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The CKM matrix
• Quark flavour mixing determined by the CKM 

matrix – connects weak eigenstates to mass 
eigenstates 

𝑉CKM =
𝑉!" 𝑉!# 𝑉!$
𝑉%" 𝑉%# 𝑉%$
𝑉&" 𝑉&# 𝑉&$

• Unitarity of CKM matrix leads to the unitarity 
relations that form triangles in the complex 
plane

&
'

𝑉('𝑉)'∗ = 0

• CP violation in the SM comes from complex 
phase in CKM matrix
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CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005) 
[hep-ph/0406184], updated results and plots available at: 
http://ckmfitter.in2p3.fr 

http://ckmfitter.in2p3.fr/


Measuring the CKM 
parameters
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𝐵! → 𝐽/𝜓𝐾"!

𝐵#! → 𝐽/𝜓𝜙 

𝐵!

"𝐵!

𝑓

ΔΓ

Interference between 
mixing and decay

𝐵#! → 𝐽/𝜓𝜂′ and 
𝐵#! → 𝐽/𝜓𝜋$𝜋%

𝐵! triangle 𝐵"! triangle



The LHCb experiment – Run 1 and Run 2  

Vertex Locator (VELO) tracks 
particles to reconstruct 
primary vertex

RICH detectors use 
Cherenkov light to 
identify particle types!

The T-Stations provide particle 
tracking information which allows 
us to reconstruct particle tracks 

Electromagnetic (ECAL) and 
Hadronic (HCAL) calorimeters to 
measure particle energies

Muon stations for 
detecting muons 
from decays

proton beam proton beam

collision point!
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Alves, A., & others (2008). The LHCb 
Detector at the LHC. JINST, 3, S08005.

momentum resolution: 
Δ p / p = 0.5 % at low momentum 
to 1.0% at 200 GeV/c 

impact parameter resolution: 
(15 +29/pT[GeV] ) μm 

https://jinst.sissa.it/LHC/LHCb/2008_JINST_3_S08005.pdf


Measurement of sin 2𝛽  with 𝐵! → 𝐽/𝜓𝐾"!

CP violation 
parameters 𝐵! − (𝐵! 

mixing 
frequency

𝐵 mass eigenstate 
decay width difference, 
compatible with zero 
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contributions from penguin topologies 
CKM suppressed: small in SM 

possible contributions 
from new physics 

𝒜!" 𝑡 	≈ 	𝑆 sin Δ𝑚#𝑡 − 𝐶 cos Δ𝑚#𝑡
𝑆 = sin(2𝛽 + Δ𝜙# + Δ𝜙#$")

Using Run 2 data (6fb-1). Three modes:
• 𝐵% → 𝐽/𝜓 → 𝜇&𝜇' 𝐾(%, 306k events
• 𝐵% → 𝐽/𝜓 → 𝑒&𝑒' 𝐾(%, 42k events
• 𝐵% → 𝜓(2𝑆) → 𝜇&𝜇' 𝐾(%, 23k events

measure CP violation parameters S and C

𝒜!" 𝑡 =
Γ E𝐵% 𝑡 → 𝑓 − Γ(𝐵% 𝑡 → 𝑓)
Γ E𝐵% 𝑡 → 𝑓 + Γ(𝐵% 𝑡 → 𝑓)

=
𝑆 sin Δ𝑚#𝑡 − 𝐶 cos Δ𝑚#𝑡 	

cosh 1
2 	ΔΓ#𝑡 +	𝒜)* sinh

1
2 	ΔΓ#𝑡

Phys. Rev. Lett. 132, 021801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021801


is considered and modeled by a second-degree polynomial of the decay-time uncertainty.
The parameters of the model are determined from a fit to the decay-time distribution of
a data sample made of J/ ⇡+⇡� candidates compatible with originating from the PV.
The e↵ect of the decay-time dependent signal-reconstruction e�ciency is accounted for
by multiplying the total PDF by a cubic spline model, whose shape is allowed to float
in the fit. The parameters �md and �d are allowed to vary in the fit with Gaussian
constraints to their known values [10]. Similarly, the FT calibration parameters and
the production asymmetry are constrained to the B0 ! J/ K⇤0 fit results using the
full covariance matrix. The e↵ect of kaon regeneration and CP violation in the neutral
kaon system on the CP -violation parameters of the B0 system are estimated [33, 34]
and applied as a correction for each mode. The correction assigned to the combined
fit is +0.0016 for S and �0.0035 for C. Figure 2 shows the decay-time distribution
of the signal candidates with the fit result overlaid. Figure 3 shows the corresponding
CP asymmetry as a function of decay time, where the data points correspond to the
maximum-likelihood estimator of the time-integrated CP asymmetry in each decay-time
bin, defined as ACP

int = �(
PN

j jdjDj)/(
PN

j jD
2
j ), whereby Dj = (1 � !+

j � !�
j ) is the

tagging dilution, dj is the tagging decision, and j is the signal event weight obtained
with the sPlot method.
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𝐵0-𝐵0 yield asymmetryTotal fit

Figure 3: Time-dependent CP asymmetry from the maximum-likelihood estimator of the binned
asymmetry with the fit result overlaid.

Several sources of systematic uncertainties on the CP -violating observables are investi-
gated, including those associated with the choice of fit model and the uncertainty of the
external inputs. The corresponding e↵ects are studied using pseudoexperiments in which
ensembles of pseudodata are generated using parameters that di↵er from those used in the
baseline fit. The generated datasets are then fitted with the nominal model to test whether
biases in the parameters of interest occur. Each contribution is evaluated separately in
each signal mode. Sources of leading systematic uncertainty are listed in Table 2. A small
bias in the result of the baseline fit is observed and assumed to be fully correlated among
di↵erent signal modes. The resulting systematic uncertainty on the combined result is
obtained from the arithmetic mean of individual decay channels. Other sources of system-
atic uncertainty are assumed to be uncorrelated. The total systematic uncertainty for the
combined fit is a weighted average of the individual uncertainties, taking into account the
sensitivity of each mode to the CP -violating parameters. The systematic uncertainty due

6

Measurement of sin 2𝛽  
with 𝐵! → 𝐽/𝜓𝐾"!

Weighted fit to decay 
time distribution to 
extract 𝑆	and 𝐶 
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Figure 1: Invariant-mass distribution of the selected candidates with an identified flavor at
production of the three signal channels.
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Figure 2: Decay-time distribution of the signal with an identified flavor at production, where
the background is statistically subtracted by means of the sPlot method. The projections of the
time-dependent fit for the individual contributions of the three decay modes and for the total
are superimposed.

with

PB0,(B0)(t) / (1⌥ ↵)(1⌥�✏tag)[1⌥ S sin(�mdt)± C cos(�mdt)], (3)

and where �d is the B0 decay width. The decay-time resolution is accounted for in the fit
by convolving Eq. (2) with a decay-time resolution model that is validated on simulation,
corresponding to an e↵ective resolution of about 60 fs. The e↵ect of the resolution
on the CP -asymmetry amplitude is at the level of 0.5‰ and thus small compared to
the statistical sensitivity. The resolution model consists of the sum of three Gaussian
distributions centered at zero with widths defined as linear functions of the decay-time
uncertainty. A possible bias in the decay-time reconstruction due to VELO misalignment
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Figure 2: Decay-time distribution of the signal with an identified flavor at production, where
the background is statistically subtracted by means of the sPlot method. The projections of the
time-dependent fit for the individual contributions of the three decay modes and for the total
are superimposed.

with

PB0,(B0)(t) / (1⌥ ↵)(1⌥�✏tag)[1⌥ S sin(�mdt)± C cos(�mdt)], (3)

and where �d is the B0 decay width. The decay-time resolution is accounted for in the fit
by convolving Eq. (2) with a decay-time resolution model that is validated on simulation,
corresponding to an e↵ective resolution of about 60 fs. The e↵ect of the resolution
on the CP -asymmetry amplitude is at the level of 0.5‰ and thus small compared to
the statistical sensitivity. The resolution model consists of the sum of three Gaussian
distributions centered at zero with widths defined as linear functions of the decay-time
uncertainty. A possible bias in the decay-time reconstruction due to VELO misalignment
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Phys. Rev. Lett. 132, 021801

Single most precise determination 
of CKM angle 𝛽  – still statistics 
dominated

𝑆)*!" = 0.717 ± 0.013(stat)	±	0.008(syst) 
𝐶)*!" = 0.008 ± 0.012(stat)	±	0.003(syst) 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.021801


Measurement of 𝜙# with 𝐵#! → 𝐽/𝜓𝜙 

• A golden mode for study of 
CP violation
• Probe of CKM parameter 𝛽#
• Neglecting subleading loop 

contributions, CP violating 
phase  𝜙#+ ̅+# = −2𝛽# 
• 𝛽# ≡ arg[−(𝑉-#𝑉-.∗ )/(𝑉+#𝑉+.∗ ]

• SM prediction very precise
−2𝛽#"I = −0.037 ± 0.001	rad.
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Phys. Rev. Lett. 132, 051802

349k events 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802


Measurement of 𝜙# 
with 𝐵#! → 𝐽/𝜓𝜙
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Figure 3: Definition of helicity angles as discussed in the text.

distribution of the reconstructed decay angles of the final-state particles.
In contrast to Ref. [5], this analysis uses the decay angles defined in the helicity

basis as this simplifies the angular description of the background and acceptance. The
helicity angles are denoted by ⌦ = (cos ✓K , cos ✓µ,'h) and their definition is shown in
Fig. 3. The polar angle ✓K (✓µ) is the angle between the K+ (µ+) momentum and the
direction opposite to the B0

s
momentum in the K+K� (µ+µ�) centre-of-mass system.

The azimuthal angle between the K+K� and µ+µ� decay planes is 'h. This angle is
defined by a rotation from the K� side of the K+K� plane to the µ+ side of the µ+µ�

plane. The rotation is positive in the µ+µ� direction in the B0

s
rest frame. A definition

of the angles in terms of the particle momenta is given in Appendix A.
The decay can be decomposed into four time-dependent complex amplitudes, Ai(t).

Three of these arise in the P-wave decay and correspond to the relative orientation of the
linear polarisation vectors of the J/ and � mesons, where i 2 {0, k,?} and refers to the
longitudinal, transverse-parallel and transverse-perpendicular orientations, respectively.
The single K+K� S-wave amplitude is denoted by AS(t).

The distribution of the decay time and angles for a B0

s
meson produced at time t = 0

is described by a sum of ten terms, corresponding to the four polarisation amplitudes
and their interference terms. Each of these is given by the product of a time-dependent
function and an angular function [13]

d4�(B0

s
! J/ K+K�)

dt d⌦
/

10X

k=1

hk(t) fk(⌦) . (1)

The time-dependent functions hk(t) can be written as

hk(t) = Nke
��st [ak cosh

�
1

2
��st

�
+ bk sinh

�
1

2
��st

�

+ ck cos(�mst) + dk sin(�mst)], (2)

where �ms is the mass di↵erence between the heavy and light B0

s
mass eigen-

states. The expressions for the fk(⌦) and the coe�cients of Eq. 2 are given in Ta-
ble 2 [17, 18]. The coe�cients Nk are expressed in terms of the Ai(t) at t = 0, from

3

• 𝜙#+ ̅+# extracted from 4D fit to decay time and 
three helicity angle distributions
• Disentangle CP odd and even components 
• Flavour tagging and decay time acceptance 

accounted for
• Fit results using rull Run 2 dataset with 349k 

events:

𝜙# = −0.039 ± 0.022 stat. ± 0.006 syst. 	rad.	

• Most precise measurement of 𝜙# to date 
and consistent with the SM prediction

Phys. Rev. Lett. 132, 051802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802


Measurement of 𝜙## ̅## with 𝐵#! → 𝜙𝜙 

• Another golden mode of LHCb 
• Probe of CP violation in penguin-

dominated decays 
• Experimentally clean 
• CP violation in mixing and decay 

predicted to cancel in the SM
𝜙## ̅## = 𝜙, − 𝜙- ≈ 0

 Upper limit: 0.02 rad.[1]

• Significant deviation from zero is 
clear signature of BSM physics 
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Phys. Rev. Lett. 131, 171802

[1] Matthaeus Bartsch, Gerhard Buchalla, 
& Christina Kraus. (2008). B -> V_L V_L 
Decays at Next-to-Leading Order in QCD. 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171802
https://arxiv.org/abs/0810.0249
https://arxiv.org/abs/0810.0249


• Value of 𝜙###̅# extracted from 4D fit to decay 
time and three helicity angle distributions

• Fit results using full Run 2 dataset with 15.8k 
events:

𝜙## ̅## = −0.042 ± 0.075 stat. ± 0.009	(syst.)	rad

• Most precise measurement of time-dependent 
CP asymmetry in penguin dominated 𝐵 decays 
to date and consistent with the SM prediction

Measurement of 𝜙## ̅## 
with 𝐵#! → 𝜙𝜙 
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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.

combinatorial background is represented by an exponential function. The yields of the
three components, the position and resolution of the signal component and the slope of
the background exponential function are allowed to vary in the fit. The B0

s ! �� signal
yield is measured 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].
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Table 2: Systematic uncertainties for physics parameters in the polarization-independent fit, the
values are given in units of 10�3 (10�3 rad for angles).

Source �sss
s |�| |A0|2 |A?|2 �k � �0 �? � �0

Time resolution 4.9 2.6 0.8 0.8 0.1 3.4
Flavor tagging 4.8 4.7 0.9 1.3 1.2 9.7
Angular acceptance 3.9 4.9 1.4 1.7 4.7 1.2
Time acceptance 2.3 1.7 0.1 0.1 5.6 0.7
Mass fit & factorization 2.2 4.4 1.9 2.3 2.3 2.5
MC truth match 1.1 0.2 0.1 0.1 0.2 0.3
Fit bias 0.8 0.7 0.9 0.3 3.6 0.7
Candidate multiplicity 0.3 0.2 0.1 0.8 0.2 0.1
Total 8.8 8.6 2.7 3.3 8.5 10.7

�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. [43]. 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 ,

-12011, 1 fb

-1Run 1, 3 fb

-1Run 1 + 2015 + 2016, 5 fb

-1Run 2, 6 fb

-1Run 1 + Run 2, 9 fb

 [rad]sss
sφ

3− 2− 1− 0 1

LHCb

SM prediction

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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Phys. Rev. Lett. 131, 171802

Mary Richardson-Slipper (University of Edinburgh)

15.8k events 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.171802


Measurement of ΔΓ# with 𝐵#! → 𝐽/𝜓𝜂′ 
and 𝐵#! → 𝐽/𝜓𝜋%𝜋& Since 𝜙! small,  to good 

approximation 
• CP-even measures light lifetime
• CP-odd measures heavy lifetime 

ΔΓ! is measured from decay-width 
difference between 
• CP-even decay 𝐵!" → 𝐽/𝜓𝜂′  and
• 𝐵!" → 𝐽/𝜓𝜋#𝜋$ which is CP-odd via 

the 𝑓" 980  resonance
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Tensions exist in measurements of ΔΓ"  using 
𝐵"! → 𝐽/𝜓𝜙 from LHCb, ATLAS and CMS 

J. High Energ. Phys. 2024, 253

Amhis, Y., et. al. (2024). For the 2024 edition of the Review of
Particle Physics by the Particle Data Group Independent cross-check!

OLD

https://link.springer.com/article/10.1007/JHEP05(2024)253
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2024/
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2024/


with the fit projection overlaid for each dataset are shown in Fig. 1 for the B0

s ! J/ ⌘0

candidates and in Fig. 2 for the B0

s ! J/ ⇡+⇡� candidates.
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Figure 1: Invariant mass distributions with the fit projection overlaid for the J/ ⌘0 mode for the
four datasets. For each dataset the eight time bins are summed.

The fit model for the J/ ⌘0 invariant-mass distribution has four components: the
B0

s ! J/ ⌘0 signal, the B0 ! J/ ⌘0 decay, the partially reconstructed decay B0

s ! J/ �
with �! ⇡+⇡�⇡0, and combinatorial background. The default signal model is chosen to
be a double-sided Crystal Ball (DSCB) function. This is a generalization of the Crystal
Ball function [31] with power law tails on both sides of the mass peak. In the fit to the
data, the DSCB tail parameters are fixed to the values obtained from simulation, while
the mean and resolution parameter (�r) are left free.

The B0 ! J/ ⌘0 decay is modelled using a DSCB shape with the same tail parameters
as the B0

s component. Since the mass resolution scales with the energy release, Q-value, the
resolution parameter for this component is constrained to sQ · �r, where sQ = 0.97± 0.02.
The di↵erence in the positions of the B0

s and B0 mass peaks is also Gaussian-constrained
to the known value of m(B0

s )�m(B0) = 87.22± 0.16MeV/c2 [12]. The yield of the B0

component is left free in each decay-time bin since the fraction of B0

s and B0 decays
depends on the decay-time.

Partially reconstructed background from the B0

s ! J/ � decay with �! ⇡+⇡�⇡0 is
modelled with a bifurcated Gaussian function. In the fit to the data, the shape parameters
are fixed to the values obtained from simulation while the relative fraction compared to
the signal mode, f�, is left free. The combinatorial background component is modelled by
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Figure 3: Measurements of R for the four datasets. The red line for each plot shows the result
of the fit described in the text.

Table 2: Values of ��s and the �2 probability obtained from the fits to R for the four datasets.
The uncertainties are statistical.

Dataset ��s [ ps�1] P(�2)
2011&12 0.039 ± 0.026 0.83
2015&16 0.081 ± 0.022 0.77
2017 0.117 ± 0.024 0.57
2018 0.102 ± 0.021 0.78

Ai. To estimate the uncertainty due to this choice, a parabolic model and a histogram-
based approach are considered. Based on these studies, an uncertainty of 3.0 ns�1 is
assigned. For the 2011&12 dataset, where the acceptance corrections due to the trigger
and selection are largest, additional data-driven checks of the acceptance ratio are made
using the methods described in Ref. [33]. Though the individual acceptance correction for
each mode changes, Ai is not significantly a↵ected, and no further uncertainty is assigned.

The correctness of the fit procedure has been extensively verified using pseudoexper-
iments. The largest bias found in those tests arises from the choice of the decay-time
value used to evaluate the acceptance correction. Based upon those studies, a 0.3 ns�1

uncertainty is assigned.
Several uncertainties arise from the limited knowledge of physics inputs to the fit.
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Figure 2: Invariant mass distributions with the fit projection overlaid for the J/ ⇡+⇡� mode for
the four datasets. For each dataset the eight time bins are summed.

an exponential function, with the slope allowed to float independently in each of the eight
decay-time bins.

The J/ ⇡+⇡� invariant-mass fit model has five components: the B0

s ! J/ ⇡+⇡� signal,
the B0 ! J/ ⇡+⇡� decay, the misreconstructed B0 ! J/ K+⇡� decay, B0

s ! J/ ⌘0

decays with ⌘0 ! ⇡+⇡��, and combinatorial background. The invariant mass distribution
of the B0

s ! J/ ⇡+⇡� decay is well described by the sum of two DSCB functions with
common mean and tail parameters. In the fit to the data, the tail parameters are fixed
to the values obtained from simulation. Each of the two resolution parameters obtained
from the simulation are multiplied by a scale-factor that varies freely in the fit. The
B0 ! J/ ⇡+⇡� decay is dominated by an intermediate ⇢0 meson and is suppressed by the
requirement that the dipion mass is within 90MeV/c2 of the known mass of the f0(980)
resonance. The remaining background from this source is modelled with the sum of two
DSCB functions with the same tail and fraction parameters as for the B0

s ! J/ ⇡+⇡�

decay. The position of the peak is Gaussian-constrained relative to the B0

s and the mass
resolution is constrained to the B0

s mode assuming Q-value scaling.
The decay B0 ! J/ K+⇡� is suppressed using the veto explained in Sec. 3. The

shape of the remaining background from this source is modelled using a histogram
template obtained from the RapidSim simulation which is convolved with the detector
resolution. The size of this component is estimated by studying the J/ K+⇡� invariant
mass distribution in data. Using these studies, the fraction of this component is constrained
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and 𝐵#! → 𝐽/𝜓𝜋%𝜋&
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2018 only 
time bins 
summed

J. High Energ. Phys. 2024, 253

Weighted average with systematics 
ΔΓ# = 0.087 ± 0.012	 ± 0.009	 ps-1

In agreement with LHCb 𝐵#! → 𝐽/𝜓𝜙 result!

𝐴! 	relative efficiency in 
decay time bin

2018 only 
time bins 
summed
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Figure 4: Measurement of ��s for the four datasets and their weighted average. The orange
band is the 1� error band.

7 Summary

Using the full LHCb pp collision dataset collected between 2011 and 2018, the B0

s ! J/ ⌘0

and B0

s ! J/ ⇡+⇡� decay modes are used to measure the decay-width di↵erence

��s = 0.087± 0.012± 0.009 ps�1,

where the first uncertainty is statistical and the second systematic. This is the first time-
dependent measurement using the B0

s ! J/ ⌘0 decay mode. The value is in agreement with
the HFLAV average, ��s = 0.074± 0.006 ps�1 [8], determined from the time-dependent
angular analyses of the B0

s ! J/ � decay mode where the initial flavour of the state is
tagged. It also agrees with the HFLAV average, ��s = 0.083 ± 0.005 ps�1 [8], which
includes constraints from other untagged e↵ective lifetime measurements. The alternative
approach to determine ��s presented in this paper may help to resolve the observed
tensions between the measurements made by the LHC collaborations in the B0

s ! J/ �
mode.
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Future prospects 

• Measurements statistically 
limited 
• Exciting era of LHCb 

Upgrade I
• Taking data at higher 

instantaneous luminosity 
and with fully software trigger 
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Aaĳ, R., & others (2018). Physics case for an LHCb Upgrade II -
Opportunities in flavour physics, and beyond, in the HL-LHC era. 

LHCb 
Upgrade II 
also on the 
horizon for 
HL-LHC

LHCb Upgrade I

Table adapted from Aaĳ, R., & others (2018). Physics 
case for an LHCb Upgrade II - Opportunities in 
flavour physics, and beyond, in the HL-LHC era. 



Summary
• World-leading sensitivity from 

LHCb measurements of B 
meson mixing phases 
• CKM picture is holding strong 

for now
• So far, no evidence for new 

physics
• Exciting times ahead with 

LHCb Upgrade I underway 
and Upgrade II to come
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Table 2: Systematic uncertainties for physics parameters in the polarization-independent fit, the
values are given in units of 10�3 (10�3 rad for angles).

Source �sss
s |�| |A0|2 |A?|2 �k � �0 �? � �0

Time resolution 4.9 2.6 0.8 0.8 0.1 3.4
Flavor tagging 4.8 4.7 0.9 1.3 1.2 9.7
Angular acceptance 3.9 4.9 1.4 1.7 4.7 1.2
Time acceptance 2.3 1.7 0.1 0.1 5.6 0.7
Mass fit & factorization 2.2 4.4 1.9 2.3 2.3 2.5
MC truth match 1.1 0.2 0.1 0.1 0.2 0.3
Fit bias 0.8 0.7 0.9 0.3 3.6 0.7
Candidate multiplicity 0.3 0.2 0.1 0.8 0.2 0.1
Total 8.8 8.6 2.7 3.3 8.5 10.7

�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. [43]. 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 ,

-12011, 1 fb

-1Run 1, 3 fb

-1Run 1 + 2015 + 2016, 5 fb

-1Run 2, 6 fb

-1Run 1 + Run 2, 9 fb

 [rad]sss
sφ

3− 2− 1− 0 1

LHCb

SM prediction

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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Figure 4: Measurement of ��s for the four datasets and their weighted average. The orange
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7 Summary

Using the full LHCb pp collision dataset collected between 2011 and 2018, the B0

s ! J/ ⌘0

and B0

s ! J/ ⇡+⇡� decay modes are used to measure the decay-width di↵erence

��s = 0.087± 0.012± 0.009 ps�1,

where the first uncertainty is statistical and the second systematic. This is the first time-
dependent measurement using the B0

s ! J/ ⌘0 decay mode. The value is in agreement with
the HFLAV average, ��s = 0.074± 0.006 ps�1 [8], determined from the time-dependent
angular analyses of the B0

s ! J/ � decay mode where the initial flavour of the state is
tagged. It also agrees with the HFLAV average, ��s = 0.083 ± 0.005 ps�1 [8], which
includes constraints from other untagged e↵ective lifetime measurements. The alternative
approach to determine ��s presented in this paper may help to resolve the observed
tensions between the measurements made by the LHC collaborations in the B0

s ! J/ �
mode.
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is considered and modeled by a second-degree polynomial of the decay-time uncertainty.
The parameters of the model are determined from a fit to the decay-time distribution of
a data sample made of J/ ⇡+⇡� candidates compatible with originating from the PV.
The e↵ect of the decay-time dependent signal-reconstruction e�ciency is accounted for
by multiplying the total PDF by a cubic spline model, whose shape is allowed to float
in the fit. The parameters �md and �d are allowed to vary in the fit with Gaussian
constraints to their known values [10]. Similarly, the FT calibration parameters and
the production asymmetry are constrained to the B0 ! J/ K⇤0 fit results using the
full covariance matrix. The e↵ect of kaon regeneration and CP violation in the neutral
kaon system on the CP -violation parameters of the B0 system are estimated [33, 34]
and applied as a correction for each mode. The correction assigned to the combined
fit is +0.0016 for S and �0.0035 for C. Figure 2 shows the decay-time distribution
of the signal candidates with the fit result overlaid. Figure 3 shows the corresponding
CP asymmetry as a function of decay time, where the data points correspond to the
maximum-likelihood estimator of the time-integrated CP asymmetry in each decay-time
bin, defined as ACP

int = �(
PN

j jdjDj)/(
PN

j jD
2
j ), whereby Dj = (1 � !+

j � !�
j ) is the

tagging dilution, dj is the tagging decision, and j is the signal event weight obtained
with the sPlot method.

0.0 2.5 5.0 7.5 10.0 12.5 15.0𝑡 [ps]−1.0
−0.5

0.0
0.5
1.0𝒜𝐶𝑃 (𝑡)

LHCb6 fb−1𝐵0 →𝜓(→ℓ+ℓ−)𝐾0S (→𝜋+𝜋−)

𝐵0-𝐵0 yield asymmetryTotal fit

Figure 3: Time-dependent CP asymmetry from the maximum-likelihood estimator of the binned
asymmetry with the fit result overlaid.

Several sources of systematic uncertainties on the CP -violating observables are investi-
gated, including those associated with the choice of fit model and the uncertainty of the
external inputs. The corresponding e↵ects are studied using pseudoexperiments in which
ensembles of pseudodata are generated using parameters that di↵er from those used in the
baseline fit. The generated datasets are then fitted with the nominal model to test whether
biases in the parameters of interest occur. Each contribution is evaluated separately in
each signal mode. Sources of leading systematic uncertainty are listed in Table 2. A small
bias in the result of the baseline fit is observed and assumed to be fully correlated among
di↵erent signal modes. The resulting systematic uncertainty on the combined result is
obtained from the arithmetic mean of individual decay channels. Other sources of system-
atic uncertainty are assumed to be uncorrelated. The total systematic uncertainty for the
combined fit is a weighted average of the individual uncertainties, taking into account the
sensitivity of each mode to the CP -violating parameters. The systematic uncertainty due

6
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Measurement of sin 2𝛽  with 𝐵! → 𝐽/𝜓𝐾"!

Time dependent decay rate expressed as 
𝒫 𝑡, 𝑑, 𝑛 ∝ 𝑒%;%-/ℏ 1 + 𝑑 1 − 2𝜔$ 𝜂 𝑃=" 𝑡 + 1 + 𝑑 1 − 2𝜔% 𝜂 𝑃 (=" 𝑡
With
𝑃J!, EJ! 𝑡 ∝ 1 ∓ 𝛼 1 ∓ Δ𝜖tag 1 ∓ 𝑆 sin Δ𝑚L𝑡 ± 𝐶 cos Δ𝑚L𝑡 	

CP asymmetry as function of decay time
𝒜int
MN = − ΣOP𝜅O𝑑O𝐷O / ΣOP𝜅O𝐷OQ

Where 𝐷O = (1 − 𝜔O% −𝜔O&) is tagging dilution, 𝑑O  is tagging decision 
and 𝜅O  is the signal event weight 
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Figure 3: Definition of helicity angles as discussed in the text.

distribution of the reconstructed decay angles of the final-state particles.
In contrast to Ref. [5], this analysis uses the decay angles defined in the helicity

basis as this simplifies the angular description of the background and acceptance. The
helicity angles are denoted by ⌦ = (cos ✓K , cos ✓µ,'h) and their definition is shown in
Fig. 3. The polar angle ✓K (✓µ) is the angle between the K+ (µ+) momentum and the
direction opposite to the B0

s
momentum in the K+K� (µ+µ�) centre-of-mass system.

The azimuthal angle between the K+K� and µ+µ� decay planes is 'h. This angle is
defined by a rotation from the K� side of the K+K� plane to the µ+ side of the µ+µ�

plane. The rotation is positive in the µ+µ� direction in the B0

s
rest frame. A definition

of the angles in terms of the particle momenta is given in Appendix A.
The decay can be decomposed into four time-dependent complex amplitudes, Ai(t).

Three of these arise in the P-wave decay and correspond to the relative orientation of the
linear polarisation vectors of the J/ and � mesons, where i 2 {0, k,?} and refers to the
longitudinal, transverse-parallel and transverse-perpendicular orientations, respectively.
The single K+K� S-wave amplitude is denoted by AS(t).

The distribution of the decay time and angles for a B0

s
meson produced at time t = 0

is described by a sum of ten terms, corresponding to the four polarisation amplitudes
and their interference terms. Each of these is given by the product of a time-dependent
function and an angular function [13]

d4�(B0

s
! J/ K+K�)

dt d⌦
/

10X

k=1

hk(t) fk(⌦) . (1)

The time-dependent functions hk(t) can be written as

hk(t) = Nke
��st [ak cosh

�
1

2
��st

�
+ bk sinh

�
1

2
��st

�

+ ck cos(�mst) + dk sin(�mst)], (2)

where �ms is the mass di↵erence between the heavy and light B0

s
mass eigen-

states. The expressions for the fk(⌦) and the coe�cients of Eq. 2 are given in Ta-
ble 2 [17, 18]. The coe�cients Nk are expressed in terms of the Ai(t) at t = 0, from

3

Table 2: Definition of angular and time-dependent functions.

k fk(✓µ, ✓K ,'h) Nk ak bk ck dk

1 2 cos
2
✓K sin

2
✓µ |A0|2 1 D C �S

2 sin
2
✓K

�
1� sin

2
✓µ cos

2
'h

�
|Ak|2 1 D C �S

3 sin
2
✓K

�
1� sin

2
✓µ sin

2
'h

�
|A?|2 1 �D C S

4 sin
2
✓K sin

2
✓µ sin 2'h |AkA?| C sin(�? � �k) S cos(�? � �k) sin(�? � �k) D cos(�? � �k)

5
1
2

p
2 sin 2✓K sin 2✓µ cos'h |A0Ak| cos(�k � �0) D cos(�k � �0) C cos(�k � �0) �S cos(�k � �0)

6 � 1
2

p
2 sin 2✓K sin 2✓µ sin'h |A0A?| C sin(�? � �0) S cos(�? � �0) sin(�? � �0) D cos(�? � �0)

7
2
3 sin

2
✓µ |AS|2 1 �D C S

8
1
3

p
6 sin ✓K sin 2✓µ cos'h |ASAk| C cos(�k � �S) S sin(�k � �S) cos(�k � �S) D sin(�k � �S)

9 � 1
3

p
6 sin ✓K sin 2✓µ sin'h |ASA?| sin(�? � �S) �D sin(�? � �S) C sin(�? � �S) S sin(�? � �S)

10
4
3

p
3 cos ✓K sin

2
✓µ |ASA0| C cos(�0 � �S) S sin(�0 � �S) cos(�0 � �S) D sin(�0 � �S)

now on denoted as Ai. The amplitudes are parameterised by |Ai|ei�i with the con-
ventions �0 = 0 and |A0|2 + |Ak|2 + |A?|2 = 1. The S-wave fraction is defined as
FS = |AS|2/(|A0|2 + |Ak|2 + |A?|2 + |AS|2) = |AS|2/(|AS|2 + 1).

For the coe�cients ak, . . . , dk, three CP violating observables are introduced

C ⌘ 1� |�|2

1 + |�|2 , S ⌘ 2=(�)
1 + |�|2 , D ⌘ � 2<(�)

1 + |�|2 , (3)

where the parameter � is defined below. These definitions for S and C correspond to
those adopted by HFAG [19] and the sign of D is chosen such that it is equivalent to the
symbol A��

f
used in Ref. [19]. The CP -violating phase �s is defined by �s ⌘ � arg(�) and

hence S and D can be written as

S ⌘ �2|�| sin�s

1 + |�|2 , D ⌘ �2|�| cos�s

1 + |�|2 . (4)

The parameter � describes CP violation in the interference between mixing and decay,
and is derived from the CP -violating parameter [20] associated with each polarisation
state i

�i ⌘ q

p

Āi

Ai

, (5)

where Ai (Āi) is the amplitude for a B0

s
(B0

s
) meson to decay to final state i and the

complex parameters p = hB0

s
|BLi and q = hB0

s
|BLi describe the relation between mass and

flavour eigenstates. The polarisation states i have CP eigenvalue ⌘i = +1 for i 2 {0, k}
and ⌘i = �1 for i 2 {?, S}. Assuming that any possible CP violation in the decay is the
same for all amplitudes, then the product ⌘iĀi/Ai is independent of i. The polarisation-
independent CP -violating parameter � is then defined such that �i = ⌘i�. The di↵erential
decay rate for a B0

s
meson produced at time t = 0 can be obtained by changing the sign

of ck and dk and by including a relative factor |p/q|2.
The expressions are invariant under the transformation

(�s,��s, �0, �k, �?, �S) 7�! (⇡ � �s,���s,��0,��k, ⇡ � �?,��S) , (6)

4

𝜙# ≡ −arg 𝜆
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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.

combinatorial background is represented by an exponential function. The yields of the
three components, the position and resolution of the signal component and the slope of
the background exponential function are allowed to vary in the fit. The B0

s ! �� signal
yield is measured 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].
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The time-dependent functions hk(t) are given by [39]

hk(t) = Nke
��st


ak cosh

✓
��s

2
t

◆
+ bk sinh

✓
��s

2
t

◆
+Qck cos(�ms t) +Qdk sin(�ms t)

�

Here Q equals +1 (�1) for an initial B0
s (B0

s) state, �ms is the mass di↵erence between
the heavy and light B0

s mass eigenstates, ��s is the decay width di↵erence between the
light and heavy mass eigenstates, and �s is the average decay width. Ignoring CP violation
in the B0

s mixing, in line with experimental measurements [40], the coe�cients Nk, ak, bk,
ck and dk are defined [18] in terms of the magnitudes |Ai|, phases �i, CP -violating phases
�s,i and direct CP -violation parameters |�i| for the three polarization states of the B0

s

decay at t = 0, with i = 0, k, ?. The three amplitudes satisfy |A0|2 +
��Ak

��2 + |A?|2 = 1.
The parameters �s,i and |�i| are defined by the equation

q

p

Āi

Ai
= ⌘i |�i| e�i�s,i , (2)

where ⌘i is the CP eigenvalue of the polarization state i, q and p are complex numbers
relating the B0

s mass eigenstates to the flavor eigenstates. A subset of parameters, chosen
here as (�s,i, |�i|, |A0|2, |A?|2, �? � �0, �k � �0), can be determined by performing a

maximum-likelihood fit to the distributions of t, ~⌦ and Q. In the SM-like case or new
physics scenarios where CP violation is polarization independent, the set of CP -violation
observables can be reduced to �s,i = �sss

s and |�i| = |�|. In this analysis, the above
formalism is used to obtain both polarization-independent and polarization-dependent
results, taking into account the experimental e↵ects discussed below.

The detector acceptance and selection requirements lead to a nonuniform e�ciency
as a function of the angular variables, referred to below as the angular acceptance. This
e↵ect is accounted for through the use of normalization factors calculated with simulated
signal events subject to the same selection criteria as the data. Weights are assigned to
the simulated events to improve the agreement with the data, in the shape of the kaon pT
distribution. These weights are determined with an iterative algorithm [18,41].

The reconstruction, trigger and selection requirements result in a decay-time dependent
e�ciency. A cubic spline function [42], with 7 knots at [0.3, 0.5, 1.0, 1.5, 2.0, 3.0, 8.0] ps
and 9 coe�cients, is employed to describe the decay-time dependent e�ciency function,
referred to below as the decay-time acceptance. One coe�cient is fixed to unity for
normalization, and all the other coe�cients are determined in the fit to the data, where
the parameters �s and ��s are constrained to the recent measurements by the LHCb
collaboration in B0

s ! J/ � decays [43]. Compared with the previous analysis in Ref. [18],
which used B0

s ! D�
s ⇡

+ and B0 ! J/ K⇤0 decays as control channels to determine
the decay-time acceptance, this method with free acceptance parameters simplifies the
analysis without loss of precision for the physics parameters.

The dilution e↵ect of the decay-time resolution on the B0
s oscillation is modelled by a

Gaussian with a per-candidate width �t, which is related to the per-candidate decay-time
uncertainty, �t, through a linear calibration function �t = q0 + q1 ⇥ �t. The parameters
q0 and q1 are obtained using fictitious candidates formed of four prompt tracks from
pp interactions, which have a decay time centered around 0. These prompt candidates
are weighted to match the momentum and pT distributions of the signal candidates
and split into ten �t intervals. For each interval, the e↵ective time resolution �t,i is

4

Table 7: Coe�cients of the time-dependent terms and angular functions used in Eq. 2. Amplitudes are defined at t = 0.

i Ni ai bi ci di fi
1 |A0|2 1 + |�0|2 �2|�0| cos(�) 1� |�0|2 2|�0| sin(�) 4 cos2 ✓1 cos2 ✓2
2 |Ak|2 1 + |�k|2 �2|�k| cos(�s,k) 1� |�k|2 2|�k| sin(�s,k) sin2 ✓1 sin

2 ✓2(1+ cos 2�)
3 |A?|2 1 + |�?|2 2|�?| cos(�s,?) 1� |�?|2 �2|�k| sin(�s,?) sin2 ✓1 sin

2 ✓2(1� cos 2�)

4
|Ak||A?|

2

sin(�k � �?)� |�k||�?|·
sin(�k � �? � �s,k + �s,?)

�|�k| sin(�k � �? � �s,k)
+|�?| sin(�k � �? + �s,?)

sin(�k � �?) + |�k||�?|·
sin(�k � �? � �s,k + �s,?)

|�k| cos(�k � �? � �s,k)
+|�?| cos(�k � �? + �s,?)

�2 sin2 ✓1 sin
2 ✓2 sin 2�

5
|Ak||A0|

2

cos(�k � �0) + |�k||�0|·
cos(�k � �0 � �s,k + �)

�|�k| cos(�k � �0 � �s,k)
+|�0| cos(�k � �0 + �)

cos(�k � �0)� |�k||�0|·
sin(�k � �0 � �s,k + �)

�|�k| sin(�k � �0 � �s,k)
+|�0| sin(�k � �0 + �)

p
2 sin 2✓1 sin 2✓2 cos�

6 |A0||A?|
2

sin(�0 � �?)� |�0||�?|·
sin(�0 � �? � �+ �s,?)

�|�0| sin(�0 � �? � �)
+|�?| sin(�0 � �? + �s,?)

sin(�0 � �?) + |�0||�?|·
sin(�0 � �? � �+ �s,?)

|�0| cos(�0 � �? � �)
+|�?| cos(�0 � �? + �s,?)

�
p
2 sin 2✓1 sin 2✓2 sin�

7 |ASS|2 1 + |�ss|2 �2|�ss| cos(�s,ss) 1� |�ss|2 2|�ss| sin(�s,ss)
4

9

8 |AS|2 1 + |�s|2 2|�s| cos(�s,s) 1� |�s|2 �2|�s| sin(�s,s)
4

3
(cos ✓1 + cos ✓2)2

9 |AS ||ASS |
2

cos(�s � �ss)� |�s||�ss|·
cos(�s � �ss � �s,s + �s,ss)

|�s| cos(�s � �ss � �s,s)
+|�ss| cos(�s � �ss + �s,ss)

cos(�s � �ss) + |�s||�ss|·
sin(�s � �ss � �s,s + �s,ss)

|�s| sin(�s � �ss � �s,s)
+|�ss| sin(�s � �ss + �s,ss)

8

3
p
3
(cos ✓1 + cos ✓2)

10 |A0||ASS |
2

cos(�0 � �ss) + |�0||�ss|·
cos(�0 � �ss � �+ �s,ss)

�|�0| cos(�0 � �ss � �)
+|�ss| cos(�0 � �ss + �s,ss)

cos(�0 � �ss)� |�0||�ss|·
sin(�0 � �ss � �+ �s,ss)

�|�0| sin(�0 � �ss � �)
+|�ss| sin(�0 � �ss + �s,ss)

8

3
cos ✓1 cos ✓2

11
|Ak||ASS |

2

cos(�k � �ss) + |�k||�ss|·
cos(�k � �ss � �s,k + �s,ss)

�|�k| cos(�k � �ss � �s,k)
+|�ss| cos(�k � �ss + �s,ss)

cos(�k � �ss)� |�k||�ss|·
sin(�k � �ss � �s,k + �s,ss)

�|�0| sin(�k � �ss � �s,k)
+|�ss| sin(�k � �ss + �s,ss)

4
p
2

3
sin ✓1 sin ✓2 cos�

12 |A?||ASS |
2

sin(�? � �ss)� |�?||�ss|·
sin(�? � �ss � �s,? + �s,ss)

|�?| sin(�? � �ss � �s,?)
�|�ss| sin(�? � �ss + �s,ss)

sin(�? � �ss) + |�?||�ss|·
sin(�? � �ss � �s,? + �s,ss)

�|�?| cos(�? � �ss � �s,?)
�|�ss| cos(�? � �ss + �s,ss)

�4
p
2

3
sin ✓1 sin ✓2 sin�

13 |A0||AS |
2

cos(�0 � �s)� |�0||�s|·
cos(�0 � �s � �+ �s,s)

�|�0| cos(�0 � �s � �)
�|�s| cos(�0 � �s + �s,s)

cos(�0 � �s) + |�0||�s|·
sin(�0 � �s � �+ �s,s)

�|�0| sin(�0 � �s � �)
�|�s| sin(�0 � �ss + �s,s)

8p
3
cos ✓1 cos ✓2

⇥(cos ✓1 + cos ✓2)

14
|Ak||AS |

2

cos(�k � �s)� |�k||�s|·
cos(�k � �s � �s,k + �s,s)

�|�k| cos(�k � �s � �s,k)
�|�s| cos(�k � �s + �s,s)

cos(�k � �s) + |�k||�s|·
sin(�k � �s � �s,k + �s,s)

�|�k| sin(�k � �s � �s,k)
�|�s| sin(�k � �ss + �s,s)

4
p
2p
3
sin ✓1 sin ✓2

⇥(cos ✓1 + cos ✓2) cos�

15 |A?||AS |
2

sin(�? � �s) + |�?||�s|·
sin(�? � �s � �s,? + �s,s)

|�?| sin(�? � �s � �s,?)
+|�s| sin(�? � �s + �s,s)

sin(�? � �s)� |�?||�s|·
sin(�? � �s � �s,? + �s,s)

�|�?| cos(�? � �s � �s,?)
+|�s| cos(�? � �s + �s,s)

�4
p
2

3
sin ✓1 sin ✓2

⇥(cos ✓1 + cos ✓2) sin�
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ΔΓ# with 𝐵#! → 𝐽/𝜓𝜂′ and 𝐵#! → 𝐽/𝜓𝜋%𝜋&
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