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Rare decays
๏ The Standard Model is not the full story: 

‣ Dark matter, hierarchy problem, flavour 
puzzle, matter-antimatter, gravity, … 

‣ We have the proof that New Physics is there!  

๏ BSM models can cure (some of) these SM 
shortcomings 
‣ they also predict new undetected particles 

๏ The LHC is looking for their direct production 
(mainly ATLAS and CMS) 

๏ But they can also enter in “SM observables” 
through competing diagrams 

๏ Measuring very-suppressed SM-processes could 
allow us to unveil New Physics
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Outline

๏ B(s)→µµ CMS+LHCb and new ATLAS result 

๏ Other very rare decays in beauty and charm 

๏ Lepton Flavour (Universality) violation tests
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B(s)→µµ
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๏ FCNC + helicity suppressed 
 

๏ Possible large BR enhancement from 
(pseudo-)scalar contributions: 
‣ sensitive to extensions of the Higgs sector 
‣ also Extra Dimensions, non-MFV SUSY, …
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In the Standard Model (SM)
• flavour changing neutral currents, helicity and CKM 

suppressed 

• progress in Lattice QCD calculations, expect 
reduced uncertainty to ~3% 

Beyond the SM
• branching fractions enhanced by (pseudo-)scalar 

contributions 

➡ indirect search for new physics 

➡ branching fraction ratio has more precise 
predictions and probes flavour structure

[PRL 112 (2014) 101801, Nature 522, 68, 2015] 

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 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
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{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
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ments together. Assuming the branching fractions given by the SM
and accounting for the detection efficiencies, the predicted numbers of
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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
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trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
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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
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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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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
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C. Bobeth et al [PRL 112(2014)101801]

B(s)→µµ

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.

a π+ → μ+ν

π+ W+

d

u

μ+

ν

b B+ → μ+ν

B+ W+

b

u

μ+

ν

c B0
s   → μ+μ–

B0
s

Z0

b

s

μ+

μ–

B0
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B0
s

 Z0

b

s

μ+

μ–

W–
t

B0
s   → μ+μ–

B0
s

W+b

s

μ+

μ–W–

t ν

e B0
s   → μ+μ–

B0
s

X+b

s

μ+

μ–W–

t ν

g

W+

f

t

s

B0
s   → μ+μ–

μ+

μ–
W–

X+
X0

b

B0
s

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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FCNC:

SM processes:

NP processes examples:

Figure 2: Correlation between the branching ratios of Bs ! µ

+
µ

� and Bd ! µ

+
µ

�

in MFV, the SM4 and four SUSY flavour models. The gray area is ruled out experi-
mentally. The SM point is marked by a star.

3.2 Bs ! µ+µ� vs. Bd ! µ+µ�

The correlation between the decays Bs ! µ

+
µ

� and Bd ! µ

+
µ

� is an example of a
“vertical” correlation mentioned in section 2. Beyond the SM, their branching ratios
can be written as

BR(Bq ! µ

+
µ

�) / |S|2 �1� 4x2
µ

�
+ |P |2, (5)

S = C

bq
S � C

0bq
S , P = C

bq
P � C

0bq
P + 2xµ(C

bq
10 � C

0bq
10 ) , xµ = mµ/mBs . (6)

Order-of-magnitude enhancements of these branching ratios are only possible in the
presence of sizable contributions from scalar or pseudoscalar operators. In two-Higgs-
doublet models, the contribution to C

bq
S from neutral Higgs exchange scales as tan �2,

where tan � is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tan�3.

Figure 2 shows the correlation between BR(Bs ! µ

+
µ

�) and BR(Bd ! µ

+
µ

�)
in MFV, the SM4 and four SUSY flavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the flavour independence of the Wil-
son coe�cients, cf. eq. (3). The largest e↵ects are obtained in the SUSY flavour
models due to the above-mentioned Higgs-mediated contributions. While in some

¶The acronyms stand for the models by Agashe and Carone (AC, [13]), Ross, Velasco-Sevilla
and Vives (RVV2, [12]), Antusch, King and Malinsky (AKM, [11]) and a model with left-handed
currents only (LL, [14]).
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D. Straub [arXiv:1012.3893]

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801
https://inspirehep.net/record/881964/


๏ The Holy Grail of rare decays 

๏ A quest lasted 30 years and spanning 5 
orders of magnitude 

๏ Crucial role of hadron colliders: 
Tevatron first, now led by LHC 
‣ Large pp→bbX cross section 
‣ µµ decay easy to identify despite 

harsh hadronic environment 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Extended Data Figure 7 | Search for the B0
s Rm1m2 and B0Rm1m2

decays, reported by 11 experiments spanning more than three decades, and
by the present results. Markers without error bars denote upper limits on the
branching fractions at 90% confidence level, while measurements are denoted
with error bars delimiting 68% confidence intervals. The solid horizontal lines

represent the SM predictions for the B0
s ?mzm{ and B0 R m1m2 branching

fractions1; the blue (red) lines and markers relate to the B0
s?mzm{(B0 R

m1m2) decay. Data (see key) are from refs 17, 18, 31–60; for details see Methods.
Inset, magnified view of the last period in time.
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by the present results. Markers without error bars denote upper limits on the
branching fractions at 90% confidence level, while measurements are denoted
with error bars delimiting 68% confidence intervals. The solid horizontal lines

represent the SM predictions for the B0
s ?mzm{ and B0 R m1m2 branching

fractions1; the blue (red) lines and markers relate to the B0
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m1m2) decay. Data (see key) are from refs 17, 18, 31–60; for details see Methods.
Inset, magnified view of the last period in time.
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Extended Data Figure 3 | Schematic of the CMS detector and event display
for a candidate B0

s Rm1m2 decay at CMS. a, The CMS detector and its
components; see ref. 20 for details. b, A candidate B0

s?mzm{ decay produced

in proton–proton collisions at 8 TeV in 2012 and recorded in the CMS detector.
The red arched curves represent the trajectories of the muons from the B0

s decay
candidate.

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved

B(s)→µµ

No error: limit at 90% CL

— 
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LHCb+CMS result
๏ LHCb and CMS: world-best sensitivity 

๏ Their Run 1 results combined 
[nature:522(2015)68] gave us: 
‣ First observation of B(s)→µµ  

with 6.2σ (1.2σ from SM) 
‣ Evidence for B0→µµ  

with 3.2σ (2.2σ from SM) 
‣ Measurement ratio B0/Bs : 

๏ ATLAS recently published analysis of 
full Run 1 dataset:[ArXiv:1604.04263] 
→ briefly discussed in this talk
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In addition to the combinatorial background, specific b-hadron
decays, such as B0 R p2m1n where the neutrino cannot be detected
and the charged pion is misidentified as a muon, or B0 R p0m1m2,
where the neutral pion in the decay is not reconstructed, can mimic the
dimuon decay of the B0

(s) mesons. The invariant mass of the recon-
structed dimuon candidate for these processes (semi-leptonic back-
ground) is usually smaller than the mass of the B0

s or B0 meson because
the neutrino or another particle is not detected. There is also a back-
ground component from hadronic two-body B0

(s) decays (peaking
background) as B0 R K1 p2, when both hadrons from the decay are
misidentified as muons. These misidentified decays can produce peaks
in the dimuon invariant-mass spectrum near the expected signal,
especially for the B0 R m1m2 decay. Particle identification algorithms
are used to minimize the probability that pions and kaons are mis-
identified as muons, and thus suppress these background sources.
Excellent mass resolution is mandatory for distinguishing between
B0 and B0

s mesons with a mass difference of about 87 MeV/c2 and
for separating them from backgrounds. The mass resolution for
B0

s?mzm{ decays in CMS ranges from 32 to 75 MeV/c2, depending
on the direction of the muons relative to the beam axis, while LHCb
achieves a uniform mass resolution of about 25 MeV/c2.

The CMS and LHCb data are combined by fitting a common value for
each branching fraction to the data from both experiments. The branch-
ing fractions are determined from the observed numbers, efficiency-
corrected, of B0

(s) mesons that decay into two muons and the total
numbers of B0

(s) mesons produced. Both experiments derive the latter
from the number of observed B1 R J/y K1 decays, whose branching
fraction has been precisely measured elsewhere14. Assuming equal rates
for B1 and B0 production, this gives the normalization for B0 R m1m2.
To derive the number of B0

s mesons from this B1 decay mode, the ratio
of b quarks that form (hadronize into) B1 mesons to those that form B0

s
mesons is also needed. Measurements of this ratio27,28, for which there is
additional discussion in Methods, and of the branching fraction
B(B1 R J/y K1) are used to normalize both sets of data and are con-
strained within Gaussian uncertainties in the fit. The use of these two
results by both CMS and LHCb is the only significant source of correla-
tion between their individual branching fraction measurements. The
combined fit takes advantage of the larger data sample to increase the
precision while properly accounting for the correlation.

In the simultaneous fit to both the CMS and LHCb data, the branch-
ing fractions of the two signal channels are common parameters of
interest and are free to vary. Other parameters in the fit are considered
as nuisance parameters. Those for which additional knowledge is
available are constrained to be near their estimated values by using
Gaussian penalties with their estimated uncertainties while the others
are free to float in the fit. The ratio of the hadronization probability
into B1 and B0

s mesons and the branching fraction of the normaliza-
tion channel B1 R J/y K1 are common, constrained parameters.
Candidate decays are categorized according to whether they were
detected in CMS or LHCb and to the value of the relevant BDT dis-
criminant. In the case of CMS, they are further categorized according
to the data-taking period, and, because of the large variation in mass
resolution with angle, whether the muons are both produced at large
angles relative to the proton beams (central-region) or at least one
muon is emitted at small angle relative to the beams (forward-region).
An unbinned extended maximum likelihood fit to the dimuon invari-
ant-mass distribution, in a region of about 6500 MeV/c2 around the
B0

s mass, is performed simultaneously in all categories (12 categories
from CMS and eight from LHCb). Likelihood contours in the plane of
the parameters of interest, B(B0 R m1m2) versus B(B0

s?mzm{), are
obtained by constructing the test statistic 22DlnL from the difference
in log-likelihood (lnL) values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branch-
ing fractions, a one-dimensional profile likelihood scan is likewise
obtained by fixing only the single parameter of interest and allowing
the other to vary during the fits. Additional fits are performed where
the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B0

(s)
SM:B(B0

(s)?mzm{)=

B(B0
(s)?mzm{)SM, or the ratioR of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended
Data Fig. 1. To represent the result of the fit in a single dimuon
invariant-mass spectrum, the mass distributions of all categories,
weighted according to values of S/(S 1 B), where S is the expected
number of B0

s signals and B is the number of background events under
the B0

s peak in that category, are added together and shown in Fig. 2.
The result of the simultaneous fit is overlaid. An alternative repres-
entation of the fit to the dimuon invariant-mass distribution for the six
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Figure 2 | Weighted distribution of the dimuon invariant mass, mm1m2, for
all categories. Superimposed on the data points in black are the combined fit
(solid blue line) and its components: the B0

s (yellow shaded area) and B0 (light-
blue shaded area) signal components; the combinatorial background (dash-
dotted green line); the sum of the semi-leptonic backgrounds (dotted salmon

line); and the peaking backgrounds (dashed violet line). The horizontal bar on
each histogram point denotes the size of the binning, while the vertical bar
denotes the 68% confidence interval. See main text for details on the weighting
procedure.

7 0 | N A T U R E | V O L 5 2 2 | 4 J U N E 2 0 1 5

RESEARCH LETTER

G2015 Macmillan Publishers Limited. All rights reserved

In addition to the combinatorial background, specific b-hadron
decays, such as B0 R p2m1n where the neutrino cannot be detected
and the charged pion is misidentified as a muon, or B0 R p0m1m2,
where the neutral pion in the decay is not reconstructed, can mimic the
dimuon decay of the B0

(s) mesons. The invariant mass of the recon-
structed dimuon candidate for these processes (semi-leptonic back-
ground) is usually smaller than the mass of the B0

s or B0 meson because
the neutrino or another particle is not detected. There is also a back-
ground component from hadronic two-body B0

(s) decays (peaking
background) as B0 R K1 p2, when both hadrons from the decay are
misidentified as muons. These misidentified decays can produce peaks
in the dimuon invariant-mass spectrum near the expected signal,
especially for the B0 R m1m2 decay. Particle identification algorithms
are used to minimize the probability that pions and kaons are mis-
identified as muons, and thus suppress these background sources.
Excellent mass resolution is mandatory for distinguishing between
B0 and B0

s mesons with a mass difference of about 87 MeV/c2 and
for separating them from backgrounds. The mass resolution for
B0

s?mzm{ decays in CMS ranges from 32 to 75 MeV/c2, depending
on the direction of the muons relative to the beam axis, while LHCb
achieves a uniform mass resolution of about 25 MeV/c2.

The CMS and LHCb data are combined by fitting a common value for
each branching fraction to the data from both experiments. The branch-
ing fractions are determined from the observed numbers, efficiency-
corrected, of B0

(s) mesons that decay into two muons and the total
numbers of B0

(s) mesons produced. Both experiments derive the latter
from the number of observed B1 R J/y K1 decays, whose branching
fraction has been precisely measured elsewhere14. Assuming equal rates
for B1 and B0 production, this gives the normalization for B0 R m1m2.
To derive the number of B0

s mesons from this B1 decay mode, the ratio
of b quarks that form (hadronize into) B1 mesons to those that form B0

s
mesons is also needed. Measurements of this ratio27,28, for which there is
additional discussion in Methods, and of the branching fraction
B(B1 R J/y K1) are used to normalize both sets of data and are con-
strained within Gaussian uncertainties in the fit. The use of these two
results by both CMS and LHCb is the only significant source of correla-
tion between their individual branching fraction measurements. The
combined fit takes advantage of the larger data sample to increase the
precision while properly accounting for the correlation.

In the simultaneous fit to both the CMS and LHCb data, the branch-
ing fractions of the two signal channels are common parameters of
interest and are free to vary. Other parameters in the fit are considered
as nuisance parameters. Those for which additional knowledge is
available are constrained to be near their estimated values by using
Gaussian penalties with their estimated uncertainties while the others
are free to float in the fit. The ratio of the hadronization probability
into B1 and B0

s mesons and the branching fraction of the normaliza-
tion channel B1 R J/y K1 are common, constrained parameters.
Candidate decays are categorized according to whether they were
detected in CMS or LHCb and to the value of the relevant BDT dis-
criminant. In the case of CMS, they are further categorized according
to the data-taking period, and, because of the large variation in mass
resolution with angle, whether the muons are both produced at large
angles relative to the proton beams (central-region) or at least one
muon is emitted at small angle relative to the beams (forward-region).
An unbinned extended maximum likelihood fit to the dimuon invari-
ant-mass distribution, in a region of about 6500 MeV/c2 around the
B0

s mass, is performed simultaneously in all categories (12 categories
from CMS and eight from LHCb). Likelihood contours in the plane of
the parameters of interest, B(B0 R m1m2) versus B(B0

s?mzm{), are
obtained by constructing the test statistic 22DlnL from the difference
in log-likelihood (lnL) values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branch-
ing fractions, a one-dimensional profile likelihood scan is likewise
obtained by fixing only the single parameter of interest and allowing
the other to vary during the fits. Additional fits are performed where
the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B0

(s)
SM:B(B0

(s)?mzm{)=

B(B0
(s)?mzm{)SM, or the ratioR of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended
Data Fig. 1. To represent the result of the fit in a single dimuon
invariant-mass spectrum, the mass distributions of all categories,
weighted according to values of S/(S 1 B), where S is the expected
number of B0

s signals and B is the number of background events under
the B0

s peak in that category, are added together and shown in Fig. 2.
The result of the simultaneous fit is overlaid. An alternative repres-
entation of the fit to the dimuon invariant-mass distribution for the six
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Figure 2 | Weighted distribution of the dimuon invariant mass, mm1m2, for
all categories. Superimposed on the data points in black are the combined fit
(solid blue line) and its components: the B0

s (yellow shaded area) and B0 (light-
blue shaded area) signal components; the combinatorial background (dash-
dotted green line); the sum of the semi-leptonic backgrounds (dotted salmon

line); and the peaking backgrounds (dashed violet line). The horizontal bar on
each histogram point denotes the size of the binning, while the vertical bar
denotes the 68% confidence interval. See main text for details on the weighting
procedure.
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Extended Data Figure 6 | Likelihood contours for the ratios of the
branching fractions with respect to their SM prediction, in the SB0

SM versus
SB0

s
SM plane. a, The (black) cross marks the central value returned by the fit.

The SM point is shown as the (red) square located, by construction,
atSB0

SM~SB0
s

SM~1. Each contour encloses a region approximately corresponding
to the reported confidence level. The SM branching fractions are assumed

uncorrelated to each other, and their uncertainties are accounted for in the
likelihood contours. b, c, Variations of the test statistic 22DlnL for SB0

s
SM and

SB0

SM are shown in b and c, respectively. The SM is represented by the (red)
vertical lines. The dark and light (cyan) areas define the 61s and 62s
confidence intervals, respectively.
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dimensional hypothesis tests. Finally, the fit for the ratio of branching
fractions yieldsR~0:14z0:08

{0:06,
level. The one-dimensional likelihood scan for this parameter is
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Search for supersymmetry in pp collisions at
p

s = 13 TeV
in the single-lepton final state using the sum of masses of

large-radius jets
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Abstract

Results are reported from a search for supersymmetric particles in proton-proton col-
lisions in the final state with a single, high transverse momentum lepton; multiple
jets, including at least one b-tagged jet; and large missing transverse momentum.
The data sample corresponds to an integrated luminosity of 2.3 fb�1 at

p
s = 13 TeV,

recorded by the CMS experiment at the LHC. The search focuses on processes leading
to high jet multiplicities, such as gluino pair production with g̃ ! tt c̃0

1. The quantity
MJ , defined as the sum of the masses of the large-radius jets in the event, is used in
conjunction with other kinematic variables to provide discrimination between signal
and background and as a key part of the background estimation method. The ob-
served event yields in the signal regions in data are consistent with those expected
for standard model backgrounds, estimated from control regions in data. Exclusion
limits are obtained for a simplified model corresponding to gluino pair production
with three-body decays into top quarks and neutralinos. Gluinos with a mass be-
low 1600 GeV are excluded at a 95% confidence level for scenarios with low c̃0

1 mass,
and neutralinos with a mass below 800 GeV are excluded for a gluino mass of about
1300 GeV. For models with two-body gluino decays producing on-shell top squarks,
the excluded region is only weakly sensitive to the top squark mass.
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⇤See Appendix A for the list of collaboration members

ar
X

iv
:1

60
5.

04
60

8v
1 

 [h
ep

-e
x]

  1
5 

M
ay

 2
01

6

http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
http://arxiv.org/abs/1604.04263v1


๏ General strategy: 
‣ Good quality displaced di-muons 
‣ p(µµ) pointing back to primary vertex 
‣ MVA selection using kinematic and geometric features 
‣ Fit to m(µµ) in bins of MVA to maximise sensitivity 
‣ Normalisation: B+→ J/ψ K+ (LHCb uses also B0→ K+π−) 
‣ Extraction of fs/fd from control channels

8

B(s)→µµ at the LHC
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Study of the rare decays of B0s and B
0 into muon pairs from data

collected during the LHC Run 1 with the ATLAS detector

The ATLAS Collaboration

Abstract

A study of the decays B0 → µ+µ− and B0
s → µ+µ− has been performed using data corres-

ponding to an integrated luminosity of 25 fb−1 of 7 TeV and 8 TeV proton–proton collisions
collected with the ATLAS detector during the LHC Run 1. For B0, an upper limit on the
branching fraction is set at B(B0 → µ+µ−) < 4.2 × 10−10 at 95% confidence level. For B0

s ,
the branching fraction B(B0

s → µ
+µ−) =

!

0.9+1.1
−0.8

"

× 10−9 is measured. The results are con-
sistent with the Standard Model expectation with a p-value of 4.8%, corresponding to 2.0
standard deviations.

c⃝ 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Search for supersymmetry in pp collisions at
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s = 13 TeV
in the single-lepton final state using the sum of masses of

large-radius jets

The CMS Collaboration⇤

Abstract

Results are reported from a search for supersymmetric particles in proton-proton col-
lisions in the final state with a single, high transverse momentum lepton; multiple
jets, including at least one b-tagged jet; and large missing transverse momentum.
The data sample corresponds to an integrated luminosity of 2.3 fb�1 at

p
s = 13 TeV,

recorded by the CMS experiment at the LHC. The search focuses on processes leading
to high jet multiplicities, such as gluino pair production with g̃ ! tt c̃0

1. The quantity
MJ , defined as the sum of the masses of the large-radius jets in the event, is used in
conjunction with other kinematic variables to provide discrimination between signal
and background and as a key part of the background estimation method. The ob-
served event yields in the signal regions in data are consistent with those expected
for standard model backgrounds, estimated from control regions in data. Exclusion
limits are obtained for a simplified model corresponding to gluino pair production
with three-body decays into top quarks and neutralinos. Gluinos with a mass be-
low 1600 GeV are excluded at a 95% confidence level for scenarios with low c̃0

1 mass,
and neutralinos with a mass below 800 GeV are excluded for a gluino mass of about
1300 GeV. For models with two-body gluino decays producing on-shell top squarks,
the excluded region is only weakly sensitive to the top squark mass.

Submitted to the Journal of High Energy Physics
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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the three intervals of continuum-BDT
output. Superimposed is the result of the maximum-likelihood fit, obtained imposing the boundary of non-negative
signal contributions. The total fit is shown as a black continuous line, the filled area corresponds to the observed
signal component, the blue dashed line to the SS+SV background, and the green dashed line to the combinatorial
background.

The normalisation terms include external inputs for the B+ branching fraction and the relative hadron-
isation probability. The first is obtained from world averages [23] as the product of B(B+ → J/ψK+) =
(1.027±0.031)×10−3 and B(J/ψ→ µ+µ−) = (5.961±0.033)%. The second is equal to one for B0, while
for B0s it is taken from the ATLAS measurement fs/ fd = 0.240 ± 0.020 [37], assuming fu/ fd = 1 [32].

The efficiency- and luminosity-weighted number of events for the normalisation channel enters in Eq. (1)
with the denominatorDnorm (Eq. (2)). The valuesDnorm = (2.88±0.17)×106 for B0s and (2.77±0.16)×106
for B0 are obtained using Tables 3 and 4 for each category, together with the combined uncertainty from
Table 5, and including the +4% correction to the B0s → µ+µ− efficiency due to the lifetime difference
between Bs,H and B0s .

23

๏ Mass resolution (separation of bkg and Bd - Bs): 
‣ LHCb has the best: 25 MeV/c2 in whole accept. 
‣ CMS better than ATLAS (depends on η) 

๏ Luminosity:  
‣ 3 fb-1 for LHCb 
‣ 25 fb-1 for ATLAS/CMS 

๏ Trigger on muons pT: 
‣ LHCb: single muon pT > 1.5 GeV/c 
‣ CMS: two muons with pT > 4(3) GeV/c.  
‣ ATLAS two muon triggers with  

generally somewhat higher pT

9

B(s)→µµ in LHC Run 1    

]2
c [MeV/−

µ+µ
m

5000 5500

)
2

c
C

an
d
id

at
es

 /
 (

4
4
 M

eV
/

0

2

4

6

8

10

12

14

16

LHCb

BDT>0.7
-13 fb

Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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Figure 2: Left, scan of the ratio of the joint likelihood for B(B0
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filed together with other nuisance parameters; the significance at which the background-only
hypothesis is rejected is also shown. Right, observed and expected CLS for B0 ! µ+µ� as a
function of the assumed branching fraction.
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Figure 3: Plots illustrating the combination of all categories used in the categorized-BDT
method (left) and the 1D-BDT method (right). For these plots, the individual categories are
weighted with S/(S + B), where S (B) is the signal (background) determined at the B0

s peak
position. The overall normalization is set such that the fitted B0

s signal corresponds to the total
yield of the individual contributions. These distributions are for illustrative purposes only and
were not used in obtaining the final results.
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Study of the rare decays of B0s and B
0 into muon pairs from data

collected during the LHC Run 1 with the ATLAS detector

The ATLAS Collaboration

Abstract

A study of the decays B0 → µ+µ− and B0
s → µ+µ− has been performed using data corres-

ponding to an integrated luminosity of 25 fb−1 of 7 TeV and 8 TeV proton–proton collisions
collected with the ATLAS detector during the LHC Run 1. For B0, an upper limit on the
branching fraction is set at B(B0 → µ+µ−) < 4.2 × 10−10 at 95% confidence level. For B0

s ,
the branching fraction B(B0

s → µ
+µ−) =

!

0.9+1.1
−0.8

"

× 10−9 is measured. The results are con-
sistent with the Standard Model expectation with a p-value of 4.8%, corresponding to 2.0
standard deviations.
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in the single-lepton final state using the sum of masses of

large-radius jets

The CMS Collaboration⇤

Abstract

Results are reported from a search for supersymmetric particles in proton-proton col-
lisions in the final state with a single, high transverse momentum lepton; multiple
jets, including at least one b-tagged jet; and large missing transverse momentum.
The data sample corresponds to an integrated luminosity of 2.3 fb�1 at

p
s = 13 TeV,

recorded by the CMS experiment at the LHC. The search focuses on processes leading
to high jet multiplicities, such as gluino pair production with g̃ ! tt c̃0

1. The quantity
MJ , defined as the sum of the masses of the large-radius jets in the event, is used in
conjunction with other kinematic variables to provide discrimination between signal
and background and as a key part of the background estimation method. The ob-
served event yields in the signal regions in data are consistent with those expected
for standard model backgrounds, estimated from control regions in data. Exclusion
limits are obtained for a simplified model corresponding to gluino pair production
with three-body decays into top quarks and neutralinos. Gluinos with a mass be-
low 1600 GeV are excluded at a 95% confidence level for scenarios with low c̃0

1 mass,
and neutralinos with a mass below 800 GeV are excluded for a gluino mass of about
1300 GeV. For models with two-body gluino decays producing on-shell top squarks,
the excluded region is only weakly sensitive to the top squark mass.
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B(s)→µµ backgrounds

๏ Mass continuum: 
‣ Combinatorial background  

(mainly muons from the two b’s) 

๏ Below B mass: 
‣ Semi-leptonic with hadron mis-id: 

Bs→K−µ+ν, B0→π−µ+ν, Λb→pµ−ν 
‣ Rare penguins: B0,+→ π 0,+µ+µ−,… 
‣ Double semilept: b → cμν → s(d)μμνν  

๏ Peaking background: 
‣ B(s)→ hʹ+h−  with double mis-id

10

B(s)→µµ: analysis strategy 

B.Sciascia INFN  -Very rare B decays-  FPCP, Marseille 27 May 2014 10 

B

µ+

µ-
Strategy very similar for the LHC experiments. 

 - Loose pre-selection: 
    Pairs of opposite charged muons 
    Vertex displaced with respect to primary vertex 
    Many quality requirements 

 - Normalization to B+→J/ψ K+  
    (also Bd →K-π+ for LHCb) 

 - Blind analysis (fully defined without looking at 
the events in the signal region) 

 -  Multivariate and 2D classification 

 - Results: unbinned maximum likelihood (UML) 
fit in case of signal, CLs method for the limits.  

B

µ+

µ-

B

B(s)→µµ: backgrounds 

B.Sciascia INFN  -Very rare B decays-  FPCP, Marseille 27 May 2014 11 

Semileptonic 

B→π�µ+ν 

Bs→K�µ+ν 

Λb→pµ+ν 

B+
c→J/ψµ+ν 

Bs→D�s(→µ-ν)µ+ν 

Rare 
B+(0)→π+(0)µ+µ- 

B(s)→µ+µ-γ 

Combinatorial: good muons, bad pointing, bad 
isolation, random mass, high yield (109 × signal) 

“Double misID”: bad muons, good pointing, 
good isolation, peaking mass (103 × signal) 

Exclusive: (good) muons, bad isolation, peaking 
but lower yield, low yield (20 × signal)  

B

µ+

µ-π 

Κ B

µ+

µ-

B

B(s)→µµ: backgrounds 

B.Sciascia INFN  -Very rare B decays-  FPCP, Marseille 27 May 2014 11 

Semileptonic 

B→π�µ+ν 

Bs→K�µ+ν 

Λb→pµ+ν 

B+
c→J/ψµ+ν 

Bs→D�s(→µ-ν)µ+ν 

Rare 
B+(0)→π+(0)µ+µ- 

B(s)→µ+µ-γ 

Combinatorial: good muons, bad pointing, bad 
isolation, random mass, high yield (109 × signal) 

“Double misID”: bad muons, good pointing, 
good isolation, peaking mass (103 × signal) 

Exclusive: (good) muons, bad isolation, peaking 
but lower yield, low yield (20 × signal)  

B

µ+

µ-π 

Κ 

X

µ±(h±)

 µ∓ 

 µ+ 

 µ- 



ATLAS selection
๏ ATLAS used a double MVA selection (with Boosted Decision Trees): 

๏ a BDT to reduce peaking background B(s)→ hʹ+h− 

‣ based on tracking ID, muon spectrometer and calorimeter info 
‣ trained on MC and validated on data 

‣ rejection 7✕  larger than first paper (𝜖sig = 90% ) 

๏ a BDT to reduce combinatorial 
‣ based on kinematic, geometry and isolation 
‣ trained on MC samples of b/c quarks decay chains 

‣ cut with 𝜖sig=54% and background rejection 103 

‣ Mass fit in 3 bins of BDT: same strategy as LHCb/CMS

11
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Abstract

A study of the decays B0 → µ+µ− and B0
s → µ+µ− has been performed using data corres-

ponding to an integrated luminosity of 25 fb−1 of 7 TeV and 8 TeV proton–proton collisions
collected with the ATLAS detector during the LHC Run 1. For B0, an upper limit on the
branching fraction is set at B(B0 → µ+µ−) < 4.2 × 10−10 at 95% confidence level. For B0

s ,
the branching fraction B(B0

s → µ
+µ−) =

!

0.9+1.1
−0.8

"

× 10−9 is measured. The results are con-
sistent with the Standard Model expectation with a p-value of 4.8%, corresponding to 2.0
standard deviations.
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Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.



Mass fit in BDT bins

12

Extended Data Figure 1 | Distribution of the dimuon invariant mass mm1m2

in each of the 20 categories. Superimposed on the data points in black are the
combined fit (solid blue) and its components: the B0

s (yellow shaded) and B0

(light-blue shaded) signal components; the combinatorial background (dash-
dotted green); the sum of the semi-leptonic backgrounds (dotted salmon); and
the peaking backgrounds (dashed violet). The categories are defined by the

range of BDT values for LHCb, and for CMS, by centre-of-mass energy, by the
region of the detector in which the muons are detected, and by the range of BDT
values. Categories for which both muons are detected in the central region of
the CMS detector are denoted with CR, those for which at least one muon was
detected into the forward region with FR.
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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the three intervals of continuum-BDT
output. Superimposed is the result of the maximum-likelihood fit, obtained imposing the boundary of non-negative
signal contributions. The total fit is shown as a black continuous line, the filled area corresponds to the observed
signal component, the blue dashed line to the SS+SV background, and the green dashed line to the combinatorial
background.

The normalisation terms include external inputs for the B+ branching fraction and the relative hadron-
isation probability. The first is obtained from world averages [23] as the product of B(B+ → J/ψK+) =
(1.027±0.031)×10−3 and B(J/ψ→ µ+µ−) = (5.961±0.033)%. The second is equal to one for B0, while
for B0s it is taken from the ATLAS measurement fs/ fd = 0.240 ± 0.020 [37], assuming fu/ fd = 1 [32].

The efficiency- and luminosity-weighted number of events for the normalisation channel enters in Eq. (1)
with the denominatorDnorm (Eq. (2)). The valuesDnorm = (2.88±0.17)×106 for B0s and (2.77±0.16)×106
for B0 are obtained using Tables 3 and 4 for each category, together with the combined uncertainty from
Table 5, and including the +4% correction to the B0s → µ+µ− efficiency due to the lifetime difference
between Bs,H and B0s .
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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the three intervals of continuum-BDT
output. Superimposed is the result of the maximum-likelihood fit, obtained imposing the boundary of non-negative
signal contributions. The total fit is shown as a black continuous line, the filled area corresponds to the observed
signal component, the blue dashed line to the SS+SV background, and the green dashed line to the combinatorial
background.

The normalisation terms include external inputs for the B+ branching fraction and the relative hadron-
isation probability. The first is obtained from world averages [23] as the product of B(B+ → J/ψK+) =
(1.027±0.031)×10−3 and B(J/ψ→ µ+µ−) = (5.961±0.033)%. The second is equal to one for B0, while
for B0s it is taken from the ATLAS measurement fs/ fd = 0.240 ± 0.020 [37], assuming fu/ fd = 1 [32].

The efficiency- and luminosity-weighted number of events for the normalisation channel enters in Eq. (1)
with the denominatorDnorm (Eq. (2)). The valuesDnorm = (2.88±0.17)×106 for B0s and (2.77±0.16)×106
for B0 are obtained using Tables 3 and 4 for each category, together with the combined uncertainty from
Table 5, and including the +4% correction to the B0s → µ+µ− efficiency due to the lifetime difference
between Bs,H and B0s .
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๏ Simultaneous unbinned 
mass fit in BDT bins 
‣ whole stat power 
‣ handle on background 

๏ For CMS+LHCb  
‣ combine all bins in 

same fitter with 
shared parameters 

‣ more stability and 
reliability

Example: 8 BDT categories in LHCb:

Example: 3 BDT categories in ATLAS:

[ArXiv:1604.04263]

[PRL 111(2013)101805]

http://arxiv.org/abs/1604.04263v1
https://inspirehep.net/record/1243424?ln=en


fs/fd  for Bs→µµ

๏ Normalising Bs→µµ to Bu→ J/ψ K
+ 

(or Bd→ K
+
π
−
) 

‣ Need probability that a b-quark is bound to 
either an s- or a d/u-quark 

๏ LHCb measured it with semi-leptonic decays to 
avoid model dependence [LHCb-CONF-2013-011] 

๏ CMS used LHCb result with additional systematic 
to account for possible pT dependence 

๏ ATLAS recently measured it [PRL 115(2015)26] 
‣ Using Bd→ J/ψ K*

 
and Bs→ J/ψ φ 

‣ pQCD calculation of BF ratio [PRD 89(2014)9]  
‣ pT range adapted to its Bs→µµ analysis
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Figure 2: (Left) Measurements of fs/ fd versus B meson pT for CDF [7], LHCb [8] and ATLAS, where the ATLAS
data points are plotted at the average pT of the events in each bin. The error bars show statistical and systematic
errors added in quadrature. The LEP ratio, taken from Ref. [6], is plotted at an average pT value in Z decays. (Right)
Measurements of fs/ fd (black and blue points with error bars) from LEP [6], CDF [6], LHCb [8, 9] and ATLAS.
The total experimental error (thin black) is added linearly to the theory error (thick red). The green-shaded region
shows the HFAG average obtained using the blue points.
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ATLAS sensitivity
๏ ATLAS sensitivity compared: 
‣ Single-event sensitivities very similar to LHCb 

‣ about same number of expected  signal events 

‣ Expected ATLAS sensitivity for SM Bs is 3.1σ 
‣ It is 5.0σ(4.8σ) for LHCb (CMS) 

๏ ATLAS demonstrated it can play an important role 
‣ before the LHC the upper limit on Bs was one order of 

magnitude larger than the SM

14

The combination of B branching fraction, hadronisation probabilities and
sensitivity, is equal to (8.9 ± 1.0) × 10−11 for B0s → µ+µ− and (2branching fraction, hadronisation probabilities and Dnorm, i.e. the single-event

and (2.21 ± 0.15) × 10−11 for B0 → µ+µ−.
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Abstract

A study of the decays B0 → µ+µ− and B0
s → µ+µ− has been performed using data corres-

ponding to an integrated luminosity of 25 fb−1 of 7 TeV and 8 TeV proton–proton collisions
collected with the ATLAS detector during the LHC Run 1. For B0, an upper limit on the
branching fraction is set at B(B0 → µ+µ−) < 4.2 × 10−10 at 95% confidence level. For B0

s ,
the branching fraction B(B0

s → µ
+µ−) =

!

0.9+1.1
−0.8

"

× 10−9 is measured. The results are con-
sistent with the Standard Model expectation with a p-value of 4.8%, corresponding to 2.0
standard deviations.
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Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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๏ Result for Bs: 
 
 (syst component is ±0.3) 

๏ Result for B
0
: 

 
 at 95% conf. level 

๏ Result is compatible with 
 SM at 2.0σ (p=4.8%)

 

an upper limit B(B0 → µ+µ−) < 4.2 × 10−10 is placed at the 95% confidence level, based on the
method. The limit is compatible with the predictions based o

the result is B(B0s → µ+µ−) =
!

0.9+1.1−0.8
"

× 10−9, where the errors include both the statistical and
systematic uncertainties. An upper limit (B0 + −

No error: limit at 90% CL

[nature:522(2015)68]
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Other very rare decays
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๏ B(s)→µµµµ (non resonant) is very 
suppressed in the SM 
‣ B(s)→µµɣ(µµ) is less than 10-10  

๏ Significant enhancement can occur in 
MSSM through sgoldstinos P, S 

๏  HyperCP evidence for Σ+→pµµ 
‣ all 3 events at  

m(µµ)=214.3(5) MeV/c2 

‣ suggests intermediated state 
Σ+→pP0(µµ)

B(s)→µµµµ at LHCb

magnet has a bending power of about 4 Tm. The combined
tracking system has a momentum resolution !p=p that
varies from 0.4% at momenta of 5 GeV=c to 0.6% at
100 GeV=c. The impact parameter (IP) resolution is
20 !m for tracks with high transverse momentum (pT).
Charged particles are identified using two ring-imaging
Čerenkov detectors. Photon, electron and hadron candi-
dates are identified by a calorimeter system consisting of
scintillating-pad and preshower detectors, an electromag-
netic calorimeter and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers.

The trigger consists of a hardware stage, based on infor-
mation from the calorimeter and muon systems, followed
by a software stage that performs a full event reconstruc-
tion. Events are selected by the single-muon, dimuon, and
generic b-hadron triggers described in Ref. [8].

Simulated events are generated using PYTHIA 6.4 [9]
configured with the parameters detailed in Ref. [10].
Final state QED radiative corrections are included using
the PHOTOS package [11]. The EVTGEN [12] and GEANT4

[13,14] packages are used to generate hadron decays and
simulate interactions in the detector, respectively.

Signal B0
ðsÞ ! !þ!$!þ!$ candidates are selected by

applying cuts on the final state muons and the recon-
structed B0

ðsÞ meson. Each final state muon candidate track

is required to be matched with hits in the muon system
[15]. The muon candidates are required to have particle
identification (PID) criteria consistent with those of a
muon and not those of a kaon or pion. This is determined
by calculating an overall event likelihood for the distribu-
tion of Čerenkov photons detected by the ring-imaging
Čerenkov system being consistent with a given particle
hypothesis. To assess a particle hypotheses the difference
between the logarithm of its likelihood and the pion
hypothesis likelihood (DLL) is computed. Each muon
candidate is required to have DLLðK$"Þ<0 and
DLLð!$ "Þ> 0. The PID selection criteria yield a
muon selection efficiency of 78.5%, the corresponding
efficiency for mis-identifying a pion (kaon) as a muon is

1.4% (< 0:1%). All muon candidates are required to have a
track fit #2 per degree of freedom of less than 5. Selection
criteria are applied on the consistency of the muons to
originate from a secondary vertex rather than a primary
vertex. The muons are each required to have the difference
between the #2 of the primary vertex formed with and
without the considered tracks, #2

IP, to be greater than 16.
The B0

ðsÞ candidates are formed from two pairs of oppo-

sitely charged muons. The B0
ðsÞ decay vertex #2 is required

to be less than 30 to ensure that the four muons originate
from a single vertex. In addition, the reconstructed B0

ðsÞ
meson is required to have a #2

IP less than 9 and hence be
consistent with originating from a primary vertex.
The B0

ðsÞ candidates are divided into two samples

according to the invariant mass of the muon pairs. Signal
nonresonant candidates are required to have all four!þ!$

invariant mass combinations outside the respective $
and J=c mass windows of 950–1090 MeV=c2 and
3000–3200 MeV=c2. The four-muon mass resolution is
estimated by the simulation to be around 19 MeV=c2 for
both B0 and B0

s decay modes. The signal candidates are
selected in a four-muon invariant mass window of
%40 MeV=c2 around the world average B0

ðsÞ mass [5].

Candidate B0
s ! J=c$ decays are used to optimize the

selection criteria described above. The B0
s ! J=c$ can-

didates are selected by requiring the invariant mass of one
muon pair to be within the $ mass window and that of the
other pair to be within the J=c mass window.
The selection criteria are chosen by applying initial cut

values that select generic B meson decays. These values
are then further optimized using B0

s ! J=c$ candidates.
After applying the selection, seven B0

s ! J=c$ candi-
dates are observed in the signal sample. This is consistent
with the expected B0

s ! J=c$ yield, 5:5% 2:3, calculated
by normalizing to the B0 ! J=cK&0 decay mode.
The dominant B0

ðsÞ ! !þ!$!þ!$ background is com-

binatorial, where a candidate B0
ðsÞ vertex is constructed

from four muons that did not originate from a single B0
ðsÞ

meson. Sources of peaking background are estimated to be

FIG. 1. Feynman diagrams for the B0
s ! !þ!$!þ!$ and B0 ! !þ!$!þ!$ decays, via (a) the resonant B0

s ! J=c$ SM
channel, (b) the nonresonant SM channel, and (c) the supersymmetric channel. The latter is propagated by scalar S and pseudoscalar P
sgoldstino sfermions.
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sgoldstino sfermions.
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The basic selection cuts discussed below were applied to
the !!

p!! event candidates. Each event was required to
have a track in each muon station and a higher-momentum
track (the proton candidate) with the same charge sign as
the secondary beam. The total momentum of the three
tracks had to be within the range 120 to 240 GeV=c. The
!! trajectory had to extrapolate to within 3.5 mm ( " 3")
of the center of the target, where the nominal target posi-
tion was determined using well-reconstructed K! !
#!#!## decays and the extrapolation resolution was
determined from a Monte Carlo (MC) simulation of
!!

p!! decays. The decay vertex of the three tracks was
calculated by the method of distance of closest approach
(DCA), and the z coordinate of the vertex zv was required
to be more than 68 cm downstream of the entrance of the
vacuum decay region and more than 32 cm upstream of its
exit. The average distance between pairs of tracks in the
x-y plane at zv was required to be less than 0.25 mm. The
hits in the multiwire proportional chambers upstream of
the analyzing magnets were refit with a constraint that they
share a common vertex. The resulting $2=ndf was re-
quired to be less than 1.5.

After imposition of the above cuts, three candidate !!
p!!

events were observed in the positive-secondary-beam data
with masses (Mp!!) within 1" (1 MeV=c2) of the !!

mass, as shown in Fig. 3(a) and 3(b). No other events
were found within " 20 MeV=c2 of the !! mass.

The signal events were verified by applying two addi-
tional cuts that removed almost all of the higher-mass
background events without affecting the three signal
events. The first cut required that the ratio of the proton
momentum to the summed three-track momentum be
larger than 0.68, as MC simulations showed that this cut
preserved 100% of the signal while removing most of the
K! decay background. The second cut removed events
whose mass was within $10 MeV=c2 (3") of the K!

mass when calculated using the #!!!!# decay hypothe-
sis to reject K! ! #!!!!# decays. The resulting
p!!!# invariant mass distribution is shown in Fig. 3(c).

Possible background sources were extensively studied,
using both MC and data. Typically 100 times as many MC

events as would be expected for each potential background
source were generated.

Other positively-charged hyperon decays, "! !
##! ! p#!#! and $! ! #K! ! p#!K!, were not
significant backgrounds as decays in flight of the daughter
#! or K! would produce muons of only one polarity, and
the probability of misidentifying the sign of the charge of
any of the decay daughters was negligibly small.
Contributions from charged kaon decays such as K! !
#!#!##, K! ! #!##!!%!, K! ! #!!!!#, and
K! ! !!!!!#%! were estimated using MC simulations
allowing in-flight decay of pions, and found to be negli-
gible. Muon pair production by photon conversion in ma-
terial inside the vacuum decay region was studied using
MC simulation for K! ! #!#0;#0 ! &&, K! ! #!&&,
!! ! p&, and !! ! p#0;#0 ! && decays. Such
sources of background were also found to be negligible.

In addition, we used real data to investigate possible
backgrounds otherwise missed, including the unlike-sign
dimuon sample from the negative-secondary-beam data, as
well as a sample of events (single-muon sample) for which
only one muon track was required in either the left or right
muon station. For the single-muon sample, both the posi-
tive- and negative-secondary-beam data were included,
and the non-muon track was required to be within the
fiducial volume of the appropriate muon station. For the
positive-secondary-beam data, the single-muon sample
was one order of magnitude larger than the unlike-sign
dimuon sample. These background studies showed that
after cuts none of these sources contributed in the
p!!!# invariant-mass region below 1200 MeV=c2.
Finally, we relaxed each cut to increase the background
level shown in Fig. 3(c) by an order of magnitude.
However, there still were no background events within
8 MeV=c2 of the !! mass.

FIG. 3. Mp!! distribution for the positive-secondary-beam
data, (a) after the standard cuts, (b) within $15 MeV=c2 of
the !! mass, and (c) after the additional cuts. The arrow
represents the !! mass.

FIG. 2. Plan view of the HyperCP spectrometer.
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Figure 4(a) compares the dimuon mass distribution of
the three signal candidates with that expected in the SM
with the form factors described below. The reconstructed
dimuon masses for the three candidates, 214.7, 214.3, and
213:7 MeV=c2, all lie within the expected dimuon mass
resolution of ! 0:5 MeV=c2. The dimuon mass distribu-
tion for !"

p!! decays is expected to be broad unless the
form factor has a pole in the kinematically allowed range
of dimuon mass.

The expected SM distribution was used to estimate the
probability that the dimuon masses of the three signal
candidates be within 1 MeV=c2 of each other anywhere
within the kinematically allowed range. The probability is
0.8% for the form-factor decay model and 0.7% for the
uniform phase-space decay model. The unexpectedly nar-
row dimuon mass distribution suggests a two-body decay,
!" ! pP0; P0 ! !"!# (!"

pP!!), where P0 is an un-
known particle with mass 214:3$ 0:5 MeV=c2. The di-
muon mass distribution for the three signal candidates is
compared with MC !"

pP!! decays in Fig. 4(b), and good
agreement is found. Distributions of hit positions and
momenta of the proton, !", and !# of the three candidate
events were compared with MC distributions, and were
found to be consistent with both decay hypotheses.

To extract the !"
p!! branching ratio, the !" !

p"0;"0 ! e"e## (!"
pee#) decay was used as the normal-

ization mode, where the # was not detected. (HyperCP had
no # detectors.) The trigger for the !"

pee# events was the
Left-Right trigger prescaled by 100. The proton and two
unlike-sign electrons were required to come from a single
vertex, as were the three tracks of the signal mode.

The proton was selected to be the positively-charged
track with the greatest momentum, and the event was
discarded if the proton candidate did not have at least
66% of the total three-track momentum, as determined
by a MC simulation of !"

pee# decays. The reconstructed
mass for the 3" hypothesis was required to be outside
$10 MeV=c2 of the K" mass. The cuts on $2=ndf,
DCA, and the total momentum were the same as for the

signal mode. However, the decay vertex had to be more
than 168 cm downstream of the entrance of the vacuum
decay region and more than 32 cm upstream of its exit.
Since the # momentum was not measured, the x and y
positions of the !" trajectory at the target were determined
using only the three charged tracks, and those positions had
to be consistent with that expected from a MC simulation
of !"

pee# decays. To significantly reduce contamination
from photon-conversion events, the dielectron mass was
required to be between 50 and 100 MeV=c2. After appli-
cation of the above selection criteria, a total of 211 events
remained, as shown in Fig. 5. We performed a binned
maximum-likelihood fit for the mass distributions for
data and three MC samples: !"

pee# decays, K" ! """0,
"0 ! e"e## (K"

"ee#) decays, and uniform background.
From the fit, the number of observed !"

pee# decays was
Nobs

nor % 189:7$ 27:4 events, where the uncertainty is sta-
tistical. To extract the total number of normalization
events, values of &51:57$ 0:30'% and &1:198$ 0:032'%
were used, respectively, for the !" ! p"0 and "0 !
e"e## branching ratios [6].

The kinematic parameters for !" production at the
target were tuned to match the data and MC !"

pee# mo-
mentum distributions. The MC !"

pee# decays were gener-
ated using the decay model in Ref. [7] for "0 ! e"e##
("0

ee#) decays, and the "0 electromagnetic form-factor
parameter a % 0:032$ 0:004 was taken from Ref. [6].
After tuning of the parameters, comparisons of the distri-
butions of the MC events with the data for !"

pee# decays,
the decay vertex positions, momentum spectra, recon-
structed mass, hit positions of each charged particle, etc.
showed good agreement.

In the simulation of the !"
p!! decays, we used the form-

factor model of Bergström et al. [1], although we found
little difference between results using it and a uniform
phase-space decay model. The form-factor model uses

FIG. 4. Real (points) and MC (histogram) dimuon mass dis-
tributions for (a) !"

p!! MC events (arbitrary normalization) with
a form-factor decay (solid histogram) and uniform phase-space
decay (dashed histogram) model, and (b) !"

pP!! MC events
normalized to match the data.

FIG. 5. The reconstructed pe"e# mass distribution for the
normalization mode after all cuts. The histogram is the sum of
MC samples of !"

pee#, K"
"ee# decays and a uniform background,

where the relative amounts of each were determined by a fit, and
the number of MC events was normalized to match the number
of data events. The hatched area shows the main background
source (uniform background).
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๏ Searched at LHCb with 1 fb-1 

๏ Normalised to B0→ J/ψ K* 

๏ Limits at 95%(90%) CL: 
 

๏ Following the model in  
[PRD 85(2012)077701] put limit on:  

๏ LHCb plans to measure also Σ+→pµµ

B(s)→µµµµ at LHCb

negligible, the largest of these is due to B0 ! c ð2SÞ#
ð! !þ!%ÞK&0ð! Kþ"%Þ decays, which has an expected
yield of 0:44' 0:06 events across the entire four-muon
invariant mass range of 4776–5426 MeV=c2.

To evaluate the combinatorial background, a single
exponential probability distribution function (PDF) is
used to fit the events in mass ranges of 4776–5220 and
5426–5966 MeV=c2, where no signal is expected. Extra-
polating the PDF into the B0ðB0

sÞ signal window results in
an expected background of 0:38þ0:23

%0:17 (0:30þ0:22
%0:20) events.

Linear and double exponential fit models give consistent
background yields.

The branching fraction of the B0
ðsÞ ! !þ!%!þ!%

decay is measured relative to that of the normalization
channelB0 ! J=cK&0, this avoids uncertainties associated
with the B0 production cross section and the integrated
luminosity. This normalization channel has the same
topology as the signal channel and two muons as final state
particles. The S-wave component from the nonresonant
decayB0!J=cKþ"% is removed from the present search.
The branching fraction of B0!J=c ð!!þ!%ÞK&0

ð!Kþ"%Þ is calculated as the product of BðB0 !
J=cK&0Þ, with the S-wave component removed [16],
BðK&0 ! Kþ"%Þ andBðJ=c ! !þ!%Þ [5]; the resulting
branching fraction is ð5:10' 0:52Þ # 10%5.

The muon PID and kinematic selection criteria for the
normalization channel are identical to those applied to the
signal channel. In addition to these criteria, the kaon is
required to have its PID consistent with that of a kaon and
not a pion, and vice versa for the pion. This removes B0 !
J=cK&0 candidates where the kaon and pion mass hypo-
theses are exchanged. The K&0ðJ=c Þ meson is selected by
applying a mass window of'100 MeV=c2ð'50 MeV=c2Þ
around the world average invariant mass [5].

There are four main sources of peaking backgrounds for
B0 ! J=cK&0 decays. The first is the decay Bþ!J=cKþ

combined with a pion from elsewhere in the event, which
is removed by applying a veto on candidates with a
Kþ!þ!% invariant mass within '60 MeV=c2 of the
world average Bþ mass [5]. The second arises from B0

s !
J=c# decays, where the # meson decays to two kaons,
one of which is misidentified as a pion. This background is
suppressed with a veto on candidates with a Kþ"% invari-
ant mass, where the pion is assigned a kaon mass hypothe-
sis, within '70 MeV=c2 of the world average # mass [5].
The third source of background is from the decay !B0

s !
J=cK&0, which is included in the Kþ"%!þ!% invariant
mass fit described below. The last source of background
is the S-wave component of the decay mode B0 !
J=cKþ"%; this is discussed later.

The yield of the normalization channel is determined by
fitting the Kþ"%!þ!% invariant mass distribution with a
combination of three PDFs, the B0 ! J=cK&0 and the
!B0
s ! J=cK&0 signal PDFs consist of the sum of a

Gaussian and a Crystal Ball function [17], centered around

the respective world average B0 and B0
s masses and the

background PDF consists of a single exponential. The
resulting fit is shown in Fig. 2. The B0 ! J=cK&0 mass
peak has a Gaussian standard deviation width of 15:9'
0:6 MeV=c2 and contains 31800' 200 candidates.
The branching fraction of the B0

ðsÞ ! !þ!%!þ!%

decay is calculated using

BðB0
ðsÞ ! !þ!%!þ!%Þ ¼ BðB0 ! J=cK&0Þ

# $B0!J=cK&0

$B0
ðsÞ!!þ!%!þ!%

NB0
ðsÞ!!þ!%!þ!%

NB0!J=cK&0

!
fdðsÞ
fd

"%1
%; (1)

where BðB0 ! J=cK&0Þ is the branching fraction of
the normalization channel [5,16] and $B0!J=cK&0 and

$B0
ðsÞ!!þ!%!þ!% are the efficiencies for triggering, recon-

structing, and selecting the normalization and signal chan-
nel events, respectively. The efficiencies are calculated
using simulated events and are cross-checked on data.
The yields of the normalization and signal channels are
NB0!J=cK&0 and NB0

ðsÞ!!þ!%!þ!% , respectively. The relative

production fraction for B0 and B0
ðsÞ mesons, fdðsÞ=fd, is

measured to be fs=fd ¼ 0:256' 0:020 for B0
s decays [18]

and taken as unity for B0 decays. The factor % accounts for
the efficiency-corrected S-wave contribution to the nor-
malisation channel yield; % is calculated to be 1:09' 0:09,
using the technique described in Ref. [19].
The PID components of the selection efficiencies are

determined from data calibration samples of kaons, pions,
and muons. The kaon and pion samples are obtained from
D0 ! K%"þ decays, where the D0 meson is produced via
D&þ ! D0"þ decays. The muon sample is obtained from
Bþ!J=c ð!!þ!%ÞKþ decays. The calibration samples
are divided into bins of momentum, pseudorapidity, and
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FIG. 2 (color online). Invariant mass distribution of
Kþ"%!þ!% candidates. The B0 and !B0

s signal distributions
are shown by short-dashed black and long-dashed red (gray)
lines, respectively. The background shape is denoted by a long-
dashed black line. The total fit result is shown as a solid blue
(black) line. The inset shows the mass distribution centred
around the !B0

s mass.
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BðB0
s ! !þ!#!þ!#Þ< 1:6ð1:2Þ % 10#8;

BðB0 ! !þ!#!þ!#Þ< 6:6ð5:3Þ % 10#9:

BðB0
s ! SPÞ< 1:6ð1:2Þ # 10$8;

BðB0 ! SPÞ< 6:3ð5:1Þ # 10$9:

Normalisation channel

[PRL 110(2013)211801]
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๏ Probe the effects of NP on the coupling of up-type quarks in EW processes  

๏ Very high charm x-section ∼5(2) ✕  1012 D0(D+) with 3 fb-1

M. Borsato - LAL LHCb - Rare decays 4

Rare charm decays
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Rare D decays at LHCb
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(s)

‣ Search for the rare decay D0→µμ 
‣ Search for D+→π+µμ and D+→π—µμ 
‣ Search for D0→π+π—µμ                            
‣ LFV test on ℬ(D0→eμ) < 1.3×10−8 at 90% C.L.  
‣ First observation of the decay D0→K−π+μμ

(s)



Lepton flavour 
(universality) violation

20



๏ LFV decay forbidden in SM, allowed in leptoquarks models 

๏ LHCb measure with 1 fb
-1 

(3 on tape) 
‣ strategy identical to B(s)→µµ 
‣ normalised to B

0
→ K

+
π
− 

‣ Upper limit with CLs method 

‣ LHCb 95% C.L. limits are 20✕ lower than previous  
best (from CDF [PRL 102 201901] ) 
ℬ(Bs→eμ) < 1.4×10

−8
 and  

ℬ(B
0
→eμ) < 3.7×10

−9 

‣ 95% C.L. lower bound on Pati-Salam leptoquark  
are 2✕ higher than CDF 
MLQ(Bs→eμ) > 101  TeV/c

2
  and  

MLQ(B
0
→eμ) > 126  TeV/c

2
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LFV: B(s)→µe
distribution that is compatible with an exponential in the
region ½4:9; 5:9" GeV=c2, and hence are taken into account
by the exponential fit to the mass sidebands.

In the entire BDT and mass range (½4:9; 5:9" GeV=c2),
4:5# 0:7 doubly misidentified B0

ðsÞ ! hþh0' decays are

expected, with (87:9%# 0:1%) lying in the signal mass
interval of ½5:1; 5:5" GeV=c2.

For each BDT bin we count the number of candidates
observed in the signal region, and compare to the expected
number of signal and background events.

The systematic uncertainties in the background and
signal predictions in each bin are computed by varying
the normalization factor, and the mass and BDT shapes
within their Gaussian uncertainties.

The results for the B0
s ! e#!( and B0 ! e#!( decays

are summarized in Table I. In the high BDT range, the
observed number of candidates is in agreement with the
number of expected exclusive backgrounds in the signal
region. The compatibility of the observed distribution of
events with that expected for a given branching fraction
hypothesis is computed with the CLs method [40].

The expected and observed CLs values are shown in
Fig. 1 for the B0

s ! e#!( and B0 ! e#!( channels, as a
function of the assumed branching fraction. The expected
and measured limits for B0

s ! e#!( and B0 ! e#!( at

90% and 95% C.L. are shown in Table II. Note that since
the same events are used to set limits for both B0

s and B0

decays, the results are strongly correlated. The inclusion
of systematic uncertainties increases the expected
B0 ! e#!( and B0

s ! e#!( upper limits by )20%.
The systematic uncertainties are dominated by the uncer-
tainty in the interpolation of the background yields inside
the signal region. The observed limits are )1" below the
expectation due to the lower than expected numbers of
observed events in the fourth and last BDT bins.
In the framework of the Pati-Salam model, the relation

linking the B0
ðsÞ ! e#!( branching fractions and the lep-

toquark mass (MLQ) [10] is

BðB0
ðsÞ ! e#!(Þ ¼ #

$2
SðMLQÞ
M4

LQ

F2
B0
ðsÞ
m3

B0
ðsÞ
R2

%B0
ðsÞ@ ; (2)

where

R ¼
mB0

ðsÞ

mb

!
$SðMLQÞ
$SðmtÞ

"'ð4=7Þ!$SðmtÞ
$SðmbÞ

"'ð12=23Þ
:

The B0 and B0
s masses mB0 and mB0

s
and the average

lifetimes %B0 and %B0
s
are taken from Ref. [32]. The factors

FB0 ¼ 0:190# 0:004 GeV and FB0
s
¼0:227#0:004GeV

are the decay constants of the B0 and B0
s mesons [41],

TABLE I. Expected background (bkg) from the fit to the data sidebands, and expected B0
ðsÞ ! hþh0' ! eþ!' events, compared to

the number of observed events in the mass signal region, in bins of BDT response.

BDT bin 0.0–0.25 0.25–0.4 0.4–0.5 0.5–0.6 0.6–0.7 0.7–0.8 0.8–0.9 0.9–1.0

Expected bkg
(from fit)

2222# 51 80:9þ10:1
'9:4 20:4þ5:0

'4:5 13:2þ3:9
'3:6 2:1þ2:9

'1:4 3:1þ1:9
'1:4 3:1þ1:9

'1:4 1:7þ1:4
'1:0

Expected
B0
ðsÞ ! hþh0' bkg

0:67# 0:12 0:47# 0:09 0:40# 0:08 0:37# 0:06 0:45# 0:08 0:49# 0:08 0:57# 0:09 0:54# 0:12

Observed 2332 90 19 4 3 3 3 1
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FIG. 1 (color online). CLs as a function of the assumed branching fraction for (left) B0
s ! e#!( and (right) B0 ! e#!( decays.

The dashed lines are the medians of the expected CLs distributions if background only was observed. The yellow (green) area covers,
at a given branching fraction, 34% (47.5%) of the expected CLs distribution on each side of its median. The solid black curves are the
observed CLs. The upper limits at 90% (95%) C.L. are indicated by the dotted (solid) vertical lines in blue for the expectation and in
red for the observation.
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LFU tests: RK

๏ Look for BSM sources of LFU violation  
e.g. leptoquarks or a Z' coupling more to µµ 

๏ B
+
→K

+
l l processes involve EW loop 

๏ The exclusive BR bears large theoretical uncertainty 

๏ Hadronic effects cancel-out in the ratio:  
 

๏ Experimental uncertainty can be reduced using a 
double ratio with the resonant J/ψ  channel: 
 
 
 

3 cancel systematics

22



LFU tests: RK

๏ LHCb result with Run 1 data: 
 

‣ 2.6σ  deviation 

๏ Corresponds to effect expected if B→K*µµ 
(BR, P'5) deviations were due to NP in µµ 
only 

๏ Some models can explain also the 4 sigma 
deviation in R(D) and R(D*)
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๏ Electrons: LHCb vs B-factories 
‣ ∼3✕ worse efficiency on dielectrons/dimuons 
‣ Larger bremsstrahlung and hard recovery 
‣ Still LHCb has best sensitivity! 

๏ Future for LHCb: 
‣ more statistics being collected in Run 2 
‣ more channels: RK*, Rφ,  RKππ ,… 

๏ Belle II and LHCb upgrade will reduce the 
error by an order of magnitude

LFU tests: RK
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due to different final-state particle kinematic distributions
in the resonant and nonresonant dilepton mass region.
The dependence of the particle identification on the

kinematic distributions contributes a systematic uncer-
tainty of 0.2% to the value of RK. The efficiency
associated with the hardware trigger on Bþ →
J=ψð→ eþe−ÞKþ and Bþ → Kþeþe− decays depends
strongly on the kinematic properties of the final state
particles and does not entirely cancel in the calculation of
RK , due to different electron and muon trigger thresholds.
The efficiency associated with the hardware trigger is
determined using simulation and is cross-checked using
Bþ → J=ψð→ eþe−ÞKþ and Bþ → J=ψð→ μþμ−ÞKþ

candidates in the data, by comparing candidates triggered
by the kaon or leptons in the hardware trigger to
candidates triggered by other particles in the event.
The largest difference between data and simulation in
the ratio of trigger efficiencies between the Bþ →
Kþlþl− and Bþ → J=ψð→ lþl−ÞKþ decays is at the
level of 3%, which is assigned as a systematic uncertainty
on RK . The veto to remove misidentification of kaons as
electrons contains a similar dependence on the chosen
binning scheme and a systematic uncertainty of 0.6% on
RK is assigned to account for this.
Overall, the efficiency to reconstruct, select, and identify

an electron is around 50% lower than the efficiency for a
muon. The total efficiency in the range 1 < q2 <
6 GeV2=c4 is also lower for Bþ → Kþlþl− decays than
the efficiency for the Bþ → J=ψð→ lþl−ÞKþ decays, due
to the softer lepton momenta in this q2 range.

The ratio of efficiency-corrected yields of Bþ → Kþeþe−

to Bþ → J=ψð→ eþe−ÞKþ is determined separately for
each type of hardware trigger and then combined with the
ratio of efficiency-corrected yields for the muon decays. RK

is measured to have a value of 0.72þ0.09
−0.08ðstatÞ$0.04ðsystÞ,

1.84þ1.15
−0.82ðstatÞ$0.04ðsystÞ, and 0.61þ0.17

−0.07ðstatÞ$0.04ðsystÞ
for dielectron events triggered by electrons, the kaon, or
other particles in the event, respectively. Sources of system-
atic uncertainty are assumed to be uncorrelated and are
added in quadrature. Combining these three independent
measurements of RK and taking into account correlated
uncertainties from the muon yields and efficiencies, gives

RK ¼ 0.745þ0.090
−0.074ðstatÞ $ 0.036ðsystÞ:

The dominant sources of systematic uncertainty are due to
the parametrization of the Bþ → J=ψð→ eþe−ÞKþ mass
distribution and the estimate of the trigger efficiencies that
both contribute 3% to the value of RK.
The branching fraction of Bþ → Kþeþe− is determined

in the region from 1 < q2 < 6 GeV2=c4 by taking the ratio
of the branching fraction from Bþ → Kþeþe− and Bþ →
J=ψð→ eþe−ÞKþ decays and multiplying it by the mea-
sured value of B (Bþ → J=ψKþ) and J=ψ → eþe− [10].
The value obtained is BðBþ → Kþeþe−Þ ¼
½1.56þ0.19

−0.15ðstatÞ
þ0.06
−0.04ðsystÞ' × 10−7. This is the most precise

measurement to date and is consistent with the SM
expectation.
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FIG. 2. Mass distributions with fit projections overlaid of selected Bþ → J=ψð→ eþe−ÞKþ candidates triggered in the hardware
trigger by (a) one of the two electrons, (b) by the Kþ, and (c) by other particles in the event. Mass distributions with fit projections
overlaid of selected Bþ → Kþeþe− candidates in the same categories, triggered by (d) one of the two electrons, (e) the Kþ, and (f) by
other particles in the event. The total fit model is shown in black, the combinatorial background component is indicated by the dark
shaded region and the background from partially reconstructed b -hadron decays by the light shaded region.
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LHC Run 2 has started!
๏ All results presented are from LHC Run 1 

๏ But Run 2 has already started: 
‣ ∼2✕ energy → 2✕ bb cross section 
‣ By 2018 expect 5 fb-1 in LHCb and  

100 fb-1 in ATLAS/CMS
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Conclusions

๏ The LHC is leading the rare decay searches  

๏ ATLAS result on Bs→µµ completed LHC Run 1 legacy 
‣ So far no significant deviation from SM 
‣ Still a lot of space for NP: eagerly waiting Run 2 

๏ Other (very)-rare decays in B and D decays have 
complementary sensitivity to BSM 

๏ LFU and LFV tests with B decays are intriguing 

๏ All measurements limited by statistics 
‣ LHC Run 2 will tell us more!
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BACKUP
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Extended Data Figure 3 | Schematic of the CMS detector and event display
for a candidate B0

s Rm1m2 decay at CMS. a, The CMS detector and its
components; see ref. 20 for details. b, A candidate B0

s?mzm{ decay produced

in proton–proton collisions at 8 TeV in 2012 and recorded in the CMS detector.
The red arched curves represent the trajectories of the muons from the B0

s decay
candidate.

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved

Extended Data Figure 4 | Schematic of the LHCb detector and event display
for a candidate B0

s Rm1m2 decay at LHCb. a, The LHCb detector and its
components; see ref. 21 for details. b, A candidate B0

s?mzm{ decay produced
in proton–proton collisions at 7 TeV in 2011 and recorded in the LHCb

detector. The proton–proton collision occurs on the left-hand side, at the origin
of the trajectories depicted with the orange curves. The red curves represent the
trajectories of the muons from the B0

s candidate decay.

RESEARCH LETTER

G2015 Macmillan Publishers Limited. All rights reserved



BDT bins
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BDT output
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Figure 2: Continuum-BDT distribution for the signal and background events: signal B0(s), partially reconstructed
B events (SS+SV), Bc decays and continuum. The solid histograms are obtained from MC simulation, while the
points represent data collected in the sidebands. All distributions are normalised to unity. The distributions are
shown after the preliminary selection, and before applying any reweighting to the variables used in the classifier.

use of this MC background sample for the purpose of training the continuum-BDT. The continuum MC
simulation is not used for computation of efficiencies or normalisation purposes.
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Figure 3: Data and continuumMC distributions of |α2D| (a) and χ2µ,xPV (b) variables (see Table 2). The dots corres-
pond to the 2012 sideband data, while the continuous-line histogram corresponds to the continuumMC distribution,
normalised to the number of data events. The filled-area histogram shows the signal MC distribution for compar-
ison. Discrepancies between MC events and sideband data like the one observed for χ2µ,xPV do not compromise
significantly the optimisation of the continuum-BDT classifier.

The distributions of the discriminating variables are also used for the comparison of B+ → J/ψK+ and
B0s → J/ψφ events between MC simulation and data. To perform such comparison, for each variable the
contribution of the background is subtracted from the signal. For this purpose, a maximum-likelihood fit is
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bins for fit

a requirement on the response of a multivariate opera-
tor, called MVS in Ref. [26] and unchanged since then,
applied to candidates in both signal and normalisation
channels. After the trigger and selection requirements
are applied, 55 661 signal dimuon candidates are found,
which are used for the search.

The main discrimination between the signal and com-
binatorial background is brought by the BDT, which
is optimised using simulated samples of B0

s ! µ+µ�

events for the signal and bb̄ ! µ+µ�X events for the
background. The BDT combines information from the
following input variables: the B candidate decay time,
IP and p

T

; the minimum �2

IP

of the two muons with
respect to any PV; the distance of closest approach
between the two muons; and the cosine of the angle
between the muon momentum in the dimuon rest frame
and the vector perpendicular to both the B candidate
momentum and the beam axis. Moreover two di↵er-
ent measures for the isolation of signal candidates are
also included: the number of good two-track vertices a
muon can make with other tracks in the event; and the
B candidate isolation, introduced in Ref. [27]. With
respect to the multivariate operator used in previous
analyses [12, 26], the minimum p

T

of the two muons is
no longer used while four new variables are included
to improve the separation power. The first two are
the absolute values of the di↵erences between the pseu-
dorapidities of the two muon candidates and between
their azimuthal angles. The others are the angle of the
momentum of the B candidate in the laboratory frame,
and the angle of the positive muon from the B candi-
date in the rest frame of the B candidate, both with
respect to the sum of the momenta of tracks, in the rest
frame of the B candidate, consistent with originating
from the decay of a b hadron produced in association
to the signal candidate. In total, 12 variables enter
into the BDT.
The variables used in the BDT are chosen so that

the dependence on dimuon invariant mass is linear
and small to avoid biases. The BDT is constructed to
be distributed uniformly in the range [0,1] for signal,
and to peak strongly at zero for the background. The
BDT response range is divided into eight bins with
boundaries 0.0, 0.25, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0.
The expected BDT distributions for the B0

(s) !
µ+µ� signals are determined using B0

(s) ! h+h0� de-

cays. The B0

(s) ! h+h0� distributions are corrected
for trigger and muon identification distortions. An
additional correction for the B0

s ! µ+µ� signal arises
from the di↵erence in lifetime acceptance in BDT bins,
evaluated assuming the SM decay time distribution.

BDT
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Figure 1: Expected distribution of the BDT output for
the B0

s

! µ+µ� signal (black squares), obtained from
B0

(s) ! h+h0� control channels, and the combinatorial
background (blue circles).

The expected B0

s ! µ+µ� BDT distribution is shown
in Fig. 1.

The invariant mass distribution of the signal decays
is described by a Crystal Ball function [28]. The peak
values (mB0

s
and mB0) and resolutions (�B0

s
and �B0)

are obtained from B0

s ! K+K� and B0 ! K+⇡�,
B0 ! ⇡+⇡� decays, for the B0

s and B0 mesons. The
resolutions are also determined with a power-law in-
terpolation between the measured resolutions of char-
monium and bottomonium resonances decaying into
two muons. The two methods are in agreement and
the combined results are �B0

s
= 23.2± 0.4MeV/c2 and

�B0 = 22.8± 0.4MeV/c2. The transition point of the
radiative tail is obtained from simulated B0

s ! µ+µ�

events [21] smeared to reproduce the mass resolution
measured in data.

The numbers of B0

s ! µ+µ� and B0 ! µ+µ� candi-
dates, NB0

(s)
!µ+µ� , are converted into branching frac-

tions with

B(B0

(s) ! µ+µ�) =
B
norm

✏
norm

f
norm

N
norm

✏
sig

fd(s)
⇥NB0

(s)
!µ+µ�

= ↵norm

B0
(s)

!µ+µ� ⇥NB0
(s)

!µ+µ� ,

where N
norm

is the number of normalisation channel de-
cays obtained from a fit to the relevant invariant mass
distribution, and B

norm

the corresponding branching
fraction. The fractions fd(s) and f

norm

refer to the prob-
ability for a b quark to fragment into the corresponding
B meson. The value fs/fd = 0.259± 0.015, measured
by LHCb in pp collision data at

p
s = 7TeV [29, 30],

2

bins for fit

ATLAS BDT response LHCb BDT response

[ArXiv:1604.04263] [PRL 111(2013)101805]
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ATLAS B(s)→µµ result in 2D
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Figure 9: Contours in the plane B(B0s → µ+µ−),B(B0 → µ+µ−) for intervals of −2∆ ln(L) equal to 2.3, 6.2 and
11.8 relative to the absolute maximum of the likelihood, without imposing the constraint of non-negative branching
fractions. Also shown are the corresponding contours for the combined result of the CMS and LHCb experiments,
the SM prediction, and the maximum of the likelihood within the boundary of non-negative branching fractions,
with the error bars covering the 68.3% confidence range for B(B0s → µ+µ−).

13 Conclusions

A study of the rare decays of B0s and B0 mesons into oppositely charged muon pairs is presented, based
on 25 fb−1 of 7 TeV and 8 TeV proton–proton collision data collected by the ATLAS experiment in Run 1
of LHC.

For B0 an upper limit B(B0 → µ+µ−) < 4.2 × 10−10 is placed at the 95% confidence level, based on the
CLs method. The limit is compatible with the predictions based on the SM and with the combined result
of the CMS and LHCb experiments.

For B0s the result is B(B0s → µ+µ−) =
!

0.9+1.1−0.8
"

× 10−9, where the errors include both the statistical and
systematic uncertainties. An upper limit B(B0s → µ+µ−) < 3.0 × 10−9 at 95% CL is placed, lower than
the SM prediction, and in better agreement with the measurement of CMS and LHCb.

A p-value of 4.8% is found for the compatibility of the results with the SM prediction.
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ATLAS trigger

๏ Normal dimuon trigger (both pT > 4 GeV/c) is pre-
scaled in 2012: 
‣ add a “barrel” trigger  
‣ and a tighter asymm one (pT > 6(4) GeV/c) 

๏ 3 trigger categories for 2012: 
‣ high pT threshold (pT > 6(4) GeV/c) 
‣ 1 muon in barrel and both pT > 4 GeV/c 
‣ normal dimuon (both pT > 4 GeV/c)
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ATLAS mass fit

๏ Simultaneous ML fit on 3 
BDT bins to get NBs and NBd 

๏ Mass shapes: 
‣ Signal from MC 
‣ Combinatorial: linear 
‣ Below B mass: exponential
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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the three intervals of continuum-BDT
output. Superimposed is the result of the maximum-likelihood fit, obtained imposing the boundary of non-negative
signal contributions. The total fit is shown as a black continuous line, the filled area corresponds to the observed
signal component, the blue dashed line to the SS+SV background, and the green dashed line to the combinatorial
background.

The normalisation terms include external inputs for the B+ branching fraction and the relative hadron-
isation probability. The first is obtained from world averages [23] as the product of B(B+ → J/ψK+) =
(1.027±0.031)×10−3 and B(J/ψ→ µ+µ−) = (5.961±0.033)%. The second is equal to one for B0, while
for B0s it is taken from the ATLAS measurement fs/ fd = 0.240 ± 0.020 [37], assuming fu/ fd = 1 [32].

The efficiency- and luminosity-weighted number of events for the normalisation channel enters in Eq. (1)
with the denominatorDnorm (Eq. (2)). The valuesDnorm = (2.88±0.17)×106 for B0s and (2.77±0.16)×106
for B0 are obtained using Tables 3 and 4 for each category, together with the combined uncertainty from
Table 5, and including the +4% correction to the B0s → µ+µ− efficiency due to the lifetime difference
between Bs,H and B0s .
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µµ: CMS vs ATLAS

๏ ATLAS: superconducting toroid magnets and a set of 
precise muon chambers —> standalone momentum 
measurement outside the tracker 

๏ CMS: higher magnetic field in the silicon tracker 4T 
(pays in jet efficiency) but better µµ resolution
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