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Introduction:
Bs → !+ !- in the Standard Model with QCD at NLO

What type of QED/EW corrections are there?

Status of the Leff for b → s l+ l-

Theory prediction for B → l+ l-



Rare B Decays

B decays do not show the CKM suppression of K decays

2 photon pollution is much smaller in b → s l+ l- decays

We can test helicity suppressed modes and more operators
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b� s :
|V�

tbVts| ⇥ �2
b� d :

|V�
tbVtd| ⇥ �3

s� d :
|V�

tsVtd| ⇥ �5

FCNCs which are dominated by top-quark loops:

Q7 = (b̄L�µ⌫sL)F
µ⌫, QV = (b̄L�µsL)(̄l�µl), QA = (b̄L�µsL)(̄l�µ�5l)

E.g. B(s) → l+ l- , B → K(*) l+ l- , B → Xs γ, ...



Bs → !+ !- in the Standard Model
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Bs is (pseudo)scalar – no photon penguin

Dominant operator in the SM

helicity suppression
�

� m2
l

M2
B

�

QA = (b̄L�µsL)(̄l�µ�5l)

Z

b

W+

s

!!

+ Box diagrams

t,c,ut,c,u

Effective Lagrangian in the SM:

Scalar operators:

Leff = G2
FM

2
W V∗

tbVts (CAQA + CSQS + CPQP) + h.c.

QP = (b̄RqL)(̄l�5l)QS = (b̄RqL)(̄ll)

Standard Model: CS & CP are highly suppressed

/ |V⇤
tbVts| '

��1 - �2 � 1
2 - i⌘- ⇢

���Vcb



Bs → !+ !- and New Physics
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Contribution of QS and QP are not helicity suppressed
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Bs → !+ !- and New Physics
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Contribution of QS and QP are not helicity suppressed

Potentially large coefficients CS and CP in 2HDM

Yet, only if contribution to ∆Ms is suppressed,
i.e. type 2 Higgs potential, λ5 ≪ 1 and type 3 Yukawas

which is the MSSM at tan β ≫ 1, with the Branching Ratio

                                  BR ∝ (tan β)6   MA-4 

Non-zero ∆Γs allows for another untagged observable 
beyond the BR via an effective lifetime measurement.
[Bruyn, Fleischer, Knegjens et.al. `12]



Experimental Status

For B(s) → !+ !- experiment and theory consistent within 
present accuracy (2 σ).

Reduce the (theory) uncertainty:

Either B(s) → !+ !-  will result in a signal of new physics 
or in a precision test of the standard model.

Either way we will get additional information on
CA , CS and CP  (+ flipped Operators ... )
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Figure 3 | Likelihood contours in the B(B0 ! µ+µ�) versus B(B0
s ! µ+µ�) plane.

The (black) cross on panel (a) marks the best-fit central value. The SM expectation and its un-
certainty is shown as the (red) marker. Each contour encloses a region approximately correspond-
ing to the reported confidence level. Variations of the test statistic �2�lnL for B(B0

s

! µ+µ�)
and B(B0 ! µ+µ�) are shown on panels (b) and (c), respectively. The dark and light (cyan)
areas define the ±1� and ±2� confidence intervals for the branching fraction, respectively. The
SM prediction and its uncertainty for each branching fraction is denoted with the vertical (red)
band.

the two branching fractions.
The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To

represent the result of the fit in a single dimuon invariant mass spectrum, the mass
distributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s

signal and B is the number of background events under the B0

s

peak
in that category, are added together and shown in Fig. 2. The result of the simultaneous
fit is overlaid. An alternative representation of the fit to the dimuon invariant mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements

B(B0

s

! µ+µ�) =
�
2.8 +0.7

�0.6

�
⇥ 10�9 and

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10,

where the uncertainties include both statistical and systematic sources, the latter con-
tributing 35% and 18% of the total uncertainty for the B0

s

and B0 signals, respectively.
Using Wilks’ theorem28, the statistical significance in unit of standard deviations, �, is
computed to be 6.2 for the B0

s

! µ+µ� decay mode and 3.2 for the B0 ! µ+µ� mode.
For each signal the null hypothesis that is used to compute the significance includes all
background components predicted by the SM as well as the other signal, whose branching
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CMS & LHCb ArXiv:1411.4413v1



Theory Status at NLO

CS & CP can be neglected within the Standard Model

CA(mt / MW)NLO = 1.0113 CA(mt / MW)LO    
 – for QCD MS-bar mt = mt(mt) [Buras, Buchalla; Misiak, Urban `99]

For pure QCD determine < !- !+|QA|Bs > from 
< 0 |b ̄ γ! γ5 s|Bs > = i p! fBs  (fBs= 227.7(4.5)MeV [FLAG])

QED & Electroweak were so far only known at LO –
this leads to a ±2% & ±7% uncertainty
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Bs decay into a 2 lepton final state always helicity suppressed

QED corrections I
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Bs decay into a 2 lepton final state always helicity suppressed

QED corrections I
Soft photon radiation from muons:
Theoretical branching ratio is fully 
inclusive of bremsstrahlung.
There would be sizeable corrections 
otherwise [Buras, Girrbach, Guadagnoli, Isidori] 
arXiv:1208.0934.
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Bs decay into a 2 lepton final state always helicity suppressed

QED corrections I
Soft photon radiation from muons:
Theoretical branching ratio is fully 
inclusive of bremsstrahlung.
There would be sizeable corrections 
otherwise [Buras, Girrbach, Guadagnoli, Isidori] 
arXiv:1208.0934.

Direct emission is IR safe (Bs is 
neutral) and phase space suppressed 
for invariant mass m!! close to MBs.
[Aditya, Healey, Petrov] arXiv: 1212.4166 
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Bs decay into a 2 lepton final state always helicity suppressed

QED corrections I
Soft photon radiation from muons:
Theoretical branching ratio is fully 
inclusive of bremsstrahlung.
There would be sizeable corrections 
otherwise [Buras, Girrbach, Guadagnoli, Isidori] 
arXiv:1208.0934.

Direct emission is IR safe (Bs is 
neutral) and phase space suppressed 
for invariant mass m!! close to MBs.
[Aditya, Healey, Petrov] arXiv: 1212.4166 

Next correction would be O(α3)
8

Bs

!

!

γ

Bs

!
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γ
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Consider an experimental signal window for
the invariant mass of the muon pair m!!

Illustration
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the invariant mass of the muon pair m!!
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Simulate signal 
fully inclusive of 
bremsstrahlung 
(PHOTOS)



Consider an experimental signal window for
the invariant mass of the muon pair m!!

Illustration

9

Simulate signal 
fully inclusive of 
bremsstrahlung 
(PHOTOS)

Direct emission is 
a background in 
the signal window



Comparing Theory and Experiment 

Bremsstrahlung taken into account by the experiment and 
direct emission treated as background.

The Bs system has a non-zero decay width difference:
→ instantaneous ≠ time integrated branching ratio
[de Bruyn, Fleischer et. al. `12] This correction is precisely known.

10



Comparing Theory and Experiment 

Bremsstrahlung taken into account by the experiment and 
direct emission treated as background.

The Bs system has a non-zero decay width difference:
→ instantaneous ≠ time integrated branching ratio
[de Bruyn, Fleischer et. al. `12] This correction is precisely known.

→ Only electroweak corrections and QED to CA(!b) are  
potentially large – enhanced by mtop/MW, 1/sW,  αe log2(MW/
mb). NNLO is important to remove the scale uncertainty.
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Electroweak Corrections

GF α/sin2θW does not renormalise under QCD: 
can be factored out for QCD calculation

Only GF α/sin2θW CA(mt/MW) invariant under 
electroweak scheme change

This combination should always give the same result if
we use the same input (GF, α, MZ, Mt, MH) up to higher 
order corrections

Leff =
GF�

2
�� V�

tbVts

sin2 �W
CAQA + h.c.

11

Consider



Electroweak Scheme Uncertainties

These scheme uncertainties should be canceled by the 
2-loop electroweak matching corrections!

MS-bar OS unct. Bs !+ !-

sin θW 0,231 0,223 ± 4 %
mt(QCD-MS-bar)  163,5 GeV 164,8 GeV ± 1 %

Leff =
GF�

2
�� V�

tbVts

sin2 �W
CA(

mt

MW
)QA + h.c.
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Electroweak Scheme Uncertainties

These scheme uncertainties should be canceled by the 
2-loop electroweak matching corrections!

MS-bar OS unct. Bs !+ !-

sin θW 0,231 0,223 ± 4 %
mt(QCD-MS-bar)  163,5 GeV 164,8 GeV ± 1 %

Leff =
GF�

2
�� V�

tbVts

sin2 �W
CA(

mt

MW
)QA + h.c.
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FIG. 1. Two-loop diagrams in the SM contributing to the b ! q`+`� at NLO in EW interactions.

App. A 2. Therefore, our schemes di↵er only by finite
EW renormalizations of sW , Mt and MW appearing at
LO in c10. For ec10, sW is absorbed in the additional
factor GF and needs no further specification.

1.) On-shell scheme
In the on-shell scheme, at the order we consider, the on-

shell masses of Z boson and top quark coincide with their
pole masses. The mass of the W boson is a dependent
quantity for our choice of physical input. We calculate it
including radiative corrections following Ref. [29]. This
relation introduces a mild Higgs-mass dependence of C10

at LO. The weak mixing angle in the on-shell scheme is
defined by

s

2
W ⌘ (son-shell

W )2 = 1 � �
M

on-shell
W /M

on-shell
Z

�2
. (19)

Therefore, the only finite counterterms necessary are
�M

2
Z , �M

2
W and �Mt at one-loop, they are given in

Refs. [30, 31]. We also treat tadpoles as in Refs. [30, 31]:
we include tadpole diagrams (see Fig. 1), and a renor-
malization �t to cancel the divergence and the finite
part of the one-loop tadpole diagram. This way we
ensure that all renormalization constants apart from
wave function renormalizations are gauge invariant [32].

2.) MS scheme
In the MS scheme the fundamental parameters are

those of the “unbroken” SM Lagrangian

g1, g2, g3, v, � and yt. (20)

Here g3, g2 and g1 are the couplings of the SM gauge
group SU(3)c ⇥ SU(2)L ⇥ U(1)Y , v is the vacuum ex-
pectation value of the Higgs field and � its quartic self-
coupling, whereas yt is the top-Yukawa coupling. The
parameters are renormalized by counterterms subtract-
ing only divergences and log(4⇡) � �E terms, i.e., they
are running MS parameters. We do not treat tadpoles
di↵erently in this respect, only their divergences are sub-
tracted by the counterterm for v. By expressing the pa-
rameters of the LO Wilson coe�cients in terms of the
“unbroken”-phase parameters

s

2
W = g

2
1/(g2

1 + g

2
2) , 4⇡↵e = g

2
1g

2
2/(g2

1 + g

2
2) ,

MW = vg2/2 , xt = 2y

2
t /g

2
2 ,

(21)

we iteratively fix the values of the “unbroken” parame-
ters at the matching scale µ0. To this end, we require

that the physical input in Eq. (16) is reproduced to
one-loop accuracy.

3.) Hybrid scheme
For Eq. (7), where sW appears at LO, we may adopt

yet another scheme. We renormalize the couplings ↵e

and sW in the MS scheme and the masses in xt on-
shell. E↵ectively this corresponds to including the on-
shell counterterms for masses and using Eq. (21) instead
of Eq. (19) for sW . Correspondingly, we use sW , ↵e, Mt,
MW and MH as fundamental parameters for the hybrid
scheme. This scheme is a better-behaved alternative to
the on-shell scheme, in which the counterterm for sW re-
ceives large top-quark mass dependent corrections. (see
App. C).

Having fixed all renormalization conditions we evaluate

A

(2)
full,10. In practice we calculate the MS amplitude and

include the appropriate counterterms in A

(1)
full,10 to shift

from the MS to the on-shell or hybrid scheme. The full

expression for A

(2)
full,10 is too lengthy to be included here3.

B. E↵ective Theory Calculation

The e↵ective theory is described by the e↵ective La-
grangian in Eqs. (5) and (15) with canonically normal-
ized kinetic terms for all fields. To simplify the nota-
tion we drop any indices indicating an expansion in ↵̃s

throughout this Section. The fields and couplings are
MS-renormalized via the redefinitions of bare quantities

d !
p

Zd d , ` !
p

Z` ` , Cj !
X

i

Ci Ẑi,j , (22)

where d denotes down-type quark fields and ` denotes
charged-lepton fields. The renormalization constant of
the Wilson coe�cients is the matrix Ẑi,j arising from
operator mixing. It has an expansion in ↵̃e

Ẑi,j = �i,j + ↵̃e Ẑ

(1)
i,j + ↵̃

2
e Ẑ

(2)
i,j + . . . (23)

3

We attach the complete analytic two-loop EW contribution in

the on-shell scheme for the quadratic-GF normalization, ec (22)

10

,

to the electronic preprint.



Renormalisation Schemes
1. On-shell scheme: Determine MW including loop 
corrections from input: results in sin θW, mt and MW 
counterterms to CA(EW) .

2. MS-bar scheme: Fit g1, g2, v, λ, mt from data i.e. from 
GF, α, MZ, Mt, MH

3. Hybrid scheme: Masses on-shell couplings MS-bar

4. OS2: Use GF2 MW2  normalisation and on-shell scheme

13

Note: QCD is MS-bar renormalised for all schemes
i.e. we use a QCD MS-bar top mass at a fixed scale 



There are sizeable shifts and reduction of scale dependence 
if we go from 1-loop to 2-loop

Matching Correction for CA

14Note: α(nq=6) used for plot  



There are sizeable shifts and reduction of scale dependence 
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1. We find largest shift in the
on-shell scheme,
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There are sizeable shifts and reduction of scale dependence 
if we go from 1-loop to 2-loop

Matching Correction for CA

1. We find largest shift in the
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2. large scale dependence for 
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There are sizeable shifts and reduction of scale dependence 
if we go from 1-loop to 2-loop

Matching Correction for CA

1. We find largest shift in the
on-shell scheme,

2. large scale dependence for 
the MS-bar scheme

3. and significant shift for the 
hybrid scheme at MZ.
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There are sizeable shifts and reduction of scale dependence 
if we go from 1-loop to 2-loop

Matching Correction for CA

1. We find largest shift in the
on-shell scheme,

2. large scale dependence for 
the MS-bar scheme

3. and significant shift for the 
hybrid scheme at MZ.

4.GF2 MW2 normalisation 
removes `artificial´ scale and 
parameter dependence

EW corrections reduce modulus 
of Wilson Coefficient and remove

7 % scale uncertainty in the BR
14
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SM Wilson coefficients: Matching at ! ≈ MW 
b u,c

u,c s −+

b s 

l l

b u,c

u,c s
b s

q q

l +

l −

q
q

→ C1...10×

b s 

l l
q q

Renormalisation Group Equation → ! ≈ MW 

Leff @ NNLL in QCD and NLL EW for all but C9 & C10 EW matching
[Gambino Haisch`01; Haisch `05, Bobeth, Gambino, MG, Haisch `04, MG, Haisch `05, Huber 
et. al. `05] 

Status of Leff for b → s l+ l-

→CA,V ×→C2 ×
(C10,9)

Known at two-loops in QCD for NNLL [Bobeth, Misiak, Urban, `99] 



50 100 150 200 250 300m0-6.0

-5.8

-5.6

-5.4

-5.2

-5.0
103CV

EW Uncertainties for LO matching below 5% level

EW corrections for QV ?
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Only the electroweak scheme dependence is plotted,
while the effect of operator mixing is switched off



QED RGE for CA
NLL running cancels 
matching scale 
dependence in QA

Study residual scale 
dependence for the GF2 

MW2 normalised results

GF2 MW2 C(!0) is scale 
dependent, while
U(MZ, !0) GF2 MW2 C(!0)
is only residually scale 
dependent.
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G2F M2W CA(MZ)

10
-8

 G
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Wilson Coefficient at mb

The log enhanced QED 
corrections further reduce the 
modulus of the Wilson 
coefficient further.

Varying !b  in 
U(!b, mt) GF2 MW2 C(mt)
gives a measure of 
uncertainty regarding the 
contributions of virtual QED 
corrections at mb.
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2.5 5.0 7.5 10.0
µb [GeV]

�0.98

�0.97

�0.96

�0.95

�0.94

�0.93

C
A

Only QCD corrections

QED-Log

full EW

-0.92

-0.98

CA

!b [GeV]2.5 10

CA(!b)

The 0.3% scale dependence is
not canceled at the scale !b

-0.93

-0.94



Remaining QED uncertainty
The remaining 0.3% !b scale 
dependence will only be removed 
after non-perturbative QED 
corrections are included.

I.e. QED⊗QCD Matrix elements of 

could be considered, but they are 
O(α/-) ≲ 0.3% – our error estimate
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Q1/2

!

!

s

b

γ

γ

QV

!

!

s

b

Q1 = (b̄�µT
aqL)(q̄�µT

asL)

Q2 = (b̄�µqL)(q̄�µsL)

QV = (b̄�µsL)(̄l�µl)

No relevant lifting of 
Helicity suppression



 Combine with NNLO QCD
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Including QED-Log’s + combination with NNLO QCD
ñ Log-enhanced QED corrections known [Bobeth/Gambino/Gorbahn/Haisch hep-ph/0312090,

Huber/Lunghi/Misiak/Wyler hep-ph/0512066]

Choose OS-2 as default scheme

Solution of RGE

CApµbq “

ÿ

i

“
Upµb, µ0q

‰
A,i Ci pµ0q

Ñ Upµb, µ0q = evolution operator

Ñ Ci pµ0q = Wilson coefficients at
high scale

!!! CApµbq µ0–independent

ñ full EW corr’s reduce Br by
4% compared to NNLO QCD 50 100 150 200 250 300

µ0 [GeV]

�0.98

�0.97

�0.96

�0.95

�0.94

�0.93
LO

+NLO QCD

+NNLO QCD

+QED Log

full (NNLO QCD + NLO EW)

for µb “ 5 GeV
Estimate of higher order uncertainties

1) µ0 variation between rmt {2, 2mt s Ñ about 0.2% (QCD) + 0.2% (EW)

2) additional EW scheme dep. from diff. of OS-2 and HY scheme Ñ about 0.2%
on

|CApµbq|

2
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CA

Three loop QCD matching, i.e. NNLO, removes scale 
ambiguities – fixes top mass [Hermann, Misiak, Steinhauser `14]



Theory Prediction Bs→!+!-
We find for the time integrated BR @ NNLO & EW 
[Bobeth MG, Hermann, Misiak, Steinhauser, Stamou `13]

Brthe = (3.65 ± 0.23) 10-9            Brexp = ( 2.8 + 0.7 - 0.6) 10-9

21

fBs [MeV] τBs [ps-1] |Vtb Vts| Mt [GeV]

227.7(45) 1.516(11) 0.0415(13) 173.1(9)

3

long-lasting tension between its determinations from the
inclusive and exclusive semileptonic decays [11]. Here,
we adopt the recent inclusive fit from Ref. [18]. It is
the first one where both the semileptonic data and the
precise quark mass determinations from flavor-conserving
processes have been taken into account. Once |Vcb| is
fixed, we evaluate |V ⋆

tbVts| using the accurately known
ratio |V ⋆

tbVts/Vcb|.
Apart from the parameters listed in Table I, our re-

sults depend on two renormalization scales µ0 ∼ Mt and
µb ∼ mb used in the calculation of the Wilson coefficient
CA. This dependence is very weak thanks to our new cal-
culations of the NLO EW and NNLO QCD corrections.
Since this issue is discussed at length in the parallel arti-
cles [5, 6], we just fix here these scales to µ0 = 160GeV
and µb = 5GeV. Our results for the Wilson coefficient
CA are then functions of the first seven parameters in
Table I. Allowing only the top-quark mass and the strong
coupling constant to deviate from their central values, we
find the following fits for CA

CA(µb) = 0.4802 R1.52
t R−0.09

α − 0.0112 R0.89
t R−0.09

α

= 0.4690 R1.53
t R−0.09

α , (4)

CA(µb) = 0.4802 R̃1.50
t R0.015

α − 0.0112 R̃0.86
t R−0.031

α

= 0.4690 R̃1.51
t R0.016

α , (5)

where Rα = αs(MZ)/0.1184, Rt = Mt/(173.1GeV) and
R̃t = mt/(163.5GeV). The fits are accurate to bet-
ter than 0.1% in CA for αs(MZ) ∈ [0.11, 0.13], Mt ∈
[170, 175]GeV, and mt ∈ [160, 165]GeV.
In the first lines of Eqs. (4) and (5), CA is given as

as a sum of two terms. The first one corresponds to
the leading order EW but NNLO QCD matching calcu-
lation [6]. The second one accounts for the NLO EW
matching corrections [5] at the scale µ0, as well as for
the logarithmically enhanced QED corrections that orig-
inate from the renormalization group evolution between
µ0 and µb [23, 24].
Inserting Eq. (4) into Eq. (3), we obtain for Bsµ

Bsµ × 109 = (3.65± 0.06)RtαRs = (3.65± 0.23), (6)

where Rtα = R3.06
t R−0.18

α = R̃3.02
t R0.032

α and

Rs =

(
fBs

[MeV]

227.7

)2( |Vcb|

0.0424

)2( |V ⋆
tbVts/Vcb|

0.980

)2 τsH [ps]

1.615
.

Correlations between fBs
and αs have been ignored

above. Uncertainties due to parameters that do not oc-
cur in the quantities Rα, Rt and Rs have been absorbed
into the residual error in the middle term of Eq. (6). This
residual error is actually dominated by a non-parametric
uncertainty, which we set to 1.5% of the branching ra-
tio. Such an estimate of the non-parametric uncertainty
is supposed to include:

• Effects of the neglected O(αem) term in Eq. (3).
They account for the fact that |CA(µb)|2 changes

fBq CKM τ q
H Mt αs other non-

∑

param. param.

Bsℓ 4.0% 4.3% 1.3% 1.6% 0.1% < 0.1% 1.5% 6.4%

Bdℓ 4.5% 6.9% 0.5% 1.6% 0.1% < 0.1% 1.5% 8.5%

TABLE II: Relative uncertainties from various sources in Bsℓ

and Bdℓ. In the last column they are added in quadrature.

by around 0.3% when µb is varied between mb/2
and 2mb. Such a dependence on µb must cancel
order-by-order in perturbation theory.

• Higher-order O(α3
s,α

2
em,αsαem) matching correc-

tions to CA at the electroweak scale µ0. Such cor-
rections must remove the residual µ0-dependence
of CA(µb). When µ0 is varied between mt/2 and
2mt, the variation of |CA(µb)|2 due to EW and
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• Higher-order O(M2
Bq

/M2
W ) power corrections.
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the relation Bqℓ = Γ[Bq → ℓ+ℓ−]/Γq

H , i.e. due to
decays of the lighter mass eigenstate in the BqB̄q

system. At the leading order in αem andM2
Bq

/M2
W ,

such corrections are non-vanishing only because of
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mixing matrix. Apart from being suppressed by
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Bq
/M2

W , the
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All the other Bqℓ branching ratios are calculated along
the same lines. We find

Bse × 1014 = (8.54± 0.13)RtαRs = 8.54± 0.55,

Bsτ × 107 = (7.73± 0.12)RtαRs = 7.73± 0.49,

Bde × 1015 = (2.48± 0.04)RtαRd = 2.48± 0.21,

Bdµ × 1010 = (1.06± 0.02)RtαRd = 1.06± 0.09,

Bdτ × 108 = (2.22± 0.04)RtαRd = 2.22± 0.19, (7)

with

Rd =

(
fBd

[MeV]

190.5

)2 ( |V ⋆
tbVtd|

0.0088

)2 τavd [ps]

1.519
.

where we have used Vcb = 0.0424(9) [Gambino, Schwanda `13]
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fBq CKM τ q
H Mt αs other non-

∑

param. param.

Bsℓ 4.0% 4.3% 1.3% 1.6% 0.1% < 0.1% 1.5% 6.4%

Bdℓ 4.5% 6.9% 0.5% 1.6% 0.1% < 0.1% 1.5% 8.5%

TABLE II: Relative uncertainties from various sources in Bsℓ

and Bdℓ. In the last column they are added in quadrature.
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A summary of the error budgets for Bsℓ and Bdℓ is pre-
sented in Table II. It is clear that the main parametric
uncertainties come from fBq

and the CKM angles.
To get rid of such uncertainties, one may take advan-

tage [27] of their cancellation in ratios like

κqℓ ≡
Bqℓ Γq

H ∆M−1
Bq

(GFMWmℓ)2βqℓ

SM

≃
3 |CA(µb)|2

π3 CLL(µb)BBq
(µb)

, (8)

where ∆MBq
is the mass difference in the BqB̄q system,

and CLL enters through the ∆B = 2 term in Lweak,
namely − 1

4N V ⋆
tbVtq CLL(b̄γαPLq)(b̄γαPLq). The bag pa-

rameters BBq
are defined by the QCD matrix elements

⟨B̄q|(b̄γαPLq)(b̄γαPLq)|Bq⟩ =
2
3f

2
Bq

BBq
M2

Bq
.

Following FLAG [14], we take B̂Bs
= 1.33(6) and

B̂Bd
= 1.27(10) [28]. For the Wilson coefficient CLL,

including the NLO QCD [29] and NLO EW [30] correc-
tions, we find ĈLL ≡ CLL(µb)BBq

(µb)/B̂Bq
= 1.27 R1.51

t

for α(5)
s (MZ) = 0.1184 and µb = 5GeV. The r.h.s. of

Eq. (8) gives then κsℓ = 0.0126(7) and κdℓ = 0.0132(12).
It follows that the overall theory uncertainties in κqℓ and
Bqℓ are quite similar at present. The l.h.s. of Eq. (8) to-
gether with Eq. (1) give κexp

sµ = 0.0104(25) and κexp
dµ =

0.047(20), which is consistent with the SM predictions.
To conclude, we have presented updated SM predic-

tions for all the Bqℓ branching ratios. Thanks to our new
results on the NLO EW [6] and NNLO QCD [7] matching
corrections, a significant reduction of the non-parametric
uncertainties has been achieved. Such uncertainties are
now estimated at the level of around 1.5% of the branch-
ing ratios, compared to around 8% prior to our calcula-
tions. As far as the parametric ones are concerned, their
reduction will depend on progress in the lattice deter-
minations of fBq

and BBq
in the cases of Bqℓ and κqℓ,

respectively. For Bqℓ, the CKM uncertainties are now
equally important, with |Vcb| being one of the main lim-
iting factors in the precise determination of Bsℓ.
The increased theory accuracy is essential in interpret-

ing the experimental findings in terms of the SM or new
physics. This will be particularly important after the
LHCb upgrade (see e.g. Ref. [31]), when the experimen-
tal accuracy in Bsµ is expected to reach the same level
as the current theoretical one. Even if no deviation from
the SM is found, the role of Bq → ℓ+ℓ− in constraining
new physics will become significantly stronger.
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tions, we find ĈLL ≡ CLL(µb)BBq

(µb)/B̂Bq
= 1.27 R1.51

t

for α(5)
s (MZ) = 0.1184 and µb = 5GeV. The r.h.s. of

Eq. (8) gives then κsℓ = 0.0126(7) and κdℓ = 0.0132(12).
It follows that the overall theory uncertainties in κqℓ and
Bqℓ are quite similar at present. The l.h.s. of Eq. (8) to-
gether with Eq. (1) give κexp

sµ = 0.0104(25) and κexp
dµ =

0.047(20), which is consistent with the SM predictions.
To conclude, we have presented updated SM predic-

tions for all the Bqℓ branching ratios. Thanks to our new
results on the NLO EW [6] and NNLO QCD [7] matching
corrections, a significant reduction of the non-parametric
uncertainties has been achieved. Such uncertainties are
now estimated at the level of around 1.5% of the branch-
ing ratios, compared to around 8% prior to our calcula-
tions. As far as the parametric ones are concerned, their
reduction will depend on progress in the lattice deter-
minations of fBq

and BBq
in the cases of Bqℓ and κqℓ,

respectively. For Bqℓ, the CKM uncertainties are now
equally important, with |Vcb| being one of the main lim-
iting factors in the precise determination of Bsℓ.
The increased theory accuracy is essential in interpret-

ing the experimental findings in terms of the SM or new
physics. This will be particularly important after the
LHCb upgrade (see e.g. Ref. [31]), when the experimen-
tal accuracy in Bsµ is expected to reach the same level
as the current theoretical one. Even if no deviation from
the SM is found, the role of Bq → ℓ+ℓ− in constraining
new physics will become significantly stronger.

Acknowledgments

We would like to thank Andrzej Buras, Gino Isidori,
Paul Rakow, Jochen Schieck and Zbigniew Wa̧s for
helpful discussions. This work was supported by the
DFG through the SFB/TR 9 “Computational Particle
Physics” and the Graduiertenkolleg “Elementarteilchen-
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Conclusions
7% electroweak scheme ambiguity in Bs → !+ !- is removed

Largest theory uncertainty (@ NLO EW and NNLO) :
- from fBs (4%), which will be reduced in the future
- rest ( <2 %)

But dependence on Vcb results in parametric uncertainty,
might be reduced in the future or removed by normalising to ∆Ms

Significantly smaller than experimental uncertainty

Only EW corrections to CV missing to Leff 
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