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Introduction	
•  LHC: pp collisions @ 7-8 (Run I) & 13 TeV (Run II)  ⇒ large B 

hadron production. 

•  Precise measurements of B hadrons properties help to improve 
or constrain QCD models, and could provide signs of new 
physics or constrain BSM models. 

•  CMS is able to provide several measurements of B hadrons 
properties that are competitive with results from other 
experiments, such as in: 

o  B mesons and baryons: masses, lifetimes, BRs, polarizations, etc. 

o  CP-Violation in B mesons. 

o  B rare decays: branching ratios, angular parameters. 

o  … 
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CMS B Physics program ⇿	
Excellent µ ID + Track and 	

vertex reconstruction	



B Physics Triggers	
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CMS-DP-2015-055	

B0
s ⇾ J/ψ φ (f0)	

Bc
+  ⇾ J/ψ nπ±	

Λb ⇾ J/ψ Λ(*) 	

B ⇾ K(*) µ+ µ-	

B0
(s) ⇾ µ+ µ-	



B0
s ⇾ J/ψ φ: ATLAS, CDF, CMS, D0.	

B0
s ⇾ J/ψKK: LHCb.	

B0
s ⇾ J/ψππ: LHCb.	

B0
s ⇾ J/ψ DsDs: LHCb.	

[Refs. in hZp://www.slac.stanford.edu/xorg/hfag/osc/
summer_2015/HFAG_phis_inputs.pdf]	
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Fig. 6. The CMS measured central value and the 68%, 90%, and 95% CL contours in 
the !"s versus φs plane, together with the SM prediction [3,4]. Uncertainties are 
statistical only.

The uncertainty in the ct resolution associated with the κ factor 
is propagated to the results. A set of test samples is produced with 
the κ(ct) factor varying within their uncertainty, assumed to be 
Gaussian. One standard deviation of the distribution describing the 
difference between the ct resolution with the nominal fit and with 
a varying κ(ct) is taken as the systematic uncertainty. Since the 
κ(ct) factor is obtained from simulation, the associated systematic 
uncertainty is assessed by using a sample of prompt J/ψ decays 
obtained with an unbiased trigger and comparing them to similarly 
processed simulated data. In this way the decay time resolution 
for ct ≈ 0 is obtained. The κ(ct) factor is varied within the values 
observed in data and simulation. The resulting variations of the 
physics parameters are taken as systematic uncertainties.

Although the likelihood function makes use of a per-event 
mistag parameter, it does not contain a pdf model for the mistag 
distribution. The associated systematic uncertainty is estimated 
by generating simulated pseudo-experiments with different mistag 
distributions for signal and background and fitting them with the 
nominal fit.

The dominant tagging systematic uncertainty originates from 
the assumption that the signal and calibration channels have the 
same tagging performance. It is evaluated using a calibration curve, 
obtained from simulated samples, that describes the mistag prob-
ability of B0

s as function of the mistag probability of B± . The fit 

to the data is repeated, re-calibrating the mistag probability with 
the B0

s –B± calibration curve, and the differences found in the fit 
results with respect to the nominal fit are used as the systematic 
uncertainties.

Possible biases intrinsic to the fit model are also taken into ac-
count. The nominal model function is tested by using simulated 
pseudo-experiments, and the average of the pulls (defined as the 
difference between the result of fit to the pseudo-experiment sam-
ple and the nominal value) is used as a systematic uncertainty if it 
exceeds one standard deviation statistical uncertainty.

The various hypotheses that have been assumed when building 
the likelihood function are tested by generating simulated pseudo-
experiments with different hypotheses and fitting the samples 
with the nominal likelihood function. The obtained pull histograms 
of the physics variables are fitted with Gaussian functions, and the 
average of the pull is used as a systematic uncertainty if the differ-
ence with respect to the average exceeds one standard deviation 
statistical uncertainty. Concerning the modelling of the J/ψ K+K−

invariant mass distribution, the background model is changed to 
a Chebyshev function from the nominal exponential pdf. The ct
background pdf is changed to the sum of three exponential func-
tions instead of the two exponential functions of the nominal fit. 
The angular background pdf is generated by using the background 
simulation angular shapes instead of the fit ones. The effect of not 
including the angular resolution is also tested, using the residual 
distributions obtained from simulations. The RMS of the angular 
resolutions were found to be 5.9, 6.3, and 10 mrad, for cos θT , 
cosψT , and ϕT respectively. The contribution to the systematic un-
certainty from the background tagging asymmetry is negligible.

The hypothesis that |λ| = 1 is tested by leaving that param-
eter free in the fit. The obtained value of |λ| is consistent with 
1.0 within one standard deviation. The differences found in the fit 
results with respect to the nominal fit are used as systematic un-
certainties.

The alignment systematic uncertainty affects the vertex recon-
struction and therefore the decay times. That effect is estimated to 
be 1.5 µm from studies of known B hadron lifetimes [33]. The sys-
tematic effect owing to the very small number of B0

s originating 
from B+

c → B0
s π

+ feed-down, which would be reconstructed with 
large values of ct , has been found to be negligible.

The measured values for the weak phase φs and the decay 
width difference !"s are:

φs = −0.075 ± 0.097 (stat) ± 0.031 (syst) rad,

!"s = 0.095 ± 0.013 (stat) ± 0.007 (syst) ps−1.

The systematic uncertainties are summarised in Table 4. The uncer-
tainties in the φs and !"s results are dominated by the statistical 
uncertainties.

Table 4
Summary of the uncertainties in the measurements of the various B0

s parameters. If no value is reported, then the systematic uncertainty is negligible with respect to the 
statistical and other systematic uncertainties. The total systematic uncertainty is the quadratic sum of the listed systematic uncertainties.

Source of uncertainty φs [rad] !"s [ps−1] |A0|2 |AS |2 |A⊥|2 δ∥ [rad] δS⊥ [rad] δ⊥ [rad] cτ [µm]
ct efficiency 0.002 0.0057 0.0015 – 0.0023 – – – 1.0
Angular efficiency 0.016 0.0021 0.0060 0.008 0.0104 0.674 0.14 0.66 0.8
Kaon pT weighting 0.014 0.0015 0.0094 0.020 0.0041 0.085 0.11 0.02 1.1
ct resolution 0.006 0.0021 0.0009 – 0.0008 0.004 – 0.02 2.9
Mistag distribution modelling 0.004 0.0003 0.0006 – – 0.008 0.01 – 0.1
Flavour tagging 0.003 0.0003 – – – 0.006 0.02 – –
Model bias 0.015 0.0012 0.0008 – – 0.025 0.03 – 0.4
pdf modelling assumptions 0.006 0.0021 0.0016 0.002 0.0021 0.010 0.03 0.04 0.2
|λ| as a free parameter 0.015 0.0003 0.0001 0.005 0.0001 0.002 0.01 0.03 –
Tracker alignment – – – – – – – – 1.5

Total systematic uncertainty 0.031 0.0070 0.0114 0.022 0.0116 0.680 0.18 0.66 3.7

Statistical uncertainty 0.097 0.0134 0.0053 0.008 0.0075 0.081 0.17 0.36 2.9

CPV in 
B0

s ⇾ J/ψ φ	
•  CPV phase φs from interference btw direct and through mixing decays. 

•  Non-standard particles in loops could change the SM prediction of φs.  

•  3+1 angular-time analysis to disentangle CP-odd/even contributions. 
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2 1 Introduction
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Figure 1: Definition of the three angles qT, yT, and jT describing the decay topology of B0
s !

J/y f(1020). See text for details.

where Dms is the mass difference between the heavy and light B0
s mass eigenstates, ct is defined

as the product of the lifetime and the speed of light, the function gi(Q) and the terms Ni, ai, bi,
ci, and di are given in Table 1.

Table 1: Angular and time-dependent terms of the signal model.
i gi(qT, yT, jT) Ni ai bi ci di

1 2 cos2
yT(1 � sin2

qT cos2
jT) |A0(0)|2 1 D C �S

2 sin2
yT(1 � sin2

qT sin2
jT) |Ak(0)|2 1 D C �S

3 sin2
yT sin2

qT |A?(0)|2 1 �D C S
4 � sin2

yT sin 2qT sin jT |Ak(0)||A?(0)| C sin(d? � dk) S cos(d? � dk) sin(d? � dk) D cos(d? � dk)

5 1p
2

sin 2yT sin2
qT sin 2jT |A0(0)||Ak(0)| cos(dk � d0) D cos(dk � d0) C cos(dk � d0) �S cos(dk � d0)

6 1p
2

sin 2yT sin 2qT sin jT |A0(0)||A?(0)| C sin(d? � d0) S cos(d? � d0) sin(d? � d0) D cos(d? � d0)

7 2
3 (1 � sin2

qT cos2
jT) |AS(0)|2 1 �D C S

8 1
3

p
6 sin yT sin2

qT sin 2jT |AS(0)||Ak(0)| C cos(dk � dS) S sin(dk � dS) cos(dk � dS) D sin(dk � dS)

9 1
3

p
6 sin yT sin 2qT cos jT |AS(0)||A?(0)| sin(d? � dS) �D sin(d? � dS) C sin(d? � dS) S sin(d? � dS)

10 4
3

p
3 cos yT(1 � sin2

qT cos2
jT) |AS(0)||A0(0)| C cos(d0 � dS) S sin(d0 � dS) cos(d0 � dS) D sin(d0 � dS)

The terms C, S, and D are defined as:

C =
1 � |l|2
1 + |l|2 , S = �2|l| sin fs

1 + |l|2 , D = �2|l| cos fs

1 + |l|2 ,

using the same sign convention as the LHCb experiment [10]. Equation (1) represents the
model for B0

s . The model for B0
s is obtained by changing the sign of the ci and di terms. The

parameters |A?|2, |A0|2, and |Ak|2 are the magnitudes squared of the perpendicular, longi-
tudinal, and parallel P-wave amplitudes, respectively; |AS|2 is the magnitude squared of the
S-wave amplitude representing the fraction of nonresonant decay B0

s ! J/y K+K�; the param-
eters d?, d0, dk, and dS are their corresponding strong phases.

The complex parameters l f are defined as l f = (q/p)(A f /A f ), where the amplitudes A f

(A f ) describe the decay of a B0
s (B0

s) meson to a final state f , and the parameters p and q relate
the mass and flavour eigenstates as BH = pB0

s � qB0
s and BL = pB0

s + qB0
s [16]. Assuming

polarisation-independent CP-violation effects, l f can be simplified as l f = h f l, where h f is

12 7 Summary

statistical uncertainty. Concerning the modelling of the J/y K+K� invariant mass distribution,
the background model is changed to a Chebyshev function from the nominal exponential pdf.
The ct background pdf is changed to the sum of three exponential functions instead of the two
exponential functions of the nominal fit. The angular background pdf is generated by using the
background simulation angular shapes instead of the fit ones. The effect of not including the
angular resolution is also tested, using the residual distributions obtained from simulations.
The RMS of the angular resolutions were found to be 5.9, 6.3, and 10 mrad, for cos qT, cos yT,
and jT respectively. The contribution to the systematic uncertainty from the background tag-
ging asymmetry is negligible.

The hypothesis that |l| = 1 is tested by leaving that parameter free in the fit. The obtained
value of |l| is consistent with 1.0 within one standard deviation. The differences found in the
fit results with respect to the nominal fit are used as systematic uncertainties.

The alignment systematic uncertainty affects the vertex reconstruction and therefore the decay
times. That effect is estimated to be 1.5 µm from studies of known B hadron lifetimes [33]. The
systematic effect owing to the very small number of B0

s originating from B+
c ! B0

s p

+ feed-
down, which would be reconstructed with large values of ct, has been found to be negligible.

The measured values for the weak phase fs and the decay width difference DGs are:

fs = �0.075 ± 0.097 (stat) ± 0.031 (syst) rad,

DGs = 0.095 ± 0.013 (stat) ± 0.007 (syst) ps�1.

The systematic uncertainties are summarised in Table 4. The uncertainties in the fs and DGs
results are dominated by the statistical uncertainties.

Table 4: Summary of the uncertainties in the measurements of the various B0
s parameters. If

no value is reported, then the systematic uncertainty is negligible with respect to the statistical
and other systematic uncertainties. The total systematic uncertainty is the quadratic sum of the
listed systematic uncertainties.
Source of uncertainty fs [rad] DGs [ps�1] |A0|2 |AS|2 |A?|2 dk [rad] dS? [rad] d? [rad] ct [µm]
ct efficiency 0.002 0.0057 0.0015 — 0.0023 — — — 1.0
Angular efficiency 0.016 0.0021 0.0060 0.008 0.0104 0.674 0.14 0.66 0.8
Kaon pT weighting 0.014 0.0015 0.0094 0.020 0.0041 0.085 0.11 0.02 1.1
ct resolution 0.006 0.0021 0.0009 — 0.0008 0.004 — 0.02 2.9
Mistag distribution modelling 0.004 0.0003 0.0006 — — 0.008 0.01 — 0.1
Flavour tagging 0.003 0.0003 — — — 0.006 0.02 — —
Model bias 0.015 0.0012 0.0008 — — 0.025 0.03 — 0.4
pdf modelling assumptions 0.006 0.0021 0.0016 0.002 0.0021 0.010 0.03 0.04 0.2
|l| as a free parameter 0.015 0.0003 0.0001 0.005 0.0001 0.002 0.01 0.03 —
Tracker alignment — — — — — — — — 1.5
Total systematic uncertainty 0.031 0.0070 0.0114 0.022 0.0116 0.680 0.18 0.66 3.7
Statistical uncertainty 0.097 0.0134 0.0053 0.008 0.0075 0.081 0.17 0.36 2.9

7 Summary

Using pp collision data collected by the CMS experiment at a centre-of-mass energy of 8 TeV
and corresponding to an integrated luminosity of 19.7 fb�1, 49 200 B0

s ! J/y f(1020) signal
candidates were used to measure the weak phase fs and the decay width difference DGs. The
analysis was performed by using opposite-side lepton tagging of the B0

s flavour at the produc-
tion time. Both muon and electron tags were used.
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See “Mixing and CPV at CMS” talk 	
(T. Tuuli Jarvinen) given on May 2	



B0
s ⇾ J/ψ f0(980)	

•  CPV analysis is simplified using B0
s ⇾ J/ψ f0(π+π-) wrt B0

s ⇾    
J/ψφ(K+K-) decays. It is also a pure CP-odd eigenstate. 

•  In any case, it is important to measure its production relative 
to B0

s ⇾ J/ψφ(1020): 
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A measurement of the ratio of the branching fractions of the B0
s meson to J/ψf0(980) and to J/ψφ(1020)

is presented. The J/ψ , f0(980), and φ(1020) are observed through their decays to µ+µ−, π+π−, and 
K+K−, respectively. The f0 and the φ are identified by requiring |Mπ+π− − 974 MeV| < 50 MeV and 
|MK+K− − 1020 MeV| < 10 MeV. The analysis is based on a data sample of pp collisions at a centre-
of-mass energy of 7 TeV, collected by the CMS experiment at the LHC, corresponding to an integrated 
luminosity of 5.3 fb−1. The measured ratio is B(B0

s →J/ψ f0) B(f0→π+π−)

B(B0
s →J/ψφ) B(φ→K+K−)

= 0.140 ±0.008 (stat) ±0.023 (syst), 
where the first uncertainty is statistical and the second is systematic.
© 2016 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. This is an open access 

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Since the observation of the decay B0
s → J/ψπ+π− with J/ψ →

µ+µ− , and the π+π− mass spectrum indicating a large f0(980)
component [1], this channel has been regarded with great interest 
in heavy-flavor physics. More detailed studies of the π+π− mass 
spectrum have shown the π+π− system to be almost entirely CP 
odd [2,3]. This opens up the possibility of directly measuring the 
lifetime of the CP-odd part of the B0

s meson [4,5]. In addition, the 
B0

s → J/ψπ+π− decay has been used for the measurement of the 
CP-violating phase φs [6,7], making an important contribution to 
the world-average value of φs [8–13]. The phase φs is predicted 
to be small in the standard model [14], making its determination 
interesting because of the large enhancements that can be intro-
duced by new physics [15,16]. In what follows, we will refer to the 
f0(980) as f0 and the φ(1020) as φ.

This Letter presents the measurement of the ratio Rf0/φ of the 
branching fractions B(B0

s → J/ψf0)B(f0 → π+π−) and B(B0
s →

J/ψφ)B(φ → K+K−), where in both cases the J/ψ is detected 
through its decay to µ+µ− . The f0 and the φ are identified by re-
quiring |Mπ+π− −974 MeV| < 50 MeV and |MK+K− −1020 MeV| <
10 MeV. The appearance of B0

s → J/ψf0 decays was first discussed 
in [17] with a theoretical estimate for Rf0/φ of approximately 0.2, 
which is consistent with results from several experiments [2,4,18,
19]. Detailed studies of the π+π− mass spectrum of the B0

s →
J/ψπ+π− decay in 0.3 < Mπ+π− < 2.5 GeV [2,3] reveal this final 

⋆ E-mail address: cms-publication-committee-chair@cern.ch.

state to have contributions from several resonances in Mπ+π− , and 
the f0 component to range from 65.0% to 94.5%. However, accord-
ing to the same results, the contaminations from other resonances 
in |Mπ+π− − 974 MeV| < 50 MeV are several orders of magnitude 
lower than the f0 component, including the non-resonant S-wave. 
Based on this, the measurement of Rf0/φ is performed assuming 
that the selected region of Mπ+π− is dominated by B0

s → J/ψf0 de-
cays and neglecting other resonances. Systematic uncertainties are 
assigned to the measurement owing to these assumptions, taking 
into account the uncertainty in the f0 component and the inter-
ferences with other resonances in the selected mass window for 
Mπ+π− .

Experimentally, the ratio Rf0/φ is given by

Rf0/φ = B(B0
s → J/ψ f0)B(f0 → π+π−)

B(B0
s → J/ψφ)B(φ → K+K−)

= N f0
obs

Nφ
obs

ϵφ/f0
reco , (1)

where N f0
obs and Nφ

obs are the observed yields of B0
s → J/ψ(µ+µ−)f0

with f0 → π+π− and B0
s → J/ψ(µ+µ−)φ with φ → K+K− decays, 

respectively, and ϵφ/f0
reco is the ratio of the detection efficiencies for 

the B0
s decay mode with a φ to the decay mode with a f0. Uncer-

tainties in the b quark production cross section cancel in the ratio, 
as do those from the J/ψ → µ+µ− branching fraction and the in-
tegrated luminosity. Given the similar topologies of the two final 
states, systematic uncertainties related to the tracking efficiency 
and the muon identification also cancel in the ratio.

http://dx.doi.org/10.1016/j.physletb.2016.02.047
0370-2693/© 2016 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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2. The CMS detector

The central feature of the CMS apparatus is a superconducting 
solenoid of 6 m internal diameter. Within the 3.8 T field vol-
ume are a silicon pixel and strip tracker, a lead tungstate crystal 
electromagnetic calorimeter, and a brass and scintillator hadron 
calorimeter, each composed of a barrel and two endcap sections. 
Muons are measured in the pseudorapidity range |η| < 2.4 in gas-
ionization detectors embedded in the steel flux-return yoke out-
side the solenoid, which are made using three technologies: drift 
tubes, cathode strip chambers, and resistive-plate chambers. Ex-
tensive forward calorimetry complements the coverage provided 
by the barrel and endcap detectors. The main subdetectors used in 
this analysis are the silicon tracker and the muon systems.

The silicon tracker measures charged particles within the pseu-
dorapidity range |η| < 2.5 and consists of 1440 silicon pixel and 
15 148 silicon strip detector modules. Matching muons to tracks 
measured in the silicon tracker results in a relative transverse mo-
mentum resolution for muons with 20 < pT < 100 GeV of 1.3–2.0% 
in the barrel and better than 6% in the endcaps. The pT resolu-
tion in the barrel is better than 10% for muons with pT up to 
1 TeV [20].

The first level of the CMS trigger system, composed of custom 
hardware processors, uses information from the calorimeters and 
muon detectors to select the most interesting events in a fixed 
time interval of less than 4 µs. The high-level trigger (HLT) proces-
sor farm further decreases the event rate to less than 1 kHz, before 
data storage.

A more detailed description of the CMS detector, together with 
a definition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [21].

3. Event selection

The data sample used for this measurement was collected in 
2011 by the CMS experiment at the CERN LHC in proton–proton 
collisions at a centre-of-mass energy of 7 TeV and corresponds to 
an integrated luminosity of 5.3 fb−1.

The search for B0
s → J/ψf0 decays is performed in events 

with two muon candidates selected by the dimuon trigger at the 
HLT, requiring the muon pair to originate from a displaced ver-
tex. The dimuon candidates are further required to comply with 
Lxy/σxy > 3, where Lxy is the magnitude of the vector L⃗xy , which 
lies in a plane transverse to the beam axis and points from the in-
teraction point to the dimuon vertex, and σxy is its uncertainty; 
cosαJ/ψ > 0.9, where αJ/ψ is the angle between the direction 
of the dimuon transverse momentum and L⃗xy ; pT > 4 GeV and 
|η| < 2.2 for each muon candidate; pT > 7 GeV for the dimuon; 
the distance of closest approach of each muon track with respect 
to the other muon track <0.5 cm.

Reconstruction of the B0
s → J/ψf0 decays begins with the search 

for J/ψ candidates by combining two muons of opposite charge to 
form a vertex with a fit probability >0.5% and an invariant mass 
(MJ/ψ ) within |MJ/ψ − 3097.6 MeV| < 150 MeV. To search for f0
candidates, two tracks of opposite charge assumed to be pions are 
constrained to a vertex with a probability >5%. One pion candidate 
must have pT > 1 GeV and the other pT > 2.5 GeV. In addition, 
the f0 candidate must have pT > 3.5 GeV and Mf0 in the range 
|Mf0 − 974 MeV| < 50 MeV. The 974 MeV is the measured mass of 
f0 signal in data modeled by a Breit–Wigner function. This value 
is consistent with the f0 mass from the Particle Data Group [22]
and the LHCb measurement [1]. Finally, a vertex is formed with 
the J/ψ and f0 candidates, constraining the dimuon mass to the 
nominal J/ψ mass [22]. The B0

s → J/ψf0 candidates are required 
to have a vertex probability >10%, pT > 13 GeV, cosαB0

s
> 0.994, 

Fig. 1. Invariant mass distribution of the B0
s → J/ψ(µ+µ−)f0(π+π−) candidates 

(filled circles). The signal is modeled as a Gaussian (dot-dashed line), the combina-
torial background as a first-order polynomial function (dashed–double-dotted line), 
and the peaking background by a Gaussian (dotted line). The result of the total fit 
is shown with the solid line. The bottom plot shows the pull, which is the deviation 
of the data from the fit divided by the uncertainty in the data.

where αB0
s

is the angle between the direction of the B0
s trans-

verse momentum and the vector L⃗xy , and a proper decay length 
>100 µm. The proper decay length is defined as (L⃗xy · p⃗T MB/p2

T), 
where p⃗T is the transverse momentum of the B0

s candidate and 
MB is the world-average B0

s mass [22]. In the case of multiple B0
s

candidates per event, the one with smallest B0
s vertex fit χ2 is se-

lected. The selection criteria for the B0
s candidates are established 

by maximizing S/
√

S + B , where S is the signal yield obtained 
from Monte Carlo (MC) simulation and B is the background yield 
taken from sideband regions, defined as the number of events with 
a µ+µ−π+π− invariant mass in the range 5.27 to 5.30 GeV or 
5.43 to 5.46 GeV.

The same procedure and selection criteria are applied to the 
reconstruction of the normalization channel B0

s → J/ψφ, except 
that the invariant mass requirement |Mφ − 1020 MeV| < 10 MeV
is tighter than that for the f0.

4. Results

The signal yields of both decay channels are extracted using 
unbinned maximum-likelihood fits of the mass distributions. The 
invariant mass distribution of the J/ψ(µ+µ−)f0(π+π−) candi-
dates is shown in Fig. 1. It is fit with a superposition of a Gaus-
sian function representing the signal, a polynomial function to 
account for the combinatorial background, and another Gaussian 
function for any possible peaking background. The latter mod-
els resonant structures that could appear in the left sideband of 
the J/ψ(µ+µ−)f0(π+π−) signal mass owing to the misidentifi-
cation of a kaon as a pion coming from decays such as B0 →
J/ψK∗(892)(K+π−) and B0

s → J/ψK+K− , as examples. In addition, 
B+ → J/ψK+(π+) decays can be a source of background when 
combined with an extra background pion candidate. When al-
lowing all parameters to float, the fit returns N f0

obs = 873 ± 49
events and a B0

s mass of 5369.1 ± 0.9 MeV, with a resolution of 
15.9 ± 0.9 MeV, where the uncertainties are statistical only. The 
measured values of the B0

s mass and its resolution are consistent 
with the MC simulation.
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Fig. 2. Invariant mass distribution of the B0
s → J/ψ(µ+µ−)φ(K+K−) candidates 

(black filled circles). The signal model is a double Gaussian (dot-dashed line), while 
the combinatorial background model is a constant function (dash-double-dotted 
line). The total fit is represented by the solid line. The bottom plot shows the devi-
ation of the data to the fit divided by the statistical uncertainty in the data.

The J/ψ(µ+µ−)φ(K+K−) invariant mass distribution is mod-
eled by two Gaussian functions for the signal and a constant func-
tion for the combinatorial background. A signal yield of Nφ

obs =
8377 ±107 events is obtained, with a B0

s mass of 5366.8 ±0.2 MeV
and a resolution of 17.1 ± 0.1 MeV, which are consistent with the 
MC simulation. The corresponding invariant mass distribution is 
presented in Fig. 2.

Using the MC simulation, the detection efficiencies for the two 
processes are calculated as the ratio of the reconstructed and gen-
erated yields. The B0

s meson production is simulated using pythia
6.4.24 [23] and its decays simulated with evtgen [24]. The B0

s
mass and lifetime are set to 5369.6 MeV and 438 µm in the 
simulation. The decay model used for the B0

s → J/ψf0 decay is 
a phase-space model reweighted to reflect the spin-1 structure 
of the J/ψ → µ+µ− decay. The corresponding models for the 
B0

s → J/ψφ decay are: a pseudoscalar–vector–vector with CP viola-
tion [25,26] for the B0

s decay, with parameters [24] ∥A||∥2 = 0.24, 
∥A0∥2 = 0.6, ∥A⊥∥2 = 0.16, φ|| = 2.5, φ0 = 0, and φ⊥ = −0.17; a 
vector–lepton–lepton model with radiation (photos) [27] for the 
J/ψ → µ+µ− decay; and a vector–scalar–scalar model [24] for the 
φ → K+K− decay. The events are processed with a Geant4-based 
detector simulation [28] and the same reconstruction algorithms 
used on data. In order to validate the MC simulation samples, rel-
evant kinematic and geometric variables of both simulated decay 
channels are compared with the data after background subtraction 
and found to be in agreement. For example, Fig. 3 compares the 
pT and invariant mass distributions of the f0(π+π−) candidates 
for background-subtracted data and MC simulation. The f0 width 
was set to 50 MeV in the MC simulation. This is consistent with 
what is observed in our data as shown in the Fig. 3.b. The ratio 
of the detection efficiencies for the two B0

s decays is calculated to 
be ϵφ/f0

reco = 1.344 ± 0.095, where the uncertainty reflects the lim-
ited size of simulated samples. Using the corresponding values of 
N f0

obs, Nφ
obs, and ϵφ/f0

reco in Eq. (1), we measure Rf0/φ = 0.140 ± 0.008, 
where the uncertainty is statistical only.

The stability of the Rf0/φ measurement is verified with control 
checks using different run periods, selection criteria, and geometric 
acceptances. To study possible effects from varying run conditions, 

Fig. 3. Comparison of normalized MC simulation (triangles) and background-
subtracted data (squared) for (a) the pT and (b) invariant mass distributions of the 
f0(π+π−) candidates.

the value of Rf0/φ is determined for two subsamples, found by di-
viding the data into two. The ratio is also measured after changing 
the selection criteria for the proper decay length and pT of the B0

s
candidates and the pT of the leading and subleading pion candi-
dates, and by using different azimuthal angle and η requirements 
for the muons. None of these cross-checks revealed any statistically 
significant bias.

5. Systematic uncertainties

Potential systematic uncertainties in the measurement of R f0/φ

come from sources such as the B0
s signal yield extraction proce-

dure, the relative efficiency estimation, and possible contributions 
to the B0

s yields from other decays producing the J/ψπ+π− and 
J/ψK+K− final states.

Systematic uncertainties in the signal yield extraction are esti-
mated by changing the modeling of the signal and the background 
invariant mass distributions in the likelihood fits. For the case of 
the B0

s → J/ψf0 mass distribution the signal shape is changed to 
a double-Gaussian function and the background to an exponential 
function, while for the B0

s → J/ψφ mass distribution the signal is 
changed to a Gaussian function and its background is modeled as a 
first-order polynomial function. These changes lead to a maximum 
variation of 2.1% in Rf0/φ .

There are several factors that may affect the estimate of ϵφ/f0
reco . 

While the MC simulation package uses a Breit–Wigner model to 
simulate the f0 → π+π− process, it has been pointed out [2,3]
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2. The CMS detector

The central feature of the CMS apparatus is a superconducting 
solenoid of 6 m internal diameter. Within the 3.8 T field vol-
ume are a silicon pixel and strip tracker, a lead tungstate crystal 
electromagnetic calorimeter, and a brass and scintillator hadron 
calorimeter, each composed of a barrel and two endcap sections. 
Muons are measured in the pseudorapidity range |η| < 2.4 in gas-
ionization detectors embedded in the steel flux-return yoke out-
side the solenoid, which are made using three technologies: drift 
tubes, cathode strip chambers, and resistive-plate chambers. Ex-
tensive forward calorimetry complements the coverage provided 
by the barrel and endcap detectors. The main subdetectors used in 
this analysis are the silicon tracker and the muon systems.

The silicon tracker measures charged particles within the pseu-
dorapidity range |η| < 2.5 and consists of 1440 silicon pixel and 
15 148 silicon strip detector modules. Matching muons to tracks 
measured in the silicon tracker results in a relative transverse mo-
mentum resolution for muons with 20 < pT < 100 GeV of 1.3–2.0% 
in the barrel and better than 6% in the endcaps. The pT resolu-
tion in the barrel is better than 10% for muons with pT up to 
1 TeV [20].

The first level of the CMS trigger system, composed of custom 
hardware processors, uses information from the calorimeters and 
muon detectors to select the most interesting events in a fixed 
time interval of less than 4 µs. The high-level trigger (HLT) proces-
sor farm further decreases the event rate to less than 1 kHz, before 
data storage.

A more detailed description of the CMS detector, together with 
a definition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [21].

3. Event selection

The data sample used for this measurement was collected in 
2011 by the CMS experiment at the CERN LHC in proton–proton 
collisions at a centre-of-mass energy of 7 TeV and corresponds to 
an integrated luminosity of 5.3 fb−1.

The search for B0
s → J/ψf0 decays is performed in events 

with two muon candidates selected by the dimuon trigger at the 
HLT, requiring the muon pair to originate from a displaced ver-
tex. The dimuon candidates are further required to comply with 
Lxy/σxy > 3, where Lxy is the magnitude of the vector L⃗xy , which 
lies in a plane transverse to the beam axis and points from the in-
teraction point to the dimuon vertex, and σxy is its uncertainty; 
cosαJ/ψ > 0.9, where αJ/ψ is the angle between the direction 
of the dimuon transverse momentum and L⃗xy ; pT > 4 GeV and 
|η| < 2.2 for each muon candidate; pT > 7 GeV for the dimuon; 
the distance of closest approach of each muon track with respect 
to the other muon track <0.5 cm.

Reconstruction of the B0
s → J/ψf0 decays begins with the search 

for J/ψ candidates by combining two muons of opposite charge to 
form a vertex with a fit probability >0.5% and an invariant mass 
(MJ/ψ ) within |MJ/ψ − 3097.6 MeV| < 150 MeV. To search for f0
candidates, two tracks of opposite charge assumed to be pions are 
constrained to a vertex with a probability >5%. One pion candidate 
must have pT > 1 GeV and the other pT > 2.5 GeV. In addition, 
the f0 candidate must have pT > 3.5 GeV and Mf0 in the range 
|Mf0 − 974 MeV| < 50 MeV. The 974 MeV is the measured mass of 
f0 signal in data modeled by a Breit–Wigner function. This value 
is consistent with the f0 mass from the Particle Data Group [22]
and the LHCb measurement [1]. Finally, a vertex is formed with 
the J/ψ and f0 candidates, constraining the dimuon mass to the 
nominal J/ψ mass [22]. The B0

s → J/ψf0 candidates are required 
to have a vertex probability >10%, pT > 13 GeV, cosαB0

s
> 0.994, 

Fig. 1. Invariant mass distribution of the B0
s → J/ψ(µ+µ−)f0(π+π−) candidates 

(filled circles). The signal is modeled as a Gaussian (dot-dashed line), the combina-
torial background as a first-order polynomial function (dashed–double-dotted line), 
and the peaking background by a Gaussian (dotted line). The result of the total fit 
is shown with the solid line. The bottom plot shows the pull, which is the deviation 
of the data from the fit divided by the uncertainty in the data.

where αB0
s

is the angle between the direction of the B0
s trans-

verse momentum and the vector L⃗xy , and a proper decay length 
>100 µm. The proper decay length is defined as (L⃗xy · p⃗T MB/p2

T), 
where p⃗T is the transverse momentum of the B0

s candidate and 
MB is the world-average B0

s mass [22]. In the case of multiple B0
s

candidates per event, the one with smallest B0
s vertex fit χ2 is se-

lected. The selection criteria for the B0
s candidates are established 

by maximizing S/
√

S + B , where S is the signal yield obtained 
from Monte Carlo (MC) simulation and B is the background yield 
taken from sideband regions, defined as the number of events with 
a µ+µ−π+π− invariant mass in the range 5.27 to 5.30 GeV or 
5.43 to 5.46 GeV.

The same procedure and selection criteria are applied to the 
reconstruction of the normalization channel B0

s → J/ψφ, except 
that the invariant mass requirement |Mφ − 1020 MeV| < 10 MeV
is tighter than that for the f0.

4. Results

The signal yields of both decay channels are extracted using 
unbinned maximum-likelihood fits of the mass distributions. The 
invariant mass distribution of the J/ψ(µ+µ−)f0(π+π−) candi-
dates is shown in Fig. 1. It is fit with a superposition of a Gaus-
sian function representing the signal, a polynomial function to 
account for the combinatorial background, and another Gaussian 
function for any possible peaking background. The latter mod-
els resonant structures that could appear in the left sideband of 
the J/ψ(µ+µ−)f0(π+π−) signal mass owing to the misidentifi-
cation of a kaon as a pion coming from decays such as B0 →
J/ψK∗(892)(K+π−) and B0

s → J/ψK+K− , as examples. In addition, 
B+ → J/ψK+(π+) decays can be a source of background when 
combined with an extra background pion candidate. When al-
lowing all parameters to float, the fit returns N f0

obs = 873 ± 49
events and a B0

s mass of 5369.1 ± 0.9 MeV, with a resolution of 
15.9 ± 0.9 MeV, where the uncertainties are statistical only. The 
measured values of the B0

s mass and its resolution are consistent 
with the MC simulation.
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Fig. 2. Invariant mass distribution of the B0
s → J/ψ(µ+µ−)φ(K+K−) candidates 

(black filled circles). The signal model is a double Gaussian (dot-dashed line), while 
the combinatorial background model is a constant function (dash-double-dotted 
line). The total fit is represented by the solid line. The bottom plot shows the devi-
ation of the data to the fit divided by the statistical uncertainty in the data.

The J/ψ(µ+µ−)φ(K+K−) invariant mass distribution is mod-
eled by two Gaussian functions for the signal and a constant func-
tion for the combinatorial background. A signal yield of Nφ

obs =
8377 ±107 events is obtained, with a B0

s mass of 5366.8 ±0.2 MeV
and a resolution of 17.1 ± 0.1 MeV, which are consistent with the 
MC simulation. The corresponding invariant mass distribution is 
presented in Fig. 2.

Using the MC simulation, the detection efficiencies for the two 
processes are calculated as the ratio of the reconstructed and gen-
erated yields. The B0

s meson production is simulated using pythia
6.4.24 [23] and its decays simulated with evtgen [24]. The B0

s
mass and lifetime are set to 5369.6 MeV and 438 µm in the 
simulation. The decay model used for the B0

s → J/ψf0 decay is 
a phase-space model reweighted to reflect the spin-1 structure 
of the J/ψ → µ+µ− decay. The corresponding models for the 
B0

s → J/ψφ decay are: a pseudoscalar–vector–vector with CP viola-
tion [25,26] for the B0

s decay, with parameters [24] ∥A||∥2 = 0.24, 
∥A0∥2 = 0.6, ∥A⊥∥2 = 0.16, φ|| = 2.5, φ0 = 0, and φ⊥ = −0.17; a 
vector–lepton–lepton model with radiation (photos) [27] for the 
J/ψ → µ+µ− decay; and a vector–scalar–scalar model [24] for the 
φ → K+K− decay. The events are processed with a Geant4-based 
detector simulation [28] and the same reconstruction algorithms 
used on data. In order to validate the MC simulation samples, rel-
evant kinematic and geometric variables of both simulated decay 
channels are compared with the data after background subtraction 
and found to be in agreement. For example, Fig. 3 compares the 
pT and invariant mass distributions of the f0(π+π−) candidates 
for background-subtracted data and MC simulation. The f0 width 
was set to 50 MeV in the MC simulation. This is consistent with 
what is observed in our data as shown in the Fig. 3.b. The ratio 
of the detection efficiencies for the two B0

s decays is calculated to 
be ϵφ/f0

reco = 1.344 ± 0.095, where the uncertainty reflects the lim-
ited size of simulated samples. Using the corresponding values of 
N f0

obs, Nφ
obs, and ϵφ/f0

reco in Eq. (1), we measure Rf0/φ = 0.140 ± 0.008, 
where the uncertainty is statistical only.

The stability of the Rf0/φ measurement is verified with control 
checks using different run periods, selection criteria, and geometric 
acceptances. To study possible effects from varying run conditions, 

Fig. 3. Comparison of normalized MC simulation (triangles) and background-
subtracted data (squared) for (a) the pT and (b) invariant mass distributions of the 
f0(π+π−) candidates.

the value of Rf0/φ is determined for two subsamples, found by di-
viding the data into two. The ratio is also measured after changing 
the selection criteria for the proper decay length and pT of the B0

s
candidates and the pT of the leading and subleading pion candi-
dates, and by using different azimuthal angle and η requirements 
for the muons. None of these cross-checks revealed any statistically 
significant bias.

5. Systematic uncertainties

Potential systematic uncertainties in the measurement of R f0/φ

come from sources such as the B0
s signal yield extraction proce-

dure, the relative efficiency estimation, and possible contributions 
to the B0

s yields from other decays producing the J/ψπ+π− and 
J/ψK+K− final states.

Systematic uncertainties in the signal yield extraction are esti-
mated by changing the modeling of the signal and the background 
invariant mass distributions in the likelihood fits. For the case of 
the B0

s → J/ψf0 mass distribution the signal shape is changed to 
a double-Gaussian function and the background to an exponential 
function, while for the B0

s → J/ψφ mass distribution the signal is 
changed to a Gaussian function and its background is modeled as a 
first-order polynomial function. These changes lead to a maximum 
variation of 2.1% in Rf0/φ .

There are several factors that may affect the estimate of ϵφ/f0
reco . 

While the MC simulation package uses a Breit–Wigner model to 
simulate the f0 → π+π− process, it has been pointed out [2,3]
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(black filled circles). The signal model is a double Gaussian (dot-dashed line), while 
the combinatorial background model is a constant function (dash-double-dotted 
line). The total fit is represented by the solid line. The bottom plot shows the devi-
ation of the data to the fit divided by the statistical uncertainty in the data.
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eled by two Gaussian functions for the signal and a constant func-
tion for the combinatorial background. A signal yield of Nφ

obs =
8377 ±107 events is obtained, with a B0

s mass of 5366.8 ±0.2 MeV
and a resolution of 17.1 ± 0.1 MeV, which are consistent with the 
MC simulation. The corresponding invariant mass distribution is 
presented in Fig. 2.
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evant kinematic and geometric variables of both simulated decay 
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and found to be in agreement. For example, Fig. 3 compares the 
pT and invariant mass distributions of the f0(π+π−) candidates 
for background-subtracted data and MC simulation. The f0 width 
was set to 50 MeV in the MC simulation. This is consistent with 
what is observed in our data as shown in the Fig. 3.b. The ratio 
of the detection efficiencies for the two B0

s decays is calculated to 
be ϵφ/f0

reco = 1.344 ± 0.095, where the uncertainty reflects the lim-
ited size of simulated samples. Using the corresponding values of 
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obs, Nφ
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checks using different run periods, selection criteria, and geometric 
acceptances. To study possible effects from varying run conditions, 
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candidates and the pT of the leading and subleading pion candi-
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for the muons. None of these cross-checks revealed any statistically 
significant bias.
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s → J/ψf0 mass distribution the signal shape is changed to 
a double-Gaussian function and the background to an exponential 
function, while for the B0

s → J/ψφ mass distribution the signal is 
changed to a Gaussian function and its background is modeled as a 
first-order polynomial function. These changes lead to a maximum 
variation of 2.1% in Rf0/φ .

There are several factors that may affect the estimate of ϵφ/f0
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The decay !B0
s ! J=c!þ!" can be exploited to study CP violation. A detailed understanding of its

structure is imperative in order to optimize its usefulness. An analysis of this three-body final state is

performed using a 1:0 fb"1 sample of data produced in 7 TeV pp collisions at the LHC and collected by

the LHCb experiment. A modified Dalitz plot analysis of the final state is performed using both the

invariant mass spectra and the decay angular distributions. The !þ!" system is shown to be dominantly

in an S-wave state, and the CP-odd fraction in this !B0
s decay is shown to be greater than 0.977 at

95% confidence level. In addition, we report the first measurement of the J=c!þ!" branching fraction

relative to J=c" of ð19:79$ 0:47$ 0:52Þ%.
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I. INTRODUCTION

Measurement of mixing-induced CP violation in
!B0
s decays is of prime importance in probing physics

beyond the Standard Model. Final states that are CP
eigenstates with large rates and high detection efficiencies
are very useful for such studies. The !B0

s ! J=c f0ð980Þ,
f0ð980Þ ! !þ!" decay mode, a CP-odd eigenstate, was
discovered by the LHCb Collaboration [1] and subse-
quently confirmed by several experiments [2]. As we use
the J=c ! #þ#" decay, the final state has four charged
tracks and has high detection efficiency. LHCb has used
this mode to measure the CP violating phase"s [3], which
complements measurements in the J=c" final state [4,5].
It is possible that a larger !þ!" mass range could also be
used for such studies. Therefore, to fully exploit the
J=c!þ!" final state for measuring CP violation, it is
important to determine its resonant and CP content. The
tree-level Feynman diagram for the process is shown in
Fig. 1.

In this paper the J=c!þ and !þ!" mass spectra and
decay angular distributions are used to study the resonant
and nonresonant structures. This differs from a classical
‘‘Dalitz plot’’ analysis [6] because one of the particles in
the final state, the J=c , has spin-1 and its three decay
amplitudes must be considered. We first show that there
are no evident structures in the J=c!þ invariant mass, and
then model the !þ!" invariant mass with a series of
resonant and nonresonant amplitudes. The data are then
fitted with the coherent sum of these amplitudes. We report
on the resonant structure and the CP content of the final
state.

II. DATA SAMPLE AND ANALYSIS
REQUIREMENTS

The data sample contains 1:0 fb"1 of integrated lumi-
nosity collected with the LHCb detector [7] using pp
collisions at a center-of-mass energy of 7 TeV. The detector
is a single-arm forward spectrometer covering the pseudor-
apidity range 2< $< 5, designed for the study of particles
containing b or c quarks. Components include a high
precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-
area silicon-strip detector located upstream of a dipole
magnet with a bending power of about 4 Tm, and three
stations of silicon-strip detectors and straw drift tubes
placed downstream. The combined tracking system has a
momentum resolution "p=p that varies from 0.4% at
5 GeV to 0.6% at 100 GeV (we work in units where
c ¼ 1), and an impact parameter resolution of 20 #m for
tracks with large transverse momentum with respect to the
proton beam direction. Charged hadrons are identified
using two ring-imaging Cherenkov detectors. Photon, elec-
tron, and hadron candidates are identified by a calorimeter
system consisting of scintillating-pad and preshower de-
tectors, an electromagnetic calorimeter, and a hadronic
calorimeter. Muons are identified by a muon system com-
posed of alternating layers of iron and multiwire propor-
tional chambers. The trigger consists of a hardware stage,
based on information from the calorimeter and muon sys-
tems, followed by a software stage that applies a full event
reconstruction.
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FIG. 1 (color online). Leading order diagram for !B0
s decays

into J=c!þ!".
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•  MC (Γ(BW)
f0(980) ≡ 50 MeV) describes data 

well in the selected region: 

o  No significant deviation from BW model 
found. Flatté model also tested. 

o  Interferences (mainly w/ f0(1370)) effects on 
ϵϕ/f0

reco are estimated small by comparing 
the fitted model by LHCb for different f0 
fraction scenarios* and the simple BW.  

o  Other Res. or Non-Res. contaminations are 
suppressed; effects estimated to be small. 

Analysis around the f0(980) state	
•  Di-pion mass around Δ = 50 MeV ~ 
Γ(BW)

f0(980) of the fitted mass in data.  

o  Region around the f0(980) is pure enough to 
be used to measure τ(B0

s)CP-odd and φs. 
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Systematic sources	 %	

B0
s fit variant	 2.1	

Decay models in MC	 6.2	

f0 width in MC (±10 MeV)	 8.6	

BW vs FlaZé models in MC	 5.8	

Finite MC sample	 7.1	

R or NR contaminations 	
(Δ = 100 MeV)	

6.4	

Interferences	 5.6	

Total uncertainty	 16.5	
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Fig. 2. Invariant mass distribution of the B0
s → J/ψ(µ+µ−)φ(K+K−) candidates 

(black filled circles). The signal model is a double Gaussian (dot-dashed line), while 
the combinatorial background model is a constant function (dash-double-dotted 
line). The total fit is represented by the solid line. The bottom plot shows the devi-
ation of the data to the fit divided by the statistical uncertainty in the data.

The J/ψ(µ+µ−)φ(K+K−) invariant mass distribution is mod-
eled by two Gaussian functions for the signal and a constant func-
tion for the combinatorial background. A signal yield of Nφ

obs =
8377 ±107 events is obtained, with a B0

s mass of 5366.8 ±0.2 MeV
and a resolution of 17.1 ± 0.1 MeV, which are consistent with the 
MC simulation. The corresponding invariant mass distribution is 
presented in Fig. 2.

Using the MC simulation, the detection efficiencies for the two 
processes are calculated as the ratio of the reconstructed and gen-
erated yields. The B0

s meson production is simulated using pythia
6.4.24 [23] and its decays simulated with evtgen [24]. The B0

s
mass and lifetime are set to 5369.6 MeV and 438 µm in the 
simulation. The decay model used for the B0

s → J/ψf0 decay is 
a phase-space model reweighted to reflect the spin-1 structure 
of the J/ψ → µ+µ− decay. The corresponding models for the 
B0

s → J/ψφ decay are: a pseudoscalar–vector–vector with CP viola-
tion [25,26] for the B0

s decay, with parameters [24] ∥A||∥2 = 0.24, 
∥A0∥2 = 0.6, ∥A⊥∥2 = 0.16, φ|| = 2.5, φ0 = 0, and φ⊥ = −0.17; a 
vector–lepton–lepton model with radiation (photos) [27] for the 
J/ψ → µ+µ− decay; and a vector–scalar–scalar model [24] for the 
φ → K+K− decay. The events are processed with a Geant4-based 
detector simulation [28] and the same reconstruction algorithms 
used on data. In order to validate the MC simulation samples, rel-
evant kinematic and geometric variables of both simulated decay 
channels are compared with the data after background subtraction 
and found to be in agreement. For example, Fig. 3 compares the 
pT and invariant mass distributions of the f0(π+π−) candidates 
for background-subtracted data and MC simulation. The f0 width 
was set to 50 MeV in the MC simulation. This is consistent with 
what is observed in our data as shown in the Fig. 3.b. The ratio 
of the detection efficiencies for the two B0

s decays is calculated to 
be ϵφ/f0

reco = 1.344 ± 0.095, where the uncertainty reflects the lim-
ited size of simulated samples. Using the corresponding values of 
N f0

obs, Nφ
obs, and ϵφ/f0

reco in Eq. (1), we measure Rf0/φ = 0.140 ± 0.008, 
where the uncertainty is statistical only.

The stability of the Rf0/φ measurement is verified with control 
checks using different run periods, selection criteria, and geometric 
acceptances. To study possible effects from varying run conditions, 

Fig. 3. Comparison of normalized MC simulation (triangles) and background-
subtracted data (squared) for (a) the pT and (b) invariant mass distributions of the 
f0(π+π−) candidates.

the value of Rf0/φ is determined for two subsamples, found by di-
viding the data into two. The ratio is also measured after changing 
the selection criteria for the proper decay length and pT of the B0

s
candidates and the pT of the leading and subleading pion candi-
dates, and by using different azimuthal angle and η requirements 
for the muons. None of these cross-checks revealed any statistically 
significant bias.

5. Systematic uncertainties

Potential systematic uncertainties in the measurement of R f0/φ

come from sources such as the B0
s signal yield extraction proce-

dure, the relative efficiency estimation, and possible contributions 
to the B0

s yields from other decays producing the J/ψπ+π− and 
J/ψK+K− final states.

Systematic uncertainties in the signal yield extraction are esti-
mated by changing the modeling of the signal and the background 
invariant mass distributions in the likelihood fits. For the case of 
the B0

s → J/ψf0 mass distribution the signal shape is changed to 
a double-Gaussian function and the background to an exponential 
function, while for the B0

s → J/ψφ mass distribution the signal is 
changed to a Gaussian function and its background is modeled as a 
first-order polynomial function. These changes lead to a maximum 
variation of 2.1% in Rf0/φ .

There are several factors that may affect the estimate of ϵφ/f0
reco . 

While the MC simulation package uses a Breit–Wigner model to 
simulate the f0 → π+π− process, it has been pointed out [2,3]
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is presented. The J/ψ , f0(980), and φ(1020) are observed through their decays to µ+µ−, π+π−, and 
K+K−, respectively. The f0 and the φ are identified by requiring |Mπ+π− − 974 MeV| < 50 MeV and 
|MK+K− − 1020 MeV| < 10 MeV. The analysis is based on a data sample of pp collisions at a centre-
of-mass energy of 7 TeV, collected by the CMS experiment at the LHC, corresponding to an integrated 
luminosity of 5.3 fb−1. The measured ratio is B(B0

s →J/ψ f0) B(f0→π+π−)

B(B0
s →J/ψφ) B(φ→K+K−)

= 0.140 ±0.008 (stat) ±0.023 (syst), 
where the first uncertainty is statistical and the second is systematic.
© 2016 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. This is an open access 

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Since the observation of the decay B0
s → J/ψπ+π− with J/ψ →

µ+µ− , and the π+π− mass spectrum indicating a large f0(980)
component [1], this channel has been regarded with great interest 
in heavy-flavor physics. More detailed studies of the π+π− mass 
spectrum have shown the π+π− system to be almost entirely CP 
odd [2,3]. This opens up the possibility of directly measuring the 
lifetime of the CP-odd part of the B0

s meson [4,5]. In addition, the 
B0

s → J/ψπ+π− decay has been used for the measurement of the 
CP-violating phase φs [6,7], making an important contribution to 
the world-average value of φs [8–13]. The phase φs is predicted 
to be small in the standard model [14], making its determination 
interesting because of the large enhancements that can be intro-
duced by new physics [15,16]. In what follows, we will refer to the 
f0(980) as f0 and the φ(1020) as φ.

This Letter presents the measurement of the ratio Rf0/φ of the 
branching fractions B(B0

s → J/ψf0)B(f0 → π+π−) and B(B0
s →

J/ψφ)B(φ → K+K−), where in both cases the J/ψ is detected 
through its decay to µ+µ− . The f0 and the φ are identified by re-
quiring |Mπ+π− −974 MeV| < 50 MeV and |MK+K− −1020 MeV| <
10 MeV. The appearance of B0

s → J/ψf0 decays was first discussed 
in [17] with a theoretical estimate for Rf0/φ of approximately 0.2, 
which is consistent with results from several experiments [2,4,18,
19]. Detailed studies of the π+π− mass spectrum of the B0

s →
J/ψπ+π− decay in 0.3 < Mπ+π− < 2.5 GeV [2,3] reveal this final 

⋆ E-mail address: cms-publication-committee-chair@cern.ch.

state to have contributions from several resonances in Mπ+π− , and 
the f0 component to range from 65.0% to 94.5%. However, accord-
ing to the same results, the contaminations from other resonances 
in |Mπ+π− − 974 MeV| < 50 MeV are several orders of magnitude 
lower than the f0 component, including the non-resonant S-wave. 
Based on this, the measurement of Rf0/φ is performed assuming 
that the selected region of Mπ+π− is dominated by B0

s → J/ψf0 de-
cays and neglecting other resonances. Systematic uncertainties are 
assigned to the measurement owing to these assumptions, taking 
into account the uncertainty in the f0 component and the inter-
ferences with other resonances in the selected mass window for 
Mπ+π− .

Experimentally, the ratio Rf0/φ is given by

Rf0/φ = B(B0
s → J/ψ f0)B(f0 → π+π−)

B(B0
s → J/ψφ)B(φ → K+K−)

= N f0
obs

Nφ
obs

ϵφ/f0
reco , (1)

where N f0
obs and Nφ

obs are the observed yields of B0
s → J/ψ(µ+µ−)f0

with f0 → π+π− and B0
s → J/ψ(µ+µ−)φ with φ → K+K− decays, 

respectively, and ϵφ/f0
reco is the ratio of the detection efficiencies for 

the B0
s decay mode with a φ to the decay mode with a f0. Uncer-

tainties in the b quark production cross section cancel in the ratio, 
as do those from the J/ψ → µ+µ− branching fraction and the in-
tegrated luminosity. Given the similar topologies of the two final 
states, systematic uncertainties related to the tracking efficiency 
and the muon identification also cancel in the ratio.

http://dx.doi.org/10.1016/j.physletb.2016.02.047
0370-2693/© 2016 CERN for the benefit of the CMS Collaboration. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Consistent with theoretical expectation of Rf0/φ  ≈ 0.2 [Stone & Zhang, PRD 79, 
074024 (2009)]. 	

  PLB 756 	
(2016) 84–112	

φf0/ R
0.05− 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

)-1DZero (8 fb

)-1CDF (3.8 fb

)-1LHCb (33 pb

)-1CMS (5.3 fb
CMS

=7 TeVs

•  Other experiments measure ratio in 
different M(π+π-) ranges: 

 

Rf0/� ||M⇡+⇡��974 MeV|<50 MeV = 0.140± 0.008 (stat) ± 0.023 (syst)

Rf0/� ||M⇡+⇡��974 MeV|<90 MeV =

0.162± 0.022 (stat) ± 0.016 (syst)

Rf0/�B(� ! K+K�) =

0.139± 0.006 (stat) ± 0.025
0.012 (syst)

isospin violating J=c!ð770Þ final state is limited to<1:5%
at 95%C.L. The sum of f2ð1270Þ helicity#1 and !ð770Þ is
limited to <2:3% at 95% C.L. In the "þ"% mass region
within #90 MeV of 980 MeV, this limit improves to
<0:6% at 95% C.L.

B. Total branching fraction ratio

To avoid the uncertainties associated with absolute
branching fraction measurements, we quote branching
fractions relative to the !B0

s ! J=c# channel. The detec-
tion efficiency for this channel from Monte Carlo simula-
tion is ð1:15# 0:01Þ%, where the error is due to the limited
Monte Carlo sample size.

The simulated detection efficiency for !B0
s ! J=c"þ"%

as a function of the m2ð"þ"%Þ is shown in Fig. 18. The
simulation does not model the pion and kaon identification
efficiencies with sufficient accuracy for our purposes.
Therefore, we measure the kaon identification efficiency
with respect to the Monte Carlo simulation. We use
samples of D&þ ! "þD0, D0 ! K%"þ events selected
without kaon identification to measure the kaon and pion
efficiencies with respect to the simulation, and an addi-
tional sample of K0

s ! "þ"% decay for pions. The iden-
tification efficiency is measured in bins of pT and $ and
then the averages are weighted using the event distributions
in the data. We find the correction to the J=c# efficiency
is 0.970 (two kaons) and that to the J=c f0 efficiency is
0.973 (two pions). The additional correction due to particle

identification then is 0:997# 0:010. In addition, we re-
weight the !B0

s , p, and pT distributions in the simulation,
which lowers the "þ"% efficiency by 1.01% with respect
to the KþK% efficiency.
Dividing the number of the J=c"þ"% signal events

by the J=cKþK% yield, applying the additional correc-
tions as described above, and taking into account
Bð# ! KþK%Þ ¼ ð48:9# 0:5Þ% [8], we find

Bð !B0
s ! J=c"þ"%Þ

Bð !B0
s ! J=c#Þ ¼ ð19:79# 0:47# 0:52Þ%:

Whenever two uncertainties are quoted, the first is statis-
tical and the second systematic. The latter will be discussed
later in Sec. VII. This branching fraction ratio has not been
previously measured.

C. Relative resonance yields

Next we evaluate the relative yields for the 3Rþ NR fit
to the J=c"þ"% final state from the preferred solution.
We normalize the individual fit fractions reported in
Table V by the sum. These normalized fit fractions are
listed in Table IX along with the branching fraction relative
to J=c#, defined as Rr, where r refers to the particular
final state under consideration. Thus

Rr ¼
Bð !B0

s ! rÞ
Bð !B0

s ! J=c#Þ : (29)

We use the difference between the preferred and alternate
solutions found for the 3Rþ NR fit to assign a systematic
uncertainty. Other systematic uncertainties are described in
Sec. VII.
The value found for Rr for the f0ð980Þ, 0:139#

0:006þ0:025
%0:012, is consistent with the prediction of Ref. [9]

and consistent with the our first observation using 33 pb%1

of integrated luminosity [1], after multiplying by
Bð# ! KþK%Þ. The decay !B0

s ! J=c f0ð1370Þ is now
established. Previously both LHCb [1] and Belle [2] had
seen evidence for this final state. The normalized f2ð1270Þ
helicity zero rate is ð0:49# 0:16Þ% in the preferred model
and ð0:42# 0:11Þ% for the alternate solution.
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FIG. 18. Detection efficiency of !B0
s ! J=c"þ"% as a func-

tion of s23 ( m2ð"þ"%Þ.

TABLE IX. Normalized fit fractions (%) for alternate and preferred 3Rþ NR models and the
ratio R (%) relative to !B0

s ! J=c#. The numbers for the f2ð1270Þ refer only to the % ¼ 0 state.

State Preferred Alternate R preferred R alternate Final R

f0ð980Þ 69:7# 2:3 82:4# 2:3 13:9# 0:6 16:3# 0:6 13:9# 0:6þ2:5
%1:2

f0ð1370Þ 21:2# 2:7 5:7# 0:7 4:19# 0:53 1:13# 0:15 4:19# 0:53þ0:12
%3:70

NR 8:4# 1:5 11:3# 1:9 1:66# 0:31 2:23# 0:39 1:66# 0:31þ0:96
%0:08

f2ð1270Þ 0:49# 0:16 0:42# 0:11 0:098# 0:033 0:083# 0:022 0:098# 0:033þ0:006
%0:015

R. AAIJ et al. PHYSICAL REVIEW D 86, 052006 (2012)

052006-14

Rf0/�

��
0.85<M⇡+⇡�<1.2 =

0.257± 0.020 (stat) ± 0.014 (syst)

Rf0/�

��
0.91<M⇡+⇡�<1.05 =

0.275± 0.041 (stat) ± 0.061 (syst)

LHCb [PRD 86, 
052006 (2012)]*	

CDF (PRD 84, 
052012 (2011)) 	

D0 [PRD 85, 
011103(R) (2012)] 	

LHCb [PLB 698 
(2011) 115–122]	

*	
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Next we evaluate the relative yields for the 3Rþ NR fit
to the J=c"þ"% final state from the preferred solution.
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Table V by the sum. These normalized fit fractions are
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to J=c#, defined as Rr, where r refers to the particular
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TABLE IX. Normalized fit fractions (%) for alternate and preferred 3Rþ NR models and the
ratio R (%) relative to !B0

s ! J=c#. The numbers for the f2ð1270Þ refer only to the % ¼ 0 state.
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*	

CP-odd lifetime measurement 
from CMS is coming soon!	



Bc
+ ⇾ J/ψ nπ±	

•  Bc : Unique laboratory to 
study heavy-quark 
dynamics. 

•  b and c quarks competing 
in decay (Bc decays faster 
than other B hadrons). 

•  Rc/u and RBc measured in a 
kinematic region comple-
mentary to LHCb. 

•  X-section measurements 
can improve/constrain Bc 
production models. 
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4 B+
c → J/ψπ+ and B+ → J/ψK+ decays

The selection criteria for the B+
c → J/ψπ+ decay have been optimized in the kinematic

region pT > 15GeV and |y| < 1.6 by maximizing S/
!
(S +B) as a figure of merit, where

S is the signal yield obtained from a Gaussian fit to the MC reconstructed events and B

is the amount of background extrapolated from the J/ψπ+ invariant mass sidebands in the

data. The two sideband regions are defined as being between 5σm(Bc) and 8σm(Bc) of the

world-average Bc mass [22], where σm(Bc) is the resolution of the signal as determined in

simulation.

The procedure results in the following requirements: B+
c vertex probability >6%,

cosα′ > 0.9, where α′ is the angle between the candidate B+
c momentum vector and the

displacement between the beam spot and the decay vertex evaluated in the plane trans-

verse to the beam; pT(π) > 2.7GeV, and ∆R(J/ψ,π) < 1, where ∆R is the distance in the

(η,φ) plane between the J/ψ and pion momentum vector. The B+
c → J/ψπ+ invariant mass

distribution is shown in figure 1 (left). The B+ → J/ψK+ signal is obtained with the same

selections and is shown in figure 1 (right). The B+
c → J/ψπ+ and the B+ → J/ψK+ invariant

mass distributions are fit with an unbinned maximum likelihood estimator. The B+
c signal

is fit with a Gaussian distribution and the background with a second-order Chebyshev

polynomial. The B+
c → J/ψπ+ signal has a yield of 176± 19, a mass of 6.267± 0.003GeV,

and a resolution of 0.025± 0.003GeV (statistical uncertainties only). Contamination from

other B+
c decay modes in the B+

c → J/ψπ+ channel has been investigated. A possible

reflection of the Cabibbo-suppressed B+
c → J/ψK+ mode in the J/ψπ+ mass spectrum has

been modeled from a simulated sample of B+
c → J/ψK+ events and its contribution con-

strained using the value of the relative branching fraction to J/ψπ+ [9]. Furthermore, the

effect due to a possible undetected π0 from B+
c → J/ψπ+π0 decay has been modeled from

a dedicated MC sample. The partially reconstructed J/ψπ+ mass spectrum obtained from

the simulated events has been fit with an ARGUS function [23] convolved with a Gaussian

function describing the detector resolution. The resulting parametrization, added to a lin-

ear function, has been used to describe the background on the left of the signal peak in

the fit of the J/ψπ+ mass spectrum in data. No significant variation of the B+
c → J/ψπ+

signal yield is found.

The B+ invariant mass distribution is fit with a sum of two Gaussian distributions

with a common mean for the signal and a second-order Chebyshev polynomial for the

background. Additional contributions from partially reconstructed B0 and B+ decays are

parametrized with functions determined from inclusive B+ → J/ψX and B0 → J/ψX

MC samples.

5 Rc/u measurement

The ratio Rc/u of the production cross sections times branching fractions is obtained from

the relation

Rc/u =
σ(B+

c )B(B+
c → J/ψπ+)

σ(B+)B(B+ → J/ψK+)
=

YB+
c →J/ψπ+

YB+→J/ψK+
, (5.1)
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Fit variant 5.3
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Total uncertainty 6.5
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Table 1. Systematic uncertainties in the measurement of Rc/u.

The measurement of the ratio, including all the uncertainties, is

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (5.2)

6 B+
c → J/ψπ+π+π− decay

The same figure of merit S/
!
(S +B) is maximized in the selection of the B+

c →
J/ψπ+π+π− signal in the same kinematic phase space as defined for the B+

c → J/ψπ+

decay, i.e., pT(B+
c ) > 15GeV and |y(B+

c )| < 1.6. The optimized selection requirements

are: χ2 probability of the five-track kinematic fit >20%; cosα′ > 0.99; pT(π1) > 2.5GeV;

pT(π2) > 1.7GeV; pT(π3) > 0.9GeV, where the three pions are referred to as π1, π2,

and π3 from highest to lowest pT; and ∆R(J/ψ,πS) < 0.5, where πS is the sum of the

momentum vectors of the three pions. The resulting B+
c → J/ψπ+π+π− invariant mass

distribution is shown in figure 2. A fit is performed with an unbinned maximum likelihood

estimator. The signal is parametrized as a Gaussian distribution and the background as a

second-order Chebyshev polynomial. The signal yield is 92± 27 events and the fitted mass

and resolution values are 6.266± 0.006GeV and 0.021± 0.006GeV, respectively, where the

uncertainties are statistical only. Possible contamination from other B+
c decay modes in

the B+
c → J/ψπ+π+π− channel has been investigated. No B+

c → J/ψK+K−π+ decays are

observed in the data with the applied selection cuts. The effect from a possible undetected

π0 in the decay B+
c → J/ψπ+π+π−π0 has been modeled with a dedicated MC sample. The

partially reconstructed J/ψπ+π+π− mass spectrum obtained from the simulated events

has been fit with an ARGUS function convolved with a Gaussian function describing the

detector resolution. The resulting parametrization, added to a linear polynomial function,

has been used to describe the background on the left of the signal peak in the fit of the

J/ψπ+π+π− mass spectrum in data. No significant variation in the B+
c → J/ψπ+π+π−

signal yield is found.

7 RBc measurement

The ratio RBc is defined as

RBc =
B(B+

c → J/ψπ+π+π−)

B(B+
c → J/ψπ+)

=
YB+

c →J/ψπ+π+π−

YB+
c →J/ψπ+

, (7.1)
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Figure 1. The J/ψπ+ (left) and J/ψK+ (right) invariant mass distributions. The result of the fit is
superimposed. The lines represent the signal-plus-background fit (solid) and the background-only
component (dashed).

where YB+
c →J/ψπ+ and YB+→J/ψK+ are the signal yields extracted from the efficiency-

corrected invariant mass distributions for the B+
c → J/ψπ+ and B+ → J/ψK+ channels,

respectively, in the kinematic region pT > 15GeV and |y| < 1.6. The efficiencies for

the two channels are evaluated from MC simulations and include geometrical acceptance,

reconstruction, selection, and trigger effects.

The simulation of the two-body B+
c → J/ψπ+ and B+ → J/ψK+ decays takes into

account the spins of the particles. The efficiencies are evaluated as a function of the B+ or

B+
c candidate’s pT and computed in pT bins, whose sizes are determined by the available

size of the B+
c → J/ψπ+ and B+ → J/ψK+ MC samples. Data are corrected event-by-event

according to the candidate’s pT.

Possible systematic uncertainties introduced by different trigger and pileup conditions

and analysis selections have been investigated by dividing the data and evaluating the sta-

tistical consistency [22] of the independent samples; the resulting systematic uncertainties

are found to be insignificant. Uncertainties from the different signal and background fit

functions and fit ranges have been evaluated through a “fit variant” approach [24] and

account for a 5.3% uncertainty. The finite size of the MC samples introduces a system-

atic uncertainty of 2.1% and the choice of the pT binning in the efficiency calculation an

additionl 3.1%. The total systematic uncertainty in the ratio is 6.5%.

Recently, the LHCb Collaboration published a new, more precise B+
c lifetime mea-

surement [25], which is significantly higher than the previous world average [22]. The

B+
c → J/ψπ+ reconstruction efficiency has a dependence on the B+

c lifetime. To deter-

mine the systematic uncertainty associated with the uncertainty in the B+
c lifetime, the

efficiency is evaluated while changing the B+
c lifetime in the simulation to cover the range

from the world average minus its one standard deviation uncertainty, to the new LHCb

measurement. The resulting variation in the Rc/u ratio is quoted separately as a life-

time systematic uncertainty (σ(τBc)) and is ±10.4%. The different contributions to the

systematic uncertainty are listed in table 1.
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Table 1. Systematic uncertainties in the measurement of Rc/u.

The measurement of the ratio, including all the uncertainties, is

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (5.2)

6 B+
c → J/ψπ+π+π− decay

The same figure of merit S/
!
(S +B) is maximized in the selection of the B+

c →
J/ψπ+π+π− signal in the same kinematic phase space as defined for the B+

c → J/ψπ+

decay, i.e., pT(B+
c ) > 15GeV and |y(B+

c )| < 1.6. The optimized selection requirements

are: χ2 probability of the five-track kinematic fit >20%; cosα′ > 0.99; pT(π1) > 2.5GeV;

pT(π2) > 1.7GeV; pT(π3) > 0.9GeV, where the three pions are referred to as π1, π2,

and π3 from highest to lowest pT; and ∆R(J/ψ,πS) < 0.5, where πS is the sum of the

momentum vectors of the three pions. The resulting B+
c → J/ψπ+π+π− invariant mass

distribution is shown in figure 2. A fit is performed with an unbinned maximum likelihood

estimator. The signal is parametrized as a Gaussian distribution and the background as a

second-order Chebyshev polynomial. The signal yield is 92± 27 events and the fitted mass

and resolution values are 6.266± 0.006GeV and 0.021± 0.006GeV, respectively, where the

uncertainties are statistical only. Possible contamination from other B+
c decay modes in

the B+
c → J/ψπ+π+π− channel has been investigated. No B+

c → J/ψK+K−π+ decays are

observed in the data with the applied selection cuts. The effect from a possible undetected

π0 in the decay B+
c → J/ψπ+π+π−π0 has been modeled with a dedicated MC sample. The

partially reconstructed J/ψπ+π+π− mass spectrum obtained from the simulated events

has been fit with an ARGUS function convolved with a Gaussian function describing the

detector resolution. The resulting parametrization, added to a linear polynomial function,

has been used to describe the background on the left of the signal peak in the fit of the

J/ψπ+π+π− mass spectrum in data. No significant variation in the B+
c → J/ψπ+π+π−

signal yield is found.

7 RBc measurement

The ratio RBc is defined as

RBc =
B(B+

c → J/ψπ+π+π−)

B(B+
c → J/ψπ+)

=
YB+

c →J/ψπ+π+π−

YB+
c →J/ψπ+

, (7.1)
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+⇾J/ψπ+) /  
σ(B+)ℬ(B+⇾J/ψK+)	

•  LHCb [PRL 109 (2012) 232001] in the kin. region pT > 4 GeV, 2.5 < |η| 
< 4.5 measures:   

•  Difference expected since pT(Bc
+) < pT (B+) in the central region. 
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Table 2. Systematic uncertainties in the measurement of RBc .

The resulting ratio, including all uncertainties, is

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc). (7.3)

8 Summary

A measurement of the ratio of the cross sections times branching fractions for B+
c → J/ψπ+

and B+ → J/ψK+ has been presented based on pp collision data at a center-of-mass energy

of 7TeV collected by the CMS experiment and corresponding to an integrated luminosity

of 5.1 fb−1. The analysis, performed for B+
c and B+ mesons with pT > 15GeV and in the

central rapidity region |y| < 1.6, gives a measured ratio of

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (8.1)

A similar measurement from LHCb in the kinematic region pT > 4GeV, 2.5 < η < 4.5

gives [0.68±0.10 (stat)±0.03 (syst)±0.05 (τBc)]% [27]. The two measurements, performed

in different kinematic regions, are expected to differ because of the softer pT distribution of

the B+
c with respect to that of the B+, implying a lower value of the ratio at higher pT. The

measurements are consistent with this expectation. Measurements of the production cross

section times branching fraction for B+
c → J/ψℓ+ν relative to that for B+ → J/ψK+ are also

available from the CDF experiment [4] in the kinematic region pT > 4GeV and |y| < 1.

With the present B+
c (pT,|y|) coverage, these experimental results can give guidance to

improve the theoretical calculations still affected by large uncertainties and constrain the

various B+
c production models.

The ratio of the B+
c → J/ψπ+π+π− and B+

c → J/ψπ+ branching fractions has been

measured to be

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc), (8.2)

which is in good agreement with the result from the LHCb experiment, 2.41 ±
0.30 (stat)±0.33 (syst) [10], and represents its first confirmation. This measurement can be

compared with the theoretical predictions, which assume factorization into B+
c → J/ψW+∗

and W+∗ → nπ+ (n = 1, 2, 3, 4). In particular, ref. [28] predicts 1.5 for the ratio, whereas
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Figure 1. The J/ψπ+ (left) and J/ψK+ (right) invariant mass distributions. The result of the fit is
superimposed. The lines represent the signal-plus-background fit (solid) and the background-only
component (dashed).

where YB+
c →J/ψπ+ and YB+→J/ψK+ are the signal yields extracted from the efficiency-

corrected invariant mass distributions for the B+
c → J/ψπ+ and B+ → J/ψK+ channels,

respectively, in the kinematic region pT > 15GeV and |y| < 1.6. The efficiencies for

the two channels are evaluated from MC simulations and include geometrical acceptance,

reconstruction, selection, and trigger effects.

The simulation of the two-body B+
c → J/ψπ+ and B+ → J/ψK+ decays takes into

account the spins of the particles. The efficiencies are evaluated as a function of the B+ or

B+
c candidate’s pT and computed in pT bins, whose sizes are determined by the available

size of the B+
c → J/ψπ+ and B+ → J/ψK+ MC samples. Data are corrected event-by-event

according to the candidate’s pT.

Possible systematic uncertainties introduced by different trigger and pileup conditions

and analysis selections have been investigated by dividing the data and evaluating the sta-

tistical consistency [22] of the independent samples; the resulting systematic uncertainties

are found to be insignificant. Uncertainties from the different signal and background fit

functions and fit ranges have been evaluated through a “fit variant” approach [24] and

account for a 5.3% uncertainty. The finite size of the MC samples introduces a system-

atic uncertainty of 2.1% and the choice of the pT binning in the efficiency calculation an

additionl 3.1%. The total systematic uncertainty in the ratio is 6.5%.

Recently, the LHCb Collaboration published a new, more precise B+
c lifetime mea-

surement [25], which is significantly higher than the previous world average [22]. The

B+
c → J/ψπ+ reconstruction efficiency has a dependence on the B+

c lifetime. To deter-

mine the systematic uncertainty associated with the uncertainty in the B+
c lifetime, the

efficiency is evaluated while changing the B+
c lifetime in the simulation to cover the range

from the world average minus its one standard deviation uncertainty, to the new LHCb

measurement. The resulting variation in the Rc/u ratio is quoted separately as a life-

time systematic uncertainty (σ(τBc)) and is ±10.4%. The different contributions to the

systematic uncertainty are listed in table 1.
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4 B+
c → J/ψπ+ and B+ → J/ψK+ decays

The selection criteria for the B+
c → J/ψπ+ decay have been optimized in the kinematic

region pT > 15GeV and |y| < 1.6 by maximizing S/
!
(S +B) as a figure of merit, where

S is the signal yield obtained from a Gaussian fit to the MC reconstructed events and B

is the amount of background extrapolated from the J/ψπ+ invariant mass sidebands in the

data. The two sideband regions are defined as being between 5σm(Bc) and 8σm(Bc) of the

world-average Bc mass [22], where σm(Bc) is the resolution of the signal as determined in

simulation.

The procedure results in the following requirements: B+
c vertex probability >6%,

cosα′ > 0.9, where α′ is the angle between the candidate B+
c momentum vector and the

displacement between the beam spot and the decay vertex evaluated in the plane trans-

verse to the beam; pT(π) > 2.7GeV, and ∆R(J/ψ,π) < 1, where ∆R is the distance in the

(η,φ) plane between the J/ψ and pion momentum vector. The B+
c → J/ψπ+ invariant mass

distribution is shown in figure 1 (left). The B+ → J/ψK+ signal is obtained with the same

selections and is shown in figure 1 (right). The B+
c → J/ψπ+ and the B+ → J/ψK+ invariant

mass distributions are fit with an unbinned maximum likelihood estimator. The B+
c signal

is fit with a Gaussian distribution and the background with a second-order Chebyshev

polynomial. The B+
c → J/ψπ+ signal has a yield of 176± 19, a mass of 6.267± 0.003GeV,

and a resolution of 0.025± 0.003GeV (statistical uncertainties only). Contamination from

other B+
c decay modes in the B+

c → J/ψπ+ channel has been investigated. A possible

reflection of the Cabibbo-suppressed B+
c → J/ψK+ mode in the J/ψπ+ mass spectrum has

been modeled from a simulated sample of B+
c → J/ψK+ events and its contribution con-

strained using the value of the relative branching fraction to J/ψπ+ [9]. Furthermore, the

effect due to a possible undetected π0 from B+
c → J/ψπ+π0 decay has been modeled from

a dedicated MC sample. The partially reconstructed J/ψπ+ mass spectrum obtained from

the simulated events has been fit with an ARGUS function [23] convolved with a Gaussian

function describing the detector resolution. The resulting parametrization, added to a lin-

ear function, has been used to describe the background on the left of the signal peak in

the fit of the J/ψπ+ mass spectrum in data. No significant variation of the B+
c → J/ψπ+

signal yield is found.

The B+ invariant mass distribution is fit with a sum of two Gaussian distributions

with a common mean for the signal and a second-order Chebyshev polynomial for the

background. Additional contributions from partially reconstructed B0 and B+ decays are

parametrized with functions determined from inclusive B+ → J/ψX and B0 → J/ψX

MC samples.

5 Rc/u measurement

The ratio Rc/u of the production cross sections times branching fractions is obtained from

the relation

Rc/u =
σ(B+

c )B(B+
c → J/ψπ+)

σ(B+)B(B+ → J/ψK+)
=

YB+
c →J/ψπ+

YB+→J/ψK+
, (5.1)
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The selection criteria for the B+
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region pT > 15GeV and |y| < 1.6 by maximizing S/
!

(S +B) as a figure of merit, where

S is the signal yield obtained from a Gaussian fit to the MC reconstructed events and B

is the amount of background extrapolated from the J/ψπ+ invariant mass sidebands in the

data. The two sideband regions are defined as being between 5σm(Bc) and 8σm(Bc) of the

world-average Bc mass [22], where σm(Bc) is the resolution of the signal as determined in

simulation.

The procedure results in the following requirements: B+
c vertex probability >6%,

cosα′ > 0.9, where α′ is the angle between the candidate B+
c momentum vector and the

displacement between the beam spot and the decay vertex evaluated in the plane trans-

verse to the beam; pT(π) > 2.7GeV, and ∆R(J/ψ,π) < 1, where ∆R is the distance in the

(η,φ) plane between the J/ψ and pion momentum vector. The B+
c → J/ψπ+ invariant mass

distribution is shown in figure 1 (left). The B+ → J/ψK+ signal is obtained with the same

selections and is shown in figure 1 (right). The B+
c → J/ψπ+ and the B+ → J/ψK+ invariant

mass distributions are fit with an unbinned maximum likelihood estimator. The B+
c signal

is fit with a Gaussian distribution and the background with a second-order Chebyshev

polynomial. The B+
c → J/ψπ+ signal has a yield of 176± 19, a mass of 6.267± 0.003GeV,

and a resolution of 0.025± 0.003GeV (statistical uncertainties only). Contamination from

other B+
c decay modes in the B+

c → J/ψπ+ channel has been investigated. A possible

reflection of the Cabibbo-suppressed B+
c → J/ψK+ mode in the J/ψπ+ mass spectrum has

been modeled from a simulated sample of B+
c → J/ψK+ events and its contribution con-

strained using the value of the relative branching fraction to J/ψπ+ [9]. Furthermore, the

effect due to a possible undetected π0 from B+
c → J/ψπ+π0 decay has been modeled from

a dedicated MC sample. The partially reconstructed J/ψπ+ mass spectrum obtained from

the simulated events has been fit with an ARGUS function [23] convolved with a Gaussian

function describing the detector resolution. The resulting parametrization, added to a lin-

ear function, has been used to describe the background on the left of the signal peak in

the fit of the J/ψπ+ mass spectrum in data. No significant variation of the B+
c → J/ψπ+

signal yield is found.

The B+ invariant mass distribution is fit with a sum of two Gaussian distributions

with a common mean for the signal and a second-order Chebyshev polynomial for the

background. Additional contributions from partially reconstructed B0 and B+ decays are

parametrized with functions determined from inclusive B+ → J/ψX and B0 → J/ψX

MC samples.

5 Rc/u measurement

The ratio Rc/u of the production cross sections times branching fractions is obtained from

the relation

Rc/u =
σ(B+

c )B(B+
c → J/ψπ+)

σ(B+)B(B+ → J/ψK+)
=

YB+
c →J/ψπ+

YB+→J/ψK+
, (5.1)
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Table 2. Systematic uncertainties in the measurement of RBc .

The resulting ratio, including all uncertainties, is

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc). (7.3)

8 Summary

A measurement of the ratio of the cross sections times branching fractions for B+
c → J/ψπ+

and B+ → J/ψK+ has been presented based on pp collision data at a center-of-mass energy

of 7TeV collected by the CMS experiment and corresponding to an integrated luminosity

of 5.1 fb−1. The analysis, performed for B+
c and B+ mesons with pT > 15GeV and in the

central rapidity region |y| < 1.6, gives a measured ratio of

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (8.1)

A similar measurement from LHCb in the kinematic region pT > 4GeV, 2.5 < η < 4.5

gives [0.68±0.10 (stat)±0.03 (syst)±0.05 (τBc)]% [27]. The two measurements, performed

in different kinematic regions, are expected to differ because of the softer pT distribution of

the B+
c with respect to that of the B+, implying a lower value of the ratio at higher pT. The

measurements are consistent with this expectation. Measurements of the production cross

section times branching fraction for B+
c → J/ψℓ+ν relative to that for B+ → J/ψK+ are also

available from the CDF experiment [4] in the kinematic region pT > 4GeV and |y| < 1.

With the present B+
c (pT,|y|) coverage, these experimental results can give guidance to

improve the theoretical calculations still affected by large uncertainties and constrain the

various B+
c production models.

The ratio of the B+
c → J/ψπ+π+π− and B+

c → J/ψπ+ branching fractions has been

measured to be

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc), (8.2)

which is in good agreement with the result from the LHCb experiment, 2.41 ±
0.30 (stat)±0.33 (syst) [10], and represents its first confirmation. This measurement can be

compared with the theoretical predictions, which assume factorization into B+
c → J/ψW+∗

and W+∗ → nπ+ (n = 1, 2, 3, 4). In particular, ref. [28] predicts 1.5 for the ratio, whereas
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Table 1. Systematic uncertainties in the measurement of Rc/u.

The measurement of the ratio, including all the uncertainties, is

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (5.2)

6 B+
c → J/ψπ+π+π− decay

The same figure of merit S/
!
(S +B) is maximized in the selection of the B+

c →
J/ψπ+π+π− signal in the same kinematic phase space as defined for the B+

c → J/ψπ+

decay, i.e., pT(B+
c ) > 15GeV and |y(B+

c )| < 1.6. The optimized selection requirements

are: χ2 probability of the five-track kinematic fit >20%; cosα′ > 0.99; pT(π1) > 2.5GeV;

pT(π2) > 1.7GeV; pT(π3) > 0.9GeV, where the three pions are referred to as π1, π2,

and π3 from highest to lowest pT; and ∆R(J/ψ,πS) < 0.5, where πS is the sum of the

momentum vectors of the three pions. The resulting B+
c → J/ψπ+π+π− invariant mass

distribution is shown in figure 2. A fit is performed with an unbinned maximum likelihood

estimator. The signal is parametrized as a Gaussian distribution and the background as a

second-order Chebyshev polynomial. The signal yield is 92± 27 events and the fitted mass

and resolution values are 6.266± 0.006GeV and 0.021± 0.006GeV, respectively, where the

uncertainties are statistical only. Possible contamination from other B+
c decay modes in

the B+
c → J/ψπ+π+π− channel has been investigated. No B+

c → J/ψK+K−π+ decays are

observed in the data with the applied selection cuts. The effect from a possible undetected

π0 in the decay B+
c → J/ψπ+π+π−π0 has been modeled with a dedicated MC sample. The

partially reconstructed J/ψπ+π+π− mass spectrum obtained from the simulated events

has been fit with an ARGUS function convolved with a Gaussian function describing the

detector resolution. The resulting parametrization, added to a linear polynomial function,

has been used to describe the background on the left of the signal peak in the fit of the

J/ψπ+π+π− mass spectrum in data. No significant variation in the B+
c → J/ψπ+π+π−

signal yield is found.

7 RBc measurement

The ratio RBc is defined as

RBc =
B(B+

c → J/ψπ+π+π−)

B(B+
c → J/ψπ+)

=
YB+

c →J/ψπ+π+π−

YB+
c →J/ψπ+

, (7.1)
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σ(Bc
+)ℬ(Bc

+⇾J/ψπ+) /  
σ(B+)ℬ(B+⇾J/ψK+)	

•  LHCb [PRL 109 (2012) 232001] in the kin. region pT > 4 GeV, 2.5 < |η| 
< 4.5 measures:   

•  Difference expected since pT(Bc
+) < pT (B+) in the central region. 
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Table 2. Systematic uncertainties in the measurement of RBc .

The resulting ratio, including all uncertainties, is

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc). (7.3)

8 Summary

A measurement of the ratio of the cross sections times branching fractions for B+
c → J/ψπ+

and B+ → J/ψK+ has been presented based on pp collision data at a center-of-mass energy

of 7TeV collected by the CMS experiment and corresponding to an integrated luminosity

of 5.1 fb−1. The analysis, performed for B+
c and B+ mesons with pT > 15GeV and in the

central rapidity region |y| < 1.6, gives a measured ratio of

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (8.1)

A similar measurement from LHCb in the kinematic region pT > 4GeV, 2.5 < η < 4.5

gives [0.68±0.10 (stat)±0.03 (syst)±0.05 (τBc)]% [27]. The two measurements, performed

in different kinematic regions, are expected to differ because of the softer pT distribution of

the B+
c with respect to that of the B+, implying a lower value of the ratio at higher pT. The

measurements are consistent with this expectation. Measurements of the production cross

section times branching fraction for B+
c → J/ψℓ+ν relative to that for B+ → J/ψK+ are also

available from the CDF experiment [4] in the kinematic region pT > 4GeV and |y| < 1.

With the present B+
c (pT,|y|) coverage, these experimental results can give guidance to

improve the theoretical calculations still affected by large uncertainties and constrain the

various B+
c production models.

The ratio of the B+
c → J/ψπ+π+π− and B+

c → J/ψπ+ branching fractions has been

measured to be

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc), (8.2)

which is in good agreement with the result from the LHCb experiment, 2.41 ±
0.30 (stat)±0.33 (syst) [10], and represents its first confirmation. This measurement can be

compared with the theoretical predictions, which assume factorization into B+
c → J/ψW+∗

and W+∗ → nπ+ (n = 1, 2, 3, 4). In particular, ref. [28] predicts 1.5 for the ratio, whereas
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Figure 1. The J/ψπ+ (left) and J/ψK+ (right) invariant mass distributions. The result of the fit is
superimposed. The lines represent the signal-plus-background fit (solid) and the background-only
component (dashed).

where YB+
c →J/ψπ+ and YB+→J/ψK+ are the signal yields extracted from the efficiency-

corrected invariant mass distributions for the B+
c → J/ψπ+ and B+ → J/ψK+ channels,

respectively, in the kinematic region pT > 15GeV and |y| < 1.6. The efficiencies for

the two channels are evaluated from MC simulations and include geometrical acceptance,

reconstruction, selection, and trigger effects.

The simulation of the two-body B+
c → J/ψπ+ and B+ → J/ψK+ decays takes into

account the spins of the particles. The efficiencies are evaluated as a function of the B+ or

B+
c candidate’s pT and computed in pT bins, whose sizes are determined by the available

size of the B+
c → J/ψπ+ and B+ → J/ψK+ MC samples. Data are corrected event-by-event

according to the candidate’s pT.

Possible systematic uncertainties introduced by different trigger and pileup conditions

and analysis selections have been investigated by dividing the data and evaluating the sta-

tistical consistency [22] of the independent samples; the resulting systematic uncertainties

are found to be insignificant. Uncertainties from the different signal and background fit

functions and fit ranges have been evaluated through a “fit variant” approach [24] and

account for a 5.3% uncertainty. The finite size of the MC samples introduces a system-

atic uncertainty of 2.1% and the choice of the pT binning in the efficiency calculation an

additionl 3.1%. The total systematic uncertainty in the ratio is 6.5%.

Recently, the LHCb Collaboration published a new, more precise B+
c lifetime mea-

surement [25], which is significantly higher than the previous world average [22]. The

B+
c → J/ψπ+ reconstruction efficiency has a dependence on the B+

c lifetime. To deter-

mine the systematic uncertainty associated with the uncertainty in the B+
c lifetime, the

efficiency is evaluated while changing the B+
c lifetime in the simulation to cover the range

from the world average minus its one standard deviation uncertainty, to the new LHCb

measurement. The resulting variation in the Rc/u ratio is quoted separately as a life-

time systematic uncertainty (σ(τBc)) and is ±10.4%. The different contributions to the

systematic uncertainty are listed in table 1.
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4 B+
c → J/ψπ+ and B+ → J/ψK+ decays

The selection criteria for the B+
c → J/ψπ+ decay have been optimized in the kinematic

region pT > 15GeV and |y| < 1.6 by maximizing S/
!
(S +B) as a figure of merit, where

S is the signal yield obtained from a Gaussian fit to the MC reconstructed events and B

is the amount of background extrapolated from the J/ψπ+ invariant mass sidebands in the

data. The two sideband regions are defined as being between 5σm(Bc) and 8σm(Bc) of the

world-average Bc mass [22], where σm(Bc) is the resolution of the signal as determined in

simulation.

The procedure results in the following requirements: B+
c vertex probability >6%,

cosα′ > 0.9, where α′ is the angle between the candidate B+
c momentum vector and the

displacement between the beam spot and the decay vertex evaluated in the plane trans-

verse to the beam; pT(π) > 2.7GeV, and ∆R(J/ψ,π) < 1, where ∆R is the distance in the

(η,φ) plane between the J/ψ and pion momentum vector. The B+
c → J/ψπ+ invariant mass

distribution is shown in figure 1 (left). The B+ → J/ψK+ signal is obtained with the same

selections and is shown in figure 1 (right). The B+
c → J/ψπ+ and the B+ → J/ψK+ invariant

mass distributions are fit with an unbinned maximum likelihood estimator. The B+
c signal

is fit with a Gaussian distribution and the background with a second-order Chebyshev

polynomial. The B+
c → J/ψπ+ signal has a yield of 176± 19, a mass of 6.267± 0.003GeV,

and a resolution of 0.025± 0.003GeV (statistical uncertainties only). Contamination from

other B+
c decay modes in the B+

c → J/ψπ+ channel has been investigated. A possible

reflection of the Cabibbo-suppressed B+
c → J/ψK+ mode in the J/ψπ+ mass spectrum has

been modeled from a simulated sample of B+
c → J/ψK+ events and its contribution con-

strained using the value of the relative branching fraction to J/ψπ+ [9]. Furthermore, the

effect due to a possible undetected π0 from B+
c → J/ψπ+π0 decay has been modeled from

a dedicated MC sample. The partially reconstructed J/ψπ+ mass spectrum obtained from

the simulated events has been fit with an ARGUS function [23] convolved with a Gaussian

function describing the detector resolution. The resulting parametrization, added to a lin-

ear function, has been used to describe the background on the left of the signal peak in

the fit of the J/ψπ+ mass spectrum in data. No significant variation of the B+
c → J/ψπ+

signal yield is found.

The B+ invariant mass distribution is fit with a sum of two Gaussian distributions

with a common mean for the signal and a second-order Chebyshev polynomial for the

background. Additional contributions from partially reconstructed B0 and B+ decays are

parametrized with functions determined from inclusive B+ → J/ψX and B0 → J/ψX

MC samples.

5 Rc/u measurement

The ratio Rc/u of the production cross sections times branching fractions is obtained from

the relation

Rc/u =
σ(B+

c )B(B+
c → J/ψπ+)

σ(B+)B(B+ → J/ψK+)
=

YB+
c →J/ψπ+

YB+→J/ψK+
, (5.1)
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been modeled from a simulated sample of B+
c → J/ψK+ events and its contribution con-

strained using the value of the relative branching fraction to J/ψπ+ [9]. Furthermore, the

effect due to a possible undetected π0 from B+
c → J/ψπ+π0 decay has been modeled from

a dedicated MC sample. The partially reconstructed J/ψπ+ mass spectrum obtained from

the simulated events has been fit with an ARGUS function [23] convolved with a Gaussian

function describing the detector resolution. The resulting parametrization, added to a lin-

ear function, has been used to describe the background on the left of the signal peak in

the fit of the J/ψπ+ mass spectrum in data. No significant variation of the B+
c → J/ψπ+

signal yield is found.

The B+ invariant mass distribution is fit with a sum of two Gaussian distributions

with a common mean for the signal and a second-order Chebyshev polynomial for the

background. Additional contributions from partially reconstructed B0 and B+ decays are

parametrized with functions determined from inclusive B+ → J/ψX and B0 → J/ψX

MC samples.

5 Rc/u measurement

The ratio Rc/u of the production cross sections times branching fractions is obtained from

the relation

Rc/u =
σ(B+

c )B(B+
c → J/ψπ+)

σ(B+)B(B+ → J/ψK+)
=

YB+
c →J/ψπ+
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Systematic source %

Fit variant 9.4

MC sample size 4.1

Efficiency fit function 1.0

Efficiency binning 1.9

Tracking efficiency 7.8

Total uncertainty 13.1

Lifetime +1.6
−0.4

Table 2. Systematic uncertainties in the measurement of RBc .

The resulting ratio, including all uncertainties, is

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc). (7.3)

8 Summary

A measurement of the ratio of the cross sections times branching fractions for B+
c → J/ψπ+

and B+ → J/ψK+ has been presented based on pp collision data at a center-of-mass energy

of 7TeV collected by the CMS experiment and corresponding to an integrated luminosity

of 5.1 fb−1. The analysis, performed for B+
c and B+ mesons with pT > 15GeV and in the

central rapidity region |y| < 1.6, gives a measured ratio of

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (8.1)

A similar measurement from LHCb in the kinematic region pT > 4GeV, 2.5 < η < 4.5

gives [0.68±0.10 (stat)±0.03 (syst)±0.05 (τBc)]% [27]. The two measurements, performed

in different kinematic regions, are expected to differ because of the softer pT distribution of

the B+
c with respect to that of the B+, implying a lower value of the ratio at higher pT. The

measurements are consistent with this expectation. Measurements of the production cross

section times branching fraction for B+
c → J/ψℓ+ν relative to that for B+ → J/ψK+ are also

available from the CDF experiment [4] in the kinematic region pT > 4GeV and |y| < 1.

With the present B+
c (pT,|y|) coverage, these experimental results can give guidance to

improve the theoretical calculations still affected by large uncertainties and constrain the

various B+
c production models.

The ratio of the B+
c → J/ψπ+π+π− and B+

c → J/ψπ+ branching fractions has been

measured to be

RBc = 2.55± 0.80 (stat)± 0.33 (syst)+0.04
−0.01 (τBc), (8.2)

which is in good agreement with the result from the LHCb experiment, 2.41 ±
0.30 (stat)±0.33 (syst) [10], and represents its first confirmation. This measurement can be

compared with the theoretical predictions, which assume factorization into B+
c → J/ψW+∗

and W+∗ → nπ+ (n = 1, 2, 3, 4). In particular, ref. [28] predicts 1.5 for the ratio, whereas
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Bc lifetime measurement from 
CMS will come soon!	

JHEP 01 	
(2015) 063	



ℬ(Bc
+⇾J/ψπ+π+π-) /  
ℬ(Bc

+⇾J/ψπ+)	
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Figure 2. The J/ψπ+π+π− invariant mass distribution. The result of the fit is superimposed; the
lines represent the signal-plus-background fit (solid) and the background-only component (dashed).

where YB+
c →J/ψπ+π+π− and YB+

c →J/ψπ+ are the signal yields extracted from the efficiency-

corrected invariant mass distributions for the B+
c → J/ψπ+π+π− and B+

c → J/ψπ+ chan-

nels, respectively, in the kinematic region pT > 15GeV and |y| < 1.6. Efficiency corrections

of the B+
c → J/ψπ+π+π− and B+

c → J/ψπ+ data include geometrical acceptance, recon-

struction, selection, and trigger effects. The efficiencies for the two channels are evaluated

from MC simulations.

The efficiency for the B+
c → J/ψπ+ channel is evaluated as a function of the candidate’s

pT, as explained in section 5.

The B+
c → J/ψπ+π+π− decay can involve intermediate resonant states; indeed, the

π+π+π− and π+π− invariant mass projections from data show evidence for the presence

of a1(1260) and ρ(770) in the decay (figure 3). No hint of either ψ(2S)(→ J/ψπ+π−) or

X(3872)(→ J/ψπ+π−) is detected in the µ+µ−π+π− mass projections. The quantitative

determination of the resonant contributions and their interferences in the decay requires a

sophisticated amplitude analysis which is not feasible with the available amount of data.

However, the reconstruction efficiency for this five-body decay could be affected by the

decay dynamics; thus, a model-independent efficiency treatment is needed.

A five-body decay of a spinless particle can be fully described in its center-of-mass frame

by eight independent mass combinations of the type m2
ij (i ̸= j), where m2

ij is the squared

invariant mass of the pair of particles i and j in the final state (Dalitz plot representation).

In the present case, the additional J/ψ mass constraint reduces the number of independent

m2
ij to seven. The following seven mass combinations have been chosen: x = m2(µ+π+)low,

y = m2(π+π−)high, z = m2(µ+π−), w = m2(π+π+), r = m2(µ−π+)low, t = m2(µ−π+)high,

and v = m2(µ−π−); the “low” and “high” subscripts refer to the lower and higher invariant

mass combination where a π+ is involved. A B+
c → J/ψπ+π+π− nonresonant MC has been

produced to access all the phase-space configurations. The efficiency is parametrized as a
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Fit variant 5.3

MC sample size 2.1

Efficiency binning 3.1

Total uncertainty 6.5

Bc lifetime 10.4

Table 1. Systematic uncertainties in the measurement of Rc/u.

The measurement of the ratio, including all the uncertainties, is

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (5.2)

6 B+
c → J/ψπ+π+π− decay

The same figure of merit S/
!
(S +B) is maximized in the selection of the B+

c →
J/ψπ+π+π− signal in the same kinematic phase space as defined for the B+

c → J/ψπ+

decay, i.e., pT(B+
c ) > 15GeV and |y(B+

c )| < 1.6. The optimized selection requirements

are: χ2 probability of the five-track kinematic fit >20%; cosα′ > 0.99; pT(π1) > 2.5GeV;

pT(π2) > 1.7GeV; pT(π3) > 0.9GeV, where the three pions are referred to as π1, π2,

and π3 from highest to lowest pT; and ∆R(J/ψ,πS) < 0.5, where πS is the sum of the

momentum vectors of the three pions. The resulting B+
c → J/ψπ+π+π− invariant mass

distribution is shown in figure 2. A fit is performed with an unbinned maximum likelihood

estimator. The signal is parametrized as a Gaussian distribution and the background as a

second-order Chebyshev polynomial. The signal yield is 92± 27 events and the fitted mass

and resolution values are 6.266± 0.006GeV and 0.021± 0.006GeV, respectively, where the

uncertainties are statistical only. Possible contamination from other B+
c decay modes in

the B+
c → J/ψπ+π+π− channel has been investigated. No B+

c → J/ψK+K−π+ decays are

observed in the data with the applied selection cuts. The effect from a possible undetected

π0 in the decay B+
c → J/ψπ+π+π−π0 has been modeled with a dedicated MC sample. The

partially reconstructed J/ψπ+π+π− mass spectrum obtained from the simulated events

has been fit with an ARGUS function convolved with a Gaussian function describing the

detector resolution. The resulting parametrization, added to a linear polynomial function,

has been used to describe the background on the left of the signal peak in the fit of the

J/ψπ+π+π− mass spectrum in data. No significant variation in the B+
c → J/ψπ+π+π−

signal yield is found.

7 RBc measurement

The ratio RBc is defined as

RBc =
B(B+

c → J/ψπ+π+π−)

B(B+
c → J/ψπ+)

=
YB+

c →J/ψπ+π+π−

YB+
c →J/ψπ+

, (7.1)

– 6 –

J
H
E
P
0
1
(
2
0
1
5
)
0
6
3

Systematic source %

Fit variant 5.3

MC sample size 2.1

Efficiency binning 3.1

Total uncertainty 6.5

Bc lifetime 10.4

Table 1. Systematic uncertainties in the measurement of Rc/u.

The measurement of the ratio, including all the uncertainties, is

Rc/u = [0.48± 0.05 (stat)± 0.03 (syst)± 0.05 (τBc)]%. (5.2)

6 B+
c → J/ψπ+π+π− decay

The same figure of merit S/
!

(S +B) is maximized in the selection of the B+
c →

J/ψπ+π+π− signal in the same kinematic phase space as defined for the B+
c → J/ψπ+

decay, i.e., pT(B+
c ) > 15GeV and |y(B+

c )| < 1.6. The optimized selection requirements

are: χ2 probability of the five-track kinematic fit >20%; cosα′ > 0.99; pT(π1) > 2.5GeV;

pT(π2) > 1.7GeV; pT(π3) > 0.9GeV, where the three pions are referred to as π1, π2,

and π3 from highest to lowest pT; and ∆R(J/ψ,πS) < 0.5, where πS is the sum of the

momentum vectors of the three pions. The resulting B+
c → J/ψπ+π+π− invariant mass

distribution is shown in figure 2. A fit is performed with an unbinned maximum likelihood

estimator. The signal is parametrized as a Gaussian distribution and the background as a

second-order Chebyshev polynomial. The signal yield is 92± 27 events and the fitted mass

and resolution values are 6.266± 0.006GeV and 0.021± 0.006GeV, respectively, where the

uncertainties are statistical only. Possible contamination from other B+
c decay modes in

the B+
c → J/ψπ+π+π− channel has been investigated. No B+

c → J/ψK+K−π+ decays are
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•  First confirmation. LHCb measured RBc = 2.41 ± 0.30(stat) ±  0.33(syst) 
[PRL 108 (2012) 251802], in complementary kin. region. 

•  Predictions of RBc, assuming factorization into Bc⇾J/ψW+* and W+*⇾ 
nπ+, range btw = 1.5 – 2.3 [PRD 81 (2010) 014005, PRD 81 (2010) 014015]. 

JHEP 01 	
(2015) 063	



Rare B decays as 
new physics probes	
•  Rare decays: FCNC decays forbidden 

@LO. NP (in penguins/boxes) could 
modify Wilson coefficients. 

•  Complementary info: S/P-S (B0
s⇾μ+μ-) 

vs. V/A (B⇾K(*)μ+μ-) interactions.  

•  Reliable BR predictions within the SM for 
ℬ(B0

s⇾μ+μ-). 

Beauty 2016 -- 5/5/16 B properties @ CMS -- Ivan Heredia 13 

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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categories with the highest S/(S 1 B) value for CMS and LHCb, as well
as displays of events with high probability to be genuine signal decays,
are shown in Extended Data Figs 2–4.

The combined fit leads to the measurements B(B0
s?mzm{)~

(2:8z0:7
{0:6) |10{9 and B(B0?mzm{)~(3:9z1:6

{1:4)|10{10, where the
uncertainties include both statistical and systematic sources, the latter
contributing 35% and 18% of the total uncertainty for the B0

s and B0

signals, respectively. Using Wilks’ theorem29, the statistical signifi-
cance in unit of standard deviations, s, is computed to be 6.2 for the
B0

s?mzm{ decay mode and 3.2 for the B0 R m1m2 mode. For each
signal the null hypothesis that is used to compute the significance
includes all background components predicted by the SM as well as
the other signal, whose branching fraction is allowed to vary freely. The
median expected significances assuming the SM branching fractions
are 7.4s and 0.8s for the B0

s and B0 modes, respectively. Likelihood
contours forB(B0 R m1m2) versusB(B0

s?mzm{) are shown in Fig. 3.
One-dimensional likelihood scans for both decay modes are displayed
in the same figure. In addition to the likelihood scan, the statistical
significance and confidence intervals for the B0 branching fraction are
determined using simulated experiments. This determination yields a
significance of 3.0s for a B0 signal with respect to the same null hypo-
thesis described above. Following the Feldman–Cousins30 procedure,

61s and 62s confidence intervals for B(B0 R m1m2) of [2.5, 5.6] 3
10210 and [1.4, 7.4] 3 10210 are obtained, respectively (see Extended
Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM
predictions yieldsSB0

s
SM~0:76z0:20

{0:18 andSB0

SM~3:7z1:6
{1:4. Associated like-

lihood contours and one-dimensional likelihood scans are shown in
Extended Data Fig. 6. The measurements are compatible with the SM
branching fractions of the B0

s?mzm{ and B0 R m1m2 decays at the
1.2s and 2.2s level, respectively, when computed from the one-
dimensional hypothesis tests. Finally, the fit for the ratio of branching
fractions yieldsR~0:14z0:08

{0:06, which is compatible with the SM at the
2.3s level. The one-dimensional likelihood scan for this parameter is
shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advant-
age of their full statistical power, establishes conclusively the existence
of the B0

s?mzm{ decay and provides an improved measurement of its
branching fraction. This concludes a search that started more than
three decades ago (see Extended Data Fig. 7), and initiates a phase of
precision measurements of the properties of this decay. It also pro-
duces three standard deviation evidence for the B0 R m1m2 decay. The
measured branching fractions of both decays are compatible with SM
predictions. This is the first time that the CMS and LHCb collabora-
tions have performed a combined analysis of sets of their data in order
to obtain a statistically significant observation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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contour encloses a region approximately corresponding to the reported
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62s confidence intervals for the branching fraction, respectively. The SM
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vertical (red) band.

0 0.1 0.2 0.3 0.4 0.5

–2
Δl

nL

0

2

4

6

8

10

SM and MFV

CMS and LHCb (LHC run I)

Figure 4 | Variation of the test statistic 22DlnL as a function of the ratio of
branching fractionsR:B(B0 Rm1m2)/B(B0

s Rm1m2). The dark and light
(cyan) areas define the 61s and 62s confidence intervals forR, respectively.
The value and uncertainty forR predicted in the SM, which is the same in BSM
theories with the minimal flavour violation (MFV) property, is denoted with
the vertical (red) band.

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

LETTER RESEARCH

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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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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categories with the highest S/(S 1 B) value for CMS and LHCb, as well
as displays of events with high probability to be genuine signal decays,
are shown in Extended Data Figs 2–4.

The combined fit leads to the measurements B(B0
s?mzm{)~

(2:8z0:7
{0:6) |10{9 and B(B0?mzm{)~(3:9z1:6

{1:4)|10{10, where the
uncertainties include both statistical and systematic sources, the latter
contributing 35% and 18% of the total uncertainty for the B0

s and B0

signals, respectively. Using Wilks’ theorem29, the statistical signifi-
cance in unit of standard deviations, s, is computed to be 6.2 for the
B0

s?mzm{ decay mode and 3.2 for the B0 R m1m2 mode. For each
signal the null hypothesis that is used to compute the significance
includes all background components predicted by the SM as well as
the other signal, whose branching fraction is allowed to vary freely. The
median expected significances assuming the SM branching fractions
are 7.4s and 0.8s for the B0

s and B0 modes, respectively. Likelihood
contours forB(B0 R m1m2) versusB(B0

s?mzm{) are shown in Fig. 3.
One-dimensional likelihood scans for both decay modes are displayed
in the same figure. In addition to the likelihood scan, the statistical
significance and confidence intervals for the B0 branching fraction are
determined using simulated experiments. This determination yields a
significance of 3.0s for a B0 signal with respect to the same null hypo-
thesis described above. Following the Feldman–Cousins30 procedure,

61s and 62s confidence intervals for B(B0 R m1m2) of [2.5, 5.6] 3
10210 and [1.4, 7.4] 3 10210 are obtained, respectively (see Extended
Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM
predictions yieldsSB0

s
SM~0:76z0:20

{0:18 andSB0

SM~3:7z1:6
{1:4. Associated like-

lihood contours and one-dimensional likelihood scans are shown in
Extended Data Fig. 6. The measurements are compatible with the SM
branching fractions of the B0

s?mzm{ and B0 R m1m2 decays at the
1.2s and 2.2s level, respectively, when computed from the one-
dimensional hypothesis tests. Finally, the fit for the ratio of branching
fractions yieldsR~0:14z0:08

{0:06, which is compatible with the SM at the
2.3s level. The one-dimensional likelihood scan for this parameter is
shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advant-
age of their full statistical power, establishes conclusively the existence
of the B0

s?mzm{ decay and provides an improved measurement of its
branching fraction. This concludes a search that started more than
three decades ago (see Extended Data Fig. 7), and initiates a phase of
precision measurements of the properties of this decay. It also pro-
duces three standard deviation evidence for the B0 R m1m2 decay. The
measured branching fractions of both decays are compatible with SM
predictions. This is the first time that the CMS and LHCb collabora-
tions have performed a combined analysis of sets of their data in order
to obtain a statistically significant observation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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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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See “B⇾K(*)µ+µ- and rare decays at CMS” talk 	
(A. Bolleti) given on May 3	



Rare B decays as 
new physics probes	
•  Rare decays: FCNC decays forbidden 

@LO. NP (in penguins/boxes) could 
modify Wilson coefficients. 

•  Complementary info: S/P-S (B0
s⇾μ+μ-) 

vs. V/A (B⇾K(*)μ+μ-) interactions.  

•  Reliable BR predictions within the SM for 
ℬ(B0

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

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

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

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

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

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

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

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

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

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

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

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

sive to emit a substantial fraction of their energy by electromagnetic

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

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

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

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

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

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

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

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

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

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

s and B0

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

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

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

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

s ?mzm{ decay allowed in the SM; and f and g, examples of processes for the
same decay in theories extending the SM, where new particles, denoted X0 and
X1, can alter the decay rate.
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categories with the highest S/(S 1 B) value for CMS and LHCb, as well
as displays of events with high probability to be genuine signal decays,
are shown in Extended Data Figs 2–4.

The combined fit leads to the measurements B(B0
s?mzm{)~

(2:8z0:7
{0:6) |10{9 and B(B0?mzm{)~(3:9z1:6

{1:4)|10{10, where the
uncertainties include both statistical and systematic sources, the latter
contributing 35% and 18% of the total uncertainty for the B0

s and B0

signals, respectively. Using Wilks’ theorem29, the statistical signifi-
cance in unit of standard deviations, s, is computed to be 6.2 for the
B0

s?mzm{ decay mode and 3.2 for the B0 R m1m2 mode. For each
signal the null hypothesis that is used to compute the significance
includes all background components predicted by the SM as well as
the other signal, whose branching fraction is allowed to vary freely. The
median expected significances assuming the SM branching fractions
are 7.4s and 0.8s for the B0

s and B0 modes, respectively. Likelihood
contours forB(B0 R m1m2) versusB(B0

s?mzm{) are shown in Fig. 3.
One-dimensional likelihood scans for both decay modes are displayed
in the same figure. In addition to the likelihood scan, the statistical
significance and confidence intervals for the B0 branching fraction are
determined using simulated experiments. This determination yields a
significance of 3.0s for a B0 signal with respect to the same null hypo-
thesis described above. Following the Feldman–Cousins30 procedure,

61s and 62s confidence intervals for B(B0 R m1m2) of [2.5, 5.6] 3
10210 and [1.4, 7.4] 3 10210 are obtained, respectively (see Extended
Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM
predictions yieldsSB0

s
SM~0:76z0:20

{0:18 andSB0

SM~3:7z1:6
{1:4. Associated like-

lihood contours and one-dimensional likelihood scans are shown in
Extended Data Fig. 6. The measurements are compatible with the SM
branching fractions of the B0

s?mzm{ and B0 R m1m2 decays at the
1.2s and 2.2s level, respectively, when computed from the one-
dimensional hypothesis tests. Finally, the fit for the ratio of branching
fractions yieldsR~0:14z0:08

{0:06, which is compatible with the SM at the
2.3s level. The one-dimensional likelihood scan for this parameter is
shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advant-
age of their full statistical power, establishes conclusively the existence
of the B0

s?mzm{ decay and provides an improved measurement of its
branching fraction. This concludes a search that started more than
three decades ago (see Extended Data Fig. 7), and initiates a phase of
precision measurements of the properties of this decay. It also pro-
duces three standard deviation evidence for the B0 R m1m2 decay. The
measured branching fractions of both decays are compatible with SM
predictions. This is the first time that the CMS and LHCb collabora-
tions have performed a combined analysis of sets of their data in order
to obtain a statistically significant observation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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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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See “B⇾K(*)µ+µ- and rare decays at CMS” talk 	
(A. Bolleti) given on May 3	

See also “B-Physics with the CMS 
Upgraded detector” talk (F. Palla)  	

tomorrow!	



B0 ⇾ K*µ+µ-	
•  Search for deviations of BR, FL (frac. of K* 

longitudinal. Pol.) and AFB (μ+μ- F-B 
asym.) from SM in bins of q2 = m2

μμ. 
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RARE DECAY
B0→K*(892)0μ+μ-

Not allowed @LO (BR~10-6).

Complementary to B0s→μ+μ- 
(V/A vs. S/P-S interactions).
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Events divided in q2 bins, B0 ! K ⇤0(J/ , 0) regions removed
Unbinned max-likelihood fit to K⇡µµ mass, #µ , #K
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P. Ronchese - CMS CMS results on flavour physics - 10

φ is integrated (flat acceptance)
FS = Kπ S-wave fraction

AS = S&P waves interference amplitude
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• Decay is characterized by 3 angular variables 
 

• One of the interesting parameter is muon  
   forward-backward asymmetry  (AFB) which  
   is sensitive to new physics 

dimuon invariant mass 

Decay parameters for BÆ Xl�l��
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Deviations of BR, FL (frac. of 
K*0 long. pol), and AFB (μ’s F-B 
asym.) from SM in q2-dep. (q2 
= mμμ2) can point to NP:

E.g. MSSM-MFV & GMSSM 
affect C7(‘) & C10 Wilson 
coeffs. in OPE.
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Fig. 4. Measured values of FL, AFB, and dB/dq2 versus q2 for B0 → K∗0µ+µ− . The 
statistical uncertainty is shown by the inner vertical bars, while the outer vertical 
bars give the total uncertainty. The horizontal bars show the bin widths. The vertical 
shaded regions correspond to the J/ψ and ψ ′ resonances. The other shaded regions 
show the two SM predictions after rate averaging across the q2 bins to provide a 
direct comparison to the data. Controlled theoretical predictions are not available 
near the J/ψ and ψ ′ resonances.
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(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 !

B0" in the K∗0
!
K∗0" rest frame, θl is the angle between the positive (negative) 

muon momentum and the direction opposite to the B0 !
B0" in the 

dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:

PDF(m, θK, θl) = Y C
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where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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For each q2 bin, the observables of interest are extracted from 
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and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
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fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
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there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:
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where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
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because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
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bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
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events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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Fig. 1. Sketch showing the definition of the angular observables θl (left), θK (middle), and φ (right) for the decay B0 → K∗0(K+π−)µ+µ− .

(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 !

B0" in the K∗0
!
K∗0" rest frame, θl is the angle between the positive (negative) 

muon momentum and the direction opposite to the B0 !
B0" in the 

dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:

PDF(m, θK, θl) = Y C
S

)
SC (m) Sa(θK, θl)ϵ

C (θK, θl)

+ f M

1 − f M S M(m) Sa(−θK,−θl)ϵ
M(θK, θl)

*

+ Y B Bm(m) BθK(θK) Bθl (θl), (2)

where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in PL
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φ is integrated (flat acceptance)
FS = Kπ S-wave fraction

AS = S&P waves interference amplitude
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asym.) from SM in q2-dep. (q2 
= mμμ2) can point to NP:

E.g. MSSM-MFV & GMSSM 
affect C7(‘) & C10 Wilson 
coeffs. in OPE.
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Fig. 4. Measured values of FL, AFB, and dB/dq2 versus q2 for B0 → K∗0µ+µ− . The 
statistical uncertainty is shown by the inner vertical bars, while the outer vertical 
bars give the total uncertainty. The horizontal bars show the bin widths. The vertical 
shaded regions correspond to the J/ψ and ψ ′ resonances. The other shaded regions 
show the two SM predictions after rate averaging across the q2 bins to provide a 
direct comparison to the data. Controlled theoretical predictions are not available 
near the J/ψ and ψ ′ resonances.
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•  CMS results consistent with other 
experiments and with predictions of 
LCSR and Lattice. 
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Fig. 1. Sketch showing the definition of the angular observables θl (left), θK (middle), and φ (right) for the decay B0 → K∗0(K+π−)µ+µ− .

(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 !

B0" in the K∗0
!
K∗0" rest frame, θl is the angle between the positive (negative) 

muon momentum and the direction opposite to the B0 !
B0" in the 

dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:

PDF(m, θK, θl) = Y C
S

)
SC (m) Sa(θK, θl)ϵ

C (θK, θl)

+ f M

1 − f M S M(m) Sa(−θK,−θl)ϵ
M(θK, θl)

*

+ Y B Bm(m) BθK(θK) Bθl (θl), (2)

where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 !

B0" in the K∗0
!
K∗0" rest frame, θl is the angle between the positive (negative) 

muon momentum and the direction opposite to the B0 !
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dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
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S and Y B are the yields of correctly tagged signal events 
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fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
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2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
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ables needed to define the decay: θK is the angle between the kaon 
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dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:
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where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 !

B0" in the K∗0
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K∗0" rest frame, θl is the angle between the positive (negative) 
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dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:
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where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 !

B0" in the K∗0
!
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dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:
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where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
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S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
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mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
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angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
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correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
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be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
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	 See “B0 ⇾ K*µ+µ- and rare decays at CMS” talk 	
(A. BoleZi) given on May 3	



B0 ⇾ K*µ+µ-	
•  Search for deviations of BR, FL (frac. of K* 

longitudinal. Pol.) and AFB (μ+μ- F-B 
asym.) from SM in bins of q2 = m2

μμ. 
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RARE DECAY
B0→K*(892)0μ+μ-

Not allowed @LO (BR~10-6).

Complementary to B0s→μ+μ- 
(V/A vs. S/P-S interactions).
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Introduzione
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Nel Modello Standard

Corrente neutra con violazione di sapore proibita a livello albero:
diagrammi pinguino e a scatola
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Scenari di nuova fisica

Contributo di nuove particelle

! Variazione di larghezza di decadimento e parametri angolari
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φ is integrated (flat acceptance)
FS = Kπ S-wave fraction

AS = S&P waves interference amplitude
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• Decay is characterized by 3 angular variables 
 

• One of the interesting parameter is muon  
   forward-backward asymmetry  (AFB) which  
   is sensitive to new physics 
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Deviations of BR, FL (frac. of 
K*0 long. pol), and AFB (μ’s F-B 
asym.) from SM in q2-dep. (q2 
= mμμ2) can point to NP:

E.g. MSSM-MFV & GMSSM 
affect C7(‘) & C10 Wilson 
coeffs. in OPE.
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Fig. 4. Measured values of FL, AFB, and dB/dq2 versus q2 for B0 → K∗0µ+µ− . The 
statistical uncertainty is shown by the inner vertical bars, while the outer vertical 
bars give the total uncertainty. The horizontal bars show the bin widths. The vertical 
shaded regions correspond to the J/ψ and ψ ′ resonances. The other shaded regions 
show the two SM predictions after rate averaging across the q2 bins to provide a 
direct comparison to the data. Controlled theoretical predictions are not available 
near the J/ψ and ψ ′ resonances.
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•  CMS results consistent with other 
experiments and with predictions of 
LCSR and Lattice. 
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Fig. 1. Sketch showing the definition of the angular observables θl (left), θK (middle), and φ (right) for the decay B0 → K∗0(K+π−)µ+µ− .

(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 !

B0" in the K∗0
!
K∗0" rest frame, θl is the angle between the positive (negative) 

muon momentum and the direction opposite to the B0 !
B0" in the 

dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:

PDF(m, θK, θl) = Y C
S

)
SC (m) Sa(θK, θl)ϵ

C (θK, θl)

+ f M

1 − f M S M(m) Sa(−θK,−θl)ϵ
M(θK, θl)

*

+ Y B Bm(m) BθK(θK) Bθl (θl), (2)

where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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momentum and the direction opposite to the B0 !

B0" in the K∗0
!
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dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
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where the contributions correspond to correctly tagged signal 
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rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
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ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
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efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.
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there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
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rameters. This procedure does not work for the mistagged events 
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an interpolation is performed. This interpolation function is used 
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bin contents constrained to be nonnegative. The efficiency function 
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to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
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matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
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This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
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ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
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For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
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S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
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responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
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efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
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an interpolation is performed. This interpolation function is used 
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bin contents constrained to be nonnegative. The efficiency function 
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larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
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The fit is performed in two steps. The initial fit uses the data 
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The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
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	 See “B0 ⇾ K*µ+µ- and rare decays at CMS” talk 	
(A. BoleZi) given on May 3	

Ongoing effort in CMS to 
measure P5’. 	



Summary	
•  The CMS experiment has produced several competitive results 

related to production, branching ratios, CPV, lifetimes, 
polarizations, and other properties of B hadrons. 

•  CMS will continue studying the B0
s system to search for 

anomalous CPV using decays to J/ψK+K- and J/ψπ+π- with 
13 TeV data. 

•  The Bc program will also continue and benefit from the 
additional data in Run II. 

•  The observation of B0 ⇾ μ+μ- is one of the main long term 
goals of CMS. Detector upgrades will improve its sensitivity. 

•  Similarly, b ⇾ s μ+μ- analyses are now within the core of the 
CMS B physics program. Special trigger paths have been 
incorporated for their detailed study with 13 TeV data. 
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•  Run I legacy measurements of B hadron lifetimes. 
•  Angular analysis of B+ ⇾  K(*)+μ+μ-, B0⇾ K*μ+μ-, 
Λb⇾Λμ+μ-, … 

•  Bottom baryon polarization. 
•  Bottomonium properties.  
•  Etc. 

… and more B hadron results 
from CMS are coming soon	
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