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Abstract

A measurement of the B0
s decay parameters in the B0

s → J/ψφ channel using an integrated
luminosity of 14.3 fb−1 collected by the ATLAS detector from 8 TeV pp collisions at the
LHC is presented. The measured parameters include the CP-violating phase φs, the
decay width Γs and the width difference between the mass eigenstates ∆Γs. The values
measured for the physical parameters are statistically combined with those from 4.9 fb−1

of 7 TeV data, leading to the following:

φs = −0.090 ± 0.078 (stat.) ± 0.041 (syst.) rad
∆Γs = 0.085 ± 0.011 (stat.) ± 0.007 (syst.) ps−1

Γs = 0.675 ± 0.003 (stat.) ± 0.003 (syst.) ps−1.

In the analysis the parameter ∆Γs is constrained to be positive. Results for φs and ∆Γs are
also presented as 68% and 95% likelihood contours in the φs–∆Γs plane. Also measured
in this decay channel are the transversity amplitudes and corresponding strong phases.
All measurements are in agreement with the Standard Model predictions.

c© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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1 Introduction

New phenomena beyond the predictions of the Standard Model (SM) may alter CP violation in b-
hadron decays. A channel that is expected to be sensitive to new physics contributions is the decay
B0

s → J/ψφ. CP violation in the B0
s → J/ψφ decay occurs due to interference between direct decays

and decays with B0
s – B̄0

s mixing. The oscillation frequency of B0
s meson mixing is characterized

by the mass difference ∆ms of the heavy (BH) and light (BL) mass eigenstates. The CP violating
phase φs is defined as the weak phase difference between the B0

s – B̄0
s mixing amplitude and the

b → ccs decay amplitude. In the absence of CP violation, the BH state would correspond to the
CP-odd state and the BL to the CP-even state. In the SM the phase φs is small and can be related
to Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix elements via the relation φs ' −2βs,
with βs = arg[−(VtsV∗tb)/(VcsV∗cb)]; assuming no physics beyond the SM contributions to B0

s mixing
and decays, a value of −2βs = −0.0363+0.0016

−0.0015 rad can be predicted by combining beauty and kaon
physics observables [1].

Other physical quantities involved in B0
s – B̄0

s mixing are the decay width Γs = (ΓL + ΓH)/2 and the
width difference ∆Γs = ΓL − ΓH , where ΓL and ΓH are the decay widths of the different eigenstates.
The width difference is predicted to be ∆Γs = 0.087 ± 0.021 ps−1 [2]. Physics beyond the SM is not
expected to affect ∆Γs as significantly as φs [3]. However, extracting ∆Γs from data is interesting as
it allows theoretical predictions to be tested [3]. Previous measurements of these quantities have been
reported by the DØ, CDF, LHCb, ATLAS and CMS collaborations [4, 5, 6, 7, 8, 9].

The decay of the pseudoscalar B0
s to the vector–vector J/ψ(µ+µ−)φ(K+K−) final state results in an

admixture of CP-odd and CP-even states, with orbital angular momentum L = 0, 1 or 2. The final
states with orbital angular momentum L = 0 or 2 are CP-even, while the state with L = 1 is CP-odd.
The same final state can also be produced with K+K− pairs in an S -wave configuration [10]. This
S -wave final state is CP-odd. The CP states are separated statistically using an angular analysis of
the final-state particles. Flavour tagging is used to distinguish between the initial B0

s and B̄0
s states.

The analysis presented here provides a measurement of the B0
s → J/ψφ decay parameters using

14.3 fb−1 of LHC pp data collected by the ATLAS detector during 2012 at a centre-of-mass energy of
8 TeV. This is an update of the previous flavour-tagged time-dependent angular analysis of B0

s → J/ψφ
[8] that was performed using 4.9 fb−1 of data collected at 7 TeV. Electrons are now included, in
addition to final-state muons, for the flavour tagging using leptons.

2 ATLAS detector and Monte Carlo simulation

The ATLAS detector [11] is a multi-purpose particle physics detector with a forward-backward sym-
metric cylindrical geometry and nearly 4π coverage in solid angle.∗ The inner tracking detector (ID)
consists of a silicon pixel detector, a silicon microstrip detector and a transition radiation tracker. The
ID is surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, and by
a high-granularity liquid-argon (LAr) sampling electromagnetic calorimeter. A steel/scintillator tile

∗ ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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calorimeter provides hadronic coverage in the central rapidity range. The end-cap and forward regions
are instrumented with LAr calorimeters for electromagnetic and hadronic measurements. The muon
spectrometer (MS) surrounds the calorimeters and consists of three large superconducting toroids with
eight coils each, a system of tracking chambers, and detectors for triggering.

The muon and tracking systems are of particular importance in the reconstruction of B meson can-
didates. Only data collected when both these systems were operating correctly and when the LHC
beams were declared to be stable are used in the analysis. The data were collected during a period
of rising instantaneous luminosity, and the trigger conditions varied over this time. The triggers used
to select events for this analysis are based on identification of a J/ψ → µ+µ− decay, with transverse
momentum (pT) thresholds of either 4 GeV or 6 GeV for the muons. The measurement uses 14.3 fb−1

of pp collision data collected with the ATLAS detector at a centre-of-mass energy of 8 TeV. Data
collected at the beginning of the 8 TeV data-taking period are not included in the analysis due to a
problem with the trigger tracking algorithm. The trigger was subsequently changed to use a different
tracking algorithm that did not have this problem.

To study the detector response, estimate backgrounds and model systematic effects, 12 million Monte
Carlo (MC) simulated B0

s → J/ψφ events were generated using Pythia 8 [12, 13] tuned with ATLAS
data [14]. No pT cuts were applied at the generator level. The detector response was simulated using
the ATLAS simulation framework based on GEANT4 [15, 16]. In order to take into account the
varying number of proton–proton interactions per bunch crossing (pile-up) and trigger configurations
during data-taking, the MC events were weighted to reproduce the same pile-up and trigger conditions
in data. Additional samples of the background decay B0

d → J/ψK0∗, as well as the more general
bb̄→ J/ψX and pp→ J/ψX backgrounds were also simulated using Pythia 8.

3 Reconstruction and candidate selection

Events must pass the trigger selections described in Section 2. In addition, each event must contain
at least one reconstructed primary vertex, formed from at least four ID tracks, and at least one pair
of oppositely charged muon candidates that are reconstructed using information from the MS and the
ID [17]. A muon identified using a combination of MS and ID track parameters is referred to as a
combined-muon. A muon formed from a MS track segment that is not associated with a MS track
but is matched to an ID track extrapolated to the MS is referred to as a segment-tagged muon. The
muon track parameters are determined from the ID measurement alone, since the precision of the
measured track parameters is dominated by the ID track reconstruction in the pT range of interest for
this analysis. Pairs of oppositely charged muon tracks are refitted to a common vertex and the pair is
accepted for further consideration if the quality of the fit meets the requirement χ2/d.o.f. < 10. The
invariant mass of the muon pair is calculated from the refitted track parameters. In order to account
for varying mass resolution in different parts of the detector, the J/ψ candidates are divided into three
subsets according to the pseudorapidity η of the muons. A maximum-likelihood fit is used to extract
the J/ψ mass and the corresponding mass resolution for these three subsets. When both muons have
|η| < 1.05, the dimuon invariant mass must fall in the range 2.959–3.229 GeV to be accepted as a J/ψ
candidate. When one muon has 1.05 < |η| < 2.5 and the other muon |η| < 1.05, the corresponding
signal region is 2.913–3.273 GeV. For the third subset, where both muons have 1.05 < |η| < 2.5, the
signal region is 2.852–3.332 GeV. In each case the signal region is defined so as to retain 99.8% of
the J/ψ candidates identified in the fits.
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The candidates for the decay φ → K+K− are reconstructed from all pairs of oppositely charged
particles with pT > 1 GeV and |η| < 2.5 that are not identified as muons. Candidate events for B0

s →

J/ψ(µ+µ−)φ(K+K−) decays are selected by fitting the tracks for each combination of J/ψ → µ+µ−

and φ→ K+K− to a common vertex. Each of the four tracks is required to have at least one hit in the
pixel detector and at least four hits in the silicon microstrip detector. The fit is further constrained by
fixing the invariant mass calculated from the two muon tracks to the J/ψ mass [18]. A quadruplet of
tracks is accepted for further analysis if the vertex fit has a χ2/d.o.f. < 3, the fitted pT of each track
from φ → K+K− is greater than 1 GeV and the invariant mass of the track pairs (assuming that they
are kaons) falls within the interval 1.0085 GeV < m(K+K−) < 1.0305 GeV. If there is more than one
accepted candidate in the event, the candidate with the lowest χ2/d.o.f. is selected. In total, 375,987
B0

s candidates are collected within a mass range of 5.150–5.650 GeV.

For each B0
s meson candidate the proper decay time t is estimated using the expression:

t =
Lxy mB

pTB

,

where pTB is the reconstructed transverse momentum of the B0
s meson candidate and mB denotes the

mass of the B0
s meson, taken from [18]. The transverse decay length, Lxy, is the displacement in

the transverse plane of the B0
s meson decay vertex with respect to the primary vertex, projected onto

the direction of the B0
s transverse momentum. The position of the primary vertex used to calculate

this quantity is determined from a refit following the removal of the tracks used to reconstruct the B0
s

meson candidate.

For the selected events the average number of pile-up proton–proton interactions is 21, necessitating
a choice of the best candidate for the primary vertex at which the B0

s meson is produced. The variable
used is the three-dimensional impact parameter d0, which is calculated as the distance between the
line extrapolated from the reconstructed B0

s meson vertex in the direction of the B0
s momentum, and

each primary vertex candidate. The chosen primary vertex is the one with the smallest d0.

A study [19] made using a MC simulated dataset has shown that the precision of the reconstructed B0
s

proper decay time remains stable over the range of pile-up encountered during 2012 data-taking. No
B0

s meson decay-time cut is applied in this analysis.

4 Flavour tagging

The initial flavour of a neutral B meson can be inferred using information from the opposite-side
B meson that contains the other pair-produced b-quark in the event [20, 21]. This is referred to as
opposite-side tagging (OST).

To study and calibrate the OST methods, events containing B± → J/ψK± decays are used, where
the flavour of the B±-meson is provided by the kaon charge. A sample of B± → J/ψK± candidates
is selected from the entire 2012 dataset satisfying the data-quality selection described in Section 2.
Since the OST calibration is not affected by the trigger problem at the start of the 8 TeV data-taking
period, the tagging measurement uses 19.5 fb−1 of integrated luminosity of pp collision data.
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Figure 1: The invariant mass distribution for B± → J/ψK± candidates satisfying the selection criteria, used to
study the flavour tagging. Data are shown as points, and the overall result of the fit is given by the blue curve.
The contribution from the combinatorial background component is indicated by the red dotted line, partially
reconstructed B decays by the green shaded area, and decays of B± → J/ψπ±, where the pion is mis-assigned a
kaon mass, by the purple dashed line.

4.1 B± → J/ψK± event selection

In order to select candidate B± → J/ψK± decays, firstly J/ψ candidates are selected from pairs of op-
positely charged combined-muons forming a good vertex, following the criteria described in Section
3. Each muon is required to have a transverse momentum of at least 4 GeV and pseudorapidity within
|η| < 2.5. The invariant mass of the dimuon candidate is required to satisfy 2.8 GeV < m(µ+µ−) < 3.4
GeV. To form the B candidate, an additional track, satisfying the same quality requirements described
for tracks in Section 3, is combined with the dimuon candidate using the charged kaon mass hypo-
thesis, and a vertex fit is performed with the mass of the dimuon pair constrained to the known value
of the J/ψ mass. To reduce the prompt component of the combinatorial background, a requirement is
applied to the transverse decay length of the B candidate of Lxy > 0.1 mm.

A sideband subtraction method is used in order to study parameter distributions corresponding to the
B± signal processes with the background component subtracted. Events are divided into sub-sets into
five intervals in the pseudorapidity of the B candidate and three mass regions. The mass regions are
defined as a signal region around the fitted peak signal mass position µ± 2σ and the sideband regions
are defined as [µ − 5σ, µ − 3σ] and [µ + 3σ, µ + 5σ], where µ and σ are the mean and width of the
Gaussian function describing the B signal mass. Separate binned extended maximum-likelihood fits
are performed to the invariant mass distribution in each region of pseudorapidity.

An exponential function is used to model the combinatorial background and a hyperbolic tangent
function to parameterize the low-mass contribution from incorrectly or partially reconstructed B de-
cays. A Gaussian function is used to model the B± → J/ψπ± contribution. The contribution from
non-combinatorial background is found to have a negligible effect on the tagging procedure. Figure 1
shows the invariant mass distribution of B candidates for all rapidity regions overlaid with the fit result
for the combined data.
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Figure 2: The opposite-side muon cone charge distribution for B± signal candidates for segment-tagged (left)
and combined (right) muons. The B± charge is determined from the kaon charge.

4.2 Flavour tagging methods

Several methods that differ in efficiency and discriminating power are available to infer the flavour of
the opposite-side b-quark. The measured charge of a muon or electron from a semileptonic decay of
the B meson provides strong separation power; however, the b → ` transitions are diluted through
neutral B meson oscillations, as well as by cascade decays b → c → `, which can alter the charge
of the lepton relative to those from direct b → ` decays. The separation power of lepton tagging is
enhanced by considering a weighted sum of the charge of the tracks in a cone around the lepton, where
the weighting function is determined separately for each tagging method by optimizing the tagging
performance. If no lepton is present, a weighted sum of the charge of tracks in a jet associated with the
opposite-side B meson decay provides some separation. The flavour tagging methods are described in
detail below.

For muon-based tagging, an additional muon is required in the event, with pT > 2.5 GeV, |η| < 2.5
and with |∆z| < 5 mm from the primary vertex. Muons are classified according to their reconstruction
class, combined or segment-tagged, and subsequently treated as distinct flavour tagging methods. In
the case of multiple muons, the muon with the highest transverse momentum is selected.

A muon cone charge variable is constructed, defined as

Qµ =

∑N tracks
i qi · (pTi)κ∑N tracks

i (pTi)κ
,

where q is the charge of the track, κ = 1.1 and the sum is performed over the reconstructed ID tracks
within a cone, ∆R =

√
(∆φ)2 + (∆η)2 < 0.5, around the muon direction. The reconstructed ID tracks

must have pT > 0.5 GeV and |η| < 2.5. Tracks associated with the B± signal decay are excluded from
the sum. In Figure 2 the opposite-side muon cone charge distributions are shown for candidates from
B± signal decays.

For electron-based tagging, an electron is identified using information from the inner detector and
calorimeter and is required to satisfy the tight electron quality criteria [22]. The inner detector track
associated with the electron is required to have pT > 0.5 GeV and |η| < 2.5. It is required to pass
within |∆z| < 5 mm of the primary vertex to remove electrons from non-signal interactions. To exclude
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electrons associated with the signal-side of the decay, electrons are rejected that have momenta within
a cone of size ∆R = 0.4 around the signal B candidate direction in the laboratory frame and opening
angle between the B candidate and electron momenta, ζb, of cos(ζb) > 0.98. In the case of more than
one electron passing the selection, the electron with the highest transverse momentum is chosen. As
in the case of muon tagging, additional tracks within a cone of size ∆R = 0.5 are used to form the
electron cone charge Qe with κ = 1.0. If there are no additional tracks within the cone, the charge of
the electron is used. The resulting opposite-side electron cone charge distribution is shown in Figure 3
for B+ and B− signal events.
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Figure 3: The opposite-side electron cone charge distribution for B± signal candidates.

In the absence of a muon or electron, b-tagged jets (i.e. jets that are the product of a b-quark) are
identified using a multivariate tagging algorithm [23], which is a combination of several b-tagging
algorithms using an artificial neural network and outputs a b-tag weight classifier. Jets are selected
that exceed a b-tag weight of 0.7. This value is optimized to maximize the tagging power of the
calibration sample. Jets are reconstructed from track information using the anti-kt algorithm [24] with
a radius parameter R = 0.8. In the case of multiple jets, the jet with the highest value of the b-tag
weight is used.

The jet charge is defined as

Qjet =

∑N tracks
i qi · (pTi)κ∑N tracks

i (pTi)κ
,

where κ = 1.1 and the sum is over the tracks associated with the jet, excluding those tracks associated
with a primary vertex other than that of the signal decay and tracks from the signal candidate. Figure 4
shows the distribution of the opposite-side jet-charge for B± signal candidates.

The efficiency, ε, of an individual tagging method is defined as the ratio of the number of events tagged
by that method to the total number of candidates. A probability P(B|Q) (P(B̄|Q)) that a specific event
has a signal decay containing a b̄-quark (b-quark) given the value of the discriminating variable is
constructed from the calibration samples for each of the B+ and B− samples, which defines P(Q|B+)
and P(Q|B−), respectively. The probability to tag a signal event as containing a b̄-quark is therefore
P(B|Q) = P(Q|B+)/(P(Q|B+) + P(Q|B−)), and correspondingly P(B̄|Q) = 1 − P(B|Q). It is possible
to define a quantity called the dilution D = P(B|Q) − P(B̄|Q) = 2P(B|Q) − 1, which represents the
strength of a particular flavour tagging method. The tagging power of a particular tagging method
is defined as T = εD2 =

∑
i εi · (2Pi(B|Qi) − 1)2, where the sum is over the bins of the probability

7
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Figure 4: Opposite-side jet-charge distribution for B± signal candidates.

Tagger Efficiency [%] Dilution [%] Tagging Power [%]
Combined µ 4.12 ± 0.02 47.4 ± 0.2 0.92 ± 0.02
Electron 1.19 ± 0.01 49.2 ± 0.3 0.29 ± 0.01
Segment-tagged µ 1.20 ± 0.01 28.6 ± 0.2 0.10 ± 0.01
Jet-charge 13.15 ± 0.03 11.85 ± 0.03 0.19 ± 0.01
Total 19.66 ± 0.04 27.56 ± 0.06 1.49 ± 0.02

Table 1: Summary of tagging performance for the different flavour tagging methods described in the text.
Uncertainties shown are statistical only. The efficiency and tagging power are each determined by summing over
the individual bins of the charge distribution. The effective dilution is obtained from the measured efficiency
and tagging power. For the efficiency, dilution, and tagging power, the corresponding uncertainty is determined
by combining the appropriate uncertainties in the individual bins of each charge distribution.

distribution as a function of the charge variable. An effective dilution, D =
√

T/ε, is calculated from
the measured tagging power and efficiency.

The flavour tagging method applied to each B0
s candidate event is taken from the information contained

in a given event. By definition there is no overlap between lepton-tagged and jet-charge-tagged events.
The overlap between muon- and electron-tagged events, corresponding to 0.4% of all tagged events,
is negligibly small. In the case of doubly tagged events, the tagger with the highest tagging power
is selected; however, the choice of hierarchy between muon- and electron-tagged events is shown to
have negligible impact on the final fit results. If it is not possible to provide a tagging response for
the event, then a probability of 0.5 is assigned. A summary of the tagging performance is given in
Table 1.

4.3 Using tag information in the B0
s fit

The tag-probability for each B0
s candidate is determined from calibrations derived from a sample of

B± → J/ψK± candidates, as described in Section 4.2. The distributions of tag-probabilities for the
signal and background are different and since the background cannot be factorized out, additional
probability terms, Ps(P(B|Q)) and Pb(P(B|Q)) for signal and background, respectively, are included
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in the fit. The distributions of tag-probabilities for the B0
s candidates consist of continuous and discrete

parts (events with a tag charge of ±1); these are treated separately as described below.

To describe the continuous part, a fit is first performed to the sideband data, i.e., 5.150 GeV < m(B0
s) <

5.317 GeV or 5.417 GeV < m(B0
s) < 5.650 GeV, where m(B0

s) is the mass of the B0
s candidate. Dif-

ferent functions are used for the different tagging methods. For the combined-muon tagging method,
the function has the form of the sum of a fourth-order polynomial and two exponential functions. A
second-order polynomial and two exponential functions are applied for the electron tagging algorithm.
A sum of three Gaussian functions is used for the segment-tagged muons. For the jet-charge tagging
algorithm an eighth-order polynomial is used. In all four cases unbinned maximum-likelihood fits
to data are used. In the next step, the same function as applied to the sidebands is used to describe
the distributions for events in the signal region: the background parameters are fixed to the values
obtained from the fits to the sidebands while the signal parameters are free in this step. The ratio of
background to signal (obtained from a simultaneous mass–lifetime fit) is fixed as well. The results of
the fits projected onto histograms of B0

s tag-probability for the different tagging methods are shown in
Figure 5.

To account for possible deviations between data and the selected fit models a number of alternative fit
functions are used to determine systematic uncertainties in the B0

s fit. These fit variations are described
in Section 7.

The discrete components of the tag-probability distribution originate from cases where the tag is
derived from a single track, giving a tag charge of exactly +1 or −1. The fractions of events f+1
and f−1 with charges +1 and −1, respectively, are determined separately for signal and background
using events from the same B0

s mass signal and sideband regions. Positive and negative charges are
equally probable for background candidates formed from a random combination of a J/ψ and a pair
of tracks, but this is not the case for background candidates formed from a partially reconstructed
b-hadron. For signal and background contributions, similar fractions of events that are tagged with +1
or −1 tagging charge are observed for each of the tagging methods. The remaining fraction of events,
1− f+1 − f−1, constitute the continuous part of the distributions. Table 2 summarizes the fractions f+1
and f−1 obtained for signal and background events and for the different tag methods.

Tag method Signal Background
f+1 f−1 f+1 f−1

Combined µ 0.124 ± 0.012 0.127 ± 0.012 0.093 ± 0.003 0.095 ± 0.003
Electron 0.105 ± 0.020 0.139 ± 0.021 0.110 ± 0.007 0.110 ± 0.007
Segment-tagged µ 0.147 ± 0.024 0.118 ± 0.023 0.083 ± 0.004 0.084 ± 0.004
Jet-charge 0.071 ± 0.005 0.069 ± 0.005 0.068 ± 0.002 0.069 ± 0.002

Table 2: Table summarizing the fraction of events f+1 and f−1 with tag charges of +1 and −1, respectively for
signal and background events and for the different tag methods. Only statistical errors are quoted.

To estimate the fractions of signal and background events which have tagging, a similar sideband–
subtraction method is used to determine the relative fraction of signal and background events tagged
using the different methods. These fractions are also included in the maximum-likelihood fit, de-
scribed in Section 5. The results are summarized in Table 3.
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Figure 5: The continuous part of tag-probability for tagging using combined-muons (top-left), electrons (top-
right), segment-tagged muons (bottom-left) and jet-charge (bottom-right). Black dots are data, blue is a fit to
the sidebands, purple to the signal and red is a sum of both fits.

Tag method Signal Background
Combined µ 0.047 ± 0.003 0.038 ± 0.001
Electron 0.012 ± 0.001 0.008 ± 0.001
Segment-tagged µ 0.013 ± 0.001 0.015 ± 0.001
Jet-charge 0.135 ± 0.003 0.100 ± 0.001
Untagged 0.793 ± 0.002 0.839 ± 0.002

Table 3: Table summarizing the relative fractions of signal and background events tagged using the different
tag methods. The fractions include both the continuous and discrete contributions. Only statistical errors are
quoted.
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5 Maximum likelihood fit

An unbinned maximum-likelihood fit is performed on the selected events to extract the parameter
values of the B0

s → J/ψ(µ+µ−)φ(K+K−) decay. The fit uses information about the reconstructed mass
m, the measured proper decay time t, the measured proper decay time uncertainty σt, the tagging
probability, and the transversity angles Ω of each B0

s → J/ψφ decay candidate. The measured proper
decay time uncertainty σt is calculated from the covariance matrix associated with the vertex fit of
each candidate event. The transversity angles Ω = (θT , ψT , φT ) are defined in Section 5.1. The
likelihood is independent of the K+K− mass distribution. The likelihood function is defined as a
combination of the signal and background probability density functions as follows:

ln L =

N∑
i=1

{wi · ln( fs · Fs(mi, ti, σti ,Ωi, P(B|Q), pTi) + fs · fB0 · FB0(mi, ti, σti ,Ωi, P(B|Q), pTi)

+ fs · fΛb · FΛb(mi, ti, σti ,Ωi, P(B|Q), pTi)

+ (1 − fs · (1 + fB0 + fΛb))Fbkg(mi, ti, σti ,Ωi, P(B|Q), pTi))},

(1)

where N is the number of selected candidates, wi is a weighting factor to account for the trigger
efficiency (described in Section 5.3), and fs is the fraction of signal candidates. The background
fractions fB0 and fΛb are the fractions of B0 mesons and Λb baryons mis-identified as B0

s candidates
calculated relative to the number of signal events; these parameters are fixed to their MC values
and varied as part of the systematic uncertainties. The mass mi, the proper decay time ti and the
decay angles Ωi are the values measured from the data for each event i. Fs, FB0 , FΛb and Fbkg are
the probability density functions (PDF) modelling the signal, B0 background, Λb background, and
the other background distributions, respectively. A detailed description of the signal PDF terms in
Equation (1) is given in Section 5.1. The three background functions are described in Section 5.2.

5.1 Signal PDF

The PDF used to describe the signal events, Fs, has the following composition:

Fs(mi, ti,σti ,Ωi, P(B|Q), pTi) = Ps(mi) · Ps(Ωi, ti, P(B|Q), σti)

·Ps(σti) · Ps(P(B|Q)) · A(Ωi, pTi) · Ps(pTi). (2)

The mass function Ps(mi) is modelled by a sum of three Gaussian distributions. The probability terms
Ps(σti) and Ps(pTi) are described by gamma functions and are unchanged from the analysis described
in Ref. [25]. The tagging probability term for signal Ps(P(B|Q)) is described in Section 4.3.

The term Ps(Ωi, ti, P(B|Q), σti) is a joint PDF for the decay time t and the transversity angles Ω for
the B0

s → J/ψ(µ+µ−)φ(K+K−) decay. Ignoring detector effects, the distribution for the time t and the
angles Ω is given by the differential decay rate [26]:

d4Γ

dt dΩ
=

10∑
k=1

O(k)(t)g(k)(θT , ψT , φT ),

11



where O(k)(t) are the time-dependent functions corresponding to the contributions of the four different
amplitudes (A0, A||, A⊥, and AS ) and their interference terms, and g(k)(θT , ψT , φT ) are the angular
functions. Table 4 shows these time-dependent functions and the angular functions of the transversity
angles. The formulae for the time-dependent functions have the same structure for B0

s and B̄0
s but with

a sign reversal in the terms containing ∆ms. In Table 4, the parameter A⊥(t) is the time-dependent
amplitude for the CP-odd final-state configuration while A0(t) and A‖(t) correspond to CP-even final-
state configurations. The amplitude AS (t) gives the contribution from the CP-odd non-resonant B0

s →

J/ψK+K− S -wave state (which includes the f0). The corresponding functions are given in the last four
lines of Table 4 (k = 7–10). The amplitudes are parameterized by |Ai|eiδi , where i = {0, ||,⊥, S }, with
δ0 = 0 and are normalized such that |A0(0)|2 + |A⊥(0)|2 + |A‖(0)|2 = 1. |A⊥(0)| is determined according
to this condition, while the remaining three amplitudes are parameters of the fit. The formalism used
throughout this analysis assumes no direct CP violation.

The angles (θT , ψT , φT ), are defined in the rest frames of the final-state particles. The x-axis is de-
termined by the direction of the φ meson in the J/ψ rest frame, and the K+K− system defines the x–y
plane, where py(K+) > 0. The three angles are defined as:

• θT , the angle between ~p(µ+) and the normal to the x–y plane, in the J/ψ meson rest frame,

• φT , the angle between the x-axis and ~pxy(µ+), the projection of the µ+ momentum in the x–y
plane, in the J/ψ meson rest frame,

• ψT , the angle between ~p(K+) and −~p(J/ψ) in the φ meson rest frame.

The PDF term Ps(Ωi, ti, P(B|Q), σti) takes into account the lifetime resolution, so each time element in
Table 4 is smeared with a Gaussian function. This smearing is performed numerically on an event-by-
event basis where the width of the Gaussian function is the proper decay time uncertainty, measured
for each event, multiplied by a scale factor to account for any mis-measurements. The proper decay
time uncertainty distribution for data, including the fits to the background and the signal contributions
is shown in Figure 6. The average value of this uncertainty for signal events is 97 fs.

The angular acceptance of the detector and kinematic cuts on the angular distributions are included in
the likelihood function through A(Ωi, pTi). This is calculated using a 4D binned acceptance method,
applying an event-by-event efficiency according to the transversity angles (θT , ψT , φT ) and the pT of
the candidate. The pT binning is necessary, because the angular acceptance is influenced by the pT
of the B0

s candidate. The acceptance is calculated from the B0
s → J/ψφ MC events. Taking the small

discrepancies between data and MC events into account have negligible effect on the fit results. In the
likelihood function, the acceptance is treated as an angular acceptance PDF, which is multiplied with
the time- and angle-dependent PDF describing the B0

s → J/ψ(µ+µ−)φ(K+K−) decays. As both the
acceptance and time- and angle-dependent decay PDFs depend on the transversity angles they must
be normalized together. This normalization is done numerically during the likelihood fit. The PDF is
normalized over the entire B0

s mass range 5.150–5.650 GeV.
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Figure 6: The proper decay time uncertainty distribution for data (black), and the fits to the background (blue)
and the signal (purple) contributions. The total fit is shown as a red curve.

5.2 Background PDF

The background PDF has the following composition:

Fbkg(mi, ti, σti ,Ωi, P(B|Q), pTi) = Pb(mi) · Pb(ti|σti) · Pb(P(B|Q))

·Pb(Ωi) · Pb(σti) · Pb(pTi). (3)

The proper decay time function Pb(ti|σti) is parameterized as a prompt peak modelled by a Gaussian
distribution, two positive exponential functions and a negative exponential function. These functions
are smeared with the same resolution function as the signal decay time-dependence. The prompt
peak models the combinatorial background events, which are expected to have reconstructed lifetimes
distributed around zero. The two positive exponential functions represent a fraction of longer-lived
backgrounds with non-prompt J/ψ, combined with hadrons from the primary vertex or from a B/D
meson in the same event. The negative exponential function takes into account events with poor
vertex resolution. The probability terms Pb(σti) and Pb(pTi) are described by gamma functions. They
are unchanged from the analysis described in Ref. [25] and explained in detail there. The tagging
probability term for background Pb(P(B|Q)) is described in Section 4.3.

The shape of the background angular distribution, Pb(Ωi) arises primarily from detector and kinematic
acceptance effects. These are described by Legendre polynomial functions:

Ym
l (θT ) =

√
(2l + 1)/(4π)

√
(l − m)!/(l + m)!P|m|l (cos θT )

Pk(x) =
1

2kk!
dk

dxk (x2 − 1)k (4)

Pb(θT , ψT , φT ) =

6∑
k=0

6∑
l=0

l∑
m=−l


ak,l,m

√
2Ym

l (θT ) cos(mφT )Pk(cosψT ) where m > 0
ak,l,m

√
2Y−m

l (θT ) sin(mφT )Pk(cosψT ) where m < 0
ak,l,m

√
2Y0

l (θT )Pk(cosψT ) where m = 0

where the coefficients ak,l,m are adjusted to give the best fit to the angular distributions for events in
the B0

s mass sidebands. These parameters are then fixed in the main fit. The B0
s mass interval used for

the background fit is between 5.150 and 5.650 GeV excluding the signal mass region |(m(B0
s) − 5.366

GeV| < 0.110 GeV. The background mass model, Pb(mi) is an exponential function with a constant
term added.
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Contamination from Bd → J/ψK0∗ and Λb → J/ψpK− events mis-reconstructed as B0
s → J/ψφ are

accounted for in the fit through the FB0 and FΛb terms in the PDF function described in Equation (1).
The fraction of these contributions, fB0 = (3.3 ± 0.5)% and fΛb = (1.8 ± 0.6)%, are evaluated from
MC simulation using production and branching fractions from Refs. [18, 27, 28, 29, 30, 31]. MC
simulated events are also used to determine the shape of the mass and transversity angle distributions.
The 3D angular distributions of B0

d → J/ψK∗0 and of the conjugate decay are modelled using input
from Ref. [32], while angular distributions for Λb → J/ψpK− and the conjugate decay are modelled
as flat. These distributions are sculpted for detector acceptance effects and then described by Legendre
polynomial functions, Equation (4), as in the case of the background described by Equation (3). These
shapes are fixed in the fit. The Bd and Λb lifetimes are accounted for in the fit by adding additional
exponential terms, scaled by the ratio of Bd/B0

s or Λb/B0
s masses as appropriate, where the lifetimes and

masses are taken from Ref. [18]. Systematic uncertainties due to the background from Bd → J/ψK0∗

and Λb → J/ψpK− decays are described in Section 7. The contribution of Bd → J/ψKπ events as
well as their interference with Bd → J/ψK0∗ events is not included in the fit and is instead assigned
as a systematic uncertainty.

To account for possible deviations between data and the selected fit models a number of alternative
fit functions and mass selection criteria are used to determine systematic uncertainties in the B0

s fit.
These fit variations are described in Section 7.

5.3 Muon trigger proper time-dependent efficiency

It was observed that the muon trigger biases the transverse impact parameter of muons, resulting in a
minor inefficiency at large values of the proper decay time. This inefficiency is measured using MC
simulated events, by comparing the B0

s proper decay time distribution of an unbiased sample with the
distribution obtained including the trigger. To account for this inefficiency in the fit, the events are
re-weighted by a factor w:

w = p0 · [1 − p1 · (Erf((t − p3)/p2) + 1)], (5)

where p0, p1, p2 and p3 are parameters determined in the fit to MC events. No significant bias or in-
efficiency due to off-line track reconstruction, vertex reconstruction, or track quality selection criteria
is observed.

6 Results

The full simultaneous unbinned maximum-likelihood fit contains nine physical parameters: ∆Γs, φs,
Γs, |A0(0)|2, |A‖(0)|2, δ||, δ⊥, |AS (0)|2 and δS . The other parameters in the likelihood function are the
B0

s signal fraction fs, parameters describing the J/ψφ mass distribution, parameters describing the
B0

s meson decay time plus angular distributions of background events, parameters used to describe
the estimated decay time uncertainty distributions for signal and background events, and scale factors
between the estimated decay time uncertainties and their true uncertainties. In addition there are also
353 nuisance parameters describing the background and acceptance functions that are fixed at the time
of the fit. The fit model is tested using pseudo-experiments as described in Section 7. These tests show
no significant bias, as well as no systematic underestimation of the statistical errors reported from the
fit to data.
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Parameter Value Statistical Systematic
uncertainty uncertainty

φs[rad] −0.110 0.082 0.042
∆Γs[ps−1] 0.101 0.013 0.007
Γs[ps−1] 0.676 0.004 0.004
|A‖(0)|2 0.230 0.005 0.006
|A0(0)|2 0.520 0.004 0.007
|AS (0)|2 0.097 0.008 0.022
δ⊥ [rad] 4.50 0.45 0.30
δ‖ [rad] 3.15 0.10 0.05

δ⊥ − δS [rad] −0.08 0.03 0.01

Table 5: Fitted values for the physical parameters of interest with their statistical and systematic uncertainties.

Multiplying the total number of events supplied to the fit with the extracted signal fraction and its
statistical uncertainty provides an estimate for the total number of B0

s meson candidates of 74900±400.
The results and correlations of the physics parameters obtained from the fit are given in Tables 5 and 6.
Fit projections of the mass, proper decay time and angles are given in Figures 7 and 8, respectively.

∆Γ Γs |A||(0)|2 |A0(0)|2 |AS (0)|2 δ‖ δ⊥ δ⊥ − δS

φs 0.097 −0.085 0.030 0.029 0.048 0.067 0.035 −0.008
∆Γ 1 −0.414 0.098 0.136 0.045 0.009 0.008 −0.011
Γs 1 −0.119 −0.042 0.167 −0.027 −0.009 0.018

|A||(0)|2 1 −0.330 0.072 0.105 0.025 −0.018
|A0(0)|2 1 0.234 −0.011 0.007 0.014
|AS (0)|2 1 −0.046 0.004 0.052
δ‖ 1 0.158 −0.006
δ⊥ 1 0.018

Table 6: Fit correlations between the physical parameters of interest.

7 Systematic uncertainties

Systematic uncertainties are assigned by considering effects that are not accounted for in the likelihood
fit. These are described below.

• Flavour tagging: There are two contributions to the uncertainties in the fit parameters due to the
flavour tagging procedure, the statistical and systematic components. The statistical uncertainty
due to the size of the sample of B± → J/ψK± decays is included in the overall statistical error.
The systematic uncertainty arising from the precision of the tagging calibration is estimated by
changing the model used to parameterize the probability distribution, P(B|Q), as a function of
tag charge from the third-order polynomial function used by default to one of several alternative
functions. The alternatives used are: a linear function; a fifth-order polynomial; or two third-
order polynomials describing the positive and negative regions that share the constant and linear
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Figure 7: (Left) Mass fit projection for the B0
s → J/ψφ sample. The red line shows the total fit, the dashed

purple line shows the signal component, the long-dashed dark blue line shows the B0
d → J/ψK0∗ component,

while the solid light blue line shows the contribution from Λb → J/ψpK− events. (Right) Proper decay time
fit projection for the B0

s → J/ψφ sample. The red line shows the total fit while the purple dashed line shows
the total signal. The total background is shown as a blue dashed line with a long-dashed grey line showing the
prompt J/ψ background. Below each figure is a ratio plot that shows the difference between each data point
and the total fit line divided by the statistical uncertainty (σ) of that point.

terms but have independent quadratic and cubic terms. For the combined-muon tagging, an
additional model consisting of two third-order polynomials sharing the constant term but with
independent linear, quadratic and cubic terms is also used. The B0

s fit is repeated using the
alternative models and the largest difference is assigned as the systematic uncertainty.

• Angular acceptance method: The angular acceptance (from the detector and kinematic effects
mentioned in Section 5.1) is calculated from a binned fit to MC simulated data. In order to
estimate the size of the systematic uncertainty introduced from the choice of binning, different
acceptance functions are calculated using different bin widths and central values. These effects
are found to be negligible.

• Inner detector alignment: Residual misalignments of the ID affect the impact parameter, d0,
distribution with respect to the primary vertex. The effect of a radial expansion on the measured
d0 is determined from data collected at 8 TeV, with a trigger requirement of at least one muon
with a transverse momentum greater than or equal to 4 GeV. The radial expansion uncertainties
determined in this way are 0.14% for |η| < 1.5 and 0.55% for 1.5 < |η| < 2.5. These values
are used to estimate the effect on the fitted B0

s parameter values.Ê Small deviations are seen in
some parameters, and these are included as systematic uncertainties.

• Trigger efficiency: To correct for the trigger lifetime bias the events are re-weighted according
to Equation (5). The uncertainty of the parameters p0, p1, p2 and p3 are used to estimate the
systematic uncertainty due to the time efficiency correction. These uncertainties originate from
the following sources: the limited size of the MC simulated dataset, the choice of bin-size for
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Figure 8: Fit projections for the transversity angles of events with 5.317 GeV < m(J/ψKK) < 5.417 GeV for φT

(top left), cos(θT ) (top right), and cos(ψT ) (bottom). In all three plots the red solid line shows the total fit, the CP-
odd and CP-even signal components are shown by the red dot–dashed and orange dashed lines respectively, the
S-wave component is given by the green dashed line and the blue dotted line shows the background contribution.
The contributions of the interference terms are negligible in these projections and are not shown.

the proper decay time distributions and variations between different triggers. The systematic
effects are found to be negligible.

• Background angles model, choice of pT bins: The shape of the background angular distribu-
tion, Pb(θT , ϕT , ψT ), is described by the Legendre polynomial functions given in Equation (4).
The shapes arise primarily from detector and kinematic acceptance effects and are sensitive to
the pT of the B0

s meson candidate. For this reason, the parameterization using the Legendre
polynomial functions is performed in four pT intervals: 0–13 GeV, 13–18 GeV, 18–25 GeV
and >25 GeV. The systematic uncertainties due to the choice of pT intervals are estimated by
repeating the fit, varying these intervals. The biggest deviations observed in the fit results were
taken to represent the systematic uncertainties.

• Background angles model, choice of mass sidebands: The parameters of the Legendre poly-
nomial functions given in Equation (4) are adjusted to give the best fit to the angular distri-
butions for events in the B0

s mass sidebands. To test the sensitivity of the fit results to the
choice of sideband regions, the fit is repeated with alternative choices for the excluded signal
mass regions: |m(B0

s) − 5.366| > 0.085 GeV and |m(B0
s) − 5.366| > 0.160 GeV (instead of

|m(B0
s) − 5.366| > 0.110 GeV). The differences in the fit results are assigned as systematic

uncertainties.
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• Bd contribution: The contamination from Bd → J/ψK0∗ events mis-reconstructed as B0
s →

J/ψφ is accounted for in the final fit. Studies are performed to evaluate the effect of the un-
certainties in the Bd → J/ψK0∗ fraction, and the shapes of the mass and transversity angles
distribution. In the MC events the angular distribution of the Bd → J/ψK0∗ decay is modelled
using parameters taken from Ref. [32]. The uncertainties of these parameters are taken into
account in the estimation of systematic uncertainty. After applying the B0

s signal selection cuts,
the angular distributions are fitted using Legendre polynomial functions. The uncertainties of
this fit are included in the systematic tests. The impact of all these uncertainties is found to
have a negligible effect on the B0

s fit results. The contribution of Bd → J/ψKπ events as well as
their interference with Bd → J/ψK0∗ events is not included in the fit and is instead assigned as
a systematic uncertainty. To evaluate this uncertainty, the MC background events are modelled
using both the P-wave Bd → J/ψK0∗ and S-wave Bd → J/ψKπ decays and their interference,
using the input parameters taken from Ref. [32]. The B0

s fit using this input was compared to
the default fit, and differences are included in Table 7.

• Λb contribution: The contamination from Λb → J/ψpK− events mis-reconstructed as B0
s →

J/ψφ is accounted for in the final fit. Studies are performed to evaluate the effect of the un-
certainties in the Λb → J/ψpK− fraction fΛb , and the shapes of the mass, transversity angles,
and lifetime distributions. Additional studies are performed to determine the effect of the un-
certainties in the Λb → J/ψΛ∗ branching ratios used to reweight the generated MC. These are
uncertainties are included in Table 7.

• Fit model variations To estimate the systematic uncertainties due to the fit model, variations of
the model are tested in pseudo-experiments. A set of ≈2500 pseudo-experiments is generated
for each variation considered, and fitted with the default model. The systematic error quoted for
each effect is the difference between the mean shift of the fitted value of each parameter from
its input value for the pseudo-experiments altered for each source of systematic uncertainty.
In the first variation tested, the signal mass is generated using the fitted B0

s mass convolved
with a Gaussian function using the measured per-candidate mass errors. In another test, the
background mass is generated from an exponential function with the addition of a first-degree
polynomial function instead of an exponential function plus a constant term. The time resolu-
tion model was varied by using two different scale factors to generate the lifetime uncertainty,
instead of the single scale factor used in the default model. The non-negligible uncertainties
derived from these tests are included in the systematic uncertainties shown in Table 7. To de-
termine the possible systematics effects of mis-modelling of the background events by the fitted
background model, as seen in the low mass side-band region (5.150–5.210 GeV) of Figure 7,
left, alternative mass selection cuts are used with the default fit model. The effect of these
changes on the fit results are found to be negligible.

• Default fit model: Due to its complexity, the fit model is less sensitive to some nuisance para-
meters. This limited sensitivity could potentially lead to a bias in the measured physics para-
meters, even when the model perfectly describes the fitted data. To estimate the systematic
uncertainty due to the choice of default fit model, a set of pseudo-experiments were conducted
using the default model in both the generation and fit. The systematic uncertainties are determ-
ined from the mean of the pull distributions of the pseudo-experiments scaled by the statistical
error of that parameter on the fit to data. These tests show no significant bias in the fit model,
and no systematic underestimation of the statistical errors reported from the fit to data.
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The systematic uncertainties are listed in Table 7. For each parameter, the total systematic error is
obtained by adding all of the contributions in quadrature.

φs ∆Γs Γs |A‖(0)|2 |A0(0)|2 |AS (0)|2 δ⊥ δ‖ δ⊥ − δS

[rad] [ps−1] [ps−1] [rad] [rad] [rad]

Tagging 0.025 0.003 <10−3 <10−3 <10−3 0.001 0.236 0.014 0.004
Acceptance <10−3 <10−3 <10−3 0.003 <10−3 0.001 0.004 0.008 <10−3

Inner detector alignment 0.005 <10−3 0.002 <10−3 <10−3 <10−3 0.134 0.007 <10−3

Background angles model:
Choice of pT bins 0.020 0.006 0.003 0.003 <10−3 0.008 0.004 0.006 0.008
Choice of mass interval 0.008 0.001 0.001 <10−3 <10−3 0.002 0.021 0.005 0.003

B0
d background model 0.023 0.001 <10−3 0.002 0.002 0.017 0.090 0.011 0.009

Λb background model 0.011 0.002 0.001 0.001 0.007 0.009 0.045 0.006 0.007
Fit model:

Mass signal model 0.004 <10−3 <10−3 0.002 <10−3 0.001 0.015 0.017 <10−3

Mass background model <10−3 0.002 <10−3 0.002 <10−3 0.002 0.027 0.038 <10−3

Time resolution model 0.003 <10−3 0.001 0.002 <10−3 0.002 0.057 0.011 0.001
Default fit model 0.001 0.002 <10−3 0.002 <10−3 0.002 0.025 0.015 0.002

Total 0.042 0.007 0.004 0.006 0.007 0.022 0.30 0.05 0.01

Table 7: Summary of systematic uncertainties assigned to the physical parameters of interest.

8 Discussion

The PDF describing the B0
s → J/ψφ decay is invariant under the following simultaneous transforma-

tions:
{φs,∆Γs, δ⊥, δ‖} → {π − φs,−∆Γs, π − δ⊥, 2π − δ‖}.

Since ∆Γs was determined to be positive [33], there is a unique solution. Figure 9 shows the 1D log-
likelihood scans of φs, ∆Γs and of the three measured strong phases δ||, δ⊥ and δ⊥−δS . The variable on
vertical axis, 2∆ln(L) ≡ 2(ln(LG) − ln(Li)), is a difference between the likelihood values of a default
fit, (LG), and of the fit in which the physical parameter is fixed to a value shown on horizontal axis,
(Li). 2∆ln(L) = 1 corresponds to the estimated 1σ confidence level. There are a small asymmetries
in the likelihood curves, however at the level of one statistical σ these are small compared to the
corresponding statistical uncertainties of the physical variables, for which the scan is done. Therefore
symmetric statistical uncertainties are quoted. Figure 10 shows the likelihood contours in the φs–∆Γs

plane. The region predicted by the Standard Model is also shown.

9 Combination of 7 TeV and 8 TeV results

The measured values are consistent with those obtained in a previous analysis [8], using ATLAS
data collected in 2011 at a centre-of-mass energy of 7 TeV. This consistency is also clear from a
comparison of the likelihood contours in the φs–∆Γs projection shown in Figure 11. A Best Linear
Unbiased Estimate (BLUE) combination [34] is used to combine the 7 TeV and 8 TeV measurements
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Figure 9: 1D likelihood contours (statistical errors only) for φs (top left), ∆Γs (top centre), δ|| (top right), δ⊥
(bottom left) and δ⊥ − δS (bottom right).
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Figure 11: Likelihood contours in the φs–∆Γs plane for individual results from 7 TeV and 8 TeV data (left) and
a final statistical combination of the results from 7 TeV and 8 TeV data (right). The blue line shows the 68%
likelihood contour, while the red dotted line shows the 95% likelihood contour (statistical errors only). The SM
prediction is taken from Ref. [1], at this scale the uncertainty on φs is not visible on the figure.

to give an overall result for Run 1. In Ref. [8] the strong phases δ‖ and δ⊥–δS were given as 1σ
confidence intervals. These are not considered in the combination and the 8 TeV result is taken as the
Run 1 result.

The BLUE combination requires the measured values and uncertainties of the parameters in question
as well as the correlations between them. These are provided by the fits separately in the 7 TeV
and 8 TeV measurements. The statistical correlation between these two measurements is zero as the
events are different. The correlations of the systematic uncertainties between the two measurements
are estimated by splitting the uncertainty into several categories.

The trigger efficiency is included as a systematic uncertainty only in the 7 TeV measurement, so there
is no correlation with the 8 TeV measurement. Similarly, the systematic uncertainties arising from
the Λb → J/ψpK− background, and the choice of pT bins and mass sidebands in the modelling of
background angles, are included as systematic uncertainties only in the 8 TeV measurement so there
is no correlation with the 7 TeV measurement. In both the 7 TeV and 8 TeV results, a systematic
uncertainty is assigned to the inner detector alignment and Bd contribution. The inner detector align-
ment systematic uncertainties are highly correlated and small. The assumed correlation between these
systematics made no difference to the final combined result and was set to 100%. For the Bd contri-
bution, while the systematic uncertainty tests are different, they are both performed to account for an
imprecise knowledge of the Bd contribution and are therefore assumed to be 100%. The tagging, ac-
ceptance and fit model uncertainties are quoted for both 7 TeV and 8 TeV. For the fit model, there are
several different model variations each with their own uncertainty. For each year, these are summed
in quadrature to produce a single fit model systematic uncertainty.

The tagging, acceptance and fit model systematic uncertainties are each assigned a variable (ρi, where
i = tag, acc,mod) corresponding to the correlation between the 7 TeV and 8 TeV results. Several
different combinations were tried with different values of ρi = 0, 0.25, 0.5, 0.75, 1.0. The acceptance
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8 TeV data 7 TeV data Run1 combined
Par Value Stat Syst Value Stat Syst Value Stat Syst

φs[rad] −0.110 0.082 0.042 0.12 0.25 0.05 −0.090 0.078 0.041
∆Γs[ps−1] 0.101 0.013 0.007 0.053 0.021 0.010 0.085 0.011 0.007
Γs[ps−1] 0.676 0.004 0.004 0.677 0.007 0.004 0.675 0.003 0.003
|A‖(0)|2 0.230 0.005 0.006 0.220 0.008 0.009 0.227 0.004 0.006
|A0(0)|2 0.520 0.004 0.007 0.529 0.006 0.012 0.522 0.003 0.007
|AS |

2 0.097 0.008 0.022 0.024 0.014 0.028 0.072 0.007 0.018
δ⊥ [rad] 4.50 0.45 0.30 3.89 0.47 0.11 4.15 0.32 0.16

δ‖ [rad] 3.15 0.10 0.05 [3.04, 3.23] 0.09 3.15 0.10 0.05

δ⊥ − δS [rad] −0.08 0.03 0.01 [3.02, 3.25] 0.04 −0.08 0.03 0.01

Table 8: Current measurement using data from 8 TeV pp collisions, the previous measurement using data taken
at centre of mass energy of 7 TeV and the values for the parameters of the two measurements, statistically
combined.

systematic uncertainty is small and therefore regardless of what value of ρacc is chosen the combina-
tion stays the same. For the 8 TeV measurement, electron tagging is added, therefore the systematic
uncertainty is not 100% correlated. For ρtag = 0.25, 0.5, 0.75 there is negligible difference between the
results. The fit model was changed between the 7 TeV and 8 TeV measurement, the most significant
change is that the mass uncertainty modelling was removed and the event-by-event Gaussian error dis-
tribution was replaced with a sum of three Gaussian distributions. It would be incorrect to estimate the
correlation as 100% and there is negligible difference between the results for ρmod = 0.25, 0.5, 0.75.

The combined results for the fit parameters and their uncertainties for Run 1 are given in Table 8.
Due to the negative correlation between Γs and ∆Γs, and the change in the value of ∆Γs between the
7 TeV and 8 TeV results, the combined value of Γs is less than either individual result. The Run 1
likelihood contours in the φs–∆Γs plane are shown in Figure 11. They agree with the Standard Model
predictions.

10 Summary

A measurement of the time-dependent CP asymmetry parameters in B0
s → J/ψ(µ+µ−)φ(K+K−) de-

cays from a 14.3 fb−1 data sample of pp collisions collected with the ATLAS detector during the
8 TeV LHC run is presented. The values from the 8 TeV analysis are consistent with those obtained in
the previous analysis using 7 TeV ATLAS data [8]. The two measurements are statistically combined
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leading to the following results:

φs = −0.090 ± 0.078 (stat.) ± 0.041 (syst.) rad

∆Γs = 0.085 ± 0.011 (stat.) ± 0.007 (syst.) ps−1

Γs = 0.675 ± 0.003 (stat.) ± 0.003 (syst.) ps−1

|A‖(0)|2 = 0.227 ± 0.004 (stat.) ± 0.006 (syst.)

|A0(0)|2 = 0.522 ± 0.003 (stat.) ± 0.007 (syst.)

|AS (0)|2 = 0.072 ± 0.007 (stat.) ± 0.018 (syst.)

δ⊥ = 4.15 ± 0.32 (stat.) ± 0.16 (syst.) rad

δ‖ = 3.15 ± 0.10 (stat.) ± 0.05 (syst.) rad

δ⊥ − δS = −0.08 ± 0.03 (stat.) ± 0.01 (syst.) rad.

The ATLAS Run 1 results for the B0
s → J/ψφ decay are consistent with the SM.

Acknowledgements

We thank CERN for the very successful operation of the LHC, as well as the support staff from our
institutions without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colom-
bia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-
CNRS, CEA-DSM/IRFU, France; GNSF, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece;
RGC, Hong Kong SAR, China; ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT
and JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands; RCN, Norway; MNiSW and
NCN, Poland; FCT, Portugal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Fed-
eration; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South
Africa; MINECO, Spain; SRC and Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of
Bern and Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United Kingdom; DOE and
NSF, United States of America. In addition, individual groups and members have received support
from BCKDF, the Canada Council, CANARIE, CRC, Compute Canada, FQRNT, and the Ontario In-
novation Trust, Canada; EPLANET, ERC, FP7, Horizon 2020 and Marie Skłodowska-Curie Actions,
European Union; Investissements d’Avenir Labex and Idex, ANR, Région Auvergne and Fondation
Partager le Savoir, France; DFG and AvH Foundation, Germany; Herakleitos, Thales and Aristeia pro-
grammes co-financed by EU-ESF and the Greek NSRF; BSF, GIF and Minerva, Israel; BRF, Norway;
Generalitat de Catalunya, Generalitat Valenciana, Spain; the Royal Society and Leverhulme Trust,
United Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain),
ASGC (Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG
resource providers. Major contributors of computing resources are listed in Ref. [35].

24



References

[1] J. Charles et al., Predictions of selected flavour observables within the Standard Model, Phys.
Rev. D84 (2011) 033005, arXiv:1106.4041 [hep-ph].

[2] A. Lenz and U. Nierste, Numerical Updates of Lifetimes and Mixing Parameters of B Mesons,
arXiv:1102.4274 [hep-ph].

[3] A. Lenz and U. Nierste, Theoretical update of B0
s − B̄0

s mixing, JHEP 0706 (2007) 072,
arXiv:hep-ph/0612167 [hep-ph].

[4] D0 Collaboration, V. M. Abazov et al., Measurement of the CP-violating phase φJ/ψφ
s using the

flavor-tagged decay B0
s → J/ψφ in 8 fb−1 of pp̄ collisions, Phys.Rev. D85 (2012) 032006,

arXiv:1109.3166 [hep-ex].

[5] CDF Collaboration, T. Aaltonen et al., Measurement of the Bottom-Strange Meson Mixing
Phase in the Full CDF Data Set, Phys.Rev.Lett. 109 (2012) 171802, arXiv:1208.2967
[hep-ex].

[6] LHCb Collaboration, R. Aaij et al., Measurement of CP violation and the B0
s meson decay

width difference with B0
s → J/ψK+K− and B0

s → J/ψπ+π− decays, Phys. Rev. D 87, 112010
(2013), arXiv:1304.2600 [hep-ex].

[7] LHCb Collaboration, R. Aaij et al., Precision measurement of CP violation in B0
s → J/ψK+K−

decays, Phys.Rev.Lett. 114 (2015) 041801, arXiv:1411.3104 [hep-ex].

[8] ATLAS Collaboration, Flavour tagged time dependent angular analysis of the Bs → J/ψφ
decay and extraction of ∆Γ and the weak phase φs in ATLAS, Phys.Rev. D90 (2014) 052007,
arXiv:1407.1796 [hep-ex].

[9] CMS Collaboration, Measurement of the CP-violating weak phase φs and the decay width
difference ∆Γs using the B0

s → J/ψφ(1020) decay channel at
√

s = 8 TeV, Phys. Lett. B 757
(2016) 97 – 120, arXiv:1507.07527v1 [hep-ex].

[10] S. Stone and L. Zhang, S-waves and the Measurement of CP Violating Phases in Bs Decays,
Phys. Rev. D79 (2009) 074024, arXiv:0812.2832 [hep-ph].

[11] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider, JINST 3
(2008) S08003.

[12] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 0605 (2006)
026, arXiv:hep-ph/0603175 [hep-ph].

[13] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A Brief Introduction to PYTHIA 8.1,
Comput.Phys.Commun. 178 (2008) 852–867, arXiv:0710.3820 [hep-ph].

[14] ATLAS Collaboration, ATLAS tunes of PYTHIA 6 and Pythia 8 for MC11, Tech. Rep.
ATL-PHYS-PUB-2011-009, CERN, Geneva, Jul, 2011.
https://cdsweb.cern.ch/record/1363300.

[15] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur.Phys.J. C70 (2010) 823–874,
arXiv:1005.4568 [physics.ins-det].

25

http://dx.doi.org/10.1103/PhysRevD.84.033005
http://dx.doi.org/10.1103/PhysRevD.84.033005
http://arxiv.org/abs/1106.4041
http://arxiv.org/abs/1102.4274
http://dx.doi.org/10.1088/1126-6708/2007/06/072
http://arxiv.org/abs/hep-ph/0612167
http://dx.doi.org/10.1103/PhysRevD.85.032006
http://arxiv.org/abs/1109.3166
http://dx.doi.org/10.1103/PhysRevLett.109.171802
http://arxiv.org/abs/1208.2967
http://arxiv.org/abs/1208.2967
http://dx.doi.org/10.1103/PhysRevD.87.112010
http://dx.doi.org/10.1103/PhysRevD.87.112010
http://arxiv.org/abs/1304.2600
http://dx.doi.org/10.1103/PhysRevLett.114.041801
http://arxiv.org/abs/1411.3104
http://dx.doi.org/10.1103/PhysRevD.90.052007
http://arxiv.org/abs/1407.1796
http://dx.doi.org/http://dx.doi.org/10.1016/j.physletb.2016.03.046
http://dx.doi.org/http://dx.doi.org/10.1016/j.physletb.2016.03.046
http://arxiv.org/abs/1507.07527v1
http://dx.doi.org/10.1103/PhysRevD.79.074024
http://arxiv.org/abs/0812.2832
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
https://cdsweb.cern.ch/record/1363300
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568


[16] GEANT4 Collaboration, S. Agostinelli et al., GEANT4: A Simulation toolkit,
Nucl.Instrum.Meth. A506 (2003) 250–303.

[17] ATLAS Collaboration, Measurement of the differential cross-sections of inclusive, prompt and
non-prompt J/ψ production in proton-proton collisions at

√
s = 7 TeV , Nucl.Phys. B850

(2011) 387–444, arXiv:1104.3038 [hep-ex].

[18] Particle Data Group Collaboration, K. A. Olive et al., Review of Particle Physics, Chin. Phys.
C38 (2014) 090001.

[19] ATLAS Collaboration, ATLAS B-physics studies at increased LHC luminosity, potential for
CP-violation measurement in the B0

s → J/ψφ decay, Tech. Rep. ATL-PHYS-PUB-2013-010,
CERN, Geneva, Sep, 2013. https://cds.cern.ch/record/1604429.

[20] R. Field and R. Feynman, A Parametrization of the Properties of Quark Jets, Nucl.Phys. B136
(1978) 1.

[21] ATLAS Collaboration, Jet charge studies with the ATLAS detector using 8 TeV pp collisions
data, Tech. Rep. ATLAS-CONF-2013-086, CERN, Geneva, August, 2013.
https://cdsweb.cern.ch/record/1572980.

[22] ATLAS Collaboration, Electron performance measurements with the ATLAS detector using the
2010 LHC proton-proton collision data, Eur. Phys. J. C72 (2012) 1909, arXiv:1110.3174
[hep-ex].

[23] ATLAS Collaboration, Calibration of the performance of b-tagging for c and light-flavour jets
in the 2012 ATLAS data, Tech. Rep. ATLAS-CONF-2014-046, CERN, Geneva, Jul, 2014.
https://cdsweb.cern.ch/record/1741020.

[24] M. Cacciari, G. P. Salam, and G. Soyez, The Anti-k(t) jet clustering algorithm, JHEP 0804
(2008) 063, arXiv:0802.1189 [hep-ph].

[25] ATLAS Collaboration, Time-dependent angular analysis of the decay B0
s → J/ψφ and

extraction of ∆Γs and the CP-violating weak phase φs by ATLAS, JHEP 1212 (2012) 072,
arXiv:1208.0572 [hep-ex].

[26] A. S. Dighe, I. Dunietz, and R. Fleischer, Extracting CKM phases and B0
s − B̄0

s mixing
parameters from angular distributions of nonleptonic B decays, Eur.Phys.J. C6 (1999)
647–662, arXiv:hep-ph/9804253 [hep-ph].

[27] LHCb Collaboration, R. Aaij et al., Updated average fs/ fd b-hadron production fraction ratio
for 7 TeV pp collisions,.

[28] BABAR Collaboration, B. Aubert et al., Search for the Z(4430)− at BABAR, Phys.Rev. 79
(2009) 112001, arXiv:0811.0564 [hep-ex].

[29] LHCb Collaboration, R. Aaij et al., Study of the kinematic dependences of Λ0
b production in pp

collisions and a measurement of the Λ0
b → Λ+

c π
− branching fraction, JHEP 08 (2014) 143,

arXiv:1405.6842 [hep-ex].

[30] LHCb Collaboration, R. Aaij et al., Study of the production of Λ0
b and B

0
hadrons in pp

collisions and first measurement of the Λ0
b → J/ψpK− branching fraction, Chin. Phys. C40

(2016) 011001, arXiv:1509.00292 [hep-ex].

26

http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/j.nuclphysb.2011.05.015
http://dx.doi.org/10.1016/j.nuclphysb.2011.05.015
http://arxiv.org/abs/1104.3038
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1088/1674-1137/38/9/090001
https://cds.cern.ch/record/1604429
http://dx.doi.org/10.1016/0550-3213(78)90015-9
http://dx.doi.org/10.1016/0550-3213(78)90015-9
https://cdsweb.cern.ch/record/1572980
http://dx.doi.org/10.1140/epjc/s10052-012-1909-1
http://arxiv.org/abs/1110.3174
http://arxiv.org/abs/1110.3174
https://cdsweb.cern.ch/record/1741020
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
http://dx.doi.org/10.1007/JHEP12(2012)072
http://arxiv.org/abs/1208.0572
http://dx.doi.org/10.1007/s100520050372
http://dx.doi.org/10.1007/s100520050372
http://arxiv.org/abs/hep-ph/9804253
http://dx.doi.org/10.1103/PhysRevD.79.112001
http://dx.doi.org/10.1103/PhysRevD.79.112001
http://arxiv.org/abs/0811.0564
http://dx.doi.org/10.1007/JHEP08(2014)143
http://arxiv.org/abs/1405.6842
http://dx.doi.org/10.1088/1674-1137/40/1/011001
http://dx.doi.org/10.1088/1674-1137/40/1/011001
http://arxiv.org/abs/1509.00292


[31] LHCb Collaboration, R. Aaij et al., Observation of J/ψp Resonances Consistent with
Pentaquark States in Λ0

b → J/ψK−p Decays, Phys. Rev. Lett. 115 (2015) 072001,
arXiv:1507.03414 [hep-ex].

[32] LHCb Collaboration, R. Aaij et al., Measurement of the polarization amplitudes in
B0 → J/ψK∗(892)0 decays, Phys. Rev. D 88 (2013) 052002, arXiv:1307.2782 [hep-ex].

[33] LHCb Collaboration, R. Aaij et al., Determination of the sign of the decay width difference in
the B0

s system, Phys.Rev.Lett. 108 (2012) 241801, arXiv:1202.4717 [hep-ex].

[34] R. Nisius, On the combination of correlated estimates of a physics observable, Eur. Phys. J.
C74 (2014) 3004, arXiv:1402.4016 [physics.data-an].

[35] ATLAS Collaboration, ATLAS Computing Acknowledgements 2016-2017, Tech. Rep.
ATL-GEN-PUB-2016-002, CERN, Geneva, Jul, 2016.
https://cds.cern.ch/record/2202407.

27

http://dx.doi.org/10.1103/PhysRevLett.115.072001
http://arxiv.org/abs/1507.03414
http://dx.doi.org/10.1103/PhysRevD.88.052002
http://arxiv.org/abs/1307.2782
http://dx.doi.org/10.1103/PhysRevLett.108.241801
http://arxiv.org/abs/1202.4717
http://dx.doi.org/10.1140/epjc/s10052-014-3004-2
http://dx.doi.org/10.1140/epjc/s10052-014-3004-2
http://arxiv.org/abs/1402.4016
https://cds.cern.ch/record/2202407


The ATLAS Collaboration

G. Aad85, B. Abbott113, J. Abdallah151, O. Abdinov11, R. Aben107, M. Abolins90, O.S. AbouZeid158,
H. Abramowicz153, H. Abreu152, R. Abreu116, Y. Abulaiti146a,146b, B.S. Acharya164a,164b,a,
L. Adamczyk38a, D.L. Adams25, J. Adelman108, S. Adomeit100, T. Adye131, A.A. Affolder74,
T. Agatonovic-Jovin13, J. Agricola54, J.A. Aguilar-Saavedra126a,126f , S.P. Ahlen22, F. Ahmadov65,b,
G. Aielli133a,133b, H. Akerstedt146a,146b, T.P.A. Åkesson81, A.V. Akimov96, G.L. Alberghi20a,20b,
J. Albert169, S. Albrand55, M.J. Alconada Verzini71, M. Aleksa30, I.N. Aleksandrov65, C. Alexa26a,
G. Alexander153, T. Alexopoulos10, M. Alhroob113, G. Alimonti91a, L. Alio85, J. Alison31,
S.P. Alkire35, B.M.M. Allbrooke149, P.P. Allport74, A. Aloisio104a,104b, A. Alonso36, F. Alonso71,
C. Alpigiani76, A. Altheimer35, B. Alvarez Gonzalez30, D. Álvarez Piqueras167,
M.G. Alviggi104a,104b, B.T. Amadio15, K. Amako66, Y. Amaral Coutinho24a, C. Amelung23,
D. Amidei89, S.P. Amor Dos Santos126a,126c, A. Amorim126a,126b, S. Amoroso48, N. Amram153,
G. Amundsen23, C. Anastopoulos139, L.S. Ancu49, N. Andari108, T. Andeen35, C.F. Anders58b,
G. Anders30, J.K. Anders74, K.J. Anderson31, A. Andreazza91a,91b, V. Andrei58a, S. Angelidakis9,
I. Angelozzi107, P. Anger44, A. Angerami35, F. Anghinolfi30, A.V. Anisenkov109,c, N. Anjos12,
A. Annovi124a,124b, M. Antonelli47, A. Antonov98, J. Antos144b, F. Anulli132a, M. Aoki66,
L. Aperio Bella18, G. Arabidze90, Y. Arai66, J.P. Araque126a, A.T.H. Arce45, F.A. Arduh71,
J-F. Arguin95, S. Argyropoulos42, M. Arik19a, A.J. Armbruster30, O. Arnaez30, V. Arnal82,
H. Arnold48, M. Arratia28, O. Arslan21, A. Artamonov97, G. Artoni23, S. Asai155, N. Asbah42,
A. Ashkenazi153, B. Åsman146a,146b, L. Asquith149, K. Assamagan25, R. Astalos144a, M. Atkinson165,
N.B. Atlay141, K. Augsten128, M. Aurousseau145b, G. Avolio30, B. Axen15, M.K. Ayoub117,
G. Azuelos95,d, M.A. Baak30, A.E. Baas58a, M.J. Baca18, C. Bacci134a,134b, H. Bachacou136,
K. Bachas154, M. Backes30, M. Backhaus30, P. Bagiacchi132a,132b, P. Bagnaia132a,132b, Y. Bai33a,
T. Bain35, J.T. Baines131, O.K. Baker176, E.M. Baldin109,c, P. Balek129, T. Balestri148, F. Balli84,
E. Banas39, Sw. Banerjee173, A.A.E. Bannoura175, H.S. Bansil18, L. Barak30, E.L. Barberio88,
D. Barberis50a,50b, M. Barbero85, T. Barillari101, M. Barisonzi164a,164b, T. Barklow143, N. Barlow28,
S.L. Barnes84, B.M. Barnett131, R.M. Barnett15, Z. Barnovska5, A. Baroncelli134a, G. Barone23,
A.J. Barr120, F. Barreiro82, J. Barreiro Guimarães da Costa57, R. Bartoldus143, A.E. Barton72,
P. Bartos144a, A. Basalaev123, A. Bassalat117, A. Basye165, R.L. Bates53, S.J. Batista158, J.R. Batley28,
M. Battaglia137, M. Bauce132a,132b, F. Bauer136, H.S. Bawa143,e, J.B. Beacham111, M.D. Beattie72,
T. Beau80, P.H. Beauchemin161, R. Beccherle124a,124b, P. Bechtle21, H.P. Beck17, f , K. Becker120,
M. Becker83, S. Becker100, M. Beckingham170, C. Becot117, A.J. Beddall19b, A. Beddall19b,
V.A. Bednyakov65, C.P. Bee148, L.J. Beemster107, T.A. Beermann175, M. Begel25, J.K. Behr120,
C. Belanger-Champagne87, W.H. Bell49, G. Bella153, L. Bellagamba20a, A. Bellerive29,
M. Bellomo86, K. Belotskiy98, O. Beltramello30, O. Benary153, D. Benchekroun135a, M. Bender100,
K. Bendtz146a,146b, N. Benekos10, Y. Benhammou153, E. Benhar Noccioli49, J.A. Benitez Garcia159b,
D.P. Benjamin45, J.R. Bensinger23, S. Bentvelsen107, L. Beresford120, M. Beretta47, D. Berge107,
E. Bergeaas Kuutmann166, N. Berger5, F. Berghaus169, J. Beringer15, C. Bernard22, N.R. Bernard86,
C. Bernius110, F.U. Bernlochner21, T. Berry77, P. Berta129, C. Bertella83, G. Bertoli146a,146b,
F. Bertolucci124a,124b, C. Bertsche113, D. Bertsche113, M.I. Besana91a, G.J. Besjes36,
O. Bessidskaia Bylund146a,146b, M. Bessner42, N. Besson136, C. Betancourt48, S. Bethke101,
A.J. Bevan76, W. Bhimji15, R.M. Bianchi125, L. Bianchini23, M. Bianco30, O. Biebel100,
D. Biedermann16, S.P. Bieniek78, M. Biglietti134a, J. Bilbao De Mendizabal49, H. Bilokon47,
M. Bindi54, S. Binet117, A. Bingul19b, C. Bini132a,132b, S. Biondi20a,20b, C.W. Black150, J.E. Black143,
K.M. Black22, D. Blackburn138, R.E. Blair6, J.-B. Blanchard136, J.E. Blanco77, T. Blazek144a,

28



I. Bloch42, C. Blocker23, W. Blum83,∗, U. Blumenschein54, G.J. Bobbink107, V.S. Bobrovnikov109,c,
S.S. Bocchetta81, A. Bocci45, C. Bock100, M. Boehler48, J.A. Bogaerts30, D. Bogavac13,
A.G. Bogdanchikov109, C. Bohm146a, V. Boisvert77, T. Bold38a, V. Boldea26a, A.S. Boldyrev99,
M. Bomben80, M. Bona76, M. Boonekamp136, A. Borisov130, G. Borissov72, S. Borroni42,
J. Bortfeldt100, V. Bortolotto60a,60b,60c, K. Bos107, D. Boscherini20a, M. Bosman12, J. Boudreau125,
J. Bouffard2, E.V. Bouhova-Thacker72, D. Boumediene34, C. Bourdarios117, N. Bousson114,
A. Boveia30, J. Boyd30, I.R. Boyko65, I. Bozic13, J. Bracinik18, A. Brandt8, G. Brandt54,
O. Brandt58a, U. Bratzler156, B. Brau86, J.E. Brau116, H.M. Braun175,∗, S.F. Brazzale164a,164c,
W.D. Breaden Madden53, K. Brendlinger122, A.J. Brennan88, L. Brenner107, R. Brenner166,
S. Bressler172, K. Bristow145c, T.M. Bristow46, D. Britton53, D. Britzger42, F.M. Brochu28,
I. Brock21, R. Brock90, J. Bronner101, G. Brooijmans35, T. Brooks77, W.K. Brooks32b, J. Brosamer15,
E. Brost116, J. Brown55, P.A. Bruckman de Renstrom39, D. Bruncko144b, R. Bruneliere48,
A. Bruni20a, G. Bruni20a, M. Bruschi20a, N. Bruscino21, L. Bryngemark81, T. Buanes14, Q. Buat142,
P. Buchholz141, A.G. Buckley53, S.I. Buda26a, I.A. Budagov65, F. Buehrer48, L. Bugge119,
M.K. Bugge119, O. Bulekov98, D. Bullock8, H. Burckhart30, S. Burdin74, B. Burghgrave108,
S. Burke131, I. Burmeister43, E. Busato34, D. Büscher48, V. Büscher83, P. Bussey53, J.M. Butler22,
A.I. Butt3, C.M. Buttar53, J.M. Butterworth78, P. Butti107, W. Buttinger25, A. Buzatu53,
A.R. Buzykaev109,c, S. Cabrera Urbán167, D. Caforio128, V.M. Cairo37a,37b, O. Cakir4a, N. Calace49,
P. Calafiura15, A. Calandri136, G. Calderini80, P. Calfayan100, L.P. Caloba24a, D. Calvet34,
S. Calvet34, R. Camacho Toro31, S. Camarda42, P. Camarri133a,133b, D. Cameron119,
R. Caminal Armadans165, S. Campana30, M. Campanelli78, A. Campoverde148, V. Canale104a,104b,
A. Canepa159a, M. Cano Bret33e, J. Cantero82, R. Cantrill126a, T. Cao40, M.D.M. Capeans Garrido30,
I. Caprini26a, M. Caprini26a, M. Capua37a,37b, R. Caputo83, R. Cardarelli133a, F. Cardillo48, T. Carli30,
G. Carlino104a, L. Carminati91a,91b, S. Caron106, E. Carquin32a, G.D. Carrillo-Montoya8,
J.R. Carter28, J. Carvalho126a,126c, D. Casadei78, M.P. Casado12, M. Casolino12,
E. Castaneda-Miranda145b, A. Castelli107, V. Castillo Gimenez167, N.F. Castro126a,g, P. Catastini57,
A. Catinaccio30, J.R. Catmore119, A. Cattai30, J. Caudron83, V. Cavaliere165, D. Cavalli91a,
M. Cavalli-Sforza12, V. Cavasinni124a,124b, F. Ceradini134a,134b, B.C. Cerio45, K. Cerny129,
A.S. Cerqueira24b, A. Cerri149, L. Cerrito76, F. Cerutti15, M. Cerv30, A. Cervelli17, S.A. Cetin19c,
A. Chafaq135a, D. Chakraborty108, I. Chalupkova129, P. Chang165, J.D. Chapman28, D.G. Charlton18,
C.C. Chau158, C.A. Chavez Barajas149, S. Cheatham152, A. Chegwidden90, S. Chekanov6,
S.V. Chekulaev159a, G.A. Chelkov65,h, M.A. Chelstowska89, C. Chen64, H. Chen25, K. Chen148,
L. Chen33d,i, S. Chen33c, X. Chen33f , Y. Chen67, H.C. Cheng89, Y. Cheng31, A. Cheplakov65,
E. Cheremushkina130, R. Cherkaoui El Moursli135e, V. Chernyatin25,∗, E. Cheu7, L. Chevalier136,
V. Chiarella47, G. Chiarelli124a,124b, J.T. Childers6, G. Chiodini73a, A.S. Chisholm18, R.T. Chislett78,
A. Chitan26a, M.V. Chizhov65, K. Choi61, S. Chouridou9, B.K.B. Chow100, V. Christodoulou78,
D. Chromek-Burckhart30, J. Chudoba127, A.J. Chuinard87, J.J. Chwastowski39, L. Chytka115,
G. Ciapetti132a,132b, A.K. Ciftci4a, D. Cinca53, V. Cindro75, I.A. Cioara21, A. Ciocio15,
Z.H. Citron172, M. Ciubancan26a, A. Clark49, B.L. Clark57, P.J. Clark46, R.N. Clarke15,
W. Cleland125, C. Clement146a,146b, Y. Coadou85, M. Cobal164a,164c, A. Coccaro49, J. Cochran64,
L. Coffey23, J.G. Cogan143, L. Colasurdo106, B. Cole35, S. Cole108, A.P. Colijn107, J. Collot55,
T. Colombo58c, G. Compostella101, P. Conde Muiño126a,126b, E. Coniavitis48, S.H. Connell145b,
I.A. Connelly77, S.M. Consonni91a,91b, V. Consorti48, S. Constantinescu26a, C. Conta121a,121b,
G. Conti30, F. Conventi104a, j, M. Cooke15, B.D. Cooper78, A.M. Cooper-Sarkar120, T. Cornelissen175,
M. Corradi20a, F. Corriveau87,k, A. Corso-Radu163, A. Cortes-Gonzalez12, G. Cortiana101,
G. Costa91a, M.J. Costa167, D. Costanzo139, D. Côté8, G. Cottin28, G. Cowan77, B.E. Cox84,
K. Cranmer110, G. Cree29, S. Crépé-Renaudin55, F. Crescioli80, W.A. Cribbs146a,146b,

29



M. Crispin Ortuzar120, M. Cristinziani21, V. Croft106, G. Crosetti37a,37b, T. Cuhadar Donszelmann139,
J. Cummings176, M. Curatolo47, C. Cuthbert150, H. Czirr141, P. Czodrowski3, S. D’Auria53,
M. D’Onofrio74, M.J. Da Cunha Sargedas De Sousa126a,126b, C. Da Via84, W. Dabrowski38a,
A. Dafinca120, T. Dai89, O. Dale14, F. Dallaire95, C. Dallapiccola86, M. Dam36, J.R. Dandoy31,
N.P. Dang48, A.C. Daniells18, M. Danninger168, M. Dano Hoffmann136, V. Dao48, G. Darbo50a,
S. Darmora8, J. Dassoulas3, A. Dattagupta61, W. Davey21, C. David169, T. Davidek129, E. Davies120,l,
M. Davies153, P. Davison78, Y. Davygora58a, E. Dawe88, I. Dawson139,
R.K. Daya-Ishmukhametova86, K. De8, R. de Asmundis104a, A. De Benedetti113, S. De Castro20a,20b,
S. De Cecco80, N. De Groot106, P. de Jong107, H. De la Torre82, F. De Lorenzi64, L. De Nooij107,
D. De Pedis132a, A. De Salvo132a, U. De Sanctis149, A. De Santo149, J.B. De Vivie De Regie117,
W.J. Dearnaley72, R. Debbe25, C. Debenedetti137, D.V. Dedovich65, I. Deigaard107, J. Del Peso82,
T. Del Prete124a,124b, D. Delgove117, F. Deliot136, C.M. Delitzsch49, M. Deliyergiyev75,
A. Dell’Acqua30, L. Dell’Asta22, M. Dell’Orso124a,124b, M. Della Pietra104a, j, D. della Volpe49,
M. Delmastro5, P.A. Delsart55, C. Deluca107, D.A. DeMarco158, S. Demers176, M. Demichev65,
A. Demilly80, S.P. Denisov130, D. Derendarz39, J.E. Derkaoui135d, F. Derue80, P. Dervan74,
K. Desch21, C. Deterre42, P.O. Deviveiros30, A. Dewhurst131, S. Dhaliwal23, A. Di Ciaccio133a,133b,
L. Di Ciaccio5, A. Di Domenico132a,132b, C. Di Donato104a,104b, A. Di Girolamo30, B. Di Girolamo30,
A. Di Mattia152, B. Di Micco134a,134b, R. Di Nardo47, A. Di Simone48, R. Di Sipio158,
D. Di Valentino29, C. Diaconu85, M. Diamond158, F.A. Dias46, M.A. Diaz32a, E.B. Diehl89,
J. Dietrich16, S. Diglio85, A. Dimitrievska13, J. Dingfelder21, P. Dita26a, S. Dita26a, F. Dittus30,
F. Djama85, T. Djobava51b, J.I. Djuvsland58a, M.A.B. do Vale24c, D. Dobos30, M. Dobre26a,
C. Doglioni81, T. Dohmae155, J. Dolejsi129, Z. Dolezal129, B.A. Dolgoshein98,∗, M. Donadelli24d,
S. Donati124a,124b, P. Dondero121a,121b, J. Donini34, J. Dopke131, A. Doria104a, M.T. Dova71,
A.T. Doyle53, E. Drechsler54, M. Dris10, E. Dubreuil34, E. Duchovni172, G. Duckeck100,
O.A. Ducu26a,85, D. Duda107, A. Dudarev30, L. Duflot117, L. Duguid77, M. Dührssen30,
M. Dunford58a, H. Duran Yildiz4a, M. Düren52, A. Durglishvili51b, D. Duschinger44, M. Dyndal38a,
C. Eckardt42, K.M. Ecker101, R.C. Edgar89, W. Edson2, N.C. Edwards46, W. Ehrenfeld21, T. Eifert30,
G. Eigen14, K. Einsweiler15, T. Ekelof166, M. El Kacimi135c, M. Ellert166, S. Elles5, F. Ellinghaus175,
A.A. Elliot169, N. Ellis30, J. Elmsheuser100, M. Elsing30, D. Emeliyanov131, Y. Enari155,
O.C. Endner83, M. Endo118, J. Erdmann43, A. Ereditato17, G. Ernis175, J. Ernst2, M. Ernst25,
S. Errede165, E. Ertel83, M. Escalier117, H. Esch43, C. Escobar125, B. Esposito47, A.I. Etienvre136,
E. Etzion153, H. Evans61, A. Ezhilov123, L. Fabbri20a,20b, G. Facini31, R.M. Fakhrutdinov130,
S. Falciano132a, R.J. Falla78, J. Faltova129, Y. Fang33a, M. Fanti91a,91b, A. Farbin8, A. Farilla134a,
T. Farooque12, S. Farrell15, S.M. Farrington170, P. Farthouat30, F. Fassi135e, P. Fassnacht30,
D. Fassouliotis9, M. Faucci Giannelli77, A. Favareto50a,50b, L. Fayard117, P. Federic144a,
O.L. Fedin123,m, W. Fedorko168, S. Feigl30, L. Feligioni85, C. Feng33d, E.J. Feng6, H. Feng89,
A.B. Fenyuk130, L. Feremenga8, P. Fernandez Martinez167, S. Fernandez Perez30, J. Ferrando53,
A. Ferrari166, P. Ferrari107, R. Ferrari121a, D.E. Ferreira de Lima53, A. Ferrer167, D. Ferrere49,
C. Ferretti89, A. Ferretto Parodi50a,50b, M. Fiascaris31, F. Fiedler83, A. Filipčič75, M. Filipuzzi42,
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