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The ratio of the branching fractions of the two decay modes pro-
vides powerful discrimination among BSM theories12. It is predicted in
the SM (refs 1, 13 (updates available at http://itpwiki.unibe.ch/), 14,
15 (updated results and plots available at http://www.slac.stanford.
edu/xorg/hfag/)) to be R:B(B0?mzm{)SM=B(B0

s?mzm{)SM~
0:0295z0:0028

{0:0025. Notably, BSM theories with the property of minimal
flavour violation16 predict the same value as the SM for this ratio.

The first evidence for the decay B0
s?mzm{ was presented by the

LHCb collaboration in 201217. Both CMS and LHCb later published
results from all data collected in proton–proton collisions at centre-of-
mass energies of 7 TeV in 2011 and 8 TeV in 2012. The measurements
had comparable precision and were in good agreement18,19, although
neither of the individual results had sufficient precision to constitute
the first definitive observation of the B0

s decay to two muons.
In this Letter, the two sets of data are combined and analysed

simultaneously to exploit fully the statistical power of the data and
to account for the main correlations between them. The data corre-
spond to total integrated luminosities of 25 fb21 and 3 fb21 for the
CMS and LHCb experiments, respectively, equivalent to a total of
approximately 1012 B0

s and B0 mesons produced in the two experi-
ments together. Assuming the branching fractions given by the SM
and accounting for the detection efficiencies, the predicted numbers of
decays to be observed in the two experiments together are about 100
for B0

s?mzm{and 10 for B0 R m1m2.
The CMS20 and LHCb21 detectors are designed to measure SM phe-

nomena with high precision and search for possible deviations. The two
collaborations use different and complementary strategies. In addition to
performing a broad range of precision tests of the SM and studying the
newly-discovered Higgs boson22,23, CMS is designed to search for and
study new particles with masses from about 100 GeV/c2 to a few TeV/c2.
Since many of these new particles would be able to decay into b quarks
and many of the SM measurements also involve b quarks, the detection of
b-hadron decays was a key element in the design of CMS. The LHCb
collaboration has optimized its detector to study matter–antimatter
asymmetries and rare decays of particles containing b quarks, aiming
to detect deviations from precise SM predictions that would indicate
BSM effects. These different approaches, reflected in the design of the
detectors, lead to instrumentation of complementary angular regions
with respect to the LHC beams, to operation at different proton–proton
collision rates, and to selection of b quark events with different efficiency
(for experimental details, see Methods). In general, CMS operates at a
higher instantaneous luminosity than LHCb but has a lower efficiency
for reconstructing low-mass particles, resulting in a similar sensitivity to
LHCb for B0 or B0

s (denoted hereafter by B0
(s)) mesons decaying into two

muons.
Muons do not have strong nuclear interactions and are too mas-

sive to emit a substantial fraction of their energy by electromagnetic

radiation. This gives them the unique ability to penetrate dense mate-
rials, such as steel, and register signals in detectors embedded deep
within them. Both experiments use this characteristic to identify
muons.

The experiments follow similar data analysis strategies. Decays
compatible with B0

(s)?mzm{ (candidate decays) are found by com-
bining the reconstructed trajectories (tracks) of oppositely charged
particles identified as muons. The separation between genuine
B0

(s)?mzm{ decays and random combinations of two muons (com-
binatorial background), most often from semi-leptonic decays of two
different b hadrons, is achieved using the dimuon invariant mass,
mmzm{ , and the established characteristics of B0

(s)-meson decays. For
example, because of their lifetimes of about 1.5 ps and their production
at the LHC with momenta between a few GeV/c and ,100 GeV/c, B0

(s)
mesons travel up to a few centimetres before they decay. Therefore, the
B0

(s)?mzm{ ‘decay vertex’, from which the muons originate, is
required to be displaced with respect to the ‘production vertex’,
the point where the two protons collide. Furthermore, the negative
of the B0

(s) candidate’s momentum vector is required to point back to
the production vertex.

These criteria, amongst others that have some ability to distinguish
known signal events from background events, are combined into
boosted decision trees (BDTs)24–26. A BDT is an ensemble of decision
trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
‘background-like’ events. Both experiments evaluated many variables
for their discriminating power and each chose the best set of about ten
to be used in its respective BDT. These include variables related to the
quality of the reconstructed tracks of the muons; kinematic variables
such as transverse momentum (with respect to the beam axis) of the
individual muons and of the B0

(s) candidate; variables related to the
decay vertex topology and fit quality, such as candidate decay length;
and isolation variables, which measure the activity in terms of other
particles in the vicinity of the two muons or their displaced vertex. A
BDT must be ‘trained’ on collections of known background and signal
events to generate the selection requirements on the variables and the
weights for each tree. In the case of CMS, the background events used
in the training are taken from intervals of dimuon mass above and
below the signal region in data, while simulated events are used for the
signal. The data are divided into disjoint sub-samples and the BDT
trained on one sub-sample is applied to a different sub-sample to avoid
any bias. LHCb uses simulated events for background and signal in the
training of its BDT. After training, the relevant BDT is applied to each
event in the data, returning a single value for the event, with high
values being more signal-like. To avoid possible biases, both experi-
ments kept the small mass interval that includes both the B0

s and B0

signals blind until all selection criteria were established.
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Figure 1 | Feynman diagrams related to the B0
s Rm1m2 decay. a, p1 meson

decay through the charged-current process; b, B1 meson decay through the
charged-current process; c, a B0

s decay through the direct flavour changing
neutral current process, which is forbidden in the SM, as indicated by a large red

‘X’; d, e, higher-order flavour changing neutral current processes for the
B0

s ?mzm{ decay allowed in the SM; and f and g, examples of processes for the
same decay in theories extending the SM, where new particles, denoted X0 and
X1, can alter the decay rate.
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The ratio of the branching fractions of the two decay modes pro-
vides powerful discrimination among BSM theories12. It is predicted in
the SM (refs 1, 13 (updates available at http://itpwiki.unibe.ch/), 14,
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The first evidence for the decay B0
s?mzm{ was presented by the

LHCb collaboration in 201217. Both CMS and LHCb later published
results from all data collected in proton–proton collisions at centre-of-
mass energies of 7 TeV in 2011 and 8 TeV in 2012. The measurements
had comparable precision and were in good agreement18,19, although
neither of the individual results had sufficient precision to constitute
the first definitive observation of the B0

s decay to two muons.
In this Letter, the two sets of data are combined and analysed

simultaneously to exploit fully the statistical power of the data and
to account for the main correlations between them. The data corre-
spond to total integrated luminosities of 25 fb21 and 3 fb21 for the
CMS and LHCb experiments, respectively, equivalent to a total of
approximately 1012 B0
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nomena with high precision and search for possible deviations. The two
collaborations use different and complementary strategies. In addition to
performing a broad range of precision tests of the SM and studying the
newly-discovered Higgs boson22,23, CMS is designed to search for and
study new particles with masses from about 100 GeV/c2 to a few TeV/c2.
Since many of these new particles would be able to decay into b quarks
and many of the SM measurements also involve b quarks, the detection of
b-hadron decays was a key element in the design of CMS. The LHCb
collaboration has optimized its detector to study matter–antimatter
asymmetries and rare decays of particles containing b quarks, aiming
to detect deviations from precise SM predictions that would indicate
BSM effects. These different approaches, reflected in the design of the
detectors, lead to instrumentation of complementary angular regions
with respect to the LHC beams, to operation at different proton–proton
collision rates, and to selection of b quark events with different efficiency
(for experimental details, see Methods). In general, CMS operates at a
higher instantaneous luminosity than LHCb but has a lower efficiency
for reconstructing low-mass particles, resulting in a similar sensitivity to
LHCb for B0 or B0

s (denoted hereafter by B0
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muons.
Muons do not have strong nuclear interactions and are too mas-

sive to emit a substantial fraction of their energy by electromagnetic

radiation. This gives them the unique ability to penetrate dense mate-
rials, such as steel, and register signals in detectors embedded deep
within them. Both experiments use this characteristic to identify
muons.

The experiments follow similar data analysis strategies. Decays
compatible with B0

(s)?mzm{ (candidate decays) are found by com-
bining the reconstructed trajectories (tracks) of oppositely charged
particles identified as muons. The separation between genuine
B0

(s)?mzm{ decays and random combinations of two muons (com-
binatorial background), most often from semi-leptonic decays of two
different b hadrons, is achieved using the dimuon invariant mass,
mmzm{ , and the established characteristics of B0

(s)-meson decays. For
example, because of their lifetimes of about 1.5 ps and their production
at the LHC with momenta between a few GeV/c and ,100 GeV/c, B0

(s)
mesons travel up to a few centimetres before they decay. Therefore, the
B0

(s)?mzm{ ‘decay vertex’, from which the muons originate, is
required to be displaced with respect to the ‘production vertex’,
the point where the two protons collide. Furthermore, the negative
of the B0

(s) candidate’s momentum vector is required to point back to
the production vertex.

These criteria, amongst others that have some ability to distinguish
known signal events from background events, are combined into
boosted decision trees (BDTs)24–26. A BDT is an ensemble of decision
trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
‘background-like’ events. Both experiments evaluated many variables
for their discriminating power and each chose the best set of about ten
to be used in its respective BDT. These include variables related to the
quality of the reconstructed tracks of the muons; kinematic variables
such as transverse momentum (with respect to the beam axis) of the
individual muons and of the B0

(s) candidate; variables related to the
decay vertex topology and fit quality, such as candidate decay length;
and isolation variables, which measure the activity in terms of other
particles in the vicinity of the two muons or their displaced vertex. A
BDT must be ‘trained’ on collections of known background and signal
events to generate the selection requirements on the variables and the
weights for each tree. In the case of CMS, the background events used
in the training are taken from intervals of dimuon mass above and
below the signal region in data, while simulated events are used for the
signal. The data are divided into disjoint sub-samples and the BDT
trained on one sub-sample is applied to a different sub-sample to avoid
any bias. LHCb uses simulated events for background and signal in the
training of its BDT. After training, the relevant BDT is applied to each
event in the data, returning a single value for the event, with high
values being more signal-like. To avoid possible biases, both experi-
ments kept the small mass interval that includes both the B0

s and B0

signals blind until all selection criteria were established.
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to detect deviations from precise SM predictions that would indicate
BSM effects. These different approaches, reflected in the design of the
detectors, lead to instrumentation of complementary angular regions
with respect to the LHC beams, to operation at different proton–proton
collision rates, and to selection of b quark events with different efficiency
(for experimental details, see Methods). In general, CMS operates at a
higher instantaneous luminosity than LHCb but has a lower efficiency
for reconstructing low-mass particles, resulting in a similar sensitivity to
LHCb for B0 or B0
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sive to emit a substantial fraction of their energy by electromagnetic

radiation. This gives them the unique ability to penetrate dense mate-
rials, such as steel, and register signals in detectors embedded deep
within them. Both experiments use this characteristic to identify
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The experiments follow similar data analysis strategies. Decays
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(s)?mzm{ (candidate decays) are found by com-
bining the reconstructed trajectories (tracks) of oppositely charged
particles identified as muons. The separation between genuine
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(s)?mzm{ decays and random combinations of two muons (com-
binatorial background), most often from semi-leptonic decays of two
different b hadrons, is achieved using the dimuon invariant mass,
mmzm{ , and the established characteristics of B0

(s)-meson decays. For
example, because of their lifetimes of about 1.5 ps and their production
at the LHC with momenta between a few GeV/c and ,100 GeV/c, B0
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mesons travel up to a few centimetres before they decay. Therefore, the
B0

(s)?mzm{ ‘decay vertex’, from which the muons originate, is
required to be displaced with respect to the ‘production vertex’,
the point where the two protons collide. Furthermore, the negative
of the B0

(s) candidate’s momentum vector is required to point back to
the production vertex.

These criteria, amongst others that have some ability to distinguish
known signal events from background events, are combined into
boosted decision trees (BDTs)24–26. A BDT is an ensemble of decision
trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
‘background-like’ events. Both experiments evaluated many variables
for their discriminating power and each chose the best set of about ten
to be used in its respective BDT. These include variables related to the
quality of the reconstructed tracks of the muons; kinematic variables
such as transverse momentum (with respect to the beam axis) of the
individual muons and of the B0

(s) candidate; variables related to the
decay vertex topology and fit quality, such as candidate decay length;
and isolation variables, which measure the activity in terms of other
particles in the vicinity of the two muons or their displaced vertex. A
BDT must be ‘trained’ on collections of known background and signal
events to generate the selection requirements on the variables and the
weights for each tree. In the case of CMS, the background events used
in the training are taken from intervals of dimuon mass above and
below the signal region in data, while simulated events are used for the
signal. The data are divided into disjoint sub-samples and the BDT
trained on one sub-sample is applied to a different sub-sample to avoid
any bias. LHCb uses simulated events for background and signal in the
training of its BDT. After training, the relevant BDT is applied to each
event in the data, returning a single value for the event, with high
values being more signal-like. To avoid possible biases, both experi-
ments kept the small mass interval that includes both the B0

s and B0

signals blind until all selection criteria were established.
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decay through the charged-current process; b, B1 meson decay through the
charged-current process; c, a B0
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neutral current process, which is forbidden in the SM, as indicated by a large red

‘X’; d, e, higher-order flavour changing neutral current processes for the
B0

s ?mzm{ decay allowed in the SM; and f and g, examples of processes for the
same decay in theories extending the SM, where new particles, denoted X0 and
X1, can alter the decay rate.
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NP?

- Good mass resolution: σ(µ+µ-) ~24 MeV 

- Efficient particle identification 

- High precision vertex reconstruction

interference? 
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Today’s outline

3

Rare Leptonic B 
decays

Rare Hadronic B 
decays

B0
(s) ! µ+µ�

B0
(s) ! e±µ⌥

B0
(s) ! ⌧+⌧�

B0 ! pp̄

B+ ! D+
s �

For Semi-tauonic B decays: 
Victor Renaudin’s talk (Friday 10:45) 

For more on b->sll decays: 
Violaine Bellee’s talk (Friday 11:00)

+ Theoretically clean + Varied and abundant  
- Only sensitive to NP quark couplings  

https://indico.cern.ch/event/531125/contributions/2851776/
https://indico.cern.ch/event/531125/contributions/2851777/


4

Very rare leptonic decays
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- Search performed using Run I and some Run II data 
(4.4 fb-1) 

- First observation of Bs0 decay in a single experiment 
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B0
(s) ! µ+µ�

Phys. Rev. Lett. 118 (2017), 191801 
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Figure 1: Mass distribution of the selected B0

(s)

! µ+µ� candidates (black dots) with BDT > 0.5.
The result of the fit is overlaid, and the di↵erent components are detailed.

of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ

+
µ

�

��

range.
For the B0

s

! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s

candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s

! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0

s

! µ+µ� and combinatorial background components.
The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6
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B(B0 ! µ+µ�) < 3.4⇥ 10�10 (95%CL)

B(B0
s ! µ+µ�) = (3.0± 0.6+0.3

�0.2)⇥ 10�9
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Figure 2: (Top) Mass distribution of the selected B0

(s)

! µ+µ� candidates (black dots) with

BDT > 0.55. The result of the fit is overlaid together with the B0

s

! µ+µ� (red dashed line) and
the combinatorial background (blue dashed line) components. (Bottom) Background-subtracted
B0

s

! µ+µ� decay-time distribution with the fit result superimposed.

LHCb institutes. We acknowledge support from CERN and from the national agencies:
CAPES, CNPq, FAPERJ and FINEP (Brazil); MOST and NSFC (China); CNRS/IN2P3
(France); BMBF, DFG and MPG (Germany); INFN (Italy); NWO (The Netherlands);
MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FASO (Russia); MinECo
(Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC (United Kingdom); NSF
(USA). We acknowledge the computing resources that are provided by CERN, IN2P3
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For the B0

s

! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0
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candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s

! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0

s

! µ+µ� and combinatorial background components.
The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6

- First measurement of effective lifetime 

Published: May 2017

B(B0 ! µ+µ�) < 3.4⇥ 10�10 (95%CL)

- Can be sensitive to NP, even if BF isn’t 

- Only heavy Bs0 mass eigenstate decays to µµ in SM

- Consistent with SM (1σ) and most extreme NP (1.4σ)

B(B0
s ! µ+µ�) = (3.0± 0.6+0.3

�0.2)⇥ 10�9

(stat.) (sys.)

(stat.) (sys.)
⌧(B0

s ! µ+µ�) = 2.04± 0.44± 0.05 ps
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- Complementary tauonic Run I search  

6

B0
(s) ! ⌧+⌧�

Phys. Rev. Lett. 118 (2017), 251802
Published: June 2017

- More abundant: less helicity suppressed 
- As theoretically clean  
- More experimentally challenging

⌧�
b̄

Z

W+

W�

⌧+

t

s

1

https://link.aps.org/doi/10.1103/PhysRevLett.118.251802
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- Complementary tauonic Run I search  

6

B0
(s) ! ⌧+⌧�

Phys. Rev. Lett. 118 (2017), 251802
Published: June 2017

- More abundant: less helicity suppressed 
- As theoretically clean  
- More experimentally challenging

- Reconstruct 3-pronged hadronic tau decays 
B(⌧� ! ⇡�⇡+⇡�⌫⌧ ) = (9.31± 0.05)%
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- Complementary tauonic Run I search  
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Figure 1: Two-dimensional distribution of the invariant masses m
⇡

+
⇡

� of the two oppositely
charged two-pion combinations for simulated B0

s

! ⌧+⌧� candidates. The distribution is
symmetric by construction. The vertical and horizontal lines illustrate the sector boundaries.

of the B ! ⌧+⌧� decay chain, described in detail in Refs. [35, 36], has been developed. It
combines geometrical information about the decay and mass constraints on the particles
(B, ⌧ and ⌫) in the decay chain to calculate the ⌧ momenta analytically. The possible
solutions for the two ⌧ momenta are found as solutions of a system of two coupled equations
of second degree with two unknowns. The finite detector resolution and approximations
made in the calculation prevent real solutions being found for a substantial fraction of the
signal events. However, several intermediate quantities associated with the method are
exploited to discriminate signal from background.

To make full use of the discrimination power present in the distributions of the selection
variables, a requirement is added on the output of a neural network [37], built using seven
variables: the ⌧± candidate masses and decay times, a charged track isolation variable
for the pions, a neutral isolation variable for the B candidate, and one variable from
the analytic reconstruction method, introduced in Ref. [36]. The classifier is trained
on simulated B ! ⌧+⌧� decays, representing the signal, and data events from the
signal-depleted region.

In order to determine the signal yield, a binned maximum likelihood fit is performed
on the output of a second neural network (NN), built with 29 variables and using the
same training samples. The NN inputs include the eight variables from the analytic
reconstruction method listed in Ref. [36], further isolation variables, as well as kinematic
and geometrical variables. The NN output is transformed to obtain a flat distribution for
the signal over the range [0.0, 1.0], while the background peaks towards zero.

Varying the two-pion invariant mass sector boundaries, the signal region is optimised
for the B0

s

! ⌧+⌧� branching fraction limit using pseudoexperiments. The boundaries

3

⇢(770)0⇡�

⌧� ! a1(1260)
�⌫⌧

⇡+⇡�

- More abundant: less helicity suppressed 
- As theoretically clean  
- More experimentally challenging

- Exploit predominant decay to define signal, control and signal-depleted regions 

- Reconstruct 3-pronged hadronic tau decays 
B(⌧� ! ⇡�⇡+⇡�⌫⌧ ) = (9.31± 0.05)%
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- Signal: Used to determine signal yield 
- Control: Background model for fit 
- Signal-depleted: Background in Neural Net training
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- Missed neutrinos make m(τ+τ-) not 
discriminating enough variable   

- Instead perform binned fit to a second Neutral 
Network classifier

7

B0
(s) ! ⌧+⌧�

Phys. Rev. Lett. 118 (2017), 251802
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Figure 3: Distribution of the NN output in the signal region N SR

data

(black points), with the total
fit result (blue line) and the background component (green line). The fitted B0

s

! ⌧+⌧� signal
component is negative and is therefore shown multiplied by �1 (red line). For each bin of the
signal and background component the combined statistical and systematic uncertainty on the
template is shown as a light-coloured band. The di↵erence between data and fit divided by its
uncertainty (pull) is shown underneath.

Di↵erences between the shapes of the background distribution in the signal and control
regions of the data are the main sources of systematic uncertainties on the background
model. These uncertainties are taken into account by allowing each bin in the NCR

data

distribution to vary according to a Gaussian constraint. The width of this Gaussian
function is determined by splitting the control region into two approximately equally
populated samples and taking, for each bin, the maximum di↵erence between the NN
outputs of the two subregions and the unsplit sample. The splitting is constructed to
have one region more signal-like and one region more background-like.

The signal can be mismodelled in the simulation. The B0 ! D�D+

s

decay is used to
compare data and simulation for the variables used in the NN. Ten variables are found to
be slightly mismodelled and their distributions are corrected by weighting. The di↵erence
in the shape of the NN output distribution compared to the original unweighted sample is
used to derive the associated systematic uncertainty. The fit procedure is validated with
pseudoexperiments and is found to be unbiased. Assuming no signal contribution, the
expected statistical (systematic) uncertainty on the signal yield is +62

�40

(+40

�42

). The fit result
on data is shown in Fig. 3 and gives a signal yield s = �23+63

�53

(stat)+41

�40

(syst), where the
split between the statistical and systematic uncertainties is based on the ratio expected
from pseudoexperiments.

The B0

s

! ⌧+⌧� signal yield is converted into a branching fraction using B(B0

s

! ⌧+⌧�)

5

- Signal PDF from simulation samples 
- Background PDF from control regions

https://link.aps.org/doi/10.1103/PhysRevLett.118.251802
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! ⌧+⌧� signal yield. The intersections of the
likelihood curve with the horizontal lines define the 68.3%, 95.4% and 99.7% likelihood intervals.
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- Signal PDF from simulation samples 
- Background PDF from control regions

- Worlds best limits set:

B(B0
s ! ⌧+⌧�) < 6.8⇥ 10�3 (95%CL)

B(B0 ! ⌧+⌧�) < 2.1⇥ 10�3 (95%CL)

assuming no contribution from the other

- Both B0 and Bs0 consistent with no signal 

B(B0
s ! ⌧+⌧�)SM = (7.73± 0.49)⇥ 10�7
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B(B0 ! ⌧+⌧�)SM = (2.22± 0.19)⇥ 10�8
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SM predictions PRL 112 (2014) 101801
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- Lepton-flavour violating decay 

8

B0
(s) ! e±µ⌥

O(10�11)
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- Forbidden in the SM 
- Enhanced in lepton non-universality scenarios

- Search performed with full Run I sample (3 fb-1) 
- Previous limits set by LHCb using 1 fb-1 sample
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LHCB-PAPER-2017-031
Submitted: JHEP
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- Lepton-flavour violating decay 
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B0
(s) ! e±µ⌥

O(10�11)
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- Forbidden in the SM 
- Enhanced in lepton non-universality scenarios

- Search performed with full Run I sample (3 fb-1) 
- Previous limits set by LHCb using 1 fb-1 sample

- Candidates selected with an improved BDT
- Trained on signal simulations 
- Same sign e±µ± data as background 

arXiv:1710.04111 
LHCB-PAPER-2017-031
Submitted: JHEP

Phys. Rev. Lett. 111, 141801

- Branching fractions determined with two normalisation channels
B+ ! J/ K+
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B0
(s) ! e±µ⌥

- Electrons are experimentally 
challenging

- Candidates split by number of 
Bremsstrahlung photons 

- Candidates fitted simultaneously in 
seven bins of MVA classifier output

arXiv:1710.04111 
LHCB-PAPER-2017-031
Submitted: JHEP
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- Worlds best limits set:

- No yield observed, therefore limits calculated assuming only heavy 
Bs mass eigenstate contributes 

Bs0 limit also calculated assuming only  
light mass eigenstate contributes

]2c [MeV/±

µ±em
5000 5200 5400 5600 5800

)2 c
C

an
di

da
te

s/
(5

0 
M

eV
/

0
2
4
6
8

10
12
14
16

Data
Total
Combinatorial

ν-µp → b
0Λ

ν+µ-π → 0B

±

µ±e → s
0B

±

µ±e → 0B

LHCb
1.0≤BDT≤0.7

https://arxiv.org/abs/1710.04111
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-031.html


10

Very rare hadronic decays



Tom Hadavizadeh11

B0 ! pp̄

Phys. Rev. Lett. 119 (2017), 232001
Published: Dec 2017

- Search for a purely baryonic final state
- 2-body baryonic decays are fairly suppressed in SM 

- Ιt can provide information about tree level and penguin 
amplitudes when combining BF info with B+ ! p⇤̄
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- Search performed on full Run I sample (3 fb-1)
- Previous evidence reported by LHCb using 1 fb-1 sample JHEP 10 (2013) 005
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- Search for a purely baryonic final state
- 2-body baryonic decays are fairly suppressed in SM 

- Ιt can provide information about tree level and penguin 
amplitudes when combining BF info with B+ ! p⇤̄
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- Search performed on full Run I sample (3 fb-1)
- Previous evidence reported by LHCb using 1 fb-1 sample JHEP 10 (2013) 005

- Candidates selected with tight PID and MVA requirements
- Multilayer perceptron classifier trained on simulation and data sidebands 

- Various backgrounds studied 
- Partially reconstructed  
- Misidentified hadrons Found to not peak in m(B0)}
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Figure 1: Invariant mass distribution of pp candidates. The fit result (blue, solid line) is shown
together with each fit model component: the B0! pp signal (red, dashed line), the B0

s

! pp
signal (grey, dashed line) and the combinatorial background (green, dotted line).

Crystal Ball (CB) functions [37] describing the high- and low-mass asymmetric tails. The
two components of each signal share the same peak and core width parameters. The
core widths are fixed using B0

(s) ! pp simulated samples. A scaling factor is applied to
account for di↵erences in the resolution between data and simulation as determined from
B0! K+⇡� candidates. The B0

s

! pp signal peak value is set relative to the B0! pp
signal peak value determined from the fit according to the B0

s

–B0 mass di↵erence [33].
The tail parameters and the relative normalization of the CB functions are determined
from simulation. The combinatorial background is described with a linear function, with
the slope parameter allowed to vary in the fit.

The pp invariant mass distribution is presented in Fig. 1 together with the result of the
fit. The yields of the B0

(s)! pp signals are N(B0! pp) = 39± 8 and N(B0

s

! pp) = 2± 4,
where the uncertainties are statistical only. The significance of each of the signals is
determined from the change in the logarithm of the likelihood between fits with and
without the signal component [38]. The B0! pp decay mode is found to have a significance
of 5.3 standard deviations, including systematic uncertainties, and the B0

s

! pp mode
is found to have a significance of 0.4 standard deviations, where, given its size, the
significance has been evaluated ignoring systematic e↵ects. The high significance of the
B0! pp signal implies the first observation of a two-body charmless baryonic B0 decay.

The K+⇡� invariant mass distribution of the normalization decay candidates is
described with components accounting for the B0 ! K+⇡� and B0

s

! ⇡+K� signals;
the background due to the decays B0! ⇡+⇡�, B0

s

! K+K�, ⇤0

b

! p⇡� and ⇤0

b

! pK�

when at least one of the final-state particles is misidentified; background from partially
reconstructed b-hadron decays; and combinatorial background. The B0 ! K+⇡� and
B0

s

! ⇡+K� decays are modeled with the sum of two CB functions sharing the same
peak and core width parameters. The peak value and core width of the B0 ! K+⇡�

signal model are free parameters in the fit. The di↵erence between the peak positions of

4

Phys. Rev. Lett. 119 (2017), 232001
Published: Dec 2017

- Branching fraction determined relative 
to Normalisation mode B0 ! K+⇡�
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- Selected with same MVA

- Clear B0 peak
- 5.3σ significance (inc. systematics)

https://link.aps.org/doi/10.1103/PhysRevLett.119.232001
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Figure 1: Invariant mass distribution of pp candidates. The fit result (blue, solid line) is shown
together with each fit model component: the B0! pp signal (red, dashed line), the B0

s

! pp
signal (grey, dashed line) and the combinatorial background (green, dotted line).

Crystal Ball (CB) functions [37] describing the high- and low-mass asymmetric tails. The
two components of each signal share the same peak and core width parameters. The
core widths are fixed using B0

(s) ! pp simulated samples. A scaling factor is applied to
account for di↵erences in the resolution between data and simulation as determined from
B0! K+⇡� candidates. The B0

s

! pp signal peak value is set relative to the B0! pp
signal peak value determined from the fit according to the B0

s

–B0 mass di↵erence [33].
The tail parameters and the relative normalization of the CB functions are determined
from simulation. The combinatorial background is described with a linear function, with
the slope parameter allowed to vary in the fit.

The pp invariant mass distribution is presented in Fig. 1 together with the result of the
fit. The yields of the B0

(s)! pp signals are N(B0! pp) = 39± 8 and N(B0

s

! pp) = 2± 4,
where the uncertainties are statistical only. The significance of each of the signals is
determined from the change in the logarithm of the likelihood between fits with and
without the signal component [38]. The B0! pp decay mode is found to have a significance
of 5.3 standard deviations, including systematic uncertainties, and the B0

s

! pp mode
is found to have a significance of 0.4 standard deviations, where, given its size, the
significance has been evaluated ignoring systematic e↵ects. The high significance of the
B0! pp signal implies the first observation of a two-body charmless baryonic B0 decay.

The K+⇡� invariant mass distribution of the normalization decay candidates is
described with components accounting for the B0 ! K+⇡� and B0

s

! ⇡+K� signals;
the background due to the decays B0! ⇡+⇡�, B0

s

! K+K�, ⇤0

b

! p⇡� and ⇤0

b

! pK�

when at least one of the final-state particles is misidentified; background from partially
reconstructed b-hadron decays; and combinatorial background. The B0 ! K+⇡� and
B0

s

! ⇡+K� decays are modeled with the sum of two CB functions sharing the same
peak and core width parameters. The peak value and core width of the B0 ! K+⇡�

signal model are free parameters in the fit. The di↵erence between the peak positions of

4

B(B0
s ! pp̄) < 1.5⇥ 10�8
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B(B0 ! pp̄) = (1.25± 0.27± 0.18)⇥ 10�8
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- First observation of purely baryonic B0 decay

- Rarest B0 decay ever observed

- Branching fraction determined relative 
to Normalisation mode 

- Limit set on Bs0 decay

B0 ! K+⇡�
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- 5.3σ significance (inc. systematics)

https://link.aps.org/doi/10.1103/PhysRevLett.119.232001
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JHEP 1302 (2013) 043

- Large branching fraction or CP violation possible in BSM 
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- Updated with Run I  and Run II dataset (4.8 fb-1) 
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- Previous evidence reported by LHCb using 1 fb-1 sample
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- Updated with Run I  and Run II dataset (4.8 fb-1) 
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Figure 3: Mass distribution of B+! D+

s

K+K� candidates. The result of the fit to the data
using the model described in Sec. 4.1 is overlaid, with the PDF components given in the legend.

Table 3: Systematic uncertainties contributing to the measurements of B(B+ ! D+

s

�) and
B(B+! D+

s

K+K�). The systematic uncertainty from the normalisation branching fraction is
also included.

Source of uncertainty
B(B+! D+

s

�) B(B+! D+

s

K+K�)
(⇥10�7) (⇥10�6)

Relative e�ciencies 0.08 0.59
Signal and normalisation PDFs 0.04 0.04
Background PDFs 0.69 0.02
Charmless contribution 0.02 0.05
B+! D+

s

K+K� model 0.38 –
Normalisation 0.12 0.72

Signal and normalisation PDFs: Some parameters in the signal and normalisation
PDFs are fixed to values obtained from simulation. These include the tail parameters,
relative widths, and fractional amounts of the two CB functions that make up the
PDFs. The values obtained from simulation have associated uncertainties arising
from the limited simulation sample sizes. The nominal fits are repeated with the fixed
parameters modified to values sampled from Gaussian distributions, with a width
given by the parameter uncertainties. All parameters are changed simultaneously.
For the fit to B+ ! D+

s

� candidates, the fractions of events expected in each
category of the fit are also included in the procedure. The resulting variation is
assigned as the systematic uncertainty.

Background PDFs: Some of the PDFs for the background modes are taken directly
from simulated events using one-dimensional kernel estimations [30]. In the nominal
fit, these are smeared to account for the di↵erences in the mass resolution between

8

- Large peak for whole K+K- mass range 
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Figure 3: Mass distribution of B+! D+
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K+K� candidates. The result of the fit to the data
using the model described in Sec. 4.1 is overlaid, with the PDF components given in the legend.

Table 3: Systematic uncertainties contributing to the measurements of B(B+ ! D+

s

�) and
B(B+! D+
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K+K�). The systematic uncertainty from the normalisation branching fraction is
also included.

Source of uncertainty
B(B+! D+

s

�) B(B+! D+

s

K+K�)
(⇥10�7) (⇥10�6)

Relative e�ciencies 0.08 0.59
Signal and normalisation PDFs 0.04 0.04
Background PDFs 0.69 0.02
Charmless contribution 0.02 0.05
B+! D+

s

K+K� model 0.38 –
Normalisation 0.12 0.72

Signal and normalisation PDFs: Some parameters in the signal and normalisation
PDFs are fixed to values obtained from simulation. These include the tail parameters,
relative widths, and fractional amounts of the two CB functions that make up the
PDFs. The values obtained from simulation have associated uncertainties arising
from the limited simulation sample sizes. The nominal fits are repeated with the fixed
parameters modified to values sampled from Gaussian distributions, with a width
given by the parameter uncertainties. All parameters are changed simultaneously.
For the fit to B+ ! D+

s

� candidates, the fractions of events expected in each
category of the fit are also included in the procedure. The resulting variation is
assigned as the systematic uncertainty.

Background PDFs: Some of the PDFs for the background modes are taken directly
from simulated events using one-dimensional kernel estimations [30]. In the nominal
fit, these are smeared to account for the di↵erences in the mass resolution between
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Figure 4: Mass distribution of B+! D+

s

� candidates in (top) the � mass region, and (bottom)
the � mass sideband. The plots on the left are in the helicity bin | cos ✓

K

| > 0.4 and the right
are in | cos ✓

K

| < 0.4. The result of the fit to the data using the model described in Sec. 4.1 is
overlaid, with the PDF components given in the legend. The B+! D+

s

� decays (black) are
expected to primarily contribute to the � region with | cos ✓

K

| > 0.4.

data and simulation. To account for any systematic uncertainty arising from the
choice of resolution di↵erence, the fit is repeated, randomly varying the smearing
resolution each time. The resulting variation in the branching fraction is assigned as
a systematic uncertainty. Additionally, each partially reconstructed background PDF
has fixed fractions in the di↵erent categories of the signal fit. To determine the e↵ect
on the branching fraction, these fractions are repeatedly sampled from Gaussian
distributions with widths given by the statistical uncertainty on the fractions. For
the combinatorial background shape, the choice of parametrisation is varied and the
e↵ect included in the systematic uncertainty.

Charmless contribution: Residual charmless and single-charm backgrounds are ex-
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| < 0.4. The result of the fit to the data using the model described in Sec. 4.1 is
overlaid, with the PDF components given in the legend. The B+! D+
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� decays (black) are
expected to primarily contribute to the � region with | cos ✓

K

| > 0.4.

data and simulation. To account for any systematic uncertainty arising from the
choice of resolution di↵erence, the fit is repeated, randomly varying the smearing
resolution each time. The resulting variation in the branching fraction is assigned as
a systematic uncertainty. Additionally, each partially reconstructed background PDF
has fixed fractions in the di↵erent categories of the signal fit. To determine the e↵ect
on the branching fraction, these fractions are repeatedly sampled from Gaussian
distributions with widths given by the statistical uncertainty on the fractions. For
the combinatorial background shape, the choice of parametrisation is varied and the
e↵ect included in the systematic uncertainty.

Charmless contribution: Residual charmless and single-charm backgrounds are ex-
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- Candidates fitted in narrow region around φ mass

- including φ mass range 

- Branching fraction determined relative to 
normalisation mode B+ ! D+

s D
0

<latexit sha1_base64="lyxbahcmGbJhoVgO7awFJ867rqQ=">AAACDHicbVDLSgMxFM34rPU16tJNsAqCUKYiqLtSu3BZwbGFdhwyaaYNzSRDkhHKMD/gxl9x40LFrR/gzr8x085CWw8ETs659yb3BDGjSjvOt7WwuLS8slpaK69vbG5t2zu7d0okEhMXCyZkJ0CKMMqJq6lmpBNLgqKAkXYwusr99gORigp+q8cx8SI04DSkGGkj+fZh4z49yWBPC9j0U5VNb8K05BPTphGczLcrTtWZAM6TWkEqoEDLt796fYGTiHCNGVKqW3Ni7aVIaooZycq9RJEY4REakK6hHEVEeelkmwweGaUPQyHN4RpO1N8dKYqUGkeBqYyQHqpZLxf/87qJDi+8lPI40YTj6UNhwqDZPY8G9qkkWLOxIQhLav4K8RBJhLUJsGxCqM2uPE/c0+pl1bk5q9QbRRolsA8OwDGogXNQB9egBVyAwSN4Bq/gzXqyXqx362NaumAVPXvgD6zPH2Dpm1k=</latexit><latexit sha1_base64="lyxbahcmGbJhoVgO7awFJ867rqQ=">AAACDHicbVDLSgMxFM34rPU16tJNsAqCUKYiqLtSu3BZwbGFdhwyaaYNzSRDkhHKMD/gxl9x40LFrR/gzr8x085CWw8ETs659yb3BDGjSjvOt7WwuLS8slpaK69vbG5t2zu7d0okEhMXCyZkJ0CKMMqJq6lmpBNLgqKAkXYwusr99gORigp+q8cx8SI04DSkGGkj+fZh4z49yWBPC9j0U5VNb8K05BPTphGczLcrTtWZAM6TWkEqoEDLt796fYGTiHCNGVKqW3Ni7aVIaooZycq9RJEY4REakK6hHEVEeelkmwweGaUPQyHN4RpO1N8dKYqUGkeBqYyQHqpZLxf/87qJDi+8lPI40YTj6UNhwqDZPY8G9qkkWLOxIQhLav4K8RBJhLUJsGxCqM2uPE/c0+pl1bk5q9QbRRolsA8OwDGogXNQB9egBVyAwSN4Bq/gzXqyXqx362NaumAVPXvgD6zPH2Dpm1k=</latexit><latexit sha1_base64="lyxbahcmGbJhoVgO7awFJ867rqQ=">AAACDHicbVDLSgMxFM34rPU16tJNsAqCUKYiqLtSu3BZwbGFdhwyaaYNzSRDkhHKMD/gxl9x40LFrR/gzr8x085CWw8ETs659yb3BDGjSjvOt7WwuLS8slpaK69vbG5t2zu7d0okEhMXCyZkJ0CKMMqJq6lmpBNLgqKAkXYwusr99gORigp+q8cx8SI04DSkGGkj+fZh4z49yWBPC9j0U5VNb8K05BPTphGczLcrTtWZAM6TWkEqoEDLt796fYGTiHCNGVKqW3Ni7aVIaooZycq9RJEY4REakK6hHEVEeelkmwweGaUPQyHN4RpO1N8dKYqUGkeBqYyQHqpZLxf/87qJDi+8lPI40YTj6UNhwqDZPY8G9qkkWLOxIQhLav4K8RBJhLUJsGxCqM2uPE/c0+pl1bk5q9QbRRolsA8OwDGogXNQB9egBVyAwSN4Bq/gzXqyXqx362NaumAVPXvgD6zPH2Dpm1k=</latexit>

- φ meson isolated via helicity and mass distribution 

- New limit set

supersedes previous result 

NB: small peak is peaking background

http://dx.doi.org/10.1007/JHEP01(2018)131


Tom Hadavizadeh

- LHCb reports many developments for rare B decays…

Summary 
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Worlds best tauonic limits set

Single experiment BF measurement, first 
measurement of effective lifetime 

Worlds best LFV limits set

B0
(s) ! µ+µ�

B0
(s) ! e±µ⌥

B0
(s) ! ⌧+⌧�

B0 ! pp̄

B+ ! D+
s �

Rarest B0 decay ever observed  
Updated limit on pure annihilation decay, 
now sits in SM range

- Expect all results to be updated with full LHCb dataset 
- Approx 2-4 times effective statistics, depending on the mode
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Back up slides
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LHCb Detector 

17

Velo RICH TT Trackers MuonRICH2 CALO


