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1. Introduction

In these proceedings, the measurement [ 1] of the weak mixing phase ¢ of the By meson and its
decay width difference Al is reported. The data used in the measurement have been collected with
the CMS apparatus [2] in run I of the LHC with /s = 8 TeV. The data correspond to an integrated
luminosity of 19.7 fb~1.

The CP violating weak phase ¢, originates from the interference between direct By decays into
the CP eigenstate J/w¢ and the decays via B - Bs mixing to the same final state. By omit-
ting contributions of penguin processes, the mixing phase is proportional to the angle f; of a
triangle formed using unitary condition of the CKM matrix. More precisely, ¢s >~ —2f5, where
Bs = arg(—VisV,;,/VesVy,). The prediction for 255 = 0.0363f8:88%g rad [3] is determined using a
fit to experimental data within the standard model. Because the standard model prediction for ¢
is precise, a measurement deviating from the prediction could indicate presence of new particles
entering into box diagram of B - B mixing. A prediction for the decay width difference ALy in the
context of the SM, is AI'y =I'; — 'y = 0.0874+0.021 ps—!, where I'; and I'y; are the decay widths
of light and heavy By mass eigenstates [4]. Previously, the weak mixing phase has been measured
at the Tevatron [5] -[8] and later on by ATLAS and LHCb [9]- [14] at the LHC.

To distinguish the CP components of the final state, angular analysis is performed to the decay
angles of the By decay products. The contribution of the nonresonant By — J/y K*K™ channel is
taken into account by adding an extra term for this so called S-wave amplitude.

Four dimensional differential decay rate of the B meson decaying into J/y¢ channel can be
modelled as [15] o

4
izcgiztz) = /(©.001) = 1, 01(au1) (@),
where O; are the time-dependent functions, & is a set of physics parameters, ® represents the
decay angles of the Bg meson and g; are the angular functions presented in transversity basis. The
kinematic observables are described using the equations in Table 1.
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Table 1: Angular and time-dependent terms of the By differential decay rate.
The functions O;(a, ct) are defined as
—ct/cT 1 : 1 :
Oi(a,ct) = Nie a; cosh(EAFst) + b; smh(iAFst) + c;cos(Amyt) +d;sin(Amgt) |, (1.2)

where Am; is the mass difference of Bg mass eigenstates and 7 is the B average lifetime multiplied
with speed of light c¢. The N, a;, b;, c;, d; terms are described in Table 1 and the terms C, S and D
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are defined as

1A _ 2|A[sings ~ 2|Afcos ¢ (13)

LA O 14HAR AR ’
using the same sign convention as LHCb. Eq. 1.1 represents the model for By and the model for
B, is obtained by switching the sign of the ¢; and d; terms. The parameters |A | |, |Ag|> and A |?

are the squared magnitudes of the perpendicular, longitudinal, and parallel P-wave amplitudes and
the parameters 8, o, 0 are their corresponding strong phases. Amplitude |Ag| represents the
nonresonant S-wave amplitude and Jy is its strong phase.

The CP violating parameters A; are defined as A; = (q/p)(A;/A;). Amplitudes A; (A;) describe
the decay of B (B;) to the final state i. The parameters p and q weight the flavour states such as
By = pBg — qﬁg and By, = pBg + qﬁg [16]. Since direct CP violation is predicted [3] and measured
[11] to be small, |A] is set to 1.0.

2. Event selection

The data were collected with a trigger optimised for B hadrons having a J/y meson as a
decay product. The trigger reconstructs a J/y meson from an oppositely charged muon pair using
a set of selection criteria for muons and the J/y candidate. Both muons were required to have
pr >4 GeV, |n| < 2.2 and cosine of the angle between the transverse decay length vector and the
J/y¥ momentum vector greater than 0.9. The muon pair is requested to have pt > 6.9 GeV. The
two muon tracks are fitted to a common decay vertex with a transverse decay length significance

Ly,/ oL, > 3, where L,y is the distance between the beam spot and the secondary vertex in the
transverse plane, and oy, s its uncertainty. After the fit, the two muon tracks are required to have
the distance of closest approach less than 5 mm. The J/y mass window is 2.9-3.3 GeV and the
minimum vertex probability is 10 %.

After the trigger selection, the mass window for J/y is required to be within 150 MeV of the
world average value of the J/y mass value. Transverse momentum of J/y candidate is required
to be pr > 7 GeV. Candidate ¢(1020) mesons are reconstructed from pairs of oppositely charged
tracks with pr > 0.7 GeV. Each such a track is assumed to be a kaon and the invariant mass of a
track pair is required to be within 10 MeV of the world average of ¢ (1020) mass.

The B candidates are formed subjecting the two muons and the two kaons to a combined
vertex and kinematic fit, where the muon pair invariant mass is constrained to the world average
of J/y mass. The By candidates with invariant mass between 5.2 GeV and 5.5 GeV and a x?
probability for the vertex fit greater than 2 % are selected.

Each event with a Bg candidate is required to have at least one reconstructed primary vertex.
In case of several primary vertices, the one minimizing the angle between the By flight direction
and transverse momentum vector is selected for By production vertex. This primary vertex is used
to reconstruct the By proper decay length ct that is proper decay time ¢ multiplied with velocity of
light ¢. The proper decay length is defined as

xy'ﬁT
2
Pr

ct =cmp, 2.1
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where mp_ is the B mass set to the world best average, L;y is the transverse decay length vector
measured in the laboratory frame and p7 is the transverse momentum vector of the Bg meson.

3. Flavour tagging

The analysis uses electrons and muons originating from the decays of opposite-side B hadrons
to define the initial flavour of the signal By meson. To separate correctly tagged leptons from
mistagged ones, a selection is applied to electrons and muons. Tag muons are required to have pt >
2.2 GeV and the 3D impact parameter d,,, with respect to B primary vertex less than a millimeter.
In addition, isolation AR between a B; meson and a muon must be greater than 0.3. Electrons
are required to have pr > 2.0 GeV, dy,; < 1 mm, AR > 0.2 and a multivariate discriminator [17]
improving the electron identification greater than 0.2.

After the initial selection of electrons and muons, a multilayer perceptron neural network
(MLP-NN) of the TMVA toolkit [18] further improves the tagging. The training and the testing
of muon and electron MLP-NN is done with more than 20 000 simulated B; — J/w¢ events.
As an input, neural networks use pr, 1, dy,, of a lepton and two variables related to activity in
a cone around lepton: a relative isolation variable and a pp-weighted average of the charges of
the particles in the cone. Additionally muon MLP-NN uses the pr relative to the axis of the jet
containing the muon and electron MLP-NN exploits the multivariate discriminator improving the
electron identification.

Mistag probabilities are measured from data using B™ — J/wK™ channel. The total tagging
power obtained with this channel is P4, = (1.30740.031 (stat) +=0.007 (syst)) % and mistag prob-
ability @ = (30.17 £0.24 (stat) +0.05 (syst)) %. The overall lepton tagging efficiency measured
from data is (8.31 +0.03) %. Mistag probabilities are parametrised separately for electrons and
muons as a function of the neural network output and the mistag probability is used in per-event
fashion in the ¢ fit model.

4. Maximum likelihood fit

An unbinned extended maximum-likelihood fit to the data is performed using seven observ-
ables: By invariant mass, three decay angles ® and flavour tag decision &, as well as proper decay
length ¢t and its uncertainty o,,. The event likelihood function is given by

L= ]Vsignal : Lsignal +N, background * Lbackgmund
Lsignal = (f(®7 a, Cl) ® G(CIv Gct) ' 8(6)) : PS<me) 'PS(GCI) ' PS(&)
Lpackground = PpG(cos 07, 97) - Pgg(cos wr) - Peg(ct) - Ppg(mp,) - PG (0 ) - Peg(E)  (4.1)

where Lyjgnq i8 the probability distribution function (PDF) describing the By — J/y¢ signal com-
ponent and Lyackgrouna 15 the PDF for the background model. Quantities Nyignar and Npackground are
the yields of signal and background events. The function f(®, c,ct) is the modified differential
decay rate f(®,a,ct) of Eq. 1.1 containing the per-event tagging dilution term, (1 —2®). The
phase Jy is set to zero, and the difference of phases ds — d, is fit with one single parameter s, to
reduce the correlation among the various parameters.
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The £(®) is the angular efficiency and G(ct, 0,) is a Gaussian resolution function using the
event-by-event proper decay length uncertainty o.. Al's is constrained to be positive [19]. The
signal mass PDF Ps(mp,) is a sum of three Gaussian functions with a common mean. The back-
ground mass distribution is parametrised with an exponential function Pg¢(mp,). The background
decay length component Pgg(ct) is a sum of two exponential functions. The angular background
PDFs Ppg(cos 07, ¢r) and Ppg(cos yr) are represented with a series of Legendre polynomials for
cos Oy and cos yr and sinusoidal functions are used to describe the angle ¢r. The decay length
uncertainty functions Ps(0,) and Pg; (0, ) are modelled with Gamma functions, two for the sig-
nal component and one for the background. The Ps(&) and Ppg(&) are the tag decision & PDFs
obtained from the data.

5. Results and systematic uncertainties

The fit results with their statistical as well as the systematic uncertainties are given in Table 2
and the projections of the multidimensional fit are presented in Figure 1.

Magnitudes of different sources of systematic uncertainties for Al'y and ¢, are quantified by
testing the assumptions made in the fit model and those associated to the fit procedure. The leading
contribution of the systematic uncertainty of Al'y originates from proper decay length efficiency
whereas @ has several equally large contributions of systematic uncertainty. The major contribu-
tions of systematic uncertainties for ¢y arise from modelling uncertainties of angular efficiencies,
possible intrinsic bias of the fit model and setting the magnitude of the CP violation parameter
|A| constant in the fit. Also the uncertainty related to the small mismatch of the modelling of
the kaon pr spectrum between data and simulated events has a contribution among the systematic
uncertainties of ¢;.

The CMS result with the 68 % confidence-level contours and the results from ATLAS, CDF,
DO and LHCDb experiments are presented in the ALy - ¢ plane in Figure 2 [20]. The CMS result is
in agreement with the standard model prediction and the results obtained from other experiments.
The combined result is also consistent with the SM prediction.

¢ [rad] AT [ps~'] |Aof? |As)? AL ? 8y [rad] & [rad] &, [rad] ¢t [um]
Fit result —0.0754£0.097 0.0954+0.013 0.510+0.005 0.012705%  0.243£0.008 3487007 03797 2.984+0.36 447.2+2.9
Source of syst. uncertainty
PDL 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 pr weighting 0.014 0.0015 0.0094 0.020 0.0041 0.085 0.11 0.02 1.1
PDL 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
|A| 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 37

Table 2: Summary of fit results and the systematic uncertainties of measured B parameters. If no
value is given for a systematic uncertainty, this uncertainty is negligible compared to the statistical
and other systematic uncertainties. The total systematic uncertainty is the quadratic sum of the
listed systematic uncertainties.
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Figure 1: Fit projections to the six observables including Bs mass, proper decay length ct and its
uncertainty and the three angular distributions @7, cos 87 and cos yr.

6. Summary and outlook

The CMS experiment measured the weak mixing phase ¢ and the decay width difference
ATy between the By mass eigenstates using pp collision data having centre-of-mass energy of 8
TeV and integrated luminosity of 19.7 fb~!. The measurement is done with 49 200 By — J/y¢
signal candidates extracted from pp data. The analysis utilises opposite-side electron and muon
tagging to identify the By flavour at the production time of the meson. The measured values for
the weak phase and the decay width difference are ¢ = —0.075+0.097 (stat) +0.031 (syst) rad
and ATy = 0.0954-0.013 (stat) £ 0.007 (syst) ps—'. The measured values of ¢y and AT are in
agreement with the standard model predictions and the result confirms Al'y to be nonzero. Our
analysis provides a reference measurement of ¢; and Al'y and has a contribution to improving the
overall precision of these quantities. Because the precision of our measurement is dominated by
statistical uncertainty, the goal for run II of the LHC is to reduce the statistical error by performing
the analysis with a larger dataset having a center-of-mass energy of 13 TeV.
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Figure 2: The individual 68 % confidence-level contours of ATLAS, CMS, CDF, DO and LHCb
results in ALy - ¢ plane, their combined contour denoted as solid line and shaded area, and the
standard model predictions for Al'y and ¢ marked as thin black rectangle [20].
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