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‣  Highly suppressed in the SM: FCNC and helicity suppressed, proceeding via Z 
penguin and W-box  
‣  The helicity suppression of vector(-axial) terms make these decays particularly 
sensitive to NP (pseudo-)scalar contribution, such as extra Higgs doublets 
(MSSM), can raise their BFs 
‣  e.g. in MSSM the BF is proportional to tan6β/mA4

SM NP
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The branching fraction of B0(s)→µ+µ– can be written in the SM as: 

where: 

• fBs2 contains the non-perturbative QCD of the meson decay Bs 
obtained through lattice calculations 

• VtbVts∗ are the elements of the CKM matrix  

• |C10|2 contain all information about short-distance physics 

3

F. Dettori (CERN)

B0
s ! µ+µ� in the Standard Model (2)

The branching fraction of B0
s ! µ+µ� can be written in the SM as:

Bt=0(B0
s ! µ+µ�) =

G4
FM

4
W

⇡2
⌧Bsf

2
Bs

mBsm
2
µ

s

1� 4m2
µ

m2
Bs

|VtbV
⇤
ts|2|C10|2 + . . .

where

• f2
Bs

contains the non-perturbative QCD of the meson decay
obtained through lattice calculations

• VtbV
⇤
ts are the elements of the CKM matrix

• |C10|2 contains the physics of the acting operator

The ratio of branching fractions is even simpler
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Extremely sensitive to the flavour structure of a theory, but in many SM extensions
has the same value (Minimal Flavour Violation hypothesis)

B0
s ! µ+µ� decays: from searches to observation Cagliari 16/06/2015 8/52
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‣ Untagged time integrated branching fraction                        
predictions: 

updated with the latest top mass measurement 
(Tevatron+LHC combination)

Foreword to this version16

This version of the analysis note is to be handed to the CMS and LHCb internal reviewers17

in order to continue the review process.18

Improvements with respect to previous version:19

- The free fits of the S

SM

B0

and S

SM

B0

s
and the associated 2D scan have been added.20

- Numerical results and likelihood scan of ratio of branching fractions of the two21

channels have been added.22

- Two new sections on cross-checks asked by the reviewers or other colleagues.23

1 Introduction24

Measurements of low-energy processes can provide indirect constraints on particles that25

are too heavy to be produced directly. This is particularly true for Flavour Changing26

Neutral Current (FCNC) processes which are highly suppressed in the Standard Model27

(SM) and can only occur through higher-order diagrams.28

The B0

(s) ! µ+µ� decays are among the most sensitive FCNC owing to their small29

theoretical uncertainty and clean experimental signature.30

A subtlety arises for the B0

s decay, as discussed in detail in Ref. [1,2]: when comparing31

the experimental branching fraction to its theoretical expectation, the latter has to take32

into account the finite width di↵erence measured in the B0

s system.33

The most up to date SM predictions for the B0

s ! µ+µ� and B0

! µ+µ� time-34

integrated branching fractions are calculated in Ref. [3] and include next-to-leading order35

electroweak corrections and next-to-next-to-leading order QCD corrections. In this work36

the mentioned predictions are used after being updated with the latest combined value37

for the top mass from LHC and Tevatron experiments [4], yielding:38

B(B0

s ! µ+µ�) = (3.66± 0.23)⇥ 10�9 and (1)

B(B0

! µ+µ�) = (1.06± 0.09)⇥ 10�10 . (2)

While the mentioned reference do not quote a value for the ratio of the two branching39

fractions, this can be calculated easily as:40
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where ⌧Bd
and 1/�s

H are the lifetimes of the B0 and of the heavy mass eigenstate of the41

B0

s ; MB0

s
and MB0 are the masses and fB0

s
and fB0 the meson decay constants of the B0

s42

and B0 mesons respectively; Vtd and Vts the elements of the CKM matrix and mµ the mass43

of the muon. The input values for these quanteties are reported in Table 1 and they di↵er44
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Bobeth et al. 
[PRL 112 (2014) 101801]

[hep-ex/1403.4427]
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‣ Ratio of branching fractions of two modes powerful to discriminate among 
models beyond the SM. Precisely predicted in SM: 

➡ stringent test of Minimal Flavour Violation hypothesis 

B 0s B 0
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We do not know what branching ratio to expect for
these final states. The upper limit on (b~u)!(b~c) ob-
tained using semileptonic B decays is 4%. If the fraction
of b~u that goes into any one of these final states were
2%, and ( b ~u )/( b~c ) were 4%, then the branching ra-
tio for the final states considered here would be 0.08%.
Thus, the limits found here are not trivial, although it is
not possible to translate them directly into an upper limit
on inclusive b ~u decays in a model-independent way.

B. Search for exclusive 8 decays
into two charged leptons

Our search for the m. +m final state is not sensitive to
the mass of the final-state particles, provided that they are
light, since the mass enters only in the energy constraint.
Therefore, the upper limit of 0.05% applies for any final-
state particles with a pion mass or less. When the final-
state particles are leptons the limits are improved by using
the lepton identification capabilities of the CLEO detec-
tor. ' For the decay B ~p+p, we improve our limit by
requiring that both muons penetrate the iron and produce
signals in drift chambers. We find no such events. After
correcting for detection efficiency (33%), we set an upper
limit of 0.02% at 90% confidence for this decay. We im-
prove our limit for B —+e+e by requiring that only one
of the electrons be positively identified in the dE/dx and
shower-chamber systems. One found candidate, coupled
with a detection efficiency of 33%, gives a 90%-
confidence-level upper limit of 0.03%. Finally, for the
decay B ~p+—e+, we require the muon to be identified
but the electron needs to be positively identified if it is in
the fiducial volume of the electron detectors. This pro-
cedure gives an efficiency of 42%. The two candidate

events found give an upper limit at 90% confidence level
of 0.03%.

V. CONCLUSIONS

Hadronic B decays have a mean charged multiplicity of
6.0+0.3 and semileptonic B decays have a mean charged
multiplicity of 3.8+0.4. The two-body branching frac-
tions of B~D~ have been measured in four different
ways and give values of about 2%. Inclusive 1(j decay ac-
counts for no more than 1.6% of B decay (at the 90%
confidence level), and thus demonstrates the suppression
of color mixing in B decays. The branching fractions for
B ~/K and B ~gE m+ are less than 0.26% and
0.63%, respectively. The noncharmed final states m. +m.

and p m. have also not been observed. The upper limits
(90% confidence level) are 0.05% and 0.06%, respective-
ly. This is consistent with a small b~u coupling.
Theoretical predictions using the standard electroweak

model with QCD corrections are consistent with the data.
The data are consistent with a model where the B decays
into a D and virtual W, the virtual W then transforming
into hadrons or leptons in the case of semileptonic B de-
cay or into a pion in the case of two-body B decay. Al-
though this picture probably wi11 not explain all of B de-
cay, it provides a starting point for understanding most of
B decay.
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Various exclusive and inclusive decays of B mesons have been studied using data taken with the
CLEO detector at the Cornell Electron Storage Ring. The exclusive modes examined are mostly de-
cays into two hadrons. The branching ratio for a B meson to decay into a charmed meson and a
charged pion is found to be about 2%. Upper limits are quoted for other final states PE, m.+m
pox, p+p, e+e, and p +—e+. We also give an upper limit on inclusive g production and im-
proved charged multiplicity measurements.

I. INTRODUCTION

Weak decays of 8 mesons provide a unique testing
ground for both electroweak theory and quantum chromo-
dynamics (QCD). 8 mesons are composed of a b anti-
quark and a light quark, either a d (8 ) or a u (8+). In
the standard electroweak model' the b quark can decay
into the c quark or the u quark by emitting a virtual in-
termediate vector boson. The possible decay schemes of
B and B are shown in Fig. 1 for both the b~e and
b~u cases. In the "spectator" diagrams the Bmeson de-
cays when the b quark decays. In the "annihilation" and
"exchange" diagrams the light antiquark is directly in-
volved in the decay of the heavy meson. Since measure-
ments, made at the Cornell Electron Storage Ring, of the
shape of the lepton spectrum from 8 decays have limited
the ratio of branching fractions of b~ulb~c to be

&4/o at 90% confidence level, a charmed particle should
be present in almost all 8-meson decays.
Even if we assume that the spectator model (Fig. 1) de-

scribes 8 decay, there are still many possible ways to
describe how hadrons might form. In one model, the four
final-state primary partons interact with each other
without regard to color or charge and produce hadron
states proportional to the available phase space. An alter-
native model is based on the fact that QCD requires had-
rons to be color singlets. In this model, which we call the
"spectator model without color mixing, " the quarks from
the 8' may mix with the other quarks only when they
have the same color as the initial b quark (Fig. 2). The
amount of this mixing can be measured by examining in-
clusive g production from 8 decay, which will be dis-
cussed in this paper. The spectator-antiquark and
charmed-quark system, minimally, gives rise to a D

30 2279 1984 The American Physical Society
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first evidence B0s→µ+µ– 
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B0
(s)→µ+µ– analysis strategy @LHCb

• Loose selection: 

• A pair of opposite charged muons with and mµµ ∈ 
[4900,6000] MeV/c2 

• Good quality vertex displaced respect to the 
interaction point 

• Sig. and bkg. classification in mµµ vs MVA classifier 
(BDT) plane: 

• BDT based on kinematic and geometrical variables, 
trained with MC calibrated on data 

• Search window kept blind until analysis optimised 

•  Data driven calibration 

•  Comparison between expectation and observed 
events: 

• Branching fraction from unbinned likelihood fit 
• Upper limit from CLs method

9

Bs→µ+µ–

B0→µ+µ–

B

µ+

µ-

IP
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Where is the signal peak?
• Determination of mass peak position and resolution essential for this search 

• mean value calibrated with well visible exclusive B→hh’ decays 

• resolution from di-µ resonance and exclusive B→hh’

10
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Peak position determinations for 7 TeV and 8 TeV data 
agree at better than 5×10-4

17

Peak position determinations for 7 TeV and 8 TeV data agree at better than 5×10-4
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Where is the signal peak?

11

Υ(1S)

Υ(2S)
Υ(3S)

J/ψ
ψ(2S)
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• fit to di-muon resonances from J/ψ up to Υ(3S) and 
interpolate the resolution at B0 and Bs mass values.  

• Compare with the resolution obtained with hadronic 
2 body B decays 

F. Dettori (CERN)

How to know where to look?
Calibration of signal PDFs: mass resolution

Two methods

1. Fit to the two body hadronic B decays (as before)
2. Fit to quarkonia resonances, from J/ to ⌥(3S)
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• Interpolation among the resonances up to the B masses

• The two methods in agreement averaged

�B0 = (24.6± 0.4)MeV/c2

�B0
s

= (25.0± 0.4)MeV/c2

B0
s ! µ+µ� decays: from searches to observation Cagliari 16/06/2015 20/52
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backgrounds

12

B

µ+

µ-

B

π+

+

dominant background from bb→µ+µ−X 
decays

F. Dettori (CERN)

Backgrounds

B

µ+

µ-

B

Combinatorial background

Good muons, bad pointing, bad isolation
random mass, high yield (109⇥ signal)

Exclusive background

Good muons, bad pointing, bad isolation
peaking but lower mass, low yield (20⇥ signal)

Mis-ID background

Bad muons, good pointing, good isolation
peaking mass, yield 103⇥ signal

Hadronic B ! h+h0� with h = ⇡, K

Semileptonic

B0 ! ⇡�µ+⌫

B0
s ! K�µ+⌫

⇤0
b ! p̄µ+⌫

B+
c ! J/ µ+⌫µ

B0
s ! D�

s (! µ�⌫)µ+⌫

Rare decays
B+(0) ! ⇡+(0)µ+µ�

B0
s ! µ+µ��

In red the ones added as separate component
Various others considered but found to be negligible.

B0
s ! µ+µ� decays: from searches to observation Cagliari 16/06/2015 21/52
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exclusive background

These background sources can affect the result in two 
ways: 

1) non negligible contribution in the signal mass 
window, m(B0(s))±60 MeV/c2 

2) mass shape different from exponential → bias in the 
combinatorial background interpolation from mass 
sidebands in red the ones added as a separated component in 

the final fit
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BDT classifier

• A multivariate classifier is trained using 12 variables to discriminate between 
signal and dominate background 

• Optimised and trained on MC and calibrated using Data 

13
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Figure 1: BDT distribution for signal (black
squares) and background (blue circles) as ob-
tained in the calibration on data.

tification such as B

+

c ! J/ µ

+

⌫µ [30] and254

B

0(+) ! ⇡

0(+)

µ

+

µ

� [31] decays are also consid-255

ered. The expected yields of all the b-hadron256

background modes are estimated by normal-257

ising to the B

+ ! J/ K

+ decay with the258

exception of B0

(s) ! h

+

h

0�, for which the ex-259

plicit selection yields are used, correcting for260

the trigger e�ciency ratio. No veto is im-261

posed on soft photons, as the contribution of262

B

0

s ! µ

+

µ

�
� is negligible, as are contribu-263

tions from B

0

s ! µ

+

µ

�
⌫µ⌫̄µ decays [32]. The264

expected number of events for each of the back-265

grounds from b-hadron decays is shown in Ta-266

ble 1.267

The compatibility of the observed distribu-268

tion of events with that expected for a given269

branching fraction hypothesis is computed with270

the CL
s

method [33]. The method provides271

CL
s+b

, a measure of the compatibility of the272

observed distribution with the signal plus back-273

ground hypothesis, CL
b

, a measure of the com-274

patibility with the background-only hypothesis,275

and CL
s

= CL
s+b

/CL
b

. This method is used276

to obtain limits on the signal branching frac-277

tions, where appropriate, while a maximum278

likelihood fit is used to determine central val-279

ues of the branching fractions as well as the280

signal significances.281

For each bin in the BDT output the282

invariant mass signal regions are divided283

into nine bins with boundaries mB0

(s)
±284

18, 30, 36, 48, 60MeV/c2, leading to a total of 72285

search bins. In each bin the expected number286

of signal and background events is computed287

and compared to the number of observed can-288

didates.289

The expected background yield inside each290

of the signal regions is estimated with a si-291

multaneous unbinned maximum-likelihood fit292

to the sidebands regions in the mass projec-293

tions of the BDT bins. The backgrounds from294

B

0

(s) ! h

+

h

0�, B0 ! ⇡

�
µ

+

⌫µ, B0

s ! K

�
µ

+

⌫µ295

and B

0(+) ! ⇡

0(+)

µ

+

µ

� are included as sep-296

arate components in the fit. The parameters297

that describe the mass distributions of the b-298

hadron backgrounds, their fractional yields in299

each BDT bin and their overall yields are lim-300

ited by Gaussian constraints around the ex-301

pected values according to their uncertainties.302

The combinatorial background is parametrised303

with an exponential function with both the304

slope and the normalisation allowed to vary.305

The uncertainty on the estimated number of306

combinatorial background events in the signal307

regions is determined by fluctuating the num-308

bers of events observed in the sidebands accord-309

ing to Poisson distributions, and by varying the310

exponential slope according to its uncertainty.311

For a given assumption for each branching frac-312

tion, the expected number of signal events is313

estimated considering the SM decay time dis-314

tribution and consequent acceptance.315

The comparison of the distributions of ob-316

served events and expected background events317

results in p-values (1� CL
b

) of 1.4⇥ 10�4 for318

the B

0

s ! µ

+

µ

� and 5.6% for the B

0 ! µ

+

µ

�
319

decay, computed at the branching fraction val-320

4

BDT calibration

• Signal BDT shape from 
exclusive B0(s)→h+h′− (h =K,π) 
events, which have same 
topology as the signal  

• Background BDT shape is 
evaluated on the di-muon mass 
sidebands 

14

• BDT output defined to be flat for signal, and peaked at zero for 
background 
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exclusive backgrounds
Several exclusive backgrounds pollute the 
lower mass sideband. Extremely important 
to constraint these sources to improve the 
sensitivity. 

• Invariant mass and BDT distributions 
from high statistics MC samples, 
weighted by misID probabilities 
measured on data 

• For semileptonic and rare decays 
expected yields evaluated by 
normalising to B±→J/ψK±  

• B→ h+h’− yield fitted on data

15

B0 → π−μ+νμ 

B0(s)→ h+h’− 

B+(0) → π+(0)μ+μ− 
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Normalisation

•  Two control channels used for the normalization: B+→J/ψK+ and B0→K+π– 
•  From MC and x-checked on data 
•  Trigger efficiency from J/ψ→µµ data 
•  Hadronisation fraction from LHCb measurement fs /fd = 0.259 ± 0.015 
•  Using the SM signal we expect 39.5±4.3 Bs→µ+µ– and 4.5±0.4 B0→µ+µ–
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BR = BRcal ⇥
✏RECcal ✏SELcal

✏RECsig ✏SELsig

⇥
✏TRIGcal

✏TRIGsig

⇥ fcal
fd(s)

⇥
NB0

(s)!µ+µ�

Ncal
= ↵(s) ⇥NB0

(s)!µ+µ�

B+→J/ψK+ 
∼1.1M events

B0→K+π– 
∼38K events

αs = (9.41 ± 0.65)·10–11 
α = (2.40 ± 0.09)·10–11
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opening the box

17

Bs→µ+µ–

B0→µ+µ–
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Full fit

18
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Results
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B(B0 ! µ+µ�) = (3.7+2.4�2.1(stat)
+0.6
�0.4(syst))⇥ 10�10

 with a p-value of 6.8·10–5 equivalent to a 
significance of 4.0 σ 
‣ For the B0:

B(B0
s ! µ+µ�) = (2.9+1.1�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9

‣ with a p-value of 4.4·10–2 equivalent to a 
significance of 2.0 σ 
‣ Systematics from nuisance parameters and 
background model 
‣ Given no evidence of B0→µ+µ– the following 
upper limit has been evaluated:
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For the B0 ! µ+µ� we obtain:

B(B0 ! µ+µ�) = (3.74+2.42
�2.05(LL)± 0.32(Syst.))⇥ 10�10

with a p-value = 4.4 · 10�2 equivalent to a significance of 2.0�
For the B0

s ! µ+µ�

B(B0

s ! µ+µ�) = (2.87+1.11
�0.95(LL)± 0.05(Syst.))⇥ 10�9

with a p-value = 6.8 · 10�5 equivalent to a significance of 4.0�
F. Dettori (Nikhef) Search for B0

d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 37 / 40

‣The full fit gives:

B(B0 ! µ+µ�) < 6.3(7.4) · 10�10 @ 90(95)% CL

[PRL 111 (2013) 101805]

Nov. 2012: LHCb found 
the first evidence of the  
B(B0s→µ+µ–) with 2.1fb–1
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Combination with CMS

20

CMS characteristics: 
‣ Good trigger and muon PID 
‣ No hadron PID 
‣ Silicon tracker excellently working to resolve the signal decays in the 

high pileup environment 
‣ Di-muon mass resolution 32-75 MeV/c2 depending on |η|
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CMS results

21

B(B0
s ! µ+µ�) = 3.0+1.0�0.9 ⇥ 10�9 (4.3�)

B(B0 ! µ+µ�) = 3.5+2.1�1.8 ⇥ 10�10 (2.0�)

Very similar analysis strategies between CMS and LHCb. 

Analysis based on full Run I data 5+20 fb
–1

 for CMS at 7 and 8 TeV 

‣ Soft preselection 

‣ Search divided in “barrel” (both muons |η| < 2.5) and 
“endcap” (at least one muon with |η| > 2.5) 

‣ Multivariate classifier (BDT) for signal/background discrimination 

‣ Search in the invariant mass distribution and 12 BDT categories

∼1fb–1 at LHCb is equivalent to ∼10fb–1 at CMS

[PRL 111 (2013) 101804]
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Fit framework
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RooFormulaVar
NBs6_LHCb

RooCBShape
model Bd6_LHCb

RooFormulaVar
NBd6_LHCb

RooKeysPdf
missid6_LHCb

RooFormulaVar
Nmis6_LHCb

RooPhysBkg
B2Xmunu6_LHCb

RooFormulaVar
N_B2Xmunu6_LHCb

RooPhysBkg
B0upimumu6_LHCb

RooFormulaVar
N_B0pimumu6_LHCb

RooPhysBkg
LaPmunu6_LHCb

RooFormulaVar
N_LaPmunu6_LHCb

RooRealVar
MuMu_k_6_LHCb

RooFormulaVar
f_bs_6_LHCb

RooFormulaVar
f_bd_6_LHCb

RooFormulaVar
f_missid_6_LHCb

RooRealVar
PiMuNuMean6_LHCb

RooRealVar
PiMuNuShc6_LHCb

RooRealVar
PiMuNuSigma6_LHCb

RooRealVar
PiMuMuMean6_LHCb

RooRealVar
PiMuMuShc6_LHCb

RooRealVar
PiMuMuSigma6_LHCb

RooRealVar
LaPMuNuMean6_LHCb

RooRealVar
LaPMuNuShc6_LHCb

RooRealVar
LaPMuNuSigma6_LHCb

RooExponential
bkg1 MuMu model7_LHCb

RooRealVar
MuMuBkg7_LHCb

RooCBShape
model Bs7_LHCb

RooFormulaVar
NBs7_LHCb

RooCBShape
model Bd7_LHCb

RooFormulaVar
NBd7_LHCb

RooKeysPdf
missid7_LHCb

RooFormulaVar
Nmis7_LHCb

RooPhysBkg
B2Xmunu7_LHCb

RooFormulaVar
N_B2Xmunu7_LHCb

RooPhysBkg
B0upimumu7_LHCb

RooFormulaVar
N_B0pimumu7_LHCb

RooPhysBkg
LaPmunu7_LHCb

RooFormulaVar
N_LaPmunu7_LHCb

RooRealVar
MuMu_k_7_LHCb
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f_bs_7_LHCb
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f_bd_7_LHCb

RooFormulaVar
f_missid_7_LHCb

RooRealVar
PiMuNuMean7_LHCb

RooRealVar
PiMuNuShc7_LHCb

RooRealVar
PiMuNuSigma7_LHCb

RooRealVar
PiMuMuMean7_LHCb

RooRealVar
PiMuMuShc7_LHCb

RooRealVar
PiMuMuSigma7_LHCb

RooRealVar
LaPMuNuMean7_LHCb

RooRealVar
LaPMuNuShc7_LHCb

RooRealVar
LaPMuNuSigma7_LHCb

RooExponential
bkg1 MuMu model8_LHCb

RooRealVar
MuMuBkg8_LHCb

RooCBShape
model Bs8_LHCb

RooFormulaVar
NBs8_LHCb

RooCBShape
model Bd8_LHCb

RooFormulaVar
NBd8_LHCb

RooKeysPdf
missid8_LHCb

RooFormulaVar
Nmis8_LHCb

RooPhysBkg
B2Xmunu8_LHCb

RooFormulaVar
N_B2Xmunu8_LHCb

RooPhysBkg
B0upimumu8_LHCb

RooFormulaVar
N_B0pimumu8_LHCb

RooPhysBkg
LaPmunu8_LHCb

RooFormulaVar
N_LaPmunu8_LHCb

RooFormulaVar
f_bs_8_LHCb

RooFormulaVar
f_bd_8_LHCb

RooFormulaVar
f_missid_8_LHCb

RooRealVar
PiMuNuMean8_LHCb

RooRealVar
PiMuNuShc8_LHCb

RooRealVar
PiMuNuSigma8_LHCb RooRealVar

PiMuMuMean8_LHCbRooRealVar
PiMuMuShc8_LHCb
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RooRealVar
LaPMuNuShc8_LHCb

RooRealVar
LaPMuNuSigma8_LHCb
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RooSimultaneous
comb_pdf

RooCategory
comb_cat

RooProdPdf
pdf_ext_total_0_0_CMS

RooProdPdf
pdf_ext_total_3_1_CMS

RooProdPdf
pdf_ext_total_3_2_CMS

RooProdPdf
pdf_ext_total_3_3_CMS

RooProdPdf
pdf_ext_total_0_1_CMS

RooProdPdf
pdf_ext_total_1_0_CMS

RooProdPdf
pdf_ext_total_1_1_CMS

RooProdPdf
pdf_ext_total_2_0_CMS

RooProdPdf
pdf_ext_total_2_1_CMS

RooProdPdf
pdf_ext_total_2_2_CMS

RooProdPdf
pdf_ext_total_2_3_CMS

RooProdPdf
pdf_ext_total_3_0_CMS

RooAddPdf
mumu_model_1_LHCb

RooAddPdf
mumu_model_2_LHCb

RooAddPdf
mumu_model_3_LHCb

RooAddPdf
mumu_model_4_LHCb

RooAddPdf
mumu_model_5_LHCb

RooAddPdf
mumu_model_6_LHCb

RooAddPdf
mumu_model_7_LHCb

RooAddPdf
mumu_model_8_LHCb

RooProdPdf
pdf_constraints_0_0

RooAddPdf
pdf_ext_sum_0_0_CMS

RooGaussian
N_bu_gau_0_0

RooGaussian
effratio_gau_bs_0_0

RooLognormal
N_peak_gau_0_0

RooGaussian
N_semi_gau_0_0

RooGaussian
effratio_gau_bd_0_0

RooRealVar
N_bu_mean_0_0_CMS

RooConstVar
2558

RooRealVar
N_bu_0_0_CMS

RooRealVar
effratio_mean_bs_0_0_CMS

RooConstVar
0.445498

RooRealVar
effratio_bs_0_0_CMS

RooRealVar
N_peak_mean_0_0_CMS

RooConstVar
1.72032

RooRealVar
N_peak_0_0_CMS

RooRealVar
N_semi_mean_0_0_CMS

RooConstVar
4.118

RooRealVar
N_semi_0_0_CMS

RooRealVar
effratio_mean_bd_0_0_CMS

RooConstVar
0.479767

RooRealVar
effratio_bd_0_0_CMS

RooProdPdf
pdf_bs_0_0

RooProdPdf
pdf_bd_0_0

RooProdPdf
pdf_1comb_0_0

RooFormulaVar
N_comb_formula_0_0

RooProdPdf
pdf_semi_0_0

RooProdPdf
pdf_peak_0_0

RooFormulaVar
N_bs_CombFormula_0_0

RooFormulaVar
N_bd_CombFormula_0_0

RooCBShape
CB_bs_0_0

RooKeysPdf
ReducedMassRes_pdf_bs_0_0

RooRealVar
Mean_bs_0_0_CMS

RooRealVar
Alpha_bs_0_0_CMS

RooRealVar
Enne_bs_0_0_CMS

RooRealVar
Mass

RooFormulaVar
SigmaRes_bs_0_0

RooRealVar
PeeK_bs_0_0_CMS

RooRealVar
ReducedMassRes

RooCBShape
CB_bd_0_0

RooKeysPdf
ReducedMassRes_pdf_bd_0_0

RooRealVar
Mean_bd_0_0_CMS

RooRealVar
Alpha_bd_0_0_CMS

RooRealVar
Enne_bd_0_0_CMS

RooFormulaVar
SigmaRes_bd_0_0

RooRealVar
PeeK_bd_0_0_CMS

RooBernstein
mass_1comb_0_0

RooKeysPdf
ReducedMassRes_pdf_comb_0_0

RooFormulaVar
Btrans_1comb_0_0

RooFormulaVar
Btrans_2comb_0_0

RooRealVar
Btr_1comb_0_0_CMS

RooRealVar
Nsq_comb_0_0_CMS

RooKeysPdf
ReducedMassRes_pdf_semi_0_0

RooKeysPdf
keys_semi_0_0

RooAddPdf
mass_peak_0_0

RooKeysPdf
ReducedMassRes_pdf_peak_0_0

RooGaussian
Gau_peak_0_0

RooRealVar
CoeffGauss_peak_0_0_CMS

RooCBShape
CB_peak_0_0

RooRealVar
Mean_peak_0_0_CMS

RooRealVar
Sigma_peak_0_0_CMS

RooRealVar
Sigma2_peak_0_0_CMS

RooRealVar
Alpha_peak_0_0_CMSRooRealVar

Enne_peak_0_0_CMS

RooRealVar
BRs

RooFormulaVar
fdfs_cms

RooRealVar
BuJpsiK_BF

RooRealVar
fdfs_cms_scale

RooRealVar
fdfs

RooRealVar
BRd

RooProdPdf
pdf_constraints_3_1

RooAddPdf
pdf_ext_sum_3_1_CMS

RooGaussian
N_bu_gau_3_1

RooGaussian
effratio_gau_bs_3_1

RooLognormal
N_peak_gau_3_1

RooGaussian
N_semi_gau_3_1

RooGaussian
effratio_gau_bd_3_1

RooRealVar
N_bu_mean_3_1_CMS

RooConstVar
2208

RooRealVar
N_bu_3_1_CMS

RooRealVar
effratio_mean_bs_3_1_CMS

RooConstVar
0.525642

RooRealVar
effratio_bs_3_1_CMS

RooRealVar
N_peak_mean_3_1_CMS

RooConstVar
1.7247

RooRealVar
N_peak_3_1_CMS

RooRealVar
N_semi_mean_3_1_CMS

RooConstVar
2.419

RooRealVar
N_semi_3_1_CMS

RooRealVar
effratio_mean_bd_3_1_CMS

RooRealVar
effratio_bd_3_1_CMS

RooProdPdf
pdf_bs_3_1

RooProdPdf
pdf_bd_3_1

RooProdPdf
pdf_1comb_3_1

RooFormulaVar
N_comb_formula_3_1

RooProdPdf
pdf_semi_3_1

RooProdPdf
pdf_peak_3_1

RooFormulaVar
N_bs_CombFormula_3_1

RooFormulaVar
N_bd_CombFormula_3_1

RooCBShape
CB_bs_3_1

RooKeysPdf
ReducedMassRes_pdf_bs_3_1

RooRealVar
Mean_bs_3_1_CMS

RooRealVar
Alpha_bs_3_1_CMS

RooRealVar
Enne_bs_3_1_CMS

RooFormulaVar
SigmaRes_bs_3_1

RooRealVar
PeeK_bs_3_1_CMS

RooCBShape
CB_bd_3_1

RooKeysPdf
ReducedMassRes_pdf_bd_3_1

RooRealVar
Mean_bd_3_1_CMS

RooRealVar
Alpha_bd_3_1_CMS

RooRealVar
Enne_bd_3_1_CMS

RooFormulaVar
SigmaRes_bd_3_1

RooRealVar
PeeK_bd_3_1_CMS

RooBernstein
mass_1comb_3_1

RooKeysPdf
ReducedMassRes_pdf_comb_3_1

RooFormulaVar
Btrans_1comb_3_1

RooFormulaVar
Btrans_2comb_3_1

RooRealVar
Btr_1comb_3_1_CMS

RooRealVar
Nsq_comb_3_1_CMS

RooKeysPdf
ReducedMassRes_pdf_semi_3_1

RooKeysPdf
keys_semi_3_1

RooAddPdf
mass_peak_3_1

RooKeysPdf
ReducedMassRes_pdf_peak_3_1

RooGaussian
Gau_peak_3_1

RooRealVar
CoeffGauss_peak_3_1_CMS

RooCBShape
CB_peak_3_1

RooRealVar
Mean_peak_3_1_CMS

RooRealVar
Sigma_peak_3_1_CMS

RooRealVar
Sigma2_peak_3_1_CMS

RooRealVar
Alpha_peak_3_1_CMS

RooRealVar
Enne_peak_3_1_CMS

RooProdPdf
pdf_constraints_3_2

RooAddPdf
pdf_ext_sum_3_2_CMS

RooGaussian
N_bu_gau_3_2

RooGaussian
effratio_gau_bs_3_2

RooLognormal
N_peak_gau_3_2

RooGaussian
N_semi_gau_3_2

RooGaussian
effratio_gau_bd_3_2

RooRealVar
N_bu_mean_3_2_CMS

RooConstVar
1852

RooRealVar
N_bu_3_2_CMS

RooRealVar
effratio_mean_bs_3_2_CMS

RooConstVar
0.477857

RooRealVar
effratio_bs_3_2_CMS

RooRealVar
N_peak_mean_3_2_CMS

RooConstVar
1.73171

RooRealVar
N_peak_3_2_CMS

RooRealVar
N_semi_mean_3_2_CMS

RooConstVar
1.61

RooRealVar
N_semi_3_2_CMS

RooRealVar
effratio_mean_bd_3_2_CMS

RooRealVar
effratio_bd_3_2_CMS

RooProdPdf
pdf_bs_3_2

RooProdPdf
pdf_bd_3_2

RooProdPdf
pdf_1comb_3_2

RooFormulaVar
N_comb_formula_3_2

RooProdPdf
pdf_semi_3_2

RooProdPdf
pdf_peak_3_2

RooFormulaVar
N_bs_CombFormula_3_2

RooFormulaVar
N_bd_CombFormula_3_2

RooCBShape
CB_bs_3_2

RooKeysPdf
ReducedMassRes_pdf_bs_3_2

RooRealVar
Mean_bs_3_2_CMS

RooRealVar
Alpha_bs_3_2_CMS

RooRealVar
Enne_bs_3_2_CMS

RooFormulaVar
SigmaRes_bs_3_2

RooRealVar
PeeK_bs_3_2_CMS

RooCBShape
CB_bd_3_2

RooKeysPdf
ReducedMassRes_pdf_bd_3_2

RooRealVar
Mean_bd_3_2_CMS

RooRealVar
Alpha_bd_3_2_CMS

RooRealVar
Enne_bd_3_2_CMS

RooFormulaVar
SigmaRes_bd_3_2 RooRealVar

PeeK_bd_3_2_CMS

RooBernstein
mass_1comb_3_2

RooKeysPdf
ReducedMassRes_pdf_comb_3_2

RooFormulaVar
Btrans_1comb_3_2

RooFormulaVar
Btrans_2comb_3_2

RooRealVar
Btr_1comb_3_2_CMS

RooRealVar
Nsq_comb_3_2_CMS

RooKeysPdf
ReducedMassRes_pdf_semi_3_2

RooKeysPdf
keys_semi_3_2

RooAddPdf
mass_peak_3_2

RooKeysPdf
ReducedMassRes_pdf_peak_3_2

RooGaussian
Gau_peak_3_2

RooRealVar
CoeffGauss_peak_3_2_CMS

RooCBShape
CB_peak_3_2

RooRealVar
Mean_peak_3_2_CMS

RooRealVar
Sigma_peak_3_2_CMS

RooRealVar
Sigma2_peak_3_2_CMS

RooRealVar
Alpha_peak_3_2_CMS

RooRealVar
Enne_peak_3_2_CMS

RooProdPdf
pdf_constraints_3_3

RooAddPdf
pdf_ext_sum_3_3_CMS

RooGaussian
N_bu_gau_3_3

RooGaussian
effratio_gau_bs_3_3

RooLognormal
N_peak_gau_3_3

RooGaussian
N_semi_gau_3_3

RooGaussian
effratio_gau_bd_3_3

RooRealVar
N_bu_mean_3_3_CMS

RooConstVar
2407

RooRealVar
N_bu_3_3_CMS

RooRealVar
effratio_mean_bs_3_3_CMS

RooConstVar
0.350428

RooRealVar
effratio_bs_3_3_CMS

RooRealVar
N_peak_mean_3_3_CMS

RooConstVar
1.72958

RooRealVar
N_peak_3_3_CMS

RooRealVar
N_semi_mean_3_3_CMS

RooConstVar
1.003

RooRealVar
N_semi_3_3_CMS

RooRealVar
effratio_mean_bd_3_3_CMS

RooRealVar
effratio_bd_3_3_CMS

RooProdPdf
pdf_bs_3_3

RooProdPdf
pdf_bd_3_3

RooProdPdf
pdf_1comb_3_3

RooFormulaVar
N_comb_formula_3_3

RooProdPdf
pdf_semi_3_3

RooProdPdf
pdf_peak_3_3

RooFormulaVar
N_bs_CombFormula_3_3

RooFormulaVar
N_bd_CombFormula_3_3

RooCBShape
CB_bs_3_3

RooKeysPdf
ReducedMassRes_pdf_bs_3_3

RooRealVar
Mean_bs_3_3_CMS

RooRealVar
Alpha_bs_3_3_CMS

RooRealVar
Enne_bs_3_3_CMS

RooFormulaVar
SigmaRes_bs_3_3

RooRealVar
PeeK_bs_3_3_CMS

RooCBShape
CB_bd_3_3

RooKeysPdf
ReducedMassRes_pdf_bd_3_3

RooRealVar
Mean_bd_3_3_CMS

RooRealVar
Alpha_bd_3_3_CMS

RooRealVar
Enne_bd_3_3_CMS

RooFormulaVar
SigmaRes_bd_3_3 RooRealVar

PeeK_bd_3_3_CMS

RooBernstein
mass_1comb_3_3

RooKeysPdf
ReducedMassRes_pdf_comb_3_3

RooFormulaVar
Btrans_1comb_3_3

RooFormulaVar
Btrans_2comb_3_3

RooRealVar
Btr_1comb_3_3_CMS

RooRealVar
Nsq_comb_3_3_CMS

RooKeysPdf
ReducedMassRes_pdf_semi_3_3 RooKeysPdf

keys_semi_3_3

RooAddPdf
mass_peak_3_3

RooKeysPdf
ReducedMassRes_pdf_peak_3_3

RooGaussian
Gau_peak_3_3

RooRealVar
CoeffGauss_peak_3_3_CMS

RooCBShape
CB_peak_3_3

RooRealVar
Mean_peak_3_3_CMS

RooRealVar
Sigma_peak_3_3_CMS

RooRealVar
Sigma2_peak_3_3_CMS

RooRealVar
Alpha_peak_3_3_CMS

RooRealVar
Enne_peak_3_3_CMS

RooProdPdf
pdf_constraints_0_1

RooAddPdf
pdf_ext_sum_0_1_CMS

RooGaussian
N_bu_gau_0_1

RooGaussian
effratio_gau_bs_0_1

RooLognormal
N_peak_gau_0_1

RooGaussian
N_semi_gau_0_1

RooGaussian
effratio_gau_bd_0_1

RooRealVar
N_bu_mean_0_1_CMS

RooConstVar
7756

RooRealVar
N_bu_0_1_CMS

RooRealVar
effratio_mean_bs_0_1_CMS

RooConstVar
0.378483

RooRealVar
effratio_bs_0_1_CMS

RooRealVar
N_peak_mean_0_1_CMS

RooConstVar
1.71978

RooRealVar
N_peak_0_1_CMS

RooRealVar
N_semi_mean_0_1_CMS

RooConstVar
2.947

RooRealVar
N_semi_0_1_CMS

RooRealVar
effratio_mean_bd_0_1_CMS

RooConstVar
0.405518

RooRealVar
effratio_bd_0_1_CMS

RooProdPdf
pdf_bs_0_1

RooProdPdf
pdf_bd_0_1

RooProdPdf
pdf_1comb_0_1

RooFormulaVar
N_comb_formula_0_1

RooProdPdf
pdf_semi_0_1

RooProdPdf
pdf_peak_0_1

RooFormulaVar
N_bs_CombFormula_0_1

RooFormulaVar
N_bd_CombFormula_0_1

RooCBShape
CB_bs_0_1

RooKeysPdf
ReducedMassRes_pdf_bs_0_1

RooRealVar
Mean_bs_0_1_CMS RooRealVar

Alpha_bs_0_1_CMS

RooRealVar
Enne_bs_0_1_CMS

RooFormulaVar
SigmaRes_bs_0_1

RooRealVar
PeeK_bs_0_1_CMS

RooCBShape
CB_bd_0_1

RooKeysPdf
ReducedMassRes_pdf_bd_0_1 RooRealVar

Mean_bd_0_1_CMS

RooRealVar
Alpha_bd_0_1_CMS

RooRealVar
Enne_bd_0_1_CMS

RooFormulaVar
SigmaRes_bd_0_1

RooRealVar
PeeK_bd_0_1_CMS

RooBernstein
mass_1comb_0_1

RooKeysPdf
ReducedMassRes_pdf_comb_0_1

RooFormulaVar
Btrans_1comb_0_1

RooFormulaVar
Btrans_2comb_0_1

RooRealVar
Btr_1comb_0_1_CMS

RooRealVar
Nsq_comb_0_1_CMS

RooKeysPdf
ReducedMassRes_pdf_semi_0_1

RooKeysPdf
keys_semi_0_1

RooAddPdf
mass_peak_0_1

RooKeysPdf
ReducedMassRes_pdf_peak_0_1

RooGaussian
Gau_peak_0_1

RooRealVar
CoeffGauss_peak_0_1_CMS

RooCBShape
CB_peak_0_1

RooRealVar
Mean_peak_0_1_CMS

RooRealVar
Sigma_peak_0_1_CMS

RooRealVar
Sigma2_peak_0_1_CMS

RooRealVar
Alpha_peak_0_1_CMS

RooRealVar
Enne_peak_0_1_CMS

RooProdPdf
pdf_constraints_1_0

RooAddPdf
pdf_ext_sum_1_0_CMS

RooGaussian
N_bu_gau_1_0

RooGaussian
effratio_gau_bs_1_0

RooLognormal
N_peak_gau_1_0

RooGaussian
N_semi_gau_1_0

RooGaussian
effratio_gau_bd_1_0

RooRealVar
N_bu_mean_1_0_CMS

RooConstVar
846

RooRealVar
N_bu_1_0_CMS

RooRealVar
effratio_mean_bs_1_0_CMS

RooConstVar
0.834834

RooRealVar
effratio_bs_1_0_CMS

RooRealVar
N_peak_mean_1_0_CMS

RooConstVar
1.72165

RooRealVar
N_peak_1_0_CMS

RooRealVar
N_semi_mean_1_0_CMS

RooConstVar
1.795

RooRealVar
N_semi_1_0_CMS

RooRealVar
effratio_mean_bd_1_0_CMS

RooRealVar
effratio_bd_1_0_CMS

RooProdPdf
pdf_bs_1_0

RooProdPdf
pdf_bd_1_0

RooProdPdf
pdf_1comb_1_0

RooFormulaVar
N_comb_formula_1_0

RooProdPdf
pdf_semi_1_0

RooProdPdf
pdf_peak_1_0

RooFormulaVar
N_bs_CombFormula_1_0

RooFormulaVar
N_bd_CombFormula_1_0

RooCBShape
CB_bs_1_0

RooKeysPdf
ReducedMassRes_pdf_bs_1_0

RooRealVar
Mean_bs_1_0_CMS

RooRealVar
Alpha_bs_1_0_CMS

RooRealVar
Enne_bs_1_0_CMS

RooFormulaVar
SigmaRes_bs_1_0

RooRealVar
PeeK_bs_1_0_CMS

RooCBShape
CB_bd_1_0

RooKeysPdf
ReducedMassRes_pdf_bd_1_0

RooRealVar
Mean_bd_1_0_CMSRooRealVar

Alpha_bd_1_0_CMS

RooRealVar
Enne_bd_1_0_CMS

RooFormulaVar
SigmaRes_bd_1_0

RooRealVar
PeeK_bd_1_0_CMS

RooBernstein
mass_1comb_1_0

RooKeysPdf
ReducedMassRes_pdf_comb_1_0

RooFormulaVar
Btrans_1comb_1_0

RooFormulaVar
Btrans_2comb_1_0

RooRealVar
Btr_1comb_1_0_CMS

RooRealVar
Nsq_comb_1_0_CMS

RooKeysPdf
ReducedMassRes_pdf_semi_1_0

RooKeysPdf
keys_semi_1_0

RooAddPdf
mass_peak_1_0

RooKeysPdf
ReducedMassRes_pdf_peak_1_0

RooGaussian
Gau_peak_1_0

RooRealVar
CoeffGauss_peak_1_0_CMS

RooCBShape
CB_peak_1_0

RooRealVar
Mean_peak_1_0_CMS

RooRealVar
Sigma_peak_1_0_CMS

RooRealVar
Sigma2_peak_1_0_CMS

RooRealVar
Alpha_peak_1_0_CMS

RooRealVar
Enne_peak_1_0_CMS

RooProdPdf
pdf_constraints_1_1

RooAddPdf
pdf_ext_sum_1_1_CMS
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‣ The two datasets are used together in a single combined experiment 

‣ Simultaneous unbinned extended maximum likelihood fit to the mass spectra in 8 BDT 
bins for LHCb and 12 categories for CMS 

‣ Shared parameters: 

‣  the branching fraction of the two signals B(B0
s→µ+µ–) and B(B0→µ+µ–) 

‣  the branching fraction of the normalisation channel B(B+→J/ψK 
+) 

‣  the ratio of the hadronisation fractions fd/fs 

‣ Full Feldman-Cousins procedure for the interval on the B(B0→µ+µ–) branching fraction  

‣ Assuming SM BF 94±7 B0
s→µ+µ– and 10.5±0.6 B0→µ+µ– expected for the two 

together
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Combination results

• Which represent the first observation of the B0
s→µ

+µ− decay and a first 
evidence for the B0→µ+µ− decay. 

• Compatibility with the SM predictions: 2.2 σ for B0 and 1.2 σ for Bs
24
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s ! µ+µ�) = 2.8+0.7�0.6 ⇥ 10�9 6.2 σ significance observed

3.0 σ observed (from FC method)

[Nature 522, 68-72 (04 June 2015)]
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Combination results

•  Ratio of the 2 modes useful to constraint MFV 
models with same flavour structure as SM 

•  Fit result: 

•  Compatibility with the SM at 2.3 σ (including 
theoretical uncertainty)

25
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implications for NP models
The general effective hamiltonian for B0s→ μ+μ− can be written 
as: 

where: 

• Oi(′) are the for fermion operator 

• Ci(′) are the Wilson’s coefficient 

In the SM only C10 appears. Any deviation of these coefficient or 
additional operator can be constrained with the BF

26
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implications for NP models
• A recent global fit to b→sll 

observables shows a large 
discrepancy with SM (3.7σ level) 
mainly due to measurements of 
lepton flavour universality and 
angular distributions in B→K(∗)ll 
decays at LHCb 

• No evidence of large NP 
contribution to C10 
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Figure 1 – Allowed regions in the Re(CNP
9 )-Re(CNP

10 ) plane (left) and the Re(CNP
9 )-Re(C0

9) plane (right). The blue
contours correspond to the 1 and 2� best fit regions from the global fit. The green and red contours correspond
to the 1 and 2� regions if only branching ratio data or only data on B ! K⇤µ+µ� angular observables is taken
into account.

(including braching ratios and non-LHCb measurements) into sets with data below 2.3 GeV2,
between 2 and 4.3 GeV2, between 4 and 6 GeV2, and above 15 GeV2 (the slight overlap of the
bins, caused by changing binning conventions over time, is of no concern as correlations are
treated consistently). The resulting 1� regions are shown in fig. 2 (the fit for the region between
6 and 8 GeV2 is shown for completeness as well but only as a dashed box because we assume
non-perturbative charm e↵ects to be out of control in this region and thus do not include this
data in our global fit). We make some qualitative observations, noting that these will have to
be made more robust by a dedicated numerical analysis.

• The NP hypothesis requires a q2 independent shift in C
9

. At roughly 1�, this hypothesis
seems to be consistent with the data.

• If the tensions with the data were due to errors in the form factor determinations, naively
one should expect the deviations to dominate at one end of the kinematical range where
one method of form factor calculation (lattice at high q2 and LCSR at low q2) dominates.
Instead, if at all, the tensions seem to be more prominent at intermediate q2 values where
both complementary methods are near their domain of validity and in fact give consistent
predictions15.

• There does seem to be a systematic increase of the preferred range for C
9

at q2 below
the J/ resonance, increasing as this resonance is approached. Qualitatively, this is the
behaviour expected from non-factorizable charm loop contributions. However, the central
value of this e↵ect would have to be significantly larger than expected on the basis of
existing estimates 20,21,22,23,24, as conjectured earlier 23.

Concerning the last point, it is important to note that a charm loop e↵ect does not have to
modify the H� and H

0

helicity amplitudese in the same way (as a shift in C
9

induced by NP
would). Repeating the above exercise and allowing a q2-dependent shift of C

9

only in one of
these amplitudes, one finds that the resulting corrections would have to be huge and of the same
sign. It thus seems that, if the tensions are due to a charm loop e↵ect, this must contribute to
both the H� and H

0

helicity amplitude with the same sign as a negative NP contribution to C
9

.

eThe modification of the H+ amplitude is expected to be suppressed 22,24.

[hep-ph/1503.06199]

Branching ratios

Angular observables
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implications for NP models
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[D. Straub http://arxiv.org/abs/1205.6094]

http://arxiv.org/abs/1205.6094
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implications for NP models
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LHCb+CMS combination 
68%, 95% C.L. 

[D. Straub http://arxiv.org/abs/1205.6094]
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implications for NP models
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3

this reduction is invariance under hypercharge: the tensor-like
operators simply cannot be promoted to be U(1)Y invariant,
and for scalar and pseudo-scalar U(1)Y requires the leptons
to have definite chirality dependent on the b quark chirality.
For the rest of operators the coefficients are independent lin-
ear combinations. However, note that there are additional cor-
relations between the neutral current and the charged current
version of the operators that arise from operators involving
doublets. While these play no role directly in FCN leptonic
decays of B mesons, they may give rise to additional con-
straints on the effects of NP.

Violations to the relations of Eq. (8) of order v2/⇤2 arise
from dimension-8 operators like q̄HbR ¯̀HlR and possibly of
order g2EW /16⇡2 from 1-loop matching.

Consequences in B0

s,d ! l+l�. A powerful probe of NP
is the decay B0

s,d ! l+l�. In the SM it is first induced at 1-
loop level and is chirally suppressed. Moreover, the hadronic
matrix element is determined fully by B0

s,d decay constants
FBs,d , which are calculated in lattice QCD [13].

The SM predictions for the branching fractions, B, have
been worked out to high accuracy. For the muonic and elec-
tronic modes they currently are [14]:

Bsµ =3.65(23)⇥ 10�9, Bdµ =1.06(9)⇥ 10�10,

Bse =8.54(55)⇥ 10�14, Bde =2.48(21)⇥ 10�15, (9)

where the overline indicates untagged, time-integrated rates
(as required by the sizable width difference in the B̄s � Bs

system, although not for Bd [15]).
The muonic modes have been recently measured by

LHCb [16, 17] and CMS [18], and an average of the results
leads to [19]:

Bexpt

sµ = 2.9(7)⇥ 10�9, Bexpt

dµ = 3.6+1.6
�1.4 ⇥ 10�10, (10)

where the Bdµ mode is not statiscally significant yet (< 3�).
For the electronic modes we currently have only upper bounds
at 95% C.L. [20]:

Bexpt

se < 2.8⇥ 10�7, Bexpt

de < 8.3⇥ 10�8. (11)

Useful quantities to compare the theory to are the ra-
tios [15]:

Rql =
Bql�Bql

�
SM

=
1 +All

��

yq
1 + yq

�|S|2 + |P |2� , (12)

where yq = ⌧Bq��q/2, All
��

is the mass eigenstate rate
asymmetry [15] and:

S =

s
1� 4m2

l

m2

Bq

CS � C 0
S

rql
, P =

C
10

� C 0
10

CSM

10

+
CP � C 0

P

rql
,

where rql =
2ml (mb +mq)CSM

10

m2

Bq

. (13)

The contributions of C(0)
S and C

(0)
P are enhanced by the fac-

tor mB/ml, so below we will neglect the NP in C
(0)
10

for sim-
plicity. The decay rate is only sensitive to the differences
(CP � C 0

P ) and (CS � C 0
S) so the sums, (CP + C 0

P ) and
(CS + C 0

S), need to be constrained through other means.

FIG. 1: In the upper panel we show the limits at 1� and 3� on the
scalar Wilson coefficients that are induced by the experimental Bql

in Eq. (10), where the corrections by mixing have been taken into
account. For the electronic modes in the lower panel, we only show
the 3� allowed regions (11). In both cases the Wilson coefficients
are understood to be renormalized at µ = mb.

Introducing the hypothesis of this work, we impose (8) in
Eq. (12) and (13) so that now

Rql ' |CS � C 0
S |2

r2ql
+

����1�
CS + C 0

S

rql

����
2

, (14)

where we have neglected ys = 0.075(12)% [21] and the phase
space factor for clarity. In addition to the reduction of free
parameters from 4 to 2 in the scalar and pseudo-scalar sec-
tor, now these two parameters enter the decay rate in two or-
thogonal linear combinations. As a result the Bq ! l+l�

branching fraction alone bounds all directions in our two pa-
rameter space. In particular, for real Wilson coefficients, the
bound of Eq. (14) defines a circle in parameter space centered

at (CS + C 0
S , CS � C 0

S) = (rql, 0) with radius |rql|
q

R
expt

ql .
The contour plots in Fig. 1 show these circular bounds with

the radius of the circle in the muonic cases determined by
|rqµ| ' 0.16. This shape is in contrast with the bands, ex-
perimentally unconstrained in one direction, that would be
obtained in the standard analysis. Note that improving the
experimental accuracy in these modes will only reduce the
width of the ring and that breaking the degeneracy will re-
quire other observables. One attractive possibility is the ob-
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dµ = 3.6+1.6
�1.4 ⇥ 10�10, (10)

where the Bdµ mode is not statiscally significant yet (< 3�).
For the electronic modes we currently have only upper bounds
at 95% C.L. [20]:

Bexpt

se < 2.8⇥ 10�7, Bexpt

de < 8.3⇥ 10�8. (11)

Useful quantities to compare the theory to are the ra-
tios [15]:
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S and C
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tor mB/ml, so below we will neglect the NP in C
(0)
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for sim-
plicity. The decay rate is only sensitive to the differences
(CP � C 0

P ) and (CS � C 0
S) so the sums, (CP + C 0

P ) and
(CS + C 0

S), need to be constrained through other means.

FIG. 1: In the upper panel we show the limits at 1� and 3� on the
scalar Wilson coefficients that are induced by the experimental Bql

in Eq. (10), where the corrections by mixing have been taken into
account. For the electronic modes in the lower panel, we only show
the 3� allowed regions (11). In both cases the Wilson coefficients
are understood to be renormalized at µ = mb.

Introducing the hypothesis of this work, we impose (8) in
Eq. (12) and (13) so that now

Rql ' |CS � C 0
S |2

r2ql
+

����1�
CS + C 0

S

rql

����
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, (14)

where we have neglected ys = 0.075(12)% [21] and the phase
space factor for clarity. In addition to the reduction of free
parameters from 4 to 2 in the scalar and pseudo-scalar sec-
tor, now these two parameters enter the decay rate in two or-
thogonal linear combinations. As a result the Bq ! l+l�

branching fraction alone bounds all directions in our two pa-
rameter space. In particular, for real Wilson coefficients, the
bound of Eq. (14) defines a circle in parameter space centered

at (CS + C 0
S , CS � C 0

S) = (rql, 0) with radius |rql|
q

R
expt

ql .
The contour plots in Fig. 1 show these circular bounds with

the radius of the circle in the muonic cases determined by
|rqµ| ' 0.16. This shape is in contrast with the bands, ex-
perimentally unconstrained in one direction, that would be
obtained in the standard analysis. Note that improving the
experimental accuracy in these modes will only reduce the
width of the ring and that breaking the degeneracy will re-
quire other observables. One attractive possibility is the ob-

• If we consider C10′ negligible the BF is proportional to the sum and the difference 
between CS and CP.

B(B0
s ! µ+µ�) / m2
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(CSP + C 0
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����
MBs
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/ /

• radius proportional to the 
branching fraction while the 
width of the rings the 
experimental accuracy 

• Breaking the degeneracy will 
require other observables! 

[Phys. Rev. Lett. 113, 241802 (2014)]

B0→ μ+μ−B0s→ μ+μ−

1σ, 3σ contours
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New observable
• Ratio with SM expectation not sufficient  

• A∆Γ proportional to the effective lifetime 

• Effective lifetime offers theoretically clean probe 
of NP complementary to branching fraction.  

• LHCb could reach a 5% uncertainty on the 
effective lifetime with 46fb-1.
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In Fig. 2, we illustrate the situation in the observable space
of the R-A!" plane. It will be interesting to complement
these model-independent considerations with a scan of
popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to BsðdÞ ! !þ!$

decays where the polarizations of the ! leptons can be
inferred from their decay products [10]. This would allow
an analysis of (13), where nonvanishing C" observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently out
of reach from the experimental point of view.

Conclusions.—The recently established width differ-
ence !"s implies that the theoretical B0

s ! #þ#$ branch-
ing ratio in (1) has to be rescaled by 1=ð1$ ysÞ for the
comparison with the experimental branching ratio, giving
the SM reference value of ð3:5% 0:2Þ & 10$9. The possi-
bility of NP in the decay introduces an additional relative
uncertainty of %9% originating from A!" 2 ½$1;þ1(.

The effective Bs ! #þ#$ lifetime !#þ#$ offers a new
observable. On the one hand, it allows us to take into
account the Bs width difference in the comparison between
theory and experiments. On the other hand, it also provides
a new, theoretically clean probe of NP. In particular, !#þ#$

may reveal large NP effects, especially those related to
(pseudo-)scalar ‘þ‘$ densities of four-fermion operators
originating from the physics beyond the SM, even in the
case that the B0

s ! #þ#$ branching ratio is close to the
SM prediction.

The determination of !#þ#$ appears feasible with the
large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experiments
and should be further investigated, as this measurement
would open a new era for the exploration of Bs ! #þ#$

at the LHC, which may eventually allow the resolution of
NP contributions to one of the rarest weak decay processes
that nature has to offer.
This work is supported by the Netherlands Organisation

for Scientific Research (NWO) and the Foundation for
Fundamental Research on Matter (FOM).
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The future of B0
s ! µ+µ�: other observables

Going back to the master formula

�
⇣
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+
µ
�
⌘
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0
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+
µ
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µ
�
⌘

= RHe
��Ht

+ RLe
��Lt

= (RH + RL) e
��st

"
cosh

yst
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+ A�� sinh
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⌧Bs

#

Three independent observables in B0
s ! µ+µ�

1. B(B0
s ! µ+µ�):

Requires only mass peak, measured in Run I X
2. The e↵ective lifetime sensitive to A��

⌧µµ =
⌧Bs

(1� y2s)

1 + 2A��ys + y2s
1 +A��ys

Requires larger statistics to fit the lifetime distribution, accessible in Run II X
3. The time dependent CP violation

�(B0
s (t) ! µµ)� �(B̄0

s (t) ! µµ)

�(B0
s (t) ! µµ) + �(B̄0

s (t) ! µµ)
=

Sµµ sin(�Mst)

cosh(yst/⌧Bs ) +A�� sinh(yst/⌧Bs )

Requires tagging of flavour initial state... maybe accessible with future high luminosity
LHC with 1ab�1 ⇥

B0
s ! µ+µ� decays: from searches to observation Cagliari 16/06/2015 50/52

3

this reduction is invariance under hypercharge: the tensor-like
operators simply cannot be promoted to be U(1)Y invariant,
and for scalar and pseudo-scalar U(1)Y requires the leptons
to have definite chirality dependent on the b quark chirality.
For the rest of operators the coefficients are independent lin-
ear combinations. However, note that there are additional cor-
relations between the neutral current and the charged current
version of the operators that arise from operators involving
doublets. While these play no role directly in FCN leptonic
decays of B mesons, they may give rise to additional con-
straints on the effects of NP.

Violations to the relations of Eq. (8) of order v2/⇤2 arise
from dimension-8 operators like q̄HbR ¯̀HlR and possibly of
order g2EW /16⇡2 from 1-loop matching.

Consequences in B0

s,d ! l+l�. A powerful probe of NP
is the decay B0

s,d ! l+l�. In the SM it is first induced at 1-
loop level and is chirally suppressed. Moreover, the hadronic
matrix element is determined fully by B0

s,d decay constants
FBs,d , which are calculated in lattice QCD [13].

The SM predictions for the branching fractions, B, have
been worked out to high accuracy. For the muonic and elec-
tronic modes they currently are [14]:

Bsµ =3.65(23)⇥ 10�9, Bdµ =1.06(9)⇥ 10�10,

Bse =8.54(55)⇥ 10�14, Bde =2.48(21)⇥ 10�15, (9)

where the overline indicates untagged, time-integrated rates
(as required by the sizable width difference in the B̄s � Bs

system, although not for Bd [15]).
The muonic modes have been recently measured by

LHCb [16, 17] and CMS [18], and an average of the results
leads to [19]:

Bexpt

sµ = 2.9(7)⇥ 10�9, Bexpt

dµ = 3.6+1.6
�1.4 ⇥ 10�10, (10)

where the Bdµ mode is not statiscally significant yet (< 3�).
For the electronic modes we currently have only upper bounds
at 95% C.L. [20]:

Bexpt

se < 2.8⇥ 10�7, Bexpt

de < 8.3⇥ 10�8. (11)

Useful quantities to compare the theory to are the ra-
tios [15]:
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The contributions of C(0)
S and C

(0)
P are enhanced by the fac-

tor mB/ml, so below we will neglect the NP in C
(0)
10

for sim-
plicity. The decay rate is only sensitive to the differences
(CP � C 0

P ) and (CS � C 0
S) so the sums, (CP + C 0

P ) and
(CS + C 0

S), need to be constrained through other means.

FIG. 1: In the upper panel we show the limits at 1� and 3� on the
scalar Wilson coefficients that are induced by the experimental Bql

in Eq. (10), where the corrections by mixing have been taken into
account. For the electronic modes in the lower panel, we only show
the 3� allowed regions (11). In both cases the Wilson coefficients
are understood to be renormalized at µ = mb.

Introducing the hypothesis of this work, we impose (8) in
Eq. (12) and (13) so that now

Rql ' |CS � C 0
S |2

r2ql
+

����1�
CS + C 0

S

rql

����
2

, (14)

where we have neglected ys = 0.075(12)% [21] and the phase
space factor for clarity. In addition to the reduction of free
parameters from 4 to 2 in the scalar and pseudo-scalar sec-
tor, now these two parameters enter the decay rate in two or-
thogonal linear combinations. As a result the Bq ! l+l�

branching fraction alone bounds all directions in our two pa-
rameter space. In particular, for real Wilson coefficients, the
bound of Eq. (14) defines a circle in parameter space centered

at (CS + C 0
S , CS � C 0

S) = (rql, 0) with radius |rql|
q

R
expt

ql .
The contour plots in Fig. 1 show these circular bounds with

the radius of the circle in the muonic cases determined by
|rqµ| ' 0.16. This shape is in contrast with the bands, ex-
perimentally unconstrained in one direction, that would be
obtained in the standard analysis. Note that improving the
experimental accuracy in these modes will only reduce the
width of the ring and that breaking the degeneracy will re-
quire other observables. One attractive possibility is the ob-

proportional to CS 
and CP
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Conclusions
• Rare decays, and B0

s → μ+μ− in particular, are fundamental probes of NP at high 
energy scales. 

• After a long search B0
s → μ+μ− was observed with rate compatible with the SM 

level; excess at 3 σ level observed for the B0→ μ+μ− hypothesis with respect to 
the background-only hypothesis, compatibility with SM at 2.2 σ level. 

• Both decays are excellent probes for the extended Higgs sector and can be used to 
set stringent limits to BSM scenarios.  

• These studies are still core program of LHCb. 

• New observables reachable at high luminosity might constrain alternative theories 
even more. 

• Also one of the best probe among the flavour observable for top quark mass      
[CERN-PH-TH-2015-191]

32



Backup

33



Flavio Archilli

Projections
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• Projection based on toys based on current published analysis 

• Still room for improvement
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Lifetime bias correction
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‣ Bs→µ+µ– time dependent width:

Time dependent acceptance

The B

0

s ! µ

+

µ

� time dependent width depends on the model:

�(Bs ! µµ) = �(B0

s (t) ! µµ) + �(B̄0

s (t) ! µµ) = RHe

��H t +RLe
��Lt =

(RH +RL)e
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where:
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s,H
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s,L
!µµ

�B0
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SM
= 1

...and so does the time-integrated e�ciency:

" =

R
"(t)�A,ys (t)dtR
�A,ys (t)dt

Therefore the MC e�ciency has to be modified to take into account model dependence and
data-MC di↵erences in the physics inputs.
Detailed study in: M. Perrin-Terrin et al. - LHCb-INT-2013-012

F. Dettori (Nikhef) Search for B0
d,s ! µ+µ� decays... Tuesday Meeting 9/7/13 21 / 40
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Time dependent acceptance

Aside from the model-dependence there is a bias due to the di↵erence between the physics
parameters implemented in MC and the best knowledge of them. The normalisation must be
corrected by:

�✏ =
✏A��,ys

✏MC
=

R 1
0

�(B0
s(t) ! µ+µ�,A��, ys)✏(t)dtR 1

0
�(B0

s(t) ! µ+µ�,A��, ys)dt
·

R 1
0

e��MCtdt
R 1
0

e��MCt✏(t)dt
.

• Di↵erent lifetimes (this also a↵ects B0)

• Di↵erent ys

• Model dependence of A��

�B0
s
� 1 = (+4.57 ± 0.02)%

�B0 � 1 = (+1.50 ± 0.01)%

BDT shape is also time-acceptance dependent:

Bin PDF Correction

�iPDF � 1 (%)

1 �3.1061 ± 0.0196
2 �1.3778 ± 0.0290
3 �0.3887 ± 0.0392
4 +0.2701 ± 0.0423
5 +0.7193 ± 0.0447
6 +1.3650 ± 0.0457
7 +2.5423 ± 0.0463
8 +4.7365 ± 0.0433
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where:

‣ So the time integrated efficiency is model dependent: 

‣ Normalization to be corrected to take into account this effect:

Correction for BS = 4.50±0.03%
Correction for B0 = 1.48±0.01%

‣ also corrected because time dependent
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