurement of Absolute Branching

Fraction of Ds → τν, Phys. Rev. D 79 (2009) 052002 [arXiv:0901.1147] [SPIRES].

[34] CLEO collaboration, P. Naik et al., Measurement of the Pseudoscalar Decay Constant fDs

Using D+
s → τ+ν, τ+ → ρ+ν̄ Decays, Phys. Rev. D 80 (2009) 112004 [arXiv:0910.3602]

[SPIRES].

[35] The BABAR collaboration, J.P. Lees et al., Measurement of the Branching Fraction for

D+
s → τ+ντ and Extraction of the Decay Constant fDs

, arXiv:1003.3063 [SPIRES].

[36] H.-B. Li and J.-H. Zou, A possible signature of new physics at BES-III,

Chin. Phys. C 33 (2009) 1 [arXiv:0804.1822] [SPIRES].

[37] D.M. Asner et al., Physics at BES-III, arXiv:0809.1869 [SPIRES].

[38] CDF collaboration, Search for B0
s → µ+µ− and B0

d → µ+µ− Decays in 3.7 fb−1 of pp̄

collisions with CDF II, CDF Public Note 9892.

[39] W.-S. Hou, Enhanced charged Higgs boson effects in B− → τ ν̄, µν̄ and b → τ ν̄ + X ,

Phys. Rev. D 48 (1993) 2342 [SPIRES].

[40] D. Eriksson, F. Mahmoudi and O. Stal, Charged Higgs bosons in Minimal Supersymmetry:

Updated constraints and experimental prospects, JHEP 11 (2008) 035 [arXiv:0808.3551]

[SPIRES].

[41] J.L. Hewett, Searching for new physics with charm, hep-ph/9505246 [SPIRES].

[42] A.G. Akeroyd, Effect of H± on Ds → µ±νµ and Ds → τ±ντ ,

Prog. Theor. Phys. 111 (2004) 295 [hep-ph/0308260] [SPIRES].

[43] A.G. Akeroyd and C.H. Chen, Effect of H± on B± → τ±ντ and D±
s → µ±νµ, τ±ντ ,

Phys. Rev. D 75 (2007) 075004 [hep-ph/0701078] [SPIRES].

[44] A.G. Akeroyd and F. Mahmoudi, Constraints on charged Higgs bosons from Ds → µ±ν and

Ds → τ±ν, JHEP 04 (2009) 121 [arXiv:0902.2393] [SPIRES].

[45] S.R. Choudhury and N. Gaur, Dileptonic decay of Bs meson in SUSY models with large

tan β, Phys. Lett. B 451 (1999) 86 [hep-ph/9810307] [SPIRES].

[46] K.S. Babu and C.F. Kolda, Higgs mediated B0 → µ+µ− in minimal supersymmetry,

Phys. Rev. Lett. 84 (2000) 228 [hep-ph/9909476] [SPIRES].

[47] M. Neubert, QCD based interpretation of the lepton spectrum in inclusive B̄ → X(u) lepton

anti-neutrino decays, Phys. Rev. D 49 (1994) 3392 [hep-ph/9311325] [SPIRES].

[48] Belle collaboration, P. Urquijo et al., Measurement Of |Vub| From Inclusive Charmless

Semileptonic B Decays, Phys. Rev. Lett. 104 (2010) 021801 [arXiv:0907.0379] [SPIRES].

[49] B. Kowalewski, Measurement of |Vcb| and |Vub|, talk at Flavor Physics and CP Violation

2010, Torino, Italy, May 25-29.

[50] Belle collaboration, T. Hokuue et al., Measurements of branching fractions and q2

distributions for B → πℓν and B → ρℓν Decays with B → D(∗)ℓν Decay Tagging,

Phys. Lett. B 648 (2007) 139 [hep-ex/0604024] [SPIRES].

[51] BABAR collaboration, P. del Amo Sanchez et al., Study of B → πℓν and B → ρℓν Decays

and Determination of |Vub|, arXiv:1005.3288 [SPIRES].

[52] CKMfitter Group collaboration, J. Charles et al., CP violation and the CKM matrix:

Assessing the impact of the asymmetric B factories, Eur. Phys. J. C 41 (2005) 1, updated

results and plots available at: http://ckmfitter.in2p3.fr [hep-ph/0406184] [SPIRES].

– 17 –

http://dx.doi.org/10.1103/PhysRevD.79.052002
http://arxiv.org/abs/0901.1147
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0901.1147
http://dx.doi.org/10.1103/PhysRevD.80.112004
http://arxiv.org/abs/0910.3602
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.3602
http://arxiv.org/abs/1003.3063
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1003.3063
http://dx.doi.org/10.1088/1674-1137/33/1/001
http://arxiv.org/abs/0804.1822
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0804.1822
http://arxiv.org/abs/0809.1869
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.1869
http://dx.doi.org/10.1103/PhysRevD.48.2342
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D48,2342
http://dx.doi.org/10.1088/1126-6708/2008/11/035
http://arxiv.org/abs/0808.3551
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0808.3551
http://arxiv.org/abs/hep-ph/9505246
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9505246
http://dx.doi.org/10.1143/PTP.111.295
http://arxiv.org/abs/hep-ph/0308260
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0308260
http://dx.doi.org/10.1103/PhysRevD.75.075004
http://arxiv.org/abs/hep-ph/0701078
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0701078
http://dx.doi.org/10.1088/1126-6708/2009/04/121
http://arxiv.org/abs/0902.2393
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0902.2393
http://dx.doi.org/10.1016/S0370-2693(99)00203-8
http://arxiv.org/abs/hep-ph/9810307
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9810307
http://dx.doi.org/10.1103/PhysRevLett.84.228
http://arxiv.org/abs/hep-ph/9909476
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9909476
http://dx.doi.org/10.1103/PhysRevD.49.3392
http://arxiv.org/abs/hep-ph/9311325
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9311325
http://dx.doi.org/10.1103/PhysRevLett.104.021801
http://arxiv.org/abs/0907.0379
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0907.0379
http://dx.doi.org/10.1016/j.physletb.2007.02.067
http://arxiv.org/abs/hep-ex/0604024
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0604024
http://arxiv.org/abs/1005.3288
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1005.3288
http://dx.doi.org/10.1140/epjc/s2005-02169-1
http://ckmfitter.in2p3.fr
http://arxiv.org/abs/hep-ph/0406184
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0406184


J
H
E
P
1
0
(
2
0
1
0
)
0
3
8

[53] UTfit collaboration, M. Bona et al., An Improved Standard Model Prediction Of

BR(B → τν) And Its Implications For New Physics, Phys. Lett. B 687 (2010) 61

[arXiv:0908.3470] [SPIRES].

[54] R.J. Oakes, Ratios of charmed and beauty meson decay constants,

Phys. Rev. Lett. 73 (1994) 381 [SPIRES].

[55] D.S. Hwang and G.-H. Kim, Ratios of B and D meson decay constants in relativistic quark

model, Phys. Rev. D 53 (1996) 3659 [hep-ph/9507340] [SPIRES].

[56] D.S. Hwang and G.-H. Kim, Ratios of B and D Meson Decay Constants in Improved Mock

Meson Model, Phys. Lett. B 367 (1996) 353 [hep-ph/9509291] [SPIRES].

[57] T. Huang, Z.-H. Li and C.-W. Luo, QCD Sum Rules for The Double Ratio

(fBs
/fBd

)/(fDs
/fDd

) in HQET, Phys. Lett. B 391 (1997) 451 [hep-ph/9610227] [SPIRES].

[58] BESIII collaboration, P. Zweber, Charm Factories: Present and Future,

AIP Conf. Proc. 1182 (2009) 406 [arXiv:0908.2157] [SPIRES].

[59] A.G. Akeroyd and S. Recksiegel, The effect of H± on B± → τ±ντ and B± → µ±νµ,

J. Phys. G 29 (2003) 2311 [hep-ph/0306037] [SPIRES].

[60] H. Itoh, S. Komine and Y. Okada, Tauonic B decays in the minimal supersymmetric

standard model, Prog. Theor. Phys. 114 (2005) 179 [hep-ph/0409228] [SPIRES].

[61] G. Isidori and P. Paradisi, Hints of large tan β in flavour physics,

Phys. Lett. B 639 (2006) 499 [hep-ph/0605012] [SPIRES].

[62] L.J. Hall, R. Rattazzi and U. Sarid, The Top quark mass in supersymmetric SO(10)

unification, Phys. Rev. D 50 (1994) 7048 [hep-ph/9306309] [SPIRES].

[63] R. Hempfling, Yukawa coupling unification with supersymmetric threshold corrections,

Phys. Rev. D 49 (1994) 6168 [SPIRES].

[64] M.S. Carena, M. Olechowski, S. Pokorski and C.E.M. Wagner, Electroweak symmetry

breaking and bottom - top Yukawa unification, Nucl. Phys. B 426 (1994) 269

[hep-ph/9402253] [SPIRES].

[65] T. Blazek, S. Raby and S. Pokorski, Finite supersymmetric threshold corrections to CKM

matrix elements in the large tan β regime, Phys. Rev. D 52 (1995) 4151 [hep-ph/9504364]

[SPIRES].

[66] F. Mahmoudi, SuperIso: A program for calculating the isospin asymmetry of B → K∗γ in

the MSSM, Comput. Phys. Commun. 178 (2008) 745 [arXiv:0710.2067] [SPIRES].

[67] F. Mahmoudi, SuperIso v2.3: A Program for calculating flavor physics observables in

Supersymmetry, Comput. Phys. Commun. 180 (2009) 1579 [arXiv:0808.3144] [SPIRES].

[68] Heavy Flavor Averaging Group collaboration, E. Barberio et al., Averages of b−hadron

and c−hadron Properties at the End of 2007, arXiv:0808.1297 [SPIRES].

[69] B.A. Dobrescu and A.S. Kronfeld, Accumulating evidence for nonstandard leptonic decays of

Ds mesons, Phys. Rev. Lett. 100 (2008) 241802 [arXiv:0803.0512] [SPIRES].

[70] C.T.H. Davies et al., Precise Charm to Strange Mass Ratio and Light Quark Masses from

Full Lattice QCD, Phys. Rev. Lett. 104 (2010) 132003 [arXiv:0910.3102] [SPIRES].

[71] J.L. Rosner and S. Stone, Leptonic Decays of Charged Pseudoscalar Mesons,

arXiv:1002.1655 [SPIRES].

– 18 –

http://dx.doi.org/10.1016/j.physletb.2010.02.063
http://arxiv.org/abs/0908.3470
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0908.3470
http://dx.doi.org/10.1103/PhysRevLett.73.381
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,73,381
http://dx.doi.org/10.1103/PhysRevD.53.3659
http://arxiv.org/abs/hep-ph/9507340
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9507340
http://dx.doi.org/10.1016/0370-2693(95)01459-4
http://arxiv.org/abs/hep-ph/9509291
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9509291
http://dx.doi.org/10.1016/S0370-2693(96)01471-2
http://arxiv.org/abs/hep-ph/9610227
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9610227
http://dx.doi.org/10.1063/1.3293832
http://arxiv.org/abs/0908.2157
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0908.2157
http://dx.doi.org/10.1088/0954-3899/29/10/301
http://arxiv.org/abs/hep-ph/0306037
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0306037
http://dx.doi.org/10.1143/PTP.114.179
http://arxiv.org/abs/hep-ph/0409228
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0409228
http://dx.doi.org/10.1016/j.physletb.2006.06.071
http://arxiv.org/abs/hep-ph/0605012
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0605012
http://dx.doi.org/10.1103/PhysRevD.50.7048
http://arxiv.org/abs/hep-ph/9306309
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9306309
http://dx.doi.org/10.1103/PhysRevD.49.6168
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D49,6168
http://dx.doi.org/10.1016/0550-3213(94)90313-1
http://arxiv.org/abs/hep-ph/9402253
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9402253
http://dx.doi.org/10.1103/PhysRevD.52.4151
http://arxiv.org/abs/hep-ph/9504364
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9504364
http://dx.doi.org/10.1016/j.cpc.2007.12.006
http://arxiv.org/abs/0710.2067
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0710.2067
http://dx.doi.org/10.1016/j.cpc.2009.02.017
http://arxiv.org/abs/0808.3144
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0808.3144
http://arxiv.org/abs/0808.1297
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0808.1297
http://dx.doi.org/10.1103/PhysRevLett.100.241802
http://arxiv.org/abs/0803.0512
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0803.0512
http://dx.doi.org/10.1103/PhysRevLett.104.132003
http://arxiv.org/abs/0910.3102
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0910.3102
http://arxiv.org/abs/1002.1655
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=1002.1655


J
H
E
P
1
0
(
2
0
1
0
)
0
3
8

[72] HPQCD collaboration, E. Follana, C.T.H. Davies, G.P. Lepage and J. Shigemitsu, High

Precision determination of the π, K, D and Ds decay constants from lattice QCD,

Phys. Rev. Lett. 100 (2008) 062002 [arXiv:0706.1726] [SPIRES].

[73] C.T.H. Davies et al., Update: Precision Ds decay constant from full lattice QCD using very

fine lattices, arXiv:1008.4018 [SPIRES].

[74] C. Aubin et al., Charmed meson decay constants in three-flavor lattice QCD,

Phys. Rev. Lett. 95 (2005) 122002 [hep-lat/0506030] [SPIRES].

[75] Fermilab Lattice and MILC collaboration, A. Bazavov et al., The Ds and D+ Leptonic

Decay Constants from Lattice QCD, PoS(LAT2009)249 [arXiv:0912.5221] [SPIRES].

[76] B. Blossier et al., Pseudoscalar decay constants of kaon and D-mesons from Nf = 2 twisted

mass Lattice QCD, JHEP 07 (2009) 043 [arXiv:0904.0954] [SPIRES].

[77] A.J. Schwartz, B+ and D+
s Decay Constants from Belle and Babar,

AIP Conf. Proc. 1182 (2009) 299 [arXiv:0909.4473] [SPIRES].

[78] BaBar collaboration, P. del Amo Sanchez et al., Measurement of the Absolute Branching

Fractions for D−
s →ℓ−ν̄ℓ and Extraction of the Decay Constant fDs

, arXiv:1008.4080

[SPIRES].

[79] M.S. Carena, A. Menon, R. Noriega-Papaqui, A. Szynkman and C.E.M. Wagner, Constraints

on B and Higgs physics in minimal low energy supersymmetric models,

Phys. Rev. D 74 (2006) 015009 [hep-ph/0603106] [SPIRES].

[80] J.R. Ellis, S. Heinemeyer, K.A. Olive and G. Weiglein, Light Heavy MSSM Higgs Bosons at

Large tan β, Phys. Lett. B 653 (2007) 292 [arXiv:0706.0977] [SPIRES].

[81] F. Mahmoudi, New constraints on supersymmetric models from b → sγ, JHEP 12 (2007) 026

[arXiv:0710.3791] [SPIRES].
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