
Experimental status of lifetimes, mixing 
and CP violation

Quo Vadis
Islay July 2023

M. Needham
University of Edinburgh

1



2

Outline 
I decided to my brief interpret it as 
similar to a talk I gave in 2017 at a UK 
flavour workshop in Durham.

https://conference.ippp.dur.ac.uk/event/
573/timetable/#20170905.detailed

I took plots for recent LHCb results 
from the LHC seminar 
https://indico.cern.ch/event/1281612/

Several plots lifted from papers 
published by Alex over the last few 
years

“The concept of progress acts as a protective mechanism to shield us from the terrors of the future.”

https://conference.ippp.dur.ac.uk/event/573/timetable/
https://indico.cern.ch/event/1281612/
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Outline 
• Introduction

• Neutral meson mixing 

• Experimental overview

• ϕs, effective lifetimes and ΔΓ!

• sin 2β

• ΔΓd/Γd

• Thoughts for the future 
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LHCb Run: Scorecard 
Measurement Run 1 Run 2

sin(2𝛽) ✔✔ ✔✔

Δ𝑚! ✔✔ ✕

ΔΓd ✔✔ ✕

𝜙" in BS®J/y K+K- ✔✔ ✔✔

𝜙" other modes ✔✔ ✔

Δ𝑚" ✔✔ ✔✔

ΔΓs ✔✔ ✔✔

Penguin Pollution ✔✔ ✕

b-lifetimes ✔ ✕

𝜏# ✔✔ ✔

✔✔All data, ✔ partial, ✕ nothing
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LHCb Run: Scorecard 
Measurement Run 1 Run 2
BS®J/y K+K-

around 𝜙
✔✔ ✔✔

BS®J/y K+K-

above 𝜙
✔✔ ✔

BS®J/y K+K-

(electrons)
✔✔ ✕

BS®y(2s) K+K- ✔✔ ✕

BS®Ds+Ds- ✔✔ ✕
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CP violation in Bs mixing
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Bsmixing
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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
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SM prediction JHEP 12 (2019) 009

Nature Physics 18, 1-5(2022)
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CP violation in Bs mixing
• Observable phase fs =  -2bs = FM - 2 FD

• In the Standard Model expected to be 
small fs = - 0.0368 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/y f
• LHCb also studied BS®J/y K+K-, BS®J/y π+π- , BS®y(2s)f, BS®Ds

+Ds
-

Bs
K+

K-
f

J/y
µ+

µ-

bt

Primary 
VertexPhys. Rev D90 (2014) 079
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Time dependent studies

LHCb 23

Understanding the decay-time
distribution is critical for 
measurement of B-mixing 
parameters, particularly 
lifetimes

There is experimental evidence
these studies are hard  

arxiv:2301.07698

arxiv:2208.02643

Supplementary material for LHCb-PAPER-2021-0211

An illustration of the LHCb measurements of ⌦0
c and ⌅0

c lifetimes and the previous2

world average is shown in Fig. 1, and the fit projections to the invariant mass and3

log10 �
2
IP distributions in di↵erent decay-time intervals and data-taking periods are shown4

in Fig. 2–25.5
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Figure 1: Illustration of the LHCb measurements of the ⌦0
c and ⌅0

c lifetimes obtained from

semileptonic beauty-hadron decays [1, 2] and prompt signals, and the previous 2018 world

average [3]. The combined LHCb results are shown in coloured bands.
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Figure 2: Distributions of (left) invariant mass and (right) log10 �
2
IP in the reduced mass region

of [2683, 2707]MeV/c2 for the ⌦0
c data sample collected in 2016 in the decay-time interval

of [0.52, 0.57] ps, along with the fit results. The contributions of the signal, the secondary

decays, and the combinatorial background are shown in red (solid), green (dashed), and gray

(dash-dotted), respectively.

1

Charm Baryons

LHCb-PAPER-2021-021

https://arxiv.org/abs/2301.07698
https://arxiv.org/abs/2208.02643
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Measuring the decay-time

t =
m

p
· l

<latexit sha1_base64="spgvKrvvDWUwa1Pt2XlteUPQ5cU=">AAACAHicbVBNS8NAEN3Ur1q/qh48eFksgqeSSEE9CEUvHivYD2hC2Ww27dLNJuxOhBJy8a948aCIV3+GN/+N2zYHbX0w8Hhvhpl5fiK4Btv+tkorq2vrG+XNytb2zu5edf+go+NUUdamsYhVzyeaCS5ZGzgI1ksUI5EvWNcf30797iNTmsfyASYJ8yIylDzklICRBtUjwNfYDRWhWZRnSY5dGsSAxaBas+v2DHiZOAWpoQKtQfXLDWKaRkwCFUTrvmMn4GVEAaeC5RU31SwhdEyGrG+oJBHTXjZ7IMenRglwGCtTEvBM/T2RkUjrSeSbzojASC96U/E/r59CeOllXCYpMEnni8JUYIjxNA0ccMUoiIkhhCpubsV0REwaYDKrmBCcxZeXSee87jTqV/eNWvOmiKOMjtEJOkMOukBNdIdaqI0oytEzekVv1pP1Yr1bH/PWklXMHKI/sD5/APJLlgU=</latexit>

Critical to measure accurately and in unbiased way
the decay length with the vertex detector

Figure 3.5 Cross-section of the VELO is shown where each of the modules can
be seen as well as their location relative to the interaction vertex.
The positioning of the sensors is also shown for injection periods
compared to data-taking periods. [87]

Figure 3.6 (left) Configuration of the silicon wafers in the VELO relative to the
beam axis, (right) Comparison of the � and R type sensors. [88].

3.3.2 Magnet1021

Between the TT detector and the downstream tracking stations there is a dipole1022

magnet with a bending power of 4 Tm [89]. The magnetic field deflects charged1023

particles which pass through, allowing their momentum to be reconstructed with a1024

precision of about 0.4% up to momentum of 200GeV. A schematic of the magnet1025

along with the field map along the z-axis are shown in Fig. 3.7. The polarity of the1026

dipole magnet is periodically reversed during data taking to minimise systematic1027

uncertainties from any potential detector asymmetry.1028

3.3.3 Silicon Tracker and Outer Tracker1029

The LHCb tracking system is composed of three systems; the Tracking Turicensis1030

(TT), located upstream of the magnet and downstream of the RICH1 detector,1031

24

Figure 3.5 Cross-section of the VELO is shown where each of the modules can
be seen as well as their location relative to the interaction vertex.
The positioning of the sensors is also shown for injection periods
compared to data-taking periods. [87]

R sensor

strips
readout chips

routing lines
floating strips

� sensor
2048 strips
 read out

2048 strips
 read out

Figure 3.6 (left) Configuration of the silicon wafers in the VELO relative to the
beam axis, (right) Comparison of the � and R type sensors. [88].

3.3.2 Magnet1021

Between the TT detector and the downstream tracking stations there is a dipole1022

magnet with a bending power of 4 Tm [89]. The magnetic field deflects charged1023

particles which pass through, allowing their momentum to be reconstructed with a1024

precision of about 0.4% up to momentum of 200GeV. A schematic of the magnet1025

along with the field map along the z-axis are shown in Fig. 3.7. The polarity of the1026

dipole magnet is periodically reversed during data taking to minimise systematic1027

uncertainties from any potential detector asymmetry.1028

3.3.3 Silicon Tracker and Outer Tracker1029

The LHCb tracking system is composed of three systems; the Tracking Turicensis1030

(TT), located upstream of the magnet and downstream of the RICH1 detector,1031

24

e.g. LHCb VELO (original version):
Two half detectors with modules with r and 𝜙 sensors
Track reconstruction for example combining projections in r-𝜙 can lead to 
inefficiency at high times
Hadronic environment: cuts on decay-time related quantities to reduce rate
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Modelling time acceptance

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
IPCHI2 cuts

Model + correct
acceptance

B0
s ! J/ ⌘



𝜙!: Looking back
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8 Luis Fernández

Table 2. Combined expected statistical errors on a SM φs with 2 fb−1.

Channels σ(φs) [ rad ] Weight (σ/σi)2 [ % ]

Bs → J/ψη(π+π−π0) 0.142 2.3
Bs → DsDs 0.133 2.6
Bs → J/ψη(γγ) 0.109 3.9
Bs → ηcφ 0.108 3.9
Pure CP eigenstates 0.060 12.7

Bs → J/ψφ 0.023 87.3
All CP eigenstates 0.022 100.0

to ∆Ms with a small statistical uncertainty σ(∆Ms) = ±0.007 ps−1 (from
Bs → Dsπ, for ∆Ms = 17.5 ps−1, and with 2 fb−1).

4. Conclusions

We presented a method to extract the Bs–Bs mixing phase at LHCb,
using b̄ → c̄cs̄ quark-level transitions. The combined statistical sensitivity
obtained is σ(φs) = ±0.022 rad, corresponding to a ∼ 2σ measurement
for a Standard Model φs = −0.04 rad, and with 2 fb−1. The sensitivity is
dominated by Bs → J/ψφ, with however a substantial ∼ 13% contribution
from decays to pure CP-eigenstates (Bs → ηcφ, Bs → DsDs, Bs → J/ψη).
It will allow LHCb to detect sizable New Physics effects.

In conclusion, LHCb has the potential to perform the first measurement
of φs, to test the consistency with the Standard Model expectations, and to
possibly uncover New Physics that may be hiding in the Bs–Bs mixing.

The author would like to thank Olivier Schneider for his careful reading of this
writeup, and for his useful comments.
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Summarized in LHCb-2006-047
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• Extensive studies prior to first LHC running in 2009/10

• Golden mode BS®J/y f extenstively studied but also many CP even modes

• CP odd modes (e.g BS®J/y π+π-) hardly considered

2fb-1

Reality – CP-odd studies turned out to be more favoured experimentally than 
CP-even

http://cds.cern.ch/ejournals.py?publication=Acta+Phys.+Pol.+B&volume=38&year=2007&page=931
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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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ϕs: ATLAS Bs ! J/ �
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Figure 8: Fit projections for the transversity angles q) (top left), cos(\) ) (top right), and cos(k) ) (bottom). In all
three plots the red solid line shows the total fit, the ⌫

0
B
! �/kq signal component is shown by the magenta dashed

line and the blue dotted line shows the contribution of all background components. Below each figure is a ratio
plot that shows the di�erence between each data point and the total fit line divided by the statistical and systematic
uncertainties summed in quadrature (f) of that point.
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Figure 8: Fit projections for the transversity angles q) (top left), cos(\) ) (top right), and cos(k) ) (bottom). In all
three plots the red solid line shows the total fit, the ⌫

0
B
! �/kq signal component is shown by the magenta dashed

line and the blue dotted line shows the contribution of all background components. Below each figure is a ratio
plot that shows the di�erence between each data point and the total fit line divided by the statistical and systematic
uncertainties summed in quadrature (f) of that point.
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Table 8: Fit correlations between the physical parameters of interest, obtained from the fit for solution (b).

�� �B |� | | (0) |2 |�0(0) |2 |�( (0) |2 X k X? X? � X(

qB �0.084 0.019 �0.011 �0.003 �0.006 0.007 0.005 �0.006
�� 1 �0.586 0.090 0.096 0.057 �0.029 �0.010 0.021
�B 1 �0.116 �0.048 0.071 0.070 0.017 0.015

|� | | (0) |2 1 �0.338 �0.110 �0.444 �0.106 �0.052
|�0(0) |2 1 0.269 0.080 0.017 0.070
|�( (0) |2 1 0.291 0.060 0.251
X k 1 0.235 0.097
X? 1 0.056
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Figure 7: (Left) Mass fit projection for the ⌫0
B
! �/kq sample. The red line shows the total fit, the short-dashed

magenta line shows the ⌫0
B
! �/kq signal component, the combinatorial background is shown as a blue dotted

line, the orange dash-dotted line shows the ⌫0
3
! �/k 

0⇤ component, and the green dash-dot-dot line shows the
contribution from ⇤1 ! �/k? 

� events. (Right) Proper decay time fit projection for the ⌫0
B
! �/kq sample. The

red line shows the total fit while the short-dashed magenta line shows the total signal. The total background is shown
as a blue dotted line, and a long-dashed grey line shows the prompt �/k background component. Below each figure
is a ratio plot that shows the di�erence between each data point and the total fit line divided by the statistical and
systematic uncertainties summed in quadrature (f) of that point.

23

Eur. Phys. J. C 81 (2021) 342

Data taken up to 2017

https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
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ϕs: CMS Bs ! J/ �
Phys. Lett. B 816 (2021) 136188

14

the width difference between the two B0
s mass eigenstates:

fs = �11 ± 50 (stat) ± 10 (syst) mrad,

DGs = 0.114 ± 0.014 (stat) ± 0.007 (syst) ps�1.

The |l| parameter is measured to be |l| = 0.972 ± 0.026 (stat) ± 0.008 (syst), consistent with
no direct CP violation (|l| = 1). The average of the heavy and light B0

s mass eigenstate
decay widths is determined to be Gs = 0.6531 ± 0.0042 (stat) ± 0.0026 (syst) ps�1, consistent
with the world-average value Gs = 0.6624 ± 0.0018 ps�1 [31]. The mass difference between
the heavy and light B0

s meson mass eigenstates is measured to be Dms = 17.51 + 0.10
� 0.09 (stat) ±

0.03 (syst)}ps�1, consistent with the theoretical prediction Dms = 18.77 ± 0.86}ps�1 [4], and
in slight tension with the world-average value Dms = 17.757± 0.021}ps�1 [31]. The uncertain-
ties in all these measured parameters are dominated by the statistical component. This analysis
represents the first measurement by CMS of the mass difference Dms between the heavy and
light B0

s mass eigenstates and of the direct CP observable |l|.

7 Combination with 8 TeV results
The results presented in this Letter are in agreement with the earlier CMS result at a center-of-
mass energy of 8 TeV [14]. As explained in Section 1, both measurements are performed with
a similar number of events, with the one at

p
s = 13 TeV having a higher tagging efficiency.

This leads to an improvement in the uncertainty in quantities that require tagging, such as fs,
while but the uncertainties in those that do not use tagging, such as DGs, depend on the raw
number of events and are not improved relative to the 8 TeV result. The two sets of results are
combined using the BLUE method [48, 49] as implemented in the ROOT package [50–52] using
the following physics parameters: fs, DGs, Gs, |A0|2, |A?|2, |AS|2, dk, d?, and dS?. The statistical
correlations between the parameters obtained in each measurement are taken into account as
well as the correlations of the systematic uncertainties discussed in Section 6. Different sources
of systematic uncertainties are assumed to be uncorrelated. The systematic uncertainty corre-
lation between the parameters of the 8 TeV result is assumed to be zero. This assumption has
been found to not impact the results in a noticeable way. Since the muon tagging, the efficiency
evaluation, and part of the fit model are different in the two measurements, the respective sys-
tematic uncertainties are treated as uncorrelated between the two sets of results. The combined
results for the CP-violating phase and lifetime difference between the two mass eigenstates are:

fs = �21 ± 44 (stat) ± 10 (syst) mrad,

DGs = 0.1032 ± 0.0095 (stat) ± 0.0048 (syst) ps�1,

with a correlation between the two parameters of +0.02. The full combination results and the
correlations between the various extracted parameters are reported in Appendix A.

The two-dimensional fs vs. DGs likelihood contours at 68% confidence level (CL) for the indi-
vidual and combined results, as well as the SM prediction, are shown in Fig. 6. The contours
for the individual results are obtained with likelihood scans, which are used to obtain the com-
bined contour. The contours only account for the statistical uncertainty and the correlation
between the two scanned variables, while the results from the combination obtained using the
BLUE method take into account the statistical and systematic correlations of a wider range of
variables. The results are in agreement with each other and with the SM predictions.

8 TeV data plus 
96.4 fb-1 up from 2017-18

http://dx.doi.org/10.1016/j.physletb.2021.136188
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ϕs: LHCb Bs ! J/ �
Fit results

• Simultaneous fit to 48 sub-samples: 4 years ⇥ 2 trigger categories ⇥ 6 m(KK)

• Tagging calibration parameters and spline coe�ciencies of time acceptance are
Gaussian constraint

• Extract physics parameters: �s , �, ��s , �s � �d , �ms
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V. Jevtic, P. Li sin 2� and �s June 9, 2023 33 / 39

Results

Parameters Values 1

�s [rad] �0.039± 0.022± 0.006
|�| 1.001± 0.011± 0.005
�s � �d [ ps�1] �0.0056 + 0.0013

� 0.0015 ± 0.0014
��s [ ps�1] 0.0845± 0.0044± 0.0024
�ms [ ps�1] 17.743± 0.033± 0.009
|A?|

2 0.2463± 0.0023± 0.0024
|A0|

2 0.5179± 0.0017± 0.0032
�? � �0 [rad] 2.903 + 0.075

� 0.074 ± 0.048
�k � �0 [rad] 3.146± 0.060± 0.052

• The most precise measurement of �s to date

• Compatible with the prediction from SM Global fits

• No evidence for CP violation

1The first uncertainty is statistical and the second systematic.
V. Jevtic, P. Li sin 2� and �s June 9, 2023 35 / 39

Mass fit

• Splot technique to subtract backgrounds

• Double-sided Crystall-ball for signal, with width parametrised as a
function of �m

• B
0
! J/ K+

K
� shares signal shape except for the mean of mass

• Exponential function for combinatorial background
• Separate fits in six m(K+

K
�) bins and two trigger categories
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ϕs: LHCb

Table 3: Likelihoods of various resonance model fits. Positive or negative interferences (Int)
among the contributing resonances are indicated. The Solutions are indicated by #.

# Resonance content Int �2 lnL
I f0(980) + f0(1500) + f0(1790) + f2(1270) + f 0

2
(1525)+NR � �4850

II f0(980) + f0(1500) + f0(1710) + f2(1270) + f 0
2
(1525)+NR + �4834

III f0(980) + f0(1500) + f0(1790) + f2(1270) + f 0
2
(1525)+NR + �4830

IV f0(980) + f0(1500) + f0(1790) + f2(1270) + f 0
2
(1525) � �4828

V f0(980) + f0(1500) + f0(1710) + f2(1270) + f 0
2
(1525) � �4706

9 Fit results

We first choose the resonances that best fit the m⇡⇡ distribution. Table 3 lists the di↵erent
fit components and the value of �2 lnL. In these comparisons, the mass and width of
most resonances are fixed to the central values listed in Table 2, except for the f0(980) and
f0(1500) resonances, whose parameters are allowed to vary. We find two types of fit results,
one with a positive integrated sum of all interfering components and one with a negative
one. The first listed Solution I is better than Solution II by four standard deviations,
calculated by taking the square root of the �2 lnL di↵erence. We take Solution I for our
measurement and II for systematic uncertainty evaluation. The models corresponding to
Solutions I and II are very similar to those found in our previous analysis of the same
final state [21].

For the fit we assume that the CP -violation quantities (�si, |�i|) are the same
for all the resonances. We also fix �ms to the central value of the world average
17.757± 0.021 ps�1 [14], and fix �L to the central value of 0.6995± 0.0047 ps�1 from the
LHCb B0

s ! J/ K+K� results [6].
The fit values and correlations of the CP -violating parameters are shown in Table 4

for Solution I. The shape parameters of f0(980) and f0(1500) resonances are found to be
consistent with our previous results [21]. The angular and decay-time fit projections are
shown in Fig. 4. The m⇡⇡ fit projection is shown in Fig. 5, where the contributions of the
individual resonances are also displayed. All solutions listed in Table 3 give very similar
fit values for �s and �H. We also find that the CP -odd fraction is greater than 97% at
95% confidence level. The resonant content for Solutions I and II are listed in Table 5.

Table 4: Fit results for the CP -violating parameters for Solution I. The first uncertainties are
statistical, and the second systematic. The last three columns show the statistical correlation
coe�cients for the three parameters.

Fit result Correlation
Parameter �H � �B0 |�| �s

�H � �B0 ( ps�1) �0.050± 0.004± 0.004 1.000 0.022 0.038
|�| 1.01+0.08

�0.06 ± 0.03 0.022 1.000 0.065
�s (rad) �0.057± 0.060± 0.011 0.038 0.065 1.000

10

LHCb has also measured from a time dependent amplitude 
analysis of BS®J/y π+π- using data up to 2016 used

PHYS. LETT. B797 (2019) 134789

Uncertainty on
Γ"# similar size
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LHCb: High mass KK

LHCb has studied
CP violation using
J/ψKK events above 
ϕ resonance with Run 1
data

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 B0

s and B0

s decays into the J/ K+K� final state using a time-dependent
amplitude analysis. In the mKK > 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 B0

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 B0

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 B0

s and B0

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 mKK > 1.05 GeV,
mKK < 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

JHEP08(2017)037

f 0
2(1525)

�(1680)

�(1020)
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Summary of ϕs
LHCb:
BS®J/y K+K-

BS®J/y(ee) K+K-

BS® J/y p+p-
BS® y(2s)f
BS® Ds

+Ds
-

BS®J/yf 
ATLAS
CMS
LHCb
CDF
D0

Combination with all measurements

• �J/ KK
s = �0.050± 0.017 rad, �cc̄s

s = �0.039± 0.016 rad

• Consistent with the prediction of Global fits assuming SM

V. Jevtic, P. Li sin 2� and �s June 9, 2023 37 / 39

Combination with all measurements

• �J/ KK
s = �0.050± 0.017 rad, �cc̄s

s = �0.039± 0.016 rad

• Consistent with the prediction of Global fits assuming SM

V. Jevtic, P. Li sin 2� and �s June 9, 2023 37 / 39

In agreement with the SM predictions
Note large scale factor on ΔΓ!, Γ!
reflecting tensions in experimental data

�ccs
s = �0.039± 0.016 rad

<latexit sha1_base64="OB68b3sZmmm+6yRbGQ6sAEMg0xc="></latexit>
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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 B
0
! 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 B
0
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 B

0
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 B

0
s
! J/ K

⇤0. To that end, the transition
amplitude for the B

0
s
! J/ K

⇤0 decay is written in the general form

A
�
B

0
s
! (J/ K⇤0)i

�
= ��Ai

⇥
1� aie

i✓ie
i�
⇤
, (23)

18
JHEP 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

a0 = 0.01+0.10
�0.01 , ✓0 = �

�
83+97

�263

��
,

����
A

0
0

A0

���� = 1.195+0.074
�0.056 ,

ak = 0.07+0.11
�0.05 , ✓k = �

�
85+72

�63

��
,

�����
A

0
k

Ak

����� = 1.238+0.104
�0.080 ,

a? = 0.04+0.12
�0.04 , ✓? =

�
38+142

�218

��
,

����
A

0
?

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 |A

0
/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 B
0
! 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 B

0
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

f0 = 0.497 ± 0.025 (stat) ± 0.025 (syst)
fk = 0.179 ± 0.027 (stat) ± 0.013 (syst)

A
CP

0 (B0
s
! J/ K

⇤0) = �0.048 ± 0.057 (stat) ± 0.020 (syst)
A

CP

k (B0
s
! J/ K

⇤0) = 0.171 ± 0.152 (stat) ± 0.028 (syst)

A
CP

? (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 B

0
! 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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! J/ ⇢0. Superimposed are the confidence level contours obtained from a �2 fit to the data.
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LHCb: and charmless…

B0
s ! ��

studied with Run 1B0
s ! K⇤K

⇤

B0
s ! �⇡+⇡�

Can also look for CP violation
in Bs mixing in loop diagrams
e.g
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Figure 1: (a) Mass distribution of the B0
s ! �� candidates, superimposed by the fit projections.

(b-d) Background-subtracted distributions of angular variables (cos ✓1 and �) and decay time,
superimposed by the fit projections.

to be 15840 ± 140. Based on the result of the fit to the mass distribution, a signal
weight is assigned to each candidate using the sPlot method [37]. These signal weights
are subsequently used in a maximum-likelihood fit [38] to the decay-time and angular
distributions in order to statistically subtract the background contribution.

The decay of a B0
s meson to the K+K�K+K� final state can proceed via the ��, �f0

and f0f0 intermediate states. Due to the small phase space of the decay f0 ! K+K�

and the narrow K+K� mass window used to select the � candidates, the latter two
contributions are highly suppressed and found to be negligible from an angular fit that
accounts for these contributions. Thus in the subsequent analysis, only the B0

s ! �� decay
is considered. The di↵erential decay rate is written as the sum of six terms, corresponding
to contributions from the three polarization states and their interferences,

d4�(t, ~⌦)

dtd~⌦
/

6X

k=1

hk(t)fk(~⌦) , (1)

where t is the decay time of the B0
s meson, and ~⌦ = (✓1, ✓2,�) denotes the helicity angles

of the two K+ mesons in the corresponding � rest frame (✓1, ✓2) and the angle between the
two � ! K+K� decay planes (�). The angular functions fk(~⌦) are defined in Ref. [18].
The time-dependent functions hk(t) are given by

hk(t) = Nke
��st


ak cosh

✓
��s

2
t

◆
+ bk sinh

✓
��s

2
t

◆
+Qck cos(�ms t) +Qdk sin(�ms t)

�
.
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Run 2 update this Spring

uncertainties estimated in the fit are reliable after correcting for the background dilution
e↵ect.

Various checks of the fit procedure are performed by splitting the data sample according
to magnet polarity, trigger selection, tagging category, data-taking period, and multiple
decay-time and B0

s -meson pT intervals. The e↵ect of tightening the kaon-identification
and MLP-output requirements is also studied. The fit results are compatible between
di↵erent subsamples in all checks.

The polarization-independent measurements of the CP -violation parameters �sss
s and

|�| in B0
s ! �� decays presented here are combined with the LHCb Run 1 measurements,

�sss
s = �0.17 ± 0.15 (stat) ± 0.03 (syst) rad and |�| = 1.04± 0.07 (stat)± 0.03 (syst) [17]

using the procedure described in Ref. [42]. In the combination, those systematic
uncertainties that arise from the same origin are taken to be completely correlated between
the Run 1 and Run 2 results. The combined values of the CP -violation parameters are
�sss
s = �0.074± 0.069 rad and |�| = 1.009± 0.030, with a correlation coe�cient of �0.02.

This is the most precise measurement of CP violation in B0
s ! �� decays to date, as is

illustrated in Fig. 2.
A polarization-dependent fit is performed using the same data set, where the parameters

�s,i and �i can take di↵erent values for the three polarization states. To reduce parameter
correlations in the fit, the phase di↵erences, �s,k � �s,0 and �s,? � �s,0, and ratios, |�?/�0|
and |�k/�0|, are used as fit parameters. The measured values are

�s,0 = �0.18± 0.09 rad , |�0| = 1.02± 0.17 ,

�s,k � �s,0 = 0.12± 0.09 rad , |�?/�0| = 0.97± 0.22 ,

�s,? � �s,0 = 0.17± 0.09 rad , |�k/�0| = 0.78± 0.21 ,

where the uncertainties are statistical only. No significant di↵erence between di↵erent
polarization states is observed.

In conclusion, a measurement of the polarization-independent CP -violation observables
in B0

s ! �� decays is performed using data collected with the LHCb detector in 2015–2018,
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Figure 2: Comparison of �sss
s measurements from this and previous analyses [16–18] by the

LHCb collaboration. The vertical band indicates the SM prediction [6, 7, 9].
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Lots of other modes to explore

observed in Run 1

arxiv: 2304.06198
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Untagged Measurements
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Bsè J/ψη lifetime: Run 2
B0

d ! J/ ⌘B0
s ! J/ ⌘X

combinatorial

Effective lifetime in this channel
previously studied with Run 1 data

Update study to Run 2

~ 15k candidates in Run 2 data
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Bsè J/ψη lifetime: Run 2arxiv:
2206.03088

Run 2

Run 1+ 2 avg

Result in good agreement
with SM prediction and
other decay modes

Statistically limited. Room
for improvement in Run 3  
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Bs lifetime summary  

Combination with all measurements

• �J/ KK
s = �0.050± 0.017 rad, �cc̄s

s = �0.039± 0.016 rad

• Consistent with the prediction of Global fits assuming SM

V. Jevtic, P. Li sin 2� and �s June 9, 2023 37 / 39

Effective lifetimes less precise but consistent with 𝐵" →
𝐽/𝜓𝜙

Tension in measurements of both ΔΓ" and Γ" using 𝐵" →
𝐽/𝜓𝜙 by the LHC collaborations

Effective lifetimes tend to favour ΔΓ" higher than ATLAS 

Maybe largely aesthetic at moment but if you dig deep 
working out where/how Bd lifetime goes into effective 
lifetimes is a bit of a mess.
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Bs lifetime summary  

Figure 4: Summary of the HQE predictions for B-meson lifetimes and their ratios within
scenarios A and B defined in Section 2.3. The theoretical determinations are compared with
the corresponding experimental data, all the respective values are summarised in Table 4.

SU(3)F breaking effects in all the non-perturbative input. Unfortunately the numerical values
of these non-perturbative matrix elements are currently badly known. Therefore we consider
two different scenarios for the parameters m

kin

b (1GeV), µ
2

⇡, µ
2

G, and ⇢
3

D and we observe that
both sets of input yield very similar results for all observables, except for ⌧(Bs)/⌧(Bd).
Within uncertainties all our predictions are found to be in perfect agreement with the corre-
sponding experimental data, again, with the exception of ⌧(Bs)/⌧(Bd), where it appears to
be some tension within Scenario A. Finally, we have explicitly checked that computing the
lifetime ratios entirely within the HQE, i.e. without using the experimental values for ⌧(B

+
)

and ⌧(Bs) as input, leads to very similar results as the ones stated in Table 4 and in Fig. 4,
although with slightly larger uncertainties.

4 Conclusion

With the present work, we have updated the SM prediction, within the framework of the
HQE, for the decay width of the B

+, Bd, and Bs mesons, together with the lifetime ratios
⌧(B

+
)/⌧(Bd) and ⌧(Bs)/⌧(Bd). Compared to the previous study [69], we have, in addition,

included the contribution of the Darwin operator, which is sizeable and crucially affects the

– 20 –
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Observable HQE Scenario A HQE Scenario B Exp. value

�(B
+
)[ps

�1
] 0.563

+0.106
�0.065 0.576

+0.107
�0.067 0.6105± 0.0015

�(Bd)[ps
�1
] 0.615

+0.108
�0.069 0.627

+0.110
�0.070 0.6583± 0.0017

�(Bs)[ps
�1
] 0.597

+0.109
�0.069 0.625

+0.110
�0.071 0.6596± 0.0026

⌧(B
+
)/⌧(Bd) 1.0855

+0.0232
�0.0219 1.0851

+0.0230
�0.0217 1.076± 0.004

⌧(Bs)/⌧(Bd) 1.0279
+0.0113
�0.0113 1.0032

+0.0063
�0.0063 0.998± 0.005

Table 4: Theoretical predictions for the B-meson total decay widths and their lifetimes
ratios, based on the HQE and in correspondence of the scenarios A and B as discussed in the
text. The quoted uncertainties include the variation of all the input parameters and of the
renormalisation scales µ1 and µ0, together with the estimate of higher order power corrections,
all combined in quadrature. The respective experimental determinations are also shown.

determination of the corresponding Bag parameters would be highly desirable. For the ratio
⌧(Bs)/⌧(Bd), the situation is less trivial. The theoretical prediction for this observable is en-
tirely driven by the size of the SU(3)F breaking effects in the non-perturbative matrix elements
of the Bs and Bd mesons. For both of them the dominant contribution from the four-quark op-
erators originates from the WE topology. However, the latter is extremely suppressed, because
of, on one side, the specific combination of the corresponding �B = 1 Wilson coefficients, and,
on the other side, the helicity suppression affecting these diagrams. In light of this, the role of
two-quark operators becomes crucial. Depending on the numerical input values we are using
for µ

2

⇡, µ
2

G and ⇢
3

D, the dimension-five two-quark operators can give contributions of up to
several per mille to ⌧(Bs)/⌧(Bd), while the Darwin operator can even contribute with up to
two per cent, a result absolutely unexpected a priori.
When varying all the input parameters within their uncertainties, as listed in Appendix A,
we obtain the results shown in Table 4 and Fig. 4. In addition, to demonstrate the size of the
individual contribution of different parameters to the error budget for the decay widths and
lifetime ratios, we show the corresponding pie charts in Fig. 5. We find that the main source of
uncertainty to the decay widths comes from the variation of the scale µ1, and that "subdomi-
nant" contributions are due to the b- and c-quark masses and |Vcb|2. In the case of the lifetime
ratio ⌧(B

+
)/⌧(Bd) the error budget is dominated by the value of the Bag parameters and by

the variation of the scale µ0. In this regard, as already stressed above, an independent compu-
tation by lattice QCD of the matrix elements of the dimension-six four-quark operators and
the complete determination of the NNLO-QCD corrections to the corresponding coefficients
might be very helpful in reducing the relative uncertainty. The lifetime ratio ⌧(Bs)/⌧(Bd) is
very sensitive to the parameter ⇢

3

D(B), because of its large coefficient, and to the size of the

– 19 –

arxiv: 2208.02643
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CP even modes: Other possibilities
As mentioned before data taking many CP-even modes were studied in 
the context of 𝜙!

Branching fraction measurements made using these modes
e.g. JHEP 01 (2015) 024 that probe SU(3), 𝜂 − 𝜂′ mixing
Modes with 2 photons are clean but limited statistics, order 
1000 - 2000 events
Single photons good statistics, more challenging backgrounds

Other modes with small branching fractions, feasible but not explored

Branching fraction measurements of 𝜓(2S) modes made with Run 1
(see NUCL. PHYS. B871 (2013) 403 ),  No studies of effective lifetimes

has reasonable statistics and can be used to measure ΔΓ!
independent of  B0 lifetime in combination with BS®J/y π+π-
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sin 2β New

New LHCb Run 2 results using 𝐵$ → 𝐽/𝜓𝐾! (both muons and electrons) 
and 𝐵$ → 𝜓(2𝑆)𝐾!Mass fit and signal yield
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LHCb Run 2 result most precise to date

Still dominated by statistical uncertainty

Important systematic from ΔΓd

Combination of LHCb (S ,C ) measurements

Combination strategy

• Combinations of Run 1 and
Run 2 single measurements are
performed

• Input parameter systematics
�md , ��d , ↵ assumed to be
correlated

New total LHCb combination
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decays
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Summary and preliminary HFLAV 2023 combinations
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Plot WIP

• This measurement is the most precise single measurement of

sin(2�)sin(2�)sin(2�) to date

• The statistical sensitivity is still the limiting sensitivity

V. Jevtic, P. Li sin 2� and �s June 9, 2023 19 / 39

Systematic uncertainties

• Fitter validation

• Generate toys of signal and
background components

• Fit toys, compare to
generation values

• ��d uncertainty

• Vary ��d by HFLAV
uncertainty

• FT calibration portability

• Compare transferred
calibrations to MC truth
calibration channels to
calibrations on signal truth.
Generate toys based on
di↵erence distribution.

• FT �✏ portability

• Compare FT e�ciency
asymmetry on MC
calibration channels and
signal MC. Vary parameter
in fit by di↵erence

• Decay-time bias model

• Decay time calibration
parameters varied in 1�
bounds

Source �(S) �(C )

Fitter validation 0.0004 0.0006
��d uncertainty 0.0055 0.0017

FT calibration portability 0.0053 0.0001
FT �✏tag portability 0.0014 0.0017

Decay-time bias model 0.0007 0.0013

V. Jevtic, P. Li sin 2� and �s June 9, 2023 16 / 39
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sin 2β: Looking back
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Fig. 11: Example for a LHCb fit of the time-dependent asymmetry Eq. (8) with one year’s data.

Tagging method ATLAS CMS LHCb

Lepton 0.039 0.031 0.031 n/a n/a
B– 0.026 n/a 0.023 n/a n/a
SS Jet charge n/a n/a 0.021 n/a n/a
OS Jet charge n/a n/a 0.023 n/a n/a
Lepton and kaon n/a n/a n/a 0.023 0.051
Total 0.017 0.015 0.021

Table 6: Sensitivity to after one year of data taking at the LHC. For the ATLAS sample, lepton tags have
been removed from the B– tagged sample. The four partial CMS results are correlated, but in the total sensitivity overlaps
have been subtracted. The shorthand “n/a” means not available or not applied in this analysis by a particular experiment.

Systematic Uncertainties
In order not to compromise the excellent statistical precision obtainable for the determination of ,
a similar or better control of the systematic uncertainties must be achieved.

A detailed discussion of systematic errors on CP-violation measurements and strategies for their
control are presented in Sec. 6.. As theoretical uncertainties are expected to be very small, the main
contribution to the systematic error comes from the initial-state production-asymmetry and from experi-
mental factors. The latter ones include tagging uncertainties and uncertainties from background.

ATLAS have performed a preliminary estimate of such uncertainties using
and control samples [56]. It is estimated that for a statistical error of

(stat.), achievable after 3 years running, a corresponding systematic error of (sys.),
coming from the limited size of the control channels, can be obtained.

3.2 Probing with
Another benchmark CP mode is , which allows one to probe the CKM angle . Unfor-
tunately, penguin topologies render the interpretation of the CP-violating observables in
terms of difficult.

• Expected LHCb precision with 6 fb-1(back in 2000) was 0.012
• Achieved 0.015, which is remarkably close

• Especially considering the reoptimization of the detector led to less 
acceptance for Ks

LHCb numbers
for 2fb-1
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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 
led to renewed interested in ΔΓd a decade or so ago. 
Important systematic in sin2𝛽 measurement
Measurements from all three LHC collaborations. Most precise experimental
result from ATLAS
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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
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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 

arxiv: 2211.02724

LHCb result is only with 
fraction of Run 1 dataset:
Run 2 update would be interesting 

With 300 fb-1 precision of 0.001
on could be achieved on ΔΓ$/Γ$
By LHCb Upgrade 2. Potential to 
pin down to be non-zero/precision 
SM tests
see arxiv:1808.08865

��SM
d = (2.6± 0.4)⇥ 10�3 ps�1
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Prospects for B-mixing
No sign of NP L
Still room for New Physics amplitude at level of 10 % in Bd , Bs mixing J
In the next decades move from 10 fb-1 to 300 fb-1 with LHCb upgrades
plus ATLAS/CMS/Belle 2Looking at Run 3 and beyond

• Further precision improvement with more data

• Important way to search for NP indirectly
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Looking at Run 3 and beyond

• Further precision improvement with more data

• Important way to search for NP indirectly
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Future sensitivity to new physics in Bd, Bs and K mixings
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24 Avenue des Landais F-63177 Aubiere Cedex

6Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109
7High Energy Accelerator Research Organization, KEK 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

∗for the CKMfitter Group

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

4

sitivity is derived from the counting of the W decays
selected with two jets satisfying b-tagging and c-tagging
algorithms, which performance is given in Refs. [23, 24].
It is already observed from this state-of-the-art starting
point that the precision on the |Vcb| matrix element is
improved by a factor 3–4. The precision of the semilep-
tonic CP asymmetries are obtained from a fast simu-
lation study [26]. A similar method as employed by
LHCb [43] is considered, using a squared-cut based selec-
tion of the decays Bs → Ds!νX , but enhanced to decays
of Ds containing π0 and KS. The obtained statistical
precision is a few times 10−5, which makes possible to
attain the SM value. However, the detection asymme-
tries are expected to be a limitation of the method, at a
level comparable to the statistical uncertainty.

B. Current status

The present constraints on the magnitudes of NP con-
tributions to the Bd and Bs mixing amplitudes are shown
in Fig. 1, with inputs corresponding to the Summer 2019
version of the CKMfitter Collaboration updates [18], to
which we add the inputs Ad

SL = 0.0000 ± 0.0019 and
As

SL = +0.0016 ± 0.0030 (with +6.6% correlation) [17].
In the SM fit (hd = hs = 0) the pulls of the observables
∆md and ∆ms are 1.7 and 1.3 σ, respectively. Allowing
for NP contributions, the fit shown in Fig. 1 favors hd

and hs somewhat away from the origin, alleviating the
pulls of ∆md and ∆ms to 0.4 and 0.2 σ, respectively.
Fig. 1 shows agreement with the SM hypothesis at ∼ 1σ.
In the NP scenario, the 1σ intervals for the Wolfenstein

parameters are

A = 0.813+0.016
−0.015 , λ = 0.224835+0.000255

−0.000059 ,

ρ̄ = 0.122+0.025
−0.022 , η̄ = 0.371+0.022

−0.015 . (4)

Note that the uncertainties of ρ̄ and η̄ increase by about
a factor of 3 compared to the fits assuming the SM, while
for the NP parameters we obtain

hd = 0.075+0.153
−0.064 , hs = 0.048+0.048

−0.048 ,

σd = −1.40+0.97
−0.23 , (5)

with σs unconstrained at 1σ. The plot in Fig. 1 is
obtained by treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This cor-
responds to the case of generic NP, ignoring possible
model-dependent relations between different ∆F = 2
transitions. The constraint from εK has negligible im-
pact throughout this paper when no NP in the kaon sec-
tor is considered; when NP in this sector is allowed as
mentioned in the Introduction, εK probes NP mediat-
ing ∆S = 2 transitions, with no impact whatsoever on
our analyses. One can see from Fig. 1 that LHCb mea-
surements have imposed comparable constraints on NP
in Bs mixing to those in the Bd system. This qualitative
picture will continue to hold in the future.
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FIG. 1. Current sensitivities to hd−hs in Bd and Bs mixings
as of Summer 2019 [18]. The black dot indicates the best-fit
point, and the dotted curve shows the 99.7%CL (3σ) contour.

To estimate and plot future sensitivities for our
Phase I, II, and III benchmarks, we adjusted the cen-
tral values of the input measurements to their best fit
values in the SM global fit of 2019, in order to eliminate
tensions when moving to smaller uncertainties in the fu-
ture scenarios. The effect of adjusting the central values
is illustrated by the top left plot in Fig. 2, which shows
the fit with the adjusted central values of Table I and
the same uncertainties as in Fig. 1. By construction, the
p-value in Fig. 2 is maximal at hd = hs = 0. It turns out
that both fits yield similar 3σ bounds on hd and hs.

C. Phase I exploration

As indicated in Table I, compared to the current sta-
tus, the uncertainties of many nonperturbative theoreti-
cal inputs are anticipated to be improved by a factor of
at least 1.5, up to 4. In particular, uncertainties of the
bag parameters and decay constants, necessary for pre-
dicting the mass differences of the two Bd and Bs mass
eigenstates, will all go below the percent level. At the
same time, Belle II will improve the determinations of
the CKM matrix elements |Vcb| and |Vub|, by measuring
the semileptonic channels B → D(∗)!ν̄, and B → π!ν̄.
The LHCb collaboration has measured |Vcb| for the first
time at a hadronic machine [44] and is expected to con-
tribute to the final precision of the world average. Yet,
this is not taken into account in the anticipated preci-
sion of this observable considered here. Moreover, the
uncertainties in the determinations of the angles of the
Bd unitary triangle will reach around the 1◦ level.
These improvements on theoretical inputs and data

translate into much better constraints on the hd − hs

plane parameterizing the size of NP in Bs and Bd meson-

5
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FIG. 2. Current (top left), Phase I (top right), Phase II (bottom left), and Phase III (bottom right) sensitivities to hd − hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the different inputs have been adjusted).
The dotted curves show the 99.7%CL (3σ) contours.

Fit description (Phase I)
Sensitivities at 1σ

hd hs

main fit [0, 0.040] (100%) [0, 0.036] (100%)

no {fBs , fBs/fBd
, BBs , BBs/BBd

} uncertainties [0, 0.036] (90%) [0, 0.033] (92%)

no ηB uncertainty [0, 0.035] (88%) [0, 0.031] (86%)

no {fBs , fBs/fBd
, BBs , BBs/BBd

, ηB} uncertainties [0, 0.032] (80%) [0, 0.029] (81%)

TABLE II. The role of input uncertainties in the Phase I results, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1σ, and percentages correspond to the relative uncertainty with respect to the main fit.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the “Stage II” sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the effects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
differences ∆md and ∆ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-
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FIG. 2. Current (top left), Phase I (top right), Phase II (bottom left), and Phase III (bottom right) sensitivities to hd − hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the different inputs have been adjusted).
The dotted curves show the 99.7%CL (3σ) contours.
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TABLE II. The role of input uncertainties in the Phase I results, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1σ, and percentages correspond to the relative uncertainty with respect to the main fit.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the “Stage II” sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the effects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
differences ∆md and ∆ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-
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Thoughts
The Run 1+2 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 not fully exploited: CP even eigenstates L

Several measurements still to be updated to full dataset: important to exploit
power of Run 1+2 datasets of all LHC experiments (while balancing that 
Run 3 is the future) 

Entering the era of the LHC upgrades and Belle 2
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Thoughts
Personal top 3 pick of things
still to be done with Run 2

B+ and B0 lifetime: Improve precision
of standard candles. With Run 2 LHCb
alone statistical precision of 1 ps
can be achieved for B+

ΔΓd : Many good reasons to
measure better

b-baryon lifetimes: a lot of
progress in Run 1, but no Run 2 results?
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Thoughts
The upgrade era is (almost) here

Early days of LHCb upgrade will provide many interesting opportunities 

Lifetimes then Δms, Δmd ideal early program measurements to demonstrate new 
detector capabilities (as was case in 2010)
Bonus: New pixel detector with different systematic uncertainties 

Since systematics are important mandatory to cross-check results with different 
modes, techniques and experiments 

Run 3 provides 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+2

• No sign of New Physics L

Still more Run 2 to come

• Both tree-level and with charmless decays 

Important to exploit precision by controlling theoretical uncertainties with 
data driven approaches

• Ensure that less high impact supporting measurements and cross-checks
get done

Run 3: will give even larger datasets, with new and more precise detectors
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“Lanark said irritably, "You seem to understand my questions, but your 
answers make no sense to me."
"That's typical of life, isn't it?”
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Predictions for ΔΓ!
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Table 1: Recent Standard Model predictions for ��s.

Value [⇥10
�2

ps
�1

] Renormalization scheme Reference

7.7± 2.2 Pole mass Asatrian et. al. [1]

8.8± 1.8 MS Asatrian et. al. [1]

9.2± 1.4 MS Davies et. al. [2]

9.1± 1.3 MS Lenz et. al. [3]

7.6± 1.7 Avg. MS + PS Gerlach et. al. [4]

References

[1] Hrachia M. Asatrian et al. Penguin contribution to the width di↵erence and

asymmetry in mixing. Phys. Rev. D, 102(3):033007, 2020.

[2] Christine T. H. Davies et al. Lattice qcd matrix elements for the B0
s � B̄0

s

width di↵erence. Phys. Rev. Lett., 124(8):082001, 2020.

[3] Alexander Lenz and Gilberto Tetlalmatzi-Xolocotzi. Model-independent

bounds on new physics e↵ects. JHEP, 07:177, 2020.

[4] Marvin Gerlach et al. The width di↵erence in B� B̄ mixing at order ↵s and

beyond. JHEP, 04:006, 2022.

1

proj

matthew.needham

June 2023

1 Introduction

Table 1: Recent Standard Model predictions for ��s.

Value [⇥10
�2

ps
�1

] Renormalization scheme Reference

7.7± 2.2 Pole mass Asatrian et. al. [1]

8.8± 1.8 MS Asatrian et. al. [1]

9.2± 1.4 MS Davies et. al. [2]

9.1± 1.3 MS Lenz et. al. [3]

7.6± 1.7 Avg. MS + PS Gerlach et. al. [4]

References

[1] Hrachia M. Asatrian et al. Penguin contribution to the width di↵erence and

asymmetry in mixing. Phys. Rev. D, 102(3):033007, 2020.

[2] Christine T. H. Davies et al. Lattice qcd matrix elements for the B0
s � B̄0

s

width di↵erence. Phys. Rev. Lett., 124(8):082001, 2020.

[3] Alexander Lenz and Gilberto Tetlalmatzi-Xolocotzi. Model-independent

bounds on new physics e↵ects. JHEP, 07:177, 2020.

[4] Marvin Gerlach et al. The width di↵erence in B� B̄ mixing at order ↵s and

beyond. JHEP, 04:006, 2022.

1


