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Abstract. Selected recent results on B physics and quarkonia are presented. These in-

clude a determination of the CP-violating phase φs and the decay width difference ΔΓs

of the light and heavy Bs states with Bs → J/ψ Φ(1020), prompt double-differential pro-

duction cross sections of J/ψ and ψ(2S), and polarization measurements for J/ψ, ψ(2S),

Υ(1S), Υ(2S), and Υ(3S). Results are based on proton-proton data recorded at the LHC

at centre-of-mass energies of 7 or 8 TeV.

1 Introduction

Heavy flavours are produced abundantly at the LHC. The CMS experiment [1] is well suited to detect

them in spite of large backgrounds, due to its excellent track and vertex reconstruction as well as

particle identification capabilities.

For the measurement of the CP-violating weak phase φs and the decay width difference ΔΓs of the

light and heavy states of Bs mesons a proton-proton sample of Bs → J/ψ Φ(K+K−) corresponding to

an integrated luminosity of about 20 fb−1 at a centre-of-mass energy of
√

s = 8 TeV has been used. A

time-dependent and flavour-tagged analysis of the μ+μ−K+K− final state has been performed.

Heavy quarkonia are probes to understand hadron formation. Until recently their production cross

sections have only been measured in the lower pT range. Furthermore, polarization measurements

by different experiments yielded inconclusive results [2]. CMS has studied quarkonium production

and polarization with a data sample of about 4.9 fb−1 at
√

s = 7 TeV. The production of S-wave

quarkonia has been analyzed using their decays into muon pairs, and P-wave quarkonia production has

been analyzed through radiative decays. The CMS measurements presented in this report contribute

significantly to the understanding of quarkonia polarization and the underlying theoretical scenarios,

in particular in the newly accessible high transverse momentum (pT ) range.

An overview of current B physics results of the CMS experiment may be found here:

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH.

2 Measurement of φs and ΔΓs of the light and heavy Bs meson states

The Bs system offers several opportunities to detect possible deviations from the standard model (SM).

In this report the measurements of the CP-violating weak phase φs and the decay width difference ΔΓs

of the light and heavy Bs mass eigenstates are described. The weak phase φs arises from interference
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between direct Bs decays into a cc̄ss̄ CP eigenstate and decays through Bs-B̄s mixing into the same

final state. Neglecting penguin diagram contributions, φs is related to the CKM matrix elements,

with φs ≈ −2βs, and βs = arg(−VtsV
∗
tb
/VcsV

∗
cb

). The SM prediction determined from a global fit to

experimental data [3] is −2βs (SM) = 0.0363+0.0016
−0.0015

rad. The decay width difference is predicted to be

ΔΓs = 0.087 ± 0.021 ps−1, assuming no new physics in Bs-B̄s mixing [4].

CMS has performed a time-dependent, flavour-tagged analysis of the Bs → J/ψ(μ+μ−) Φ(K+K−)

final state, with 49000 reconstructed Bs decays at
√

s = 8 TeV [5]. To disentangle the CP-odd and

CP-even final states the set of decay angles Θ = (θT , ϕT , ψT ) has been measured. The angles θT and

ϕT are the respective polar and azimuthal angles of the μ+ in the rest frame of the J/ψ, where the x

axis is defined by the decay plane of the Φ(1020) meson in the J/ψ rest frame and the x-y plane is

defined by the decay plane of the Φ → K+K−. The helicity angle ψT is the angle of the K+ in the Φ

rest frame with respect to the negative J/ψ momentum direction.

The differential decay rate of the Bs → J/ψΦ(1020) in terms of proper decay length ct and angular

variables can be written as [6]:

d4Γ(Bs(t))

dΘdct
=

10∑

i=1

Oi(α, ct) · gi(Θ), (1)

with angular functions gi(θT , ϕT , ψT ) and time-dependent functions Oi:

Oi(α, ct) = Nie
−ct/cτ[aicosh(

1

2
ΔΓsct) + bisinh(

1

2
ΔΓsct) + cicos(Δmsct) + disin(Δmsct)]. (2)

α is a set of ten physics parameters, including φs and ΔΓs. bi and di depend on φs. The definition of

the parameters follows LHCb [7].

Events are selected by trigger algorithms optimized to identify b hadrons through their decay to

J/ψ particles originating from secondary vertices. Two muon candidates coming from a common

decay vertex are required, each with pT (μ) > 4 GeV, and pT (μμ) > 6.9 GeV with a dimuon mass

window between 2.9 and 3.3 GeV. The transverse decay length significance Lxy/σ(Lxy) is required

to be greater than three, where Lxy is the distance between the primary and secondary vertices in the

transverse plane, and σ(Lxy) is its uncertainty.

In the offline selection, tighter cuts including a J/ψ mass constraint |mμ+μ−− MJ/ψ| < 150 MeV are

applied to the muons, and two kaons with momenta greater than 0.7 GeV and a Φ mass constraint

|mK+K−− MΦ| < 10 MeV are also required. The Bs(μμKK) is reconstructed by a combined kinematic

and vertex fit. The mass of the four-particle state must be between 5.24 and 5.49 GeV, and the χ2

vertex fit probability must be greater than 2%. In case of multiple primary vertices the one closest to

the Bs is selected.

The main background comes from non-prompt J/ψ from b hadrons such as B0 or Λb. The lifetime

and angular resolution as well as the corresponding measurement efficiencies are determined from

simulation. The angular efficiency is modeled by a 3D-function of the decay angles. The angular

resolution is not included in the nominal fit, but as a systematic uncertainty. Similarly, the proper

decay time efficiency is assumed to be flat in the fitting range from 0.02 to 0.3 cm. Any variations are

included as systematic uncertainties. The proper decay time resolution is 70 fs or 21 μm if expressed

as a length. Fig.1 shows the distributions of the J/ψKK invariant mass, proper decay length and its

uncertainty, respectively.

The flavour of the Bs at production time is determined by tagging the electron or muon from the

opposite side B, considering its charge. The tagging performance is optimized by maximizing the

tagging power Ptag = εtag(1 − 2ω)2 separately for electrons and muons. ω is the mistag fraction and
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Figure 1. Bs candidate distributions: (Left) invariant mass, (Centre) Bs proper decay length and pull, (Right) Bs

proper decay length uncertainty.

εtag the tagging efficiency. The tagging power is calibrated with data, using the channel B+ → J/ψK+,

and checked by simulation with B+ → J/ψK+ and Bs → J/ψK∗0 events. The combined average

tagging performance is ω = 32.3 ± 0.3%, εtag = 7.67 ± 0.04%, and Ptag = 0.97 ± 0.03%.

An extended maximum likelihood fit to the data, using the signal model defined in eq. (1) and

(2) above is used to extract the parameters, constraining Δms to the current world average value of

(17.69 ± 0.08) × 1012
�/s in the fit. Information on the invariant mass, proper decay length, and the

three decay angles of the reconstructed Bs candidates is included in the fit. From this multidimensional

fit the ten parameters described above are determined. Several sources of systematic uncertainties in

the physics parameters are considered by testing the assumptions made in the fit model and those

associated in the fit procedure. Biases, which could be intrinsic to the fit model itself, are also taken

into account.

Fig. 2 shows the angular distributions of the Bs candidates.

Figure 2. Angular distributions of the Bs candidates. Uncertainties are statistical only.

The measured values for the weak phase and the decay width difference between the Bs mass

eigenstates are:

φs = −0.03 ± 0.11 (stat.) ± 0.03 (syst.) rad,

ΔΓs = 0.096 ± 0.014 (stat.) ± 0.007 (syst.) ps−1.

The CMS contours in the ΔΓs−φs plane, results from other experiments and experiment combinations

performed by the HFAG group [8] are displayed in Fig. 3.

ICNFP 2014

04077-p.3



Figure 3. (Left) The 68%, 90% and 95% C.L. contours in the ΔΓs−φs plane and the SM prediction, (Right) 68%

C.L. contours for different experiments and combination.

3 Measurement of J/ψ and ψ(2S) prompt double-differential cross sections

The production of promptly produced J/ψ and ψ(2S) states has been studied using data samples of

dimuons recorded at
√

s = 7 TeV, with integrated luminosities of 4.55 and 4.90 fb−1, respectively

[9]. For the first time it was possible to access the transverse momentum range up to the order of

100 GeV. The measurements are based on a two-dimensional analysis of the dimuon invariant mass

and pseudo-proper decay length, in the rapidity interval |y| < 1.2. No distinction was made between

directly produced mesons and those originating from the decay of heavier charmonium states. The

feed-down to the J/ψ state from ψ(2S) and χc decays is about 8% and 25%, respectively [10].

At the trigger level, opposite-sign dimuons in the invariant mass windows 2.80 – 3.35 GeV or

3.35 – 4.05 GeV are selected. The vertex fit χ2 probability must be greater than 0.5% and the distance

to the beam axis smaller than 5 mm. Prompt charmonia are distinguished from B-hadron decays

through the dimuon pseudo-proper decay length  = Lxymψ(nS )/pT , with Lxy being the most probable

transverse decay length in the laboratory frame, measured after removing the two muon tracks from

the calculated primary vertex position [13]. The prompt charmonium yields are evaluated in different

(|y|, pT ) bins. The shape of the mass peaks in the signal region is represented by a Crystal Ball

function, whereas the continuum background is described by an exponential function. Fig. 4 shows

examples of the projections of the dimuon invariant mass and pseudo-proper decay length from the

two-dimensional analysis in a particular (|y|, pT ) bin, for the ψ(2S) case.

Systematic uncertainties are evaluated by repeating the two-dimensional fit with different func-

tional forms. They are negligible at low pT and increase to about 2% for the J/ψ and 6% for the ψ(2S)

in the highest-pT bins. Muon detection efficiencies are measured by a tag-and-probe technique, using

event samples recorded with triggers specially designed for this purpose. At high pT , the two muons

may be emitted close to each other, and the efficiency of the dimuon trigger is different from the prod-

uct of the two single-muon efficiencies so that it has to be multiplied by a scale factor ρ determined

by Monte Carlo simulations.

In Fig. 5 the single-muon detection efficiencies, the ρ parameter, and the acceptances for different

polarization scenarios are shown for J/ψ events. For the cross section measurements an unpolarized

scenario has been assumed. This assumption is well justified, as shown in the next section.

Results on the double-differential J/ψ and ψ(2S) production cross sections in various rapidity

bins, multiplied by the corresponding branching fractions, are given in Fig. 6. The cross section
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Figure 4. Projections of the (Left) dimuon invariant mass, (Right) pseudo-proper decay length for ψ(2S) events.

The curves represent the results of the fits.
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measurement in the broad rapidity range |y| < 1.2 allows for particularly interesting comparisons with

theoretical models in the high-pT range, which has not been probed so far.
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4 Measurement of the polarization of S- and P-wave quarkonia

The polarization of JPC = 1−− vector quarkonium states has been measured through the angular

distributions of dimuons from their decay. The most general form of this distribution can be written

as [14]
dN

dΩ
∝ 1

1 + 3λϑ
(1 + λϑ cos2 ϑ + λϕ sin2 ϑ cos2 2ϕ + λϑϕ sin 2ϑcosϕ), (3)

where ϑ and ϕ are the polar and azimuthal angles, respectively, of the μ+ with respect to the chosen

polarization frame. The angular distribution parameters λϑ, λϕ, λϑϕ are different in different polariza-

tion frames. A frame-independent parameter is given by λ̃ = (λϑ+3λφ)/(1−λϕ). All these parameters

must be measured in order to obtain a reliable measurement of quarkonium polarization.

CMS has measured the polarizations of J/ψ, ψ(2S) [15] and of Υ(1S ),Υ(2S ),Υ(3S ) [16, 17]

at
√

s = 7 TeV. The full angular decay distributions have been measured in three commonly used

polarization frames (Collin-Soper CS, centre-of-mass helicity HX, and perpendicular helicity PX)

and frame-independently. Non-prompt charmonium contributions have been removed using pseudo-

proper decay time measurements. The continuum background is estimated from the side-bands on

both sides of the signal regions in the invariant mass distributions such as the ones shown in Fig. 7.
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As can be seen from Fig. 8 for J/ψ and ψ(2S), no strong polarization has been found, indepen-

dently of pT or y.
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The same is true for Υ(nS), as depicted in Fig. 9, which shows also results from CDF.
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including results from CDF.
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A theory for quarkonium production is non-relativistic quantum chromodynamics (NRQCD), an

effective field theory that has two factorized steps, the perturbative production of the initial quark-

antiquark pair and the non-perturbative hadronization of the quark pair into a bound quarkonium

state. NRQCD predicts the existence of intermediate color-octet (CO) states, which subsequently

evolve into physical color-singlet (CS) quarkonia by the emission of soft gluons. S-wave vector

quarkonia may be formed from heavy quark-antiquark pairs created as CS (3S
[1]

1
) or one of three color

octets (1S
[8]

0
,3 S

[8]

1
,3 P

[8]
J

). NRQCD calculations at next-to-leading order (NLO) have been performed

and compared with data.
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Fig. 10 shows ATLAS and CMS measurements of the double-differential cross sections and the

λϑ polarization parameter in the HX frame as a function of pT , mass-rescaled to equalize kinematic

effects of different average parton momenta and phase spaces [18]. Extrapolations to higher pT values

than the ranges covered by the fitted data are made. Although χb(3P) feed-down contributions to

Υ(3S) are neglected, it can be seen that no strong polarization is present and that the unpolarized 1S
[8]

0

component dominates quarkonium production.
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