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Mixing and CPV in the Bd and Bs systems at ATLAS
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The most recent results on mixing and CP violation in the B0 and B0
s systems published by

the ATLAS experiment at the LHC are presented. The measurement of the B0
s → J/ψφ de-

cay parameters, using data collected in pp collisions at
√

s = 7 TeV and
√

s = 8 TeV and

corresponding to 4.9 fb−1 and 14.3 fb−1 of integrated luminosity, includes the CP-violating

phase φs and the width difference of the mass eigenstates ∆Γs. The combined Run-1 results are

φs =−0.098±0.084(stat.)±0.040(syst.) rad and ∆Γs = 0.083±0.011(stat.)±0.007(syst.) ps−1.

The measured values agree with the Standard Model predictions. The second result presented is

the measurement of the relative width difference ∆Γd/Γd of the B0–B̄0 system, using data col-

lected in pp collisions at
√

s = 7 TeV and
√

s = 8 TeV, and corresponding to a total integrated lu-

minosity of 25.2 fb−1. The measured value is ∆Γd/Γd = (−0.1±1.1 (stat.)±0.9 (syst.))×10−2.

Currently, this is the most precise single measurement of ∆Γd/Γd . It agrees with the Standard

Model prediction and measurements by other experiments.
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1. The ATLAS detector

The ATLAS experiment uses a general-purpose detector consisting of an inner tracker, elec-

tromagnetic and hadronic calorimeters and a muon spectrometer [1]. The analyses presented here

use information from the inner detector and the muon spectrometer. The muon spectrometer pro-

vides muon identification and triggers. The inner detector provides momentum measurements in

the pseudorapidity range |η | < 2.5. The ATLAS trigger system employs a Level-1 hardware trig-

ger and two high-level software triggers. The analyses use trigger selections based on a di-muon

signature. These triggers have muon transverse momentum (pT ) thresholds of 4 or 6 GeV and

pseudorapidity coverage of |η |< 2.4.

2. CP violation in the B0
s → J/ψφ decay

The CP violating weak phase φs in B0
s → J/ψφ decays is the weak phase difference between

the b → cc̄s decay amplitude and the B0
s − B̄0

s mixing amplitude. In the Standard Model (SM), φs is

predicted to be small [2]:

φs ≈−2βs = 2arg

(

− VtsV
∗

tb

VcsV
∗
cb

)

=−0.0363+0.0016
−0.0015 rad (2.1)

and has attracted a lot of interest due to possible new physics contributions to this decay mode:

φs = φ SM
s +φ NP

s . (2.2)

Precise measurements of φs performed by the LHC experiments have considerably reduced the

possible amount of new physics contribution but higher precision is still needed for a stringent test

of the SM and to evaluate φ NP
s . The value of the width difference of the B0

s mass eigenstates ∆Γs is

predicted to be ∆Γs = 0.087±0.021 ps−1 [3].

The results of the B0
s → J/ψφ analysis, using 4.9 fb−1 of integrated luminosity collected by

ATLAS in 2011 at
√

s = 7 TeV, were published in 2014 [4]. The measured values are:

φs = 0.12±0.25 (stat.)±0.05 (syst.) rad, (2.3)

∆Γs = 0.053±0.021 (stat.)±0.010 (syst.) ps−1. (2.4)

The analysis of the 14.3 fb−1 of integrated luminosity collected in 2012 at
√

s = 8 TeV was

released by the ATLAS collaboration in January 2016 [5]. In addition to the increased data sample,

it includes a number of improvements over the 2011 analysis. A brief description of the analysis

follows.

The B0
s → J/ψφ candidates are selected by fitting four track combinations (two muon tracks

and two hadronic tracks) to a common vertex. A J/ψ-mass constraint is applied in the fit. The

muon tracks are required to pass the trigger thresholds of pT > 4 or 6 GeV and |η | < 2.4. The

hadronic tracks are required to be oppositely charged and have pT > 1 GeV and |η |< 2.5. All se-

lection criteria are independent of the B0
s lifetime. A total of 375987 B0

s candidates are selected with

5.15 < m(J/ψφ)< 5.65 GeV. The number of signal candidates is ≈ 75k, which is approximately

3.5 times that of the sample used in the 2011 analysis.
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The initial flavour of the B0
s meson is determined by the flavour of the accompanying B meson.

The flavour tagging algorithm is calibrated using self-tagging B± → J/ψK± events from data.

Three flavour tagging methods are used: muon, electron and jet charge tagging. The jet charge tag

uses the jet with the highest value of b-tag weight in the event, excluding the jet containing the B0
s

decay. The tagging variable is given by:

Q =
∑i qi(pi

T )
k

∑i(pi
T )

k
, (2.5)

where qi and pi
T are the charge and transverse momentum of track i. For muon (electron) tagging,

k = 1.1 (1.0) and the sum is over tracks within a cone of ∆R < 0.5 around the muon (electron). For

jet charge tagging, k = 1.1 and the sum is over all tracks in the jet.

An unbinned maximum likelihood fit is used to extract the values of the physical parameters

of the B0
s → J/ψφ decay. The information used by the fit includes several variables describing

the B0
s → J/ψφ decay: the reconstructed mass, transverse momentum, proper decay length and its

uncertainty, angles describing the kinematics of the B0
s decay and the flavour tagging probability

value. The maximum likelihood fit of the 8 TeV data sample yields the following results:

φs =−0.123±0.089 (stat.)±0.041 (syst.) rad, (2.6)

∆Γs = 0.096±0.013 (stat.)±0.007 (syst.) ps−1. (2.7)

Figure 1 shows the mass and proper decay time fit projections for the B0
s → J/ψφ sample

demonstrating the good quality of the fit.
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Figure 1: (a) Mass fit projection for the B0
s → J/ψφ sample. The red line shows the total fit, the dashed green line shows the signal

component while the long-dashed blue line shows the contribution from B0
s → J/ψK0∗ events. (b) Proper decay time fit projection for

the B0
s → J/ψφ sample. The red line shows the total fit while the green 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; taken from [5].
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The results from the 7 TeV and 8 TeV data samples are consistent and are combined:

φs =−0.098±0.084 (stat.)±0.040 (syst.) rad, (2.8)

∆Γs = 0.083±0.011 (stat.)±0.007 (syst.) ps−1. (2.9)

Figure 2 shows the likelihood contours in the φs−∆Γs plane for the 7 TeV and 8 TeV analyses,

separately and combined. The results agree well with the Standard Model prediction.
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Figure 2: Likelihood contours in the φs −∆Γs plane for (a) the separate results and (b) the combined results from the
√

s = 7 TeV and√
s = 8 TeV analyses [5]. The blue line shows the 68% likelihood contour, while the red dotted line shows the 95% likelihood contour

(statistical errors only).

3. Measurement of the relative width difference of the B0 − B̄0 system

A more recent heavy-flavour result [6] from ATLAS is the measurement of one of the param-

eters describing the time evolution of the B0 system, ∆Γd . The relative value of the B0 − B̄0 width

difference ∆Γd/Γd is reliably predicted [3] in the Standard Model:

∆Γd/Γd = (0.42±0.08)×10−2. (3.1)

It has been shown [7] that a relatively large variation of ∆Γd/Γd due to a possible new physics

contribution would not contradict other existing SM results. A precise measurement of ∆Γd/Γd

would therefore provide a stringent test of the underlying theory, complementary to other searches.

The current experimental uncertainty of ∆Γd/Γd is much larger than the SM central value,

which prevents a meaningful test of the SM prediction. Furthermore, the measurements of ∆Γd/Γd

made by Belle [8] and LHCb [9] differ by more than 1.5 standard deviations. Therefore, more

precise measurements of ∆Γd/Γd are needed to constrain this quantity and verify or disprove the

SM prediction. The measurement of ∆Γd/Γd was performed by the ATLAS collaboration using

the method described below.
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The value of ∆Γd/Γd is determined by measuring the experimental ratio of the proper decay

time (t) distributions of B0 → J/ψKS and B0 → J/ψK∗0 decays. The J/ψ is reconstructed using the

decay J/ψ → µ+µ−. The KS and K∗0 are reconstructed using the KS → π+π− and K∗0 → K+π−

decay modes. The B0 → J/ψK∗0 and B̄0 → J/ψK̄∗0 decays are added together.

The decay time distribution of B0 → J/ψKS depends on ∆Γd :

Γ [t,J/ψKS] ∝ e−Γdt

[

cosh
∆Γdt

2
+ cos(2β )sinh

∆Γdt

2
−Ap sin(2β )sin(∆mdt)

]

, (3.2)

while the decay time distribution of B0 → J/ψK∗0 is almost not sensitive to ∆Γd :

Γ
[

t,J/ψK∗0
]

∝ e−Γdt cosh
∆Γdt

2
. (3.3)

Here ∆md is the mass difference of the B0 − B̄0 system, β is the CKM unitarity triangle angle,

sin2β = 0.679± 0.020 [10], and AP is the production asymmetry of B0 and B̄0. The cancellation

of the e−Γdt factor in the ratio of the two decay modes leads to increased sensitivity to ∆Γd . Using

a ratio also helps to reduce the systematic uncertainties of the measurement. The reconstruction of

the two channels is designed to be similar for the same reason. Both decay modes are triggered by

the same di-muon triggers and the additional particles from the B0 decay are not used in the trigger

or the proper decay time determination.

The proper decay length, LB
prop = ct, is used for the measurement:

LB
prop =

(xJ/ψ − xPV)+(yJ/ψ − yPV)

(pB
T )

2
mB0 . (3.4)

The origin of the B0, (xPV,yPV), is measured using a primary vertex fit in which the decay products

of the B0 are removed. The position of the B0 decay is defined by the J/ψ decay vertex, (xJ/ψ ,yJ/ψ ),

the world average [10] is used for the B0 mass, mB0 .

The decay rates Γ[LB
prop, f ], f = (J/ψKS, J/ψK0∗), expressed as functions of LB

prop are:

Γ[LB
prop, f ] =

∫ ∞

0
G(LB

prop − ct, f )Γ[t, f ]dt, (3.5)

where G(LB
prop − ct, f ) is the LB

prop detector resolution function for the decay mode f .

The proper decay length distribution is obtained by first dividing the range of LB
prop into ten

bins between −0.3 and 6.0 mm. In each LB
prop bin distributions of the invariant mass of the J/ψKS

and J/ψK∗0 candidates are produced and the number of signal B0 → J/ψKS and B0 → J/ψK∗0

candidates determined by a fit to these distributions. Figure 3 shows the invariant mass distributions

of the B0 → J/ψKS and B0 → J/ψK∗0 candidates in the range 0.0 < LB
prop < 0.3 mm. The total

number of B0 → J/ψKS decays is 28170±250 in the 7 TeV data sample and 110830±520 in the

8 TeV data sample. For B0 → J/ψK∗0 decays, the total number of candidates is 129200±900 in

the 7 TeV data sample and 555800±1900 in the 8 TeV sample.

The ratio of the number of B0 candidates in the two channels in each LB
prop bin gives the exper-

imental ratio Ri,uncor(L
B
prop). This ratio is corrected to account for the difference in reconstruction

efficiencies of the B0 → J/ψKS and B0 → J/ψK∗0 channels. This difference is mainly due to the

fact that the hadronic tracks in the B0 → J/ψKS decay come from a displaced KS → ππ vertex,
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(a) (b)

Figure 3: The invariant mass distributions for (a) B0 → J/ψKS candidates and (b) B0 → J/ψK∗0 candidates for the 2012 data sample for

0.0 < LB
prop < 0.3 mm. The full line shows the result of the fit to the function described in [6]. The dashed line shows the combinatorial

background contribution. The filled area in figure (a) shows the peaking background contribution from the Bs → J/ψKS decay. The

lower frame of each figure shows the difference between each data point and the fit at that point divided by the statistical uncertainty of

the data point.

while all four tracks from the B0 → J/ψK∗0 decay come from a single vertex. This is the largest

source of experimental bias in Ri,uncor(L
B
prop) and it can be assessed only with Monte Carlo (MC)

simulation. The ratio of reconstruction efficiencies in MC is determined in each LB
prop bin and used

to obtain the corrected ratio Ri,cor(L
B
prop), from which the value of ∆Γd/Γd can be extracted.

The B0 − B̄0 production asymmetry in ATLAS is measured from the charge asymmetry of the

B0 → J/ψK∗0 decay, which is measured as a function of LB
prop. The charge asymmetry has two

contributions: the detector asymmetry Adet and the production asymmetry AP. The latter should

oscillate with LB
prop. The distribution of Aobs is shown in Fig. 4. The offset from 0 is due to the

detector asymmetry Adet.
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Figure 4: Observed charge asymmetry Aobs in B0 → J/ψK∗0 decays measured as a function of the proper decay length of the B0 meson

(LB
prop) [6]. The line shows the fit to the distribution by a function combining Adet and AP. The first point corresponding to negative

proper decay length is not used in the fit. The error bands correspond to the combination of uncertainties obtained by the fit for Adet

and AP.

The value of AP measured by the ATLAS experiment using data obtained at 7 and 8 TeV is:

AP = (+0.25±0.48 (stat.)±0.05 (syst.))×10−2. (3.6)
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The relative width difference ∆Γd/Γd is obtained from a χ2 minimisation:

χ2 [∆Γd/Γd ] =
10

∑
i=2

(Ri,cor −Ri,exp [∆Γd/Γd ])
2

σ2
i

, (3.7)

where Ri,exp is the expected ratio of the decay rates in the two channels in LB
prop bin i. The fitted

distributions of Ri,cor(L
B
prop) for the 7 and 8 TeV data samples are shown in Fig. 5. The values of

∆Γd/Γd are obtained separately for the
√

s = 7 TeV and
√

s = 8 TeV data samples:

∆Γd/Γd = (−2.8±2.2 (stat.)±1.7 (syst.))×10−2 [
√

s = 7 TeV], (3.8)

∆Γd/Γd = (+0.8±1.3 (stat.)±0.8 (syst.))×10−2 [
√

s = 8 TeV]. (3.9)

The results from the two data samples are consistent and are combined:

∆Γd/Γd = (−0.1±1.1 (stat.)±0.9 (syst.))×10−2. (3.10)

This is currently the most precise single measurement of ∆Γd/Γd . The result agrees with the SM

prediction. It is also consistent with measurements performed by other experiments.
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Figure 5: Efficiency-corrected ratio of the observed decay length distributions, Rcor(L
B
prop) for the (a)

√
s = 7 TeV and (b)

√
s = 8

TeV data samples [6]. The normalisation of the two data sets is arbitrary. The full line shows the fit of Rcor(L
B
prop). The error bands

correspond to uncertainties in ∆Γd/Γd determined by the fit.

4. Conclusions

The analysis of the data collected by the ATLAS experiment during Run 1 of the LHC has

revealed no anomalies in the B0
s → J/ψφ decay mode. The measurement of the CP violating weak

phase φs agrees with the SM prediction and is consistent with measurements by other experiments.

There is, however, still room for new physics in CP violation in this channel.

The value of ∆Γd/Γd obtained by ATLAS during Run 1 of the LHC is currently the most

precise measurement of this quantity. The result agrees with the SM prediction. It is also consistent

with measurements performed by other experiments.

The LHC Run-2 data should allow the precision of these measurements to be considerably

improved, leading to further tests of the Standard Model validity.
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