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Huge number of Run 1 results  
Impossible to present everything  
in 20 minutes. Focus on more  
recent results. Not covered sin2β 
and Δms   

•  B mixing 

•  Bs mixing phase, ϕs 

•  Semi-leptonic asymmetries: asl 

•  ΔΓd  and  Δmd  

•  Summary 

Review measurements of B mixing parameters at the LHC 



Neutral B meson mixing  
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•  Flavour eigenstates mix to give physical states (see e.g. arxiv: 1306.6474)    

•  Interference between decays with/without mixing gives measurable phase 
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Bs meson mixing  
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⇥�s = �L � �H

�s = arg

�
�M12
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�
Physical states BH and BL  
 
τL ~ 1.4 ps, τH ~ 1.6 ps 
 
Observable phase 
 φs  =  -2βs = ΦM - 2 ΦD 

In the Standard Model expected to be small φs = - 0.04 radian  
 
Larger values possible in models of New Physics such as Supersymmetry 
and Little Higgs   



Measuring the Bs mixing phase  
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Transversity angles  
Ω = θ, ϕ, ψ 

Polarization amplitudes 
 
•  A(perp) CP odd 

•  A0 and A(para) CP even 

•  Golden mode to Φs measure is Bs è J/ψφ 

•  Distinct experimental signature with low background 

•  But not CP eigenstate: Time dependent angular analysis needed  

CP eigenstate modes also studied by LHCb (Bs è J/ψf0, Bs èDs
+Ds

-). No 
angular analysis but lower yields 
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Mass + pointing constraints to  
reduce background Good primary + secondary vertexing 

to measure proper time 

Tagging of b  
flavour at production 

For tagged Bs 
 
[SM x 10 for visibility] 

Proper time (ps) 

Asymmetry ∝ sin 2βs × sin Δmt 

Bs 

K+ 
K- 

φ 

J/ψ 
µ+ 

µ- 

bt 

Precision tracking crucial 

Primary  
Vertex 

Bs Mixing 
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1 ATLAS, CMS, LHCb have all 
performed full angular analyses 
of Bs è J/ψφ using full Run 1 
dataset 
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Measuring the Bs mixing phase  
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Unbinned maximum  
likelihood fit to mass,  
time and angles 

Angular acceptance for signal 
from simulation 
 
Mass sidebands or sWeight (arxiv: 
0905.0724) technique to determine 
angular distribution of background 

Mass distribution 

Mistag rate measured using 
 B+ è J/ψK+ calibration channel 

Decay time Resolution model  

Decay time acceptance  
due to selection 

arXiv:1601.03297 

PRL 114  
(2015) 041801 

PLB 757 (2016) 97 
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-2015-166
14th January 2016

Measurement of the CP-violating phase �s and the B0

s meson

decay width di↵erence with B0

s ! J/ � decays in ATLAS

The ATLAS Collaboration

Abstract

A measurement of the B0
s decay parameters in the B0

s ! J/ � 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 �s, the
decay width �s and the width di↵erence between the mass eigenstates ��s. 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:

�s = �0.098 ± 0.084 (stat.) ± 0.040 (syst.) rad
��s = 0.083 ± 0.011 (stat.) ± 0.007 (syst.) ps�1

�s = 0.677 ± 0.003 (stat.) ± 0.003 (syst.) ps�1.

In the analysis the parameter ��s is constrained to be positive. Results for �s and ��s are
also presented as 68% and 95% likelihood contours in the �s–��s 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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12 7 Summary

statistical uncertainty. Concerning the modelling of the J/y K+K� invariant mass distribution,
the background model is changed to a Chebyshev function from the nominal exponential pdf.
The ct background pdf is changed to the sum of three exponential functions instead of the two
exponential functions of the nominal fit. The angular background pdf is generated by using the
background simulation angular shapes instead of the fit ones. The effect of not including the
angular resolution is also tested, using the residual distributions obtained from simulations.
The RMS of the angular resolutions were found to be 5.9, 6.3, and 10 mrad, for cos qT, cos yT,
and jT respectively. The contribution to the systematic uncertainty from the background tag-
ging asymmetry is negligible.

The hypothesis that |l| = 1 is tested by leaving that parameter free in the fit. The obtained
value of |l| is consistent with 1.0 within one standard deviation. The differences found in the
fit results with respect to the nominal fit are used as systematic uncertainties.

The alignment systematic uncertainty affects the vertex reconstruction and therefore the decay
times. That effect is estimated to be 1.5 µm from studies of known B hadron lifetimes [33]. The
systematic effect owing to the very small number of B0

s originating from B+
c ! B0

s p

+ feed-
down, which would be reconstructed with large values of ct, has been found to be negligible.

The measured values for the weak phase fs and the decay width difference DGs are:

fs = �0.075 ± 0.097 (stat) ± 0.031 (syst) rad,

DGs = 0.095 ± 0.013 (stat) ± 0.007 (syst) ps�1.

The systematic uncertainties are summarised in Table 4. The uncertainties in the fs and DGs
results are dominated by the statistical uncertainties.

Table 4: Summary of the uncertainties in the measurements of the various B0
s parameters. If

no value is reported, then the systematic uncertainty is negligible with respect to the statistical
and other systematic uncertainties. The total systematic uncertainty is the quadratic sum of the
listed systematic uncertainties.
Source of uncertainty fs [rad] DGs [ps�1] |A0|2 |AS|2 |A?|2 dk [rad] dS? [rad] d? [rad] ct [µm]
ct efficiency 0.002 0.0057 0.0015 — 0.0023 — — — 1.0
Angular efficiency 0.016 0.0021 0.0060 0.008 0.0104 0.674 0.14 0.66 0.8
Kaon pT weighting 0.014 0.0015 0.0094 0.020 0.0041 0.085 0.11 0.02 1.1
ct resolution 0.006 0.0021 0.0009 — 0.0008 0.004 — 0.02 2.9
Mistag distribution modelling 0.004 0.0003 0.0006 — — 0.008 0.01 — 0.1
Flavour tagging 0.003 0.0003 — — — 0.006 0.02 — —
Model bias 0.015 0.0012 0.0008 — — 0.025 0.03 — 0.4
pdf modelling assumptions 0.006 0.0021 0.0016 0.002 0.0021 0.010 0.03 0.04 0.2
|l| as a free parameter 0.015 0.0003 0.0001 0.005 0.0001 0.002 0.01 0.03 —
Tracker alignment — — — — — — — — 1.5
Total systematic uncertainty 0.031 0.0070 0.0114 0.022 0.0116 0.680 0.18 0.66 3.7
Statistical uncertainty 0.097 0.0134 0.0053 0.008 0.0075 0.081 0.17 0.36 2.9

7 Summary

Using pp collision data collected by the CMS experiment at a centre-of-mass energy of 8 TeV
and corresponding to an integrated luminosity of 19.7 fb�1, 49 200 B0

s ! J/y f(1020) signal
candidates were used to measure the weak phase fs and the decay width difference DGs. The
analysis was performed by using opposite-side lepton tagging of the B0

s flavour at the produc-
tion time. Both muon and electron tags were used.

Transversity angles 
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CP Even 
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S-wave 

Background subtracted using sweight technique 

Helicity angles 



LHCb: Bs èJ/ψπ+π- 

12 

PRL 114 (2015) 041801 
PLB  736 (2014) 186  Bs èJ/ψπ+π-contributes to overall LHCb sensitivity  

Table 2: Systematic uncertainties. The total is the sum in quadrature of each entry.
Sources �s(mrad) �
Decay time acceptance ±0.6 ±0.0008
Mass acceptance ±0.3 ±0.0003
Background time PDF ±0.2 ±0.0011
Background mass distribution PDF ±0.6 ±0.0016
Resonance model ±6.0 ±0.0100
Resonance parameters ±0.7 ±0.0007
Other fixed parameters ±0.4 ±0.0009
Production asymmetry ±5.8 ±0.0017
Total ±8.4 ±0.010

quadrature to give the total.

8 Conclusions

We have presented a time-dependent flavour-tagged analysis of the
( )

B 0
s ! J/ ⇡+⇡�

decay using angular distributions and the ⇡+⇡� mass dependence to determine the CP
content of the final state components. We measure the mixing induced CP -violating phase
�s. Assuming the absence of direct CP violation, we find

�s = 75± 67± 8 mrad.

For the case where direct CP is allowed, we find

�s = 70± 68± 8 mrad, |�| = 0.89± 0.05± 0.01.

This result supersedes and is more precise than our previous measurement in this decay
mode of �s = �19+173+4

�174�3mrad based on a 1 fb�1 data sample [5]. Physics beyond the
Standard Model is not established by our measurements.
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Bs èJ/ψπ+π- 

�
s

= �0.010 ± 0.039 rad and |�| = 0.957 ± 0.017. The measurement of the CP violating
phase �

s

is the most precise to date and is in agreement with the SM prediction [2], in
which it is assumed that sub-leading contributions to the decay amplitude are negligible.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
⟨Bq|(b̄LγµqL)2|Bq⟩ = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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Still room for New Physics amplitude  at level of 10 % in Bs mixing 
(Similar story in Bd sector) 

Can expect updates  
with Run 2 data  
 
Precision at <0.02 rad 
level by end of Run II 
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tree level 
penguin diagram 

The penguin contribution  
could mimic NP effects 

Penguin contributions could mimic NP effects 
 
Study using other modes related by SU(3)  
symmetry to limit size using data  
e.g. Bs è J/ψ K*, B0 è J/ψρ  

Bs è J/ψ K* 

tree

8.2 Branching fraction

Several sources of systematic uncertainties on the branching fraction measurements are
studied, summarised along with the results in Table 5: systematic uncertainties due to the
external parameter fd/fs and due to the branching fraction B(� ! K+K�); systematic
uncertainties due to the ratio of e�ciencies obtained from simulation and due to the angular
parameters, propagated into the ! factors (see Sect. 8.1); and systematic uncertainties
a↵ecting the B0

s ! J/ K⇤0 and B0 ! J/ K⇤0 yields, which are determined from the fit to
the J/ K+⇡� invariant mass and described in Sect. 8.1. Finally, a systematic uncertainty
due to the B0

s ! J/ � yield determined from the fit to the J/ K+K� invariant mass
distribution, described in Sect. 7.3, is also taken into account, where only the e↵ect due
to the modelling of the upper tail of the B0

s peak is considered (see Sect. 8.1.1). For the
computation of the absolute branching fraction B(B0

s ! J/ K⇤0) (see Sect. 7.5), two
additional systematic sources are taken into account, the uncertainties in the external
parameters B(B0 ! J/ K⇤0) and B(B0

s ! J/ �).

Table 5: Summary of the measured values for the relative branching fractions and their statistical
and systematic uncertainties.

Relative branching fraction
B(B0

s

!J/ K⇤0)
B(B0!J/ K⇤0) (%)

B(B0
s

!J/ K⇤0)
B(B0

s

!J/ �) (%)

Nominal value 2.99 4.05
Statistical uncertainties 0.14 0.19
E�ciency ratio 0.04 0.05
Angular correction (!) 0.09 0.07
Mass model (e↵ect on the yield) 0.06 0.08
fd/fs 0.17 —
B(� ! K+K�) — 0.04
Quadratic sum (excluding fd/fs) 0.12 0.13
Total uncertainties 0.25 0.23

9 Penguin pollution in �s

9.1 Information from B0
s ! J/ K⇤0

Following the strategy proposed in Refs. [9, 11, 13], the measured branching fraction,
polarisation fractions and CP asymmetries can be used to quantify the contributions
originating from the penguin topologies in B0

s ! J/ K⇤0. To that end, the transition
amplitude for the B0

s ! J/ K⇤0 decay is written in the general form

A
�
B0

s ! (J/ K⇤0)i
�
= ��Ai

⇥
1 � aie

i✓iei�
⇤

, (23)

18JHEP 11 (2015) 082 
Phys Lett B742 (2015) 38 
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are included as Gaussian constraints in the fit. The values obtained from the fit are

a
0

= 0.01+0.10
�0.01 , ✓

0

= � �
83+97

�263

��
,

����
A0

0

A
0

���� = 1.195+0.074
�0.056 ,

ak = 0.07+0.11
�0.05 , ✓k = � �

85+72

�63

��
,

�����
A0

k

Ak

����� = 1.238+0.104
�0.080 ,

a? = 0.04+0.12
�0.04 , ✓? =

�
38+142

�218

��
,

����
A0

?
A?

���� = 1.042+0.081
�0.063 ,

with the two-dimensional confidence level contours given in Fig. 8, which also shows the
constraints on the penguin parameters derived from the individual observables entering
the �2 fit as di↵erent bands. Note that the plotted contours for the two H observables do
not include the uncertainty due to |A0/A|.

The results on the penguin phase shift derived from the above results on ai and ✓i are

��J/ �
s,0 = 0.000+0.009

�0.011 (stat)
+0.004
�0.009 (syst) rad ,

��J/ �
s,k = 0.001+0.010

�0.014 (stat) ±0.008 (syst) rad ,

��J/ �
s,? = 0.003+0.010

�0.014 (stat) ±0.008 (syst) rad .

These results are dominated by the input from the CP asymmetries in B0 ! J/ ⇢0, and
show that the penguin pollution in the determination of �s is small.

10 Conclusions

Using the full LHCb Run I data sample, the branching fraction, the polarisation fractions
and the direct CP violation parameters in B0

s ! J/ K⇤0 decays have been measured. The
results are

B(B0

s ! J/ K⇤0) = (4.14 ± 0.18(stat) ± 0.26(syst) ± 0.24(fd/fs)) ⇥ 10�5

f
0

= 0.497 ± 0.025 (stat) ± 0.025 (syst)
fk = 0.179 ± 0.027 (stat) ± 0.013 (syst)

ACP
0

(B0

s ! J/ K⇤0) = �0.048 ± 0.057 (stat) ± 0.020 (syst)
ACP

k (B0

s ! J/ K⇤0) = 0.171 ± 0.152 (stat) ± 0.028 (syst)

ACP
? (B0

s ! J/ K⇤0) = �0.049 ± 0.096 (stat) ± 0.025 (syst) ,

which supersede those of Ref. [16], with precision improved by a factor of 2 � 3. The shift
on �s due to penguin pollution is estimated from a combination with the B0 ! J/ ⇢0

channel [15], and is found be to compatible with the result from the earlier analysis.
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Fit to CP observables + polarization amplitudes in Bs è J/ψ K*, B0 è J/ψρ  

Effect of penguins bounded to be less than  current uncertainties 
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Figure 8: Limits on the penguin parameters ai and ✓i obtained from intersecting contours
derived from the CP asymmetries and branching fraction information in B0

s ! J/ K⇤0 and
B0 ! J/ ⇢0. Superimposed are the confidence level contours obtained from a �2 fit to the data.
The longitudinal (top), parallel (middle) and perpendicular (bottom) polarisations are shown.

26

M
ag

ni
tu

de
 

Phase 



Bs è J/ψη effective lifetime 

17 

LH
C

b-
PA

PE
R

-2
01

6-
01

7  

Bd ! J/ ⌘

Use  ηèγγ decay mode 
 
3021 +/- 73 signal candidates.  
Extract Effective lifetime from 
 2-D fit to mass and lifetime  
distributions.  

Bs ! J/ X
combinatorial

New 



Bs è J/ψη effective lifetime 

18 

6 Summary200

The e↵ective lifetime in the B0

s

! J/ ⌘ decay mode is measured using a data sample201

collected by LHCb during Run 1 to be202

⌧
e↵

= 1.479± 0.034 (stat)± 0.011 (syst) ps.

In the limit that CP is conserved ⌧
e↵

is equal to the lifetime of the light B0

s

mass eigenstate203

⌧
L

. The measurement agrees with the SM model prediction [33], ⌧
L

= 1.43 ± 0.03 ps.204

It has a similar precision to and agrees with that found using the B0

s

! D+

s

D�
s

decay205

mode, ⌧
e↵

= 1.379 ± 0.026 (stat) ± 0.017 (syst) ps [6] and also the measurement in the206

B0

s

! K+K� mode [7], ⌧
e↵

= 1.407±0.016 (stat)±0.007 (syst) ps where penguin diagrams207

are expected to be more important.208
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CP violation in B mixing 

P(Bq ! Bq) 6= P(Bq ! Bq)The observables :  

What we measure : 

What we need to control :

26
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J.A. de Vries - CPV in mixing at LHCb - BEAUTY 2016

CPV IN MIXING
• CP Violation in mixing:  

• Semileptonic inclusive final state  (flavour specific)

• 2 neutral B mesons: 

4

1 Introduction23

CP violation in B mixing means that the probability that a B mixes into a B is di↵erent24

from the probability that a B mixes into a B. The flavour specific or “semileptonic”25

asymmetry is defined as26

aq
sl

=
P (B

q

! B
q

) � P (B
q

! B
q

)

P (B
q

! B
q

) + P (B
q

! B
q

)
, (1)

where the subscript q distinguishing the two species of neutral B mesons, namely the27

B0
s

and B0
d

. The Standard Model predictions [1, 2] are tiny compared to the current28

experimental sensitivity: adsl = (�4.1 ± 0.6) ⇥ 10�4 and assl = (1.9 ± 0.3) ⇥ 10�5. This29

makes the measurement of these asymmetries an excellent null test of the Standard Model.30

Experimentally, the dimuon asymmetry measured by D0 [3] is sensitive adsl and assl31

and shows a 3.6 standard deviation discrepancy with the Standard Model. Dedicated32

measurements of assl have been performed by LHCb [4] and D0 [5]. An overview of past33

measurements and a world average is provided by the Heavy Flavor Averaging Group34

(HFAG) [6]. The world averages of pure asl measurements as of Summer 2015 (excluding35

the D0 di-muon asymmetry) are36

adsl = (+0.01 ± 0.20)% (2)

assl = (�0.48 ± 0.48)% , (3)

This analysis is aimed to measure assl at LHCb using the semileptonic decay B0
s

!37

D�
s

µ+⌫
µ

X with the subsequent decay D�
s

! K+K�⇡�.38

• Need to account for all possible detection and reconstruction asymmetries: 
nuclear interaction, particle identification, tracking, trigger 

B
μ

K

+

PV D

π

νμ
0

+
-

- K-
s

s

Detection asymmetries

• Novel tag-and-probe method using  using                          decays combined 
with the method using partially reconstructed                                         decays

J/ ! µ+µ�

as
sl

AD = Aµ⇡
(track) + A⇡

(PID|track) + AKK
(track+PID) + Aµ

(PID+L0|track)

µ+

⇡�

D⇤ ! (D0 ! K⇡⇡⇡)⇡

expected uncertainty on Aµ⇡
(track) < 0.1% in 3 fb�1 analysis

22

Figure 1: Decay topology of the signal.

2

P(Bq ! B̄q) 6= P(B̄q ! Bq)

B0
d ! D�µ+⌫µ

B0
s ! D�

s µ
+⌫µ assl

adsl

Lenz, Nierste [JHEP 0706:072 (2007)]

X

X

(q = d, s)

assl = (2.22± 0.27)⇥ 10�5
adsl = (�4.7± 0.6)⇥ 10�4

Artuso, Borissov, Lenz [arXiv:1511.09466]

=
1� |q/p|4

1 + |q/p|4 ⇡ ��q

�mq
tan(�12

q )

Probe with semileptonic decays 
(flavour specific)  

B0
s ! D�

s µ
+⌫µX assl

B0
d ! D�µ+⌫µX adsl

adsl = (�4.7± 0.6)⇥ 10�4

assl = (2.22± 0.27)⇥ 10�5

SM values  
Artuso, Borissov and Lenz  
arXiv: 1511.09466 
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Story so far… 
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THE STORY SO FAR

8

assl = (�0.06± 0.50(stat)± 0.36(syst))%
adsl = (�0.02± 0.19(stat)± 0.30(syst))%

HFAG [arXiv:1412.7515] 
*without D0 dimuon result  
  [PRD 89, 012002 (2014)]

SM:

LHCb:

assl = (2.22± 0.27)⇥ 10�5
adsl = (�4.7± 0.6)⇥ 10�4

adsl = (0.01± 0.20)⇥ 10�2

assl = (�0.48± 0.48)⇥ 10�2

HFAG*:

22
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FIG. 15 Overview of measurements in the ad
sla

s
sl plane. Direct

measurements of as
sl and a

d
sl listed in Tab. V (B0 average as

the vertical band, B0
s average as the horizontal band, D0 di-

muon result as the yellow ellipse). The black point close to
(0; 0) is the Standard Model prediction of Ref. (Lenz and
Nierste, 2011) with error bars multiplied by 10. The plot is
an updated version of the plot from Ref. (Aaij et al., 2015f),
including the result from Ref. (Lees et al., 2015b).

IV. CP VIOLATION IN INTERFERENCE

A. Theory

In this section we discuss CP violating e↵ects that arise
from interference between mixing and decay, which is also
called mixing-induced CP violation. We consider there-
fore in the following a final state f in which in principle
both the B0

s -meson and the B̄0
s -meson can decay. The

corresponding decay amplitudes will be denoted by Af

and Āf , defined in Eq.(22). These amplitudes can have
contributions from di↵erent CKM structures, their gen-
eral structure looks like

Af =
X

j

Aje
i(�strong

j +�CKM

j ) , (139)

where j sums over the di↵erent CKM contributions,
�CKM
j denotes the corresponding CKM phase and

Aje
i�strong

j encodes the whole non-perturbative physics
as well as the moduli of the CKM-elements. The cal-
culation of the strong amplitudes and phases from first
principles is a non-trivial problem, which has not been
solved generally till now. Currently several working tools
are available in order to investigate this non-perturbative
problem: QCD factorisation (QCDF; e.g. (Beneke et al.,
1999b, 2000, 2001; Beneke and Neubert, 2003)), Soft
Collinear E↵ective Theory (SCET; e.g. (Bauer et al.,
2001, 2004, 2002)), light cone sum rules (LCSR; e.g.
(Balitsky et al., 1989; Khodjamirian et al., 2003; Khod-
jamirian, 2001)) and perturbative QCD (pQCD; e.g. (Li
and Yu, 1996; Yeh and Li, 1997)).

Considering now the CP conjugate decay B̄0
s ! f̄ one

finds

Āf̄ = �
X

j

Aje
i(�strong

j ��CKM

j ) , (140)

so only the CKM phase has changed its sign, while the
strong amplitude and the strong phase remain unmodi-
fied. The overall sign is due to the CP-properties of the
B0

s -mesons, defined in Eq.(8) and f̄ defined in Eq.(34).
In some CP asymmetries the hadronic amplitudes can-

cel to a good approximation in the ratios of decay rates.
The corresponding decay modes are the so-called golden

modes, which were introduced e.g. by (Carter and Sanda,
1981) and (Bigi and Sanda, 1981). Later on we will see
that golden modes will appear, when the decay amplitude
is governed by a single CKM structure. This could be the
case in a decay like B̄0

s ! J/ �, which is governed on
quark-level by a b ! cc̄s-transition. Such a transition has
a large tree-level contribution and a suppressed penguin
contribution, see Fig. 16. To a good first approxima-
tion the penguins can be neglected and we have a golden
mode, with a precise relation of the corresponding CP-
asymmetry to fundamental Standard Model parameters,
including the CKM-couplings. In view of the dramati-
cally increased experimental precision in recent years it
turns out, however, that it is necessary to investigate the
possible size of penguin e↵ects, the so-called penguin pol-

lution. This will be discussed below.
Let us come back to the general case and consider the

following time-dependent CP asymmetry for a B0
s ! f

transition without any approximations concerning the
structure of the decay amplitude.

ACP,f (t) =
�
�
B̄0

s (t) ! f
�

� �
�
B0

s (t) ! f
�

�
�
B̄0

s (t) ! f
�
+ � (B0

s (t) ! f)
. (141)

Inserting the time evolution given in Eq.(21) and Eq.(33)
one finds 9

ACP,f (t) = �Adir
CP cos(�Mst) + Amix

CP sin(�Mst)

cosh(��st
2 ) + A�� sinh(

��st
2 )

+O (a) ,

(142)
with Adir

CP, Amix
CP and A�� being defined in Eq.(24),

Eq.(25) and Eq.(26). We can rewrite two of those defini-
tions as

Amix
CP = � 2|�f |

1 + |�f |2 sin [arg(�f )] = +
2|�f |

1 + |�f |2 sin [�s] ,

(143)

A�� = � 2|�f |
1 + |�f |2 cos [arg(�f )] = � 2|�f |

1 + |�f |2 cos [�s] ,

(144)

9 A more detailed derivation can be found in (Anikeev et al., 2001).

1 fb-1

LHCb, PRL 114, 041601 (2015) 
LHCb, PLB 728C (2014) 607

Artuso, Borissov, Lenz [arXiv:1511.09466]

1fb-1 

result 

Known 
tension 
of D0 like sign 
dimuon  
measurement 
with SM 

Status at start of this year…. 
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Measuring asl 
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Figure 2: Distributions of K+K�⇡± mass in the three Dalitz regions, summed over both magnet
polarities and data-taking periods. Overlaid is the result of the fit, with signal and combinatorial
background components as indicated in the legend.

split up as141

A
det

= A
track

+ A
PID

+ A
trig

, (4)

where the individual contributions are described below. For each calibration sample, event142

weights are applied to match the three-momentum distributions of the calibration particles143

to those of the signal decays. The weights are determined in bins of the distributions144

of momenta and angles. Alternative binning schemes are used to assess the systematic145

uncertainties due to the weighting procedure.146

The track reconstruction asymmetry, A
track

, is split into a contribution, A
track

(K+K�),147

due to the reconstruction of the K+K� pair and a contribution, A
track

(⇡�µ+), due148

to the ⇡�µ+ pair. The track reconstruction e�ciency for single kaons su↵ers from a149

sizeable di↵erence between K+ and K� cross-sections with the detector material, which150

depends on the kaon momentum. This asymmetry largely cancels in A
track

(K+K�), due151

to the similar kinematic distributions of the positive and negative kaons. The kaon152

asymmetry is calculated using prompt D� ! K+⇡�⇡� and D� ! K0

S⇡
� decays, similarly153

to Refs. [20, 25]. For pions and muons, the charge asymmetry due to interactions in154

the detector material is assumed to be negligible, as the material of the detector is155

close to being isoscalar and muons do not interact strongly. A systematic uncertainty is156

assigned for this assumption [20]. Only e↵ects from the track reconstruction algorithms157

and detector acceptance combined with a di↵erence in kinematic distributions between158

pions and muons can result in a charge asymmetry. It is assessed here with two methods.159

The first method measures the track reconstruction e�ciency using samples of partially160

reconstructed J/ ! µ+µ� decays as described in Ref. [26]. The second method uses fully161

and partially reconstructed D⇤� ! D0(K+⇡�⇡+⇡�)⇡� decays as described in Ref. [27].162

5

The observables :  

What we measure : 

What we need to control :
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two reduction compared to the tagged asymmetry in Eq. 1 comes from the summation over37

right- and wrong-sign decays. The tagged asymmetry would actually su↵er from a larger38

reduction due to the e↵ective tagging e�ciency [9, 10]. The raw asymmetry is a↵ected by39

possible di↵erences in detection e�ciency for the two charge-conjugate final states and by40

backgrounds from other b-hadron decays to D�
s

µ+X. Hence, as
sl

is calculated as41

as
sl

=
2

1� f
bkg

(A
raw

� A
det

� f
bkg

A
bkg

) , (3)

where A
det

is the detection asymmetry, which is assessed from data using calibration42

samples, f
bkg

is the fraction of b-hadron background and A
bkg

the background asymmetry.43

The LHCb detector is a single-arm forward spectrometer designed for the study of44

particles containing b or c quarks [11, 12]. A high-precision tracking system with a dipole45

magnet measures the momentum (p) and impact parameter (IP) of charged particles.46

The IP is defined as the distance of closest approach between the track and any primary47

proton–proton interaction and is used to distinguish between D�
s

mesons from B decays48

and D�
s

mesons promptly produced in the primary interaction. The regular reversal of the49

magnet polarity allows a quantitative assessment of detector-induced charge asymmetries.50

Di↵erent types of charged particles are distinguished using particle identification (PID)51

information from two ring-imaging Cherenkov detectors, an electromagnetic calorimeter,52

a hadronic calorimeter and a muon system. Online event selection is performed by a53

two-stage trigger. For this analysis, the first (hardware) stage selects muons in the muon54

system; the second (software) stage applies a full event reconstruction. Here the events are55

first selected by the presence of the muon or one of the hadrons from the D�
s

decay, after56

which a combination of the decay products is required to be consistent with the topological57

signature of a b-hadron decay. Simulated events are produced using the software described58

in Refs. [13–17].59

Di↵erent intermediate states, clearly visible in the Dalitz plot shown in Fig. 1, contribute60

to the three-body D�
s

! K+K�⇡� decays. Three disjoint regions are defined, which have61

di↵erent levels of background. The �⇡ region is the cleanest and is selected by requiring62

the reconstructed K+K� mass to be within ±20MeV/c2 of the known � mass. The K⇤K63

region is selected by requiring the reconstructed K+⇡� mass to be within ±90MeV/c2 of64

the known K⇤(892)0 mass. The remaining D�
s

candidates are included in the non-resonant65

(NR) region, which also covers other intermediate states [18].66

The D�
s

candidates are reconstructed from three charged tracks, and then a muon67

track with opposite charge is added. All four tracks are required to have a good quality68

track fit and significant IP. The contribution from prompt D�
s

background is suppressed69

to a negligible level by imposing a lower bound on the IP of the D�
s

candidates. To ensure70

a good overlap with the calibration samples, minimum momenta of 2, 5 and 6GeV/c71

and minimum transverse momenta, p
T

, of 300, 400 and 1200MeV/c are required for the72

pions, kaons and muons, respectively. To suppress background, kaon and pion candidates73

are required to be positively identified by the PID system. Candidates are selected by74

requiring a good quality of the D�
s

and B0

s

decay vertices. A source of background is75

D�
s

candidates where one of the three daughter particles is misidentified. The main76

2

Adet is determined using data  
driven methods    

Untagged time integrated counting  
experiment 

arXiv:1605.09768 
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Figure 3: Overview of the most precise measurements of ad
sl

and as
sl

. The horizontal and vertical
bands indicate the naive averages of pure as

sl

and ad
sl

measurements [5, 20, 28–32]. The yellow
ellipse represents the D0 dimuon measurement with ��

d

/�
d

set to its SM expectation value [5].
The error bands and contours correspond to 68% confidence level.

of the previous analysis is repeated on the full 3.0 fb�1 data sample and the result is189

compatible within one standard deviation.190

The twelve values of as
sl

for each Dalitz region, polarity and data-taking period are191

consistent with each other. The combined result, taking into account all correlations, is192

as
sl

= (0.39± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and193

calibration samples, and the second systematic. There is a small correlation coe�cient of194

+0.13 between this measurement and the LHCb measurement of ad
sl

[20]. The correlation195

mainly originates from the muon detection asymmetry and from the e↵ect of ad
sl

, due to B0

196

background, on the measurement of as
sl

. Figure 3 displays an overview of the most precise197

measurements of ad
sl

and as
sl

[5, 20, 28–32]. The simple averages of pure a
sl

measurements,198

including the present as
sl

result and accounting for the small correlation from LHCb, are199

found to be ad
sl

= (0.02 ± 0.20)% and as
sl

= (0.17 ± 0.30)% with a correlation of +0.07.200

This is marginally compatible with the D0 result [5] assuming the SM value of ��
d

. In201

summary, the determination of as
sl

presented in this letter is the most precise to date and202

shows no evidence for new physics e↵ects.203
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 ΔΓd 
Discrepancy of D0 result to SM led to suggestion that it could be due to  
New Physics in ΔΓd as this is relatively poorly constrained (arXiv:1404.2531) 
 
New measurement by ATLAS 
 
 Compare lifetimes in B è J/ψ K* and B è J/ψ Ks 
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 ΔΓd 

Fit yields of the channels  
in bins of decay length  

signal Gaussian functions are constrained to have the same mean. The relative fractions and standard de-
viations of the B0

s background Gaussian functions are parameterised to be the same as those of the signal
Gaussian functions. The B0

s background Gaussian functions are also constrained to have the same mean.
The mean of the B0

s background Gaussian functions is shifted relative to the mean of the signal Gaussian
functions by the di↵erence between the nominal masses of the B0

s and B0 mesons (87.34 MeV) [5]. The
fit is first applied to the total sample to determine the mean and standard deviations of the signal Gaussian
functions and their relative fractions. For the fit in each LB

prop bin, all parameters describing the signal,
except the normalisation of f J/ KS

s , are fixed to the values obtained in the fit of the total sample. It was
verified in this analysis that fixing the parameters of the signal does not produce any bias in the result.
The parameters of f Bs

b are also fixed, except for the normalisation. All parameters of f c
b remain free.

The separation of the B0 ! J/ KS and B0
s ! J/ KS contributions is important for the ��d measurement

because the mean lifetimes of the B0 and B0
s mesons decaying to this CP eigenstate are di↵erent. On the

contrary, the separation of B0 ! J/ K⇤0 and B0
s ! J/ K⇤0 decays is not necessary because the lifetimes

of the B0 and B0
s mesons decaying to this final state are equal to within 1% [5, 9]. Thus, the small (⇠1%)

contribution of the B0
s ! J/ K⇤0 decay does not have an impact on the ��d measurement.

The fit ranges of the J/ KS and J/ K⇤0 mass distributions are selected such that the background under the
B0 signal is smooth. The mass distribution m(J/ KS ) contains a contribution from partially reconstructed
B ! J/ KS ⇡ decays. This contribution has a threshold at m(J/ KS ) ' 5130 MeV. For this reason, the
fit range 5160 < m(J/ KS ) < 5600 MeV is selected. The corresponding contribution of B ! J/ K⇤0⇡
decays is smaller. Therefore, the lower limit of the fit range of m(J/ K⇤0) is selected at 5000 MeV. The
impact of the selection of the fit range on the value of ��d is included in the systematic uncertainty.

The total number of signal B0 ! J/ KS decays obtained from the fit is 28 170 ± 250 in the 2011 data
set and 110 830 ± 520 in the 2012 data set. For B0 ! J/ K⇤0 decays the corresponding numbers are
129 200 ± 900 in the 2011 data set and 555 800 ± 1 900 in the 2012 data set. Figure 1 shows the fitted
mass distribution of B0 ! J/ KS candidates and B0 ! J/ K⇤0 candidates for 0.0 < LB

prop < 0.3 mm.

The ratio of the numbers of B0 candidates in the two channels computed in each LB
prop bin i gives the

experimental ratio Ri,uncor defined as:

Ri,uncor =
Ni(J/ KS )
Ni(J/ K⇤0)

. (25)

Here Ni(J/ KS ) and Ni(J/ K⇤0) are the numbers of events in a given bin i. This ratio has to be corrected
by the ratio of the reconstruction e�ciencies in the two channels as discussed in Section 7.

10

Correct for detector  
efficiency 

7 Ratio of e�ciencies

The ratio Ri,uncor given by Eq. (25) is corrected by the ratio of e�ciencies Ri,e↵ computed in each LB
prop

bin i. It is defined as

Ri,e↵ ⌘ "i(B0 ! J/ KS )
"i(B0 ! J/ K⇤0)

. (36)

Here "i(B0 ! J/ KS ) and "i(B0 ! J/ K⇤0) are the e�ciencies to reconstruct B0 ! J/ KS and
B0 ! J/ K⇤0 decays, respectively, in LB

prop bin i. This ratio is determined using MC simulation. To
obtain reliable values for this e�ciency ratio, the kinematic properties of the simulated B0 meson and the
accompanying particles must be consistent with those in data. The comparison of several such proper-
ties, which can produce a sizeable impact on Ri,e↵ , reveal some di↵erences between data and simulation.
Those di↵erences are corrected for by an appropriate re-weighting of the simulated events.

The properties taken into account include the transverse momentum and pseudorapidity of the B0 meson
and the average number of pile-up events. The ratio of the distributions of each specified variable in data
and in simulation defines the corresponding weight. The resulting weight applied to the MC events is
defined as the product of these three weights.

The normalisation of Ri,e↵ after the re-weighting procedure is arbitrary since only the deviation of Ri,e↵
from their average value can impact the measurement of ��d. This deviation is found to not exceed 5%
for proper decay lengths up to 2 mm. Such a stability of Ri,e↵ is a consequence of the chosen measurement
procedure. This stability helps to reduce the systematic uncertainty of ��d due to the uncertainty of the
Ri,e↵ value.

8 Fit of ��d

The obtained values of Ri,e↵ are used to correct the observed ratio Ri,uncor given by Eq. (25). The resulting
ratio Ri,cor is defined as:

Ri,cor =
Ri,uncor

Ri,e↵
. (37)

This ratio is shown in Figure 3. It is used to obtain ��d/�d by the following procedure. For each LB
prop

bin i defined in Table 1, the expected numbers of events in the J/ KS and J/ K⇤0 channels are computed
as:

Ni[��d/�d, J/ KS ] = C1

Z Lmax
i

Lmin
i

�[LB
prop, J/ KS ]dLB

prop, (38)

Ni[��d/�d, J/ K⇤0] = C2

Z Lmax
i

Lmin
i

�[LB
prop, J/ K⇤0]dLB

prop. (39)

The integration limits Lmin
i and Lmax

i for each bin i are given by the lower and upper bin edges in
Table 1. C1 and C2 are arbitrary normalisation coe�cients. The expressions for �[LB

prop, J/ KS ] and
�[LB

prop, J/ K⇤0] are given by Eqs. (22) and (23), respectively. The sensitivity to ��d comes from
�[LB

prop, J/ KS ] (see Eq. (17)) while �[LB
prop, J/ K⇤0] provides the normalisation, which helps to reduce

the systematic uncertainties.

14

Takes proper account of  
production asymmetry 

Source �(��d/�d), 2011 �(��d/�d), 2012
KS decay length 0.21 ⇥ 10�2 0.16 ⇥ 10�2

KS pseudorapidity 0.14 ⇥ 10�2 0.01 ⇥ 10�2

B0 ! J/ KS mass range 0.47 ⇥ 10�2 0.59 ⇥ 10�2

B0 ! J/ K⇤0 mass range 0.30 ⇥ 10�2 0.15 ⇥ 10�2

Background description 0.16 ⇥ 10�2 0.09 ⇥ 10�2

B0
s ! J/ KS contribution 0.11 ⇥ 10�2 0.08 ⇥ 10�2

LB
prop resolution 0.29 ⇥ 10�2 0.29 ⇥ 10�2

Fit bias (Toy MC) 0.07 ⇥ 10�2 0.07 ⇥ 10�2

B0 production asymmetry 0.01 ⇥ 10�2 0.01 ⇥ 10�2

MC sample 1.54 ⇥ 10�2 0.45 ⇥ 10�2

Total uncertainty 1.69 ⇥ 10�2 0.84 ⇥ 10�2

Table 2: Sources of systematic uncertainty in the ��d/�d measurement and their values for the 2011 and 2012 data
sets.

10 Results

Using the measurements of ��d/�d given in Eqs. (42) and (43) and the study of systematic uncertainties
presented in Section 9, the following measurements are obtained:

��d/�d = (�2.8 ± 2.2 (stat.) ± 1.7 (syst.)) ⇥ 10�2 (2011),
��d/�d = (+0.8 ± 1.3 (stat.) ± 0.8 (syst.)) ⇥ 10�2 (2012).

In the combination of these measurements, the correlations of di↵erent sources of systematic uncertainty
between the two years are taken into account. The systematic uncertainties due to the background de-
scription and the size of the MC samples are assumed to be uncorrelated. All other sources of systematic
uncertainty are taken to be fully correlated. The combination is done using the �2 method. The �2 func-
tion includes the correlation terms of the di↵erent components of the uncertainty as specified above. The
combined result for the data collected by the ATLAS experiment in Run 1 is:

��d/�d = (�0.1 ± 1.1 (stat.) ± 0.9 (syst.)) ⇥ 10�2.

It is currently the most precise single measurement of this quantity. It agrees well with the SM predic-
tion [1] and is consistent with other measurements of this quantity [2–4]. It also agrees with the indirect
measurement by the D0 Collaboration [23].

11 Conclusions

The measurement of the relative width di↵erence ��d/�d of the B0–B̄0 system is performed using the
data collected by the ATLAS experiment at the LHC in pp collisions at

p
s = 7 TeV and

p
s = 8 TeV and

corresponding to an integrated luminosity of 25.2 fb�1. The value of ��d/�d is obtained by comparing
the decay time distributions of B0 ! J/ KS and B0 ! J/ K⇤0(892) decays. The result is

��d/�d = (�0.1 ± 1.1 (stat.) ± 0.9 (syst.)) ⇥ 10�2.

18
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 ΔΓd 
ATLAS result consistent with SM +  previous measurements  

1 Introduction

The width di↵erence ��q, where q = d, s, is one of the parameters describing the time evolution of the
B0

q–B̄0
q system. It is defined as ��q ⌘ �L

q��H
q , where �L

q and �H
q are the decay widths of the light and heavy

Bq states, respectively. The relative value of ��d/�d is predicted in the Standard Model (SM) [1]:

��d/�d (SM) = (0.42 ± 0.08) ⇥ 10�2.

Here �d is the total width of the B0 meson defined as �d =
1
2 (�L

d + �
H
d ).

Measurements of ��d have been performed by the BaBar [2], Belle [3], and LHCb [4] collaborations.
The current world average value [5] is:

��d/�d (World average) = (0.1 ± 1.0) ⇥ 10�2.

The current experimental uncertainty in ��d is too large to perform a stringent test of the SM prediction.
In addition, independent measurements of other quantities do not constrain the value of ��d. It has
been shown [6] that a relatively large variation of ��d due to a possible new physics contribution would
not contradict other existing SM tests. Therefore, an experimental measurement of ��d with improved
precision and its comparison to the SM prediction can provide an independent test of the underlying
theory [7], complementary to other searches for new physics.

This paper presents the measurement of ��d by the ATLAS experiment using Run 1 data collected in pp
collisions at

p
s = 7 TeV in 2011 and at

p
s = 8 TeV in 2012. The total integrated luminosity used in this

analysis is 4.9 fb�1 collected in 2011 and 20.3 fb�1 collected in 2012. The value of ��d/�d is obtained
by comparing the decay time distributions of B0 ! J/ KS and B0 ! J/ K⇤0(892) decays.

2 Measurement method

The time evolution of the neutral B0
q–B̄0

q system is described by the Schrödinger equation with Hamilto-
nian Mq:

i
d
dt

 
B0

q(t)
B̄0

q(t)

!
= Mq

 
B0

q(t)
B̄0

q(t)

!
,

Mq =

 
mq m12

q
(m12

q )⇤ mq

!
� i

2

 
�q �12

q
(�12

q )⇤ �q

!
. (1)

The non-diagonal elements of Mq result from the transition B0
q $ B̄0

q mediated by box diagrams and
depend on the parameters of the CKM quark mixing matrix. Due to these non-diagonal elements, the B0

q
meson propagates as a mixture of two physical mass eigenstates BL

q and BH
q :

|BL
q i = p|B0

qi + q|B̄0
qi, |BH

q i = p|B0
qi � q|B̄0

qi. (2)

2

Standard 
Model 

Value needed to explain D0 result 

LHCb result is only 
with fraction of Run 1  
dataset 
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distribution obtained with a tighter cut on the IP, and the di↵erence with respect to the
default is taken as the systematic uncertainty. The systematic uncertainties (0.5 and
0.3 ns�1 for B0! D�µ+⌫

µ

X and B0! D⇤�µ+⌫
µ

X, respectively) related to the bias are
considered as uncorrelated between the channels, as they are determined from di↵erent
simulation samples and the time-biasing cuts, responsible for the systematic uncertainty
on the bias, are di↵erent for the two channels.

The knowledge of the length scale of the LHCb experiment is limited by the uncertainties
from the metrology measurements of the silicon-strip vertex detector. This was evaluated
in the context of the �m

s

measurement and found to be 0.022% [30]. This translates into
an uncertainty on �m

d

of 0.1 ns�1. The uncertainty on the knowledge of the momentum
scale is determined by reconstructing the masses of various particles and is found to be
0.03% [32]. This uncertainty results in a 0.2 ns�1 uncertainty in �m

d

in both modes.
Both uncertainties are considered correlated across the two channels.

E↵ects due to the choice of the binning scheme and fitting ranges are found to be
negligible.

6 Summary and conclusion

A combined value of �m
d

is obtained as a weighted average of the four measurements
performed in B0! D�µ+⌫

µ

X and B0! D⇤�µ+⌫
µ

X in the years 2011 and 2012. First,
the 2011 and 2012 results of each decay mode are averaged according to their statistical
uncertainties. The combined results are shown in the last column of Table 1. Then,
the resulting �m

d

values of each mode are averaged taking account of statistical and
uncorrelated systematic uncertainties. The correlated systematic uncertainty is added in
quadrature to the resulting uncertainty. The combined result is shown in the last row of
Table 1.

In conclusion, the oscillation frequency, �m
d

, in the B0–B0 system is measured in
semileptonic B0 decays using data collected in 2011 and 2012 at LHCb. The decays
B0! D�µ+⌫

µ

X and B0! D⇤�µ+⌫
µ

X are used, where the D mesons are reconstructed
in Cabibbo-favoured decays D� ! K+⇡�⇡� and D⇤� ! D0⇡�, with D0 ! K+⇡�. A
combined �m

d

measurement is obtained,

�m
d

= (505.0± 2.1 (stat)± 1.0 (syst)) ns�1 ,

which is compatible with previous LHCb results and the world average [12]. This is the
most precise single measurement of this quantity, with a total uncertainty similar to the
current world average.
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 Summary 
•  Measurements of all B(s) mixing parameters made during Run 1 of LHC 

•  Not covered in this talk: Δms ,  sin2β 

•  LHC experiments producing high precision results with low 
systematic uncertainties  

•  Run 1 measurements still coming out, e.g. Bs è J/ψη, τeff 

•  Run 1 results consistent with Standard Model  

•  But still room for new physics at 10 % level  

•  Significant improvement coming  with Run II and beyond 
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