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Outline  
•  CP violation in Bs mixing and ϕs 

•  Intermezzo: Lifetimes 

•  sin 2β 

•  ΔΓd/Γd   

•  Thoughts for the future  

Interesting things not covered: 
 
B0 èπ+π-, Bs èK+K-  (LHCb-CONF-2016-018) 
sin2βeff with B èDD (PRL 117 (2016) 261801) 
ΓD (EPJC 76 (2016) 412) 
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CP violation in Bs 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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•  Flavour eigenstates mix to give physical states (see e.g. arxiv: 1306.6474) 
•  Interference between decays with/without mixing gives measurable phase 

Excellent vertex detector needed  
to resolve fast Bs oscillations 

New J. Phys.15 (2013) 053021 

B0
s � D�s �+

Hflav : �ms = 17.757± 0.021 ps�1

cf SM 18.3 +/- 2.7 
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 CP violation in Bs  mixing 
 
•  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  �ms = MH �ML

⇥�s = �L � �H

�s = arg

�
�M12

�12

�

Golden mode used by all LHC experiments BS→J/ψ φ  
•  LHCb also studied BS→J/ψ Κ+Κ-, BS→J/ψ π+π- , BS→ψ(2s)φ, BS→Ds

+Ds
-   
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K+ 

K- 
φ 

J/ψ 
µ+ 

µ- 

bt 

Primary  
Vertex Phys. Rev D90 (2014) 079 
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 Measuring ϕs  

Angular acceptance for signal 
from simulation 
 

Mass distribution 

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

Resolution model from prompt  
J/ψ Peak. Resolution ~ 50 fs 

Time acceptance due to cuts  
in the trigger + reconstruction effects 

Unbinned maximum  
likelihood fit to mass,  
time and angles 
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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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 ϕs: ATLAS   Bs ! J/ �
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PLB 757 (2016) 97 

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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Using pp collision data collected by the CMS experiment at a centre-of-mass energy of 8 TeV
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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
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 LHCb: High mass KK 

LHCb has studied 
CP violation using 
J/ψKK events above  
ϕ resonance 

Table 7: The correlation matrix from the high-mass region fit, taking into account both statistical
and systematic uncertainties.

�
s

��
s

�

s

|�|
�
s

+1.00 +0.54 +0.02 �0.03
��

s

+1.00 +0.04 �0.06
�

s

+1.00 �0.14
|�| +1.00

10 Conclusions

We have studied B

0
s

and B

0
s

decays into the J/ K+
K

� final state using a time-dependent
amplitude analysis. In the m

KK

> 1.05GeV region we determine

�

s

= 119± 107± 34mrad,

|�| = 0.994± 0.018± 0.006,

�
s

= 0.650± 0.006± 0.004 ps�1
,

��
s

= 0.066± 0.018± 0.010 ps�1
.

Many resonances and a S-wave structure have been found. Besides the �(1020)
meson these include the f2(1270), the f

0
2(1525), the �(1680), the f2(1750), and the

f2(1950) mesons. The f 0
2(1525) mass and width are determined as 1522.2± 1.3± 1.1MeV

and 78.0 ± 3.0 ± 3.7MeV, respectively. The fit fractions of the resonances in B

0
s

!
J/ K

+
K

� are also determined, and shown in Table 3. These results supersede our
previous measurements [13].

The combination with the previous results from B

0
s

decays in the �(1020) region [6]
gives

�

s

= �25± 45± 8mrad,

|�| = 0.978± 0.013± 0.003,

�
s

= 0.6588± 0.0022± 0.0015 ps�1
,

��
s

= 0.0813± 0.0073± 0.0036 ps�1
.

The two results are consistent within 1.1�. A further combination is performed by
including the �

s

and |�| measurements from B

0
s

and B

0
s

decays into J/ ⇡

+
⇡

� [7], which
results in �

s

= 1± 37mrad and |�| = 0.973± 0.013, where �
s

and ��
s

are unchanged.
The correlation matrix is shown in Table 8. The measurement of the CP -violating phase

Table 8: The correlation matrix taking into account both statistical and systematic uncertainties
for the combination of the three measurements B0

s

! J/ K+K� for m
KK

> 1.05 GeV,
m

KK

< 1.05 GeV, and J/ ⇡+⇡�.

�
s

��
s

�

s

|�|
�
s

+1.00 �0.13 �0.01 0.00
��

s

+1.00 �0.05 0.00
�

s

+1.00 �0.04
|�| +1.00

16

LHCb average from J/ψKK, J/ψϕ , J/ψππ  

�s = 1± 37mrad

New 

 JHEP08(2017)037 

f 0
2(1525)

�(1680)

�(1020)
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 Summary of ϕs  
http://www.slac.stanford.edu/xorg/hflav/ 
 

+ LHCb:
BS→J/ψ Κ+Κ-

BS→ J/ψ π+π-

BS→ ψ(2s)φ
BS→ Ds

+Ds
- 

�s = �0.021 ± 0.031 rad
��s = 0.085± 0.06 ps�1

BS→J/ψφ from  
ATLAS 
CMS 
LHCb 
CDF 
D0 



13 

 Summary of ϕs  
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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

No sign of NP L 
Still room for New Physics amplitude at level of 10 % in Bs 
mixing (Similar story in Bd sector) J 

Updates to come with Run 
2 data 
 
Precision at <0.02 rad 
level by end of Run II 
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Future sensitivity to new physics in Bd, Bs and K mixings
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We estimate, in a large class of scenarios, the sensitivity to new physics in Bd and Bs mixings
achievable with 50 ab−1 of Belle II and 50 fb−1 of LHCb data. We find that current limits on new
physics contributions in both Bd,s systems can be improved by a factor of ∼ 5 for all values of the
CP violating phases, corresponding to over a factor of 2 increase in the scale of new physics probed.
Assuming the same suppressions by CKM matrix elements as those of the standard model box
diagrams, the scale probed will be about 20TeV for tree-level new physics contributions, and about
2TeV for new physics arising at one loop. We also explore the future sensitivity to new physics in
K mixing. Implications for generic new physics and for various specific scenarios, such as minimal
flavor violation, light third-generation dominated flavor violation, or U(2) flavor models are studied.

I. INTRODUCTION

Before the impressive results from the B factory exper-
iments, BaBar and Belle, the simple picture of Kobayashi
and Maskawa for the origin of the CP violation [1] ob-
served in K decays was not confirmed experimentally.
The BaBar and Belle results showed that the SM de-
scription of the flavor sector is correct at the order one
level. However, in most flavor-changing neutral-current
processes, new physics (NP) can still contribute at least
at the level of 20–30% compared to the SM.
Many extensions of the SM receive stringent con-

straints from data on flavor changing processes and CP
violation, and may give observable effects as the sensi-
tivity improves. The mixings of the four neutral mesons,
K, D, Bd, and Bs, provide particularly strong bounds.
For each neutral-meson system, contributions generated
by new heavy degrees of freedom can be described by two
real parameters. For example, in low-energy supersym-
metry B mixing receives contributions (besides the SM
box diagrams with W bosons and top quarks) from box
diagrams with winos and stops or gluinos and sbottoms.
The magnitudes and phases of such contributions depend
crucially on the mechanism of supersymmetry breaking
and the origin of flavor symmetry breaking.
However, the extraction of NP contribution to meson

mixing is entangled with the determination of the SM
parameters, in particular the CKM elements. It is not
enough to measure the mixing amplitude itself, only the
combination of many measurements can reveal a devia-
tion from the SM. In this paper we perform such a fit, tak-
ing into account the latest expectations for future LHCb
and Belle II measurements, and anticipated progress in
lattice QCD, in order to investigate the sensitivity to NP
in neutral-meson mixing in the near future.

In most of this paper, we consider the well-defined sce-
nario where no deviations from the SM predictions are
observed. This allows us to explore the expected progress
in constraining NP in the mixings of neutral mesons in
an unambiguous way. An illustration of the prospects to
reveal a possible NP signal is given in the last section.

II. NEW PHYSICS IN MESON MIXING

In a large class of NP models the unitarity of the CKM
matrix is maintained, and the most significant NP effects
occur in observables that vanish at tree level in the SM. In
the SM CKM fit, the constraints come from (i) ∆F = 1
processes dominated by tree-level charged current inter-
actions, and (ii) ∆F = 2 meson mixing processes, which
only arise at loop level. Therefore, it is simple to mod-
ify the CKM fit to constrain new physics in ∆F = 2
processes, under the assumption that it does not signif-
icantly affect the SM tree-level charged-current interac-
tions [2]. Within this framework (for a review, see [3]),
we can parameterize the NP contributions to the Bd,s

mixing amplitudes as

Md,s
12 = (Md,s

12 )SM ×
(

1 + hd,s e
2iσd,s

)

. (1)

Until the first measurements of α and γ around 2003, it
was not known if the SM gives the leading contribution
to Bd –Bd mixing [4, 5] (similarly, for Bs –Bs mixing,
the LHCb constraint on sin 2βs was needed).
The motivation for the above parameterization is that

any NP contribution toM12 is additive, and using Eq. (1)
one can easily read off both the magnitude and the CP
violating phase of the total NP contribution. In particu-
lar, for a NP contribution to the mixing of a meson with
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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)
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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.
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 LHCb: and charmless… 
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Lifetime Measurements 
As Alex just told lifetimes provide important test of Heavy Quark 
effective theory and duality assumptions  
 
Challenging both to theory and experiment 
 
Long saga of  Λb lifetime 

1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

τ(Λb) (ps)

Average 1.470 ±0.009 ps

LHCb J/ψpK
(11-12)

1.479 ±0.009 ±0.010 ps

LHCb J/ψΛ
(11)

1.415 ±0.027 ±0.006 ps

CMS J/ψΛ
(12)

1.478 ±0.027 ±0.009 ps

CMS J/ψΛ
(11)

1.503 ±0.052 ±0.031 ps

ATLAS J/ψΛ
(11)

1.449 ±0.036 ±0.017 ps

D0 J/ψΛ
(02-11)

1.303 ±0.075 ±0.035 ps

CDF J/ψΛ
(02-09)

1.565 ±0.035 ±0.020 ps

CDF Λcπ
(02-06)

1.401 ±0.046 ±0.035 ps

Heavy Flavour
Averaging Group HQET 

Lifetimes 

3 

Measurements of b baryon lifetimes provide important tests of HQE 
 
Long standing puzzle of Λb lifetime: early theory estimates were lifetime  
ratio to should be 1 but early experimental measurements suggested lower  
Value prompting much (unneeded) ‘soul’ searching  on theory side. Recent  
theory estimate” 
 

Table 1: Predictions for ⌅
b

baryon masses from various authors. Unless otherwise noted, the
mass is the isospin-average of ⌅�

b

and ⌅0
b

. Abbreviations: CQM = constituent quark model,
HF = hyperfine, HO = harmonic oscillator, PM = potential model.

M(⌅
b

) MeV/c

2 Reference/Comment
5812 [7], heavy quark/light di-quark, CQM, v/c expansion
5805.7± 8.1 [8], 1/N

c

, 1/m
b

, SU(3) flavor-breaking expansion
5780+73

�68 [9], HQET using QCD sum rule approach
5810± 40 [10], Feynman-Hellmann theorem and semi-empirical mass formulas
5795± 5 [11,12], CQM and several potential models
5806 [13], CQM
M(⌅0

b

) = 5886 [14], PM, including linear, HO and Coulomb terms + improved HF inter.
M(⌅�

b

) = 5887 [14], PM, including linear, HO and Coulomb terms + improved HF inter.
M(⌅0

b

) = 5872, 5887 [15,16], Hyper-central Coulomb+power-law PM, power = 1.0
M(⌅�

b

) = 5887, 5909 [15,16], Hyper-central Coulomb+power-law PM, power = 1.0

Another lifetime ratio in the b-baryon sector that can be predicted with better precision33

than that of ⌧(⇤0
b

)/⌧(B0) is ⌧(⌅�
b

))/⌧(⌅0
b

). The current prediction is34

⌧(⌅�
b

)/⌧(⌅0
b

)HQE2014 = 1.05± 0.07. (5)

The better anticipated precision stems from the fact that contributions from penguin35

contractions (see Fig. 4 in Ref [2]) cancel in the ratio of lifetimes. The error here is a36

conservative estimate, but can be greatly reduced once ⌅

�
b

and ⌅

0
b

matrix elements are37

computed using lattice QCD.38

On the experimental end, until recently, no measurement of the ⌅

0
b

lifetime existed and39

the relative precision on the ⌅

�
b

lifetime was at the 10% level, prohibiting a meaningful40

test. In 2014, LHCb published improved measurements of these lifetimes, and finds [5,6]41

⌧(⌅�
b

) = 1.55+0.10
�0.09 ± 0.03 ps (6)

⌧(⌅0
b

) = 1.477± 0.026± 0.014± 0.012 ps, (7)

where for the ⌅

0
b

measurement, the last uncertainty is due to our knowledge of the ⇤

0
b

42

lifetime. With improved predictions from the lattice, it will be necessary to have an43

improved measurement of the ⌅

�
b

lifetime.44

With regard to masses, a number of QCD-inspired models attempt to predict the45

masses of bottom baryons. Accurate prediction of b-baryon masses provides a sensi-46

tive probe of the inter-quark potential within the baryon. For the ⌅
b

baryons (isospin-47

averaged), the models generally span a range of 5780-5810 MeV/c

2. A number of ap-48

proaches exist to predicting the ⌅
b

baryon masses. Table 1 lists various predictions (cer-49

tainly not an exhaustive list).50

2

1 Introduction1

1.1 Theoretical aspects2

The aim of this study is to make the most precise measurement of the ⌅

�
b

lifetime and3

mass. The motivations for this analysis are the same as those documented in Ref. [1],4

and we do not repeat them all here. In brief, the heavy quark expansion (HQE) is an5

extremely important tool in describing b-hadron decays, and among other things, it can6

be used to predict lifetimes of weakly decaying b hadrons. These predictions depend on7

the computed values of Wilson coe�cients and contributing operators to a given order8

in the expansion. The lifetimes also scale as 1/m5
b

, where m

b

is the b-quark mass, which9

needs to be evaluated using some scheme [2]. Due to the scheme dependence, predictions10

of lifetimes at finite order have sizeable uncertainties. At leading order, all b hadrons11

(without another heavy quark) have the same total decay width, and therefore equal12

lifetimes. Corrections enter starting at 1/m2
b

, and they can be sizeable, lead to di↵erences13

in lifetimes of b hadrons. However in lifetime ratios, many of the theoretical uncertainties14

cancel, and precise predictions can be made for certain lifetime ratios. One such precise15

prediction of the HQE is that [2]16

⌧(B0
s

)

⌧(B0)
= 1.001± 0.002, (1)

which is consistent with the current world averages [3].17

Two additional lifetime ratios can be predicted with good precision, ⌧(B�)/⌧(B0),18

and ⌧(⌅�
b

)/⌧(⌅0
b

). For the former, the HQE prediction is [2]19

⌧(B�)/⌧(B0)HQE2014 = 1.04+0.05
�0.01 ± 0.02± 0.01. (2)

The first, and dominant uncertainty comes from lattice values of the bag parameters.20

The second uncertainty stems from uncertainties in matrix elements, and the last from21

the scale dependence of m

b

. This value is consistent with the current world average of22

1.080± 0.007 [3], but the test is clearly limited by the precision coming from lattice QCD23

inputs. However, these input parameters have not been updated since 2001 [4], and with24

many advances in theory and computing power since then, reduced uncertainty on lattice25

inputs are eagerly anticipated.26

It would be a strong test of the theory to also make a precise test of lifetime ratios in27

the baryon sector as well. In this regard, so far only the lifetime ratio ⌧(⇤0
b

)/⌧(B0) has28

received significant attention. For quite some time, this ratio was lower than expected29

from the HQE prediction, but more recent measurements give values in better agreement.30

The predicted and measured ratios are31

⌧(⇤0
b

)/⌧(B0)exp = 0.974± 0.006± 0.004 (3)

⌧(⇤0
b

)/⌧(B0)HQE2014 = 0.935± 0.054 (4)

Updated lattice calculations would greatly improve the HQE prediction.32

1

HQE also favours a longer lifetime for Ξb
+ compared to Ξb

0 

Precision studies allow to test theory and give confidence for other  
observables, e.g. ΔΓs 

Ratio of Bs and Bd lifetimes should 
be 1 to good precision 
[versus experiment 0.994 +/- 0.004]  

arXiv:1603.07770 
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Lifetime Measurements 

Direct measurements 

Two experimental approaches to understand decay time acceptance  

Relative measurements 

Use control channel with similar kinematics/trigger to signal to make 
relative measurement 

Trigger/selection 
cuts 

Use of data driven techniques/unbiased triggers where possible 

Velo  
efficiency 

Model + correct 
acceptance 

B0
s ! J/ ⌘
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 Bs è J/ψη lifetime 
B0

d ! J/ ⌘
B0

s ! J/ ⌘X

combinatorial

!

⌧e↵ = 1.479± 0.034 (stat)± 0.011 (syst) ps.

Measurement statistically limited 
 
3021 +/- 73 candidates in Run 1 data 
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Baryons: e.g Ξb
0 lifetime    

�(�0
b) = 1.477± 0.026± 0.014± 0.013�0

b
ps

Ξb
0

 and Λb lifetime 
consistent to 2 % as 
Expected from HQE 
 

�(�0
b)

�(�b)
= 1.006± 0.018± 0.01

1
�

=
1

��b

� 1
��0

b

Ncor(�0
b)

Ncor(�b)
� e�t

20 

Ξb
0 lifetime + mass   

Λb!Λc+π�$ Ξb0!Ξc+π�$

arXiv: 1405.7223 

188,000 candidates 3800 candidates 

Very similar final states cancel systematics  



22 

Semileptonic decays    

 decay time [ps])s(
−

D

0 1 2 4

)
0

B/
s0

B(
R

0

2

4

6

8
LHCb

Data
Fit

 decay time [ps])s(
0

B

0 2 4 6 12

)
0

B/
s0

B(
R

6

7

8

9

10

 decay time [ps]0
B

0 2 4 6 12

)
π

K
K

0
B/

π
π

K0
B(

R

16

18

20

22

24with the known B and D� lifetimes, these yield the flavor-specific
⌧ fs
B

0
s
= 1.547± 0.013 (stat)± 0.010 (syst)± 0.004 (⌧B ) ps and the

0.5064±0.0030 (stat)±0.0017 (syst)±0.0017 (⌧ ) ps. The last uncertainties originate

LHCb has also measured with Bs 
Lifetime with semileptonic decays 

Large statistics, worse resolution 
 
Complementary measurements  

arXiv:1705.03475 
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CMS lifetime results 
16 8 Lifetime measurement results

this is converted into a systematic uncertainty on the B+
c lifetime measurement of 4.7 µm. The

uncertainty on the B+
c lifetime due to the uncertainty on the B+ meson lifetime [4] is quoted

separately in the result.

Source sDG [c/mm] sctB+c
[µm]

PV choice 0.07 2.0
Fit model 0.12 3.7
ct binning 0.06 1.6
Simulation size 0.04 1.3
Misalignment 0.03 0.6
Total uncertainty 0.16 4.7

Table 2: Summary of the systematic uncertainties on the DG and tB+
c

measurements.

8 Lifetime measurement results

The lifetimes of the B0, B0
s and L0

b hadrons reconstructed from the decays B0 ! J/yK⇤(892)0,
B0 ! J/yK0

S, B0
s ! J/yp+p�, B0

s ! J/yf(1020) and L0
b ! J/yL0 have been measured to be:

ctB0 = 453.0 ± 1.6 (stat) ± 1.5 (syst) µm (in J/yK⇤(892)0), (9)
ctB0 = 457.8 ± 2.7 (stat) ± 2.7 (syst) µm (in J/yK0

S), (10)
ctB0

s
= 504.3 ± 10.5 (stat) ± 3.7 (syst) µm (in J/yp+p�), (11)

ctB0
s

= 443.9 ± 2.0 (stat) ± 1.2 (syst) µm (in J/yf(1020)), (12)
ctL0

b
= 443.1 ± 8.2 (stat) ± 2.7 (syst) µm. (13)

Neglecting CP violation in mixing, the measured B0
s ! J/yp+p� lifetime can be translated into

the width of the heavy B0
s mass eigenstate:

GH = c/ctB0
s
= 0.594 ± 0.012 (stat) ± 0.004 (syst) ps�1. (14)

Solving for ctL from Eq. (4) and using the B0
s ! J/yp+p� result in Eq. (11), the measured

B0
s effective lifetime in Eq. (12), and the magnitude squared of the CP-odd amplitude from

the PDG, the lifetime of the light component is found to be 419.7 ± 6.4 µm, which is within
one standard deviation from the world average value. The uncertainty takes into account the
statistical and systematic uncertainties of the measured lifetimes in B0

s ! J/yp+p� and B0
s !

J/yf(1020) modes.

The measured lifetimes for the B0 meson in the two different channels are in agreement. In
general, all results are in agreement with the world average values [4] and some are at the
precision of the world average of these parameters.

The B+
c lifetime has been measured using the B+

c ! J/yp+ channel and found to be:

ctB+
c
= 162.3 ± 8.2 (stat) ± 4.7 (syst) ± 0.1 (tB+) µm, (15)

where the systematic uncertainty from the B+ lifetime uncertainty [4] is quoted separately in
the result. This measurement confirms a B+

c lifetime value higher than that measured at the
Tevatron [10–12] and in agreement with the more recent LHCb measurements [8, 9].

CMS-PAS-BPH-13-008 

CMS recently presented 
preliminary results on  
b-hadron hadron lifetimes 
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Bs lifetime summary   

Does not include LHCb semileptonics or CMS results  
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sin 2β  
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Figure 1: B0 invariant mass (logarithmic scale) for (a) the J/ψ and for (b) the ψ(2S) mode.
The lines represent the result of the fit described in the text.

B0
s → [cc]K0

S
background components are both parametrised by Hypatia functions [19],125

which consist of hyperbolic cores and power-law tails. The values of the parameters de-126

scribing the tails are taken from simulation and used for both components. The widths of127

both components are allowed to vary freely in the fit, while the mean of the B0
s component128

is shifted by the known B0
s–B

0 mass difference [14]. The combinatorial background is129

described by an exponential function. The invariant mass distributions and the PDFs130

are shown in Fig. 1. The fits yield a total of 10 630 ± 140 B0 → J/ψ (e+e−)K0
S
decays131

and 7 970 ± 100 B0 → ψ(2S)(µ+µ−)K0
S
decays with mass resolutions of 28.7MeV/c2132

and 7.2MeV/c2, respectively. The worse resolution for the J/ψ mode is caused by the133

imperfect correction for bremsstrahlung photons.134

4 Flavour tagging135

In a decay-time-dependent CP -violation measurement, it is essential to know the flavour of136

each b-meson at production. Multiple flavour-tagging algorithms are combined to achieve137

the best response. Each flavour-tagging algorithm provides a decision, d′ ∈ {−1, 0, 1},138

corresponding to a B0 candidate tagged as B0, untagged or tagged as B0, respectively,139

and the mistag probability estimate, η. The tagging algorithms are categorised as same-140

side, SS, and opposite-side, OS [20–22]. The SS taggers exploit particles created in the141

fragmentation process of the b-meson, while the OS taggers use decay products of the142

accompanying b-hadron that is produced in association with the signal b-meson.143

This analysis uses a combination of OS taggers, d′OS, ηOS, based on different possible144

final states in the decay of the other b-hadron in the event. In particular, the charge145

of muons, electrons or of kaons; the weighted average of the charges of all tracks; the146

decay products of charm decays possibly originating from the other b-hadron in the event,147

are examined. In the case of the SS taggers, d′SS, ηSS, the tagging decision is based148

on the charges of pions and protons originating from the fragmentation process of the149

signal B0 mesons. The OS and SS decisions and their mistag estimates are combined150

for each B0 candidate. The tags d′OS and d′SS are combined event-by-event during the fit151

4

New 

LH
C

b-
PA

PE
R

-2
01

7-
02

9 

LHCb has measured sin 2β using Run 1 data 
 
Result reduces tension between direct + 
indirect determinations from global fit  
 
New LHCb Run 1 results using ψ(2S)  
and electron modes   
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sin 2β  
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Figure 3: Signal yield asymmetries (NB0 − NB0)/(NB0 + NB0) versus the decay time for (a)
B0 → J/ψ (e+e−)K0

S
and (b) B0 → ψ(2S)(µ+µ−)K0

S
decays. The symbol NB0 (NB0) is the

number of decays with a B0 (B0) flavour tag. The solid curves are the projections of the PDF
with the combined flavour tagging decision.
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Figure 4: Two-dimensional likelihood scans for the combination of the (a) B0→ J/ψK0
S
modes

and (b) all B0 → [cc]K0
S
modes. The colored regions correspond to 39% and 87% confidence

levels.
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Table 3: Systematic uncertainties for the CP -violation observables S and C.

B0→ J/ψ (e+e−)K0
S

B0→ ψ(2S)(µ+µ−)K0
S

Source σS σC σS σC

∆Γ 0.003 0.007 0.007 0.003
∆m 0.004 0.004 0.004 0.004
Production asymmetry 0.004 0.009 0.007 0.005
Tagging calibration 0.002 0.005 0.005 0.002
Decay-time bias 0.006 0.006 0.006 0.004
σt scaling 0.003 0.005 0.002 0.002
Decay-time efficiency 0.006 0.004 0.006 0.004

Total 0.011 0.016 0.014 0.010

7 Results and conclusion238

The analysis of 10 630± 140 B0→ J/ψ (e+e−)K0
S
and 7 970± 100 B0→ ψ(2S)(µ+µ−)K0

S
239

decays in a sample corresponding to 3 fb−1 of pp collision data results in the following240

CP -violation-observable measurements:241

C
(

B0→ J/ψ (e+e−)K0
S

)

= 0.12 +0.07
−0.07 (stat) ± 0.02 (syst) ,

S
(

B0→ J/ψ (e+e−)K0
S

)

= 0.83 +0.07
−0.08 (stat) ± 0.01 (syst) ,

C
(

B0→ ψ(2S)(µ+µ−)K0
S

)

= − 0.05 +0.10
−0.10 (stat) ± 0.01 (syst) ,

S
(

B0→ ψ(2S)(µ+µ−)K0
S

)

= 0.84 +0.10
−0.10 (stat) ± 0.01 (syst) ,

with correlation coefficients between S and C of 0.46 and 0.48 for the J/ψ and the242

ψ(2S) mode, respectively. The signal yield asymmetries as a function of decay time are243

shown in Fig. 3. The results for the electron and muon modes are compatible with each244

other and with the previous LHCb measurements using B0→ J/ψ (µ+µ−)K0
S
decays of245

S = 0.73± 0.04 and C = −0.038± 0.032 [11].246

Combinations are performed using two-dimensional likelihood scans (see Fig. 4) taking247

into account the correlations between the single measurements. Combining the LHCb248

results for B0→ J/ψ (e+e−)K0
S
and B0→ J/ψ (µ+µ−)K0

S
decays leads to249

C(B0→ J/ψK0
S
) = −0.014± 0.030 ,

S(B0→ J/ψK0
S
) = 0.75 ± 0.04 ,

with a correlation coefficient of 0.42. This combination is compatible within 1.9 standard250

deviations with the B0→ J/ψK0
S
average of the B-factories [6], while the result for the251

ψ(2S) mode is compatible within 0.3 standard deviations with the B0→ ψ(2S)K0
S
average252

of the B-factories [6]. Building an LHCb average using the results from all B0 → [cc]K0
S

253

modes, i.e. B0 → J/ψ (µ+µ−)K0
S
, B0 → J/ψ (e+e−)K0

S
, and B0 → ψ(2S)(µ+µ−)K0

S
, the254

CP -violation observables are determined to be255

C(B0 → [cc]K0
S
) = −0.017± 0.029 ,

S(B0 → [cc]K0
S
) = 0.760± 0.034 ,

with a correlation coefficient of 0.42. These results improve the precision of sin 2β at256

LHCb by 20%, and are expected to improve the precision of the world average.257
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LHCb uncertainty reduced by 20 % 



28 

ΔΓd 



29 

ΔΓd 

23 

 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 

arXiv:1605.07485 

Tension between D0 like-sign dimuon measurement and SM (see Mika’s talk) 
 led to renewed interested in ΔΓd. Important to constrain new physics in this  
observable (arXiv:1404.2531) 
Recent ATLAS measurement 
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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



31 

ΔΓd 

25 

 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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Thoughts 
The Run 1 era is ending 

A lot was achieved J , close to pre-LHC expectations 
 
Some things were not in the pre-LHC program: e.g. high J/ψ KK, J/ψππ J  
 
Some things were so far not exploited: electrons for ϕs, CP even eigenstates L 

Run 2 analyses will come soon  

LHCb 2015+2016 dataset comparable in size to Run 1, adding 2017 will 
double in size  
 
Measurements especially lifetimes will be increasingly systematics limited 
 
 Avoid monoculture: supporting and complementary measurements are  
 important since NP small, e.g. lifetimes in Bs è J/ψη 
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The upgrade era is starting 

ATLAS IBL , new CMS pixel detector are in LHCb upgrade after LS2 in ~2020 
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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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LHC upgrade 
era  ϕs will be  
measured to 0.2o   
 
Limit New  
Physics amplitude 
to the % level 
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Thoughts 
The upgrade era is around the corner 

Early days of LHCb upgrade provides many interesting opportunities  
 
Lifetimes, Δms ideal first measurements to demonstrate new detector  
capabilities (as was case in 2010) 
 
Bonus: New pixel detector with better performance very different  
systematic uncertainties  
 
Since systematics are important mandatory to cross-check results with different  
modes, techniques and experiments  

Run 2 and Run 3 provide opportunity to make precision 
measurement of b baryon/hadron lifetimes, testing HQET  
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Summary 
Bs mixing parameters known with precision after Run 1 
 
•  No sign of New Physics L 
 
Run 2 results expected soon: improved precision 
 
•  Both tree-level and with charmless decays  
 
Important to exploit precision by controlling theoretical uncertainties and 
exploiting data driven approaches to this 
 
•  Ensure that less headline impact supporting measurements and cross-checks 
     get done 
 
Run 3: will give even larger datasets, with new and more precision detectors 
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Backup 
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 Bs  mixing 
http://www.slac.stanford.edu/xorg/hflav/ 
 


