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1. Introduction

During the LHC Run I, CMS collected an integrated luminosity of about 25 fb−1 of pp col-
lisions at

√
s = 7 and 8 TeV. At these energies, the LHC produced a large amount of B hadrons,

allowing for several precision measurements and rare decay searches. In CMS, about 10% of the
data acquisition is allocated to physics related to B hadrons, filtered by dedicated trigger algorithms
designed by the CMS B Physics (BPH) group. The BPH trigger paths rely mainly on the excellent
muon identification of the CMS detector. Furthermore, the CMS High Level Trigger (HLT) uses
the information of the silicon tracker to select events with two muons forming a vertex (displaced
or not with respect to the beam line), in several pT and mass ranges.

Using the dimuon trigger, CMS produces several competitive results on B hadron properties,
reconstructing decays such as B0

s → J/ψ φ , B0
s → J/ψ π+π− and B+

c → J/ψ nπ± (J/ψ trigger), or
B0

s → µ+µ− (dedicated trigger path) and B0→ K∗0µ+µ− (low mass double muon trigger). Fig. 1
illustrates the performance of the BPH trigger menu used for Run I and Run II [1], respectively.
The Run II menu incorporates a dimuon+track trigger with a lower dimuon mass threshold for rare
decay searches.
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Figure 1: Dimuon mass distribution collected with various dimuon triggers, during the Run I (top) and Run
II (bottom) data taking periods.

This paper summarizes several B hadron property analyses by CMS and plans for Run II.
Charge conjugation is implied in what follows.
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2. CP violation in B0
s → J/ψ φ decays

The CP-violating (CPV) weak phase φs, originating from the interference between direct B0
s

decays into J/ψφ and decays through B0
s − B̄0

s mixing to the same final state, is determined within
the Standard Model (SM) to be φs '−2βs =−0.0363±0.0016 rad [2]. Any significant deviation
from this value would be an indication of new physics in the loop diagrams describing B0

s mixing.
CMS measured φs and the decay width difference ∆Γs between the light and heavy B0

s mass
eigenstates using 19.7 fb−1 of pp collisions collected at

√
s = 8 TeV [3].1 A time-dependent and

flavor-tagged angular analysis of the J/ψ(µ+µ−)φ(K+K−) final state is used to disentangle the
CP-odd and CP-even components. A likelihood fit to 49,200 reconstructed B0

s signal candidates
results in values of φs =−0.075±0.097 (stat)±0.031 (syst) rad and ∆Γs = 0.095±0.013 (stat)±
0.007 (syst) ps−1. These are presented in Fig. 2 in a ∆Γs−φs plane together with confidence level
(CL) likelihood contours.
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Figure 2: Measured values of ∆Γs and φs, and 68%, 90%, and 95% CL contours.

The dominant sources of systematic uncertainties are related to the 3D angular efficiency func-
tion and fit model bias. Therefore, significant efforts have been made recently to measure φs also in
a well defined CP eigenstate, such as in B0

s → J/ψπ+π− decays, where the analysis is simplified
because no angular modeling is needed.

3. Branching ratio of the decay B0
s → J/ψ π+π− in the f0(980) region

A first step at CMS to study the decay B0
s → J/ψπ+π− was to measure its branching ratio in

a region of the π+π− invariant mass consistent with the f0(980) meson (hereafter denoted as f0).
Using an integrated luminosity of 5.3 fb−1 collected at

√
s = 7 TeV, CMS measured [4]

R =
B(B0

s → J/ψπ+π−)

B(B0
s → J/ψφ)B(φ → K+K−)

=
Nππ

obs
NKK

obs

εKK

εππ
, (3.1)

1See also the contribution by T. Jarvinen, Mixing and CPV at CMS, in these conference proceedings.
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where Nππ

obs (NKK
obs) and εππ (εKK) are the signal yield and detection efficiency corresponding to

B0
s → J/ψπ+π− (B0

s → J/ψK+K−) decays. Here |Mπ+π−−974 MeV|< 50 MeV, where 974 MeV
and 50 MeV are the measured mass and width, respectively, of the f0 signal in data. This mass
region is pure enough to measure the CP-odd B0

s lifetime and the CPV φs phase in future analyses.
The fits to the J/ψK+K− and J/ψπ+π− mass distributions, shown in Fig. 3, give NKK

obs =

8377± 107 and Nππ

obs = 873± 49, respectively. Detection efficiencies are obtained by Monte-
Carlo (MC) simulation. MC simulated samples are validated by comparing relevant variables with
background subtracted data, which are found to be in agreement.86 CMS Collaboration / Physics Letters B 756 (2016) 84–102

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.

Figure 3: Invariant mass distributions of B0
s → J/ψ(µ+µ−)φ(K+K−) (left) and B0

s →
J/ψ(µ+µ−) f0(π

+π−) (right) candidates.

Several sources of systematics uncertainties are investigated. These include variants of the
fit models (2.1%) in data, and alternative decay models (6.2%) and f0 lineshapes (5.8%) in MC.
Effects on the results due to resonant and non-resonant contaminations (6.4%) as well as interfer-
ences (5.6%) are estimated, respectively, by increasing the Mπ+π− region up to 100 MeV around
the fitted f0 mass, and by comparing the nominal f0 model and the fitted models by LHCb [5] for
different f0 fraction scenarios in the relevant Mπ+π− region. Additional systematic uncertainties are
included due to the finite MC simulation sample (7.1%) and the uncertainty on the true f0 width
(8.6%). The last is estimated by varying the f0 width by ±10 MeV in the MC simulation.

The result is R = 0.140±0.008 (stat)±0.023 (syst), consistent with the theoretical prediction
of about 0.2 [6] and with previous measurements in different ranges of Mπ+π− [7, 8, 9].

4. Cross section times branching ratio of B+
c decaying to a J/ψ and pions

The B+
c meson is a unique laboratory to study heavy-quark dynamics. The two heavy quarks,

b and c, compete in the decay of the B+
c meson, explaining the shorter lifetime of the B+

c with
respect to other B mesons. Since the b→ c transition has a high probability to produce a J/ψ , it
is not strange that many production and decay studies have been made in the B+

c → J/ψ`+ν or
B+

c → J/ψ nπ± channels, using large samples of J/ψ → µ+µ− decays.
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Using an integrated luminosity of 5.1 fb−1 collected at
√

s = 7 TeV, CMS measured [10]

Rc/u =
σ(B+

c )B(B+
c → J/ψπ+)

σ(B+)B(B+→ J/ψK+)
=

YB+
c →J/ψπ+

YB+→J/ψK+
, (4.1)

RBc =
B(B+

c → J/ψπ+π+π−)

B(B+
c → J/ψπ+)

=
YB+

c →J/ψπ+π+π−

YB+
c →J/ψπ+

(4.2)

where YX are the efficiency corrected yields for channel X in the kinematic region pT(B+
c ) >

15 GeV and |y(B+
c )|< 1.6. The B+

c → J/ψπ+ (B+
c → J/ψπ+π+π−) signal has a yield of 176±19

(92±27), fitted with a Gaussian function on top of a polynomial background as shown in Fig. 4.
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Figure 4: The B+
c → J/ψπ+ (left) and B+

c → J/ψπ+π+π− (right) invariant mass distributions with fits
superimposed.

Non-negligible sources of systematic uncertainties common to Rc/u and RBc are due to the
finite MC sample size (2.1% and 4.1%), fit model variants (5.3% and 9.4%), and efficiency binning
(3.1% and 1.9%). Other than that, the efficiencies used to evaluate Rc/u are strongly affected
(10.4%) by the uncertainty in the B+

c lifetime, which motivated an ongoing measurement of the
B+

c lifetime at CMS. Also, the addition of two pion tracks in the evaluation of the numerator of
RBc leads to a subdominant systematic uncertainty (7.8%) due to the uncertainty on the tracking
efficiency.

The final result of Rc/u = [0.48±0.05 (stat)±0.03 (syst)±0.05 (τBc)]% is about 30% lower
than the measured value by LHCb [11] in a complementary kinematic region, pT > 4 GeV and
2.5<η < 4.5. This behavior is expected 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. Finally, the measurement of RBc =

2.55±0.80 (stat)±0.33 (syst)+0.04
−0.01 (τBc) represents a confirmation of the B+

c → J/ψπ+π+π− de-
cay, first observed by LHCb [12] that measured RBc = 2.41±0.30 (stat)±0.33 (syst). These results
are consistent with theoretical predictions of RBc ranging between 1.5 and 2.3 [13, 14].

5. Angular analysis of the decay B0→ K∗0µ+µ−

Flavor-changing neutral current decays, forbidden at tree level in the SM, can be sensitive to
possible non-SM particles appearing in higher-order loop diagrams. These effects can be probed

4
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via the measurement of decay properties such as branching ratios, and quantities directly re-
lated to the Wilson coefficients in the operator product expansion (OPE) of the decay ampli-
tude of a B hadron. A significant achievement of CMS during Run I was the measurement of
B(B0

s → µ+µ−) = 3.0+1.0
−0.9×10−9 [15], which was later combined with LHCb data [16] to estab-

lish conclusively the existence of the B0
s → µ+µ− decay, well in agreement with the SM prediction.

This measurement provides strong constrains on theories beyond SM.

While the B0
s → µ+µ− decay provides information of scalar/pseudoscalar interactions in the

OPE, the B0 → K∗0µ+µ− is complementary, allowing to probe vector/axial-vector interactions.
Recently, CMS reported the measurement of the branching fraction and other properties of the
B0 → K∗0µ+µ− decay [17], such as the forward-backward asymmetry of the muons, AFB, and
the longitudinal polarization fraction of the K∗0, FL. This analysis uses an integrated luminosity
of 20.5 fb−1 collected at

√
s = 8 TeV and fits the angular distribution of the final state particles

of the B0 → K∗0µ+µ− decay to obtain AFB and FL.2 Results of the fit to 1430 signal events in
bins of q2 ≡ m2

µ+µ− from 1 to 19 GeV2, combined with a previous CMS measurement that used
independent data [18], are shown in Fig. 5 together with results from other experiments. CMS
results are among the most precise to date and are consistent with SM predictions and previous
measurements. A more detailed analysis is being performed at CMS to measure the observable
known as P′5, in which significant anomalies have been found recently [19].

Figure 5: CMS measured values of dB/dq2 (top-left), AFB (top-right), and FL (bottom) vs. q2 for B0 →
K∗0µ+µ− decays, compared with results from other experiments.

2See also the contribution by A. Bolleti, B0→K∗0µ+µ− and rare decays at CMS, in these conference proceedings.
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6. Summary and prospects

The measurement of B hadrons properties will remain an important part of the CMS physics
program in the following years. The search for anomalous CPV using decays to J/ψK+K− and
J/ψπ+π− as well as the B+

c program will benefit greatly from the Run II data. The observation of
the B0→ µ+µ− decay is one of the main long term goals at CMS. Similarly, b→ sµ+µ− analyses
(B0→ K∗0µ+µ−, Λb→ Λµ+µ−, ...) are becoming a fundamental part of the CMS BPH program
and special trigger paths are being designed for their detailed study. Still, there are several mea-
surements using Run I data that will be realeased soon, such as B hadron lifetimes, polarizations,
etc.
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